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1 | INTRODUCTION
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Abstract

Filamentous fungal cell factories play a pivotal role in biotechnology and circular
economy. Hyphal growth and macroscopic morphology are critical for product titers;
however, these are difficult to control and predict. Usually pellets, which are dense
networks of branched hyphae, are formed during industrial cultivations. They are
nutrient- and oxygen-depleted in their core due to limited diffusive mass transport,
which compromises productivity of bioprocesses. Here, we demonstrate that a
generalized law for diffusive mass transport exists for filamentous fungal pellets.
Diffusion computations were conducted based on three-dimensional X-ray micro-
tomography measurements of 66 pellets originating from four industrially exploited
filamentous fungi and based on 3125 Monte Carlo simulated pellets. Our data show
that the diffusion hindrance factor follows a scaling law with respect to the solid
hyphal fraction. This law can be harnessed to predict diffusion of nutrients, oxygen,
and secreted metabolites in any filamentous pellets and will thus advance the ra-

tional design of pellet morphologies on genetic and process levels.

KEYWORDS
diffusive mass transport, filamentous fungal pellets, three-dimensional morphological
measurements and simulations, X-ray microcomputed tomography

modifications (Wang et al, 2020), their greatly expanded natural
protein secretion apparatus (Ward, 2012), and the enormous po-

Fungal biotechnology is key for the transition from a petroleum-
based economy into a bio-based circular economy. A thinktank con-
sisting of leading European and American researchers and global
business leaders concluded that this biotech sector can help to
achieve 10 of the United Nations' 17 sustainable development goals
(Meyer et al., 2020). Filamentous fungi are the only microorganisms
that can fully degrade renewable lignocellulosic biomass and sus-
tainably transform it into food, feed, chemicals, fuels, commodities,
textiles, composite materials, antibiotics, and other drugs (Meyer

et al, 2020). Their ability to perform complex posttranslational

tential of the secondary metabolome to produce bioactive molecules
(Brakhage, 2013; Keller, 2019; Nielsen et al., 2017) make filamentous
fungi a favorable host for many applications (Wosten, 2019).
Filamentous fungi are usually cultivated under submerged con-
ditions in which their macromorphology varies from loose disperse
mycelia to dense hyphal networks called pellets (Papagianni, 2004;
Veiter et al., 2018). The evolution of these macromorphologies from
spores, germlings, and hyphae (collectively, structures of micro-
morphologies) is a multifactorial process and difficult to predict.

A recent review highlighted all known genetic, physiologic, medium,
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and process parameters that impact the development of micro- and
macromorphologies of filamentous fungi, and it also discussed all
relevant advantages and disadvantages of macromorphologies with
regard to the production of fungal-based bioprocesses (Cairns et al.,
2019). In brief, cultivations with disperse mycelia allow better
homogenous distribution of nutrients and oxygen but behave as non-
Newtonian fluids, whereas cultivations with pellets behave as
Newtonian fluids but suffer from nutrient and oxygen limitation in
the pellet cores. For Aspergillus niger and Penicillium chrysogenum
pellets, it was shown that oxygen was often only available in the
outer 200 um (Hille et al., 2005; Wittier et al., 1986), whereas pellet
size could range from a millimeter to a centimeter in size. The areas
beyond this limit are likely hypoxic and do not sustain growth and/or
product formation.

Two factors determine the concentration of nutrients and pro-
ducts inside pellets (Celler et al., 2012; Cui et al., 1998; Lejeune &
Baron, 1997; Meyerhoff et al., 1995): the fungal metabolic rate and
the transport through the filamentous network. The transport is
mainly driven by diffusion, which is hindered by the dense hyphal
network (Hille et al., 2005). This transport limitation results in het-
erogeneity and substrate limitation inside pellets (Hille et al., 2009;
Veiter et al., 2020; Wittier et al., 1986; Zacchetti et al., 2018). The
following three prerequisites are necessary to compute the con-
centration profile of any nutrient or product within a pellet (Celler
et al,, 2012; Cui et al.,, 1998; Lejeune & Baron, 1997; Meyerhoff et al.,
1995): (1) the micro- and macromorphologies of a pellet are known,
(2) the correlation between the morphology and the effective diffu-
sivity of the nutrient or product is known, and (3) the metabolic rate,
which is also dependent on (1), can be calculated. Notably, the me-
tabolic rate could be estimated if the first two prerequisites and the
concentration profile are known. We, therefore, recently harnessed
X-ray microcomputed tomography (uCT) and three-dimensional (3D)
image analysis to determine the location and number of tips, bran-
ches, and hyphal material within whole fungal pellets to meet the first
two requirements (Schmideder, Barthel, Friedrich, et al., 2019;
Schmideder, Barthel, Miller, et al., 2019). Mathematically, the con-
centration profile of any molecule i within the voids of a pellet could
be described by a diffusion reaction equation (Celler et al., 2012;
Meyerhoff et al., 1995), where the reaction term describes the con-
sumption or the production of the molecule. We focused on the
diffusion term, where the effective diffusion coefficient D;.s of
component i determines the diffusivity and can be expressed as
(Becker et al,, 2011):

D efr = Di puircKefr (M) (1)

where m is the vector for morphological properties, and ke (M) is the
geometrical diffusion hindrance. The diffusion coefficient in the bulk
medium D;,y can be estimated from medium conditions (Yaws,
2009). Thus, kes (M), which is independent of the diffusing component
(Becker et al., 2011), is the only unknown variable to determine D; .
It has to be mentioned that ke’ﬁl is similar to the formation factor,

which is often applied to describe the diffusivity, conductivity, or
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permeability through porous media (Tomadakis & Robertson, 2005).
In our recent study (Schmideder, Barthel, Miiller, et al., 2019), we
proposed the preliminary correlation ke = (1 — cp)? for one of the
main fungal cell factories, A. niger, where c;, is the hyphal fraction
(equal to solid fraction).

In the current study, we investigated the correlation between
the effective diffusivity and the morphology of more than 60 uCT
measured pellets from four fungal cell factories (A. niger, P. chryso-
genum, Rhizopus oryzae, and R. stolonifer) and more than 3000 Monte
Carlo simulated pellets. We considered the diffusion through fila-
mentous networks with different resolutions because image resolu-
tion can influence computed material properties (Schmideder,
Barthel, Mdller, et al., 2019; Velichko et al., 2009). Based on the
measurements and simulations, we propose here a generalized law
for the diffusion of nutrients, oxygen, and fungal metabolites through
hyphal networks. This law enables, for the first time, the estimation
of metabolic rates at any point within a pellet and forms the math-
ematical foundation for future targeted genetic and process en-

gineering strategies.

2 | MATERIALS AND METHODS
2.1 | Preparation of pellets

To obtain pellet structures of morphologically different strains of
industrially relevant fungal species, we cultivated the hyperbranching
A. niger MF22.4 (AracA) and its parental strain MF19.5 (Fiedler et al.,
2018; Kwon et al., 2011), P. chrysogenum MUM17.85 (indoor paint,
Micoteca da Universidade do Minho), R. stolonifer (isolated organ-
isms), and R. oryzae CBS 607.68 (unknown source). Sporangiospores
(Rhizopus spp.) and conidospores (A. niger and P. chrysogenum) of all
strains were obtained from agar plate cultures using standard pro-
cedures for filamentous fungi (Bennet & Lasure, 1991). Erlenmeyer
flasks were inoculated with the spores and cultivated for 24-48 h
until pellets became visible. Pellets were carefully removed by
pipetting, washed with sterile tap water, frozen while they were
floating in water, and subsequently freeze dried to preserve their
structure (Schmideder, Barthel, Friedrich, et al., 2019). For detailed
description of pellet preparation, we refer to Supplementary
Protocol 1.

2.2 | X-ray microcomputed tomography

To obtain the 3D fibrous network of freeze dried pellets, uCT mea-
surements were performed based on the method reported previously
(Schmideder, Barthel, Friedrich, et al., 2019). Pellets were fixed on
top of a sample holder for image acquisition. Then, at least 2.000
two-dimensional projections from different angles were acquired
using a UCT system (XCT-1600HR; Matrix Technologies) and sub-
sequently reconstructed to 3D images with custom-designed soft-

ware (Matrix Technologies) that is based on CERA (Siemens). Images
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were taken with a voxel size of 1, 2, 3, and 4 um, respectively. For

further information, we refer to Supplementary Protocol 2.

2.3 | Image processing

Image processing was applied on the 3D uCT-images of the pellets,
based on the methods described previously (Schmideder, Barthel,
Friedrich, et al., 2019; Schmideder, Barthel, Mdiller, et al., 2019), to
differentiate between hyphal material and background. The back-
ground consisted of the material used for pellet fixation, air between
the hyphae, and small impurities.

First, the fixation material was cropped manually with the com-
mercial software VGSTUDIO MAX (version 3.2; Volume Graphics
GmbH) or automatically using MATLAB (version 2019b; MathWorks).
In the automatic segmentation, the gray level image was first binarised
by setting a gray value threshold, which was calculated with Otsu's
method (Otsu, 1979). After the binarisation, small connected objects
were removed, so that only the sample holder remained as a foreground
object in the binarised image. The complement of the binarized image
was calculated and multiplied with the original gray level image, re-
sulting in a gray level image without sample holder. Second, the pellets
were segmented from each other manually by drawing a region of in-
terest around each pellet with VGSTUDIO MAX or automatically using
MATLAB. Therefore, the gray level image without sample holder was
binarised by setting a gray value threshold, which was calculated with
Otsu's method (Otsu, 1979). The result was a binarised image with the
pellets as the foreground object. Furthermore, the binarised pellets
were dilated and a watershed segmentation (Meyer, 1994) was per-
formed. The segmented, labeled, and dilated pellet objects were read
out successively from the original gray level image with multiple pellets.
Finally, the resulting gray level images with only one single pellet were
cropped according to the pellet size.

To differentiate between the hyphae and the voids between the
hyphae on the cropped gray level images with single pellets, further
image processing steps were carried out automatically using
MATLAB (version 2019a). A. niger, R. stolonifer, and R. oryzae pellets
were binarised by setting a gray value threshold, which was calcu-
lated with Otsu's method (Otsu, 1979). However, for P. chrysogenum
pellets, this method was not sufficient. Therefore, the gray level va-
lues were clustered using Gaussian mixture modeling (Bishop, 2009;
McLachlan & Peel, 2000) with three classes. To reduce the compu-
tational effort, a random sample subset of 10% of the total voxel
count was drawn from the image and used for model creation. For
the sake of stability, the model was built seven times and the one
with the biggest log likelihood was chosen as the final model.
Afterwards, all voxels were classified against this model by calcu-
lating the largest posterior probability (Bishop, 2009). The three
classes represent the gray level values of the background, the noise,
and the hyphal material. All gray level values in the class of the
hyphal material were set to one, representing the foreground,
whereas the gray level values of the other two classes were set to

zero, representing the background in the binarised image.

After binarisation, connected objects smaller than or equal to
5000 um? for R. oryzae and R. stolonifer and 1000 um?® for P. chryso-
genum, A. niger MF19.5, and A. niger MF22.4 were deleted, to elim-
inate small impurities between the hyphae.

Further diffusion computations were conducted with these final

processed 3D images of pellets.

2.4 | Diameter of hyphae

We used MATLAB (version 2019a) to determine the diameter of the
hyphae based on the maximum ball method (Silin & Patzek, 2006).
Therefore, we applied euclidean distance transform on the com-
plemented binarised 3D image with hyphae as foreground (MATLAB
function “bwdist”). As a result, the closest Euclidean distance of each
hyphal voxel to a nonhyphal voxel was stored in the 3D matrix D
(same dimension as the whole 3D image). Nonhyphal voxels were
assigned to zero. In addition, we applied ultimate erosion (MATLAB
function “bwulterode”) on the binarised 3D image, which resulted in
the 3D matrix E (same dimension as the whole 3D image), which
consisted of the regional maxima of the Euclidean distance transform
of the complement of the binarised image. To obtain the regional
hyphal diameters within whole pellets, the corresponding elements of
D and E were multiplied. The regional hyphal diameters were used to

calculate the arithmetic mean of the hyphal diameter.

2.5 | Morphological simulations

Our morphological simulations were based on stochastic growth
models for filamentous microorganisms (Celler et al., 2012; Yang
et al, 1992) and resulted in 3D images thereof. We implemented
the simulations in MATLAB (version 2019a). Video S1 visualizes
the growth process of an exemplary noncoagulative pellet from a
single spore. In our model, the following fundamental changes were

made compared with the model of Celler et al. (2012):

e New in our study: Spore aggregates can be used as initial condi-
tion; voxel-based 3D image generation of morphological output
that makes the data comparable with pCT images.

e Neglected in our study: Cross wall-formation; oxygen as a limiting
component for growth.

Our model can be divided into three sections: (1) spore aggregation,
(2) growth, and (3) generation of 3D structure (Figure 1). In the
following, the basics of the three sections are described.

We simulated spore aggregation based on the diffusion-limited
aggregation (DLA) method (Witten & Sander, 1983; Figure 1, top).
DLA was initialized with a seed spore at the origin of a lattice. The
second spore started random walk from far away. The coordinate
was fixed if the second spore got in contact with the seed spore. If
the distance to the seed spore became too large, later contact would

be unlikely and the spore was rejected. The next spore started
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FIGURE 1 Overview of the algorithm of morphological simulations [Color figure can be viewed at wileyonlinelibrary.com]

random walk until it had contact or was too far from the spore ag-
gregate. This procedure was repeated until the desired number of
spores N, (Table S1) was reached.

Growth was based on the germination of spores, the extension of
tips, and the formation of branches (Figure 1, middle). The location of
spores served as input for the growth section, where they germi-
nated simultaneously in random orientations forming segments with
the length Igemm. Thereby, collisions of germlings with other germlings
or spores were prevented. After germination, the extension of tips
and the formation of branches started. These two phenomena re-
peated until the end of the cultivation. Exemplarily, a cultivation
period of t.,q = 48h and a time step for calculations At = 0.1h would

result in 480 time steps. In each time step, the extension of each tip is
determined. Therefore, a growth angle 6; between 0° and the max-
imum growth angle is chosen randomly. The length of the new seg-
ment kegment i the product of At and the tip extension rate a;. The
growth angle and the length of the segment form a circle, whereon
the location of the new tip is calculated randomly (Figure 1). The new
segment is defined as the connection between the old and the new
tip. To prevent overlapping hyphae, possible collisions between the
new segment and other segments or spores are detected with
closest-point computations (Ericson, 2010). If a collision is detected,
the new segment is rejected. However, the same tip is checked for
extension in the next calculation step. Similar to Celler et al. (2012),
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new branches could be formed in the subapical region of hyphae. The
subapical region had a length of lpapical and started beginning from
the tip (Table S1). In each time step, one possible new branch point
(node between two segments, Figure 1) per subapical region was
chosen randomly. Before the new branch was generated at this
branch point, four conditions had to be fulfilled: (1) location in sub-
apical region, (2) no branches in the neighboring four nodes,
(3) current number of branches of the hyphae was lower than the
possible number of branches, and (4) no collision of new segment
with other segments or spores. The possible number of branches per
hyphae was calculated by dividing the length of the hyphae by the
minimum mean distance between two branches d, min (Table S1). If
conditions one through three were fulfilled, a possible new branch
was calculated. The branch angle 6, and the length of the segment
lsegment formed a circle, whereon the location of the tip of the new
branch was calculated randomly (Figure 1). Similar to the extension
of tips, the new segment was checked for collisions with other seg-
ments or spores (Ericson, 2010) and rejected if a collision was de-
tected. Finally, the growth section resulted in morphological
information, that is, the location and connection of nodes, hyphal
segments, and spores.

The morphological information of the growth section served as
input to generate voxel-based 3D structures (Figure 1, bottom). To

scale the 3D images, the location of nodes (points between segments
dh,vx
Tdy
where dy,,x and dy are the hyphal diameters in voxels and pm, re-

or center of spores) was multiplied with the scaling factor fycae =

spectively. Varying dy for the same morphological information
generated 3D images of pellets only differing in resolution. To obtain
skeletons of pellets, the connections between nodes were discretised
based on Bresenham's line algorithm (Bresenham, 1965). Finally, the
skeletonized images were dilated using a spherical structuring ele-
ment to obtain 3D images of pellets with the desired hyphal diameter

and resolution.

2.6 | Diffusion computations

We computed the continuum diffusion through the voxel-based
structures of filamentous pellets gained from both simulations and
processed PCT measurements. Similar to our previous study
(Schmideder, Barthel, Mdiller, et al., 2019), we calculated the diffusive
mass transport using the commercial software GeoDict (Becker et al.,
2011; Velichko et al., 2009; Math2Market Gmbh) that uses the ex-
plicit jump finite volume solver by Wiegmann and Zemitis (2006) for
diffusion computations. Depending on the size of the pellets, ap-
proximately 50-150 representative cubic sub-volumes per pellet
were extracted using MATLAB (version 2019a) and further used for
diffusion computations (Video S2). An edge length sixfold the hyphal
diameter proved to be sufficient as representative elementary
volume (REV) of the extracted cubes to fit the parameter a in
ke = (1 — cp)? (Figure S1) and to investigate the porosity and dif-
fusivity (Figures S2 and S3). The cubes were selected along the three

main axes originating from the calculated mass center of the pellets.

We applied a diffusion computation in the radial direction of each
extracted cube, resulting in an effective diffusivity (keg) in radial di-
rection, that is, the direction pointing to the mass centre of the pellet.
In addition, the hyphal fraction (c;) of the cubes, that is, the ratio of
volume of hyphae to the total volume, was analyzed. Similar to our
previous study (Schmideder, Barthel, Miiller, et al., 2019), the diffu-
sion computations were conducted in the liquid between the hyphae,
the porous medium. Pure bulk diffusion was assumed, because it is
the predominant diffusion regime in liquids (Becker et al, 2011;
Panerai et al., 2017). In our study we neglected surface effects on the
solid-liquid interface that could influence diffusion (Schmideder,
Barthel, Miiller, et al., 2019). The diffusion was modeled by the
Laplace equation, with Neumann boundary conditions on the pores-
to-solids boundaries, and a concentration drop of the diffusing
component in the diffusion direction (Becker et al., 2011). In addition,
we applied Dirichlet boundary conditions on the in- and outlet and
symmetric boundary conditions on the other four faces.

3 | RESULTS AND DISCUSSION

3.1 | Correlation of morphology and diffusive mass
transport in yCT-measured pellets

Because pellet morphology is, inter alia, strain dependent, we in-
vestigated five different strains from four fungal cell factories: P. chry-
sogenum (penicillin producer); A. niger (citric acid and enzyme producer,
with one isolate displaying wildtype morphology; strain MF19.5), and
one hyperbranching isolate (strain MF22.4; Fiedler et al, 2018));
R. stolonifer (fumaric acid); and R. oryzae (enzymes, tempeh). At least
three pellets per strain were analyzed by pCT, which allows non-
destructive 3D investigations of intact pellets (Schmideder, Barthel,
Friedrich, et al., 2019). The 3D morphology and an exemplary diffusion
computation through a R. stolonifer pellet are shown in Video S2.
Remarkably, pellet morphologies were highly diverse among the
strains (Figure 2). Equatorial slices of pellets showed that the dis-
tribution of hyphal material ranged from nearly spherically sym-
metric (R. oryzae, R. stolonifer, and A. niger) to a distribution far from
spherical symmetry (P. chrysogenum). The porosity within the pellets
also differed significantly. For example, R. stolonifer pellets had a
loose structure whereas A. niger pellets were much denser. In addi-
tion, the porosity varied from nearly homogeneous (A. niger MF22.4
and R. stolonifer) to strongly heterogeneous (R. oryzae and P. chryso-
genum). The mean hyphal diameter of P. chrysogenum, A. niger MF19.5,
A. niger MF22.4, R. stolonifer, and R. oryzae was 4.3, 4.0, 4.3, 8.3, and
4.5 um, respectively. Although the morphology of the investigated
strains varied strongly, the results of the diffusion computations
were surprisingly very similar (Figure 2, bottom row). The correlation

e = (1 = ca)° @

between the effective diffusion factor (key) and the hyphal fraction

(cp, ratio of hyphal material inside the cubes) fitted well for all strains.
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FIGURE 2 Morphology and diffusivity of experimentally investigated pellets. Upper two rows: Exemplary projections of processed
three-dimensional microcomputed tomography (uCT) images. Slices are from equatorial regions with a depth of 30 um. Cubes are

50 x 50 x 50 ym. Bottom row: correlation between hyphal fraction (c,) and effective diffusion factor (key). Each blue data point corresponds to
one cube applied for diffusion computations. The solid blue line is the correlation between the hyphal fraction and the effective diffusion
factor, resulting in the fitted exponent a in (Schmideder, Barthel, Miiller, et al., 2019): ke = (1 — cp)?. + specifies the 95% confidence interval.
uCT measurements were conducted with a voxel size of 1 um (three Penicillium chrysogenum, three Aspergillus niger MF19.5, five

A. niger MF22.4, and three Rhizopus oryzae pellets) and 2 um (11 R. stolonifer pellets). For each strain, at least 149 cubes were investigated.

Scale bar: 100 um [Color figure can be viewed at wileyonlinelibrary.com]

The correlation is known as Archie's law with a cementation para-
meter equal to a (Archie, 1942) and was already applied for one
A. niger strain in our previous study (Schmideder, Barthel, Miiller,
et al,, 2019). Including the 95% confidence interval, the exponent a
was 205+ 0.04, 207 + 003, 1.99 + 002, 1.99 + 002, and
1.99 + 0.04 for P. chrysogenum, A. niger MF19.5, A. niger MF22.4, R.
stolonifer, and R. oryzae, respectively.

The similarity of the diffusion laws raises the issue of a gen-
eralized law for filamentous fungi. However, as there are an esti-
mated six million fungal species on earth (Taylor et al., 2014), many of
them filamentous and capable of forming numerous different
morphologies (Cairns et al., 2019), our uCT-based experimental ap-
proach is not target orientated to investigate a generalized law.

3.2 | Correlation of morphology and diffusive mass
transport in simulated pellets

To determine a generalized law for the diffusivity through fungal

pellets that would be applicable to any filamentous fungus of interest,

we decided to follow an unbiased modeling approach. Using a Monte
Carlo growth model (Celler et al., 2012; see Section 2), we thus si-
mulated a huge variety of pellet morphologies and then exposed the
simulated pellets to diffusion computations (see Section 2 and
Video S2).

In the morphological simulations, both the coagulative and
noncoagulative fungal spore aggregation phenomena (Metz &
Kossen, 1977; Zhang & Zhang, 2016) were taken into account. In
brief, a coagulative pellet forms by aggregation of hundreds to
thousands of spores before they start to germinate, and a non-
coagulative pellet could form from the germination of a single
spore (Cairns et al.,, 2019). For the former case, we decided to
model the aggregation of spores by diffusion-limited aggregation
(Witten & Sander, 1983; see Section 2). Figure 3 highlights that
the unbiased morphological simulations indeed enabled the de-
velopment of both coagulative and noncoagulative pellet types,
which reasonably matched the experimental data for the coagu-
lative A. niger MF19.5 and the noncoagulative R. stolonifer, re-
spectively. The growth process of a non-coagulative pellet is

shown in Video S1.
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Spore (aggregate)

Germinated spore (aggregate)

Whole pellet Slice of pellet

A. niger MF19.5:
Experimental

Simulation

Coagulative pellet formation

R. stolonifer:
Experimental

Simulation

Non-coagulative pellet formation

FIGURE 3

Experimental and simulated coagulative and noncoagulative pellet formation. First and third rows show experimental data of

coagulative pellet forming Aspergillus niger MF19.5 (Fiedler et al., 2018) and noncoagulative pellet forming Rhizopus stolonifer, respectively.
Second and fourth rows illustrate simulations of coagulative and noncoagulative pellet formation, respectively. First column shows spore
(aggregates), second column germinated spore (aggregates), third column two-dimensional (2D) projections of three-dimensional (3D) pellets,
and fourth column slices of pellets with a depth of 30 um. Images of experimental spore aggregates were captured with light microscopy,
whereas experimental pellets were measured with microcomputed tomography (UCT) to determine 3D images. Spore aggregation of coagulative
pellet formation was simulated with the diffusion-limited aggregation method (Witten &amp; Sander, 1983) and 2048 spores. Pellet growth was
simulated with the Monte Carlo model described in Section 2. Scale bar: 100 um

Pellet formation is not only dependent on coagulative and non-
coagulative spore aggregation type but also on the genetic make-up
of the species and process-relevant parameters (Cairns et al., 2019).
To simulate a broad range of morphologically different pellets, our
simulation therefore considered high variation of five morphological
parameters (Figure 4): maximum growth angle, branch angle, hyphal
diameter, branch interval, and number of initial spores. For each of
these parameters, five values were estimated, resulting in 5° = 3125
morphologically different structures in total. In a recent study
(Lehmann et al., 2019), the investigation of 31 filamentous fungal
species resulted in mean branching angles between 26° and 86°, mean
internodal lengths (distance between two branches) between 40 and
453 um, and mean hyphal diameters between 2.7 and 6.5 um. How-

ever, the diameter of fungal hyphae has been reported to range from 2

to 10 um (Meyer et al., 2020; Zacchetti et al., 2018). We decided to
also consider in the simulations the hyphal diameter of filamentous
bacteria (about 0.5-1 pm), as filamentous bacteria are morphologically
similar to filamentous fungi (Nielsen, 1996; Zacchetti et al., 2018), with
Streptomycetes as important cell factories for antibiotic production
(Nepal & Wang, 2019). In our simulations, the parameter branch angle
was set to 20°, 55°, 90°, 125°, or 160°, whereby angles larger than 90°
orient the branch towards the opposite direction of the leading
hyphae. The morphological parameter branch interval was defined as
the ratio between the internodal length and the hyphal diameter,
scaled with the hyphal diameter because large internodal lengths are
linked with large hyphal diameters (Lehmann et al, 2019). As
expected, simulations with large branch intervals produced disperse

mycelia instead of pellets. Thus, we set the maximum branch interval
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FIGURE 4 Applied morphological parameters for simulations of filamentous structures. Five morphological parameters were applied:
maximum growth angle, branch angle, hyphal diameter, branch interval (ratio between the distance between two branches and the hyphal
diameter), and number of initial spores. Each of these parameters was varied to five values resulting in a total of 5° = 3125 simulations

performed with the Monte Carlo method described in Section 2

to 35. The maximum number of initial spores was set to 10,000 be-
cause coagulative pellets can result from hundreds or thousands of
agglomerated spores (Fontaine et al., 2010; Metz & Kossen, 1977).
Due to the lack of literature describing the growth angle of hyphae, we
varied the maximum growth angle within a range to consider straight
growing (0°) and strongly curved (48°) hyphae.

Our Monte Carlo simulations covered a broad morphological
range of filamentous fungal pellets, which we believe also includes
pellets reflecting macromorphologies from smaller filamentous
bacteria.

Because image resolution could influence computed properties
(Schmideder, Barthel, Mdiller, et al., 2019; Velichko et al., 2009), we
further investigated the influence of pellet resolution on their dif-
fusivity. In Figure 5a, an exemplary cube of a simulated pellet is
shown that differs only in resolution, that is, the number of voxels
that span a given hyphal diameter. In this figure, the image resolution
increases from top to bottom, and the hyphae appear more cylind-
rical. Notably, the a value in ke = (1 — cp)? decreases with increasing
resolution of three exemplary simulated pellets and converges to
1.6 < a < 1.8, suggesting that the a value converges with increasing
resolution.

To investigate the influence of the image resolution of experi-
mentally determined pellets on their diffusivity, we thus conducted
UCT measurements with different resolutions. In particular, R. stolo-

nifer pellets were measured with a voxel size of 1, 2, 3, and 4 um and

R. oryzae pellets with a voxel size of 1 and 2 um. The decrease in the
voxel size led to an increased resolution. Similar to simulated pellets,
a in ke = (1 — cp)? decreased with increasing resolution (Figure 5b).
Note that (i) measurements with a voxel size of 1 um in the case of
R. stolonifer, the organism with the highest hyphal diameter in this
study, result in hollow hyphae (Figure S4), which cannot be used for
diffusion computations and (ii) that low resolutions result in coarse
surfaces of the hyphae that do not reflect their smooth nature. Thus,
3D images of filamentous pellets are limited to a minimum and
maximum resolution for each organism, which strongly depends on
their hyphal diameters. We therefore propose the application of an
image resolution that represents hyphae with about four to six voxels
in diameter.

Tomadakis and Robertson (2005) summarized and extended
correlations between the morphology and the diffusivity, con-
ductivity, and permeability through fiber structures with different
orientations. The study was based on previous studies by Tomadakis
& Sotirchos, (1991, 1993, 1993, 1993). To validate our diffusion
computations and to identify an appropriate resolution for simulated
pellets, we compared the solution for randomly orientated over-
lapping straight fibers by Tomadakis and Sotirchos (1991) with our
computed diffusivity through such a morphology. We set up a si-
mulation with 1000 spores, a growth angle of 0°, and allowed colli-
sions (Figure 6a) to obtain randomly orientated overlapping straight

fibers. As shown in Figure 6b,c, our simulated structure was
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Simulated; dh = 3 voxels
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hd

Simulated pellet 1

—4— Simulated pellet 2

—4— Simulated pellet 3
! —34— Measured Rhizopus stolonifer pellets
I\ —+— Measured Rhizopus oryzae pellets

8

13 18

Mean hyphal diameter (dh), [voxels]

FIGURE 5 Relationship between image resolution and effective diffusivity. Image resolution is represented by the number of voxels that
span a given hyphal diameter. Left: Identical exemplary cube of a simulated pellet that differs only in image resolution. Exemplarily, hyphae
are represented with 3, 7, and 11 voxels in diameter. Right: a value of experimentally determined pellets and three exemplary simulated pellets
fitted on a base of at least 37 cubes per pellet with ke = (1 — cp)?, where ke is the effective diffusion factor, ¢, the hyphal fraction,

and a the fitted correlation factor (Schmideder, Barthel, Mdiller, et al., 2019). Morphological simulations of pellets were performed with the
Monte Carlo method described in the Section 2. Rhizopus pellets were measured with microcomputed tomography (uCT) with a voxel

size of 1 um (three R. oryzae pellets), 2 um (21 R. oryzae and 11 R. stolonifer pellets), 3 um (13 R. stolonifer pellets), and 4 um

(seven R. stolonifer pellets). Each data point of measured pellets was fitted on the base of cubes of the mentioned number of pellets.

Error bars specify the 95% confidence interval [Color figure can be viewed at wileyonlinelibrary.com]

comparable to the structure used for the correlation
_ 0.661 . o .
ke = 5(§_gg§;) (Tomadakis & Sotirchos, 1991). With increasing

resolution, that is, with increasing voxels representing the hyphal
diameter, the computed diffusivities of the simulated structure ap-
proached the correlation of Tomadakis and Sotirchos (1991;
Figure 6d). Especially in the hyphal fraction range 0-0.4, our com-
puted diffusivities fit well with their correlation, suggesting that the
diffusion computations were accurate for high resolutions in the
hyphal fraction range 0-0.4. The range reflects the hyphal fraction of
both simulated and experimentally determined pellets (Figures 2
and 7, see next Section 3.3).

3.3 | Merging diffusive mass transport data from
simulated and uCT measured pellets

We investigated the diffusive mass transport in filamentous fungal
mycelia through the correlation between the diffusivity and mor-
phology of 3125 simulated and 66 uCT analyzed pellets. We applied
an image resolution that represented simulated hyphae five voxels in
diameter to make the results of simulations and experiments com-

parable (Figure 7a). Because this resolution could underestimate the

diffusivity (Figure 6 and our previous study; Schmideder, Barthel,
Midiller, et al., 2019), we also applied a resolution that represented
hyphae with 13 voxels in diameter (Figure 7b). We considered this
resolution as a compromise between accuracy and computational
effort of diffusion computations. Similar to experimentally de-
termined pellets, we used several cubes of each simulated structure
for diffusion computations.

Interestingly, pellet formation did not occur for all parameter
combinations. The combination of low spore numbers and rare
branches resulted in dispersed mycelia instead of pellets. Thus, we
marked loose structures with a mean hyphal fraction of the re-
spective cubes less than 0.05. As a result, the initial 3125 simulated
structures were reduced to 1280 and 1791 pelletised structures for
hyphae represented with 5 and 13 voxels, respectively (Figure 7). The
mean correlation factor a + o(a) of all 3125 structures was
a = 2059 + 0.182 and a = 1.757 + 0.150 for hyphae represented
with 5 and 13 voxels, respectively (Figure 7, top and bottom). For
pelletized structures, the mean was altered to a = 2.063 + 0.044
and a = 1.753 + 0.035, respectively. In Figure 7, pellets with unlikely
morphological parameters were marked, namely all pellets with
straight hyphae (maximum growth angle = 0°) or extreme branch
angles (branchangle = 20° and branchangle = 160°). Thus, the
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FIGURE 6 Validation of difgusion computations. The solution for the effective diffusion factor ks through randomly orientated overlapping
straight fibers ket = s(i:g‘_gg """ by Tomadakis and Sotirchos (1991) was compared with the computed ke through similar simulated structures.
The porosity was ¢ = 1 — hyphalfraction. We performed the morphological simulations with the Monte Carlo method described in the Methods

section. (a) Whole simulated structure. (b) Exemplary cube of simulated structure. For diffusion computations, 76 cubes were investigated for each
resolution. Resolution is represented by the number of voxels that spanned the given hyphal diameter. (c) Model structure applied for solution by

Tomadakis and Sotirchos (1991). (d) Solution by Tomadakis and Sotirchos (1991) (black line) and computed diffusivities through simulated structure.

Each data point corresponds to the diffusivity through one cube [Color figure can be viewed at wileyonlinelibrary.com]

number of pellets was reduced to 898 and 712, with a narrow
distribution of the correlation factor a = 2.072 + 0.025 and
a = 1.760 + 0.023 for hyphae represented with 5 and 13 voxels in
diameter, respectively. Pellets with unlikely morphological para-
meters explain the outliers for the correlation factor a. For the ex-
perimentally determined pellets of P. chrysogenum, A. niger MF19.5,
A. niger MF22.4, R. stolonifer, and R. oryzae, a was 2.05,2.07,1.99,1.99,
and 1.99 (Figure 2), respectively, and thus in the range of the simu-
lated pellets where the hyphae are represented with 5 voxels in
diameter (Figure 7, top). Applying the maximum ball method
(Section 2), this is a mean hyphal diameter of 4.5 voxels that lies in
the range of our experimental pellets (4.3, 4.0, 4.3, 4.2, and 4.5 voxels
for the different strains).

The results strongly indicate that the diffusion law ke = (1 — cp)?
is applicable to fungal pellets with arbitrary morphology. In addition,
the only fitting parameter a lies in a narrow range while the resolution

of the images does not change. This implies that there is a

generalizable law for the diffusivity through fungal pellets with the
hyphal fraction c;, as the only independent variable. Contrary to our
expectations, detailed morphological parameters such as growth
angles, branch angles, hyphal diameters, number of initial spores, and
branching frequency did not affect the diffusive hindrance. For all
3125 simulated pellets we applied image resolutions to represent the
hyphal diameter with 5 and 13 voxels, respectively. We were able to
show that low resolutions (Figure 72) lead to an underestimation of
the diffusivity (Figure 6 and our previous study; Schmideder, Barthel,
Midiller, et al., 2019). In addition, the results of three simulated pellets
with different image resolutions (Figure 5b) show that the a parameter
converges with increasing resolution for each pellet. Thus, we suggest
to use the law for high resolutions (the hyphal diameter is represented
with 13 voxels in diameter; Figure 7b) to calculate the diffusivity

through fungal pellets:

keff =(1- Ch)l]é (3)
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where ke is the effective diffusion factor (kz is similar to the for-
mation factor) describing the geometrical diffusion hindrance
through a 3D structure, and ¢, is the hyphal fraction (similar to solid
fraction). As shown in Figure S5, our law is not very distinct from the
law of random orientated overlapping fibers by Tomadakis and So-
tirchos (1991). However, our correlation differs very strongly from
the correlation for random orientated overlapping fibers proposed by
He et al. (2017). For low porosities, the correlation of He et al. (2017)
proposes effective diffusion factors larger than 1, which is physically
unreasonable. It has to be mentioned that our law might slightly
underestimate the diffusivity through filamentous fungal networks,
because Figure 5 implies that the convergence might not be fully
developed for a resolution of 13 voxels. However, doubling the re-
solution increases the volume of pellets and cubes for diffusion
computations eightfold. The increase of the cube-volumes would
result in excessive computational times (With a resolution of 13
voxels, the diffusion computations of all 3125 pellets last about 3
weeks with an Intel Xeon E5-1660 CPU (3.7 GHz)). In addition, some

pellets could not be reconstructed with very high resolutions because

0.25

0.3

they would result in working memories larger than our available
128 GB. Thus, the resolution of 13 voxels was a compromise between

accuracy and computational effort/feasibility.

4 | CONCLUSIONS

This study showed that a universal law (see Equation 3) holds for the
diffusive transport of nutrients, oxygen, and secreted metabolites
through any filamentous fungal pellet. As mentioned above, the
correlation is also known as Archie's law (Archie, 1942) with a ce-
mentation parameter equal to 1.76, which is in the range of porous
rocks (Glover et al., 1997, e.g., determined that the cementation
parameter of sandstone is between 1.5 and 2.5). Strictly speaking,
our law is valid for hyphal fractions less than 0.4 because the max-
imum hyphal fraction of simulated and measured pellets was 0.4.
However, to the best of our knowledge, there are no studies about
filamentous fungi where the measured hyphal fraction is more than
0.4. For example, Cui et al. (1997, 1998) reported average hyphal
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fractions between 0.07 and 0.30 for whole A. awamori pellets. If fu-
ture studies are confronted with hyphal fractions more than 0.4, we
propose to fall back on the correlation for randomly orientated
overlapping fibers proposed by Tomadakis and Sotirchos (1991),
which is (as already stated) not very distinct from our correlation.
They were able to show that their correlation was valid for solid
fractions less than 0.6, whereas higher solid fractions resulted in
another correlation. Our law predicts that only one independent
variable, the hyphal fraction (c,), affects pellet diffusivity. Knowing
the profile of the hyphal fraction in pellets, the law ks = (1 — ¢;)17¢
determines the mass transport of molecules inside pellets. Molecule
concentrations inside pellets are affected by metabolic rates and the
transport through filamentous mycelia (Celler et al., 2012; Cui et al,,
1998). As the transport can now be calculated, the estimation of
metabolic rates within pellets becomes, for the first time, feasible.
Future experiments should provide information about the morphol-
ogy and metabolic activity or nutrient profiles of pellets, which can
be, for example, measured through flow cytometry or confocal laser
scanning microscopy (Schrinner et al., 2020; Tegelaar et al., 2020;
Veiter & Herwig, 2019). One possibility to determine the distribution
of oxygen and hyphal material inside pellets would be the application
of microelectrodes inside pellets (Hille et al., 2005; Wittier et al.,
1986) followed by pyCT measurements (Schmideder, Barthel,
Friedrich, et al., 2019).

This generalized law was deduced from experimental and simu-
lation data. On the one hand, it proved the usefulness and power of
laboratory uCT systems to investigate the natural 3D morphology of
different filamentous fungi in utmost detail. However, as this method
is time and cost intensive and only applicable to a small number of
pellets, the use of Monte Carlo simulations proved to be powerful for
the massive generation of data covering a broad range of morpho-
logical characteristics. This computational approach allowed us to
generate a database of 3125 morphologically different pellets, which
will also open up new avenues of research. Such a database, which
can be accessed by the community, could also open new paths to-
wards parameter estimation of measured pellets of fungal or bac-
terial origin. Conclusions about the evolution of measured pellets
could be deduced because growth and morphological parameters of
simulated pellets are known.

We furthermore anticipate that this contribution will inspire
more sophisticated correlation measurements between morphology
and mass transport in any complex material, for example, in biofilms,
fiber materials, porous media, and fuel cells. In fact, correlations
between the morphology and transport properties (Archie, 1942;
Carman, 1937; Epstein, 1989; Kozeny, 1927) are crucial to compute
transport phenomena in several fields. Exemplarily, correlation laws
for fibrous materials (He et al., 2017; Tamayol et al., 2012; Tomadakis
& Robertson, 2005) are already applied to design nano- and micro-
porous membranes (Yuan et al., 2008), heat insulations (Panerai et al.,
2017) and dissipations (Jung et al., 2016), acoustic insulations (Tang
& Yan, 2017), electrodes (Kim et al., 2019), and batteries (Ke et al.,
2018). Concerning fibrous materials, a direct link to our study was

shown (Figure 6). For nonfibrous materials, a combination of 3D
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image acquisition, morphological simulations, and mass transport
computations could significantly enhance the understanding of
morphology-dependent transport phenomena. Hence, we foresee
that the biological and computational approach followed in this study
may be synergistically adopted to other research questions in bio

(techno)logy and beyond.
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