
This document is downloaded from the
VTT’s Research Information Portal
https://cris.vtt.fi

VTT
http://www.vtt.fi
P.O. box 1000FI-02044 VTT
Finland

By using VTT’s Research Information Portal you are bound by the
following Terms & Conditions.

I have read and I understand the following statement:

This document is protected by copyright and other intellectual
property rights, and duplication or sale of all or part of any of this
document is not permitted, except duplication for research use or
educational purposes in electronic or print form. You must obtain
permission for any other use. Electronic or print copies may not be
offered for sale.

VTT Technical Research Centre of Finland

The complex structure of Fomes fomentarius represents an architectural
design for high-performance ultralightweight materials
Pylkkänen, Robert; Werner, Daniel; Bishoyi, Ajit; Weil, Dominik; Scoppola, Ernesto;
Wagermaier, Wolfgang; Safeer, Adil; Bahri, Salima; Baldus, Marc; Paananen, Arja; Penttilä,
Merja; Szilvay, Géza R.; Mohammadi, Pezhman
Published in:
Science advances

DOI:
10.1126/sciadv.ade5417

Published: 22/02/2023

Document Version
Publisher's final version

License
CC BY-NC

Link to publication

Please cite the original version:
Pylkkänen, R., Werner, D., Bishoyi, A., Weil, D., Scoppola, E., Wagermaier, W., Safeer, A., Bahri, S., Baldus,
M., Paananen, A., Penttilä, M., Szilvay, G. R., & Mohammadi, P. (2023). The complex structure of Fomes
fomentarius represents an architectural design for high-performance ultralightweight materials. Science
advances, 9(8), [eade5417]. https://doi.org/10.1126/sciadv.ade5417

Download date: 22. May. 2023

https://doi.org/10.1126/sciadv.ade5417
https://cris.vtt.fi/en/publications/9c56a890-ef11-4c2d-b58c-4b617d124cbf
https://doi.org/10.1126/sciadv.ade5417


B IOPHYS ICS

The complex structure of Fomes fomentarius represents
an architectural design for high-performance
ultralightweight materials
Robert Pylkkänen1,2†, Daniel Werner3†, Ajit Bishoyi4, Dominik Weil5, Ernesto Scoppola3,
Wolfgang Wagermaier3, Adil Safeer4, Salima Bahri4, Marc Baldus4, Arja Paananen1,
Merja Penttilä1,2, Géza R. Szilvay1, Pezhman Mohammadi1*

High strength, hardness, and fracture toughness are mechanical properties that are not commonly associated
with the fleshy body of a fungus. Here, we show with detailed structural, chemical, and mechanical character-
ization that Fomes fomentarius is an exception, and its architectural design is a source of inspiration for an
emerging class of ultralightweight high-performance materials. Our findings reveal that F. fomentarius is a func-
tionally graded material with three distinct layers that undergo multiscale hierarchical self-assembly. Mycelium
is the primary component in all layers. However, in each layer, mycelium exhibits a very distinct microstructure
with unique preferential orientation, aspect ratio, density, and branch length. We also show that an extracellular
matrix acts as a reinforcing adhesive that differs in each layer in terms of quantity, polymeric content, and in-
terconnectivity. These findings demonstrate how the synergistic interplay of the aforementioned features
results in distinct mechanical properties for each layer.
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INTRODUCTION
Many lightweight biological materials such as wood, bone, and silk
exhibit exceptional strength, hardness, and fracture toughness that
are crucial for their physiological functions (1–6). They are com-
posed of hard and soft building blocks with characteristic dimen-
sions ranging from nano- to mesoscales hierarchically arranged
into a complex multiphase multicomponent composite. These
properties are not commonly associated with the fleshy body of a
fungus, yet the diversity of biological materials is extremely rich,
and thus, it is perhaps expected that the multicellular fruiting
bodies produced by fungi have great variance not only in terms of
their appearance and edibility but also in their extraordinary mate-
rial properties (7–9).
A particularly interesting species for advancedmaterials applica-

tions is the tinder fungus Fomes fomentarius, which produces light-
weight polypore fruiting bodies that have been used for thousands
of years as leathery and soft felt-like materials with excellent me-
chanical durability (10, 11). F. fomentarius is a very common inhab-
itant of birch and beech forests all across the Northern Hemisphere,
where it has an important biological function in releasing carbon
and other nutrients that would otherwise remain sequestered by
the dead trees (12). More specifically, the mycelium of F. fomentar-
ius penetrates trees through damaged surfaces and grows inside
them, decomposing cellulose, hemicellulose, and lignin in a
process called white rot (13).

Outside trees, the only visible part of the fungus is the fruiting
body, which has a primary biological function in the sexual propa-
gation of the fungus via the discharge of basidium as basidiospores
from the hymenium. In the case of F. fomentarius, the hymenium is
arranged into porous structures called hymenophore tubes (H.
tubes), which have an important role in increasing the available
surface area for releasing a large number of spores from the hyme-
nium (14). In terms of possible triggers for spore discharge, existing
literature reports suggest that F. fomentarius sporulates at relatively
low temperatures in spring and autumn and displays nocturnal pat-
terns of spore discharge (15, 16). Despite not being reported for F.
fomentarius, it is worth noting that some fungal species have also
been reported to discharge spores upon impact (17).
Unexpectedly, the fruiting bodies of F. fomentarius and their ma-

terial properties have received the attention of the scientific com-
munity only very recently (18, 19), despite having great potential
for producing biodegradable leather-like materials from lignocellu-
losic biomass. Furthermore, to our knowledge, there are no widely
accepted explanations for the specific mechanical roles of the differ-
ent structural elements found in the fruiting bodies of bracket fungi,
although they could serve as a source of inspiration for the produc-
tion of multifunctional ultralightweight materials with properties
that could potentially surpass natural materials in the future.
However, perennial polypores typically produce hard and persistent
fruiting bodies that have to be able to resist the different natural dis-
turbances they encounter during their existence. For example, it is
relatively easy to imagine impacts generated from falling objects,
such as tree branches, or loads generated by climate conditions,
such as wind and snow. The fruiting body should also have suffi-
cient protection to resist attacks from fungivores such as beetles,
yet it should be noted that some of these organisms may also help
the fungus spread its spores more efficiently (20).
In this study, we report detailed structural, chemical, and me-

chanical characterization of the complex architectural design of F.
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fomentarius fruiting bodies in terms of three distinct layers: crust,
context, and H. tubes (Fig. 1). We further describe the distinct mi-
crostructure of mycelium in each layer with unique preferential ori-
entation, aspect ratio, density, and branch length. We also report
how the cell wall and extracellular matrix differ for each layer in
terms of quantity, polymeric content, and interconnectivity.
These results could offer a great source of inspiration for producing
multifunctional materials with superior properties for diverse
medical and industrial applications in the future (10, 21–23).

RESULTS
Ultrastructure of F. fomentarius
On the microscale level, the effective component of this unique ma-
terial is the fungal network of hyphae that form the mycelium. The
hyphal cell wall, in turn, is composed of nanoscale structures
formed by chemical interactions between molecules such as poly-
saccharides, proteins, lipids, pigments, and negligible quantities of
inorganic components. At the general level, the development of F.
fomentarius fruiting bodies is a multistep process of differentiation
and multicellular growth. Changes initiate at the genomic level,
which ultimately alters hyphal behavior and physiology in response
to external stimuli, such as light, temperature, gravity, humidity,
and/or molecular signals (24). The large fruiting bodies produced
by F. fomentarius may reach a diameter of up to 50 cm and grow
while the fungus decomposes the tree in a process that may span
over 30 years. Typically, between one and three new hymenial
layers are produced each year, from which the fungus can release
up to 240 million spores/cm2 per hour (14). Artificial indoor culti-
vations of F. fomentarius fruiting bodies have not yet been reported
to our knowledge, and therefore, the exact mechanisms and signals
that induce fruiting body formation in this species remain unclear.

To begin the characterization of the complex structure of F. fo-
mentarius fruiting bodies, we started by dissecting a collected speci-
men into individual sections. Imaging of the cross section and
surface of the fruiting body revealed that it consists of a multiscale
hierarchical structure with three distinct macroscale layers, each
varying in thickness and microstructural features (Figs. 1 and 2, A
to C, and movies S1 to S6). The exterior region of the fruiting body
consists of a hard and rigid protective outer layer known as the crust
(Fig. 2A and movie S1). Using high-resolution x-ray microcom-
puted tomography (μCT) and scanning electron microscopy
(SEM), we characterized the crust layer as a dense and uniform
structure, with low porosity and no apparent microscale structural
features. In addition, the mycelium network in this layer was heavily
embedded and glued in an extracellular matrix. We also noted that
the thickness of the crust is not uniform and characterized it as
ranging from 900 μm at the posterior to 200 μm in the anterior
region. Moreover, micrometer-sized cracks were observable with
both SEM and μCT images at the surface of the crust, but these
were dismissed as artifacts that likely emerged when the samples
were prepared into thin slices.
Subjacent to the crust is the foam-like, soft, and leathery layer

known as the context. We observed a gradual transition at the inter-
face between the crust and context, with segments of the mycelium
network being partially embedded in the same extracellular cement
as in the crust. This gradient ultimately reaches a point where the
mycelium can be seen free from any extracellular matrix in the
context (Fig. 2B and movie S1), and the hyphae (diameter, ~2
μm) are partially aligned and oriented with branch lengths up to
hundreds of micrometers.
The final layer subjacent to the context consists of hollow tubular

structures known as H. tubes, which have preferential orientation
and are arranged in parallel alignment with gravitational force
(Fig. 2C and movies S2 to S4) (14). The walls of H. tubes consist

Fig. 1. The ultra-architecture of F. fomentarius used in this study. The x-ray 2D projections of the three main regions crust (I), context (II), and H. tubes (III) and their
corresponding interfaces (circles) are shown. The imaginary yellow dashed line stretches from the posterior to the anterior region, indicating the boundary between the
context and the H. tube layer.
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of a shared mycelium network (thickness of about 20 to 50 μm)
without clear boundaries between adjacent tubes, and themycelium
is preferably arranged in parallel orientation with the longitudinal
axis of H. tubes. The mycelium network in the tubes is also glued by
an extracellular matrix as in the crust but in substantially lower
quantities.
The other prominent features that could be extracted from μCT

and SEM images and differ in each layer are porosity and density.
The quantified porosity and density for each layer were calculated to
be approximately 11.5 ± 3, 47.7 ± 4, and 70.9 ± 7%, and 875 ± 23,

369 ± 57, and 337 ± 31 kg/m3 for the crust, context, and H. tubes,
respectively (Fig. 2D). In agreement with visual observations, these
values confirm that the crust forms the densest and least porous
layer, whereas the context and H. tubes form the least dense and
most porous layers. Given that the mycelium network is the
primary building block in all three layers, the main structural differ-
ences between the layers are dictated by the proportion of the
network density, extracellular cement embedding the hyphae, and
the notion that H. tubes contain a substantial hollow space.

Fig. 2. A closer look at the three distinct main regions of the fruiting body using x-ray μCT and high-resolution SEM. (A) μCT and SEM images of the cross section
and surface of the crust. (B) μCT and SEM image of the context. (C) X-Y-Z CT slices and 3D reconstruction of H. tubes at various rotating positions. (C) also demonstrates an
SEM image of the cross section. The internal region and the tubewalls are indicated by yellow dashed lines. (D) Calculated percentage porosity from μCT slides for all three
regions. The plot also demonstrates the calculated density for each layer. (E and F) Calculated branch length of the hyphae in the context as well as the H. tubes.
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As noted earlier, differences in branch length were also evident
between hyphae in context and H. tubes, and therefore, we quanti-
fied branch lengths more thoroughly by analyzing μCT data (Fig. 2,
E and F). The average branch length for hyphae in the context was
about 200 μm, while in the H. tubes, the branch length was shorter
at around 25 μm. With an apparent 10-fold difference in branch
length, it would seem reasonable to suggest that the hyphae in
context would prefer elongation over branching, while in
H. tubes, they would prefer branching over elongation. It seems
likely that the highly oriented tube walls are a result of frequent
branching events that lead to a realignment of the hyphal growth
direction. We could not quantify the branch length in the crust as
the mycelium network could not be distinguished in the μCT slices.
Last, in addition to these three main layers, other structural ele-
ments are also present in the fruiting bodies, such as a core structure
that connects the fruiting body to the tree (Fig. 1 and movie S6) and
cone-shaped transition points at the interfaces of the context and
H. tubes that result in the emergence of H. tubes (Fig. 1 and
movie S5).

H. tubes form the major portion of the fruiting body
Among all, the H. tubes were found to be the most prominent com-
ponent of structural organization found in the fruiting body. Their
contribution to the bulk of the fruiting bodies is about ~69%,
whereas the crust and context contribute about ~4 and ~29%, re-
spectively (Fig. 1). To gain a better understanding of the architec-
ture of H. tubes, we reconstructed both the tube walls and their
corresponding hollow space in 3D (Fig. 3A). These reconstructions
highlight the extremely consistent alignment, orientation, spacing,
size, and diameter of the tubes and the absence of skewed or other-
wise misaligned/misoriented H. tubes.
Our next question was whether H. tubes are structurally consis-

tent across their longitudinal axis. To examine this, we split the
H. tubes across the longitudinal axis into five equally spaced
zones and analyzed the consistency of H. tube architecture in
each zone separately (Fig. 3B). We chose a naming scheme where
zone I corresponds to the section of H. tubes at the top of the fruit-
ing body, zone III corresponds to the middle, and zone V corre-
sponds to the bottom. We did this to identify differences between
the H. tubes located at the top (older regions) and the bottom
(younger regions) of the fruiting body. Although the tubes can
reach lengths up to 4 cm, there seems to be a consistent gradual
change in their architecture between the different zones. The great-
est deviations from the general tube architecture are found in zones
I and II, which are situated closest to the interface region. Making a
closer visual observation revealed elliptical cross sections as
opposed to circular ones, and even fusions between two adjacent
H. tubes are the origin of the larger variations. This is consistent
with the notion that mycelium in the context differentiates into
the H. tubes; therefore, the observed inconsistency in the shape
and the diameter of the tubes in zones I and II are intermediate tran-
sition points before completely taking the circular shapes in zones
II, IV, and V.
Intrigued by how effectively the hyphae network forming the

mycelium is spatiotemporally controlled at the microscale length
scale, we then turned our attention to examining the exact transition
boundary between the context and H. tubes, above the tubular
structures in zone I (Fig. 3C). To our surprise, we found that the
mycelium (i) undergoes substantial preferential alignment in the

context, (ii) merges into well-defined and equally spaced bundles
of micrometer-sized cone-like assemblies (referred later to as
“growth cones”), and (iii) subsequently produces an extracellular
matrix that provides sufficient structural stability and rigidity for
these unique constrained domains to initiate the formation of the
H. tubes. Ultimately, well-defined tubular shapes with hollow
spaces could be maintained by the shorter branch length and
lower aspect ratio of the mycelium network (Fig. 2, E and F). Con-
sidering that the wall thickness between the two neighboring tubes
is only about 20 to 50 μm, it is the most effective means of facilitat-
ing tight packing in such a confined space (Fig. 3A). We also noted
growth cones that did not result in mature H. tubes, at an approx-
imate 45° angle compared to the growth cones that resulted in
mature H. tubes. Between these two sets of growth cones is a
layer with an appearance that resembles the context. As bracket pol-
ypores typically exhibit gravimorphogenetic responses to produce
new fruiting structures suitably reoriented to new spatial positions
(25), these misaligned cones could be an indication of the different
orientation of the birch trunk at some point during the lifetime of
the fungal specimen.
Last, we looked into the open pores of H. tubes, located at the

bottom of the fruiting body (corresponding to zone V) (Fig. 3C).
As noted earlier, H. tubes in these zones had a generally similar ap-
pearance to zones III and IV, with the exception of a hollow spher-
ical region centered around the empty space at the open end of each
H. tube, as opposed to a flat opening. The primary mycelium, which
can be found inside the walls of H. tubes, had a preferred parallel
orientation to the tubes, while tertiary mycelium, which covers
the surfaces of the walls and releases spores, tends to have a pre-
ferred orientation toward the center of the tubes (Fig. 3D).

Structural and chemical analysis
To better understand the nanoscale structural and chemical features
found in the fruiting bodies of F. fomentarius, we next carried out
various noninvasive spectral analyses of the three main layers. First,
by using synchrotron wide- and small-angle x-ray scattering
(WAXS/SAXS), we measured both profiles for a slice of the fruiting
body that contained all three of the main layers and their corre-
sponding interfaces (Fig. 4, A to C). The highest signal intensities
could be obtained from the crust layer, followed by H. tubes and
context, with peak intensities centered generally around the same
q values. This trend has a direct correlation to the degree of crystal-
linity in each layer (fig. S1), with the crust showing the highest crys-
tallinity index at 87 (±6)%. This is followed by a substantial decrease
to 42 (±4)% for the context, and, once more, an increase to about 81
(±3)% for the H. tubes. The diffraction data, the SEM images, and
the μCT slice (Fig. 4, A and B) all depict the high degree of crystal-
linity in the crust and the H. tubes directly associated with the em-
bodiment of the mycelium network in a crystalized extracellular
glue, in contrast to the context with no apparent extracellu-
lar matrix.
To estimate differences in the orientation of the mycelium

network, we calculated Herman’s orientation parameter (HOP)
from the azimuthal integration of 111 arc from the synchrotron
WAXS measurements (Fig. 4A). This result revealed a gradual in-
crease in orientation moving from the crust to the H. tubes. Accord-
ing to our calculations, orientation is the lowest in the crust layer
(with an approximate HOP value of 0.0), increases slightly for the
context (~0.25), and is the highest in H. tubes (~0.4). These
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observations were further confirmed and showed a similar trend by
calculating orientation parameters from μCT data (fig. S2). This
quantitative determination of orientation corresponds well with
the qualitative observations provided by SEM images.
To better understand the composition of the molecular building

blocks in each layer, wemeasuredWAXS one-dimensional (1D) dif-
fraction patterns for each layer (Fig. 4C). We found that the major
peak profile for all the layers predominantly arises from triple-
helical β-1,3-glucan, which has been shown to crystallize into supra-
molecular assemblies (26). While the x-ray profiles between the
context and H. tubes seemed to be similar (major differences in
the intensities), the crust layer showed an additional broad diffrac-
tion peak centered around 18.2 nm−1 and few other narrow peaks at

3.7, 6.6, and 7.4 nm−1, which could not be assigned clearly on the
basis of the literature. We expected these peaks to arise mostly from
polysaccharides, proteins, lipids, pigments, or even inorganic salts,
as these are the most commonly reported constituents for fruiting
bodies of bracket fungi (27). Thus, we further examined the overall
chemical composition of the crust, context, and H. tubes, using at-
tenuated total reflectance–Fourier transform infrared spectroscopy
(ATR-FTIR) (Fig. 4D). In agreement with observations from x-ray
diffraction, similarities between the context and H. tubes were
evident also in ATR-FTIR, while the crust layer was substantial dif-
ferent from the other two, particularly in terms of lipid and protein
content (fig. S3). Polysaccharides (~45 to 60%) were found to be the

Fig. 3. Hymenophore tubes form the largest area in the F. fomentarius. (A) 3D reconstruction of H. tubes (golden brown) and the calculated empty space of each tube
(blue). The air pockets are shown from the top and side views. (B) The calculated diameter of the H. tubes for five different zones and the representative μCT slices. (C)
Interface between the context and H. tubes (corresponding to zone I) demonstrating preferential alignment of the mycelium network in the context region before
assembling into growth cones, which ultimately templates the formation of the tubes (the individual cone indicated with the blue arrow, tube with the red arrow,
and the array of the growth cone with the green square bracket). (D) A closer look at the H. tube’s surface where the spores are released (most active region of the
fruiting bodies), illustrating the primary and tertiary mycelium (corresponding to zone V).
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dominating component, followed by protein (~20 to 30%) and
waxes/lipids (~20 to 30%).
To elucidate further the composition of major polysaccharides

and specific glycosidic linkages found in the three different layers,
i.e., crust, context, and H. tubes, we used high-field magic angle
spinning nuclear magnetic resonance (NMR) and measured
proton-detected dipolar and scalar (J-based) 1H-13C correlation ex-
periments (Fig. 5A) (28). This provided a means to study the rigid
and mobile components of the fungal cell wall for natural abun-
dance systems as previously assigned (29). As expected, β-glucan
and chitin were found in all the layers. The first carbon chemical
shift of α-glucan [C1, ~103.87 parts per million (ppm)] was
found in the crust layer exclusively. Furthermore, a signal around
35 ppm (carbon) was only found in the crust layer, suggesting the
presence of rigid proteins or/and lipids. We further estimated the
relative abundance of each polysaccharide by peak integration anal-
ysis (Fig. 5B), as previously described for a 13C-labeled fungal cell
wall model (30). We estimated that the crust layer consists of 55% of
both α-glucan and β-glucan, 1% of chitin, and 44% of other poly-
saccharides. The context layer consists of 69% of β-glucan, 2% of
chitin, and 29% of other polysaccharides. Similarly, H.tubes layers
consist of 38% of β-glucan, 5% of chitin, and 57% of other sugars.
The other carbohydrates could refer to a combination of other

major polysaccharides in the cell wall such as α-1,3-fucan,
mannan, and β-1,6-glucan (31, 32). Both the context and H-tubes
showed identical chemical composition, with variation in relative
occurrence. β-Glucan is more populated in the context layer, con-
tributing more than 50% of the polysaccharides. In addition, we es-
timated the degree of deacetylation [DDA = (Int. Ch8/Int. Ch2) ×
100; Ch8 and Ch2 stand for carbon atom 8 and 2 of chitin, respec-
tively] amounting to 41 and 54% for the crust and H-tube layers,
respectively. Unfortunately, this determination was not possible
for the context layer because of insufficient signal-to-noise ratio.
In addition, we recorded 2D scalar (J-based) 1H-13C heteronuclear
correlation (hCH) experiments of all the layers to reveal the mobile
components (polysaccharides/lipids/proteins). We observed mostly
correlations that would be compatible with the mobile lipid acyl
chain signals in all layers (assignments are given in fig. S4) (33).
In conclusion, the complexity of cell wall chemistry is depicted in

Fig. 5C. We present a schematic of the approximate cell wall con-
stituents that were measured for each layer using different spectral
techniques in this section, as well as a general understanding of
fungal cell wall architecture and chemistry, reported previously
(31, 32).

Fig. 4. The spectral analysis demonstrates distinct structural and chemical differences between the crust, context, and H. tubes. (A) X-Y CT slice of the crust–
context–H. tube interface and the 3D reconstruction for the same region. (A) also demonstrates 92 simultaneous WAXS/SAXS measurements from the exterior to the
interior side of the corresponding specimen. (A) also shows the calculated HOP by azimuthal integration of 111 arc as in (C). (B) High-resolution SEM imaging from each
layer. (C) 1D and 2D WAXS/SAXS measurements corresponding to each layer. (D) ATR-FTIR measurement of the crust, context, and H. tubes corresponding to the layers
imaged in (B).
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Mechanical characteristics of the layers
Last, we correlated the obtained multiscale structural and chemical
features of each layer to their mechanical properties. We systemati-
cally studied them by performing tensile, compression, and nano-
indentation tests. Given that biological materials, in general, are
highly responsive to humidity, we carried out the characterization
at 50% relative humidity (RH) (34–38). As the first step, we per-
formed tensile measurements, and Fig. 6A shows a typical stress-
strain curve for the context and H. tubes. The tensile measurement
for the crust could not be performed as it was prone to deformation
and cracking during sample preparation because of the low thick-
ness and inherent rigidity. For the H. tubes, the stress-strain re-
sponse showed a yield curve with a positive slope until an
instantaneous failure. However, the context showed a complicated
shape, starting as a positive slope yield curve with an initial failure
followed by a jagged trace and a secondary failure. The H. tubes
showed ultimate strength, Young’s modulus, and ultimate strain
of 39.23 ± 11.7 MPa, 2.7 ± 0.7 GPa, and 2.8 ± 0.8%, respectively.

For the context, the primary maximum strength, modulus, and
strain were 5.8 ± 2.1 MPa, 0.3 ± 0.13 GPa, and 4.3 ± 2.6%, respec-
tively, and the secondary stress and strain were 2.3 ± 0.84 MPa and
7.09 ± 5.1%, respectively. It is noteworthy to mention that the
H. tubes exhibit Young’s modulus and strength considering their
density in comparison to various cellular materials such as soft-
wood, hardwood, cork, leather, etc. (Fig. 6, B and C).
We then examined the fractured surfaces of both layers after the

tensile tests using SEM to envision deformation and failure process-
es to verify the above strengthening and toughening mechanisms.
Major differences between the two samples were identified
(Fig. 6D). The H. tubes showed blunt surfaces that appeared to
have smaller regions of the pullout. As evident from the finding de-
scribed in the previous sections, this can be attributed to the syner-
gistic interplay of a higher degree of network alignment, lower
aspect ratio, and their embodiment in extracellular adhesive with
a high degree of crystallinity (Fig. 4, A to C, and fig. S1), thus dras-
tically increasing the interfacial area through covalent and

Fig. 5. Cell walls of the mycelium present in each layer exhibit distinct chemical composition and structural organization. (A) 1H proton-detected [cross-polar-
ization (CP)based] 2D 1H-13C correlation spectrum (with back CP of 200 μs) of the crust, context, and H-tubes. (B) Relative abundance of polysaccharides present in each
layer calculated from the peak integration using Topspin. (C) Schematic representation of the mycelium’s cell wall in the crust, context, and H. tubes. The major com-
ponents, their interconnectivity, and their approximate position with respect to the cell membrane are shown.
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noncovalent molecular interactions among hyphae microfibrils.
Consequently, the mycelium network in the H. tubes can resist
greater forces without undergoing major dislocations or substantial
plastic deformations despite their high porosity and lower density
but with the expense of lower tensile strain. However, the
H. tubes show approximately 10-fold higher maximum strength
and Young’s modulus. This ultimately resulted in an overall
greater modulus of toughness (area under the stress-strain curve)
in the case of H. tubes (0.73 ± 0.3 MJ/m3) versus context
(0.2 ± 0.05 MJ/m3).
In contrast, the mycelium network in the context exhibited seg-

ments of the mycelium network that remained connected to both
interfaces even after the secondary failure. This directly correlates
with the mechanical response and the observed two-stage failure
mechanisms during tensile stress-strain measurements due to my-
celium exhibiting a higher aspect ratio and lower interfacial adhe-
sion (Fig. 6A). Under tensile load, the mycelium network in the
context layer resists deformation until the forces surprise the
elastic response of the interfacial matrix. This results in the

context undergoing its primary failure, after which the mycelium
experiences gradual sliding, energy dissipation, stretching hidden
lengths, and unfolding of sacrificial bonds during the extension
(jagged trace), until the final catastrophic failure. The plastic re-
sponse for the extracellular matrix is well within the range of 2 to
4% strain, evident from the fracture response of both H. tubes and
the primary failure point of the context (Fig. 6A).
To better associate the role of the network anisotropy and the

interfacial matrix, we carried out compression tests on both the
H. tubes and context either parallel or perpendicular to the orien-
tation of the hyphae. For that, our specimens were prepared by
cutting them either longitudinally or laterally in terms of observed
macroscale architecture and the mycelium orientation. As expected,
the results indicate that both layers have better compressive strength
when the force of compression is parallel to the longitudinal axis of
hyphae in the mycelium network, and furthermore, the greater ori-
entation of H. tubes results in superior resistance to compressive
forces at approximately 8 and 2 MPa, for longitudinal and lateral
loading, respectively (Fig. 7A and movies S7 and S8), versus

Fig. 6. Mechanical characterization of each layer. (A) Representative tensile stress-strain curves for the context and the H. tubes. Mean values ± SD (n = 8) for stress,
strain, Young’s modulus, and toughness are also shown. (B and C) Ashby plots comparing different types of natural and synthetic materials with the context and H. tube
regions. Young’s modulus versus density, as well as strength versus density. (D) SEM images were also taken from the fractured surfaces after tensile tests to better identify
mechanical response and failure mechanisms.
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compressive strength for the context at 1.8 and 0.61 MPa for longi-
tudinal and lateral cuts, respectively (Fig. 7B and movie S9). In ad-
dition, the extracellular matrix in the H. tubes, which was absent in
the context, is the major component for gluing together the myce-
lium network inH. tubes, thus improving themechanical properties
of H. tubes. To investigate the failure mechanisms during compres-
sion, we imaged both the laterally and longitudinally cut specimens
after the measurements using μCT (Fig. 7, C and D). During trans-
verse compression loading (Fig. 7C), sequential energy dissipating
failure could be observed, where the walls of H. tubes bend until
crack formation initiates, after which the cracks propagate along ad-
jacent H. tubes. For parallel compression loading (Fig. 7D), H. tubes
dissipate energy through the buckling effect, resulting in themalfor-
mation of H. tubes along the longitudinal axis.
Last, we measured the indentation modulus, i.e., for the crust,

context, and H. tubes (Fig. 7E). These values were approximately
2.58 ± 0.48, 0.013 ± 0.02, and 0.53 ± 0.15 GPa for the crust,
context, and H. tubes, respectively, evidencing that the crust, as

the hard outer layer, has approximately 20- and 200-fold better re-
sistance against wear and deformation in comparison to H. tubes
and context, respectively.

DISCUSSION
F. fomentarius fruiting bodies are ingeniously lightweight biological
designs, simple in composition but efficient in performance. They
exhibit elegant strategies that fulfill not only a variety of mechanical
needs, for example, protection (e.g., against insects or fallen branch-
es/trees), but also functional needs that ensure propagation (spore
formation and discharging), survival (unpreferred texture and taste
for animals), and thriving of the multiyear fruiting body through
the changing season. They are distinct from most biological mate-
rials as the living cells (hyphal cells) form the bulk part of the ma-
terials. What is found to be extraordinary is that, with minimal
changes in their cell morphology and extracellular polymeric com-
position, they formulate diverse materials with distinct

Fig. 7. The preferential orientation of mycelium in the longitudinal direction increased the mechanical performance of the materials. (A and B) Representative
compression stress-strain curves for the context and H. tubes for specimens cut longitudinally and laterally. (A) and (B) also demonstrate high-resolution SEM images of
the specimens before the compression test, illustrating the longitudinal orientation of the mycelium in the context and H. tubes. A falsely colored SEM image shows the
presence of extracellular matrix that embedded and glued together themycelium in the H. tube, whereas no extracellular matrix can be seen in the case of the context. (C)
X-Y CT slice of the H. tubes after compression test showing that the material follows sequential energy dissipating failure. This includes bending, crack initiation, and,
lastly, crack propagation for the lateral cut. (D) X-Y CT slice of the H. tubes cut longitudinally after compression test showing how the material dissipates energy through
buckling effect. (E) Indentation modulus for the crust, context, and H. tubes.
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physiochemical performances that surpass most natural and man-
made materials that are usually confronted by property trade-offs
(e.g., increasing weight/density to increase strength/stiffness/
toughness).
We believe that the findings should attract a broad materials

science audience and beyond (10, 22, 23, 39). For researchers devel-
oping nanocomposites, our study provides a detailed characteriza-
tion of biochemical principles to facilitate composite fabrication
and enhance their mechanical properties (40–42). Given the out-
burst of interest in “living materials” in recent years (43, 44), we en-
vision that our approach will trigger other groups to explore F.
fomentarius’ promising fabrication routes for the next generation
of programmable materials with high-performance functionalities
capable of sensing, learning, self-repair, and adaptation (45–48).
Production of materials from mycelium can be mediated by
guiding the growth of the individual cell from the bottom up into
almost any complexities and the desired functionalities with spatio-
temporal control over their self-assemblies as explored extensively
in other systems (49–52). Furthermore, growing the material using
simple ingredients is an alternative solution to overcome the cost,
time, mass production, and sustainability of how we make and
consume materials in the future. The work should also attract the
attention of polysaccharide engineers working on rationally de-
signed carbohydrate-based materials produced through the use of
synthetic biology and biotechnological processes (53). Last, the
result should be appealing to biomaterial scientists and researchers
from the biomedical industry, for example, in developing the next
generation of 3D scaffolds for tissue engineering and orthopedic
implants (21, 54).
To our knowledge, artificial indoor cultivations have not been

reported for F. fomentarius fruiting bodies. However, amadou pro-
duced from fruiting bodies of other bracket fungi, such as Phellinus
ellipsoideus, has been reported to exhibit low tear resistance and
tensile strength as well as high abrasion susceptibility (55).
Studies related to the material properties of F. fomentarius have
been carried out only recently in the form of laboratory-grown my-
celium composite material (18). Depending on substrate and parti-
cle size, these mycelium composites have been reported to exhibit
relatively weak mechanical performance in contrast to naturally oc-
curring specimens, heretofore unexploited strategies from the
natural design strategies. Typically, the laboratory-grown materials
exhibit elastic modulus between 0.06 and 0.13 MPa and resisting
compressive forces between 0.3 and 0.7 MPa (18). We believe that
our comprehensive studies on the structure-chemical-property
mechanisms could provide a source of inspiration for producing
multifunctional mycelium-based materials in the future (54).

METHODS
General description of the used specimen
The F. fomentarius specimen was collected by harvesting a section
of birch trunk containing the fruiting body of the fungal species
(Vantaa, Finland). The general shape, size, and cross section of
the fruiting body relative to the tree are shown in Fig. 1. More spe-
cifically, the dimensions of the fruiting body weremeasured to be 10
cm3. The collected specimen was first dried using a lyophilizer, after
which the sample preparations and storage were performed under
ambient conditions. The fruiting body was dissected into individual

sections representing each relevant layer, i.e., crust, context,
H. tubes, and their interfaces.

Microcomputed tomography
Tomographic analysis was done with the high-resolution nanofocus
computer tomography system X-Ray Micro CT EasyTom 160 (RX
Solutions, Chavanod, France). This device contains a cesium iodide
flat panel detector and two x-ray tubes, each with three different
focal spot modes. The microtube is equipped with a tungsten fila-
ment and provides a maximum power of 150 kV and 500 μA. It can
reach voxel sizes between 4 and 89 μm. The nanotube is equipped
with a LaB6 filament and provides a maximum power of 100 kV and
200 μA. It can reach voxel sizes between 0.4 and 4 μm. All scans and
reconstructions were carried out by using the software XAct from
RX solutions. (i) Fifteen scans were performed with the microtube.
For the CT scans with voxel sizes between 5 and 18 μm, the micro-
tube with 80 kV + 80 μA = 6.4 W at the small focal spot mode was
used. The source-detector distance was between 571.39 and 577.81
mm, and the source-object distance was between 22.48 and 81.91
mm. The frame rate of the flat panel detector was 3 with an
average of five frames. By collecting 1120 images per turn, the
scan time was 44 min after a calibration period of 20 min. (ii) Thir-
teen scans were performed with the nanotube. For the CT scans
with voxel sizes between 1.50 and 4 μm, the nanotube with 80
kV + 68 μA = 5.4 W at the large and middle focal spot mode was
used. The source-detector distance was between 626.05 and 738.47
mm, and the source-object distance was between 8.69 and 21.14
mm. The frame rate of the flat panel detector was 1 or 2 with an
average of eight frames. By collecting 1120 images per turn, the
scan time was 187 min (frame rate, 1) and 94 min (frame rate, 2)
after a calibration period of 20 min.

Scanning transmission electron microscopy
SEM imaging was performed using a Zeiss FE-SEM field-emission
microscopewith variable pressure, operating at 1.5 kV, as previously
reported (34, 35, 38). Shortly, all the specimens were sputtered with
a 5- to 10-nm platinum-palladium layer before imaging. ImageJ Fiji
(version 1.47d) software package was used for the visualization and
analysis of the micrographs.

Synchrotron wide- and small-angle x-ray diffraction
WAXS/SAXS was carried out at the μSpot beamline at BESSY II
(Berliner Elektronenspeicherring-Gesellschaft für Synchrotron-
strahlung, Helmholtz-Zentrum Berlin, für Materialien und
Energie, Germany). Measurements were performed with an
energy exposure of 15 keV (0.82656 Å) using a silicon 111 mono-
chromator and a beam size of 100 μm. Data were recorded using an
Eiger X 9M detector with a pixel size of 75 μm × 75 μm, as reported
previously (56, 57). The measurements were carried out under
ambient conditions at 50% RH. The specimens were clamped on
a custom-made sample holder mounted on a motorized stage for
positioning the samples perpendicular to the path of the beam. Dif-
fractograms were recorded at 100 points along with the specimens
(100 μm apart). Diffraction intensities around both the equator and
meridian were integrated radially using the DPDAK software with a
built-in algorithm from the pyFAI package, as reported previously
(35). For all measurements, air scattering and dark current were
subtracted from the diffractogram. Azimuthal intensity profiles at
the (111) reflection were extracted by sector-wise integration after
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masking the diffractogram to only reveal the (111) reflection ring.
Subsequently, from the azimuthal intensity profile, the HOP was
calculated according to Eqs. 1 and 2, and the orientation index
was calculated according to Eq. 3. A combination of MATLAB
and OriginLab was used for processing and visualizing the data

S ¼
3
2
hcos2Φi �

1
2

ð1Þ

hcos2Φi ¼

Xπ

0
IðΦÞsinΦcos2Φ
Pπ IðΦÞsinΦ

ð2Þ

Π ¼
180 � FWHM

180
ð3Þ

Attenuated total reflectance–Fourier transform infrared
spectroscopy
The measurements were carried out using a Spectrum Two FTIR
spectrometer (PerkinElmer) equipped with the diamond crystal.
Unless otherwise stated, spectra were collected in the absorbance
mode using 64 accumulative scans within the range of 400 to
4000 cm−1 and the resolution of 1 cm−1.

Nuclear magnetic resonance
Each sample (i.e., crust, context, and H. tubes) was crushed and ho-
mogenized bymortar and pestle and then hydrated overnight in dis-
tilled water. All the samples were spun down at 150,000g to remove
excess water and packed into separate 1.3-mm rotors for solid-state
NMR measurements. All dipolar hCH proton-detected solid-state
NMR experiments were measured at a magnetic field of 1.2 GHz
(28.2 T). In addition, scalar-based hCH 2D experiments were re-
corded at 700 MHz (16.5 T). All samples were spun to 60 kHz at
the magic angle (~54.74°) relative to the static field and cooled so
that the sample is effective at room temperature, according to pre-
vious calibrations (58). We used Topspin 4.1 for processing spectra
and integration analysis. The spectra were assigned using the
NMRFAM Sparky software (59). Further details and experimental
parameters are given in the Supplementary Materials (table S1).

Tensile test
Tensile tests were performed using a 5-kN tensile/compression
module (Kammrath & Weiss GmbH, Germany) using either 100-
N load cells with an elongation speed of 2 μm/s and a gauge
length of 5 mm. For tensile tests, the H-tubes and the context
were cut into 15-mm-long stripes, 2 mm wide. To prevent slippage
during the measurement, the ends of the specimens were glued 5
mm from their ends between two pieces of abrasive sandpaper.
The elongation and stress were calculated according to Eqs. 4 and
5, respectively. SEM images were used to measure the cross section
of the specimens accurately. All the data processing was performed
by using in-house MATLAB-written scripts to extract the mean
values and SDs for Young’s modulus, maximum strength,
maximum strain, and toughness (n = 7). All the measurements
were carried out under ambient conditions under 50% RH. All
the samples were at least equilibrated at 50% RH 24 hours before

the measurements

ɛ ¼
ΔL
L0
¼

L � L0
L0

ð4Þ

σ ¼
Fn

A
ð5Þ

Compression test
Compression tests were carried out using a TA.XTExpressC Texture
Analyzer stable microsystem equipped with a 100-N load cell on
specimens with dimensions of about 5 m3. Unless otherwise
stated, measurements were performed with a flat-face cylindrical
probe with a diameter of 5 mm and a deformation speed of 2.5
μm/s up to the point of catastrophic failure and densification. Re-
corded data were processed and analyzed using the combination of
Exponent Connect software and OriginLab version 2021.

Nanoindentation test
The nanoindentation experiments were performed on an iMicro
(KLA Corporation, Milpitas, CA) using a diamond flat punch tip
with a diameter of 10 μm. Dynamic indentation was used to
perform local dynamic mechanical analysis in the range between
10 and 200 Hz at seven distinct frequencies (10, 17, 28, 45, 74,
122, and 200 Hz). Before each frequency sweep, a pretest compres-
sion of 1 μm is used. This procedure is performed on the three dif-
ferent regions of the mushroom sample to analyze the
resulting modulus.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Table S1
Legends for movies S1 to S9

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S9

View/request a protocol for this paper from Bio-protocol.
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