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Abstract: Melanin formation and assembly by fungi has largely been investigated mainly for its importance in
pathogenesis, as well as to establish the functions and biosynthetic pathways of melanin formed during the process of
successional wood decay. It is known that melanin formation varies based on fungal species, especially melanin produced
by ascomycetes versus basidiomycetes, and that the mechanisms of melanin production by basidiomycetes are more
complex and thus far not entirely elucidated. This study compares in vivo melanin formation by Oxyporus populinus in
sugar maple and Fomes fomentarius in birch, and in vitro pigmentation by Trametes versicolor, Xylaria polymorpha and
Inonotus hispidus in sugar maple and beech, with and without the influence of the melanin precursor, catechol. The results
of this research indicate a bi- or multi-modal activity of melanin production and assembly by wood decay fungi, and
identify possible variations in melanin formation mechanisms as influenced by fungal and wood species.
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INTRODUCTION

Fungal pigmentation in zone lines of spalted wood
produced by various decay fungi can vary in structure,
formation, and significance. While accounts of fungal
melanin deposition in various wood species in the literature
are numerous, some of the most interesting effects of hyphal
melanin can be seen in the characterization of an individual
fungus under controlled growing conditions [1-3].

The macro structure of such fungal melanin production
has been well studied. The black fungal melanins have been
identified in many developmental stages, such as sclerotial
formation, sporogenesis, and hyphal pigmentation due to
wounding or as result of light exposure and extreme
environmental conditions. It was demonstrated that the
melanins formed by wood inhabiting fungi such as Xylaria
polymorpha (Pers.) Grev, Armillaria mellea (Vahl) P. Kumm
and Polyporus squamosus (Huds.) Fr. are contained in
compacted black bladder-like hyphae found in the lumen of
wood cells that are practically unaltered, and that this matrix
of black hyphae forms a compact amorphous structure [4-6].

The ultrastructure of melanin formation within fungal
cells is less well studied, although there are standard and
modified protocols for electron and fluorescence
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microscopy, as described by Wheeler et al. [7], Casadevall et
al. [8] and Butler et al. [3]. However, such studies often
inferred that the high density of melanin pigments provides
sufficient contrast for electron microscopy of unstained
biological samples such that standard preparation techniques
may not be relevant [9-11].

Despite the issues surrounding the study of melanin
ultrastructure, ultrastructure studies have been performed by
Ellis and Griffiths [12], who studied melanized mycelium of
Verticillium dahliae Kleb., Humicola grisea Traaen,
Epicoccumnigrum Link, Colletotrichum coccodes (Wallr.) S.
Hughes and Amorphotheca resinae Parbery. The study
revealed that fungal melanin produced in cultures is confined
to the fungus cell wall region, either externally or within the
hyphal or spore cell walls. In some cases, the accumulation
of electron-opaque granules of melanin was associated with
varicose excrescences that varied in size from 30 to 200 nm.
Further imaging investigations with TEM and Scanning
Electron Microscopy (SEM) on melanin formation of
Phomopsis spp. exposed to short periods of light revealed
similar structural characteristics [13].

Based on similarities in the ultrastructure of melanin
formation between a wild type isolate and a scytalone-treated
albino mutant of V. dahliae, Wheeler et al. [7] concluded
that scytalone is a natural melanin precursor, as previously
reported by Bell et al. [14]. Light and electron microscopy
revealed that granular melanin occurred within the sclerotial
cell walls, forming a matrix that encased the fungal walls of
the wild type isolate as well as those of the albino mutant
when treated with scytalone. However, the melanin produced
by the mutant treated with catechol, dihydroxyphenylalanine
(DOPA), and other phenols, showed different properties than
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that of the wild type or scytalone melanins. While the
surfaces of sclerotial hyphae of the wild-type isolate
appeared rough due to dense melanin granule formations, the
surfaces of the albino mutant and mutants treated with
melanin precursors were relatively smooth.

Melanin biofilm formations involved in sporogenesis of
Agaricus bisporus (J.E. Lange) Imbach were studied by
Hegnauer et al. [15]. TEM studies of melanin extracted from
spores indicated the presence of two types of melanin
structure: partly amorphous and partly granular plate-like
particles 50 — 100 nm in diameter, and electron-opaque
round 30 — 200 nm particles. Wheeler and Bell [16]
identified three types of melanin formation: wall-bound,
extracellular and cytoplasmic melanins; the last type was
identified only in Aspergillus niger Tiegh., and was thus far
less common, while wall-bound and extracellular melanins
were formed by most of the studied fungi, regardless of the
nature of the phenolic precursors used for melanin
biosynthesis. Evidence on the melanin nature of the electron-
dense materials in fungal cell walls was also reported by Bell
and Wheeler [2]. Electron-dense granules were observed
only in pigmented cells and not in hyaline fungal cells. Also,
normal patterns of electron-dense granule formations
appeared when melanin precursors were available to albino
mutants. Moreover, the introduction of the melanin synthesis
inhibitor, tricyclazole, affected electron-dense granule
formation in several fungal species tested that produced 1,8
dihydroxynaphthalene (DHN) melanin, mostly characteristic
of ascomycetes fungi [2].

A quantitative assay of cell wall melanin was developed
by Butler and Lachance [17], based on the high affinity of
Azure A dye for DHN and DOPA melanin, as previously
described by Bull [18] and Nicolaus et al. [19]. Although the
procedure was sensitive, nondestructive and rapid (30 min),
the range of linearity of the azure A method was narrower
when assessing whole cells of the black yeast
Phaeococcomyces nigricans (M.A. Rich & A.M. Stern) de
Hoog compared to the extracted and digested melanin of the
same fungus.

A technique of melanin localization was developed using
the enhanced accumulation of DHN melanin in cell walls of
the rice plant pathogen Gaeumannomyces graminis var.
graminis (Sacc.) Arx & D.L. Olivier, exposed to copper
sulfide [20]. Since considerable amounts of copper sulfide
were absorbed in the melanin layer, a sulfide-silver staining
technique proved successful for visualization and
localization of copper sulfide associated with the melanin
layer of fungal cell walls. Silver also precipitates in hyphal
septa, which suggests that septa also melanize, and silver
precipitation does not occur near hyphal tips or in
tricyclazole-treated hyphae or their septa. These findings are
in agreement with previous research by Henson et al. [21]
and Butler and Lachance [17], who also observed the
binding of Azure A dye to the septa of melanized hyphae of
G. graminis. A copper sulfide-silver staining technique for
fungal melanin detection in electron microscopy was further
developed by Butler et al. [3] and proved to be more
efficient in labeling melanin produced in the black yeast
Phaeococcomyces, in the G. graminis var. graminis, and in
the sporidial cells of Microbotryum violaceum (Pers.) G.
Deml & Oberw.
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Research on the antibody response to melanin precursors
and pheomelanin was reported by Kammeyer et al. [22] and
Liu and Jimbow [23]. The immune response of fungal
melanin was first investigated in the human pathogen
Cryptococcus neoformans (San Felice) Vuill by Casadevall
and Scharff [24]. When grown on phenolic media, the
basidiomycetes C. neoformans produced black pigmentation
that formed a protective capsule for the cells [25]. Research
on melanin contribution to virulence of this fungus led to the
investigation of the binding capacity of an anti-melanin
monoclonal antibody to glucuronoxylomannan (GXM) [26].
GXM was determined as the major polysaccharide
component of capsular C. neoformans [27], and the antibody
response was evaluated by enzyme-linked immunosorbent
assay (ELISA), immunofluorescence and agglutination
analysis [28]. Beside serological methods used to study the
antibody response to melanin, phage display techniques were
also used to identify melanin-binding peptides for C.
neoformans [29] and for Alternaria alternata (Fr.) Keissl.
[30].

The effectiveness of several melanin antibodies
generated in response to polymerized fungal melanin MAb
11B11, 6D2 and 5C11, was studied by Rosas et al. [11].
These were tested against L-dopa melanin from C.
neoformans, synthetic melanin, and melanin from Sepia
officinalis L. (ink melanin). The results indicated MAb 6D2
as the most reliable antibody. Moreover, immunogold
electron microscopy indicated that the MAb 6D2 and
11B1lantibodies have more than one binding site to
melanins [8, 11, 31-33].

This research investigates fungal pigment deposition
within wood cells by various spalting fungi and aims to help
elucidate some important factors that might influence and
specify pigmentation patterns in spalted wood. Our studies
compare pigment formation by various fungi in the same
wood substrate, or by one fungus in various wood substrates.
The results of this research will aid in understanding the
mechanisms of spalting by specific melanin-producing fungi,
so that commercialization of controlled spalting processes
[34] can be more readily achieved.

MATERIALS AND METHODS

Wood and Fungal Species

Wood samples of three species (Acer saccharum Marsh —
sugar maple; Fagus grandifolia Ehrh. — beech and Betula
papyrifera Marshall — birch) colonized by one of five species
of spalting fungi, were studied (Table 1). The specimens
were acquired from natural or in vitro spalted wood samples,
from a particular zone of the samples that displayed zone
line formation or concentrated stain pigmentation. Fungi
used in in vitro experiments were grown on 95x15 mm Petri
dishes with 2% malt extract agar at 21°C for two weeks prior
to wood inoculation. In addition, sugar maple and beech
samples pretreated in vacuum with catechol (Sigma-Aldrich)
and L-dopa (Sigma-Aldrich) melanin precursors for 100 ppm
retention before fungal inoculation were also investigated for
pigmentation.
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Table 1. Substrate and fungal species selection for microscopy analysis.

Substrate Fungal Species/ Spalting Condition Investigation Method
Oxyporus populinus(wild)/ in vivo LM, TEM, SEM, FL, CM
Trametes versicolor(Mad 697)/ in vitro TEM, FL
Sugar maple . o
Xylaria polymorpha(UAMH 11520)/ in vitro TEM, FL
Inonotus hispidus(F2037)/ in vitro TEM
Trametes versicolor(Mad 697)/ in vitro TEM, FL
Beech Xylaria polymorpha(UAMH 11520)/ in vitro TEM, FL
Inonotus hispidus(F2037)/ in vitro TEM
Birch Fomes fomentarius(wild)/ in vivo TEM, FL

Chemical Fixation for Copper Sulfide-silver Staining
Technique

Wood sections of 1 — 2 um were treated with a 10mM
copper sulfate solution in distilled water for 1 — 10hours, and
after washing were treated with 1% sodium sulfide solution
in distilled water for lhour in the dark. After another series
of washing with distilled water, the samples were dried and
developed in a 20 mL solution of 22 mg silver lactate and
170 mg hydroquinone in a citrate buffer for 1 — 10 min at
26°C, fixed in 2% glutaraldehyde in phosphate buffer, and
examined with an Axioplan light microscope with a DP71
camera.

Chemical Fixation for SEM

Spalted wood sections of 1 — Sum were suspended
overnight in a primary fixative of 2.5% glutaraldehyde in
0.IM phosphate. After washing two times with 0.1M
phosphate for 5 min., they were post-fixed in 1% osmium
tetroxide in 0.1M phosphate for 1 hour in the dark, followed
by ethanol dehydration at 30, 50, 70, 80 and 90% for 10 min
and 100% three times for 15 min. Hexamethyldisiloxane
(HMDS) infiltration was accomplished by immersion of the
specimens in different concentration over a certain period of
time: 1:3 HMDS:100% EtOH for 30 min, 1:1 HMDS:100%
EtOH overnight, 3:1 HMDS:100% EtOH for 30 min, and
100% HMDS three times for 60 min. The samples were
dried overnight in a fume hood. The specimens were
mounted on aluminum stubs with double-sided carbon tape
and sputter coated with gold-palladium using a Cressington
Sputter Coater 108. The examination was performed on a
Hitachi S2500 SEM at 20 kV.

Alternative specimen preparation omitted fixation and
post-fixation with osmium, and included coating with gold-
palladium for critical point dried samples.

Chemical Fixation for TEM and LM

Samples of spalted wood were fixed overnight in 2.5%
(alternative 2%) glutaraldehyde and post-fixed in 1%
osmium tetroxide for 1 hour (alternative overnight at 4°C or
omitted) in the dark. After dehydration with ethanol, the
samples were embedded in Spurr’s resin in a flat mould and
the resin was polymerized overnight at 63 — 65°C.

For LM imaging, the embedded samples were sectioned
with a glass knife in semi-thin sections and examined with
an Olympus MVX10 microscope equipped with aDP71
camera.

Ultrathin sections were stained with 3% uranyl acetate
for 45 min in the dark and post-stained with Reynold’s lead
citrate for 15 min. Stained and unstained sections were
examined with a Philips PW6006 TEM.

Immunolocalization Procedure for TEM

To localize antibody binding on fungal melanins in vivo
and in vitro, immunogold labeling was performed on spalted
wood tissue. Ultrathin tissue sections of samples embedded
in LR white resin were placed on nickel grids with Formvar
film, treated with 10% H,O, for 10 min., and then washed
with phosphate buffered saline (PBS) solution. Grids were
blocked in Super Block Blocking Buffer (Thermo Scientific)
in PBS for 4 hours at room temperature. Grids were then
incubated overnight at 4°C in 5 pg/ml of MAb 6D2, kindly
provided by Dr. Arturo Casadevall (Albert Einstein College
of Medicine, Bronx, NY). After being washed with PBS, the
grids were incubated in secondary antibody at 1:1,000
dilution of immunogold conjugate for electron microscopy
(EM), containing goat anti-mouse immunoglobulin M (IgM):
5 nm (BBI International) for 2 h at room temperature. Grids
were then washed with PBS, fixed in 2% glutaraldehyde, and
examined using a 100 CX Philips EM 201 (PW6006) TEM
with AMT V600 software.

Immunolocalization Procedure for SEM

To identify cell wall-bound fungal melanin particles,
samples of sound wood (control) and wood with melanin
formation of 5 pum thickness were fixed in 1.25%
glutaraldehyde overnight at 4°C, blocked for nonspecific
binding with PBS + 4% (1%) BSA (alternately added 4-1%
milk) for lhour, incubated for 30 min to 3 hours in 20 pg/ml
MAD 6D2 in PBS, treated after a washing series with 10nm
protein A-gold (1:100) for lhour, and (alternatively) exposed
to silver enhancement reagent (SEKL15 from BBI) for 5 —
20 min. After washing and drying, samples were coated with
gold-palladium and examined with a Hitachi S2500 SEM.
Control samples were used to test each step of the procedure,
including alternatives.
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Wood samples 5 um thick, fixed in 1.25% glutaraldehyde
overnight at 4°C, were blocked for nonspecific binding with
PBS + 4% (1%) BSA for 1 hour, incubated for 3 hours in
20pug/ml MAb 6D2 in PBS, treated after a washing series
with immunogold conjugate EM Goat antibody mouse
IgM:5nm (BBI International) 1:100 for 1 hour, and
alternatively, and exposed to silver enhancement reagent
(SEKL15 from BBI) for 5 — 20 min. After washing and
drying, samples were coated with gold-palladium and
examined with a Hitachi S2500 SEM.

Immunofluorescence Analyses of Spalted Wood.

Thin sections 0.5 — 1pm of spalted wood samples and
sound wood (control) embedded in LR white resin, were first
immersed in Super Block Blocking Buffer in PBS for 4
hours at room temperature, and incubated with 20 pg/ml of
MADb 6D2 overnight at 4°C, followed by conjugation to the
Alexa Fluor 488 Goat anti mouse I gM (p chain) (Invitrogen)
1:200. Tissue samples were washed in PBS. A mounting
solution of 50% glycerol, 50% PBS and 0.1IMN propyl
gallate (P3130 Sigma —Aldrich) was applied and samples
were covered with a cover slip. Samples were examined with
an Axioplan microscope with fluoresce in isothiocyanate
filter, Olympus DP71 camera and Quorum Wave FX / FRAP
spinning disk confocal microscope.

RESULTS

The black pigments produced in vivo by Oxyporus
populinus and Fomes fomentarius and in vitro by Trametes
versicolor, Xylaria polymorpha, and Inonotus hispidus in
wood substrates were immunolabeled by the MAb 6D2
melanin antibody.

Sugar maple samples with zone line formations by
O. populinus were analyzed by LM, SEM, TEM,
fluorescence and confocal microscopy. The apparent black
line formation was composed of dense mycelium that filled
the lumen of the wood cells (Fig. 1A, E). Two types of
melanin deposits were distinguished. The first type was a
dense layer of oval melanin granules of 50 — 100 nm,
deposited in the cavities characteristic of white rot fungi
along the decayed wood cell wall (Fig. 1B, C, single white
arrow). Within this layer, round and bigger granules of
melanin up to 1.5 um in diameter and with rugose surfaces
were also often observed in well established zone line
formations (Fig. 1B,C, double white arrows). The second
type of melanin deposit was observed in sclerotial fungal
hyphae that colonized the wood Iumens, and formed
conglomerates of hollow hyphae (Fig. 1B, E, F, red double
arrows) with rugose surfaces (Fig. 1D, red arrows). Hyphae
of 2 — Sum in diameter with 500 — 600nm melanized wall
thickness tended to completely fill the wood cells in the zone
lines of spalted wood. Fluorescence imaging revealed that
the MAb 6D2 antibody bound selectively to melanin
deposits from wood cells. The melanin exposed by
sectioning wood cells partially or totally obstructed by dense
black sclerotial mycelium (Fig. 2) was not always labeled by
the melanin antibody (Fig. 3A, B — arrow).
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The studied samples of birch with black zone lines
formed by F. fomentarius had no extracellular layer of
melanin deposits along the wood cell wall. The zone lines
were comprised of melanized fungal hyphae within the wood
cells. Although the melanin is mostly found within the
fungal cell, melanin immunolabeling was registered also at
the cell wall level (Fig. 4A, B and C — arrow).

The investigated melanin pigments formed by
T. versicolor showed morphological differences between
sugar maple and beech substrate, and no differences in the
same wood substrate treated or untreated with catechol
before fungal inoculation (Fig. 5A, B and Fig. 6A, B). In
sugar maple, small melanin granules of 100 — 250 nm
released by active hyphae tended to assemble without much
initial binding to the cell wall, whereas beech cell walls and
hyphal surroundings were heavily coated with a dense layer
of melanin deposits (Fig. 5 and Fig. 6).

Similar types and sizes of oval melanin granules were
observed in the case of X. polymorpha, 50 — 150nm in sugar
maple (Fig. 7A, C and E), and 70 — 150 nm in beech (Fig.
7B, D and F), that assembled from thin layer deposition on
the cell wall of the wood vessels (Fig. 7G) to dense
conglomerates of melanized mycelium within the inner
wood cell walls (Fig. 7H). Heavy melanized fungal hyphae
appeared hollow in section, with rugose surface (Fig. 7H-
arrow).

Pigmentation produced by |. hispidus was observed as
deposition of small granules, 100 — 200 nm, along the wood
cell walls in sugar maple (Fig. 8A - arrow) along with dense
bigger granules (300 — 850 nm) (Fig. 8A - double arrows).
The melanin granule depositions were not present in wood
cells subject to active fungal decomposition (Fig. 8B).
Melanin production was immunolabeled within the fungal
hyphae as well as in their cell walls (Fig. 8C, red arrow).

DISCUSSION

Fungal melanin formations cannot be easily
differentiated among fungal species, especially when
produced in various substrates. However, two distinctive
characteristics of pigment assembly, the granule-dense layer
attached to the wood cell lumen walls, and the
conglomeration of sclerotial hyphae that tend to obstruct
wood cell lumina, are present in most melanized wood-
inhabiting fungi, with variation in granule dimensions and
assembly patterns (Table 2). The differences in pigment
assembly might be reflected in the diversity of the functions
of melanin protection. We observed that the layer of
extracellular melanin granules deposited along the wood
cells might be the initial stage of zone line formation in
spalted wood. The complete obstruction of successive wood
cells at the boundaries of each fungal colony is comprised of
melanized hyphae that form a dense outer layer. This layer
ensures the protection of fungal colonies, including the
establishment of a secure territory and food source, and
resistance to fungal competitors. The extracellular melanins
that form the deposits along the wood cell walls are derived
either from secretion of phenol oxidases into the external
environment to oxidize available phenolic compounds, or by
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Fig. (1). Acer saccharum samples with zone lines formations by Oxyporus populinus; (A) LM of wood cross section with melanized
mycelium filling the lumen of the wood cells; (B) TEM of parenchyma ray in longitudinal section, melanized mycelium organized in clusters
(red double arrows); (C) SEM of wood vessel with melanized mycelium; small oval melanin granule deposits (white single arrows); round
and bigger granules of melanin, (double white arrows); (D) SEM of melanised mycelium, rugose surface of the outer wall of melanized
mycelium (red single arrows); (E and F) SEM of tangential section in wood sample; melanized mycelium organized in clusters in vessels (red
double arrows).
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Fig. (2). Immunofluorescence of fungal melanin in cross section of parenchyma rays of Acer saccharum with melanized mycelium of
Oxyporus populinus in fluorescence light (A) and in bright field (B); control samples of sugar maple in cross section of parenchyma rays with
no fungal inoculation, in fluorescence light (C) and in bright field (D).

Fig. (3). Imaging of Acer saccharum ray parenchyma with melanized mycelium of Oxyporus populinus in cross section, obtained by confocal
microscopy. (A) fluorescence image; (B) phase contrast image; (C) merged confocal image.
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7.5 um

Fig. (4). Imaging of natural melanin produced by Fomes fomentarius in Betula alleghaniensis. (A) -°©-imaging by light and (B)-
°©-immunofluorescence microscopy of cross section in ray cells of with melanin; (C) immunolabelling of melanin in TEM imaging of
natural melanin produced by F. fomentarius.

Fig. (5). Contd...



Melanin in Spalted Wood The Open Mycology Journal, 2014, Volume 8 181

7.5 pm 7.5 pm
Y , “ QJ H*E
&=
e

Fig. (5). Imaging by TEM (a and b), and immuno-FL of Acer saccharum with melanin produced by T. versicolor (A), (C) and (E) in

monoculture and (B), (D) and (F) pretreated with catechol before fungal inoculation; (A) - TEMimage of cross section of wood vessels ; (B) -
TEM image of cross section in wood tracheids; (C) and (D) -fluorescence image of cross section in wood tracheids with melanin; (E) and (F)

- LM image of cross section in wood tracheids.

Fig. (6). Contd...
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Fig. (6). Imaging by TEM (a and b), and immuno-FL of Fagus grandifolia with melanin produced by T. versicolor (A), (C), (E) in

monoculture, and (B), (D), (F) pretreated with catechol before fungal inoculation; (A), (B) — TEM images of cross section of tracheids; (C)
and (D) - immunofluorescence images of cross section in wood ray cells with melanin; (E) and (F) - LM image of cross section in wood

tracheids.

Fig. (7). Contd...
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Fig. (7). Imaging of Acer saccharum (A, C and E) and in Fagus grandifolia (B, D and F with melanin produced by X. polymorpha; (A) and
(B) TEM imaging of tracheids in cross section; (C) and (D) immunofluorescence imaging of tracheids in cross section; (E) and (F) LM
imaging of tracheids in cross section; (G) - SEM of Acer saccharum cross section with melanin layer deposition on the cell wall of the wood
vessel; (H) - longitudinal section on Acer saccharum tracheid filled with hollow melanized mycelium (arrow).

Table 2. Summary of the microscopy methods and results obtained from the study of Op = Oxyporus populinus, Xp = Xylaria
polymorpha, Tv = Trametes versicolor, Ff = Fomes fomentarius; Ih = Inonotus hispidus, in SM = sugar maple, B = beech, Bi =

birch.
Sample Type o ) .
Staining Immunolabeling Microscopy Method Results
Fungus/wood/treatment
Xp/Sm, Xp/B, Tv/SM, Tv/B Silver staining - LM Unspecific binding to wood tissue
wo types of melanin deposits, rugose
Mab6D2 Two types of melanin deposi g
i tibod LM, SEM, TEM surface of melanin
Op/SM Alexa FI 488 (primary antibody) _ _ _
Gold conjugate secondary FL,CM Immunolabeling of melanin, selective
antibody binding of melanin antibody

Two types of melanin deposits, rugose

Mab6D2 LM, TEM surface of melanin
Tv/ISM, Tv/SM/catechol Alexa Fl 488 . _ _ _ _
(primary antibody) FL Immunolabeling of melanin, selective
binding of melanin antibody

Mab6D2 Morphologic differences of melanin

; ; LM, TEM deposition in SM and B; same type of

(primary antibody) Gold
Tv/B, Tv/Blcatechol Alexa FI 488 conjugate secondary EL melanin deposits in treated-untreated wood

antibody Immunolabeling of melanin
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Table 2. contd...

Sample Type o ) )
Staining Immunolabeling Microscopy Method Results
Fungus/wood/treatment
Mab6D2 . .
LM. TEM. SEM Two types of melanin deposits, rugose
Xp/SM, Xp/B Alexa Fl 488 (P“mfjlfy antibody) Gold ’ ’ surface of melanin
conjugate secondary FL . .
. Immunolabeling of melanin
antibody
Mab6D?2, One type of gregarious melanin deposits, no
) LM, TEM layer along the wood cells walls
Ff/Bi AlexaFL 488 | Gold conjugate secondary . .
- FL Immunolabeling of melanin granule and at
antibody,
the fungal cell walls level
Mab6D2 Two types of melanin deposits,
1h/SM = Gold conjugate secondary TEM Immunolabeling of melanin granule and at
antibody the fungal cell walls level

secretion of phenols into the external environment where
they are oxidized by autolysis [2]. The wall-bound melanin,
found in hyphae most melanized fungi, and in conidia and
sclerotial cell walls, forms various patterns of electron-dense
granules, and may occur in the outer or inner part of the
fungal cell walls [7, 12, 13, 35-38]. The production of fungal
pigmentation minimizes the degradation of wood cells [2],
ensuring the structural integrity of the melanized layer.

In this research we observed at least three general yet
distinctive types of melanin assembly in fully developed
zone line formations in spalted wood: the granules produced
extracellularly by fungal cells, forming the melanin layer
that binds with wood cell walls; the extracellular melanin
layer that forms the sclerotial hyphae of O. populinus, T.
versicolor and X. polymorpha (Fig. 1 and Fig. 3); and the
melanin particle produced internally by fungal cells in the
case of F. fomentarius and I. hispidus. However, based on
the variation of the wood substrate composition, different
mechanisms of melanin assembly could be observed within
the same fungal species.

The morphological variation of melanin assembly in
different wood substrates reported in this research might
explain the various chemical structures previously reported
for fungal melanin [33, 39-41] as well as for the multiple
genes identified in melanin biogenesis [21, 42-45]. Melanin
deposits produced in vitro by T. versicolor in sugar maple
tended to be attached to the wood cell walls, while in the
same substrate pretreated with catechol, those bindings
seemed sparse (Fig. 5). This was not the case in beech,
where T. versicolor was not influenced by catechol treatment
in regard to pigmentation pattern and melanin assembly (Fig.
6). There is strong evidence that the structure of melanin
produced by this fungus varies with the nature of the wood
substrate, which can directly influence the existing chemical
bonds with the wood polysaccharides along the wood cell
walls, as demonstrated by Zhong et al. [40]. There is yet no
indication how and if the structural functions of those
chemical bonds have any influence on the melanin
properties. Many reported melanin analyses fail to

demonstrate the chemical bonds between melanin and wood
cell walls, due to treatment with harsh chemicals during
extraction [46]. In the same context, Simon and Ito [47]
argued that in the natural environment, melanins are
associated with proteins and metal ions bound to the
functional groups of the biopolymers, which influence the
overall structure of these melanin formations, and can also
determine the morphology of melanins assembly.

The most consistent morphology of melanin formation
within the wood substrate was noted in X. polymorpha,
which is in agreement with the findings reported by
Campbell [4]. As expected, the fungus developed decay
cavities specific to white rot fungi, more noticeable in beech,
and the wood cells within the zone line formations contained
small melanin granules that formed a layer firmly bound to
the wood cell walls, as well as melanized hyphae (Fig. 7). In
contrast, no melanin granule depositions were observed
along the wood lumen in the case of zone line formation in
birch colonized by F. fometarius. Immunolabeling with
melanin antibody of fungal mycelium in birch wood
indicated melanin activity within the fungal cell walls (Fig.
4A and B). However, immunolocalization with melanin
antibody could not be clearly differentiated within the dense
dark organelles formed in the hyphal cells (Fig. 4C). The
mature zone lines formed by F. fometarius were assembled
from conglomerates of intracellular melanized hyphae within
the wood cells and the precise pattern of hyphal melanization
was not clear from this investigation. The lack of melanin
deposits along the wood cell lumen was also supported by
the similar description of decay and pigmentation of F.
fometarius given by Schwarze et al. [48].

Other distinct patterns of pigmentation were observed in
the case of I. hispidus. There are two known phenolic
pigments produced by I. hispidus identified by extraction
analysis: the brown pigment hispidin characterized by
Edwards et al. [49] and Klaar and Steglich [50], and a much
lighter brown-yellow metabolite known as hispolon [51]. It
was hypothesized that hispidin may polymerize during
maturation of the fungi and its development is increased by
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Fig. (8). Immunolabeling of melanin produced by I. hispidus in Acer saccharum. (A) - TEM imaging of cross section of Acer saccharum
tracheid cells with melanin granule deposition; (B) - TEM imaging of cross section of Acer saccharum tracheid cells with melanized hyphae;
(C) - TEM imaging tangential section of fungal hyphae with melanin formations in hyphal cell wall (arrow).

exposure to light [52, 53]. Two distinctive types of layered
pigment deposition along the wood cell walls were observed,
each assembled from granules up to 200 nm and 850 nm
respectively, as well as melanization within the hyphal cell
wall (Fig. 8A, B). The specific pigmented layers might be
the result of the bi-modal nature of pigment production by I.
hispidus.

The distinctive melanin structures and assemblies
produced by the wood inhabiting fungi that were studied
indicate that an accurate description of chemical structure of
fungal melanin is not possible by aggressive extraction
methods. The fact that each fungus is capable of producing
multiple melanin-type pigment structures at any given time
should be accounted for.

The immunolabeling of fungal melanin in wood
substrates using the silver enhancement technique was not
successful, possibly due to nonspecific binding to the wood
substrates by silver particles used in our protocol. The
melanin antibody mostly labeled zones with incipient
melanin formation, whereas dense melanized layers exposed
by sectioning were not immunolabeled.

CONCLUSION

The results of this research indicate a bi- or multi-modal
activity of melanin production and assembly by wood-
inhabiting fungi, and identify possible variations in melanin
formation mechanisms, influenced by both the fungal and
wood species involved in the process. Immunolabeling with
an available melanin antibody confirmed the melanin nature
of the pigments produced by O. populinus, T. versicolor, X.
polymorpha, F. fomentarius, and I. hispidus. Future research
of fungal melanin chemical structure should focus on non-
destructive analysis methods combined with advanced
imaging techniques.
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