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• Spalted wood is a highly sought after
speciality wood product in niche furni-
ture and construction markets.

• Spalting is a term specifically designated
to any pattern in wood as a result of
competition between decay-fungi.

• By manipulating fungi, the operator can
create unique patterns in wood called
zone lines.

• Zone lines are formed of melanin, the
same pigment humans produce in
their skin.

• We review a method to standardise the
treatment of wood using specific fungi
and how we can upscale the process.
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On wood surfaces and in planar section, zones lines appear as narrow and sharply delineated dark lines within
wood visibly altered (“spalted”) by the decay process. In intact wood, zone lines define an irregular volume of
decaying wood. They are primarily aggregations of melanised hyphae that enclose wood being decayed by a sin-
gle genetic individual of a wood decay fungus. In the industry for speciality wood products, zone lines are highly
valued, especially for decorative pieces produced from wood turnery. While zone lines are commonly found in
naturally infectedwood, they can also be induced under controlled conditions. Althoughwith great economic po-
tential for application, there is currently no spalting process to produce zone lines on a commercial scale for niche
furniture and construction markets. Successfully spalting wood in a defined timeframe that meets industry ex-
pectations requires a knowledge of fungal species, wood colonisation strategies, fungal decay processes along
with wood behaviour (i.e. its hygroscopicity), anatomy and wood mechanical properties in relation to fungal
decay. This review identifies current limitations of zone-line spalting and looks at a novel approach to inducing
wood by combining genetic individuals from the same fungal species, enabling the operator to homogenise
the spalting method.
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1. Introduction

The biotechnological prospects for wood decay fungi are numerous
and diversewith potential to deliver huge economic dividends, especially
in the green sector where fungi canmake a significant contribution to the
circular economy and climate mitigation ([2]; Meyer et al. [9,40]). Wood
decomposing fungi also harbour huge potential for novel applications,
such as in the development of fungal-induced bow instruments (i.e. the
‘biotech Stradivarius’; [65]) and wood products with artistic appeal. Visi-
ble indicators of wood decay such as zone lines (also known as demarca-
tion lines) and wood discoloration induced by fungi are collectively
referred to as spalting or spalted wood [58]. From the timber commodity
perspective, spalting is a defect and a source of lost economic value. How-
ever, for specialty craft and artisanal products, spalting has aesthetic ap-
peal and can greatly increase the economic value of wood for artistic
expression. For the forest product industry, the ability to reliably induce
zone-line formation would provide a means to enhance the economic
value of otherwise low-value timber products.

An understanding of wood anatomy and wood decay strategies is
key to artificially produce zone-line spalting, with a history now span-
ning a half-century of practice. The German forest pathologist Robert
Hartig [23] first described zone lines as sharply defined black lines
that accompanied decay of Larix decidua wood by Armillaria mellea. In
microscopic view, Hartig described zone lines as bladder-like hyphae
within 3–4 rows of tracheids, resembling tyloses (Fig. 1; [23]). Later re-
search by Campbell [10–12] concluded that zone lineswere the result of
competition between decay-fungi. Melvin Lindquist, a pioneer of the
American woodturning craft, made zone-lined wood into an art form
in the 1960s, thus establishing the spalting industry [36,58]. Mark
Lindquist (son of Melvin) was a pioneer of producing zone lines in
wood through burial of unspaltedwoodwithwood shavings previously
infected with fungi (e.g. Armillaria and Xylaria spp.) capable of produc-
ing zone lines [58]. In the late 1970s, students of Mark Lindquist
attempted but failed to induce spalting under laboratory conditions
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(Robinson, 2016). Recent advances have improved laboratory proce-
dures to screen for suitable fungal and wood species, to manipulate
moisture content and mass loss, and for digital colour analysis of zone
lines [20,57,59,75]. However, the majority of recent advances in induc-
ing spalting have focused on pigmentation and direct application of fun-
gal stains to wood [48,54,61] with less emphasis on zone-line
production. A reliable, time-efficient method to produce zone lines is
necessary tomeet the potential demands for decorative furniture, floor-
ing and millwork.

In this review,we focus on the biology and biochemistry of zone-line
production and cultural methods to reliably induce spalting to meet the
demands for specialty wood stock for high-value products.

2. Biology and categorisation of spalting fungi

2.1. Taxonomy of spalting fungi

The fungi associated with spalting can be categorised by fungal tax-
onomy, colonisation strategy, and the biochemistry of the decay pro-
cess. Within mycological systematics [31], the fungi responsible for
wood decay are all members of the Basidiomycota (class
Agaricomycetes including members of the Hymenochaetaceae,
Fomitopsidaceae, Polyporaceae) and Ascomycota (produces a soft rot
decay and from family Xylariaceae, primarily). To understand zone-
line formation and to choose suitable fungi to maximise potential for
zone-line spalting, knowledge of the biological differences between
the taxonomic groups is important (See Fig. 2 and Table 1 for definition
of terms and table Supplementary Information Table 1 for fungi known
to form zone lines).

2.2. Spalting overview

Zone-line formation is one of three types of spalting, which also in-
clude both formation and removal of pigment (fungal staining and



Fig. 1. An original illustration by the German forest pathologist R. Hartig [23] showing a
transverse section of larch wood (Larix decidua) with a single black zone line induced by
the basidiomycete Armillaria mellea. The zone line is up to four wood cells wide, where
tracheid-to-tracheid torus-margo pit membranes reveal entrance points for fungal
hyphae prior to melanin synthesis and accumulation. RP, ray parenchyma; Tr,tracheid;
PM, pit membrane. Scale bar = 50 μm. Copyright permission obtained from Alamy Ltd.
(https://www.alamy.com/terms/uk.aspx).
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bleaching, respectively) (Table 1). Fungal staining of wood normally
causes economic loss for timber products (e.g. lumber and wood
pulp). The most familiar type of product stain is caused by “blue stain
fungi”, a polyphyletic assemblage of perithecial ascomycetes (primarily
genus Ceratocystis, in a broad sense) (Kirk 2008). The blue stain fungi do
not decay wood but do consume nutrients including nonstructural car-
bohydrates (i.e. starch and simple sugars) contained in sapwood of both
conifers and angiosperm trees and in freshly-cut logs and lumber. The
blue stain colour is from melanin, a group of water-insoluble pigments
that are brown to black in colour and biosynthesised from the amino
acid tyrosine. Melanin confers protection from UV exposure as well as
environmental extremes in pH, temperature, salinity and radioactivity
[15,71]. In blue stain, the melanin is bound to hyphal cell walls, making
the infected wood in reflected light to appear blue to grey in colour. Al-
ternatively, extracellular secretions from the brown rot fungus Fistulina
hepatica are apparently responsible for the desirable “brown oak” pig-
mentation in heartwood of English oak, which commands a high price
in the market (Fig. 4F; [13,22]). Although there is general consensus
that hyphae of F. hepatica deposits a ‘brown material’ into parenchyma,
other factors may also contribute to the prized staining, such as the re-
lease of phenols (e.g. tannins, etc.) during the decay process. Other soft
rot fungi responsible for blue-green spalting in wood belong to
Chlorociboria (i.e. C. aerigenascens and C. aeruginosa). Chlorociboria give
a range of angiospermwoods a blue-green coloration deriving from sec-
ondarymetabolites (e.g. xylindein) that are released by the fungi during
resource capture in wood (Fig. 2 B, D) [78].
3

White rot spalting appears as localized or extensive bleaching in
wood, especially when confined to specific regions where the contrast
with the surrounding darker wood creates a strong visual effect
(Fig. 2F, G, J, K, L). Also, the bleached region is usually not a standalone
spalting type and is often separated from surrounding wood by zone
lines, also produced by white rot fungi (e.g. Trametes versicolor) or in
many cases, soft rot fungi (Fig. 2G, L). The high contrast between
white rot, wood discoloration and the surrounding darker border
(zone lines) is often referred to as ‘marble rot’ owing to themarbled ap-
pearance [77].

Zone-line spalting is spatially defined pigmentation by melanin and
other secondary metabolites (e.g. metabolites responsible for
orange-red zone lines of some woods, Fig. 2C, D, E). Zone lines occur
more frequently in wood of angiosperms trees than conifers due to
the more frequent occurrence of white rot fungi in the former [32].
There is little to no evidence of brown rot fungi producing black
melanised zone lines in wood, which may be related to the life history
of this fungal group. Brown rot fungi evolved at least seven times in
the Polyporales through reduction or complete loss of class II peroxi-
dases, an efficient non-enzymatic strategy in conifers known as the
Fenton reaction (Flouas et al. [18]; [32]). White rot fungi use laccase
and other enzymes (including peroxidases) to synthesize melanin
from catechol, which are absent in brown rot fungi [49]. The loss or re-
duction of class II peroxidases and laccase in brown rot fungi likely re-
sulted in the inhibition of melanin, although this needs to be
experimentally tested on a range of brown rot fungi to show that zone
lines do not occur or extremely rarely as shown in Fomitopsis betulina.
Strains of the latter brown rot fungus produced only faint brown zone
lines lacking the dark pigmentation associated with melanin [1]. How-
ever, this could be owing to melanin derivatives associated with re-
duced phenoloxidases, e.g. class II peroxidases and laccase, tyrosinase,
etc., rather than their complete loss during the evolutionary transition
from white rot to brown rot fungi [34,63].

2.3. Formation and ecology of zone lines

Zone lines most frequently result from the interaction of fungal hy-
phae produced by different genetic individuals. In wood of living trees,
zone lines occur within compartments “walled off” from the functional
sapwood symplast, the interconnected network of living cells. This
compartmentalisation process in response to injury and infection resists
the loss of wood function and the spread of infection by wood decay
fungi and other microorganisms through boundary setting (Morris
et al. 2016, [9,69]). Compartmentalisation boundaries include both con-
stitutive features and induced changes in wood anatomy and physiol-
ogy including visible reaction zones. Reaction zones are produced as a
response to injury and infection and consist of a narrow layer of sap-
woodparenchyma and that have undergone a physiological shift to pro-
duce waterproofing and antimicrobial secondary metabolites [42].
Successful compartmentalisation maintains function in remaining, ap-
parently uninfected sapwood. Effective compartmentalisation results
in the co-existence of potentially large and old trees with wood decay
fungi. Compartmentalisation boundaries can be confused with zone
lines and other spalting features (e.g. [79]; Table 1). Also, another
sought after artisan wood product very similar in appearance to spalted
wood is termedmarblewood (i.e. Zygia racemosa: Fabaceae) on account
of the high contrast between the yellow body of the heartwood and the
dark streaks that run through it. While both spalted wood and
marblewood command a high price in niche timbermarkets, the streaks
inmarblewood are not caused by fungi but occur naturally and the term
should not be confused with ‘marble rot’.

Within a zone line, the fungal hyphae are highly melanised and are
viewed microscopically as aggregated masses that plug the lumina of
wood cells in radial, tangential and axial directions, forming
3-dimensional self-isolating compartments of xylem space [10,11,68].

https://www.alamy.com/terms/uk.aspx


Fig. 2.Macrographs of a range of naturally and artificially infectedwoods showing zone lines andpigmentation combinations. (A) Spalted aspen (Populus spp.) bowl by Seri Robinson. Zone
lines induced byXylaria polymorpha (white arrows); pigments from Scytalidiumcuboideum applied to zone-lined regions. (B) Spalted redmaple (Acer rubrum) bowl by Seri Robinson. Zone
lines induced by Xylaria polymorpha (white arrows), and application of blue-green stain by Chlorociboria aeruginascens. (C) Orange zone lines on beech wood (Fagus sylvatica) in Triglav
National Park, Slovenia; fungus unknown. (D) Wood of F. sylvatica displaying combination of blue stain from Chlorociboria spp. and orange zone lines of probably Mucidula mucida.
(E) Orange zone lines on unknown tropicalwood from the Peruvian Amazon rainforest; fungus unknown. (F) Longitudinal section of bleachedwood from F. sylvatica. Zone lines associated
with multiple strains of Kretzschmaria deusta and Trametes versicolor (G) close-up of image (F), showing zone lines (white arrow) and bleaching effect from T. versicolor (black arrow).
(H) Brown zone lines (white arrows) that accompany white rot of white oak (Quercus alba) sapwood, extending into heartwood; causal fungus unknown. (I) Zone lines in sapwood of
white oak (Q. alba); a cavity formed by a wood-boring insect (white arrows) is lined with mycelium of an unidentified fungus. (J) Black zone lines (white arrows) in heartwood of
white oak (Q. alba). (K) Zone lines (black arrows) and bleaching within a compartmentalised decay column associated with a stemwound of yellow birch (Betula alleghaniensis); fungus
unknown. (L) Close-up of image (F). (M) Melanised surface discoloration by Fomes fomentarius (white arrow) and mycelial spread causing cracking along rays (black arrow).
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Table 1
Overview of key terms related to wood spalting.

Terms Meaning and references

Compartmentalization Boundaries such as reaction and barrier zones are formed
through metabolism of the tree while spalting is the
result of activity of decay fungi and their interactions.
Spalting associated with wood in a living tree is
compartmentalised and outside of the volume of living
wood that contains the tree symplast. Aggressive wood
decay pathogens (e.g. Armillaria) may induce spalting at
a reaction zone or breach the compartmentalisation
boundary [66]

Brown rot fungi Decay fungi that decompose cellulose and hemicellulose
of host cell walls using both non-enzymatic and
enzymatic processes to break down cellulose and to
partially modify. Rarely produce zone lines and unlikely
to be composed of melanin (Schwarze et al., 2007)

Discoloration Melanin that forms on the surface of wood but lacks the
3-dimensionality is one type of discoloration of
interaction zone line caused by competing fungi. Often
caused by aeration or surface contaminants

Incipient decay An early stage of decay when fungal mycelium is
colonizing previously melanised host tissues prior to
complete attack of the cells (the typical stage). Zone lines
are formed during this stage in the presence of an
antagonist [29]

Inter-and-intraspecific
antagonism

Interspecific antagonism is competition between species
while intraspecific antagonism is competition between
different strains of the same species resulting in zone
lines [6]

Pigmentation A form of spalting by a range of pigments either bound
within hyphae (i.e. blue-stain fungi), or produced
extracellularly (e.g. pink-red stain from Scytalidium spp.)
The pigments may not directly come from the fungus, as
in the case of Fistulina hepatica causing brown rot of
Quercus robur and Castanea sativa. The brown coloration
may derive from a brown pigment produced by the
fungus or is a degradation product of tannins, cellulose
and hemicellulose upon decay ([22]; [13])

Pseudosclerotial plate Scientific terms for zone lines
Reaction zone Often confused with zone lines, but reaction zones are

the defensive products of living parenchyma cells in
plant xylem tissue [42]

Soft rot fungi Hyphae of this type of decay tunnel inside lignified cell
walls resulting in the formation of cavities which appear
as minute holes in the S2 layer of transverse sections.
Syringl lignin is extensively degraded while guaiacyl
remains intact (Schwarze et al., 2007)

White rot fungi Fungi in this group decay lignin hemicellulose and
cellulose at similar rates (simultaneous white rot) or
decay primarily lignin (selective delignification) at least
partially (Schwarze et al., 2007)

White rot spalting Spalting type caused by white rot fungi that causes
bleaching in wood through the enzyme laccase. Can be
accompanied by zone lines [58]

Zone line Also known as black or demarcation lines, zone lines
are formed of aggregated – usually melanised - hyphae
produced by a decay fungus usually in response to
another fungus apparently as a defence mechanism, or
to maintain appropriate water regime ([8]; Butin,
1996; [68])
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Although usually black or dark brown, zone line colour may vary de-
pending on the fungi and other secondary metabolites involved, with
lines that vary in thickness and colour intensity [52,58].

Fungi have evolved to occupy specific niches during the wood de-
composition process [7,27]. Zone lines are visible traces of competition
(“battle traces”) among fungal communities for resource acquisition,
community development and subsequent self-isolation [6,27]. The
dark lines are 3-dimensional markers that define spatial components
of fungal population and community dynamics from which a range of
species or strains of a single species can be isolated directly before
being grown in culture [25,68].
5

3. Zone-line formation and melanin synthesis

3.1. Zone-line formation and resource capture in wood

Zone lines protect fungal communities primarily through defensive
self-isolation and secondarily by influencing wood moisture content
and countering host tree defences. Self-isolation may be between sepa-
rate species or between strains within the same species (i.e. intraspe-
cific antagonism; [52]).

Boddy [6] termed zone lines associated with self-isolation as ‘inter-
action zone lines’ and are distinct from pseudosclerotial plates, which
contribute to maintain a favourable wood moisture content. Examples
of the latter are zone lines produced by K. deusta that may result in re-
duced wood moisture content that favours growth of the decay fungus
[8,24]. In contrast, Armillaria may form zone lines to maintain elevated
wood moisture content. Nelson [43] provides indirect evidence of this
level of control in that the survival of the wood decay pathogen
Coniferiporia weirii in buried wood blocks was associated with the pres-
ence of zone lines and themaintenance of favourable conditions for fun-
gal survival. Injury to the hyphae from secondary metabolites has been
suggested by Pearce [46] to elicit the formation of pseudosclerotial
plates of K. deusta after contact with reaction zones (Fig. 3A–H).

3.2. 3-dimensional zone lines versus melanised discoloration

In freshly inoculated processed wood such as sawn timber and
boards, true 3-dimensional zone lines are unlikely without inter-or-
intra specific antagonism. Xylaria polymorpha has been identified as
the only fungus to form zone lines 3-dimensionally without an antago-
nist in processed wood [55]. However, without an antagonist, the result
is usually surface discoloration caused by extracellular melanin pro-
duced in response to environmental stress such as desiccation. In latter
cases, the lines lack definition and depth (e.g. Fomes fomentarius on
European beech; Fig. 2M). Non-interaction zone lines can form on
wood surfaces when exposed to air or even metals such as copper
[56]. Importantly, single fungal strains are ineffective in 3-dimensional
zone-line formation, a fact to consider during industrial-scale
application.

3.3. Zone-line spatial arrangement

Zone linesmay be arranged as single or double lines (Fig. 3A–F). Sin-
gle zone lines are likely to be formed by the interaction of two species of
fungi for which only one of the species' produces the melanin-induced
demarcation line. Alternatively, single zone linesmay be produced in re-
sponse to environmental stress. Double zone lines are often formed be-
tween two strains of a species, where each strain forms its own line,
with the remaining space between the dark lines being a kind of “no
man's land” (Fig. 3D–F). Although no living fungi are likely to exist be-
tween zone lines during the inoculation process, Chaetosphaeria
myriocarpa and Rhinocladiella spp. have been confirmed as occupying
the space in naturally infected trees [6,51]. The gap between the lines
can vary in size and is often so close as to appear in cross-section as a
single large zone line. Double zone lines offer a unique aestheticism
that may add extra appeal, giving more choice to the craftsman and
consumer.

3.4. Melanin structure, evolution and biosynthesis

Melanin, the most common pigment associated with zone-line for-
mation, is usually produced intracellularly within zone lines but may
also line the secondarywalls of wood cells [76]. In hyphal cells, presence
of the pigment is usually associatedwith reduced or absent protoplasm.
Melanin is a high molecular weight polymer that varies in form and
structure and is synthesised in the hyphal cell wall through two distinct
pathways. Ascomycetes (e.g. Xylaria spp.) synthesize melanin through



Fig. 3.Micrographs in transverse viewof a range of angiosperm species artificially inoculated at Empa, St. Gallen, showing zone-line formations. (A) Processedwood of F. sylvatica showing
a single zone line after artificial incubation, pairing Kretzschmaria deustawith Trametes pubescens, with the ‘black’ line being formed by the former (black arrows). (B) Fraxinus excelsior
(Oleaceae) wood incubated with K. deusta and T. pubescens where the zone line five cells wide (black arrow) runs diagonally, traversing ray parenchyma between vessels. (C) Close-up
of image (B) showing the melanised zone lines circumventing and partially entering a vessel group. Hyphae can be seen emerging from pseudosclerotia (black arrow). (D) Double
zone lines induced after pairing two strains of K. deusta in processed wood of Acer pseudoplatanus (Sapindaceae), with each strain forming a single 3-dimensional line. Aggregated
pseudosclerotial masses occlude a vessel group, similar to tyloses in appearance (black arrow, right). (E) Double zone lines radially oriented through a growth ring, vessels and ray
parenchyma, as image (D). (F) Fluorescent image of (E, D) with bright green fluorescence in vessels indicating phenolic composition of melanin (white arrows).
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the oxidative polymerisation of the phenolic compounds catechol or
1,8-dihydroxynaphtalene (DHN), resulting in allomelanin and
pyomelanin. Basidiomycetes (e.g. Armillaria spp.) formmelanin through
4, 3,4-dihydroxyphenylalanine (DOPA, resulting in eumelanin) and
cysteinyl-DOPA (resulting in pheomelanin) [53,73,74]. Extracellular se-
cretion of melanin minimises degradation of plant cells and supports
structural integrity of zone lines and fungus survivability [4,76]. The
melanin appears to fill pit membranes and the lumina of adjoining
cells where it helps form a complete and continuous almost impenetra-
ble closely packed barrier (e.g. Armillaria ostoyae in Picea abies, Fig. 4C,
D). The stability of melanin pigmentation in spalted wood exposed to
indoor lighting has not been broadly established but is essential to de-
termine indoor applications (e.g. decorative partitioning, furniture, ta-
bles, etc.). As far as we know, melanin stability has not been
investigated thus far for indoor use but can be tested through a number
ofways, for examplewith a Xenon-arc lamp fittedwith a 3mmwindow
glass filter (to simulate spalted wood products indoors) or a Chroma
Mater CR-200 (KONICA MINOLTA) [21].

4. Current zone-line spalting methods

Although there is an increasing demand for natural wood material
with aesthetic character [58,67], the common methods to produce
zone lines are slow (many months to years) and inadequate to produce
the volume to meet commerical demands, particularly for large-scale
projects in the premium furniture market. There is no standard scien-
tific method to produce wood with zone lines in large commercial
large com quantities nor the basis to predict the patterns and fungal be-
haviour under controlled conditions. Historically, spalting has been car-
ried out byworkers from thewood craft industrywith techniques based
on anecdote and lacking in scientific rigour. The primary technique at-
tempts to mimic the natural process through burial of wood stock in
the forest floor and natural colonisation by extant fungi, providing un-
predictable results. During natural colonisation, both interspecific and
intraspecific competition between basidiomycetes and ascomycetes is
at playwith a diverse range of fungal species and strains of a single spe-
cies. In temperate world regions, the spalting fungi that colonise dead
wood piles include the white rot basidiomycetes Trametes spp.,
Bjerkandera adusta, Armillaria spp., and ascomycetes Kretzschmaria
deusta, Daldinia concentrica and Xylaria spp., etc. ([52]; Cooke and
Rayner, 1985; [8]).

More sophisticated methods to induce zone line formation have in-
cluded incubation of stacked piles of wood in a warehouse with impre-
cise controls of temperature and wood moisture levels (moisture
content of the wood at circa 30%). The most scientific approach to-
date also takes 3–4 months with wood stacked in opaque plastic tubs
containing 3 cm of water or moistened vermiculate. Spalting fungi are
applied using various approaches (e.g. plugs, sprays, etc). The wood
stacks are incubated in a heated space and maintained at a moisture
content<35% [58]. Different successful combinations ofwhite rot basid-
iomycetes have been used to form zone lines, including the white rot
fungi Bjerkandera adusta and Lentinus brumaliswhen paired separately
with Trametes versicolor in both agar and sugar maple (Acer saccharum)
[47,59]. The ascomycete Xylaria polymorpha has been used extensively
to form zone lines without a fungal antagonist [55,60]. For commercial
zone line production with X. polymorpha, Robinson and Laks [55] had
Fig. 4.Micrographs to-scale of tangential sections (A-E) of both artificially induced zone lines (A
view of F. sylvatica a single zone line diagonally traversing fibre-tracheids and vessels from p
completely occluded cell lumina of fibre-tracheids; scale bar = 10 μm. (C) Tangential image o
abies (Pinaceae) naturally infected with Armillaria solidipes; scale bar = 100 μm. (D) Close-
arrow, ray-tracheid half-bordered pits occluded with melaninised mycelia); scale bar = 10
Ganoderma pfeifferi. Revealing diffusion of extracellular melanin deposits (black arrows);
Fistulina hepatica caused from the degradation of tannin compounds by hydrolytic tanninases
rhomboid cavities evident in the secondary cell walls (black arrows) while the middle lame
infected by K. deusta (hyphae: black pointers), with advanced decay evident from the b
surrounding cells remains undecayed; scale bar = 20 μm. Fr, fibre; Tr, tracheid, V, vessel; RP, r
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greater success for aspen (Populus tremuloides), sugar maple (Acer
saccharum), birch (Betula spp.), and basswood (Tilia americana). The lat-
ter are all diffuse-porous hardwood species. The chemical and anatom-
ical characteristics that favour zone line formation without a fungal
antagonist have not been identified.

Although the techniques described can produce spalted wood
more quickly than through natural colonisation, those methods are
unreliable and too slow to meet industry requirements for speed
and volume of production (Fig. 5). Significant loss in mechanical
strength is a particular concern for traditional approaches to spalting.
Long incubation periods, especially with white rot fungi, gives the
craftsman little control over the spalting process and the loss of
wood mechanical strength and stability. Improvements in methods
will likely come from laboratory screening and testing of small
wood samples with various fungi, alone and in combination. Then,
techniques can be successfully adjusted for larger samples with the
goal to spalt table-top sized wood stock.

An alternative approach is to artificially induce zone lines formation
with a single fungus exposed to highly localized chemical stress. In tests
with X. polymorpha, the fungus was grown on wood in culture. Copper
sulphate (a fungicide) was locally applied to the infected wood to effec-
tively ‘draw’ zone lines on thewood surface [56]. Although effective and
reliable in two spatial dimensions, copper sulphate treatment does not
result in the desirable highly defined 3-dimensional display that results
from direct fungal competition (Fig. 4 A-C).

5. Standardising the spalting method for commercial-scale
applications

5.1. Zone lines, woodmechanical properties, pH andwoodmoisture content

Wood decay-fungi naturally degrade and depolymerise wood con-
stituents with associated reductions of tensile strength, elasticity and
stiffness [80,86]. For successful wood colonisation, most wood decay-
fungi generally require awoodmoisture content above boundwater ca-
pacity (approx. 30% moisture content on a dry-weight basis, [62]) as
water must be freely available for wood decay to occur. However, as
these fungi are aerobic, mycelial growth and wood decay ceases as
moisture increases towards the wood saturation. The following chapter
describes bound water capacity (formerly fibre saturation point) in
more detail with respect to soft rot decay fungi.

5.2. Decay fungi and mechanical properties

The ideal fungal species to produce zone lines on a commercial scale
would result in the desired spalting with no marked alteration of me-
chanical properties. Mechanical properties of wood used for load bear-
ing applications must meet industry standards (e.g. BS EN 1534 [9]).
For spalted wood in the high-end furniture industry, mechanical wood
values, which differ between wood species, should not be reduced by
more than 10% for stiffness measurements or below 25% for Brinell sur-
face hardness measurements [80].

Fungi used for spalting wood differ widely in their impact on the
wood mechanical properties. White rot fungi degrade lignin, cellulose
and hemicellulose at usually equal rates, secreting specialised enzymes
that degrade all constituents of a lignified cell wall [35,51,63]. Decay
, B) and naturally infectedwood (C-E). F-H reproduced by Francis Schwarze. (A) Tangential
airing K. deusta strains (white arrows); scale bar = 10 μm). (B) Close-up of (A) showing
f a zone line with melanin deposits occluding both tracheids and unicellular rays in Picea
up of image (A) showing the route for mycelia into adjoining cells through pits (white
μm. (E) Tangential image of naturally infected Q. robur with the simultaneous white rot
scale bar = 50 μm. (F) Brown rot spalting of naturally infected Q. robur heartwood by
; scale bar = 10 μm. (G) Soft rot decay of F. sylvatica naturally infected by K. deusta with
lla remains intact (white arrows); scale bar = 10 μm. (H) Wood of F. sylvatica naturally
rittle lignin skeleton; as shown in (G), the middle lamella (black arrows) that binds
ay parenchyma.



Fig. 5. Diagram of variables affecting zone-line formation in wood, showing the contrast in variables (environmental variability, mechanical properties and fungal control) between
naturally infected wood (in blue) and laboratory controlled tests (in green). Arrows pointing upwards or downwards indicate an increase or decrease in a particular variable,
ultimately resulting in faster or slower zone-line formation.
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associated with simultaneous white rot often results in a rapid loss of
wood mechanical strength, the level of which varies depending on the
fungus, the tree species and the wood conditions at time of infection.
For instance, Bjerkandera adusta and Trametes versicolor can cause ex-
tensive decay followed by a rapid loss of mechanical stiffness and
strength through degradation of the cell walls of all cell types including
vessels, fibres and parenchyma [3]. Considering the extent of the decay
and the speed at which it occurs, a short incubation period to induce
zone lines is essential. Robinson et al. [59] showed that wood blocks of
Acer saccharum (sugar maple) treated with L. brumalis and T. versicolor
incubated for 10 weeks produced spalting without a significant loss of
wood mechanical strength, which is an acceptable timeframe for large
commercial upscaling.
5.3. Soft rot fungi and mechanical properties

Soft rot fungi (e.g. Daldinia concentrica, Xylaria polymorpha and
K. deusta) preferentially form cavities in the S2 secondary wall layer of
wood cells, resulting in a slow loss of mechanical strength. All wood
components except the compound middle lamella are subject to soft-
rot decay (Schwarze et al., 2007). The persistence of lignin-rich regions
of the woodmatrix in trees decayed by K. deusta is not only due to their
initially high high lignin content per se, but also to their high percentage
of guaiacyl lignin. Members of the Xylariaceae have relatively poor
lignolytic ability, mainly confined to the decomposition of syringyl lig-
nin (Nilsson et al. [44]). There are also key differences in the life cycles
of the two zone-line producing soft rots, K. deusta and X. polymorpha.
The former is a facultative-parasite (saprotroph-necrotroph spectrum)
penetrating functional sapwood ([46]; Deflorio et al. [17]),while the lat-
ter is a saprotroph surviving only on dead tissue. In functional sapwood,
K. deusta can only slowly pass or breach reaction zones laid down by the
host (Morris et al. [9,41]); pits become encrusted with polyphenols, ini-
tially blocking hyphal entrance points for the fungus (Fig. 2A in [42]).
However, due to the absence of living parenchyma cells (responsible
9

for reaction zone development) in processed timber, members of the
Xylariaceae and in particular K. deusta, can form zone lines without ob-
struction from reaction zones during the inoculation process, a key ad-
vantage when using these fungal species to spalt wood.
5.4. Kretzschmaria deusta and zone-line formation

In preliminary trials at the bio-engineered wood laboratory, Empa,
Switzerland, we found K. deusta to be exceptional as a spalting fungus
owing to the retention of wood mechanical strength and form, even at
advanced stages of decay [64]. K. deusta preferentially degrades fibres
and the S2 layer of the secondary wall (Figs. 3A–H, M, 6), which has a
high concentration of syringyl units, whereas cell types (vessels, tra-
cheids, fibres) and cell wall layers (compound middle lamella) that
are rich in guaiacyl units persist even at advanced stages of decay
(Fig. 4G, H; [63,64]). K. deusta also performs better in artificial culture
media, demonstrating much faster growth rates than X. polymorpha,
likely enabling the former to spalt wood at a faster rate. In naturally in-
fected trees, K. deusta causes extensive decay in large volumes of wood
by switching from a soft rot to a white rot, leaving a pattern of very fine
zone lines [81–84].

Also, for survival in dry wood, xylariaceous species like K. deusta are
exceptional; their hyphae grow in the cell wall thus accessing bound
water unavailable to most decay-fungi (in engineering, classified as
moisture contents<30%). However, itmust bemade clear thatmoisture
content % at the interface between cell wall saturation (boundwater ca-
pacity) and capillarywater in cell lumina (a prerequisite for decay prop-
agation) is arbitrary and not scientifically accurate. Bound water
capacity is more accurately defined as a gradual transition (i.e. phase
boundary) rather than a fixed moisture content, as shown by low field
nuclear magnetic resonance studies [19,85]. Traditionally, wood is
kept at a minimum of 30% moisture content for successful inoculation
as this is a preference for most decay fungi. Some zone line forming
white rot decay fungi, such as Inonotus hispidus and Polyporus
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squamosus producemaximumpigmentation atwoodmoisture contents
from 35 to 55%, a range that depends on the fungus and the wood spe-
cies [75]. However, if the wood moisture content is too high, oxygen
availability, which is essential for the decay process, is reduced [5]. A
key objective in producing zone lines inwood for furniture and paneling
is to develop a process that allows the treatment of wood of a lowmois-
ture content (15–25%) below bound water capacity. Such a method
might be deemed favourable as the low wood moisture content lowers
the risk of contamination, requires less energy for wood drying after
treatment and provides wood with higher dimensional stability free
from defects and deformations. Zone line induction at a lower moisture
contentwould greatly reducefinancial and environment costswhen ap-
plied on a commercial scale.
5.5. Incipient versus advanced decay and mechanical properties

A critical point is that zone lines appear to be associated with incip-
ient decay, meaning they occur during the early stages of decay when
mechanical properties have not yet been altered to a significant degree
[29,68]. Evidence of the early development of zone lines is also provided
by Lopez-Real [37] stating that pigmentation, which follows hyphal
swelling and hyphal aggregation, occurs in as few as five-days after in-
oculation for A. mellea and seven-days for Stereum hirsutum. Knowledge
of the latter is of high importance during the application process, as de-
termining the length of time required before stopping the spalting pro-
cess is critical to provide zone-linedwood products thatmaintain strong
mechanical properties. Determining the length of time for zone-line
production also prevents the need to brace the wood, a common proce-
dure in spaltingwhenwood is left to decay for too long [16]. The timing
of zone-line development will have to be considered during the
upscalingprocess, as large pieces ofwoodwill take longer to spalt. How-
ever, workers have not, to our knowledge, investigated whether or not
fungi at an advanced decay stage produce zone lines.
5.6. Effects of pH and temperature on zone-line formation and decay-fungi

The pH of the wood substrate can vary within the tree along and
across the stem, influencing the enzymatic activity of wood-degrading
fungi and affecting decay rates [46,62]. While basidiomycetes prefer a
slightly acidic environment, ascomycetes can tolerate a more alkaline
habitat [30]. All these aspects of pH variation are reflected in fungal di-
versity and distribution of species succession in wood, where a knowl-
edge of this is critically important to enable the operator to maximise
spalting potential. The ability to manipulate fungal reactions through
moisture content and pH changes in wood may offer a chance to en-
hance the pigmentation intensity and patterns currently available
with spalted woods. However, as a number of decay fungi (e.g.
Armillaria spp., Trametes spp.) have the ability to adjust their own pH
and moisture content to favour their growth and nutrient assimilation,
this makes these parameters difficult to control when producing zone
lines [14,28,38,39,70].
Fig. 6.Macrographs showing zone-line formation on artificially treated processedwood from E
with varying combination of different strains of Kretzschmaria deusta, Trametes pubescens and
ulated. (A) Beech wood (Fagus sylvatica) showing zone-line formation from two strains of K. d
mations from pairing two K. deusta strains. (C) Maple wood (Acer pseudoplatanus) showing th
zone line in beech wood from pairing a K. deusta strain with T. pubescens. (E) Maple woo
T. pubescens - K. deusta. The double zone line between K. deusta have merged to appear a
T. pubescens. (F) Beech wood alternating pattern of T. pubescens - K. deusta – T. pubescens giving
showing single zone line compartments separated by alternating T. pubescens and K. deusta (s
partments using samemethod as (G). (I) Beech wood with single bleached zone-lined compart
double zone line running with the wood grain. (K) Bleached maple wood with random zone li
zone-line compartment after inoculation with alternating strains of K. deusta. (M) Maple wood
withK. deusta. (N)Maplewoodwith zone-lined bleached compartments as (M). (O) Beechwoo
the centre of wood sample.
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Along with pH and wood moisture content, species of wood decay-
fungi vary in temperature optima [26],which should be considered dur-
ing the incubation process. Water activity tests (aw, 0–1; the relative
vapour pressure of a substrate) enable us to discover which species
work best at a given temperature or even strains within a species
where small temperature differences can help determine the success
of zone-line formation. For instance, Fomes fomentarius (Fig. 2) has an
optimum temperature from 27 to 30 °C, Armillaria mellea prefers it
slightly lower at 25–26 °C while Trametes versicolor has a broader opti-
mum range of 24–33 °C [62]. As zone lines are produced by the fungus
under the duress of stress, artificially inducing stress by manipulating
temperature and moisture might result in higher melanin production
but at the expense of growth; this is an area of research that requires
further attention.
5.7. Current research on zone line formation

From our trials at Empa, successful zone line formation in common
beech (Fagus sylvatica), ash (Fraxinus excelsior) and maple wood (Acer
pseudoplatanus) treatedwith K. deusta and Trametes pubescens occurred
at 22 °C, 70% relative humidity and in wood of a moisture content be-
tween 15 and 25%. Moreover, wood was never in direct contact with
water, which ensured that wood moisture content remained low
enough for K. deusta infection while maintaining plentiful oxygen sup-
ply for wood decay. The time required to produce 3-dimensional zone
lines from paired antagonists (or more) both between fungal species
and between strains of K. deusta ranged from 5 to 8 weeks depending
on the size of the wood piece being tested (Fig. 6). Of interest, we
found that the degree and competition and intensity of zone line forma-
tion varied greatly between fungal species and also between strains.
Consequently, successful fungal pairing requires time and advanced
screening beginning with antagonism tests in culture media before ap-
plications to wood.
5.8. Future marketing potential of spalted wood

The future potential of spalted wood is moving beyond wood turn-
ery (unique fruit bowls, cups, etc), where the concept is now being
adopted by furnishers of high design [45,67]. The furnisher can also tai-
lor the product to the taste of the customer through control of patterns
created by the fungi and by giving the products a unique identification
number or GPS location from where the tree was felled, marketing
that emphasises place and story. There is a growing shift towards
wood in construction in general, which is linked to global climate
change and sustainability. For example, wooden skyscrapers are being
constructed around the world and could replace steel and concrete in
the future as a more viable alternative ([72]; Ramage and Scherman
[50]; [33]). To make office spaces distinct from each other within
wood-framed skyscrapers, spalted partitions dividing office space
could add appeal to the work space along with spalted interior wall
cladding for inspiration, further opening new market potential.
mpa, St. Gallen after a five-week incubation period of three common European tree species
T. versicolor. Patterns can be both controlled random depending on how the wood is inoc-
eusta and one strain of T. pubescens. (B) Beech wood with patterned double zone-line for-
e bleached affect (‘Eisbuche’) from pairing K. deustawith T. trametes. (D) A single straight
d with alternate pattern of T. pubescens - K. deusta (strain 1) - K. Deusta (Strain 2) -
s a single wide black line, and the wood is bleached due to the enzyme laccase from
two single zone line running with the grain. (G)Wood of common ash (Fraxinus excelsior)
ingle strain) down and across the wood grain. (H) Maple wood showing zone-lined com-
ment. (J) Beech wood after inoculation with two strains of K. deusta revealing two straight
ne formations from T. pubescens, T. versicolor and K. deusta. (L) Beech wood with a double
zone-lined bleached compartments through down and across alternating of T. pubescens

dwith a single straight double zone line frompairing twoK. deusta strains along the grain in
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6. Discussion and future outlook

Inducing spalting involves applying the scientificmethod tomeet ar-
tistic ends with the aim of providing decorative wood products to niche
markets. A successful approach to spalting wood on a large commercial
scale should involve careful collaboration between wood scientists and
industrial partners. The challenge is to develop a reliable and well-
defined method to produce spalted wood of consistent high quality in
a suitable time-frame while maintaining mechanical properties. Con-
trolling the outcome, e.g. making zone lines that are curved, circular,
rectangular, in zig-zag patterns, straight lines or double zone lines,
etc., gives choice to the customer rather than leaving the process to ran-
dom chance (Fig. 6). We should be able to guarantee the customer a
minimalist design with few zone lines or a baroque pattern with
many zone lines, accounting for the great variation in people's artistic
senses. Also, retaining mechanical properties (i.e. stiffness and hard-
ness) to meet industry regulations we need to assess a range of woods
using different fungi to understand fungal growth under different tem-
perature and pH regimes between and within species.

An important approach to optimise and homogenise the spalting
method is to screen and select competitive strains of a single fungal spe-
cies alongside developing a carrier system to easily and reliably apply
fungi to wood. In a climate chamber, the operator can control the pa-
rameters such as temperature and humidity. Using glass windows, it is
easier to investigate precisely when interaction zone lines occur with
the knowledge that they form during incipient decay just prior to ad-
vanced wood decay. The latter observational studies can significantly
reduce the timeframe from 6 months down to between 5 and
8 weeks, depending on the fungi and wood used. Soft rot fungi such as
K. deusta may have advantages of being able to inoculate wood of low
moisture contents thereby reducing opportunity for contamination
while maintaining wood stability. However, white rot fungi (e.g.
Trametes spp.) should not be overlooked in furniture applications, as
they provide the bleaching effect that complements the zone line,
known as “Eisbuche” in the German spalting industry (Fig. 6C). As an
example, Trametes spp. can be paired with K. deusta to maximise the
outcome with benefits from both fungi.

Finally, to help off-set carbon emissions in light of global warming,
selecting the right tree species is critical. For instance, the wood of com-
mon ash, sycamore maple and European beech is relatively bright and
unappealing compared to other more expensive woods. Specially se-
lected wood decay-fungi can make the latter woods more attractive
through fungal modification, giving the prized wood an aesthetic qual-
ity while sequestering carbon long-term. When properly dried, wood
species normally burnt for energy production become valuable pieces
of energy-preserving wood forms.

Spalted wood can yield a high price in niche speciality wood mar-
kets partly owing to its novelty and rarity. The high price reflects the
time required to induce splalting when the wood is buried (6 months
to three years to form zone lines). Also, with regards to spalted wood
encountered by chance on the forest floor, the value of the wood can
be high but lacks the mechanical strength and stability required for
furniture, failing to meet industry standards (e.g. BS EN 1534 [9]).
However, spalting induced through antagonism under controlled con-
ditions of temperature, moisture, pH and relative humidity (e.g. in a
climate chamber) will help to meet the high demand for these aes-
thetic wood products (Fig. 5). As an example of market value for
spalted wood, the cost of logs of beech wood (F. sylvatica) normally
burnt for energy production in Switzerland amounts to approximately
CHF 100–200/m3, but a quality sample of “spalted beech wood”
would sell for an estimated CHF 2000–3000/m3. The economic poten-
tial of spalted wood supports the ambition to produce spalted wood
under controlled laboratory conditions before successful upscaling
and transfer to industry.
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