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Foreword 
The ACS Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose o f the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is o f keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table o f con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts o f 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

A s a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions o f previ
ously published papers are not accepted. 

ACS Books Department 
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Preface 
A new understanding o f how wood degrading agents attack wood, 

combined with escalating restrictions on traditional wood preservative 
chemicals, are the two primary issues that spurred the three co-editors' 
interests in producing this text and the associated American Chemical 
Society ( A C S ) Cellulose, Paper, and Textile Div i s ion Symposium 
Current Knowledge of Wood Deterioration Mechanisms and Its Impact 
on Biotechnology and Wood Preservation. This symposium was held 
A p r i l 2001 in San Diego, California, at the A C S National Meeting. The 
success o f the symposium led to the approval by the A C S to develop this 
book. 

The objective o f this book is to provide an overall view of our 
current understanding o f wood degradation processes and new 
developments in the rapidly changing field o f wood protection. The later 
is particularly important in light o f the increasing restrictions on the 
traditional wood preservatives, creosote, pentachlorophenol, and chro-
mated copper arsenate, which currently account for about 95% o f the 
wood preservatives used in North America. However, within two years 
of the publication of this text use of these chemicals w i l l l ikely account 
for less than 50% of the preservative market globally and, thus, the later 
part o f this text explores potential alternative biocides and protection 
methodology. 

In addition to chapters written by the symposium speakers, chapters 
were also contributed by those who did not speak at the symposium to 
provide an encompassing view o f this rapidly changing field. Their 
chapters include information ranging from wood preservative chemistry 
to marine borer biology. 

The chapters are arranged first to provide the reader with an under
standing o f the organisms that cause deterioration and the mechanisms 

they employ in breaking down wood. This is followed by methods used 
to detect deterioration or to identify the specific organism involved, and 
the final section discusses the protection o f wood products. 

It was an enjoyable and truly cooperative effort by al l three editors 
to pul l these chapters together into a comprehensive text. Wi th authors 

xi 
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contributing from around the world, the three editors feel that the text 
should provide the readers with an up-to-date review of our rapidly 
changing field. 

W e acknowledge the international team of reviewers, listed sep
arately after the Preface, who made this text possible by their thorough 
and professional reviews. 

W e are also indebted to our sponsors without whose help the sym
posium and book could not have been realized: 

American Chemical Society Cellulose, Paper, and Textiles Div is ion ; 
Chemical Specialities, Inc.; Hickson Corporation (now A r c h Wood 
Protection, Inc.); Janssen Pharmacenica, Inc.; Lonza Group, Ltd . ; 
Mississ ippi State University, Forest Products Laboratory; Osmose, Inc.; 
Rohm and Haas Company; University o f Maine, Wood Uti l izat ion 
Research Program; and Weyerhaeuser Company, Inc. 

W e hope you enjoy the book. 

Barry Goodell 
Professor, Wood Science and Technology 
Cooperating Professor, Chemical Engineering and the 
Advanced Engineered Wood Composite Center 
The University of Maine 
Orono, ME 04469-5755 

Darrel D. Nicholas 
Tor P. Schultz 
Forest Products Laboratory 
Mississippi State University 
Mississ ippi State, MS 39762-9820 
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Chapter 1 

Introduction to Wood Deterioration and Preservation 

Barry Goodell1, Darrel D. Nicholas2, and Tor P. Schultz3 

1Wood Science and Technology Department, University of Maine, 
Orono, ME 04469-5755 

2Department of Forest Products and 3Forest Products Laboratory, 
Mississippi State University, Mississippi State, M S 39762-9820 

Wood-degrading fungi, insects, bacteria and marine borers cause damage 
resulting in billions of dollars being spent on repair and replacement of wooden 
structures every year. The equivalent of one-tenth of the forest products 
produced every year is estimated to be destroyed by these agents. Although 
wood degradation results in an enormous waste of resources, without wood 
degrading organisms our world would be buried under cellulose and lignin 
debris, as these organisms are among the few that efficiently recycle 
lignocellulosic carbon. Further, in recent years some of the mechanisms 
employed by microorganisms to degrade wood have been used in bioindustrial 
processes to benefit humans. For example, fungal-based oxidative reagents are 
being examined in biopulping and biobleaching processes, and microbial 
enzymes from wood degrading organisms have been used in systems ranging 
from wastewater cleanup to the production of fuels from biomass. Wood 
degrading agents therefore cause many problems, but also greatly benefit 
mankind. With greater knowledge of their capabilities and potential we wil l be 
able to find better controls for their unwanted actions and direct their 
biochemical mechanisms to desirable applications. The chapters in this text 
discuss not only the mechanisms that fungi, bacteria, termites and marine borers 
use to degrade wood but also ways to harness degradative processes for 
humankind's benefit. Additional chapters of the text are devoted to methods for 
detecting these organisms and developing environmentally benign methods to 
protect wood against the many organisms that can attack and degrade wood. 

This book is important because the field of wood protection is rapidly and 
dramatically changing. This text, and the associated Symposium from which 
most of the chapters come, attempts to provide some perspective on these 
changes. Historically, humans have battled wood deterioration agents through 

2 © 2003 American Chemical Society 
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3 

the ages. The story of the 'little Dutch boy' plugging the dike in Holland relates 
back to the concerns over failures of wooden dikes that were often riddled with 
marine borers. The Spanish Armada was defeated off the coast of England in the 
1580's in large part because their wooden ships were so badly deteriorated that 
they broke up in storms. We have relied on chemical treatments to protect wood 
from deterioration since the time of the earliest recorded history. Heating wood 
in an anoxic environment, and the application of cedar oil or copper salts to 
prevent decay and insect attack, have long been known. 

For the past 150 years we have used pressure systems to force preservative 
chemicals such as creosote or water-borne zinc chloride into wood. However, 
environmental concerns have recently dramatically changed the way we view 
wood preservative chemicals. This is particularly true because the market has 
changed in the past 30 years from mainly producing products for industry such 
as utility poles and railroad ties, to principally manufacturing products for 
residential construction (70% of the treated wood market) such as decking. 
However, arsenical-based preservatives were banned in Germany some 20 years 
ago, setting in motion a world-wide effort to ban or restrict the use of the three 
most commonly used, traditional preservatives, the arsenicals, pentachlorphenol, 
and creosote. Planned restrictions on the use of these chemicals, primarily for 
residential applications in Asia, Europe, and North America, has already caused 
the wood preservation industry to rush to find more environmentally acceptable 
methods to protect wood. In the short-term several coppenorganie mixtures are 
poised to fill the void in water-borne treatments. These chemicals, however, are 
also now being scrutinized by the public because of the potential leaching of 
copper, which in some cases can be 10-times that which occurs with arsenical-
based preservatives such as chromated copper arsenate (CCA). In addition, 
because metals cannot be broken down in the environment, the disposal of any 
wood treated with a metal-based preservative will be more expensive and 
difficult in the future. Thus, an active search is underway to develop 
environmentally acceptable organic preservatives that contain no metals. 

Currently, the driving forces in wood preservation include both regulatory-
based and market/cost-based issues. In the short-term, regulatory pressure may 
drive the industry to use more environmentally acceptable chemicals that may 
not protect wood as well as traditional preservative chemicals. As knowledge of 
wood protection methods develops, and methods to improve treatment longevity 
using benign chemicals become better understood, both environmental 
acceptance and long-term effectiveness will improve. In the short-term, 
however, wood may be protected with less effective biocides. This may lead to 
failures with subsequent liability problems for specific manufacturers, and 
market loss for forest products companies in general. The wood products 
industry has already seen an influx in the use of metal studs for residential 
construction and plastic/wood as a substitute for wooden decking. 
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4 

Both water- and oil-borne wood preservatives are currently used for the 
treatment of wood. Water-borne chemicals have an advantage in that the water 
carrier is low-cost, safe, and the wood is normally left with a clean surface. 
Unfortunately, water swells wood and water-borne preservatives are often used 
for some wood products like large timbers, where dimensional change during 
treatment cannot be tolerated. For many industrial applications such as bridge 
timbers, utility poles and marine applications, the oil carriers used with some 
preservatives are preferable because of the properties imparted to the wood by 
the oil treatment, including water repellency and greater efficacy. With the 
restricted use of water-borne C C A , and increasing restrictions on traditional oil-
borne chemicals such as pentachlorophenol and creosote, new preservative and 
wood protection systems that can replace these older chemicals must be 
developed. In some cases, the addition of water repellents may allow water-
borne chemicals to partially substitute for some of the traditional oil-borne 
treatments. The use of water repellants has been shown to improve the 
performance of preservatives, particularly in above-ground applications such as 
decking. 

Also, environmental concerns, disposal issues and public perceptions - even 
perceptions that may be erroneous - are directing researchers and the industry to 
develop environmentally acceptable methods to protect wood. The problem is to 
better understand how wood deteriorating organisms attack wood so that they 
may be safely controlled, yet allow the wood product to be safely disposed of or 
recycled at the end of the product's life. 

One of the greatest challenges to protecting wood from the variety of 
degradative agents found in the environment is the length of time that wood 
must be protected. Unlike the protection of crops or other commodities where 
protection against pathogens is normally needed only for a relatively short-term 
period of weeks to months, wood is expected to last for decades without 
supplemental protection. The use of long-lasting biocides as wood preservatives 
is often at odds with the development of environmentally friendly protection 
strategies. Biocides and other chemicals that persist in the environment without 
degrading proved excellent for protecting wood, but were later found to diffuse 
or move to non-target sites where they became long-term pollutants. The use of 
biocides that degrade rapidly, however, is not consistent with the need to protect 
wood for the long times expected by consumers. What is needed therefore, are 
targeted biocides that are resistant to degradation and that are specific only to 
the biochemical mechanisms used by wood degradation agents. The 
development of these 'site-specific' biocides, and/or wood-modification 
processes that are permanently fixed in the wood to prevent leaching of 
chemicals into the environment, is also critical. 

Development of site specific systems that target biochemical mechanisms 
specific to wood degradation agents is also consistent with consumers' apparent 
need for frequent changes and remodeling of structures. Today, the average life 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
1

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 
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of an outdoor deck in the USA is only about 13 years. This relatively short life 
span is not the result of decay or other deterioration, but stems from the desire of 
new or existing owners to redesign homes and other structures including the 
replacement of decks. This has resulted in the disposal of large volumes of 
treated wood products in landfills, and a search for ways to degrade and detoxify 
these products that were treated specifically to resist this type of environmental 
breakdown. Alternately, methods to recycle these products are being explored. 
The development of targeted preservatives or systems that can undergo 
degradation or be easily recycled would benefit this effort. The public will also 
require any preservative system to be low cost and impregnated into wood using 
a non-polluting carrier. Furthermore, to be competitive with other construction 
materials, any new wood protection system must be economical. However, new 
organic-based systems will likely consist of biocides that are relatively 
expensive and, because of solubility problems, may only be compatible with 
hydrocarbon solvents. Development of co-solvent systems providing improved 
solubility with aqueous solutions may be one remedy to this problem. 

While the field of wood preservation has rapidly changed in the past 
decade, so too has our understanding of wood decay and deterioration processes. 
Recently uncovered biochemical mechanisms employed by wood decay 
microorganisms are reviewed in this text. These mechanisms help to explain the 
unique ability of fungi and bacteria to break down the very complex biopolymer 
that we know of as wood. New insights into marine-boring organisms and 
termites are also changing the way we think about their methods for attacking 
wood. In addition, new methods to detect and monitor decay and insect attack 
are being developed. These methods will help us to better understand how the 
various organisms attack wood and, to detect it in-situ to better utilize protection 
and remediation strategies. 

Our evolving understanding of wood degradation by bacteria, fungi, insects 
and marine organisms has allowed us to think about new methods to protect 
wood that are less harmful to the environment. For example, the use of 
relatively benign and low cost antioxidants for combating the free radicals 
produced by wood-degrading fungi has shown promise to economically enhance 
the efficacy of relatively-expensive organic biocides (see Chapter by Green and 
Schultz). In addition, synergistic systems for the protection of wood, where two 
or more chemicals may be used in relatively low dosages to protect wood 
because of the increased effectiveness of both when used together, has the 
potential to reduce preservative levels used in treated wood. This provides both 
economic and environmental benefits. Other methods to protect wood continue 
to be explored. The chemical modification of wood to circumvent the 
biochemical mechanisms that microorganisms, insects and marine borers have 
developed specifically to attack the holocellulose and lignin components has 
proven to be effective if the component chemicals of wood are adequately 
disguised in this process. (See the chapter on Wood Composite Protection for a 
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discussion of chemical modification of wood). The recent resurrection of 
thermal treatments to protect wood in Europe also shows potential for limited 
applications. Although thermal treatments have shown some success in 
protecting wood in above-ground, low decay and insect hazard environments, 
the protection of wood in ground contact or moist conditions still requires 
chemical protectants. 

In our effort to define the contents of the Symposium as well as this text, we 
drew on the expertise of some of the leading scientists on wood deterioration 
and protection from around the world. To protect wood we must understand how 
organisms break wood down. For this reason we also looked beyond the borders 
of our own field. In this regard, this text begins with a description of free radical 
mechanisms, including a general overview of free radicals in the environment by 
Barry Halliwell followed by one specific to white rot degradation of wood from 
N . Scott Reading, Kevin Welsh and the laboratory of Steven Aust. As discussed 
above, given our current state of knowledge free radical reactions clearly appear 
to be the key to understanding degradation mechanisms, and methods to control 
free radical reaction chemistry may well guide the development of future wood 
protection systems. 

A n excellent overview by Geoffrey Daniel on bacteria and fungal 
degradation patterns, visualized through microscopy and electron microscopy, 
opens the section of the text of Wood Deterioration Processes specifically 
related to microbial degradation. This is followed by chapters on White Rot and 
Brown Rot decay by Kurt Messner and co-authors, and Barry Goodell, 
respectively. This section continues with works by Timothy Filley on lignin 
degradation by decay fungi, and a chapter by Akio Enoki, Hiromi Tanaka, 
Shunji Itakura on a unique hypothesis relating fungal degradation by white rot, 
brown rot and soft rot fimgi. Jaime Rodriguez, Andre Ferraz and Maricilda de 
Mello's chapter focuses on metal based reactions that occur in the fungi, 
whereas William Henry looks at the chemistry of metals from the perspective of 
an organometallic chemist. The final chapters of this section by Kaichang L i , 
and William Kenealy and Thomas Jeffries, focus on fungi and fungal 
mechanisms that have been employed in biotechnological applications including 
the use of mediators, and fungal enzymes for bio-pulping and related processes. 

Three chapters on termites and marine borers complete the section on Wood 
Deterioration Processes. Shelton and Grace give a broad overview of the 
termites in their chapter. Daniel Distel and Simon Cragg provide chapters on the 
marine borers reviewing marine boring bivalves and arthropods, respectively, to 
provide a badly needed update on the modes of action of the marine boring 
organisms and their distribution. 

The third section of the book concerns methods for the detection and 
monitoring of the agents of wood deterioration. Darrel Nicholas' and Douglas 
Crawford's chapter starts the section with an overview on the early stage 
progress of wood decay, and the development of an accelerated method for 
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decay detection based on mechanical properties. Following this are two chapters 
by Susan Diehl and Carol Clausen that focus on chemical and immunological 
methods for decay detection. Barbara Illman follows with an update on the use 
of synchrotron technology as a research tool to detect both decay in wood as 
well the valence state of metals used in wood preservatives. Jody Jellison and 
Claudia Hussenender and their co-authors round out this section with chapters 
on D N A methods for the detection and monitoring of wood degrading fungi and 
termites, respectively. 

The final section of the text concerns the important topic of wood protection 
and wood preservation systems. The first chapter by Alan Preston provides a 
perspective and introduction to current problems and the long-term approach for 
wood preservative development from an industrial perspective. Rick Green and 
Tor Schultz then introduce information on the relatively new development of 
adding non-biocidal chelators and anti-oxidants to wood preservatives to 
synergistically enhance biocidal activity. This has the benefit of reducing the 
amount of the relatively expensive bioactive chemicals needed to protect wood. 
Liam Leightley then adds to this perspective, from an industrial standpoint, in 
looking at synergistic wood preservative combinations with near-term 
commercialization potential. Douglas Gardner, Cihat Tascioglu, and Magnus 
Walinder follow this with a much-needed overview on the state of wood 
protection in the wood composites field. The final chapter by Tor Schultz and 
Darrel Nicholas provides an encompassing summary of the pros and cons for 
many of the newer non-arsenical wood preservatives that have recently been 
developed, or that show potential. This final chapter provides guidance for the 
future in reviewing wood preservatives that are under development now. Some 
of these chemicals will become the next generation of wood preservatives. 
Others wi l l fall by the wayside, perhaps to be looked at again when problems 
develop with existing protection methods. 

It is impossible to predict the future, but this book hopefully sheds light on 
recent developments in our understanding of wood deterioration mechanisms, 
new ways to detect the agents of deterioration, and trends in methods for wood 
protection. 

The co-editors look forward to your comments. 
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Chapter 2 

Free Radical Chemistry as Related to Degradative 
Mechanisms 

Barry Halliwell 

Department of Biochemistry, National University of Singapore, 
Medical Drive, M D 7 #03-15, Singapore 119260 

Fungal systems have harnessed the power of reactive oxygen species to achieve 
breakdown of one of the world's toughest substances, wood. To attain this goal, 
powerful oxidizing agents must be used. However, such agents present a risk to 
the fungal cells generating them. If they are highly reactive, there is a further 
risk that they will be dissipated in non-productive reactions with environmental 
biomolecules unless they are selectively delivered to their sites of action. Let us 
examine the basic chemistry of some reactive species to see what might be 
possible. 

Oxidations by oxygen 

Oxygen itself is a biradical, containing two unpaired electrons. The parallel spin 
of these two electrons makes it difficult for oxygen to react directly with non
radicals. As a result, direct oxidation of most biomolecules with O2 is slow. 
Wood is the perfect example; it resists direct oxidation by O2 for centuries. 
However oxygen does react fast with other free radicals, such as carbon-centred 
radicals (1) 

— C ' + 0 2 - > — C0 2 * 
peroxyl radical 

or sulphur-centred radicals 

— s# + o2 -» — so2' 

10 © 2003 American Chemical Society 
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Thus once a free radical chain reaction has started, 0 2 usually becomes a ready 
participant. The classic example of this is lipid peroxidation (1), in which a 
reactive radical (R*) abstracts a hydrogen atom from a polyunsaturated fatty acid 
residue (LH), leaving a carbon-centered radical (L") 

L H + R* - » L ' + R H 

followed by reaction of this carbon radical with 0 2 

I / + 0 2 - > L 0 2 ' 

to generate a peroxyl radical that propagates the reaction by abstracting 
hydrogen from previously-unmolested fatty acid residues 

L 0 2

- + L H - > L 0 2 H + L # 

lipid peroxide 

Oxygen metabolism 

Oxygen taken up by aerobic organisms is reduced to water, a 4-electron 
process 

0 2 + 4 H + + 4e~ 2 H 2 0 

In eukaryotes, this is carried out in mitochondria. Chemically, it is impossible to 
add four electrons to 0 2 at once; it must be done stepwise (1) 

0 2 + le~ —> 02*~ (superoxide radical) 

02*~ + le~ + 2 H + —» H 2 0 2 (hydrogen peroxide) 

H 2 0 2 + le~ - > O H " (hydroxyl ion) + OH* (hydroxyl radical) 

O H # + le" + i r - » H 2 0 

O H ~ + H + - » H 2 0 

This series of reactions (except the last) is catalysed by mitochondrial complex 
IV, cytochrome oxidase. This multi-enzyme complex also has the unenviable 
task of sequestering reactive partially-reduced intermediates on its active sites 
until reduction to H 2 0 is completed, preventing their release to cause havoc in 
the rest of the cell (1). 
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Superoxide 

The first reduction step, oxygen to superoxide, is fairly easy and many 
systems with a reduction potential of -0.16V or less can achieve it. Thus some 
0 2* is made free in mitochondria by escape of electrons onto 0 2 from electron 
carriers (7). This superoxide is largely or entirely removed by mitochondrial 
superoxide dismutase enzymes (Mn SOD). These are essential to survival, as 
revealed by the observation that transgenic mice lacking them usuajly die soon 
after birth (2). Several biomolecules autoxidize to make 0 2* , including 
dopamine, adrenalin, tetrahydropteridines and thiols (7). 

Superoxide, as a pure chemical, is not very reactive: it does not attack 
D N A , lipids, or most proteins, for example (7). So why is its removal, 
particularly in mitochondria (2), so essential? Superoxide can directly attack 
certain iron-sulphur proteins, including the Krebs cycle enzyme aconitase, 
inactivating them and releasing iron (3). Superoxide also mobilizes iron from 
the storage protein ferritin (4). 

Ferritin (Fe 3 +) n + 02*~ - > Ferritin (Fe 3 + ) n _ i + Fe 2 +

 ( a q ) + 0 2 

Superoxide can protonate (7) 

0 2 * ~ + H + ^ H 0 2

# 

hydroperoxyl radical 

Hydroperoxyl radical, the simplest peroxyl radical (R0 2*, where R=H), is much 
more reactive than 0 2* (7). The pKa for H0 2 * is 4.8, which means that little 
H0 2 * is present in 0 2* - generating systems at pH 7.4. Nevertheless, more will 
be present at low pH. Superoxide cannot cross most biological membranes, 
whereas H 0 2 * should be able to. Like other peroxyl radicals, it can attack 
unsaturated fatty acid residues (7). 

L H + H 0 2 * - » L * + H 2 0 2 

Nitric oxide and peroxynitrite 

Superoxide can react very fast with nitric oxide (NO*). Like 0 2* , NO* 
is a selectively-reactive radical with multiple biological roles, although cytotoxic 
i f generated in large excess (5). It is generated in living organisms both 
enzymically from L-arginine by the activity of nitric oxide synthase proteins, and 
non-enzymically by the reaction of nitrite with acid (5,6). 
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N 0 2 + H + - » H N 0 2 - » oxides of nitrogen 

Reaction of 0 2* with NO* produces peroxynitrite, ONOO~ 

02*~ + N O * - > O N O O ~ 

Its protonated form, peroxynitrous acid (ONOOH) is a powerful oxidising, 
hydroxylating and nitrating species that reacts with many biomolecules including 
D N A , proteins and lipids (6,7) to cause damage. 

Hydrogen peroxide 

Non-enzymic or superoxide dismutase-catalysed dismutation of 0 2* generates 
H 2 0 2 

20 2 *~+2H + - » H 2 0 2 + 0 2 

H 2 0 2 is also produced directly by several enzymes, such as urate-, glycollate-, 
cellobiose - and monoamine oxidases (1,8). Like 0 2* and NO*, H 2 0 2 is not 
highly reactive. Its levels are kept down by catalase and peroxidase enzymes, 
but it is not eliminated entirely in vivo because it plays an important role as an 
intracellular and extracellular signal transduction molecule (1,9). Facilitating 
this role are both its poor reactivity, which allows H 2 0 2 to survive to reach its 
cellular target (unless intercepted by catalases or peroxidases on the way), and its 
ability to pass unhindered through membranes, probably using the aquaporin 
channels (1,10). The reactivity of H 2 0 2 can be increased in three ways. First, 
some peroxidase enzymes can use H 2 0 2 to generate reactive products (1). Thus 
plant peroxidases oxidize a wide range of substrates, including phenols to 
phenoxyl (aromatic alkoxyl) radicals (7). In neutrophils, myeloperoxidase 
oxidizes chloride ions to the reactive oxidizing and chlorinating agent 
hypochlorous acid, aiding the killing of micro-organisms (7). 

MPO 

H + + C1"+ H 2 0 2 - > H 2 0 + H O C l 

Second, U V light can split H 2 0 2 into hydroxyl radical by homolytic 
fission of the 0 -0 bond (7). 

H 2 0 2 - » 2 0 H ' 
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Transition metal ions 

Third, H 2 0 2 can react with several metal ions to generate OH*. The 
best studied are iron and copper ions, but some chromium, vanadium and nickel 
species are also effective (1). Interestingly, M n 2 + is not effective in forming OH* 
from H 2 0 2 (1,11). 

Fe 2 + + H 2 0 2 

(Cu+) 

Intermediate 
Oxo-iron 

or oxo-copper 
- complex -

Fe 3 + +OH* + O H 
(Cu 2 +) 

The ligands to the metal ions can influence the rate of the reaction with H 2 0 2 and 
the amount of OH* generated (7). 

Hydroxyl radical is indiscriminately-reactive: it can attack whatever 
biomolecules are next to it whenever O H ' is formed. Its diffusion distance is 
essentially zero (7). By contrast, H 2 0 2 can pass through intercellular and plasma 
membranes, causing little i f any damage(7,<$,70). If H 2 0 2 meets a strategically-
placed peroxidase enzyme (see above) or transition metal ion, it can cause site-
specific damage (7,5). For example, H 2 0 2 does not react with D N A . However, 
cells treated with H 2 0 2 show oxidative D N A damage. This is because the H 2 0 2 

penetrates to the nucleus and reacts with iron (or possibly copper) ions bound to 
D N A , and the resulting OH* causes instant oxidative D N A damage (7,72). 

Transition metal ions also promote other free radical reactions: indeed 
metalloenzymes such as peroxidases, hydroxylases, and oxygenases are 
harnassing and expanding this power. Thus ions of iron, copper, manganese etc 
can accelerate autoxidation reactions, by catalysing single electron transfers 
between the substrate and 0 2 (7). Iron and copper ions can decompose not only 
H 2 0 2 , but also lipid peroxides (7) 

L O O H + Fe 2 + (Cu + ) —> LO* + Fe 3 + (Cu 2 +) + O H " 

alkoxyl 
radical 

L O O H + Fe 3 + (Cu 2 + ) —> LOO* + Fe 2 + (Cu + ) + H + 

peroxyl 
radical 

Thus controlling metal ion availability can have a powerful effect on oxidative 
damage rates (7). 
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Summary 

A wide range of free radicals and other reactive oxygen/ 
nitrogen/chlorine species can be formed in living organisms. Their reactivity 
varies from highly-selective (0 2 *, NO*, H 2 0 2 ) through intermediate (R02*) to 
highly-reactive (ONOOH, R O \ HOC1) to indiscriminately reactive (OH #). Their 
diffusibility varies from almost zero (OH*) through limited by reactivity and/or 
charge ( R 0 2 \ R O \ HOC1, ONOOH, 02*~) to highly diffusible (H 2 0 2 , 0 2 ,NO*). 
Organisms have often evolved to use some of these less-reactive species as 
signalling molecules (0 2 *, H 2 0 2 , NO*) whereas species such as OH* can only be 
employed for useful purposes if they can be transiently formed or held in specific 
microenvironments. In the case of OH* and ONOOH this can be achieved by 
selective location of peroxidases or of metal ions catalytic for Fenton chemistry, 
or by co-generation of 02*~ and NO* respectively. 
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Chapter 3 

Free Radical Reactions of Wood-Degrading Fungi 

N. Scott Reading, Kevin D. W e l c h , and Steven D. Aus t* 

Chemistry and Biochemistry Department, Biotechnology Center, 
Utah State University, Logan, U T 84322-4705 

*Corresponding author: email: sdaust@cc.usu.edu 

Wood-rotting fungi catalyze, through a unique system of 
enzymes and chemicals, the degradation and mineralization of 
the structural polymers in wood. The most complex of these 
polymers is lignin, which is a heterogeneous, stereo-irregular, 
three-dimensional polymer that is very resistant to enzymatic 
degradation due to the lack of repeating and readily 
hydrolyzable bonds. The biodegradation systems of the wood
-rotting fungi are based largely on free-radical reactions 
catalyzed by a variety of extracellular enzymes. The wood
-degrading systems employed by these fungi can catalyze both 
direct and indirect (or mediated) oxidative and reductive 
reactions. Fungi are able to catalyze other reactions that 
support the free-radical nature of these biodegradative systems 
and together favor depolymerization and degradation rather 
than synthetic or polymerization reactions. 

Of the more than a million species of fungi, only a relative few, specialized 
and ubiquitous fungi, belonging to the phyla Basidiomycota and Ascomycota 
have the ability to degrade wood (1). These wood-decaying fungi are frequently 
grouped according to the characteristics of the wood during degradation, which 
reflects fundamental differences in their enzymatic and non-enzymatic activities. 
These are the white-rot, brown-rot, and soft-rot fungi. The white-rot fungi 
comprise the largest group of wood-rot fungi, having the capability to degrade 

16 © 2003 American Chemical Society 
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and mineralize all the major components of wood (cellulose, hemicellulose, and 
lignin), resulting in wood that becomes progressively more fragile as it decays. 
The white color associated with these fungi is a result of the rapid degradation of 
lignin, which exposes the more slowly degraded cellulose that is white in 
appearance. Brown-rot fungi comprise approximately 10% of all wood decay 
fUngi and primarily attack conifers. Most of these fungi are found in the class 
Polyporaceae. Brown-rot fungi primarily degrade cellulose aiid hemicellulose, 
leaving partially oxidized, brown lignin, which results in weakened wood 
structure such that the wood breaks up into cubic particles that comprise a major 
component of humus. Soft-rot fimgi are the least specialized of the wood-rot 
fungi, often requiring significant levels of nitrogen from the surrounding 
environment to effectively decay wood. Soft-rot fungi typically occur in wood 
with high water content and degrade primarily cellulose and hemicellulose. 
These fungi primarily belong to the phyla Ascomycota and are common 
decomposers of cellulose in soil. 

WOOD STRUCTURE AND FREE-RADICALS 

Wood-rotting fungi need to be specially adapted to overcome three major 
defense strategies in order to degrade wood. Two of these defense strategies 
have a biological basis, while the third is chemically based. The biological 
defenses against wood degradation are nutrient availability and the presence of 
compounds toxic to fungi. Wood typically has a very low content of nitrogen 
and phosphorus (2), two elements that are important for microbial growth. The 
average nitrogen content for hardwoods and softwoods is 0.09% of the dry 
weight of wood with an average carbon to nitrogen ratio of 600:1 (2). Wood-
rotting fungi have adapted to this constraint by using nutrient limitation as a key 
factor involved in expression of their wood-degrading systems (3). The presence 
of potentially toxic chemicals within non-living heartwood, such as tannins in 
deciduous trees and a variety of phenolic compounds in coniferous trees, prevent 
or limit wood-rot fungi from colonizing living trees (7). 

The third defense strategy used by trees to decrease their susceptibility to 
degradation is the formation of complex organic compounds that limit the 
availability of easily usable substrates, such as simple sugars and starches. The 
principle components of wood are cellulose, hemicellulose and lignin. Cellulose 
comprises 40-50% (dry weight) of wood and is composed of long, linear chains 
of (3-1,4-linked glucose (7). Cellulose polymers hydrogen bond to form fibrils. 
Hemicellulose comprises 25-40% (dry weight) of wood and is a complex 
combination of relatively short polymers of xylose, arabinose, galactose, 
mannose, and glucose (7) with acetyl and uronic extensions. Hemicellulose 
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hydrogen bonds to cellulose fibrils and also covalently links with lignin, creating 
a complex web of bonds that provide structural strength to wood. Lignin 
comprises 20-35% (dry weight) of wood and is a complex, stereoirregular, 
three-dimensional polymer composed of /?-hydroxycinnamyl alcohols, most 
notably £>-coumaryl, coniferyl, and synapyl alcohols, which are cross-linked to 
each other with a variety of chemical bonds (7). Lignin forms an amorphic 
complex with hemicellulose to encapsulate cellulose, thereby reducing the 
bioavailability of these two cell wall constituents. The lack of readily 
hydrolyzable, repeating linkages makes lignin particularly difficult to 
biodegrade and thus acts as an effective barrier against microbial attack. 

The biosynthesis of lignin in plants is believed to occur by a peroxidase-
catalyzed, free-radical polymerization of the ^-hydroxycinnamyl alcohols. The 
relative concentration of each phenylpropanoid precursor, which differs with 
each plant species and particular cell types, determines the final structure of 
lignin. Peroxidases oxidize the phenylpropanoid compounds to generate radicals 
that combine randomly with other lignin precursors and lignin substructures to 
form a chemically unique, three-dimensional polymer linked through a variety 
of carbon-carbon and carbon-oxygen bonds. The number and variation of 
chemically unique structures that comprise lignin make its degradation a 
complicated process that requires a nonhydrolytic system that is extracellular, 
and nonspecific. The lignin degradation system developed by wood-degrading 
fungi (in particular white-rot fungi) is based largely on free-radical reactions 
catalyzed by a relatively small number of enzymes. Thus, the fungal, free-
radical based, enzymatic system, in conjunction with other extracellular fungal 
activities, is able to degrade the large number of diverse chemical structures that 
are found in wood. 

The process of lignin synthesis results in a highly oxidized polymer. 
Therefore, to effectively degrade and mineralize lignin reductive as well as 
oxidative reactions are required, both of which must occur aerobically. These 
reactions must be balanced or otherwise controlled to prevent redox cycling and 
free-radical based polymerization of the degradation products. Additionally, the 
oxidizing and reducing equivalents need to be unique and continuously 
produced since extracellular regeneration would be improbable. This precludes 
the use of common biological compounds for reducing or oxidizing equivalents, 
such as N A D P H , which would be difficult to regenerate once released 
extracellularly. A n advantage of the extracellular formation of the free-radical 
species is their ability to diffuse away from their site of origin and mediate 
indirect reactions with the insoluble lignin polymer. Thus, the smaller, diffusible 
radicals achieve a greater area of reactivity than could be achieved by reactions 
catalyzed by enzymes or the fungi directly. This also causes free-radical 
reactions to occur away from the fungal mycellium preventing self-inflicted 
damage to the fungus. 
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INITIATION OF FREE-RADICAL REACTIONS 

The extracellular enzymes of wood-degrading fungi involved in the 
production of free-radicals include lignin peroxidases (LiP), manganese-
dependent peroxidases (MnP), cellobiose dehydrogenase (CDH) and laccases. 
Other factors related to free-radical generation by these enzymes are hydrogen 
peroxide (H 2 0 2 ) , oxalate, small molecule mediators, methyl transferases, and the 
plasma membrane redox potential. The free-radical reactions generated by these 
systems lead to both direct and indirect (mediated) oxidations and reductions. 
The ligninolytic peroxidases have been isolated from white-rot fungi, laccases 
have been isolated from the white-rot and brown-rot fungi, and C D H has been 
isolated from species from each group of wood-rotting fungi (4). The unique 
combination of the ligninolytic peroxidases and laccases to the white-rot fungi 
may be significant in that these fungi are the most efficient among the wood-
rotting fungi at lignin degradation. 

Peroxidases 

The mechanism of oxidation applicable to all peroxidases, shown in Figure 
1A, has been reviewed in detail for the fungal peroxidases (5). The ferric form 
of a peroxidase is oxidized by H 2 0 2 via two electron transfer. The oxidized 
enzyme can then perform two sequential, one-electron, direct oxidations of 
reductants that interact with the peroxidase. The fungal peroxidases are unique 
in that they are strong oxidants with reduction potentials of 1.4 volts (V) (<5), 
which are higher than other peroxidases (i.e., 0.8 V for horseradish peroxidase) 
(7). As a result L iP is able to directly oxidize a greater range of chemicals, with 
higher reduction potentials, such as veratryl alcohol (VA) (1.2 V) and a variety 
of environmental pollutants (5). Additionally, L iP has been shown to oxidize a 
variety of large molecular weight, soluble or insoluble polymers, including 
lignin (3) and synthetic polymers (8), that would not have access to the oxidized 
heme center. This is attributed to L iP having a surface accessible reaction site 
for the oxidation of chemicals (9). Unlike L iP , MnP does not directly oxidize 
lignin or other large molecules and is considered to be entirely dependent on 
manganese to complete its catalytic cycle. Thus, it is generally considered that 
MnP accomplishes oxidations through mediation reactions using the powerful 
oxidant Mn(III) (10). However, MnP has been shown to react with some easy to 
oxidize phenolic and aromatic compounds in the absence of manganese (77). 

Laccases 

Oxidations by laccases involve the reduction of molecular oxygen (0 2) to water 
with the concomitant one-electron oxidation of aromatic substrates (Figure IB), 
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C. Cellobiose dehydrogenase 

CelIobiose\ v C D H 0 

Cellobiono-
lactone 

C D H , 

Hydroquinones 
Metals [Fe 2 +, C u 1 + , M n 2 + ] * 
H 2 0 2 * 

Metals [Fe 3 + , C u 2 + , M n 3 + ] 

* H 2 0 2 + F e 2 + - # O H + OH" + F e 3 + 

Figure 1. Direct oxidative and reductive reactions catalyzed by enzymes 
from the wood-rot fungus Phanerochaete chrysosporium. Pent on reagent, 

formed by CDH, results in the hydroxyl radical. 
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which include polyphenols, methoxy-substituted monophenols, aromatic 
amines, and other relatively easily oxidized aromatic compounds (12). The 
products of these oxidations are oxygen-centered radicals and cation radicals 
that usually react further nonenzymatically. Reactive oxygen species are not 
released during the reduction of 0 2 by laccases. The reduction potential of 
laccase is estimated to be 0.8 V (7 J), which is generally thought to be too low to 
oxidize the nonphenolic subunits of lignin. Laccases have been shown to oxidize 
lignin and lignin-model compounds mainly through the oxidation of phenolic 
subunits leading to Ccc oxidations, C a - C P cleavage, and alkyl-aryl cleavage 
(14). Although the mechanisms governing laccase degradation of lignin are not 
well understood, mediation or indirect oxidations are believed to occur (75, 76). 

Cellobiose Dehydrogenase 

Cellobiose dehydrogenase preferentially oxidizes cellobiose, the product of 
cellulose hydrolysis by cellulases, and uses a variety of substrates as electron 
acceptors (Figure 1C). The substrates used as electron acceptors include 
quinones, phenoxyl radicals, cation radicals, transition metals (Fe, Mn , Cu), and 
0 2 (4). Some of these are oxidation products of lignin degradation produced by 
the peroxidases and laccase. This may suggest the possibility of redox cycling of 
compounds between these enzymes, setting up a futile cycle where a product of 
oxidation is simply reduced by C D H to regain the original substrate, a condition 
that, as mentioned earlier, needs to be avoided. Indeed, we suggest that the 
reductive reactions catalyzed by C D H are controlled reactions that facilitate 
degradation both of cellulose and lignin. The oxidation of cellobiose to 
cellobionolactone is thought to relieve product inhibition of cellulases, thereby 
promoting cellulose degradation (77). Cellobiose dehydrogenase is thought to 
enhance lignin degradation by minimizing repolymerization of 
phenoxyl radicals produced during the oxidation of lignin by the 
peroxidases or laccases (75). It has been suggested that proteolytic 
cleavage of C D H is a control measure to prevent the formation of a fiitile redox 
cycle between the peroxidases and C D H . Inhibition of fungal peroxidase activity 
by C D H was attributed to the direct reduction of either the oxidized peroxidase 
intermediates or the oxidized products of catalysis (4). During peroxidase 
production in ligninolytic cultures of Phanerochaete chrysosporium C D H is 
proteolytically cleaved into two domains, one containing a heme and the other a 
flavin prosthetic group (79). The flavin domain remained active in oxidizing 
cellobiose and reducing quinones but did not inhibit peroxidase activity (4). 

PROPOGATION OF FREE-RADICAL REACTIONS 

Many of the primary substrates of the wood-degrading enzymes are not 
wood structures (cellulose, hemicellulose, or lignin) which are large, bulky and 
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generally insoluble, but small molecules that are either produced by the fungi 
( H 2 0 2 , V A , oxalate), available in wood (metals [Mn, Fe, Cu], 0 2 ) , or released 
during wood degradation (phenolic, other aromatic compounds, quinones). 
These small molecules can act as mediators to promote redox chemistry and, 
depending on the enzyme system that initiates the reaction, these chemicals can 
be the primary reactants from which secondary and tertiary redox reactions are 
derived. Thus, from either a primary oxidative or reductive enzymatic system a 
number of oxidative and reductive equivalents can be formed. Therein lies the 
value of mediation to the wood-rotting fungi, which have to degrade a variety of 
chemicals with diverse structures and oxidation states. 

Veratryl Alcohol Cation Radical and Manganese (III) 

Veratryl alcohol and manganese are considered to be the primary 
physiological substrates for the fungal peroxidases. They act as the reductants to 
the oxidized intermediates of LiP and MnP, respectively, as illustrated in Figure 
1A. The result of this interaction would be the formation of two powerful 
oxidants, the veratryl alcohol cation radical ( V A ' + ) and Mn(III), which could 
mediate the oxidation of other chemicals such as lignin, organic acids, 
hydroquinones, and other compounds (Figure 2A). One of the stumbling blocks 
for V A involvement in lignin degradation was proof that the V A ' + w a s produced 
during catalysis. The VA"+intermediate was detected during V A oxidation by 
LiP (20) and it was demonstrated that through association of the radical with the 
peroxidase V A " + was stabilized (6) so that it could act as a mediator of oxidation 
(21,22). 

A n excellent example of mediation is provided by MnP. The primary 
substrate for MnP is Mn(II), which is oxidized to Mn(III) at a significant rate 
(k c a t = 200-300 s"1) (10). Since Mn(III) is a strong oxidant a chelator such as 
oxalate (23), is required to separate it from the enzyme to act as a diffusible 
mediator for the oxidation of other chemicals (24, 25). However, Mn(III) has 
reduced redox potential because of its chelation by oxalate. Because chelated 
Mn(III) has a reduced oxidation capacity, MnP would not be able to oxidize 
some chemicals that might be oxidized by LiP , either directly or mediated by the 
V A ' + . This follows the hierarchy of free-radical reactions, that mediators can 
only react with chemicals that have lower reduction potentials. Therefore, it 
must be realized that mediation cannot be proposed for the oxidation of 
chemicals with higher reduction potentials than the mediator. 

Carboxylate Anion Radical 

The primary oxidations catalyzed by the peroxidases can also give rise to 
reductive radicals through secondary reactions. The importance of reductive 
equivalents to the degradative ability of the wood-rotting fungi has been 
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A . Oxidative mediation 

1. C D H by «OH 
2. M n P by M n 3 

3. L i P by VAt« 

O H -
M n 2 + 

V A 

R H -

"a-Keto acids 
Hydroquinones 
Lignin 
Phenolic compounds 
Aromatic compounds 

cor 
Semiquinones 
Oxidized lignin 
Phenolic radicals 
Cation radicals 

1. C D H b y * O H 
2. M n P by M n 3 + 

3. L i P by VA+« 

O H ~ 
M n 2 + 

V A 

Oxalate 

CO5- C O , 

X r e ( j 

Figure 2. (A) The oxidation products of catalysis by the enzymes from the 
white-rot fungus Phanerochaete chrysosporium can mediate additional 

oxidative reactions. (B) The oxidation of an organic acid such as oxalate, 
results in the generation of a strong reductant, which can mediate 

additional reductive reaction (e.g., see reference 26). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
3

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



24 

demonstrated for many environmental pollutants (26). Of physiological 
significance is the carboxylate anion radical (C0 2 ") , which is derived from the 
oxidation of oxalate (27). Readily available in wood and produced by fungi (28), 
oxalate is very susceptible to oxidation (as a di-a-keto acid it is an excellent 
reductant). As shown in Figure 2B, oxalate can be oxidized by V A ' + , Mn(III) or 
the hydroxyl radical ("OH) and the charge distribution on the radical results in 
homolytic cleavage of the C-C bond with the concomitant formation of C 0 2 " 
and C 0 2 . The C0 2 " ' has a reduction potential of -1.9 V (29) and can reduce 0 2 

and other chemicals (26). The reaction equilibrium is entropically "pulled" 
towards oxidation of oxalate and is irreversible since one product escapes as 
gaseous C 0 2 . Other a-keto acids such as E D T A , can be similarly oxidized 
resulting in the formation of powerful reductants (26, 27). 

Semiquinone Radicals 

Quinones are formed during the degradation of lignin by white-rot fungi 
(30) and are able to polymerize, thereby potentially hindering the degradation 
process. The white-rot fungi cope with this potential problem first by reducing 
quinones (31). One extracellular quinone reductase is C D H , which reduces 
quinones to hydroquinones. Hydroquinones are readily oxidized by Mn(III) and 
V A " + to semiquinones which can be used for reduction reactions (32), such as 
reduction of phenoxyl radicals produced during lignin degradation to prevent 
their repolymerization. Additionally, semiquinone radicals can reduce Fe(III), 
0 2 , or cause the reductive homolytic cleavage of H 2 0 2 leading to the formation 
of the "OH (25). Quinones can also be reduced to hydroquinones by the 
membrane redox potential, which then are susceptible to methylation by methyl 
transferases leading to degradation, as described below. 

Superoxide Anion Radical 

Molecular oxygen can act as the electron acceptor in reactions with C D H 
(5), semiquinone radicals, and C 0 2 (33). The enzymatic reduction of 0 2 by 
C D H results in a two-electron reduction to form H 2 0 2 (Figure 1C), while non-
enzymatic reduction occurs at diffusion limited rates resulting in the formation 
of superoxide anion radical (02""). Superoxide can act as a reductant or an 
oxidant depending on the pH and has been implicated in the degradation of 
lignin and environmental pollutants (34, 35). Superoxide is able to dismutate to 
form H 2 0 2 and can also reduce Fe(III), providing the conditions for Fenton 
chemistry. 

Fenton Chemistry 

The reaction of H 2 0 2 and Fe(II) results in the formation of "OH (Figure 
1C), which is one of the most potent oxidizing agents with a reduction potential 
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of 2.3 V . Prior to the discovery of the enzymatic mechanisms for lignin 
degradation in white-rot fungi the 'OH was assumed to be largely responsible for 
the biodegradative ability of the wood-degrading fungi. Wood degrading fungi 
have a diverse number of mechanisms for Fenton reagent formation. Several 
workers have demonstrated the role of hydroxyl radical production in the 
degradation of wood by brown rot fungi (addressed in other chapters in this 
book). In white rots, the production of hydroxyl radicals may yet have a 
significant role in the degradation of wood. The ability to generate Fenton 
reagent is extremely advantageous as it results in a very strong oxidant, formed 
by the reaction of two substrates, Fe(II) and H 2 0 2 , neither of which are 
particularly strong oxidants. This is an interesting way to increase oxidation 
potential, in contrast to losing oxidation potential during mediation, as discussed 
previously. 

Hydrogen Peroxide 

Hydrogen peroxide is the oxidative substrate for the peroxidases. White-rot 
fungi can produce H 2 0 2 enzymatically using the extracellular enzymes glyoxyl 
oxidase, an enzyme involved in the production of oxalate, and aryl oxidase. 
Both of these enzymes are produced during secondary metabolism along with 
the lignin degrading system. When grown on cellulose, wood-rot fungi produce 
C D H , which is able to directly reduce 0 2 to H 2 0 2 . However, at low pH the rate 
of 0 2 reduction by C D H is much slower than for other electron acceptors 
reduced by this enzyme. A nonenzymatic mechanism of H 2 0 2 production is 
through the dismutation of 0 2 " , which is formed by the reduction of 0 2 by C0 2 ' " , 
Fe(II) or semiquinone radicals. The relative contribution of any of these 
systems on H 2 0 2 production is not clear, but nonenzymatic evolution of H 2 0 2 for 
sustained peroxidatic activity has been demonstrated (36). 

Transition Metals 

Cellobiose dehydrogenase has been shown to reduce Fe(III) (4) and 
nonenzymatic reduction of Fe(III) has been demonstrated using CO*" and 0 2 '" 
(22, 25). The formation of Fe(II) in the presence of H 2 0 2 would yield the 'OH 
and promote the oxidation of chemicals that may not be directly oxidized by the 
peroxidases or laccases. The extracellular pH established by wood-rot fungi is 
generally quite low, often below four. At this pH iron reduction is favored over 
oxygen reduction by C D H and it allows oxalate-chelated Fe(II) to diffuse away 
into areas of higher pH before it reacts with H 2 0 2 to produce 'OH. This scheme 
has the advantage of forming the ' O H away from the fungal mycelia so the 
fungus wi l l not be harmed by *OH, and the oxidation of lignin or cellulose can 
occur at a distance from the mycelium. 
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ADDITIONAL FUNGAL MECHANISMS FOR 
DEGRADATION 

Plasma Membrane Redox Potential 

Wood-degrading fitngi have a plasma membrane redox potential (Figure 3) 
and the membrane redox potential of P. chrysosporium has been shown to 
reduce a number of chemicals (57). Although the plasma membrane potential 
has been shown to reduce and detoxify environmental pollutants such as TNT 
(37), its physiological function may be to protect the fungal hyphae from free-
radicals produced by the extracellular enzymes during wood degradation. The 
membrane redox potential has also been shown to reduce quinones to 
hydroquinones, thus adding to the potential reservoir for semiquinone 
production by the peroxidases, or for methylation by methyl transferases leading 
to quinone degradation (32). 

The reduction potential generated by wood-degrading fungi, in particular 
white-rot fungi, is maintained through the plasma membrane redox potential. 
This enables the fungi to maintain an extracellular environment at very low pH, 
for example P. chrysosporium maintains a physiological pH of 4.5. The ability 
to manipulate pH provides a more competitive environment for fungal growth 
and provides an optimal environment for the free-radical chemistry catalyzed by 
the extracellular enzymes. The low pH environment created by white-rot fungi 
increases the redox potential of the peroxidases enabling them to oxidize 
chemicals that other peroxidases are not able to oxidize. 

Methylation by Wood-Rot Fungi 

Methylation by a membrane bound methyltransferase system in wood-rot 
fungi may be important in denaturing fungicidal phenolic wood extractives and 
also aids in the degradation of phenolic pollutants and lignin (Figure 4A) (38, 
39). In addition to limiting futile redox cycling of phenols, the methylation of 
phenolic lignins would make non-phenolic substrates more suitable for carbon-
carbon bond cleavage, ring opening, and facilitates their oxidation. For example, 
the biotransformation of pentachlorophenol to its corresponding anisole permits 
other reactions such as oxidation by the peroxidases, nucleophilic attack by 
water, and reduction to occur (Figure 4B) (40). The chemical is then primed for 
further methylation and subsequent reactions leading to detoxification of the 
parent compound and its eventual degradation. 
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Intracellular 

Plasma 
e~ 9Jti| Membrane 

Ferricyanide 
Tetrazolium Dyes 
T N T 
DDT 
Quinones 
Radicals 

Extracellular 

Ferrocyanide 
Tetrazolium Salts 
A m D N T 
D D D 
Hydroquinones 
Non-radicals 

Figure 3. The fungal plasma membrane redox system. 

HIERARCHY OF FREE RADICALS 

Most free radicals undergo simple first- and second-order reactions due to 
their reactivity. Therefore, at least the elementary reactions of free radicals are 
often straightforward and predictable. Generally, the overall direction of a 
redox reaction is controlled by the feasibility of forming radical intermediates 
and in many instances, this feasibility also determines the kinetics of the 
reaction. To predict the direction of free radical processes, it is necessary to 
understand the thermodynamics of free radical reactions. A key thermodynamic 
property to consider is the reduction potential, from which predictions on 
reactions can be made (41). A comprehensive review on reduction potentials 
can be found in an article by Peter Wardman (42). 

Predicting free radical reactions are generally straightforward. Each 
oxidized species is capable of abstracting an electron (or hydrogen atom) from 
any species with a lower reduction potential. Viewed another way, each reduced 
species can donate an electron (or hydrogen atom) to any species with a higher 
reduction potential. The reduction potential of LiP and MnP are higher than that 
of most other peroxidases. This allows for the oxidation of chemicals that are 
not easily oxidized, i.e., have a high reduction potential. The hierarchy of free 
radical electron transfer reactions allows us to predict the cascade of free radical 
reactions that wil l occur after initiation. For example, MnP can oxidize Mn(II) to 
Mn(III) which has a reduction potential of about 1.5 V relative to the standard 
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hydrogen electrode. However, the oxalate-Mn(III) complex only has a reduction 
potential of about 0.9 V . Subsequently, the oxalate-Mn(III) complex can 
oxidize other compounds which have a reduction potential less than 0.9 V . 
Similarly, L i P can oxidize V A to a VA* + , which has a reduction potential near 
1.2 V . Thus, V A * + can oxidize numerous environmental compounds that have a 
reduction potential less than 1.2 V , such as the phenolic constituents of lignin. 
Most phenolic compounds have a reduction potential ranging from 
approximately 0.05 V to 0.8 V depending upon the substituted functional groups 
on the aromatic ring. These oxidized compounds can then in turn propagate free 
radical reactions by oxidizing compounds with a lower reduction potential. 

H O*-

Figure 4. (A) Methylation of pentachlorophenol to pentaMoroanisole 
by the membrane bound methylation system of the white-rot fungus 
Phanerochaete chrysosporium. (B) Cycle of oxidative, reductive and 

methylation reactions leading to the degradation of pentachlorophenol 
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Interestingly, many of the fungal enzymes can produce an oxidant that is 
capable of oxidizing oxalate. One of the oxidation products of oxalate is the 
C 0 2 " , which has a reduction potential of -1.9 V , and thus, is a powerful 
reductant. Subsequently, the C02** can reduce compounds with a higher 
reduction potential, e.g., 0 2 , which results in 0 2 " . In general, each reaction in the 
sequence wi l l occur according to their reduction potentials to generate less 
energetic radicals, with antioxidants producing the least energetic (most stable) 
radicals. However, the presence of 0 2 and catalytic metals, such as iron, can 
result in reactions that produce more reactive radicals. For example, the Fenton 
reaction, Fe(II) + H 2 0 2 Fe(III) + O H + 'OH, produces the 'OH, one of the 
most potent biological oxidants known, which has a reduction potential of 2.3 V . 

For a spontaneous process, the change in Gibbs free energy must be 
negative, A G < 0. For A G to be negative in the equation A G = -nFAE, the 
change in the reduction potential (AE ) must be positive for a spontaneous 
reaction. However, thermodynamics are not the sole factor regulating reactions. 
Kinetics are also a large determining factor whether a reaction wi l l occur in a 
reasonable time. Therefore, it must be kept in mind that a reaction that is 
thermodynamically possible may not be kinetically feasibility; i.e., the rate 
constant for the reaction may be too small for the reaction to be biologically 
significant. Reduction potentials can only predict the value of an equilibrium 
constant, not the rate. The feasibility of a reaction occurring therefore also 
depends on the concentrations of the reactants and the stability of the products. 
A reaction with a large positive A G can go to completion i f one of the products 
is a radical that subsequently reacts at very high rates. Similarly, a reaction with 
a large negative A G may occur slowly, or not at all, due to kinetic constraints. It 
should be kept in mind that free radical reactions generally follow a trend to 
form less reactive, thus, more stable compounds. Additionally, due to kinetic 
restraints, a reaction that is thermodynamically favorable may not occur fast 
enough to be biologically significant. 

SUMMARY 

The hierarchy of free-radical reactions would predict that the most efficient 
wood degrading fungi, where efficiency is defined as ability to degrade 
chemicals with increasing reduction potential, are those that secrete L i P , 
followed by those having MnP and then laccases, because of their decreasing 
order of oxidation potentials. The ability to generate the *OH, by G D H for 
example, adds oxidation ability, primarily through the contribution of Fe(II). 
Mediation may increase the number of chemicals that can be oxidized but 
lowers the oxidation potential. Additional factors include the ability to generate 
a powerful reductant using oxalate. Futile redox cycling can be limited in a 
number of ways, one of which is by reduction and methylation reactions 
providing methoxyphenols which are also better substrates for aromatic ring 
opening and mineralization. 
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Chapter 4 

Microview of Wood under Degradation by Bacteria 
and Fungi 

Geoffrey Daniel 

Wood Ultrastructure Research Centre (WURC) , Department of Wood 
Science, Swedish University of Agricultural Sciences, Box 7008, Uppsala, 

Sweden 

Wood is colonized and degraded by a variety of 
microorganisms including bacteria, moulds, blue stain and 
wood rotting fungi (i.e. soft-, white and brown rots). The 
manner by which wood is degraded varies according to the 
organisms involved, type of wood substrate, nature of 
environment as well as interactive competition. Over the years 
microscopy (e.g. light and electron) has played a major role in 
improving our understanding of the morphological aspects of 
biological decay and has been useful as a tool for 
understanding fundamental aspects of the biochemical 
mechanisms of attack in-situ. This review outlines some of the 
major aspects in our knowledge of the micro- and 
ultrastructural changes which take place in wood during decay 
and where microscopy has aided this understanding. 

The biodegradation of wood is a natural process of organic matter recycling 
and occurs in all natural environments (terrestrial, aquatic) assuming suitable 
conditions are available. Under natural conditions wood may be colonized quite 
rapidly by a variety microorganims which initiate the process of biodegradation 

34 © 2003 American Chemical Society 
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whereby the wood structural components (i.e. polysaccharides, lignin) are 
solubilized to simpler molecules and finally C 0 2 and water. When this process 
occurs on "man-made" structures it is considered of economic importance. 
However when we use the same biodeteriogens for producing novel proteins of 
commercial interest or to modify lignocellulose under appropriate experimental 
or industrial situations we consider them as "biological potential". The purpose 
of this chapter is to provide an update of our current understanding of the irricro-
and ultrastructural changes occurring in wood during various types of biological 
decay by different microorganisms. This information should provide a means to 
identify the different types of biodegradation to which wood is subjected in 
various environments as well as emphasizing the importance of a basic 
knowledge of wood structure (le. anatomy, micro- and ultrastructure) for 
understanding both wood decay and improving its protection by wood 
preservation. Several reviews on wood biodegradation have been written over 
the years (e.g. 1-4, see also reviews in this book) and the reader is advised to 
also consult these texts. Light and electron microscopy (TEM, SEM) have 
proven to be invaluable tools for studying aspects of wood decay by both fungi 
and bacteria, thereby improving our basic understanding of the decay 
mechanisms involved. Today microscopy is used routinely in a diverse range of 
applications from the simple diagnoses of microbial decay types in test stakes 
and building construction, to its use as an advanced research tool for studying 
aspects of wood cell wall biodeterioration, and wood preservative interactions at 
ultrastructural and nanoscales. 

Wood as a Substrate for Biodegradation: Features of 
Importance 

Wood anatomy, microstructure and ultimately cell wall ultrastructure 
(assumming suitable conditions prevail) has a governing role in regulating 
biodegradation. The anatomical and microstructural features of wood varies 
between different species with gymnosperms (softwoods) tending to have a 
comparatively simple structure in contrast to angiosperms (hardwoods)f5- 7). 
Representative morphological features of a hardwood are shown in Fig. 1. Up to 
95 % of softwoods consists of tracheids with the remainder of cells non-lignified 
parenchyma cells (longitudinal or radial) residing in the rays or as epithelial cells 
surrounding resin canals (6, 7). In contrast, hardwoods have a more complicated 
anatomy containing a large variety of cell types including vessels (characteristic 
only for hardwoods), fibres, parenchyma cells, fibre tracheids and libriform 
fibres and others (6, 8). Chemically all wood cells are composed of various ratios 
of cellulose, hemicellulose and lignin (9) although the quantity of cellulose 
remains quite consistent (le. ca 40-50%) in both hard- and softwoods (9) with 
the lignin : hemicellulose ratio varying most. Normally hardwoods have a lower 
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lignin content (ca 16-26 %, 9 ) than softwoods (ca 28-32 %) which is reflected 
by a higher hemicellulose content, primarily of glueuronoxylan (9). The higher 
lignin content of softwoods is normally reflected by a lower hemicellulose 
content primarily of galactoglucomannan (9). A further major distinction 
between hard- and softwoods is the type of lignin monomer present with 
softwoods having guaiacyl lignin (9) and hardwoods both syringyl and guaiacyl 
lignins (9). Lignin has a significant and governing role in natural wood 
protection with high lignin levels and presence of guaiacyl lignin considered to 
provide better natural protection than low lignin levels and syringyl lignin (3, 10, 
11). Since the distribution of syringyl and guaiacyl lignin can vary greatly in 
different cell types within hardwoods (see below) this can have a major influence 
on the manner and speed by which individual cells and tissues are degraded by 
different bacterial and fungal types. Both the variability and ratio of different cell 
types as well as presence and type of lignin in hardwoods and to a lesser extent 
softwoods plays a major role in regulating biodegradation. In broad terms all 
wood cells can be degraded by fungi and bacteria under suitable conditions, 
nevertheless the chemistry and ultrastructure of wood cell wall plays an 
overriding role. 

While most fungi and bacteria colonize cut wood surfaces, there is a 
tendency for all species to initially colonize the rays and from there grow further 
into the wood structure via natural openings (Le. pits: bordered, cross field) or 
directly from cell to cell by producing bore holes through the cell walls. 
Parenchyma cells in the rays tend to contain significant amounts of easily 
assimilated nutrient reserves and are non-lignified; thus any fungus or bacteria 
with cellulolytic and/or hemicellulolytic ability can attack these cells leading to 
subsequent increases in permeability of the wood substrate. Certain fungi (e.g. 
moulds, blue stain) and bacteria attack non-lignified cells but normally can not 
cause significant wood decay. Such fungi cause either superficial colonization 
(moulds) or deeper stain within the wood xylem substrate. In order to obtain a 
better understanding of wood decay it is first important to understand the nature 
of the wood cell wall micro- and ultrastructure. 

Wood Cell Wall Ultrastructure: the Ultimate Factor 
Controlling Wood Biodegradation 

Our understanding of the micro- and ultrastructure of wood cell walls has 
improved greatly over the last few decades as more refined techniques (e.g. 
confocal laser scanning microscopy (CLSM), field emission scanning electron 
microscopy (FE-SEM), cryo-SEM, transmission electron microscopy (TEM), 
nuclear magnetic resonance (NMR) and atomic force microscopy (AFM)) have 
been explicitly used to study wood fibre cell wall architecture, and as knowledge 
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is derived from other areas of closely related research such as biosynthesis of 
wood cell walls (12-14) cell wall delignification and processing during chemical 
and mechanical pulping (15-17) as well as the use of fungi to reveal novel 
features of wood cell wall structure (3,18-21). 

Numerous models are reported in the literature which outline the gross 
morphological architecture of wood cell walls (22). While these models 
represent an over simplification of a highly complex structure and are general for 
fibres (tracheids) rather than representative for all cell types (Le. reaction wood 
cells, juvenile cells, parenchyma, epithelia, vessels, fibre tracheids etc), they are 
useful for understanding some of the basic aspects of wood cell wall decay. A 
typical model proposed for a softwood tracheid by Cote (23) is shown in Fig. 1. 
Here an individual wood fibre is shown comprised of several discrete wall 
layers; viz a thin (ca 0.09 um) primary wood cell wall (P) composed of multi
directional oriented cellulose microfibrils; and a secondary cell wall comprised 
of three cell wall layers SI (ca 0.26-0.38 urn), S2 (ca 1.66-3.70 um), S3 (ca 
0.09-0.14 um) which possess almost horizontal (i.e. SI, S3) or nearly vertical 
(Le. S2) oriented cellulose microfibrils (5). The thickness of the individual layers 
varies between early- and latewood and also with cell type. The S2 microfibrils 
also spiral helically in Z or S orientations along the fibre axis. The individual 
wood cells are bound together by an highly lignified middle lamella region (Fig. 
1). Of the three secondary cell wall layers the S2 is of overriding importance 
because of its thickness and orientation of cellulose microfibrils giving fibres 
strength and ultimately imparting the major mechanical and physical 
characteristics to wood products. A further consideration of importance is the 
thickness and lignification of the S3 and SI cell wall layers. The S3 layer in 
softwoods tends to be of variable thickness and well lignified (24), whereas in 
certain hardwoods such as birch the S3 is normally very thin and composed of 
microfibrils showing similar orientations as the underlying S2 layer (9, Daniel 
unpub. obs). While these two features have little effect on brown or white rot 
decay (see below) they may have a significant affect on soft rot attack. During 
soft rot attack of coniferous species, cavities tend not to be formed in the S3 
layer because of its thickness and lignification, however, in soft rot attack of the 
birch cell wall, erosion decay is frequent (see below). 

One of the major factors controlling the biodegradation of wood cells is the 
availability of the cellulose and hemicelluloses for decay within wood cell walls. 
The numerous studies conducted on a diverse range of fungi and bacteria have 
shown the majority to possess cellulase and/or hemicellulase activity. Since 
possession of cellulase and hemicellulase activity is not correlated with decay of 
wood (e.g. mould fungi like Trichoderma spp. are well known for pronounced 
cellulase production but tend not to degrade lignified wood cells efficiently), the 
major controlling factor is the availability of cellulose to decay in wood cell 
walls. In lignified cell walls, the cellulose is thought to be associated with the 
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hemicelluloses which are in turn surrounded by lignin forming an impenetrable 
matrix to enzymes (5, 9). Several models depicting this molecular arrangement 
have been put forward although there is no accepted model (Fig. 2). 

Wood cells may also vary in degree and type of lignification; e.g. fibres in 
hardwoods are syringyl lignified while vessel walls tend to possess guaiacyl 
lignin (1, 2). Similarly, ray parenchyma cells in rays from the sapwood of 
softwoods tend to be non-lignified and easily degraded, while adjacent ray 
tracheids are lignified and are not degraded by moulds and blue stain fungi. Rot 
fungi in particular use different mechanisms to overcome the "lignin barrier9' 
which are manifested at the ultrastructural level. Soft rot fungi align themselves 
along the cellulose microfibrils of the cell wall and overcome the lignin barrier 
by being closely adpressed to both cellulose and lignin; the cellulolytic enzymes 
of soft rot fungi are thought to be associated with the hyphal surface. In contrast, 
white rot fungi are not restricted by the lignin barrier and are able to degrade all 
the wood components progressively from the cell lumen or preferentially attack 
the lignin and hemicelluloses (see below). Brown rot fungi, however, are able to 
degrade the cellulose and hemicelluloses by a so far poorly understood and 
highly effective chemical mechanism with lignin left over as a modified chemical 
entity. The basis of this decay is regulated at the cell wall level of wood cell 
walls. No fungi can apparently degrade and exist on lignin alone. 

In recent years, more attention has been applied to understanding the 
ultrastructural architecture of wood cell walls particularly the biosynthesis, 
configuration and arrangement of the cellulose microfibrils (25). While it is 
generally agreed that cellulose microfibrils (ca 2-4 nm) or sub-elementary fibrils 
(ca 1.5-2.0 nm; 26) compose the basic armature and provide mechanical strength 
to wood cell walls, there is increasing evidence that there may be a greater order 
in which the cellulose microfibrils are complexed together to form what has been 
termed cellulose "aggregates" or "macrofibrils" (27-30) (Fig. 3). 

Figure 1. a) Softwood fibre (tracheid)(C6te, 23) showing the microfibrillar 
orientation of primary (p) and secondary cell wall layers (SI, S2 and S3) and 
position of the middle lamella (ML) layer (Reproduced with permission from 
reference 23. Copyright 1967 Syracuse University Press.) b) Cross-
sections of birch fibres and vessels as seen using SEM. Bars: left, 30 \xm; 
right, lOjum. 
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Figure 2. Proposed molecular arrangement of wood polymers in wood fibre 
cell walls: a) Kerr and Goring (31), with cellulose microfibrils forming 
interrupted lamellae embedded in a matrix of lignin and hemicellulose 
(Reproduced with permission from reference 31. Copyright 1975 Springer.) b) 
Fengel and Wegener (5) where elementary fibrils are surrounded by 
monolayers of hemicelluloses and larger units (macrofibrils) enclosed with 
hemicellulose and lignin (Reproduced with permission from reference 5. 
Copyright 1984 Walter de Gruyter.) c) Salmen and Olsson (32) where 
glucomannan is closely associated with cellulose and xylan to lignin. 
(Reproduced with permission from reference 32. Copyright 1998 Tappi.) 

For example, these aggregates (10-60 nm) have been well documented in spruce 
kraft pulp fibres for all secondary cell wall layers using a variety of 
microscopical methods including FE-SEM, Cryo-FE-SEM and A F M (16, 27, 28, 
30). They have also been documented in spruce sulphite pulps (33) and in 
Phlebia radiata white rotted pine and birch woods (34, see later, Fig. 15) using 
Cryo-FE-SEM (see below). They have similarly been described and 
characterized In refined spruce pulps of variable molecular weight (35). During 
the last decade there has also been considerable debate on the arrangement of 
cellulose microfibrils within the S2 cell wall and whether they follow a 
concentric or radial-concentric arrangement (e.g. 17, 18, 28, 30, 37). Recent 
studies (30) using A F M suggest that concentric lamellation is possibly the most 
common arrangement, but that radial alignment may develope when wood fibres 
are placed under tension forces. The arrangement of the cellulose aggregates is 
important in wood decay since it is frequently noted that decay radiates out in a 
concentric manner from sites of hyphal decay (e.g. cavities, troughs) of wood 
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cell walls. Fundamentally, the arrangement of the wood components (cellulose, 
lignin) will also have marked bearing on the ability of wood preservatives to 
protect wood from decay. For example, copper-chrome-arsenic (CCA) is 
believed to fix primarily to lignin in wood and provide protection by both 
toxicity as well as changing the molecular structure of the wood (38). Recent 
results regarding the cellulose aggregates described above would indicate that 
the cellulose is protected by a lignin-CCA complex. From in-situ toxicity studies 
with soft and brown rot fungi (i.e. the most well known Cu resistant wood 
degrading fungi; 39, 40), production of cavities and alignment of hyphae along 
the cellulose microfibrils may appear to be a more effective manner for causing 
decay than the brown rot decay mechanism, since soft rot fungi as a group tend 
to show greater Cu resistance than brown rotters. Other cell types like 
parenchyma cells which are not lignified are similarly constructed but the matrix 
surrounding the cellulose consists of hemicelluloses and pectins (5). 

Another important aspect concerns the compound middle lamella between 
wood fibres. This structure is well known to contain the highest lignin content 
(g/g) in wood cell layers (41-43). Ultrastructural and spectroscopic studies, as 
well as the use of wood degrading organisms, has shown this layer not to be 
homogeneously lignified (36) and when subjected to biological decay from 
either brown- or white rot fungi shows variability in structure, although the layer 
is resistant to attack by soft rot fungi (see below). 

Wood Degrading Organisms and Decay Types 

Bacteria 
The occurrence and negative effects of bacteria on wood have been known for a 
very long time (44). However, these negative effects have primarily been 
recognized from the ability of bacteria (both anaerobic and aerobic) to cause a 
pronounced increase in the permeability of round wood (best known in 
softwoods), including refractory species like spruce, during ponding or water 
sprinkling. Economically, this still represents the most important effect of 
bacterial attack of wood. Over the last ca 20 years however, convincing evidence 
for bacterial degradation of lignified cell walls has been reported (45-48). Such 
unequivocal evidence has primarily been obtained through the use of electron 
microscopy (TEM and SEM) on bacterially degraded wood samples produced 
under laboratory conditions or removed from either terrestrial or aquatic 
situations (45, 46, 48, 49). Prior to the use of the electron microscopy it was 
difficult to distinuish and confirm bacterial decay patterns from fungal decay(s). 
It is now well established that true wood degrading bacteria are cosmopolitan in 
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Figure 3. FE-SEM micrographs showing the typical cellulose macrofibrillar 
structure of spruce tracheid secondary (SI, S2, S3) and primary wall layers 
revealed following delignification using H202 and acetic acid or kraft pulping 
(e). a) S2 layer comprised of numerous macrofibrils in cross section; b) 
Macrofibrils comprising the SI layer; c) High magnification of macrofibrils 
seen in cross section from a.; d) S3 layer macrofibrils of the lumen wall; e) 
Cylinder like appearance of macrofibrils from the S2 layer of spruce kraft pulp 
fibre; f) Macrofibrils comprising the primary cell wall. Bars: 100 nm. 
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the world, and have a tendency to be aerobic and exist in a diverse range of 
aquatic and terrestrial environments (48). These bacteria can cause significant 
attack of lignified fibres and tracheids in both hard- and softwoods and have an 
ability to degrade preservative treated material (e.g. C C A treated; 46, 50, 
57),chemically modified timbers, and highly durable timbers containing high 
extractive levels like Eusideroxylon zwageri (52) or high lignin content (e.g. 
Alstonia scholaris)(49). Decay by all currently known true wood degrading 
bacteria is carried out by single-celled, motile Gram negative, pleomorphic 
bacteria possessing considerable cell wall plasticity (48). 

Bacterial Decay Leading to Increased Permeability 

This type of attack is known primarily from the "ponding" or "water 
spraying" (Fig. 4) of round woods which is still routinely employed in many 
countries to protect timber from decay fungi, blue stain and insect attack. 
Bacteria direct their attack to the non-lignified tissues such as the ray 
parenchyma cells and pit membranes of the sapwood; similar tissues and 
structures in the heartwood being less affected due to partial lignification or the 
encrusting of extractives. Typical examples of bacterial attack of Pinus sylvestris 
bordered pits and ray tissues after 18 weeks water sprinkling at a Swedish saw 
mill are shown in Figure 4. The ray parenchyma cells and pit tori are the sites of 
most rapid attack (Fig. 4). Both rod-shaped (ca 1-2 jam long, Fig. 4) and cocci 
forms have been reported involved in decay (53). Degradation generally results 
in an increase in the permeability of sapwood and subsequently an irregular and 
often overabsorption of preservative solutions, varnishes, stains (Fig. 4), paints 
etc depending on the final use of the wood material (54-56). While sawn wood 
from such material is unacceptable for joinery (i.e. can not be used for house 
facades), long-term water sprinkling and ponding of poles has been attempted as 
a possible method for reducing bleeding of cresote impregnated poles (57, 58) 
and increased penetration of preservatives into refractory wood species such as 
spruce. Transport of round wood via rivers is still a major means of transport in 
some tropical counties. The effects on permeabilty are similar as described 
above but when low lignified trees are involved, actual decay of wood fibres 
may result with time. 

Bacterial Decay of Lignified Tissues 

Currently two major forms of bacterial degradation, viz tunnelling (TB) and 
erosion (EB) decay of lignified tissues, have been reported (I, 48). These two 
forms of attack are based on microscopic classification of the decay patterns 
produced in lignified fibres and are not based on taxonomic features of the 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
4

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



43 

Figure 4. Bacteria attack of water sprayed pine wood, a) Stacked pine logs 
subjected to water spraying; b) LM tangential longitudinal section showing 
almost total decay of ray parenchyma cells; c) Sapwood plank after varnishing 
showing uneven uptake of varnish due to increased permeability; d) Typical 
attack of a bordered pit membrane by rod-shaped bacteria leading to increases 
in permeability (SEMphoto). Bars: b, 50 pm; c, 50 mm; d, 5.0 pm. 
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organisms. Indeed, even at year 2002, no pure cultures of active wood degrading 
bacteria have been reported and thus the true taxonomic origin of the bacteria are 
unknown. Nevertheless mixed cultures from bacterial degraded wood from 
different habitats have been produced and under laboratory conditions shown to 
reproduce the decay patterns recognized in wood under natural conditions (48, 
59). Both electron microscopic and biochemical studies with mixed laboratory 
cultures (using labelled lignins, NMR) have confirmed the ability of wood 
degrading bacteria to attack lignin as well as wood polysaccharides (59). 
Tunnelling bacterial decay of wood cells received considerable notoriety after it 
was unequivocally confirmed by T E M (46, 60) that the very peculiar, but thin 
branching and radiating decay patterns found in the S2 layers of wood cells was 
caused by single-celled pleomorphic bacteria (Figs 5, 6). Detailed T E M studies 
have shown a number of characteristic features concerning this type of bacterial 
decay including: direct cell wall penetration from the cell lumen (Figs 5, 6), and 
of the highly lignified middle lamella regions (Fig. 6). Only one bacterium is 
found per tunnel and the bacteria leave behind characteristic concentrically 
oriented slime secretions (Figs 5, 6) during progressive cell wall attack and 
motility. Evidence points to the polysaccharide nature of these secretions as well 
as negative charge. TEM-X-ray microanalytical studies have shown the slime 
secretions to bind heavy metals such as CCA during tunnelling bacterial attack 
of preservative treated wood (Fig. 6; 50). Whether this feature represents 
indiscriminate binding of metals or a means of selective detoxification is 
currently unknown. Degradation of cell wall middle lamella regions and highly 
lignified wood species such as Homalium foetium and Alstonia scholaris (49) 
and species containing high extractive levels {e.g. Eusideroxylon zwageri)(52) 
have confirmed the ligninolytic and aromatic degrading ability of these bacteria. 
TB and EB (see below) also produce extracellular vesicles which are thought to 
carry cellulolytic and possibly peroxidase enzymes to sites of wood attack. This 
has been suggested by positive cytochemical staining with Benedicts reagent for 
cellulases and 3',3'-diaminobenzidine (DAB) for peroxidases (Daniel unpublish 
obs.). The tunnelling nature of TB would appear similar to the manner certain 
fungal hyphae ramify and penetrate through wood cell walls. 

The degradative pattern produced by EB has morphological similarities to 
both white rot (simultaneous) and soft rot (i.e. Type 2) erosion decay in that the 
bacteria tend to initiate decay from the cell lumen through the S3 layer (Figs 7, 
8). Unlike white rot fungi, EB tend not to actively degrade middle lamella 
regions (Fig. 7) although bleaching of this region during advanced stages of 
decay suggesting the presence of a low molecular weight redox system has been 
reported (61). Cell wall degradation results from the combined activity of 
numerous bacteria progressively eroding the underlying cell wall, often in a 
uniform manner producing discrete, but characteristic, channels along which the 
bacteria move and divide while the colony progressively expands from its ends 
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(Figs 7, 8). This gives rise to a "stripped" decay pattern which is readily seen in 
longitudinal sections using polarized light; the loss in birefringence indicative of 
the attack of the underlying cellulose and associated hemicellulose. In T E M 
sections, EB often appears closely adpressed to the underlying cell wall 
encapsulated in slime. Studies so far have shown EB to have a rod-shaped 
appearance (ca 1-2 ^m long, Fig. 8) often with pointed ends (Figs 7, S)(3, 48, 
61, 62). Detailed observations indicate that EB, like TB, also produce 
extracellular secretions in the form of vesicles (ca 0.003-0.06 |im) (48, 61) or 
complexes, a feature consistent with that reported for some cellulolytic bacteria 
such as Bacteroides succinogenes (63) and for the multicellulase "cellulosomes" 
found on the outer cell wall of anaerobic bacteria such as Clostridium 
thermocellulum (64). These structures have been noted on both the outer cell 
wall of EB and associated with the decay channels (Fig. 8). 

In addition to cell wall erosion, the decay pattern is similar to soft rot attack 
in that the bacteria normally show alignment like soft rot cavity hyphae (see 
below) with the underlying cellulose microfibrils (Fig. 8). The bacteria do not 
actively degrade the high lignin containing middle lamella regions of hard- and 
softwoods; have difficulties with the lignified S3 layers of softwoods and may 
on occasions produce angular cavities reminiscent of soft rot cavities within the 
S2 layer of wood fibres after penetration via pit chambers (61). Like soft fungi, 
the alignment of EB with the cellulose microfibrils may similarly represent a 
method to overcome the lignin barrier protecting the cellulose. A characteristic 
feature of EB attack is the irregularity by which cells are degraded with both 
highly attacked and non-degraded tracheids often visible in the same section 
(Fig. 7). 

The interest in bacterial degradation of wood has varied over the years but 
despite the electron microscopic evidence (48)9 and biotechnological potential 
these single-celled organisms have for the decay of recalcitrant waste chemicals, 
the isolation of pure cultures remains a major stumbling block preventing 
application and further study. Under terrestrial conditions wood degrading 
bacteria may be found in association with soft-, brown- and white rot decay, and 
under aquatic situations -where brown- and white rot tend to be absent- together 
with soft rot. However, these bacteria cannot apparently compete successfully 
with fungal attack unless fungal development is suppressed in some way to 
produce a comparatively competitive-free environment for the bacteria. Under 
oxygen limiting conditions such as buried shipwrecks (1, 65, 66) archaeological 
artefacts (62, 67, 68) and building foundations (69) fungal attack is suppressed 
and EB proliferate and may be a serious problem. Similarly, under conditions 
where woody materials are more resistant to fungal attack through wood 
preservation with high loadings of chemicals such as C C A and CCB (51, 61) or 
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Figure 5. Aspects of tunnelling bacteria, a) Typical decay pattern in wood cells 
as seen with light microscopy; b) Cross section of spruce tracheids with TB 
attacking all wood cell wall layers including the middle lamella joining cells; c) 
TB enclosed in extracellular slime material (tubes) and attached to the lumen 
wood cell wall; d) Morphology of typical TB cells (SEM); e) Characteristic 
nature of TB decay of wood cell walls with concentric slime layers left behind 
during attack. Bars: a, 5.0 jm; b, 10.0 /jm; c-e, 0.5 fjm. 

creosote (70) or are naturably durable through high lignin (49) or extractive 
content (52, 70), a competitive free environment is created where bacteria, 
particularly tunnelling bacteria can proliferate. Conditions favourable for 
bacterial attack can also be produced by hydrofluoric acid treatment of stakes 
which are then placed in terrestrial environments. The acid treatment removes 
the cellulose and hemicelluloses leading to a higher lignin : carbohydrate ratio 
thereby suppressing fungal and encouraging bacterial attack. As described 
above, bacteria compete poorly with fungi, but where favourable conditions exist 
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Figure 6. SEM and TEM micrographs ofTB; a) Typical slime secretions which 
secure the entrance of TB tunnels into wood cell walls; b) TB frequently 
appear encapsulated in extracellular slime secretions (i.e. tubes); c) TB 
degrading the secondary cell wall and middle lamella regions of a softwood 
(Reproduced with permission from Daniel, G; Nilsson, T.; Forest Products Biotechnol
ogy; Bruce, A.; Palfreyman, J. W., editors; page 304. Copyright 1998 Taylor & Fran
cis.) 
d) TB tunnels formed in CCA treated radiata pine with CCA concentrated on 

tunnel walls (electron dense areas) and the concentric slime secretions within 
the tunnels. Bars: a, b, 1.0 ptm; c, d, 0.5 jum. 
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Figure 7. Aspects of erosion bacteria decay of wood cells, a) Light micrograph 
of a cross section of pine cells from an old shipwreck with adjacent tracheids 
showing severe and absence of attack; b) Cryo-SEM micrograph showing 
advanced EB decay of pine cells with only the middle lamella cell wall layers 
remaining with numerous EB concentrated together with slime in the central 
regions of the cells; c) TEM longitudinal section showing characteristic cell 
wall erosion. Bars: a, b, 10 fjm; cj.0 jm. 

they may represent a major form of decay of man-made structures. Examples 
include the decay of the durable wood greenheart used for moorings in lock 
gates (70) and preservative treated support pilings in New Zealand kiwi orchards 
(51). 

A feature of both EB and TB is the apparent encapsulation of the bacteria in 
extracellular slime materials (Figs 5-7) (46-48). These materials presumably 
provide the organism with protection {e.g. from wood preservatives (Fig. 6), 
dessication, etc.) as well as providing a media for motility and passage of 
enzymes (Fig. 6) to the wood substrate. For a more detailed account on bacterial 
decay the reader should consult a recent review (Daniel and Nilsson, 48). 
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Figure 8. SEM and TEM micrographs showing erosion bacteria attack of wood, 
a) Initial stage in decay with rod-shaped EB encapsulated in slime attached to 
the lumen cell wall; b) Later stage of attack with EB forming characteristic 
erosion channels in the S2 layers; c) TEM micrograph showing a cross section 
of EB adpressed to the S2 cell wall; d) Oblique longitudinal section of EB cells 
within an erosion channel with presence of small extracellular vesicles. Bars: a, 
0.4 fjm; b, c, 1.0 jum; dy 0.2 jum. 
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A variety of other bacteria forms have also been shown present in woody 
tissues. These bacteria probably exist as secondary feeders and probably can 
cause only slight cell wall modification (45, 48, 71, 72). 

Filamentous bacteria (i.e. actinomycetes) have been variously reported over 
the years as important colonizers of wood in ground contact although few reports 
showing degradation of lignified wood fibres are available. These organisms are 
cosmopolitan in soils and are readily isolated from decaying plant and 
lignocellulose materials (73, 74) thus the general acceptance that they are impor-

Figure 9. Decay of birch wood fibres by myceliated bacteria, a) TEM 
micrograph showing concentric orientated decay pattern within the S2 cell wall; 
b) SEM micrograph showing a similar form of attack. Bars, a, 1.0 /urn; b, 4.0 fjm. 

-tant degraders of woody tissues. Apart from a report indicating soft rot of lime 
wood by an actinomycete (75) and more recent ultrastructural evidence for minor 
etching of wood cells by Streptomyces spp. (76), the only microscopic evidence 
showing pronounced attack is by a so far unidentified species (Fig. 9)(3). Decay 
is rather pronounced in that large areas of birch cell walls are degraded with the 
myceliated bacteria following a concentric pattern within the S2 cell wall (3). 
The fact that actinomycetes have not been shown as important degraders of 
lignified wood cells strongly suggests they are unlikely to be important in the 
degradation of preservative treated wood. Despite the few reports on wood 
degradation, actinomycetes have been shown to produce a wide variety of 
enzymes including cellulases, hemicellulases, pectinases and even lignin 
peroxidases (77, 78). Their biotechnological potential may thus be better 
understood than for true wood degrading bacteria. 
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Moulds and Blue Stain Fungi 

Numerous studies have been carried out on the health and discolouration 
problems associated with moulds of sawn timber and their prevention (79). This 
has resulted in numerous physiological, and biochemical studies to understand 
toxin production by moulds such as Aspergillus and Penicillium (80). Similarly 
over the years, considerable work has been directed towards preventing the 
invasion of round wood by blue stain fungi. The number of microstructural 
studies on moulds and blue stain fungi over the last few decades has been 
limited, although in the last few years interest has been revived as the staining of 
round- and sawn wood cut from tropical softwood forests (81, 82) and the 
moulding and staining of modern paint systems (83) on houses is beginning to 
present major problems. Microstructurally, mould and blue stain (i.e. various 
phycomycetes, ascomycetes and fungi imperfect) fungi colonizing wood have 
been reported to have very little effect on the strength of wood (84), but may 
degrade non-lignified wood cells such as axial and ray parenchyma cells, pit 
membranes leading to increased permeability, and tension wood G-layers (84). A 
strict delineation between moulds, blue stain and wood decay is not possible 
since many fungi traditional implicated in the discolouration of wood can cause 
soft rot i f suitable conditions are prevailing (e.g. Alternaria alternata, 
Cladosporium herbarum, Aspergillus fumigatus (150, 151) and many of the 
most important soft rot fungi are highly melanized (e.g. Phialophora spp., see 
below). Blue stain fungi such as Lasiodiplodia theobromae, however, have been 
shown to cause cell wall decay (up to 20 % weight loss) of birch and rubber 
wood but only to have limited effects on softwoods like Caribbean pine (81). 
Studies have shown L. theobromae to produce erosion and cavity decay of birch 
cell walls and behave like weak soft rot fungi (81, 84). Microstructural studies 
on the blue stain fungi Aureobasidium pullulans and Sclerophoma pityophila 
using S E M (85) has shown some interesting results concerning a possible 
mechanism for micropore penetration in paint films with these fungi producing 
specialized microhyphae of very small dimensions (i.e. 0.2 |um) (Fig. 10). Such 
observations are also of interest with respect to the microhyphae produced 
during T-branching, and L bending of soft rot fungi and basidiomycete attack 
(see below). 

Soft Rot Fungi 

The term "soft rot" is used to describe a very specific type of decay caused 
by large numbers of Ascomycetes and Fungi Imperfect which typically produce 
chains of cavities with conical ends within the S2 cell wall layers of soft- and 
hardwoods exposed under terrestrial and aquatic environments (Fig. 11)(86-89). 
The term was originally used by Savory (89) to describe the characteristic 
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Figure 10. (left) SEM micrographs showing typical staining and colonization of 
vessels in Carribean pine by L. theobromae hyphae (a) and penetration of 
micropores by specialized microhyphae of Sclerophoma pityophila (b, c). Bars: 
a, 30 fjm; b, c, 1.0 fm. 

softening of wood by cellulose-destroying microfungi to distinuish it from that 
caused by basidiomycete white- and brown rot fungi. Although softening of wet 
wood is typical, studies on the soft rot attack of C C A treated timber has shown 
degraded wood to be hard, nevertheless the term is wildly accepted. 
Economically soft rot attack is of considerable importance since it is effective in 
degrading wooden constructions and preservative treated wood, especially in 
ground contact (48, 89). Although cavity formation remains the most 
characteristic feature for microscopic detection of soft rot decay, many of the 
fungi involved also produce cell wall erosion similar to simultaneous white rot 
particularly in hardwoods (Fig. \2)(87). Cavity formation and cell wall erosion 
are normally referred as Types 1 and 2, respectively (90). 

Considerable research has been directed towards understanding the 
manner of cavity formation within the S2 cell walls of fibres (90-94). Studies on 
the mechanisms of soft rot attack have shown the involvement of specialized 
microhyphae (ca 0.3-0.4 urn thick)(S7, 88, 90-94) which traverse the S2 layer 
from the wood cell lumen and then reorientate along the cellulose microfibrils by 
characteristic T-branching (growth in two directions) or L-bending (growth in 
one direction). In fact the characteristic alignment of soft rot cavities along the 
cellulose microfibrils is so well defined that it may be used as a precise means 
for determining the microfibril angle of individual cell wall layers (SI, S2, S3) in 
wood fibres (18, 19, 95). Direct penetration of cell walls as described for blue 
stain fungi may also occur. Following growth of the microhyphae, T-branching 
or L-bending occurs over a finite distance, and cavities are then developed 
around the hyphae by the release of enzymes (putatively endocellulases) along 
what is then described as the proboscis hyphae (48, 91, 92, 94, 96). After cavity 
formation - size, shape and form dependant on wood species and fungal 
enzymes - the hyphae produce further microhyphae and the sequence is repeated 
(91, 93, 94). Particularly, the mechanism of cavity formation in relation to 
cellulose structure of the cell wall and T-branching/L-bending has fascinated 
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Figure 11. SEM and TEM micrographs showing aspects of soft rot cavity formation within soft-
and hardwoods, a) Cross section of pine latewood tracheids with characteristic cavities containing 
hyphae within the S2 cell wall; b) Cavities within the hardwood Homalium foetium and restricting 
affect of lignin in concentric layers in the S2 cell wall (left cell); c) Highly degraded CCA treated 
birch fibre. S2 comprised of remaining CCA, lignin and lysed hyphae; d) Phialophora mutablis 
hypha encapsulated in melanin, CCA and cell wall breakdown products; e, f) S2 cell wall 
penetration by lumena hyphae and cavity formation in H. foetium (left) and birch fibres (right). 
Bars: a, 10.0 jjm; b, 2.5 ion; c-f, 1.0 pm. 
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scientists for years although the process remains poorly understood. An 
understanding of the mechanism(s) of T-branching/L bending could lead to 
methods to inhibit this process, preventing cavity formation and resulting in 
simple cell wall penetration similar to that of blue stain fungi with less economic 
consequence. Continuous enlargement of existing cavities and the formation of 
new cavities normally leads to total destruction of the S2 layer (Fig. 11). 

While the middle lamella and S3 layers appear easily penetrated by 
microhyphae, the former is not degraded by soft rot fungi and the S3 is only 
poorly attacked in softwoods. Both experience this limited attack because of the 
thickness of the layer and lignin content. S E M and T E M observations on cavity 
hyphae show the hyphae normally associated with a variety of granular and 
fibrillar materials including extracellular slime, melanin (i.e. pigments) and 
lignin breakdown products (Fig. \\)(11, 88). These residual materials often 
remain even after death and lysis of cavity hyphae forming a skeleton in a highly 
degraded S2 cell wall matrix (Fig. 11). TEM-X-ray microanalytical observations 
on C C A treated wood degraded by preservative resistant soft rot species such as 
Phialophora mutabilis (88) have shown concentration of C C A in the granular 
materials surrounding the hyphae. Like TB, whether this reflects direct 
detoxification by the fungus or concentration in residual cell wall materials (i.e. 
lignin) following cellulose and hemicellulose removal is unknown. 

Soft rot erosion (Type 2) (Fig. 12) decay causes a characteristic thinning of 
wood fibre walls from the cell lumen similar to that caused by white rot decay 
and higher ascomycete fungi like Hypoxylon, Xylaria and Daldinia (3, 97). 
Decay occurs simultaneously with cavity formation in hardwoods (1, 3, 87) and 
is more frequently described for wood under high moisture conditions or in 
aquatic situations. Microstructural observations indicate that at advanced stages 
of decay only remnants of the SI layer close to the middle lamella remain, 
forming a skeletal type wall structure (3) (Fig. 12). Observations on thin sections 
of wood using light microscopy have shown differences in white- and soft rot 
erosion of the lumen wall, the former producing rounded and the latter angular 
cavities (150, 151). 

Possibly the most important factor affecting the micromorphology of soft rot 
attack is the type and level of lignin. Soft rot fungi generally produce greater 
decay in hard- than softwoods which is thought to be related to the higher lignin 
content and guaiacyl type of lignin in softwoods compared with the lower and 
syringyl-guaiacyl nature of hardwood lignin (48). Soft rot susceptibility appears 
inversely correlated with lignin level (48). As described above, the architecture 
of wood cell walls and particularly the molecular arrangement of the cellulose 
and hemicelluloses and its protection (i.e. coating) by lignin probably 
"regulates" the decay process. Just as the high lignin containing middle lamella 
layers are not degraded by soft rot fungi (Figs. 11,12), high lignin containing 
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thin concentric layers within the S2 layers of polylaminate cell walls are initially 
also poorly attacked (Fig. \\)(98). Possibly one of the main mechanisms for 
protection of wood by C C A from soft rot is its fixation to lignin which is also 
inversly correlated with lignin type and level; softwoods retain C C A better and 
are therefore more protected. When wood cell walls are delignified the 
remaining wall structure will consist of a cellulose aggregate structure rather like 
that shown in Figure 3 after chemical delignification or preferential white rot 
degradation. Such delignified wood cell walls tend to be easily degraded by all 
cellulolytic fungi, including moulds (99, 100) and bacteria (101, 102), while soft 
rot fungi loose their ability to produce cavities; both features reflecting not only 

Figure 12. Light (a) and TEM micrographs showing aspects of soft rot erosion 
decay of pine and birch, a) Erosion of pine S3 and S2 cell wall layers by 
Chaetomium globosum; b, c) Advanced cell wall erosion of CCA treated birch 
fibres by hyphal complexes of Phialophora mutablis. Note melanin deposits 
associated with lumenal hyphae in b. (Reproduced with permission from 
Daniel, G; Nilsson, 71; Forest Products Biotechnology; Bruce, A.; Palfreyman, J. W., 
editors; page 304. Copyright 1998 Taylor & Fran-cis.) d) Soft rot erosion of birch 
S2 cell wall through a layer of CCA precipitates (black layer) lining the lumen 
wall Bars: a-c, 2.0 j/um; d, 0.5 jum. 
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the importance of lignin type and level but also its molecular location with 
respect to the cellulose. 

White Rot Fungi 

Of all the wood decay types, white rot by basidiomycete fungi has been 
studied at the microstructural level with the greatest intensity over the last 25 
years. In addition to pure morphological studies to characterise features of wood 
cell wall decay, several studies have also been carried out to determine the 

Figure 13. Aspects of simultaneous (a, c) and preferential white rot of pine (b,d) and 
birch, a) Advanced cell wall thinning of pine leads to early rupture of the tangential cell 
walls as these are thinner than the radial cell walls; b) Preferential decay of pine 
tracheids by Phlebia radiata Cel 26, the dark rings indicating "in time and space " sites 
of lignin and hemicellulose attack; c) Advanced simultaneous attack of birch resulting in 
total decay and of areas lacking fibres; d) Preferential white rot of birch by 
Heterobasidium annosum resulting in defibration. Bars: a- c, 5.0 pm; d, 10.0 pm. 
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in-situ spatial distribution of white rot fungal produced wood cell wall degrading 
enzymes (i.e. ligninolytic, cellulolytic and hemicellolytic) and their fungal origin 
(3, 103-111). Developments to understand white rot decay have been spurred on 
by the biotechnological potential of using these fungi or their enzymes in the 
pulp and paper industry in such processes as biopulping, bleaching and fibre 
modification in addition to all the other non-lignocellulose possibilities (see Chp. 
by Konealey and Jefferies in this book). In nature, white rot fungi are normally 
found colonizing hardwoods in terrestrial environments and on the whole, apart 
from a few species show poor tolerance to salt preservatives under laboratory 
test conditions (79). Nevertheless, white rot attack of wood has been reported 
under marine conditions (112) and has been recorded on C C A treated Syncarpia 
mooring poles (Daniel and Cookson, unpublished obs), in cooling towers under 
service conditions (113) and test stakes treated with TnBTO-AAC and A A C 
(114). Our understanding of the microstructural aspects of white rot decay 
therefore has been undertaken primarily for biotechnological potential rather 
than for protection of wood. 

Two main morphological decay types described almost 100 years ago by 
Schacht (1863, 775) as simultaneous and preferential (i.e. selective) attack, are 
the principle ways in which wood cell walls in both hard- and softwoods are 
degraded by white rot fungi (Fig. 13). Colonization of the wood substrate occurs 
via rays and penetration between cells via pits and by development of bore holes 
(Figs 13, 14; 79). Fungal hyphae are typically localized in the wood cell lumena 
during the decay process. With simultaneous white rot (e.g. Phlebia radiata, 
Phanerochaete chrysosporium, wild types) all the wood components (cellulose, 
lignin hemicellulose) are degraded simultaneously from the cell lumen outwards 
(Figs 13, 14), although decay progresses more rapidly along the comparatively 
thinner tangential in contrast to the thicker radial- cell walls. As decay 
progresses outwards, even the lignin rich middle lamella regions are degraded 
with decay often progressing into adjacent wood cell walls. Decay in-situ is 
usually distinguished at both micro- and ultrastructural levels by a thin, 
advancing zone (Figs. 13, 14) in which wood cell wall mineralization takes 
place. This zone is easily demonstrated using stains (e.g. safranin) at the light 
microscopic level but is recognized as only a thin electron lucent layer at the 
T E M level (Fig. 14). Using immunocytochemical techniques and antibodies, 
particularly with gold-labelled probes (3 for review), it has been possible to 
localise ligninolytic (e.g. lignin peroxidase, Mn-peroxidase, laccase), cellulolytic 
(3, 103, 104, 106-111) hemicellulolytic (107) and glucose oxidizing (105) 
enzymes in these zones in direct contact with the degrading wood cell wall (Fig. 
14). Similar labelling techniques have also shown the fungal origin of the 
enzymes and their location (or the location of antigenic subunit components) in 
the fungal hyphal periplasmic space and intracellularly in association with other 
cell membranes including double membrane structures (3). A major problem 
however remains in determining how enzymes move from the lumena-based 
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Figure 14. TEM micrographs showing aspects of simultaneous white rot of 
birch, a) Initial attack of the lumen cell wall and opening up of the wood 
structure; b) Advanced stage of attack with extracellular slime (seen as layers) 
filling the cell lumen; c) Remaining middle lamella cell corner encapsulated in 
slime; d, e) Remaining middle lamella and cell corner regions labelling 
positively for the presence of the lignin degrading enzymes using gold labelling 
and antibodies to MnP (large black dots) and laccase (small black dots). Bars: 
a-dtJ.O pm; et 0.1 pan. 
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hyphae to the degrading wood cell wall. T E M immunolabelling and Cryo-FE-
S E M with Phlebia radiata and P. chrysosporium suggest that this may be 
achieved via extracelluar slime materials which fill the region between the 
hyphae and the degrading wood cell wall (Fig. 14) and possibly tripartite 
membranes (3). Tripartite membranes have been implicated in this process 
earlier (116,117). 

Figure 15. TEM and Cryo-SEM micrographs showing preferential white rot 
decay of pine and birch secondary cell walls, a) Cross section of pine latewood 
tracheid showing the characteristic zones (electron lucent regions) produced in 
the S2 wall during preferential removal of lignin and hemicelluloses by lumenal 
hyphae; b) Remaining middle lamella corner in birch showing attack of 
peripheral regions; ct d) Cryo-SEM micrographs showing the remaining 
macrofibrillar structure comprising the S2 cell wall after lignin and 
hemicellulose removal during preferential white rot. Bars: a, c, 1.0 pm; bt d, 
100 nm. 
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How products of decay are absorbed by the hyphae is also currently unknown. In 
advanced stages of decay, the only wood substance remaining is the middle 
lamella cell comers (normally surrounded by slime)(Fig. 14). These areas are 
also degraded peripherally (like secondary cell walls) and show evidence for the 
presence of ligninolytic enzymes involved in decay (3)(¥ig. 14). Microstructural 
and immunolabelling observations on simultaneous rot have lead to two recent 
developments in our understanding of the simulaneous decay process viz: that the 
enzymes involved in decay appear only to be present at sites of attack in which 
the cell wall is "open", and that they are unable to penetrate into the 
"unmodified" wood cell wall matrix (103, 106). This is consistent with the 
known molecular weights (ca 40-70,000 Kda) of cellulolytic and ligninolytic 
enzymes and studies carried out on the porosity changes in wood cell walls 
during decay (118). Secondly, immuno-studies proved for the first time that 
enzymes isolated under laboratory culture conditions were actually involved in 
true wood degradation in-situ and have shown that of the two peroxidases (LiP 
and MnP), MnP has been more frequently and more easily detected than LiP 
during white rot of wood (e.g. in Phanerochaete chrysosporium, Phlebia 
radiata), despite the fact that LiP is able to degrade non-phenolic lignin 
structures (119). 

The microstructural events during preferential white rot decay when lignin 
and hemicelluloses are selectively and progressively removed across wood cell 
walls has also received considerable attention over the years, both with native 
and laboratory developed cellulase mutants (e.g. P. chrysosporium; P. radiata 
Cel 26). This type of attack is best observed in the latewood cells of softwoods 
where the zones of decay are easily recognized as distinct rings progressing 
across the wood cell walls (3)(¥ig. 13). Like simultaneous attack, the zones pass 
through middle lamella regions into adjacent wood cell walls. The location of the 
rings mark the sites in "space and time" with regard to the mineralisation of 
lignin and hemicelluloses. Unlike simultaneous white rot and despite the fact that 
similar ligninolytic enzymes have been proven to be involved, they have not 
been localized in the zones of attack at sites of cell wall attack. They have, 
however, been found associated with hyphae localized in the wood cell lumen (J, 
Daniel unpublished obs). Staining with K M n 0 4 (providing some specificity for 
lignin) and chemically labelling of lignin (120, 121) has indicated that lignin 
decay takes place in the outer regions of the zones and apparent lignin 
breakdown products have been localized in the decay zones (Figs 13, 15). As 
decay progresses and the lignin and hemicelluloses are removed, the remaining 
fibre cell wall comprised of primarily cellulose swells into the cell lumen. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
4

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



61 

Preferential white rot decay and the inability of known ligninolytic and 
hemicellulolytic enzymes to penetrate wood fibre cell walls and produce the 
characteristic decay zones has puzzled scientists for years. The explanation 
would appear to the involvement of non-enzymatic processes similar to that 
proposed for brown rot attack (see below and other chapters in this book) and 
involve the action and diffusion of low molecular weight oxidating agents (e.g. 
metals) into the wood cell walls. In particular metals such as Mn, Fe and 
possibly Cu have variously been reported as being being implicated in the 
oxidative mechanisms of non-enzymatic attack by both white- and brown rot 
fungi (122-125). From a microstructural point of view, proof for the involvement 
of such oxidating agents in-situ comes primarily from indirect evidence of their 
action on fibre cell wall structure rather than evidence for presence of the metal; 
apart from Mn. The presence of dark flecks (Mn as Mn0 2 ) was shown associated 
with white rot decay in wood under natural conditions as early as 1878 by Hartig 
(126). This was confirmed by more recent studies (3, 127-129). Using T E M - X -
ray microanalysis, the presence of Mn has been shown to be associated with 
fungal hyphae (e.g. Phlebia radiata), extracellular slime and to penetrate into the 
characteristic decay zones during decay by various white rot fungi (113t 128, 
129). Manganese within fibre cell walls has also been shown to be associated 
with bleaching (presumably lignin attack) of the cell wall structure and 
delamination of the cellulose-lignin matrix (128, 129) in both the S2 and middle 
lamella layers. This decay morphology is similar in appearance to that produced 
by the oxidative effects of Mnl l + H 2 0 2 and manganic organic complexes (130). 
Currently it is not known what minimum levels of Mn and which cofactors (e.g. 
H 2 0 2 ) and stabilizers (i.e. organic acid, chelators, oxalate, malonate, lactate) 
may be required to produce preferential cell wall modification. Possibly the 
source of H 2 0 2 may arise enzymatically from H 2 0 2 producing oxidases such as 
pyranose 2-oxidase (P20) (105, 131). For example, in-situ immunolabelling of 
P. chrysosporium P20, has shown the presence of the enzyme in the periplasmic 
space of luminal hyphae (105, 131). Biochemical studies on the purified enzyme 
have shown the ability of the enzyme to carry out double oxidation of sugars and 
products to produce two molecules of H 2 0 2 per molecule of glucose (132). T E M 
observations of decay zones has often shown a marked orientation of the 
lamellae in wood cell walls during preferential white rot; an orientation possibly 
reflecting the underlying wood cell wall ultrastructure. This suggests that decay 
may follow the original pathway of fibre cell wall biosynthetic development. 
More detailed ultrastructural work is required to understand non-enzymatic 
attack of wood cell walls by white rots. 

Unfortunately in typical T E M sections the appearance of white rotted wood 
cell walls gives no indication of the cellulose macrofibrils or aggregates named 
above (e.g. see Fig. 15), but rather of a homogeneous wood structure. Such 
aggregates have now been detected in a wide range of fibres using different 
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preparation processes. Rapid freezing in liquid nitrogen slush (i.e. -210 C) or 
propane with observations made under cryo-conditions is possibly the best way of 
visualizing these structures without artifacts. These structures indicate that the 
matrix materials (i.e. lignin/hemicelluloses) between the aggregates are removed. 
Cellulose aggregates have also been demonstrated in resin sections of pulp fibres 
(i.e. lignin removed) using A F M and using SEM of undegraded wood samples 
fractured under tension (28, 30). 

Brown Rot Fungi 

Brown rot fungi are characterized by their extensive and rapid 
depolymerization of cellulose leading to a rapid loss in wood strength at early 
stages of the decay process (1-3, 122-124). Of all wood decay types, brown rot 
fungi are generally considered the most important rot type for wood in-service, 
whether in ground contact such as transmission poles or in dwellings, particularly 
in house cellars where Serpula lacrymans, the causal agent of dry rot is well 
documented for its destructive effects (133). Brown rot fungal attack is normally 
characterized by an excessive removal of cellulose and hemicelluloses and 
although demethylation of lignin occurs (degree dependant on fungal species) the 
lignin is normally left over as a weak amorphous residual skeleton which easily 
fractures cubically and crumbles when dry (1, 2). A major characteristic of brown 
rot attack is that both the level and type of lignin has very little effect on decay and 
since the levels of cellulose are similar in hard- and softwoods, similar weight 
losses are normally achieved during laboratory decay tests with these fungi (134). 

Brown rot-, like white rot fungi, typically colonize wood tissues via the rays, 
(Figure 16) from where the hyphae ramify out into the axial wood structure 
penetrating through cells using pits or by producing bore holes. In softwoods (e.g. 
pine), the characteristic degradation of the window pit membranes by brown rot 
fungi such as Gloeophyllum trabeum produces a diamond decay pattern 
reminiscent of soft rot erosion (3). As similar attack profiles can be produced using 
purified cellulases, this further indicates that the cross-field pit membranes are non-
lignified. 

Microstructural and ultrastructural studies on brown rotted wood samples 
have provided unique evidence to support that: i) close proximity between hyphae 
and the wood cell wall is not necessary for cellulose/hemicellulose 
depolymerization; decay radiating out across wood cells in a manner similar to that 
of preferential white rot attack, the loss in cell wall crystallinity indicated by a loss 
in birefringence using polarized light (Figure 16); ii) that the agent(s) responsible 
for decay are able to diffuse through the S3 and S2 layers causing initial 
morphological changes at the S2-S1 layer interface (Figure 16); iii) that the 
depolymerization agent is likely to be a low molecular agent (probably oxidizing 
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Figure 16. Light and electron micrographs showing aspects of wood cell wall 
degradation by the brown rot fungus G. trabeum. a) Colonization of rays by G. 
trabeum: b) Attack ofpine latewood tracheids and loss of loss of birefringence due 
depolymerization of crystalline cellulose; c) Advanced decay of pine with almost 
total decay of fibres which irreversibly shrinks after drying; d) Early decay of pine 
latewood with first signs of attack at the S1/S2 interface; e) Cryo FE-SEM 
observations on birch fibre degraded by G. trabeum leaving a lignin skeleton 
without "macrofibrillar" structures (cf Fig. 13 showing preferential white rot). 
Bars: a} b, c, 5.0 jum; d, 1.0 /um; e, 100 nm. (This figure is also in color insert.) 
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agent), at least in the initial stages of degradation, due to the rapidity of the 
decay process and the apparent tight and complex structure of the S2 layer in 
softwoods (Plate. 16); iv) the demethylation of lignin as shown by the reaction of 
dihydroxyphenol substances in brown rotted cell walls with Os0 4 forming 
electron dense precipitates (135); v) the selective removal of polysaccharides 
from middle lamella regions (e.g. cell corners) (36); a feature also consistent 
with a non-homogeneous distribution of components in the middle lamella; and 
finally, vi) the association of extracellular membrane structures (sheaths, 
mycofibrils, tripartite membranes) like white rot fungi with hyphae during decay 
processes (116, 117). 

According to the evidence put forward at the beginning of this chapter on 
the importance of wood ultrastructure in regulating decay, T E M observations on 
rapidly frozen, freeze-substituted and resin embedded samples and cryo-FE-
S E M observations have confirmed cellulose/hemicellulose removal from wood 
cell walls and an apparent localized and concomitant increase in cell wall 
porosity (Plate 16). T E M observations of S2 layers at high magnification show 
remaining lignin aggregated around electron-lucent regions previously 
containing cellulose and hemicellulose; while at low magnifications the lignin 
often appears organized into lamellae complementing the original organization 
of the cellulose (Daniel, unpublished obs). Observations of rapidly frozen and 
fractured brown rotted wood cells observed under cryo-conditions (samples 
retained at -120 C) provides further evidence for an increase in porosity and the 
organization of remaining lignin into globular structures (Plate 16). Degraded 
wood cell walls also lack the characteristic cellulose macrofibrillar structure 
shown with cryo observations on preferential white rotted wood samples (cf 'Fig. 
15; Daniel unpublished obs) discussed above. A perplexing microstructural 
problem hindering the understanding of brown rot decay is the demonstration in-
situ of the non-enzymatic agents viz oxalic acid (123, 136), low molecular 
weight chelators (137, 139), Fenton reagent (122), glycoproteins (138), and 
enzymes (cellulases, xylanases) variously implicated in decay. Currently, how 
these agents function in-situ to degrade amorphous and crystalline cellulose is 
poorly understood. Demonstration of the agents in-situ is surrounded with 
technical difficulties such as loss and movement (i.e. diffusion) of the low 
molecular agents from sites of activity during the preparation of samples for 
electron microscopy and difficulties of assuming that the agents are initially 
present in the wood tissue. Both variability in the physiological traits of different 
brown rot fungi (e.g. some brown rot fungi produce exoglucanases 
(Coniophoroid spp.) others do not, others strongly reduce the pH of the substrate 
(Postia spp.) while still other species (e.g. G. trabeum) retain the wood at a 
slightly acid pH. A further complication is the wood structure itself. 
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Ultrastructural observations show distinct dissimilarities in S2 structure 
following attack by the same fungus. For example, birch fibres often show an 
open structure after brown rot attack while softwoods tend to retain a rather 
dense and compact cell wall matrix (3). This difference is probably related to the 
degree and type of lignification as described above. The open structure of the 
birch cell walls after decay would not seem to present a barrier to enzymatic 
diffusion. Possibly, the lignified and compatively thicker S3 layer in softwood 
tracheids, in contrast to that found in hardwood fibres like birch and poplar and 
which remains during decay, also influences enzymatic diffusion. 

Immunological studes using antibodies to brown rot fungal extracellular 
metabolites have nevertheless confirmed their penetration into wood cell walls 
(140, 141) and their association with membrane structures in fungal hyphae. 
Studies with Fenton reagents and metals have further given morphological 
indications for attack in wood cell walls at remote sites (i.e. S1-S2 interphase) 
similar to that recognized during fungal attack of wood (6-8, 141). 

The mechanism(s) of brown rot decay and their visualization in-situ remains 
a major challenge for ultrastructural studies. While considerable effort is being 
concentrated on the perplexing aspects of depolymerization agents (types, 
diffusion etc) (147-143), possibly more effort should be given to the 
involvement of enzymes as a possible indirect source of depolymerization agents 
(e.g. H 2 0 2 and radicals). For example as described above, certain brown- like 
white rot fungi, are known to produce H 2 0 2 via oxidation of glucose and other 
sugar oxidoreductases like pyranose oxidase (144). Possibly this enzyme could 
represent a source of H 2 0 2 for Fentons reagent and the hydroxyl radicals 
postulated over the years as involved in brown rot depolymerization (122). 

Cavity Formation by Basidiomycete Fungi 

In addition to the usual patterns of basidiomycete white- and brown rot 
attack where the hyphae are normally restricted to the cell lumen (apart from 
bore holes), evidence is mounting for certain of these fungal types to produce 
cavities (reminiscent of soft rot cavities) within the S2 layer of wood fibres (144-
152). This type of decay is reflected by the development (at least initially) of 
very thin hyphae (ca 0.3-0.5 um) within the S2 wall layers of wood tissues (e.g. 
Oudemansiella mucida; 147). These hyphae subsequently cause decay, which 
for white rot typically results in the development of small cavities, which may or 
may not be aligned with the cellulose microfibrils as indicated above for soft rot 
fungi (147). With certain species (e.g. O. mucida) cavities are produced 
following L/T-branching of the hyphae like soft rot fungi within the S2 layer 
(147). With brown rot fungi such as G. trabeum, hyphal development and 
cavities can also be occasionally observed within the S2 layer of wood fibres, 
but here the remaining wood (primarily lignin) substance may have direct 
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contact with hyphae but typical angular cavities like soft rot have so far not been 
observed. More recent work by Kleist and Schmitt (149) have shown 
characteristic soft rot cavities produced by Coniophora puteana in Sapelli wood. 
Cavity development by white and brown rot fungi has also been noted for 
basidiomycete pathogens attacking trees (148) and for pure cultures attacking 
treated wood materials (145; Daniel unpublished). An interesting feature of this 
type of attack is the development of very fine hyphae in the S2 layer, not 
dissimilar to that produced by soft rot fungi during T/L branching and that by 
blue stain fungi and basidiomycetes during transwall and bore hole hyphal 
development. The development of such hyphae by wildly different fungal 
species from different taxonomic groups suggests a common feature for the 
attack and penetration into wood cell walls. Possibly it is a mode of attack which 
develops in wood at high moisture content, such as seen with cavity formation by 
soft rot fungi. Further studies are needed to develop an understanding of this 
decay process. 

Summary 

Microstructural studies on morphological features of the wood cell wall 
undergoing degradation by fungi and bacteria over the last 20 years have been 
invaluable in confirming decay patterns and the finer details of the processes 
involved. Electron microscopy, for example, has been used to: confirm the 
pathways of fungal colonization into wood; determine that single celled bacteria 
are capable of wood decay; show that fungal hyphae need not have close 
proximity to the wood cell walls to cause decay; elucidate stages in soft rot 
cavity development and T-branching; demonstrate the interactions between 
wood preservatives in cell walls and fungi/bacteria; and the in-situ visualization 
of the involvement of ligninolytic and cellulolytic in-situ at sites of wood decay. 
Microstructural results emphasize the important need for an improved 
understanding of wood cell wall ultrastructure (i.e. morphology, chemistry, 
physical properties). A better understanding of wood ultrastructure will allow 
increased understanding of: i) mechanisms of wood decay in-situ; ii) 
development of better protective measures; and iii) biotechnological exploitation 
of ligno-cellulolytic fungi and bacteria. 
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Chapter 5 

Overview of White-Rot Research: 
Where We are Today 

Kurt Messner1, Karin Fackler1, Pongsak Lamaipis1, 
Wolfgang Gindl2, Ewald Srebotnik1, and Takashi Watanabe3 

1Institute for Biochemical Technology and Microbiology, University 
of Technology Vienna, Getreidema 125rkt 9, A-1060 Vienna, Austria 

2 Wood Research Institute, University of Agricultural Science, 
Gregor Mendel-Strasse 33, 1180 Vienna, Austria 

3 Wood Research Institute, Kyoto University, Gokasho, JP-611-0011 Kyoto, 
Uji , Japan 

White-rot fungi are the most active lignin degrading 
organisms and thus, they play a key role in the carbon cycle on 
earth. Some species are known to cause heavy damage to 
wood construction and building materials, requiring that this 
damage be prevented by wood preservatives. Chemical 
products to increase wood durability currently in use are very 
effective but in addition, a strong demand to develop new 
products with less environmental impact cannot be 
overlooked. Biotechnological processes have been 
successfully implemented in the pulp and paper industry 
during the last decade. In the past, developments were driven 
mainly by environmental considerations. In the future 
however, the main driving force for research and development 
will be reductions in manufacturing costs using new, low 
investment delignification processes. The application of white
-rot fungi, or their ligninolytic systems, is one option for this. 
Understanding the microbial mechanisms leading to wood
-and especially lignin degradation is a prerequisite for 
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understanding both the development of new wood 
preservatives as well as wood biotechnology processes. 

This paper briefly reviews what is known about the effects of 
simultaneous and selective white-rot fungi with regard to the 
morphological and ultrastructural changes in wood. An 
overview is given on reactions mediated by ligninolytic 
enzymes. It is generally accepted that low molecular weight 
compounds, smaller than enzymes, are the agents responsible 
for selective white-rot delignification. A new mechanism 
involving a powerful lignin degrading system based on 
coordinated Cu and peroxide, either hydrogen peroxide or 
organic peroxides, is proposed to be the agent involved at least 
in the initial depolymerization and degradation of lignin. 
Hypothetical pathways for both reaction types, involving H 2 O 2  

or organic hydroperoxides, respectively, are presented. The 
capacity of the Cu system to degrade native wood lignin was 
evaluated by two methods: 1) a newly developed method 
employing section staining, and 2) UV-microscopy. It was 
shown that the cell walls of a hardwood species were almost 
completely delignified and the middle lamella was degraded 
after treatment with coordinated Cu and organic 
hydroperoxides. The treatment matches the effect of selective 
white-rot fungal degradation. With H2O2 only, the cell walls of 
the hardwood were degraded to some extent, while the middle 
lamella was not attacked. The likelihood of the coordinated Cu 
system functioning as the agent primarily responsible for 
selective white-rot is discussed and a hypothetical scheme of 
wood degradation is presented. 

The Cu system seems to be related to the brown-rot 
mechanism, both of which employ reactions catalysed by 
transition metals. Inhibiting this mechanism may offer a 
chance to develop new wood preservatives. The possibility of 
applying the Cu system in pulp and paper production is 
discussed. 

Introduction 

The defining character of white-rot fungi in the conversion of lignocellulose 
in nature is their strong capacity to degrade lignin, the second most abundant 
biopolymer in nature. In principle both softwoods and hardwoods are colonized 
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by white-rot fungi but generally these fungi degrade the hardwoods, whereas the 
brown-rot fungi preferentially attack softwood species. Although white-rot fungi 
may play a secondary role in the decay of wood used for construction and 
building materials, wood preservatives designed to prevent fungal decay must be 
effective against both types of fungi. The wood preservatives currently in use 
are very effective; however, the trend to products with improved environmental 
performance cannot be overlooked. Understanding the biochemical mechanisms 
involved in decay may enable the development of products acting in a more 
targeted manner to control decay fungi. 

Besides its use as construction and building material, wood is also a primary 
substrate for the pulp and paper industry. In the past decade, biotechnological 
processes have been successfully implemented that contribute to the constant 
improvement of technology of this industrial sector. Several new applications of 
enzymes have reached, or are approaching, the stage of commercial use. These 
include enzyme-aided bleaching with xylanases, direct delignification with 
oxidative enzymes, energy saving refining with cellulases, pitch removal with 
lipases, freeness enhancement with cellulases and hemicellulases as well as 
enzymatic slime control in the paper machine (7). Besides enzymes, biopulping 
-the use of white-rot fungi to treat wood chips - is close to mill application. 

While environmental aspects have been a major driving force in the past, 
the need for significant reduction in manufacturing costs has become a primary 
goal of the pulp and paper industry. This is expected to be reached only by a 
major redesign of the industry's core technologies. New revolutionary 
breakthrough technologies may be developed in bio-manufacturing and involve 
lignin degradation processes such as bio-pulping and bio-bleaching. 
Implementation of these technologies could result in an estimated 50% reduction 
in capital cost requirements (2). Reduction of investment and energy costs by 
low temperature cooking processes allowed by implementation of biopulping 
processes is just one of the technologies that offers this potential. 

To reach this goal, new approaches in research are needed and the known 
concepts of delignification by white-rot fungi must be re-evaluated. Ligninolytic 
enzymes and their catalytic cycle, and the degradation of lignin model 
compounds and pulp lignin have been studied in detail. However, this work has 
not been able to explain the degradation of native wood lignin, and we still do 
not know how lignin is depolymerized by white-rot fungi in nature. 

This chapter is divided into two sections. The first section provides a brief 
overview of white-rot degradation processes whereas the second section focuses 
on a coordinated Cu system for the oxidation of lignin that the authors have 
researched. The coordinated Cu system includes components of naturally 
occurring white-rot biochemical degradation mechanisms and its study offers 
insight into how certain white rot fungi may degrade lignocellulosic materials. 
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White-rot 

The literature reviewed in this paper focuses mainly on decay mechanisms. 
A comprehensive, general description of degradative fungi is presented 
elsewhere (3). The primary path of colonisation of wood by all types of fungi is 
usually the rays where easy access to non-structural nutrients contained in 
parenchyma cells is provided. From there, hyphae spread into fibres and vessels, 
and further colonization takes place via pits or less often by bore hyphae. 
Electron microscopic studies have demonstrated that an extracellular mucilage 
or slime layer (4-9) covers the hyphae. This extracellular slime produced by 
Phanerochaete chrysosporium has been characterized as a glucan. 

When wood degraded by white- and brown-rot fungi was investigated in 
T E M after ruthenium red staining, extracellular tripartite membranous structures 
were found covering the hyphae and slime layers throughout all stages of wood 
decay (10). The extracellular structures of Phanerochaete chrysosporium were 
isolated by enzymatic digestion of the fungal cell walls. They were found to be 
composed of equal amounts of carbohydrates, lipids (none of these were 
phospholipids), and proteins, including five fractions with molecular weights 
between 30,000 and 200,000 (77). 

The extracellular slime layer may cover the entire surface of the wood cell 
wall. As the optimum moisture content of wood for white-rot fungal activity is 
far above the fibre saturation point, the slime layer permits a film of liquid water 
to surround the wood cell wall. This water film presumably contains the slime 
components and the watery matrix they form may decrease evaporation when 
wood dries. Furthermore it is very likely that this layer is involved in regulating 
cell wall degradation by regulating the glucose level in the medium (72). 
Production of glucane polymers may either occur directly via the involvement of 
extracellular enzymes localised in the extracellular membrane, or by metabolism 
of carbohydrates and de novo synthesis of glucanses. The slime layer may also 
form a microenvironment where H 2 0 2 needed for lignin degradation is 
maintained. As the glucane polymers are also depolymerised by extracellular 
laminarinase (12) it is most likely that slime fractions of a molecular weight, low 
enough to penetrate the pores of the wood cell wall are created. The chemical 
structure of the extracellular slime layer and its viscosity might also have an 
effect on diffusion of degrading agents into the cell wall as well as affecting the 
passage of degradation compounds to and from the hyphae. Unfortunately, the 
functions of the slime layer and of the proteins localized in the extracellular 
membrane are not understood and further study must confirm the concepts 
discussed. 

Taxonomically, most white-rot fungi belong to the order of Aphyllophorales 
within the basidiomycetes and comprise a large number of species. Interestingly, 
some species causing white-rot and brown-rot are taxonomically closely related 
to each other. One example is the genus Tyromyces, with T. chioneus and T. 
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placenta causing white-rot and most other species causing brown-rot. This 
might lead to the assumption that although white- and brown-rot decay are very 
different from each other in appearance, and they attack different chemical 
components of the wood cell wall, the mechanisms of decay of both types might 
be closely related to each other. The mechanism of white-rot with its preference 
for lignin degradation may be based on Cu reactions while Fenton reactions 
based on Fe have been suggested to be involved in brown-rot. The types of 
wood cell wall attack caused by white-rot fungi can be diverse, and macroscopic 
as well as microscopic differences have been reported. The unifying feature of 
most white- rots is the extensive degradation of lignin resulting in a bleached 
appearance. Several types of white-rots were characterised by macroscopic and 
microscopic differences as early as 1878 by Robert Hartig (3). White- rots have 
been classified by macroscopic characteristics into different sub-categories such 
as white-pocket, white-mottled, and white-stringy. The types of decay produced 
are affected by the fungal species, wood species, and ecological conditions 
among other things. 

From the microscopic and ultrastructural observation, two main types of 
white-rot have been distinguished. These types are classified with regard to the 
order in which different amounts of components are degraded (13,14) as 
follows: 

• Simultaneous white-rot: lignin, cellulose and hemicellulose are lost more or 
less simultaneously. 

• Selective white-rot: preferential removal of lignin and hemicellulose. In 
most cases, cellulose is also degraded to some extent. 

Simultaneous White-Rot 

Degradation of the wood cell wall starts by erosion of the lumen surface, 
sometimes around hyphae, and progresses from the cell lumen to the middle 
lamella. A l l components are degraded, the middle lamella is degraded last and 
only at exposed areas after complete cell wall degradation. Some fungi like 
Fomes fomentarius are not able to degrade the middle lamella. Walls of the 
surrounding cells remain lignified, and the lignin degrading agent does not 
diffuse into adjacent cell walls. The cell corners remain in an undegraded state 
for a long period and sometimes are left after decay. Losses of crystalline 
cellulose have been examined using polarized light microscopy (15,16). 
Distribution of lignin was determined by bromination and X-ray microanalysis 
by Saka and Thomas (17) as well as by UV-microscopy (18). It was 
demonstrated that lignin was removed from the inner circumference of the 
secondary wall near the lumen before cellulose was degraded, and lignin was 
removed continuously in advance of cellulose degradation. 
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Selective White-Rot 

Selective white-rot fungi have the ability to remove large quantities of 
lignin from the cell wall without destruction of cellulose. Lignin is preferentially 
removed from the cell wall causing a loosening of cells. Hemicellulose is 
degraded concomitantly with lignin and cellulose is left unmodified to a large 
extent (3,13,14). After incubation of wood chips for 6 weeks with Ceriporiopsis 
subvermispora, or Dichomitus squalens, T E M observations demonstrated 
disintegration of the wood tissue by complete dissolution of the middle lamella. 
Nevertheless, the wood fibres showed no sign of visible damage (19). By 
employing selective staining of lignin and cellulose with safranin and astra blue, 
it was obvious that the middle lamellae and the wood cell walls had both been 
delignified (20). Greater birefringence was observed when wood was viewed in 
polarized light (21). The crystalline nature of cellulose was not destroyed which 
is in contrast to the removal of cellulose by simultaneous white-rot. 

Blanchette and Reid (8) demonstrated progressive stages of selective 
delignification by Phlebia tremellosa by fixation of wood with Os0 4 -
glutaraldehyde and post-staining with uranyl acetate. Delignification of the cell 
wall started directly adjacent to the hyphae and progressed through the S 2 layer 
to the middle lamella, which was gradually lost. This occurred around the entire 
circumference of the cell wall. Remnants of cell corners persisted. 

The ability to degrade hardwood vessels varies among selective white-rot 
fungi: e.g. Dichomitus squalens does not delignify the vessels while Phlebia 
tremellosa removes lignin selectively from vessels (8). This might be related to 
the ability to cope with the higher guaiacyl content of vessels (18,22). Syringyl 
lignin is degraded more rapidly than guaiacyl lignin (23-26). 

Both types of attack, simultaneous as well as selective decay, can be 
produced by the same white-rot fungus and even in the same piece of wood. 
Factors that determine different modes of fungal degradation remain obscure. 
Unpublished results of the authors have lead us to the conclusion that the 
moisture content of wood is one of the determining factors. 

Penetration of Enzymes 

Selective white-rot fungi are used in so called "biopulping processes" to 
treat wood chips prior to mechanical or chemical pulping. After 2 - 3 weeks of 
incubation, weight loss of the wood chips is only about 2%, but cell wall 
components are already modified, leading to energy savings of approximately 
30% in mechanical pulping (27), or lower kappa numbers in sulphite (19) or 
Kraft pulping (28). The chemical nature of these effects was found recently to be 
depolymerization of cell wall lignin (28) by fungal metabolites. This 
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demonstrates that lignin is attacked by fungal metabolites in the cell wall and 
middle lamella in the early phases of colonisation. 

Based on immunogold labelling experiments carried out by Srebotnik etal. 
(29) and confirmed later by Daniel (30) and Blanchette (31), it is now generally 
accepted that the enzymes secreted by fungi into the lumen - their molecular 
weights are usually above 20 kD - are too large to penetrate the cell wall until 
relatively late stages of decay. Even when insulin (5.7 kD) was used as a size 
marker molecule after 2 weeks of colonisation of the wood samples by 
Ceriporiopsis subvermispora, it could be identified only in the inner area of the 
wood cell wall, close to the lumen (30). Consequently, the depolymerization of 
lignin leading to biopulping effects must be caused by molecules smaller than 
5.7 kD which clearly excludes the involvement of any direct enzymatic activity 
in the cell wall. These low molecular weight agents involved in selective white-
rot have become one of the main scientific targets in white-rot research. 

Low Molecular Weight Agents 

Various reactive low molecular weight agents may be formed directly or 
indirectly by oxidative fungal enzymes and have been proposed to participate in 
delignification starting at the cell lumen surface and penetrating deeper into the 
wood cell wall. Several of the systems proposed to generate low molecular 
weight agents are reviewed below: 

Manganese Peroxidase /Mn(II) / Oxalate 

Manganese peroxidase (MnP) is a very common extracellular enzyme 
produced by simultaneous as well as selective white-rot fungi. Its catalytic cycle 
includes two one-electron reducing stepsby Mn(II) (32, 33). The Mn(III) formed 
is then chelated and released from the enzyme by the fungal metabolite oxalate 
in vivo. The relatively stable Mn(III) oxalate is able to oxidize phenolic lignin 
compounds and has been discussed as a diffusible agent acting in the wood cell 
wall, distant from MnP located in the fibre lumen. Since phenolic lignin makes 
up only a small portion of the cell wall lignin, total delignification as observed 
in selective white-rot is considered unlikely to be caused by Mn(III) alone. 
However, Hofrichter et al. (34) have recently succeeded in creating conditions 
favourable for the efficient depolymerisation of native lignin by the MnP / 
Mn(II) couple. Furthermore, Mn02-deposits accumulate during white-rot decay, 
and are probably formed by disproportionate of MnP-generated Mn(III). This 
may then be "reactivated" by reduction to Mn(II) (35) or the formation of 
reactive oxalate complexes, which may contribute to the selective delignification 
of the wood cell wall (36). 
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Manganese Peroxidase /Mn(II) / Oxalate / Cellobiose Dehydrogenase (CDH) 

C D H is oxidized by molecular oxygen and metal ions such as Fe(III) and 
Cu(II) to form hydrogen peroxide and reduced metal ions. Fe(II) and Cu(I) react 
with hydrogen peroxide to generate hydroxyl radicals which in turn are 
proposed to demethoxylate and hydroxylate non-phenolic lignin. Thus, non-
phenolic lignin is converted to phenolic lignin which can then be attacked by 
MnP-generated Mn(III) (37). The hydroxyl radical may also be formed by other 
pathways, e.g. via hydroquinone redox cycling involving semiquinones 
produced by peroxidase or laccase, which reduce both Fe(III) and 0 2 to provide 
the ingredients for Fenton-type hydroxyl radical formation (38). 

Manganese Peroxidase /Mn(II) / Oxalate/Lipids 

The oxidative potential of MnP can be extended by the presence of lipids. 
Peroxidation of unsaturated fatty acids is promoted by Mn(III) resulting in the 
formation of peroxyl radicals which are diffusible, potentially ligninolytic agents 
(39). Watanabe et al. (40) suggested that Mn(III) directly abstracts hydrogen 
from fatty acids to form acyl radicals. This system has been shown to 
depolymerise both phenolic as well as non-phenolic lignin (41). Substantial 
amounts of fatty acids and hydroperoxides have recently been detected in 
cultures of Ceriporiopsis subvermispora, providing further support that lipid-
derived radicals may in fact be involved in selective white-rot degradation (42). 

Lignin Peroxidase / Veratryl Alcohol 

Lignin peroxidase (LiP) has the highest redox potential of all enzymes 
believed to be involved in lignin degradation, and in principle is able to oxidise 
phenolic as well as non-phenolic lignin. However, for steric reasons discussed 
above its action on lignin is restricted to surface areas of the wood fibre. The 
veratryl alcohol radical, generated during turnover of L i P when compound II is 
reduced to the resting state by veratryl alcohol, was proposed by Harvey et al. 
(43) to act as a charge transfer system in wood. However, due to its short 
lifetime (44) this radical is not expected to diffuse into deeper areas of the cell 
wall. A very recent study proposes self-propagation of chemical reactions 
initiated by lignin peroxidase, involving lignin-derived peroxyl radicals (45). 
However, it is not known whether such radicals would be able to depolymerize 
lignin inside the wood cell wall. 
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Laccase / Mediators 

Laccase, a phenol oxidase which is produced by most white-rot fungi, 
oxidizes the phenolic moieties in lignin which primarily leads to the 
polymerisation of lignin. However, when laccases are combined with low 
molecular weight charge transfer agents, so-called mediators, they can delignify 
wood pulps. A significant kappa reduction can be achieved in pulp bleaching 
when using synthetic mediators carrying N - O H groups (46). The effect of the 
laccase/mediator-system is probably based on ketone formation by the mediator 
radical, which makes the lignin molecule more susceptible to alkaline hydrolysis 
during extraction. In addition to pulp bleaching, the laccase/mediator system is 
also able to depolymerise non-phenolic guaiacyl lignin (47). However, the 
occurrence of natural laccase mediators during white-rot decay has not been 
demonstrated so far. 

Low Molecular Weight Peptides 

Tanaka et al. (48) discovered peptides, produced by white-rot fungi, which 
are of the molecular weight range of 1000-5000 D. These peptides have been 
proposed to catalyse a redox reaction between molecular oxygen and an electron 
donor to produce hydroxyl radicals via reaction with hydrogen peroxide. This 
may lead to ligninolytic reactions similar to those described above for C D H . 

Conclusion 

Current research suggests that lignin depolymerization is a highly complex 
process. Numerous pathways have been suggested and it is difficult to assess 
their individual contributions to ligninolysis. However, it can be assumed that 
radical reactions involving Mn(III) and reduced oxygen species play a key role 
in selective lignin degradation by white-rot fungi. In this regard, we propose 
another mechanism, the coordinated Cu-system, which may also play a key role 
in white-rot decay and which is discussed in the second section of this chapter. 

The Coordinated Copper System 

Introduction 

Hypothetical Pathway for the Generation of Active Oxidants from Hydrogen 
Peroxide by Coordinated Copper 

The transition metals Fe and Cu are the active centres of all the enzymes 
assumed to be involved in lignin degradation. These metals are coordinated by 
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amino acids and/or N-atoms of protoporphyrins. The concentrations measured 
for these metal ions in wood are 9.2 ppm for Fe(III) and 0.7 ppm for Cu(II) (49). 
There is strong evidence that Fe is involved in the mechanism of brown-rot (50) 
resulting mainly in the degradation of cellulose and hemicellulose. Recently, 
siderophores containing catechol groups that are able to reduce and solubilise 
the Fe attached to cellulose have been isolated (57, 52). In Fenton chemistry 
reactions, Fe(II) generates hydroxyl radicals from hydrogen peroxide produced 
by both brown-rot and white-rot fungi (50, 38). These radicals are strong 
oxidants and degrade cellulose and hemicellulose and can alter lignin chemistry. 

Besides its function as the active centre in laccases, almost no attention has 
been paid in the past to the possible involvement of Cu in cell wall degrading 
reactions; although Cu(I) would also lead to Fenton reactions. One of the 
reasons might be that the main focus has been on Fenton chemistry and Fe is the 
more likely reaction partner as its concentration in wood is higher than that of 
Cu. 

It was demonstrated by Watanabe et al. (53) that Cu coordinated by low 
molecular weight organic compounds like pyridine together with peroxides -
either hydrogen peroxide or lipid hydroperoxides - leads to very strong oxidative 
reactions. These reactions are able to oxidize various dyes, pulp lignin and even 
a non-phenolic synthetic lignin model compound (Figure 1). Compared to 
uncoordinated Cu, the coordinated reaction was much more effective. 

The products obtained after the reaction of the non-phenolic lignin dimer 
with Cu/ pyridine/ H 2 0 2 were similar to those after oxidation of similar 
substrates with L iP / H 2 0 2 (54). The Cu/ pyridine/ H 2 0 2 products were not 
consistent with oxidation by free hydroxyl radicals, which would instead lead to 
aromatic hydroxylation or hydrogen abstraction (55). The nature of the active 
oxidant is not known, but since the substrate was oxidized by a single electron 
transfer reaction it may be speculated that a Cu-centered oxo or peroxo complex 
(56) is the one-electron oxidant produced by the system (Figure 2). 

Like the other models for lignin degradation, one can only conclude the 
existence of the coordinated-Cu system in nature from the detection of the 
reaction components in treated wood and comparing the results achieved to 
wood degraded naturally by selective white-rot fungi. As discussed earlier, Cu 
and hydrogen peroxide are present in white-rotted wood. Evidence for the 
production of compounds containing a pyridine nucleus by fungi is provided in 
the literature (57) and includes, homarine, pycolic acid, dipycolic acid, fusaric 
acid, dehydrofusaric acid, nicotinamide, PQQ etc. 

In the first step of the reaction Cu(II) is reduced to Cu(I) by either H 2 0 2 or 
reducing groups contained in wood or pulp lignin. Cu(I) together with H 2 0 2 
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i H 2 0 2 oxidized 
CUffUpy • 2 OH" ^ * | i g n j n 

wood or pulp \ 
constituents / 

l/ 1/ r m > one-electron oxidant 
x _ Cu-oxo or Cu-peroxo complex l ' 9 n m 

H 2 0 2 

Figure 2. Hypothetical pathway for the generation of active oxidants from 
hydrogen peroxide by coordinated Cu. 

forms a highly reactive one-electron oxidant that can oxidize both phenolic and 
non-phenolic lignin. 

Hypothetical Pathway for the Generation of Free Radicals from Lipid 
Hydroperoxide by Coordinated Copper 

Additional oxidants besides hydrogen peroxide include lipid 
hydroperoxides which are produced from unsaturated fatty acids. Enoki et al. 
(42) found that unsaturated fatty acids are secreted by white-rot fungi when 
grown on extracted wood. Furthermore, they are a component of resin which is a 
nutrient source for fungi in the incipient stages of colonisation in some 
softwoods. Lipid hydroperoxides were also found to be produced mainly in early 
stages of decay. Watanabe et al. (58) found that these peroxides can be 
generated from linoleic acid by Mn(III). Mn(II) is a chain breaking agent for 
lipid peroxidation, hence MnP controls the generation of lipid hydroperoxides 
by oxidizing Mn(II). Both the Mn(III) chelate and unsaturated fatty acids can 
diffuse freely within the wood cell wall, enabling the production of lipid 
hydroperoxides at any site in the cell wall. Their conversion to free lipid radicals 
is expected to be catalysed by coordinated transition metals and this is supported 
by the fact that Fe and Cu have been found to be evenly distributed in wood cell 
walls (49). If a hypothetical, pyridine-related coordination compound is 
produced by selective white-rot fungi, it would be diffusible due to its low 
molecular weight and would also coordinate transition metals within the entire 
wood cell wall (Figure 3). 
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ROO 

Figure 3. Hypothetical pathway for the generation of free radicals from lipid 
hydroperoxides by Cu/pyridine. 

In the first step of the reaction, Cu(II) is reduced by the hydroperoxide or by 
reducing groups contained in wood or pulp lignin with concomitant formation of 
a peroxyl radical (ROO*). Cu(I) is then reoxidized by the lipid hydroperoxide. 
The alkoxyl radical (RO*) that is formed during this reaction decays quickly via 
P-scission and forms a carbon-centered radical (R #). 

Figure 4 summarizes the results described above and explains the 
morphological appearance of selective white-rot, where lignin degradation is not 
restricted to the lumen surface but seems to take place simultaneously 
throughout the whole wood cell wall and middle lamella. 

Semi-Quantitative and Quantitative Assay of the Capacity of the Coordinated 
Copper /Peroxide System to Degrade Native Wood Lignin 

The potential of the Cu system to delignify native wood was evaluated by 
two tests (59): 1) Microtome sections of wood samples were prepared and 
immersed into solutions containing the Cu system. After incubation, the sections 
were selectively stained with safranin-0 and astra-blue. Red staining of the cell 
wall indicated residual lignin, blue staining indicated that lignin has been 
degraded. In addition to providing a semiquantitative estimation of the residual 
lignin content in the cell wall, the microscopic test also allowed a morphological 
evaluation to be made in assessing the remaining cellulose of the cell wall. 2) To 
quantify the residual lignin content, small wood blocks were treated with the Cu 
system. By scanning the sections under the UV-microscope the lignin content in 
wood cell wall and middle lamella was quantified. The combination of these 
methods provided excellent information on the delignification capacity of the Cu 
system, but it also may prove useful in the evaluation of other ligninolytic 
systems that may degrade native lignin. 
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/wood cell lumen 
MnP • H 2 0 2 

metal 
coordinators 

Comp II 

unsaturated 
/ lipids 

Comp 1/ 
Mn(II)-oxalate 

Mn(III)-oxalatc 

free radicals,\ L 

^ unsaturated lipids ^ 

acyl radical 

j 

Mn(III)-ox 

Mn(II)-ox* 

lipid hydroperoxides 

transition metals 
Fe(L)x, Mn(L); 

Cu(L)x 
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ix, V ̂ lit lipid free radicals 

(alkoxyl-, peroxyl 
carbon-centered) 

icals / 
<yk ( 
ed) ^ 

wood cell wall 

lignin 

oxidized lignin 

phenolic lignin 

oxidized 
phenolic lignin 

Figure 4. Hypothetical pathway of the delignification of native wood by the 
coordinated Cu system. 

Materials and Methods 

Semiquantitative Determination of Native Wood Lignin on Wood Sections 

Small wood blocks (2x2x6 mm) of a hardwood (Betula pendula) and a 
softwood (Pinus sylvestris) were soaked in water under vacuum. Cross 
cryosections of 20 jam thickness were obtained with a Leitz cryostat microtome 
at -20°C. Softwood thermomechanical pulp, T M P (Steyrermuhl A G Ges.m.b.H., 
Austria) was used as supplied. The presence of transition metals, other than the 
added Cu, was reduced by extraction of most of the metals contained in wood 
sections and T M P fibers before the delignifying step. This extraction was 
performed using 25 m M ethylenedinitrilo tetraacetic acid disodium salt 
dihydrate (EDTA) at 90°C, for 1 hour. The delignification step was then carried 
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out on wood sections by immersing the sections in a solution containing 0.1 m M 
CuS0 4 , 70 mM 4-amino pyridine (4-AP) and 50 m M of either H 2 0 2 or the 
organic hydroperoxides cumene hydroperoxide (CHP) or tert-butyl 
hydroperoxide (TBHP). CHP and TBHP were used as models for lipid 
hydroperoxides. The reaction was allowed to proceed for 3 hours at 90°C, then 
terminated by washing the sections with water. Washed sections were 
transferred to glass slides. Staining with 1% aqueous safranin-0 and 
subsequently with 1% aqueous astra-blue was carried out at room temperature 
for 3-5 minutes. The samples were rinsed with water after each staining step and 
then immersed in water. Finally, they were examined under light microscopy 
and the images captured as colour prints. 

Quantitative Determination of Native Wood Lignin 

Small (2x2x6 mm) hardwood birch blocks (Betula pendula) were prepared 
and treated with the Cu system in a solution containing 0.1 m M CuS0 4 , 70 m M 
4-AP and 0.7 M of either H 2 0 2 , CHP or TBHP. Subsequently the blocks were 
embedded in Spurr's resin (60). Cross sections (1 jum thick) were cut from these 
samples on an ultramicrotome by means of a diamond knife. The samples were 
floated off on water and mounted on quartz slides with quartz cover slips. U V 
absorption spectra were determined using a ZEISS M P M 800 UV-microscope at 
a wavelength of 280 nm. At each position the lignin content of cell walls was 
determined from lumen to lumen across the cell wall/middle lamella/cell wall 
(CW/ML/CW). Three measurements were taken along the S3/S2-layer, one in the 
compound middle lamella region and again 3 measurements along the adjacent 
S2/S3 area. The diameter of the measuring spot was 1 |^m, the monochromator 
bandwidth was 5 fim, and the magnification lOOOx. One series of measurements 
was taken across each C W / M L / C W area of 10 adjacent cell walls. Lignin 
concentration was estimated according to Fergus and Goring (18) and Okuyama 
(67) using the Beer-Lambert law, 

A = e x C x d 

where A , £ , C a n d d are the U V absorption, an absorption coefficient 
(cm'Hg"1), the lignin concentration (g/1), and the thickness of the section, 
respectively. The lignin concentration (g/g) can be obtained after converting the 
unit grams per liter to grams per cubic centimeter and multiplying by the 
specific volume of 1.07 cm3/g for the water swollen cell wall (62). The 
embedding procedure using gradual solvent-exchange with Spurr's resin 
preserves the initial volume of the cell wall and therefore the value of 1.07 
proposed by Stone and Scallan (62) instead of the value of 0.67 valid for the dry 
cell wall was chosen. Sections to determine the lignin content from wood blocks 
were taken from the outer part of the blocks. 
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Delignification of Wood Sections by Different Coordinated Metal Peroxide 
System 

After extraction of metals by EDTA, wood sections were treated with the 
coordinated metal peroxide system. The delignifying potential of the metal 
complex/peroxide couples was assayed by safranin-O/astra-blue staining. A l l 
coordinated metal/peroxide systems contained 70 m M 4-AP and 50 m M of 
either H 2 0 2 or organic peroxides (CHP or TBHP). CuS0 4 , FeS0 4 , M n S 0 4 , and 
Mn(III)-tartrate, respectively were added in a concentration of 0.1 mM. 

Delignification of TMP Fibers by the Coordinated Copper Peroxide Systems 

T M P fibers (metal extracted with EDTA) 5 mg dry weight were incubated 
at 70°C in the solution containing 0.1 mM CuS0 4 , 70 m M 4-AP and 50 mM of 
either H 2 0 2 or organic peroxide (CHP or TBHP). The chemical delignifying 
potential was determined by employing the safranin-O/astra-blue staining 
method. 

Results 

Semiquantitative Assay 

Examination of untreated wood sections and T M P fibers by light 
microscopy revealed that they were stained red by safranin-0 which indicated 
the presence of lignin. The complex composed of coordinated Cu and organic 
hydroperoxides was able to depolymerize native lignin selectively at ambient 
temperature (Plate 1), demonstrating the high potential of this system. The result 
is comparable to the delignification activity of selectively delignifying white-rot 
fungi. The cell walls are stained blue, indicating that cellulose remains. The 
middle lamella is no longer present after treatment. The cell walls are swollen 
but still present, demonstrating the selectivity of the Cu system for lignin 
removal. 

As shown in Table 1, hydrogen peroxide as the only oxidant showed no 
apparent delignification activity on either hardwood or softwood sections, or on 
T M P fibers, as indicated by red staining. When Cu was used as an 
uncoordinated metal, no delignification took place. If the transition metals were 
not first extracted from the wood, and no Cu was added, sections were also 
delignified but at a much slower rate. When either Fe(II), or Mn(II) or Mn(III) 
was used instead of Cu(II) with CHP and 4-AP, intensive delignification was 
observed only after incubation of the sections for one month at 30°C. 
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Plate 1. Transverse section of softwood stained with safranin/astra blue (bar: 
20pm). Above: softwood; control (red). Below: softwood; OA mMCuS04, 

70 mM 4-AP and 50 mMCHP (blue). (This figure is also in color insert) 

Table I. Minimum incubation time (hours) of wood sections and TMP, 
respectively, to completely delignify native lignin with the coordinated 

Cu hydroperoxide system 

Peroxides Hardwood Hardwood Softwood T M P (70°C) 
(30°C) (70°C) (30°C) 

CHP 24 1 72 12 
T B H P 48 1 120 12 
H 2 0 2 No apparent No apparent No apparent No apparent 

effect effect effect effect 
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Quantitative Assay 

UV-microscopy allowed the determination of lignin distribution and lignin 
concentration in the secondary walls and middle lamella of the untreated control 
and treated hardwood blocks. The highest concentration of lignin in untreated 
cell walls was found in the middle lamella, coinciding with values reported in 
the literature (18). The potential of the coordinated Cu peroxide system was 
assessed on sections from the outer part of the block. It is evident that with 
organic peroxide the coordinated Cu system has a greater potential to degrade 
lignin than the hydrogen peroxide system. However, as shown in Figure 5, the 
lignin content of the secondary wall layer was reduced by approximately 50% of 
the control with H 2 0 2 . It is important to highlight that at this stage of 
delignification the cell walls were still stained red and showed no apparent 
delignification, as indicated in Plate 1. This provides confirmation that blue 
staining of sections indicates delignification levels greater than 50%! 

M L C L M L C L M L 

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 

C e l l w a l l p o s i t i o n 

Figure 5. Lignin concentration of cell walls of birch wood at the outer part of 
the blocks: Untreated control (o); H202/Cu/4-AP (A); CHP/Cu/4-AP (•); 

TBHP/Cu/4-AP (m). Position 9 is the position of the middle lamella, positions 8 
and 10 are approximately the SI layer, and positions 6 and 12 are the outer part 
of the S2 layer up to the S3 layer. Positions 5 and 13 demonstrate the lumen to 
the left and right side of the cell walls. ML=Middle lamella; CL=Cell lumen. 
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The cell walls of wood blocks that were treated with CHP and T B H P 
typically separated from their adjacent cells, indicating that the middle lamella 
was completely delignified. TBHP was the most efficient organic peroxide 
tested that could completely degrade both secondary wall and middle lamella 
lignin, while with CHP the lignin concentration of secondary wall layers 
remained at about 10% of the initial (Figure 5). When the two organic peroxides 
were used with the Cu system to delignify wood sections, CHP performed 
better. This is presumably related to a higher diffusion rate of TBHP into the 
wood block, while on thin sections the result is less affected by diffusion rate. 

Conclusions 

• The coordinated Cu system was highly efficient in removing native lignin 
from wood and T M P fibers. 

• The Cu system removed lignin selectively from the cell wall, without major 
visual damage to the cellulose part of the cell wall, when organic 
hydroperoxides were used. 

• Hardwood lignin was degraded faster than softwood lignin - as is also the 
case in natural decay by white-rot fungi. 

• Delignification was achieved only when Cu was coordinated. 
• The delignifying potential of Mn or Fe complexes with 4-aminopyridine 

was much weaker than that of Cu complexes. 
• The time needed for complete delignification of softwood sections was 

reduced from 24 hours at 30°C to only 1 hour at 70°C. 
• Although good delignification could be achieved with hydrogen peroxide 

on pulp (63), no visible effect was observed on wood sections using our 
microscopy techniques. The U V microscopic investigation revealed 
approximately 50% degradation of lignin in the wood cell wall but not in 
the middle lamella. 

• The effect achieved is comparable to that of selectively delignifying white-
rot fungi. 

• Assays: Treating wood sections with ligninolytic systems followed by 
staining with safranin-O/astra-blue is a fast and very simple method to 
evaluate the delignification capacity of such systems. The technique 
indicates delignification only when lignin is almost completely depleted. By 
subsequent UV-microscopy, the rate of delignification can be determined 
quantitatively. 
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Summary 

Ligninolytic enzymes, including their related low molecular weight 
compounds, are unable to degrade native wood lignin in vitro. To date, the 
coordinated Cu system is the only in-vitro system that permits the degradation of 
lignin in hardwood and softwood samples, and furthermore mimics the effect of 
selectively delignifying white-rot fungi. Based on the results presented here, and 
on the presence of compounds previously isolated from white-rot environments, 
it is conceivable that a similar system is involved in decay caused by selective 
white-rot. Unsaturated lipids are produced by white-rot fungi or are present in 
softwood resins. Mn(III) (to initiate lipid peroxidation) can be produced by MnP 
in almost all white-rot fungi. Potential Cu coordinating low molecular weight 
compounds with a pyridine nucleus were shown to be produced by some fungi. 
Cu, in small amounts, is available in all wood cell walls and could therefore 
potentially lead to the production of lipid radicals. Particularly with the organic 
model hydroperoxides, CHP or TBHP, the coordinated Cu system proved to 
possess extremely strong delignifying properties. The low molecular weight of 
all components would enable free diffusion within the wood cell wall and 
explain the depolymerization of lignin in early stages of decay. The system's 
selectivity for lignin has been demonstrated here. However, for a radical system, 
side reactions with carbohydrates cannot be excluded, perhaps explaining the 
concomitant degradation of hemicellulose which occurs in selective white-rot. 

If such a system is responsible for early degradation of lignin, it may well 
be that this accounts for all of lignin degradation in the white-rot fungi. If so, the 
role of the ligninolytic enzymes would have to be re-evaluated. There is no 
doubt that they are somehow involved in the complex reaction pathway, but this 
could be a secondary role, e.g., modifying, detoxifying or polymerizing the low 
molecular weight depolymerization products diffusing into the lumen of the 
wood fiber. Since the primary activity, especially for laccase, is phenolic 
polymerization, a hypothesis that addresses the roles of the most common 
enzyme couple, MnP and laccase may be suggested. MnP may function only to 
initiate lipid peroxidation, creating lipid hydroperoxide for the Cu system, 
whereas laccase may detoxify or modify the degradation products of lignin. It 
must be clearly pointed out here though, that no specific pyridine coordinator for 
Cu has been identified in any fungal culture or decayed-wood extract, so 
additional work showing that this system actually does play a role in natural 
white-rot decay processes must still be performed. 

An earlier observation made by bromination and X-ray microanalysis [Saka 
and Thomas] (77), as well as by UV-microscopy (18), showed that in 
simultaneous white-rot lignin was removed from the inner circumference of the 
secondary wall near the lumen before cellulose was degraded. The lignin was 
removed continuously in advance of cellulose. This suggests that a similar 
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system functions not only in selective white-rot but also in simultaneous white-
rot degradation. For reasons unknown, this system does not seem to be as 
diffusible as it is in selective white-rot. One possible reason could be the higher 
viscosity of the slime sheath decreasing the diffusion rate of the Cu-coordinating 
compound. 

Based on the close taxonomic relationship of brown- and white-rot fungi 
one would expect that the physiological background of their decay mechanisms 
should also be similar, although the visual effect and chemistry of the resulting 
wood are very different from each other. A radical system based on Fe-Fenton 
reactions for brown-rot and a radical system based on coordinated Cu reactions 
for white-rot could be considered similar in regard to the basic reaction 
mechanisms of the decay fungi. From the standpoint of wood preservation this 
also suggests the development of radical scavenging systems could be developed 
to prevent both types of decay. Another option in this regard would be to 
inactivate the transition metal ions. 

With respect to pulp and paper production, one of the conclusions from 
these experiments is that delignification of wood by the coordinated Cu/lipid 
hydroperoxide system can be achieved within a time frame acceptable for 
technical applications. The system can be applied in aqueous solution at 
temperatures below 100°C. These features demonstrate the potential of the 
system to become a new process in the pulp and paper industry, resulting in a 
reduction of capital requirements and energy costs. However, these 
developments have only started recently and the technology has to be optimised 
with respect to the right coordinator, generation of lipid hydroperoxides, 
viscosity losses, among other factors. 
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Chapter 6 

Brown-Rot Fungal Degradation of Wood: 
Our Evolving View 

Barry Goodell 

Wood Science and Technology Department, University of Maine, Orono, 
M E 04469-5755 (email: Goodell@UMIT.Maine.edu) 

This overview focuses on fungal attack and degradation of 
wood by the brown rot fungi. These fungi are perhaps the 
most important agents involved in the degradation of wood 
products and in the degradation of dead wood in coniferous 
ecosystems. In the decay process, brown rot fungi actively 
metabolize the carbohydrate fraction as well as a more minor 
portion of lignin, leaving behind a chemically modified lignin 
residue. The wood loses strength very rapidly in the early 
stages of degradation because of the rapid depolymerization of 
the cellulosic fraction. More heavily degraded wood typically 
displays a cubical, crumbly, brown appearance with little 
residual strength. Mechanisms employed by brown rot fungi in 
the biodegradation of wood are both enzymatic and non
-enzymatic. These fungi produce no lignin degrading enzymes, 
but they do have a mechanism that results in lignin 
modification and slow lignin depletion from wood undergoing 
decay. Recent work by several groups has suggested that non
-enzymatic, low molecular agents produced by the brown rot 
fungi are responsible for early stages of wood cell wall 
depolymerization through the production of free radical 
species. Similarities and differences between brown rot fungi, 
white rot fungi, and molds are discussed with regard to pH 
contorl in wood, oxalate production, and metal metabolism. 
Development of several hypotheses for low molecular weight 
metabolite function and systems postulated for non-enzymatic 
degradative activities are reviewed. 

© 2003 American Chemical Society 97 
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Introduction 

Researchers have made significant advances in understanding brown rot 
degradation of wood over the last 30 years, particularly in understanding the 
components involved in the enzymatic and non-enzymatic systems which 
initiate brown rot attack. Brown rot degradation processes are of particular 
importance because these fungi preferentially attack coniferous wood products, 
and coniferous woody debris which is abundant in forests, especially in the 
northern hemisphere. Residues, largely composed of the modified lignin 
produced during brown rot decay, form a large part of the humic material found 
in coniferous ecosystems (7). It has been estimated that the equivalent of 10% of 
the timber cut in the United States decays in service each year (2). Since the 
majority of timber used in construction in the northern hemisphere is from 
coniferous species, and brown rot fungi preferentially degrade softwood timber, 
a large part of this destruction is due to the action of brown rot fungi. 
Interestingly, although brown rot fungi are more the more common causal agent 
of decay in coniferous wood products, white rot fungi, including those that cause 
white 'pocket rots', 'stringy rots', and amorphous white rot decays, are found at 
least in equal numbers to brown rot fungi as the agents producing heart- or sap-
rot in living coniferous trees (3,4). 

Early or incipient stages of brown rot decay display little outward evidence 
of attack. When mass losses are between five and 10 percent in brown rotted 
wood, in its hydrated state the incipiently decayed wood may only appear to be 
water stained. As decay progresses, the wood darkens, turning brown because 
of the preferential accumulation of modified lignin residues with removal of the 
holocellulose fraction. After drying, wood in advanced stages of degradation 
undergoes extreme shrinkage. In advanced decay stages, volume loss with 
drying in both longitudinal and transverse directions is much greater than in 
sound wood, and volume losses exceed 30% in some cases. The wood is friable 
and, in its weakened state, readily fractures across the grain due simply to drying 
stresses. The wood takes on a checked appearance with cubical pieces of the 
degraded wood prevalent. 

In general, the degradative systems of white rot fungi have received far more 
attention over the last 50 years than those of brown rot fungi. Thus, we have a 
better understanding of the methods white rot fungi employ for woody tissue 
breakdown. The reason for this has been at least in part due to the economic 
promise held out for the application of white rot systems in industrial 
processing. Brown rots were originally thought not to have the capacity to 
degrade phenolic compounds such as lignin. Because white rot fungi are well 
equipped with lignin degrading enzymes, and some even degrade lignin 
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selectively (5,6), their potential as bio-agents in paper bleaching and pulping 
processes was first explored. Later work examined their aromatic ring degrading 
properties for use in bioremediation of a variety of xenobiotic organic 
compounds found as pollutants in the environment (7,8). As a result, our 
understanding of the lignin degrading systems active in selected white rot fungi 
has, until recently, been significantly ahead of our understanding of brown rot 
mechanisms. 

This began to change in the 1990's as white rot researchers and the funding 
agencies supporting them began to realize that significant obstacles remained 
before the aromatic degrading systems involved in the white rots could be 
effectively employed in industrial bio-processing. Concurrently, reports on the 
use of brown rot fungi to degrade aromatic pollutants (9) appeared, with the 
capacity of some brown rot species such as Gloeophyllum spp. to degrade 
aromatic compounds now well documented (10,11). The advancement of 
hypotheses concerning non-enzymatic systems in brown rot fungi capable of 
generating oxygen radicals (11-15) also occurred in the 1990's. It was 
recognized that low molecular weight systems in both brown rots and white rots 
must be important and that study of the brown rots may lead to a better 
understanding of fungal degradation mechanisms in general. 

Biology of Brown Rot Fungi and 
Physical Properties of the Degraded Wood 

The fungi that cause brown rot are in the Basidiomycotina subdivision. 
Decay by these fungi in the natural environment is typically initiated via the 
deposition of spores or mycelial fragments that are carried to wood surfaces by 
the wind, water, or by insect or animal vectors; or because of mycelial growth 
into wood in direct soil contact. As with all wood inhabiting fungi, germination 
of spores and/or the initiation of fungal growth into the wood wil l not occur until 
appropriate conditions of moisture and temperature are met. In general, most 
types of brown rot decay can be initiated when: 1) The wood moisture content is 
above the fiber saturation point, but the cell lumen void space is not saturated, 
and 2) The temperature is between 10 and 45° C. Optimal temperatures for 
growth and degradative activity varies with fungal species (2). 

The brown rot fungi initially invade wood by passing through the cell lumens 
and colonizing ray cells and axial parenchyma where stored carbohydrate is 
accessible as a ready energy source for the fungus. Once established in the 
parenchyma, the fungal mycelia penetrate through pit membranes to access 
tracheid lumens where they can further proliferate (16). These fungi develop the 
capacity to penetrate the wood cell walls via bore hole production, but for some 
brown rot fungi penetration via pit membranes is the predominant mode of 
passage (16). In other species there is no preference for pit penetration as 
opposed to bore hole production (17). Formation of bore holes is initiated via the 
production of smaller hyphae (bore hyphae) with enlargement of the bore hole 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
6

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



100 

occurring as the decay process proceeds. The mechanism for bore hole 
production is not known but is thought to include a combination of mechanical, 
chemical, and enzymatic processes. 

As decay progresses, the hyphae of brown-rot fungi become established and 
proliferate in the lumen of wood cells (17-19) The hyphae secrete a glucan layer 
which coats the wood cell walls, and this 'hyphal sheath' helps to bind the 
hyphae to the S 3 layer of the wood cell wall (20). While the S 3 layer may remain 
relatively undegraded until late in decay (20,21), the S 2 layer of the wood cell 
wall is intensely degraded. Degradation of the S 2 layer is not localized near the 
hyphae of fungi, which indicates that the degradation reagents produced by 
brown rot fungi are capable of diffusing through the S 3 into the S 2 layer of the 
wood cell wa l l The S 2 layer of wood cell walls undergoing brown rot attack is 
depolymerized preferentially to other layers. This layer has a reduced lignin 
content and lignin density compared to the Si or S3 layers (22), which may help 
explain the preferential and early depolymerization of the cellulose there. In 
advanced stages of decay, an intact residual S 3 layer is often observed within the 
cell wall while at the same time much of the S 2 layer has been severely degraded 
and metabolized (20,21). 

Brown rot degradation is considered to be more problematic in structural 
wood products than white rot because of the way these fungi attack the wood 
cell wall and promote rapid strength losses. Although selective delignification of 
the cell wall has been observed in some white rot fungi (5), white rot attack of 
the wood cell wall typically occurs via thinning from the lumen outward. This 
is thought to occur because enzymes secreted by the fungus can act only on 
exposed wood layer surfaces. They are confined to initiating reactions only at 
the wall layer surface because spatial considerations and diffusion do not permit 
access into interior regions of the cell wall. Since all known enzymes exceed 
the micropore size of the intact structure of the wood matrix, in the absence of a 
diffusible low-molecular weight degradation system, enzymatic action is at least 
initially confined to thinning or erosion of the wood cell wall starting at the S 3 

layer surface. Considering the strength properties of a wood cell, assuming a 
cylindrically shaped model approximates cells such as tracheids or fibers, the 
interior thinning of a cylindrical wall has only a limited effect on strength. (The 
bending strength properties of a hollow pipe vs. a solid rod of the same size are 
similar). This explains why white rot fungi cause only a gradual loss of wood 
strength as decay progresses. Conversely, brown rot fungi employ a low 
molecular weight decay system and rapidly depolymerize the cellulosic fraction 
of the cell wall. This rapid decrease in cellulose DP throughout the wood cell 
wall is perhaps the key defining feature of brown rot attack at the chemical 
level. Although the brown rot fungi metabolize only limited amounts of the 
cellulose breakdown products, at least in the initial stages of degradation, the 
extensive depolymerization of the cellulose in the wood cell wall dramatically 
reduces the strength of the wood. 

Strength losses caused by brown rot fungi have been reported to be as much 
as 70% of modulus of elasticity (MOE) and modulus of rupture M O R (18) in 
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early, or incipient, decay stages. In other work (23) with G. trabeum brown 
rotted wood, loss of mass from the wood was undetectable until 40% loss in 
strength (MOR) had occurred. As discussed above, extensive cellulose 
depolymerization with limited glucose metabolism has been well documented as 
the cause of this strength loss in early stages of degradation. However, Winandy 
and Morrell have shown that hemicellulose losses in early stages of brown rot 
degradation also correlate with wood strength loss (24). 

The Chemistry of Holocellulose 
and Lignin Degradation by Brown Rot 

Holocellulose degradation 

Brown rot fungi have the capacity to depolymerize and metabolize the 
holocellulose fraction (25) of wood, but they also chemically modify (1,26) and 
remove (27,28) the lignin fraction. The carbohydrate fraction is depolymerized 
to soluble oligosaccharides or monosaccharides. These diffuse though the 
watery fungal glucan matrix (hyphal sheath) to the wood cell lumen where 
fungal extracellular enzymes may further act on some of the complex sugars to 
produce simple sugars. The fungus can absorb the resulting sugars through the 
fungal cell membrane, and the sugars are then metabolized. This metabolism by 
the fungi results in mass loss of the wood which can be readily quantified. Mass 
loss values are commonly used as a measure of the extent of decay in samples 
tested in academic and industrial laboratories (29,30). However, mass loss is not 
a sensitive predictor of strength loss for brown rot in early decay stages (25), 
and in later stages of decay can be misleading because it fails to account for 
wood mass conversion into fungal hyphae mass (31,32). 

Brown rot fungi have been reported to be incapable of degrading pure 
cellulose in the absence of other wood components (33-35). However in other 
work, brown rot fungi are commonly grown on media containing only cellulose 
or glucose alone (36-38). It has been suggested therefore that either 
hemicellulose or perhaps lignin is critical to the mechanisms involved in brown 
rot degradation. Some researchers have suggested a mechanism whereby 
modified phenolic groups derived from lignin breakdown products may 
participate in Fenton based reactions to promote brown rot oxidative activity 
(1,38). 

Early workers studying brown rot fungi assumed that enzymes were 
responsible for the degradative action, and attention focussed on these 
metabolites. Cellulolytic activity was initially described using terminology of 
C i or C x (39) and this was later refined to refer to the action of general classes of 
exoglucanases and endoglucanases, respectively. As analytical methods were 
further refined and applied to the brown rot fungi more specific functionalities 
were defined and newly isolated enzymes were catalogued in brown rot fungi 
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(40). Brown rot fungi have been reported to produce several endo 6-1,4-
glucanases and 6-glucosidases, but typically are described as lacking 
cellobiohydrolase (CBH) and other exoglucanases. However, one brown rot 
species Coniophora puteana, has been reported to produce two types of 
cellobiohydrolases (41,42). Brown rot fungi also typically lack cellobiose 
dehydrogenase (CDH) enzyme; but C D H has been isolated from the brown rot 
fungus C. puteana (42), and other brown rot fungi have recently been reported 
to posses cellobiohydrolase activity (43). It is now recognized that some fungi 
produce cellobiohydrolases and endoglucanases that have mixed functions. 
Glucanases have been isolated that act in a classical endo-manner of cleaving 
cellulose to shorter chains, but also having exo-activity in decreasing chain 
length through endwise hydrolysis (44). Other glucanases with broad specificity 
in degrading xylans and mannans have also been isolated (45). The brown rot 
fungal enzyme systems have not been studied adequately to provide extensive 
information on mixed functionality. However, endoglucanases isolated from G. 
trabeum have been reported to be active on galactomannan and glucomannan 
(44) and also on xylan (46). 

The enzymes produced by brown rot fungi are thought to act in concert with 
each other as well as with non-enzymatic systems (see section below) after the 
initial stages of cell wall degradation allow access to sites within the wood 
matrix as decay progresses. Hemicellulose degradation generally occurs in early 
stages of cell wall degradation (24) as these branched and relatively low 
molecular weight polysaccharides are more accessible to chemical attack than 
the partially crystalline cellulose regions that the hemicellulose complexes with 
and surrounds (47). 

Lignin Degradation 

The view that lignin is slowly metabolized over time by most brown rot 
fungi has not been well recognized in the past (39,48,49), but substantial 
evidence now supports this view (16,21,27,28,50), and in some cases the 
oxidative removal of lignin by brown rot fungi has been reported to be as great 
as 25% (27). Lignin degrading enzymes are generally considered not to be 
present in the brown rot fungi. However in artificial media laccase production 
has been observed in the brown rot fungi Gloeophyllum trabeum and Postia 
placenta (51). Laccase gene-specific sequences were also reported to be present 
in G. trabeum (51). Isolated reports of manganese peroxidase and lignin 
peroxidase mPolyporous spp. and other brown rot species have also been noted 
(52,53). Lignin loss or metabolism by brown rot fungi has been reported, 
particularly in later stages of degradation, and the middle lamella of wood 
(composed predominantly of lignin) has been observed to undergo attack by 
brown rot fiingi (21). Brown rot fungi also regularly penetrate the wood cell wall 
via the production of bore holes which pass through both cell wall and middle 
lamellae regions, removing lignin in the process. The literature on this subject 
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therefore suggests that low molecular weight lignin degrading agents and 
potentially even lignin degrading enzymes (26) may be present in some brown 
rot fungi, and these are capable of at least localized activity. A diffusible, non-
enzymatic system that oxidizes lignin must also exist to account for the broader 
oxidative chemical changes that lignin is subjected to during brown rot decay, as 
discussed below. 

The residual lignin in wood degraded by brown rot fungi is dealkylated 
(26,54), demethoxylated and demethylated (/), with some oxidation of the alkyl 
side chain. The aromatic ring of lignin is not attacked in brown rot degradation. 
Because the pore size in the native wood cell wall structure wi l l not permit 
penetration of compounds the size of known cellulolytic enzymes (55-57), and 
the three dimensional matrix of lignin also prevents ready access by enzymes 
into interior lignin, the nature of the chemical attack on lignin suggests that a 
low molecular weight agent participates in the chemical modifications which 
occur. Barr and Aust (58) have suggested that hydroxyl radicals may produce a 
rapid depolymerization and repolymerization of lignin. This may be one way 
that the observed modifications of lignin structure occur in the brown rots. Non-
enzymatic systems for production of hydroxyl radicals in the brown rot fungi are 
reviewed later in this chapter. 

Importance of pH, Metals, and Low Molecular Metabolites 

Oxalate and the reduction of p H 

The pH of sound wood usually varies between 3 and 6 (59-61). Following 
initial colonization of the wood by hyphae however, the brown rot fungi begin to 
lower the pH of their wood environment (62). Both brown- and white rot fungi 
wil l decrease the pH of wood significantly (63); however, the brown rot fungi, 
in general, reduce the pH to lower levels than do the white rots. Highley found 
that the cellulolytic activity of brown rot fungi, as well as the activity of brown 
rot filtrate, was inhibited in high pH environments (64). High pH was not as 
inhibitory to white rot activity. Green and others (25) used a relatively small pH 
probe, approximately 1mm diameter, to obtain localized pH values of wood 
undergoing decay by the brown rot fungus P. placenta. During the first week of 
incubation the wood pH was reduced to 2.5 and 1.6. Since average pH values of 
ground, extracted wood undergoing decay by this fungus (63) have been 
reported to average 3.7, the lower localized values suggest that some brown rot 
fungi may be able to maintain extremely low pH microsite environments. 

Most brown rot fungi appear to initiate the reduction of pH in their 
environment, at least in part, through the production of oxalate (62,65). 
Maintenance of pH, and micro-pH gradients (42) or micro-pH differentials 
(1,38,66,67) may occur as oxalate crystals are solubilized and the fungus 
regulates the pH via oxalic acid formation. The reduction of pH by oxalate is 
important to the fungus for the function of extracellular enzymes and has been 
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discussed as a key factor in several hypotheses related to low molecular weight 
degradation schemes as outlined in a following section of this chapter. However, 
oxalate has also been hypothesized to function in a number of other ways in the 
fungi (62,68). 

Oxalate is produced in large amounts by many brown rot (25,65,69-72) and 
white rot fungi (65,68,72,73). However only limited work has been done in the 
brown rot fungi to determine the biochemical pathways for its production (74). 
Within the literature, reports vary on levels of accumulation of oxalate, differ in 
distinguishing between production and accumulation of oxalate, and there are 
disagreements on production by certain species (75,76). The oxalate produced 
by decay fungi is predominantly present as calcium oxalate, and in the white and 
brown rot decay fungi that have been studied a dihydrate form of calcium 
oxalate crystal is usually formed. This form of oxalate can be slowly solubilized 
in dilute acid solution. Caution should therefore be exercised when assaying for 
oxalate in fungi because both soluble and insoluble forms (oxalic acid and 
calcium oxalate crystals) may not be detected with some assay methods. In 
addition, fungi that produce oxalate may do so only on appropriate media and 
under certain environmental and pH conditions. Some fungi accumulate oxalate 
over time while others degrade crystalline forms to more soluble forms, so the 
timing of oxalate sampling is also important. 

Connolly and others (72) point out that the brown rot fungus G. trabeum 
initially produces oxalate crystals, but that these crystals are corroded or 
solubilized over time. Oxalate crystal corrosion was not observed in crystals 
produced by white rot mycelia (72), and instead oxalate crystal formation 
continued throughout the period of growth. The appearance of oxalate crystals 
on the surface of newly formed brown rot hyphae and the dissolution of these 
crystals as the hyphae age suggests that brown rot fungi may use the crystalline 
and acid forms of oxalate to regulate the pH of their environment allowing the 
brown rot fungi to produce the lower pH environments typically observed in 
brown rot degradation as compared to white rot. Concepts of brown rot fungi 
accumulating oxalate in growth media while white rot fungi do not (77), may 
reflect more the pH of the media used and other environmental or temporal 
factors (62). Species and strain differences, rather than the class of fungus, may 
dictate factors of oxalate accumulation and production (25,62,72). The hyper-
production of oxalate by both brown and white rot fungi grown on wood in high 
pH environments (78) further supports this argument. Hyde and Wood (42), and 
other authors, have proposed a scheme in brown rots which requires the 
presence of a pH gradient, potentially supported by production of oxalate (See 
sections below on Fenton mechanisms for this discussion). 

Low pH environments are often deleterious to living cells and protective 
systems are employed by some cells to provide protection from acids. The 
mechanism brown rot fungi employ to withstand their acidic environment is not 
known. However previous reports of glucan (fungal or hyphal sheath) 
production which enveloped and then exposed oxalate crystals produced by 
wood degrading fungi (79) suggest the possibility that the extracellular glucan 
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matrix secreted by wood degrading fungi may not only help to maintain the pH 
of the fungal environment, but help protect the organism in acidic environments 
as well. 

Metals 

The ability to sequester, mobilize, and/or accumulate metals is important for 
virtually all microorganisms. Metals are needed in trace (or higher) amounts by 
all organisms for metabolic functions. Alternately, some metals may be 
sequestered and precipitated i f present in concentrations in localized 
environments that would be deleterious to biological activities of the fungi. 
Cation uptake in Douglas-fir decayed by the brown rot P. placenta was 
examined by Shortle (80) who found that magnesium and calcium were actively 
transported into wood during the decay process. In spruce wood decayed by the 
same fungus, researchers found increased uptake of calcium, magnesium, iron 
and aluminum (81). The brown rot G. trabeum was able to translocate cations 
both into and out of wood blocks (82). Interestingly, considering the 
development of Fenton-based hypotheses to explain brown rot degradation 
processes (see later sections of this chapter), the amount of transition metals 
accumulated by brown rot fungi in wood are relatively low (60). This may be a 
mechanism that brown rot fungi employ to control the levels of these potentially 
reactive metals. When these metals are used in cell wall oxidation schemes (36-
38,83), they may be cycled through oxidative reactions to better control 
transition metal-based reactions in the fungal-wood environment as well as to 
maximize their utilization in this environment where transition metals are 
frequently unavailable because of complexation with oxygen other compounds. 

The emerging concept of non-enzymatic degradation 

Cowling (49) first recognized that the known enzymes of the time were too 
large to penetrate into the interior structure of the wood cell wall. Therefore in 
brown rot degradation processes, which involved rapid depolymerization of the 
cellulosic fraction within the wall as opposed to a gradual thinning all 
components of the cell structure, a smaller compound was likely involved. 
Initial hypotheses focussed on the possible existence of a very small mass 
enzyme (49). However, when no such enzyme could be identified attention 
turned to examination of acids and components generally termed as low-
molecular weight systems. 

Research in the 1960's and 1970's by Halliwell (84), Koenigs (85) and 
others proposed that Fenton chemistry may be involved in brown rot 
degradation of wood. Halliwell, in work with cellulose as well as wood 
powders, was the first to show that cellulose could be degraded by Fenton 
reagents. Koenigs (85) showed that the action of Fenton chemistry oxidatively 
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degraded the cellulosic fraction of the wood and, at least in softwoods, did not 
appear to oxidize the lignin fraction. Since ferrous iron is required in Fenton 
reactions and this oxidation state of iron is absent in oxygenated environments 
where decay processes would occur (86,87), a mechanism to reduce iron was 
required. Work by Schmidt and others (88) suggested that oxalate could 
potentially function as this reducing agent; however, later work revealed that 
this type of reaction with oxalate was unlikely to occur in the absence of light. It 
is well established that brown rot decay processes are not dependant on light 
(87,89-90). 

Brown rot degradation mechanisms have been proposed which involve 
oxalate, separate from its role in reducing pH, as a primary agent in the acid 
hydrolysis of cellulose and hemicellulose (25). Cellulose is well known to be 
resistant to the action of weak, non-oxidizing acids (91), but hemicellulose with 
its non-crystalline structure may be more susceptible to attack. Brown rot fungi 
have been reported to preferentially deplete mannan from the hemicellulose 
fraction in early stages of degradation (24,39). However, when wood is treated 
with high concentrations of oxalic acid, depletion of mannan is not observed 
(25), and the loss of other sugars except arabinose (a relatively minor pentose 
sugar which occurs as a side chain in some hemicelluloses) is also minimal. This 
suggests that the action of oxalate on wood does not mimic the action of brown 
rot fungi. However, the slow action of oxalate on the hemicellulose matrix may 
help to open up the wood structure to permit later penetration of fungal 
metabolites. 

Fenton-based free radical mechanisms 

Based on the earlier work conducted with Fenton based systems for hydroxyl 
radical production, several research groups have developed hypotheses 
explaining the function of low molecular weight metabolites, metals, and 
radicals that may initiate degradation of the wood cell wall in brown rot 
degradation. Several of these hypotheses are reviewed in the following sub
sections. Potential concerns and areas of convergence and divergence in these 
hypothesis are discussed within each subsection: 

Glycopeptide Degradation 

Glycopeptide activity in white rot, brown rot, and soft-rot fungi is reviewed 
in depth in a later chapter (see Enoki, Tanaka, and Itakura) and is reviewed here 
only briefly, with focus on the brown rot fungi. 

Low-molecular weight compounds, termed 'glycopeptides', were first 
isolated from brown rot fungi in the late 1980's (92,93). These compounds 
initially were described as having a 1.5kD-5kD mass, containing a small 
percentage of iron, with approximately 22% neutral carbohydrate and 12% 
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protein (94). A new molecular mass of 7.2kD-12kD for the glycopeptide from 
the brown rot Tyromyces palustris has recently been reported (95). The 
glycopeptide possesses the capacity to bind ferric iron, reduce it, and then bind 
the reduced iron. In the presence of hydrogen peroxide the glycopeptide 
generates one-electron oxidation potential as determined by 2-keto-4-
thiomethylbutyric acid oxidation to carbon dioxide. The glycopeptide also 
possesses the ability to oxidize N A D H in the presence of oxygen and thereby 
produces hydrogen peroxide so that Fenton type reactions can occur. 

The structure of the glycopeptide has not yet been elucidated but a heme 
prosthetic group functioning as an active site has been ruled out because of the 
lack of absorbance from 240 to 700 nm. Reaction with dimethylsulfoxide 
indicates that the one electron oxidation activity comes from the production of 
hydroxyl radicals. Enoki, Tanaka and others from this group have proposed that 
the glycopeptide produced by brown rot fungi diffuses into the wood cell wall to 
initiate one-electron oxidation reactions via the reaction of the bound ferrous 
iron and hydrogen peroxide (83). These reactions promote the oxidative 
degradation of both lignin and cellulosic components. 

One potential issue with the brown rot glycoprotein hypothesis is that the 
molecular size of pores in the intact structure of intact wood cell walls has been 
reported to exclude compounds with kD mass greater than 6,000 (21,55,96). If 
the glycopeptide is at the upper range of 7.2-12kD mass as reported, then it may 
be excluded from the wood cell wall; however, the authors discuss the diffusion 
of a deglycosylated 'effector' form of the glycopeptide capable of penetrating 
the wood matrix (95). It is also conceivable that the shape of the glycopeptide is 
elongated and this may allow cell wall penetration. Alternately, the glycopeptide 
may be responsible for the generation of longer-lived radicals such as 
superoxide (95) which are capable of penetrating the wall micro void spaces. 

Cellobiose Dehydrogenase Iron Reduction - Autoxidation 

Hyde, Wood and co-workers (42,89,97) proposed a model where cellobiose 
dehydrogenase (CDH), produced by the brown rot fungus Coniophora puteana, 
would initially bind ferric iron in the low pH environment immediately 
surrounding the fungal hyphae. Critical to this hypothesis is the development of 
a pH gradient by the fungus where, as shown in an example model by the 
authors, the pH at the surface of the hyphae is at 2.5 and increases at a distance 
from the hyphae to pH 4.5. C D H is a multifaceted enzyme capable of carrying 
out the extraction of electrons from cellobiose as well as the higher 
cellodextrans. The enzyme also catalyses the reduction of quinones and wil l 
bind and reduce ferric iron. 

In the presence of oxalate, which the fungus employs to generate and 
maintain the low pH environment surrounding the fungal hyphae, C D H is 
capable of binding and reducing iron. The reduced iron is then released from 
the enzyme where, in the low pH environment, it is stable to autoxidation. It has 
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been estimated (42) that the reduced valence state of iron may have a lifetime of 
an hour or more at the pH's surrounding the fungal hyphae before autoxidation 
wi l l occur. However, as the free ferrous iron diffuses away from the fungal 
hyphae, a higher pH environment is encountered and rapid autoxidation can then 
occur with this reaction also resulting in the production of superoxide and 
hydrogen peroxide (98). The peroxide is able to diffuse through membranes or 
into the wood cell wall where it is able to react with any reduced (94) iron in the 
environment in a Fenton reaction to produce hydroxyl radicals. 

C D H is widespread in the fungi and has been proposed to function in the 
white rot fungi in the generation of hydroxyl radicals (99). In addition to its 
potential importance in Fenton chemistry initiation, it also has been postulated to 
inhibit lignin repolymerization in white rot degradation (100). C D H production 
in brown rots had previously been observed only in C. puteana (42,101) and this 
mechanism was therefore considered unlikely to play a role in other brown rot 
fungal degradation schemes (42). However, in the presence of cellulose, 
cellobiose dehydrogenase (CDH) and quinone reducing activity was recently 
found in P. chrysosporium, G. trabeum and the non-decay fungus Trichoderma 
viride (43). The overall role C D H and reductase enzymes may play in non-
enzymatic biodegradative systems has still not been clearly elucidated and 
should be further explored. 

A concern with the C D H iron reduction-autoxidation hypothesis pointed out 
by the authors of the concept (42) is that the iron-oxalate reaction is very slow, 
even at pH 2.5, and therefore, even i f the enzyme is found in other brown rot 
fungi, iron reduction may be too limited to be effective. Another issue is that 
autoxidation of iron to produce hydrogen peroxide at a specific pH may be 
problematic because iron cannot be readily maintained in two different oxidation 
states in the same environment. If the pH is high enough for ferrous iron to 
autoxidize and form hydrogen peroxide, then this oxidant wil l diffuse and react 
with any ferrous iron in the immediate vicinity. It is unlikely given this scenario 
that significant amounts of ferrous iron would then be available to diffuse deep 
into the wood cell wall. Given the extremely short half-life of hydroxyl radicals, 
Fenton reactions would be required to occur immediately adjacent to sites where 
they are proposed to react (67,102,103). A l l components of Fenton reactions 
must therefore be present within the S 2 layer of the wood cell wall to initiate 
wood oxidation of cellulose and lignin in this layer. 

Chelator-Mediated Fenton System (CMFS) 

Work in this area was initiated in the late 1980's with the discovery of 
phenolate or cateholate derivative compounds produced by wood degrading 
fungi (13,104). These compounds are able to bind and reduce transition metals, 
particularly ferric iron, and are able to carry out multiple reductions in a non-
stochiometric (greater than 1:1), 'pseudo-catalytic' manner. Initially these 
chelators were termed siderophores because the laboratory assays used to 
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characterize their iron-binding capabilities were taken from the bacterial and 
fungal siderophore literature (105-108). Some of the siderophores isolated from 
bacteria, non-wood-degrading fungi, and other microorganisms are undoubtedly 
similar to chelators produced by wood degrading fungi (14,109). However, 
unlike the proposed function of brown rot chelators in mediating Fenton 
chemistry reactions, the function of siderophores in other microorganisms has 
been described in terms of iron sequestration and transport to allow the organism 
to carry out critical internal metabolic processes. Criteria for acceptance as a 
microbial siderophore also require that the producing organism bear a specific 
receptor site on the membrane surface, and to date these receptors have not been 
isolated from wood-degrading fungi. Given the ambiguity in the microbial 
literature on the function of fungal chelators, and because several compounds 
have been isolated from G. trabeum and their structures identified (36-38,83), 
these compounds are now generally described simply as 'low molecular weight 
fungal chelators'. Although two catechol-quinone pairs have been characterized 
as to structure in the Gt chelator fraction (37,83), because most of the structures 
in this active low molecular weight fraction still have incompletely assigned 
functional groups, the general term 'Gt chelator' has been used to define the low 
molecular weight fraction that contains the active metal binding 
phenolate/catecholate compounds (38,66). 

Studies on the function of Gt chelator (14,38,66,67,110,111) have indicated 
that these compounds are produced by the fungus and can be immunolocalized 
in the S 2 layer of wood cell walls undergoing active degradation (13,112). These 
fungal biochelators also mediate the production of hydroxyl radicals within the 
wood cell wall through what has been termed a chelator-mediated Fenton 
system (CMFS). In this system iron is reduced and then repeatedly 're-reduced' 
(112), exceeding a 1:1 ratio for reduction of iron by catechol. This mechanism 
has not been well described in the free radical literature, nor in the medical 
literature, where much of the published work on metal sequestration and oxygen 
radical production is found. However, previous work (113,114) also suggested a 
greater than 1:1, non-stochiometric, reduction of iron by caffeic acid and by 
catechols (775). More recent work has also shown that some catechols reduce 
iron via oxidation and complete or partial mineralization of the phenolic ring to 
C 0 2 (116). Other work on this pseudo-catalytic mechanism using model 
compounds simulating the action of brown rot degradation showed similar 
oxidative degradation of 2,3-dihydroxybenzoic acid with higher amounts of iron 
produced than would be expected from a 1:1 stochiometric reduction (66). This 
suggests that other orthodihydroxy phenolic groups or metal binding/reducing 
compounds produced by brown rot fungi may function in a similar manner. 

Treatment of wood with Gt chelator in C M F S reactions resulted in a 
reduction in cellulose crystallinity similar to that produced by brown rot fungi 
(12,38) as revealed by X-ray diffraction. A reduction in the molecular weight of 
crystalline cellulose was also observed when Avicel l was treated using Gt 
chelator in CMFS (67). Work also showed that oxalic acid could be used by the 
fungus, solubilizing iron to maintain its availability at the low pH values typical 
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of those produced at microsites by brown rot fungi (25). When the pH was 
raised to levels typical of the wood cell wall however, the Gt chelator phenolates 
pulled iron from both oxalate (and from cellulose components) allowing C M F S 
to proceed. This research (66) suggests that a pH differential must exist between 
the fungal hyphal environment and the wood cell wall. The pH differential may 
be manifested as a relatively abrupt pH transition at the interface of the wood 
cell lumen (or hyphal sheath) and S 3 layer (38,67) consistent with the presence 
of an intact S 3 cell wall layer throughout the decay process in some brown rots. 
The concept of a pH differential may fit previously reviewed observations of 
oxalate production and cell wall buffering better than the concept of a gradual 
pH transition within the lumen void space as suggested by Hyde and Wood (42). 

One issue related to the C M F S is that previous workers, in research related 
to the study of white rot degradation mechanisms (117), were unable to identify 
demethylated products from model lignin compounds following treatment with 
Fenton reagent. However, unidentified compounds were the major product from 
Fenton degradation of the model compounds, accounting for 70% of the initial 
model compounds. Most of these compounds were polar phenolics. More 
complete work, comparing products from the reactions of Fenton chemistry on 
wood and lignin to the products from brown rot wood degradation by fungi, is 
warranted (7). 

Quinone Redox Cycling 

Identification of some of the active compounds involved in the C M F S by 
the brown rot fungus G. trabeum has allowed alternative hypotheses focussed on 
the action of these compounds and the generation of free radicals to be 
developed. Paszczyski and others (37) first identified 4,5-dimethoxycatechol 
(DMC) (37) and 2,5-dimethoxyhydroquinone (DMH) as important components 
of C M F S and suggested that redox cycling mediated by quinone reductases may 
be involved. Kerem and others (36) also found the D M H compound as well as 
its oxidized benzoquinone form (2,5-DMBQ) was produced by G. trabeum. In 
later work this group also found the oxidized benzoquinone form of D M C (4,5-
D M B Q ) (83). Other low molecular weight compounds are also produced by this 
fungus using different media (38) and it is likely that under different culture 
conditions, or on different natural substrates, that other compounds may be 
produced (37). The finding of two catechol/quinone pairs, and the strong 
reductive capability of fungal cultures toward quinones, suggested that enzyme-
mediated oxidative reactions could be occurring which involve these catechol-
quinone couples (36,37). 

2,5-DMBQ was found to cleave a polyethylene glycol (PEG) model 
compound in the presence of ferric iron, but only in the presence of G. trabeum 
mycelium (36). This suggested that the reducing capacity of the fungus is 
important in producing D M H , the hydroquinone form capable of binding and 
reducing metal, and this reduction was demonstrated (36). With D M H present, 
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ferric iron was reduced and the ferrous iron was then able to react with hydrogen 
peroxide, also produced by the fungus, in Fenton reactions. Although production 
of hydroxyl radicals was not demonstrated in this work, they were presumed to 
be responsible for the attack on PEG. 

More recent work (83) has furthered the concept that the benzoquinones 
2,5-DMBQ and 4,5-DMBQ can be redox cycled using extracellular quinone 
reductases produced by the fungus. The enzyme provides a source of electrons 
to reduce these compounds to their hydroquinone states ( D M H and D M C , 
respectively) that can bind and reduce iron. This mechanism provides an 
alternative explanation to other work already reviewed (66,67) where the metal 
binding chelators would be oxidized to produce iron reducing potential. 

For either mechanism to work however, the reactive components must be 
capable of diffusing into the wood cell wall. This is because: 1) Hydroxyl 
radicals must be generated in very close proximity to their reaction site to be 
effective (102,103,118), and 2) Free ferric iron, a very limited metal in 
oxygenated environments (87,119), is readily bound to the wood cell wall (67) 
and after moving into the wall wil l not readily diffuse back into the wood cell 
lumen void. Because, as reviewed earlier in this chapter, enzymes cannot 
penetrate the intact matrix of the wood cell wall, it is unlikely that a quinone 
reductase enzyme-based system is actively promoting Fenton reactions within 
the wood cell wall (1,66). It is possible that enzymes may be involved in 
producing longer-lived radical species which are capable of diffusing into the 
wood cell wall to effect oxidative damage, or to generate low molecular weight 
compounds (mediators) with reducing potential (see chapter by L i , K . in this 
text). However, these mechanisms have not yet been found to be active in the 
brown rot fungi. 

Quinone reductase enzymes are important for reducing quinones in the 
immediate environment of the fungal hyphae because these compounds may be 
toxic to the fungus and can mediate undesirable reactions. These enzymes may 
also be important from the standpoint of Fenton-based chemistry because they 
can reduce quinones produced by the fungus to hydroquinone or catechol type 
compounds which can bind and reduce iron. Once these reduced compounds 
diffuse deep within the S 2 layer of the wood cell wall to mediate Fenton 
reactions there, it is unlikely that the oxidized quinonic forms would diffuse 
back repeatedly to the wood lumen to be reduced by the enzyme. Enzymatic 
redox-cycling of these compounds as it has been described (36), would be 
limited. Instead the quinone reductases may simply carry out the important 
function of reducing quinones in the wood lumen region, limiting toxicity to the 
fungus and producing metal binding capacity as described earlier in this chapter 
(67,111). Another possible role for the membrane bound quinone redox system 
is pH regulation. The redox system in brown rots is thought to be linked to a 
proton pump (120) which may function, as an alternate to oxalate, to lower the 
pH in the area adjacent to the hyphae. 
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Fenton Chemistry and Metal Binding Compounds as Related to Differences 
Between Decay and Non-Decay Fungi 

Brown and white rot fungi have both been shown to produce biochelators, 
although the pattern of production and properties of the biochelators produced 
appears to differ (43,121). In studies which examined both decay and non-decay 
fungi, all species tested produced iron-binding compounds. This is to be 
expected since all microorganisms studied have been shown to produce some 
form of siderophore or low molecular weight iron binding compound (722). 
Among the decay fungi that have been examined, the brown rot fungi displayed 
greater amounts of iron-reducing activity than the white rot fiingi (43\ but some 
non-decay mold species were also found to possess significant iron binding 
capability in the low molecular weight fraction. Both decay and non-decay fungi 
produced hydroxamic acid type iron chelators (123). Within the decay fungi 
however, hydroxamic type chelator production was greater in the white rot 
isolates examined, whereas more phenolate (or catecholate) chelators were 
produced by the brown rot isolates studied (43). The compounds hypothesized to 
be active in Fenton reactions in the brown rots, as reviewed previously in this 
chapter, would all fall into the phenolate class of chelator as described in 
classical microbiology terminology (722). 

Even though the white rot and non-decay fungi also produce some level of 
low molecular weight iron binding compounds, it is important to recognize that 
adaptive changes in the manner which metabolites are used is the classic 
evolutionary stategy employed in biology for evolutionary development. 
Developmental change that allows metabolites to be used for new functions is 
one mechanism that species employ to branch out to exploit new niches in the 
environment. This is the essence of evolutionary principle and may have 
allowed some of the higher fungi (basidiomycetes in particular) to use metal 
binding metabolites in different ways than microorganisms that are unable to 
degrade wood. The manner in which brown rot fungi manipulate the pH of their 
environment, the availability of metals, production of hydrogen peroxide, and 
many other metabolite and microenvironmental differences are all different than 
those observed in white rot or non-decay fungi. Just as some Trichoderma mold 
species produce copious amounts of cellulase enzyme, but do not degrade 
cellulose when they inhabit wood, most fungi do not degrade wood simply by 
producing low molecular weight metal binding compounds. The absence or 
presence of a key component, or the repression or expression of a single gene, 
may be all that separates degradative ability or mechanisms for lignocellulose 
degradation. This would also help to explain the presence of gene sequences for 
lacasse in some brown rot fungi that do not normally produce lacasse, as 
reviewed earlier in this chapter (57). 

The addition of a catechol derivative to wood in the absence of soluble iron 
or appropriate pH to allow iron reduction, wi l l not result in the appropriate 
valence state of iron to initiate Fenton reactions. Similarly, even i f appropriate 
conditions exist to promote iron reduction, hydroxyl radicals wi l l not be 
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produced unless a system for generating hydrogen peroxide in proximity to the 
reduced iron exists. Further, even i f conditions exist to generate Fenton 
reactions, these reactions must occur very close to the site of oxidative action on 
lignocellulose for oxidative degradation of wood to occur. Site-directed 
hydroxyl radical production mediated by the binding of Fenton reactants to 
cellulose, just as has been discussed in site-directed hydroxyl radical damage to 
D N A , is also required (67,118). Lignin, which surrounds or encrusts the 
cellulose where iron may be bound may be depolymerized, and rapidly 
repolymerized (58), when Fenton reactions occur at these sites. Discussion 
(1,78) on the possible participation of lignin degradation products in mediated 
Fenton reactions is an area which may prove fruitful to our further 
understanding of brown rot degradation processes. 

Conclusions 

Our view of brown rot decay has changed considerably over the last 50 
years. It is well established that the brown rot fungi rapidly depolymerize 
holocellulose in the wood cell wall and degrade hemicellulose components early 
in the decay process. Lignin is also oxidatively demethylated and its propyl side 
chains are oxidized. Our earlier concept that enzymes were the primary agents 
involved in the degradative process, has now changed to an evolving 
understanding that low molecular weight metabolites must be involved as 
precursors and/or co-agents with enzymatic degradation. The view that brown 
rots do not remove or oxidize lignin has also changed. Scant evidence exists for 
the production of lignin degrading enzymes by the brown rot fungi. However, 
non-enzymatic systems have clearly been shown to oxidize lignin as well as 
cellulose in these fungi, and evidence of lignin metabolism, although much 
slower than that seen in the white rot fungi, is clear. 

The brown rot fungi, in general, reduce the pH of their microenvironment to 
a greater extent than do the white rot fungi. This is thought to favor activity by 
some non-enzymatic systems hypothesized to be active in the bronw rots, as 
well as cellulolytic enzyme activity. The brown rot fungi appear to have the 
ability to regulate the pH of their fimgal microenvironments within the wood. 
Non enzymatic systems currently being examined include work with low 
molecular weight glycopeptides, cellobiose dehydrogenase enzyme systems, 
phenolate chelators, and quinones. Further work must be done on all systems to 
examine convergent and divergent concepts on mechanisms. 
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Chapter 7 

Assessment of Fungal Wood Decay by Lignin 
Analysis Using Tetramethylammonium Hydroxide 

(TMAH) and 13C-Labeled TMAH Thermochemolysis 

Timothy R. Filley 

Department of Earth and Atmospheric Sciences, Purdue University, 
1397 Civ i l Engineering Building, West Lafayette, IN 47907 

Thermochemolysis using tetramethylammonium hydroxide 
(TMAH) and 1 3C-labeled T M A H is an analytical tool recently 
applied to the study of white- and brown-rot decay of wood. It 
has several advantages over more conventional molecular 
pyrolytic and chemolytic techniques in that lignin side-chain 
oxidation and demethylation can be assessed simultaneously, 
while using only tens of micrograms of material. In samples 
analyzed thus far clear distinction in the lignin decay patterns 
between white- and brown-rotted wood residue has provided 
insightful clues into the mechanism of fungal decay at the 
earliest stages of fungal activity. This chapter reviews the 
application of this technique to lignin decay experiments from 
recent literature. 

Significant effort has been expended to detect, monitor, and mitigate the 
degradation of wood by decay fungi particularly in regard to the protection of 
wood in service and the study of wooden archeological artifacts where large 
economic and historical issues are of importance. Early detection of decay is 
critical to avoid structural damage, as strength loss can precede visible damage. 

© 2003 American Chemical Society 119 
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Additionally, early detection is necessary in inoculation experiments where the 
decay mechanisms of wood-rot fungi as well as the effectiveness of anti-fungal 
agents are evaluated. The study of wood decay is also of agricultural and 
ecological importance because vascular plant tissue represents the largest pool 
of actively cycling organic carbon and the rates and type of microbial 
conversion of its constituents exert an important control on soil chemistry (1,2). 
Because woody tissue is a complex composite material made up of a variety of 
crystalline and amorphous biopolymers, it does not easily lend itself to rapid 
analysis of its chemical and physical structure, particularly i f sample quantities 
are small (~ lmg). 

Lignin, a biopolymer composed of phenylpropanoid monomers, accounts 
for approximately 30% of wood mass and represents the second most abundant 
biopolymer constituent in vascular plant tissue as a whole (3). As lignin is 
unique to vascular plants and varies in monomer chemistry and structure based 
upon plant type (4\ its structural components in soil and water can serve as 
indicators of both the presence of vascular tissue and, broadly, the taxonomic 
source (5-7). Additionally, the chemistry of lignin monomers provides clues to 
the extent and type of decomposition as wood decay fungi impart 
"characteristic" chemical signatures in degraded lignin (8-12). Thus, a common 
approach to track and study the chemistry of wood decay has been to analyze the 
abundance and structure of lignin during decay. 

The wide variety of polymeric structures and its infusion within a 
predominantly polysaccharide matrix creates an analytical barrier to analysis of 
lignin in both its native and degraded states. Often multiple techniques, such as 
solid-state 1 3 C - N M R , FTIR, and molecular studies such as analytical pyrolysis, 
alkaline CuO oxidation, and tetramethylammonium hydroxide (TMAH) 
thermochemolysis, are used to infer changing lignin chemistry during microbial 
alteration of samples (11-16). Molecular characterizations typically utilize 
either analytical pyrolysis (17) or chemolysis, such as chemical decomposition 
using T M A H thermochemolysis (10,11) or alkaline CuO oxidation (9) to break 
the lignin macromolecule into monomer constituents. Lignin monomers 
generated by molecular techniques are generally analyzed by gas 
chromatographic (GC), mass spectroscopic (MS), or coupled GC/MS 
techniques. Sample size, sample matrix, or cost, however, frequently do not 
always permit a combined approach and necessitate using microanalytical 
molecular tools. 

T M A H thermochemolysis is a relatively new technique for the analysis of 
lignin structure and decay (6,10,18-21,24). This chemolytic method has been 
used in recent years as a tool to assay the composition and concentration of other 
biopolymeric and polar plant components in a variety of sample matrices (22-
24). With regard to the analysis of lignin, T M A H thermochemolysis is an 
analytical procedure that combines the base catalyzed decomposition of specific 
structural bonds in lignin with simultaneous derivatization of phenols, alcohols 
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and acids with a methyl group (6,24,25). The technique minimizes 
decarboxylation of compounds and yields derivatized polar moieties that are 
amenable to gas chromatography. This is an advantage over traditional 
analytical pyrolysis which excludes highly polar compounds from analysis. 
Additionally, ortho di-hydroxyaromatic compounds, common in hydrolyzable 
tannins and brown-rotted lignin, are readily analyzed by T M A H 
thermochemolysis, in contrast to the analytical alkaline CuO oxidation which 
cleaves these types of bonds. A recent advancement in thermochemolysis 
involves the use of 1 3C-labeled T M A H (25), which permits assessment of the 
degree of aromatic hydroxyl content in the released lignin monomers and a 
compound profile identical to convential T M A H thermochemolysis. This latter 
capability has proven quite useful in the analysis of brown-rot alteration of wood 
(10,16). 

This chapter wil l review the chemistry and application of both T M A H and 
1 3C-labeled T M A H thermochemolysis to the study of fungal decomposition of 
lignin. Following a brief introduction to the native chemistry of lignin and the 
mechanisms by which T M A H thermochemolysis decomposes it, recent field and 
laboratory decomposition studies will be reviewed to demonstrate the 
applicability of this method to detect, at the very early stages of decay, fungal 
degradation of woody and herbaceous tissue. 

The Chemistry of Lignin 

Lignin is a complex biopolymer made up of cross-linked phenyl propanoid 
monomers of cinnamyl alcohol derivatives. These monomers vary in the extent 
of ring methoxylation at the 3 and 5 position with botanical source, wood type, 
and even position within the wood cell wall (26,27). The relative distribution of 
guaiacyl (3-methoxy, 4-hydroxy) and syringyl (3,5-dimethoxy, 4-
hydroxy)phenols vary considerably between angiosperm and gymnosperm 
woody tissue. For example, conifer lignin is based upon guaiacyl units whereas 
angiosperm wood contains both guaiacyl and syringyl monomers. A 
characteristic of non-woody tissues is that they contain significant p-
hydroxyphenols in addition to syringyl and guaiacyl units. In addition to the 
cinnamyl alcohol derivatives which have alcohol groups at the y-carbon, 
herbaceous plants may contain a significant proportion of ester bound phenolics 
with a - C O O H group at the y-carbon. It has been suggested that these acidic 
phenolic monomers serve as crosslinking agents between the lignin and 
carbohydrate components (28). 

The chemical structure of lignin is highly variable owing to the random 
polymerization of phenoxy radicals of the constituent monomers by the action of 
peroxidases (3,26). Models for softwood and hardwood lignins propose 
multiple linkage-types between monomers. These include aliphatic C-C, 
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aromatic C-C, aromatic ether, aliphatic ether, and ester bonds (26,29). The 
lignin monomers are linked predominantly at the P-O-4 positions (Figure 1); 
however, the relative abundance of the (3-0-4 linkage among lignins from 
different plant sources is variable (26). In wheat straw it has been estimated as 
much as 74% percent of lignin monomers are linked by p-0-4 bonds (30). As 
wil l be shown below, it is the predominance of the P-O-4 linkage in lignin that 
permits the application of T M A H thermochemolysis to the study of lignin 
chemistry. 

CH 2 -OH 

iVc " Lignin Biopolymer 

y CHrOH R-

Phi PHC 
a H C - 0 

Lignin Biopolymer 

Figure 1. Chemical structure of the 13-0-4 bond within lignin. 

Thermochemolysis of Lignin by TMAH 

The decomposition of lignin by T M A H thermochemolysis primarily results 
from breaking P-O-4 bonds that have hydroxyl functional groups on the adjacent 
a or y carbons. The main biopolymer-cleaving reaction is thought to proceed 
through an intramolecular oxirane cyclization via the a or y hydroxyl. (25). A 
series of base catalyzed (e.g. reverse aldol, hydride shift, and Cannizaro) 
reactions results in additional depolymerization of the lignin and C-C bond 
breakage within the glyceryl side-chain (25). This is similar to the chemistry of 
soda pulping (31). 

The methylammonium salt serves as a alkylating agent above about 150°C 
for acidic groups on the lignin, e.g, aromatic and aliphatic acids, phenols, and 
aliphatic alcohols, yielding a characteristic suite of methyl ethers and esters 
(Figure 2) (6,25). Derivatization of the monomers also helps to minimize 
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further base-catalyzed decomposition. A n additional distinguishing 
characteristic of T M A H thermochemolysis of lignin is the release of the four 
enantiomers of l-(3,4-dimethoxyphenyl)-l,2,3-trimethoxy propane or l-(3,4,5-
trimethoxyphenyl)-l,2,3-trimethoxy propane (19). When analyzed by column 
chromatography, two peaks consisting of the diastereomeric pairs result (see 
structures G(S)14 and G(S)15 in Figure 2). These compounds retain the full 
glyceryl side-chain from lignin and indicate structurally intact P-O-4 bonds. No 
other chemolytic or pyrolytic techniques form these compounds. 

The Use of 1 3 C - T M A H in Thermochemolysis 

When 1 3C-labelled T M A H is used in the thermochemolysis reaction, all of 
the methyl groups added to the lignin phenols carry an extra mass unit due to the 
stable isotope label. The exact number of labeled methyl groups added to each 
compound can be determined by structural mass spectrometry (25). Figure 3 
illustrates this point with the T M A H thermochemolysis of a bound vanillic acid 
residue on a lignin backbone. The molecular weight of the permethylated 
product exhibits an increase of one mass unit from 198 to 199 when the starting 
material is the 3,4-dihydroxy functionality (R = H) rather than the 3-methoxy, 4-
hydroxy (R = CH 3 ) arrangement found in undegraded lignin. 1 3 C - T M A H 
thermochemolysis maintains the same chemical properties as standard T M A H 
but adds this additional dimension of information concerning the yield of 
hydroxylated phenyl groups in the degraded residue. Demethylation of lignin 
during fungal degradation is determined by subtracting the 1 3 C content of monomers 
in the degraded samples by the 1 3 C content of the respective monomers in the control 
(fresh) samples (10,16). Positive deviations from the 1 3 C content in the control are 
attributed to demethylation by the fungi. A detailed description of the synthesis of 
1 3 C - T M A H , the mechanism by which it depolymerizes lignin, and the 
calculation used to determine the number of methyl groups added is provided 
elsewhere (25). 

Method of Application 

The thermochemolysis reactions are typically performed in two modes: as 
an in-line reaction in a pyrolyzer with direct transfer of products to a GC injector 
(7,32) or in an off-line mode where T M A H is reacted with the wood in an 
ampoule and processed separately prior to analysis (32). Each method has 
benefits that relate to sample size and ease of quantification. These are briefly 
discussed below. 
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In a typical off-line analysis of wood, approximately 15 mg of T M A H (added 
dry or as a solution in methanol or water) is weighed into glass ampoules with 
approximately 1 mg of wood residue. Samples that contain only small amounts 
of lignin wi l l require a larger amount of wood sample (5-10 mg). The ampoules 
are then evacuated on a vacuum line, flame sealed and then heated, typically at 
250 °C for 30 minutes. The methylated products are then extracted from the 
ampoules, taken up in an organic solvent, spiked with a chromatographic 
standard, and analyzed by GC. When running analyses using 1 3C-labeled 
T M A H it is important to use water not methanol to make the 1 3 C - T M A H 
solution that is added to the reactor as methanol wil l participate in the reaction 
and its natural abundance carbon isotope signature wil l confuse the isotope 
ratios used to determine extent of demethylation. Alternatively, addition of dry 
T M A H / 1 3 C - T M A H (without a carrier solution of water or methanol) to a sample 
has also been shown to yield lignin monomers from wood (76). 

; - O H 

o 
T M A H 

'OR Thermochemolysi 
CV-Lignift 

^ B j o j D o ^ m e r 

linkage 

Figure 3. Comparison of the molecular weight difference between G6 produced 
after 13C-TMAH thermochemolysis of a lignin monomer with and without a 

methoxyl carbon at position 3. G6, derivedfrom methylation of a fragment with 
a 3,4-dihydroxy functionality, has a molecular weight 1 mass unit higher than if 

the fragment has a methoxyl group in the 3 position. 

Generally, in-line methods for thermochemolysis of lignin employ a 
commercial pyrolyzer as a reactor that is interfaced directly to the injection port 
of a GC. A variety of pyrolysis units, such as Curie point, quartz tube with Pt 
wire resistive heating and isothermal drop Pt bucket, have been adapted for this 
purpose. Some of these units are available with autosamplers that permit the 
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unattended processing of large numbers of samples. The amount needed for 
analysis depends upon the lignin quantity, but 50 to 100 \xg of wood residue is 
usually sufficient and still requires a large injector split ratio (-100/1) for 
chromatographic analysis. No solvent extraction steps are required and the 
amount of T M A H used is generally 1/20* of that used in the off-line protocol. 
The ability to add standards depends upon the design of the apparatus with the 
greatest ease being that of the drop bucket system where the Pt cups can be pre-
charged. Most in-line thermochemolysis has been designed to obtain qualitative 
distributions of compounds. 

Comparing off-line and in-line methods, the former requires a relatively 
greater investment of time, space (a hood for the extraction procedure), solvents, 
and sample. Benefits include the ability to use larger quantities of sample in the 
ampoules, which is important when dealing with highly degraded samples 
containing only trace quantities of lignin. The latter procedure, however, has 
limitations in its ability to be a quantitative procedure and requires the added 
purchase of a pyrolyzer while requiring very little time investment for 
attainment of the data. Because so little organic matter is used in the in-line 
procedure the homogeneity of the sample is a principle concern for 
reproducibility. 

1 3C-TMAH/TMAH Thermochemolysis of Undegraded Lignin 

Figure 4 compares the GC/MS profiles for Pinus taeda (southern pine) (a) 
and Betula papyrifera (birch) wood (b) reacted with 1 3 C - T M A H under 
thermochemolysis conditions and is provided as an example for distinguishing 
plant source. The woods were analyzed in-line using a Shimadzu Pyr4a 
pyrolyzer interfaced to a GC17A containing a J & W D B - 5 M fused capillary 
column (30m x 0.32 mm i.d. x 0.50 |im film thickness) and temperature 
programmed from 35 to 300°C at 6°C/min with a flow of 1.5 mL/min. Detection 
was by a QP5050A quadrupole mass spectrometer. The pyrolyzer, a Pt drop-
bucket design, was run isothermally at 350 °C with split flow at 50/1. 
Approximately 50 jug of dry wood was used in each analysis. The peak 
notations correspond to assignments in Figure 3. 

Because the relative abundance of p-hydroxy, guaiacyl, and syringyl lignin 
monomers (Figure 2) vary among different plant types, their distribution can be 
used to distinguish sources when comparing thermochemolysis product profiles 
(6). A clear distinction between the two traces in Figure 4 is evident when 
comparing the composition and distribution of peaks. As expected, pine (a) is 
characterized almost exclusively by guaiacyl derivatives while the birch wood 
(b) is composed of both syringyl and guaiacyl analogues. 

T M A H thermochemolysis of undegraded lignin is characterized by 
relatively high amounts of the reduced G(S)4, G(S)7, G(S)8, G(S)14, G(S)15 
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with respect to the oxidized G(S)6. However, a fair amount of variability exists 
between plant species which reflects the complex nature of lignin among plants 
(6,10,11,19,21). It has been proposed that G4 forms primarily as the result of 
thermochemolysis of the a or y hydroxy P-O-4 linkages and as such, the relative 
yield of G4 should be indicative of the degree of alteration of those P-O-4 
linkages (25). Present in significant yield in the thermochemolysis products of 
undegraded lignin are G(S)14 and G(S)15 units, dependent upon the lignin type. 
These compounds contain the fully methylated glycerol side-chain and are near 
to the structure of the complete lignin monomer (19). These compounds are also 
thought to be indicative of undegraded p-O-4 linkages with adjacent hydroxyl 
groups in the sample and are frequently used to asses the abundance of this 
dominant linkage in fresh and degraded samples (10,11,22,34). 

Carbon normalized yields for T M A H monomers from undegraded lignin 
vary considerably depending upon the plant source, but typically range from 3.0 
to 6.0 mg monomer/100 mg of organic carbon (10,11,21). Significant 
differences in the relative yields of the individual compounds in the undegraded 
woods have also been documented and most likely reflect differences in the 
nature of the linkages of the lignin macromolecule among the samples or in the 
association of lignin within the lignocellulosic network of the wood cells. 

1 3 C - T M A H thermochemolysis on a limited set of fresh woods (Picea 
rubens, P. glauca, Abies balsamea, Pinus taeda, Betula papyrifera) yields lignin 
monomers with an average 3,4-dihydroxy and 3,4,5-trihydroxy (as for the case 
of B. papyrifera) content of about 5.5% (10,16,35). The range in values among 
monomers from a particular wood, however, is from 2 to 16% with G6 and S6 
exhibiting the highest hydroxyl content. In fact, the range of all of the 
monomers, excluding G6 and S6, are typically 2-6%. These values represent the 
background level of the nonmethoxylated lignin structure in lignin. Applying a 
mass balance it can be determined that approximately 11% of the measured G6 
and S6 is not methoxylated and may represent either breakdown products from 
extractives, phenolic monomers used to bridge lignin and carbohydrates or 
proteins, or potentially an enhanced base-catalyzed demethylation of methoxyls 
on electron-withdrawing aromatic acids during the T M A H thermochemolysis 
(25). 

It is important to reiterate that T M A H thermochemolysis cleaves specific 
bonds within lignin and the yields upon reaction represent the lability of such 
bonds during the reaction. For example, C-C bonds and ether bonds without 
adjacent hydroxyl groups have minimal reactivity and those moieties bound as 
such are not represented in the released monomers. This is an important 
consideration when comparing the chemistry of lignin from different plants 
sources and investigating the relative decomposition rates of the syringyl, 
guaiacyl, and p-hydroxy phenol components in a lignin, as the proportion of the 
dominant linkages such as P-O-4, p-5, and P~P, for example, will vary both with 
taxonomic affinity and degree of degradation. 
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1 3C-TMAH/TMAH Thermochemolysis of Decayed Lignin 

The fungal alteration of vascular tissue proceeds to a greater or lesser 
degree of lignin modification for brown-, white-, and soft-rot decay (27). At the 
most basic chemical level, fungal alteration of lignin results in demethylation or 
demethoxylation, side-chain oxidation, and ring cleavage. White-rot 
degradation of isolated lignin and model lignin compounds generally involves 
extensive side-chain and ring oxidation (28,36,37) where ring cleavage is 
preceded by demethylation (27,36,37). Brown-rot lignin decomposition is 
generally characterized by side-chain oxidation and extensive ring 
demethylation as well as partial depolymerization (38,39,40). Thus, depending 
upon the type of fungal decay the remaining wood residues may contain lignin 
that is more enriched in oxidized phenolic fragments, as in white-rot and soft-rot 
decay, or high molecular weight, demethylated phenolics with oxidized 
sidechains, as in brown-rot decay. This difference between these decay types is 
also reflected in the yield and chemistry of the lignin monomers. 

T M A H and 1 3 C - T M A H thermochemolysis has been recently used to track 
lignin decomposition by decay (mostly white- and brown-rot) fungi in field-
scale and laboratory-scale fiingal decomposition experiments and to infer 
changes to the lignin structure and decay mechanisms (10-12,15,16,18,24). The 
chemistry of the degraded lignin is monitored by quantifying changes in the 
concentration of T M A H monomers, as influenced by side-chain oxidation and 
recondensation reactions, and their 13C-enrichement upon methylation by Re
labeled methyl groups, as influenced by demethylation. In fact, T M A H 
thermochemolysis of white- and brown-rotted residues suggests that this method 
can be used to distinguish the two decay pathways (10). In the following section 
recent reports of the use of 1 3 C - T M A H and T M A H thermochemolysis to track 
fungal decay are reviewed to demonstrate the applicability of thermochemolysis 
methods to monitor fungal decomposition of lignin. 

Changes in Lignin Monomer Composition With Fungal Decay 

Figure 5 compares the partial GC/MS chromatograms of sapwood of fresh 
southern pine (also depicted in Figure 4) versus samples degraded by an 8-week 
modified soil block decay test (41) by the brown-rot fungus Gloeophylum 
trabeum or the white-rot fungus Phlebia tremellosa. Three parameters typically 
used to relate the degree of lignin oxidation are noted below and in Figure 5. 

1. A, which is the sum of the concentration of lignin monomers in 
mg/100 mg organic carbon content. 
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2. T, which is the concentration of G6 divided by the sum of G14 
andG15 

3. A d / A l (or G6/G4), which is the concentration of G6 divided by 
G4. 

The compositional differences between the chromatograms are illustrative 
of the molecular changes typically seen for these two types of wood decay by 
T M A H thermochemolysis. The overall composition of compounds among the 
chromatograms is nearly identical but the absolute concentrations and relative 
abundances vary considerably. The A values decrease in the white-rot decay 
samples and show a small increase in the brown-rot residue. This trend would 
be anticipated as this white-rot fungus selectively oxidizes lignin while 
enriching polysaccharides, while the brown-rot fungus enriches lignin at the 
expense of cellulose. Decay of wheat lignin by Pleurotus ostreatus lowered the 
A values with respect to the starting wheat straw. (11,12). Similar trends for 
lignin phenolic compounds after white- and brown-rot decay have been 
documented using CuO on inoculated woods (8,9). Brown-rot decay does not 
consistently lead to an increase in lignin yield as one would expect given its 
concentration upon removal of cellulose. Recent investigations of brown-rot 
(Fomitopsis pinicola) using three gymnosperm woods showed decreased yields 
upon T M A H thermochemolysis (10). A likely explanation for a decreasing A in 
brown-rotted residues, even though the overall lignin content is increasing, may 
have to do with radical condensation of lignin phenols. 

The G6/G4 ratio is a common proxy for lignin side-chain oxidation in 
degraded wood (24). Both the brown-rot and white-rot degraded woods in 
Figure 5 exhibit increases in this ratio after degradation. Molecular studies 
using both T M A H thermochemolysis (10-12,24), alkaline CuO oxidation (8), 
and alkaline nitrobenzene oxidation (42) of white-rot degraded lignin 
demonstrate a reduction in the overall yield of monomers and progression in the 
molecular distribution toward oxidized side-chains (e.g. G6 and S6 or vanillic 
acid and syringic acid). The high yield of G6 obtained from white-rotted wood 
is most likely derived from vanillic acid subunits as white-rot degradation is 
known to increase aromatic carboxyl content during the enzyme mediated (e.g. 
laccase and lignin peroxidase) oxidation of lignin (13,37). 

In a comparison of three softwoods degraded by either Phlebia tremellosa 
or Armillaria sp., it was found that each exhibited significant increases in G6 
with respect to all other components upon analysis with 1 3C-labeled T M A H 
(70). In particular, the monomers with the full glyceryl side-chain (G14 and 
G15) and G4 each showed a significant decrease in concentration with decay, 
indicating oxidative cleavage of the C a - C p bond on the side-chain. Therefore, 
side-chain oxidation results in an increase in both G6/G4 and T. Similarly, a 
comparison of the intensities of the T M A H thermochemolysis products from 
wheat straw degraded by Pleurotus ostreatus showed a decrease in G4, S4, G14, 
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S14 and G15, SI5 relative to other products. Consequently, T, G6/G4, and 
S6/S4 all showed significant increases over 63 days of decay (11). In Figure 5, 
while there is an increase in G6/G4 in both degradation experiments, T shows an 
increase only in the white-rot system and a small decrease in the brown-rotted 
wood. A decrease in Twith a concomitant increase in G6 may indicate that 
lignin is being depolymerized to some extent without substantial side-chain 
oxidation but does not necessarily indicate that no side chain cleavage is 
occurring in the brown rotted wood. 

Currently, there is only one published T M A H thermochemolysis analysis of 
soft-rot wood decay (24). The study involved archeological samples from the 
"King Midas Tomb" that exhibited extensive soft-rot decay. Those findings 
indicate chemical properties of the soft-rot similar to both white- and brown-
rotted wood as the A values increased with decay, probably due to a preferential 
loss of cellulose, while the G6/G4 ratio also increased suggesting substantial 
side chain oxidation. 

Lignin Demethylation Examined by 1 3C-TMAH Thermochemolysis 

Demethylation of lignin is a process common to both white- and brown-rot 
fungi (13,39). A characteristic of brown-rot, however, is that the remaining 
residue contains highly demethylated, high molecular weight lignin fragments 
(38,40,43), while lignin remaining after white-rot exhibits a low degree of 
demethylated lignin, as ring cleavage (and metabolism of the breakdown 
products) proceeds rapidly after demethylation (13,40,44,45). 

1 3 C - T M A H thermochemolysis is well suited to track lignin demethylation in 
wood residues (10,16). The woods represented in Figure 5, when analyzed for 
demethylation among the lignin monomers, exhibit chemistry that would be 
considered consistent with the particular type of decay. Figure 6 shows 
histograms of the % dihydroxyl content of the dominant monomers released 
after 1 3 C - T M A H thermochemolysis. The control wood shows background 
dihydroxyl levels of approximately 4% for all of the monomers except G6, 
which is approximately 15%. As previously stated, the high level of hydroxyl 
content for G6 is normally observed. A comparison of the two histograms 
reveals the general relationship between white- and brown-rot residues in that 
each of the monomers from the brown-rotted wood show a significant increase 
in dihydroxyl content whereas the white-rot residues show little or no increase. 
Similar relationships were demonstrated in both field and laboratory inoculation 
studies of softwoods (10). Some brown-rotted field samples have demethylation 
values in T M A H monomers as high as 25% (35). 

The assessment of lignin demethylation or aromatic hydroxyl content by 
alkylammonium hydroxide thermochemolysis was first performed using 
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tetrabutylammonium hydroxide (TBAH) (19,46,47). T B A H thermochemolysis 
effectively butylates phenols leaving methoxyl groups in tact thereby permitting 

18 
c 16 at 
c 14 o 
0 1 2 

§ 1 0 

1 6 
* 4 

2 
0 

'Phlebia tremellosa 8 weeks "control 

t i l l . I 
G14 G15 G4 G5 G7 G8 G6 

Figure. 6. Graph of the % dihydroxyl content for the seven major TMAH lignin 
monomers released after ]3C-TMAH thermochemolysis of fresh southern pine 
and southern pine degraded 8 weeks by the brown-rot fungus Gloeophyllum 

trabeum (a) or 8 weeks by the white-rot fungus Phlebia tremellosa (b). 

an accounting of hydroxyl content. Thus, T M A H and T B A H thermochemolysis 
can been employed as complimentary techniques. T B A H has an advantage over 
1 3 C - T M A H in that it is commercially available while 1 3C-labeled T M A H 
requires synthesis (25). The product distribution obtained from T B A H 
thermochemolysis does not however resemble the compound distribution 
obtained by T M A H as T B A H does not butylate aliphatic alcohols. For example, 
no compounds with the full glycerol side chain are produced (e.g. G(S)14 and 
G(S)15) by the butylation process. T M A H and 1 3C-labeled T M A H 
thermochemolysis products are identical such that labeled reagent can be used in 
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place of regular T M A H . These added benefits of 1 3 C - T M A H can only be 
realized when analysis is performed by GC/MS. 

Long-term inoculation studies of red spruce sapwood by Postia placenta or 
Gloeophyllum trabeum have demonstrated a close correlation between 
polysaccharide loss and demethylation, determined by 1 3 C - T M A H 
thermochemolysis (16). The authors speculated that lignin demethylation may aid 
brown-rot fungi, as the dihydroxy lignin fragments may participate in 
quinone/hydroquinone-mediated Fenton chemistry (46) to produce hydroxyl 
radicals for cellulose decomposition. Figure 7 replots previously published data 
(16) to show the relationship between average demethylation of the lignin 
monomers and polysaccharide content as determined by solid-state 1 3 C - N M R 
over 32 weeks of decay. Lignin demethylation and loss of polysaccharides, the 
form of carbon metabolized by brown-rot fungi, occur simultaneously. The 
monomers exhibit a progressive increase in demethylation while the wood loses 
polysaccharides over the first 16 weeks of degradation. A point to note in Figure 

2 

0 2 0 4 0 6 0 80 100 
% o f original polysaccharide removed 

Figure 7. Plot of average % dihydroxyl content of lignin monomers released 
from 13 C-TMAH thermochemolysis of brown-rot (red spruce inoculated with 

Gloeophyllum trabeum) residue and polysaccharide content of the same residue 
as determined by solid-state 13C-NMR. Values plotted from Filley et al. (2002) 

(Figures 6 and 8). The inoculation duration is noted on each data point. 
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7 is the decrease in demethylation from 16 to 32 weeks. Both Postia placenta 
and Gloeophyllum trabeum degraded wood exhibit this phenomenon. By 32 
weeks there is no longer any polysaccharide carbon identifiable in the residue; 
therefore, it was speculated that either the fungi metabolize the demethylated 
lignin or a radical condensation of the phenolic residues makes them 
inaccessible to the T M A H thermochemolysis technique. 

Relationship Between Demethylation and Side-chain Oxidation 

1 3 C - T M A H thermochemolysis analyses of white- and brown-rotted wood 
residues demonstrates that these distinctive decay types have characteristic 
residues. Each of the brown-rotted woods exhibited a high level of 
demethylation and a low level of acidic functionalities (e.g. G6), while white-rot 

8 9 

Figure 8. Cross plot of G6/G4 and % aromatic dihydroxyl content for 32 
softwood samples from fresh and associated brown- and white-rotted woods. 

Open diamonds indicate decay by white-rot fungi (Phlebia tremellosa, 
Armillaria sp., Phlebia gigantia). Cross-filled diamonds indicate decay by 

brown-rot fungi (Fomitopsis pinicola, Gloeophyllum trabeum, Postia placenta). 
Filled diamonds indicate control woods. The data is a compilation from Filley et 
al. (10,16, 24), comprised of inoculation studies greater than 4 weeks duration 
or degraded wood collected from field samples. Arrows indicate direction of 

chemical evolution of lignin during progressive decay. 
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residues showed low levels of demethylation and a significant amount of 
oxidized aromatic units. These relationships could possibly be utilized to 
rapidly differentiate between the decay types. Figure 8 shows the results from 
32 1 3 C - T M A H thermochemolysis analyses of white- and brown-rot fungal 
inoculation experiments, each from a separate modified soil block experiment 
(41) of 4 weeks or longer duration, or decayed woods collected from field 
samples (10,16,35). The G6/G4 parameter is plotted with the average % 
dihydroxy content of the major monomers released upon 1 3 C - T M A H 
thermochemolysis. Three points are immediately apparent: 

1) Undegraded control wood (pine, balsam fir, red spruce) plot all 
had a dihydroxy content of 3% to 6% and with a G6/G4 of less 
than 1. 

2) Most (> 90%) of the white-rot (Phlebia tremellosa, Armillaria 
sp., Phlebiopsis gigantea) residues have a dihydroxy content of 
less than 6% and a range in G6/G4 of 1 to 8. 

3) The average G6/G4 for the brown-rot (Fomtopsis pinicola, 
Gloeophyllum trabeum, Postia placenta) degraded lignin is 1.2 
with a wide range in dihydroxyl content (6.5 to 19) among 
T M A H monomers. 

These relationships are consistent with known white- and brown-rot activity and 
should be representative of lignin in decayed wood. 

Conclusions 

In summary, as analytical tools 1 3 C - T M A H and T M A H thermochemolysis 
have a number of benefits that make them chemically appropriate for the 
detection of early wood decay. Using 1 3 C - T M A H thermochemolysis one can 
simultaneously assess side-chain oxidation (G6/G4), the prevalence of G14(S14) 
and G15(S15) which can be used in T value determination, and demethylation 
determination, all in one analysis. This is a unique feature among molecular 
chemolytic and pyrolytic techniques and provides multidimensional information 
about the extent and type of decay. In addition, as with other molecular 
analytical techniques T M A H thermochemolysis can be used to assess taxonomic 
affinity by relating the distribution of lignin monomers containing p-
hydroxylphenol, guaiacyl, or syringyl chemical structures to known bulk lignin 
composition among taxa. When using a pyrolyzer interfaced to a GC or GC/MS 
this molecular information can be obtained with very small samples amounts, 
typically on the order of 0.10 mg dry wood, which permits noninvasive 
sampling of lignocellulosic samples. From a limited data set, it appears that 1 3 C -
T M A H thermochemolysis may also be an effective means to rapidly 
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discriminate between white- and brown-rot decay when relating demethylation 
and side-chain oxidation. Because only a minimal sample amount is required 
this capability may be most useful at the very earliest stages of decay, prior to 
extensive visible damage, where early detection can dictate appropriate 
treatment. 
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Chapter 8 

Physical and Chemical Characteristics 
of Glycopeptide from Wood Decay Fungi 

Akio Enoki, Hiromi Tanaka, and Shuji Itakura 

Department of Agricultural Chemistry, Faculty of Agriculture, 
K i n k i University, Nara, Japan 

A low-molecular-weight (7,200~12,000) substance was 
isolated from cultures of brown-rot basidiomycete Tyromyces 
palustris. It contained about 61% protein, 24% neutral 
carbohydrate, and 0.12% Fe(II) by weight. The glycopeptide 
containing Fe(II) alone reduced O2 to • OH and catalyzed 
redox reactions between an electron donor, such as NADH, 
and O2 to produce H2O2 and to reduce H2O2 to • OH. The 
glycopeptide reduced Fe(III) to Fe(II) (1.7 μ M/mg). The 
glycopeptide was a glycosylated peptide and had about 0.83 

μ M glycosylamine/mg. 

140 © 2003 American Chemical Society 
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The Role of Hydroxyl Radicals in Brown-rot, White-rot, and 
Soft-rot Degradation of Wood 

The one-electron oxidation activity in intact cultures of wood-decay fungi 
is generally related with the rate of weight loss during wood degradation in 
those cultures. In brown-rot, most of the oxidation activity is caused by 
hydroxyl radical, while in white- and soft-rots, most of the activity is due to a 
combination of phenol oxidase and • OH. Most hydroxyl radicals produced in 
cultures of some white- and brown-rot fungi are caused in the redox reaction 
between 0 2 and one-electron donors catalized by extracellular low-molecular-
weight glycopeptides. Therefore, hydroxyl radicals in the redox reaction 
mediated by the glycopeptides are important in wood degradation by wood 
decay fungi. The role of the hydroxyl radical in wood degradation by wood 
decay fungi, and the physical and chemical characteristics of the glycopeptide 
are discussed. 

Brown-rots 

Brown-rot fungi can degrade crystalline cellulose in wood, even though 
they lack exo-l,4-glucanse activity (1,2). Although these fungi can also degrade 
lignin, they preferentially metabolize the cellulose and hemicellulose, leaving 
an amorphous, brown, crumbly residue that is rich in lignin (3,4). Despite this, 
brown-rot fungi degrade and metabolize crystalline cellulose only when their 
ligninolytic systems are active. Furthermore, the cellulolytic systems of brown-
rot fungi are always active when these organisms are degrading lignin (4). This 
indicates that brown-rot fungi may possess a unique wood-component-
degrading system that is capable of fully degrading cellulose as well as 
modifying lignin. Hydroxyl radicals ( • OH) have been suggested as being 
involved in the degradation of wood by brown-rot fungi, since they can 
depolymerise cellulose (5) and attacks the aromatic rings in lignin, causing a 
variety of reactions including hydroxylation and ring-opening (6) without 
delignifying wood significantly (7). There is increasing experimental evidence 
to suggest that "OH is involved in the wood-component-degrading system of 
brown-rots. For example, some brown-rot fungi can degrade three 1,2-
diarylethane lignin-related model compounds, yielding the same products in 
relatively large yields as those rising from the degradation of the lignin model 
compounds by hydroxyl radicals (8). High concentration of hydroxyl radicals 
are also detected in cultures of brown-rot fungi in large yields (9). Brown-rot 
fungi cause rapid depolymerization of cellulose in wood before losses in total 
wood substance are detected. The pattern of progressive change in the mean 
degree of polymerization of the holocellulose in wood caused by Fenton's 
reagent is similar to that caused by brown-rot fungi (1,10). The rates of OH-
production in cultures of brown-rot fungi are directly proportional to the 
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degradation rates of wood, and of crystalline cellulose and lignin substrate 
model compounds when these are added to fungal cultures (11,12). In the early 
stages of degradation of wood by brown-rot fungi, the S 2 layer of wood cell wall 
is degraded extensively. The S 3 layer adjacent to the cell lumen is less affected 
when it is attacked by fungal hyphae from the lumens (13,14). During these 
early stages of degradation, fungal enzymes such as cellulase and peroxidase 
are too large to penetrate wood cell walls (15,16). This further suggests that 
brown-rot fungi have a unique non enzymatic degradative system possibly 
involving "OH that degrades wood cell walls at some distance from hyphae in 
the lumen. Pretreatment of wood with • OH results in a marked increase in 
the amount of hydrolysis of the cellulose in the wood by endoglucanases which 
degrade little of the cellulose if the wood is not pretreated with • OH (5). 
When wood is treated with • OH, the hemicellulose is mainly lost and the 
contents of the lignin and cellulose increase (5). This suggests that in brown-
rot lacking exo-l,4-glucanase activity, endo-l,4-glucanse play an important 
role since brown-rot fungi preferentially metabolize the cellulose in wood. 

Extracellular low-molecular-weight glycopeptides that catalyze a redox 
reaction between 0 2 and electron donors to produce the hydroxyl radicals have 
been isolated from wood degrading cultures of the brown-rot fungi, 
Gloeophyllum trabeum and Tyromyces palustris (Figure 1) (17,18). The 
extracelluar substance from T. palustris reduces Fe(III) to Fe(II) and strongly 
adsorbes Fe(II) (18). Most of the hydroxyl radical yield from cultures of T. 
palustris are produced in the redox reaction between 0 2 and certain electron 
donors catalyzed by the low-molecular-weight glycopeptide (19). During early 
stages of degradation, the glycopeptide is localized in the fungal cytoplasm and 
fungal cell wall, and in the extracellular slime sheath surrounding the fungal 
cell wall. The cell wall remains almost intact as long as the fungal hyphae 
remains in the lumen (20). Subsequently the glycopeptide is found throughout 
the wood cell wall, suggesting that it diffuses through the S 3 layer into the S 2 

layer and the middle lamella. 

White-rots 

White-rot fungi deplete all components of the wood cell wall during decay, 
but some species cause selective removal of the lignin in wood. In both the 
decay types, the lignin in wood cell walls being decayed is completely depleted. 
Some white-rot fungi can degrade the lignin in the wood preferentially to 
cellulose. Only in white-rot cultures with high levels of phenol oxidase activity 
(that is, at least one phenol-oxidizing enzyme such as LiP , MnP, or laccase) 
can significant degradation of wood with preferential degradation of the lignin 
occur (21-23). However, the phenol oxidase-activity in cultures of the white-rot 
fungi is not necessarily correlated with the rate of wood degradation by the 
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Electron donors 
(reduced form) 

Electron accepter 
(oxidized form) 

(o2> 

L M W a substance 

^ H 2 0 2 
OH 

L M W substance 
containing Fe(H) 

.reductioi 

L M W substance 
containing Fe(IH) 

L M W substance 
(oxidized form) 

L M W substance 
(reduced form) 

Fig . 1. Proposed mechanism for generation of activated oxygen species by the 
extracellular one-electron oxidizing substance produced by wood decay fungi. 
a Low-molecular-weight 
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fungi in the cultures (23-25). In contrast, the generation of "OH in cultures of 
white-rot fungi is proportional to the rate of wood degradation (23,25,26). 
Although neither MnP or laccase are able to modify or degrade the non-
phenolic lignins, both can degrade the non-phenolic portions of the polymer 
that are linked by j3 -O-4-alkyl aryl ether bonds, provided that some terminal 
phenols are present (27). Thus phenoloxidases such as LiP, MnP or laccase can 
degrade the lignin attacked by • OH since hydroxyl radicals attack the 
aromatic rings in lignin, causing aromatic hydroxylations. 

During early stages of wood degradation by white-rot fungi, only low-
molecular-weight agents are able to diffuse into the wood cell wall (28-30). 
During wood decay, white-rot fungi secrete a low-molecular-weight 
glycopeptide that catalyzes a redox reaction between 0 2 and electron donors to 
produce "OH; furthermore the glycopeptide reduces Fe(III) to Fe(II) and 
strongly binds Fe(II) (Figure 1) (23,24,31). Hydroxyl radical in combination 
with phenol oxidase may play a role in lignin degradation by white-rot fungi 
(23,25,26). Most of the hydroxyl radicals produced in wood-degrading cultures 
of the white-rot fungi, Phanerochaete crysosporium and Trametes versicolor 
are produced in the redox reaction between certain electron donors and 0 2 

catalyzed by the low-molecular-weight glycopeptide (23,25). 

Soft-rots 

The typical microstuctural features of soft rot decay are cavity formation in 
the S 2 layers of wood cell walls (Type 1), and erosion of the S 3 layers adjacent 
to cell lumens (Type 2). In both of these decay types, all the woods chemical 
components in an area proximal to the hypha are simultaneously degraded and 
eliminated, that is, simultaneous removal of all the components at one location 
of the cell wall results from soft-rot. This means that soft-rot fungi as well as 
white-rot fungi completely deplete the lignin in wood cell walls being decayed. 
Soft-rot and white-rot fungi generally produce the full cellulolytic enzyme 
complement (endo-l,4-glucanase, exo-1,4- j3 -glucanase, and 1,4- /3 -
glucosidase) and can hydrolyze highly-crystalline cellulose substrates. But a 
complete cellulase sysytem alone is insufficient for degrading the cellulose in 
wood cell walls because the lignin covering the cellulose prevents their contact 
(32). Therefore in soft-rot as well as white-rot, a ligninolytic system must be 
produced. 

The one-electron oxidation activity in cultures of soft-rot fungi is related to the 
rate of weight loss during wood degradation in the cultures; most of the one-
electron oxidation activity results from phenol oxidase and "OH action; 
although soft-rot fungi can degrade wood and the lignin in the wood only in 
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cultures with significant levels of phenol oxidase activity, the phenol oxidase 
activity in cultures of soft-rot fungi is not correlated with the rate of wood 
degradation in the cultures. (32). This suggests that in soft-rot, phenol oxidase 
activity is essential for lignin degradation, but that "OH may be involved since 
"OH does not delignify wood significantly, and works in combination with 
phenol oxidase, to play an important role in lignin degradation by white-rot 
fungi(25,26). Low-molecular-weight glycopeptides that catalyze a redox 
reaction to produce "OH between 0 2 and electron donors have been isolated 
from wood-degrading cultures of the soft-rot fungi Chaetomiun globosum and 
Xylaria polymorpha (33). 

Thus, hydroxyl radicals produced in the redox reaction between 0 2 and 
electron donors, mediated by extracellular low-molecular-weight gycopeptides 
seem to be involved in wood decay by brown-rot, white-rot and soft-rot fungi. 

Glycopeptide Background 

An extracellular substance that showed one-electron oxidation activity was 
isolated from wood-degrading cultures of the brown-rot fungus T. palusutris. 
The substance was partially purified by acetone- and ammonium sulfate-
precipitations, and gel filtration chromatography on Sephadex G-50 and G-25, 
and D E A E Affi-Gel Blue gel chromatography according to the procedures 
previously described (31). The content of protein, neutral carbohydrates, and 
Fe(II) in the substance are shown in Table 1. The protein content assayed by the 
method of Lowry et al. (34) is 61%. Carbohydrate content, as measured by the 
phenol-sulfuric acid method with glucose as the standard (35) was 24%. 

Table 1. Content of Protein, Neutral Carbohydrate and Fe(II) in the 
Glycopeptide Isolated from Wood Degrading Cultures of T. palustris, and 

the Molecular Weight of the Glycopeptide. 

Protein Neutral carbohydrate Fe(II) Molecular weight 

61% 24% 0.12% 12,000-7,200 
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The Fe(II) content measured with ferrozine (18) was 0.12%. The molecular 
weight determined by size-exclusion chromatography and gel-filtration on 
Sephadex G-25, was in a range of 1,000-5,000 D. But Tricine-SDS-PAGE 
showed that the glycopeptide consisted of at least three bands of 12.0, 10.5, and 
7.2 kDa. The amino acid composition analyzed with an amino acid analyzer is 
shown in Table 2. The glycopeptide has an abundance of amino acids which 
have side chain amino groups. 

Table 2. Amino Acid composition of the Glycopeptide. 

Amino acid % Amino acid % 

asparagine — tryptophan — 
aspartic acid 13.0 threonine 2.7 
alanine 4.1 valine 1.9 
arginine 0.7 histidine 1.1 
isoleucine 0.9 phenylalanine 0.8 
glycine 11.6 proline 1.9 
glutamine — methionine 0.1 
glutamic acid 18.7 lysine 0.6 
cystine 0.7 leucine 1.7 
serine 4.0 N H 3 35.2 
tyrosine 0.2 

The carbohydrate composition determined by the method of Clamp et al. 
(36) is shown in Table 3. The galactose content is very high (74%), whereas the 
levels of N-acetyl-D-glucosamine observed were very limited. The production 
of "OH in the reduction of 0 2 with the glycopeptide under various conditions is 
shown in Table 4. The generation of "OH was measured with dimethyl 
sulfoxide using the method of Fukui et al. (37). The assay for "OH, based on 
the conversion of dimethyl sulfoxide to methane sulfinic acid, and is specific 
for 'OH (19). 

Table 3. Carbohydrate Composition of the Glycopeptide (Sugar %). 

Fucose Xylose Mannose Galactose Glucose N-acetyl-glucosamine 

5 5 5 74 11 0 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
8

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



147 

The results shown in Table 4 suggest that the glycopeptide containing 
Fe(II) alone reduces 0 2 to "OH via 0 2 " and H 2 0 2 , and catalyzes the oxidation of 
electron donors, such as N A D H , in the presence of 0 2 to produce "OH. 

Table 4. Effects of 0 2 and N2 Atmospheres, and of H 2 0 2 , electron Donors, 
Superoxide Dismutase, Catalase and a Hydroxyl Radical Scavenger on the 

Generation of Hydroxyl Radicals by an Extracellular One-Electron 
Oxidation Substance Isolated from T. palustris. 

Additions to reaction Atmospheres Hydroxyl radical generation 

a ) All reaction mixtures contained 3.0mg of the extacellular substance^xlO^mol 
dimethyl sulphoxide , and acetate buffer (40mM, pH 4.5) to total 2ml in a 33ml test 
tube. Test tube were purged with 100% 0 2 or N 2 . Each value represents the average of a 
triplicate experiment. 
b ) Superoxide dismutase,2,670unit/mg, 
c ) Catalase,42,000unit/mg. 
d ) N,N-dimethyl-4-nitrosoaniline. 

The ferric reducing ability of the glycopeptide is shown in Figure 2 which 
indicates that 1 mg of the glycopeptide reduces 1.7 uM of Fe(III) to Fe(II). that 
is, a single mole of the glycopeptide reduces about 20 moles of Fe(III) to Fe(II), 
provided the molecular weight is 12,000. The Fe(III)- and Cu(II)-reducing 
ability of the glycopeptide, and the content of aldehyde and carbonyl groups, 
excluding the peptide linkages in the glycopeptide, are shown in Table 5. The 

mixtures 
x IQ^moltth Relative values(%) 

None 100%O2 

3xl0- 6 molH 2 O 2 100%N2 

3xl0 _ 6mol N A D H 100%O2 

3xl0- 6mol NADH,0.3mg SOD b ) 100%O2 

3xl0"6mol NADH,0.3mg catac) 100%O2 

3xl0' 6mol ascorbic acid 100%O2 

3xl0"6mols N A D H and D M N A d ) 100%O2 

0.6 6 
4.0 44 
9.2 100 
3.6 39 
0.9 10 

28.2 307 
3.3 36 
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Fig. 2. Absorption spectra of solution of Fe(II) and ferrozine, Fe(III) and 
ferrozine, the glycopeptide and ferrozine, and the glycopeptide, Fe(III) and 
ferrozine. A solution (500 ju 1) of Fe(III) (20ppm) was added to solutions of the 
glycopetide (0.066mg, 0.033mg or 0.0165mg ) and the solutions were 
permitted to stand for 24 hours at 28°C. Ferrozine was added to the solutions, 
and the solutions of Fe(II)(10X 10"6g), Fe(III)(10X lO^g) or the glycopeptide. 
Then the reaction mixtures were allowed to stand for 2 days and the absorption 
spectra were measured. A l l reaction mixtures contained 0.4% ferrozine to total 
1.5ml. A: 6.7 ppm Fe(II), B: 0.066 mg of the glycopeptide and 6.7 ppm 
Fe(III), C: 0.033 mg of the glycopeptide and 6.7 ppm Fe(III), D: 0.0165mg of 
the glycopetide and 6.7 ppm Fe(II), E: 0.066mg of the glycopeptide, F: 6.7 ppm 
Fe(III). 
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amount of carbonyl groups in the glycopeptide, excepting those of the peptide 
itself, measured with 2,4-dinitrophenylhydrazine is 0.8 fimol carbonyl 
groups/mg of glucopeptide, that is, about 9 mol/mol provided the molecular 
weight is 12,000. The aldehyde group in the glycopeptide was determined with 
thiobituric acid or methone (dimethyldihydroresorcin) which stoichiometrically 
condenses with aldehyde groups with the loss of water. The aldehyde group is 
less than 2.8x10"9 mol/mg or 0.04 mol/mol provided the molecular weight is 
12,000. The Cu(II)-reducing ability of the glycopeptide measured by the 
method of Somogi-Nelson (38) is 1.6 pmol/mg or 19 mol/mol provided the 
molecular weight is 12,000. This method is used for the measurement of 
aldehyde and a -hydroxyketone or endiol groups. These results mentioned 
above indicate that the glycopeptide is a glycosylated peptide and has about 10 
mol of glycosylamine/mol provided the molecular weight is 12,000. 

Table 5. Fe(IH)- and Cu(II) Reducing Ability of the 
Glycopeptide,and Contents of the Carbonyl Group 

(Except that of Peptide Linkage in the Glycopeptide), 

pmol/mg mol/1.2x1 (fg 

Fe(III)-reducing ability 1.7 20 
Cu(II)-reducing ability 1.6 19 
Carbonyl group-content 0.8 9 
Aldehyde group-content 0.0 0 

The side chain amino groups of proteins will condense nonenzymatically 
with the aldehyde groups of a carbohydrate to give a glycosy 1 amine (Schiff 
base) which undergoes nucleophile-catalyzed rearragements to 1-amino -1-
deoxy-D-fructose derivatives (an Amadori compound). Amadori compounds 
reduce 0 2 to H 2 0 2 and Fe(III) to Fe(II) (39). Thus glycosylated peptides 
containing iron ions can reduce 0 2 to "OH as shown in Figure 3. Extracellular 
glycopeptides have been isolated from wood-degrading cultures of the white-rot 
fungi, P. chrysosporium, Irpex lacteus and Trametes versicolor, and the brown-
rot fungus G. trabeum. The glycopeptides are essentially identical to the 
glycopeptide of T. palustris with regard to their physical and chemical 
characteristics. 
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Fig 3. Proposed mechanism for the generation of • OH and the reduction of 
Fe(M) to Fe( II) by the glycated peptide of T.palustris. 
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Glycopeptide Proposed Mechanism 

Based on the results discussed above, we propose the following mechanism 
for wood degradation by fungi . In wood decay by brown-rot fungi, during the 
initial fungal attack on the wood cell wall, low-molecular-weight glycosylated 
peptides are secreted by fungal hyphae into the wood cell lumen. This effector 
is able to reduce the Fe(III) in wood to Fe(II), chelate the Fe(II), and penetrate 
or diffuse into the wood cell wall. Together with the bound Fe(II), the effector 
catalyzes the oxidation of electron donors present in the presence of 0 2 within 
the wood cell wall to produce "OH via H 2 0 2 . The "OH produced in the wood cell 
wall attacks chemical constituents of the wall and causes the depolymerization 
of both crystalline and noncrystalline cellulose. Modification of the lignin also 
occurs and the fungus then transforms the cell wall layer by cutting channels 
through the S 3 layer for enzyme-diffusion. After that, enzymes such as 
endoglucanases can penetrate the cell wall to act on the cellulose and 
hemicellulose. The proposed mechnism is consistent with the rapid increase of 
the solubility of wood in various solvents, and the rapid initial decrease in 
average degree of depolymerization (DP) of the holocellulose in wood during 
decay by brown-rot fungi (1). 

In wood decay by white-rot and soft-rot fungi, hydroxyl radicals produced in 
wood cell walls by low-molecular weight glycosylated peptides modify lignin, 
resulting in new phenolic, benzyl radical, and cation radical substructures that 
are susceptible to attack by phenol oxidases. The modified part of lignin is 
completely depleted by phenol oxidases such as LiP, MnP or laccase. The 
hydroxyl radicals also depolymerize polysaccharides. The depolymerized and 
exposed polysaccharides are efficiently hydrolyzed and soon depleted by a 
complete cellulase system and hemicellulase. Some white-rot fungi lack exo-
1,4- j3 -glucanase (40, 4) and such species seem to decompose the lignin 
component in preference to the cellulosic component (41,4). The gradual 
decrease in average DP of the holocellulose in wood, and the very small change 
of the solubility of wood in various solvents during decay by white-rot fungi (1) 
can be interpreted in this proposed mechanism for white-rot. 
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Chapter 9 

Role of Metals in Wood Biodegradation 

Jaime Rodriguez1, André Ferraz2, and Maricilda P. de Mello3 

1Renewable Resources Laboratory, Universidad de Concepción, Casilla 
160-C, Concepción, Chile 
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Lorena, Caixa Postal 116, Lorena, SP, Brazil 

3Centro de Biologia Molecular e Engenharia Genética-Universidade 
Estadual de Campinas, Caixa Postal 6010, Campinas, SP, Brazil 

Wood degrading fungi produce several metal-containing 
enzymes that participate in wood biodegradation. In addition, 
they produce iron-reducing compounds that take part in the 
process as well. Ferric ions present in woods and soils are 
essential for living organisms that, in general, produce high 
affinity iron-chelating compounds to scavenge the metal 
necessary for their metabolism. The importance of low 
molecular mass compounds produced by fungi in wood 
biodegradation has been progressively confirmed. Increasing 
evidence has been reported that both brown- and white-rot 
fungi use the Fenton reaction to decay wood. In this chapter, 
the role of metals in wood biodegradation and the results of 
using fungal iron-reducing mimetic compounds are 
presented. Furthermore, the application of a bio-inspired 
fungal degradation system as an alternative to current 
methods of waste-stream effluent treatment is discussed. 

154 © 2003 American Chemical Society 
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Organisms live in equilibrium with the atmosphere and lithosphere, taking 
from it necessary substances for growth. To survive under different 
environmental conditions, microorganisms have developed a number of 
strategies to: a) take up essential but scarce elements in environments; b) 
protect themselves against toxic heavy metal concentrations; and c) utilize 
metals in the biodegradation of organic substances. 

Living systems involve complex mechanisms. In general, microorganisms 
use considerable energy to create and maintain concentration gradients for 
inorganic ions between the membrane and separate organelles inside the cells. 
Similarly, an efficient biological mechanism exists to accumulate both silica 
and Fe(III) ions, each practically insoluble at pH 7, and thus make them 
bioavailable for structural or biochemical purposes ( i ) . 

Several metal-containing enzymes are necessary to life. In wood-rot fungi, 
for instance, iron-containing (lignin and manganese peroxidases, and cellobiose 
dehydrogenase) and copper-containing enzymes (laccases) participate in lignin 
degradation. The enzyme's structures and mechanisms of action, as well as the 
regulation of their expression, wil l be discussed later. However, the 
extracellular enzymes produced by wood-degrading fungi are too large to 
penetrate the intact wood cell wall (2, 5) to initiate the delignification process. 
Therefore there must be cooperative mechanisms, which first involve low 
molecular mass compounds (LMMCs) , such as metal chelators (4) or enzyme 
mediators, capable of preceding enzymes into the microvoids of lignocellulose 
structure and opening up the cell wall. 

From the first report about iron binding compounds produced by wood-
decaying basidiomycetes by Fekete et al. (5), several researchers have presented 
evidence of their participation in wood decay processes. Jellison et al. (6) 
reported the production of low molecular mass iron-binding compounds by the 
brown-rot fungus Gloeophyllum trabeum. Fenton type mechanisms involving 
the participation of iron chelators were proposed to explain wood 
biodegradation. Today it is well known that brown-rot fungi use such a 
mechanism, but a similar process in white-rot fiingi is not yet clear. To carry 
out the Fenton reaction, white- and brown-rot fungi have developed different 
systems to reduce Fe(III), among them dihydroxybenzenes, low molecular mass 
glycopeptides (7) and the enzyme cellobiose dehydrogenase (CDH). In this 
chapter they will be called iron reducing compounds (IRCs) as a general 
designation. 

This chapter does not intend to be all-inclusive, as different mechanisms 
used by wood degrading fiingi and their complexity cannot be discussed in 
detail within a single space-limited chapter. Special emphasis is dedicated to 
the use of synthetic IRCs as mimics of fungal compounds involved in wood 
degradation. 
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Metals in Wood 

Mineral elements enter living plants predominantly through plant root 
systems, therefore in a sense plants act as the "miners" of the earth's crust (8). 
In this task, they frequently are helped by mycorrhizae fungi. Certain elements 
present in wood are essential for the tree growth, whereas others are not 
necessary. The wood inhabiting fiingi use metals present in wood to degrade it 
and for their growth. In addition, metals present in forest soil can also be a 
source of ions for fungi, enhancing fungal capacity to degrade the wood. The 
role of cations in wood biodegradation by brown-rot fungi was previously 
reviewed by Jellison et al (9), and special emphasis was devoted to iron, 
manganese, zinc, copper, calcium, magnesium, potassium, and hydrogen ion. 

Inorganic compounds comprise 0.1 to 0.5 %, oxide basis, of total wood 
components in temperate zones and up to 3-4 % in tropical woods. The main 
inorganic components found in wood ash are potassium, calcium, magnesium, 
sodium, iron, silica, sulfate, phosphate, chloride and carbonate (70, 77). 

Saka and Mimori (12) analyzed the distribution of inorganic constituents 
from the pith to the outer ring of Japanese birch wood by S E M - E D X A . The 
secondary walls of wood fibers, vessels, and ray parenchyma cells usually 
contained detectable concentrations of only three elements, sulfur, chloride and 
calcium. In contrast, almost all other elements detected (Na, M g , A l , Si , P, S, 
CI, K , Ca, Fe and Zn) were found to be localized and concentrated in the ray 
parenchyma cells and the pit membranes between vessels and ray parenchyma 
cells. The distribution of some of these elements (Ca, M g , S, K and Zn) seemed 
to be correlated to the presence of pectic materials. The total level of iron, 
manganese and other transition metals are usually significantly lower than 
found in soil. These metals would be expected to be either bound to components 
in the wood cell wall, or alternatively as insoluble oxy(hydr)oxide forms (13). 
Also, some metals can be transported via fungal hyphae from soil to wood. 
Further research is still needed to refine the relationship between minerals in 
wood and its biodegradation. 

A n attempt to correlate the minerals in wood and the selective 
delignification produced in "palo-podrido" (a term employed to describe 
selectively biodelignified logs found in evergreen temperate rain forests of 
South Chile) was carried out by Agosin et al (14). Elemental analysis of sound 
wood showed a variety of concentrations for P, K , Ca, M g , A l , Fe, Na, M n , and 
Zn among the different species. However, correlation between metal content 
and selective delignification was not observed, although it is important to 
highlight that copper content was not evaluated in this research. 

The contribution of manganese to wood degradation was first reported by 
Hartig already in 1878 (15) as black deposits in white-rotten trees and after 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

00
9

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



157 

that, by Boyce in 1961(7(5). Blanchette (77) demonstrated that the black 
deposits consist mainly of M n 0 2 and attributed the deposits especially to white-
pocket rot. Martinez et al. (18) and Barrasa et al (19) found them also in the 
Chilean "palo podrido". Recently, Schmidt et al (20) were able to produce the 
black manganese deposits also in laboratory wood samples by the action of the 
white-rot fungus Physisporinus vitreus which they had isolated from cooling-
tower woods. Inductively coupled plasma emission analysis (ICP) of Pinus 
sylvestris sapwood samples revealed 46-107 ppm M n for the controls, 55-88 
ppm M n for the non-discolored wood parts of the sample and an increase of up 
to 518 ppm M n in the black parts. T E M / E D X A showed this manganese to 
occur in the S2-layer of the woody cell wall directly beneath the fungal hypha 
and especially in the hyphal extracellular slime layer, both indicating the 
correlation to the manganese-dependent peroxidase (MnP). 

While metal ions contribute to wood degradation mechanisms, they are 
also required in the maintenance of metabolism in living organisms. This is 
especially true for iron. Although it is the fourth most abundant element, by 
mass, in the crust on earth, the availability of ferric iron (in an oxidizing 
environment) is limited by the extreme insolubility of Fe(OH) 3. In general, 
microorganisms produce high affinity iron-chelating compounds to scavenge 
metals required for their metabolic needs. 

Metal-Containing Enzymes 

Several metallo-proteins are involved in wood biodegradation, especially in 
lignin degradation. These enzymes comprise iron- and copper-containing 
proteins. The first iron-containing proteins described iit white-rot fungi were 
the peroxidases viz., lignin peroxidase (LiP) in 1983 (27, 22) and manganese-
dependent peroxidase (MnP) in 1984 (25). More recently, some "versatile" 
peroxidases that oxidize Mn(II), but also oxidize phenolic and non-phenolic 
lignin structures independent of manganese-mediated reactions, have been 
reported in Pleurotus and Bjerkandera species (24-26). Some flavoheme-
proteins, namely cellobiose-dehydrogenase (CDH), have also been reported 
and, apparently, function to catalyze both hydrolytic and ligninolytic reactions 
in wood-decay fungi (27,28). In addition, copper-containing enzymes viz., 
laccases, have a well-documented record of being produced by white-rot fiingi. 

Peroxidases are found not only in white-rot fiingi but also in bacteria, 
plants, and animals, and have molecular masses ranging from 35 to 100 kDa. 
In peroxidases, the heme-prosthetic group has an iron in the +3 oxidation state. 
The iron coordinated to the four pyrrole nitrogens of the heme-group and to 
nitrogen of an axial histidine (29). 
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LiPs are the fungal peroxidases with the highest redox potential. These 
enzymes undergoes a two-electron oxidation by hydrogen peroxide as the 
electron acceptor, leading to the formation of the Fe(IV)/cation-radical 
intermediate, usually referred as compound I (Q). This intermediate is reduced 
in two one-electron oxidation steps, regenerating the native enzyme, passing 
through the one-electron deficient form named compound II (C n ) . The one-
electron reduction pathways occur via enzymatic oxidation of non-phenolic 
lignin structures, giving rise to lignin radical-cations that undergo further 
degradation reactions (30, 31). MnP are similar to LiPs but possess lower redox 
potentials and can use Mn(II) as an electron donor for the catalytic cycle. The 
MnPs, are dependent on Mn(II) oxidation to convert the C n compound to the 
native enzyme form (52). It is believed that the Mn(III) ion generated in the 
catalytic cycle is stabilized by chelating compounds, such as oxalic acid 
produced by the fungi. The chelated Mn(III) diffuses into the wood cell walls 
and oxidize phenolic lignin structures. More recently, some data has shown 
that chelated Mn(III) can also initiate the peroxidation of unsaturated fatty 
acids (UFAs), giving peroxyl radicals and UFA-hydroperoxides that could 
oxidize non-phenolic lignin structures (55, 34). The "versatile" peroxidases are 
similar to MnPs, but can oxidize Mn(II) as well as phenolic and non-phenolic 
lignin structures independently of a Mn(III)-mediated reaction (24, 26). 

Laccases are copper-containing glycoproteins. The copper content of 
laccases varies between two and four atoms per enzyme molecule (55). 
Laccases are coordinated to Cu(II), which is reduced during the oxidation of a 
broad range of substrates such as phenols and aromatic amines. Subsequently, 
Cu(I) is re-oxidized to the divalent stage by oxygen in acidic media yielding 
water as a final product. Many white-rot fungi produce laccases. Even though 
the redox potentials of known laccases are too low to directly oxidize non-
phenolic structures of lignin, they may be important in lignin degradation since 
some laccase-producing fungi degrade lignin very efficiently. At least one of 
these, Pycnoporus cinnabarinus, degrades lignin yet it produces only laccase. 
To overcome the redox potential barrier, it was believed that P. cinnabarinus 
produces the metabolite 3-hydroxyantranilic acid that mediates the oxidation of 
non-phenolic substrates by laccase as a laccase-mediator (36). However, recent 
data have shown that a 3 -hydroxyantranilate-less mutant of this fungus is still 
able to degrade lignin without producing this mediator. Moreover, a laccase-
less mutant of P. cinnabarinus lost its ability to degrade lignin, thus, additional 
research efforts are clearly necessary to understand the role of laccases in wood 
biodegradation (37). 

The flavoheme-enzyme C D H is also produced by many wood-decaying 
fungi (27, 28). This enzyme oxidizes the reducing end of cellodextrins, 
coupling this reaction to single-electron acceptors such as quinones, molecular 
oxygen and Fe(III). C D H plays an important role in wood biodegradation by 
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reducing Fe(III) to Fe(II), which serves as a reductant of both dioxygen to form 
superoxide radicals in the presence of oxalate, and hydrogen peroxide to form 
hydroxyl radicals. 

Metal Regulation of Enzyme Gene Expressions 

Different environmental factors may influence the expression of various 
ligninolitic enzymes. Also, depending on the fungal species, there are several 
L i P genes that encode different isoenzymes (38). The transcription of some L i P 
genes is regulated, particularly by nitrogen, carbon and sulfur availability (55). 
Likewise, many fungi produce more than one manganese peroxidase enzyme, 
and these are encoded by different gene copies (40). The expression of those 
genes is modulated by nutritional conditions as well as by manganese 
concentration (41, 42\ but the mechanism by which the metal exerts its 
regulation is presently unknown. Metal-responsive cis elements (MRE) have 
been found in the upstream region of manganese peroxidase genes from 
different fungal species (41, 42). This may indicate that other metals are 
involved in MnP gene regulation. MREs, which do not respond to manganese 
(43% control the expression of genes and allow organisms to maintain tight 
control over metabollically appropriate concentrations of metal ions. While 
these metals, including zinc, copper, and iron, are maintained at the required 
levels by the fungal system, other toxic metals are efficiently removed. The 
expression of M R E regulated genes in eukaryotes is strongly induced by 
potentially toxic amounts of zinc and cadmium; and also by strong oxidizing 
agents, such as hydrogen peroxide, which is known to regulate MnP genes at 
the level of gene transcription (44, 45). 

There are two allelic variants coded by one gene for C D H in 
Phanerochaete chrysosporium (46). C D H is produced in the presence of 
cellulose, but the possibility that other unknown substrates or environmental 
conditions trigger the production of C D H cannot be ruled out. In yeast, C D H 
may act as an external reductant in a high-affinity iron-uptake mechanism 
which involves Fe(III) reduction by a transmembrane reductase with 
overlapping roles in Fe(III) and Cu(II) reduction (47). 

It has been reported that several fiingi have more than one laccase-
encoding gene. Differential regulation of ligninolytic-enzyme-encoding genes 
in response to culture conditions has been documented previously (48-50). 
Palmieri et al. (51) described the effect of copper on the production of specific 
laccase isoenzyme patterns and regulation at the level of gene transcription. 
This work indicates that laccase genes appear to be differentially regulated by 
the metal. Moreover, the induction of each of the four laccase isozyme genes in 
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Pleurotus sajor-caju by carbon, nitrogen, copper, manganese and the two 
aromatic compounds, 2,5-xylidine and ferulic acid, occurred at the level of gene 
transcription (52). 

In a recent paper, we described the expression of iron-regulated proteins in 
both P. chrysosporium and Lentinula edodes (53). Several polypeptides with 
molecular mass (MM) ranging from 41 to 45 kDa and pis varying from 4.3 to 
5.00 were induced by iron starvation. Since these M M and p i ranges are 
characteristic of lignin and manganese-peroxidases, it is possible that some of 
their isoforms are also iron-responsive. Examining the current literature it can 
be concluded that, for most wood-decay fimgi, metals present in the natural 
environment are not only important as an integral component of enzymes, but 
are also essential elements in the regulation of gene transcription for several 
enzymes important in wood degradation. 

Role of Enzymes in Wood Decay 

There are three main types of wood decay in nature, brown-, soft- and 
white-rot. In brown-rot the polysaccharides are primarily removed and lignin is 
degraded (transformed) only to a limited extent. Soft-rot involves a slow rate of 
polysaccharides degradation and a limited degradation of lignin. White-rot can 
be divided into two additional sub-types. One involves the decay of all wood 
components simultaneously. In this case, wood decay occurs by formation of 
erosion troughs and by progressive thinning of wood cell walls. This type of 
decay is consistent with a model in which several polymer-degrading enzymes 
act on the exposed surfaces of the wood cell walls producing a progressive 
erosion of wood components from the lumen to the middle lamella. The second 
type of white-rot account for a relatively small number of fiingi that are 
selective for lignin degradation. In this case, removal of lignin and polyoses 
from the wood cell walls occurs without progressive thinning of the wall. For 
this type of white-rot, it has been demonstrated that even after long 
biodegradation periods when significant amounts of lignin and polyoses have 
been removed, the wood cell walls remain inaccessible to enzymes of molecular 
masses around 40 kDa. This indicates therefore that selective white-rot 
processes cannot be caused by the direct action of the enzymes on wood cell 
walls (54). 

In a recent study evaluating the levels of enzymes produced during wood 
decay by white- and brown-rot fimgi, Machuca and Ferraz (55) demonstrated 
that these fimgi produced several extracellular enzymes when wood chips 
underwent solid-state fermentation. The profiles of enzymatic activities 
produced during wood decay varied among the different fungi studied, but some 
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general features were noted. A l l these fiingi produce polysaccharide hydrolytic 
activities, but brown-rot fungi produced higher levels of cellulases and 
xylanases than did white-rot fiingi. On the other hand, phenoloxidases were 
only found in white-rot fungal extracts. In general, high enzymatic activity did 
not necessarily result in large amount of enzyme-specific wood component 
removal. Nevertheless, lignin removal (either by enzymatic or a hypothetical 
non-enzymatic mechanism) was confirmed as a key process for wood decay. 
The extent of polysaccharide degradation was closely dependent on the extent 
of lignin removal. For example, the highest polyose losses were observed in 
cultures of the white-rot Trametes versicolor, Pycnoporus coccineus and 
Phebia tremellosa. However, these fimgi were not the best producers of 
xylanases. The xylanase activities detected in the cultures of these fungi at 
advanced stages of decay (after 90 days of biodegradation) were almost 10 
times lower than the activities detected in cultures of the brown-rot fungi. 
Interestingly, T. versicolor, P. coccineus and P. tremellosa were also the best 
lignin degraders, which suggested that lignin removal resulted in increased 
wood cell wall permeability, facilitating the diffusion and action of hydrolytic 
enzymes. In the brown-rot fungi, with their limited (or absent) capacity to 
remove lignin from the wood cell walls, the capacity for polysaccharides 
degradation was not proportional to the high level of hydrolytic activity 
produced. These data also confirm that polysaccharide degradation by brown-
rot fimgi depends, at least for a portion of cell wall fragmentation, on the action 
of L M M C s that diffuse into the wood cell wall even in the presence of lignified 
material. 

Iron Reducing Compounds 

The important role of L M M C s in wood biodegradation processes has been 
repeatedly confirmed through experimental validation (4, 56). Among L M M C s , 
those with metal-chelating characteristics, especially iron-chelating 
compounds, have been well reviewed (4). In a first approach to evaluate the 
role of G. trabeum iron chelators in brown-rot decay, Goodell et al. (4) reported 
that cathecol-type compounds were involved in a Fenton reaction employed by 
the fiingus in the wood degradation process. Two years later, Paszczynski et al. 
(57) isolated two ferric chelators, 4,5-dimethoxycatechol (DMC) and 2,5-
dimethoxyhydroquinone (DMH), from stationary cultures of the same ftmgus. 
They considered several possibilities for the role of D M C and D M H such as 
oxygen-reducing agents and redox-cycling molecules, which could act as 
electron transport carriers in Fenton reactions. Further evidence for an 
extracellular hydroquinone-driven Fenton reaction in the biodegradative 
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mechanism of the brown-rot G. trabeum was reported by Kerem et al (58) and 
Jensen et al (59). Several papers demonstrated that those L M M C s were iron-
chelating compounds, but not necessarily of the siderophore-type as initially 
thought. Actually, these compounds promote Fe(III) reduction with consequent 
H 2 0 2 production. The production of Fe(II) and H 2 0 2 promote an extracellular 
Fenton reaction, which in turn provide the fungus with the capability to 
degrade a great variety of organic compounds. The production of these IRCs by 
white- (T. versicolor, Perenniporia medulla-panis previously known as Poria 
medulla-panis) and brown-rot (G. trabeum, Wolfiporia cocos) fiingi was 
recently evaluated by Milagres et al (60). G. trabeum showed the highest 
Fe(III) reduction ability as determined by ferrozine assay. 

The occurrence of IRCs associated with "palo-podrido" (a good example of 
extensive and selective wood biodelignification) has been recently evaluated, 
and was tentatively related to the lignin biodegradation process (61). Water 
extract of field-collected samples of "palo-podrido" contained iron-chelating 
compounds based on a chrome azurol S (CAS) positive test (62). To recover 
L M M C s with iron-chelating capacity, decayed wood samples were extracted 
with ethyl acetate. After solvent evaporation, residual solids were suspended in 
water and filtered. Filtrates also reacted positively with C A S , which indicated 
the presence of iron chelators. Based on a negative Czacky test (63) and a 
positive Arnow test (64), chelators were classified as catechol compounds. The 
filtrates containing iron chelators were analyzed by G C / M S after methylation. 
The structures of the most abundant compounds are shown in Figure 1. Almost 
all compounds possessed hydroxyl and carboxylic acid groups, which were 
methylated in the derivatization procedure. The presence of carboxylic acids 
and phenolic compounds in the extracts explains the iron chelating capacity 
revealed by C A S positive reaction. Compound 6 was the major component 
found. 

The origin of the compounds detected in "palo-podrido" is not clear. It is 
still uncertain whether these compounds are products from lignin or aromatic 
extractive biodegradation, or metabolites synthesized by the fungal species 
involved in "palo podrido" formation. Several low molecular mass aromatic 
carboxyllic acids have been found in decayed wood samples (65). Vanillic acid 
was the major compound extracted from decayed spruce, a softwood. Syringic 
and vanillic acids together were major compounds found in decayed birch, a 
hardwood, whereas 4,5-dihydroxyphthalic acid was a minor component. Tri- , 
tetra- and penta-aromatic carboxyllic acids (compounds 7 to 9) have not been 
reported in decayed wood as products of lignin degradation, and they seem to 
be fungal metabolites. 

As discussed before, IRCs have been postulated to play an essential role in 
wood cell wall degradation in brown-rot fungi. However, that mechanism is not 
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Figure L Proposed structures for the IMM iron chelators found in "polo 
podrido " extracts after methylation 
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compatible with "palo-podrido" formation, since the activated oxygen species 
produced are highly reactive and unselective therefore it could not explain 
selective lignin degradation. To investigate this, preliminary work was 
conducted to determine whether the aromatic hydroxyacids found in "palo-
podrido" could reduce iron simultaneously with oxidation of an external 
electron donor (instead of self-oxidation of the chelator) to form activated 
oxygen species Thus, filtrates from "palo-podrido" samples were assayed for 
iron reduction and concurrent oxidation of o-dianisidine. Figure 2 shows that 
significant iron reduction occurred. Approximately 3.1% of the initial Fe(III) 
concentration (500 micro-M) was reduced after the first minute of reaction and 
after 10 minutes, 9.5% of the initial Fe(III) was reduced. Reduction activity, 
expressed on the basis of extracted dry mass of "palo-podrido", was 12.5 micro-
moles of Fe(III) reduced/min/kg of dry wood. The capacity for Fe(III) reduction 
in the filtrate was ascribed to the presence of catechol derivatives (57, 58, 66) 
such as compound 6, which was present in high concentrations in the filtrate. 
Measuring the oxidation rate of freshly prepared o-dianisidine at different ferric 
iron concentrations, as shown in Figure 3a, provided a determination of the 
oxidative capacity of the filtrate. The rate of o-dianisidine oxidation was low 
and dependent on iron concentration (Figure 3b). At the maximal iron 
concentration assayed, the estimated activity was 0.9 micro-moles of oxidized 
o-dianisidine per minute per kg of extracted dry wood. A comparison of the 
reduction activity of the iron chelators (12.5 micro-moles of reduced iron/min) 
with the oxidation rate of o-dianisidine (0.9 micro-moles of oxidized o-
dianisidine/min) suggested that auto-oxidation of the iron chelators was 
preferred to oxidation of external electron donors, such as o-dianisidine or 
lignin derivatives. These results demonstrate that i f the IRCs found in "palo-
podrido" are involved in the biodegradation process mediated by Fe(III) 
reduction, direct oxidation of phenolic substrates should not occur to a 
significant extent. 

The mechanism hypothesized to function in brown-rot decay mechanisms, 
where Fe(II) reacts with H 2 0 2 and generates an O H radical, is unspecific and 
should unselectively degrade all cell wall components. This would not be 
compatible with the selective lignin removal pattern observed in "palo-
podrido". These contradictory observations suggest that in white-rot decay, the 
chelators (if such is the case) may act through a different mechanism. Perhaps 
the production of activated species mediated by IRCs might govern just the 
initial stages of wood biodegradation. Such as the initial opening up of the cell 
wall proceed lignin removal could continue through the action of lignin specific 
oxidative enzymes. This hypothesis is supported by the ^ g h concentrations of 
IRCs found only in palo-podrido samples that were not completely collapsed. In 
samples showing very advanced decay stages (collapsed), IRCs activity was 
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Reaction time (min) 

Figure 2. Iron reduction promoted by filtrates recovered from "palo podrido" 
samples. Absorption at 562 nm corresponds to the formation offerrozine-Fe2+ 

complex. (-A-) "palo-podrido"filtrate; and (-o-) control without "palo-
podrido "filtrate. 
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c 0,06 

6 

Reaction time (min) 

0,12 

0,09 

0,06 

B 
c 
E 
E c 

0,12 

0,09 

0,06 

0,03 

0 0 i i 

0 200 400 600 

Initial Fe3* concentration (103M) 

Figure 3. (A) o-Dianisidine oxidation at different ferric iron concentrations 
mediated by "palo-podrido"filtrate. Initial concentration of ferric iron: (-A-) 
500 pM, (-M-) 200 pM, (-•-) 100 pMf (- +-) no added external iron and, (-o-) 
control reaction without filtrate. (B) Rate of o-Dianisidine oxidation by upalo 

podrido "filtrate as a function of the initial ferric iron concentrations (-o-). All 
reactions contained 8 mM oxalate to prevent o-dianisidine oxidation by water-

solvatedferric iron. 
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negligible. Further research into the involvement of these iron-reducing 
compounds in "palo-podrido" formation is needed to better understand the 
biochemical mechanisms of this unique natural wood decay process. 

Finally, it is important to consider not only O H radical production by wood 
degrading fimgi, but also the different activated species formed in the presence 
of a chelator during Fenton reactions. According to Winterbourn (67) and 
Goldstein and Meyerstein (68), an inner sphere mechanism is the best 
representation for Fenton reactions. Fe(II), when complexed to a ligand (L), 
forms the transient species ( L - F e H 2 0 2 ) 2 + as in eq 1 (67, 68). The transient 
species formed in eq 1 could be broken down along several pathways to yield 
hydroxyl radical (eq 2), or an Fe(IV) specie (eq 3), or by directly oxidizing a 
substrate (R) as in eq 4. The relative importance of these reactions depends on 
the nature of the chelator and, by extension, the pH. These reactions could be 
similar to those used by some fimgi in wood degradation. 

L -Fe 2 + + H 2 0 2 ^ ± ( L - F e H 2 0 2 ) 2 + (1) 

( L - F e H 2 0 2 ) 2 + > L -Fe 3 + + # O H + OH" (2) 

( L - F e H 2 0 2 ) 2 + > L -Fe 4 + + 20K (3) 

( L - F e H 2 0 2 ) 2 + + R > L -Fe 3 + + OK + # R O H (4) 

Conversely, extracellular substances with chelating properties may 
function as transition metal scavengers to maintain fungal metabolism and 
produce extracellular metal-containing enzymes. 

Iron Reducing Biomimetics 

Our strategy has considered the use of the dihydroxybenzenes (DHBs), 
such as 1,2-benzenediol (CAT), 2,3-dihydroxybenzoic acid (2,3-DHBA) and 
3,4-dihydroxybenzoic acid (3,4-DHBA), as simple models of fungal iron 
reducing compounds. These DHBs reduce Fe(III) to Fe(II) and promote the 
oxidation of the lignin model compound veratryl alcohol (VA) in the presence 
of H 2 0 2 (69). 
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The kinetics and reaction mechanisms of Fe(III) reduction by 2,3-DHBA 
were reported by X u and Jordan (66). The proposed mechanism considers first 
a reduction of free iron (III) in the Fe(IH)/2,3-DHBA complex followed by two 
reversible electron-transfers to give the quinone product. Quinones play an 
important role in Fenton oxidation of aromatic compounds (70) and chelating 
agents have been found to drastically alter the iron catalytic efficiency in the 
Haber-Weiss reaction (71). It has been reported that catechols lead to an 
enhanced formation of hydroxyl radicals during ferric ion-hydrogen peroxide 
reactions (72). The participation of different Fe(III) reducing compounds in 
Fenton reactions and their role in increasing the oxidation potential of the 
Fe(II)/H202 system has been studied. Catechols (chlorogenic acid and caffeic 
acid) reduce Fe(III), leading to an enhancement of hydroxyl radical formation 
in the Fenton reaction (72, 73). 

The increased oxidative activity in the DHBs-driven systems could be 
attributed to the formation of additional activated species that are produced in 
the Fenton reaction. Fenton chemistry alone, without DHB's , produces an 
insignificant amount of degradation of V A compared with reactions catalyzed 
by DHB's (69). Conversely, in the presence of M e O H (15%), used as an O H 
radical scavenger, the degradation of V A is completely inhibited in 2,3-DHBA 
and 3,4-DHBA systems, and partially inhibited in the C A T system. 

The formation of the DHB-Fe(III)-H 20 2 transient complex, can be detected 
by a fast decrease of the charge transference band (for catechol complex at 700 
nm) according to Ito et al. (74). Figure 4 illustrates the proposed complex and 
the fast decreasing of the charge transference band by intramolecular oxidation 
of the catechol in the complex. It is suggested that this complex can react as in 
equations 1-4. 

Chemiluminescence studies usually permit the quantification of all 
activated or radical species. Chemiluminescence produced in unchelated Fenton 
reactions is high, but decays in less than five minutes, whereas Fenton reactions 
in the presence of DHBs emit chemiluminescence for more than 120 minutes. 
The rate of V A degradation has been correlated with the period of 
chemiluminescence (CAT>2,3-DHB>3,4-DHB), and not with the integrated 
counts (62). 

Parra et al (75) reported the degradation of both lignin and pulp bleaching 
effluent by 2,3-DHBA and 3,4-dihydroxyphenylacetic acid (DHPAA) 
complexed with Fe(III). The 2,3-DHBA/Fe(HI) and DHPAA/Fe(III) systems 
modified the fluorescence of dioxane lignin, decreasing its intensity by 100 and 
85%, respectively. Also, a bleaching kraft effluent (first alkaline extraction) 
had its fluorescence intensity decreased by 80% after 2,3-DHBA/Fe(III) 
treatment. 

Fenton chemistry has been proposed for use as an efficient option for 
effluent treatment. Through reverse-bioengineering researchers have discovered 
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< 
400 500 600 700 800 

Wavelength (nm) 

Figure 4. Proposed transient complex (Catn-Fe3+ -H20^ detected by fast 
decrease in the charge transfer band. 
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that the efficient Fenton system and mimetic analogs generated by wood 
degrading fimgi can potentially be utilized for pulp and paper industry effluent 
treatment, and for the treatment of other effluents containing recalcitrant 
compounds. Understanding the biological pathways involved in these processes 
could allow new improvements in Fenton reactions making wastewater 
treatment with this type of system feasible. Using iron in small amounts could 
reduce the cost of the treatment, and iron oxide sludge production would be 
minimized. Advanced Oxidation Process (AOP) is the term commonly given to 
the generation and use of hydroxyl radicals in effluent treatment. Some 
examples are H 2 0 2 A J V , Fe /H 2 0 2 /UV, T i 0 2 / U V , etc. In this regard, the 
bioinspired process described here, which results in the production of O H 
radicals for effluent treatment, may be considered an AOP. The technical 
application of this mechanism for the production of O H radical in a cyclic 
system we have therefore termed the "Fungal Advanced Oxidation Process" 
(FAOP). The primary components of the system consist of Fe(III), an iron 
chelator, hydrogen peroxide and, eventually, an enzyme to recycles the 
chelator. 

As a first approach, we have used catechol, 2,3-DHBA and 3,4-DHBA, all 
chelated with iron and hydrogen peroxide to treat a pulp bleaching effluent 
(76). The 2,3-DHBA/Fe(III)/H 20 2 treatment at p H 4.0 decreases A O X by 95% 
compared to a 65% decrease with Fe(III), peroxide and no chelator. This 
clearly shows an enhancement of the Fenton reaction. A reduction in toxicity is 
also observed in samples treated with 2,3-DHBA at pH 4.0 (90%) when 
compared to the ferric iron and peroxide reaction (70%). 

Degradation of 2-chlorophenol and 4-chlorophenol in aqueous solutions 
has also been examined. Complexes formed between DHBs and Fe(III) were 
more efficient in degrading chlorophenol than the D H B complexes formed with 
Fe(II) or in the absence of chelators. Comparing chelators in regard to their 
degradation abilities, catechol and 3,4-DHBA were more efficient than 2,3-
D H B A . 

The DHB-driven Fenton system has some advantages over non-DHB iron-
peroxide reactions. These include the use of reduced amounts of iron, the 
higher p H of working solution, and the faster degradation rate. These 
promising results suggest that an improvement of the Fenton reaction using 
chelated-driven Fenton systems can be attained. Our experience has shown 
that, learning from fungal wood decay mechanisms, it is possible to mimic 
these processes and apply them in diverse fields. Our next step to further this 
work is to use fungal mycelium or extracellular enzymes to recycle the chelator. 
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Chapter 10 

Non-Enzymatic Iron, Manganese, and Copper 
Chemistry of Potential Importance in Wood Decay 

William P. Henry 

Department of Chemistry, Mississippi State University, 
Mississippi State, M S 39762 

Iron, manganese, and copper may play an important role in the 
non-enzymatic fungal decay of wood. Specifically, these 
metals are believed to be involved in the generation of 
hydroxyl radicals or other oxidizing agents which, in turn, 
attack the wood structure. This review discusses the chemistry 
of iron, manganese, and copper and how this may relate to the 
fungal decay of wood. Particular attention is given to the 
coordination, oxidation-reduction, and Fenton chemistry of 
these metals. 

Much of the destruction of the components in wood by fungi is enzymatic 
(7). Before these large enzymes can begin their digestion of the various 
components of wood, however, an initial disruption of the wood structure must 
be accomplished. This initial non-enzymatic attack creates openings through 
which the relatively large enzymes can diffuse. Various oxidizing agents, 
primarily the hydroxyl radical, have been implicated for this initial attack with 
hydrogen peroxide as the likely precursor to the hydroxyl radical (2). 
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Because radicals are both extremely reactive and non-specific in their 
reactivity they must be generated away from the fungus and in the vicinity of the 
wood component to be decomposed (3). If the radical is generated in close 
proximity to the fungus, the radical will have a deleterious effects on the fungus. 
With these factors in consideration, a generalized working hypothesis for the 
non-enzymatic degradation of wood is represented in Figure 1 (3-11). 

Figure 1. Possible process by which fungi generate hydroxyl radicals where A 
and B are redox cycles. Dashed arrows represent different possibilities for 
generation of Red! (Reductant 1 in Redox Cycle A). Other oxidizing agents 

besides the hydroxyl radical may be involved in the fungal degradation 
mechanism. 

The Fe 1 1 cation (or other cationic metal species, as discussed later) reacts 
with hydrogen peroxide to generate a very reactive intermediate which 
subsequently oxidizes organic substrates in a process referred to as the Fenton 
reaction (12-18). The classic view is that the reactive intermediate is indeed the 
hydroxyl radical (eq 1). Thus, Fe1 1 (or Cu1) can serve as Red2 in Figure 1, but 
iron in an aerobic environment exists in the trivalent oxidation state (Fe f f l). As 
such, reduction of the Fe i n (or Cu11) cation (0x2) must occur for the Fenton 
process to operate. In addition, the Fenton process requires a hydrogen peroxide 
source. Alternatively, it is conceivable that iron, manganese, and/or copper can 
generate oxidizing agents through mechanisms besides the Fenton process, as 
will be discussed. 

H 2 0 2 + F e 2 + • F e 3 + + HO" + HO- (1) 

Wood-rotting fungi also secrete oxalic acid (7). Thus, the region around the 
fungus is acidic and a good chelating agent, the oxalate dianion (ox 2), is 
introduced into this environment. Recent work has determined that phenols and 
dihydroxybenzenes are also secreted by the fungus (2,4,5,19,20). In addition to 
being reducing agents, some of these species also coordinate to metal cations. 
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The above discussion suggests that both the oxidation-reduction chemistry 
that interconverts the common oxidation states of iron, manganese, and copper 
and the coordination chemistry of the various metal oxidation states with 
chelates present in the system could be important in the fungal degradation of 
wood. Therefore, these two topics, oxidation/reduction and coordination of iron, 
manganese and copper, are the focus of this review. 

The Aqueous Chemistry of the Metal Cations 

Iron 

In addition to the metallic state there are two common oxidation states for 
iron, II and III. Other oxidation states found for iron complexes are -II, O, I, IV, 
V , and V I (21). In both the II and III oxidation states the coordination number 
tends to be 6 with an octahedral geometry (22). The structure of the hexaaquo 
complexes for both the Fe 2 + and Fe 3 + cations are represented below. 

O H 2 

U2Oh.j %x\OH2 

2+ or 3+ 

H 2 0 ^ I ^ O H 2 

. O H 2 : 
It is important to realize that the hydrated Fe 3 + cation undergoes 

deprotonation (hydrolysis) according to eq 2 (23). The negative log of the 
equilibrium constant (pK) for this process at 25°C varies between 2.2 and 3.0, 
depending on the ionic strength of the solution. 

[Fe(H 2 0) 6 ] 3 + ^ [Fe(H 2 0 ) 5 (OH)] 2 + + H + (2) 

This means that the pH must be approximately 1.5 or less for the hexaaquo 
complex to be the only species present in solution. At higher pH, hydroxy 
complexes are present as a significant amount of total iron. The hydroxy 
complexes react to form oxide-bridged dimers and other compounds. 
Eventually, precipitation of the red-brown solid with the empirical formula 
FeO(OH) occurs. In the absence of other ligands, for Fe 3 + to remain solubilized 
the pH must be lower or equal to 1.5. 

Like trivalent iron, Fe 2 + undergoes hydrolysis (pK of 9.5). However, it is 
not necessary to decrease the acidity of the solution beyond what occurs upon 
dissolution of Fe 2 + salts to prevent precipitation. Except under very acidic 
conditions some divalent iron exists as hydroxy complexes in solution (21). 

The standard potential for the Fe 3 + /Fe 2 + couple (eq 3) is 0.77 V (21). This 
suggests that 0 2 should readily oxidize Fe 2 + to Fe 3 + in aqueous solution. 
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However, because of the presence of hydroxy iron complexes the potential for 
the reduction of F e m to Fe 1 1 is pH-dependent (24). The rate of autoxidation of 
Fe 2 + is also pH-dependent and has been shown to be very slow under relatively 
acidic conditions. However, the presence of copper ions catalyzes the 
autoxidation of iron(II) such that the rate becomes reasonable even under acidic 
conditions (25). With an excess of Fe 2 + the reaction proceeds such that 4 Fe 2 + 

ions are required to reduce each oxygen molecule to H 2 0 . This reaction 
proceeds by an inner-sphere mechanism with hydrogen peroxide as an 
intermediate (26). However, when oxygen is present in excess over the Fe 2 + , 
hydrogen peroxide is the main product (eq 4). As mentioned above, Fe 2 + reacts 
with hydrogen peroxide to generate a very reactive oxidizing agent. 

[Fe(H 2 0) 6 ] 3 + [Fe (H 2 0) 6 ] 2 + (3) 
- e 

2 [Fe(H 2 0) 6 ] 2 + + 02l££* 2 [Fe (H 2 0) 6 ] 3 + + H 2 0 2 ( 4 ) 

Manganese 

Manganese compounds exist with oxidation states of -III to VII (27). Mnn 

is the most common oxidation state, although M n f f l and M n I V complexes are 
relatively well-known in aqueous chemistry. The VI and VII oxidation states are 
extremely oxidizing and have been extensively employed in organic synthesis. 
Like the hydrated Fe 2 + and Fe 3 + cations, in the absence of other ligands M n 2 + in 
aqueous solution has an octahedral arrangement of water molecules in the 
coordination sphere. 

In aqueous solution, M n 3 + disproportionates to M n 2 + and M n 4 + according to 
eq 5 (28). M n 4 + then precipitates as M n 0 2 with the release of protons. As such, 
without other ligands present aqueous solutions of M n 3 + are unstable. 

2 M n 3 + M n 2 + + M n 4 + (5) 

M n 3 + is also slowly reduced to M n 2 + by H 2 0 . The reason for this instability is 
the extremely high M n 3 + / M n 2 + potential of approximately 1.56 V (27). 
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Copper 

Copper has accessible oxidation states of 0,1, II, III, and IV (29). However, 
only the Cu°, Cu 1, and Cu 1 1 states are common. Cu 1 compounds tend to be 4-
coordinate, while many of the Cu 1 1 compounds are 6-coordinate. Thus, in 
aqueous solution, C u 2 + exists as [Cu(H 2 0) 6 ] 2 + , although there is Jahn-Teller 
distortion in these d 9 metal systems. The Cu°/Cu+ redox couple has a potential of 
0.52 V , while the potential of the Cu + /Cu 2 + couple is 0.153 V (30). These 
potentials are responsible for the fact that C u + disproportionates to Cu° and C u 2 + 

in aqueous solution if no other ligands are present (eq 6). 

2 C u + C u 2 + + Cu° (6) 

Oxalate Chemistry 

As mentioned above, many decay fungi secrete significant oxalic acid (7). 
This acid is deprotonated in two steps (eqs 7 and 8). The pK a ' s for the two 
processes are 1.1 and 3.6 (25°C, 1.0 ionic strength), respectively. 

H O ^ O 

H O ^ O 
H2ox 

H O ^ O 
Hox" 

+ H + 

(7) 

•Oy0 

H O ^ O 
Hox" 

0 ^ 0 

+ H + 

(8) 

A review of the coordination of the oxalate dianion to transition metal 
cations has been published (57). In most instances the oxalate binds to the metal 
in a bidentate configuration resulting in a 5-membered ring (ox). However, the 
oxalate can also coordinate to a metal through only one oxygen. This binding 
configuration may involve protonation of the other carboxylate site (Hox). Two 
common bridging modes are also known for the oxalate group (u.-ox or u . - T ) 2 , T | 2 -

ox) (32-40). 
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V ^ O H C T ^ O 
ox Hox 

O O-M'LV 
M'L' , n 

H - o x U,-1^2,T12-0X 
In aqueous solution the water molecules of aquo complexes of metal cations 

can be replaced by other ligands (41). These processes can be expressed by 
equilibrium constants for the individual processes (K i , K 2 , etc.) or as equilibrium 
constants for the overall process (Pi, p2, etc.). For example, the oxalate dianion 
is an effective ligand toward metal cations of oxidation state "x", M " (eqs 9-11). 

M x + ox 2" [M(ox)] x" 2 (9) 

[M(ox)] x- 2 + ox 2" = ± = [M(ox) 2 ] x - 4 (10) 

[M(ox) 2 ] x - 4 +ox 2" [M(ox) 3 ] x - 6 (11) 

K _ [M(ox) x - 2 ] ^ [ M ( o x ) 2

x - 4 ] . K [M(ox ) 3

x - 6 ] 
1 [ M x + ] [ o x 2 _ ] ' 2 [ M ( o x ) x " 2 ] [ o x 2 _ ] ' 3 [M(ox) 2

x ~ 4 ] [ox 2 _ ] 

[ M ( 0 x ) x - 2 ] = [ M ^ - 4 ] = 

P l [ M x + ] [ o x 2 - ] 1 P 2 [ M x + ] [ o x 2 - ] 2 

3 [ M x + ] [ o x 2 " ] 3 

Knowing the values of the various equilibrium constants ( K b J32» and p 3) and 
those for the deprotonation of the ligand ( K a I and for oxalic acid) allows for 
a determination of which species are present in an aqueous solution of known 
initial concentrations and pH. 

Besides being an excellent chelating ligand, oxalate is also a reducing agent. 
At temperatures well beyond those experienced during wood decay processes 
solid samples of metal oxalate complexes rapidly undergo thermal 
decomposition to produce carbon dioxide (and, under some conditions, carbon 
monoxide) (42). Concomitant with gas evolution is a reduction of the metal 
center. A general chemical equation for this process is given in eq 12 where n is 
the number of oxalate ligands coordinated to the metal center. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
0

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



181 

2 [M x(ox) J x " 2 n (s) A* 2 [M x - I (ox)n - i ] x _ 2 n + 1 + 2 C 0 2 + C 2 0 4

2 - ( 1 2 ) 

A similar reaction occurs in aqueous solution under photolytic conditions (eq 13 
and 14) (31). While the photolytic conditions required to drive these reactions 
would not generally be present during wood decay processes, it is important to 
be aware that they occur (3). The general mechanism for this process involves 
the formation of the radical anion of carbon dioxide (CO2") from one metal 
oxalate complex. This radical anion is an extremely effective reducing agent 
that reduces a second higher oxidation state metal center by one electron. 

[M x (ox) n ] x " 2 n [ M x ' I ( o x ) n . J x " 2 n + 1 + C 0 2 + C02-« (13) 

[M x (ox) n ] x " 2 n + C 0 2 - - — ^ [ M x V ) „ - i F 2 n + 1 + C 0 2 + C 2 0 4

2 - (14) 

Iron 

Table I compares the values for K i , p2» and P 3 for oxalate coordination to 
Fe 1 1 and F e m . Apparent from these values is that the oxalate dianion coordinates 
to the Fe 1 1 1 cation much more strongly than it does to the Fe 1 1 species. This 
difference in speciation for the two iron oxidation states may be extremely 
important in the decomposition of wood (3). 

Table I. Stability constants for coordination of oxalate anion to metal 
cations at 25°Ca 

Cation Log K1 Log I32 Log /33 

F ? 3.05 [1.0] 5.08[1.0] 5.22 [0.5]b 

F e m 7.58 [1.0] 13.81 [1.0] 18.6 [1.0] 
Mn 1 1 3.0 [0.1] 4.4 [0.1] 
Mn 1 1 1 9.98 [2.0] 16.57 [2.0] 19.42 [2.0] 
Cu 1 1 4.85 [0.1] 8.85 [0.1] 
a) Except where noted, all values are from the NIST database of stability constants (43). 
The ionic strength is given in brackets, b) reference (3). 

With the possibility for different numbers of oxalate ligands bound to iron, 
the different Fe n /Fe i n potentials should be considered. The potential for the tris-
oxalate complex is reported to be -0.120 V , while for the bis- and mono-oxalate 
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complexes the values are 0.181 V and 0.468 V , respectively (3). As expected, 
the oxidation of the Fe 1 1 complex becomes more favorable with an increase in the 
number of oxalate ligands coordinated. 

The F e m complex of tris-oxalate will undergo reduction thermally in the 
solid state with the evolution of carbon dioxide (eq 12; M x - Fe f f l, n = 3) (42). 
Likewise, in aqueous solution the complex will photolytically form the Fe n 

oxalate species (eqs 13 and 14; M x = Fe m , n = 3) (44-46). 
It has been suggested that iron(III) can be reduced by oxalate under normal 

fungal decay conditions (7). However, to date there is no substantial support for 
this hypothesis; iron(III) reduction by oxalate, with no other organic present, 
only occurs with elevated temperatures or in the presence of light. It should be 
emphasized, however, that these systems only included iron(III) and oxalate and 
were thus very simple models; a situation not found under "real life" fungal 
decay conditions where a wide variety of other organics and metal co-exist. It is 
possible that ligands or other agents present in the wood decay environment 
could mediate this reaction even at ambient temperatures. Therefore, caution 
must be exercised when extrapolating laboratory results to the biological system. 

Manganese 

As can be seen from Table I, the oxalate dianion binds to the Mn 1 1 1 much 
more readily than it does to Mn 1 1 . Indeed, the coordination by oxalate stabilizes 
the M n m to preclude the disproportionation reaction (eq 5) (28,47). In aqueous 
solution manganese(III) oxalate complexes undergo an oxidation/reduction 
reaction as depicted below (eq 15) (48-50). Mn 1 1 complexes, carbon dioxide 
and the carbon dioxide radical are formed. The carbon dioxide radical can react 
with either another M n l n to yield a second equivalent of M n 1 1 and carbon dioxide 
(eq 16) or 0 2 to give the superoxide radical anion, 0 2

: (eq 17). The carbon 
dioxide radical would also reduce any Fe 1 1 1 present to Fe11. Subsequently, O f can 
react with M n 1 1 to produce hydrogen peroxide (eq 18). Manganese oxide with 
oxalate has been shown to degrade lignin under acidic conditions (51). 
Following reduction of the M n 0 2 to M n m by oxalate, presumably some or all of 
the reactions listed occur. 

[ M n m ( o x ) 3 ] 3 - — [Mn n (ox) 2 ] 2 " + C 0 2 + C 0 2 - (15) 

[Mn m (ox) 3 ] 3 - + C 0 2 . — - [Mn n (ox) 2 ] 2 " + C 0 2 + C 2 0 4

2 - (16) 

o2 + co2- —• o2- + co2 
(17) 
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[Mn n (ox) 2 ] 2 " + 0 2 - - ^ r [ M n m ( o x ) 2 ] - + H 2 0 2 ( 1 8 ) 

Thus, unlike the iron oxalate chemistry discussed above manganese oxalates 
can react in the absence of light at room temperature to give a reduced metal and 
a reactive radical. Like the iron(III) complexes, M n m oxalate complexes undergo 
thermal decomposition in the solid state to yield Mn 1 1 complexes (eq 12; M x = 
M n m , n = 3) (42). The oxalate complexes of M n f f l also react under photolytic 
conditions as described in eq 13 ( M x = M n m , n = 3) (31,52,53). Mn0 2/oxalate 
systems have been shown to degrade the cell wall of various woods (54). 

Copper 

Solid copper(II) oxalate undergoes internal redox chemistry at elevated 
temperatures similar to the other metal oxalate complexes (42). The stability 
constants for the binding of oxalate to Cu 1 1 are given in Table I. The magnitude 
of these values are a little higher than those observed for the other metals in the 
same oxidation state. 

Catechol/p-Hydroquinone Chemistry 

In addition to oxalic acid, both 1,2- and 1,4-dihydroxybenzenes and their 
oxidized (quinone) forms have been found in the extracellular regions around 
fungi (2,4,5,19,55,56). 1,2-Dihydroxybenzenes (catechols) are well known to 
chelate to metals (57-62). In fact, the siderophore enderobactin binds iron(III) 
cations through three catecholate groups (63-69). Examples of the modes of 
coordination for catechols with metals are given below. 

\ 

L n M - 0 O H L n M — O O - M ' L V 

M L n 

x O 
i 

H 
cat ti2-Hcat Heat li-cat 

A n extremely interesting aspect of the coordination chemistry of the 
catechols is represented in eq 19. Catechols can undergo a valence tautomerism 
to yield a reduced metal center with an ortho-semiquinone ligand (60,70-92). 
This is a form of inner-sphere redox chemistry. The determination 
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A " 

cat 

(19) 

of whether a particular complex is a catechol or semiquinone can be deduced 
from structural information, ESR spectroscopy, or Mossbauer spectroscopy. 

Catechols and /?-hydroquinones are reducing agents (eqs 20 and 21). They 
can be oxidized by two one-electron steps to yield quinones (83,93,94). The 
intermediate species in both processes is referred to as a semiquinone radical. 

HO 

R 

/ / ' \ OH = 

- e 

+ e" 
+ H + 

0 = ^ ^ - O H 

H2-p-bd 

0 = ^ ^ - O H 

H-p-sq-

- e 

o-quinone 

+ H + 

(20) 

(21) 

p-quinone 

As mentioned above, for oxalate complexation the equilibrium constants for 
the deprotonation of the acid, or protonation of the base, must be known to use 
the stability constants for speciation calculations (eq 22 and 23). 

O" 

O" 
+ H + 

o-

O H 

(22) 
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The log Kj is reported to be 13.1 (25°C, 1.0 ionic strength) while log K 2 is 9.27 
under the same conditions (43). 

For the coordination of catechol to metal ions, the data in the NIST database 
is reported for eqs 24-26 (43). 

Thus, the equilibrium constants for complexation of catecholate to metals 
include deprotonation of the ligand, in contrast to that reported for the oxalate 
ligand. 

Catechols undergo another set of reactions that might occur under the 
conditions surrounding decay fungi. Dioxygenation reactions are known to 
occur enzymatically, but have also been demonstrated for relatively simple 
model systems (95). The two possible reactions are intradiol and extradiol 
cleavage, shown respectively in eqs 27 and 28. For the intradiol cleavage a 
muconic acid derivative is formed. In the extradiol reaction a carboxylic acid 
with a formyl group is the product. 

+ 0 2 r 2 (27) 
" ^ X n w

 2 enzyme/ ^ C 0 2 H 
U H catalyst 
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OH 

+ 0 2 enzyme/ 
catalyst 

C0 2 H 
CHO 

(28) 

Iron 

Mentasti studied the kinetics and determined the equilibrium constant for 
complexation of one catechol with iron(III) (eq 24) (57). Using stopped-flow 
techniques he determined the log Kx to be -1.36 while the second order rate 
constant for the reaction of catechol with [(H20)5Fe(OH)] 2" 1" was reported to be 
3.1 x 1031 mol"1 s"1. The values of log K i , log K 2 , and log K 3 for the chelation of 
catechol with Fe 3 + and Fe 2 + are given in Table II. 

Table II. Equilibrium constants for the coordination of catechol to metal 
cations at 25°Ca 

Cation LogK, LORK2 LoKK3 

Fe" -14.33 [1.0] -16.7 [1.0] 
Fe f f l -1.36 [1.0] -7.53 [0.1] -13.16 [0.1] 
M n 1 1 -14.81 [1.0] -17.0 [1.0] 
Cu" -8.64 [1.0] -10.64 [1.0] 
a) All values are from the NIST database of stability constants (43). The ionic strength 
is given in brackets. 

Mentasti and coworkers went on to study the redox reaction between 
catechol and iron(III) (96). They postulate that the catechol first complexes to 
Fe r a in a monodentate binding mode (eq 29). This complex tautomerizes to give 
an Fe 1 1 metal center coordinated to a semiquinone (eq 30). The semiquinone 
then quickly dissociates (eq 31) and reacts with another Fe f f l by an outer-sphere 
mechanism to yield a second equivalent of Fe 1 1 and 0-quinone (eq 32). A similar 
mechanism has been postulated for the oxidation of p-hydroquinone by metal 
ions. 

[ (H 2 0) 5 Fe(OH)] 2 + + H 2cat [ (H 2 0) 5 Fe m (Hcat ) ] 2 + + H 2 0 (29) 

[(H 2 0) 5 Fe i n (Hcat)] 2 + [(H 20) 5Fe n(H-o-sq-)] 2 + (30) 
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[(H2O)5Fen(H-0-sq.)]2 + + H 2 0 — [ F e ( H 2 0 ) 6 ] 2 + + o-sq. (31) 

[Fe(H 2 0) 6 ] 3 + + o-sq. [Fe(H 2 0) 6 ] 2 + + o-quinone + H + (32) 

Some iron catecholate and ortho-semiquinone complexes react with 0 2 to 
give intradiol (eq 27) (74,75,96-102) and extradiol cleavage (eq 28) (74,75,103) 
of the ring. Other iron systems have been demonstrated to catalyze ring cleavage 
reactions (104-106). In addition, iron complexes are known to catalyze the 
ortho-hydroxylation of phenols to give catechols (73,107,108). 

Manganese 

Like Fe11, the equilibrium constants for the coordination of catechol to Mn 1 1 

are low (see Table II). The NIST database does not report stability constants for 
the reaction of Mn 1 1 1 with catechol. However, some very interesting chemistry is 
observed for manganese catechol complexes. Some complexes undergo valence 
tautomerization as depicted in eq 19 (81,91) for the Mnm(cat)/Mn n(o-sq) pair. 
Even more interesting is that in one system, the form of the complex for these 
two possibilities is dependent upon the associated counterion (78). For the 
tris(catecholate)MnIV complexes there is no valence tautomerism to the 
Mnm(cat)2(o-sq) complex (109). The electrochemical interconversion of 
catecholate complexes of Mn 1 1 , M n m and M n I V has been reported (93). 

Copper 

There has been extensive research on the copper chemistry of catechols. 
Part of this research was motivated by the desire to elucidate the mechanism by 
which copper-containing enzymes oxidize phenol to catechol, and catechol to o-
quinone, under aerobic conditions (110-113). In addition, copper complexes 
that model the catechol dioxygenase's ability to cleave the aromatic ring of 
catechols (eq 24 ) have been reported (76,114,115). 

Both semiquinone and catechol derivatives of copper are known 
(60,72,76,77,79-84). The tautomeric form is very dependent upon the ancillary 
ligands coordinated to the copper center (77,79,84). The semiquinone tautomer 
has been implicated as the form that is attacked by dioxygen during the intradiol 
cleavage reaction (76). 
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Fenton Chemistry 

As mentioned earlier, the Fenton process is the reaction between a low 
valent metal complex, such as copper® or iron(II), with hydrogen peroxide to 
generate a species which effectively oxidizes organic molecules (72). 
Traditionally, the reaction for the Fe 2 + system is written as in eq 1, with the 
oxidizing intermediate as the hydroxyl radical. However, the identity of the 
oxidizing intermediate has been the subject of much discussion (13-18,116,117). 
A variation in product distribution between the F e n / H 2 0 2 system and the 
radiolytically-generated hydroxyl radical reaction is the main reason for the 
postulate that HO- is not the reactive intermediate formed in the Fenton process 
(13). To explain the various postulates, a description of the two possible 
mechanisms for electron transfer of an electron from the metal to hydrogen 
peroxide, inner-sphere and outer-sphere, will be outlined. 

Outer-Sphere Electron Transfer 

A simplified approach to this mechanism suggests that for electron transfer 
to occur, the oxidant and reductant need only come into close proximity. Of 
course, this assumes that the potentials are suitable for the oxidation/reduction 
process to occur. For the reaction of an Fe 1 1 complex with hydrogen peroxide, 
the hydrogen peroxide radical anion would form but would decompose rapidly to 
hydroxide and the hydroxyl radical. 

[LnFe»F + H 2 0 2 — [ L n F e m F + 1 + H 2 0 2 "- (33) 

H 2 0 2 - OH" + HO- 04) 

Inner-Sphere Electron Transfer 

In this mechanism, the hydrogen peroxide would initially enter the 
coordination sphere of the Fe11. This step in the process is referred to as ligand 
substitution (or ligand association, if the starting complex is coordinatively 
unsaturated). An iron(II) hydrogen peroxide or hydroperoxide complex would 
be formed as shown in Figure 2. It has been postulated that one of these peroxide 
iron complexes is the species which oxidizes the organic substrate in Fenton 
chemistry (path a) (75). For free hydroxyl radicals to be formed, one of the 
peroxide species would decompose to an iron(III) hydroxide and O H radical 
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L n F e n ( H 2 0 2 ) 

or 
LnFe 1 ^ ' + H 2 0 2 ^=^< LJF^COOH) [+ L* + H + ] 

or 

organic 
path a 

L n Fe n (OOH)(L 'H + ) 

pathb 

L n F e m ( O H ) + HO-

or ^>rganic 
-\ L n F e I V = 0 [+ H 2 0 ] 

or 
I ^ F e ^ [ + 2 H 2 0 ] , 

Figure 2. Postulated inner-sphere mechanistic pathways and intermediates for 
the Fenton process. 

which could then oxidize the organic substrate (path b) (17). If this is the path 
for generation of hydroxyl radicals, it is equivalent to the outer-sphere 
mechanism (eqs 30 and 31). Alternately, instead of generating a hydroxyl 
radical, the peroxide intermediate could react further to give an iron(IV) (ferryl) 
complex which would serve as an oxidizing agent for the organic substrate. 

Recent work has suggested that different oxidizing species can operate in 
the same system, with the oxidizing species dependent upon the ancillary ligands 
coordinated to the iron(II) center (118). A theoretical study suggests that an 
iron(IV) species is the oxidizing agent in the Fenton process where only water is 
coordinated to the metal center (119). However, an iron(IV) oxalate complex is 
unlikely to be stable. As is the case with manganese(III) oxalate (eq 15), the 
oxalate ligand would be oxidized and the Fe I V metal center reduced to F e m . 

Non-enzymatic Fungal Decay Mechanisms 

As mentioned in the Introduction, the production of hydroxyl radicals from 
hydrogen peroxide (or other oxidizing agents) can be represented as in Figure 1. 
In wood decay processes it has been hypothesized that the reducing agent which 
converts hydrogen peroxide to hydroxide ion and hydroxyl radical is an iron(II) 
or other reduced metal species (3-7,9,10,55,120). A number of different 
methods for the reduction of iron(III) to iron(II) have been reported. Other 
metals, including copper(I), also react with hydrogen peroxide to give a hydroxyl 
radical. Extracellular catechols/hydroquinones have been isolated and shown to 
act as a reducing agent for iron(III) (2,4,5,19,20,55). Enoki has postulated that 
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the iron is coordinated to a glycopeptide and reduction of the iron(III) involves 
the conversion of the glycopeptide from the reduced to oxidized forms (6). 
Schmidt et al. suggested that the oxalate dianion acts as the reducing agent (7), 
although this likely was photolytically-mediated reaction (5). Another 
possibility is that the carbon dioxide radical anion formed by the manganese 
oxalate chemistry (eq 17) reduces iron(III) to iron(II). Wood claims that the 
major reducing agent for the iron(III) complex is the cellobiose dehydrogenase 
enzyme (5). 

Reduction of 0 2 to give hydrogen peroxide is another important step shown 
in Figure 1. One hypothesized mechanism suggests the reducing agent for this 
process is N A D H or ascorbate catalyzed by an iron glycopeptide (6,10). As 
mentioned, Fe(II) complexes will reduce 0 2 to H 2 0 2 ; this is one postulate for the 
generation of hydrogen peroxide (3). As mentioned above, copper ion catalyzes 
this process, even in the acidic conditions in wood. A n alternative route is that 
the intermediate semiquinone formed when catechol is oxidized (H-o-sq) reacts 
with 0 2 to generate a peroxy radical which decomposes to give HOO- which is 
further reduced by iron(II) or some other reducing agent to H 2 0 2 (55). A third 
possibility is that the manganese oxalate chemistry could result in hydrogen 
peroxide (eq 18). Contradicting Figure 1, the secretion of hydrogen peroxide by 
the fungus is also postulated (2,7). 

Conclusions 

Tremendous progress has been made in the study of fungal processes for the 
decay of wood. However, research must continue so that we can better 
understand the processes employed by the fungus for the metal-catalyzed non-
enzymatic degradation of wood. At the same time, further research concerning 
the metal coordination and oxidation/reduction chemistry of the various 
extracellular fungal substances present in the system should be undertaken. 
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Chapter 11 

The Role of Enzymes and Mediators in White-Rot 
Fungal Degradation of Lignocellulose 

Kaichang Li 

Department of Wood Science and Engineering, Oregon State University, 
Corvallis, OR 97331 

White-rot fungi can selectively and efficiently degrade lignin 
through the action of secreted enzymes. Major lignin
-degrading enzymes include lignin peroxidase (LiP), 
manganese peroxidase (MnP) and laccase. L i P and MnP 
require hydrogen peroxide (H2O2) for their activities, but they 
are inactivated by a high concentration of H2O2. There are 
various H2O2-producing enzymes in white-rot fungi. L iP is 
able to oxidize both phenolic and non-phenolic lignin 
substructures, whereas MnP and laccase are only able to 
degrade phenolic lignin substructures. An unsaturated fatty 
acid or a thio-containing compound enables MnP to degrade 
non-phenolic lignin substructures. Several in vitro studies 
reveal that some enzymes can synergistically degrade lignin. 
As lignin-degrading enzymes are too bulky to penetrate plant 
cell walls for lignin degradation, the role of various small 
organic/inorganic compounds, serving as redox mediators for 
lignin-degrading enzymes in lignin degradation, is discussed 
in detail. 

196 © 2003 American Chemical Society 
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Wood is composed mainly of cellulose, hemicelluloses, and lignin. The 
intimate associations among these three components make the selective removal 
of them, especially lignin, a difficult task, whereas selective degradation of 
lignin has great implications on the pulp and paper industry. White-rot fungi are 
the only microorganisms that can substantially and selectively degrade the 
phenolic and non-phenolic lignin ring structures. Extensive studies have shown 
that enzymes play a very important role in the fungal degradation of 
lignocellulose (7). Because enzymes are too bulky to penetrate plant cell wails 
for selective degradation of lignin, small organic or inorganic compounds are 
believed to serve as redox mediators to transfer electrons from lignin to 
enzymes. The enzymes and redox mediators that could be involved in lignin 
degradation are reviewed in this chapter. 

Enzymes Associated with Lignin Degradation 

Lignin is a structurally complicated phenolic polymer. The most salient 
characteristic of lignin structures is that they lack repeating linkage types such as 
are found in protein and carbohydrates. Even though it has long been known 
that certain fungi degrade wood including lignin, the concept that a fungus 
degrades lignin through enzymes was not proposed until the 1970s. In 1976, 
Ander and Eriksson demonstrated for the first time that phenol oxidase activity 
was closely correlated with lignin degradation by the white-rot fungus 
Sporotrichum pulverulentum (2). The first lignin-degrading enzyme, now 
known as lignin peroxidase (LiP), was purified and characterized from a white-
rot fungus Phanerochaete chrysosporium in 1983 (3,4). In the same year, 
another type of lignin-degrading enzyme, a peroxidase whose activity was 
greatly dependent upon a manganese ion, now known as manganese peroxidase 
(MnP), was also purified and characterized from Phanerochaete chrysosporium 
(5). It is worthwhile noting that Sporotrichum pulverulentum and Phanerochaete 
chrysosporium are actually the same fungus. Both L iP and MnP are heme-
containing glycoproteins. Since their isolation and characterization, these two 
enzymes have been extensively studied. Their abilities to oxidize lignin model 
compounds and various lignin preparations have been investigated in great detail 
(6-12). Catalyses of these two enzymes have been studied and genes encoding 
them have been cloned and sequenced (13-17). The X-ray crystal structures of 
both LiP and MnP have also recently been elucidated (18-20). 

In the laboratory, L i P activity is normally assayed by exploiting the 
enzyme's ability to oxidize veratryl alcohol to veratryl aldehyde (21). In other 
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words, a fungal culture that is able to oxidize veratryl alcohol to veratryl 
aldehyde is said to contain LiP . MnP activity is characteristic of its dependence 
on Mn(II). However, a peroxidase that can oxidize veratryl alcohol but is also 
dependent upon Mn(II) for the oxidation has recently been purified and 
characterized (22). Thus, the boundary between L iP and MnP may not be as 
clear as previously thought. 

Both L iP and MnP, as peroxidases, require hydrogen peroxide for their 
activities. However, a high concentration of hydrogen peroxide quickly 
inactivates both enzymes. The inactivation mechanisms have been investigated 
and ways have been devised to prevent their inactivation from a high 
concentration of hydrogen peroxide in vitro (13,23). In the in vivo degradation 
of lignin by a white-rot fungus, it is believed that a low concentration of 
hydrogen peroxide is supplied continuously through a H 20 2-producing enzyme. 

There are many ways that a white-rot fungus could generate hydrogen 
peroxide for L iP and MnP. Extracellular H 20 2-producing enzymes that have 
been studied include aryl alcohol oxidase (AAO) (24-31), glyoxal oxidase 
(32,33), pyranose 2-oxidase (34), and cellobiose dehydrogenase (CDH) (35,36). 
A A O oxidizes aryl alcohol to aryl aldehyde and concomitantly produces 
hydrogen peroxide from oxygen. Glyoxal oxidase oxidizes glyoxal to oxalic 
acid while reducing oxygen to hydrogen peroxide. Pyranose 2-oxidase oxidizes 
a pyranose, such as glucose, to a ketone at the 2-position of a pyranose with the 
concomitant reduction of oxygen to hydrogen peroxide. C D H oxidizes 
cellobiose to cellobionic acid. A quinone, or ferric ion, rather than oxygen, is 
the preferred oxidant for C D H (36). However, because a C D H from P. 
chrysosporium can indeed reduce oxygen to hydrogen peroxide, it is considered 
a H 20 2-producing enzyme (id). 

Several intracellular H 20 2-producing enzymes from white-rot fungi have 
also been studied, but to a lesser extent than the extracellular enzymes described 
above. The extracellular enzymes include glucose 1-oxidase (57), pyranose 2-
oxidase (38,39), and methanol oxidase (40). Many H 20 2-producing enzymes 
could possibly supply LiP or MnP with H 2 0 2 for lignin degradation. It is still 
poorly understood which enzyme plays the primary role in supplying L iP or 
MnP with H 2 0 2 . 

Another phenoloxidase is laccase, a copper-containing glycoprotein. 
Laccase oxidizes phenol to quinone with the concomitant reduction of oxygen to 
water. By means of recombinant D N A techniques, laccase catalysis has been 
studied in great detail in recent years (41-43). The crystal structure of a T2-
copper deleted laccase has been reported (44,45). However, a crystal structure 
of a laccase with four copper atoms has yet to be resolved. 
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Contributions of Individual Enzymes to the Fungal 
Degradation of Lignin 

Contribution of L i P 

Lignin is a free-radical-coupling product of one or more of three 
monolignols: ;?-hydroxycinnamic alcohol, coniferyl alcohol, and syringyl 
alcohol. In softwood, lignin is derived mainly from polymerization of coniferyl 
alcohol, whereas hardwood lignin is derived from both coniferyl and syringyl 
alcohols. In softwood lignin, the major linkages between two coniferyl alcohols 
include P-O-4, P-(3, 4-0-5, 5-5, and p-1 (46). A lignin substructure containing a 
phenolic hydroxyl group is called a phenolic lignin substructure; all other lignin 
substructures are called non-phenolic lignin substructures. It is known that about 
10% of substructures in softwood lignin are phenolic (46). 

It has been demonstrated that L iP activity is closely correlated to lignin 
degradation by P. chrysosporium, thus indirectly showing that LiP is involved in 
lignin degradation (3,4,47,48). Purified L iP from P. chrysosporium has been 
shown to degrade both phenolic and non-phenolic lignin model compounds (49-
53). Depolymerization of lignin preparations by purified L i P has also been 
demonstrated (54,55). A l l these results suggest that LiP plays an important role 
in the fungal degradation of lignin. However, repolymerization of lignin 
preparations by purified LiP has also been demonstrated (56,57). The use of 
purified L iP to degrade lignin in unbleached kraft pulp, however, has not 
resulted in success. Although discrepant results on LiP ' s ability to degrade 
lignin in vitro do not discredit the important role of L i P in the fungal 
degradation of lignin in vivo, the process by which a fungus uses L iP for 
depolymerization of lignin in vivo is still poorly understood. 

Contribution of M n P 

In the catalysis of MnP, MnP oxidizes Mn(II) to Mn(III) and this oxidation 
state of manganese is then chelated by an organic ligand such as tartaric acid 
(13). The chelated Mn(III) has been proposed to be the actual oxidant in lignin 
degradation (75). It has been demonstrated that MnP-less mutants from 
Trametes versicolor are unable to degrade lignin, which implies that MnP plays 
an important role in lignin degradation (58). The white-rot fungi Dichomitus 
squalens and Ceriporiopsis subvermispora degraded lignin efficiently without 
expressing detectable LiP, and MnP was demonstrated as a key enzyme in the 
degradation of lignin by these two fungi (59-62). MnP is widely distributed in 
white-rot fungi. A large body of evidence now suggests that MnP is one of the 
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major phenoloxidases responsible for the fungal degradation of lignin in white 
rot fungi. 

Contribution of laccase 

P. chrysosporium is one of the most extensively studied white-rot fungi. 
When degrading lignin, the fungus secretes both LiP and MnP. As discussed 
above, we can be reasonably sure that a combination of L iP and MnP plays a 
very important role in the complete degradation of lignin. However, a recent 
survey has shown that only 40% of white-rot fungi studied so far produce a 
combination of LiP and MnP, whereas a combination of MnP and laccase is 
much more common (63). In an extreme case, a white-rot fungus, Pycnoporus 
cinnabarinus, produced only laccase, lacking both LiP and MnP (63). However, 
the fungus degrades lignin very efficiently. A laccase-less mutant of P. 
cinnabarinus was not able to degrade synthetic lignin and lignin in unbleached 
kraft pulp, thus demonstrating that laccase is essential for the fungus to degrade 
lignin (64,65). Because most white-rot fungi secrete laccase under ligninolytic 
conditions, it is now commonly accepted that laccase plays an important role in 
the fungal degradation of lignin. 

Contribution of other enzymes 

Cellobiose dehydrogenase (CDH) is widely distributed in the wood-
degrading fungi. Because it oxidizes cellobiose with the concomitant reduction 
of quinones, C D H has been proposed to link cellulose hydrolysis and lignin 
degradation (35,66,67). The catalytic features of C D H suggest that it could have 
various biological functions in the fungal degradation of plant components (36). 
Possible roles of C D H in lignin degradation may include detoxification of 
quinones for fungal growth, generation of hydroxyl free radicals via Fenton 
reaction, prevention of aromatic free radicals from repolymerization, and 
synergistic actions with MnP in lignin degradation (68-76). However, the exact 
role of C D H in the fungal degradation of lignin in vivo is still poorly understood. 

H 20 2-producing enzymes could be involved in the fungal degradation of 
lignin by supplying L iP or MnP with hydrogen peroxide. Hydrogen peroxide 
produced by these enzymes could react with Fe (II) to form hydroxyl free 
radicals (HO) that are so reactive that they can degrade both carbohydrates and 
lignin. 
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Synergistic Actions of Enzymes in Lignin Degradation 

Laccase and M n P 

Both laccase and MnP are able to oxidize phenolic substructures only in 
lignin. It is interesting to note that more than 60% of white-rot fungi studied so 
far produce laccase and MnP at the same time (63). It is perplexing why a 
fungus produces two phenoloxidases to tackle the same problem. An in vitro 
study has shown that laccase and MnP display synergistic effects in the 
depolymerization of lignin preparations (77). Differential expression of MnP 
and laccase in white-rot fungi has also been detected in the presence of 
manganese or aromatic compounds (78). However, the specific roles of laccase 
and MnP in the synergistic action are still poorly understood. 

M n P and C D H 

It has been demonstrated that C D H can reduce insoluble M n 0 2 in wood to 
Mn(II), thus supplying MnP with Mn(II) (73). It has also been demonstrated 
that cellobionic acid generated by C D H is a good chelator for Mn(III) (73). 
Close associations of MnP and C D H in lignin degradation have been discussed 
in detail (73,75). 

Hydrolytic enzymes and oxidative enzymes 

Hydrolytic enzymes such as cellulases and xylanases in white-rot fungi 
have been studied now for several decades. A recent study has shown that 
patterns of hydrolytic enzyme production in white-rot fungi could differ 
significantly from one to another (79,80). For example, C. subvermispora was 
found to lack cellobiose hydrolase, thus explaining why the fungus has a weak 
ability to degrade cellulose (80). Because a white-rot fungus cannot live on 
lignin alone, hydrolytic enzymes obviously play a very important role in fungal 
growth and lignin degradation (/). In a recent study, MnP and xylanase were 
shown to have superior synergistic effects on delignification of unbleached kraft 
pulp (81). Overall, much more research is needed to establish the relationship 
between hydrolytic enzymes and oxidative enzymes in lignocellulose 
degradation. 

Mediators Involved in Lignocellulose Degradation 

It has been demonstrated that enzymes are generally too bulky to penetrate 
plant cell walls for lignin degradation. Thus, some small inorganic or organic 
compounds are commonly believed to serve as diffusible oxidants for lignin 
degradation. 

In LiP-based lignin degradation, veratryl alcohol has been shown to 
enhance the ability of LiP to oxidize various lignin model compounds and to 
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mineralize 1 4C-labled lignin (82-85). In this context, L iP was proposed to first 
oxidize veratryl alcohol to a cation free radical that subsequently diffuses to, and 
oxidizes lignin. In other words, veratryl alcohol was proposed to serve as a 
redox mediator. However, it is debatable whether veratryl alcohol is able to 
serve as a redox mediator in lignin degradation because the cation free radical of 
veratryl alcohol has a fairly short lifetime. The possible roles of veratryl alcohol 
in lignin degradation have been discussed in detail (86). 

Chelated Mn(III) is the mediator for MnP. Unfortunately, under 
physiological conditions, MnP appears to be able to oxidize only phenolic lignin 
substructures. It is hard to imagine that MnP would play a major role in breaking 
down polymeric lignin i f it is only able to oxidize about 10% of the lignin 
structures. As part of the effort to expand the role of MnP in lignin degradation, 
two different systems have been demonstrated in vitro to enable MnP to degrade 
non-phenolic lignin model compounds (Schemes 1 and 2) (8,10). In Scheme 1, 
a thio free radical (RS-) was proposed to be the actual oxidant for oxidation of 

Scheme 1. Thio-mediated degradation of non-phenolic lignin 

non-phenolic lignin model compounds (8). In Scheme 2, a peroxyl free radical 
(ROO-) was proposed to be responsible for the oxidation (10,61). A white-rot 
fungus could use either or both of these systems for lignin degradation because 
various thio-containing compounds such as glutathione and unsaturated fatty 

H 2 0 2 

Degradation 
Products 

H 2 0 
Non-phenolic 
lignin 

H 2 0 2 MnP Chelator-Mn* .3+ R 'HC=CHR" 

Scheme 2. Lipid-mediated degradation of non-phenolic lignin 
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acids are present during lignin degradation. The question is how these thio-
compounds or unsaturated fatty acids are transported to the lignin degradation 
sites. It is worth noting that MnP was successfully used to degrade lignin in 
unbleached kraft pulp in the presence of Tween 80, a surfactant containing 
unsaturated fatty acid chains (81,87-89). 

Laccase is able to oxidize only phenolic lignin substructures. However, in 
the presence of a redox mediator, laccase is able to efficiently oxidize non-
phenolic lignin substructures (90). In recent years, extensive efforts have been 
devoted to developing a laccase/mediator system for bleaching unbleached kraft 
pulp (91,92). Several synthetic organic and inorganic compounds that enable 
laccase to effectively degrade lignin have been developed (91-95). Most organic 
laccase mediators contain a N - O H functional group with the N attached to an 
aromatic ring (91). Phenothiazine derivatives are also effective laccase 
mediators and have been used commercially to bleach denim (96,97). 
Mechanisms by which a laccase mediator system degrades lignin have been 
extensively studied (98-102). The relationship between the chemical structures 
of laccase mediators and the effectiveness of a laccase mediator system has also 
been investigated (93,103-106). The importance of laccase mediator systems in 
lignin degradation has recently been reviewed (91,92,107). In a sharp contrast to 
our well developed understanding of laccase mediator systems for use in pulp 
bleaching, the process by which laccase is used for lignin degradation in vivo is 
still poorly understood. 

As mentioned previously, a white-rot fungus, P. cinnabarinus, degrades 
lignin while producing laccase as the sole phenoloxidase. Genes encoding the 
only two laccase isozymes have been cloned and sequenced (108,109). The 
major laccase isoform from the fungus has been purified and characterized 
(110) . However, the laccase from P. cinnabarrinus has characteristics typical of 
blue laccases from other white-rot fungi (99,110). In other words, the superior 
ability of the fungus to degrade lignin is not because its laccase is substantially 
different from other laccases. A fungal metabolite, 3-hydroxyanthranilic acid 
(3-HAA), enabled laccase to oxidize selected lignin model compounds and a 
synthetic lignin preparation, and was proposed to be a natural laccase mediator 
(111) . However, an in-depth study has demonstrated that 3-HAA does not play 
an important role in the fungal degradation of lignin (112). Several natural 
phenolic and thio-containing compounds were demonstrated to serve as laccase 
mediators to oxidize polycyclic aromatic hydrocarbons (113). However, 
degradation of lignin by laccase and one of these natural products has yet to be 
demonstrated. Their actual involvement as laccase mediators in fungal 
degradation of lignin is thus debatable. It has been shown that laccase could 
oxidize Mn(II) to Mn(III) in the presence of appropriate phenolic substances 
(114). Chelated Mn(III) can indeed serve as an oxidant for degradation of 
phenolic lignin substructures and further degrade non-phenolic lignin 
substructures via a thio free radical or a peroxy free radical as described for 
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MnP. However, Mn(II) is not the preferred substrate for laccase. The oxidation 
of Mn (II) to Mn(III) might not be the primary function of laccase because MnP 
alone can efficiently utilize Mn(II) available for lignin degradation. 

There is another possible process whereby a white-rot fungus could 
effectively use laccase for lignin degradation. Non-phenolic lignin substructures 
may first be converted to phenolic substructures via a hydroxyl or peroxyl free 
radical. Laccase then fragments the phenolic lignin substructures. Hydroxyl free 
radical is produced primarily via Fenton reaction, i.e., the reaction of hydrogen 
peroxide with Fe(II). Production of hydroxyl radical by the synergistic action of 
fungal laccase and aryl alcohol oxidase has also been demonstrated (775). It has 
been shown that oxidation of methoxyhydroquinones by laccase could activate 
oxygen to form superoxide anion free radicals that have been proposed to be 
involved in lignin degradation (116). However, all possible explanations for how 
a white-rot fungus uses laccase for the degradation of lignin in vivo are still 
more or less speculative. Further study on this issue could shed light on how to 
improve the effectiveness of enzymatic bleaching of unbleached kraft pulp. 
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Chapter 12 

Enzyme Processes for Pulp and Paper: 
A Review of Recent Developments 

William R. Kenealy and Thomas W. Jeffries 

Institute for Microbial and Biochemical Technology, U.S. Department 
of Agriculture, Forest Service, Forest Products Laboratory, 

Madison, WI 53705 

The pulp and paper industry is applying new, ecologically 
sound technology in its manufacturing processes. Many 
interesting enzymatic applications have been proposed in the 
literature. Implemented technologies tend to change the 
existing industrial process as little as possible. Commercial 
applications include xylanases in prebleaching kraft pulps and 
various enzymes in recycling paper. In the future, value-added 
products could be built around enzyme processes. When new 
applications are proposed that do not fit into existing 
practices, either the process or the enzyme must be altered. 
The decision depends on process economics and the feasibility 
of changing the technology. We review here new applications 
of enzymes in the pulp and paper industry and how they might 
be changed to implement the technology on an industrial 
scale. Also, this review suggests how existing enzymes may 
be used by process engineers to improve the efficiency of unit 
operations, the pulp products, or both. 

This is a difficult time for the pulp and paper industry. Consumer 
standards are high, and manufacturing is competitive. Pulp production is 

210 U.S. government work. Published 2003 American Chemical Society 
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increasingly derived from tropical regions (7). Cost reduction pressures are 
causing consolidation of companies through mergers and acquisitions; many 
research and development laboratories are being downsized, closed, or directed 
toward short-term objectives and opportunities; and profitability is being 
constrained by external factors including globalization, environmental concerns, 
and competition (2). Pulp and paper is a large industry that is highly capital-
intensive and has been periodically affected by overcapacity (7). In the United 
States, more than 300 kg of paper are consumed annually per capita (5). To 
maintain this level of supply, we need to find new ways to use our forest 
resources more efficiently and with fewer environmental consequences. 
Emerging technologies based on sustainable use of renewable resources hold 
promise for the rejuvenation and growth of the pulp and paper industry. 

Enzyme Applications in Pulp and Paper 

Biotechnology has the potential to increase the quality and supply of 
feedstocks for pulp and paper, reduce manufacturing costs, and create novel 
high-value products. Novel enzyme technologies can reduce environmental 
problems and alter fiber properties. Because the pulp and paper industry is 
capital-intensive with facilities specific to the tasks (7), new technology must 
either reduce expenses or fit easily into the existing process design. Pulp and 
paper companies are reluctant to build or expand plants when the overall 
industry has enough capacity to satisfy market demands (7). Nevertheless, the 
industry has embraced enzymes for use in the paper-making process. 

Environmental and Manufacturing Benefits 

While the size and commodity nature of many of its products make 
changes difficult, the pulp and paper industry has responded to environmental 
and economic concerns. It implements new technology as required and when 
economics dictate change (4). For example, in response to environmental 
concerns and regulations, the industry has greatly reduced chlorinated aromatic 
byproducts that can be formed during pulp bleaching (5-7), first by reducing the 
amount of residual lignin in pulps and second by turning to other bleaching 
agents (£). A n enzyme technology based on microbial xylanases has helped to 
achieve this goal by reducing or even eliminating the need for chlorine in the 
manufacture of elemental chlorine free (ECF) and totally chlorine free (TCF) 
printing and writing paper grades (8-11). Enzymes have helped meet 
environmental goals in other ways as well. By reducing costs involved in 
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deinking (12), enzymes have increased the ability of manufacturers to recycle 
fiber, thereby placing fewer demands on timber resources. Enzymes have been 
used commercially to reduce paper manufacturing costs or improve the product. 
Lipases can control the accumulation of pitch during the production of paper 
from pulps with high resin content, such as sulfite and mechanical pulps from 
pine (75). Enzymes also help remove contaminants in the recycle stream. They 
can reduce the accumulation of adhesives and pitch residues, called stickies, on 
machines (14). They can facilitate the deinking of recycled paper and improve 
pulp drainage, which is particularly important as the amount of recycled fiber in 
the feedstock stream increases. With higher drainage rates, paper machines are 
able to operate faster, which again saves capital costs (5,75,75,76). 

Xylanases have saved chemical costs for the industry (7) without 
interfering with the existing process. This technology has increased the 
bleaching speed in both TCF and ECF processes (77) and, in the case of 
chlorine dioxide bleaching, has actually increased the throughput of the plant 
due to debottlenecking at the chlorine dioxide generator (7). Developments of 
this last type are viewed very favorably since they enable the industry to make 
better use of its existing capital equipment. 

Innovation and Implementation 

Many other enzyme applications are possible based on properties 
demonstrated in the laboratory. These include eliminating caustic chemicals for 
cleaning paper machines, enhancing kraft pulping, reducing refining time, 
decreasing vessel picking, facilitating retting, selectively removing fiber 
components, modifying fiber properties, increasing fiber flexibility, and 
covalently linking side chains or functional groups. Commercial development of 
these applications will require better knowledge of enzyme mechanisms and 
actions on fibers, development of improved processes for their use, and 
changing enzymes to function better under existing operating conditions. 

Efficacy is critical. The effect must be sufficient and reliable enough to 
warrant a change in process technology, or it wil l not be used. Economy of scale 
can greatly reduce the expense of enzyme production but unless the benefit is 
substantial, a paper maker will not implement the technology. Technical barriers 
can also block implementation. The use of an enzyme in a process step might 
call for adjusting operating parameters such as pH, adding chemicals such as 
surfactants, or making capital expenditures such as mixing tanks. In addition to 
the cost to implement the enzyme technology, the changes required for altered 
downstream processing might create expenses. For these reasons, innovative 
enzyme processes are most readily accepted when they can be incorporated into 
existing practices. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



213 

Often the biological or biochemical basis for an enzyme application is not 
well understood and must be developed through an empirical approach. For 
example, the ambient pH and temperature of kraft pulps dictate that xylanases 
should exhibit both alkaline activity and thermostability, but other factors make 
similar enzymes better suited to enhance bleachability. Xylanase use must be 
tested and levels of enzyme, the source of the enzyme, and location of enzyme 
treatment in the process are all critical factors to the successful deployment of 
the technology at the mill (18). The particular pulp or fiber might require the use 
of specific enzymes or doses. The pH optimum, the temperature of operation, 
and the sensitivity of the enzymes to other components of the process might all 
have to be modified. 

Twenty years ago, the only means to make these changes would be to find 
new organisms and new enzymes. Today, these traditional means are available, 
and in addition, recombinant D N A has allowed the cloning of enzymes from 
known producers, difficult-to-culture microorganisms, and even unculturable 
organisms. These cloned enzymes can be modified for temperature, pH, and 
stability using similar techniques. Random mutagenesis, gene shuffling, directed 
evolution, and site-specific changes in the active site or supporting structure 
have all allowed the biotechnologist to change the natural enzyme to fit the 
need. The advent of in silico design adds another dimension to the possibilities 
by allowing the testing and design of enzymes that are not presently found in 
nature. 

Pulp and Paper Processes 

This review will present selected applications of enzymes in pulp and 
paper processing. Pulping starts with the conversion of wood or agricultural 
materials into a flexible fiber that can be made into paper. Depending on the 
ultimate application, many pulping processes can be used. The most common, 
kraft pulping, is a hot alkaline sulfide digestion of wood that removes most of 
the lignin and leaves a cellulosic fiber that is flexible yet strong. Acid sulfite 
pulping is also used to produce printing and writing paper grades. These 
chemical pulping processes form the basis for the production of printing, 
writing, and packaging paper grades. Mechanical, thermomechanical, and 
chemo-thermomechanical pulping produces fibers in much higher yield but with 
lower strength and optical properties. Such fibers can be incorporated into 
newsprint or magazine stock. After pulping, the fiber is washed and then 
bleached i f the end use calls for white paper. Many other manipulations such as 
sizing, addition of fillers, and color addition can take place after this to produce 
the final paper product. 
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In addition to primary fiber, recycled fiber derived from recovered 
postconsumer paper is a major fiber source. Basic steps in paper recycling are 
pulping, washing, screening and flotation (to remove ink and other 
contaminants), bleaching, and wastewater cleanup. Enzymes can be useful in 
each of these process steps. The remainder of this review will describe enzyme 
uses in these processes and will also touch on the alteration of enzymes to better 
fit the process needs. 

Enzyme Use in Pulping 

Enzymes used in pulping can increase the yield of fiber, lessen further 
refining energy requirements, or provide specific modifications to the fiber. 
Cellulases have been used in many processes in the paper industry. Enzyme 
pretreatments using cellulase, hemicellulase, and pectinase have been shown to 
enhance the kraft pulping of sycamore chips and other pulp sources (19-21). 
This enzyme mixture allowed for better delignification of the pulp and savings 
in bleaching chemicals without altering the strength of the paper. The cost of the 
enzymes and questions about the effectiveness of a large enzyme aiding the low 
molecular weight pulping chemicals (16) has led to skepticism about the 
implementation of cellulases to enhance the kraft process. 

Cellulases have been tested on mechanical pulps as well. In this case, there 
are conflicting results shown by a benefit in brightness and an increase in energy 
required for refining (22) using a crude cellulase on radiata pine compared with 
reduced energy required after a cellobiohydrolase treatment on spruce 
mechanical pulps (23,24). Other enzymes such as laccase and protease have 
been reported to reduce energy requirements in mechanical pulping (16). 
Laccase treatment has the additional benefit of increasing fiber bonding, which 
enhances the strength of the paper (25). 

The use of enzymes in the refining of virgin fibers has been ongoing for 
decades. Kraft pulp has been treated with cellulases and xylanases, and both 
enzymes have reduced the energy required for further refining (26). The 
cellulases must be used carefully so they do not reduce the strength of the fibers 
(27). Xylanase treatments are more effective on unbleached pulps than they are 
on bleached kraft pulps (16). 

The yield of thermomechanical pulp can also be increased by the use of 
enzymes. De-esterifying the soluble O-acetyl-galactoglucomannans of Norway 
spruce using an acetyl esterase was shown to precipitate the 
galactoglucomannans onto the fiber and increase the yield of fiber from the 
process (28). 
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Dissolving pulps are derived from pulps that contain a high level of 
cellulose. These pulps are treated to form soluble reactive carbohydrate chains 
that are then extruded into fibers or films. Endoglucanase treatment decreased 
the viscosity and chain length and increased the reactivity of a pulp made from 
eucalyptus and acacia (29). The endoglucanases were more efficient at 
hydrolyzing the pulp than were cellobiohydrolases at the same protein dosage 
(29). The use of cellulases in a two step process, where the alkali insoluble 
material was recovered, treated with enzymes, and recombined with the first 
extraction, resulted in a dissolving pulp that was more soluble in alkali than pulp 
treated directly with enzymes followed by alkali. Although when compared at 
the same level of hydrolysis, the fibers from the two stop process were actually 
slightly lower in solubility (30). Alkali extraction of dissolving pulps made from 
bleached hardwood kraft fiber and recycled paper rich in hardwood fiber, 
followed by xylanase treatment and a second alkali extraction, provided a 
reduction in the hemicellulose content of the pulp, acceptable viscosity, and 
alkali solubility (57). 

Enzyme Use in Bleaching 

Pulp bleaching has been repeatedly targeted as an application for enzymes 
in pulp and paper processing. The goal of bleaching is to whiten the pulp by 
changing or removing colored components. Initially, lignin-degrading enzymes 
were considered most important. In 1986, however, Viikari et al. (70) 
demonstrated that xylanases were effective as a prebleaching agent for pulps. In 
more recent years, laccases or manganese peroxidases, either alone or in 
combination with low molecular weight mediators, have been examined for 
their usefulness in pulp bleaching. 

Xylanases in Prebleaching 

The use of xylanases for prebleaching kraft pulp has been one of the 
greatest success stories of enzymes in the pulp and paper industry. Enzyme use 
helps to solve some of the environmental concerns associated with the use of 
chlorine in bleaching. The subject has been reviewed many times (5,6,9,15,32-
35) and wil l not be covered here except for more recent developments. The 
mechanism by which xylanase assists in bleaching has come under study (P,77). 
Xylanase treatment can improve lignin extraction, alter carbohydrate and lignin 
associations, or cleave redeposited xylan (9,36,37). 
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One U V absorbing material, hexenuronic acid, is formed during kraft 
pulps from 4-methyl-glucuronic acid residues present on the xylan (38-40). The 
cleavage of the xylan allows the removal of such groups, thus saving on 
chemicals that would be needed to bleach those residues (41). A n additional 
mild acid treatment wil l also selectively remove these colored components 
(42,43). The removal of the hexenuronic acid by xylanase treatments also 
helped to prevent brightness reversion of the treated kraft pulps (44). 

Other studies on fiber modification have indicated that xylanase treatment 
allows alkali better access to the lignin (45). This enables more of the lignin to 
be removed and improves the bleaching efficiency for the remaining lignin in 
the fiber (46). The xylanase could be removing xylan that blocks access to the 
lignin, or xylan could precipitate on the surface of the fiber during kraft pulping, 
thereby preventing lignin extraction. This improved lignin removal and the 
removal of the bleach-consuming hexenuronic acid might explain the 
mechanism of xylanase prebleaching (47). However, there is evidence that 
xylan does not necessarily reprecipitate on the surface in all pulps (48), and our 
understanding of the xylanase bleaching mechanism at this point does not 
provide a means of predicting i f bleaching wil l be enhanced by a given 
xylanase. Even the demonstration of carbohydrate (xylan) removal does not 
always correlate with bleaching efficacy (49). 

Novel Xylanases 

The potential applications of xylanases and the need for enzymes that 
might be more appropriate for use in pulp bleaching has caused many 
researchers to look for xylanases in different organisms and environments (50). 
Because the kraft process results in pulps that are alkaline and at higher 
temperatures, enzymes that do not require adjustment of temperature or pH are 
better suited to the process. Thermophilic (50-55) and alkaline sources (56-58) 
for these enzymes have been recently reviewed. Substantial amounts of work 
have been devoted to isolating and cloning new xylanases from all sources. 
Using xylanase as a search term in the scientific bibliographic databases, we 
found an average of 24 papers per year from 1982 to 1990. The same search 
from 1991 to 2000 revealed an average of 188 papers per year. Not all of these 
were papers about new xylanases, but a better indicator may be the number of 
xylanase-encoding D N A sequences that have been entered into data banks. A 
recent computer analysis (BLAST) of the nucleotide sequences with 
representatives of the Family 10 and 11 xylanases revealed more than 380 
closely related protein-encoding sequences in the public databases. 

Knowledge of the structure of a protein and its amino acid sequence might 
be used to explain why some xylanases have activity in alkaline conditions (59) 
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while others are active only in acidic conditions (60). Structural analysis of the 
Bacillus circulans xylanase provided insight into the unusually high pKa of an 
active site glutamate (59). The Aspergillus niger xylanase was active in acidic 
conditions due to the presence of an aspartic acid residue whereas other alkaline 
active xylanases have an asparagine residue (60). The knowledge gained from 
these studies can be used to better adapt xylanases to a given function. 
Alterations of xylanases to increase their activity under process conditions wil l 
be covered in a later section. 

Variation in Applications 

Xylanases have been used on a wide variety of pulp fibers. Pulps from 
softwoods (radiata pine, Douglas-fir, western hemlock, redcedar, loblolly pine, 
slash pine, black spruce) (61-68), hardwoods (aspen, sweetgum, oak, tupelo) 
(65,66,69-71), bagasse (72,73), eucalyptus (67,74-80), ramie fibers (81), 
bamboo (82), khar grass (79), and wheat straw (83) have all been treated with 
xylanases and the treatment appears useful in assisting the bleaching of the pulp. 

Not all xylanases work with all pulp sources. Indeed, there have been 
several reports of some enzymes working better than others, and synergy among 
xylanases or other carbohydrases has also been shown (84,85). In general, most 
of the xylanases used for bleaching belong to the Family G (or 11) enzymes, 
which are smaller (49,86-89) than those in Family F (or 10). Some xylanases act 
better with other xylanases (84,85) or other carbohydrases (90-94). The method 
of pulp production may be important for the activity of other carbohydrases to 
improve pulp bleaching (95). 

The source of the fiber is not the only variable in determining the use of 
xylanases in bleaching. One variable is the type of pulp being produced. Kraft, 
sulfite, dissolving, mechanical, and thermomechanical pulps are all possible. 
Xylanase treatment of kraft pulps is quite common and is well represented in the 
mentioned uses. Kraft pulping followed by oxygen delignification complicates 
the use of xylanase since the levels of enzymes must be empirically adjusted 
(96). Oxygen delignification makes more xylan accessible, and the enzyme 
doses for bleaching are actually lower than for kraft pulp. 

Xylanase treatments have had mixed success with sulphite pulps. Repeated 
xylanase and alkaline oxygen treatments provided some increase in the ability to 
bleach sulphite pulp (97). The need for repeated enzymatic treatments without 
some method of enzyme recycle would make this economically unworkable. 
Xylanase treatment was tested on sulphite pulps bleached with hydrogen 
peroxide (98) and no benefit was shown. Reducing the residual pentose content 
of dissolving pulps was possible using xylanase, but success depended upon 
having a low level of pentosans present in the pulp and repeating treatment and 
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alkali extraction (PP). Xylanase was able to enhance the brightness of a fungal-
pretreated dissolving pulp (100). 

There is also variability in the stage of the process where the enzyme 
treatment is performed. It could be pre- (19) or post-pulping, before or after 
alkaline treatment (101), or before or after the bleaching treatment. Alkaline 
leaching and enzyme treatment work by different, noneomplementary 
mechanisms, so it is not useful to combine the processes. The method of 
bleaching is also a variable, and improving bleaching with ozone, chlorates, 
peracetic acid, and peroxide is important for the industry (102,103). Use of 
enzyme treatments may have to be reoptimized when using a different bleaching 
method. 

Other Enzymes Used for Pulp Bleaching 

In general, the effect of xylanase on final pulp brightness is considered 
indirect. It removes reactants with the bleaching agent or obstacles to the 
bleaching action. A similar effect was shown for cellulase treatment and color 
removal in recycled yellow pages (104). There are some reports of direct 
brightening with xylanase treatments (105,106), but most of the direct bleaching 
with enzymes is done using oxidative enzymes that directly attack the color-
producing compounds in the lignin. 

The enzymes that attack the lignin components of the fiber are oxidative. 
Peroxidases use hydrogen peroxide, and laccases use oxygen and eventually 
react with the lignin-derived moieties. The fungi Trametes versicolor and 
Phanerochaete chrysosporium degrade lignin in kraft pulp and enhance its 
brightness (107). P. chrysosporium produces manganese peroxidase (MnP) and 
lignin peroxidase (LiP). T. versicolor makes LiP , MnP, and laccase. Cellobiose 
dehydrogenase is also made by both fungi, and its role in wood degradation and 
potential applications has recently been reviewed (108-112). 

Treating pulp with fungal enzymes partially enhanced brightness but did 
not brighten the pulp to the same extent as fungal growth on the pulp 
(107,113,114). However, the use of oxidative enzymes rather than whole 
organisms does avoid the problem of cellulose hydrolysis. T. versicolor 
produces laccase and MnP at the highest levels when the greatest increase in 
brightening occurs. Both laccase and MnP can reduce the content of lignin in 
pulp provided the conditions are correct (107,113,114). 

MnP requires hydrogen peroxide and M n " for full activity. Laccase 
requires oxygen and a low molecular weight compound, termed a mediator, for 
effective bleaching. Some pulps do not require addition of M n " (115). Either 
they already have sufficient M n " or chelators, such as oxalate, are able to 
liberate sufficient M n " for the enzyme to have an effect (775). As yet, no 
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natural mediators have been identified from the fungal cultures involved in 
bleaching, and some have thought that MnP is more important than laccase 
(116). Some evidence also suggests that extractives from Norway spruce might 
contain a natural mediator for laccase (117). 

MnP and LiP both require hydrogen peroxide for activity, yet they are 
inactivated when it is present at moderately high levels. Both enzymes also 
contain heme, which must be inserted properly prior to secretion. Fungal 
cultures make these enzymes in relatively low yield. The cost of the enzymes, 
their requirements for hydrogen peroxide, and their sensitivity to hydrogen 
peroxide limited the early use of these enzymes (114,118). Enzymes are now 
more available, but their sensitivity to hydrogen peroxide still exists. Continuous 
low level addition of hydrogen peroxide (116,118), or a system to generate it 
(glucose oxidase and glucose), can provide the needed hydrogen peroxide 
(115,119). 

The use of MnP and xylanase along with caustic extraction and hydrogen 
peroxide bleaching has been proposed as a TCF method of pulp bleaching 
(778). Hydrogen peroxide bleaching after MnP treatment has been found 
effective. In one instance, MnP increased the final brightness by 10 points (116). 
The simultaneous use of xylanase and MnP had a synergistic effect during a 
prolonged bleaching with continuous addition of hydrogen peroxide (120). The 
use of xylanase prior to laccase-mediator treatment also allowed better removal 
of the lignin. However, the simultaneous treatment with laccase was ineffective 
(727). 

As noted, the initial proposed use of laccase for bleaching (722) was 
limited by the availability of the enzyme and the cost of the mediators needed 
for lignin destruction (774). Laccase and MnP can both provide equivalent 
levels of bleaching (775), but laccase is much easier to produce in quantity and 
is commercially available. Both laccase and MnP cause an initial darkening of 
the pulp that is subsequently removed during bleaching and washing (775). The 
search for new laccases and new mediators has met with some success. New 
laccases (725) have been reported from various sources (725,124), which now 
include bacteria such as Azospirillum lipoferum (125) and Bacillus subtilis 
(126). New mediators are being tested (123,127,128) including transition metal 
complexes (72P). 

The more common laccase mediators, 1-hydroxybenzotriazole (1-HBT) 
and 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS), have been used 
by many researchers comparing effects with various laccases (130-136). 1-HBT 
and A B T S were better mediators for delignification than other mediators tested 
(757). However, both are expensive (757). Other mediators such as violuric acid 
can be used, but they suffer from inactivating the laccase as does 1-HBT (758). 
While laccase and mediators allow brightening of low lignin pulps, on high 
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lignin pulps, they still reduce the lignin content (139). However, the brightening 
effect is lost (757). 

Different laccases have also been shown to react differently with 
mediators (137,138). Combinations have to be tested prior to use. A single 
treatment of pulp with laccase and mediators wil l only remove a percentage of 
the lignin (140,141). The extraction of the pulp with alkali, and a second 
treatment with laccase, wil l remove more lignin (141). 

While there is great promise in using oxidative enzymes in the bleaching 
of pulp, the process is not yet economical. The cost of the enzyme wil l always 
be a factor. However, the sensitivity of MnP to hydrogen peroxide and the need 
for an inexpensive, effective, nontoxic mediator for laccase treatment are critical 
remaining problems. 

Enzyme Use in Fiber Recycling 

The primary objectives in recycling paper are to remove ink and other 
contaminants while retaining optical and strength properties of the fibers. 
Enzymes can be used to enhance dewatering (drainage) rates, facilitate 
contaminant removal, and increase bond strength in recycled fibers. Drainage 
resistance of secondary fibers adversely affects sheet formation, slows operation 
of the paper machine, and increases drying energy (142). Deinking and 
contaminant removal likewise can benefit from enzyme treatments that facilitate 
separation of fibers in the washing and flotation processes. 

Refining and Drainage 

When they are properly applied, endoglucanases can enhance the drainage 
rates for recycled fibers beyond what can be attained by polymer addition (745-
146). Enzyme treatments require additional retention time and sufficient mixing 
to affect the fiber surface structure. At optimum pH, temperature, and 
consistency and with appropriate mixing, treatments can be achieved in as little 
as 15 minutes. The enzyme dose and treatment time depends on the preparation 
and its activity. Enzyme addition prior to refining can lower the energy required 
to meet strength specifications or can improve strength properties at a fixed 
refining level (145). Enzyme addition after refining increases freeness, thereby 
enabling operation of the paper machine at a faster rate (146). Enzyme-assisted 
refining can enable lower head box consistency for better paper formation, 
improved strength, decreased basis weight, and increased use of recycled fibers. 
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Mooney et al. (147) reported evidence indicating that increased drainage 
results from selective digestion of the smaller fiber fragments. However, this 
effect also could be attributable to removal of cellulose microfibrils from paper 
fiber surfaces (148,149). In either case, care must be exercised to keep 
treatments at a low dose because endoglucanases that attack amorphous 
cellulose also cause rapid loss of fiber strength (150,151). In an attempt to avoid 
strength loss, Pala et al. (152) examined the use of cellulose binding domains 
(CBDs) isolated from cellulase preparations following proteolytic digestion. At 
low doses, CBDs increased both drainage rates and paper strength properties, 
but at higher dosage rates, the beneficial effects on strength indices were less 
pronounced. Pala et al. (752) hypothesized that the beneficial effect on strength 
was attributable to an increase in the microfibrilation of the fiber surface. 
Increased drainage, however, was also attributable to residual hydrolytic activity 
because C B D preparations in which some reducing sugar release was detectable 
increased drainage to a greater extent than preparations without detectable 
activity. 

The efficacy of enzyme treatment depends on the fiber type. Mechanical 
fibers are much more resistant than chemical fibers to cellulase activity. Low 
doses of cellulases can increase handsheet density and reduce coarseness while 
having minimal effects on strength. Such treatments are most effective with 
kraft fiber (755). Because bond strength restoration is most important with 
secondary fibers and because recycled fibers are often filled with calcium 
carbonate, alkaline cellulase activity might be a desirable characteristic (154). 
However, highly active alkaline cellulases have not yet been described. 

Starches used in sizings can accumulate in the treatment water of fiber 
recycling mills and interfere with drainage. In such instances, alpha-amylase can 
improve drainage properties, presumably by reducing the viscosity of the 
backwater (155,156). Amylase treatments have been shown to increase the 
drainage of recycled paper pulp, allowing the paper machines to run faster 
(755). 

Recovered paper is recycled from various sources. Mixed office waste 
(MOW), old newspapers, and old corrugated containers (OCC) are the main 
recycled paper streams. The adhesives, glues, coatings, and binders present in 
recycled paper can cause the accumulation of stickies in the pulp slurry (757). 
When stickies accumulate into larger particles, they cause problems with the 
paper production and need to be removed from the system. A n undefined 
esterase was reported to be effective in reducing the size and number of stickies 
in the recycled paper sources (757). 

Cellulase and hemicellulase mixes have been reported to improve drainage 
of OCC pulps and liner boards and to allow a lower amount of polymeric 
additives to be used to strengthen the paper (143,144,158). The use of cellulases 
and xylanases can be a problem with anionic surfactants, which are often used 
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during recycling (159). The use of cationic or nonionic surfactants actually 
enhances the activity of cellulases and xylanases (159). 

Deinking 

One of the main applications of enzymes to recycled fibers has been to 
remove print (160,161). More than 70% of M O W paper consists of uncoated 
papers that are printed with copy and laser printer toners, which are often 
difficult to remove by conventional, alkaline deinking processes (162). 
Cellulases are particularly effective in facilitating the removal of toners from 
office waste papers (163). Both cellulase and a nonionic surfactant are required 
for effective deinking (164). Recently, Park and Park (165) showed that 
chemically modified cellulases were more effective for recycled fibers than 
unmodified cellulases. These researchers added polyethylene oxide copolymer 
derivatives and maleic anhydride to the amino groups of the enzyme and then 
used the modified enzyme to treat recycled fibers. Paper made from fibers 
treated with modified cellulase had better physical properties, such as tensile 
strength and internal bond formation, than fibers made from unmodified 
cellulase. The modified cellulase was more effective in separating ink particles 
from fiber during flotation deinking (166). Paper freeness, whiteness, and tensile 
strength increased by 31%, 13%, and 24%, respectively. 

Treimanis et al. (167) showed that cellulase decreases the interaction of 
toner and ink particles with fibers. This treatment is more effective with alkaline 
sized papers after adjusting the pH to 3.0 and the addition of a hydrocarbon 
surfactant (168). Based on enzyme trials and microscopic observations, Dinus 
and Welt (161) concluded that the primary role of cellulases in deinking 
involves separating ink-fiber agglomerates and dislodging or separating ink 
particles and fibrous materials in response to mechanical action during 
disintegration. Alpha amylase also appears to have a positive effect on deinking 
of recycled fibers (169% but it is not clear whether this mechanism is the same 
as that observed with cellulase. 

Other Enzyme Uses in the Pulp and Paper Industry 

Deposit Removal 

Water used for the paper process often contains nutrients and is kept in 
conditions conducive to microbial growth. Microbial growth or deposits can be 
a problem when mills have closed their water loops, providing the possibility of 
concentrating organisms and nutrients (770). The microorganisms that cause 
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these problems can be many different species, both aerobic and anaerobic 
(170,171). Slime formation on equipment is often the result of such conditions. 
Slime wil l cause many problems such as pump failure and breaks and blockages 
in paper machines. The first approach to this problem is to prevent slime 
formation by adding biocides. Once slime has formed, its removal is an 
important operation in the paper making industry and often requires shut down 
and caustic boil outs to properly clean the line. 

Much of slime, or biofilm, is composed of carbohydrate and protein 
polymers. Enzymes such as amylases and proteases have been found useful in 
enzymatic boil out of slime encrusted equipment (172-174). One approach to 
the removal of slime from equipment is to produce sufficient slime from 
organisms isolated from the source, set up enrichments, and select organisms 
that wil l grow on it (175). Organisms were found that could degrade these 
polymers depending on the polysaccharide and organism used to make it. This 
approach may provide a source of new enzymes to be used for cleaning such 
deposits (175). 

A similar approach was taken with colloidal material that could be reduced 
by culture filtrates of a fungus T. versicolor grown on the colloidal material 
(176-178). Dissolved and colloidal substances are a problem especially when 
mills close their water loops to conserve water use (179-181). Lipase has been 
used to remove lipid-based materials in these suspensions for a number of years 
(182-186). Removal of extractives by laccase-based catalysis of polymer 
formation and lipases provided additional removal of organic materials (177). 
Carbohydrate components of the colloidal material (187) could be removed by 
esterase treatment, which results in the carbohydrates being deposited onto the 
fiber (28). 

Enzyme Use in Fiber Modifications 

Interest has been growing in the enzyme-assisted modification of fibers. 
Enzymes such as peroxidases and laccases have been used to polymerize or co-
polymerize materials with wood-based fibers (188). Attachment of guaiacol 
sulfonate using laccase made lignin more water soluble (189). The attachment 
of 4-hydroxyphenylacetic acid was also demonstrated, but no differences in 
lignin solubility could be distinguished (189). High kappa pulps were modified 
with 4-hydroxyphenylacetic acid in the presence of laccase (190). This 
modification increased the carboxylic acid groups, water retention, tensile 
strength, and burst strength of the resulting paper. The same treatment with 
tyrosine and guaiacol sulfonate had only minimal effects (190). Laccase 
catalyzed the polymerization of acrylic compounds onto lignosulfonates (191). 
Laccase in the presence of specific peroxides also grafted acrylamide onto lignin 
(192). Incubation of lignin with wood-based fibers in the presence of laccase 
formed covalent attachments with carbohydrate polymers (193). Laccase also 
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assisted in enhancing the bonding in fiberboard made from Norway spruce 
(777) and beech fibers (194). Water soluble components of the spruce 
thermomechanical pulp aided in this bonding, and i f removed, a mediator could 
replace their effects (777). Mediators also improved the strength of unbleached 
kraft pulp modified with laccase (195). 

Peroxidases and other oxidases have been used to modify polymers as well 
(188). Peroxidases have been used to attach gallate esters to chitosan (196). 
However, it was difficult to measure what reactions actually took place. Low 
molecular weight lignin fragments were precipitated by treatment with 
horseradish peroxidase or potato-polyphenoloxidase, thus removing them from 
solution (197). The use of manganese peroxidase in aqueous organic solvents 
allowed the polymerization of guaiacol and other phenolic compounds and 
aromatic amines (198). The ability to function in organic solvents and modify 
polymeric compounds allows many reactions to proceed via oxidative enzymes, 
since many of the substrates that the oxidative enzymes react with are sparingly 
soluble in water (199). While these enzymes are able to catalyze reactions 
efficiently, they operate by free radical addition, and the bond formation can be 
predicted but not necessarily controlled and directed. This is especially true 
when the polymer being used is complex like lignin and wood-based fibers. 

Cellulases can increase fiber flexibility and thereby improve pulp 
properties. This can be particularly important for coarse fibers with thick walls 
such as those derived from Douglas-fir. An enzyme charge of 1 mg cellulase 
protein/g of ovendry pulp can improve handsheet density and smoothness while 
increasing freeness and reducing coarseness (755). Excessive enzyme treatment, 
however, erodes the fiber surface and reduces pulp strength (200). Degradation 
is most apparent with short fibers, and refining is least effective with the long, 
coarse fibers (201), so if the pulps are fractionated into various lengths prior to 
enzyme treatment, the results are more satisfactory (202). By treating the fiber 
fractions separately, each under optimal conditions, and then recombining the 
fractions, Mansfield and Saddler (203) were able to increase tensile strengths of 
the resulting pulps by 25% to 35%. Cellulase and xylanase treatments can 
increase the density of the resulting handsheets made from kraft pulps (204). 
The beneficial effect of cellulases and xylanases on pulp properties appears to 
result from a collapsing of the coarse fiber and a resulting increase in the surface 
area available for interfiber bonding (201). Mechanical pulps are much more 
resistant to enzyme treatment. Laccases can increase bonding of mechanical 
fibers, but this probably results from a different mechanism than that observed 
with cellulases and xylanases (25). 
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Cellulose Binding Domains 

Enzymes that attack cellulose and xylan often have portions (domains) of 
the protein that bind to cellulose (205,206). Binding domains specific for xylan 
have been identified (207), but a single amino acid change can alter this 
specificity from xylan to cellulose. Xylanase catalytic subunits with CBDs as 
part of their overall tertiary structure are common. The biochemical role of a 
C B D is to keep the enzyme catalytic unit close to the substrate surface. The need 
for the C B D in fiber processing might depend on the uses of the enzyme. The 
roles of CBDs in the hydrolysis and modification of chemical pulps have been 
examined (208). The presence or absence of CBDs did not affect the action of 
enzymes against soluble substrates. However, enzymes with a CBD enhanced 
fiber beating to a greater extent than did enzymes without the CBD. Since 
beating is thought to increase microfibrillation, the C B D could play a role in 
opening up the cellulose crystallite structure. 

Opening the structure of cellulose or swelling of fiber has recently been 
attributed to swollenin (209), a protein made by Trichoderma reesei that has 
homology to C B D and expansin (210). The latter is a plant protein involved in 
separating cellulose fibrils during wall expansion and cell growth. Thus, C B D 
might be viewed as a domain that makes substrates more accessible (210). The 
recombinant-derived C B D of Cellulomonas fimi actually blocked the access of 
cellulase to the substrate rather than making it more available (210). Deletion of 
the C B D of xylanases from Pseudomonas fluorescens and C. fimi did not affect 
the ability of the enzymes to attack pulp xylan but had variable effects on 
reducing the lignin content and bleaching (211). The P. fluorescens enzyme had 
the same effect on bleaching with or without the CBD, whereas the C. fimi 
enzyme was marginally better with the CBD. Similar findings on the need for 
the carbohydrate binding module for the hydrolysis of insoluble xylan by the 
xylanase from Clostridium stercorarium have also been reported (272). The 
xylanase might have dual functionality being both a cellulose binding protein 
and a xylanase (273). 

Some proteins with an ability to bind to cellulose do not have a specific 
definable CBD. The cellobiose dehydrogenase from P. chrysosporium binds less 
strongly than the cellobiohydrolase of T. reesei (214). Attempts to localize a 
C B D from the cellobiose dehydrogenase via proteolysis indicated that the 
structure is probably internal to the structure of the protein. The proteolysis of a 
cellulase complex from Penicillium verruculosum provided a fraction that was 
able to hydrolyze soluble xylan but did not hydrolyze insoluble xylan (275). The 
xylanase from this organism was a major component of the cellulase complex 
and presumably contains a strong C B D (275). New C B D sequences are being 
discovered, and there may be multiplicity (216) in the binding of carbohydrases 
to the substrates they attack. 
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Some of the more interesting uses of CBDs might be to alter fiber surfaces 
without actually hydrolyzing the fiber. For example, Kitaoka and Tanaka (217) 
have recently described a CBD-based additive that enhances paper strength. 

Modifying Enzymes to Attain Activity Under Specific Conditions 

The cloning of specific enzymes from described organisms and D N A 
sequences is becoming routine. Many new xylanases (34,50-55,67,68,218-232), 
cellulases (50,51,53-55,233,234), and other fiber modifying enzymes (50,53-
55,92,235,236) have been recently cloned, produced, and characterized as to 
their activities. Often these enzymes can be produced without ever having to 
deal with the natural host. With the plethora of genomic sequences being 
discerned, many new enzymes might be available by searching the new 
sequences for regions that code for specific enzymes. This directed approach 
has provided new potential enzymes for use. 

Degenerate primers coding for conserved regions of enzymes have been 
used in PCR studies to produce gene fragments encoding these enzymes. This 
technique has been used to produce novel enzymes from unknown organisms 
present in the environment. A recent example of this is the cloning of a 2,5-
diketo-D-gluconic acid reductase from an unknown organism (237). The 
resultant enzyme had much higher catalytic activity than existing enzymes from 
known organisms. Although there may be some limitations on what might be 
made by recombinant organisms, there are many enzymatic targets that might 
benefit from this approach. Thermophilic organisms must have active enzymes 
for all of their cellular functions. The nature of the environment in which these 
organisms are found dictates that these enzymes must be thermostable. Many 
enzymes have been cloned from the D N A of these organisms. Although a 
thermophilic enzyme can tolerate higher temperatures, it wil l act slower at lower 
temperatures. Thus, a thermophilic enzyme should be sought when a process has 
to remain hot or requires the use of solvents, but many other alternatives exist 
when the process does not have to be heated and is at a nondenaturing pH. In 
fact, using a thermophilic enzyme might cost more for a given treatment i f the 
fiber has to be specifically heated for the enzyme to be effective. 

When an enzyme has been studied to the extent that the crystal structure is 
known, some specific planned changes can be made and the response in the 
activity of the protein predicted. The introduction of disulfide bonds through 
site-specific mutations have increased the thermostability of a B. circulans 
xylanase (238). A l l of the designed changes provided increased thermostability. 
However, only one out of eight changes provided an increase in the optimal 
temperature of activity (238). Site-specific changes were also introduced into 
the MnP of P. chrysosporium, which allowed the enzyme to tolerate higher 
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concentrations of hydrogen peroxide than the wild type (239). The increased 
tolerance was somewhat offset by a decrease in the affinity of the enzyme for 
hydrogen peroxide. 

Site-specific changes require knowledge of the sequence of the protein and 
some concept of how changes can be imparted. Comparison of the sequence of 
Streptomyces lividans xylanase to thermostable xylanases from the same family 
provided a road map to increasing the thermostability of the S. lividans enzyme 
(229). The expression of xylanases in E. coli and a screening assay for 
thermostability also helped to identify more thermostable variants of the S. 
lividans xylA xylanase (221). Domains that have thermostabilizing activity have 
been identified (33,240). The first 29 amino acids of the Thermomonospora 
fusca xylanase A enzyme imparted increased thermostability to S. lividans 
xylanase B (241) and also T. reesei xylanase II (242,243). A n increase in 
optimal operating temperature was found in variants of S. lividans xylanase B 
by further random gene shuffling using random fragmentation of the T. fusca 
and S. lividans genes (241). The thermostability and thermal activity of the 
modified T. reesei enzyme has been incorporated into the BioBrite HB60C, 
which shows improved activity in ECF bleaching (242,244). 

Other domains from the family 10 xylanases have also been shown to have 
thermostabilizing effects. Domains from C. fimi (227,245), Thermomonospora 
alba (218), Neocallimastix frontalis (228), Streptomyces olivaceoviridis 
(218,245), and Fibrobacter succinogenes (246) have all been studied. The 
results from these studies indicate that the domains often convey their function 
to new chimeric proteins. This could be the ability to bind to cellulose, bind to 
other proteins (246), change active site domains, and change substrate binding 
domains (245). The shuffling of modules or domains can again produce proteins 
with altered characteristics. A n example of modified enzyme would be the 
combination of cellulase activity with that of (l-3,l-4)-P-glucanase activity 
(247). This multienzyme was able to degrade the specific linkages present in 
barley glucan. 

The altering of an enzyme using random mutations is powerful and does 
not require detailed structural information. The Coprinus cinereus peroxidase 
was modified using both site directed and random methods (248). The manual 
combination of individual site directed mutants resulted in an enzyme with 110 
times the thermal stability and 2.8 times the oxidative stability. However, when 
in vivo shuffling of mutations through yeast homologous recombination was 
used, an enzyme with 174 times the thermostability and 100 times the oxidative 
stability was obtained (248). 

The directed evolution of an enzyme can provide a powerful tool to attain 
enzyme optimization. The technique requires a useful host organism and a 
screen to select desired clones (249). Directed evolution increased the alkaline 
activity and thermostability of a Neocallimastix patriciarum xylanase (250). 
Error prone PCR, mutator strains, D N A shuffling, and domain swapping can all 
be used when the selection is powerful and specific (249). Clearly, knowledge 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



228 

and random changes can be applied, and this allows nature to provide a range of 
possibilities for enzyme modification. 

In silico design of an enzyme may lead to further development in this area 
(251,252). Intimate structural knowledge of an enzyme's active site is required 
for these types of modifications. However, the alterations provided by nature are 
rather finite and work within a context of what was already present and 
working. With an enzyme designed by in silico methods, the principles of 
protein folding, bond angles, hydrophobic cores, hydrogen bonding solvation, 
and other forces (253,254) can provide us with so many possibilities (many of 
which have not been produced by nature) that they cannot be all tested. 
Designing thermophilic variants of proteins with this technology is already 
possible (255). The temperature limit for enzyme activity might be as high as 
200°C (256). Narrowing these possible structural variants to what can be readily 
tested is the challenge (257). 
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Chapter 13 

Termite Physiology in Relation to Wood Degradation 
and Termite Control 

Thomas G. Shelton and J. Kenneth Grace 

Department of Plant and Environmental Protection Sciences, University 
of Hawaii at Manoa, 3050 Maile Way, Gilmore 310, Honolulu, H I 96822 

The importance of termites (order Isoptera) in the degradation 
of wood (cellulose, hemicellulose, and lignin collectively) is 
discussed, and the relative contributions of termite enzymes 
and intestinal microfauna (protozoa and bacteria) are 
presented. We also provide an overview of the areas of 
cellulose degradation, and physiological (enzymatic and 
pheromonal) means of termite control. Discussion includes 
the currently known hormones and pheromones with 
application in control measures, and some reasons for their 
current use (or lack of use) in termite control. Termites are 
social insects, and hormonal/pheromonal control measures 
often do not have the same results as are expected with solitary 
pest species. Finally, a short discussion of the current trends in 
research on feeding and foraging behavior of subterranean 
termites is presented. 

242 © 2003 American Chemical Society 
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The order Isoptera and the importance of cellulose 

The Isoptera, or termites, is an order of relatively primitive insects and is 
often lumped into a greater taxonomic group, the Dictyoptera, that includes the 
cockroaches (Blattodea) and the Mantises (Mantodea). The Dictyoptera itself is 
part of the greater collection of orthopteroid insects, such as grasshoppers, 
crickets and katydids, all of which have biting and chewing mouthparts (among 
other shared characteristics). The relationships between and among the various 
groups within the Dictyoptera and its place among the other orthopteroid taxa 
are handled well by Boudreaux (i) . The phylogeny of the order Isoptera is 
presented in the works of Krishna (2) and Thorne and Carpenter (3). These 
works are recommended to readers interested in the relationships between these 
taxa. 

The entire order Isoptera is eusocial (4). Thus, termites are not independent 
or solitary insects, as are other wood destroying organisms such as buprestid 
beetles, bark beetles, or siricid wasps. Due to their social structure, different 
termites are assigned different tasks within their colonies (division of labor). 
These divisions of labor divide termites into physically modified specialists, or 
castes. Labor is divided in a number of ways; for example, reproduction 
(queens, kings, supplementary reproductives, and winged alates), defense 
(soldiers in most species), and other activities such as tunnel construction, 
egg/brood care, limited defense, and (most important to humans) feeding. This 
final group of responsibilities belongs to the most versatile of the termite castes, 
the workers. They also represent the largest group of termites within a colony, 
as most individuals are workers, with much fewer soldiers, and even fewer still 
reproductive caste members (5). In the lower termites, such as the subterranean 
termites that are responsible for much damage to buildings, the workers are 
sometimes referred to as "pseudergates", or false workers, to indicate their 
prolonged ability to molt into other caste forms i f required by the colony. It is 
generally thought that colonies are founded by a single pair of reproductives, but 
more recent genetic evidence suggests that this is not necessarily the case in 
some species (6). Kofoid (7) provides a still-relevant overview of basic termite 
biology, colony initiation and structure. 

Most termite species are xylophagous, feeding on the lignocellulosic xylem 
of woody plants. For many years, termites were thought to be unable to produce 
any of their own cellulases for feeding. For this reason, it was argued that 
termites would always require the symbiotic association of microorganisms 
(protozoa, bacteria, or fungi) to produce these enzymes. Otherwise they could 
not obtain any nutrients from their food. Although this has now been 
demonstrated to be not entirely the case, it is still clear that a strong symbiotic 
relationship exists between termites and specific microorganisms. A requirement 
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of symbionts for feeding is thought to have laid the groundwork for the eventual 
development of eusociality in the termites. More primitive ancestors of the 
termites, cockroaches of the family Cryptocercidae, share some of the same 
species of mierofauna with the remaining member of the most primitive extant 
termite family Mastotermitidae (8). This information, along with comparative 
data from mitochondrial cytochrome oxidase subunit II, endo-P-l,4-glucanase, 
and ribosomal RNA, has led Lo et al (9) to connect these two groups 
phylogenetically, a relationship also supported by Thorne and Carpenter (3), and 
McKittrick (8). Since mierofauna are present in the hindguts of termites, they 
must be replenished at each molt (hindgut and foregut integuments are shed with 
the exuviae). This can be done by proctodeal feeding (direct anal feeding from 
one individual to the next) or through trophallaxis (regurgitated food passage 
between individuals). It is expected that proctodeal feeding is more important 
for transfer of mierofauna, since the feces will have already passed through the 
donor's hindgut when they are expelled for the recipient. Note that although the 
hindgut is ectodermal in origin, absorption of nutrients does occur across the 
hindgut integument in termites (10). 

Much of the interest in the Isoptera in the United States has been based on 
their economic importance. However, globally, termites are known for 
ecological contributions in breaking down cellulosic litter, and improvement of 
soils through aeration and nutrient cycling (11-13). While there are species in 
North America representing four of the five to seven termite families, only two 
families are considered economically important in terms of wood destruction. 
These are the drywood termites (family Kalotermitidae) and the subterranean 
termites (family Rhinotermitidae). The activities of termites are estimated to 
cost homeowners in the U S A over $1 billion annually (14). These costs are due 
mainly to the activities of subterranean termites, especially those belonging to 
the native North American genus Reticulitermes Holmgren, and the introduced 
species Coptotermes formosanus Shiraki. Due to their destructive potential, 
these species have been the subjects of much research on termite control 
technology (15-18). The following sections provide an overview of the current 
state of knowledge in using pheromones, physiological modifications, foraging 
behavior and nutritional ecology in the prevention of termite-based cellulose 
degradation. In discussing various species, it wil l soon become evident that the 
major effort rests on the Rhinotermitidae, due to its economic importance and 
subsequent representation in the literature. 

The overall biology of the Isoptera is well beyond the scope of this article, 
but the reader is referred to a second chapter in this book (19), as well as to 
Kofoid (7), Krishna and Weesner (20), and Grasse (21) for further information. 
For information on the evolution of eusociality in the Isoptera, the reader should 
consult Bartz (22), and Myles and Nutting (23), contrasting their work with 
Hamilton (24, 25). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
3

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



245 

Pheromones 

While hormones and pheromones are both chemical messengers in 
biological systems, designed to produce specific cell responses, they differ 
mainly in their target organisms. Chemicals that cause altered cell chemistry in 
the same individual that produced the chemicals are called hormones. Chemicals 
produced by an individual that alter the cell chemistry and behavior of another 
individual are pheromones. These definitions are nothing new, and certainly 
further subdivisions of each category exist. In our discussion, however, we will 
treat them separately, with hormones discussed in the Physiology section below. 

Another reminder of the fact that termites differ from most other wood 
destroying insects in that they are eusocial is the type of pheromones that they 
produce. The following paragraphs illustrate the importance of trail-following 
pheromones in termites, due to their potential value in control efforts. For 
detailed descriptions of the glands involved in pheromone production by termites 
see Grasse (27). 

Trail-following pheromones are perhaps the best studied pheromones aiding 
in the foraging and wood destroying behavior of termites. These pheromones 
are deposited from the sternal gland on the ventral abdomen (26). Many 
subterranean termites appear to use the same compound, cis-cis-trans-3,6,8-
dodecatrien-l-ol, to mark trails to indicate food availability. Termites can be 
induced to follow artificial trails of this compound, either as extracts from the 
sternal gland (27), or extracts from decay fungi (28), and possible pheromone-
based applications to termite control have been discussed since the 1960s. 
However, Grace (29) found that this compound may present a problem for long-
term use in misguiding termites, since they acclimate to its presence over time. 
Other researchers (26, 30, 31) have presented evidence for multiple components 
in the trail-following pheromone blend, but no minor components have as yet 
been isolated or chemically identified. If identified, such minor components 
could encourage further development of control methods employing synthetic 
trails or of baits with more attractive matrices. 

In addition to trail-following pheromones, other pheromones have promise 
for manipulation in termite control. As discussed below, soldier and nymph 
inhibition pheromones produced and distributed through the colony to maintain 
caste proportions (32-34) may have potential uses in combination with juvenile 
hormone applications to termite colonies. Inhibition of these pheromones, 
thought to be produced by termites, could derail the caste proportion systems of 
termite colonies. However, such pheromones must first be isolated and 
identified. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
3

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



246 

Physiology 

Certain agricultural insect pests can be controlled using mimics of a certain 
insect hormone called juvenile hormone. Juvenile hormone is essentially an 
anti-adult hormone (35). By using analogues (such as methoprene and 
hydroprene) of this compound, advancement to the adult stage can be suppressed 
and the juveniles induced to form supernumerary larval forms. While this may 
not directly ki l l the larvae, it affects the population as a whole by preventing 
reproduction (only adult insects have functional reproductive organs). 

As social insects, termites use a slightly modified hormone chemistry. The 
majority of termites in a colony are immature forms rather than true adults, and 
juvenile hormone is used in a different manner from solitary species. With 
termites, caste may depend on the juvenile hormone concentration in the 
termite's environment. Lenz (32) presents evidence that suggests the role of 
nutrition in the development of different castes among termites. His studies used 
the juvenile hormone analogues (JHAs) altozar (ethyl-3,7,ll-trimethyldodeca-
2,4-dienoate) and altosid (isopropyl-11 -methoxy-3,7,11 -trimethyldodeca-2,4-
dienoate), and various levels of nutrients from plain filter paper to wood decayed 
by brown rot fimgi. Essentially, his work showed a positive influence of 
nutrition on subsequent molting of lower termite workers that had been exposed 
to JHA compounds into nymphs and reproductives. In contrast, those workers 
on relatively low nutritional diets tended to molt into soldiers when exposed to 
JHA compounds. Different termite species were able to control extraneous 
soldier development to different degrees; those with higher natural soldier 
proportions were better able to deter the formation of new soldiers, while those 
with naturally low soldier proportions became inundated with soldiers. Evidence 
from Nasutitermes nigriceps (Haldeman) suggested that higher termites may also 
be affected by JHAs in this manner (32). Lenz (32) suggests that the soldiers are 
essentially juvenile hormone sinks, perhaps by producing a compound that 
inhibits its production from the corpora allata of the workers. Henderson (36) 
further expanded upon the concept of termite soldiers as juvenile hormone 
sponges. Work by Liischer (33) has indicated that higher termites have less 
plasticity in their developmental 'programming' than lower termites, such that 
adjustments to caste can only be made at relatively few points along their 
developmental pathways. There are five known juvenile hormones (O-III, plus 4-
methyl juvenile hormone I; 35), and R. flavipes has been shown to use the 
juvenile hormone III in induction of soldier development (34). Prestwich (34) 
was also able to identify the juvenile hormone binding proteins within R. 
flavipes, and suggested that the mechanism for inhibiting soldier development by 
lower termite soldiers is the release of a pheromone that inhibits these proteins. 
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Okot-Kober et al (37) examined the effects of n-sulfenylcarbamate pro-
insecticides (precursors of fenoxycarb analogues) as JHAs in several lower 
termite species. While the compounds did induce increased soldier proportions, 
this increase could be inhibited by the presence of natural soldiers in the 
laboratory arenas. Such natural adjustment of soldier proportions argues against 
the successful use of JHAs for purposes of termite control. 

Of the control methods currently available for subterranean termites, the 
most recent has been the development of various baits (16-18, 38). Bait 
development was plagued for quite a few years by the need for a nonrepellent 
and slow-acting toxicant that would induce delayed mortality at a distance from 
the bait itself, thereby removing concerns about learned avoidance (38). The 
first commercially available bait for subterranean termite control was the 
Sentricon Colony Elimination System™ (Dow AgroSciences), which uses a 
unique physiological approach to address this issue. The active ingredient for 
this bait is hexaflumuron, a benzoylphenyl urea compound. Lenz et al. (39) 
showed that both hexaflumuron and triflumuron (another benzoylphenyl urea) 
affected subterranean termites (C. acinaciformis [Froggatt]) more quickly than 
higher termites (Nasutitermes exitiosus [Hill]). Their study also demonstrated 
concentration-dependent differences among species in susceptibility, with the 
rhinotermitids (subterranean termites) dying more rapidly and from lower 
concentrations of both materials. 

Benzoylphenyl ureas, such as diflubenzuron and hexaflumuron, interrupt the 
formation of an intact integument during molting, leading to death of the insect 
during ecdysis. However, the exact mechanism of this inhibition is not yet 
understood. It is known that these compounds affect chitin synthesis such that 
chitin is not properly laid down in the new procuticle of the insect during 
apolysis. Many of the theoretical considerations of how these compounds 
function relates to chitin synthetase, the enzyme responsible for the conversion 
of UDP-«-acetylglucosamine residues into chains of «-acetylglucosamine 
residues or chitin. Theories for the actual mode of action vary from the potential 
for a metabolite of benzoylphenyl ureas inhibiting chitin synthetase to the 
inhibition of UDP-n-acetylglucosamine passage across cell membranes. While 
the exact nature of the mode of action for hexaflumuron may still be unknown, 
the inhibition of chitin synthetase is thought to be a very good candidate. A full 
discussion of the theories of benzoylphenyl urea mode of action is provided by 
Retnakaran (40). 

While hexaflumuron has provided a very useful bait system (17, 18), there 
will always be room for improvement (39). In the next section, we discuss some 
new information on the feeding and foraging behaviors of termites, and how this 
may improve bait applications. 
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Feeding 

Since we are ultimately concerned with the destruction of cellulose, we must 
consider all the active participants in its breakdown. In the Rhinotermitidae 
(subterranean termites), these participants are the termites, through chewing and 
mechanical (and some enzymatic) breakdown of wood (cellulose), and the 
symbiotic protozoa and bacteria found in the termite hindgut. The protozoa 
participate by the further enzymatic degradation of cellulose in the hindgut, 
producing acetate which is absorbed by the termite as a nutrient (41-43). Since 
wood contains a low proportion of nitrogen, the termites must also find a way of 
accumulating nitrogen (11). This is accomplished in part by symbiotic bacteria 
present in the termite alimentary canal (44-46). While the bacteria are 
considered accomplices in the destruction of cellulose, in the Rhinotermitidae 
they are secondary to the more important cellulase-producing protozoa of the 
hindgut. 

Termite hindgut mierofauna species and number vary with termite species. 
Perhaps the most recent and elaborate work on the various species of mierofauna 
in a single species of termite has been performed with C. formosanus, the 
Formosan subterranean termite (47-52). This species is a member of the 
Rhinotermitidae, is very aggressive in its wood foraging (53), and even uses less 
energy than some other subterranean termites (R. flavipes, 54). Most 
importantly, as a model for protozoan cellulose degradation, it is quite simple, 
having only three species in its hindgut (55). These species, from largest to 
smallest, are Pseudotrichonympha grassii Koidzumi, Holomastigotoides 
hartmanni Koidzumi, and Spirotrichonympha leidyi Koidzumi. The largest 
protozoan, P. grassii, resides in the anterior end of the hindgut, while the 
smallest, S. leidyi, resides mostly in the posterior of the hindgut, with H. 
hartmanni found throughout the hindgut (48). Each of the three protozoans is 
thought to metabolize only certain types of cellulose within the C. formosanus 
hindgut (50-52). Defaunation followed by an examination of termite 
survivorship on various types of cellulose indicated that P. grassii could utilize 
only cellulose with high degrees of polymerization, similar to natural wood (50). 

At one time, mierofauna were thought to be responsible for all cellulase 
activity in termites, but this is not the case. Termites from both the Termitidae 
(Trinervitermes trinervoides [Sjostedt], 56; Macrotermes natalensis [Haviland], 
57; Nasutitermes takasagoensis [Shiraki], 58) and the Rhinotermitidae (C. 
formosanus, 49; R. speratus [Kolbe], 59) have been shown to produce cellulases 
of their own. In both families, these endogenous cellulases are endo-P-1,4-
glucanases and p-D-glucanases (49, 58), and their activities extend to areas 
beyond the hindgut of the termite. It is thought that the termite-produced 
cellulases are regurgitated from the midgut and are active on wood (or cellulose) 
fragments throughout the alimentary canal (49, 51). It should be pointed out that 
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although they also produce cellulases from their midgut epithelial cells, termites 
of the subfamily Macrotermitinae do not rely upon protozoa for the remainder of 
their cellulases (57). Instead they cultivate a symbiotic fungus in their colonies, 
which contains cellulases that are transferred to the termite after feeding upon 
the fungus. 

Yoshimura (48, 52) developed an overview of cellulose degradation in C. 
formosanus. Following mechanical degradation of the wood with the mouthparts 
into smaller pieces, the endo-P-l,4-glucanases and P-D-glucanases produced in 
the termite midgut break down the cellulose matrix into smaller, although still 
indigestible, sections. From there the fragments travel to the hindgut and are 
encountered first by P. grassii, which produces a cellulase that operates on 
highly polymerized cellulose. The less polymerized pieces will be encountered 
by H. hartmanni throughout the hindgut, and are broken down, thus completing 
the breakdown of cellulose itself into acetate. In the hindgut, S. leidyi is thought 
not to degrade cellulose directly, but instead acts as a host for methanogenic and 
nitrogen fixing bacteria (48). 

Current interest in termite breakdown of cellulose has also encouraged new 
research on the means by which termites locate their food in the first place. 
Subterranean termite foraging behavior and food-finding capabilities are 
currently being studied by a number of researchers (60-62), using two-
dimensional foraging arenas (similar to ant farms) to observe tunneling. Both R. 
flavipes and R. virginicus (Banks) will use pre-existing tunnels in their 
movement through two-dimensional space; however, they show less preference 
for moving along guide wires placed in the sand (60). Re-use of existing 
foraging tunnels has also been observed by Grace and Su (78) in field studies of 
termite reinvasion of baited sites. R. flavipes and C. formosanus were found to 
show an increase in the number of tunnels produced prior to (compared with 
after) reaching a food source, suggesting a greater searching investment by the 
termites during the initial phases of food acquisition (61). Puche and Su (61) 
argue that the tunnel formation by these species can be adequately modeled 
using fractal analysis. Robson et al. (63) discovered that subterranean termites 
have patterns to their search behavior that, in the absence of other cues, evenly 
divide the foraging area so as to maximize the likelihood of food discovery. 
Campora and Grace (62) noted that a pattern of successive radial foraging 
tunnels (similar in appearance to spokes of a wheel) was created as termites 
encountered either wood in the soil or substrate anomalies such as a hollow 
space. Overall tunneling efforts shifted towards those parts of the arenas where 
food (or substrate anomalies) were first encountered. In nature, it may be rare 
for subterranean termites to be food-limited (77), since wood is a resource that 
few other organisms utilize. Thus, development of radial search patterns 
triggered by multiple anomalies in the soil rather than solely by discovery of 
wood (i.e., less selective patterns) would seem to make sense so long as such 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
3

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



250 

anomalies are in fact associated with food a majority of the time. Such improved 
understandings of termite foraging strategies hold promise for improving termite 
control, particularity with respect to bait placement and monitoring efficiency. 

Conclusions 

Understanding the feeding behavior, protozoa, and hormone/pheromone 
physiology of economically important termites will expedite development and 
improvement of new technologies for controlling pest species. Behavioral 
examinations will lead to improved bait implementation, particularly better bait 
placement and improved monitoring methods. Knowledge of the relationships 
between symbiotic mierofauna and their termite hosts could well lead to new 
control methods targeting metabolic pathways in the degradation of cellulose 
within the termite gut. The current successful use of chitin synthesis inhibitors in 
subterranean termite baits provides a good example of a physiologically-based 
control strategy. Certainly, additional strategies will be spawned by current 
research efforts. 
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Chapter 14 

The Biology of Marine Wood Boring Bivalves 
and Their Bacterial Endosymbionts 

Daniel L. Distel 

Department of Biochemistry, Microbiology, and Molecular Biology and The 
School of Marine Sciences, University of Maine, Orono, ME 04469 

Marine bivalves of the superfamily Pholadacea include species 
that consume wood as a primary nutrient source (teredinid 
shipworms and deep-sea xylophagainid clams) with the aid of 
intracellular bacterial endosymbionts, a fact that has been 
recognized only in the last quarter century. In addition this 
superfamily includes a number of species that bore in wood and 
other substrates for shelter only. Though little is known about 
the mechanism of symbiotic xylotrophy (wood-eating) in 
bivalves, morphological and molecular evidence demonstrate 
that these marine systems are quite different from symbiotic 
xylotrophy and cellulotrophy observed in terrestrial animals 
(termites, ruminants, etc.). This review focuses on our current 
state of knowledge regarding the systematics and biology of 
wood boring bivalves and their endosymbiotic bacteria, the role 
of these associations in wood degradation, and current methods 
for the control of damage caused by wood boring bivalves. 
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Introduction 

Wood boring bivalves have presented a challenge to mankind since man 
first plied the sea in wooden vessels, fished its waters with wooden gear, and 
built wooden structures on its shores ( i ) . The choice of wood for marine 
construction is a natural one. Its desirable features include high strength to 
weight ratio, resilience when subjected to sudden loads, durability, resistance to 
abrasion, and of course, buoyancy. Wood is also widely available, inexpensive, 
renewable and easy to fabricate into structures (2). Despite these favorable 
characteristics, a principal deterrent to the use of wood in marine construction 
today, and throughout history, has been its susceptibility to destructive attack by 
wood boring bivalves. 

The Biology of Wood Boring Bivalves 

Systematics 

Wood boring bivalves are members of the superfamily Pholadacea. This 
superfamily contains two related families, Teredinidae (shipworms) and 
Pholadidae (piddocks), which together include 20 genera and approximately 175 
wood boring species (5). Teredinids,with the exception of the seagrass borer 
Zachsia and the mud boring Kuphus, are obligate woodborers that utilize wood 
both as a means of shelter and as a source of nutrient (4). Pholadidae is less 
highly specialized, containing species that burrow in a variety of hard substrates 
including wood, mud, stone, shells, clay, sand and peat (5). The wood boring 
pholadids are placed in two subfamilies, Martesiianae and Xylophagainae. 
Members of Martesiinae lack morphological features associated with wood 
feeding (5). They apparently burrow for protection but do not ingest wood. 
Members of Xylophagainae, on the other hand, ingest wood particles and wood 
likely comprises a significant portion of their diet (6, 7). 

Distribution 

Wood boring bivalves occur in all oceans (3). The teredinids are widely 
distributed in shallow waters, from tropical to temperate seas, where they are the 
dominant wood consumers. Although teredinids have been observed to occur at 
considerable depths, it is not clear i f they invade wood or reproduce in deep 
waters. For example, living specimens of Bankia carinata have been reported in 
wood and Pandanus fruit dredged from depths as great as 7488 m (5). However, 
these materials may have been invaded before sinking from shallower water. 
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Teredinids have not been observed to invade test wood at depths greater than 
about 200m (8). 

Xylophagainid bivalves occupy a similar trophic position in deep water. 
They are distributed throughout the world's oceans, primarily at depths from 
150m to greater than 7000m. At higher latitudes some xylophagainid species 
may be found in shallow sublitoral waters, though (3, 8) none are found in the 
intertidal zone or in driftwood. These observations suggest that cold adaptation, 
intolerance to variation in temperature and/or salinity, and limited resistance to 
exposure and/or desiccation may limit their distribution. 

Salinity, Temperature and Oxygen 

Many teredinid species exhibit broad tolerance to fluctuations in salinity, 
temperature and oxygen concentration. For example, Teredo navalis reproduces 
over a salinity range from normal seawater (-35 parts per thousand) to as low as 
9 parts per thousand, and survives for extended periods at 4 parts per thousand 
(9). Some Teredinid species may be adapted to brackish or even freshwater; e.g. 
Nausitora hedleyi which reproduces optimally in a salinity range from 11-14 
parts per thousand (10), and Psiloteredo healdi, which lives and reproduces in 
freshwater lakes and streams in Central and South America. Though adults may 
be resistant, changes in salinity in rivers and bays may result in wide 
fluctuations in larval settlement by brackish water species (70). Similarly, many 
teredinids, including tropical species, survive wide temperature variation as 
adults, though spawning and survival of young is often limited to relatively 
narrow species-specific temperature optima (5). 

Many shipworm species also display considerable tolerance to anoxia. For 
example, T. navalis was reported to survive and maintain normal respiratory 
currents for 23 days in oxygen free seawater (77). Many species can survive for 
days or weeks in wood that has been removed from seawater; a condition that 
does not allow normal respiration. This ability, which aids shipworms in 
surviving tidal exposure and other unfavorable periodic changes in their 
environment, further demonstrates their considerable tolerance to extended 
periods of anoxia. 

Shipworms 

By far the best known, best understood, and most destructive of the wood 
boring bivalves are the teredinids, commonly referred to as shipworms, 
pileworms, augerworms or shellworms (72). Though these common names are 
taxonomically misleading, they accurately reflect the peculiar appearance, 
characteristics, and life habits of these clams. Shipworms are highly modified in 
body plan compared to more typical bivalves (5) (Figure 1). Their elongated 
worm-like shape and habit of boring deep, shell-lined burrows in wooden ships 
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and piers explains their unusual nicknames. Appearance notwithstanding, 
shipworms are true bivalves. They are quite closely related to the soft-shell or 
"steamer clam", My a arenarea, a common staple of New England cuisine (5). 
However, unlike their more highly-prized relatives, shipworms have long 
maintained an adversarial relationship with mankind. 

History of Shipworm Damage 

Historical accounts detailing shipworm damage to manmade wooden 
structures date at least to the third century B C in naval records and in the 
classical writings of Theophrastus (371-287 BC) , Pliny and Ovid (7, 75). 
Among the earliest scholarly writings on shipworms are those of the Dutch 
naturalists. This is not surprising given that much of the Netherlands was once 
protected from the sea by wooden dykes. It was the Dutch naturalist Godfrey 
Sellius who in 1733 first demonstrated that shipworms are indeed bivalve 
mollusks (7). The importance of shipworms to mankind is evident in the 
accounts of many famous European voyages of exploration from the Viking 
voyages to those of Cook, Drake, and Columbus (7). In fact the famously 
disastrous fourth voyage of Columbus saw all four of his ships destroyed by 
shipworms (14), leaving Columbus and his crew marooned on the then remote 
island of Jamaica. 

Costs of Shipworm Damage 

Though the use of wooden vessels has declined in recent history, 
shipworms remain an important cause of economic loss (75). Wood is still 
widely used in marine construction, often without protective treatment in areas 
where shipworm damage is not known to be severe. However, for reasons that 
are not fully understood, the range and distribution of shipworm species may 
fluctuate widely, leading to dramatic and sometimes devastating episodes of 
destruction. For example, the first recorded occurrence of the shipworm T. 
navalis in San Francisco bay was in 1913. Populations of this species rapidly 
increased over the next decade, resulting in an estimated $3.1 billion (current US 
dollars) in damage to ships and waterfront structures in the three-year period 
between 1919 and 1921 (76). Similarly, areas of the northeastern coast of the 
United States and the Baltic coast of Germany have recently been subjected to 
rapid, costly and unexplained increases in damage due to shipworm activity. 
Though these increases in shipworm activity are anecdotally attributed to 
improvements in water quality in these regions (77), no scientific evidence 
exists to support this conclusion. 

Accurate estimates of the current annual worldwide dollar cost of shipworm 
damage are lacking (75). However, the combined damage to marine structures, 
including ships, boats, docks, piers, groins, lock gates, fishing equipment and 
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aquaculture enclosures, due to wood boring bivalves and crustaceans, was 
estimated at $1 billion in 1986 (2). In 1993 it was estimated that more than $100 
million dollars had been spent to remediate shipworm damage by New York 
City alone (77). 

Wood Boring Habits of Shipworms 

The damage caused by shipworms is primarily due to their destructive 
boring habits. As shipworms grow, they excavate deep burrows that may extend 
from a few millimeters to more than two meters into wooden substrates (72). 
Infestation densities can typically exceed 5000 individuals per square foot with 
the closely spaced burrows following tortuous and intertwined, but non-
intersecting paths within the wood (18) (Figure 2). Though these burrows often 
exceed one centimeter in diameter, each has only a single tiny opening to the 
external environment, usually less than 1-2 mm across (19). Such burrowing 
activity may eventually excavate most of the internal volume of a wooden 
timber while leaving the outer surface relatively unblemished. Therefore 
shipworm infestations often go undetected until revealed by the structural failure 
of the wood. 

The mechanism of wood boring used by shipworms is primarily 
mechanical. Shipworms bore by abrasion of the substrate using their highly 
modified shells. While typical bivalves have large paired shells that encase and 
protect the entire animal, the shells of shipworms are very small, covering only 
the anterior tip of the shipworm's elongated body. Because the wood provides 
protection to the adult shipworm and the burrow lining prevents dessication, 
shells are not needed for these functions and instead have become adapted for 
the specialized function of grinding wood. Tiny tooth-like projections cover the 
surface of the shells, forming a rasp-like surface (Figure 3). The shipworm bores 
into wood, using the shells as a drill bit; rotating them against the wood with 
powerful actions of its foot and adductor muscles (18,20). This mechanism of 
boring is surprisingly efficient. For example, boring rates as high as 12cm per 
month have been recorded for B. setacea (21). 

As the shipworm bores it lays down a thin calcareous lining on the burrow 
walls, forming a tube that opens to the external environment only at one end. 
The opposite end opens to the wood at the boring face of the burrow. The 
shipworm is permanently attached to its tube by a ligament near the burrow 
opening. Therefore the shipworm must remain in the same burrow throughout its 
adult life and must grow at a rate that matches the elongation of the burrow. 

Shipworms can close their burrows using a pair of calcified plates, called 
pallets, that can be forced like a stopper into the opening of the tube. The pallets 
form a watertight seal that help the shipworm to survive exposure of the wood 
during tidal fluctuations or other unfavorable changes in their environment. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
4

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



259 

Figure 2. Damage caused by shipworm activity to an eight-inch diameter red 
oak pile in service for less than one year in Belfast, Maine, U S A . 
(Reproduced with permission from Invertebrate Zoology, Sixth Edition, by Ruppert, 
ISBN 0-0302-6688-8. Copyright 1994 Thompson Learning.) 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
4

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



«
S Ο
 

Fi
gu

re
 3

. (
A

) 
Sh

ip
w

or
m

 s
he

ll 
(s

ca
le

ba
r 

= 
0.

5 
cm

).
 (B

) 
Sc

an
ni

ng
 e

le
ct

ro
n 

m
ic

ro
gr

ap
h 

sh
ow

in
g 

sh
el

lte
et

h 
of

 X
yl

op
h

ag
a 

w
as

h
in

gt
on

a.
 (

sc
al

eb
ar

 =
 5

.0
μι

η)
. 

(R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 fr
om

 I
nv

er
te

br
at

e 
Zo

ol
og

y,
 S

ix
th

 E
di

tio
n,

 b
y 

R
up

pe
rt

, 
IS

BN
 0

-0
30

2-
66

88
-8

. 
C

op
yr

ig
ht

 1
99

4 
Th

om
ps

on
 L

ea
rn

in
g.

) 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
4

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



261 

Life History and Reproduction 

Life histories and reproductive strategies vary widely among wood boring 
bivalves, even within individual families. For example, among members of the 
family Teredinidae, reproductive strategies range from ovipary with 
planktotrophic development in the subfamily Bankiinae to larvipary with live 
brooding in Teredininae. Within the Teredininae fertilization occurs internally 
and larvae are retained within brood sacs located on the ventral side of the gills. 
In some species, e.g., Lyrodus pedicellatus, larvae are retained until the 
pediveliger stage and are capable of settlement and metamorphosis within hours 
of release. Other species, e.g., T. navalis, release larvae as straight hinged 
veligers that must spend several weeks feeding in the plankton before they are 
ready for settlement and metamorphosis (22). 

So far as is known, all teredinids and xylophagainids are hermaphrodites 
(25) . While most appear to be protandrous, at least some may become 
simultaneous hermaphrodites at some point in development and are capable of 
self-fertilization (24). This may be an advantage to organisms that live and feed 
on ephemeral and unpredictable substrates like driftwood, as a single larva can 
produce a new breeding population when suitable wood is discovered. 

A l l teredinids appear to be highly fecund, with planktotrophic species 
releasing as many as one million eggs per spawning event (25). Larvae are 
efficiently dispersed by currents and may travel thousands of kilometers, 
possibly across ocean basins, before metamorphosis (26). Teredinid larvae are 
common both in coastal waters and in the open sea. One study found mature 
teredinid larvae in 19% of 742 surface samples taken throughout the temperate 
and tropical North Atlantic Ocean, including waters of the North Atlantic gyre 
(26) . 

Feeding 

As a shipworm bores in wood it ingests the excavated wood particles. These 
particles are passed first to the stomach and then to a finger-like sac called the 
appendix or caecum. The microvillar brush border that lines the caecum 
indicates that this is a primary site of wood digestion and nutrient absorption 
(27). In some species the anal canal is also enlarged and lined with brush border, 
suggesting that this may serve as a secondary site of wood digestion (28). 
Although all shipworms are probably capable of filter feeding, wood serves as a 
primary nutrient source in most species (3). In fact at least one species has been 
shown to be capable of normal growth and reproduction with wood as its sole 
nutrient source (4). To date no other marine organism has been shown to have 
this capability. 
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Wood as a Food 

Relatively few animal species consume wood as a primary food source. 
These include certain termites and related insects in the terrestrial world, and 
teredinid and xylophagainid bivalves and possibly certain isopod crustaceans 
(Limnoria) in the marine environment. The reasons for this limited distribution 
are not fully understood, however, the inability of animals to synthesize 
cellulase (endo-p-l-4-glucanase, EC 3.2.1.4) has frequently been offered as an 
explanation (29). It has been argued that symbiotic microorganisms in the 
digestive system are the sole source of cellulolytic enzymes in cellulose-
consuming higher animals (30). Recently, however, this view has been 
challenged by the discovery of a nuclear encoded cellulase (endo-|3-1-4-
glucanase, E C 3.2.1.4) gene in the termite Reticulitermes speratus (31). More 
recently, endogenous endoglucanase genes have been found in a small number 
of additional insect and arthropod species (32). These results indicate that these 
animals, and possibly others, may contribute cellulolytic enzymes to cellulose 
digestion in addition to (or possibly in lieu of) those provided by symbiotic 
microbes. 

Another barrier to the use of wood as a food is its nutritional imbalance. 
Wood is rich in carbohydrates, but contains little protein, amino acid, or other 
sources of combined nitrogen (33). Certain prokaryotic microorganisms can fix 
atmospheric nitrogen; however, the enzymes required for this pathway are 
absent from the eukaryotic genome (34). Therefore, higher organisms that obtain 
a substantial part of their nutriment from wood must typically supplement their 
diet with alternative nitrogen sources. This may include nitrogen fixed by 
symbiotic microorganisms (35). 

Cellulotrophic Symbioses in Terrestrial Animals 

Although it now appears that certain animals have at least some native 
ability to degrade cellulose, conspicuous symbiotic microbial populations are 
frequently, i f not universally, observed in cellulotrophic animals (35-37). In fact, 
functionally similar symbiotic systems have been described in many terrestrial 
cellulotrophs including insects (e.g. termites and roaches) (35), ruminants (e.g. 
cattle and sheep) (36), and other animals that utilize cellulose from woody or 
leafy plant materials (37). In these animals dense and highly complex 
populations of symbiotic protists and/or bacteria are observed in the digestive 
tract. Enzymes produced by these microbes have been shown to aid in the 
fermentation of cellulose in the anaerobic environment of the gut. The host 
animals subsequently utilize the waste products of this fermentation, mainly 
volatile fatty acids, as their primary nutritional carbon source. Some members of 
these symbiotic communities also fix nitrogen and provide a necessary 
supplement to the host's nitrogen deficient diet (35). 
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Cellulotrophic Symbioses in Wood Boring Bivalves 

Teredinid and xylophagainid bivalves also harbor microbial symbionts (7, 
38, 39), but these symbioses are quite different from those observed in terrestrial 
cellulotrophs (7, 40). The digestive systems of these bivalves lack the dense and 
conspicuous microbial populations observed in the gut of terrestrial 
cellulotrophs [(40) and unpublished observations of the author]. Instead, dense 
populations of endosymbiotic bacteria are found in specialized cells 
(bacteriocytes) within the gills (Figure 4). These bacteriocytes constitute the 
tissue formerly but erroneously referred to as the Gland of Deshayes (41). 
Rather than glandular tissue, these cells can now be reinterpreted as 
bacteriocytes in the basal region of the interlammelar extensions in the gills (22, 
40). These structures are homologous to those observed to contain 
chemoautotrophic and methanotrophic symbionts in lucinid, solemyid, 
vesicomyid, and mytilid bivalves (42). 

Unlike terrestrial cellulotrophic symbioses, the mechanism of the shipworm 
symbiosis and the role of the shipworm symbionts in facilitating a wood-based 
diet is not well understood. Initial investigations have indicated that gi l l 
symbionts in the shipworm B. setacea synthesize essential amino acids lacking 
in the host's diet (43). However, the subsequent isolation of a dinitrogen fixing, 
cellulolytic bacterium from the gi l l tissues of 24 species of shipworm 
representing 9 of 14 genera of the bivalve family Teredinidae (44, 45) suggested 
additional functions for the shipworm symbionts. This rare combination of 
cellulolytic and nitrogen fixing capabilities suggests that this bacterium may 
function to aid the host in the digestion of wood and to supplement the host's 
protein-deficient diet (44). Indeed, nitrogen fixation has been observed 
experimentally in intact shipworms (33). 

Bacterial Symbionts of Shipworms 

Considerable progress has been made to characterize the shipworm 
symbiont isolates. Sequence analysis has shown that the small subunit ribosomal 
R N A (16S rRNA) genes from four bacterial isolates taken from four different 
species of shipworms are identical, suggesting that these isolates represent a 
single symbiont species (40). Extensive physiological characterization of 14 
isolates also supports this contention (44, 45). Phylogenetic analysis has further 
shown that these isolates are members of the gamma subdivision of the 
proteobacteria, a group that includes many common pathogenic, symbiotic and 
free-living bacteria (40). Within this group, however, the shipworm bacterial 
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isolates form a unique lineage, without compelling similarity to named and 
characterized species. On the basis of their unique properties, phylogenetic 
position, and widespread symbiotic association with teredinid bivalves, it was 
proposed that these isolates represent a new genus and species, Teredinibacter 
turnerae (type strain T7902T, A T C C 39867) (45). 

Teredinibacter tumerae 

A l l strains of T. tumerae share certain unique features. The cells are Gram-
negative, rigid, rods (0.4-0.6 x 3- 6(im) that bear a single polar flagellum. A l l 
isolates are capable of chemoheterotrophic growth in a simple mineral medium 
supplemented with cellulose as the sole carbon and energy source, but wi l l also 
grow on a variety of carbon sources. A l l isolates fix dinitrogen under 
microaerobic conditions. Doubling time for growth under nitrogen fixing 
conditions is slow (1-2 days), however, with addition of combined nitrogen 
growth accelerates and doubling times decrease to 8-15 hours. The pH, 
temperature, and salinity optima for growth are approximately 8.5, 30-35°C and 
0.3 M NaCl respectively. The isolates are marine, i.e. in addition to NaCl they 
require elevated concentrations of Ca++ and Mg++ that reflect the chemistry of 
seawater. The D N A mol% G+C ranged from 49-51 for six isolates tested. 
Isolates examined by 16S rRNA analysis fall within a unique clade most closely 
affiliated with the genera Pseudomonas (sensu stricto) and Oceanospirilium 
(45). 

Enzymes of Teredinibacter 

When grown in pure culture, cells of T. tumerae secrete cellulolytic and 
proteolytic enzymes into the medium (46). These enzyme activities have been 
described for strain T8201, isolated from Psiloteredo healdl A cellulase (endo-
|3-l-4-glueanase) (47) and a serine protease (48) secreted by T. turner ae were 
purified to homogeneity and characterized. Both can be considered hardy 
enzymes, with unusual characteristics that may make them candidates for 
commercialization (46). The endoglucanase has high specific activity, good 
thermal stability, long half-life in solution, and functions over a broad range of 
salt concentrations (0-4M NaCl). The protease has similar characteristics but in 
addition has increased activity under alkaline conditions and in the presence of 
strong oxidants; qualities that are unusual and potentially valuable in 
commercial applications. Both enzymes are produced constituitively, but 
activity of the protease is increased when cells are grown in the presence of 
combined nitrogen (46). 

In a separate investigation, two cellulases secreted by T. tumerae have been 
cloned, expressed, and partially characterized (49). One is a typical modular 
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endoglucanase (63 kD) with a single catalytic domain (CD, family V) and 
cellulose-binding domain (CBD, family II). The second is a nonmodular 
endoglucanase (40kD) consisting of a single catalytic domain (CD family V) but 
lacking a C B D . 

The function of cellulolytic enzymes in shipworm symbioses seems self 
evident, however, it is less clear why secretion of proteases would be beneficial 
for an intracellular endosymbiont. Proteases are secreted by some wood 
degrading fungi and have been shown to enhance hydrolysis of woody plant 
materials (47). Alternatively, the protease may be involved in processing other 
secreted proteins, or may play a role in defense against the host's immune 
response. 

Additional Symbionts 

Though the presence of T. tumerae has been confirmed by molecular 
methods (fluorescent in situ hybridization) in the gi l l bacteriocytes of the 
shipworm Lyrodus pedicellatus (40), evidence has been reported to suggest that 
other phylogenetically distinct symbiont types (phylotypes) may be present in 
some shipworm species. Using 16S rRNA based PCR amplification and cloning 
methods Sipe et al. (50) demonstrated the presence of a symbiont phylotype that 
is closely related to but phylogenetically distinct from T. tumerae in the gills of 
the shipworm B. setacea. In situ hybridization and PCR-based experiments 
provided evidence that this bacterium is passed vertically from parent to 
offspring through the egg. 

Recent evidence indicates that the shipworm L. pedicellatus contains 
additional symbiont phylotypes that coexist with T. tumerae in the gill tissue 
(57). Each new phylotype is distinct from but closely related to T. turner ae. 
Multiple coexisting intracellular endosymbionts within a single tissue have been 
observed in only a few symbiotic bivalves (52, 53). In each case the existence of 
multiple symbiont types is explained by the need to utilize multiple substrates 
(sulfide and methane) in the environment. The role of multiple symbionts in the 
shipworm associations, however, remains unclear. In natural terrestrial systems, 
wood is typically degraded by complex microbial consortia, with each species 
contributing a different complement of cellulolytic enzymes (54). This 
consortial strategy likely reflects the need to accommodate the structural and 
chemical diversity of wood. Perhaps multiple symbionts in shipworms also 
provide flexibility in adapting to and optimizing digestion of various wood 
types. 

Although little is yet known about the function of the shipworm symbioses, 
it is clear from morphology that these symbioses must function differently from 
those observed in terrestrial cellulotrophs. Since the symbionts are located 
intracellularly in the gills, they are never in direct contact with wood or with the 
contents of the digestive system. Therefore, any cellulolytic enzymes 
contributed by the symbionts must be transported to the digestive system by an 
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as yet unknown mechanism. Unlike other bacterial systems, contact of these 
symbionts with the wood is apparently unnecessary for efficient degradation. 
Also, the symbiont5s location in the gill suggests that the symbionts are aerobic 
and that fermentation is not a central feature of the symbiotic strategy, as is the 
case in terrestrial cellulotrophs. Research is needed to elucidate the mechanism 
of this unusual symbiosis. 

Control of Shipworm Damage 

Control of damage to marine wood is made difficult by the diversity of 
organisms that may contribute to wood degradation in the sea. In addition to the 
molluscan borers already mentioned, isopod crustacean borers (Limnoria and 
Sphaeroma) and fungal and bacterial microorganisms may also contribute 
significantly to wood decay (2). In combination these organisms present 
complex control problems, as measures effective against one organism may be 
ineffective or may even aggravate damage caused by another. In addition to the 
potential diversity of boring species in a given location, successful treatment 
methods must take into account temperature, salinity, oxygen, and current 
regimes. 

In many cases, shipworm damage can be readily controlled by traditional 
treatments. Application at 20-25 lbs./cubic ft. of marine grade creosote meeting 
American Wood Preservers Association ( A W P A ) Standard P1/P13-91, or 
treatment with chromated copper arsenate (CCA) at 2.5-lbs/cubic ft. is typically 
effective in controlling shipworm damage (54). However, either treatment alone 
may be ineffective when pholadid borers like Martesia are present. In this case 
combined CCA/creosote treatment may be required. The crustacean borer L. 
tripunctata also resists creosote treatment, and various Sphaeroma species, 
found mostly in brackish water, may resist high loadings of C C A (2). 

Although creosote and C C A treatments may be very effective against borer 
damage, there is increasing concern over their environmental impacts. Many 
states in North America, Europe and Asia regulate the use of these compounds 
in marine environments. The combination of environmental concerns, legal 
uncertainties, and a complex regulatory environment often proves to be an 
effective deterrent to the use of C C A and creosote for marine wood 
preservation. 

Other factors also limit applications for creosote and C C A . Creosote 
treatment may add considerable weight to structures and can produce 
objectionable odors and initial oil slicks that discourage its use in many 
applications (57). Also, C C A treatment has been perceived to increase the 
brittleness of wood and this has sometimes discouraged its use in applications 
where impact resistance is an important criterion (57). 

A number of alternatives to traditional chemical treatments have been used 
with various degrees of success. One of these has been replacement of domestic 
wood with exotic hardwoods that show greater resistance to borer damage. For 
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example the heartwood of greenheart (Ocotea rodiaei) often shows excellent 
resistance to borer attack (2). However, this wood is largely harvested in 
environmentally sensitive tropical rain forests and there is concern that its use 
exports, rather than resolves, environmental problems. There is also concern that 
use of imported exotic hardwoods may have negative effects on local economies 
in terms of increased costs and loss of revenue by local lumber producers. 

Various types of wraps and physical barriers have also been used to 
discourage or remediate borer attack. For example, polyethylene sheaths may be 
added to pilings before or after shipworm attack. This method is proposed to 
protect wood by limiting oxygen supplies to adult shipworms and preventing 
settlement of larvae. Reinforced wraps may also be designed to restore structural 
integrity to damaged piles. While wraps hold considerable promise, they present 
significant design challenges. They are effective only when intact and their 
susceptibility to damage by tearing, abrasion, ultraviolet light and chemical 
corrosion may limit their application. Wraps may also result in increased fungal 
and bacterial decay and may complicate design and fabrication of wood 
structures. 

Various chemical modifications to wood have been tried with limited 
success; e.g. acetylation, treatment with propylene oxide, butylene oxide, or 
butyl isocyanate (58). These modifications are intended to decrease the 
susceptibility of wood to enzymatic degradation. Such treatments have shown 
effectiveness against teredinids andLimnoria spp. in trials, but have little effect 
on Sphaeroma spp., presumably because these borers do not ingest wood. By the 
same reasoning these treatments would not be expected to be effective against 
shallow water pholadid borers. 

Some success has been observed with wood treatments that mimic the 
natural resistance of certain tropical timbers. For example, organo-silicate 
formulations have been used to simulate the natural resistance of siliceous 
timbers such as Syncarpia glomulifera. These treatments have shown efficacy 
against some molluscan borers but have less effect on crustacean borers (59). 
Similarly, treatments with extractives from other resistant species, including 
Chlorophora excelsa, Nauclea diderichii and Dalbergia retusa, have shown 
various degrees of effectiveness against a variety of boring species (2). 

Though many of the described methods show promise for effective control 
of wood borers, current practice indicates a continued reliance on the use of 
broad-spectrum biocides. Increasing environmental concerns wil l likely shift the 
emphasis of control measures toward more targeted strategies that focus on the 
unique biology of individual wood boring taxa. Surprisingly, little is known 
regarding borer nutrition, mechanisms of wood digestion, symbiotic associations 
with microbes, and mechanisms of recognition and selection of wood substrates 
by boring animals. Research in these areas has great potential to foster the 
development of alternative wood treatments that are effective, inexpensive, and 
environmentally acceptable. 
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Control in Relation to the Ecological Position of Wood Boring Bivalves 

While control of shipworm damage is a highly desirable goal, shipworm 
eradication would be disastrous. Shipworms hold a critical position in marine 
carbon cycles. As the primary consumers of wood and woody plant materials in 
the marine environment, shipworms provide an important link between 
terrestrial and marine food chains. Although accurate estimates are not available, 
vast quantities of wood and woody plant materials enter the seas each day as a 
result of riparian and coastal erosion and through in situ production in coastal 
mangrove forests and sea grass beds. Shipworms convert these biologically 
recalcitrant cellulosic materials, which include wood, bark, fibers, fruits, nuts, 
seeds, roots, rhizomes, leaves and stems, into shipworm tissue, larvae, and fecal 
material. This "upgraded", nitrogen-supplemented, biomass provides a ready 
food source for many marine organisms. In this way shipworms play an 
important role in remineralization of plant carbon in the sea. Unlike terrestrial 
cellulose degraders that release significant quantities of greenhouse gasses into 
the atmosphere, organic carbon remineralized by shipworms is released in 
sequestered form as dissolved bicarbonate. Finally, shipworms provide a 
valuable service to mankind by preventing the fouling of bays and waterways 
with waterlogged wood. Clearly, efforts to control shipworm damage must take 
into account the important environmental position of these unique marine 
organisms. 
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Chapter 15 

Marine Wood Boring Arthropods: Ecology, 
Functional Anatomy, and Control Measures 

Simon M. Cragg 

Institute of Marine Science, School of Biological Sciences, University 
of Portsmouth, Ferry Road, Portsmouth PO4 9 L Y , United Kingdom 

Wood boring arthropods cause damage of major economic 
significance to coastal structures. The curculionid Pselactus is 
restricted to the upper intertidal in decayed wood. Limnoriids 
occur in full salinity subpolar to tropical waters, from the 
intertidal zone to over 1000m. Sphaeromatid borers are 
euryhaline temperate and tropical, intertidal species. These 
isopods have low fecundity, iteroparity and extended parental 
care, and thus compete effectively once established in a 
substrate. They migrate to new substrata as young adults. 
Limnoriids usually lack a resident microbial flora, but ingest 
wood particles containing wood-degrading microorganisms. 
Cellulose is degraded during gut passage, but the source and 
functioning of a full suite of lignocellulose degrading enzymes 
remains to be demonstrated. Sphaeromatids may not ingest 
wood. Neither creosote nor CCA treatments provide complete 
protection from these organisms. Protocols for evaluating anti-
borer measures that take account of migratory and substrate 
seeking behaviour are needed. 

272 © 2003 American Chemical Society 
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Introduction 

In temperate waters, wood boring isopod crustaceans from the family 
Limnoriidae limit the service life of timber structures. In tropical waters, 
members of the Sphaeromatidae are also a serious threat to such structures 
(Figure 1.). The relative importance of damage caused by these crustaceans and 
by the wood boring bivalves (shipworms and Martesia) depends on 
environmental conditions. Unlike the shipworms, attack by these crustaceans is 
readily detectable even at the early stages. Species from the two crustacean 
families are capable of attacking timber treated to control shipworms. Other 
isopods and the amphipod crustacean Chelura also burrow into wood. Insects 
can cause damage in the high intertidal zone. 

Reviews of the biology of wood boring crustaceans (1,2,3) will be updated 
herein, focusing on unresolved questions about their functioning and ecology. 

Identification and Systematics of Wood Boring Arthropods 

The type of borer can usually be determined from features of the tunnels that 
they excavate. Recognition to family level may not be sufficient to enable 
appropriate decisions about anti-borer measures: some species of the 
Limnoriidae have greater resistance to chemical treatments than others (3). 

The main wood-boring Crustacea and their diagnostic features are illustrated 
by Kuhne (4). Studies of comparative anatomy of limnoriids (5,6,7) and of 
sphaeromatids (8) have facilitated identification by providing keys to species and 
genera, detailed line drawings and SEM images (Figs. 2 and 3). Intensive 
collection in tropical and subtropical waters of Central and North America (5) 
and of Australasia (6) has increased the number of known limnoriid species 
considerably. Collections from deeper waters have also added to the list of 
species (9,10). More additions to the species list can be expected when other 
waters are examined more closely (11). 

The genera Phycolimnoria and Limnoria were separated on the basis of 
having clearly distinct mandible types (5), but it is now known that there is a 
gradation in mandible anatomy so the genera have been merged into Limnoria, 
which can be distinguished from Paralimnoria on the basis of uropod anatomy 
(6). There are two wood-boring species of Paralimnoria and forty nine species 
of Limnoria, encompassing algal burrowers, seagrass borers and many wood 
borers. Hadromastax, is no longer considered a member of the Limnoriidae, but 
Lynseia, a seagrass borer, has been placed within the family and a revised key to 
the limnoriid genera is available (7). 
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Figure 1. Port Moresby, Papua New Guinea: CCA-treated hoop pine pilings 
destroyed by infestation in the intertidal zone by Sphaeroma triste 
(Reproduced with permission from an unpublished source. Copyright IRG Secretariat, 
Stockholm.) 
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Figure 2. S E M image of ventral view partially curled specimen of Limnoria 
cristata from Singapore. Features of the dished pleotelson (to right) are used to 
identify the species. Note partially folded peraeopods (walking limbs) with 
dactyls (distal claw-shaped articles) extending away from body. 
(Reproduced with permission from an unpublished source. Copyright IRG Secretariat, 
Stockholm.) 
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Figure 3. S E M image of posterior view of Sphaeroma triste showing its 
characteristic broad, toothed exopods of the uropods (limbs attached to the final 
body component - the telson). 

(Reproduced with permission from an unpublished source. Copyright IRG Secretariat, 
Stockholm.) 
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Some members of the genus Sphaeroma have been separated, on the basis 
of mouth part anatomy, into a new genus, Lekanesphaera (12). The borers S. 
annandalei, S. quoyanum and S. terebrans remain within Sphaeroma. 

Other isopods have been reported from tunnels in wood in tropical 
intertidal sites: the cirolanids, Ceratolana, a borer of decayed mangrove wood, 
and Anopsilana willeyi, probably a predator (13,14), and a number of species of 
Corallana (Corallanidae), some from CCA-treated piling (15). 

The amphipod borer family Cheluridae has not had any revisions or 
additions since the appearance of Kiihne's key (4), which describes three species 
within the genus Chelura, though previously Barnard allocated each of the three 
species to a separate genus (16). 

The curculionid Pselactus is included in a key of the Cossoninae (17). 

Ecology of Arthropod Borers 

Biogeography 

Wood boring insects are generally assumed to be terrestrial organisms. 
However, wood-boring weevils occur in decayed wood in the intertidal zone 
around the coast of southern Great Britain (18). Attack by subterranean termites 
has also been observed in the intertidal zone on wood attached to a concrete 
wharf in Papua New Guinea. The earth runways of the termites extended about 
100m under the concrete deck (unpub. obs.). 

Some wood boring members of the Limnoriidae are only known from single 
sites. Others are distributed in waters around the globe within a certain 
latitudinal range: L. borealis - boreal; L. lignorum - boreal and temperate 
northern; L. quadripunctata - temperate and warm temperate North and South of 
the equator; L. tripunctata - temperate and tropical; Paralimnoria andrewsi -
subtropical and tropical (4,5,6). 

Wood boring sphaeromatids are restricted to warmer waters: S. quoyanum 
occurs in New Zealand, warm temperate Australia and, probably as an 
introduced species, in California, S. triste has been reported from India, northern 
Australia and Papua New Guinea while S. terebrans may be circumtropical (8). 

Chelura terebrans occurs in temperate and subtropical waters North and 
South of the Equator, while C. insulae has only been reported from islands in the 
Caribbean and the tropical Pacific, and C. brevicauda from Japan (19). 
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Environmental Factors Determining Distribution 

The geographical ranges of crustacean borers are principally determined by 
water temperature (1). Studies of fluctuations in populations of three sympatric 
species of Limnoria from the temperate waters off southern Great Britain support 
this notion (20), with L. lignorum being most tolerant of unusually low 
temperatures, L. quadripunctata being stenothermal and L. tripunctata, 
eurythermal. Local variations in temperature regime due to a warm water plume 
from a power station affected species dominance. Temperature probably 
determines the latitudinal range of Sphaeroma quoyanum on either side of the 
equator and the circumtropical distribution of & terebrans. 

Local distribution is strongly influenced by salinity. Sphaeroma spp. in 
Australasia and India are markedly euryhaline (14, 21). Laboratory studies 
indicate that the Limnoria species studied to date are much more stenohaline (1), 
which probably accounts for their otherwise surprisingly low profile in major 
intertidal wood resources - mangrove ecosystems, as these are most profuse 
where there is a freshwater input. Limnoriids have, however, been reported as 
root borers in mangroves in full salinity seawater (22). 

Pselactus ranges from the high intertidal into the splash zone above (23). 
Sphaeroma burrowing is virtually restricted to the intertidal zone (24). In the 
first case the distribution may be reflect the range of conditions tolerated by 
basidiomycete decay fungi; in the second, it may reflect adaptation to their 
natural habitat - the less heavily corticated, intertidal prop roots of the mangrove 
Rhizophora (22). Limnoriids occur in the intertidal zone, but have also have 
been found in waterlogged wood at depths of over 1000m and over 400km from 
the nearest forest (10). 

Population Dynamics and Dispersal 

Adult Limnoria occur as pairs in burrows and may remain paired for over 10 
months. Broods of up to 30 are produced by the boreal L. lignorum, but no more 
than 6 in tropical P. andrewsi (25). Eggs are released into a ventral brood pouch 
and are retained there throughout embryonic development. Juveniles are released 
into the adult burrow and frequently form side burrows from the parental burrow. 
Parental care is also reported for Sphaeroma, sometimes with juveniles of one 
species being found with the brood of another (26,27). Mean brood size varies 
with female size between 20 and 48 in S. terebrans and 19 and 101 in S. 
annandalei (28). 
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The life cycle strategy of wood boring isopods - low fecundity, iteroparity, 
extended parental care - is characteristic of AT-selected species. As such, they 
would be expected to be strong competitors capable of maximising resource 
share once established. On the other hand, there are many typical r-selected 
species among the wood boring molluscs (teredinids and pholads), which 
produce hundreds of thousands of minute planktotrophic larvae with no period of 
parental care. These are well adapted to colonising new environments due to 
high fecundity and high dispersal potential due to transport on ocean currents 
during the planktonic larval phase. Other wood boring bivalves brood their 
larvae during some or all of larval development, so that they display more K-
selected characteristics (29), but even in brooding species, fecundity is much 
higher than in crustacean borers. 

Juvenile Sphaeroma establish new tunnels close to the parental tunnels, 
though young adults have been reported to migrate in the water column (30). 
Late juveniles and young adults of Limnoria have also been reported to disperse 
during specific periods of the year (1,31), perhaps triggered to move by 
overcrowding (5). The dispersal potential of crustacean borers is likely to be less 
than that of bivalve borers, due to much smaller numbers of offspring and the 
inability to feed, unlike the planktotrophic bivalve veligers, when dispersing, 
which limits in the dispersal period. Nonetheless, the colonisation of wood in the 
deep sea argues for an effective mechanism for locating such a patchily 
distributed food resource as wood. Evidence for contact chemical cues has been 
provided by laboratory experiments (32), but distance chemical reception, of 
value during migration, is harder to demonstrate (33). Wood boring species of 
Sphaeroma are not necessarily dependent on wood as a substrate. Large colonies 
occur in inert intertidal substrates (34,35). 

Interactions with other Organisms 

Competition may occur between Sphaeroma and molluscan borers (36). 
Crustacean borers may also either be outcompeted or removed by predators (37). 
They play host to a range of epizooites (1) and bacteria (38). No resident gut 
microflora has been found in either Limnoria or Chelura (39), except when 
living on creosote treated wood (40), but there is a commensal relationship 
between the non-borer S. serratum and a hindgut-resident trychomycete fungus 
(41). The lignolitic ascomycete fungus Lulworthia readily colonises wood with 
hyphae, but appears to only form peritheca after Limnoria forms tunnels (42). A 
range of cellulose-degrading microorganisms has been reported to be associated 
with wood-boring isopods (43). 
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The co-occurrence of Limnoria and Chelura has been interpreted as a loose 
form of symbiosis. Chelura is reported to consume the faecal pellets of Limnoria 
(1, 19), but may not depend on this, as it is capable of forming its own tunnels 
and produces faecal pellets consisting of particles of wood (44 and Fig.4). 

Functional Anatomy 

Appendages and Feeding Mechanisms of Isopods 

Wood boring isopods have a sequence of paired, jointed appendages: 
antennae, mouth parts, thoracic limbs (peraeopods), abdominal limbs (pleopods) 
and uropods. A clearer idea of complex inter-appendage interactions is provided 
in illustrations of mouth parts in situ and with the attached muscles (6). The 
innermost mouth parts, the mandibles, have heavily scleratosed cutting processes 
responsible, together with head movements, for tunnel forming. The outermost 
mouthparts, the maxillipeds, can reach back to clean the peraeopods during 
grooming. The peraeopods are walking limbs and pleopods serve as fans for 
creating respiratory, locomotory and feeding currents. S. quoyanum filter feeds 
within its burrow, by beating its pleopods to draw seawater between the long 
setae on its peraeopods (45). In S. terebrans, these setae have fine side branches 
that form an effective fine net (46 and Fig. 5). 

Gut Structure and Function 

The gut of the wood boring isopods consists of a simple oesophagus leading 
into a complex midgut region of filters and spines, which directs particles into 
the cuticle lined hindgut. Opening off the midgut are elongated glandular side 
pockets which form the hepatopancreas. Liquid in the hindgut can be exchanged 
with the midgut and hepatopancreas following contraction of muscles 
surrounding the hepatopancreas pockets or the hindgut. The hepatopancreas has 
been a focus for the search for endogenous cellulase production (47), but though 
gut resident microorganisms may not be involved in the production of enzymes 
(38), ingested wood degrading microorganisms could be an enzyme source (48). 
Cellulase activity has been detected in hepatopancreas extracts from Sphaeroma 
terebrans (49). 

The lignin-to-cellulose ratio in faecal pellets of Limnoria is markedly higher 
than that of the source wood (50,51), indicating cellulose breakdown during gut 
passage. However, the presence and source(s) of the full suite of enzymes 
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Figure 5. S E M image of detail of the plumose setae on peraeopod of Sphaeroma 
terebrans (source: reference no 46) 
(Reproduced with permission from an unpublished source. Copyright IRG Secretariat, 
Stockholm.) 
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required to break down crystalline cellulose within the lignocellulose complex 
remains to be demonstrated by critical experimentation. 

Wood alone is a poor source of dietary nitrogen. Extra nitrogen may be 
gleaned during the grooming process (38), during which bacteria are removed 
from the exoskeleton and may be transferred via the setae of the peraeopods 
(Fig. 6) and maxillipeds to the mouth. Bacteria and fungi colonising the surfaces 
of tunnels may also be a source of additional nitrogen (48). 

Within the hepatopancreas cells of Limnoria and Sphaeroma are granules 
containing copper. These are more numerous and have a more varied 
morphology in animals burrowing into CCA-treated wood, but no evidence of 
chromium or arsenic accumulation has been detected (46,52). Such granules 
occur in other isopods living in contaminated environments and appear to enable 
the organisms to tolerate high environmental levels of metals. Tolerance to 
creosote appears to be achieved in a different manner. Individuals of L. 
tripunctata growing on creosote treated wood have larger numbers of bacteria 
within the food mass in the gut, but also bacteria associated with the hind gut 
cuticle. It is suggested that these bacteria may break down the toxic components 
of the creosote and may provide a supplementary source of nitrogen when they 
are lysed in the gut (39). The report of crystals of hydrated protein complexed 
with iron in Limnoria hepatopancreas cells (50) deserves further investigation in 
the light of findings regarding other metals. 

Protection of Wooden Structures Against Arthropod Borers 

Tropical hardwoods with heartwood containing bioactive extractives are 
used in maritime construction because of their ability to resist borer attack. Field 
and lab observations have identified timbers resistant to limnoriid attack, though 
resistance may vary with latitude and species of limnoriid (3, 53). Furthermore, 
microbial degradation may reduce the protective value of these extractives 
(3,54). Laboratory tests could provide more precision in identifying specifically 
arthropod-resistant species. Choice-type or force feeding tests may yield 
different findings (55), with the former approach being relevant to initial 
settlement while the latter may evaluate the capacity to minimise subsequent 
colony growth. 

Standard timber treatments offer good protection against teredinids, but 
species of Limnoria and Sphaeroma are capable of attacking timber treated with 
C C A or creosote and many novel treatments have been tested without identifying 
one that provides demonstrable efficacy against all types of arthropod (3). Even 
physical barriers are vulnerable to Sphaeroma (56). However, at least in the case 
of wood ingesters like limnoriids, modification of wood chemistry to reduce 
access for cellulases may prove effective (57). Biological control, using 
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competing or predatory organisms has not yet been explored (36). The need for 
innovation is becoming more pressing as environmental concerns call into 
question the use of existing treatments. 

Field trials, even adjacent to natural populations, suffer from unpredictable 
recruitment and are difficult to interpret as the intensity of attack is due to 
success of initial settlement and to subsequent colony formation. In the 
laboratory, testing relies on animals changing many of their sensory responses 
from their burrow-dwelling mode to migration mode. Laboratory assays tailored 
to borer behaviour promise to assist the development of new approaches to the 
problem of arthropod attack on wood below the high tide mark. 
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Chapter 16 

Concepts in the Development of New Accelerated 
Test Methods for Wood Decay 
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Abstract 

Efforts to develop new environmentally friendly wood 
preservatives are seriously handicapped by the extended time 
period required to carry out the evaluation needed to establish 
confidence in the long term performance of new preservative 
systems. Studies in our laboratory have shown that using 
strength loss as a measure of the extent of wood decay makes 
it possible to detect the early stages of decay that results from 
non-enzymatic reactions. We have developed specialized 
equipment and techniques that have applications for both 
above ground and soil contact preservative systems. By 
coupling these evaluation techniques with a better 
understanding of moisture control, microbial succession, soil 
chemistry and soil microbial dynamics, it may be possible to 
develop improved test methods that can greatly reduce the 
time required to evaluate wood preservative systems. 

288 © 2003 American Chemical Society 
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Introduction 

The development of new or modified wood preservative systems is severely 
hampered because of inadequate test methods. Although current methods for 
evaluating the efficacy of wood preservatives provide valid data, the time 
required to obtain definitive results is too long because reliable decisions on 
efficacy against wood decay organisms must rely on long-term field test data. In 
order to reduce the test time, it will be necessary to develop reliable laboratory 
and field tests that optimize the wood decay process. However, this goal will not 
be realized until we develop a better understanding of the many variables that 
influence microbial decay rates, develop improved methods for detecting and 
quantifying the extent of wood decay and couple these developments with 
improved designs for test specimens and methods. The factors which affect 
decay rates are reviewed in this chapter. The variables affecting decay rates are 
briefly reviewed in this chapter in order to provide the necessary background 
needed before decay test methodology can be addressed. Following this, 
detailed suggestions on research needed to develop reliable accelerated wood 
decay test methods that are critical to the future of the wood preserving industry 
are presented. 

Variables Influencing Microbial Decay Rates 

A basic understanding of the many variables associated with microbial 
decay rates is needed before serious consideration can be given to development 
of accelerated decay tests. Accordingly, the material presented in this section is 
presented in order to provide this background. 

Water and Oxygen 

Water is essential for the growth of wood decay fungi. It serves as a solvent 
for metabolic processes, for the transport of metabolites, enzymes, and 
organelles, is a vital skeletal ingredient and is the driving force behind extension 
growth (7). It is generally accepted that a minimal wood moisture content (MC) 
at or above the fiber saturation point is needed to support the wood decay 
processes. At lower levels there is insufficient water to meet metabolic 
requirements. Furthermore, the M C of wood plays a major role in determining 
which fungal species colonize wood and the extent to which they utilize this 
substrate. 

The optimal M C for growth of many of the wood decaying basidiomycetes 
is unknown, but for those that have been studied it ranges between 40 and 80% 
(2). The reason that optimum decay rates are associated with this M C range is 
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mainly due to the oxygen requirements for these fimgi. At higher M C levels, 
aeration is reduced and this impacts fungal growth. Rypacek (3) studied wood 
decay in sticks that had M C gradients from one end to the other and found that 
decay was inhibited when the amount of air in the wood was less than about 10-
20% of the void volume. Other studies (2) support this conclusion, thus it is 
generally considered that 20% residual air volume in wood is close to the 
minimum level needed for basidiomycete wood decay fimgi. Since the void 
volume of wood varies inversely with specific gravity, the M C levels that inhibit 
fungal growth are considerably higher in lower density wood. 

When wood is subjected to exterior exposure it undergoes alternate wetting 
and drying which can impact the survival and growth rate of fungi inhabiting the 
wood, but very little information is available on this subject. With the exception 
of fully saturated wood it does not appear that high M C levels affect the survival 
of most basidiomycetes (2). At M C levels below fiber saturation, prolonged 
periods of low M C levels appear to have a significant effect on the survival of 
some fimgi. For example, Scheffer and Chidester (4) showed that when wood 
was stored at a M C of 12% seven of eight sapstain fungi present died within 7 
months. On the other hand, most of the wood decay fungi such as Postia 
placenta, Gloeophyllum trabeum, and Gloeophyllum sepiarium were still alive 
after 3 years. One exception was Meruliporia (Poria) incrassata, a water-
conducting fungus that inhabits damp wood structures, which died within 25 
days. 

In general, soft-rot fimgi have a greater tolerance for low oxygen 
concentration than basidiomycete decay fimgi, and as a result they can decay 
wood that is saturated with water. This explains why these fungi are associated 
with decay in cooling tower slats and similar products maintained at high M C 
levels. The influence of low oxygen tolerance by soft-rot fimgi is also evident in 
soils. When soils are maintained at a relatively high M C , basidiomycetes are 
inhibited and soft-rot fungi become the major wood-degrading microorganisms. 
This has recently been demonstrated by the junior author when it was shown 
that only soft-rot fimgi were present in a soil bed containing soil with a water 
holding capacity of 34.1%, determined by A W P A Std. E-10 (5), with the soil 
maintained at a M C of 29% (oven-dry basis) and a corresponding wood M C of 
approximately 96%. Fimgi that were isolated from the soil in this study 
included species from the genera Fusarium, Penicillium, Phialemonium, 
Curvularia, Exophiala and Geotrichum. Although all of these genera are 
common soil-dwellers, many of these species also have soft-rotting capabilities 
(6). This knowledge is useful in conducting soil contact tests by making it 
possible to screen for either soft-rot or basidiomycete decay based on selection 
of the appropriate soil M C . 

In decay tests that subject wood to soil contact, the M C of the wood and soil 
are both important because it influences the microbial populations and decay 
rates. In order to optimize wood decay by basidiomycete fungi the wood M C 
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should be in the range of approximately 40-80%. However, a linear correlation 
between the soil and wood M C does not exist. As the soil M C is increased, 
wood shows a corresponding increase up to a certain level after which the wood 
M C increases very sharply until it levels off around 100%. The significance of 
this relationship is discussed in more detail in the section on soil contact decay 
tests. 

Temperature 

The effects of temperature on the growth rate of fimgi have been studied 
extensively. Most wood decay fiingi show optimal growth between 12 to 40°C 
(2). At the lower and higher extremes of this range growth is either inhibited or 
sharply retarded. The temperature optimum for fungal growth varies widely 
within species as well as among species, so it is not possible to select a single 
temperature that will maximize decay rates. For most common wood-decay 
fimgi studied the optimum temperature for growth, which is correlated to decay 
rate, appears to be in the range of 20 to 36*C. For the fimgi generally used in 
laboratory decay tests, the optimum temperature for decay ranges from 28 to 
36°C. 

The fact that some fimgi are consistently associated with certain exposures 
of wood products may be at least partially associated with temperature optima 
(2). An example is the predominance of G. trabeum and G. sepiarium in the 
exterior wood of various structures which attain fairly high temperatures during 
the summer months. 

Hydrogen Ion Concentration 

The pH of wood has an effect on the growth of fimgi. In general, wood 
decay fimgi grow best within the pH range of 3 to 6; whereas many bacteria and 
actinomycetes grow best at a more neutral pH. Brown-rot fimgi prefer more 
acidic conditions than white-rot fimgi and have an optimum pH of around 3 (2). 
In general, the pH of wood decreases during the decay process. 

Nutrient Requirements of Fungi 

In addition to the carbon compounds supplied by wood, fiingi require the 
nutrients and vitamins development and growth (Table 1). Of these nutrients, 
nitrogen is unquestionably the most important because substantial amounts are 
required for the synthesis of proteins and other cell constituents (7). 
Phosphorous is also very important because a deficiency of this element has 
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been shown to limit the uptake of nitrogen by fungi (7). Wood contains some 
nitrogen, which originates in the cytoplasm of cambial cells that differentiate 
and mature into woody plant tissue. The nitrogen is located primarily in the 
living parenchyma cells (8). In trees, the nitrogen content decreases from the 
cambium to the heartwood and then remains constant. 

Table I. Nutrient and vitamin requirements of wood decay fungi (2, 9) 
Major Elements Minor Elements Vitamins 

Nitrogen Iron Thiamine (Bl ) 
Phosphorus Zinc Biotin 
Potassium Copper 
Magnesium Manganese 
Sulfur Molybdenum 
Calcium 

The total amount of nitrogen present in wood is quite variable within as 
well as among wood species, ranging from 0.038-0.227% w/w in softwoods and 
from 0.051-0.106% w/w in hardwoods (8). It also appears that the nitrogen 
content varies within individual growth rings. In this regard, it has been shown 
that for Pinus sylvestris the level of nitrogen in the springwood was 1.5 to 2 
times greater than in the summerwood. Other studies with both softwoods and 
hardwoods suggest that higher levels of nitrogen are common in the springwood 
compared to summerwood (7). Nitrogen levels are extremely low in relation to 
carbon content, with C :N ratios ranging from approximately 250:1 to 1250:1 (7). 

A number of studies have demonstrated that the nitrogen level influences 
the rate of wood decay. For example, Merrill and Cowling (8) showed in lab 
tests that the decay rate by G. trabeum and Trametes versicolor was twice as 
great in wood from the outer rings that contained 0.149% nitrogen as compared 
to that from the inner rings that contained 0.044% nitrogen. Levi and Cowling 
(10) obtained similar results for the same fungi with oak wood. In another study, 
the decay rate by soft-rot fungi could be accelerated 5- to 10-fold by pre-treating 
wood with 2% casein hydrolysate (77). It has also been shown that the addition 
of nitrogen to agar media, soil, and expanded mica, or use of soils naturally high 
in nitrogen, resulted in greater weight loss of wood exposed to fungi growing on 
these media (8). Further substantiation of the importance of nitrogen levels in 
wood on the degradation by fungi is provided by studies that have shown that 
when nitrogen is extracted from wood it is less susceptible to decay (8). 

The type of wood decay that occurs in soil contact appears to be related to 
the nitrogen content of wood. For example, King et al (12) showed that soft-rot 
fungi require higher levels of nitrogen than basidiomycetes to decay wood. 
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Accordingly, they suggested that a nitrogen threshold level of approximately 
0.2% w/w is required before decay of wood in soil contact by soft-rot fimgi 
assumes significant proportions. Furthermore, it was demonstrated that the 
nitrogen levels of wood increase by up to 600%, based on the original pre-burial 
weight of the wood, during decay by soft-rot fimgi in soil contact. This 
accumulation of nitrogen during the decay process by soft-rot fimgi is in sharp 
contrast to pure culture basidiomycete decay where the nitrogen levels remain 
relatively constant during the decay process. King et al (12) also found that 
failure of wood exposed to soils that have high nitrogen levels is invariably 
caused by soft-rot fungi. 

Decay fungi are able to effectively degrade wood despite the relatively low 
levels of nitrogen in wood. This is somewhat surprising but can be explained 
by a number of unique mechanisms that wood decay fimgi employ to overcome 
the nitrogen deficiency. Fungi are able to conserve nitrogen by hyphal autolysis 
and recycling nitrogen (7). Wood decay fimgi can also parasitize the hyphae of 
some ascomycetes and Fungi hnperfecti as well as bacterial cells (10, 13). This 
may explain why there is often a close relationship between wood stain fimgi, 
bacteria, and wood destroying basidiomycetes. Wood decay fimgi are also able 
to tranlocate nitrogen and other nutrients from external substrates such as soil 
(14). Some species of bacteria that colonize wood may exhibit nitrogenase 
activity and are therefore able to fix atmospheric nitrogen (15,16). 
Consequently, invasion of wood by these bacteria would result in elevated 
nitrogen levels by fixation as well as by the presence of the bacterial cells. When 
wood is placed in contact with soil, the movement of water into the wood 
transports nitrogen as well as other nutrients (17). 

Microbial Colonization of Wood 

Because of its cellular structure, wood can be readily colonized by a variety 
of microorganisms. The overall process is a dynamic one in which the nature of 
the microenvironment continually changes. A number of studies suggest that 
the general sequence of wood colonization by microorganisms, either in above-
ground or soil contact exposure, is: bacteria —> stain-fungi - soft-rot fimgi —> 
basidiomycetes (18-20). The time required to complete this colonization 
sequence is variable and depends on a number of factors such as wood species 
(21) and treatment with wood preservatives. Carey (22) found that the 
colonization sequence in untreated wooden joinery was completed in 71 days. 
Basidiomycetes were not detected in wood treated with either tributyltin oxide 
or pentachlorophenol until after 221 and 730 days, respectively. However, 
colonization and detection of visible decay are two different parameters. Our 
observations indicate that even in high decay hazard climates decay in 
coniferous sapwood test samples exposed above ground is not evident before six 
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months of exposure and in some pieces the lag period may extend to 24 months. 
Obviously, some inhibitory factors are involved since in a pure culture test 
decay is apparent within a few days. 

The delay in colonization of untreated wood by basidiomycetes may be 
partially due to antagonism expressed by some of the microorganisms. For 
example, a number of studies have shown that actinomycetes and species of 
Eubacteria are highly antagonistic toward wood degrading basidiomycetes (23), 
These bacteria also degrade wood extractives that affect colonization by 
basidiomycetes. Removal or alteration of these extractives eventually permits 
rapid colonization by wood decay fimgi. However, Hulme and Shields (24) 
suggested that the major factor involved in repression of the basidiomycetes is 
the rapid depletion of nutrients that are required for rapid growth and successful 
colonization. Although some of the microorganisms that colonize wood in the 
early stages are antagonistic to basidiomycetes, others have the opposite effect 
(25, 28). For example, some bacteria develop a synergistic relationship with 
wood decay fimgi (23). This synergism stimulates fungal growth and 
accelerates the rate of wood decay. In this relationship, bacteria are provided 
with a supply of carbon sources as a result of the extracellular enzyme reactions 
of the fungus that would not normally be available. Growth of the bacteria 
depletes concentrations of cellobiose, simple sugars, etc., around the hyphae so 
that cellulase production is not repressed. In turn, bacteria may supply essential 
vitamins and other growth promoting substances such as nitrogen to the fungus. 

Another aspect of early colonization by actinomycetes, ascomycetes, and 
Fungi hnperfecti is the ability of some of those microorganisms to detoxify 
wood preservatives. Merrill and French (26) showed that ascomycetes and 
Fungi hnperfecti detoxified a number of wood preservatives. Carey (18) has 
shown that a Phiolophora species isolated from TBTO-treated wood effectively 
detoxified this preservative when it was incorporated into agar tests. In another 
study by King et al. (27), it was noted that actinomycetes isolated from treated 
wood have the ability to biodegrade pesticides in soil. Hence, a number of 
microorganisms that colonize wood have the potential to detoxify wood 
preservative chemicals. Such detoxification could then set the stage for wood 
degradation by basidiomycetes. 

Spore Germination 

It is generally assumed that fungal spores are the principal infection mode 
of wood exposed above ground under conditions conducive to decay. Although 
the presence of spores produced by microorganisms capable of degrading wood 
are ubiquitous, their germination on wood is problematic (29, 30). In order for 
fungal spores to develop and colonize wood, there must be a sufficient supply of 
readily assimilable nutrients, a favorable microclimate, including adequate 
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moisture, and an absence of competitors. Much of the time these conditions do 
not exist simultaneously so the mere presence of spores does not necessarily 
ensure that the wood decay process will be initiated. The failure of spores to 
germinate when they are in contact with wood may be attributed to nutrient and 
water availability, pH, temperature, wood extractives, and microbial 
metabolites, etc. (7). Unfortunately, only a limited number of studies have been 
conducted in this area so our understanding of this complex subject is limited. 

Morton and French (31) studied spore germination with G. trabeum, 
G. sepiarium, and Fomitopsis roseus on wood and found that sterilizing wood 
significantly increased the percentage germination of G. trabeum basidiospores, 
with a greater percentage germinating on wood that was autoclaved dry rather 
than wet. Furthermore, when wood was subjected to either hot or cold water 
extraction, the percentage of F. rosea spores that germinated was significantly 
less than that for non-extracted wood. This difference suggests that some water-
soluble extractives in Douglas-fir sapwood stimulate germination. In additional 
experiments, they compared the effect of sodium pentachlorophenate-treated 
wood on germination of G. trabeum basidiospores to the growth of mycelium 
from the same fungus. From this experiment it was concluded that the 
basidiospores were about 10-fold more sensitive to the biocide than was the 
mycelium. 

Schmidt and French (30) studied the effect of sterilization methods on spore 
germination of G. trabeum, Trametes hispida, and Porta tenuis and found that 
some methods severely retarded germination. They concluded that the best way 
to minimize variation in spore germination was to briefly dip the wood in 
boiling water. 

One of the problems with spore germination studies is that a given fungus 
can produce several different types of spores. For example there are 
basidiospores, chlamydospores, and secondary spores (conidia). These different 
types of spores may have varying requirements for germination, so experiments 
with only one type of spore may not apply to the others. A good example of this 
are the thick-walled resting spores of the white-rot fungus Ganoderma lucidum 
which must pass through a fly larvae gut before they will germinate (7). 

Test Methodology 

Methods of Detecting and Measuring Wood Decay 

At the present time, lack of accurate, rapid, non-destructive methods for 
detecting and quantifying wood decay is a major deterrent to wood preservation 
research. It will be necessary to develop improved methods for measuring the 
extent of wood decay in test samples before accelerated test methods can 
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become a reality. A partial review of current methods and new approaches that 
may have potential are outlined in this section. 

Visual Observation 

At present, visual observation is the method normally used to evaluate 
outdoor exposure wood decay test specimens exposed outdoors. This method is 
subjective, rather than quantitative, does not detect early decay and consequently 
does not provide the information needed for accelerated testing. 

Mass Loss 

During the decay process, fimgi utilize wood as a carbon source and 
produce C 0 2 and water as by-products. As a result, the wood mass is gradually 
reduced. This can be measured at specific times or progressively by determining 
the weight of test specimens and comparing this with the samples original 
weight. This method is widely used in laboratory soil block decay tests and 
provides reasonably good results. Shortcomings of this method are associated 
with difficulty in making adjustments for variation in wood moisture content, 
loss of wood preservatives and inability to make adjustments for the weight gain 
due to colonization by the fungus. 

Because of these problems, the use of mass loss as a method for detecting 
decay is essentially limited to laboratory soil block tests. When used for this 
application, the main weakness of this test is its inability to detect the early 
stages of decay. It is generally conceded that mass losses of less than 2-3% are 
statistically insignificant because of the inherent variability of this method. 
Even small mass losses in the early stages of decay are associated with 
significant strength losses, especially when the wood is colonized by brown-rot 
fungi (32). For example, it has been shown that the compression strength of 
wood has been reduced by at least 20% by the time a mass loss of 2-3% has 
been attained (33). 

Mechanical Properties 

The mechanical properties of wood are adversely affected by wood decay 
fungi, so that the progressive measurement of selected strength properties could 
be used to monitor the wood decay process. This supposition has been verified 
in a number of studies and appears to have considerable potential (33). 
Although there are a number of strength properties that can be measured, 
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compression, bending, and torsion strength are perhaps the most suitable for 
detecting and measuring decay in laboratory and field tests. 

Compression Strength 

Recent studies demonstrate that the extent of wood decay can be quantified 
by measuring the compression strength of wood wafers in the radial direction 
(33, 34). This method is based on the comparative compression strength at the 
5% level of end matched wafers, one of which is exposed to the fungus in a soil 
block test and the other serving as a non-exposed control. The use of thin 
wafers (5 mm in the longitudinal direction) and compression strength analysis 
has made it possible to carry out tests in approximately 6 weeks, compared to 
approximately 16 weeks necessary for the standard soil block test utilizing mass 
loss. 

Janzen's study (33) also indicates that it may be desirable to use modulus of 
elasticity (MOE) rather than 5% compression strength as a measure of wood 
decay. Use of M O E results in less variability among samples and appears to 
provide a better estimate of toxic threshold values. 

Bending Stiffness 

M O E of wood decreases during the wood decay process (32). As a result, 
progressive measurement of bending stiffness is a potential method for 
following the decay process by determining the initial M O E at strain levels 
below the proportional limit and then making subsequent measurements. 
Crawford (35) used laboratory soft-rot tests to show that there is a good 
correlation between the reduction of MOE in thin wood sticks and the number of 
soft-rot cavities. Hence, this is an excellent method for evaluating soft-rot decay 
test samples. Although detailed studies have not been carried out, it appears that 
changes in bending stiffness could be used to measure the extent of decay in test 
specimens that have been attacked by basidiomycetes. This concept has been 
evaluated in preliminary studies in our laboratory and the results obtained to 
date are encouraging. 

Torsion Strength 

The torsional strength of wood is often used to measure the shear strength. 
As such, it is conceivable that torsional shear might be used to measure the 
extent of decay in test specimens exposed to wood decay fungi. We have 
initiated some studies in our lab evaluating the use of torsion strength as a 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
6

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



298 

measure of wood decay. In this process, the sticks (14 mm square by 200 mm 
long) are torqued at a level below the proportional limit to establish the initial 
torsion strength. The samples are then exposed to wet, unsterile soil in special 
tube containers that leave 50 mm of the stick ends exposed to air. These sticks 
are then removed periodically and re-tested, with reductions in torsion strength 
serving as a measure of decay. Additional work needs to be done, but this 
method shows promise for accelerated soil bed tests. 

Permeability 

Carey (36) showed that the permeability of wood exposed above-ground 
increased during the early stages of decay. This increase is due to the 
colonization of wood by bacteria and various stain and soft-rot fiingi. As a 
result of this observation it was suggested that measurement of permeability 
could be used to detect incipient decay. One method of doing this is to measure 
the uptake of decalin when the samples are dipped in this low viscosity liquid. 
However, due to the extreme variability of wood permeability, this method has 
not been very successful. Nevertheless, i f better methods of measuring the 
permeability of wood could be developed then this method might have some 
potential. In this regard, one possibility is the use of the air pressure method 
developed by Wallace and Schmidt (37). 

Immunodiagnosis 

In this method, polyclonal and monoclonal antibodies are used to detect the 
presence of wood decay fimgi (See chapter by Clausen). This method is very 
sensitive and has the potential to detect incipient stages of decay in above-
ground test samples. One limitation of this method is the inability to quantify 
the progressive development of wood decay. As a consequence, it appears 
necessary to couple this procedure with some other method, such as bending 
stiffness, to provide adequate evaluation of test samples. 

NIR Analysis 

In recent years near infrared (NIR) spectroscopy has been used for many 
applications that involve rapid analysis of various substrates. Preliminary 
studies with decayed wood indicate that NIR may be useful in detecting and 
quantifying biodeterioration of wood. By coupling NIR analysis with 
multivariate regression or principal components analysis, it has been 
demonstrated that there is a good correlation between the NIR analysis and mass 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
6

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



299 

loss of wood decayed by brown-rot fiingi (38). On the basis of additional 
preliminary studies, there also appears to be a good relationship between NIR 
analysis and changes in compression strength of brown-rotted wood. 

Additional studies will need to be conducted before the potential of this 
spectroscopic method can be discerned. So far, only wood degraded by brown-
rot fimgi has been investigated and additional studies with wood decayed by 
white-rot and soft-rot fimgi are needed since these microorganisms are also 
associated with the wood degradation process. Furthermore, it is not known 
whether this method can detect the early stages of decay, so additional work is 
also needed in this area. 

The availability of lightweight, portable NIR instruments makes this 
potential method of decay detection particularly attractive. Furthermore, the fact 
that these instruments can be fitted with fiber optic probes provides the 
versatility needed for on-site evaluation of various test sample configurations. 

Soil Block Test 

In the evaluation of new wood preservatives, the soil block test is typically 
used to provide initial information on the efficacy against wood decay fimgi. 
Both white- and brown-rot fungi are generally included in this evaluation. The 
toxic threshold value, i.e., the minimum amount of preservative that inhibits 
wood decay, is determined in this test by using test specimens that are treated 
with varying levels of the preservative in question. 

The standard soil block test (AWPA E 10) specifies that either 14 mm or 19 
mm wood cubes can be used and the presence of decay is determined by mass 
loss (5). In order to have a valid test the untreated control blocks must attain a 
minimum of 50% mass loss, which requires about 12 weeks exposure for 
brown-rot fiingi. By using 14 mm cubes the rate of decay is increased and the 
incubation time can be reduced from 12 to 8 weeks. However, when softwoods 
are tested against white-rot fungi the exposure time needs to be increased in 
order to achieve sufficient decay in the untreated blocks. Using this standard 
method, the total time required to run the test is in the range of three to four 
months. 

Another approach to measuring the extent of decay in the soil block test is 
to use compression strength, which decreases in proportion to mass loss during 
wood decay (39). The advantage of using compression strength is that it permits 
the use of smaller samples without sacrificing accuracy. By using wood samples 
measuring 5mm thick it is possible to reduce the incubation time to 
approximately four weeks. Furthermore, the conditioning period required to 
equilibrate the test samples to a specified moisture content is eliminated (34). 
As a consequence, the total time required to carry out the test can be reduced to 
approximately six weeks. 
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Although the soil block test is fairly rapid, it has a number of limitations. 
Because it uses a pure culture of a given fungus growing under near ideal 
conditions, the test is more severe than natural (outdoor exposure) conditions 
would be, where colonization of the wood is dependent on spore germination 
and decay fimgi must compete against each other as well as other 
microorganisms. There are also numerous fimgi that can decay wood and these 
can exhibit a wide range of tolerance to different biocides. The virulence of 
fimgi are also dependent on which strain is being used and this can vary with the 
extent of subculturing, the type of wood, the type of soil, etc. (40- 42). Finally, 
most organic biocides are susceptible to microbial or chemical degradation and 
this effect is less apparent in the artificial short term lab decay test. As a result 
of these weaknesses, the soil block test results are best used as an initial screen 
to compare a given candidate preservative to known preservatives in order to 
determine whether or not further evaluation in field trials is justified. 

When wood is used in exterior above-ground applications, the decay 
process is primarily initiated by spore germination. This suggests that it might 
be possible to use spore germination to establish toxic threshold values of 
candidate preservatives. Morton and French (31) carried out a series of 
experiments to evaluate this concept and concluded that such a test method 
might be feasible. This concept was subjected to further evaluation by Savory 
and Cary (43) using basidiospores of G. trabeum. The toxic threshold values for 
tributyltin oxide, pentachlorophenol and chromated copper arsenate, determined 
by inoculation with mycelium and also by spores, were found to be essentially 
the same. Furthermore, it was found that spores would germinate at some 
preservative concentrations but failed to colonize the wood. Hence, the concept 
of using spore germination as a rapid method for establishing toxic threshold 
values for wood preservatives may not be possible. However, it might be 
possible to monitor spore germination and further hyphal development for a 
relatively simple and reasonably rapid test method. Additional research in this 
area would be desirable. 

Above-ground Decay Tests 

These tests are carried out to evaluate wood preservative systems that are 
designed for treated wood used in exterior applications where the product is not 
subjected to soil contact. Typical applications are mill work, decking, fascia 
boards, etc. A number of different designs have been used over the years with 
the most popular being the post-rail, L-joint, and Lap-joint units. In recent years 
the L-joint and Lap-joint designs have been used for most tests (Figure 1). 

A common element in the design of these test units is the inclusion of some 
type of joint that effectively traps rainwater. Although these units provide a 
realistic evaluation of the performance of wood preservative treatments, an 
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extended exposure period, with the time being dependent on the rainfall and 
temperature at the test site, is needed to develop a reliable prediction of 
preservative performance. Also, the use of visual observation and probing 
techniques in the evaluation process makes it difficult to detect incipient decay 
and provide quantitative data, and the ratings are often dependent on the 
moisture content of the sample at the time of evaluation. 

Figure 1. Top and side view illustrations of L-Joint (A) and Lap-Joint (B) above 
ground test units. 

One of the major weaknesses of the current above-ground test unit 
procedures is the extended time required to evaluate a given preservative. In 
order to address this problem two concepts need to be examined. These are the 
development of methods for accelerating the decay process and methods that 
accurately detect incipient decay and subsequent progressive deterioration of the 
wood structure. 
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Accelerating Decay Rates 

Optimizing decay rates requires developing a better understanding of the 
spore germination process as well as providing appropriate nutrient, moisture 
and temperature levels. Factors influencing spore germination on wood have 
been discussed in detail in earlier sections of this chapter. From this review, it is 
apparent that considerably more research is required to permit the development 
of methods that optimize spore germination on wood. Such information is 
critical in our quest to develop accelerated test methods. 

With regard to nutrients, it seems logical that providing appropriate levels 
of the essential elements for fungal growth will be necessary to accelerate decay 
test methods. Nitrogen is of particular interest because wood is inherently 
deficient in this element. Since autolysis of other microorganisms and possibly 
airborne particles are the only source of additional nitrogen in wood exposed 
above-ground, serious thought needs to be given to injecting nitrogen 
compounds into the wood test units. The inclusion of other elements, such as 
phosphorus which is essential for nitrogen utilization by fimgi, also needs to be 
considered. Fungi also require the vitamins thiamine and biotin which are not 
present in wood and are probably provided by bacteria that colonize wood prior 
to basidiomycete attack (13). Hence, it would be of interest to see i f the addition 
of vitamins would accelerate the colonization by basidiomycetes. Although the 
above suggestions may be of value, it should be emphasized that the addition of 
nutrients could have a major impact on microbial populations and a considerable 
amount of research will be required to ensure that artificial condition are not 
created that result in unrealistic test conditions. Great care will need to be taken 
to ensure that these modifications do not accelerate decay rates in a manner that 
is unrealistic for the intended end use applications. 

As discussed previously, the optimum wood M C for decay by 
basidiomycetes is in the range of 40-80%. Consequently, developing a system 
that would maintain wood at these moisture levels should accelerate the decay 
process as long as appropriate temperatures were also maintained. One approach 
to maintaining a high M C of non-soil contact test specimens is to place them on 
concrete blocks that rest on the ground. Further reduction in moisture loss is 
achieved by covering the test unit with shade cloth, which allows rainwater to 
enter but reduces evaporation rates. This test method has been used successfully 
in Hilo, Hawaii to accelerate rates of biodeterioration (44). 

B y giving consideration to the above factors it should be possible to 
significantly accelerate the wood decay process in above-ground tests. This 
approach must be rigorously evaluated to ensure that unrealistic artificial 
conditions are not created so that the results reflect real world conditions. 
Accordingly, the accelerated method must mimic the results obtained from 
actual long-term exposure. 
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An indication of the validity of this approach is provided by our experience 
with conducting above-ground decay tests in Hilo, Hawaii and Saucier, 
Mississippi. The Hilo location has ideal temperature and rainfall conditions to 
support wood decay. In contrast, the Saucier location has considerably less 
rainfall and lower temperatures in the winter. Our results from testing the same 
wood treatments at both sites clearly show that the rate of decay is accelerated 2-
3 fold at the Hilo test site. Figure 2 shows decay ratings over a 10-year period 
for dip-treated Ponderosa pine L-joints. Clearly, this represents a significant 
acceleration. Nevertheless, it may be possible to fiirther accelerate the decay rate 
by incorporating appropriate nutrients in the test specimens as long as this can 
be done without creating unrealistic decay conditions that do not apply to real 
world applications. 

In addition to accelerating decay rates, improved methods for detecting and 
measuring the extent of decay are needed. Methods that appear to have the best 
potential for above ground tests are based on mechanical tests, NIR analyses and 
immunodiagnosis. A conceptual test unit for using a combination of 
immunodiagnosis and mechanical test is shown in Figure 3. This test utilizes a 
typical lap-joint with thin sticks incorporated in the joint. The immunoassay 
will be used to detect the onset of colonization by decay fimgi by periodically 
removing small samples near the ends of the sticks. In addition, the sticks will 
be removed periodically and subjected to a bending test to measure the M O E , 
which decreases as decay develops. 

If additional research confirms that both brown- and white-rot decay can be 
detected and quantified by NIR analyses, it would be a valuable tool for use in 
above ground decay tests. Portable NIR units are available and it may be 
possible to measure decay in lap-joints as well or other test units by using small 
fiber optic probes. 

Soil Contact Decay Tests 

Treated wood products are often used in applications that involve soil 
contact. This results in a very severe exposure condition for a number of 
reasons. Soil contains large populations of microorganisms, some of which can 
biodegrade wood. A number of these microorganisms also have the ability to 
biodegrade organic wood preservatives while others can modify inorganic 
preservatives and make them more susceptible to leaching. Soil contains 
numerous chemical components that provide essential nutrients required by the 
fimgi and also have an impact of the rate of depletion of wood preservatives. 
The leaching of wood preservatives is generally more severe when the wood is 
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Figure 2. Comparative decay rating for ponderosa pine L-joints after exposure 
at Hilo, Hawaii and Saucier, Mississippi. The test samples were dip treated 

with 5% Penta in mineral spirits and the controls were dip treated with escorez 
resin (5%) in mineral spirits. A 10 rating denotes no decay and a 0 denotes 

failure. 

exposed to water that contains soil than to water alone. Soil also serves as a 
reservoir for water, which helps maintain wood M C levels in the range that 
favors wood decay. 

In testing wood preservatives for soil contact applications, treated test 
specimens of various sizes ranging from % inch square by 18 inches long to fUll 
size pole stubs are inserted to one-half their length into pre-drilled holes in the 
ground at selected test sites. These test specimens are inspected periodically and 
rated for the extent of decay and insect attack. These are generally long-term 
tests that require a minimum of five years of exposure of smaller test specimens 
in locations that have relatively high decay hazard conditions. Although the 
small test specimens decay faster, they do not provide information on potential 
preservative distribution problems and may exacerbate preservative depletion 
rates. 

One method for accelerating the decay rate when wood is subjected to soil 
contact is to control the soil moisture content and temperature conditions so that 
they are optimum for wood decay fimgi. This can be done either by selecting 
test sites that have warm/wet climates or by the use of soil beds that are 
artificially watered and housed in buildings that have temperature and humidity 
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Figure 3. The modified Lap-joint designed to incorporate bending strength and 
immunoassay to detect and measure decay. 

controls. This concept was originally developed by Gersonde and Becker (45) 
and further refined by others (44,46-48). On the basis of these studies and 
additional work by Archer (49), SL soil bed test procedure was developed (5). The 
use of this accelerated method to predict long-term performance of treated wood 
exposed to soil has not been widely accepted and long term field tests are still 
required before one can have confidence in the performance of new wood 
preservative systems. Some concerns about this method are discussed in recent 
publications (49, 50). The basic problems with this concept are associated with 
difficulty in maintaining consistent moisture levels and failure to recognize the 
role that soil physical and chemical properties play in wood preservative 
depletion rates and microorganism populations. Another major problem is the 
lack of accurate methods for detecting and quantifying the extent of decay in test 
specimens. 

Moisture Control 

Most soil beds are operated on the basis of controlling moisture at some 
specified M C in relation to the water holding capacity of the soil. Accurate 
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control of soil M C is extremely difficult and wide variations generally exist in 
the soil beds, which are often overlooked. Nevertheless, even i f adequate soil 
M C control is achieved this approach is often flawed because it fails to take into 
consideration the soil/wood M C relationships. Wood M C is critical because 
basidiomycete fimgi are most active when the wood M C (oven dry basis) is in 
the range of 40 to 80%. Recent studies in our laboratory on the M C of wood in 
contact with soil shows that the relationship between soil M C and wood M C is 
not linear (Figure 4). From this graph it is apparent that there is a sharp rise in 
wood M C when the soil M C reaches about 22%. This steep rise then levels off 
when the soil M C reaches about 25%. The soil used in this study had a water 
holding capacity of 34.6%. We have observed similar relationships for other 
soils, but the inflection point in the curve occurs at widely different soil moisture 
contents. Hence, it is important that soil/wood M C relationships be developed 
for wood samples used in soil bed tests. Although the M C of some areas of the 
stakes - at ground line and slightly above - may be in the desired range the soil 
M C is still important because it can influence the type and number of 
microorganism present. 

Physical and Chemical Properties of Soils 

Often little consideration has been given to the potential impact of soil types, 
chemical composition and soil collection methods on the results obtained in soil 
beds despite their potential impact on biocide depletion, microbial populations 
and fungal virulence. Biocide depletion rates are an important factor in soil bed 
tests because of the relatively small test specimens and consistently high M C 
levels. A recent study has shown that wood preservative depletion rates vary 
widely in different types of soils (57), but the specific components or properties 
of the soil responsible for leaching differences were not identified. Additional 
research is needed in this area. With regard to microorganism populations, a 
study by Nilsson and Daniel (52) has shown that some soils favor brown-rot 
fimgi and others favor white-rot fimgi and garden compost favors soft-rot fimgi. 
The reason for these differences is not clear, but is undoubtedly related to the 
soil chemical and physical properties. As discussed previously, several elements 
and vitamins are critical for the growth and development of fimgi. Since the 
relative amounts and types of these compounds in soil undoubtedly have an 
influence on the rates of wood decay, analysis of soil and addition of deficient 
elements would help assure that optimum decay rates are achieved in soil bed 
tests. 
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Figure 4. Relationship between soil MC and the EMC of southern yellow pine 
sapwood sticks buried in the soil The water holding capacity of the soil 

determined using AWPA standardEl0 (5), was 34.6%. 

Oxygen level in soil is also an important factor that has not been given 
much attention. In the typical soil beds, which have stakes inserted vertically, 
optimum oxygen levels are undoubtedly available at the ground line areas much 
the same as they are in field stakes. In the soil bed designs, such as the tube test 
described below in this paper, the oxygen levels at the interior portion of the 
stakes may or may not have optimum oxygen levels. Research is needed in this 
area to determine whether or not aeration of the soil beds would enhance decay 
rates. 

Microbial Populations in Soil 

Soils contain large populations of microorganisms—fimgi, bacteria, 
nematodes, protozoa and microarthropods. The types and relative numbers of 
these microorganisms is highly dependent on the composition, moisture, oxygen 
levels, and temperature of the soil. These factors need to be considered to 
optimize wood decay rates in the soil, but very little research has been carried 
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out in this area. Nevertheless, the potential of this approach is illustrated by a 
study recently carried out in the laboratory of the senior author. In this study, a 
soil obtained from a forested area was fortified with composted wood that added 
additional nitrogen, phosphorus and organic matter (Table II). This soil and non-
amended soil were used in a soil bed test with untreated pine sapwood stakes. 
After 8 months of exposure, the amount of decay in the stakes in the amended 
soil was considerably greater (Table II). These two soil samples were also 
analyzed for bacteria and fungal populations. It is apparent from Table III that 
the addition of compost had a significant effect on microbial growth, particularly 
on the basidiomycete populations. Although limited in scope, this study 
illustrates the promise of this approach to accelerating decay rates in soil bed 
tests. 

Table II. Chemical Analysis of Soils Used in a Soil Tube Test and Decay 
Ratings for Untreated Pine Sticks After Eight Months Exposure 

Total Total Total 
Soil Organic Organic Organic Decay 

Composition Carbon Nitrogen Phosphorus Rating0 

frg/g) frg/g) (Mg/g) 
Soil 27104 988 44 9.8 
Soil + Compost 91543 3603 2585 7.5 
(25% w/w) 
a A rating of 10 denotes sound and 0 denotes failure. 

Table HI. Microbial Analysis of Soils Used in a Soil Tube Test 
Active Total Active Total Average 

Soil Bacterial Bacterial Fungal Fungal Hyphael 
Composition Biomass Biomass Biomass Biomass Diameter0 

(lig/g) fog/g) (fg/g) (pm) 
Soil 2.2 214 0.7 174 3 
Soil + Compost 2.8 216 3.7 287 3 

'Hyphael diameter of 3 denotes a community dominated by basidiomycetes. 

New Soil Bed Design 

Accurate control of soil and wood moisture contents is critical in soil bed 
tests. Many soil bed facilities use large containers, such as bathtubs or large 
concrete bins. In general, the larger the container the more difficult it is to 
control soil and wood moisture levels. As a result, we have been investigating 
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the use of small P V C tubes as soil containers (Figure 5). In this configuration 
the test specimens (14 x 14 x 250 mm long sticks) are inserted into holes in the 
side of the tube so that only the center portion is in contact with the soil. The soil 
M C is controlled by weighing the tubes periodically and adding water through a 
perforated tube extending along the bottom of the tube. The wood M C is 
controlled by inserting thin wood sticks into the soil from the top opening in the 
tube, and then removing them periodically and determining the M C by weight. 

Top view O l C 

Wood Specimens 

n n n n n n n n n n 
I I I I I I M I I M I I I I I I I I I I 

I t I I I I rm i i i i it i i u u u u u u 
22) 

Side View 
• • • • O D O D Q C I D 

End Viet 

Figure 5. Schematic of soil tube test apparatus. 

CONCLUSIONS 

There is a need to develop accelerated test methods for evaluating the 
efficacy of wood preservatives. To achieve this goal it will be necessary to 
develop improved methods for detecting and quantifying the extent of wood 
decay. It will also be necessary to develop a better understanding of the many 
variables that influence microbial wood decay rates, hi this regard, we need 
more knowledge on the process of microbial colonization of wood and the 
interaction of the various types of microorganisms involved in the process. In 
addition, our knowledge of the role that essential nutrients play in the decay 
process and their effect on the efficacy of wood preservatives is limited and 
needs to be addressed. Once we develop a better understanding of these 
relationships it should be possible to develop vastly improved wood decay test 
methods. However, it needs to be emphasized that there is a danger in 
developing accelerated test methods because the results may not provide a 
realistic evaluation of commercial treated wood products. Consequently, it is 
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essential that comparative field tests with known preservatives be included in 
the development process. 
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Chapter 17 

Use of Fatty Acid Profiles To Identify White-Rot 
Wood Decay Fungi 

Susan V. Diehl, M . Lynn Prewitt, and Fatima Moore Shmulsky 

Forest Products Laboratory, Mississippi State University, Mississippi 
State, M S 39762 

Identification libraries have been created for the white-rot fungi 
Phanerochaete chrysosporium, P. sordida , P. sanguinea, 
Trametes versicolor, T. hirsuta, and T. pubescens. Libraries 
were compiled using five to ten isolates of each species with 
each isolate cultured four times, extracted in duplicate and 
analyzed by gas chromatography for its fatty acid methyl ester 
(FAME) profile. Single libraries were created for T. versicolor 
and T. pubescens, indicating that all isolates of these species 
clustered as a single species. More than one library was created 
for P. chrysosporium, P. sordida, and T. hirsuta, indicating that 
not all isolates of these species clustered as a single species. The 
P. chrysosporium libraries provided a good identification of all 
but one blind sample. Analysis of that sample identified P. 
sordida as first choice, but the second choice of P. 
chrysosporium was too close for a good species match. The 
genus Phanerochaete was correctly identified in all blind 
samples for both species tested. Blind samples of T. pubescens 
and T. hirsuta were not distinguished at the species level. There 
appears to be considerable variability within T. hirsuta. It wil l 
be interesting in the future to compare the D N A sequences of 
these outliers to determine if the genetic information supports 
the separations seen in the F A M E profiles. 

© 2003 American Chemical Society 313 
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Introduction 

Classification of wood decay fiingi is currently in a state of revision and 
review. Recent phylogenetic studies of the Homobasidiomycetes based on nuclear 
and mitochondrial small subunit rDNA tentatively divided this group into eight 
major clades (1). Many of the estimated 1,568 species of wood-decay 
homobasidiomycetes fall within the polypore and corticoid groups (2, 3). Only 
6-7% of the wood-decay homobasidiomycetes are brown-rot species, with the 
remainder being white-rot species (2). Recent molecular studies have suggested 
that many groups are polyphyletic and that the evolution of the brown-rot decay 
mode has repeatedly evolved from the ancestral white-rot modes (4). Most 
phylogenetic analyses are based on a single isolate of a species and, in many cases, 
a single species of a given genus. These types of studies do not consider the 
variation that occurs among isolates of a given species and among species. 
Tanesaka et al. (5) found that variation among species accounted for 63% of the 
total variation of 17 genera analyzed. Many wood decay isolates show wide ranges 
of variability in physiological characteristics, appearances and abilities. The 
identification of wood decay fungi is typically accomplished by isolation and 
observation of growth characteristics on different culture media and spore 
formation. Identification keys are used to identify the fungi in question (e.g. 6 and 
7). This process is time consuming and can be difficult due to the similar cultural 
and morphological characteristics of many different fimgi and poor (or lack of) 
sporulation in culture of many decay isolates. Other methods are being sought to 
identify unknown fungi more quickly, with higher accuracy, and requiring less 
expertise. Currently, serological detection, comparisons of cellular fatty acid 
methyl ester (FAME) profiles, and identification of unique sequences of fungal 
D N A are being developed for wood decay fungi. Each method has its advantages 
and disadvantages. The focus of this chapter is the application of F A M E profiles 
for identification of the wood decay fungi. Identification using unique D N A 
sequences is discussed in a separate chapter of this book (8). 

Microorganisms synthesize over 200 different fatty acids and the presence of 
specific fatty acids and their relative amounts are constant for a particular species 
(9). The type and amount of fatty acids produced are used to identify a particular 
genus, species, or strain in bacteria and yeasts. Since the early 1960's, analysis of 
fatty acids (derivatized to methyl esters) by gas chromatography has been used for 
identification of bacteria, and more recently, fimgi (10-14). MIDI, Inc. (Newark, 
DE) has developed a database of F A M E profiles called the Sherlock Microbial 
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Identification System using over 5,000 strains of microorganisms including sixty 
common fungi. Although this system does not contain profiles of wood decay 
fungi, it has the capability for the creation of new libraries of fatty acid profiles as 
deemed necessary by the user. This system of F A M E profiles combined with 
multivariate discriminate analysis was used to speciate glomalean endomycorrhizal 
fungi for taxonomic purposes (10) and seven species of Penicillium were correctly 
identified with a 98% accuracy rate (14). Muller et al. (13) compared the fatty acids 
of 42 different fimgi including 11 genera and 16 species and found that not all 
genera could be separated by fatty acid profiles alone, but identification improved 
when sterols were added to the profiles of the slow-growing fungi. 

A thesis project in the Department of Forest Products, Mississippi State 
University evaluated i f a MIDI Sherlock System library built for select wood decay 
fimgi could be used for taxonomic purposes (15). The wood decay fungi, 
Gloeophyllum trabeum, G. sepiarium, Trametes hirsuta, and T. versicolor, were 
extracted and analyzed for their F A M E profiles and libraries of these profiles were 
created. Ten isolates of each species were tested. Each species had its own unique 
fatty acid profile, however, there was poor extraction of the fatty acids from slow-
growing isolates. Poor extraction efficiency led to low peak area counts on the gas 
chromatogram, and low percent area counts "lost" fatty acids that were present in 
low concentrations. In comparison, high extraction efficiency led to high percent 
area counts and numerous trace fatty acids "appeared". Since the library is based 
on the presence and percent amounts of fatty acid in a given species, differences 
between the high and low area counts contributed to a weak match for two species. 
In addition, the MIDI software selected the data to be included in the library, which 
led to an omission of some of the trace fatty acids of a given species from the 
library. Given the problems encountered, we felt that the system could distinguish 
among the different wood decay fungi, but, certain culture, extraction and library 
generation variables would need to be optimized. The data given in this paper are 
a result of tightening a number of variables and generating a more accurate 
identification system. 

Research Methods 

Preparation of Fungal Cultures 

The isolates in this study were purchased from the American Type Culture 
Collection, or provided by the Forest Products Laboratory, Madison, WI or Dr. 
Dana Richter, Michigan Technological University, Houghton, MI . Fresh cultures 
of seven to ten isolates of T. versicolor, T. hirsuta, and T. pubescens, eight isolates 
ofPhanerochaete chrysosporium, five isolates of P. sordida and seven isolates of 
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P.sanguinea were started on Sabouraud dextrose agar (SDA) plates (Difco 
Laboratories) and incubated at 28 C for three to seven days. One 0.5 cm plug was 
removed from the leading edge of the culture, placed on a fresh SDA plate, and 
incubated at 28 C for four days. Four 0.5 cm plugs from the leading edge of the 
culture were placed into 100 ml of Sabouraud dextrose broth (Difco Laboratories) 
and incubated for seven days in a Lab-Line environmental shaker at 28 C and 150 
revolutions per minute (rpm). This culture procedure was replicated four times for 
each isolate. Mycelia were filtered through a Whatman 541 (4.7 cm) filter paper, 
rinsed three times with distilled water, and excess water was blotted from the 
mycelia. The mycelia were separated into 0.05 g and 0.10 g weights and placed 
into 16 mm x 125 mm culture tubes. Each weight (g) was duplicated for each 
isolate replicate. Culture tubes were capped with Teflon-lined caps and frozen at 
-70 C overnight. Aspergillus fumigatus (ATCC 36607) was extracted and run as 
a positive control and a reagent blank served as a negative control for every set of 
samples analyzed. 

Extraction and Esterification of the Fatty Acids 

To each culture, 2 ml of Extraction Solution A (45 g sodium hydroxide, 150 
ml methanol and 150 ml deionized water) was added, the mixture vortexed for 10 
-15 s, heated in a boiling water bath for 5 min, re-vortexed for 10 - 15 s, and 
heated an additonal 25 min in the boiling water bath. After cooling to room 
temperature, 4 ml of Extraction Solution B (325 ml 6.0 N hydrochloric acid and 
275 ml methanol) was added to each tube, and the mixture vortexed for 10 -15 s, 
heated in a water bath for 10 min at 80 C, then cooled to room temperature. The 
fatty acid methyl esters were extracted with 1.2 ml of Extraction Solution C (50:50 
solution of methyl tert-butyl ether and hexane) and 10 min of rotation at 20 rpm on 
a Thermolyne Vari-Mix. The top layer was transferred to a 13 mm x 100 mm 
culture tube with Teflon-lined cap, 3 ml of Extraction Solution D (5.4 g sodium 
hydroxide in 450 ml deionized water) was added to this layer, and the mixture 
rotated for an additional 5 min. A small portion of this top layer was transferred 
to a 2 ml autosampler vial containing a 100 pd glass insert. Vials were sealed with 
a Teflon-lined cap for analysis by gas chromatography. 

Establishment of the Fatty Acid Profiles by Gas Chromatography 

Fatty acid methyl esters were identified and quantified using an Agilent 
Technologies, Inc., (formerly Hewlett-Packard) 6890 Gas Chromatograph (GC) 
equipped with an automatic injector and flame ionization detector, and connected 
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to a computer containing ChemStation Data Acquisition and Sherlock Microbial 
Identification System software packages. GC conditions were: injector 250 C; 
detector at 300 C; and oven-initial temperature 170 C, 5 C/min to 260 C, 40 C/min 
to 310 C then hold 1.5 minute. The column used for analysis was the Agilent Ultra-
2 capillary column, (25m,0.22mm,0.33^im) with hydrogen as the carrier gas. The 
fatty acid profile for each isolate was analyzed by GC approximately 16 times. 
There were a few slow-growing isolates that were analyzed fewer times. Since two 
mycelial weights (0.05 and 0.1 g) were extracted for each analysis, only isolates 
that produced area counts between 100,000 and 600,000 were used to generate the 
library. This provided approximately 8 GC profiles per isolate for generation of 
a library. 

Creation of the Wood Decay Fungal Identification Libraries 

The samples were cataloged in each library using the Sample Catalogue feature 
of the Sherlock Microbial Identification System software package which searches 
all the data files and creates a master alpha-numeric index. After cataloging the 
samples, comparisons among the samples were made using the 2-D plot feature of 
the software. This program determines relationships among a large number of 
organisms by generating a 2-D plot of Principle Component 1 on the x axis and 
Principle Component 2 on the y axis. Closely related organisms will form clusters. 
A line is drawn around the cluster and perpendicular lines are drawn from the 
minimum and maximum x and y values to the corresponding x and y intercept. 
The difference in the minimum and maximum x and y values are multiplied to give 
the Euclidean Distance Squared (ED 2). For bacterial speciation, samples clustered 
in a group with E D 2 of about 110 or less are assumed to be of the same species; 
about 60 or less are of the same subspeices; and about 30 or less are of the same 
strain. There are no suggested guidelines for speciation of fungi. This program 
is helpful in determining contaminated samples and samples that are outliers. 
Samples that are outliers or questionable or contain small total area (<40,000) or 
large single peak area (> 400,000) are flagged either by the software or manually 
and then eliminated from the database. After each analysis, a report is generated 
which gives the Similarity Index. The Similarity Index is a numeral value which 
expresses how closely related the fatty acid composition of an unknown is to the 
library entry. A n exact match would result in a similarity index of 1.000 and will 
decrease in proportion to the cumulative variance between the composition of the 
unknown and the library entry. Similarity indexes of 0.500 or higher with a 
separation of at least 0.100 between the first and second choice are considered to 
be a good match. 
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Results and Discussion 

The Phanerochaete chrysosporium Library 

This paper will discuss the creation of the P. chrysosporium (PC) library in 
detail to illustrate how the library selections were made. The libraries of the other 
species wil l not be reported in as much detail due to space constraints. A summary 
of pertinent information will be provided for the other libraries. The PC library 
was a compilation of 96 data points, with each data point representing a F A M E 
profile. The 2-D plot for all 96 points is given in Figure 1. The E D 2 calculated for 
Figure 1 is 394 (Table I). This number is greater than 110, indicating that some of 
the isolates tested may not be the same species, therefore, sub-groups were created. 
It is obvious from Figure 1 that some isolates were outside of the main cluster. For 
PC, there were 4 sub-group libraries (A - D), with the largest library (A) composed 
mainly of 5 isolates, B composed of 2 isolates, C composed of 1 isolate, and D 
composed of 1 isolate. The 2-D plot for library B is shown in Figure 2. Separate 
F A M E profiles for a given isolate are circled. These same data points are also 
circled in Figure 1. The E D 2 for PC library B is 75.2, indicating these isolates are 
the same species but not the same subspecies. Table I lists the E D 2 for all libraries 
created for all species thus far. When an unknown is analyzed and its identification 
sought using the wood decay libraries, the identification reported distinguishes 
among the sub-group libraries of a given species. Thus an organism wi l l be 
identified as P. chrysosporium A or B, not simply as P. chrysosporium. 

"Blind" samples were run against the PC library to test the accuracy of the 
identification system. The purpose of the sub-grouping is to strengthen the 
accuracy of the library and to establish relationships (or similarities) among 
isolates. Table II gives the similarity index for the first and second choice when 
screened against the newly created PC libraries. When tested against the four sub
group libraries, three of four isolates were correctly identified as P. chrysosporium 
with P. sordida as the second choice. These three identifications would be 
considered a "good" match. The fourth isolate selected P. sordida as its first 
choice and P. chrysosporium as its second choice. The distance between the first 
and second choice is small, indicating that this identification is "too close to call". 
Interestingly, the F A M E profiles for the isolate with poorer identification is located 
in the larger A library. The better matches came from the smaller B and D 
libraries. 
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Table I. Details of the identification libraries created for 
Phanerochaete and Trametes. 

Number of 
Profiles in Library ED 2 

Number of 
Isolates Used 

P. chrysosporium 96 394.2 9 

A 61 58.2 5 

B 18 75.2 2 

C 10 18.5 1 

D 7 7.2 1 

P. sordida 40 558.5 5 

A 5 18.7 1 

B 12 52.2 1 

C 23 52.9 3 

P. sanguinea 37 398.9 7 

A 4 22.4 1 

B 8 8.4 1 

C 25 86.3 5 

T. versicolor 49 106.0 7 

T. hirsuta 71 736.5 10 

A 7 19.5 1 

B 9 24.6 1 

C 48 62.7 7 

D 7 24.5 1 

T. pubescens 94 94.5 8 

ED 2 is the Euclidean Distance Squared 
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Table II. Similarity Indices for the identification of blind 
P. chrysosporium samples screened against the 

newly created libraries. 

Similarity Index 
First Choice 

Similarity Index 
Second Choice 

Difference 
between 1st 

and 2nd 

34541 
(Located in 
Library B) 

P. chrysosporium 
0.893 

P. sordida 
0.804 

0.089 

62778 
(Located in 
Library D) 

P. chrysosporium 
0.885 

P. sordida 
0.785 

0.100 

32629 
(Located in 
Library B) 

P. chrysosporium 
0.900 

P. sordida 
0.822 

0.078 

48747 
(Located in 
Library A ) 

P. sordida 
0.899 

P. chrysosporium 
0.858 

0.041 
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The Phanerochaete and Trametes Libraries 

The total library E D 2 for P. sordida (Table I) was 558, indicating that some of 
these isolates may not be same species. Three sub-group libraries were created. 
Blind samples of P. sordida run against the libraries correctly identified P. sordida 
as the first choice, but the second choice of P. chrysosporium was too close (0.03 3) 
for a good species match. The genus Phanerochaete was correctly identified in all 
blind samples for both species tested. Three sub-group libraries were created for 
P. sanguinea (Table I). The total library E D 2 was 399. Two of the sub-group 
libraries contained a single isolate, with the remaining five isolates in the third sub
group library. The only sample of Phanerochaete analyzed by recent molecular 
systematic studies (3, 4) was a single isolate of P. chrysosporium, which was 
unfortunately not used in this study. These studies reclassified P. chrysosporium 
with two genera it had never been classified with before (Bjerkandera and 
Pulcherricium) (3) and was widely separated from the other corticoid fungus used 
in that study. The molecular relationships within the genus Phanerochaete and 
individual species is yet to be determined. 

A single library was created for both T. versicolor and T. pubescens since their 
E D 2 were only 106 and 94, respectively (Table I). This indicates that all isolates 
tested for those species are the same species. Four sub-group libraries were created 
for T. hirsuta. The E D 2 for the total group of 736 was the largest seen thus far. 
Single isolates composed sub-group libraries A , B , and D. The remaining isolates 
were grouped in library C. One blind sample of T. versicolor was run against the 
library and identified correctly with a very good match (difference of 0.292) with 
T. pubescens a distant second choice. F A M E analysis of a different isolate of T. 
versicolor choose T. hirsuta first. Analysis of this isolate and its location on a 
dendogram showed this isolate clustered separately from other T. versicolor 
isolates, which suggests it should be pooled into its own sub-group. Blind samples 
of T. pubescens and T. hirsuta could not distinguish between these two species. 
Molecular systematic studies found T. versicolor and T. sauveolens to be closely 
related, however, neither T. pubescens nor T. hirsuta were evaluated (3, 4). Based 
on the high E D 2 there appears to be a lot of variability within T. hirsuta samples. 
This may be the first series of isolates we attempt to compare by D N A sequencing. 

There were some isolates that were very distinct outliers, and thus were not 
included in the library profiles. It wil l be interesting in the future to compare the 
D N A sequences of these outliers and the sub-group libraries to determine i f the 
genetic information supports the separations seen in the F A M E profiles. The 
authors are currently in the process of creating identification libraries for the 
brown-rot fimgi Gloeophyllum trabeum, G. sepiarium, and G. striatum. 
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Chapter 18 

Detecting Decay Fungi with Antibody-Based Tests 
and Immunoassays 

C. A. Clausen 

Forest Service, Forest Products Laboratory, U.S. Department 
of Agriculture, Madison, W I 53705-2398 

Early detection of wood decay can prolong the service life of 
wood. Antibodies are the ideal probe for detecting fungi that 
cause biodeterioration because they are highly specific and can 
quantitatively determine the fungal antigen concentration from 
highly complex structures, such as wood. Polyclonal 
antibodies recognize multiple chemical sites of the targeted 
molecule, in our case, a fungal glycoprotein, while monoclonal 
antibodies recognize one specific protein sequence on the 
targeted molecule. Both polyclonal and monoclonal antibodies 
have been utilized separately or in concert to design various 
assay formats to detect incipient wood decay; depending on the 
target organism and the test format, an assay can be designed 
to be specific or broad spectrum, quantitative or qualitative. 
Immunodiagnostic tests for wood decay fungi include, in order 
of least to most sensitive, the particle agglutination assay, dot-
blot immunoassay, enzyme linked immunosorbent assays 
(ELISA), and a patented particle capture immunoassay. 

© 2003 American Chemical Society 325 
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Introduction 

Wood decay caused by brown-rot decay fiingi has typically been described 
as having four stages, though the stages overlap and cannot be clearly separated 
(J). Incipient decay occurs when decay fiingi initiate colonization and release 
enzymes; there is no visible evidence of damage. During early decay, slight 
changes in color or texture occur, but decay is not obvious. Intermediate decay 
includes obvious changes to color and texture, although the wood structure still 
appears to be intact. Advanced decay is obvious because the wood structure is 
affected; the wood turns brown, and crumbly with a cubicle appearance. 
Sensitive methods for detecting decay in wood, particularly in the initial stages, 
have long been sought by those responsible for inspecting and maintaining wood 
in-service (2). Traditional field methods such as sounding of wood, visual 
inspection of borings, and mechanical probing are useful for detecting advanced 
decay (7). However, early stages of decay are difficult to detect and incipient 
decay cannot be detected by traditional field methods (2,3). Traditional 
laboratory methods such as culturing and microscopic examination are reliable. 
However, they are time consuming and require professionally trained personnel 
and laboratory facilities. If a field method can detect decay in a structure before 
strength reduction occurs, then remedial treatments can be utilized to arrest 
decay and prevent further damage to wood in-service (2,4). 

Recognition of early decay is important for the inspection of wood in 
service. Early decay is difficult to recognize because it is visually subtle and 
often occurs on the interior of a timber or below ground. Visually, macroscopic 
changes in color or texture are presumptive evidence of early decay; only the 
physical presence of fiingi is considered definitive. Microscopic examination 
revealing hyphae with clamp connections is definitive evidence of early decay (7). 
Nonvisual methods of identifying early decay include culturing the fungus from 
infected wood, and various physical tests, such as changes in strength, acoustic, 
and electrical properties (3,4). 

The ideal detection system for diagnosis of fungal decay would incorporate 
several criteria (5): 
• Simplicity-easy to use and understand. 
• Rapid analysis and accurate results. 
• Inexpensive-enables multiple sampling which more accurately diagnoses 

decay. 
• Specific for decay fimgi without cross-reaction to non-decay wood-

inhabiting microorganisms. 
• Small sample size and minimally invasive sampling procedure. 
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• Portable for use in the field. 
• Automated-automation is often mutually exclusive with field testing. 
• Quantitative versus qualitative 

Selection of antigen and type of antibody are critical elements in the 
successful development of an immunoassay (4). Ideally, immunizing antigens 
should originate from the natural substrate, i.e., decayed wood, since there are 
demonstrated immunogenic differences between fungal enzymes derived from 
liquid culture versus decayed wood (6). Once a target molecule is identified and 
antibodies are prepared, determining the antigen extraction method for test 
samples and optimal antigen concentration are equally critical to the success of an 
immunoassay. Likewise, choice of assay method and test substrate will influence 
how to proceed in method design. 

Immunological probes 

Fungal proteins and polysaccharides elicit an immune response when 
introduced into a higher animal, typically a rabbit, resulting in antibody 
production (7). Because antibodies have the capacity to specifically recognize 
and bind to fungal antigen in a highly complex structure such as wood they are an 
ideal probe for the detection of fungi that cause biodeterioration. Two distinctly 
different types of antibodies, monoclonal (Mab) and polyclonal (Pab), have been 
produced (8,9). Polyclonal antibodies recognize multiple chemical sites, i.e. 
epitopes, on the antigenic molecule and are typically produced in vivo. 
Monoclonal antibodies recognize one specific epitope, often a protein sequence 
on an antigenic molecule (70) and are typically produced in vitro by cell culture. 
When used either separately or in concert, Mab's and Pab's have been utilized to 
design various immunological tests to detect fungal antigens extracted from 
wood during the incipient stage of decay (4,8,10,11). 

For all methods described in this article, samples consist of wood shavings 
extracted in an aqueous solution of Triton X-100 (Sigma, St. Louis, MO), which 
solubilizes the hyphal membrane of the fungus and releases antigens recognized 
by the antibodies (i.e. xylanase). Fungal xylanases, which are glycoproteins, vary 
in the ratio of proteinxarbohydrate from fungus to fungus. In laboratory tests, 
the antibodies used in the following methods recognized brown-rot and white-rot 
fimgi. A broad-spectrum test is desirable for most field inspection applications. 
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Test Methods 

Particle agglutination test (PAT) 

Particle agglutination assays are rapid immunodiagnostic tests (4,8,12) that 
have been utilized in the medical field since 1956. Particulate antigens may be 
agglutinated directly by polyclonal antibodies to surface antigens. Similarly, 
submicron-sized polystyrene particles coated with polyclonal antibody (Pab) will 
visibly agglutinate in 30-60 seconds when an antigen is present. Experience is 
necessary to evaluate reactions to avoid misinterpretation of weak positive 
reactions. For example, an extracted sample of wood is mixed with antibody-
labeled particles in the well of a glass slide and the reaction viewed through the 
slide with the aid of a light box. A negative result shows a smooth homologous 
appearance, while a positive test exhibits grainy aggregates of reagent (Figure 1). 
The strength of agglutination is ranked as negative or 1 to 4, with 4 being the 
strongest reaction. Particle agglutination has successfully detected infection by 
brown-rot fungi prior to weight loss, with minimal cross-reactivity to white-rot, 
mold or sapstain fimgi (8). This method for decay detection is simple, rapid, 
specific, and fairly portable, but it is not currently quantitative nor can it be 
automated. 

Quantitative results could, however, be obtained by reading the assay 
turbidimetrically. Variations are described by Bangs (12) , which both simplify 
the test portability and increase the reaction complexity. In one variation, 
antibody-coated particles are dried on a cardboard test strip, and rehydrated with 
the test sample. Having only one liquid reagent eases field portability. To 
increase test complexity, multiple antibodies to different fiingi or fungal 
components, can be used to coat polystyrene particles of differing colors. The 
mixture can then be used either in solution or dried to test samples. Depending 
on which fungus or component is present in the aqueous test sample, only the 
corresponding color of antibody-coated bead will agglutinate. Another way to 
improve portability is to place dry antibody coated particles in the well of a 
closed-channeled cassette with a zigzag capillary channel. Liquid test sample is 
added to the particle-containing well and capillary action pulls the reagents 
through the channel, mixing the antibody-coated particles and test sample as it 
moves. Agglutination will cloud the cassette indicating a positive reaction and 
the cassette will remain clear in a negative reaction. 
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Figure 1. Particle agglutination test (PAT). Left: visible grainy aggregates 
indicate a positive reaction, right: smooth homogenous particles indicate a 

negative reaction. 
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Dot Blot Immunoassay 

Blotting membranes offer high protein binding capacity and sensitivity for 
qualitative detection of decay fimgi. Aqueous wood extracts bound to 
nitrocellulose paper are probed with enzyme-labeled antibody, and addition of 
substrate yields a visible reaction (Figure 2). A detailed method is described by 
Clausen and Green (7). Glancy et al. (13) utilized polyclonal antibodies to a 
whole cell antigen preparation of Lepideus lentinus and Clausen et al. (8) utilized 
a multivalent polyclonal antibody to six common brown-rot fimgi to show that 
simple dot-blot immunoassays are useful for detecting incipient decay (8). This 
method does not lend itself to field portability, nor is it simple, rapid or 
automated. Dot blots can, however, be analyzed quantitatively by densitometry. 

Enzyme-linked Immunosorbent Assay (ELISA) 

ELISA's give quantitative measurements of antibody or antigen and are 
performed in 96-well polystyrene plates with a variety of configurations of 
antigen, antibody and detection systems. While this method cannot be adapted as 
a field test, it has the advantage of providing automated, quantitative 
measurements and multiple tests in a single plate. There are several formats of 
E L I S A (4,8), including direct, indirect, and double antibody sandwich (DAS). 
These three methods differ as follows: 
• Direct ELISA immobilizes a specific antibody on the polystyrene plate and 

incubates antigen and second specific antibody that is conjugated to an 
enzyme or other probe. 

• Indirect ELISA immobilizes either antibody or antigen to the polystyrene 
plate and the enzyme-linked antibody is linked to the immobilized antigen or 
antibody. 

• D A S - E L I S A immobilizes a specific antibody to the polystyrene plate and 
incubates with antigen followed by a second specific antibody. The Ab-Ag-
Ab sandwich is incubated with a secondary antibody conjugated with an 
enzyme. 

In all types of ELISA, the last step is to add a chromogenic substrate which will 
form a visible color reaction when acted on by the enzyme. The reaction can be 
quantified spectrophotometrically. Alternate methods may use fluorescent or 
radioactive probes. 

O f the above, indirect ELISA has been used most often to detect brown-rot 
decay (Figure 3). Breuil (14) and Breuil et al. (15) used ELISA to detect the 
sapstain fungus, Ophiostoma sp. C28 with a polyclonal antibody. Clausen et al. 
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Figure 2. Dot blot immunoassay. Antigen, bound to nitrocellulose membrane, 
is probed sequentially with antibody(Abj) and enzyme-labeled antibody (Ab^. 

Addition of substrate yields a colored precipitate. The amount of color is 
directly proportional to the amount of antigen in the test sample. 
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Figure 3. Indirect enzyme-linked immunosorbent assay (ELISA). Top: 
Schematic of reaction within each well-antigen, bound to polystyrene wells, is 
probed with antibody (Abj) and enyme-labeled (Abj). Addition of substrate 
yields a colored precipitate. Bottom: The amount of color in each well is 

directly proportional to the amount of antigen in the test sample. 
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(5,8) reported detection of six common brown-rot fungi from infected wood at 0-
13% wood weight loss using either polyclonal or monoclonal antibodies prepared 
against xylanase from P. placenta. Goodell and Jellison (16) and Goodell et al. 
(17) detected P. placenta using polyclonal antibody in samples exposed to the 
fungus in a soil-block test after 10 days of incubation. A detailed ELISA method 
can be found in Clausen and Green (7). 

Chromatographic Immunoassay 

Numerous formats exist for chromatographic immunoassays (12). A l l 
formats rely on either an enzyme-substrate color reaction, such as that used for 
dot-blots and ELISA's or, more commonly, colored polystyrene particles coated 
with antibody, like those described in particle agglutination assays. The particle 
capture immunoassay combines the speed of a P A T with the sensitivity of a 
double antibody sandwich ELISA. Clausen (10,11) and Clausen and Green (19) 
developed and patented a dyed particle capture immunoassay that is superior in 
sensitivity and specificity to the indirect ELISA. Dyed particles eliminate the 
need for an enzyme-substrate reaction. In this test, antibody-coated particles 
move through a porous membrane when an aqueous wood extract is added to a 
sample well. If antigen is present in the test sample and binds to the antibody-
coated particles, it becomes sandwiched by a second anti-xylanase antibody that 
is immobilized in another location on the porous membrane. The dyed particles 
also become trapped in the sandwich so that a positive reaction is visualized as a 
colored line (Figure 4). Unbound particles migrate to a negative control zone. 
This qualitative test is specific for decay fiingi, sensitive to nanograms of xylanase 
and is able to detect decay in the field prior to weight or strength loss. 
Alternatively, utilizing an enzyme-substrate color reaction and portable 
spectrographs device could conceivably result in a quantitative version of the 
chromatographic immunoassay. 

The particle capture immunoassay does not distinguish between active and 
inactive fiingi. Decay fungi can remain inactive in wood for long periods of time 
when conditions are not favorable for growth; adding sufficient moisture can 
reactivate fungal growth and decay. By indicating the presence of both active 
and inactive decay fiingi, the particle capture immunoassay can be particularly 
useful for the inspection of wood in-service, since it alerts the inspector to 
potential losses i f steps are not taken to prevent exposure of the wood to 
moisture, enables the extent of colonization to be determined, and indicates and 
defines areas where remedial treatment or replacement are appropriate. 
Commercial lumber suppliers and mills could monitor the quality of their timber 
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A A A A A A 

t t 
.cPcPo 

S t e p l Step 2 

Figure 4. Diagram of the particle capture immunoassay. 1) antigen (liquid 
wood extract) is applied and migrates through the prepared test strip, 2) antigen 

captured byAb2 coated-particles, migrates to the immobilized antibody (Abj) 
and is sandwiched between Abj andAb2, resulting in a colored line, i.e. positive 

reaction (4). 
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supply with this method. Since preservatives do not interfer with the 
antibody/antigen reaction, this assay is also suitable for monitoring treated wood 
in-service. 

Summary 

The particle agglutination test, dot blot, ELISA and chromatographic 
immunoassays are broad immunoassay categories having numerous variations 
within each category. Immunoassays have been developed within each category 
for the detection of incipient fungal decay from aqueous wood extracts. Each 
method meets most of the criteria for an ideal detection system, and the particle 
capture immunoassay is conducive to detecting incipient wood decay in the field. 
The field of immunodiagnostics has made advances through the development of 
sensitive immunoassays towards a practical field test to detect incipient wood 
decay. 
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Chapter 19 

Synchrotron Applications in Wood Preservation and 
Deterioration 

Barbara L. Illman 

Forest Service, Forest Products Laboratory, U.S. Department 
of Agriculture, and University of Wisconsin, Madison, W I 53705 

Several non-intrusive synchrotron techniques are being used to 
detect and study wood decay. The techniques use high intensity 
synchrotron-generated X-rays to determine the atomic 
structure of materials with imaging, diffraction, and absorption. 
Some of the techniques are X-ray absorption near edge 
structure (XANES), X-ray fluorescence spectroscopy (XFS), 
X-ray absorption fine structure (EXAFS), and X-ray computed 
microtomography (XCMT). Micro-fluorescence spectroscopy 
was used to map the accumulation and spatial distribution of 
elements around hyphae at the site of decay. MicroXANES 
determined the valence states of metals, such as manganese and 
iron, during fungal colonization of wood. Microtomography 
was used to characterize loss of wood structural integrity. The 
techniques are providing information about molecular 
structures and compositions in the heterogeneous matrix of 
wood. 

© 2003 American Chemical Society 337 
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Nondestructive methods are needed to analyze the chemistry and internal 
structures of wood without disturbing spatial integrity or producing structural 
artifacts (7). The methods are needed to study wood during attack by decay 
fungi and wood treatment with preservatives. To meet this need, we have 
successfully studied several systems using the X-ray facilities at the National 
Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL), 
Upton, N Y . Chemical mechanisms of fungal wood decay are dependent on 
transition metal redox reactions producing free radicals (2-4). Synchrotron 
methods are uniquely suited to detect and image metal oxidation states as probes 
of the decay process. The same methods have been applied to study metal-based 
preservatives that undergo redox reactions during fixation of wood. These 
methods include X-ray absorption near edge structure (XANES), X-ray 
fluorescence spectroscopy (XFS), extended X-ray absorption fine structure 
(EXAFS), and X-ray computed microtomography (XCMT). In addition to decay 
and preservation studies, the X C M T method has also proven to be invaluable as a 
tool to analyze insects and fimgi that cause major diseases of forests worldwide 
(5). Microtomography was employed to study beetle structure and function, to 
locate fungal spores on or in beetles, to assist in identification of fungi, and to 
provide images depicting spatial relationships of tree-insect-fimgi (6,7). 

Synchrotrons 

Synchrotrons are large scientific instruments that generate high intensity 
electromagnetic radiation that range from the infrared through the x-ray 
spectrum. They are particle accelerators consisting of an electron source; a 
circular storage ring and connecting beamlines that end in experimental work 
stations. Electrons are introduced into the vacuum storage ring, driven to 
velocities near the speed of light, guided by magnets to travel around the ring 
where the charged particles tangentially lose energy, emitting electromagnetic 
radiation known as synchrotron light. At NSLS, a third generation synchrotron, 
bending and insertion device magnets, wigglers and undulators control electrons 
in the storage ring, enhancing the intensity of the light (Figure 1). The emitted 
radiation is directed down a path known as a beam port, which is split into two to 
four beamlines (8). Light from the storage ring is a mixture of many 
wavelengths. Each beamline has a collection of lenses, special mirrors and filters 
to select specific wavelengths that direct and focus the synchrotron light to a 
specially designed experimental station. The station is outfitted for particular 
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types of experiments with radiation detectors, recorders, computers, and other 
specialized equipment. Computer software, unique to each beamline, interprets 
data from the detector and images the results on a video screen in the form of 
graphs, element-specific spectra, or molecular models. Synchrotron radiation is 
used to determine the atomic structure of materials by diffraction, absorption, 
and imaging techniques at the beamline. 

High 
energy 
electrons 

WI g gl er Small magn ets wit h alt ematin g p olariti es 

• 

Figure 1. Schematic of synchrotron radiation created from high-energy 
electrons and radiation path in bending magnet and wiggler insertion devices. 

Bending magnet 

Synchrotron 
radiation 

The NSLS has an ultraviolet and an X-ray ring, which provide intense 
focused light at infrared and hard X-ray energies in excess of 100 keV and 
gamma rays at 200-400 MeV. The X-ray ring operates at 2.5 GeV to optimize 
radiation between 1 keV and 20 keV (9). The X-ray ring has over 30 beamlines 
extending from the ring to end at ports with multiple workstations. The 
beamlines are named from X I to X30 with stations designated as letters. Wood 
deterioration and preservation experiments were conducted at beamlines X 2 6 A 
and X27A. 
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X-ray Fluorescence Spectroscopy 

X-ray fluorescence spectroscopy (XFS) is a powerful and flexible technique 
that has long been available for the analysis and characterization of materials 
(10). The high intensity and brightness of synchrotron-generated X-rays make it 
possible to detect and quantities trace element distribution in situ. Beamline 
configuration of the X-ray microprobe at NSLS beamline X26A for white light 
has a spot size ranging from 10 square microns to 150-micron height x 350 
microns vertical with an energy range from 3-30 keV. We have used X F S to 
scan for transition metal accumulation in decayed wood, tree rings of boreal 
forest spruce trees, brown-stained hemlock wood and hemlock tree rings for 
element distribution, especially for chromium, cadmium, and brown stain caused 
by manganese and iron oxides (Illman et al, unpublished data). We determined 
element location and distribution with XFS before obtaining spectroscopy spectra 
of trace elements in decayed wood or metal treated wood. 

X-Ray Absorption Spectroscopy 

Synchrotron-based X A S allows the study of elements at subatomic 
resolution. Synchrotron X A S techniques do not require a vacuum at the 
experimental station outside the storage ring, a distinct advantage over more 
established absorption techniques such as X-ray Photoelectron Spectroscopy 
(XPS). The X A S technique is based on element-specific absorption of 
electromagnetic radiation at distinct energies and, therefore it is highly dependent 
on an optical subassembly, a monochromator that accepts the polychromatic 
input radiation and outputs selectable monochromatic energy. A n X A S 
experiment consists of irradiating a sample with a monochromatic beam of X -
rays that is in the energy range above, and then below, the absorption edge of an 
element in question. The X-ray absorption coefficient is recorded as a function 
of energy. Two complimentary synchrotron X A S techniques are X A N E S and 
E X A F S . The X A N E S K-edge absorption spectrum for a representative transition 
metal, such as Mn, can be interpreted as follows. At low energies, the energy of 
the incoming radiation is not high enough to be absorbed by M n in the sample, 
detected as the pre-absorption edge region of the spectrum. At sufficiently high 
energies, radiation is absorbed. The K-shell electron is ejected from the atom, 
released as photoelectron, giving rise to the absolute absorption edge of the 
spectrum. The absorption edge also contains a substructure of small peaks or 
shoulders. The E X A F S region of the spectrum is the result of outgoing 
photoelectron reflection by the atoms in the environment of the metal. 
Interference of outgoing and reflected parts results in oscillation modulation of 
the absorption coefficient at energies above the edge. Differences between the 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

01
9

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



341 

X A N E S and E X A F S portions of a representative absorption spectrum are 
illustrated in Figure 2. 

XANES 1 EXAFS 

I U I I 
6900 7300 7700 8100 

Energy (eV) 

Figure 2. Representative XANES and EXAFS spectra 

X-ray absorption near edge structure (XANES) 

X A N E S spectroscopy is used to detect and determine oxidation states of 
metals that are provided by the absolute position of the absorption edge. The 
near edge absorption region, up to 40 keV above the edge, contains information 
about vacant orbitals, electronic configuration and site symmetry of the absorbing 
atom. 

The microprobe beamline at NSLS X26A pioneered in situ detection of 
transition metal redox states in biological, environmental, and geological samples. 
The current X26A X A N E S sensitivity for trace element analyses is 10-100 ppm. 
The beamline is ideally suited for detection of metal oxidation states used to 
probe changes in chemical degradation of wood lignocellulose by decay fimgi 
(7,5,7). Representative microXANES spectra of and M n 4 + in Southern yellow 
pine wood during decay by the white-rot fungus Phanaerochaete chrysosporium 
are illustrated in Figure 3. Peaks and shoulders in the rising edge can provide 
information about electronic configuration, ligand bonds, and atomic symmetry. 
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1.6 

§ 1.4 

8> 0.8 

M n 2 + . 

-50 0 50 
Relative x-ray energy (eV) 

100 

Figure 3. MicroXANESspectra of manganese oxidation in Southern yellow 
pine wood. Solid line is control wood: dashed line is wood inoculated with 
Phanaerochaete chrysosporium. 

Metal-based wood preservatives have also been detected with the X26A 
microprobe. When lumber is pressure treated with chromated copper arsenate 
(CCA), the desired outcome is complete conversion of the toxic, more mobile 
C r 6 + species to the less toxic, less mobile C r 3 + species. Preliminary microXANES 
data of the ratio of C r 6 + to C r 3 + detected C r 3 + and not C r 6 + in wood stored for 
two years after C C A pressure treatment (11). 

Extended X-Ray absorption fine structure (EXAFS) 

E X A F S probes the local atomic and chemical environment of a selected 
element. By analyzing the modulations in the X-ray absorption coefficient at 
energies just above the X-ray absorption edge threshold, E X A F S measurements 
give quantitative information about coordination species, number, and distance. 
Extended X-ray absorption refers to the sinusoidal variation of the X-ray 
absorption coefficient as a function of X-ray photon energy, which occurs on a 
spectrum after each absorption edge of an element and extends for up to 1500 
keV (Figure 2). 

Bull et al. (12) measured copper and arsenic K-edge E X A F S of CCA-treated 
pine wood (Pinus radiata). They report that the data are consistent with arsenate 
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anions bound to copper and chromium ions isolated from other heavy elements at 
all depths into the wood. 

X-Ray Computed Microtomography 

The X C M T instrumentation at NSLS beamline X27A has been described 
previously (13,14). Briefly, the facility is equipped with a single-crystal Y A G : C e 
scintillator with peak emission at 540 M M for converting X-ray an attenuation 
map to a visible image. The scintillator is coupled to a cooled charge-coupled 
device (CCD) by a mirror/lens combination. The C C D detector, with 1317 x 
1035 pixels, can record data to reconstruct up to 1035 horizontal slices 
simultaneously. The beamline instrumentation can be illuminated by a filtered 
'white' X-ray beam with energy of around 18 keV or by a monochromatized 
beam with a 1% bandpass and energy tunable between 4 and 14 keV. The 
monochromator is comprised of a highly efficient pair of W - B 4 C multilayers 
deposited on Silicon substrates with properties well matched to the synchrotron 
source beam. Data for wood decay was collected with the monochromator tuned 
at 8.5 keV, which is in the range of the biologically important transition metals 
iron and manganese. A Si-III channel cut monochromator which replaced the 
multilayer monochromator on X27A, was used to verify results reported here. 
Microtomograms are obtained with resolutions down to 3-micrometer voxels and 
fields of view of over 5 millimeters. 

A specimen is mounted in a vertical position on a motorized x-y stage for 
centering in the optical field of view. The specimen stage in turn is mounted to a 
rotational stage attached to a tilt and translational stage for prealignment of the 
rotational stage to the CCD. During data acquisition, the specimen is rotated 
over a fiill 180 degrees, producing angle-dependent views of the attenuation map 
digitally recorded by the C C D camera. The recorded views of the specimen are 
processed using a Fourier-based Fast Filtered Back Transform algorithm to 
generate transverse images or slices through the sample for every row of the 
C C D . The reconstructed slices are stacked to produce a volume representation 
of the specimen. The I B M Data Explorer software was used for volume 
rendering. Representative tomographic images of Southern pine wood are given 
in Figure 4. A reconstructed, smoothed and segmented slice of control wood is 
given in Figure 4a and a reconstructed volume in Figure 4b. Density differences 
were observed in the reconstructed images, reflecting differences in chemical 
composition of structures within the wood. 
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Figure 4. Microtomographic images of control Southern yellow pine wood 

Summary 

Non-intrusive synchrotron methods have been successfully applied to detect 
and follow chemical mechanisms of fimgal wood decay and metal-based wood 
treatments. 
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Chapter 20 

Detecting and Identifying Wood Decay Fungi Using 
DNA Analysis 

Jody Jellison, Claudia Jasalavich, and Andrea Ostrofsky 

Biological Sciences Department, University of Maine, Orono, ME 04469 

Amplification of genomic DNA by the polymerase chain 
reaction (PCR) is a sensitive and specific tool that can be used 
to detect degradative fungi in wood. PCR coupled with other 
molecular methods has been used to detect specific fungal 
products and to identify and survey fungi in the environment. 
Researchers have used PCR methods to detect and monitor 
specific fungal degradative genes, to detect and identify 
basidiomycetes in culture, and to sequence ribosomal DNA for 
taxonomic studies of selected wood decay fungi. In our work 
basidiomycete specific primers derived from fungal ribosomal 
DNA sequences were shown to detect the presence of fungal 
DNA in spruce wood, even at very early stages of decay. 
When used in conjunction with restriction fragment length 
polymorphism (RFLP) analysis, this procedure was able to 
provide reliable fungal species identification. The assay is 
currently being developed for use in wood of other species and 
in wood composite materials. The ultimate goal of this work is 
to develop a reliable and sensitive DNA-based assay to detect 
incipient decay in wood and identify the fungi involved. 

346 © 2003 American Chemical Society 
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Introduction 

The primary decomposers of wood in non-aquatic environments are the 
white and brown rot fimgi. These fimgi are capable of causing significant 
modification of the wood lignocellulose and also cause dramatic reductions in 
wood strength properties. With brown rot fimgi significant strength loss can 
occur during early stages of decay, before visual indications of infection and 
degradation become apparent. Thus, it is necessary to identify the presence of 
incipient decay in structures for control and/or remediation or replacement 
purposes. However, the detection and identification of wood degrading fungi 
can be both difficult and time consuming. Earlier methods include isolation and 
culturing of the fungus, sonics, electrical resistance, dyes, ergosterol and chitin 
assays, immunoassays and other techniques (1). However, many methods are 
either unreliable or necessitate extensive destructive sampling. More recently 
our laboratory and others have explored the use of the polymerase chain reaction 
(PCR) (2) and other molecular techniques to aid in the detection and 
identification of degradative fimgi in the early stages of fungal attack. 

PCR amplification of genomic DNA can be both specific and sensitive. 
Useful strategies include RAPD analysis (3), targeting specific degradative 
genes, e.g. genes coding for enzymes involved in wood decay or bioremedialion, 
or targeting the ribosomal DNA (rDNA). Ribosomal DNA is found universally 
and exists in high copy number as tandem repeats of several hundred copies; 
thus it is a good target for the detection of dilute or partially degraded DNA. 
Ribosomal DNA contains both variable and conserved regions; this makes it 
useful for comparing organisms at different taxonomic levels. Each tandemly 
repeated unit of nuclear rDNA contains the coding regions for the 18S, 5.8S and 
28S rRNAs separated by the internal transcribed spacers (ITS), with ITS I lying 
between the 18S and 5.8S rDNAs, and ITS II between the 5.8S and 28S rDNAs. 
These tandemly repeated units are separated by the intergenic spacers (IGS). 
The l&S, 5.8S and 28S rDNAs are generally highly conserved, while the ITS 
and IGS show greater variability and, therefore, are potentially useful for 
interspecific and intraspecific studies, respectively. In particular, a portion of the 
tandem repeat, the ITS region (ITS I-5.8S rDNA-ITS II) has been extensively 
used for detection and identification of fimgi. White et al (4) established the 
utility of rDNA amplification and sequencing. Additional researchers have 
developed rDNA PCR protocols for use in combination with restriction 
fragment length polymorphism (RFLP) analysis (5, 6t 7, 8\ temperature 
gradient gel electrophoresis (9), ELISA amplicon detection (10), automated 
fluorescent capillary electrophoresis (//), and single-strandKX>nformation 
polymorphism (SSCP) analysis (12). 
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Detection of Specific Degradative Genes 

Detection of the genes or messenger RNAs (mRNA) of specific fimgal 
degradative enzymes in culture and in soil has been reviewed by Reddy and 
D'Souza (75). Degradative enzymes of interest include lignin peroxidase, 
manganese peroxidase, laccase and selected cellulases. Lamar et al (14) 
demonstrated the use of reverse transcription PCR (RT-PCR) to quantify 
specific fungal mRNAs for lignin peroxidase (lip) genes and cellobiohydrolase 
(cbh) genes in soil colonized by Phanerochaete chrysosporium. Subsequently, 
the expression of all ten lip genes in soil (both mRNA transcripts and translated 
proteins) and concurrent oxidation of anthracene by P. chrysosporium were 
studied (15). Bogan et al. (16) monitored manganese peroxidase mRNA and 
enzyme levels in soil during bioremediation studies of polycyclic aromatic 
hydrocarbons. D'Souza et al (17) used primers based on conserved sequences 
around two copper binding regions to isolate laccase genes from white rot fimgi. 
Our laboratory has used degenerate laccase primers to amplify DNA from white 
rot, brown rot and assorted wood-inhabiting ascomycetes (Jasalavich, 
unpublished). Catechol 2,3-dioxygenase specific primers have also been used to 
monitor bioremediation processes in petroleum-amended soil by Pseudomonas 
sp. using competitive quantitative PCR (18). 

Environmental Sampling 

PCR technology has been used to sample the environment for the 
presence of specific fungi and fungal products. Johnston and Aust (6) amplified 
ligninase H8 DNA and the nuclear ITS region to monitor P. chrysosporium in 
the soil. Lamar et al (14) quantified fungal mRNAs for lignin peroxidases, 
cellobiohydrolases, and B-tubulin using RT-PCR from soil colonized by P. 
chrysosporium. They also used this method to monitor the differential 
expression of complex gene families in soil versus liquid culture in 
organopollutant degradation studies (75). Bacterial and fungal soil communities 
have been characterized using ribosomal DNA. Ranjard et al (18) exploited 
length polymorphisms in die nuclear ITS region to profile soil fungal 
communities and IGS fingerprints to profile soil bacterial communities. Van 
Tuinen et al. (20) used taxon-specific primers based on two variable regions in 
the 28S rDNA to monitor patterns of colonization of onion and leek roots by 
four different species of arbuscular mycorrhizae from soil Smit et al (9) 
coupled PCR amplification using ftmgal specific primers based on the 18S 
rDNA with temperature gradient gel electrophoresis (TGGE) to profile fungal 
communities in the wheat rhizosphere. Schmalenberger et al (12) studied how 
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primer selection and the targeting of different variable regions of the 16S r D N A 
(analogous to die 18S r D N A in fimgi) affect the detected composition of 
bacterial profiles in soil in P C R based microbial community analysis. 
Amplification of the nuclear ITS region has also been used to identify ancient 
fungi trapped in the ice of the Greenland glacier (21). 

Detection and Identification of Basidiomycetes in Culture 

The use of P C R amplification specifically for the detection and 
identification of basidiomycete fungi was aided by the early work of Gardes and 
Brims (22) who reported the use of a fungal specific primer ITS1-F in 
combination with a basidiomycete specific primer ITS4-B for the detection erf 
mycorrhizal fimgi. The tree parasites and wood-attacking basidiomycetes 
Heterobasidium annosum mdArmillaria ostoyae have been identified by taxon 
specific P C R (8, 23, 24). Zaremski (25) characterized tropical wood-decaying 
fungi by R F L P analysis of the ITS region amplified with the universal primers 
ITS 1 and ITS 4 from D N A isolated from pure fungal cultures. Since differences 
in the original amplicon lengths were not sufficient to distinguish among the five 
brown rot and three white rot species examined, amplicons were digested with 
restriction enzymes and electrophoresed in gels to generate R F L P profiles of the 
fiingi. The eight species were separated by their R F L P profiles. Subsequent 
work allowed the design of species-specific primers. 

Moreth and Schmidt (26, 27) have used species-specific PCR primers 
as a diagnostic tool for the European dry rot fungus Serpula lacrymcms. They 
amplified and sequenced the ITS region from several isolates of each of seven 
species of indoor rot basidiomycetes. Species-specific primers based on the 
sequence of internal transcribed spacer II (ITS II) were designed for differential 
diagnosis of Serpula lacrymcms, Serpula himantioides, Donkioporia expansa, 
Coniophora puteanna, Antrodia vailantii, Tyromyces placenta and 
Gloeophyllum sepiarium* 

Taxonomic Relationships 

Taxonomic relationships among fungi have also been examined using 
similar P C R techniques. Ribosomal D N A has been used to estimate 
phylogenetic relationships in plant pathogenic fimgi (28, 29) and wood decay 
fungi (30, 31, 32). Lieckfeldt et al. (33) used phylogenetic analyses of D N A 
sequences of the nuclear ITS region and the 5'-end of the 28S rDNA, along with 
R F L P analysis of the endochitinase gene and P C R fingerprinting, to separate 
two morphological types of the wood-inhabiting ascomycete Trichoderma viride 
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into two species. Harrington and Wingfield (34) developed a PGR~based method 
to identify isolates of the tree pathogen Armillaria to species. They separated 74 
isolates into 11 Armillaria species by RFLP analysis of the amplified intergenic 
spacer (IGS). Chillali et al (35) detailed the delineation of European Armillaria 
species based on ITSI and ITSII polymorphisms. Phylogenetic analysis of 
nuclear 28S rDNA sequence data supports division of the genus Paxittus into 
three genera, Paxillus, Tapinella and a new genus Austropaxillus (30). The 
genus Leucogyrophana is polyphyletic based on analysis of the nuclear 28S 
rDNA (31). Hibbett and Donoghue (32) have generated a phylogenetic 
framework based on sequences of the mitochondrial small subunit rDNA and 
the nuclear 18S rDNA for wood decay fimgi in several families of 
Homobasidiomycetes. 

Significant work has also been done on the taxonomic characterization 
of the European dry rot fungus Serpula. Theodore et al. (36) reported on RAPD 
polymorphisms among isolates of S. lacrymans. Schmidt and Moreth (37) 
found RAPD homogeneity within S. lacrymans and polymorphism within 
SL himantioides. More recently White et al (38) reported on the molecular 
analysis of intraspecific variation between building and wild isolates of 
S. lacrymans and their relationship to S. himantioides. Random amplified 
polymorphic DNA (RAPD) analysis did not distinguish between wild 
Himalayan and building isolates of S. lacrymans, as there was very little 
intraspecific variability in this species. However, the two species S. lacrymans 
and S. himantioides were clearly resolved by both RAPD and ITS rDNA 
sequence analysis. ITS sequence data suggest that an American isolate of 
S. lacrymans from Mount Shasta in California is intermediate between European 
S. lacrymans and S. himantioides (39). 

Detection of Degradative Fungi in Wood 

Detection and Identification in Spruce Wood 

Much of the work detailed above focuses on the detection of gene 
transcripts of specific fungal products, or the identification and analysis of 
fungal species and/or isolates in culture. The use of universal primers makes 
detection and identification in the field problematic due to potential 
amplification of DNA from microbial contaminants (40) or constitutive 
members of the microbial community in the wood or soil environment being 
sampled Our recent work has focused on the use of basidiomycete specific 
primers to detect degradative fimgi in the wood substrate. Basidiomycete 
specific primers were used because of their greater utility in diagnosing decay 
organisms in general versus targeting a specific species with the risk of missing 
infection by numerous other degradative organisms. The ITS region of the 
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rDNA was selected because its high copy number makes it a more sensitive and 
appropriate target for detection in environments such as wood where total fungal 
DNA levels could be low during incipient decay as well as late term decay when 
DNA degradation can occur. 

Protocols for DNA extraction, PCR amplification and restriction 
digestion to generate RFLPs have been previously outlined (5, 4l\ Initial work 
indicated that primer pairs ITS1-F (specific for higher fimgi) and ITS4 
(universal primer) and ITS1-F and ITS4-B (specific for basidiomycetes) could 
be used effectively to detect and differentiate decay fungi and non-degradative 
wood-inhabiting ascomycetes both in pure culture and in spruce wood. Fifty 
seven isolates representing 14 species of decay fungi and 25 species of wood-
inhabiting ascomycetes were used to demonstrate assay specificity with DNA 
isolated from pure culture. Seven brown rot fungi, 13 white rot fungi and 10 
wood-inhabiting ascomycetes were used to test the utility of this approach for 
the detection and identification of the fungi in spruce wood Primer pair ITS1-F 
and ITS-4 successfully amplified DNA from all samples, as expected. Primer 
pair ITS1-F and ITS4-B amplified DNA from only the white and brown rot 
fimgi and not from the wood-inhabiting ascomycetes (Figure 1). Although 
amplicon length, as estimated by gel electrophoresis, ranged from 850 to 
1,460 bp, this characteristic was not diagnostic for individual fungal species, 
since several fungal species had amplicons of the same or similar length. The 
identities of the white and brown rot fimgi were confirmed by comparing RFLP 
profiles (Figure 2). Time studies demonstrated that the fungi could be detected 
very early in the decay process, before significant weight and strength loss to the 
wood had occurred (5). 

Detection in Oak Wood and in Wood Composites 

Subsequent work has suggested that caution may be warranted when 
attempting to amplify DNA directly out of some wood species, as the DNA 
extraction method developed for red spruce (5) does. not always yield 
amplifiable DNA from other wood species. For example, attempts to detect both 
brown rot and white rot fimgi in red oak using our original DNA extraction 
method were poor and inconsistent. Recovery of amplifiable DNA from red oak 
can be improved by modification of this DNA extraction protocol to reduce 
phenol polymerization (42\ However, additional work is needed to make 
detection of fungi in red oak reliable. 

Detection of decay in oriented strand board (OSB) was also examined 
because of the increased utilization of composite wood products, and concerns 
that glues and other additives might inhibit the detection of fungal DNA. The 
OSB contained a phenolic resin. Poplar wood comprised 80-90% of the wood 
component of the OSB with the remaining 10-20% a mix of northern conifer 
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Figure 1. PCR amplification of nuclear rDNA from total DNA isolated from red 
spruce wood blocks colonized by wood decay fungi or endophytes. 
Electrophoresis in 2% (w/v) agarose in 1X TBE. The two outer lanes contain 
molecular weight markers. Inner even-numbered lanes contain samples 
amplified by the primer pair ITS1-F and ITS4-B, and the odd-numbered lanes 
contain samples amplified by primers ITS1-F and TTS4. Lanes 2 to 7, brown rot 
basidiomycetes; lanes 8 to 13, white rot basidiomycetes; lanes 14 to 17, 
endophytic ascomycetes. Lanes 1 and 20, PCR markers (Promega); lanes 2 and 
3, Postia placenta Mad-698-R; lanes 4 and 5, Gloeophyllum trabeum 
Mad-617-R; lanes 6 and 7, Leucogyrophana pinastrr, lanes 8 and 9, Lentinula 
edodes 117=lt(d); lanes 10 and 11, Trametes versicolor, lanes 12 and 13, 
Scytinostroma galactinum ATCC 64896; lanes 14 and 15, Hormonema 
dematiodesr, lanes 16 and 17, Pestalotiopsis sp.; lanes 18 and 19, no template 
DNA (i.e., negative controls). 
(Reproduced with permission from reference 5. Copyright 2000 Society for Microbiol
ogy, Journals Department.) 
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Figure 2. Taql restriction digests of the PCR product amplified by the primer 
pair ITS1-F and ITS4-B from DNA isolated from pure cultures of 
basidiomycetes. Electrophoresis in 2% (w/v) Sepharide Gel Matrix (Gibco-
BRL) in 1 X TAE. The two outer lanes contain molecular weight markers. Each 
inner lane contains a different fungal species; lanes 2 to 8 contain brown rot 
fungi, and lanes 9 to 15 contain white rot fungi Lanes 1 and 18, PCR markers 
(Promega); lane 2, Coniphora puteana Fp-90099-Sp; lane 3, Fomitopsis 
pinicola K8Sp; lane 4, Gloeophyllum sepiarum 10-BS2-2; lane 5, Gloeophyllum 
trabeum Mad-617-R; lane 6, Leucogyrophana pinastri; lane 7, Postia placenta 
Mad-698-R; lane 8, Serpula lacrymans Harm-888-R; lane9, Irpex lacteus 
KTS003; lane 10, Lentinula edodes 117=lt(d); lane 11, Phanerochaete 
chrysosporium ATCC 24725; lane 12, Resinicium bicolor ATCC 64897; lane 
13, Scytinostroma galactinum ATCC 648%; tone 14, Trametes versicolor 
Fp-101664-Sp; lane 15, Trichaptum abietinum 1247 MIL; lane 16, Pisolithus 
tinctorium ATCC 38054, an ectomycorrhiza; lane 17, Rhizoctonia solani 1AP, a 
pathogen of herbaceous plants. 
(Reproduced with permission from reference 5. Copyright 2000 Society for Microbiol
ogy, Journals Department.) 
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wood Initially, we used the DNA extraction method developed for red spruce 
(5). The brown rot fungi G. sepiarium, Gloeophyllum trabeum and 
S. lacrymans, and the white rot fungi Irpex lacteus, P. chrysosporium and 
Trametes versicolor were detected from colonized OSB blocks with both primer 
pairs. We were unable to detect Postia placenta and Leucogyrophana pinastri 
using either primer pair. These problematic samples were heavily degraded and 
darkly colored. Modification of die original DNA extraction procedure to reduce 
phenol polymerization (42) was required to achieve reliable detection of all 
wood decay fiingi tested in OSB (Table I). A time course study of OSB blocks 
infected with the white rot fungus T. versicolor or the brown rot fungus 
G. trabeum showed reliable detection at all time points for the representative 
white rot and reliable detection of the brown rot at weeks 1, 2, 3 and 4, but 
variable detection at week 8 with difficulty amplifying fungal DNA from the 
OSB samples which had heavy degradation. Diagnostically, this is not a 
practical problem as wood and manufactured wood products at these later stages 
of fungal degradation show extensive structural modification, weight loss and 
dark coloration which are easily detected. 

Table L Detection of wood decay fiingi in oriented strandboard (OSB)a 

Species % Weight Loss PCR Amplification 
Mean±SDh JTS1-F/JTS4 ITS1-F/ITS4-B 

Brown rot basidiomycetes 
Gloeophyllum sepiarum 32.4 ± L8 • i i I • ••Jil 
Gloeophyllum trabeum 36.1 ± 4.0 M M ( M l 
Leucogyrophana pinastri 44.3 ± 6.9 ++++ M M 
Postia placenta 48.8 ± 7.5 -H-H- ++++ 
Serpula lacrymans 19.9 ± 4.5 1111 ++++ 

White rot basidiomycetes 
Irpex lacteus 27.9 ± 8.1 M M ++++ 
Phanerochaete chrysosporium 20.3 ± 14.3 +-H-+ -H-H-
Trametes versicolor 25.6 ± 4.5 -H-H- M M 

aOSB blocks were harvested after 12 weeks of colonization, and die DNA was isolated 
using an extraction procedure modified to reduce phenol polymerization (55). 

^ e a n of four replicate blocks. 
°Each plus or minus sign represents the PCR amplification results for one OSB block. 

Negatives confirmed by reamplification. 
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Sequence Data and Specific Primers 

We have sequenced the nuclear ITS region for a number of wood decay 
basidiomycetes for use in specific primer design and taxonomic analysis. 
Amplicon lengths obtained using primers ITS1-F and ITS4-B ranged from 800 
to 911 base pairs. All insertions and deletions were observed in the internal 
transcribed spacers ITS I and ITS II, with a few base substitutions occurring in 
the 5.8S rDNA. Sequences from our isolates of S. lacrymans are similar to those 
of isolates sequenced by Palfreyman's group (43) and Schmidt's group (27). 
Both of these laboratories have recendy submitted DNA sequences of die ITS 
region for a number of wood decay basidiomycetes to international nucleotide 
databases (26, :27, 38, 43, 44). We have also sequenced a portion of the 
mitochondrial small subunit rDNA for several wood decay basidiomycetes. 

Applications and Limitations 

Primers of varying specificity can be designed to suit differing 
applications. Our work using basidiomycete specific primers clearly indicates 
the specificity and sensitivity of this approach. Particularly encouraging was our 
ability to detect degradative organisms in wood at the incipient decay stage, 
suggesting that the sensitivity of molecular assays could be utilized to allow 
decay detection in in-service wood products before significant strength loss or 
other damage had occurred Where necessary, individual degradative species 
could be identified based upon amplification and subsequent restriction digest 
patterns. 

Sequence information or amplification by species-specific primers was 
done by direcdy sampling the wood products without the need for culturing and 
traditional identification procedures. Work by us and many others has 
demonstrated the utility of molecular approaches in the detection and 
identification of wood decay fungi and fungal metabolites in their natural 
environments of soil (14) and wood (5). DNA-based molecular techniques 
provide a powerful tool to examine wood degradative processes (6, 13) and 
taxonomic relationships (38) among the wood degrading fimgi. 
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Chapter 21 

Molecular Genetic Methods: New Approaches 
to Termite Biology 

C. Husseneder1, E. L. Vargo2, and J. K. Grace1 

1Plant and Environmental Protection Sciences, University of Hawaii 
at Manoa, 3050 Maile Way, Gilmore 310, Honolulu, HI 96822 
2Department of Entomology, North Carolina State University, 

Campus Box 7613, Raleigh, NC 27695 

Termites (Isoptera) are of global economic and ecological 
importance as decomposers of lignocellulose matter. Yet little 
is known about their biology due to their cryptic feeding and 
nesting habits. The advent of a variety of molecular genetic 
techniques provides a powerful method to elucidate many 
aspects of termite ecology and social organization. We present 
an overview of currently applied molecular genetic methods, 
including analyses of proteins, mitochondrial and genomic 
DNA, in a variety of termite species. These methods 
complement each other in the description of termite 
population structure, the identification of colonies and their 
breeding systems. The increasing application of these and 
other methods will yield a much improved understanding of 
termite ecology and social evolution as well as more effective 
means of controlling pest species. 

358 © 2003 American Chemical Society 
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A Short Introduction to Termite Biology 

Termites are of immense ecological and economic importance. 
Ecologically, termites are the primary insect group adapted to consume wood 
and dry plant matter (lignocellulose), and to turn this nutritive-poor matter into 
protein biomass. With similar efficiency termites consume urban wooden 
structures and agricultural crops. Although only about 83 among the 2700 
termite species are pests, they severely impact tropical and subtropical regions. 
In the U S A subterranean termites of the genus Reticulitermes spp. and 
Coptotermes spp. are the most destructive. Subterranean termites are established 
in every region of the contiguous United States and Hawaii, costing an 
estimated $2 billion per year for damage repair and management efforts (/). 
There is growing concern about the economic impact of termites on urban 
structures and agricultural crops, calling for a combination of preventative and 
remedial measures to control colonies, as well as regulatory actions to reduce 
the chance of new introductions and limit the further spread of termite 
populations. Improvement on both levels requires a thorough understanding of 
termite biology. 

The main features of termite biology, such as their colonial life-style, 
cooperative tasksharing and the monopolization of reproduction by a limited 
number of breeders (kings and queens), are linked to their evolution as social 
insects. Compared to research on other social insects (ants, bees and wasps), 
termite sociality has been somewhat neglected. Recent studies, however, have 
proven that termites provide valuable alternative and complementary models to 
the understanding of social evolution (2). Description of termite sociality 
requires detailed knowledge of the genetic variation within and between 
colonies, i . e. the population's genetic structure. These genetic patterns depend 
on, as well as reflect, the dispersal mode, distinctness of colonies and the 
breeding system (3). 

A frequent problem in termite research is the cryptic life-style of termites. 
Because most termites live entirely hidden underground or inside wooden 
timbers or trees, direct observation under natural conditions is at best limited. 
Sometimes the only indication of their presence are swarming events, when a 
considerable number of winged reproductives are released from their mother 
colony to found new colonies. Besides swarming, termite colonies can 
proliferate by "budding", i.e., mature colonies containing multiple kings and 
queens form satellite nests that may eventually become independent colonies. 
This creates complicated colony structures consisting of widespread 
interconnected foraging areas and multiple nests containing a variable number 
of reproductives. Moreover, different levels of inbreeding in colonies, 
depending on the degree of genetic relatedness of reproductives, in turn affects 
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the genetic make-up of the population (3). Due to the termites' hidden nesting 
and foraging habits these fundamental patterns and processes in termite biology 
are still literally hidden in the dark (2, 4). However, important features of insect 
biology, such as population structure, dispersal patterns, colony identity and 
social organization, can be inferred from the genetic structure of colonies and 
populations (3, 5). 

Molecular Genetic Research in Termites 

Recently, molecular genetic methods have been employed to gain insight 
into termite phylogeny (e.g., 6, 7) and population genetic patterns (4, 8-20). In 
this chapter we review the molecular genetic approaches to population and 
colony genetic structure of termites. We first explain the basic features of the 
molecular methods used in termite research. We then address what information 
these methods provide to answer questions concerning termite population 
genetics and colony organization, drawing on examples from a variety of 
termite species. We will emphasize subterranean termites, especially 
Reticulitermes spp. and the Formosan subterranean termite, Coptotermes 
formosanus Shiraki (Isoptera: Rhinotermitidae), because these are the most 
severe and broadly distributed pest species in the US and worldwide and are 
therefore primary targets for improved research and management. 

The Methods 

In the last decade, a rapidly increasing palette of molecular techniques has 
been developed to address a wide range of questions (27, 22). Which technique 
is most appropriate depends on the amount of genetic variability and "resolution 
power" needed to answer a particular question. Molecular markers currently 
used in termite research are (1) alloenzymes, (2) mitochondrial D N A and (3) 
genomic D N A , all of which have different characteristics and inheritance 
patterns and therefore target different but overlapping research areas. 

(1) Diploid organisms, such as termites, have two copies of each genetic 
region (locus) on homologous pairs of chromosomes, called alleles. Mutations 
in genes coding for enzymes create a variety of different alleles in a population. 
The resulting gene products (proteins) have the same function but different 
structure and are called alloenzymes. Due to their structural differences and 
enzymatic activity, alloenzymes can be separated through electrophoresis and 
detected by enzyme specific stains (23). Alleles are inherited according to 
Mendel's rules and are presumed to be selectively neutral. Therefore the 
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particular pattern of allelic distribution within and among colonies reflects 
relatedness and inbreeding of populations and colonies as well as the colonies' 
social structure, i.e., numbers and relatedness of reproductives (e.g., 9, 15, 16, 
24). 

(2) Mitochondrial D N A is a double-stranded ring of extrachromosomal 
D N A located in the mitochondria, the organelles of cell respiration. 
Mitochondrial D N A reaches about 16-20kb in size (25). It lacks efficient D N A 
repair mechanisms, so populations contain a variety of different types of 
mitochondrial D N A , called haplotypes. Differences between haplotypes can be 
detected through length heterogeneity, restriction fragment analysis, double 
strand conformation polymorphism or sequencing of mitochondrial D N A 
regions (26). Mitochondrial D N A is inherited in a non-Mendelian, cytoplasmic 
fashion, generally through maternal transmission only. This marker type is 
therefore used for identifying the distribution of matrilines within populations 
and colonies (e.g., 14,16,19,24). 

(3) Genomic D N A provides powerful markers for fine-grained analysis of 
genetic variation. Termite genomic D N A is currently analyzed by two methods, 
multilocus D N A fingerprinting and microsatellite genotyping (13, 18, 20, 27-
31). Multilocus D N A fingerprinting and microsatellite genotyping have 
excellent resolution power because they target simple repetitive sequences with 
high mutation rates in non-coding regions of the genome. D N A fingerprinting 
detects barcodelike banding patterns by restriction of genomic D N A and 
hybridization with labeled probes visualized by autoradiography or 
chemiluminescence. Microsatellite genotyping uses polymerase chain reaction 
to amplify alleles containing repetitive sequences. Alleles vary in length 
according to the variable number of repeats and are co-dominant. Thereby the 
proportion of heterozygotes (individuals carrying different alleles at gene loci 
on corresponding chromosomes) in colonies and populations can be detected 
and analyzed using the standard statistical procedures of population genetics 
(e.g., F-Statistics). D N A fingerprints, as well as microsatellite genotypes, are 
inherited according to Mendelian rules and therefore contain information about 
ancestries and relationships of individual termites, colonies and populations 
(methods reviewed by 22,26). 

Population Differentiation and Dispersal of Termites 

With increasing globalization due to trade, commerce, and tourism, alien 
species rapidly spread worldwide. The introduction of exotic species to an area 
can pose threats to the local ecology, e.g., through displacement of native 
species, as well as cause significant economic problems. Exotic termites, such as 
the Formosan subterranean termite, have inyaded over a dozen states of the 
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U S A , inflicting costs of at least $1 billion/year for damage repair and control. 
Regulatory efforts, such as inspections and quarantines, need to be targeted at 
the most common routes of introduction. Therefore, it is essential to understand 
the sources and routes of termite introduction, as well as the means by which 
subsequent spread through a habitat takes place. To date, there is much 
speculation but little known about the numbers and sources of introduction and 
ways of spread of termites. The key to understanding how termite colonies 
establish and proliferate lies in molecular genetic research on termite 
populations, including native as well as introduced species. Yet, in contrast to 
other insect pests, only a few such studies have been conducted on termites (3, 
S). 

The first genetic marker used to investigate genetic differentiation of 
termite populations were alloenzymes. Depending on the species and 
geographic range, the percentage of polymorphic alloenzyme loci and, 
therefore, their resolution power and applicability to particular questions differ 
[Nasutitermes nigriceps 8% (75); C. formosanus 12%-17% (7ft 77); 
Incisitermes schwarzi 17% (32); Reticulitermes flavipes 29% (9); Reticulitermes 
spp. 52% (33); Hodotermopsis spp. 49% (34); Zootermopsis spp. 63% (55)]. 

In most cases the degree of polymorphism has been sufficient to describe 
the geographic differentiation between species or subspecies, e.g., of 
Reticulitermes spp. in Europe (33), Hodotermopsis spp. of Japan and China (34) 
or populations of Coptotermes acinaciformis with different nesting behaviors 
(mound-building versus subterranean) in Australia (36). 

Beyond geographic distribution, description of genetic differentiation 
within and among populations is important for investigating the patterns and 
processes of how termites disperse through an area. Alloenzyme analysis in a 
native subterranean termite, R. flavipes, detected no significant genetic 
differentiation among sites in central Tennessee. However, alloenzyme 
frequencies differ between colonies (9, 37). Therefore the lack of increasing 
genetic differentiation over geographical distance was not attributed to a overall 
lack of genetic diversity but to considerable dispersal potential of winged 
reproductives resulting in homogenization of the population genetic structure. 
High dispersal capability might also explain the low mitochondrial D N A 
divergence among sites spanning across Georgia (19). 

Alloenzyme studies of C. formosanus, an introduced invasive termite pest 
in the U S A , revealed moderate genetic differentiation between geographically 
separated populations, such as Hawaii, Florida and Louisiana (70). In a 
subsequent study, Wang and Grace (38, 39) included southern China, the 
presumed origin of C. formosanus, in their analysis. Based on the genetic 
distances between the populations, multiple introductions on the US mainland 
were suggested with Hawaii and Lake Charles (Louisiana) being genetically 
similar to the native Chinese populations while New Orleans (Louisiana) and 
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Florida seem to have remained genetically isolated from the other group. 
However, the small sample size of colonies per population and populations per 
region in this study makes it difficult to pinpoint the actual source of 
introduction or ways of spread. 

On a smaller geographic scale, such as the Hawaiian islands, no genetic 
differentiation was detected between colonies and populations of C. formosanus. 
A l l 8 investigated alloenzyme loci were monomorphic (77). A similar lack of 
genetic differentiation between Hawaiian populations was reported by 
Broughton and Grace (72) based on restriction analysis of mitochondrial D N A . 
Because C. formosanus is an introduced species, this lack of genetic variation in 
Hawaii might be due to a single introduction, multiple introductions from 
related sources, or bottlenecks (e.g., through successful termite control efforts). 
However, because of the limited polymorphism of alloenzymes and of 
mitochondrial D N A restriction sites, conclusions based on these methods are 
tentative. The application of methods with higher resolution power, such as 
genomic D N A markers is needed for a more detailed understanding of the 
genetic relationships within and among populations. 

In contrast to alloenzymes and mitochondrial D N A , genomic D N A markers 
(DNA fingerprints and microsatellite genotypes) have revealed considerable 
genetic polymorphism even in introduced termite species on small spatial scales, 
such as C. formosanus on the island of Oahu, Hawaii. We have recently found 
that colonies were clearly genetically differentiated, yet the genetic distance 
between them showed no correlation with geographic distance, as in 
Reticulitermes (see above). Given the presumed weak flight capacity of 
C. formosanus, hindered further by mountain ranges dividing the island of 
Oahu, this lack of isolation by distance is surprising. It suggests that the 
predominant method of spread even on a fairly small scale is not by natural 
means but is human mediated (Husseneder, Vargo, Grace unpubl.). In contrast 
to the findings in Reticulitermes spp. and C. formosanus, natural populations of 
a termite species from the same family, the African subterranean termite 
Schedorhinotermes lamanianus, do show isolation by distance in spatial scales 
below their swarming distance of about 1 km apparently due to limited alate 
dispersal (18). 

To trace ways and speed of dispersal and to track possible source 
populations of C. formosanus, we are currently assembling a large data base, 
measuring genetic interrelationships within and among introduced and native 
populations from the USA, Japan and China. First data show a lower genetic 
diversity in introduced populations, probably due to genetic bottlenecks 
reflecting the introduction event and ongoing control efforts. Nevertheless, 
genetic differentiation between populations is sufficient to classify individuals 
to source populations (Husseneder, Vargo, Grace unpubl). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

02
1

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



364 

Population genetics in termites is still in its early days and only a few 
aspects in a few species have been studied so far. These studies indicate a wide 
range in intraspecific genetic variability, degrees of population differentiation 
and dispersal modes. A more complete picture will require detailed comparative 
studies involving natural and introduced populations of a variety of termite 
species. 

Genetic Identification of Termite Colonies 

To interpret genetic differentiation at the level of the population it is 
important to understand how a termite colony is organized, because colony 
identity and breeding systems shape the local population structure. Moreover, 
from a termite management point of view, the colony is the target unit. 
Therefore, it must be clearly identified and its structure described. Yet, because 
mark-release-recapture of dyed termites to connect termites from different 
collection sites to foraging areas of colonies is time consuming and requires 
large numbers of termites at each site, the affiliation of collection (or 
infestation) sites to particular colonies prior to control efforts is rarely known. In 
addition, i f termites re-appear after control in the same location it is not known 
from which colony they originate. Molecular methods make it possible to assign 
termite collection sites to colonies and to determine the origin of re-appearing 
termites. 

In termite species that exhibit sufficient genetic variation within populations 
colonies can be segregated by alloenzyme and mitochondrial D N A analysis. For 
example, alloenzyme studies found that colonies of R. flavipes are genetically 
isolated from adjacent colonies (4, 9). Using genetic differentiation between 
colonies, Buhner et al. (24) were able to determine colony affiliation of sampled 
termites using alloenzymes and mitochondrial D N A haplotypes. 

However, in other termite species alloenzymes and mitochondrial D N A 
markers failed to reveal genetic variation between colonies. For example, 
restriction fragment analysis of mitochondrial D N A , showed no genetic 
differentiation between subspecies of Zootermopsis nevadensis nor between 
colonies within a proposed subspecies (40). Especially in introduced species, 
such as C. formosanus, alloenzyme and mitochondrial D N A markers are not 
polymorphic enough to reveal colony differentiation on a small scale. In 
Hawaiian C. formosanus populations no restriction fragment variation of 
mitochondrial D N A and only one polymorphic alloenzyme locus was 
discovered (11, 12, 34). Therefore more variable D N A regions, such as 
repetitive sequences of genomic DNA, had to be employed to detect genetic 
differentiation between colonies. 
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Husseneder et al. (18) used multilocus D N A fingerprinting to differentiate 
colonies of the African subterranean termite S. lamanianus even on a small 
geographic scale. We employed this same method to describe colonies of 
C. formosanus. In C. formosanus populations from Hawaii and Louisiana 
genetic similarities within colonies were significantly higher than genetic 
similarities between termites from different colonies. Colonies can thus be 
genetically differentiated. Due to this differentiation, termites can be assigned to 
colonies by looking for the closest match with the highest genetic similarity 
reflected by the proportion of shared bands. In terms of colony assignment 
molecular methods proved to be superior to behavioral tests and morphometric 
studies in C. formosanus (41-43). In addition, the genetic profile accumulated 
from pools of colony members is specific for a colony. Provided there is 
sufficient genetic differentiation between colonies of a local population, 
diagnostic bands distinguish the genetic profile of the target colony from the 
profiles of other colonies. Termites that possess these bands can be assigned to a 
particular colony. In addition to assigning termites to colonies, genetic profiles 
can be used to "tag" colonies prior to elimination for re-infestation studies. In 
cases where termites appear in the same location after elimination through 
baiting, it can be decided - by comparing genetic profiles - i f they are remnants 
from the same colony, invaders from neighboring colonies or - i f the profiles do 
not match known colonies - new infestations from outside the area. Genetic 
profiles combining multiple microsatellite loci can be used for the same purpose 
(Vargo and Husseneder unpubl). 

In sum, depending on the genetic variation in a termite population, 
alloenzymes, mitochondrial D N A and/or genomic D N A markers can be used to 
group termites from different collection sites to colonies and thus give an 
estimation of the foraging area of a colony. Moreover, it is possible to monitor 
the success of colony elimination efforts by showing i f activity at all collection 
sites belonging to a colony ceases and verifying the origin of re-appearing 
termites. Lastly, defining a colony is a necessary first step for investigating 
breeding systems and intracolonial structures. 

Social Organization and Intracolonial Structures 

Surprisingly little is known about social and spatial organization of termite 
colonies. Termite colonies are not always simple families consisting of one 
breeding pair. Polygamy can arise either from multiple adults co-founding a 
colony (pleometrosis) or from multiple reproductives reared within a colony. 
The origin and relatedness of breeders determines the degree of inbreeding 
within a colony. Molecular methods make it possible to assess whether a single 
pair or multiple kings and queens are reproducing within a colony, the degrees 
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of inbreeding between them and whether the kin composition leads to genetic 
structure within the colony. 

Mitochondrial D N A is passed on through matrilines only. Therefore, it can 
be used to detect the number of different matrilines in colonies and thus the 
number of maternally unrelated females. Mitochondrial D N A haplotypes were 
investigated to determine the origin of co-occurring kings and queens in 
colonies of several termite species. Distinct haplotypes can occur due to several 
reasons. Heteroplasmy (different mitochondrial haplotypes within the same 
individual) and paternal contribution of mitochondrial D N A are considered rare 
(40). Queen adoption or mixing of different colonies resulting in multiple 
haplotypes at the same collection site are discussed (44), however not yet 
unambiguously proven for termites. Thus, colony foundation by multiple 
maternally unrelated queens remains the most likely hypothesis. Different 
mitochondrial D N A haplotypes, for example, were found among workers at the 
same collection site in Z nevadensis (40) and Reticulitermes spp. (44) and 
R. flavipes (24). In colonies of Nasutitermes corniger with a small numbers of 
queens, the queens had different haplotypes and were thus maternally unrelated. 
In colonies with large numbers of reproductives, however, all reproductives 
shared the same haplotype, suggesting replacement of a single founder pair by 
several offspring recruited by their natal colony (14). Similarly, in Nasutitermes 
nigriceps and Nasutitermes costalis all individuals of a colony shared the same 
mitochondrial D N A haplotype (75, 16). In these cases it cannot be determined 
whether a single reproductive queen or multiple kings and queens from the same 
matriline (secondary replacement reproductives) reproduce in a colony. 

To decide i f a colony contains a single pair or has multiple reproductives, 
even i f they stem from the same matriline, an allelic approach has to be 
employed. Using alloenzymes and microsatellite genotypes, one can test 
whether the distribution of the homo- and heterozygote genotypes in a colony 
deviate from the Mendelian ratios expected for a single pair (e.g., 75). 

Alloenzymes are appropriate for analyzing the colony social organization of 
termite species with sufficient genetic variability. In some termite species 
Mendelian distribution of genotypes in the majority of colonies show that 
monogamy is the predominant mode of reproduction. For example, alloenzymes 
have shown that colonies of N. nigriceps are headed predominantly by single 
unrelated pairs, which mate randomly. Colonies therefore show little inbreeding. 
Only in 7 in 136 colonies did alloenzymes show offspring genotype distribution 
indicating multiple reproductives (75). As mentioned above, individuals shared 
the same mitochondrial D N A haplotype, which confirms that multiple 
reproductives have developed within their natal colony. Similarly, colonies of 
Incisitermes schwarzi are generally simple genetic families headed by one 
reproductive pair (45). Yet, a quarter of the colonies in the field showed 
multiple related reproductives and sometimes the alloenzyme patterns of the 
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offspring were a mixture of the founder pair and the replacement breeders. This 
reveals the natural turnover in the colony cycle of many termite species, which 
prolongs a colony's life far beyond the lifespan of its founders. After the death 
of the founder pair in mature colonies, reproduction is continued by multiple 
replacement reproductives, which are offspring of the colony founders and 
therefore related (Nasutitermes spp.: 14, 75; Hodotermopsis spp.: 34, 
Reticulitermes spp.: 9, 33). 

For species with low alloenzyme variation genomic D N A has been 
employed to determine number and relatedness of breeders. Multilocus D N A 
fingerprinting has shown that about half of the colonies of S. lamanianus were 
headed by an unrelated pair, probably the colony founders, while the other 
colonies contained multiple related reproductives. Comparison of the degrees of 
relatedness among multiple breeders and their offspring to the expections 
assuming various numbers of generation turnovers suggests that only one 
inbreeding cycle took place (46). 

Microsatellite genotypes show up to 50 alleles per locus and thus have a 
much higher resolution power than alloenzymes (27). To date, microsatellite 
primers have been developed for Macrotermes michaelensi (29), R. flavipes 
(27), Coptotermes lacteus (30) and C. formosanus (28), and studies on the social 
organization in most of these species are currently under way. First studies on 
the social organization of C. formosanus show an intriguing difference in the 
reproductive structure of colonies in introduced versus native populations. In 
introduced populations of Hawaii and Louisiana the proportion of colonies 
headed by multiple reproductives ranges from 36-65%. However, in a native 
population from Guangdong, China, all 14 investigated colonies were headed by 
multiple reproductives (Husseneder, Vargo, Grace, unpubl.). 

The prime example of the possible variety of alternative breeding systems 
depending on species, location, or ecological factors are the Reticulitermes 
species in the U S A and Europe. A number of studies employing alloenzymes 
and mitochondrial D N A have shown that colonies can be headed by single 
outbred pairs, multiple inbred reproductives, as well as multiple maternally 
unrelated breeders (4). Clement's enzymatic studies showed geographical 
variation in breeding systems for Reticulitermes santonensis and the 
Reticulitermes lucifugus species complex in Europe (8, 33). Social organization 
in these species correlated with season and location. Living in humid climates 
with no resource limitation, colonies of R. santonensis and subspecies of 
R. lucifugus were generally highly polygynous. In contrast, in geographical 
regions with dry climate, monogyny combined with high aggression between 
colonies was prevalent. Alloenzymes and mitochondrial D N A studies on 
R. flavipes in the USA demonstrated considerable variation in colony and 
breeding structure with colonies headed by single unrelated pairs, colonies 
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containing multiple inbred replacement reproductives and large multiple nest 
colonies containing unrelated queens (P, 24, 44). 

Molecular methods have so far revealed a wide range of possible breeding 
systems in termites. This reproductive plasticity facilitates adaptation to 
different ecological challenges and makes termites successful in establishing 
themselves in a variety of habitats (2, 4). On the one hand, colonies headed by 
single unrelated pairs are common. The fact that the majority of colony founders 
are unrelated suggests that mating with closely related nestmates during the 
process of swarming and colony foundation is limited. Shellman-Reeve (20) has 
provided the first evidence based on multilocus D N A fingerprinting that adults 
of Z nevadensis actively avoid pairing with nestmates when given a choice. 

On the other hand, colonies can be genetically heterogenous societies 
containing multiple reproductives with varying degree of relatedness. This can 
create structures within colonies. For example, in the African termite 
S. lamanianus, genetic differentiation was found between individuals from 
different collection sites of one single large colony. This suggests multiple nests 
with reproductives within a colony that are spatially segregated, yet still 
connected by worker exchange (18). In colonies containing multiple 
reproductives, termites from the same tunnel were genetically more similar than 
termites from different tunnels and termites within the nest. This suggests kin-
biased foraging, i.e., termites segregate according to kin lines during foraging 
(73). We are currently investigating the possibility of such intracolonial 
structuring in several subterranean termite pest species. Separate breeding units 
and kin-biased foraging could influence penetration of a colony by bait toxin, 
and has implications for the effect of kin structure on cooperative behavior 
within spatially complex termite colonies. 

Conclusion 

The application of molecular markers to the study of termites is a fairly 
young science, and, until recently, has received little attention compared to 
research on ants, bees and wasps. Nevertheless, the use of molecular methods 
has already provided important new insights into many areas of termite biology, 
including population structure, colony identification and breeding systems of 
various termite species. Comparative research on a variety of termite species 
wil l bring us closer to understanding the genetic and ecological determinants of 
life in the colony, including conflict and cooperation, optimal levels of 
inbreeding and reproductive strategies. Understanding the constraints and 
possibilities in the life of termites will also help to control pest species. 
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Chapter 22 

Can Understanding the Mechanisms 
of Biodegradation Help Preservative Development? 

Alan F. Preston 

Chemical Specialties, Inc., 200 East Woodlawn Road, Suite 250, 
Charlotte, N C 28217 

The development of preservative treatments for wood products has 
historically been a process of trial and error. Formulations considered to have 
potential, usually through previous use in related biocide applications, are tested 
against wood destroying organisms, either in laboratory culture challenge tests, 
or in treated wood specimens in laboratory or field tests. This is usually a very 
long and often unsuccessful process, where experimental science plays the 
predominant role. 

Understanding biodeterioration mechanisms can assist in the preservative 
development process. The scope of such understanding can be quite broad, 
including fungal mechanisms, insect attack modes, weathering effects, chemical 
degradation related to biological mechanisms, potential for preservative loss in 
service, preservative fixation mechanisms, etc. This paper addresses the various 
mechanisms that affect biodegradation of wood products, and illustrates these 
with examples of their use in furthering preservative development. 

372 © 2003 American Chemical Society 
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Biodeteriogens of Wood 

The primary biodeteriogens of wood are fungi and insects. As a general 
rule, with wood products exposed in a natural environment for an extended 
service life fungi present the primary hazard to the wood and are generally more 
difficult to control than insects. However, in specific environments, for 
example inside the framing of houses, insects can present the predominant 
hazard. 

Insects 

The use of fundamental knowledge of biodeterioration mechanisms for 
vector control has lead to the development of toxicant baits for termites. This is 
a clear example of a biodeteriogen suppression strategy developed from 
knowledge of causal agent's mode of action. While this application is not 
directly within the realm of wood preservation in the sense of applying a 
treatment to wood, it is nevertheless an example of wood protection through 
control of the organism in the environment prior to its potential attack on wood. 

Fungi 

Much of the research in wood preservation over the last half century has 
focused on developing advanced knowledge of mechanisms of action of wood-
destroying fungi. In this regard, significant advances have been made in the 
understanding of specific brown rot fungi, for example Postia placenta. In 
some fields, for instance control of short life cycle crop diseases in agriculture, 
knowledge of specific fungal mechanisms can provide useful insights. In 
contrast, the multiplicity of organisms that wood can be subject to during its 
long service life makes knowledge of specific fungal mechanisms less useful in 
wood preservation than in other fields. 

One area where fundamental understanding has played an important role is 
in the understanding of the mode of action of copper tolerant fungi. With the 
change in the wood preservative market in some regions from copper arsenate 
preservatives to copper-based systems, the understanding of when, where and 
how such fimgi work has led to strategies for the development of secondary 
biocides to be used in copper-based preservative systems. Copper tolerant fungi 
are considered to be of little importance in above-ground exposures, especially 
when low moisture contents are maintained in the wood. However, they can 
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present a hazard to wood in ground contact, although their presence is highly 
sporadic and largely unpredictable. 

Degradative Processes 

While it can be argued that knowledge of specific mechanistic processes of 
particular fimgi is of limited value in wood protection when wood is subject to 
degradation by a plethora of organisms, depending of geographic, construction, 
treatment, meteorological and other factors, the key fungal degradation 
processes of wood products in service are oxidative. In a similar manner, wood 
weathering is also an oxidative process. Beyond the need for an oxidative 
atmosphere, most wood destroying fimgi also require the presence of 
appropriate moisture conditions for optimal growth. Increasing moisture 
content of wood generally increases the propensity for fungal attack, although 
this becomes limiting at very high moisture contents. 

Wood destroying fiingi utilize oxidative processes, and it has been found 
that anti-oxidants may synergize fungicide performance in wood preservative 
formulations. While anti-oxidants are unlikely to provide control as a sole wood 
protection treatment at economic levels, this ability to provide secondary 
protection may allow enhance the performance of protection concepts or 
chemicals that currently provide marginal performance, or allow the 
development of systems having acceptable cost effectiveness and protection. At 
this time anti-oxidants do not appear to be significant as additives in metal-
based preservatives, although scant data exists, as with copper-based systems 
the phenolic group of the anti-oxidant and the copper(II) wil l likely form a 
complex. This complex would negate the anti-oxidant properties of the 
phenolic compound. Thus it appears that anti-oxidants are more likely to be 
important with pending moves toward water-based organic preservative and 
non-biocide systems. 

As mentioned above, optimal moisture contents provide optimal conditions 
for fungal decay of wood products. The converse is also true, and moisture 
control strategies can play a significant role in the future of wood protection. 
Wood moisture content reduction strategies have received increased attention in 
recent years, although the concept dates back to antiquity. It could be argued 
that to some extent the oil-borne preservative pentachlorophenol utilizes a water 
controlling strategy in the synergism seen between oil carrier type and 
preservative performance in pole treatments. Similarly, millwork treatments 
have long been known to be enhanced by the presence of water repellents in the 
solvent treatment. For the water-based preservatives, water repellents were 
initially developed to enhance the long-term physical weathering aspects of 
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chromated copper arsenate (CCA) treated wood and provide little, i f any, benefit 
to C C A in enhancing preservative performance. However, there is evidence that 
water repellent additives can enhance the performance of copper-based 
preservatives, allowing lowering of preservative retentions in some situations. 
Similarly, water repellents appear to enhance the performance of organic 
preservatives in above ground applications, although further development is 
required to meet expectations for ground contact applications. 

Recent research in Europe has seen the commercialization of heat 
treatments for wood products. The concept of protecting wood by heating in a 
non-oxidative atmosphere has been known for many years, with the work of 
Stamm in the 1940's being particularly important in this regard. The heating 
process largely impacts the hemi-celluloses in wood and interferes with the 
wood's susceptibility to decay. Questions remain as to the broad applicability 
of the technology, but in today's changing environment this technology 
certainly merits further development. Issues that need to be addressed include 
strength losses, emissions during processing, weathering performance, insect 
protection, ground contact applications, etc, but heat treatments in many 
respects are not inconsistent in properties with the wood-plastic composites that 
are currently in vogue in some quarters. 

In a similar vein, interest in wood modification processes has seen 
something of a revival as the wood preservative market changes and diversifies. 
For solid wood products, the costs of an approximately 15-20% weight add-on 
of a modifying agent remain a deterrent to commercialization, but clearly wood 
modification is a technically sound approach to wood protection. The 
fundamental strategy behind wood modification is one of making the wood 
substrate inert to fungal attack through reaction of the active hydroxyl sites in 
wood to provide ester or ether functionalities that are essentially impervious to 
enzymatic or chemical attack. 

The strategies described above all have their weaknesses in providing cost 
effective protection, but combinations of such treatments may improve the 
commercial likelihood of success. At the same time enhanced properties are 
commanding increased value in the marketplace and wil l likely allow for 
treatments that would not be commercially viable in today's market for wood 
preservatives. 

Realities of Developments in Wood Preservation 

In many respects wood preservation appears to have highly attractive 
commercial potential for biocide applications, but there are a number of 
development constraints that impact this potential. The first of these is the long 
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product service expectations for the products used. The second is the relatively 
small value ascribed to the wood protection agent relative to the value of the 
raw material (wood) used. Overall, the value of treated wood sold is large, but 
the economic value of the chemical treatment is a minor component of this 
treated wood cost. Furthermore, the implied liability of the failure of the 
treatment involves the entire value of the product. That is, the risk to reward 
profile is not as attractive as in other biocides businesses, and the time to failure, 
and hence total product risk, is long. 

In the world of biocides, wood preservation is a relatively low value sector. 
For new chemical biocide developments, specifically fungicides and 
insecticides, the wood protection industry is dependent on the agricultural and 
pharmaceutical businesses to provide new products. On top of that, newly 
developed fungicides in the agricultural and pharmaceutical areas are highly 
organism-specific, while wood protection requires broad-spectrum protection. 
This dependence is due to the fact that registration costs for active ingredients is 
nowadays very high, and the rapid returns necessary to sustain such costs are a 
large constraint to the development of specific biocides for use solely in the 
slow-to-change field of wood protection. The chances of success in wood 
protection are low, due to the multiplicity of degrading organisms. 
Furthermore, broad-spectrum biocides may display less than optimal properties 
in their toxicological and/or ecotoxicological profile. In other words, there is an 
unbalanced up-front risk for a hard-to-quantify long-term potential gain. 

In developing new protection agents for wood products, it is interesting to 
consider the amount, or retention, of various agents in protecting wood. Current 
wood preservatives are used at levels around 1% mass/mass of wood. At these 
levels distribution in wood is generally acceptable although distribution 
gradients can be steep. To be competitive, newer fungicides will have to be 
used in the 0.01 - 0.1% mass/mass add-on range in wood. At these retentions, 
macro distribution can become problematic, especially with biocides that react 
with the wood substrate. Conversely, of course, biocides that don't react with 
the wood substrate may be more leachable than desired. 

At the other end of the scale, investigation of wood extractives responsible 
for natural durability effects has had a rebirth in some quarters. Difficulties here 
include the fact that utilization of natural biocides as biocides will still require 
highly expensive toxicological testing with, at best, dubious patent protection, 
and that the effective use levels of such extractives in wood are often well in 
excess of 1% mass/mass. Thus a combinatorial strategy from those described is 
probably the most likely to provide a cost effective protection product at 
acceptable levels of financial risk. 

In some jurisdictions, and Europe in particular, performance criteria for 
product approvals are based on laboratory test protocols. Such laboratory tests 
often give results which significantly under-estimate the level of preservative 
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required for sound protection of treated wood products in service. Over the last 
decade this has led to a rapid, and probably irreversible, decline in product 
performance and expectations. Most of the rest of the world believe that 
laboratory results provide valuable insight into performance against specific 
known organisms but that field evaluations are far more likely to provide 
assurance of performance in various environments where treated wood products 
are subject to attack by multiple organisms. This is especially important where 
the performance expectations are subject to litigation against the producers 
rather than being seen as being established by some governmental authority. In 
the former environment, it is prudent that one take into account expected worst 
case usages in designing test protocols. Also, of increasing importance is the 
need to take into account fit-for-purpose aspects of the products, rather than just 
protection from biodegradation. 

Conclusions 

Fundamental scientific research into understanding termite behavior has led 
to the development of commercial baiting systems for protection of structures in 
a low environmental impact treatment. However, fungal mechanisms are more 
challenging as a broad-spectrum protection strategy is necessary for wood 
products with long-term service expectations. It is clear that stopping, 
modifying or slowing oxidative processes can provide a positive impact in 
enhancing the performance of some wood preservative chemicals and that 
reducing moisture content in wood also can provide positive benefits. 

Further developments may provide the key to organic or non-biocidal 
treatments for long term service life of wood products. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

02
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



Chapter 23 

New Environmentally-Benign Concepts in Wood 
Protection: The Combination of Organic Biocides 

and Non-Biocidal Additives 

Frederick Green III1 and Tor P. Schultz2 

1Forest Service, Forest Products Laboratory, U.S. Department 
of Agriculture, Madison, WI 53705 

2Forest Products Laboratory, Mississippi State University, 
Mississippi State, MS 39762 

The principal wood preservative for residential use is currently 
a broad-spectrum biocide which contains As, Cr and Cu. 
However, the use of totally organic wood preservative systems 
in certain applications or localities may be required in the 
future. This wil l greatly increase the price of treated wood. The 
combination of organic biocides with non-biocidal additives to 
give enhanced efficacy is one possible means to lower the cost 
of future wood preservative systems. Possible non-biocidal 
additives which could be mixed with organic biocides include 
water repellents, antioxidants, and chelators for specific 
elements, including metals required by wood-decaying fungi 
such as iron or manganese. Selected laboratory and field 
exposure results obtained by combining organic biocides with 
one or more non-biocidal additives are presented in this chapter. 
Future wood preservative systems, either based on this chapter's 
concept or other possible techniques, wil l likely be used for 
relatively specific applications rather than today's one broad-
spectrum preservative. This will require users of treated wood 
to be more educated in the future. 

378 © 2003 American Chemical Society 
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INTRODUCTION 

Wood is a natural and renewable resource used extensively in home 
construction, decks, fences, utility poles, etc. Unfortunately, i f sufficient moisture 
is present lumber, poles, and wood composites can be attacked by many organisms, 
principally brown-rot fungi and termites. In the U.S. alone the wood damaged 
yearly in residential structures by fungi and insects amounts to about $500,000,000 
per year, and the labor involved further increases this to about $5 billion per year 
(Amburgey, Miss. State Univ., personal communication). Fortunately, wood can 
be treated with biocides to prevent damage caused by fungi or insects. Use of 
treated wood not only helps homeowners save money but also conserves our 
forests. 

The major wood preservative used today in the U.S. is water-borne chromated 
copper arsenate (CCA). Based on wood volume, about 80% of all treated wood in 
the U.S. is preserved with C C A (7), and C C A is - by far - the major preservative 
used to treat lumber for residential construction, the major market for treated 
wood. However, there are some concerns with C C A including a public perception 
of possible arsenic exposure, leaching of the metal oxides and the question of the 
ultimate disposal of CCA-treated wood. Thus, use of CCA-treated lumber wil l be 
restricted starting by 2004 to only non-residential applications. A n alternative is 
borate-treated lumber (2-4) which is commercially available in Hawaii and 
provides cost-effective and benign protection in certain applications. However, 
borate use is limited to non-leaching applications. 

Alternative, second generation wood preservatives for residential applications 
are copper-organic mixtures (2), such as ammoniacal copper quat (ACQ) and 
copper azole mixtures, with or without boron (CBA, CA), and both A C Q and C A 
are commercially available. Although copper is not as toxic as arsenic or 
chromium accumulation of copper does have some negative environmental effects, 
especially in aquatic systems, and disposal of any metal-treated wood product may 
be expensive and difficult in the future. Thus, copper-organic mixtures may also 
face future restrictions in the U.S. Indeed, several countries in Europe are already 
moving towards totally organic wood preservative systems. Consequently, third-
generation wood preservative(s) for residential use, based solely on non-metallic 
biocides (2) or a fixed borate system, need to be developed. A number of organic 
biocides are already commercially available as agrochemicals and have been 
examined as potential wood preservatives (5). The relatively high cost of these 
organic biocides (mostly $15 - 25/lb versus $1.50/lb for CCA) , environmental 
regulations, and public concerns withbioactive compounds wil l undoubtably result 
in efforts to minimize the amount of biocide used. In addition to effectively and 
economically protecting wood against a wide variety of wood decaying organisms, 
alternative preservative systems must have good weathering and U V protection 
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properties, minimal leaching of the active compound, and be noncorrosive to 
metal fasteners. Finally, water-based emulsion formulations for the organic 
biocides (2) wil l likely need to be developed. 

Two potential methods for reducing the level of a biocide, and thus the cost 
and environmental impact of treated wood, are to combine two or more biocides 
(fungicides and/or insecticides) to give a synergistic mixture [covered in 
Leightley's chp.], or to combine biocides and non-biocidal additives to give 
increased efficacy. This second option is the objective of this chapter. Specifi
cally, we are examining non-biocidal additives which by themselves offer little or 
no protection but when combined with a biocide give wood greater and/or broader 
protection against fungi and/or termites than achieved with only the biocide. 
While many of the compounds discussed in this chapter are ineffective or require 
unreasonably high levels when used alone, when combined with a biocide the 
mixture may provide increased and/or broader efficacy and improved economics. 
A second advantage of this approach is that a synergistic mixture may be 
patentable. 

NON-BIOCIDAL ADDITIVES EXAMINED 

For fungi to survive and grow in wood they need to: 1) Be able to live in and 
colonize the woody substrate; 2) generate the enzymes and reagents necessary to 
initially disrupt and break down lignocellulose; 3) have free water in the lumen so 
that the enzymes and small reagents can diffuse from the fungal mycelium to the 
cell wall and then penetrate and partially degrade the lignocellulose; and, 4) digest 
the partially degraded wood components as a food source. For example, adding 
a fungicidal compound can prevent fungi from living in treated wood; this is the 
approach currently used to preserve wood. 

Alternatively, non biocidal compounds might affect one or more of the above 
steps. For example, it may be possible to tie up essential minerals, elements, or 
compounds such as amino acids needed by fungi to colonize and grow in wood. 
Thus, one control method would be to prevent fungi from obtaining essential 
elements such as N , P, or Ca. Positive results have already been reported using 
only the calcium chelating compound Na-N',Af-napthaloylhy(froxamine (NHA, 
sodium salt) as a wood preserving agent (6,7). [Alternate mechanisms, beside 
calcium chelation, might also explain N H A ' s effectiveness against termites and 
fungi]. In another example, researchers have long examined methods to make 
wood more hydrophobic so that lumber used in an above-ground application such 
as decking would absorb less water. This approach includes the commercially 
available and relatively inexpensive wax emulsion formulations (2,8). A n 
alternate but expensive approach is to add monomeric compounds to wood which 
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are then polymerized in situ to make wood hydrophobic (8). These compounds 
might also covalently bond with, and thus alter, the chemical structure of the wood 
components such that the fungal enzymes would no longer be capable of degrading 
the woody material, thus inhibiting both steps 3 and 4 above. While this approach 
has been extensively studied in the laboratory, in discussing this and other novel 
wood preservation approaches Suttie - in a British understatement - noted that 
"The scaling-up of laboratory techniques to the pilot plant is not without 
problems" (8). Alternatively, to degrade wood fungi need to first disrupt and open 
up the cell wall. Fungi accomplish this by generating compounds which diffuse 
into the cell wall and generate reactive radicals which then disrupt the wood 
lignocellulose (9-12) [also see chps. by Aust, Enoki, Messner, and Goodell]. 
Consequently, the presence of free radical scavengers (antioxidants) in the cell 
wall would protect the cell wall from becoming more porous (9,13) [and may also 
help protect an organic biocide from being biodegraded]. A n alternative and 
potentially elegant method would be to identify an additive which would disrupt 
the initial generation of the pre-radical oxidant in the acidic region of the fungal 
mycelium, and thus prevent the wood cell wall from being perturbed while 
possibly also causing the oxidant to form a radical near the fungus. Finally, 
metals such as Fe or M n are well known to be involved in fungal degradation 
mechanisms, either as part of an enzymatic system or as a free metal. Thus, 
addition of appropriate metal chelators might prevent the metals from being 
available to the fungi (8,9,14). Other mechanisms, besides chelating essential 
metals, might also explain the enhanced efficacy obtained when a biocide and 
metal chelator are combined, e.g. (15). 

In reviewing the above potential additives, it is worthwhile to examine the 
properties of the heartwood extractives in naturally durable woods. The fungicidal 
properties of the vast majority of extractives have been found to be mediocre - at 
best - when compared to commercial biocides (16). However, the various phenolic 
extractives are well known to be excellent antioxidants (17-19), and many of these 
phenolics also have metal chelating properties (19). Thus, the combination of a 
biocide, antioxidant and/or metal chelator might simply mimic nature's approach 
to make wood durable. For example, the combination of various antioxidants 
and/or metal chelators increases the efficacy of a wide variety of organic biocides 
(14,20). Furthermore, gallic acid derivatives, derived from the tannic acids found 
in heartwood, enhances the efficacy of the relatively expensive biocide 
propiconazole (14). Finally, many extractives, such as the terpenoids, are 
hydrophobic. The high level of water-repelling rosin in SYP lightered wood 
makes this wood extremely durable, even in ground contact (21). Adding 
extremely high levels of wax alone (about 26 pcf) to ground contact stakes mimics 
this and increases their average life to about 19 years as compared to less than 3 
years for untreated stakes (22). While adding such high wax levels is unrealistic, 
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we believe that the co-addition of smaller amounts of a wax along with a biocide 
and other possible additives might improve the biocide's efficacy so that relatively 
low biocide levels could protect wood. Indeed, the combination of a biocide and 
water repellent is already used in window joinery. 

While less is known about the mechanisms by which termites and their 
symbiotic microorganisms degrade the holocellulose in wood, many of the above 
additives may also control termites. For example, the heartwood of naturally 
decay-resistant woods are also usually resistant to termites and, thus, the 
combination of biocides, antioxidants and/or metal chelators may be successful in 
protecting wood against both termites and fungi. SYP lightered wood, such as 
found in old pine stumps, has both decay and termite resistance, and the stakes 
with very high levels of wax described above were also resistant to termites even 
though paraffin wax has no termiticidal properties. 

LABORATORY AND FIELD TEST RESULTS 

Initial Considerations 

The development of wood preservative systems requires considerable time and 
expense. This is especially true with systems comprising two or more components, 
where the number of tests to be run is much greater than for single component 
systems. While the most realistic test of a system's efficacy is an outdoor 
exposure study, the extensive time required [years] and the multitude of potential 
combinations makes initial screening using outdoor testing impractical. Thus, 
initial evaluation requires selection of an appropriate laboratory decay method to 
rapidly test the many different blends and greatly reduce the number of the 
potential systems - hopefully without "tossing the baby out with the bath 
water". That is, initial testing should be conducted quickly and provide data 
which explicitly separates promising from inferior systems. 

The selection of an appropriate laboratory test(s) is more difficult than 
generally realized. The most common laboratory decay test used in wood 
preservation studies in the U.S. is the A W P A E10 12-week incubation soil block 
test, but this test may not necessarily be the optimal screening assay and also takes 
16 or more weeks in total to perform. For example, when developing a new 
system for above-ground use the presence of minerals in the soil media may 
overwhelm certain additives and give a negative result which would not 
necessarily be observed during actual outdoor tests, as shown below. Another 
example is water repellents; mdnimizing the amount of water adsorbed by wood 
wil l obviously reduce the decay potential. However, wood blocks are typically first 
steam sterilized and, therefore, already have sufficient moisture for decay to occur 
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at the start of the laboratory soil-block test. Finally, the soil-block test is 
unrealistically harsh and is initiated by actively growing fungal mycelium. In 
contrast, outdoor above-ground tests are initiated by delicate spores. Other 
bioactivity laboratory tests include the fungus cellar (23,24), agar-block and agar-
plate tests (25); each test has particular advantages and limitations. In this 
chapter we describe results obtained using soil- and agar-block tests using 
compression strength loss to measure extent of fungal degradation after 5-6 weeks 
of incubation. 

Biocide/Antioxidant/Metal Chelator Combinations 

As discussed above, heartwood extractives have biocidal, antioxidant and 
metal chelating properties, all of which may influence natural durability. 
Consequently, we have combined various commercial organic biocides with 
different antioxidants and/or metal chelators (13,14,20). In laboratory tests, an 
antioxidant or metal chelator alone often had little or no protective effect (12,26) 
but when combined with a biocide enhanced or synergistic efficacy can be 
observed. For example, the antioxidant propyl gallate at 2% levels provided no 
protection to southern yellow pine (SYP) exposed to the brown-rot fungus 
Gloeophyllum trabeum for 5 weeks in the soil-block test and, similarly, no 
protection is observed with 3% of the metal chelator E D T A (Figure 1). [The 
concentrations given in this and other experiments are the active ingredients (% 
a.i.) used to treat the wood by a full-cell process for laboratory or outdoor exposure 
tests]. The biocide propiconazole, at treating solution concentrations up to 0.12% 
a.i., provided essentially no protection, and no benefit was observed when the 
same treating concentrations of propiconazole were combined with either 2% 
propyl gallate or 3% EDTA. However, when all three components are present 
increased efficacy at all four biocide levels is readily apparent. The results 
obtained here and previously with relatively low levels of propyl gallate (14), 
compared to the higher levels of other antioxidants used such as 4 to 5% butylated 
hydroxytoluene (BHT), is intriguing. It is possible that the good results in Table 
1 are due to the dual antioxidant and metal chelating properties of gallate 
derivatives (14); other mechanisms might also account for the promising results. 

We mentioned above that the particular laboratory test used can affect the 
results and thus the conclusions. For example, when aspen sapwood is exposed 
to the white-rot fungus Trametes versicolor for 6 weeks in the agar-block test, 3% 
E D T A alone was surprisingly effective (100% strength loss for untreated samples 
vs. only 5.4% loss for aspen samples treated with 3% EDTA) . However, in the 
soil-block test E D T A alone offers little protection (Fig. 1). Other researchers have 
also reported that a metal chelator alone offers little protection to wood when a soil 
media test is used but is very effective in an agar media test (14,26). Presumably, 
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the large amounts of minerals in a soil-containing test can quickly overwhelm and 
inactivate a metal chelator, while in agar media (which has relatively low mineral 
levels) a metal chelator alone may be quite effective at protecting wood. Similarly, 
when testing antioxidants better results are often obtained with an agar-block than 
soil-block test, perhaps because of the different levels of radicals produced (13) 
with the different substrates (27). Finally, the substrate used also has an effect. 
For example, a fungicide's effect on protecting cotton cellulose against a fungus 
is not comparable with the results obtained using SYP wood (28). 

100 

0.01 0.03 0.06 0.12 
% Propiconazole 

| Prop. Only [ § Prop.+2% P.G. 

@ Prop.+3%EDTA 1 Prop.+2%P.G.+3%EDTA 

Figure 1. Efficacy of a biocide (propiconazole), antioxidant (propyl 
gallate, P. G.), and metal chelator (EDTA) systems. The soil block test was run 
using southern yellow pine sapwood with the brown-rot fungus G. trabeum and 
5 weeks of incubation. The average strength loss with only 2% propyl gallate 
was 93.4%, 3% EDTA alone had 98.5% strength loss and untreated controls 

had an average of 98 and 96% strength loss. 

The combination of the antioxidant BHT with the commercial biocide 
chlorothalonil also gave enhanced efficacy in ground-contact field tests conducted 
at two sites. [The Dorman Lake plot is located in northeast M S near Mississippi 
State Univ., has a heavy clay, poorly-drained soil and is in a high (Zone 4) 
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deterioration zone. The Saucier test plot is located in the Harrison National Forest 
near the town of Saucier, MS, and has a sandy loam, well-drained soil and is in 
a severe (Zone 5) deterioration zone. Since this site is near the Gulf Coast it has 
a relatively mild winter and wet summer as compared to the Dorman Lake site]. 
For example, better protection was observed against both fungi and termites when 
B H T was combined with the chlorothalonil as compared to chlorothalonil alone 
(Table 1). It is interesting that 4% BHT alone provided some protection to wood 
in outdoor exposure as compared to untreated controls, even after 33 months of 
exposure. B y contrast, in the soil block test 5% B H T alone gave no protection 
after four weeks of incubation (13). Thus, laboratory decay tests are unrealistically 
harsh but data is obtained within weeks as compared to the years needed for 
outdoor exposure tests. We use laboratory decay tests to quickly determine i f a 
particular combination is synergistic, and outdoor exposure to judge the efficacy 
of a particular system under "real life" conditions. 

Table 1. Average decay and termite ratings for SYP field stakes 
treated with chlorothalonil (CTN) alone, or a mixture of CTN and BHT, 

after 33 months of exposure at two field test sites. 

Average Dorman Lake Saucier 

Retention, 
Treatment kgm" 3 Decay Termite Decay Termite 

0.15% C T N 0.74 7.4 7.2 7.4 7.9 
0.15%CTN/2%BHT 0.72/9.5 9.8 9.8 9.7 7.3 
0.15%CTN/4%BHT 0.70/18.8 9.8 9.9 9.5 8.4 

0.30% C T N 1.47 8.8 8.9 8.4 7.8 
0.30% CTN/2%BHT 1.54/10.1 9.9 9.9 9.9 9.6 
0.30% CTN/4%BHT 1.41/18.8 10 9.9 9.4 8.7 

0.50% C T N 2.42 10 10 8.0 8.0 
0.50% CTN/2%BHT 2.41/9.6 10 10 10 9.9 
0.50% CTN/4%BHT 2.43/19.5 10 10 10 9.9 

4% B H T 19.4 9.4 9.4 4.9 5.5 

Controls — 0.7 0.4 0 0 

Average of 10 stakes per treatment per site. A "10" rating is no attack, "9" trace 
of attack, etc., as per A W P A Standard E7-93. 
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Water Repellents 

The addition of a water repellent with a biocide not only improves the decay 
resistance of wood in above-ground applications (Table 2), including samples 
treated with only a water repellent, but also greatly improves the weathering and 
dimensional stability of exposed lumber (2). Furthermore, paraffinic waxes may 
be the most cost-effective additive for improving durability (A. Preston, CSI, 
personal communication) and are environmentally benign. Consequently, various 
companies already have commercialized water-repellent systems for applications 
such as CCA-treated decking, and formulations for ground-contact applications 
may be available in the future. Other researchers (29) have also examined the 
combination of a water repellent and metal chelator to protect wood against decay 
and mold fungi. 

Table 2. Average decay ratings of above-ground L-joint samples, with 
and without a co-added water repellant, after four years of exposure at 

CSI 's Hilo, H I test site. 

Treatment, % a.i. 
(DDAC:Na Omadine) 

Average Decay Rating3 

Treatment, % a.i. 
(DDAC:Na Omadine) without water repellent with water repellent"' 

0.1 : 0.02 3.4 7.7 

0.2 : 0.05 4.7 6.6 

0.4:0.1 4.9 9.1 

0.6:0.15 8.6 9.9 

0.8 :0.2 9.5 10.0 

Controls 5.3 7.7C 

a Average of 10 replicates, with a "10" being no attack, etc. 
b Water repellent was 5% palmitic acid, 3% butyl amine, and 3% butyl 

carbitol 
dissolved in water, with the biocides co-added. 

c These control samples were treated with only the water repellent. 
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N H A Systems 

The polycyclic organic compound N H A as its sodium salt chelates calcium, 
and has been examined as a possible stand-alone wood preservative (6,7,26). [As 
mentioned earlier, however, N H A might protect wood by other mechanisms]. 
When used at a level below the threshold [-0.5% a.i.], the protonated form of 
N H A alone provides no protection against the brown-rot fungus G trabeum in the 
soil-block test (Fig. 2), or the white-rot fungus Irpex lacteus in the agar-block test 
(data not shown). When low levels of N H A are combined with low levels of the 
biocides D D A C , propiconazole, or 3-iodo-2-propynyl butyl carbamate (IPBC), 
synergism is clearly evident with IPBC against G trabeum (Fig. 2) and synergism 
is likely against /. lacteus. However, no synergism was observed when N H A was 
combined with D D A C or propiconazole in these wood decay tests. 

o 

c 
<D 

«*—• 
CO 

i 

IPBC Only IPBC + 0.15% N H A 

Figure 2. Synergism between IPBC and NHA, in the soil-block test using 
the brown-rot fungus G. trabeum for 5 weeks of incubation and SYP sapwood, 
with 5 replicates per set. The untreated controls lost an average of 97.9 and 

97.6% strength, 0.15% NHA alone had a 97.5% loss, and the sodium salt form 
of NHA had 94.4 and 97.8% average strength loss at 0.15 and 0.30% concen

tration, respectively. 
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A preliminary synergism test against termites was also examined using N H A 
combined with D D A C or disodium octaborate tetrahydrate. However, no 
synergism was observed with either biocide. 

CONCLUDING REMARKS 

Future wood preservatives for certain applications or localities may be 
required to use non-metallic (organic) biocides, which wil l greatly increase the 
cost of treated wood. The combination of one or more organic biocide(s) with 
various non-biocidal additives might be one method to reduce the cost. Possible 
additives might include water repellants, free-radical scavengers (antioxidants), 
and chelators for specific metals required by the wood-destroying fungus and/or 
termites. Development of future totally organic wood preservative systems, based 
on ideas from this chapter or other techniques, wil l require extensive time and 
effort. It is extremely unlikely that under harsh conditions these systems will 
prove to be as effective as C C A in protecting wood. Furthermore, these future 
systems may be limited to specific applications, such as above-ground-use only. 
Thus, consumers wi l l need to be aware of any limitations inherent in the 
forthcoming non-metallic targeted wood preservatives. 
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Chapter 24 

Protection of Wood Using Combinations of Biocides 

Liam E. Leightley 

Rohm and Haas Company, 100 Independence M a l l West, 
Philadelphia, P A 19106-2399 

Traditional wood preservatives provide a broad spectrum of 
activity but are being increasing regulated due to perceived 
environmental concerns. New organic biocides, developed for 
applications other than protecting wood, possess low toxicity and 
high selectivity against some organisms. However, the high 
selectivity also means that a particular biocide may be relatively 
inactive against a few of the many wood-destroying or 
staining/molding organisms. One possible solution is to develop 
new formulations based upon synergistic blends of biocides which 
are already registered for other non-wood applications. These 
formulated products can possess a broad spectrum of activity and 
low environmental impact. Examples of several synergistic 
combinations which are effective against stains and molds, or 
wood-destroying organisms, are given. This approach offers a 
good opportunity to develop new, relatively low cost and 
environmentally-benign wood protection systems. 

390 © 2003 American Chemical Society 
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Wood enjoys universal use as a versatile construction material. However, 
wood can be attacked and deteriorated through the action of a wide variety of 
fungi, insects and marine boring animals. This deterioration can be prevented i f 
construction practices are followed which create unsuitable conditions for the 
activities of these destructive agents, such as keeping wood dry. However, i f the 
wood product cannot be kept dry, or is in ground contact or an aquatic 
environment, then wood must be protected by treatment with biocides. Treated 
wood is resistant to fungi and insect attack and helps homeowners protect their 
property while conserving our nation's forests. 

Mold or stain fungi can also inhabit wood. While these microorganisms do 
not degrade the wood, a moldy wood surface is unsightly, can stain the surface 
of lumber, and will cause any stain or paint applied later to quickly fail. 
Furthermore, the surface of painted wood surface can sometimes quickly 
become moldy, especially in humid environments. 

The global market for wood protection chemicals is about US$120 million. 
Typical end uses for these types of chemicals are for treating wood/lumber 
intended for decking, fencing and utility poles. In addition to these end uses, 
biocides are applied to wood surfaces to inhibit stain and mold fimgi. Biocides 
can also be added to wood-coating products such as stains, clears, varnishes and 
primers to prevent molds and stains on the painted surface. The global value for 
these second type of biocide products is approximately US$80 million. Thus, 
the total value of biocides used to treat wood products, or added to stains and 
paints, is relatively modest compared to the market for agrochemicals or drug 
development. Consequently, the market is simply unable to support the 
extensive research and development costs associated with developing entirely 
new biocides specifically for wood products. 

Biocides used to protect wood are coming under increasingly stringent 
regulatory requirements. These requirements have increased the cost of 
supporting these chemicals. Furthermore, as discussed above it is unlikely that 
new biocides specifically for wood protection wil l be developed. Thus, an 
opportunity exists to develop new wood protection systems using blends of two 
or more biocides which are already developed and labeled for uses other than 
wood protection, such as agrochemicals used to protect plants against fungal or 
insect attack. 

Requirements for the Ideal Wood Protection Biocide 

Wood protection biocides protect wood from attack and subsequent degradation 
by fungi or insects. Typically, to be considered satisfactory as a wood 
protection chemical the product should possess the following characteristics 
• Good efficacy at low cost against a wide variety of wood-destroying 

organisms 
• benign to humans and other non-target organisms 
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• permanent/stable for the guaranteed life of the treated wood 
• good penetration 
• easy and safe to use, and acceptable to regulatory agencies 
• not deleterious to wood 
• readily available 
• capable of being formulated into a commercial system (see below) 
• allow the treated wood to be easily disposed, or recycled, at the end of the 

treated wood's life 

Few of the newer biocides possess all of the above characteristics, especially 
the broad activity against the wide variety of organisms that degrade wood. 
However, mixtures of two or more biocides might offer broader protection. A 
classic product in this regard would be copper-chromium-arsenic (CCA), the 
major wood protection system currently used in the U.S. The presence of two 
biocides (Cu and As), and the Cr which fixes the metal biocides in wood and 
minimizes corrosion of metal fasteners, offers an economical system with 
permanency and broad activity against fimgi and insects. 

To protect wood against mold and stain fimgi, a biocide needs many of the 
same characteristics as listed above but only has to be effective for a relatively 
short time. However, when used as a mold/stain inhibitor in coatings, a biocide 
must be safe and effective for a long time, and stable against photodegradation. 

Not only must a biocide have the above characteristics, it also must be 
capable of being formulated into an effective and economical wood protection 
system. Formulations used to protect wood, or prevent staining/molding, need 
the following properties: 
• have low volatility and flammability 
• penetrate the wood to sufficient depth 
• non-corrosive to metal fasteners 
• capable of being concentrated (liquid or solid) for shipment 
• capable of formulating into a solution, preferably water-based 
• be chemically stable during shipment and at a treating facility 
• not deleterious to wood 
• not hazardous at a plant or in the treated product 
• economical 
• allow wood to be painted after treatment 

Furthermore, formulations for stains/coatings must be resistant to water leaching 
or degradation by U V light, and have abrasion (for decks), checking and 
cracking resistance. 

New wood protection formulations need to satisfy the demands of both 
regulators and the market. Local, national or global regulations must be 
complied with, and the use of registered ingredients is mandatory. The 
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marketplace also demands manufacturers provide novel and economical 
solutions to the many requests of homeowners. For example, a wood 
protection system is expected to effectively protect wood exposed to a wide 
variety of different environments, such as the relatively benign conditions in the 
northeast U.S. and the high humidity and temperatures favorable to decay fungi 
and the introduced aggressive Formosan termites along the Gulf Coast. 
Furthermore, the homeowner not only expects the price of treated wood to 
remain competitive with other non-wood construction materials, but also 
demands the performance of any new environmentally-benign system to be 
equal or superior to the traditional wood preservatives. Finally, the durability of 
current exterior finishes, clears and stains on wood surfaces is viewed as 
inadequate by homeowners. However, at the same time V O C issues and 
regulations are requiring the use of water-borne instead of solvent-based 
formulations which generally has a negative impact on performance. 

Biocides 

The classic wood protection biocides consist of three basic types: 
1. Tar oil preservatives, e.g. creosote 
2. Light organic solvent preservatives, e.g. pentachlorophenol 
3. Water-borne arsenicals, e.g. chromated copper arsenate 

These historical biocides already have some restrictions and wil l undoubtedly 
face more restrictions in the future. As use of these very economical and 
efficacious biocides is further limited, biocide manufactures wil l need to offer 
the wood protection industry a variety of formulated products for many different 
wood-protection applications. 

Today there is an extensive list of agrochemicals that are already available 
and registered for non-wood use, and which could possibly be used to create 
new wood protection products. Table I lists a few organic chemicals that 
already are, or could be, used to protect wood against decay and insect attack. 
However, many of these compounds are only active against insects but not 
decay fimgi, such as the synthetic pyrethoids, or active against decay fungi but 
not molds and stain fungi such as the triazoles. Also, while the cost of 
didecyldimethyammonium chloride (DDAC) is an order of magnitude cheaper 
than the triazoles, for example, it is considerably less effective at controlling 
decay fimgi than the triazoles. 

Furthermore, these organic biocides are non-water soluble and, thus, cannot 
be formulated using a water-borne system like today's C C A system [except for 
D D A C , which is water soluble but then fixes in wood]. Thus, use of these 
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biocides wi l l likely require the development of oil-in-water emulsion 
formulations. 

Many of the biocides listed in Table 1 are also capable of controlling stain 
and mold fungi. For example, a combination of D D A C and 3-iodo-2-propyl 
butyl carbamate (IPBC) is used commercially, as are 2,4,5,6-
tetrachloroisophthalonitrile, a mixture of isothiazolinones, or 2-
(thiocyanomethylthio) benzothiazole (Busan 30). 

Table I. Potential Organic Biocides for Wood Protection 
Chemical Target 
3-Iodo-2-propnylbutyl carbamate Fungi 
Didecyldimethylammonium chloride Fungi and Insects 
Triazoles Fungi 
Isothiazolones Fungi 
Synthetic Growth Inhibitors Insects 
2-(Thiocyanomethio)benzothiazole Fungi 
Synthetic Pyrethroids Insects 
2,4,5,6-Tetrachloroisophthalonitrile Fimgi and Insects 

Synergism Studies 

The benefits of combining two or more biocides has long been recognized 
and utilized. These benefits include activity against a broader range of 
organisms than is possible with only one biocide, and the possibility of 
synergistic action. Synergism is where a mixture of two or more bioactive 
compounds give greater activity than would be predicted from each 
components' individual activity (1,2), and is detected for a mixture of two 
biocides using the equation below: 

Ca + Cb = Synergy Index (SI) 
C A C B 

where Ca is the concentration of biocide A in a mixture of biocides' (A and B) 
necessary to give a specific response, Cb is the concentration of biocide B in a 
mixture of A and B necessary to obtain a specified response, and C A and CB are 
the concentrations of biocides A and B, respectively, which when used alone 
give the same specified biological response. 

A SI of less than 1 indicates a synergistic effect from combining biocides. It 
is also possible to obtain a value greater than 1, which indicates antagonism (an 
inhibitory effect) from combining biocides. Most commonly, however, an 
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additive effect is observed (SI = 1). While the above equation is for two 
biocides, a synergistic mixture of three or more biocides is also possible. 

A desired combination biocide formulation is apparent when synergism is 
observed. A synergistic combination allows less total biocidal material to be 
used than when a single biocide used alone. The commercial value here is that 
it is easier to comply with regulations while also offering a more cost-effective 
formulation to customers. In addition, the mixture may provide a product with 
broader spectrum activity. Furthermore, a synergistic combination can be 
patented to protect a company's development costs. 

Identification of synergistic mixtures is thus a key objective in designing 
new formulations. This means understanding the target organisms and their 
modes of action. Once this difficult task is accomplished, it might be thought 
that synergy could be easily predicted from understanding the mechanism(s) of 
action. However, such predictions have often not been demonstrated in 
practice. Basically, the antibiotic literature generally suggests only that synergy 
is most likely to occur between chemicals that have dissimilar modes of action 
and that an additive action is the most probable results of combining biocides 
having the same action. Thus, finding combinations that are synergistic usually 
requires extensive and tedious trial-and-error laboratory studies. 

As a cautionary note, observation of enhanced efficacy by combining two 
components does not always mean that the combination is synergistic. For 
example, combining copper(II) with a carboxylic acid or phenolic will form a 
copper(II)-organic ligand complex. This new compound might be more active 
than either of the two starting "reagents" but, since a new compound is formed 
by the addition of the copper and organic ligand, the observed increase in 
bioactivity is not strictly synergistic. One example is the large bioactivity 
increase observed against a wide variety of wood-destroying organisms using 
various laboratory and outdoor exposure tests with the combination of 
copper(II) with oxine copper [Cu-8] (5). However, the authors suggested that 
the reason for the greatly enhanced activity was not synergism but rather the 
formation of mono-Cu-8 by the combination of copper(II) with the bis-Cu-8, 
and prior literature indeed suggests that the mono form of Cu-8 has greater 
fungicidal activity than the bis form. In addition, it is possible to observe 
synergism by combining a biocide with a non-biocidal additive; for example, 
see Chp. by Green and Schultz in this book. 

Synergistic Examples 

Combinations to Control Molds/Stains 

Using laboratory test methods, the combination of 4,5-dichloro-2-n-octyl-3-
isothiazole (DCOIT) and 3 -iodo-2-propyny lbuty 1 carbamate (IPBC) was 
evaluated for synergy (4). The following values were used to determine 
synergy, with MIC (minimal inhibitory concentration, ppm, or the minimal 
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biocide level necessary to completely inhibit growth of a particular fungus 
grown in an agar plate) used as the specified biological response: 

C A - Concentration needed to achieve MIC when only DCOIT is present 
C B - Concentration needed to achieve MIC when only IPBC is present 
Ca - Concentration of DCOIT, in a mixture of IPBC and DCOIT. to obtain MIC 
Cb - Concentration of IPBC, in a mixture of IPBC and DCOIT. to obtain M I C 
A : B - Ratio ofDCOIT:IPBC in the mixture 

The results obtained from these evaluations are presented in Table II, and show 
that the combination is synergistic against a wide variety of stains and molds. 

Table II. Results between DCOIT and IPBC Using Various Stain and Mold 
Fungi 
M I C R O B E C A CB Ca Cb SI A : B 
A . niger 16 4 4 2 0.75 2:1 
A . niger 16 4 8 0.5 0.62 16:1 
A . pullulans 16 2 8 0.25 0.62 32:1 
C. albicans 32 16 4 8 0.62 1:2 
C. albicans 32 16 16 2 0.62 8:1 
E. coli 8 250 4 62 0.75 1:16 

The application of the synergistic combination of DCOIT and IPBC has been 
described by Tsunoda et al. (5). A n emulsified mixture of 2% IPBC and 1.5% 
DCOIT controlled stain fungi on wood better than the biocide trichlorophenol. 
The mixture is currently used in commercial anti-sapstain formulations, and 
could be used for other wood applications. 

Other examples of synergistic combinations to control stain/molds are the 
combination of D D A C and IPBC (6), a commercial product, and the 
combination of an oxathiazine and benzothiophene-carboxamide-S,S,-dioxide 
(7), a non-commercial system. 

Synergistic Wood Preservative Mixtures 

The combination of copper(II) and the quat D D A C was found to be 
synergistic against various wood-destroying fungi, including a copper-tolerant 
fungus (8). This combination is now sold commercially as ammoniacal copper 
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quat (ACQ-B) or amine copper quat (ACQ-D), depending on the particular 
formulation (9). The combination of copper(II) with the triazole tebuconazole is 
also synergistic against wood-destroying fimgi, especially a copper-tolerant 
fungus (10). This latter system has been examined further (77-72), and the 
above systems are now commercial products, principally in Europe and Asia. 
Both systems are also listed in the American Wood Preservers' Association 
Standards (9) and will likely replace C C A for treating residential construction 
lumber as the use of arsenically-treated lumber is phased out by 2004. 
However, the presence of copper in treated wood products has several potential 
disadvantages (environmental concerns with copper, especially in aquatic 
systems, and questions on the ultimate dispose of treated wood products which 
contain a metal). Thus, several European countries are already moving towards 
totally organic wood preservative systems, a move that the U.S. may follow in 
the future. Other non-commercial examples of synergistic mixtures for 
protecting wood include 2,4,5,6-tetrachloroisophthalonitrile and chlorophyrifos 
(75), and a metal/carboxylate acid with an isothiazolone (14). 

Conclusions 

Novel wood protection formulations, based upon mixtures of already-
developed biocides, offer some real advantages to the wood protection industry. 
Through careful design, formulations can be developed relatively quickly and at 
a much lower cost than for developing entirely new biocides. The 
demonstration of synergy in mixtures of biocides can provide broader activity, 
lower overall biocide concentrations, make it easier to register the final 
formulation, and provide patent protection to the developing company. As the 
current wood protection biocides are removed from the marketplace, the use of 
mixtures of commercially-available and labeled environmentally-benign 
chemicals presents excellent opportunities for manufacturers of wood protection 
formulations. 
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Chapter 25 

Wood Composite Protection 

Douglas J. Gardner, Cihat Tascioglu, and Magnus E. P. Wålinder 

Advanced Engineered Wood Composites Center, University of Maine, 
Orono, ME 04469 

Wood composites should be protected against microbial and 
insect attack when used outdoors, especially in construction 
applications with prolonged exposure to moisture. 
Preservative systems and treatment processes affect composite 
properties, especially adhesive/wood bonding and mechanical 
properties. Several common systems for preservation of 
composites include: 1) the use of pretreated wood, applicable 
particularly to some solid lumber laminates; 2) in-process 
preservative treatments favored for composites made from 
flakes, particles, and fibers where the preservative treatment 
is incorporated during the manufacturing process; 3) post-
process preservative treatments which are generally favored 
for wood composites made from lumber and veneer; and 4) 
the use of recycled treated wood elements in manufacturing or 
the use of wood species with a high natural resistance against 
biodegradation. This chapter discusses these four preservative 
methods and presents a general overview of current research 
concerning preservation practices and techniques in North 
America including the effect of preservatives on composite 
properties, durability issues, and degradation modes. 

© 2003 American Chemical Society 399 
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Introduction 

The production of wood-based composites has increased dramatically over 
the past three decades due to a number of factors including the changing wood 
supply, development of new composite technologies, and the widespread 
acceptance by architects and builders of wood composites for use in 
construction. Depending on the particular application, wood composites 
require protection from the effects of moisture, weather, biological infestation 
(decay, insects, marine borers), and fire. It must be emphasized, however, that 
decay problems are in most cases a result of faulty design or construction, 
incorrect installation, lack of reasonable care in the handling of the wood, or 
improper maintenance of the structure (i). In fact, with a good design, 
including applications of surface coatings and the addition of wax, some wood 
composites, such as fiberboard, have been utilized for several decades as 
exterior siding with good results. 

The preservation or protection of wood composites is a topic that continues 
to receive considerable attention from researchers and manufacturers (2, 3). 
The public perception of wood composites is both good and bad Unfortunately, 
much of the recognition of wood composites in the popular media has centered 
on class action lawsuits resulting from product failures such as the thermal 
degradation of fire-retardant treated plywood (4) and the oriented strandboard 
siding failures (J). The topic of wood composite protection remains important 
as the impact of energy efficient construction practices (<5), new preservative 
chemistries (7), and environmental issues concerning the use and disposal of 
treated wood (8) provide focus for research and development efforts. This 
chapter provides an overview of wood composite preservation in North America 
including current preservation practices, effect of preservatives on properties, 
durability issues, and a synopsis of current research topics. 

Wood Preservatives Used for Wood Composite Protection 

Table I lists the chemical names and acronyms of preservatives used in 
wood composite protection. Included in Table I are columns indicating 
whether a particular chemical is used as a composite additive or an adhesive 
additive. Wood composites are classified into product types depending on the 
broad application, e.g. either structural or non-structural. In addition, wood 
composites can be classified according to the particular wood element(s) used to 
manufacture the composite. For instance, glulam beams are manufactured 
from lumber elements, plywood from wood veneer, and particleboard from 
particles. Secondary manufacturing processes use oriented strandboard and 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

02
5

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



401 

Table L Partial list of chemical treatments used for Wood Composite 
protection. 

Acronym or Composite Adhesive 
common name Chemical Name Additive Additive Reference 

A C A Ammoniacal copper arsenate X 10,11 
ACZA Ammoniacal copper zinc arsenate X 11 
CCA Chromium copper arsenate X 11 
ACQ Alkaline copper quaternary 

ammonium compounds 
X 11-13 

A C C Ammoniacal copper citrate X 11 
Arsenic oxide X 14 

Borates Disodhim octaborate tetrahydrafte. X X 11 15, 16 
zinc borate, boric acid 17 

Penta Pentacnloiophenol X X 10, 11, 18 
Chlordane X 19 

Creosote Coal tar creosote X 10, 11 
Copper Copper metal X 20,21 
Azole Azaconazole, tebuconazole X 14 
Copper-8 Copper-8-qoinoUnolate X X 10, 11 
CuNap Copper naphthenate X 11 

Fenvalerate X X 14 
Fenitrothion X X 14 

IPBC-CPF 3-iodo-2~propynyl butyl carbamate, 
chlorpyrifos 

X 7,22 

FR Fire-retardant X 23 
NaF Sodium floride X X 18 

Pirimiphos methyl X 14 
Azole Azaconazole, tebuconazole X 14,24 
CTL Chlorothalonil X 24 

Cypennethrin (EC) X 25 
DNBP 2-sec-butyMr6-dinitrophenol (EC) X 25 
EC ~ emulsifiable concentrate 
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laminated veneer lumber to produce wooden I-joists. There are many possible 
wood element combinations available for creating wood composites (P). Table 
II lists some of the most common wood composites and preservatives used. A 
variety of adhesives are used in the manufacture of wood-based composites, 
including urea-formaldehyde (UF), melamine-formaldehyde (MF), melamine-
urea-formaldehyde (MUF)? phenol-formaldehyde (PF), phenol-resorcinol-
formaldehyde (PRF), and polymeric diphenylmethane diisocyanate (pMDI). 

The application of preservatives to wood composites is a standard 
industrial practice for many of the composites listed in Table II depending on 
the particular application. In most instances, wood composites used in interior 
or protected applications require the addition of wax or water repellents to 
provide dimensional stabilization. Glulam beams are treated with CCA, penta 
in light or heavy solvents, creosote, BPBC-CPF, and ACQ in both pre- and post-
manufacture (//). In most cases, in large laminated timbers, waterborae 
treatments are applied pretreatment to eliminate moisture related distortion in 
the final product, whereas solvent and oil borne treatments may be 
preferentially applied post-fabrication. Plywood is commercially treated for a 
wide variety of service applications using both organic and inorganic 
preservatives (10). Parallam is treated with creosote for use in railroad 
applications, penta for highway bridges, and CCA for residential applications. 

Oriented strandboard and laminated strand lumber can be treated with zinc 
borate for use in areas with the potential for high Formosan subterranean 
termite activity. A solvent-based preservative system containing 3-iodo-2-
propynyl butyl carbamate (IPBC) (fungicide) and chlorpyrifos (CPF) 
(insecticide) is used to treat engineered wood products such as I-joists, which 
are typically specified for structural applications where the material is protected 
from the weather. I-joists used in Hawaii are being treated with this 
preservative system (26). Currently, there is not much commercial activity in 
the treatment of hardboard with preservatives, but one product (Miratec) 
containing zinc borate is being produced (27). Both particleboard (PB) and 
medium density fiberboard (MDF) products can be produced with moisture 
resistance or fire retardant properties. For moisture resistance, the UF resin 
used in PB and MDF board manufacture might be replaced by MUF co-polymer 
resins, PF resin, or pMDI. Fire retardant PB and MDF products may 
incorporate inorganic salts such as borates or coatings to reduce flame spread. 
Extruded wood plastic composites may include zinc borate to provide protection 
against decay fungi (28). 
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Table H Common wood composites, and typical preservatives used. 

Composite Type Wood Element Treatment Chemical 
Glu-lam Timbers 

Plywood 

laminated Veneer 
Lumber (L VL) 
Parallel Strand Lumber 
(Parallam) 
Oriented Strandboard 
(OSB) 
Laminated Strand 
Lumber (Timberstrand) 
Particleboard 
Fiberboard (Medium 
density fiberboard) 
Hardboard 

I-joists 

Wood plastic composites 

Lumber 

Veneer 

Veneer 

Veneer 

Flakes or strands 

Flakes or strands 

Particles 
Thermomechanical 
fibers 
Thermomechanical 
fibers 
Flanges (Lumber, L VL) 
Webs (Plywood, OSB) 
Wood (Particles, fibers) 
Plastics (polyethylene, 
polypropylene, 
polyvinyl chloride) 

ACQ, CCA, Creosote, Penta, 
BPBC-CPF 
AC A, ACZA, ACQ, CCA 
Creosote, Penta, copper-8, 
Borates, FR 
CCA 

CCA, Creosote, Penta 

Zinc Borate, Wax 

Zinc Borate, Wax 

FR, Wax, Permethrin 
FR, Wax 

FK Wax 

IPBC-CPF in light organic 
solvent 
Zinc Borate 
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Preservative Treatment Application Processes for Wood 
Composites 

Preservative type, wood species, treatment method, adhesive type, and 
active ingredient retention are important parameters for the treatment of wood 
composites and the resulting quality of the final product. Because of the many 
types of wood composite products and manufacturing processes, there are a 
number of ways to apply preservative treatments to these materials (Table III). 
In most instances, wood composites manufactured from lumber or veneer 
elements are usually preservative treated post-manufacture while, composites 
manufactured from flakes, particles, and fibers have the preservative treatment 
applied during the manufacturing process. Exceptions to this rule are found in 
Table III. A comparison of the advantages and disadvantages of the in-process 
and post-process treatment methods is shown in Table IV. 

Conventional treatment processes used for solid wood are also used for 
wood composites including vacuum/pressure treatment, dipping, spraying, and 
brushing. A commonly asked question in wood composite preservation is: when 
should the preservative be applied to the wood composite in the manufacturing 
process? To simply answer this question, it, depends on whether the 
preservative treatment will have a negative impact within the manufacturing 
process or on the final product. For example, glulam timbers are usually 
pressure-treated with oil-borne preservatives such as creosote after 
manufacture; while conversely CCA-treated glulam is manufactured from 
CCA-treated lumber that is glued together to produce the timbers. The reason 
for this difference in preservative treatment application is that oil-borne 
preservatives can interfere with the adhesive bonding process while pressure 
treating a glulam beam with a water-borne preservative like CCA may result in 
warpage and/or unacceptable dimensional changes in the resulting product. 

In-process Treatment 

Perhaps the most cost effective and efficient way to produce preservative 
treated composites is to incorporate the preservative during the manufacturing 
process (3). Laks and Palardy (24, 29) summarized the different methods of 
preservative incorporation in flake- and wafer-type wood composites during the 
manufacturing process. These methods are also applicable to fiber and particle 
composites. 
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Table HI. Examples of preservative treatment applications in wood 
composite manufacture. 

Treatment method 
Composite Type In-process Post-process 

Glulam Timbers Waterborne 
preservatives (CCA), 
penta in light solvent 

Oil-borne preservatives 

Plywood Oil- and waterborne 
preservatives 

Laminated Veneer Lumber (L VL) Water and organic Waterborne (ACQ, 
solvent systems CCA) 

Parallel Strand Lumber (Parallam) Waterborne (CCA), 
Creosote, Penta 

Oriented Strandboard (OSB) Zinc Borate 
Laminated Strand Lumber Zinc Borate 
(TimbeTStrand) 
I-Joist IPBC-CPF 
Particleboard Wax, Peimethrin 
Fiberboard (MDF) Wax,ZB 
Haidboard Wax,ZB 
Wood plastic composites Borates 

Table IV. Comparison of advantages and disadvantages of wood composite 
treatment methods. 

Treatment Method Advantages Disadvantages 
In-process -Protection throughout the -Chemical interaction and inhibition 

cross section of composite with adhesive and adhesion 
-Can be cut drilled and /or -Effects on other properties (physical, 
notched anytime mechanical) of composite 

-Emissions and high treatment chemical 
losses during hot pressing of treated 
fijrnish 
-Treated wood must be machined and 
associated concerns with treated waste 
shavings, sawdust must be addressed 

Post-process -Easy to apply after -Envelope protection only 
manufacturing done. •No aiding, drilling, or notching should 
-Does not require any be done without additional field 
modification of treatment 
manufacturing process. - Irreversible thickness swelling and 
-Machining of treated wood dimensional change 
not an issue -Other potential effects on mechanical 

properties 
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These methods are: 

• Treatment of the wood furnish (flake, fiber or particle) before or after 
drying using an additional sprayhead or blender system in the production 
process. 

• Mixing the preservative chemical with the adhesive or wax which is 
subsequently applied to the wood furnish in the blender. 

• Spraying the wood furnish with a preservative solution or emulsion, or 
mixing the powdered chemical with the furnish in the blender. 

• Metering a powdered preservative onto the dried wood furnish immediately 
before the blender. The powder and furnish is then mixed together in the 
blender. 

In-process preservative treatment has economic advantages since post-
treatment requires additional process steps that add cost to the product. An 
additional benefit of in-process treatment is the homogeneous distribution of 
preservative in the resulting wood composite product. However, problems can 
result if the preservative chemical negatively impacts the adhesive curing 
process or contributes to hazardous volatile organic compound emissions. As 
pointed out by Laks (5), a preservative system for in-process treatment of wood 
composites should have the following characteristics: 

• High stability and limited volatility during the processing conditions. 
• No interaction with the adhesive which could have an unfavorable effect on 

the bond formation. 
• No adverse effect on the mechanical properties of the resulting composite. 
• Low leaching during in-service. 

In this case, it is obvious that influences on the adhesive properties, such as gel 
time and adhesive wettability, may also impact the bondability of the 
constituents and the physical and mechanical properties of the resulting 
composite. Depending on the preservative and resin-adhesive used, it is also 
expected that different preservative-resin interactions will occur. 

In recent years, a great deal of research and development work has been 
performed with regard to the incorporation of borate as a preservative into 
flakeboard and oriented strandboard (OSB) furnish during the blending process 
(30-32). Moreover, zinc borate (ZB), applied in powder form, is currently the 
most commonly used preservative for in-process treatment of wood composites 
in North America (3). One critical problem in the use of borates as a 
preservative for wood composite panels bonded with PF resins is the interaction 
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between the borate and the resin during the manufacturing process of the panel, 
which could significantly decrease the resin gel time. A reduced ability of the 
resin to flow and cure properly could severely impact the resulting properties of 
the panel. Laks et al (30) reported that the addition of biologically effective 
levels of the water-soluble sodium borates or boric acid in PF-bonded 
waferboard had a detrimental effect on the bond strengths. However, no such 
effects were observed using a pMDI resin. Lee et al (32) showed that the gel 
time of phenolic resin used for oriented strandboard decreased as the amount of 
zinc borate increased. It was, however, also shown that the reduced gel time 
could be recovered by using polyethylene glycol (PEG) in combination with the 
borate. Correspondingly, Sean et al (31) investigated the effect of zinc borate 
treatment on the properties of phenolic bonded aspen OSB, and found that the 
adverse effect of borate on the adhesive fluidity and the resulting mechanical or 
Theological properties of the composite can be reduced by the addition of PEG 
into the panel composition. This effect was attributed to the PEG hydroxyl 
groups, which effectively can act as a flowing agent for the resin. It should, 
however, be noted that borate treatments are only suitable for protection against 
decay and insects attacks in nonleaching environments and not for ground 
contact or similar environments (33). 

Laks et al (7) tested the compatibility of newer organic preservative 
chemicals in aspen waferboard bonded with pMDI. The following preservative 
combinations were used: IPBC/chlorpyrifos; tebuconazole/cMorpyrifos; and 
tebucoiiazole/propiconazole/cMorpyrifos (TEB/PROP/CPF). It was observed 
that some loss of tebuconazole, propiconazole, and chlorpyrifos occurred during 
the manufacturing process with 83, 82, and 57% average recoveries of the 
target loading. Incorporation of these organic based preservatives did not 
introduce any negative effect on the strength or thickness swell stability 
properties of the waferboards tested. Overall, the TEB/PROP/CPF combination 
showed the best performance in soil block tests with an active threshold ratio of 
150/150 ppm TEB/PROP (7). 

Bridaux et al (34) investigated the effect of boric acid addition in MUF-
bonded poplar LVL on the mechanical properties of the resulting composite 
and also boron leaching effects. Interestingly, they showed that the 
incorporation of a boric-acid-water solution in the LVL glueline increases 
bonding strength when compared to LVL without the addition of boric acid. 
This effect was possibly due to water decreasing the viscosity of the glue, which 
improves its penetration ability. It was also found that the MUF glueline 
appears to be a good barrier against water and boron migration. Additionally, 
Padmanabhan et al (19) incorporated 1% sodium octaborate tetrahydrate and 
1% chlordaqp as a glue additive during manufacture of bamboo mat board 
bonded with PF adhesive. This treatment technique gave good resistance to 
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biological deterioration and had no adverse effect on the bond strength of the 
mat boards. 

Wood-thermoplastic composites have traditionally been viewed as building 
materials that are not prone to biodegradation. However, it has recently been 
reported that both brown- and white-rot fungi attack occurred after four-year-
exposure in Florida on a recycled wood-plastic composite (35). Also, Laks (3) 
noted that their research group has observed (in unpublished work) rapid 
fungal degradation of such composites at their test site in Hawaii. Accordingly, 
it may therefore be desirable to incorporate inorganic and thermally stable 
preservatives, such as zinc borate, during the extrusion of wood-plastic 
composites. Work on adding zinc borate to polyethylene-wood extrusion 
formulations has been done at Washington State University (28). Field testing 
of these materials in Hawaii is ongoing with early inspections indicating 
promising results. 

Post-process Treatment 

Wood composites such as oriented strandboard (OSB), medium density 
fiberboard (MDF), and particleboard are not suitable for post manufacturing 
treatment with waterborne preservatives because of problems with thickness 
swelling and/or surface roughness of the panels. For housing construction, the 
OSB panels are also often exposed to rain at the job site which could cause 
leaching of the preservative and therefore decrease the decay resistance. A good 
solution in this case may be pressure treatment with mineral spirits-based 
preservatives. Plywood, on the other hand, can be successfully treated with 
waterborne preservatives such as CCA, ACA and ACZA. Treatments applied 
under AWPA standards should not greatly affect plywood strength and stiffness 
(10). 

Kimmel et al (36) reported several characteristics of creosote treated 
hardwood and softwood LVL. Creosote treated LVL showed very uniform 
preservative distribution through the treated section when compared to solid 
lumber. This reduction in preservative gradient will ensure a more consistent 
penetration pattern throughout the cross-section of larger structural members 
(decks, bridge members etc.). They also reported that the thickness dimension 
was most sensitive to the preservative-related swelling and that the thickness 
swell for yellow-poplar LVL was 85% greater than its solid lumber counterpart, 
which still appears minor when compared to the volumetric swelling with 
water. Moreover, the flatwise and edgewise flexural modulus of elasticity and 
the shear strength in either parallel or perpendicular to adhesive line test 
orientation were not affected by the creosote treatment. 
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Merrick et al (37) presented data that suggested parallel strand lumber did 
not require incising to obtain AWPA acceptable retention or penetration of 
creosote when utilizing the Bethel (foil-cell) process. They also found that no 
significant dimensional changes resulted from the commercial treatment 
schedule. Additionally, Manbeck et al (38) found that post-treatment with 
creosote of glulam beams, made from red oak, red maple and yellow-poplar and 
face bonded with resorcinol-formaldehyde resin, had no adverse effect on bond 
quality and resulting mechanical properties. 

Non-conventional Treatments 

Non-conventional preservative application processes for wood composites 
that have been examined, but are not widely used commercially, include vapor-
phase and supercritical fluid treatment. Preservative and flame retardant 
treatment of wood composites using a vapor boron (VB) method has been 
thoroughly evaluated (33, 39, 40). The VB technique is carried out in a 
pressure vessel and employs a partial vacuum and elevated temperature (50°C) 
to vaporize methyl borate liquid to impregnate the dry wood panel (about 4% 
MC). The gaseous boron ether then reacts with the residual moisture within the 
wood to form unfixed boric acid and methanol. Compared with liquid diffusion 
treatment using solutions of boron salts, which normally requires several weeks 
of storage time, the boron gas phase technique could significantly reduce the 
treatment time to less than 30 hours. Complete borate penetration of various 
wood composites, including OSB, MDF, particleboard, ParaUam® and 
Timberstrand® was achieved using this method. Also, the vapor treatment did 
not negatively impact their mechanical and physical properties, such as 
modulus of rupture (MOR), internal bond strength (IB), bond durability, 
dimension stability and water absorption (40-42). 

Supercritical fluids (SCF), solvents generated under very high pressures 
(2000-4500 psi) and relatively low temperatures, act like gases in terms of easy 
diflusivity but have high solvating properties like liquids. They have been 
proposed as potential carriers for biocides (43). SCF treatment might prevent 
post-wetting of wood composites with wood preservatives and volatilization 
losses during the pressing if in-situ treatments are used. It has also been shown 
that the SCF treatment does not negatively impact the mechanical properties of 
plywood, flakeboard, MDF, and particleboard (43). However, the high capital 
cost for the sophisticated high-pressure equipment required for the SCF 
treatment presents a major obstacle in commercializing this process. 
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Variations in Treatability 

Mitchoff and Morrell (44) highlighted the variations in preservative 
treatability of plywood panels. Although the presence of lathe checks, core gaps 
and incomplete gluelines should promote better preservative penetrability, none 
of the panels tested were completely penetrated even at high retention levels. 
The envelope protection provided by preservative treatment might fail in severe 
exterior environments, leaving an untreated core of plywood that is prone to 
fungal and insect attack. Ruddick and Louwers (45) reported that 95% of 
Douglas-fir veneer strands were well penetrated by CCA in lightly incised 
Parallam®. In general, when sampling parallel to the wide face of veneer 
strands, the CCA retention was significantly influenced by both void volume 
content and assay depth. They also pointed out that a variation up to 6 kg/m3 

could occur in adjacent sapwood and heartwood veneer strands. 

Manufacture of Wood Composites from Durable Wood Species 

An environmentally desirable manufacturing practice being examined in 
wood composite research is the production of composites from durable wood 
species. Research of this nature has been reported in the literature, and 
commercial manufacture of wood composites from durable species is being 
practiced to a limited extent commercially. Heartwood of species like cedar 
would have a high potential to be used as furnish for flake- and particleboards 
for specialized exterior applications where enhanced resistance properties are 
desirable, e.g., siding. Haataja and Laks (46) evaluated the strength and 
biodegradation-resistance of flakeboards made with northern white cedar 
furnish and bonded with pMDI. Compared with controls of conventional 
flakeboards made with aspen furnish, the cedar boards proved to have excellent 
termite and decay resistance after long-term exposure in and above ground in 
Hawaii. These boards also retained their bending properties better after aging. 
However, the MOE for the cedar boards was significantly lower than for aspen, 
reflecting the higher (tensity of the latter. Hiziroglu and Kamdem (47) reported 
on improved decay resistance of black locust hardboard subjected to laboratory 
soil block tests. The mechanical properties of the boards were acceptable and, 
additionally, low thickness swelling was observed which was attributed to the 
high extractive content of the species. However, a high extractive content of the 
wood furnish could cause some processing difficulties, especially related to the 
bonding properties of the panels. 

Important issues in the manufacture of wood composites from durable 
wood species include a constant wood supply and markets for the product. 
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There is a manufacturer of wood plastic composite lumber that uses western red 
cedar in the formulation (48). 

Recycling Preservative Treated Wood into Composites 

Over the past 10 years, the issue of preservative treated wood disposal has 
prompted research in the recycling or re-use of preservative treated wood (8). 
Material processing issues in the recycling of preservative treated wood in 
composites include the impact of preservatives and wood weathering on 
adhesive bonding. The adhesive bonding of CCA treated wood was studied by 
Vick and Kuster (49), and Vick and Christiansen (50). Bonding problems may 
be experienced when producing composite materials from CCA-treated wood 
because of the presence of insoluble metal deposits that physically block the 
force of attraction between the wood and adhesive. On the positive side, the 
recycling potential of CCA-treated wood in flakeboard and particleboard is 
high (51-54). Vick and Geimer (51) found that adhesive bonding of southern 
pine treated with CCA preservative resulted in less durable bonds than those of 
untreated wood. Similarly, Mengeloglu and Gardner (53) found that 
flakeboards manufactured from CCA-treated lumber exhibited lower overall 
physical and mechanical properties than untreated controls. An interesting 
approach in this case is the application of the coupling agent 
hydroxymethylated resorcinol (HMR), which has been found to radically 
improve the bond durability between adhesives, such as resorcinolic, epoxy, or 
polymer isocyanate, and CCA-treated wood (55). Munson and Kamdem (52) 
investigated the mechanical and physical properties of PF-bonded 
particleboards manufactured from mixtures of untreated wood and CCA-treated 
red-pine utility poles furnishes and found that addition of 50 percent treated 
furnish did not significantly affect the board properties. Additionally, Zhang et 
al (54) concluded that artificial weathering had little influence on bondability 
of CCA-treated southern pine. The manufacture of cement-bonded 
particleboard using CCA-treated wood removed from service has also been 
examined (56). 

The material properties of wood composites manufactured from CCA-
treated wood are somewhat lower than from untreated wood, but the technical 
feasibility of manufacturing has been demonstrated. It should be pointed out 
that according to the results of a survey by Smith and Shiau (57), most 
respondents (including wood composite manufacturers and end users) were not 
in favor of using recycled treated wood particles in conventional wood 
composite manufacturing. Their primary concerns were the safety of workers 
and environmental problems that may arise with composite products that were 
made from treated wood. The respondents suggested uses for these products as 
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energy fuel (incineration), specialty treated wood composites, and wood-non-
wood composites 

The recycling of oil-borne preservative treated wood in composites can be 
considered more problematic compared to water-borne preservatives because of 
the potential for hazardous volatile organic compound (VOC) emissions during 
manufacture. The recycling of creosote-treated wood in particleboard has been 
examined (58, 59). Creosote-treated wood particles can be incorporated up to 
15 weight percent in particleboard furnish, with a positive effect on 
dimensional stability of resulting panels but a negative effect on mechanical 
properties. Creosote compounds emitted during particleboard manufacture 
include acenapthene, naphthalene, phenanthrene, fluorene, and 1-methyl-
naphthalene. Although the manufacture of particleboard from recycled 
creosote-treated wood is technically feasible, a safe and useful product with 
large potential market has not yet been identified. 

Some issues for future research in this area include methods for accurate 
identification of preservative before re-use in a process and liability for 
unforeseen future health issues arising from manufacture and application. 

Chemically Modified Wood Furnish 

Protection against decay and insect attack may also be accomplished by 
manufacturing the wood composite from chemically modified wood furnish. 
One example of this chemically modified wood concept is outlined by Rowell et 
al. (60) who observed enhanced resistance against termite and fungal attack of 
aspen flakeboards made from acetylated flakes bonded with phenolic or 
isocyanate resins. The mechanism of biological resistance in acetylated wood is 
likely due to decreased moisture sorption and substrate blocking. Further, 
Youngquist et al (61) reported that internal bond strength declined in 
flakeboards made from aspen flakes acetylated with acetic anhydride because of 
poor adhesive penetration into the flakes. It has, however, also been reported 
that particleboards made from acetylated poplar particles using thioacetic acid 
exhibited greater dimensional stability and decay resistance, but also 
significantly higher internal bond strength, maximum load and tensile strength 
compared to untreated boards (62). Hence, inclusion of an acetylation step in 
the processing of composites like OSB or particleboards may be an interesting 
alternative for obtaining better decay resistance. Isocyanates have also proven 
to be an effective modifying agent, which greatly increases the water repellency 
of wood, presumably due to the formation of chemical crosslinks between the 
resin and the wood constituents. 
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Chemical attack on wood constituents 

Besides the fact that the inclusion of preservatives in wood composites can 
induce problems related to the adhesive and the resulting bonding properties, 
the added chemical may also degrade the wood substance itself, especially when 
the product is subjected to elevated temperatures and varying humidities. A 
well-known example of this is the rapid and severe failure of acidic fire-
retardant-treated (FRT) plywood used as a roof sheathing material in the 
eastern US during the 1980's. In this case, the combination of acidic-fire 
retardant chemicals, high temperature, and high humidity that occurs in roof 
applications caused acid hydrolysis of wood components and subsequent rapid 
degradation and strength loss of the plywood (63). The hemicellulose 
constituents appear to be most affected by the FRT and exposure to high 
temperatures. Due to their lower hemicellulose content, softwoods generally 
exhibit higher resistance to chemical attack than hardwoods. It should be noted 
that this problem was not experienced by all FRT formulations. Improved 
formulations and standards have apparently corrected the problem. 

Biodegradation Modes of Wood-Based Composites 

Wood-based composite materials are increasingly used in exterior 
exposures, where conditions exist that are conducive to fungal, insect, and 
marine borer attack. Although the presence of resin in the wood composites 
may be expected to slow fungal attack, it has been reported over the past two 
decades that these composite products are experiencing failures due to fungal 
and insect attack (14, 64-67), particularly when they are exposed to high-
moisture conditions. Only limited data are available on the effects of fungal and 
insect deterioration on wood based composites even though the increasing 
occurrence of fungal attack in wood composites has been reported (14, 68, 69). 

Wood composite degradation can be analyzed in two categories: 

1. Degradation of the "solid wood component" of the composite (e.g., veneer 
in plywood, wood particles in plywood, fibers in MDF, etc.) 

2. Degradation of the adhesive 

In general, the fungal flora of wood composites appears very similar to 
fungi isolated from solid wood products since the majority of the composites 
consist of "solid wood" with only a few percent resin by weight depending on 
the final product Schmidt (68) reported the lack of detailed information 
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regarding the fungal flora map (isolated species of decay, mold fimgi and 
insects in different locations) of wood based composites throughout United 
States. Some decay and mold fungi species isolated from in-service wood based 
composite materials are shown in Table V. 

Fungi and bacteria can degrade some natural and synthetic based adhesives 
used in wood composites. ASTM D-4300 (70) specifies how to determine the 
susceptibility of adhesive films to biodegradation and whether the adhesive will 
carry sufficient anti-fungal properties into the glueline to prevent growth of 
fungi frequently present on wood composite materials. It was also reported (70) 
that Aureobasidium pullulans and variety malanigenum are very common stain 
and soft rot fimgi on wood products which deteriorate plastics and paint and 
might present a problem in adhesive degradation. 

Chung et al (69) investigated the effects of mold and stain fungi on the 
mechanical strength of fiberboard and concluded that fiberboard attacked by 
several mold fimgi showed approximately 12-18% weight loss, resulting in 
about 50 percent loss of strength. They also mentioned that mold fungi 
consumed hemicellulose and a-cellulose, whereas lignin was hardly attacked. 

Goodell et al (72) reported that no significant weight loses occurred in 
wood-cement composites exposed to common white- and brown-rot fungi. 
However, a change in permeability, increase in moisture uptake, and some 
alteration of surface properties were observed. They also concluded that only 
wood in surface regions would be accessible to fungal attack. 

Although there is information available on the chemical resistance of many 
wood composite adhesives, it is still very difficult to find any chemical exposure 
or long-term durability study focused on specific wood preservative chemicals. 
Information on the interaction of adhesives with the components of CCA 
[arsenic acid (As2Os), chromic acid (Cr03), copper oxide (CuO)], or 
components of creosote [benzene, hexane, toluene, xylene, naphthalene] is 
needed. This type of specific information would be very useful in predicting the 
short and long-term chemical resistance of adhesives and gluelines when 
exposed to specific wood preservative chemicals (73). 

Zabel and Morrell (77), Schmidt (68), and Smulski (6) have highlighted 
the importance of moisture entrapment for decay initiation in wood based 
composite materials. Particularly, misapplied coatings and over-layment which 
are supposed to prevent moisture uptake, can result in the entrapment of 
moisture inside composites thereby promoting fungal activity. These problems 
are generally associated with faulty design and poor construction practices 
which need to be addressed. 
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Chapter 26 

A Brief Overview of Non-Arsenical Wood 
Preservative Systems 

Tor P. Schultz and Darrel D. Nicholas 

Forest Products Laboratory, Mississippi State University, 
Mississippi State, MS 39762 

The principal U.S. wood preservative is currently chromated 
copper arsenate (CCA). However, the three CCA suppliers in 
the U.S. and the U.S. Environmental Protection Agency (EPA) 
have agreed to restrict CCA-treated wood to industrial use by 
2004. This chapter briefly reviews non-arsenical wood preser
vative and/or treatment systems which are commercial in the 
U.S. and/or other countries or may be in the process of being 
evaluated as viable candidates. 

INTRODUCTION 

The major U.S. wood preservative is water-borne chromated copper arsenate 
(CCA), with oil-borne pentachlorophenol (penta) and creosote used to a lesser 
extent. C C A , along with small amounts of ammoniacal copper zinc arsenate 
(ACZA) used in western North America, are currently used to treat about 80% of 
all preserved wood products in the U.S. (1) and at this time are essentially the only 
systems used to protect lumber for residential applications. C C A is an inexpensive 
and highly effective preservative and several EPA and other studies have found 
that CCA-treated wood poses negligible risk when used in residential construction, 

420 © 2003 American Chemical Society 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ch

02
6

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



421 

gardens or for items such as playground equipment. However, recent public 
perceptions in the U.S. on possible arsenic exposure led to a rapid agreement to 
restrict C C A to only industrial applications by 2004 in the U.S. Since the largest 
market for treated wood is residential, this will reduce production of CCA-treated 
wood products by about 70%. Canada wil l also shortly restrict C C A applications. 
Most European countries have already limited C C A use with further restrictions 
being considered, and Japan had earlier quickly changed to preservatives that do 
not contain arsenic or chromium. 

Three second generation (non-arsenical) water-based copper.organic biocide 
mixtures are currently commercially available in the U.S. and/or other parts of the 
world as C C A alternatives for ground-contact and above-ground residential use. 
These are the alkaline copper quat (ACQ), amine copper azole (CA), and copper 
bis-(N-cyclohexyldiazeniumdioxy) (Cu-HDO) systems discussed below. Based on 
data from many years of lab and field tests, together with commercial experience 
in the U.S., Europe, Japan and Australia for ACQ (and in Europe for CA and Cu-
HDO), these systems appear suitable alternatives to C C A for intended applica
tions. In addition, all of these systems are free of chromium, another metal which 
the E P A desires to reduce usage of. 

While copper(II) is not as acutely toxic or mutagenic as are arsenic or 
chromium, it may be subjected to potential environmental concerns. Many of the 
new coppenorganic systems apparently leach more copper than CCA-treated 
wood; this may be due to the absence of chromium which, in the C C A system, 
partly oxidizes the lignocellulosic material to provide relatively strong binding 
sites for copper. (Formulation research may diminish this problem in the future, 
however.) Also, the future disposal of metal-treated wood products may be 
relatively expensive and onerous, whether it be C C A or the newer second 
generation copperrorganic systems. [We consider the disposal of CCA-treated 
wood, rather than arsenic exposure, to be the major problem.] While research 
into, and mitigation of, the potential effects of copper are in progress, it is 
possible that copper-based preservatives systems may face future restrictions in the 
U.S. This is already the case with several European countries which, for their own 
particular reasons, wil l soon require non-metallic, totally organic wood preserva
tive systems. 

The objective of this chapter is to provide a brief overview of non-arsenical 
biocides and/or processes with the potential to protect wood and which may fil l the 
void left by C C A as its use is restricted. 

BIOCIDES 

As discussed in the chapters by Preston and Leightley, the market value for 
wood preservatives is relatively small and has a high liability potential. 
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Consequently, chemical companies have little incentive to develop new biocides 
solely to protect wood. Instead, many of the organic biocides discussed below were 
first developed for agrochemical markets and subsequently examined as wood 
preservatives. Furthermore, treated wood can be attacked by a wide variety of 
fungi and insects, and a preservative system must protect wood for a lengthy 
period during which the biocide level in the wood product can be reduced by 
various leaching and/or degradation mechanisms. Thus, preservative systems 
must be thoroughly tested by laboratory studies followed by lengthy outdoor 
exposure of wood treated with the system. While many biocides initially show 
promise, extended outdoor exposure studies may indicate shortcomings. Even 
after years of commercial use it is possible that an unforseen problem may arise 
with a particular system at a particular location and/or application. 

Organic biocides are usually considerably more expensive than C C A and most 
are not water soluble. Thus, to reduce costs and environmental concerns future 
biocide systems wil l likely use the minimal biocide retention necessary. In 
addition, new totally-organic systems wil l likely require the development of 
economical water-based emulsion formulations which are stable in a commercial 
operation. Finally, many of the new organic biocides are highly effective against 
many of the wood-destroying organisms but weak or inactive against other agents. 
Thus, future wood preservative systems wil l likely combine two or more biocides 
and/or insecticides. Additional requirements for any new biocide and wood 
preservative system are listed in the chapter by Leightley. 

The objective of this chapter is to briefly overview potential biocides and, 
thus, the many references which provide efficacy, toxicity, formulation and 
depletion data are not cited. The compounds or systems are listed alphabetically. 
Only those biocides which are already commercial or, in our opinion, appear to 
be viable pending further studies, are discussed. Additional references are 
available (2-5). 

Amine oxides (Fig. 1) have similar structures and properties as the quaternary 
ammonium compounds (quats) discussed below. They have been used as 
surfactants for some time but have only recently been examined as potential wood 
preservatives. Amine oxides have three alkyl groups (versus the four present in the 
quats discussed below), with typically two of the alkyls being methyls and the third 
a C 1 2 - C 1 6 alkyl with a coordinate covalent bond linking the nitrogen to oxygen. 
Amine oxides are water soluble but complex to acidic sites in wood to become 
fixed and thus should have good stability and leach resistant properties in wood. 
Another advantage is that amine oxides are surfactants and could possibly be used 
to develop oil-in-water emulsions for formulating organic biocides. These 
compounds will have a relatively low cost and, provided biological activity can be 
demonstrated, may be potential candidates for combining with other organic 
and/or copper biocides. No commercial preservative product is currently available. 
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The azoles, or more properly triazoles, include cyproconazole ([1H-1,2,4-
triazole-l-ethanol, a-(4-chlorophenyl)-a-(l-cyclopropylethyl)]), propiconazole 
((2RS,4RS)-2-(2,4-dichlorophenyl)-2'[l-lH-(l,24-maz 
diaxolane) and tebuconazole ((3RS)-5-(4-chlorphenyl)-2,2-dimethylethyl-3-(lH-
[1,2,4-triazole] methyl)-3-pentanol). They are highly active against wood 
decaying fungi, readily soluble in hydrocarbon solvents and exhibit good stability 
and leach resistance in wood. Although azoles have a high cost per unit weight, 
their high activity makes them comparatively cost effective. Disadvantages 
include minimal activity against sapstain and molds and no insect/termite activity 
and, thus, combinations with other fungicides and/or termiticides are necessary. 
These advantages and disadvantages suggest that azoles would be good candidates 
for combining with other biocides, and this is indeed the case. Copper azoles 
(CA), and other commercial preservatives in Europe which consist of an azole 
plus other biocides, are discussed below. 

Borates (Borax, boric acid, disodium octaborate tetrahydrate [DOT], sodium 
borate) are inorganic biocides containing boron as the active component, often as 
a mixture of borax and boric acid. Borates have extremely low mammalian 
toxicity and a broad range of activity against both wood decay fungi and insects. 
Borates are also inexpensive and readily soluble in water. However, due to 
borates' water solubility the use of borate-treated wood is limited to applications 
with minimal or no leaching exposure. As a sole preservative it is currently used 
commercially in Hawaii and many other parts of the world. Borates are also a 
component in two of the non-arsenical water-based copper:organic systems used 
in Europe, but the boron apparently quickly leaches out in most applications. In 
addition, chromated copper borate (CCB) and other similar systems are used in 
some European countries, and research in the U.S. has examined the combination 
of boron and copper. Borates are also used as a diffusible biocide for the remedial 
treatment of millwork and related applications in many countries. Due to the 
many advantages of borates, several groups have examined ways to reduce 
leaching. It may also be possible to use a borate/water repellent combination for 
applications with limited leaching potential. 

Busan 30 (2-(thiocyanomethylthio) benzothiazole, TCMTB) is an organic 
biocide with a broad range of activity against both wood decay fungi and insects, 
is readily soluble in hydrocarbon solvents and exhibits good leach resistance in 
wood. It may undergo slow microbial degradation, however. TCBTB is currently 
only used for sapstain and mold control in the U.S. and Europe. 

Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) is an organic biocide 
with very low mammalian toxicity, broad activity against wood decay fungi and 
insects, relatively low cost, and good stability and leach resistance in wood. Based 
on th^se favorable properties a major research effort in the 1990's examined 
chlorothalonil, either alone or in combination with the insecticide chlorpyrifos, as 
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a replacement for penta. This work resulted in encouraging efficacy data. 
However, the poor solubility of chlorothalonil in most organic solvents made 
formulation difficult and interest has waned. At the present time chlorothalonil 
is only used commercially for sapstain and mold control in the U.S. 

Copper azole (CA), without or with added boron (CBA), consisting of the 
combination of copper(II), boron, and tebuconazole (or propiconazole and 
tebuconazole), is one of the major non-arsenical water-based wood preservatives 
for above- and ground-contact use in European and Asian countries. CBA is listed 
in the American Wood-Preservers' (AWPA) Standards (6) as CBA-type A, with 
a coppenboric acid:tebuconazole composition of49:49:2. A modified formulation 
of CBA which does not contain boron has been just introduced in the U.S. CA, 
along with ACQ discussed below, wil l likely be one of the principal C C A 
replacements in North America. Formulation of CAs, and ACQ and Cu-HDO, 
often includes ethanolamine to minimize metal corrosion and improve biocide 
distribution but which increases the cost and the potential for mold on wet lumber. 

The organometallic copper bis-(N-cyclohexyldiazeniumdioxy) (Cu-HDO) 
(Fig. 1) exhibits good stability and leach resistant properties in wood (but the 
borate component quickly leaches). A water-based Cu-HDO product has just been 
proposed to the A W P A for above-ground use in the U.S. and is formulated with 
an organic amine with 93.6% of the copper as copper(II) carbonate and the 
remaining 6.4% copper as Cu-HDO, and a CuO:boric acid:HDO ratio of 
4.38:1.75:1. A similar product is one of the major above- and ground-contact 
wood preservatives currently used in many European countries. 

Copper bis (dimethyldithiocarbamate) (CDDC) is formulated with copper(II), 
ethanolamine and sodium dimethyldithiocarbamate (SDDC). Since copper reacts 
rapidly with SDDC to form an insoluble complex, a two-step treating process is 
required with this preservative system. This results in a very stable, non-leachable 
preservative with good activity against most wood-destroying fungi (but not 
copper-tolerant fungi) and insects in both above- and ground-contact applications. 
However, CDDC requires a dual treatment which adds to the cost. A treating 
facility was constructed in the U.S. but later converted to another use and CDDC-
treated wood is no longer available. 

Copper citrate (ammoniacal copper citrate, CO) is formed by the combination 
of copper(II) and citric acid. It is effective against most wood destroying fungi and 
insects but is weak against copper-tolerant fungi and may leach some copper. 
Thus, CC may be best suited for above-ground applications. It is currently listed 
in the A W P A Standards (6) but only very small amounts are available. 

Copper quats (alkaline copper quat, ACQ, amine copper quat, ammoniacal 
copper quat) are the combination of copper(II) and quaternary ammonium 
compounds (quats) discussed below, with a CuOiquat ratio of 2:1. The products 
can be formulated in aqueous solutions using either aqueous ammonia (e.g. ACQ-
type B), or an organic amine (e.g. ACQ-type D) which is relatively expensive and 
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thus increases the cost (6). [Chemical Specialities, Inc. has just won the 2002 
(U.S.) Presidential Green Chemistry Challenge Award based on thehACQ work.] 
Aqueous ammonia formulations enhance preservative penetration of refractory 
species such as Douglas-fir, while amine formulations provide color uniformity 
with pines. ACQ has been commercially available in the U.S. (as types B , C and 
D, depending on the formulation and type of quat) and Australia for about 10 
years, and even longer in Europe and Japan. As with CA, ACQ is expected to 
shortly be one of the major U.S. preservative systems. 

(Bis)-copper-8-quinoliriolate (oxine copper, copper-8, Cu-8) is an 
organometalic compound with very low acute mammalian toxicity, excellent 
stability and leach resistance, and broad activity against both decay fungi and 
insects. Cu-8 has been used for over 30 years in the U.S. It is very insoluble in 
water and most organic solvents and is thus difficult to formulate. A n oil soluble 
form is available using the relatively expensive nickel-2-ethylhexoate. A water 
soluble form made with dodecylbenzene sulfonic acid is available but the solution 
is highly corrosive to steel and requires special handling. Cu-8 is currently the 
only biocide listed in the A W P A Standards (6) for treating wood that wil l come 
in contact with foodstuffs. A small volume of Cu-8 is used in the U.S. for above-
ground applications and for sapstain and mold control, and minor amounts are 
sold to homeowners as a brush-on preservative. Some research on adding 
additional copper(II) to form the mono form of Cu-8 has recently been conducted. 

Copper naphthenate is an organometallic biocide made by combining 
copper(II) with naphthenatic acid mixtures. Copper naphthenate is relatively low 
cost and has been used for about 50 years in various biocide applications, 
including as a wood preservative during the WWII era. It has low mammalian 
toxicity, exhibits broad activity against decay fungi and insects, is readily soluble 
in hydrocarbon solvents and has good stability and leach resistance. Research 
examined copper naphthenate as an alternative to penta and creosote in the 1990's 
and found that it was a good preservative system. This led to commercial 
treatment of southern pine and Douglas-fir utility poles at some treating plants. 
Surprisingly, a small fraction of the pine poles experienced severe decay - some 
as early as two years after installation. Although the exact cause for the failure 
remains unknown, one conclusion was that copper naphthenate - and the other 
non-arsenical preservatives - may be more sensitive to handling in the treating 
plant than the C C A , creosote and penta systems. The problem seems to have been 
corrected and copper naphthenate is still used to treat some utility poles. Another 
commercial product used in several countries is the combination of copper 
naphthenate, borate, water and a thickening agent to form a paste which is 
applied as a remedial ground treatment to utility poles followed by an outer wrap 
of tarpaper or plastic. Small amounts of copper naphthenate are also sold over-
the-counter to homeowners. Copper naphthenate imparts a green color to wood; 
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for applications where this color is objectionable the colorless but slightly less 
effective zinc naphthenate can be used. A water-based system is available in the 
U.S. for non-pressure applications and which may be available in the future for 
pressure treating 

Dichlofluanid (7, l-dichloro-N-[(dimethylamino)sulfonyl]-l-fluoro-N-phenyl-
methanesulfenamide, DCFN) is a fungicide which is commercially available in 
Europe for control of stains and molds. DCFN is used in paints and wood stains 
in Europe. The authors do not have information on its efficacy and stability in 
wood or commercial usage in the U.S. 

The isothiazolone 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one (Kathon 930) 
is a biocide with moderately low mammalian toxicity, broad activity against wood 
decay fungi and termites, is soluble in hydrocarbon solvents and exhibits excellent 
stability and leach resistance in wood. Extensive research has shown that Kathon 
930 effectively protects wood in ground contact and it is a potential penta 
alternative. It is currently not used as a commercial wood preservative. 

Imidacloprid(l-[(6-chlorO'3-pyridinyl)methyl]-N-nitro-24midazoH^ 
is an insecticide available in Europe. In termite tests in Gainesville, F L , and Hilo, 
HI, imidacloprid had greater efficacy than chlorpyriphos. 

3-Iodo-2-propynylbutyl carbamate (IPBC, Polyphase) is an organic biocide 
with low mammalian toxicity, is readily soluble in hydrocarbon solvents and has 
a broad range of activity against wood decay fungi, but has no insect/termite 
activity and may be slowly degraded in wood. It is currently used in above-
ground applications for millwork and similar applications and in combination with 
DDAC for sapstain/mold control (NP-1). IPBC has been examined as a 
component in other wood preservative systems but interest has recently declined 
in the U.S. In Europe many combinations of IPBC and propiconazole, or IPBC, 
propiconazole and tebuconazole, both solvent- or water-borne, are used in above-
ground applications. Also, IPBC is the biocide in many of the over-the-counter 
wood preservatives sold as brush-on systems in the U.S. 

Polymeric xylenol tetrasulfide (PXTS) is an oligomeric material consisting of 
a mixture of alkylphenol isomers linked by chains of 2-10 sulfurs (Fig. 1) with a 
degree of polymerization (of phenolic units) of less than 22. This biocide has 
many of the same characteristics as creosote (dark color, fairly viscous so treating 
solutions need to be heated, and low cost), and essentially the same efficacy as 
creosote in protecting wood in marine or ground-contact exposures. One 
advantage of PXTS is that, being a oligomer, P-ATS-treated wood wi l l have 
minimal leaching which will reduce the loading needed to ensure long term 
protection. Thus, PATO-treated wood may be suited for environmentally-sensitive 
locations such as aquatic pilings. PXTS also exhibits low mammalian toxicity on 
tests run to date. If test results continue to be favorable and a suitable formulation 
developed PXTS may be a viable replacement for creosote or penta in certain 
industrial applications. 
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Several quaternary ammonium compounds (quats) have been extensively 
examined as potential wood preservatives, including didecyldimethylammonium 
chloride (DDAC, Bardac 22) and the alkyldimethylbenzyl ammonium chlorides 
(alkyl benzyldimethylammonium chlorides, benzalkonium chlorides, ABACs, 
ADBACs). The latter are usually sold as a mixture of compounds with C 1 2 - C 1 8 

alkyl groups. The quats have very low mammalian toxicity, are inexpensive, have 
broad activity range against wood decay fungi and insects, are readily soluble in 
both water and hydrocarbon solvents, and exhibit excellent stability and leach 
resistance due to chemical fixation reactions with wood. However, their efficacy 
is only moderate and when used alone to protect wood may be ineffective. Due to 
their surfactant properties and low cost quats are often combined with other 
biocides. For example, copper and quats are the active ingredients in ACQ types 
B, C and D, and DDAC plus IPBC (NP-1) is a commercial sapstain and mold 
agent. Quats will undoubtably continue to be considered in the development of 
future wood preservative systems. 

Several synthetic pyrethroids (Permethrin, Cypermethrin, Cyfluthrin, and 
Deltamethrin) are available. These compounds have low mammalian toxicity, 
exhibit good efficacy against insects (but are not fungicidal) and are soluble in 
many hydrocarbon solvents. In the U.S. research on the combination of a 
synthetic pyrethroid and fungicide has been conducted but no commercial 
applications exist at this time. In Europe several combinations of a synthetic 
pyrethroid and other biocide(s) are used, including benzalkonium chloride, 
permethrin, and tebuconazole, and cypermethrin and tebuconazole. 

Tributyltin oxide (TBTO) is an organometallic biocide which is fairly nontoxic 
to mammals and exhibits good activity against fungi and insects, is soluble in most 
hydrocarbon solvents and has good leach resistance. It is used commercially as 
an above-ground treatment for millwork and related applications in the U.S. and 
other countries. However, it has been shown to undergo slow dealkylation to form 
dibutyl and monobutyl compounds with greatly reduced fungicidal properties and, 
consequently, TBTO should not be used to treat wood which will be exposed to 
high decay hazard conditions. 

Zinc borate is an inorganic biocide with very low mammalian toxicity and 
cost, broad activity against fungi and insects and much greater leaching resistance 
than the borates. Thus, zinc borate is commercially used in the U.S. as an in-
process biocide for many wood composites including plastic wood and particle
board (see chapter by Gardner et al.). 

To summarize, for the residential U.S. market ACQ (B, C and D formula
tions) and CA [without boron] will likely be the principal water-borne CCA 
substitutes for treating lumber and some wood composites for both ground-contact 
and above-ground uses in the near future. The above systems are about three times 
more expensive than CCA and are more corrosive to metals, requiring some 
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capital expenditures by treating plants which convert from C C A to ACQ or CA. 
These systems generally appear to be about as effective as C C A at protecting wood 
in ground-contact and above-ground applications in North America, based on 
extensive field trials. CC is listed for both ground-contact and above-ground but 
may be best suited for above-ground use and wil l likely have limited availablility. 
Cu-HDO has just been submitted for standardization [use] for above-ground 
applications in the U.S. Zinc borate is currently used as an in-process preserva
tive for some wood composites, and borates could be more widely employed to 
treat lumber for non-leaching residential applications. Water-based copper 
naphthenate might be available in the future and could conceivably be used in 
certain residential applications. The presence of copper(II) could potentially 
impact the use and disposal of wood treated with copper: organic systems in the 
future. Consequently, totally organic systems, or borates for non-leaching 
applications, may be required in the future for certain applications and/or regions 
of the U.S.; this trend is already apparent in parts of Europe. While some organic 
biocides and/or biocide combinations have potential, at the present time no totally-
organic water-based system suitable for treating ground-contact wood for the U.S. 
residential markets has been proposed. Future totally-organic systems wil l likely 
consist of the combination of two or more biocides and possibly additional non-
biocidal additives and/or water repellents which are discussed below. The 
development and subsequent testing of effective totally-organic emulsion-borne 
preservative systems suitable for ground-contact use in the residential market wil l 
be arduous and require considerable time and resources, particularly in North 
America where alternative biocides have not been extensively used and where 
severe decay hazard locations or Formosan termites can exist. These systems wil l 
likely be very expensive relative to C C A . The performance of all preservatives, 
including C C A , varies in different parts of the world and a particular preservative 
system may not be suitable in certain applications or locations. Finally, as 
mentioned earlier even after years of commercial use it is possible that an 
unforseen problem may arise with a particular system. 

For industrial markets C C A will still - on paper - be available in the near 
future. However, the current negative public perceptions of C C A appear to be also 
affecting the industrial market. Several alternatives are available, including the 
first generation penta and creosote systems, the second generation water-borne 
copper-based A CQ and CA systems, and the oil-borne copper naphthenate system 
which is already commercially used to a limited extent. Several other totally 
organic oil-borne systems could be relatively quickly developed based on biocides 
such as chlorothalonil PXTS, Kathon 930 or an azole/insecticide combination, but 
would require a lengthy test period to ensure their effectiveness. C C A ' s high 
efficacy under extremely high hazard conditions suggests that C C A may continue 
to be available in the North America market, albeit at greatly reduced levels. 
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As mentioned earlier, for economic and environmental reasons biocide 
retentions of the newer systems will be reduced to as low a level as possible. 
However, the use of very low biocide retention levels is questionable because of the 
inherent variability in biocide retentions among individual boards in a given 
treating charge. Consequently, when a load of lumber is commercially treated the 
biocide retention will vary among the individual pieces and, thus, some fraction 
of the lumber or poles can have a relatively low biocide retention. The industry 
and appropriate regulatory and professional agencies wi l l need to carefully ensure 
that any future proposed system has sufficient biocide level(s) for satisfactory 
performance; i f any of the newer systems perform less than satisfactory the 
resulting negative public perceptions of wood-based construction materials wil l 
likely mean an even greater loss of market share to non-woody materials such as 
steel studs. 

H 3 ° \ 0 
H 3 C — N — O 

R 
R=C 1 2-C 1 6 Alkyl 
Amine Oxides 

I :cu; I 

Copper-HDO 

OH 

*2-U 

-Jn 
R = H or Alkyls, n < 20 

Polymeric Xylenol Tetrasulfide (PXTS) 

Figure 1. Selected compounds with the potential as wood preservatives 

NATURALLY DURABLE WOOD 

The heartwood of some woods are naturally resistant to fungal and/or insect 
degradation. Many environmentally-conscious homeowners have considered 
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building outdoor decks or purchasing outdoor furniture or playground equipment 
made using durable woods. While the use of naturally durable wood is feasible in 
certain applications, this approach has some limitations. Two of the major 
drawbacks are that the durable woods most commonly used in North America, 
western red cedar, redwood and cypress, are not highly durable and thus may have 
a relatively short service life in high hazard areas such as the southeastern U.S. 
(In Europe, larch and pine heartwood have gained some markets as "naturally 
durable woods".) Secondly, the annual growth of these woods is nowhere near the 
volume of pressure-treated wood annually produced in the North America, and 
public policy may restrict harvesting of native durable species on public lands. 
Alternatively, tropical wood species with decay resistance properties have been 
imported into temperate countries in lieu of preservative protected native lumber. 
It can be argued that this simply exports the problem of wood protection and 
sustainable wood use to other countries that do not limit the harvesting of durable 
wood species. Other concerns include the possible presence of the non-durable 
sapwood in decks or playground equipment; the variable durability in heartwood, 
even from lumber cut from the same tree; and the misconception that naturally-
durable woods are benign to humans. [Some of the general U.S. public apparently 
perceives the biocides used to treat wood as inherently dangerous, yet they have 
no concerns overusing some of the same biocides discussed above in personal care 
products such as shampoos and also consider naturally-durable wood to be benign. 
For example, creosote is a distillate of coal tar and composed of polyaromatic 
hydrocarbons and phenolics. Some of these compounds are reported to cause 
cancer and, consequently, several groups have requested that the EPA prohibit use 
of creosote. However, coal tar is a component in several medicated shampoos 
where use exposes individuals to relatively high levels of these same chemicals. 
Other biocides in shampoos include IPBC and quats, discussed above. On the 
toxicity of natural wood; quite a few people have died from using branches from 
the oleander bush to cook hotdogs. In contrast, the health hazards from C C A 
wood are minimal and only in extreme cases where misuse of treated wood has 
occurred, such as burning C C A wood indoors, have humans or animals suffered 
i l l effects. The dust from western red cedar is considered very harmful and 
commonly leads to respiratory problems and nasal cancer due to the presence of 
toxic extractives (which impart durability to this wood), but this wood can be 
safely used provided minimal safety precautions are taken.] 

NON-BIOCIDAL ADDITIVES 

In recent years our understanding of the basic wood decay process has been 
enhanced considerably. As a result it is now known that wood decay fungi utilize 
both enzymatic and non-enzymatic systems to degrade wood, with metals - either 
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free or as organometallics - as co reactants in many mechanisms. Many of the 
non-enzymatic reactions utilize free radical reactions to degrade wood. The above 
knowledge, and the fact the extractives in durable heartwoods are well known to 
have excellent antioxidant and metal chelating properties, suggested to us that 
antioxidants and/or metal chelators might be useful in wood preservative 
formulations. Subsequent laboratory experiments showed that the use of 
antioxidants or chelators alone were not effective as wood preservatives. However, 
further studies showed that when these compounds were combined with organic 
biocides they enhanced the activity several fold (see chapter by Green and Schultz 
for data). Thus, it appears that the efficacy of relatively expensive organic 
preservatives can be significantly enhanced by adding these relatively inexpensive 
and often benign compounds. Extensive field trials are now underway to evaluate 
the potential of this concept and the preliminary results are promising. 

WATER REPELLENTS 

In addition to protecting wood from biodegradation, a good wood preservative 
system should enhance the weathering characteristics of wood. Other than U V 
degradation, the swelling and shrinking of wood resulting from water sorption and 
desorption is the major cause of wood degradation that occurs when wood is 
subjected to exterior exposure. As a consequence, the addition of water repellents 
to wood preservative systems is highly desirable. In addition to improving the 
weathering characteristics of treated wood, durable water repellents also provide 
some degree of protection to wood against biodegradation by reducing the 
moisture content. Furthermore, water repellents have the potential to enhance 
biocidal activity by reducing leaching and lowering the moisture levels in wood 
exposed to rain. Because of these attributes, and the low cost of wax-based water 
repellents, it is anticipated that future wood preservative systems will incorporate 
durable water repellent components. Indeed, lumber treated with several 
formulations of a wax-based water-repellant and preservative combination is 
commercially available in North America, and the use of linseed oil-treated wood 
(with no co-preservative) is being studied in Europe. 

THERMAL TREATMENTS 

In the last decade a considerable amount of research in Europe has been 
devoted to improving the durability of wood by heat treatments. As a result of this 
effort, a number of processes have been developed and commercialized. A 
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common element of these treatments is subjecting the wood to temperatures close 
to or above 180°C for several hours in a low oxygen atmosphere, The oxygen 
levels are minimized by immersing the wood in a nitrogen atmosphere, or water 
or oil, during the heat treatment. These treatments cause some chemical 
degradation of the wood and, consequently, a reduction in mechanical properties 
- particularly impact bending strength which is generally reduced 50% or greater. 
The process also increases the permeability of the wood. On the positive side, the 
treated wood is considerably less hygroscopic with reductions in E M C values of 
up to 50%. The wood also exhibits significantly better dimensional stability, 
exemplified by reductions in shrinking and swelling in the range of 50-90%. The 
chemical modification also improves the decay resistance of the wood. 

Although the durability of heat treated wood is not equivalent to that of wood 
treated with preservatives, it does appear to perform satisfactory in some above-
ground applications. Furthermore, the improved dimensional stability improves 
the weathering characteristics which is highly desirable for some applications. 
However, the reduced wood toughness limits uses to non-structural applications. 
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biodegradation, 413-414 
degradation by fungi and bacteria, 

414 
interaction with components of 
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arsenate (CCA), 414 

wood composites, 402 
See also Wood composite protection 

Advanced decay, stage, 326 
Advanced oxidation process, hydroxyl 

radical generation, 170 
Alkaline copper quat (ACQ), 
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substitution, 421, 427-428 

Alloenzymes 
breeding systems, 367-368 
colony social organization, 366-

367 
genetic differentiation of termite 
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360-361 
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420 
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Appendages, isopods, 280, 282/ 
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iron, 177-178 
manganese, 178 
metal ions, 177-179 

Aromatic pollutants, brown rot fimgi, 
99 

Arthropods. See Wood boring 
arthropods 

Ascomycota, wood-decaying, 16 
Aspergillus, wood degradation, 51 
Assays. See Immunodiagnosis 
Atomic force microscopy (AFM), 

wood cell walls, 36-37 
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Bacteria 
adhesive degradation, 414 
attack of water sprayed pine wood, 

43 / 
decay and permeability, 42 
decay of birch wood fibers by 

myceliated, 50/ 
decay of lignified tissues, 42, 44-50 
degradation patterns, 6 
encapsulation, 48 
erosion (EB) and tunneling (TB) 

decay, 42, 44-50 
filamentous, 50 
interest in wood degradation, 45-46 
molds and blue stain fungi, 51, 52/ 
permeability of round wood, 40 
wood degradation, 5-6,40,42-51 

Bacterial symbionts, shipworms, 263, 
265 

Bait development, termites, 247 
Barriers, control of shipworm damage, 

268 
Basidiomycete fungi 

cavity formation, 65-66 
colonization of wood, 294 
detection and identification in 

culture, 349 
sequence data and specific primers, 

355 
white rot, 56 

Basidiomycota, wood-decaying, 16 
Basidiomycotina subdivision, brown 

rot fungi, 99 
Beer-Lambert law, lignin 

concentration, 87 
Bending stiffness 

above-ground decay test, 305/ 
wood decay, 297 

Biochemical mechanisms 
chemical modification of wood, 6 
wood decay and deterioration, 5 
wood degradation agents, 5 

Biocides 

amine oxides, 422, 429/ 
azoles, 423 
basic types, 393 
biocide/antioxidant/metal chelator 

combinations, 383-385 
(fc/s)-copper-8-quinolinolate, 425 
borates, 423 
chlorothalonil, 423^24 
combinations to control molds/stains, 

395-396 
combination with water repellents, 

386 
combining two or more, 380 
control of shipworm damage, 268 
copper azole, 424 
copper te(dimethyldithiocarbamate) 

(CDDC), 424 
copper bis-(N-

cyclohexyldiazeniumdioxy) (Cu-
HDO), 424,429/ 

copper citrate, 424 
copper naphthenate, 425-426 
copper quats, 424-425 
costs and environmental concerns, 

422 
dichlofluanid, 426 
efficacy, 381-382 
formulation needs, 392 
imidacloprid, 426 
3-iodo-2-propynylbutyl carbamate 

(IPBC), 426 
isothiazolone, 426 
market value and liability, 421-422 
Na-TV^iV-naphthaloylhycfroxamine 

(NHA) with, 387-388 
polymeric xylenol tetrasulfide 

(PXTS), 426,429/ 
potential organic, for wood 

protection, 394? 
preventing wood damage, 379-380 
protection against arthropods, 283, 

285 
public perception, 430 
quaternary ammonium compounds, 

427 
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regulatory requirements, 391 
requirements for ideal wood 

protection, 391-393 
synergism studies, 394-395 
synergistic examples, 395-397 
synergistic wood preservative 

mixtures, 396-397 
synthetic pyrethroids, 427 
2-(thiocyanomethylthio) 

benzothiazole, 423 
triazoles, 423 
tributyltin oxide, 427 
wood preservation, 4-5, 376 
wood protection, 393-394 
zinc borate, 427 
See also Non-arsenical wood 

preservative systems 
Biodegradation 
modes of wood-based composites, 

413-414 
wood, 34-35 
wood as substrate for, 35-36 
wood constituents, 413-414 
See also Metals in wood 

biodegradation 
Biodeteriogens 

fungi, 373-374 
insects, 373 

Biofilm, enzymes for removal, 222-
223 

Biogeography, arthropod borers, 277 
Biology 

brown rot fimgi, 9-100 
wood boring bivalves, 254-255 

Biosynthesis, lignin, 18 
Biotechnology, potential for pulp and 

paper, 211 
Birch wood, lignin concentration, 90/ 
(Bw>copper-8-quinolinolate, biocide, 

425 
Bivalves. See Wood boring bivalves 
Bleaching 

enzyme use, 215-220 
novel xylanases, 216-217 
variation in applications, 217-218 

xylanases in prebleaching, 215-216 
Blue stain fungi, wood degradation, 

51,52/ 
Borates 

biocides, 423 
use, 428 

Broad-spectrum biocides, control of 
shipworm damage, 268 

Brown rot fungi 
accumulating oxalate in growth 

media, 104 
aromatic ring of lignin, 103 
biochelators, 112 
biology, 99-100 
cavity formation by basidiomycete 

fimgi, 65-66 
cellobiose dehydrogenase iron 

reduction-autoxidation, 107-108 
cell wall porosity, 64 
characterization, 62 
chelator-mediated Fenton system 

(CMFS), 108-110 
comparing wood degraded by 

Gloeophylum trabeum, 129-131 
coniferous wood, 98 
Coniophora puteana, 102 
decay and non-decay fimgi, 112-113 
decay in natural environment, 99 
decay mechanisms, 65 
decay process, 98 
degradation mechanisms, 106 
degrading aromatic pollutants, 99 
depolymerizing cellulosic fraction of 

cell wall, 100 
enzymatic degradation, 105-106 
enzymes, 101-102 
Fenton-based free radical 

mechanisms, 106-113 
Fenton chemistry, 105-106 
Fenton chemistry and metal binding 

compounds, 112-113 
formation of bore holes, 99-100 
G. trabeum, 62, 63 
glycopeptide degradation, 106-107 
holocellulose degradation, 101-102 
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hydroxyl radicals, 141-142 
iron-binding compounds by G 

trabeum, 155 
lignin degradation, 102-103 
low pH environments, 104-105 
mechanism for wood degradation, 151 
mechanism producing hydroxyl 

radicals, 143/ 
metals, 105 
microstructural and ultrastructural 

studies, 62, 64 
non-enzymatic agents, 64 
oxalate and reduction of pH, 103-

105 
oxalate crystal corrosion, 104 
pH manipulation, 112 
primary wood decomposer in non-

aquatic environment, 347 
proposed brown-rot decay 

mechanism, 164,167 
quinone redox cycling, 110-111 
redox reaction between 0 2 and 

electron donors producing 
hydroxyl radicals, 143/ 

role of enzymes in wood decay, 160-
161 

siderophores, 108-109 
stages of decay, 326 
strength losses, 100-101 
thermochemolysis, 135-136 
white rot fungi versus, 98-99 
wood cell wall degradation, 62, 63 
wood cell walls, 100 
wood-decaying, 17 
See also Tetramethylammonium 

hydroxide (TMAH) 
thermochemolysis 

C 

Carbon-centered radicals, oxidations, 
11 

Carboxylate anion radical, wood-
degrading fimgi, 22, 24 

Catechol/p-hydroquinone chemistry 
chelation to metals, 183, 185 
coordination chemistry of catechols, 

183-184 
copper, 187 
dioxygenation reactions, 185 
equilibrium constants for 

coordination of catechol to metal 
cations, 186/ 

iron, 186-187 
manganese, 187 
reducing agents, 184 

Cavity formation 
basidiomycete fimgi, 65-66 
soft rot fimgi, 52, 53/ 
white and brown rot fungi, 66 

Cedar, manufacture of wood 
composites, 410-411 

Cellobiose dehydrogenase (CDH) 
flavoheme-proteins, 157 
formation, 80 
fungal degradation of lignin, 200 
iron reduction-autoxidation, 107-108 
oxidative and reductive reactions, 

20/21 
role in wood biodegradation, 158-

159 
synergy with manganese peroxidase, 

201 
Cellulases 

activity in termites, 248-249 
deinking, 222 
drainage of recycled fibers, 221-222 
fiber flexibility, 224 
pulping, 214 
pulp properties, 224 

Cellulose 
availability in wood cells, 37-38 
brown rot fungi, 101 
termite breakdown, 249-250 
wood component, 17, 35-36 

Cellulose aggregates, cell walls, 38-
39 

Cellulose binding domains 
biochemical role, 225 
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enzymes, 225-226 
Cellulose microfibrils, cell walls, 38 
Cellulotrophic symbioses 
terrestrial animals, 262 
wood boring bivalves, 263,264/ 

Cell wall 
brown rot fimgi, 100 
white rot fungi, 100 
See also Wood cell wall 

ultrastructure 
Cell walls, lignin concentration, 90/ 
Chelator, metal, 

biocide/antioxidant/metal chelator 
combinations, 383-385 

Chelator-mediated Fenton system 
(CMFS) 

pH differential, 110 
treatment of wood, 109-110 

Chelura, co-occurrence of Limnoria 
and, 280,281/ 

Chemical attack, wood constituents, 
413 

Chemically modified wood furnish, 
wood composites, 412 

Chemical modification, biochemical 
mechanisms, 6 

Chemical modifications of wood, 
control of shipworm damage, 268 

Chemical properties, soils, 306-307 
Chlorothalonil 
average decay and termite ratings 

with and without antioxidant, 385r 
biocide, 423-424 
combination with antioxidant, 384-

385 
See also Biocides 

Chromated copper arsenate (CCA) 
adhesive bonding, 411 
alternatives, 421 
control of shipworm damage, 267-

269 
environment, 3 
interaction of adhesives with, 414 
major U.S. wood preservative, 420-

421 

major wood preservative, 379 
material properties of composites 

from CCA-treated wood, 411-
412 

protection against teredinids, 283 
repellents for C C A treated wood, 

374-375 
See also Non-arsenical wood 

preservative systems 
Chromatographic immunoassay 
formats, 333, 335 
See also Immunodiagnosis 

Classification, wood decay fungi, 314 
Cloning, specific enzymes, 226 
Colloidal material, enzymes for 

removal, 222-223 
Colonization, microbial, of wood, 

293-294 
Colony structure, termites, 365-368 
Combinations, 

biocide/antioxidant/metal chelator, 
383-385 

Commercialization, heat treatments, 
375 

Competition, arthropod borers with 
other organisms, 279-280 

Composites. See Wood composite 
protection 

Compression strength 
soil block test, 299 
wood decay, 297 

Confocal laser scanning microscopy 
(CLSM), wood cell walls, 36-37 

Coniferous wood, brown rot 
degradation, 98 

Coniophora puteana, brown rot fungi, 
102 

Control 
arthropod borers, 283,285 
shipworm damage, 267-269 

Coordinated copper system 
delignification of hardwood and 

softwood, 92-93 
delignification of thermomechanical 

pulp (TMP) fibers by, 88 
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delignification of wood sections by 
different coordinated metal 
peroxide system, 88 

hypothetical pathway for generation 
of active oxidants from hydrogen 
peroxide, 81-84 

hypothetical pathway for generation 
of free radicals from lipid 
hydroperoxide, 84-85 

hypothetical pathway of 
delignification of native wood by, 
86/ 

lignin concentration by Beer-
Lambert law, 87 

lignin concentration of cell walls of 
birch wood, 90/ 

materials and methods, 86-88 
minimum incubation time of wood 

sections and TMP for native lignin 
delignification, 89/ 

quantitative assay, 90-91 
quantitative determination of native 

wood lignin, 87 
semi-quantitative and quantitative 

assay of capacity of, to degrade 
native wood lignin, 85 

semiquantitative assay, 88 
semiquantitative determination of 

native wood lignin on wood 
sections, 86-87 

Copper 
aqueous chemistry, 179 
catechol//?-hydroquinone chemistry, 

187 
Cu(II) reducing ability of 

glycopeptide, 147-149 
equilibrium constants for 

coordination of catechol to metal 
cations, 186/ 

Fenton chemistry, 188 
Fenton process, 188 
laccase isoenzyme patterns and 

regulation, 159-160 
laccases, 158 

non-enzymatic fungal decay 
mechanisms, 189-190 

oxalate chemistry, 183 
stability constants for coordination of 

oxalate anion to metal ions, 181/ 
See also Coordinated copper system 

Copper azole 
biocide, 424 
chromated copper arsenate (CCA) 

substitution, 421,427^28 
Copper fe(dimethyldithiocarbamate) 

(CDDC), biocide, 424 
Copper bis-(N-

cyclohexyldiazeniumdioxy) (Cu-
HDO), biocide, 424,429/ 

Copper citrate, biocide, 424 
Copper ions, free radical reactions, 14 
Copper naphthenate 

alternatives, 428 
biocide, 425-426 
use, 428 

Copper-organic mixtures, wood 
preservatives, 379 

Copper quats, biocide, 424-425 
Coptotermes formosanus 

cellulose breakdown, 249 
economic importance, 244 

Costs, shipworm damage, 257-258 
Creosote 

control of shipworm damage, 267-
269 

interaction of adhesives with, 414 
post-process treatment, 408-409 
preservative, 3 
protection against teredinids, 283 

D 

Damage, control of shipworm, 267-
269 

Decay 
early detection, 119-120 
ideal detection system, 325-326 
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recognition of early, 326 
stages, 326 
traditional field methods, 326 
See also Microbial decay rates 

Decay fimgi, in-service wood 
composites, 414,415/ 

Degradation 
bacteria, fimgi, insects and marine 

organisms, 5-6 
biochemical mechanisms, 5 
glycopeptide proposed mechanism, 

151 
plasma membrane redox potential, 

26, 27/ 
understanding, 5 
wood, 2 
See also Free radical chemistry; 

Hydroxyl radicals 
Degradative processes, wood 

destroying fimgi, 374-375 
Deinking, enzymes, 222 
Delignification 
hypothetical pathway of, of native 

wood, 85, 86/ 
See also Coordinated copper system 

Demethylation 
lignin, by tetramethylammonium 

hydroxide thermochemolysis, 
132-135 

relationship to side-chain oxidation, 
135-136 

Deoxyribonucleic acid (DNA) 
analysis 

applications and limitations, 355 
detection and identification in spruce 

wood, 350-351 
detection and identification of 

basidiomycetes in culture, 349 
detection and identification of 

degradative fimgi in early stages, 
347 

detection in oak wood and wood 
composites, 351, 354 

detection of degradative fungi in 
wood, 350-354 

detection of specific degradative 
genes, 348 

detection of wood decay fiingi in 
oriented strandboard (OSB), 
354/ 

environmental sampling, 348-349 
identifying white and brown rot 

fungi, 353/ 
PCR amplification of nuclear rDNA 

from total D N A from red spruce, 
352/ 

polymerase chain reaction (PCR) 
amplification of genomic D N A , 
347 

random amplified polymorphic D N A 
(RAPD) analysis, 350 

reverse transcriptase PCR ( R T -
PCR), 348 

sequence data and specific primers, 
355 

taxonomic relationships, 349-350 
temperature gradient gel 

electrophoresis (TGGE), 348-349 
Depolymerization agents, brown rot 

decay, 65 
Deposit removal, enzymes in pulp and 

paper industry, 222-223 
Detection 
wood deterioration, 7 
See also Deoxyribonucleic acid 

(DNA) analysis; 
Immunodiagnosis; Synchrotron 
techniques; Test methods 

Deterioration agents, humans battling, 
2-3 

Dichlofluanid, biocide, 426 
4,5-Dichloro-2-/?-octyl-3-isothiazole 

(DCOIT), biocide combinations, 
395-396 

Dihydroxybenzenes (DHBs) 
iron reducing biomimetics, 167-170 
See also Catechol/p-hydroquinone 

chemistry 
Dihydroxybenzoic acids (DHBAs), 

iron reducing biomimetics, 167-170 
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Dioxygenation reactions, catechol, 
185 

Directed evolution, enzyme 
optimization, 227-228 

Dispersal 
arthropod borers, 278-279 
termites, 361-364 

Disposal issues, wood products, 4 
Distribution 

environmental factors determining, 
278 

wood boring bivalves, 254-255 
D N A analysis. See Deoxyribonucleic 

acid (DNA) analysis 
Dot blot immunoassay 

decay fungi detection, 330, 331/ 
See also Immunodiagnosis 

Double antibody sandwich (DAS), 
enzyme-linked immunosorbent 
assay, 330 

Drainage, fibers recycling, 220-222 
Drywood termites, 244 
Durability, thermal treatments, 431-

432 
Durable wood, naturally, 429-430 
Durable wood species, manufacture of 

wood composites, 410-411 

E 

Early decay, stage, 326 
Ecology 

arthropod borers, 277-280 
termites, 359 

Economic importance, termites, 359 
Efficacy 

enzyme technology, 212-213 
enzyme treatment in recycling, 221 

Electron transfer, Fenton chemistry, 
188-189 

Elemental chlorine free (ECF), 
enzymes in pulp and paper industry, 
211 

Elements, requirements for wood 
decay fungi, 292/ 

Encapsulation, bacteria, 48 
Endoglucanases 

drainage of recycled fibers, 220-221 
pulping, 215 

Environment 
benefits for enzymes in pulp and 

paper industry, 211-212 
chromated copper arsenate (CCA), 3 
distribution of arthropod borers, 278 

Environmental concerns 
copper(II), 421 
wood preservative chemicals, 3 
wood products, 4 

Environmentally benign concepts 
biocide/antioxidant/metal chelator 

combinations, 383-385 
combining two or more biocides, 380 
Na-N'N-naphthaloylhydroxamine 

(NHA), 380 
N H A systems, 387-388 
non-biocidal additives, 380-382 
organic biocides, 381-382 
preservatives for residential use, 

379-380 
water repellents, 386 

Environmental sampling, polymerase 
chain reaction (PCR) technology, 
348-349 

Enzyme gene expressions, metal 
regulation of, 159-160 

Enzyme-linked immunosorbent assay 
(ELISA) 

direct, 330 
double antibody sandwich (DAS), 

330 
indirect, 330, 332/ 333 
methods, 330 
See also Immunodiagnosis 

Enzymes 
applications in pulp and paper, 211-

213 
brown rot fungi, 101-102 
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environmental and manufacturing 
benefits, 211-212 

fungal degradation of lignin, 199— 
200 

hydrolytic and oxidative, 201 
innovation and implementation, 212-

213 
lignin degradation, 197-198 
metal-containing, 155, 157-159 
paper recycling, 214 
pulp and paper processes, 213-214 
role in wood decay, 160-161 
site-specific changes, 226-227 
use in bleaching, 215-220 
use in fiber recycling, 214,220-222 
use in pulping, 214-215 
xylanases in prebleaching, 215-216 

Erosion decay 
aspects of bacterial, of wood cells, 

48/ 
bacterial degradation, 42,44-50 
decay pattern, 45 
encapsulation, 48 
scanning electron and transmission 

electron micrographs showing, 49/ 
soft rot fimgi, 54, 55/ 
white rot and soft rot, 44-45 

Euclidean Distance Squared (ED 2) 
Phanerochaete and Trametes 

libraries, 321/ 
wood decay fungal identification 

libraries, 317 
See also Fatty acid profiles 

Exotic hardwoods, control of 
shipworm damage, 267-268 

Extended X-ray absorption fine 
structure (EXAFS) 

representative spectra, 341/ 
synchrotron technique, 342-343 

Fatty acid methyl ester (FAME) 
profiles 

Sherlock Microbial Identification 
System, 314-315 

wood decay fimgi, 314 
See also Fatty acid profiles 

Fatty acid profiles 
creation of wood decay fungal 

identification libraries, 317 
E D 2 (Euclidean Distance Squared) 

for Phanerochaete and Trametes 
libraries, 321/ 

establishment of, by gas 
chromatography, 316-317 

Euclidean Distance Squared (ED 2), 
317 

extraction and esterification of fatty 
acids, 316 

fatty acid methyl ester (FAME), 314 
Phanerochaete and Trametes 

libraries, 323 
Phanerochaete chrysosporium (PC) 

library, 318 
preparation of fungal cultures, 315— 

316 
research methods, 315-317 
two-dimensional plot of data for PC 

library, 319/ 
two-dimensional plot of PC library 

B, 320/ 
wood decay fungi identification, 

314-315 
Feeding 

mechanisms of isopods, 280, 282/ 
shipworms, 261 
termites, 248-250 

Fenton chemistry 
active species formation, 167 
brown rot degradation of wood, 105-

106 
cellobiose dehydrogenase iron 

reduction-autoxidation, 107-108 
chelator-mediated Fenton system 

(CMFS), 108-110 
decay and non-decay fungi, 112-113 
dihydroxybenzene-driven, 170 
effluent treatment, 168, 170 
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glycopeptide degradation, 106-107 
hydrogen peroxide, 25 
inner-sphere electron transfer, 188-

189 
metal binding compounds, 112-113 
outer-sphere electron transfer, 188 
postulated inner-sphere mechanistic 

pathways and intermediates, 189/ 
quinone redox cycling, 110-111 
requiring hydrogen peroxide, 176 
siderophores, 108-109 
transition metals, 25 
white-rot fungi, 24-25 

Ferritin, superoxide, 12 
Fiber modifications, enzyme use, 223-

224 
Fiber recycling 

deinking, 222 
enzyme use, 220-222 
method development, 5 
refining and drainage, 220-222 

Field emission scanning electron 
microscopy (FE-SEM) 

F E - S E M showing cellulose 
macrofibrillar structure, 41 / 

wood cell walls, 36-37 
Food, wood as, 262 
Foraging, termites, 249-250 
Formulations, biocide properties, 392 
Free radical chemistry 

ferritin, 12 
hydrogen peroxide, 13 
nitric oxide and peroxynitrite, 12-13 
oxidations by oxygen, 10-11 
oxygen metabolism, 11 
superoxide, 12 
transition metal ions, 14 
See also Hydroxyl radicals 

Free radical reactions 
carboxylate anion radical, 22,24 
cellobiose dehydrogenase, 20/ 21 
feasibility, 29 
Fenton chemistry, 24-25 
hierarchy of free radicals, 27-29 
hydrogen peroxide, 25 

initiation, 19, 21 
laccases, 19, 20/21 
oxidation products of catalysis by 

enzymes from Phanerochaete 
chrysosporium, 23/ 

peroxidases, 19, 20/ 
predicting, 27-28 
propagation, 21-25 
semiquinone radicals, 24 
superoxide anion radical, 24 
transition metals, 25 
veratryl alcohol cation radical and 

manganese (III), 22 
Free radicals, hypothetical pathway 

for generation from lipid 
hydroperoxide, 84-85 

Function, gut of wood boring isopods, 
280, 283 

Fungal advanced oxidation process, 
hydroxyl radical production, 170 

Fungal decay, non-enzymatic 
mechanisms, 189-190 

Fungal degradation, lignin, 199-200 
Fungi 

adhesive degradation, 414 
degradation patterns, 6 
hydroxyl radical generation, 176/ 
isolation from wood composite 

products, 415/ 
strategies for development of 

biocides, 373-374 
surviving and growing in wood, 

380 
wood degradation, 5-6 
wood degradation by blue stain, 51, 

52/ 
See also Wood-degrading fungi 

G 

Gas chromatography, fatty acid 
profiles, 316-317 

Gene expression, metal-responsive cis 
elements (MRE), 159 
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Genetic identification, termite 
colonies, 364-365 

Genomic D N A 
genetic polymorphism in termites, 

363 
molecular marker method, 361 
See also Molecular genetic research 

in termites 
Gloeophyllum trabeum 
brown rot decay, 62, 63 
comparing wood degraded by, 129— 

131 
iron-binding compounds by, 

155 
mechanism producing hydroxyl 

radicals, 143/ 
tetramethylammonium hydroxide 

thermochemolysis, 132-135 
Glycopeptide 
Fe(III)- and Cu(II) reducing ability, 

149/ 
amino acid composition, 146/ 
background, 145-149 
carbohydrate composition, 

146/ 
ferric reducing ability, 147-149 
mechanism producing hydroxyl 

radicals, 143/ 
molecular weight, 145/ 
proposed mechanism for hydroxyl 

radical generation and reduction of 
Fe(III)toFe(II), 150/ 

protein, neutral carbohydrate, and 
Fe(II) content, 145/ 

wood degradation mechanism by 
fungi, 151 

See also Hydroxyl radicals 
Glycopeptide degradation 
brown rot fungi, 106-107 
structure of glycopeptide, 107 

Ground-contact field tests, 
chlorothalonil with antioxidant, 
384-385 

Gut structure and function, wood 
boring isopods, 280,283 

H 

Habits, wood boring, of shipworms, 
258 

Hardwood 
morphological features, 35, 38/ 
soft rot fungi, 54-55 

Heat treatments 
commercialization, 375 
durability of wood, 431-432 

Hemicellulases, drainage of recycled 
fibers, 221-222 

Hemicelluloses 
availability in wood cells, 37-38 
wood component, 17-18 

Hexaflumuron, termite bait, 247 
History 

shipworm damage, 257 
shipworms, 261 

Holocellulose degradation, brown rot 
fungi, 101-102 

Holomastigotoides hartmanni, hindgut 
termite species, 248 

Hormones, definition, 245 
Hydrogen ion concentration, microbial 

decay rates, 291 
Hydrogen peroxide 

free radical chemistry, 13 
hypothetical pathway for generation 

of active oxidants, 81-84 
white-rot fungi, 25 

Hydrolytic enzymes, lignin 
degradation, 201 

Hydroperoxyl radical, reactivity, 12 
/?-Hydroquinone/catechol chemistry. 

See Catechol//?-hydroquinone 
chemistry 

Hydroxyl radicals 
advanced oxidation process, 170 
brown rots, 141-142 
factors affecting generation, 147/ 
fungal advanced oxidation process, 

170 
generation by fungi, 176/ 
one-electron oxidation activity, 141 
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production by synergistic action, 204 
redox reaction between 02 and 

electron donors producing, 143/ 
soft rots, 144-145 
transition metal ions, 14 
white rots, 142, 144 
See also Glycopeptide 

Hydroxymethylated resorcinol 
(HMR), coupling agent, 411 

I 

Identification, wood boring 
arthropods, 273,277 

Identification libraries, creation of 
wood decay fungal, 317 

Imidacloprid, biocide, 426 
Immunoassays. See Immunodiagnosis 
Immunodiagnosis 
above-ground decay test, 305/ 
chromatographic immunoassay, 333, 

335 
diagram of particle capture 

immunoassay, 334/ 
dot blot immunoassay, 330, 331/ 
enzyme-linked immunosorbent assay 

(ELISA), 330, 333 
indirect ELISA, 332/ 
(PAT), 328, 329/ 
particle capture immunoassay, 333, 

335 
wood decay, 298 

Implementation, enzyme technology, 
212-213 

Incipient decay, stage, 326 
Industrial applications, oil-borne 

preservatives, 4 
Initiation, free radical reactions, 19-21 
Inner-sphere electron transfer, Fenton 

chemistry, 188-189 
Innovation, enzyme technology, 212— 

213 
In-process treatment 
advantages and disadvantages, 405/ 

borate incorporation, 406-407 
compatibility of newer organic 

preservatives, 407 
economic advantages, 406 
effect of boric acid addition, 407-

408 
preservatives for wood composites, 

404,406-408 
wood-thermoplastic composites, 408 
See also Wood composite protection 

Insects 
biodeteriogens, 373 
wood degradation, 5-6 

In silico Design, enzyme, 213,228 
Interactions, arthropod borers with 

other organisms, 279-280 
Intermediate decay, stage, 326 
Intracolonial structures, termites, 365-

368 
3-Iodo-2-propynyl butyl carbamate 

(IPBC) 
biocide, 426 
biocide combinations, 395-396 
Na-N'N-naphthaloylhydroxamine 

(NHA) with, 387-388 
Iron 
aqueous chemistry, 177-178 
catechol//?-hydroquinone chemistry, 

186-187 
electron transfer in Fenton chemistry, 

188-189 
equilibrium constants for 

coordination of catechol to metal 
cations, 186/ 

Fenton chemistry, 188-189 
non-enzymatic fungal decay 

mechanisms, 189-190 
stability constants for coordination of 

oxalate anion to metal ions, 181/ 
Iron binding compounds 
wood biodegradation, 155 
See also Metals in wood 

biodegradation 
Iron ions, free radical reactions, 14 
Iron reducing biomimetics 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ix

00
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



449 

2,3-dihydroxybenzoie acid (2,3-
D H B A ) , 167-168,170 

dihydroxybenzenes (DHBs), 167— 
168, 170 

Fenton chemistry, 168,170 
formation of DHB-Fe(III)-H 2 02 

transient complex, 168, 169/ 
kinetics and reaction mechanisms of 

Fe(ffl) reduction by 2,3-DHBA, 
168 

Iron reducing compounds 
brown rot decay mechanisms, 164, 

167 
o-dianisidine oxidation at different 

ferric iron concentrations by palo 
podrido filtrate, 166/ 

iron chelators, 161 
iron reduction by filtrates from palo 

podrido, 165/ 
occurrence in palo podrido, 162 
proposed structure of low molecular 

mass iron chelators in palo 
podrido, 163/ 

rate of o-dianisidine oxidation vs. 
initial ferric iron concentration, 
166/ 

See also Metals in wood 
biodegradation 

Iron reduction-autoxidation, cellobiose 
dehydrogenase, 107-108 

Iron-regulated proteins, expression, 160 
Isoptera. See Termites 
Isothiazolone, biocide, 426 

Juvenile hormone analogues, termites, 
246-247 

Laboratory and field tests 
biocide/antioxidant/metal chelator 

combinations, 383-385 
initial considerations, 382-383 
Na-N'N-naphthaloylhydroxamine 

(NHA) systems, 387-388 
scaling up laboratory techniques, 

381 
water repellents, 386 

Laboratory decay method 
initial evaluations, 382 
selection, 382-383 

Laccase mediators, pulp bleaching, 
218-220 

Laccases 
bonding of mechanical fibers, 224 
copper content, 158 
formation, 81 
fungal degradation of lignin, 200 
lignin degradation, 198 
lignocellulose degradation, 203-204 
oxidative and reductive reactions, 19, 

20/21 
pulp bleaching, 218-220 
synergy with manganese peroxidase, 

201 
Laminated strand lumber, protection, 

402 
Lasiodiplodia theobromae, blue stain 

fungi, 51,52/ 
Libraries. See Fatty acid profiles 
Life cycle strategy, wood boring 

isopods, 279 
Life history, shipworms, 261 
Life-style, termites, 359-360 
Lignification, degree and type in wood 

cells, 38 
Lignin 

chemical signatures of wood decay 
fimgi, 120 

chemical structure, 121-122 
chemistry, 121-122 
compositional changes with fungal 

decay, 129-132 
concentration by Beer-Lambert law, 

87 
degradation, 92-93 
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enzymes contributing to fungal 
degradation, 199-200 

Fenton reactions, 113 
fungal degradation, 199-200 
hardwoods vs. softwoods, 35-36 
semi-quantitative and quantitative 

assay of coordinated copper 
system for degrading, 85 

thermochemolysis by 
tetramethylammonium hydroxide 
(TMAH), 122-126 

thermochemolysis of decayed lignin, 
129-136 

thermochemolysis of undegraded, 
126-128 

wood component, 17-18, 35-36 
See also Coordinated copper system; 

Tetramethylammonium hydroxide 
(TMAH) thermochemolysis 

Lignin degradation 
brown rot fungi, 102-103 
enzymes, 197-198 
synergistic action of enzymes, 201 

Lignin demethylation, 
tetramethylammonium hydroxide 
thermochemolysis, 132-135 

Lignin peroxidases 
activity, 197-198 
formation, 80 
fungal degradation of lignin, 199 
iron-containing, 157-158 
lignin-degrading enzyme, 197 
pulp bleaching, 219 
requiring peroxide, 198 

Lignocellulose degradation 
laccase, 203-204 
lipid-mediated degradation of non-

phenolic lignin, 202 
mediators, 201-204 
thio-mediated degradation of non-

phenolic lignin, 202 
Limnoriidae 

co-occurrence of Limnoria and 
Chelura, 280, 281/ 

functional anatomy, 280,283 

genera, 273 
See also Wood boring arthropods 

Lipases, pulp and paper, 212 
Lipid hydroperoxide, hypothetical 

pathway for generation of free 
radicals, 84-85 

Lipids, formation, 80 
Living organisms, metals and 

metabolism, 157 
Low molecular weight peptides, 

formation, 81 
Lyrodus pedicellatus, symbiont 

phylotypes, 266 

M 

Macrofibrils, cell walls, 38-39, 41 / 
Manganese 

aqueous chemistry, 178 
catechol//7-hydroquinone chemistry, 

187 
contribution to wood degradation, 

156-157 
equilibrium constants for 

coordination of catechol to metal 
cations, 186/ 

oxalate chemistry, 182-183 
stability constants for coordination of 

oxalate anion to metal ions, 181/ 
veratryl alcohol cation radical and, 

22 
Manganese ions, free radical 

reactions, 14 
Manganese peroxidase 

activity, 198 
chelated Mn(III) as mediator, 

202 
formation, 79-80 
fungal degradation of lignin, 199-

200 
heme-containing, 197 
modifying polymers, 224 
pulp bleaching, 218-220 
requiring peroxide, 198 
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synergy with cellobiose 
dehydrogenase, 201 

synergy with laccase, 201 
Manufacturing, benefits for enzymes 

in pulp and paper, 211-212 
Marine organisms 

wood degradation, 5-6 
wood deterioration, 7 

Market, wood protection formulations, 
392-393 

Mass loss, wood decay, 296 
Mechanical properties 

above-ground decay test, 305/ 
bending stiffness, 297 
compression strength, 297 
immunodiagnosis, 298 
near infrared analysis, 298-299 
permeability, 298 
torsion strength, 297-298 
wood decay, 296-299 

Mechanisms 
non-enzymatic fungal decay, 189— 

190 
soft rot fimgi attack, 52 
wood boring by shipworms, 258 
See also Free radical chemistry 

Mediators 
formation, 81 
laccase, for pulp bleaching, 218-220 

Medium density fiberboard (MDF) 
protection, 402 
See also Wood composite protection 

Metabolism, oxygen, 11 
Metal binding compounds, Fenton 

chemistry and, 112-113 
Metal chelator, 

biocide/antioxidant/metal chelator 
combinations, 383-385 

Metal ions, aqueous chemistry, 177— 
179 

Metalloenzymes, free radical 
reactions, 14 

Metallo-proteins, wood 
biodegradation, 157 

Metal-responsive cis elements (MRE), 
gene expression, 159 

Metals, brown rot degradation, 105 
Metals in wood biodegradation 

active species formation during 
Fenton reactions, 167 

brown-rot decay mechanisms, 164, 
167 

copper-containing laccases, 158 
detection, 156 
o-dianisidine oxidation at different 

ferric iron concentrations, 166/ 
dihydroxybenzene (DHB)-Fe(III)-

H 2 0 2 transient complex, 168, 169/ 
element distribution, 156 
Fenton chemistry, 168, 170 
Fenton reactions, 167 
Fenton system, DHB-driven, 170 
flavoheme-enzyme cellobiose 

dehydrogenase (CDH), 157, 158-
159 

fimgal advanced oxidation process 
(FAOP), 170 

iron-binding compounds by 
Gloeophyllum trabeum, 155 

iron reducing biomimetics, 167-170 
iron reducing compounds, 161-167 
iron reduction by filtrates from palo 

podrido samples, 165/ 
kinetics and reaction mechanisms of 

Fe(III) reduction, 168 
lignin peroxidases, 158 
low molecular mass compounds 

(LMMCs), 161-162 
manganese contribution, 156-157 
metabolism maintenance, 157 
metal-containing enzymes, 155, 157-

159 
metal regulation of enzyme gene 

expressions, 159-160 
metal-responsive cis elements 

(MRE), 159 
occurrence of iron reducing 

compounds (IRCs), 162, 164 
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oxidative activity of DHB-driven 
systems, 168 

palo-podrido, 156, 162,164 
plant root systems, 156 
proposed structures for low 

molecular mass iron chelators in 
palo-podrido extracts, 163/ 

rate of o-dianisidine oxidation by 
palo podrido vs. initial ferric iron 
concentrations, 166/ 

role of enzymes in wood decay, 160— 
161 

Methylation 
pentachlorophenol, 28/ 
wood-rot fimgi, 26 

Microbial colonization of wood, 
microbial decay rates, 293-294 

Microbial decay rates 
hydrogen ion concentration, 291 
microbial colonization of wood, 293-

294 
nutrient and vitamin requirements of 

wood decay fungi, 292/ 
nutrient requirements of fungi, 291— 

293 
spore germination, 294-295 
temperature, 291 
variables influencing, 289-295 
water and oxygen, 289-291 

Microbial populations, soil, 307-308 
Mitochondrial DNA 
breeding systems, 367-368 
detecting matrilines in termite 

colonies, 366 
molecular marker method, 361 
restriction analysis, 363 
See also Molecular genetic research 

in termites 
Mitochondrial superoxide dismutase 

enzymes (MnSOD), superoxide, 12 
Mn(II) oxalate, formation, 79-80 
Models, wood cell walls, 37 
Moisture content 
accelerating decay rates, 302-303 
fungal decay of wood, 374 

soil contact decay tests, 305-306 
wood decay, 289-291 

Mold fungi 
biocide combinations to control, 

395-396 
biocides, 392 
inhabiting wood, 391 
in-service wood composites, 414, 

415/ 
Molds, wood degradation, 51, 52/ 
Molecular genetic research in termites 
alloenzymes, 360-361 
alloenzymes and mitochrondrial 

DNA studies on colony and 
breeding, 367-368 

alloenzymes for analyzing colony 
social organization, 366-367 

alloenzymes for investigating genetic 
differentiation, 362-363 

genetic identification of termite 
colonies, 364-365 

genomic DNA, 361 
genomic DNA markers, 363 
methods, 360-361 
mitochrondrial DNA, 361 
mitochrondrial DNA detecting 

matrilines in colonies, 366 
population differentiation and 

dispersal of termites, 361-364 
revealing possible breeding systems, 

368 
social organization and intracolonial 

structures, 365-368 
Monitoring, wood deterioration, 7 
Monoclonal antibodies, 

immunological probes, 327 
Mutations, enzyme altering, 227 
Myceliated bacteria, decay of birch 

wood fibers by, 50/ 

N 

Na-TV'TV-naphthaloylhydroxamine 
(NHA) 
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chelating compound, 380 
mechanisms, 380 
synergism with 3-iodo-2-propynyl 

butyl carbamate (IPBC), 387/ 
systems, 387-388 

National Synchrotron Light Source 
(NSLS), 338,339 

Native wood lignins. See Coordinated 
copper system 

Naturally durable wood, 429-430 
Near infrared analysis, wood decay, 

298-299 
Nitric oxide, free radical chemistry, 

12-13 
Nitrogen, requirements for wood 

decay fungi, 291-293 
Non-arsenical wood preservative 

systems 
amine oxides, 422,429/ 
azoles, 423 
biocide combinations, 428 
biocide retention, 429 
biocides, 421-429 
(6w)-copper-8-quinolinolate, 425 
borates, 423,428 
C C A substitutes, 421,427-428 
chlorothalonil, 423^24 
copper azole (CA), 424 
copper ^^(dimethyldithiocarbamate) 

(CDDC), 424 
copper bis-(N-

cyclohexyldiazeniumdioxy) (Cu-
HDO), 424,429/ 

copper citrate (CC), 424 
copper naphthenate, 425-426 
copper quats, 424-425 
dichlofluanid, 426 
imidacloprid, 426 
3-iodo-2-propynylbutyl carbamate 

(IPBC), 426 
isothiazolone, 426 
naturally durable wood, 429-430 
non-biocidal additives, 430-431 
polymeric xylenol tetrasulfide 

(PXTS), 426, 429/ 

quaternary ammonium compounds, 
427 

synthetic pyrethroids, 427 
thermal treatments, 431-432 
2-(thiocyanomethylthio) 

benzothiazole (TCMTB), 423 
triazoles, 423 
tributyltin oxide (TBTO), 427 
water repellents, 431 
zinc borate, 427, 428 

Nondestructive methods. See 
Synchrotron techniques 

Non-enzymatic agents, brown rot 
decay, 64 

Non-enzymatic degradation, brown rot 
fungi, 105-106 

Nuclear magnetic resonance (NMR), 
wood cell walls; 36-37 

Nutrient requirements of fungi, 
microbial decay rates, 291-293 

Nutrients, requirements for wood 
decay fimgi, 291-293 

O 

Oak wood, detection of degradative 
fungi, 351, 354 

One-electron oxidation. See Hydroxyl 
radicals 

Optimization, directed evolution of 
enzyme, 227-228 

Oriented strandboard 
detection of degradative fungi, 354/ 
protection, 402 
See also Wood composite protection 

Oudemansiella mucida, cavity 
formation, 65 

Outer-sphere electron transfer, Fenton 
chemistry, 188 

Oxalate and pH reduction, brown rot 
fungi, 103-105 

Oxalate chemistry 
aqueous solution under photolytic 

conditions, 181 
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coordination of oxalate dianion to 
transition metal cations, 179-180 

copper, 183 
formation of radical anion of carbon 

dioxide, 181 
iron, 181-182 
manganese, 182-183 
stability constants for coordination of 

oxalate anion to metal ions, 181/ 
Oxalate crystal, brown rot fungi, 104 
Oxalate production, white and brown 

rot fungi, 104 
Oxidants, hypothetical pathway for 

generation from hydrogen peroxide, 
81-84 

Oxidases, hydrogen peroxide, 13 
Oxidation of lignin. See Coordinated 

copper system 
Oxidations, oxygen, 10-11 
Oxidative enzymes, lignin 

degradation, 201 
Oxidative processes, wood destroying 

fimgi, 374 
Oxygen 

level in soil, 307 
metabolism, 11 
oxidations by, 10-11 
wood boring bivalves, 255 

Oxygen and water, microbial decay 
rates, 289-291 

P 

Palo podrido 
o-dianisidine oxidation at different 

ferric iron concentrations by 
filtrate, 166/ 

iron reducing compounds (IRCs), 
164, 167 

iron reduction by filtrates from, 165/ 
occurrence of iron-reducing 

compounds, 162 
origin of compounds in, 162 

proposed structure of low molecular 
mass iron chelators in, 163/ 

rate of o-dianisidine oxidation vs. 
initial ferric iron concentration, 
166/ 

term, 156 
See also Metals in wood 

biodegradation 
Paralimnoria, wood boring, 273 
Particle agglutination test (PAT) 
test method, 328, 329/ 
See also Immunodiagnosis 

Particle board (PB) 
protection, 402 
See also Wood composite protection 

Particle capture immunoassay 
chromatographic immunoassay, 333, 

335 
diagram, 334f 
See also Immunodiagnosis 

Penicillium, wood degradation, 51 
Pentachlorophenol, methylation by 

wood-rot fimgi, 26, 28/ 
Peptides, low molecular weight, 

formation, 81 
Performance criteria, product 

approvals, 376-377 
Permeability, wood decay, 298 
Peroxidases 

mechanism of oxidation, 19, 20/ 
metal-containing, 157-158 
modifying polymers, 224 
pulp bleaching, 218-220 
requiring hydrogen peroxidase, 198 
veratryl alcohol cation radical and 

manganese, 22 
Peroxynitrite, free radical chemistry, 

12-13 
Phanerochaete chrysosporium 

extracellular structures, 76 
gene for cellobiose dehydrogenase 

(CDH), 159 
library, 318, 321/ 
lignin degradation, 197-198 
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methylation of pentachlorophenol, 
28/ 

oxidation products of catalysis by 
enzymes from, 23/ 

oxidative and reductive reactions by 
enzymes from, 20/ 

similarity indices for identification of 
blind samples, 322/ 

two-dimensional plot of all data for 
library, 319/ 

two-dimensional plot of library B, 
320/ 

See also Wood-degrading fungi 
Phanerochaete library 

Euclidean Distance Squared (ED 2), 
321/ 

fatty acid profiles, 323 
See also Fatty acid profiles 

Phenoloxidase, lignin degradation, 
198 

p H environments, brown rot fungi, 
104-105 

Pheromones, termite control, 245 
Phlebia tremellosa, comparing wood 

degraded by, 129-131 
Pholadacea superfamily 

wood boring bivalves, 254 
See also Wood boring bivalves 

Phosphorus, requirement for wood 
decay fungi, 291-292 

pH reduction, brown rot fungi, 103-
105 

Physical barriers, control of shipworm 
damage, 268 

Physical properties, soils, 306-307 
Physiology, termites, 246-247 
Plasma membrane redox potential, 

wood-degrading fungi, 26, 27/ 
Pollutants, aromatic, brown rot fungi, 

99 
Polyclonal antibodies, immunological 

probes, 327 
Polyethylene glycol (PEG) model, 

brown rot fungi, 110-111 
Polymerase chain reaction (PCR) 

environmental sampling, 348-349 
PCR amplification of genomic D N A , 

347 
reverse transcription PCR ( R T -

PCR), 348 
See also Deoxyribonucleic acid 

(DNA) analysis 
Polymeric xylenol tetrasulfide 

(PXTS), biocide, 426,429/ 
Population differentiation, tennites, 

361-364 
Population dynamics, arthropod 

borers, 278-279 
Post-process treatment 

advantages and disadvantages, 405/ 
preservatives for wood composites, 

408-409 
See also Wood composite treatment 

Prebleaching, xylanases, 215-216 
Prediction, free radical reactions, 27-

28 
Preferential decay, white rot, 57, 60-

62, 78 
Preservatives 

application to wood composites, 402 
chemical names and acronyms, 401/ 
in-process treatment, 404, 406-408 
non-arsenical wood, 7 
non-conventional treatments, 409 
post-process treatment, 408-409 
pressure systems forcing, 3 
protecting wood composites, 400, 

402 
restrictions, 3 
typical, 403/ 
wood systems, 7 
zinc borate, 402,406-407 
See also Wood composite protection 

Propagation, free radical reactions, 
21-25 

Protection 
chances of success, 376 
demands for formulations, 392-393 
global market for chemicals, 391 
potential organic biocides, 394/ 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ix

00
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



456 

requirements for ideal wood biocide, 
391-393 

treated wood products, 376-377 
wood modification processes, 375 
wood systems, 7 
See also Biocides; Environmentally 

benign concepts; Wood composite 
protection 

Pseudotrichonympha grassii, hindgut 
termite species, 248 

Public perceptions 
biocides, 430 
wood products, 4 

Pulp and paper industry 
cellulose binding domain, 225-226 
coordinated copper system, 93 
deinking, 222 
deposit removal, 222-223 
environmental and manufacturing 

benefits of enzymes, 211-212 
enzyme applications, 211-213 
enzyme use in bleaching, 215-220 
enzyme use in fiber modifications, 

223-224 
enzyme use in fiber recycling, 220-

222 
enzyme use in pulping, 214-215 
enzymes for pulp bleaching, 218-220 
innovation and implementation, 212-

213 
in silico design of enzyme, 213, 228 
modifying enzymes for activity, 226-

228 
novel xylanases, 216-217 
processes, 213-214 
production and status, 211 
recycling, 214 
refining and drainage in recycling, 

220-222 
white rot fungi, 98-99 
wood, 75 
xylanases in prebleaching, 215-216 
xylanase variation in applications, 

217-218 
Pulping, enzyme use, 214-215 

Pycnoporus cinnabarinus, laccase for 
lignin degradation, 200, 203 

Q 

Quaternary ammonium compounds, 
biocides, 427 

Quinone redox cycling, brown rot 
fimgi, 110-111 

R 

Random applied polymorphic D N A 
(RAPD) analysis, taxonomic 
relationships, 350 

Recycling. See Fiber recycling 
Recycling products 
method development, 5 
oil-borne preservative treated wood, 

412 
preservative treated wood into 

composites, 411-412 
sources, 221 

Refining, fibers recycling, 220-222 
Regulation, enzyme gene expressions 

by metals, 159-160 
Reproduction, shipworms, 261 
Residential use, wood preservatives, 

379 
Retention, biocides, 429 
Reticulitermes, economic importance, 

244 

S 

Salinity 
local distribution of arthropod borers, 

278 
wood boring bivalves, 255 

Sclerophomapityophila, blue stain 
fungi, 51, 52/ 

Selective, white rot, 57, 60-62, 78 
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Semiquinone radicals, free radical 
reactions, 24 

Sequence data, wood decay 
basidiomycetes, 355 

Shipworms 
bacterial symbionts, 263,265 
broad-spectrum biocides, 268 
cellulotrophic symbioses in wood 

boring bivalves, 263,264/ 
chemical modification of wood, 268 
chromated copper arsenate (CCA), 

267 
control in relation to ecological 

position of, 269 
control of, damage, 267-269 
costs of damage, 257-258 
creosote treatment, 267 
damage by, activity to red oak pile, 

259/ 
diagram of, in burrow, 256/ 
enzymes of Teredinibacter, 265-266 
exotic hardwoods as replacements, 

267-268 
feeding, 261 
function of symbioses, 266-267 
history of damage, 257 
life history and reproduction, 261 
mechanism of wood boring, 258 
scanning electron micrograph 

showing shellteeth ofXylophaga 
washingtona, 260/ 

shipworm shell, 260/ 
symbiont phylotypes in Lyrodus 

pedicellatus, 266 
symbionts, 263-267 
Teredinibacter turnerae, 265 
treatments mimicking natural 

resistance, 268 
wood boring bivalves, 255,257 
wood boring habits, 258 
wraps and physical barriers, 268 
See also Wood boring bivalves 

Side chain oxidation, relationship to 
demethylation, 135-136 

Siderophores, term, 108-109 

Similarity index 
blind Phanerochaete chrysosporium 

samples, 322/ 
wood decay fungal identification 

libraries, 317 
See also Fatty acid profiles 

Simultaneous decay, white rot, 57-60 
Slime removal, enzymes, 222-223 
Social organization, termites, 365— 

368 
Soft rot fungi 
attack of treated lumber, 52 
erosion decay, 54, 55/ 
hard- vs. softwoods, 54-55 
hydroxyl radicals, 144-145 
mechanism for wood degradation, 

151 
mechanisms of attack, 52 
role of enzymes in wood decay, 160, 

169 
scanning electron and transmission 

electron micrographs showing 
cavity formation, 53/ 

term, 51-52 
wood-decaying, 17 

Softwood 
cell wall layers, 38/ 
composition changes with fungal 

decay, 131-132 
features, 35 
model of wood cell walls, 37 
soft rot fungi, 54-55 

Soil block test 
biocide/antioxidant/metal chelator 

combinations, 383-385 
compression strength, 299 
efficacy against wood decay fungi, 

299-300 
laboratory decay test, 382-383 
limitations, 300 
spore germination, 300 

Soil contact decay tests 
accelerating decay rate, 304-305 
chemical analysis of soils, 308/ 
microbial analysis of soils, 308/ 
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microbial populations in soil, SOT-
SOS 

moisture control, 305-306 
new soil bed design, 308-309 
oxygen level in soil, 307 
physical and chemical properties of 

soil, 306-307 
relationship between soil moisture 

content (MC) and wood M C , 
307/ 

schematic of soil test tube apparatus, 
309/ 

testing wood preservatives, 303-304 
Soils 
microbial populations, 307-308 
physical and chemical properties, 

306-307 
Specific primers, wood decay 

basidiomycetes, 355 
Sphaeromatidae 
damage to timber structures, 273, 

274/ 
functional anatomy, 280,283 
See also Wood boring arthropods 

Spirotrichonympha leidyi, hindgut 
termite species, 248 

Spore germination 
microbial decay rates, 294-295 
soil block test, 300 

Sporotrichum pulverulentum, lignin 
degradation, 197 

Spruce wood, detection and 
identification of degradative fungi, 
350-351 

Stain fimgi 
biocide combinations to control, 

395-396 
biocides, 392 
inhabiting wood, 391 

Strandboard, detection of degradative 
fimgi in oriented, 354/ 

Strength losses, brown rot fungi, 100— 
101 

Structure 
gut of wood boring isopods, 280,283 

See also Wood cell wall 
ultrastructure 

Subterranean termites, 244,249-250 
Sulfur-centered radicals, oxidations, 

10 
Supercritical fluids (SCF), 

preservative treatment, 409 
Superoxide, free radical chemistry, 12 
Superoxide anion radical, free radical 

reactions, 24 
Symbioses 
bacterial symbionts of shipworms, 

263,265 
cellulotrophic, in terrestrial animals, 

262 
cellulotrophic, in wood boring 

bivalves, 263, 264/ 
enzymes of Teredinibacter, 265-266 
function of shipworm, 266-267 
shipworm, 263-267 
Teredinibacter tumerae, 265 

Synchrotron techniques 
extended X-ray absorption fine 

structure (EXAFS), 342-343 
high intensity electromagnetic 

radiation, 338-339 
microtomographic images of control 

Southern yellow pine wood, 344/ 
microXANES spectra of manganese 

oxidation in Southern yellow pine 
wood, 342/ 

National Synchrotron Light Source 
(NSLS), 338,339 

radiation path in bending magnet and 
wiggler insertion devices, 339/ 

representative X A N E S and E X A F S 
spectra, 341/ 

schematic of synchrotron radiation, 
339/ 

X-ray absorption near edge structure 
(XANES), 341-342 

X-ray absorption spectroscopy 
(XAS), 340-343 

X-ray computed microtomography 
(XCMT), 343 
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X-ray fluorescence spectroscopy 
(XFS), 340 

Synergy 
biocide combinations to control 

molds/stains, 395-396 
biocide studies, 394-395 
enzymes in lignin degradation, 201 
wood preservative mixtures, 396— 

397 
Synthetic pyrethroids, biocides, 427 
Systematics 
wood boring arthropods, 273,277 
wood boring bivalves, 254 

T 

Taxonomy 
relationships among fungi, 349-350 
white rot fungi, 76-77 

Temperature 
heat treatments, 375, 431-432 
microbial decay rates, 291 
wood boring bivalves, 255 

Temperature gradient gel 
electrophoresis (TGGE), 
environmental sampling, 348-349 

Teredinibacter 
enzymes, 265-266 
T turnerae, 265 

Teredinids 
life history and reproduction, 261 
shipworms, 254 
See also Wood boring bivalves 

Termites 
bait development, 247 
biology, 359-360 
breakdown of cellulose, 249-250 
cellulases, 248-249 
division of labor, 243 
drywood, 244 
ecological and economic importance, 

359 
economic importance, 244 
feeding, 248-250 

foraging strategies, 249-250 
hindgut microfauna species and 

number, 248 
importance of cellulose, 243-244 
interrupting integument formation 

during molting, 247 
Isoptera, 243 
juvenile hormone analogues, 246-

247 
life-style, 359-360 
nutrition, 246 
overall biology, 244 
pheromones, 245 
physiology, 246-247 
social structure, 243 
subterranean, 244 
wood deterioration, 7 
xylophagous, 243-244 
See also Molecular genetic research 

in termites 
Terrestrial animals, cellulotrophic 

symbioses in, 262 
Test methods 

above-ground decay tests, 300-
303 

accelerating decay rates, 302-303 
bending stiffness, 297 
compression strength, 297 
detecting and measuring wood decay, 

295-299 
immunodiagnosis, 298 
inadequate, 289 
mass loss, 296 
mechanical properties, 296-299 
microbial populations in soil, 307-

308 
moisture control in soil contact tests, 

305-306 
near infrared (NIR) analysis, 298-

299 
new soil bed design for soil contact 

test, 308-309 
permeability, 298 
physical and chemical properties of 

soils, 306-307 
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relationship between soil moisture 
content (MC) and wood M C , 
307/ 

soil block test, 299-300 
soil contact decay tests, 303-309 
torsion strength, 297-298 
visual observation, 296 

Tetramethylammonium hydroxide 
(TMAH) thermochemolysis 

analytical procedure, 120-121 
average dihydroxyl and 

polysaccharide content from, of 
brown rot, 134/ 

1 3 C - T M A H / T M A H , of degraded 
lignin, 129-136 

1 3 C - T M A H / T M A H , of undegraded 
lignin, 126-128 

changes in lignin monomer 
composition with fungal decay, 
129-132 

changing lignin chemistry, 120,129 
chemical structures for monomers 

released upon, of lignin, 123/ 
comparing methods, 126 
comparing partial GC/MS 

chromatograms of fresh and 
degraded sapwood, 130/ 

comparison of three degraded 
softwoods, 131-132 

dihydroxyl content for major T M A H 
lignin monomers, 133/ 

examining lignin demethylation by, 
132-135 

in-line methods, 125-126 
lignin by, 122-126 
lignin demethylation, 132-135 
lignin side-chain oxidation in 

degraded wood, 131 
long-term inoculation studies of red 

spruce sapwood, 134-135 
method of application, 124-126 
off-line analysis of wood, 125 
partial chromatograms for GC/MS 

analysis from, of fresh southern 
pine and fresh birch wood, 127/ 

relationship between demethylation 
and side-chain oxidation, 135-136 

soft-rot wood decay, 132 
specific bond cleavage, 128 
use of 1 3 C - T M A H , 124, 125/ 
white- and brown-rot fungal 

inoculation, 135-136 
Thermal treatments, 431-432 
Thermochemolysis. See 

Tetramethylammonium hydroxide 
(TMAH) thermochemolysis 

2-(Thiocyanomethylthio) 
benzothiazole (TCMTB), biocide, 
423 

Time, wood protection, 4-5 
Torsion strength, wood decay, 297-

298 
Totally chlorine free (TCF), enzymes 

in pulp and paper industry, 211 
Trametes library 

Euclidean Distance Squared (ED 2), 
321/ 

fatty acid profiles, 323 
See also Fatty acid profiles 

Transition metal ions, free radical 
chemistry, 14 

Transition metals, Fenton chemistry, 
25 

Transmission electron microscopy 
(TEM), wood cell walls, 36-37 

Treated wood products, protection, 
376-377 

Triazoles, biocide, 423 
Tributyltin oxide, biocide, 427 
Tropical wood species, imports, 430 
Tunneling 
aspects of tunneling bacteria, 46/ 
bacterial degradation, 42,44-50 
confirmation by transmission 

electron microscopy (TEM), 44, 
4 6 / 4 7 / 

encapsulation, 48 
juvenile Sphaeroma, 279 
scanning electron and T E M 

micrographs, 47/ 
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Tyromyces palustris 
factors affecting hydroxyl radical 

generation, 147/ 
glycopeptide, 145-149 
mechanism producing hydroxyl 

radicals, 143/ 
one-electron oxidation activity, 145 
See also Glycopeptide 

U 

Ultrastructure. See Wood cell wall 
ultrastructure 

V 

Vapor boron (VB) method, 
preservative treatment, 409 

Veratryl alcohol 
formation, 80 
redox mediator, 201-202 

Veratryl alcohol cation radical, 
manganese, 22 

Visual observation, wood decay, 296 
Vitamins, requirements for wood 

decay fungi, 292/ 

W 

Water and oxygen, microbial decay 
rates, 289-291 

Water repellents 
addition to wood preservative 

systems, 431 
chromated copper arsenate (CCA) 

treated wood, 374-375 
combination with biocide, 386 
laboratory decay test, 382-383 

Weathering. See Water repellents 
White rot fungi 
basidiomycete fungi, 56 
biochelators, 112 

brown rot fungi versus, 98-99 
cavity development, 66 
comparing wood degraded by 

Phlebia tremellosa, 129-131 
defining character, 74-75 
extracellular slime, 76 
Fenton chemistry, 24-25 
generating hydrogen peroxide, 198 
hydrogen peroxide, 25 
hydroxyl radicals, 142,144 
in situ immunolabeling, 61 
labeling techniques, 57 
laccase for lignin degradation, 204 
laccase/mediators, 81 
lignin peroxidase/veratryl alcohol, 80 
low molecular weight agents, 79-81 
low molecular weight peptides, 81 
manganese peroxidase/Mn(II) 

oxalate, 79 
manganese peroxidase/Mn(II) 

oxalate/cellobiose dehydrogenase, 
80 

manganese peroxidase/Mn(II) 
oxalate/lipids, 80 

mechanism for wood degradation, 
151 

penetration of enzymes, 78-79 
preferential decay, 60-62,78 
preferential decay by transmission 

electron micrographs (TEM), 59/ 
primary wood decomposer in non-

aquatic environment, 347 
pulp and paper industry, 98-99 
role of enzymes in wood decay, 160-

161 
selective white-rot, 60-62,78 
simultaneous, 57-60, 77 
simultaneous by T E M , 58/ 
simultaneous and preferential attack, 

56/57 
spatial distribution, 56-57 
taxonomy, 76-77 
thermochemolysis, 135-136 
wood cell wall, 100 
wood cell wall mineralization, 57 
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wood-decaying, 16-17 
wood fiber cell penetration, 61 
See also Fatty acid profiles; 

Tetramethylammonium hydroxide 
(TMAH) thermochemolysis; 
Wood-degrading fimgi 

Wood 
annual damage, 379 
biodegradation, 34-35 
biodeteriogens, 373-374 
cellulose, 17 
cellulotrophic symbioses in terrestrial 

animals, 262 
challenges in protecting, 4-5 
degradation, 2 
degrading agents, 2 
detection of degradative fungi, 350-

354 
dietary nitrogen, 283 
environmental concerns, 4 
features, 35-36 
food, 262 
glycopeptide proposed mechanism 

for degradation, 151 
hemicellulose, 17-18 
lignin, 17-18 
metals in, 156-157 
microbial colonization, 293-294 
mold or stain fimgi, 391 
naturally durable, 429-430 
oxidations by oxygen, 10-11 
preservation and protection systems, 

7 
preventing deterioration, 391 
principle components, 17-18 
proposed molecular arrangement, 39/ 
pulp and paper industry, 75 
substrate for biodegradation, 35-36 
thermal treatments, 431-432 

Wood biodegradation. See Metals in 
wood biodegradation 

Wood boring arthropods 
appendages and feeding mechanisms 

of isopods, 280, 282/ 
biogeography, 277 

damage to timber structures, 273, 
274/ 

ecology, 277-280 
environmental factors determining 

distribution, 278 
functional anatomy, 280, 283 
gut structure and function, 280,283 
identification and systematics, 273, 

277 
interactions with other organisms, 

279-280 
life cycle strategy of isopods, 279 
local distribution and salinity, 278 
population dynamics and dispersal, 

278-279 
protecting wooden structures from, 

283,285 
scanning electron micrograph (SEM) 

image of Limnoria cristata, 275/ 
S E M image of distal articles of 

peraeopods of L cristata, 284/ 
S E M image of faecal pellet from 

Chelura terebrans, 281/ 
S E M image of plumose setae on 

peraeopod of Sphaeroma 
terebrans, 282/ 

S E M image of posterior view of S. 
triste, 276/ 

tunnels of juvenile Sphaeroma, 279 
Wood boring bivalves 

additional symbionts, 266-267 
bacterial symbionts of shipworms, 

263,265 
biology, 254-255 
broad-spectrum biocides, 268 
cellulotrophic symbioses in, 263 
cellulotrophic symbioses in terrestrial 

animals, 262 
challenge to mankind, 254 
chemical modifications to wood, 

268 
chromated copper arsenate (CCA) 

treatment, 267 
control in relation to ecological 

position, 269 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

M
ay

 2
0,

 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

1,
 2

00
3 

| d
oi

: 1
0.

10
21

/b
k-

20
03

-0
84

5.
ix

00
2

In Wood Deterioration and Preservation; Goodell, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



463 

control of shipworm damage, 267-
269 

costs of shipworm damage, 257-258 
creosote treatment, 267 
damage by shipworm activity to red 

oak pile, 259/ 
diagram of shipworm in burrow, 

256/ 
distribution, 254-255 
enzymes of Teredinibacter, 265-266 
feeding, 261 
function of shipworm symbioses, 

266-267 
history of shipworm damage, 257 
life history and reproduction, 261 
mechanism of wood boring by 

shipworms, 258 
replacement of domestic wood with 

exotic hardwoods, 267-268 
salinity, temperature and oxygen, 

255 
scanning electron micrograph 

showing shellteeth ofXylophaga 
washingtona, 260/ 

shipworms, 255,257-261 
shipworm shell, 260/ 
shipworm symbionts, 263-267 
symbiont phylotypes in shipworm 

Lyrodus pedicellatus, 266 
systematics, 254 
Teredinibacter turnerae, 265 
transmission electron micrographs 

showing bacteriocytes within 
single gill filament, 264/ 

wood as food, 262 
wood boring habits of shipworms, 

258 
wood treatments mimicking natural 

resistance, 268 
wraps and physical barriers, 268 

Wood cell wall ultrastructure 
analytical techniques, 36-37 
availability of cellulose and 

hemicelluloses, 37-38 
cellulose aggregates, 38-39 

compound middle lamella between 
wood fibers, 40 

concentric lamellation, 39 
degree and type of lignification, 38 
macrofibrils, 38-39 
models, 37 
proposed molecular arrangement of 

wood polymers in wood fiber cell 
walls, 39/ 

thickness and lignification of cell 
wall layers, 37 

thickness of individual layers, 37 
Wood composite protection 

adhesive bonding in chromated 
copper arsenate (CCA) treated 
wood, 411 

advantages and disadvantages of 
treatment methods, 405/ 

application of preservatives, 402 
biodegradation modes, 413-414 
borate incorporation as preservative, 

406-407 
boric acid addition, 407-408 
chemical attack on wood 

constituents, 413 
chemically modified wood furnish, 

412 
chemical names and acronyms of 

preservatives, 401/ 
common composites and typical 

preservatives, 403/ 
compatibility of newer organic 

preservative chemicals, 407 
conventional treatment processes, 

404 
coupling agent hydroxymethylated 

resorcinol (HMR), 411 
creosote treated hardwood and 

softwood, 408 
decay problems, 400 
degradation of adhesive, 413-414 
degradation of solid wood 

component, 413-414 
economic advantage of in-process 

treatment, 406 
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examples of mold and decay fimgi, 
415/ 

examples of preservative treatment 
applications, 405/ 

in-process treatment, 404,406-408 
manufacture from durable wood 

species, 410-411 
material properties of composites 

from CCA-treated wood, 411-412 
non-conventional treatments, 409 
parameters for treatment, 404 
post-process treatment, 408-409 
preservation, 400 
recycling of oil-borne preservative 

treated wood, 412 
recycling preservative treated wood 

into composites, 411-412 
supercritical fluids, 409 
typical treatments, 402 
vapor boron method, 409 
variations in treatability, 410 
wood preservatives, 400,402 
wood-thermoplastic composites, 408 

Wood composites 
detection of degradative fimgi, 351, 

354 
detection of degradative fungi in 

oriented strandboard, 354/ 
Wood constituents 

biodegradation, 413-414 
chemical attack, 413 

Wood decay 
above-ground decay tests, 300-303 
bending stiffness, 297 
compression strength, 297 
early detection, 119-120 
ideal detection system, 325-326 
immunodiagnosis, 298 
immunological probes, 327 
mass loss, 296 
mechanical properties, 296-299 
methods of detecting and measuring, 

295-299 
near infrared (NIR) analysis, 298-

299 

non-enzymatic attack, 175-176 
permeability, 298 
role of enzymes, 160-161 
soil block test, 299-300 
stages, 326 
torsion strength, 297-298 
traditional field methods, 326 
visual observation, 296 
See also Glycopeptide; Hydroxyl 

radicals; Immunodiagnosis; 
Microbial decay rates 

Wood-degrading fimgi 
Basidiomycota and Ascomycota, 16 
brown-rot fimgi, 17 
carboxylate anion radical, 22,24 
cellobiose dehydrogenase, 20/ 21 
classification, 314 
defense strategies to overcome, 17-

18 
degradative processes, 374-375 
feasibility of reaction, 29 
Fenton chemistry, 24-25 
hierarchy of free radicals, 27-29 
hydrogen peroxide, 25 
initiation of free radical reactions, 19, 

21 
laccases, 19, 20/21 
methylation by, 26 
methylation of pentachlorophenol by 

Phanerochaete chrysosporium, 28/ 
oxidation products of catalysis by 

enzymes from P. chrysosporium, 
23/ 

oxidative and reductive reactions by 
enzymes from P. chrysosporium, 
20/ 

peroxidases, 19, 20/ 
plasma membrane redox potential, 

26,27/ 
predicting free radical reactions, 27-

28 
propagation of free radical reactions, 

21-25 
requiring reductive and oxidative 

reactions, 18 
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semiquinone radicals, 24 
soft-rot fungi, 17, 51-56 
superoxide anion radical, 24 
transition metals, 25 
veratyl alcohol cation radical and 

manganese (III), 22 
white-rot fungi, 16-17, 56-62 
See also Deoxyribonucleic acid 

(DNA) analysis 
Wood deterioration, detection and 

monitoring, 7 
Wooden decking, substitutes, 4 
Wooden structures 

annual damage, 2 
damage by wood boring isopods, 

273,274/ 
protection from arthropod borers, 

283,285 
Wood modification, protection, 375 
Wood preservation 

amount or retention of agents, 
376 

driving force, 3-4 
realities of development, 375-377 
See also Non-arsenical wood 

preservative systems; Synchrotron 
techniques 

Wood preservative systems 
development, 289 
testing for soil contact, 303-304 

Wood products industry 
performance criteria, 376-377 
substitutes, 3-4 

Wood-thermoplastic composites, 
treatment, 408 

Wood treatments, control of shipworm 
damage, 268 

Wraps, control of shipworm damage, 
268 

X 

X-ray absorption near edge structure 
(XANES) 

microXANES spectra of manganese 
oxidation in Southern yellow pine 
wood, 342/ 

representative spectra, 341/ 
synchrotron technique, 341-342 

X-ray absorption spectroscopy (XAS) 
extended X-ray absorption fine 

structure (EXAFS), 342-343 
synchrotron techniques, 340-343 
X-ray absorption near edge structure 

(XANES), 341-342 
X-ray computed microtomography 

(XCMT) 
images of control Southern yellow 

pine wood, 344/ 
synchrotron technique, 343 

X-ray fluorescence spectroscopy 
(XFS), synchrotron technique, 340 

Xylanases 
costs for pulp and paper, 212 
novel, 216-217 
potential applications, 216 
prebleaching, 215-216 
pulp bleaching, 218-219 
pulp properties, 224 
sulphite pulps, 217-218 
thermostabilizing effects, 227 
variation in applications, 217-218 

Xylophagainids 
life history and reproduction, 261 
See also Shipworms 

Xylophaga washingtona 
scanning electron micrograph 

showing shellteeth of, 260/ 
See also Shipworms 

Zinc borate 
biocide, 427 
preservative for wood composites, 

402,406-407 
use, 428 

Zinc chloride, preservative, 3 
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Figure 16. Light and electron micrographs showing aspects of wood cell wall 
degradation by the brown rot fungus G. trabeum. a) Colonization of rays by G. 
trabeum: b) Attack ofpine latewood tracheids and loss of loss of birefringence due 
depolymerization of crystalline cellulose; c) Advanced decay of pine with almost 
total decay of fibres which irreversibly shrinks after drying; d) Early decay of pine 
latewood with first signs of attack at the S1/S2 interface; e) Cryo FE-SEM 
observations on birch fibre degraded by G. trabeum leaving a lignin skeleton 
without "macrofibrillar" structures (cf Fig. 13 showing preferential white rot). 
Bars: a, b, c, 5.0 /urn; d, 1.0 jum; e, 100 nm. 
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Plate L Transverse section of softwood stained with safranin/astra blue (bar: 
20jum). Above: softwood; control (red). Below: softwood; 0.1 mMCuS04, 

70 mM 4-AP and 50 mMCHP (blue). 
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