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Armillaria ostoyae (Romagn.) Herink is a highly pathogenic fungus that uses exploratory, cordlike structures
called rhizomorphs to seek out new sources of nutrition, posing a parasitic threat to natural stands of trees,
orchards, and vineyards. Rhizomorphs are notoriously difficult to destroy, and this resilience is due in large part
to a melanized layer that protects the rhizomorph. While this structure has been previously observed, its
structural and chemical defenses are yet to be discerned. Research was conducted on both lab-cultured and wild-
harvested rhizomorph samples. While both environments produce rhizomorphs, only the wild-harvested rhizo-
morphs produced the melanized layer, allowing for direct investigation of its structure and properties. Imaging,
chemical analysis, mechanical testing, and finite element modeling were used to understand the defense
mechanisms provided by the melanized layer. Imaging showed a porous outer layer in both types of rhizomorphs,
though the pores were smaller in the harvested melanized layer. This melanized layer contained calcium, which
provides chemical defense against both human and natural control methods, but was absent from cultured
samples. Nanoindentation resulted in a larger variance of hardness values for cultured rhizomorphs than for
wild-harvested. Finite element analysis proved that the smaller pore structure of the melanized porous layer had
the best balance between maximum deformation and resulting permanent deformation. These results allow for a

better understanding of the defenses of this pathogenic fungus, which may lead to better control methods.

1. Introduction

Members of the fungal genus Armillaria are globally distributed
phytopathogens that are well known for their ability to infect and kill
over 600 types of woody plants (Baumgartner et al., 2011). Armillaria is
well characterized as a destructive force to both forestry and agricultural
settings, with control methods often being only inhibitory to the
phytopathogen while also being toxic to the host plant (Aguin et al.,
2006). The Georgia peach industry alone experienced more than an
estimated $1.5 million in damages due to Armillaria from 2000 to 2002
(Wilson et al., 2020). Generally, individuals of Armillaria establish in
woodlands and soil substrates by growing vegetatively and producing an
extensive network of cordlike structures known as rhizomorphs
(Fig. 1a). Rhizomorphs act as long-range exploratory structures that
allow an Armillaria mycelium, the primary metabolic thallus of the
fungus made up of the same hyphae filaments as the rhizomorphs, to
seek and infect new host plants. These mycelia and rhizomorph
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networks have been found to remain dormant for decades in the envi-
ronment when live hosts are not available, becoming active again as new
hosts return (Baumgartner et al., 2011), (Kromroy et al., 2005; Mihail
and Bruhn, 2005; Baumgartner and Rizzo, 2002). Even phenolic fungi-
cides, which have been found to help control other pathogenic fungi
(Zabka and Pavela, 2013), can stimulate growth in Armillaria (West and
Fox, 2002). This resistance to biocontrol and ability to infect new hosts,
even after decades of inactivity in the soil, make these Armillaria rhi-
zomorphs difficult to eradicate and a blight to both crops and natural
stands of plants destroyed by its infection.

Much of the previous and current research on Armillaria has focused
on its biology and ecology, including taxonomy (Pildain et al., 2010;
Anderson and Ullrich, 1979; Anderson and Stasovski, 1992; Coetzee
et al., 2003), life cycle (Ullrich and Anderson, 1978; Grillo et al., 2000;
Ota et al., 1998; Qin et al., 2007), interactions within the environment
(Baumgartner and Rizzo, 2001; Bergemann and Garbelotto, 2006;
Proffer, 1987; Schnabel et al., 2006), and potential methods of pest
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Fig. 1. A: Rhizomorphs found beneath the bark of an infected western white
pine tree (Pinus monticola). Rhizomorphs are surrounded by a dark, syrup-like
liquid; red arrows are placed to point out specific rhizomorphs in the
network under the bark. B: Close up image of cultured rhizomorphs, blue ar-
rows are placed to point out specific rhizomorphs, grown in a mason jar. C:
Representative images of rhizomorph samples. Cultured rhizomorph samples
are on the left, shown with blue arrows, and harvested rhizomorphs are on the
right, shown with red arrows. The scale bars all represent 1 cm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

control (Adaskaveg et al., 1999; Cox and Scherm, 2006; DeLong et al.,
2002; Baumgartner and Warnock, 2006). Some previous work has
looked into the anatomy of the rhizomorphs in the species Armillaria
gallica Marxm. & Romagn., which are highly organized microscopically,
showing a porous outer layer (Yafetto et al., 2009) as the primary
structural element (Yafetto et al., 2009), (Yafetto, 2018). Limited work
has been done on the biomechanics of rhizomorph growth (Yafetto et al.,
2009; Yafetto, 2018; SanatiNezhad and Geitmann, 2013) in a laboratory
setting. However, Armillaria rhizomorphs are known to produce a
melanized outer layer in their natural environment (Mihail and Bruhn,
2005), (Koch et al., 2017), which is not always present when cultured in
vitro (see Fig. 1). This melanized layer is believed to provide protection
from pests and noxious abiotic conditions (Rizzo et al., 1992), (Cordero
and Casadevall, 2017). However, little is known about the mechanisms
this melanized layer uses to provide the protection from both mechan-
ical and chemical stresses necessary for the survival of the Armillaria
rhizomorphs and allow them to be so effective at seeking and infecting
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woody plants.

In this work we looked to experimentally and computationally
characterize and define the protective structures of Armillaria rhizo-
morphs, with a primary focus on their outer melanized layer. To isolate
this layer, we compared the structural, chemical, and mechanical
properties between in vitro (lab-cultured) and in vivo (wild-harvested)
rhizomorphs, where cultured rhizomorphs were genetically identical,
but lack this melanized layer (as shown in Fig. 1b and c). Studying the
structure and mechanical properties of the melanized layer fills a gap in
the knowledge of how this highly pathogenic fungus is able to survive
and continue to infect new hosts. This could also provide a direction for
research into weakening Armillaria rhizomorphs in a way that would
slow or stop the spread of this highly infectious and damaging parasite.

2. Materials and methods
2.1. In vivo harvested rhizomorph collection

In vivo harvested samples were collected from the Malheur National
Forest, OR, USA, which is the site of a number of large Armillaria genets
(genetic individuals) including the world’s largest genet known as the
“Humongous Fungus.” Armillaria ostoyae samples were taken from Genet
E of the known Malheur clusters (Ferguson et al., 2003). Rhizomorphs
were found by looking for symptomatic trees, characterized by dying
needles and surrounded by other dying trees. The outer layer of bark was
cut into using a hatchet, then peeled from the root collar down into the
roots (Fig. 1a) (Ferguson et al., 2003), according to the procedure set
forth by the Malheur Forest Service forest pathologist. Rhizomorphs
were located beneath the bark and pulled up from the roots and soil.
Collected rhizomorphs were placed in damp paper towels and kept in
paper bags in either an insulated cooler (during transit to the lab) or a
refrigerator (while in the lab). Rhizomorphs were kept hydrated until
testing by keeping the paper towels that they were wrapped in wet, to
reduce the risk of drying out and breaking. These samples are referred to
henceforth as “harvested rhizomorphs.”

2.2. Invitro cultured rhizomorph culturing

In vitro culturing was performed by following the procedure estab-
lished by Sipos et al. (Sipos, 2017) for generating sporocarps, with
alteration to the growth jar apparatus. The growth jar apparatus was
created by puncturing a 2 mm diameter hole in the top of a ~1000 mL
wide mouth mason jar (Ball Corporation, Broomfield, CO, USA) that was
then filled with tightly wound PolyFil polyester fibers (Fairfield Pro-
cessing Corporation, Danbury, CT, USA). This was done to provide
airflow to the growing culture without compromising the sterility of the
jar during the growth process. Jars were initially autoclaved for 30 min
on a dry cycle before growth media was added. Growth media consisted
of 30 g of brown rice, 20 g of pine shavings, 500 mL of water, and 100 g
of finely chopped oranges with the peel. This mixture was then auto-
claved for 30 min on liquid cycle, then layered with ~2.5 cm of ho-
mogenized tomatoes, and autoclaved for 30 min on a liquid cycle. Agar
plugs of cultured Armillaria mycelium previously collected from Genet E
(Ferguson et al., 2003), the same genet as the harvested rhizomorphs,
were then inoculated into the jars within a sterile laminar flow hood and
allowed to grow and colonize the entirety of the jar at room temperature
using a light cycle of 12 h on then 12 h off (see Fig. 1b), for no fewer than
4 weeks of incubation (Sipos, 2017). These samples are referred to
henceforth as “cultured rhizomorphs.”

2.3. Structural imaging

Sections approximately 8 mm in length were cut from different
sections of both the harvested and cultured rhizomorphs to make im-
aging samples (Fig. 1c). These imaging samples were roughly a hollow
cylinder in geometry and were prepared using previously established
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procedures (Yafetto et al., 2009). Samples were first preserved by
placing them into a fixative (2.5% glutaraldehyde/2.5% formaldehyde)
for 2 h then rinsing them twice with a 0.1 M sodium cacodylate solution
for 10 min per rinse. The imaging samples were then serially dehydrated
in ethanol (with 10 min treatments at 50%, 70%, 95%, 95%, 100%,
100%, 100% ethanol) before being freeze fractured (using liquid nitro-
gen) and freeze-dried using a Labconco FreeZone 1 freeze drier (Kansas
City, MO, USA) for a minimum of 12 h to ensure all fluid was removed.
Following the freeze-drying procedure, samples were affixed to
aluminum sample holders using carbon tape and coated with ~15 nm of
gold palladium. Images were taken in an FEI Quanta 600FE-ESEM
scanning electron microscope (Hillsboro, OR, USA) at an accelerating
voltage of 5 kV and spot size of 3 nm. Images of the exterior surfaces and
transverse cross-sections of both cultured and harvested rhizomorphs
were taken. In each case, three images were taken of each section
(surface and transverse cross-section) from three harvested and three
cultured samples.

The SEM images of the harvested and cultured rhizomorph cross-
sections were analyzed using ImageJ. Three images each of cultured
and harvested samples were used for calculating the pore sizes and de-
gree of porosity. Pore sizes were measured by taking the images of the
porous layer sections at 500 times magnification, isolating the pores
with ImageJ and analyzing the pore size of all the visible pores. Pores
were separated into three categories, based on size using R software (The
R Foundation): small (0-10 pmz), medium (10-20 pmz), and large
(larger than 20 pmz). In each case, no fewer than 122 pores were
measured from each sample. The average porosity for each image was
measured by taking three representative sections from each image of the
porous layer at 500 times magnification and using ImageJ to calculate
the percent area of the sample made up of pores. Using these averages,
the average porosity for each type of sample (i.e., cultured and har-
vested) was calculated. Using ImagelJ, porous layers were divided into
three sections: the outside, middle, and inside section. These sections
comprised of the outside, middle, and inside third of the layer, respec-
tively, as seen in Fig. 2. The size of the pores in each section were
measured using ImageJ.

2.4. Chemical composition

While samples were in the SEM, energy dispersive x-ray spectroscopy
(EDS) was performed using APEX EDS Software (EDAX Inc., Mahwah,
NJ, USA). Chemical composition and elemental maps, as found using the
EDS software, were completed on the outer surface and transverse cross
section of three harvested and three cultured imaging samples. EDS was
completed using an accelerating voltage of 20 kV and a spot size of 5.0
nm. Image outputs were adjusted to leave out elements present due to
fixing (hydrogen from glutaraldehyde and formaldehyde) and coating
the imaging samples (gold and palladium).

2.5. Mechanical testing

Sections approximately 3.5 mm in length were taken from the larger
rhizomorph samples to make three harvested and three cultured me-
chanical testing samples (similar to those seen in Fig. 1c). To ensure
similar testing conditions, mechanical testing samples were placed on
paper towels to dehydrate for 30 min. After samples were dehydrated,
they were placed on 15 mm diameter Specimen Discs (Ted Pella,
Redding, CA, USA) with cyanoacrylate glue. Nanoindentation on the
outside surface of the mechanical testing samples was performed using a
Hysitron TI Premier Nano indenter system (Hysitron Inc., Minneapolis,
MN, USA) with a Berkovich tip probe. A trapezoidal load function with a
maximum load of 500 pN was used. Each mechanical testing sample was
indented in eight locations on the sample to allow for a minimum of 5
useable data sets, should some of the indentations slip or otherwise
provide unusable data.
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Fig. 2. Representative porous layer of a harvested rhizomorph (left) and pores
broken into sections: outside (purple), middle (yellow), and inside (orange)
sections. The scale bar represents 50 pm. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

2.6. Computational modeling

2.6.1. Finite element model

A 2D plane-strain Finite Element (FE) model of the nanoindentation
test was developed using Mechanical ANSYS Parametric Design Lan-
guage (MAPDL) in commercial ANSYS software (Ansys, Inc., Canons-
burg, PA, USA). A cross section depicting the ordered 3-section (i.e.,
outside, middle, and inside sections) pore structure of the harvested
rhizomorph samples was created to perform a parametric study of the
effect of the porosity on the deformation under nanoindentation (Fig. 3).

2.6.2. Geometry

The Berkovich tip probe, used in the nanoindentation tests, was
approximated by a 2D wedge with a 65.27° half angle (Hysitron, 2016).
The output data of the physical nanoindentation tests was 30% greater
than what would be expected by using a perfect Berkovich probe tip for a
given contact depth (Oliver and Pharr, 1992), suggesting tip wear. To
account for this wear, which can affect the radial size of the tip (Tor-
res-Torres et al., 2010), (Lofaj and Németh, 2017), a 1.5 pm tip radius
was used for modeling rather than the probe tip’s 150 nm nominal value
(Hysitron, 2015) (Fig. 3a).

The geometry of the outer layer of the rhizomorph (the melanized
layer for harvested rhizomorphs and outer layer for cultured rhizo-
morphs) was approximated as a 100.1 pm by 44.1 pm rectangular cross
section based on the SEM images and measurements. For consistency
across the whole rhizomorph model and inspired by the SEM images, all
pores were modeled as ellipses with a major to minor axis ratio of 2:1
and sized to the appropriate area to capture the correct area of pores and
porosity of the porous layer. Pores were separated into 3 sections: inside,
middle and outside (Fig. 3), to match the pore structure, as depicted in
SEM images (see Fig. 2) of the harvested rhizomorph samples.
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Fig. 3. Geometry of the finite element model. Note that the pores in the outside
and middle sections are held at the average pore size for each respective section
in both A and B. The inside pores are varied from a factor of 0.14 (A) to 1.4 (B),
where a factor of 1 is equal to the average size of the pores in the harvested
rhizomorph. Boundary conditions are shown in A: a zero-horizontal displace-
ment along the top of the indenter, and a zero-displacement boundary condition
along the bottom of the inside layer. The scale bar represents 100 pm.

2.6.3. Material model

The material model used for the diamond Berkovich probe tip used a
Young’s modulus of 1140 GPa and a Poission’s ratio of 0.07 (as
described in the Hysitron probe part specifications). The rhizomorph
material was modeled as a bilinear elastic-plastic with a von Mises stress
yield initiation assumption. The reduced Young’s modulus was found by
analyzing the average unloading curve of the load-displacement data
obtained from nanoindentation of the harvested rhizomorph mechanical
testing samples, using a previously established technique (Oliver and
Pharr, 1992). Young’s modulus was calculated using the reduced
modulus and the material properties of the probe tip (Oliver and Pharr,
1992). Because the primary constituent of the rhizomorph cells is chitin,
a Poisson’s ratio of 0.25 was used based on previous experiments per-
formed on chitin fibers (Wan and Hao, 2020). An appropriate yield stress
(oy = 28 MPa) was iteratively determined by validating the plastic
deformation of the model to the experimental data.

2.6.4. Mesh

The model was meshed with 40572 eight- and six-node quadratic
PLANE183 plane-strain elements. The rhizomorph and probe tip contact
surfaces were refined to 1/9th of the surrounding element size. The top
of the outside section of the porous media was meshed with TARGE169
target elements while the tip of the indenter was meshed with
CONTA175 contact elements. A convergence study was conducted to
ensure the results would not be mesh sensitive.
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2.6.5. Boundary and loading conditions

A zero-displacement boundary condition was prescribed along the
inside surface of the rhizomorph model, while a zero-horizontal
displacement boundary condition was prescribed along the top of the
indenter (see Fig. 3a). A trapezoidal load function with a maximum load
of 500 pN (to match the experimental mechanical testing) was applied
vertically along the top boundary of the indenter. A bonded contact
condition was applied between the probe tip and rhizomorph contact
surfaces.

Porosity was varied using a factor of the average pore size, varying
between 0.14 and 1.4 times the average pore area of each section, with a
factor of 1 equal to the average pore size determined from the harvested
rhizomorphs. This range was determined by using the average pore area
and interquartile range to capture the majority (no less than 75%) of
pore sizes without skewing the data with outliers. Four scenarios were
investigated to determine the impact of varying the pore size: (1)
varying the average pore size of all of the sections simultaneously and by
the same factor, (2) varying only the pores of the inside section, (3)
varying only the pores of the middle section, and (4) varying only the
pores of the outside section. In the scenarios in which only one section’s
pores were varied, all other sections were held constant at a factor of 1
(as shown for the case of varying only the pores of the inside section
between Fig. 3a and b). This was done to analyze the impact of pore size
and resulting porosity in the three sections of the rhizomorph under
constant mechanical loading. For each scenario, a load-displacement
curve was generated. The plastic deformation for each scenario was
then calculated by taking the difference between the final displacement
after unloading and initial displacement under the same load.

2.7. Generation of ITS barcode for cultured rhizomorphs

To ensure that the cultured rhizomorphs were genetically the same
(of the same species) as the harvested rhizomorphs, DNA was extracted
from cultured samples by harvesting ~10 mg of mycelial tissue that was
grown on 2% malt agar plates and grinding it in the presence of liquid
nitrogen using a mortar and pestle. Genomic DNA was extracted from
the resulting pulverized tissue using Extract-N-Amp™ Tissue PCR Kit
(Sigma-Aldrich, St. Louis, MO, USA). Polymerase chain reaction (PCR)
was performed using primers ITS1F and ITS4 (White et al., 1990),
(Gardes and Bruns, 1993) for targeted amplification of the nuclear ri-
bosomal internal transcribed spacers (ITS), which is the official DNA
barcode region for Fungi (Dentinger et al., 2011) and is the primary
marker for species identification in Armillaria (Coetzee et al., 2018). PCR
thermocycler settings and conditions were used as outlined in previous
work  (Schochet al.,, 2012), and confirmed by agarose
gel-electrophoresis. Amplified samples were then purified using Exo-
SAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Forward and reverse strand Sanger sequencing of
clean samples was performed at the DNA Sequencing Core Facility at the
University of Utah.

2.8. Statistical analysis

Analysis of variance (ANOVA) and Tukey’s honest significant dif-
ference (HSD) tests were used to determine significance, as has been
done for similar projects (Wan and Hao, 2020), (Yu et al., 2008). For
each measured property (i.e., proportion of pore sizes, pore sizes in
different sections of the porous layer, porosity, hardness), a one-way
ANOVA test was performed using R software. Except for comparing
the porosity between sections, the factors considered in statistical
testing were the type of rhizomorph sample: cultured or harvested. In
the case of determining significance in the porosity between sections,
each of the sections were the factors of interest: the inside, middle, and
outside section. When statistical significance was determined by the
one-way ANOVA and pairwise comparisons were necessary, a Tukey’s
HSD test was used. A significance level of o = 0.05 was used for all tests
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to establish statistically significant differences.
3. Results and discussion

3.1. Species identification of isolates

Species identification in Armillaria is difficult and often ambiguous
(Ferguson et al., 2003). In order to reduce the chances of property
variance being a result of a difference in species, harvested rhizomorphs
were collected from the same known Armillria Genet (“Genet E”), where
the Armillaria hyphae for the cultured samples were collected. In addi-
tion to choosing a previously studied site, field identification of infected
hosts and direct isolation of rhizomorphs was performed according to
commonly used USDA guidelines (Sipos, 2017). Genet E, studied by
Ferguson et al. (Ferguson et al., 2003), was shown to be a genetically
identical single organism that spread across tens of thousands of square
meters of land (Baumgartner and Warnock, 2006). In that study, Fer-
guson et al. used restriction fragment length polymorphism (RFLP) to
initially detect the species of Genet E, which was determined to be
Armillaria ostoyae. The current study is possibly the first to report gen-
eration of the ITS DNA barcode for Genet E. This barcode sequence,
when compared to the GenBank sequences, exhibits a 90.27% percent
sequence identity with the top basic local alignment search tool (BLAST)
hit, which was labeled as Armillaria cf. ostoyae (Accession number:
AY228342.1). This percent sequence identity is lower than expected for
conspecifics in fungi, which is generally considered a match with
percent identity above 95%-97% (Schochet al., 2012), (Yahr et al.,
2016), although intragenomic variation may exceed this interspecific
threshold (Tremble et al., 2020). This finding may indicate greater
species diversity within the Armillaria genus; however, for the purposes
of the current study, these results indicate that both the harvested and
cultured rhizomorphs come from the same organism, meaning any dif-
ferences in structure, behavior, or properties was not a result of genetic
differences.

3.2. Rhizomorph structure

Similar to previous work on other Armillaria species, the current
rhizomorph samples had a porous layer (Fig. 4a-b) (Yafetto et al., 2009),
which was the melanized layer for the harvested rhizomorphs and the
outer layer for the cultured rhizomorphs. Pores showed a general
decrease in size moving radially outward in the porous layer (Fig. 4a and
b,5). Of note, there was a statistically significant difference in the sizes of
the pores of each section (inside, middle, and outside) between the
cultured and harvested rhizomorph samples. The significance of all
pairwise comparisons can be seen in Table 1. No statistically significant
difference was found between the medium sized pores, but there was a
statistically significant difference (with p = 0.00002) between the pro-
portion of large pores found in the cultured and harvested rhizomorphs,
as well as with the small pores (p = 0.008) (see Fig. 6), indicating that
cultured rhizomorphs have larger pores overall. Cultured samples
showed greater porosity in their porous layers, with a statistically sig-
nificant difference (p = 0.036) in the porosity between the cultured
(mean value of 40.76 and a standard deviation of 17.72) and the har-
vested (mean value of 25.52 and a standard deviation of 9.78) rhizo-
morphs. These results demonstrate that not only is the melainzed layer
of the harvested rhizomorphs less porous with smaller pores than the
outside section of the cultured rhizomorphs, but also that the melanized
layer of the harvested rhizomorphs have smaller pores overall.

The surface images of the rhizomorphs (Fig. 4c and d) showed that
the surface of the melanized layer in the harvested rhizomorphs had a
smoother surface, in which the fused hyphal cords showed a more axial
orientation across the surface (Fig. 4c). The cultured samples had an
outer surface that appeared loosely woven and fused together, with
visible gaps in the surface (Fig. 4d). The smoother surface of the har-
vested rhizomorph samples likely also helped to create a more uniform
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Fig. 4. Representative images of porous layer of rhizomorphs of (A) harvested,
and (B) cultured rhizomorphs. (C, D) Representative images of outer surfaces of
(C) harvested and (D) cultured rhizomorphs. The scale bars represent 50 pm.
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Table 1

Statistical significance, including p values, of the area of the pores in the inside,
middle, and outside sections of the porous layer for the cultured and harvested
rhizomorph samples. Pairwise comparisons were made between the same sec-
tions of the cultured and harvested rhizomorphs samples, as well as between the
different sections in both the cultured and harvested rhizomorph samples. P
values less than the established significance level («x = 0.05) are bolded.

Separation of Factors Pairwise Comparison p value
Cultured Middle-Inside 1.28e-3
Outside-Inside 3.95e-5
Outside-Middle 0.95
Harvested Middle-Inside <1071
Outside-Inside <107®
Outside-Middle 0.54
Inside Harvested-Cultured 3.34e-5
Middle Harvested-Cultured 1.47e-7
Outside Harvested-Cultured 2.69e-14
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boxes), medium (green boxes), and small (white boxes) pores for cultured and
harvested rhizomorphs. Red diamonds represent mean values. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

structural surface. The lack of uniformity in the cultured rhizomorph
samples may provide advantageous properties to certain sections while
simultaneously allowing for natural weak spots in others. Under stress, it
is the weak spots that play the more significant role in failure, and better
define the failure properties of a material.

Previous work has hypothesized that the pores could play a part in
translocation along the length of the rhizomorph (Yafetto et al., 2009). If
the pores are used in translocation, smaller pores on the outside of the
rhizomorph suggests that nutrients and gases are transported more to-
wards the center, where translocation is less restricted by small pore
size. Gradient structures are also known to affect mechanical properties,
such as improving toughness and resistance to wear (Naleway et al.,
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2015). Harvested rhizomorphs, which have the melanized layer that is a
denser porous layer than cultured rhizomorphs, could take more surface
damage with less risk of damaging their ability to transport essential
nutrients. This damage resistant structure protects the rhizomorphs and
could play a key role in keeping rhizomorphs dormant instead of dying
when nutrition may be limited. The inner porous core of the rhizo-
morphs may also improve the overall toughness of the structure, such as
in the case with arapaima fish scales, whose different layers with their
distinct properties increase their effectiveness as an armor (Yanget al.,
2014).

One biocontrol method used to stop or slow the spread of Armillaria
employs Trichoderma, an antagonistic fungus that attacks and out-
competes the pathogenic Armillaria to a point where its pathogenic ef-
fects are not as devastating on the host plant (Pellegrini et al., 2014;
Munnecke, 1981; Munnecke, 1973). Having a denser outer surface, as is
the case with the harvested rhizomorphs, would provide a better pro-
tection against bio-controls than a porous surface, as seen in the cultured
samples. Therefore, these results demonstrate that the outer melanized
porous layer of the harvested rhizomorphs provides protection against
predators or competitors while maintaining essential functions like
translocation of nutrients.

3.3. Chemical composition

Table 2 shows the average values of the most abundant elements
present in the rhizomorphs, as detected using EDS. The most abundant
elements were carbon (C) and oxygen (O) in both the harvested and
cultured samples. Trace elements, elements with less than three weight
percent detected, were found in both types of rhizomorphs. However,
calcium was consistently present in the harvested rhizomorphs in larger
amounts (about five weight percent), but was absent from the cultured
rhizomorphs. Fig. 7 shows EDS mapping images of cultured and har-
vested rhizomorph samples. These images show an even distribution of
carbon and oxygen, as is expected from organic material. However, the
harvested samples showed an even distribution of calcium in the porous
layer (Fig. 7a) and on the outer surface (Fig. 7c¢), though no significant
amount of calcium was detected in the interior of the rhizomorph. There
was no similar distribution of calcium in the cultured samples (Fig. 7b,
d).

The melanized layer in the harvested rhizomorphs is distinctive due
to its darker pigmentation, but also from the presence of calcium. Fungal
melanins are known to provide a host of benefits to the fungi that pro-
duce them, including metal binding (Cordero and Casadevall, 2017);
some melanized fungi are able to absorb metal ions, such as Ca’*, from
their environment (Fogarty and Tobin, 1996). This metal binding ability
can provide increased chemical protection from environmental hazards,
such as heavy metal toxicity (Munnecke, 1973), while also providing a
precursor to chemical defenses from possible predation or defensive
attacks from potential hosts. The presence of calcium in the outer layer
of the harvested rhizomorphs suggests the binding of melanins with
calcium ions in the soil to provide greater chemical protection while
seeking new hosts. The cultured, non-melanized rhizomorphs had no
such environmentally derived benefit. The elemental makeup of the
melanized layer of the harvested rhizomorphs had approximately five

Table 2

Most abundant elements in cultured and harvested rhizomorphs found using
energy dispersive x-ray spectroscopy. Trace elements (<3 wt % each) are not
individually named.

Weight Percent (%): Mean (Standard Dev.)

Element Cultured Rhizomorphs  Harvested Rhizomorphs
Carbon (C) 45.63 (0.02) 47.77 (2.35)

Oxygen (O) 53.65 (0.84) 43.01 (0.65)

Calcium (Ca) - 5.09 (1.24)

Trace Elements (remaining %) 0.72 4.13
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Fig. 7. EDS chemical composition maps. A: Transverse cross section of a har-
vested rhizomorph sample. B: Transverse cross section of a cultured rhizomorph
sample. C: Surface of a harvested rhizomorph sample. D: Surface of a cultured
rhizomorph sample. Teal represents calcium, purple represents carbon, and
green represents oxygen. The scale bar represents 50 pm. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

weight percent of calcium, suggesting that this addition of calcium adds
a layer of chemical protection, rather than bolstering the mechanical
defenses. This was further explored in examining mechanical properties
of the rhizomorphs.

Insight into the role of the increased calcium in the harvested rhi-
zomorphs can come from looking at an analogous system. Studies in
ectomycorrhizal (EM) fungi, which are also known to produce rhizo-
morphs, form beneficial interactions with a host through the root system
and show significant concentrations of calcium within their mycelium
(Wallander et al., 2003). This calcium often manifests on the surface of
rhizomorphs, or other surface mycelia, in the form of calcium oxalate
crystals, and is believed to be a protection from predation and microbial
attack (Wallander et al., 2003), (Whitney and Arnott, 1987). While
Armillaria has a parasitic/saprotrophic lifestyle, infecting a host through
the root system, rhizomorphs likely face similar attacks, and would
benefit from similar calcium-based defenses.

Beyond the protection from predation, these calcium-based pro-
tections also help in invading new hosts. As the rhizomorphs invade a
new host, the host plant will employ defense mechanisms. These
mechanisms can include the production of areas with an increased pH
and antimicrobial properties (Nagyet al., 2012). White rot fungi, such as
Armillaria, use oxalic acid to fight these defenses. The oxalic acid and
creation of calcium oxalate crystals allows the invading, pathogenic
rhizomorphs to lower the pH of the defending host (Nagyet al., 2012).
Thus, the melanization of the harvested rhizomorphs combined with the
added defenses of the calcium present, provides the rhizomorph with
both better defense and greater virulence.
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3.4. Mechanical testing

Nanoindentation showed that both cultured and harvested samples
had a similar mean hardness value of ~242 MPa (see Figs. 8 and 9).
However, the cultured samples had a large variation in hardness (stan-
dard deviation of 301.29 MPa compared to 72.47 MPa for the harvested
samples) and a much lower median when compared to the harvested
samples (87.06 MPa and 263.73 MPa, respectively), with a minimum
value nearly an order of magnitude smaller than the harvested samples
(4.03 MPa and 35.20 MPa, respectively). There was no statistically
significant difference between the hardness of the outer surface of the
cultured and the harvested rhizomorphs (p = 0.994). These hardness
values were compared with previous literature that employed similar
mechanical testing procedures for biological structures with similar
basic constituent material as the rhizomorphs (chitin). The median value
of hardness for the harvested rhizomorph was similar to that of locust
cuticle (mean of 260 MPa) (Wan and Hao, 2020) and of the internal
layers of lobster carapace (mean of 230 MPa) (Erko et al., 2013) sug-
gesting that the rhizomorph is able to provide similar defensive capa-
bilities as the exoskeletons of those organisms. The similarity of the
hardness values of the surfaces of the rhizomorph samples to other chitin
based materials confirms that the addition of any calcium or calcium
oxalate crystals (which have a measured hardness value of approxi-
mately 530 MPa using similar indentation methods) (Nicolas-Bermtdez
et al., 2018) may not significantly enhance the mechanical properties of
the rhizomorphs.

Because the nanoindentation was performed on dehydrated samples,
the hardness values were more valuable as a point of comparison be-
tween the harvested and cultured samples rather than an estimation of in
vivo properties. The large standard deviation value as well as the dif-
ference between the mean value and the median value of the hardness of
the cultured samples shows a great amount of variation where a few
measurements skew the overall average of the cultured samples. The
hardness values of the harvested rhizomorphs, which were taken from
the melanized layer showed less variation.

To infect new hosts, rhizomorphs must maintain mechanical resis-
tance. This resistance is especially important in the infection of new
hosts. Rhizomorphs use a combination of enzymes and mechanical force
to reduce the integrity of the host’s protective layers and then penetrate
through them to infect the new host (Baumgartner et al., 2011), (Yafetto
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Fig. 8. Boxplot of the hardness of the dehydrated surfaces of the cultured and
harvested rhizomorphs. The red diamonds represent the mean value of each set
of data. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 9. Distribution of hardness of mechanical testing rhizomorph samples. A:
Mechanical testing samples: harvested sample (top), and cultured sample
(bottom). B, C: Atomic force microscopy image of the harvested (B) and
cultured (C) rhizomorph mechanical testing samples. Circles represent where
indents were made, with darker shades representing larger hardness values and
lighter shades representing smaller hardness values. Scale bars represents 1 cm
(A) and 5 pm (B, C). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

etal., 2009). Both during the exploration for and infection of a new host,
rhizomorphs must maintain some structural integrity to propagate. This
structural integrity also ensures that the rhizomorphs can efficiently
transfer nutrients from the host and withstand attacks from micro-
phagous animals and microparasites. Whether under attack from a
host’s defenses, microbial attack, or predation, the mechanically
weakest point of the rhizomorph will be the point of failure. The smaller
minimum hardness value of the cultured samples indicates that cultured
rhizomorphs have natural weak spots more susceptible to attack than
the weakest points of the harvested rhizomorphs. The non-uniform,
loosely woven nature of the cultured sample surface provides such
weak spots. This kind of outer surface has a greater number of weak
points than the uniform, tightly fused protective surface of the mela-
nized layer in the harvested rhizomorphs. This mechanical resistance
may also benefit from the added chemical protection provided by the
addition of calcium in the melanized layer. Treatments designed to limit
or control rhizomorph growth, by weakening rhizomorph protections
would have to first overcome the chemical defenses and then the me-
chanical defenses. In harvested rhizomorphs, there is a combination of
chemical and mechanical defenses which is not present in the cultured
rhizomorphs, whose spaces between fused hyphal cords may allow
damage to occur more easily to the essential internal structures or
functions of the rhizomorph. The uniformity of the melanized layer (as
seen in Fig. 4c) of the harvested rhizomorphs also likely contributes to
the smaller variance of the measured hardness values, providing more
consistent protection from potential attack.
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3.5. Computational analysis

Simulations using finite element models showed a strong depen-
dence in the mechanical behavior of the porous layer of the rhizomorph
based on the pore size and resulting porosity, as demonstrated by the
load-displacement curves shown in Fig. 10. The simulated values align
with the experimental nanoindentation data when the factor of average
pore size is one, which indicates that the model is a good representation
of the average harvested rhizomorph. The two scenarios in which the
pores located in the outside section of the porous layer were varied
(Fig. 10a and d, respectively) show the most variation in the load-
displacement behavior as the pore size changes. The variation of the
pore sizes within the inside layer showed less variation in the load-
displacement behavior (Fig. 10b). Varying the pores in only the mid-
dle section, however, produced very little effect in how the porous layer,
as a whole, deformed under the given loading conditions (Fig. 10c).

The maximum displacement of the indenter probe tip during loading
was consistently greater when the size of the pores was increased (see
Fig. 11a). Varying all pore sizes had the greatest effect on the maximum
displacement, changing by 0.332 pm from the minimum (0.14) to the
maximum (1.4) factors of the average pore size. The next largest dif-
ference came from varying the outside pores, with a difference of
0.2614 pm. The difference in the inside and middle pores was less
pronounced, 0.157 pm and 0.0483 pm respectively.

Decreasing the size of the pores in any section of the porous layer had
little effect on the plastic deformation following nanoindentation. As
seen in Fig. 11b, from a factor of average pore size from 0.14 to 1, all the
curves showed similar behavior, with the plastic deformation remaining
within a 0.01 pm range. It should be noted that there was no increase in
plastic deformation when the pore sizes of the middle and inside sections
were increased. Enlarging the average size of the outside pores by a
factor of 1.4 resulted in an increase of 0.1506 pm in plastic deformation,
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Fig. 10. Load-displacement curves derived from simulating nanoindentation of
a harvested rhizomorph with a finite element model graphed with a represen-
tative experimental data curve. Each different colored line refers to a factor of
the average pore size when varying the pores in the various sections of the
porous layer of the rhizomorph. A: Varying all pores. B: Varying inside pores. C:
Varying middle pores. D: Varying outside pores. Factors of average pore size
shown were selected to have four evenly spaced factors between and including
the minimum and maximum factors.
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Fig. 11. A: Maximum displacement of probe tip versus the factor of the average
pore size when varying each of the sections of the finite element model. B:
Plastic displacement versus the factor of the average pore size when varying
each of the sections of the finite element model. The plastic deformation is the
difference between the final displacement after unloading and initial
displacement under the same load. (Fig. 10).

more than tripling the plastic deformation present with average sized
pores.

Simulations showed that changing the size of the pores nearest to
indentation (outside section) had the greatest effect on the overall me-
chanical response of the protective porous layer. Maintaining smaller
pores in the outside section of this layer offered greater protections to
the rhizomorph and its functions against external loading. As shown in
Fig. 5 and Table 1, the pores in the outside section of the porous layer are
significantly smaller in the melanized layer of the harvested rhizo-
morphs than in the porous layer of the cultured rhizomorph. The factor
of average pore size of the pores in the cultured rhizomorph is 2.21 times
as large as the average size of the pores in the harvested rhizomorph.
This factor is greater than what is shown in Fig. 11, suggesting that the
porous layer of cultured rhizomorphs would experience greater plastic
deformation than harvested rhizomorphs under similar loading condi-
tions. Keeping other parameters the same, the differences in structure
between the harvested and cultured rhizomorphs, which are symbolic of
the melanized layer, provide a better protection in the harvested rhi-
zomorphs against deformation and damage under external loads.

Plastic deformation occurs as the rhizomorph experiences stress
greater than its yield stress. Because of the porous nature of the outer
layer, stress concentrations form around the edges of the pores. Stress
concentrations around ellipses are greatest along the side of the major
axis of the ellipse. Under the uniaxial loading, the stress concentrations
are greatest on the left and right sides of the pores, along the major axes
(Inglis, 1913). When the pores are closer, the magnitude of the stress
concentrations between pores becomes larger under the same loading
(Jones and Hozos, 1971), (Zhang et al., 2009). The greatest difference in
the plastic deformation was a result of varying only the pores in the
outside section; When outside pores were a factor of average pore size of
1.12 or greater, the plastic deformation increased to almost three times
that of the base case. This indicates that the porosity and pore structure
in this section offer the most structural protection. The structure as a
whole would be best protected against greater stresses by having a less
porous outside section with smaller pores that are further apart, as is the
case with the melanized layer of the harvested rhizomorphs (see Figs. 2,
4 and 5). Having larger and nearer pores in the porous layer structure, as
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with the cultured rhizomorphs, allows for plastic deformation and then
damage, to occur at lower loads than for melanized harvested rhizo-
morphs. This is demonstrated in Fig. 11, where larger pores resulted in a
larger displacement and plastic deformation.

The finite element model and simulations showed a balance between
the maximum displacement and plastic deformation of the rhizomorph
during loading. With smaller than average pores, there was a smaller
maximum displacement (Fig. 11a), though not necessarily a smaller
plastic deformation. Both the maximum displacement and the plastic
deformation show more dramatic changes with larger than average
pores. A factor of average pore size of 1 allowed for the lowest plastic
deformation (Fig. 11b) without the increase in maximum displacement
found with larger pores. This balance of properties occurs when the size
of the pores matches the average size of pores found in harvested rhi-
zomorphs. One benefit of natural materials is the continued reiteration
to find the best structure made possible by evolution. The results of the
FE model, as seen in Fig. 11, show that the structure of the melanized
layer formed by the harvested rhizomorphs, grown in a natural envi-
ronment, is one that provides for greater protection without damage
from mechanical loading. Cultured rhizomorphs, grown in a more
controlled environment and lacking the melanized layer, had a structure
prone to more permanent deformation and damage under the same
loading conditions. This indicates that the uniformity and size of pores
produced in a melanized layer are better suited to prevent damage from
mechanical loading.

3.6. Properties of the melanized layer

The internal structure of the melanized layer of the harvested rhi-
zomorphs had a radially graded porous structure, with pore areas get-
ting progressively smaller near the outer edge. These smaller pores,
especially along the outside of the layer, play an important role in
protecting the internal structure, where nutrient and gas transport
occur. In addition to protection from mechanical damage, the melanized
layer provides chemical protection in the form of calcium, both inter-
nally and externally. The presence of calcium in this protective layer not
only provides defenses from predation or potential bio-control, but also
may help the rhizomorphs to get past host plant defenses. The
arrangement of pores in the melanized layer has a distribution that re-
duces both the maximum deformation and resulting plastic deformation
when indented. While a load may attack the outer melanized layer, the
pore distribution in that layer minimizes the amount of permanent
damage, aiding the resilient structure to continue to infect new hosts.
This combination of properties gives novel insight into the resilience of
Armillaria rhizomorphs and possible avenues that could limit its spread.
The melanized layer has likely evolved to protect the inside of the rhi-
zomorph. Experiments used to test new bio-controls that take the pro-
tection of the melanized layer into account will have a better
understanding of how lab tested treatments will transfer into natural
infection sites. By using bio-controls that can break down the melanized
layer and directly attack the ability of the rhizomorph to transport
essential gasses and nutrients, Armillaria infections may be better
controlled and contained, saving millions of dollars to those whose crops
are affected.

4. Conclusions

The current study used imaging, chemical analysis, mechanical
testing, and finite element modeling to understand the defense mecha-
nisms provided by the melanized layer present in Armillaria ostoyae
rhizomorphs and led to the following conclusions:

e The melanized layer of harvested rhizomorphs had a porous layer,
similar to the porous layer of the cultured rhizomorphs that lacked
the melanized layer. However, the harvested rhizomorphs layer
showed more consistent properties such as porosity, pore
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distribution, and hardness values. These results demonstrate that the
melanized layer allows for more uniform properties, which
strengthens the potential weak spots that could otherwise cause
failure and eventually leading to the death of the organism.

The melanized layer of harvested Armillaria rhizomorphs contained a
significant amount of calcium in their chemical composition, which
was not present in the surface or porous layer of rhizomorphs
without a melanized layer. This calcium can provide added defenses
against predation, attempted bio-controls, and defense mechanisms
used by potential hosts to stop infection.

The average size of pores, and resulting porosity, found in harvested
rhizomorphs provided for the best balance of minimizing the
maximum deformation and plastic deformation during mechanical
loading, thus providing optimal defense against external mechanical
loading.
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