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ARTICLE INFO ABSTRACT

Handling Editor: P.Y. Chen Filamentous fungi produce multinucleate, interconnected tubular structures called hyphae which are the

building blocks of all fungal structures, including mushrooms and mycelium. This makes hyphae foundational to

K_eyWﬂ"fi?-' ) understanding all fungal mechanics. While there have been studies of the dimensions and mechanical properties
E‘“m_e':han‘cs of hyphae, research comparing these microstructures has been minimal. This study compares generative hyphae
ungi

from different hyphal systems to determine what factors may affect their mechanical properties. Three related
Polyporales species were studied for their unique hyphal systems: Sparassis spathulata (monomitic), Grifola
frondosa (dimitic), and Ganederma sichuanense (trimitic), Fourier Transform Infrared Spectroscopy showed that
chemical compositions were consistent between species. Scanning Electron Microscopy showed a significant
decrease in diameters, increased cell wall thickness, and increased material volume percentage from monomitic
to dimitic to trimitic species. Overall, cell wall material usage per hyphae remained balanced between species.
This trend is correlated with increased hyphal stiffness found during Atomic Force Microscopy analysis.
Transmission Electron Microscopy imaging further illustrated this with increasing cell wall chitin layer growth
from monomitic to dimitic to trimitic species. Data showed fungi that grew smaller and thicker hyphae were
stiffer than larger and thinner hyphae. Hyphal mechanical properties found in this study could inform appli-
cations in high-strength biocomposites and sustainable bioinspired designs.

Generative hyphae
Cellular structures
AFM

microstructures has been shown to affect the overall macrostructure [10,
11]. Thus, examining these hyphae is crucial to understanding the me-

1. Introduction

Mycelial products are a fast-growing commodity that have a low
energy cost to produce and generate minimal waste [1]. For example,
mycelium-based bricks are becoming a sustainable alternative in the
construction industry for their good thermal insulation and surprising
durability [2]. The cause of this durability has become a keen interest in
recent years [3,4]. Extensive research has been aimed at elucidating the
macroscopic properties of fruiting bodies (i.e. mushrooms) [5,6], yet the
mechanical properties of the microscopic structures still need to be
unearthed. The most basic unit of fungi is the hypha [7]. It is a tubular,
multinucleate structure enclosed by a chitinous cell wall, typically with
interconnected cytoplasm in filamentous fungi [4]. These hyphae can
form large branching networks called mycelium [8]. More than just the
mycelium, hyphae compose almost the entirety of all fungal structures
[9]. If one were to look closely at a mushroom, it would appear as
millions of interlocking hyphae [9]. The variation of these
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chanical properties of filamentous fungi at all levels.

One key aspect to understanding hyphae is by looking at the struc-
ture of their cell wall [12]. The cell walls of hyphae are complex com-
posite structures that are important for protecting against
environmental stresses [4]. It can be functionally and structurally
divided into mobile and rigid phases [3]. The mobile phase is often
found in the outer portion of the cell wall and consists of a mix of
polysaccharides such as mannans, galactomannans, and various glyco-
proteins, which are used for interacting with the environment [3,13].
The rigid phase of the cell wall is composed of a more heavily
cross-linked network of $-(1,3) and p-(1,6) glucans, chitosan, and chitin,
which is responsible for the rigidity and strength of the cell wall as well
as the cell shape [3,13]. The rigid phase is often found in the inner
portion of the cell wall [3,4]. The exact compositions of the cell wall
aren’t easily quantified, but what is accepted is that the cell wall is a
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Table 1
The fungal species used in this study with their common name, and hyphal
system with the hyphae they can produce. G = Generative, S = Skeletal, and B =
Binding.

Species Name Common Name Hyphal G S B
System
Sparassis spathulata  Eastern cauliflower Monomitic X
mushroom
Grifola frondosa Maitake mushroom Dimitic X X
Ganoderma Reshi mushroom Trimitic X X X
sichanense

dynamic structure that can undergo remodeling to introduce new
properties to the hyphae [14,15]. Furthermore, fungi have evolved to
have a great deal of variability in the dimensions of their hyphae and cell
walls between species and sometimes within species [16]. This has led to
fungi having a wide range of properties that have allowed them to adapt
and survive in many different environments found on Earth [17,18].
There have been studies of the mechanical properties of hyphae, but
there has been very little comparative research of these microstructures
[19,20]. Comparative analysis of hyphae, their dimensions, material
composition, and mechanical properties can help explain differences in
the mechanical properties on the micro and potentially the macroscopic
scale.

This study looks at Agaricomycetes; a class within the kingdom of
Fungi known for producing the fruiting bodies commonly recognized as
mushrooms. Within this class, the order Polyporales further contains
many Polypores, which have some of the hardest fruiting bodies found
in nature, making them of keen interest for the study of their structural
properties [14,15,21]. Despite the relatively close genetic relation,
Polyporales fungi also produce various hyphae that serve as excellent
examples of differing hyphal systems. The most common hyphal type is
the generative [22]. They are totipotent which means each cell can
develop into any other cell type and are responsible for forming other
structures such as the basidia, responsible for spore production and, in
some species, other specialized hyphae [23]. There are several ways to
identify generative hyphae. They are frequently branched, are septate,
meaning they have septa (cell walls with pores separating linked cells)
[25,26], and in most cases will form clamp connections. Clamp con-
nections are hook-like structures involved in maintaining two separate
nuclei within each hyphal cell and are often visible at the septa if the
fungal culture has mated. They are not found on most other cells [27,
28].

In addition to generative hyphae, two other hyphal types have been
identified: skeletal and binding hyphae [29]. Skeletal hyphae have been
observed to be smaller, longer hyphae that are rarely branched. They
often have thick cell walls. Binding hyphae are small, frequently
branched, and grow to be interwoven into a coral-like structure. They
link together the structure of many Polypore fruiting bodies [28]. Both
skeletal and binding hyphae are aseptate [25]. As detailed in Table 1,
Fungi with only generative hyphae in their mycelium and fruiting bodies
are considered monomitic [29,30]. Fungi with generative hyphae and
one additional type of hyphae are considered dimitic. Fungi that pro-
duce all three hyphal types are considered trimitic [30]. While skeletal
and binding hyphae are interesting, because generative hyphae are
present in all three hyphal systems, they are the most important hyphae
to examine to understand fungal mechanics. Other variants of hyphae
could affect the mechanical properties found in basidiomycetes [31].
Very little literature exists examining the properties of these hyphae and
how they differ between species. This has led to studies showing prop-
erties of certain fungi as a whole but don’t denote the individual con-
tributions of the different types of hyphae to the overall structure [32].
Other literature uses the term generative hyphae, though usually only as
a visual classification of observed features, and little work has been done
on discerning the material and structural properties of these hyphae
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This study characterizes the generative hyphae from mycelial tissue
of three related Polyporales species that were chosen to represent
monomitic, dimitic, and trimitic hyphal systems. By using Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM), differences in hyphal size, cell wall thickness, and material usage
could be determined between species. These dimensions are insightful in
explaining the changes in elastic moduli (Stiffness) found between
species. Further study of Fourier Transform Infrared Spectroscopy
(FTIR) can compare adsorption spectra between species and determine if
the mechanical properties of these hyphae are affected by chemical
composition differences. An increased understanding of hyphal struc-
tures and their mechanical properties on the microscale can help in
understanding the macroscale’s mechanical properties and inform ap-
plications such as fungal composites and other bioinspired designs.

2. Materials and methods
2.1. Species selection, species verification, and sample culturing

Three species were selected for having monomitic, dimitic, and tri-
mitic hyphal systems within the order of Polyporales. Sparassis spathu-
lata was selected as a representative monomitic species for only having
generative hyphae in its fruiting body [34]. Sparassis spathulata culture
was purchased from The Mycelium Emporium [35]. Grifola frondosa was
selected as a representative dimitic species for having both generative
and skeletal hyphae in its fruiting body [36]. Ganoderma sichuanense was
selected as a representative trimitic species for having generative,
skeletal, and binding hyphae in its fruiting body [25]. Grifola frondosa
and Ganoderma sichanense cultures were obtained from the Oregon State
University College of Forestry. All cultures are in long-term storage and
available upon request. Due to the ease at which fungal species are
misidentified and per the proposal of Schoch et al. [37], all species
underwent a DNA verification to independently confirm the species
identity. The internal transcribed space (ITS), the universal DNA bar-
code for fungi, was used to identify fungal species of isolates through
PCR amplification. For amplification of the ITS, the primer combo
ITS-8F (5-AGTCGTAACAAGGTTTCCGTAGGTG-3") was used along with
ITS-6R (5-TTCCCGCTTCACTCGCAGT-3"), which have higher specificity
for Agaricomycetes [38,39]. Amplified sequences were then sequenced
using Sanger sequencing through the DNA sequencing core at the Uni-
versity of Utah. Using the BLAST algorithm, sequences were compared
to the NCBI nucleotide database, GenBank [40,41].

For all experiments conducted in this study, the mycelium was grown
with 9 cm petri dishes filled with potato dextrose agar (PDA). PDA plates
were prepared in accordance with previous literature [42,43]. Samples
were grown at 21 °C for thirty days [44]. Different growing conditions
have been shown to influence fungal growth dynamics [45]. This study
tested fungi under one growth environment to keep all other variables
constant and isolate the effects of species-specific traits on growth
behavior [46].

2.2. Scanning Electron Microscopy

Fifteen samples were collected from fifteen petri dishes, with five
samples from each of the three species. Each sample consisted of 2 mm
x 2 mm squares of mycelium on agar, cut from the outer edges of the
petri dishes with mycelium of the same age using a scalpel. The samples
were fixed, dehydrated, and critical point-dried using standard prepa-
ration techniques [47]. Samples were fixed using 2.5 % glutaraldehyde,
1 % paraformaldehyde, and 0.1 M sodium cacodylate buffer (pH 7.2) for
24 h at 21 °C. A secondary fixation was applied using 1 % osmium te-
troxide, buffered with 0.1 M sodium cacodylate buffer. For measure-
ments of cell wall thickness, the samples were halved along their
transverse axis with a razor after the secondary fixation. Critical point
drying was conducted with an Autosamdri-815B, Series B (Tousimis,
Rockville, USA) at 31 °C and 1072 psi, the critical point of carbon
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dioxide, for 4 min. This fixation process aimed to preserve the fungal
cell’s natural shape and avoid dehydration and collapse of the structure
when under vacuum for SEM. After fixation, samples were mounted on
specimen stubs with colloidal graphite and coated with 15 nm of
gold/palladium using a LEICA CE600 high vacuum sputter coater (Leica,
Wetzlar, Germany).

Samples were imaged using a Zeiss GEMINI Scanning Electron Mi-
croscope (Zeiss, Orberkochen, Germany) with an electron high tension
(EHT) of 15 kV in a high vacuum. Top-down images of the surface plane
were taken as a 2D representation of the mycelium and cross-sectional
images were taken by cutting the 2 mm x 2 mm sample squares in
half along their transverse plane and mounting them at 90° to expose the
hyphal cell wall thickness. Images collected in the SEM were measured
using ImageJ. Five samples of each species were used for imaging. One-
hundred measurements of both diameter and cell wall thicknesses were
taken from the cross-sections of generative hyphae. Features that might
cause major changes in diameter, such as branching, clamp connections,
and noticeable septa, were avoided. Measurements were taken from
subapical hyphae. The theoretical material volume of cell wall relative
to overall volume was calculated using the cross-sectional area of a pipe
equation using the mean diameters and cell wall thicknesses provided
above:

_aD* a(D-2T1)*

A== 4

(€Y
where the hyphal diameter is D, and the cell wall thickness of the hyphae
is T. The cross-sectional area of the hyphae composing the cell wall
material is A.

2.3. Transmission Electron Microscopy

An additional three samples were taken from each species and pre-
pared for TEM using a similar procedure to past literature [48,49]. Like
sample preparation for SEM, samples were fixed using 2.5 % glutaral-
dehyde, 1 % paraformaldehyde, and 0.1 M sodium cacodylate buffer (pH
7.2) for 24 h at 21 °C. A secondary fixation was applied using 1 %
osmium tetroxide, buffered with 0.1 M sodium cacodylate buffer. Water
in the cells were replaced with successive changes of ethanol like the
SEM process until ethanol reached 100 %. Instead of critical point dry-
ing, ethanol was exchanged with 100 % acetone for three changes for 30
min each. Acetone was exchanged with successive changes of a
one-to-one EmbedAl2 epoxy resin to acetone for 1 h and then a
three-to-one 24 h change. Samples were then given three additional
changes of 100 % EmbedA12 with cycles of sitting in EmbedAl12 in a
closed capped vial on a rocker for 1 h followed by 1 h, cap off under
vacuum. Samples were then placed in a final change of EmbedAl12 in a
flat block mold and placed in a 60 °C oven to harden over 24 h.

Samples were then hand trimmed with razor blades under a dis-
secting scope for preparation for thin sectioning. Thin sectioning was
performed with a Leica Ultracut UCT (Leica, Wetzlar, Germany) with a
diamond knife. Sections were collected on 3 mm, two hundred mesh
copper grids contrasted with uranyl acetate and Reynold’s lead citrate.
Images were collected using a JEM-1400+ Transmission electron mi-
croscope (JEOL, Akishima, Tokyo, Japan) at 120 kV. Digital images
were saved using a Gatan Orius Camera (Gatan, Pleasanton, USA). Im-
ages collected in the TEM were measured using ImageJ. Fifteen images
of hyphal cross sections of each species were used to measure both the
outer mobile portions of the cell wall and the inner rigid portions.

2.4. Mechanical testing

A JPK Nanowizard PURE atomic force microscope (Bruker Nano,
Berlin, Germany) mounted on an inverted epifluorescence Zeiss Axio-
vert 200 M microscope (Carl Zeiss Microscopy, Gottingen, Germany)
was used for imaging and mechanical characterization of cultured
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samples. The samples were imaged using tapping mode and mechani-
cally tested using Quantitative Imaging (QI) Advanced mode in accor-
dance with developed protocols for indentation [50]. All the tests were
performed in the dehydrated state. The maximum lateral scan focused
on regions measuring 100 pm by 100 pm, with a scanning rate set to 1
Hz. Reduced scan areas were then selected to obtain detailed structural
information of the tissue. For imaging and tissue-indentation measure-
ments, Biosphere Au Reflex Non-Contact High Resonance (NCHR) can-
tilevers (Nanotools USA LLC, Henderson, NV) with a nominal spring
constant of 40 N/m and integrated spherical tip of radius 100 nm (+10
%), a length of 125 pm, and a nominal resonance frequency of 330 kHz
in air were employed [51]. The indentation rate was set to 2 pm/s. The
indentation depth was maintained below 10 nm by minimizing forces to
ensure purely elastic, small deformations, with depth-to-sample thick-
ness and depth-to-tip radius ratios kept minimal. Before each test, the
deflection sensitivity of the cantilever was calibrated by engaging it on a
clean glass slide [52]. The exact spring constant of the cantilever was
calibrated using thermal noise fluctuations in air. This was done by
fitting the first free resonance peak of the cantilever to that of a simple
harmonic oscillator [53] using the JPK software [50]. The AFM
force-displacement curves indicated negligible adhesion effect. The
elastic modulus was obtained from the Hertzian contact model [54],
where the contact radius a is related to the indenting force F through

= (2)

(3RF(1 — 12

4E )) )

with R being the radius of the spherical tip, and v and E being the
Poisson’s ratio and elastic modulus of the sample, respectively [54]. The
indentation depth § is expressed in terms of the contact radius as

()

16RE?
JPK data processing software was used to analyze the indentation
data.

C[2

"R
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2.5. Fourier Transform Infrared Spectroscopy

FTIR analysis was performed to measure the absorbance of chemical
bonds by wavenumber for hyphae from all three species using a Nicolet
iS50 FTIR Spectrometer (Thermo Fisher Scientific, Waltham, USA) [55,
56]. The hyphae of each species were collected directly from one of their
petri dishes with forceps and tested in a hydrated state. This test aimed
to determine whether the generative hyphae of each species had a
unique chemical composition to one another that could be attributed to
changes in mechanical properties between species.

2.6. Statistical analysis

Statistical significance was determined by one-way variance analysis
(ANOVA) followed by post-hoc analysis using Tukey’s Honestly Signif-
icant Difference test in R Studio. Pairwise comparisons were conducted
for each species sample, with statistical significance determined at a
confidence level of o« = 0.01 These tests were performed on hyphal
diameter, thickness, cell wall material volume per length of hyphae,
percentage of hyphal volume composed of cell wall, and elastic modulus
measurements.

3. Results and discussion
3.1. Species verification
DNA extraction and barcoding successfully verified the three species

used in this study. The sequence of the Sparassis spathulata culture was
100 % identical to the sequence of a Sparassis spathulata in GenBank
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Fig. 1. An FTIR spectra of the generative hyphae of Sparassis spathulata, Grifola frondosa, and Ganoderma sichanense.
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Fig. 2. SEM images of generative hyphae. (A) Top-down view of monomitic species Sparassis spathulata, dimitic species Grifola frondosa, and trimitic species
Ganoderma sichanense. Scale bars are 5 pm. (B) A cross-sectional view of the cell wall of each species. Scale bars are 1 pm. (C) Boxplots comparing the diameters of
each species (N = 100). (D) Boxplots comparing the cell wall thickness of each species (N = 100). All pairwise comparisions are statistically significant (p < 0.01)

unless noted with same greek letter.

(KP100489.1). The sequence of Grifola frondosa culture was identical to
five sequences of Grifola frondosa in GenBank (MW867037.1,
FJ766489.1, MT830900.1, AF324253.1, AY049115.1). The sequence of
Ganoderma sichanense culture was 99.63 % identical the sequence of the
type of Ganoderma sichuanense in GenBank (NR_152892.1). Sequences
from the cultures were deposited in GenBank.

3108

3.2. Fourier Transform Infrared Spectroscopy

Fig. 1 displays the FTIR data for each of the three species. The data
shows that the generative hyphae within the mycelium of all three
Polyporales species share the same spectral pattern based on absorption
peaks. No peaks were observed that were unique to any one species,
indicating no substantial differences in chemical composition. Peaks
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Table 2

Microstructural properties of each species generative hyphae including diam-
eter, cell wall thickness, cell wall material volume per hyphal length, and cell
wall material volume per hyphae. All data is reported as the mean =+ one stan-
dard deviation. (N = 100). All pairwise comparisions are statistically significant
(p < 0.01) unless noted with same greek letter.

Species Hyphal Cell Wall Cell Wall Cell Wall
Diameter Thickness Material Material
(pm) (pm) Volume Per Volume Per
Hyphal Length Hyphae (%)
(m?
Sparassis 3.32+0.74 0.110 + 1.12 + 0.44*" 13.2 + 3.71
spathulata 0.029
Grifola 211+037 0153 + 0.941 + 0.40° 27.2 £ 9.20
frondosa 0.56
Ganoderma 1.87 £ 0.32 0.232 + 1.18 + 0.70" 42.0 £ 188
sichanense 0.13

associated with lipids, proteins, chitin, and polysaccharides appear to be
similar between all three species, suggesting that these species’ gener-
ative hyphae have the same chemical composition across all three hy-
phal systems. Of note, this suggests that any observed differences in the
structure and properties of the generative hyphae are the result of the
microstructural changes, such as amounts of materials associated with
cell structure, rather than the chemistry of the material. The spectra
displayed in Fig. 1 resemble previous studies describing the chemical
composition of other fungi [55,57]. Previous literature using Nuclear
Magnetic Resonance (NMR) spectroscopy denoted differences in
p-glucan arrangements, specifically the frequency of p-(1,6) glucan side
branches along p-(1,3) glucan backbones found in the cell walls, with
Grifola frondosa potentially having the highest [58-60]. Higher amounts
of these side chains are believed to increase cross-linking between f-(1,
3) glucan backbones and further increase rigidity in cell wall structure
[61]. Other studies have shown that there are differences in the amounts
of chitin and fp-glucan, which can increase rigidity at higher amounts.
Ganoderma lucidium, a close relative often used interchangeably with
Ganoderma sichuanense, is believed to often have a higher chitin content
in its cell walls than Grifola frondosa and potentially Sparassis spathulata
[62,63]. These studies emphasize that the quantity of cell wall material
rather than material chemistry is often found to be the difference be-
tween species.

3.3. SEM, hyphal diameter, thickness, and material usage

Fig. 2 shows the images and analysis of the generative hyphal
microstructure found between the species of the three hyphal systems.
Fig. 2A shows SEM images of generative hyphae from the three species
that showed characteristic morphology, such as visible branching and
clamp connections. The mycelium of each species appeared as a thread-
like network of hyphae with no clear orientation. The observed hyphal
networks in the SEM images were consistent with previous studies that
examined hyphae from a top-down view [64]. Fig. 2B shows
cross-sectional SEM images of the species’ cell walls. Of note, there is a
clear, subjective decrease in the diameter and increase in the cell wall
thickness, moving from monomitic to dimitic to trimitic. Previous works
examining the cross-sections of hyphae were not entirely comparable, as
they either used light microscopy with staining or, in cases where SEM
was used, the hyphae were not fixed and were instead air or freeze-dried
[65,66]. Although it is not uncommon for studies to dry fungal cells
without applying a fixative, this can lead to changes in shape as water
leaves the cells, particularly when the cell membranes or walls have not
been fixed in place [47,67]. Though many studies have individually
measured the diameters and thicknesses of certain hyphae, there does
not appear to be comparative studies of these dimensions based on hy-
phal system[68-70].

Statistically significant differences were observed in generative
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Fig. 3. (A) Percent of cell wall material volume to overall volume used per unit
length for each species (N = 100). (D) Cell wall material used per hyphal length
(N = 100). All pairwise comparisions are statistically significant (p < 0.01)
unless noted with same greek letter.

hyphal diameters (p < 0.01) as shown in Fig. 2C and in cell wall
thicknesses (p < 0.01) as shown in Fig. 2D across the three species.
Table 2 shows that as the hyphal systems progressed from monomitic to
dimitic to trimitic, there was a decrease in generative hyphal diameter
while hyphal cell wall thickness increased. Previous literature observing
hyphal diameter in Sparassis spathulata measured a range of 4.7-5.8 pm
[68], Grifola frondosa to have a range of 2-5 pm [69,71], and Ganoderma
sichanense to be around 1.7-3.2 pm [70,72]. These observations support
the concept of generative hyphal diameters decreasing as the hyphal
systems transition from monomitic to trimitic. The cell wall thickness of
Sparassis spathulata and Grifola frondosa do not appear to have been
studied at length in previous literature. In contrast, one study found
Ganoderma sichanense to have a cell wall thickness of 0.169 + 0.02 pm
when studying chemical composition in the fungal cell wall [73]. These
past work’s diameter measurements are comparable to this study’s re-
sults but highlight a lack of cell wall thickness measurements. Further
study of the cell wall thicknesses and diameters of hyphae would be
useful. With both measurements, an estimation of the cell volumes and
material usage can be used to explain fungal hyphae’s structural prop-
erties as shown in this study.

Fig. 3 shows a material compositional analysis of the generative
hyphae between the three hyphal systems. Fig. 3A shows the percentage
of material volume composed of cell wall per hyphae, which was shown
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G. sichuanense

A

G. sichuanense

Fig. 4. TEM images of the cross sections of the three species with the cell walls labeled (CW). (A) Images showing Generative hyphae of Sparassis spathulata having a
thin cell wall and Grifola frondosa and especially Ganoderma sichanense having thick cell walls. Scale bars are 1 pm. (B) Images showing Sparassis spathulata (left) and
Ganoderma sichanense (right) with a close-up view of their cell wall structure and major portions. The outer portion (OP) of the cell wall is most associated with the
mobile phase and is responsible for interacting with the environment. The inner portion (IP) of the cell wall is most associated with the rigid phase and responsible for
providing rigidity to the cell. Of note is that Ganoderma sichuanense’s cell wall emphasized increased thickness in the inner portion responsible for rigidity. Scale bars

are 500 nm.

to significantly increase from monomitic to dimitic to trimitic (p <
0.01). As shown in Table 2, Sparassis spathulata appeared to have cell
wall material that stayed close to thirteen percent of its total hyphal
volume. The variability of Sparassis spathulata was relatively low which
shows that there is not a wide range of cell wall thicknesses found in this
monomitic species. Alternatively, there were many instances of Grifola
frondosa and especially Ganoderma sichanense having cell wall material
that made up the majority of the hyphal volume. As shown in Fig. 3B, the
actual cell wall material used per hyphae was similar. Both Grifola
frondosa and Ganoderma sichanense showed no significant difference (p
> 0.01) in cell wall material to that of Sparassis spathulata. Grifola
frondosa and Ganoderma sichanense did show some significant difference
(p = 0.0053). Despite showing some significance, this change was small,
with a value close to p = 0.01. What was found here is that the gener-
ative hyphae of each hyphal system used nearly the same amounts of cell
wall material per hyphae. It is then of note that each system’s hyphae
seem to form a balance between hyphal diameter and cell wall thickness
to maintain this consistent cell wall material. Sparassis spathulata seems
to grow much larger, thinner generative hyphae while Ganoderma
sichanense produces smaller, thicker hyphae while spending the same
amount of material per hyphae.

3.4. Transmission Electron Microscopy

Fig. 4 displays TEM imaging highlighting the differences in the cell
wall structure in between the generative hyphae of the three species.
Fig. 4A shows the cell wall structure of the three species and that the
thickness increases from monomitic to dimitic to trimitic. Fig. 4B
highlights the inner and outer portions of the cell walls in Sparassis
spathulata and Ganoderma sichanense. Sparassis spathulata did not show a
large variation in the inner portion of cell wall. In contrast, Grifola
frondosa and Ganoderma sichanense showed increased inner portion cell
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wall thickness in their generative hyphae. The inner rigid portion of the
cell wall is composed of p-glucans and chitin and is responsible for ri-
gidity in the cell structure [20,24]. Measurements of the cell walls
showed that the inner rigid portions of Ganoderma sichuanense was 351
=+ 108 nm and was statistically significantly higher in thickness than that
of Grifola frondosa, which had 191 + 102 nm, and Sparassis spathulata,
which had 112 £ 26.3 nm (p < 0.01). Alternatively, Sparassis spathulata
had a statistically significantly thicker outer mobile region of 57.3 +
10.1 nm over that of Ganoderma sichuanense, with 43.1 + 12.0 nm and
Grifola frondosa, with 37.8 + 20.5 nm (p < 0.01). This means that
despite creating smaller hyphae Ganoderma sichanense emphasized the
rigid, inner portions of their cell walls in its construction. Of note, this
study focused on three Polyporales species due to their close relation,
similar chemical compositions and varied toughness. Species of other
orders may have different cell wall properties [61].

3.5. Mechanical testing

Fig. 5 presents AFM topography and height images of the Sparassis
spathulata, Grifola frondosa, and Ganoderma sichanense at regions
selected as representative of the mycelia. Fig. SA indicates multiple
strands in each case in height images with height variation across two
randomly selected strands depicted in the accompanying graph. Fig. 5B
shows the height and stiffness maps of the three tissues. Quantitative
images displaying color-coded stiffness maps were generated using a
spherical probe with a 100 nm radius, shown in FIig. 5B. These maps
reveal the elastic modulus corresponding to surface features at each
indentation point, with lighter regions in the QI map indicating higher
stiffness values. In each case, a distinct contrast in light pixels is
observed between the strands and surrounding areas.

This study examined the mechanical property relationship between
species, cell wall characteristics, and stiffness in Polyporales Fungi.
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Fig. 5. (A) Ultra-topography tapping mode AFM images of strands from Sparassis spathulata, Grifola frondosa, and Ganoderma sichanense species. These surface scans
were taken from regions of the samples cultured in petri dishes, as identified under light microscopy. The inset highlights the thickness of the fibers. (B) Repre-
sentative AFM height maps and quantitative stiffness maps are shown with increasing scan resolution, enabling visualization of tissue stiffness and corresponding
stiffness histograms. Scale bars for each species are 5 pm. (C) Elastic modulus of each species (N > 10000). All pairwise comparisions are statistically significant (p <

0.01) unless noted with same greek letter.

There is not an existing comparison cell wall characteristics as previous
work using AFM to analyze fungi focused primarily on the chemical
properties of the cell walls and surface proteins but did little to examine
the mechanical properties of hyphae [4,19,74]. Fig. 5C shows the elastic
moduli of the three species generative hyphae. These findings highlight
a substantial difference in the stiffness of each hyphal system compared
to one another. As shown in Table 3, Ganoderma sichanense was observed
to have an elastic modulus that was significantly higher than that of
Grifola frondosa (p < 0.01) and Grifola frondosa had an elastic modulus
that was significantly higher than Sparassis spathulata (p < 0.01).

3.6. Mechanics and morphology

With fruiting bodies being composed of millions of hyphae, small
differences in individual hyphal characteristics may compound, at scale,
to affect macroscopic structural characteristics. Results from this study
indicate that thicker cell walls cause hyphae to have increased stiffness,
providing a basis for a tough structure. Between the hyphal systems, the
generative hyphae used similar material types in their microstructures
and similar cell wall material usage per hyphae. As shown in Fig. 6, the
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allocation of cell wall material was balanced differently to create unique
mechanical properties for each species’ hyphae. For example, Gano-
derma sichanense’s hyphae were half the diameter, twice the thickness
and thus were twice as stiff as the much larger, thinner hyphae of
Sparassis spathulata. These results highlight that even amongst geneti-
cally similar species, generative hyphae can have substantially different
microstructures, which must be considered when looking at the me-
chanical properties of fungi. Identification of hyphal dimensions and cell
wall thickening as significant factors in hyphal mechanical properties
provides a foundation for further understanding of fungal characteris-
tics, aids in proper species selection in further experiments, and informs
future bioinspired design.

4, Conclusions

This study compares the generative hyphae of three Polyporales
species of fungi that each represent a unique hyphal system to show how
differences in their microstructures affect their mechanical properties.
This analysis yielded the following results:
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Fig. 6. Diagram showing the relationship between hyphal stiffness and di-
mensions found in three species with different hyphal systems. The cell wall is
the structure that encases the fungal cell. The lumen is the enclosed space in the
cell containing the organelles and cytoplasm.

Table 3

Mechanical properties of each species generative hyphae with peak stiffness and
elastic modulus. Note: Elastic Modulus is reported as the mean + one standard
deviation for more than 10,000 measurements. Comparisons that have statisti-
cally significant differences (p < 0.01) are labeled with a different Greek letter.

Species Peak Stiffness (MPa) Elastic Modulus (MPa)
Sparassis spathulata 323 124 £ 57.3
Grifola frondosa 468 177 + 83.4
Ganoderma sichanense 654 280 £ 115

(1) FTIR analysis found no substantial chemical differences in the
generative hyphae between species, suggesting that the three
species are using similar material types in their construction.
SEM measurements revealed a statistically significant decrease in
generative hyphal diameter (p < 0.01), and cell wall thickness
statistically significantly increased (p < 0.01) from monomitic to
dimitic to trimitic species. Despite this, cell wall material usage
per hypha remained consistent while the proportion of hyphal
volume occupied by cell wall increased by a statistically signifi-
cant amount (p < 0.01).

TEM imaging indicated that the inner rigid portion of the cell
wall, responsible for rigidity, increased in thickness from mono-
mitic to trimitic species.

(4) AFM analysis showed a statistically significant increase (p <
0.01) in generative hyphal stiffness from monomitic to trimitic
species.

Overall, increased cell wall thickness in generative hyphae cor-
relates with greater hyphal stiffness.
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