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Abstract

Filamentous fungi produce a wide range of relevant biotechnological compounds.

The close relationship between fungal morphology and productivity has led to a

variety of analytical methods to quantify their macromorphology. Nevertheless, only

a µ‐computed tomography (µ‐CT) based method allows a detailed analysis of the

3D micromorphology of fungal pellets. However, the low sample throughput of a

laboratory µ‐CT limits the tracking of the micromorphological evolution of a

statistically representative number of submerged cultivated fungal pellets over time.

To meet this challenge, we applied synchrotron radiation‐based X‐ray microtomo-

graphy at the Deutsches Elektronen‐Synchrotron [German Electron Synchrotron

Research Center], resulting in 19,940 3D analyzed individual fungal pellets that were

obtained from 26 sampling points during a 48 h Aspergillus niger submerged batch

cultivation. For each of the pellets, we were able to determine micromorphological

properties such as number and density of spores, tips, branching points, and hyphae.

The computed data allowed us to monitor the growth of submerged cultivated

fungal pellets in highly resolved 3D for the first time. The generated morphological

database from synchrotron measurements can be used to understand, describe, and

model the growth of filamentous fungal cultivations.

K E YWORD S

3D image analysis, Aspergillus niger, computed tomography, filamentous fungi, morphology,
pellet growth

1 | INTRODUCTION

Filamentous fungi are an indispensable part of industrial bio-

technology. During submerged cultivation in bioreactors with a

volume of several hundred cubic meters, these cell factories produce

chemicals, enzymes, organic acids, antibiotics, and other drugs

(Cairns et al., 2018; Füting et al., 2021; Meyer et al., 2020;

Ward, 2012; Wösten, 2019).

The morphology of filamentous fungi is closely linked to the

productivity (Cairns, Zheng, et al., 2019; Lyu et al., 2023; Tegelaar

et al., 2020; Veiter et al., 2018). Their macromorphologies, which

they adopt during submerged cultivation, range from non‐aggregated
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hyphae called dispersed mycelia to loosely aggregated clumps of

hyphae, to densely packed spherical hyphal networks called pellets

(Papagianni, 2004; Veiter et al., 2018). Titer, vitality, and hydropho-

bicity of the spore inoculum, cultivation conditions, and the genetic

background all influence the morphology that finally develops

(Papagianni, 2004; Wucherpfennig et al., 2010; Zhang &

Zhang, 2016). The bioprocess can be positively and negatively

influenced by the developed (Ehgartner et al., 2017). Dispersed

mycelia grow rapidly, but cause a non‐Newtonian behavior and a high

viscosity of the cultivation broth, which in turn lowers the oxygen

transfer rate. On the other hand, cultivations with pellets mostly

show a Newtonian fluid behavior with low viscosity, but the dense

hyphal structures limit nutrient and oxygen supply to inner parts of

the pellet, reducing growth and growth‐associated product formation

(Cairns, Zheng, et al., 2019; Hille et al., 2009; Veiter et al., 2020;

Wittier et al., 1986).

Since filamentous morphology is a key parameter for the

effectiveness of fungal bioprocesses, a thorough understanding of

the growth of the hyphal structures and the development of the

morphology is crucial. Hyphal networks of fungal pellets are large and

complex. Furthermore, their inner 3D structures, for example, the

spatial distribution of hyphal material and tips, affect their productiv-

ity. Therefore, classical light microscopy is insufficient to study the

complete and inner pellet morphology in 3D. The only method that

can resolve the complete non‐destructed 3D structure of a fungal

pellet bases on µ‐computed tomography (µ‐CT) of freeze‐dried

pellets and subsequent 3D image analysis to locally detect the

amount of hyphal material, tips, and branching points—the micro-

morphology of a pellet (Schmideder, Barthel, Friedrich, et al., 2019).

However, a small field of view and long measurement times at the

required high local resolution massively reduce the sample through-

put. On the contrary, high heterogeneities between fungal pellets

during cultivation make it necessary to measure the morphology of a

few hundred pellets in each cultivation time step to be statistically

representative.

Up to now, µ‐CT measurements of hundreds of pellets for

multiple cultivation times cannot be efficiently achieved with lab‐

scale computer tomography. We have overcome this limitation in

this study by harnessing µ‐CT based on synchrotron X‐ray radiation

at the Deutsches Elektronen‐Synchrotron–DESY (Hamburg, Ger-

many). The high photon flux and large field of view of synchrotron

radiation enables the generation of 3D images of up to 579 pellets

in less than 10min. Furthermore, we updated our previously

developed image acquisition and analysis methods (Schmideder,

Barthel, Friedrich, et al., 2019) by the development of a standard-

ized sample holder, the automatic segmentation of pellets, the

detection of spores within pellets—the spore core of a pellet, and

the automatic analysis of micromorphological properties in a single

programming language (MATLAB, version 2020b). Since 2D

image analysis tools of microscopic images enable a high sample

throughput and are the state of the art for following the

macromorphological development of fungal pellets, for example,

size and shape of filamentous fungi (Cairns, Feurstein, et al., 2019;

Müller et al., 2022; Posch et al., 2012; Willemse et al., 2018), we

compared 2D data of the same Aspergillus niger cultivations in

Müller et al. (2022) with the data generated from the synchrotron

measurements.

Based on µ‐CT measurements and growth simulations, we

previously presented a universal law to correlate the 3D structure

and diffusive mass transport of oxygen and nutrients through hyphal

networks (Schmideder, Barthel, Muller, et al., 2019; Schmideder

et al., 2020). In combination with statistically representative 3D

data from synchrotron measurements, it is now possible to model

the growth and substrate availability during filamentous fungal

cultivations. Complementing modeling, this pure 3D growth data will

lead to a holistic understanding of the morphological evolution of

fungal pellets.

2 | MATERIALS AND METHODS

2.1 | Cultivation, sampling, and preparation of
pellets

In this study, we analyzed samples from the same cultivations of the

hyperbranching A. niger ΔracA strain MF22.4 (Fiedler et al., 2018;

Kwon et al., 2013), which were already used for our development of a

2D high‐throughput image analysis pipeline (Müller et al., 2022).

Thereby, two 5 L Erlenmeyer flasks with 1 L complete medium, based

on a minimal medium described in Meyer et al. (2010) supplemented

with 1% (w/v) yeast extract and 0.5% (w/v) casamino acids, were

inoculated with 2.5·106 spores/mL. For a detailed description of the

inoculum preparation, we refer to Müller et al. (2022). The replicated

cultivations (flask A and B) were performed for 48 h at 30°C with a

rotational speed of 90 RPM in an Infors HT Multitron Standard

shaker (Infors AG).

For µ‐CT measurements, pellet samples were taken after 9 h,

9.5 h, and every hour from 10 h until 32 h. The last sample was taken

after 48 h of cultivation, resulting in a total number of 26 sampling

times. At every sampling time, 1mL of culture volume with A. niger

pellets was carefully pipetted into a 1.5 mL reaction tube (Sarstedt

AG & Co. KG) using a 10mL serological pipette (Sarstedt AG &

Co. KG). To generate freeze dried fungal pellet samples, we followed

our previously developed protocol (Schmideder, Barthel, Friedrich,

et al., 2019). Thereby, the culture sample was washed three times

with sterile deionized water and deep frozen in liquid nitrogen while

pellets were floating in water. Subsequently, the samples were freeze

dried, resulting in one reaction tube with multiple freeze dried pellets

per sampling time. Within the study of Schmideder, Barthel, Friedrich,

et al. (2019), we showed that freeze‐drying preserves fungal

morphology. For synchrotron radiation‐based microcomputed

tomography (SR‐µ‐CT) measurements, the freeze‐dried fungal pellets

were carefully transferred into sample holders (Figure 1a) for each

sampling time. These newly developed and standardized sample

holders consist of a polyether ether ketone (PEEK) base, a hollow

Kapton® tube with inside diameter of 3.2 mm, and a PEEK cap.
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Kapton® and PEEK provide high X‐ray transparency and resistance

(Antimonov et al., 2015; Kurtz, 2012).

2.2 | Synchrotron µ‐CT

SR‐µ‐CT of A. niger pellets was achieved with the Imaging Beamline

P05 (Greving et al., 2014; Haibel et al., 2010; Wilde et al., 2016)

operated by the Helmholtz‐Zentrum hereon at the PETRA III storage

ring (Deutsches Elektronen‐Synchrotron—DESY). For each measure-

ment, the sample holder containing the pellets of the corresponding

sampling time was placed on a sample pin that fits in the sample

rotation stage. The rotation axis of the sample holder was adjusted

once to the center of the field of view and adopted for all further

measurements. Imaging was performed with a photon energy of

18 keV with 30ms exposure time per projection. For each tomo-

graphic scan, 2401 projections equally spaced between 0° and 180°

were recorded using a 20 MP CMOS camera system with an effective

pixel size of 0.64 µm and a field of view of 3.32 × 2.46mm (Lytaev

et al., 2014). The sample detector distance was set to 100mm. We

performed two scans for each sample to increase the field of view in

vertical direction. The volumes were reconstructed with twofold

binning based on the filtered back projection algorithm, which was

implemented in a custom reconstruction pipeline (Moosmann

et al., 2014) based on MATLAB (MathWorks) and the Astra Toolbox

(Van Aarle et al., 2015, 2016; Palenstijn et al., 2011). The

reconstructed bottom and upper volumes of a sample were stitched

together with an overlap of 120 slices by a custom stitching algorithm

based on MATLAB. The resulting sample volume has a size of

2595 × 2595 × 3718 voxels with a binned voxel size of 1.28 µm

(Figure 1b). The 3D images were saved as image stacks with floating

point numbers resulting in a size of 93.3 GB for each image. Since we

measured 26 sampling times for each cultivation flask, we generated

4.85 TB of 3D image data for analysis.

2.3 | Image processing

Our developed image processing pipeline was completely established

in MATLAB (Version 2020b) and can be divided into three parts: (1)

The automatic segmentation into individual pellets from the total

sample volume consisting of multiple pellets (Figure 1b−d). (2) The

detection of spores within each pellet, which define the center of a

pellet. (3) The local detection of tips, branching points, and hyphal

material for each pellet.

Part (3) is based on the previously developed image analysis

methods described in Schmideder, Barthel, Friedrich, et al. (2019). To

unify and automate image processing, some of the code was

reprogrammed into MATLAB, which is now the only platform used

for the analysis. This allowed the automatic processing of 19,940

pellet objects at once. The newly developed image processing steps

are described in more detail below.

2.3.1 | Pellet segmentation

The total sample volume with multiple pellets was divided into two

equal size subvolumes along the rotation axis to reduce computa-

tional effort. The slices of a subvolume were converted to a 16‐bit

gray level image. The gray level image represents pellets, parts of the

sample holder and air. The sample holder base was removed by

determining the gray value gradient in vertical z‐direction between

the transition of the PEEK base and air. Slices before the gradient

depicting the PEEK base were deleted. The remaining gray level

(a) (b) (c)

(d)

F IGURE 1 Sample preparation, microtomography, and image processing. (a) Sample holders with freeze dried pellets from different cultivation
times at the microtomography beamline P05. (b) Synchrotron radiation based X‐ray microtomography with a voxel size of 1.28 µm. (c) By the
marker‐controlled watershed segmentation labeled pellets. (d) Segmented and binarized pellet with an equivalent diameter of 557 µm.
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image including pellets, and the sample holder Kapton® tube was

binarized by setting a gray value threshold, which was calculated with

Otsu's method (Otsu, 1979). Subsequently, the binarized tube was

removed based on a normalized cross‐correlation (Haralick &

Shapiro, 1992; Lewis, 1995). Thereby, the position and tilt of a

cylindrical template that corresponded to the internal volume of the

Kapton® tube was calculated. By masking the binarized subvolume

with the cylindrical template, a binary image depicting only pellets as

foreground objects was obtained. To label and segment the pellets

into individual ones, a marker‐controlled watershed segmentation

(Meyer, 1994) was performed. For this method, closed pellet spheres

were generated by dilating the pellets with a spherical structured

element and filling remaining holes in the dilated pellets (Schmideder

et al., 2020). Subsequently, a distance transformation was performed

on the complemented binary image with closed pellet spheres,

resulting in a distance image with the Euclidean distances of each

voxel of closed pellet spheres to the closest background voxel. To

calculate separate markers representing the inner part of each closed

pellet sphere, voxels that had a Euclidean distance greater than 18

voxels from the background on the resulting distance image were

binarized into foreground markers. For each marker, a complete

pellet sphere was labeled by the watershed segmentation (Figure 1c).

By masking all voxels on the original gray level subvolume with zero

except a corresponding labeled pellet sphere, a gray level image was

obtained representing only a single pellet. The resulting 16‐bit gray

level images representing only one single pellet were cropped

according to pellet size (Schmideder et al., 2020). Other than the

deletion of the sample holder base, the same segmentation

procedure was repeated for the second subvolume. The PEEK cap

was not in the field of view of the second SR‐µ‐CT scan.

2.3.2 | Detection of spores

The gray level images of single pellets were directly used for the

detection of spores in the center of pellets. Spores appear as bright

spherical shells with low gray values in their centers. To enhance the

isolated low gray values inside of spores, bottom‐hat filtering

(MATLAB function “imbothat”) was performed using a spherical

structured element with a diameter of 5 voxels. The radius choice of

the structuring element aimed to completely cover the low gray

values inside of the potential spores. The gray values of the resulting

bottom‐hat filtered image, in which the formerly low gray values in

the center of spores are now bright gray values, were scaled to the

interval [0−1] and binarized with a fixed threshold of 0.3. This

guaranteed that only high gray values that represented potential

spore objects were binarized into the foreground. Since potential

spores are only detected based on the low gray values inside of the

bright spherical shells of spores, large objects with a volume of at

least 30 voxels were deleted. Afterwards, clustering of the remaining

spore objects was performed as another control mechanism for spore

detection. Thereby, the centroid of each spore object was calculated

and clustered with the dbscan algorithm (Ester et al., 1996). The

number of neighboring spore centroids was set to 10 within a search

radius of 15 µm. Since spores are densely agglomerated within

pellets, the choice of cluster parameters was based on a relatively

small radius and high minimum number of neighbors. Identified

clusters with the highest number of spores and those with at least

100 spores were finally recognized together as spore agglomerate

within the pellet—the spore core of the pellet. The yellow dots within

pellets in Figure 2, middle row, mark the centroids of the detected

spores. Afterwards, the mass center of the clustered spore centroids

(Figure 2, bottom row, red dot) and the volume of the spore core

based on the convex hull (MATLAB function “convhull”) was

calculated. The obtained center of mass of the spore core defined

the pellet center (Figure 2, bottom row, red dot).

2.3.3 | Determination of local hyphal fractions, tips,
and branching point densities

To differentiate between the hyphae of a pellet and the background,

the cropped gray level images were binarized by setting a gray value

threshold that was calculated using Otsu's method (Otsu, 1979).

After binarization, connected objects smaller than 5000 μm3 were

deleted to eliminate small impurities among the hyphae. Figure 2, top

row, shows segmented and binarized pellets after 16, 24, and 32 h.

The local detection of tips and branching points based on the

skeleton of the binarized 3D pellet image is described by

Schmideder, Barthel, Friedrich, et al. (2019).

The hyphal fraction is defined as the ratio between the volume of

hyphae within a representatively sized pellet section and the total

volume of the pellet section (Schmideder, Barthel, Muller, et al., 2019). A

similar definition applies to the number density of tips and branching

points, that is, the number of tips or branching points divided by the

representative total volume. To characterize the number densities of

tips, branching points and the hyphal fractions of a pellet radially along

its distance from the pellet center, these micromorphological features

were analyzed in shells of the pellet (Figure 2, bottom row left). The

width of shells was set to 15µm and the inner sphere had a radius of

50µm. The geometric center of the shells is defined by the center of

mass of the spore core. Since the spore core can be embedded

eccentrically in the pellet, the shells were constrained by the convex hull

of the pellet. Otherwise, for example, the hyphal fractions along the

distance from the pellet center would be strongly underestimated if

the spore core is located at the outer edge of a pellet. To compute the

constrained volume of the shell, the intersection between the

convex hull and the corresponding shell was calculated (Jacobson &

Panozzo, 2018) as shown in Figure 2, bottom row right. To avoid that

the hyphal fraction is determined in intersections that have a very small

volume, the minimum intersection volume was set to at least 10% of the

corresponding total spherical shell. Finally, the hyphal fraction for each

shell was calculated by the ratio between the hyphal volume within an

intersection and the total volume of the intersection. The number

density of tips and branching points along the distance from the pellet

center was calculated accordingly.
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F IGURE 2 Segmented Aspergillus niger pellets from different sampling times and detected spores defining the growth center of a pellet. Top
row: Segmented and binarized A. niger pellets from 3D image processing based on SR‐µ‐CT after 16, 24, and 32 h of cultivation. The pellets
shown were clustered as regular pellets. Middle row: Detected spore centroids (yellow dots) based on bottom‐hat filtering of the 16‐bit gray
level pellet images. Bottom row left: Spherical shells (blue) centered on the growth center (red dot) of the pellet. The growth center is calculated
as the mass center of the detected spore centroids (yellow dots). The outer spherical shells form intersections with the convex hull of the pellet
(light blue). Bottom row right: Calculated 3D intersection between the convex hull and a corresponding spherical shell. The hyphal fraction, tip,
and branching point densities as a function of the distance from the growth center are analyzed in the spherical shells or intersections. SR‐µ‐CT,
synchrotron radiation‐based microcomputed tomography.
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2.3.4 | Determination of global morphology features

Global morphology features are those that are calculated based on

the complete pellet structure. The volume equivalent spherical

diameter of a pellet and the spore core were calculated using the

volume of the convex hull of the pellet and the spore core,

respectively, as d =
V

π

6 · ConvHull3 . The total number of tips, branching

points, and spores for each pellet were determined by summing up

the corresponding segmented objects for each pellet. Furthermore,

the total volume of hyphae for each pellet VHyphae was calculated by

counting all foreground voxels of the binarized pellet and multiplying

it with the volume per voxel (Schmideder, Barthel, Friedrich,

et al., 2019).

To calculate the average diameter of the hyphae dHyphae for each

pellet, we performed an Euclidean distance transformation (MATLAB

function “bwdist”) (Maurer et al., 2003) of the complemented

binarized pellet image. In addition, we computed the skeleton

(MATLAB function “bwskel”) (Kerschnitzki et al., 2013; Lee

et al., 1994) of the binarized pellet image. By masking all voxels of

the distance image with zero except for those representing the

skeleton of the pellet, we obtained the regional radii of hyphae.

Based on the regional hyphal radii, we calculated the arithmetic mean

of the hyphal diameter dHyphae. Using the total volume of hyphae

VHyphae and the average diameter of hyphae dHyphae, the total hyphal

length LHyphae for each pellet was calculated as L =
V

π dHyphae

4 ·

·

Hyphae

Hyphae
2 .

The average branch length of pellets, which is the average length

between two branching points or a branching point and a tip, was

estimated as
L

Total numberof tips + Total numberofbranchingpoints

Hyphae . Furthermore,

the hyphal growth unit (HGU) of pellets was calculated by
L

Total numberof tips

Hyphae as originally defined by Caldwell and Trinci (1973). A

video illustrating important image processing steps can be found on

YouTube. The video was created using µ‐CT scans of Rhizopus

stolonifer pellets performed with a lab‐scale µ‐CT system.

2.4 | Data processing

2.4.1 | Preprocessing of pellet data by Gaussian
mixture modeling (GMM) clustering

Various artifacts can occur during sample preparation for SR‐µ‐CT

measurements and segmentation of the pellets during image

processing. Components in the medium can adhere to freeze dried

pellets or be entrapped between the sampled pellets. Furthermore,

pellet samples may become entangled during freeze drying and

cannot be properly separated by image analysis. In addition, breakage

can occur during the transfer to the sample holder. During image

processing, pellets can be cropped when dividing the total sample

volume into two subvolumes. Therefore, different control mecha-

nisms were established to filter potential pellet objects into artifacts

and regular pellets.

First of all, potential pellet objects with volume equivalent

spherical diameters smaller than 100 µm and larger than 1000 µm

were considered to be artifacts and were not considered for further

data analysis. This can be justified by the 2D image analysis of the

cultivations (Müller et al., 2022), where no pellets outside of this

size range could be identified after 9−48 h of cultivation. Further-

more, pellet objects with no detected spore cores were disregarded,

since they were considered impurities or dispersed mycelia. In

addition to these hard cut‐off parameters, a soft clustering was

performed using GMM (Bishop, 2009) with two classes, artifacts

and regular pellets. Therefore, three morphological features for

each pellet resulting from 19,940 segmented pellet objects from

flask A and B were used for model creation. The three features are

visualized in a sketch in Supporting Information: Figure S1a: (1) the

calculated hyphal fraction within the inner sphere with a radius of

50 µm centered around the center of mass of the spore core. For

example, entangled pellets have a lower hyphal fraction in their

inner sphere (Supporting Information: Figure S1b). (2) The volume

ratio between the convex hull of a pellet object and the volume of

the circumscribed sphere of a pellet object centered on the center

of mass of the spore core. For example, damaged and cropped

pellets have an eccentricity where the spore core is not centered in

the pellet, resulting in a smaller volume ratio compared to whole

pellets (Supporting Information: Figure S1c,d). (3) The axis ratio of

the shortest and longest major axis of a pellet object. For

example, pellets cropped due to image processing obtain a smaller

axis ratio (Supporting Information: Figure S1d).

Since all features had a seemingly log‐normal distribution, they

were logarithmized to obtain a more stable clustering result.

Furthermore, the features were standardized (MATLAB function

“zscore”) to have a mean of zero and standard deviation of one. For

the sake of stability, 10 replicates of the model were built with the

one with the highest log likelihood as the final model. Finally, all

pellets of the corresponding features were classified against the

chosen model by calculating the largest posterior probability

(Bishop, 2009).

Only potential pellet objects classified as regular pellets were

used for the determination of growth parameters and 3D growth

analysis.

2.4.2 | Determination of growth parameters

For fitting the growth parameters with the experimental 3D image

data and biomass, we used the exponential growth phase of the

culture, which was identified to be after 9−22 h in Müller et al.

(2022).

The exponential growth of biomass (X ) and hyphal volume of

pellets (V ) was formulated as X X e= · t
0

μ ·X and V V e= · t
0

μ ·V , respec-

tively. The initial value of the biomass X0 and the hyphal volume V0 in

the exponential equations were estimated as unknown variables at

the same time with the growth parameters μX and μV . Based on a

model proposed from Schuhmann and Bergter (1976), which was

later used by Buschulte (1992) to describe the exponential growth in

the early cultivation phase, we obtained the mean apical growth
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velocity α in µm per hour per tip and branching rate β in number of

tips per µm per hour from the experimental image analysis data.

Thus, we fitted α and β by simultaneously solving the proposed

ordinary differential equations α N t= · ( )
dL

dt
and β L t= · ( )

dN

dt
. Here,

N t( ) is the total number of tips and L t( ) is the total hyphal length of a

pellet depending on time t. The MATLAB solver ODE45 was used for

integration of the simple system of first order differential equations.

The parameter estimation was done by minimizing the sum of square

errors of X, V separately, and N and L combined over the recorded

times using the iterative trust‐region method (MATLAB function

“lsqnonlin”). The 95% confidence intervals (CI) were computed using

a nonlinear least squares method (MATLAB function “nlparci”) and

the Jacobian matrix on the found solution.

3 | RESULTS AND DISCUSSION

In this study, we demonstrate the potential of SR‐µ‐CT measure-

ments and subsequent 3D image analysis to investigate the

morphological development of filamentous pellets. As a first case

study, a replicated submerged cultivation (flask A and B) of A. niger

MF22.4 was investigated in detail. This strain is characterized by the

deletion of the Rho GTPase RacA, causing an approximately 30%

increase in branching without altering the growth rate in submerged

cultivation. Furthermore, its potential use as a platform strain for

enhanced glucoamylase production was demonstrated, making it

promising for industrial applications (Fiedler et al., 2018; Kwon

et al., 2013). Table 1 summarizes the number of pellets for each

cultivation time originating from flask A and B, which were finally

clustered as regular pellets and used for 3D growth analysis. Regular

pellets have a volume equivalent spherical diameter between 100

and 1000 µm and own a spore core (Material and Methods

Section 2.4.1). In addition, due to soft GMM clustering, regular

pellets obtain a calculated hyphal fraction near the center of mass of

the spore core (Feature 1) in the range of 0.12–0.35, a volume ratio

between the convex hull and the volume of the circumscribed sphere

(Feature 2) in the range of 0.25–0.59, and an axis ratio in the range of

0.39–0.93 (Feature 3).

Since fungal parameters describing 3D pellet growth are rarely

found in literature for method evaluation, the section starts with a

comparison between 2D and 3D image analysis of the identical

cultivation. Afterwards, global and local morphology parameters for

each cultivation time will be presented. The section closes with a

critical evaluation of the developed methodology.

3.1 | Comparison between results of 2D and 3D
image analysis and spore detection

Figure 3 shows a direct comparison of the calculated mean area/

volume equivalent circular/spherical diameters of pellets and spore

cores from cultivation flask A and B over time using 2D and 3D image

data, respectively. The 2D data were replicated here from Müller

et al. (2022).

After 9 h, the calculated 2D and 3D mean area/volume

equivalent circular/spherical diameter is 230 and 195 µm, respec-

tively. Until 12 h, the volume‐based (3D) mean equivalent diameters

and their standard deviations are below the area‐based (2D) data.

These differences may be caused by the nonspherical shape of young

pellets resembling the shape of their fractured spore cores. Based on

the 3D volume data, we calculated a mean axis ratio between the

minor and major axes per pellet of 0.58 after 9 h which increased to

0.64 after 13 h (Supporting Information: Figure S3). When measuring

equivalent diameters of nonspherical objects with their projections,

which is the case when calculating an area‐based circular equivalent

diameter, a difference is usually found between area‐ and volume‐

based equivalent diameters. After 32 h, a higher 3D mean equivalent

diameter of 513 µm can be observed compared to 450 µm (2D).

Here, the 2D image analysis is unable to detect individual protruding

hyphae from pellets that are more common after later cultivation

times, possibly due to substrate limitations. For example, denser

pellets with short and highly branched hyphae are formed under

higher dissolved oxygen tensions (Cui et al., 1998; Wongwicharn

TABLE 1 Analyzed number of pellets for each flask and cultivation time.

Time (h) 9 9.5 10 11 12 13 14 15 16 17 18 19 20

Flask A 52 63 80 96 491 208 579 237 278 437 525 546 241

Flask B 64 163 128 29 202 140 206 3 387 298 464 299 383

Total 116 226 208 125 693 348 785 240 665 735 989 845 624

Time (h) 21 22 23 24 25 26 27 28 29 30 31 32 48

Flask A 420 292 265 180 208 223 96 65 151 127 128 107 77

Flask B 355 219 255 154 166 222 233 140 128 112 66 101 68

Total 775 511 520 334 374 445 329 205 279 239 194 208 145

Note: The numbers indicate the number of SR‐µ‐CT analyzed pellets clustered as regular pellets by the applied Gaussian mixture model.

Abbreviation: SR‐µ‐CT, synchrotron radiation‐based microcomputed tomography.

3250 | MÜLLER ET AL.



et al., 1999). Accordingly, we calculated a higher HGU and average

branch length starting after 21 h (see following Section). Further-

more, the convex hull used to calculate the 3D volume‐based

equivalent diameter is placed around the outermost tips of a pellet

resulting in a higher equivalent diameter in contrast to the 2D

image analysis. The standard deviations between the means of the

replicated flasks A and B are in the range of the ones from the 2D

image analysis and demonstrate high reproducibility of the

sampling method for 3D imaging and the developed 3D image

analysis pipeline. Higher standard deviations are observed after 31, 32,

and 48 h, which may be due to an insufficient number of sampled pellets

for the increasing heterogeneity of the cultivation after later sampling

times (Müller et al., 2022). In addition to the small deviations of the

mean equivalent diameters from 2D and 3D image data, a similar

constant growth velocity of 13.14 µm h−1 (2D) and 14.06 µm h−1 (3D) of

the pellet mean equivalent diameter was calculated with a simple linear

regression model (Figure 3). Please note that in Müller et al. (2022), a

constant growth velocity of 12.6 µm h−1 is reported, compared to the

growth velocity of  13.14 μm h−1 used in this contribution. The reason

for this is that for the assessment of the growth velocity reported in

Müller et al. (2022), only the results from flask A have been used.

Revisiting our previous results, we decided to use the data from both

(flask A and B) for determination of an averaged growth velocity.

Figure 3 also shows the mean equivalent diameter of the identified

spore cores in the pellets for each cultivation time. The same trend and

similar values of the 2D and 3D data can also be observed here. After

9 h, a 3D volume‐based mean equivalent diameter of 136 µm was

calculated compared to 123 µm based on the 2D data. After 24 h,

the mean equivalent diameters increased to 166 µm (3D) and

159 µm (2D). In Müller et al. (2022), we assumed that growth of

hyphae within spore cores enlarges the spore cores, however, the

number of detected spores for each pellet also increases (Figure 4).

The boxplots in Figure 4 show the number of spores for each pellet

for all analyzed pellets (flasks A and B) and the mean number of

spores per pellet. After 9 h, a mean number of 767 spores and after

24 h, 1233 spores per pellet could be detected. This increase

suggests that non‐germinated spores within spore cores still swell,

since more spores can be detected by the 3D image analysis due to

their enlargement. Thus, the growth of hyphae not necessarily

enlarges the spore core (Müller et al., 2022), but there is an ongoing

swelling of non‐germinated spores within the spore core. Non‐

germinated spores within pellets are also reported by El‐Enshasy

(2011) and Lyu et al. (2023). With the exception of the early and

final cultivation times, a relatively constant number of spores per

pellet was identified, for example, after 12−32 h, indicating high

reproducibility of spore detection. In Müller et al. (2022), approxi-

mately 1265 spores per pellet were calculated, assuming that all

spores had agglomerated and all spore agglomerates had built a

pellet. In this study, we were able to identify a mean of 1038 spores

per pellet, calculated with 11,157 analyzed regular pellets.

F IGURE 3 Comparison of the calculated mean equivalent diameters of pellets and spore cores as a function of cultivation time using 2D and
3D image data. The 2D data were taken from Müller et al. (2022). The graphs for 3D data were calculated with the data obtained by the 3D
image analysis of the SR‐µ‐CT images. The shown data of equivalent diameters are mean values, calculated with the mean of flasks A and B.
Spore cores are detected spore agglomerates within pellets. The error bars indicate the standard deviation between the mean of flasks A and B.
The functions f t( )D3 and f t( )D2 were calculated by linear regression models. The slope of the calculated functions (14.06 µm h−1 3D and 13.14 µm
h−1 2D) indicate the growth velocity of the pellet equivalent diameter after 9−22 h. SR‐µ‐CT, synchrotron radiation‐based microcomputed
tomography.
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After 32−48 h, a decrease of the mean equivalent diameter and

the number of spores can be observed in Figures 3 and 4. The

decreased mean number of spores per pellet from 974 after 32 h to

793 after 48 h supports the hypothesis in Müller et al. (2022) that

pellets may break completely or partially at their spore core,

supposedly because of glucose depletion in the medium (Figure 5).

Parts breaking out from the spore core of pellets were reported by

Buffo et al. (2020).

3.2 | Global morphology development of pellets

Figure 5 provides an overview of the development of the mean

hyphal volume of pellets from cultivation flasks A and B (left ordinate)

over time (abscissa). Furthermore, the mean biomass and glucose

concentration from flasks A and B (right ordinate) is shown over

time replicated from Müller et al. (2022). In contrast to the linear

increase of the equivalent diameter (Figure 3), the hyphal volume of

the pellets and the biomass of the culture increases exponentially in

the early growth phase when no substrate limitations occur

(Wucherpfennig et al., 2010). Based on the hyphal volume data from

the 3D image analysis, we calculated a growth rate of pellets μV

of 0.09 h−1 after 9−22 h within a 95% CI ranging from 0.08 h−1 to

0.11 h−1. From the experimentally determined biomass (Müller

et al., 2022), a growth rate μX of 0.12 h−1 was calculated for the

same cultivation period within a 95% CI ranging from 0.11 to

0.14 h−1. It must be noted that the shown biomass data were

determined with the dry weight of the complete culture including

F IGURE 4 Boxplots representing the number of spores of pellets for each cultivation time for all analyzed pellets from flasks A and B. Black
lines within the boxes mark the median. The outliers are indicated by scattered black dots. The whiskers and the outliers were calculated by 1.5
times the interquartile range. The orange graph shows the mean number of spores of pellets for each cultivation time. The data were determined
by the 3D image analysis based on µCT images. µCT, microcomputed tomography.

F IGURE 5 Mean hyphal volume of pellets
(left ordinate, blue) as well as biomass and glucose
concentration (right ordinate, orange) as a
function of cultivation time. The mean hyphal
volumes of pellets were calculated with the mean
hyphal volumes of flasks A and B. The error bars
indicate the standard deviations between flasks A
and B. The hyphal volumes were determined by
3D image analysis based on SR‐µ‐CT images. The
orange gridlines and the right ordinate show the
mean biomass (solid line) and glucose (dotted line)
concentration in medium of flasks A and B.
Biomass and glucose concentrations were
experimentally determined and taken from Müller
et al. (2022). The functions for biomass
concentration X t( ) and hyphal volume of pellets
V t( ) depending on time were used to fit the
growth rate of biomass μX and hyphal volume of
pellets μV . SR‐µ‐CT, synchrotron radiation‐based
microcomputed tomography.
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dispersed mycelia (Müller et al., 2022). The hyphal volume in Figure 5

was calculated using pellets only. Therefore, we assume that the

difference between the calculated growth rates is due to the growth

of dispersed mycelia, which usually increases after early cultivation

times with a higher growth rate compared to pellets (Kurt et al., 2018;

Papagianni & Mattey, 2006; Veiter et al., 2018). After 32−48 h, a

reduced increase of the biomass can be observed due to glucose

limitation, which is in accordance with the analyzed hyphal volume

from the 3D image analysis.

Figure 6a shows the mean total hyphal length of pellets from

flasks A and B over time which increases from 35.36 to 169.12mm

after 9−32 h. Since the total hyphal length for each pellet is

calculated based on the total hyphal volume and the average hyphal

diameter for each pellet, it is slightly overestimated, since the spores

within pellets are included in the hyphal volume for each pellet.

However, the size of the spore core remains relatively constant over

cultivation time and has almost no influence on the obtained apical

growth velocity of hyphal tips. Based on the proposed model of

Schuhmann and Bergter (1976), we calculated an apical growth

velocity α per hyphal tip of 9.3 µm h−1 after 9−22 h within a 95%

CI ranging from 7.9 to 10.6 µm h−1. Since hyphae do not grow

straight, but extend curved, we obtained a smaller increase of the

mean equivalent radius per pellet (see the previous section), which is

also assumed in modeling approaches of fungal pellets. For

example, the change of the pellet radius is usually modeled as

r t γ α ψ t r( ) = · · · +Pellet Tip 0, where γ is a factor, taking into account that

hyphae grow curved, and ψTip is the growth activity, which describes

the saturation kinetics related to the substrate supply (similar to

Michaelis−Menten kinetics) (Buschulte, 1992; King, 1998). Using the

increase of the mean equivalent radius, which was calculated to be

m14.06 μ  h ·0.5−1 , we calculated γ as the ratio between the equivalent

radius and the apical growth velocity, which is 0.76. Buschulte (1992)

(a) (b)

(c)

F IGURE 6 Mean total hyphal length, number of tips, and branching points of pellets as a function of cultivation time, which were used to
calculate the hyphal growth unit (HGU) and average branch length. (a) Mean total hyphal length of pellets as a function of cultivation time for
flask A and B. The error bars indicate the standard deviations between flasks A and B. The total hyphal length was calculated based on the total
hyphal volume VHyphae and the hyphal diameter dHyphae for each pellet as L =Hyphae

V

π d

4 ·

·

Hyphae

Hyphae
2 . The total hyphal volume and the hyphal diameter

were determined by 3D image analysis based on SR‐µ‐CT images. The differential equation dL

dt
was used to fit the apical growth velocity of tips α.

(b) Mean total number of tips (orange) and branching points (blue) of pellets as a function of cultivation time for flask A and B. The error bars
indicate the standard deviations between flasks A and B. The differential equation dN

dt
depending on L t( ) was used to fit the branching rate β. The

total number of tips and branching points for each pellet were determined by 3D image analysis based on SR‐µ‐CT images. (c) Mean (blue) and
mean average branch length (orange) of pellets as a function of cultivation time for flasks A and B. The error bars indicate the standard deviations
between flasks A and B. The HGU was calculated as Total hyphal length

Total numberof tips
for each pellet. The average branch length was calculated as

Total hyphal length

Total numberof tips + Total numberofbranchingpoints
for each pellet. SR‐µ‐CT, synchrotron radiation‐based microcomputed tomography.
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estimated a value of 0.8 for Streptomyces tendae within his modeling

approach. The comparison between the growth velocity of the

equivalent pellet radius derived from 2D image analysis and the apical

growth velocity of the tips based on 3D image analysis indicates that

these values were calculated in a correct range.

The calculated average diameters of hyphae per pellet, which

also influence the calculated total hyphal length, are in accordance

with manually measured hyphal diameters. After, 9, 24, and 48 h,

the average hyphal diameters and standard deviations from the 3D

image analysis of all analyzed pellets (flasks A and B) were calculated

at 3.9 ± 0.22, 4.6 ± 0.49, and 4.4 ± 0.56 µm, respectively. The

standard deviations indicate the differences between the analyzed

pellets. 100 manually measured hyphal diameters of pellets were

determined in differential interference contrast images (DIC) for

selected cultivation times resulting in mean values of 4.4 ± 0.46, 4.4 ±

0.52, and 4.0 ± 0.53 after 9, 24, and 48 h, respectively. The DIC

images were generated in Müller et al. (2022). Furthermore, Colin

et al. (2013) measured hyphal diameters of A. niger ranging from 2.5

to 4.5 µm, depending on cultivation conditions, indicating that our

calculated hyphal diameters from the 3D image analysis are within a

sufficiently precise range.

Figure 6b shows the mean number of tips and branching points

of pellets from cultivation flasks A and B over time. After 9−18 h, the

number of tips and branching points increased from 400 to 853 and

from 202 to 672, respectively. Contrary to the branching points, the

tips show higher variations in the mean values and between flasks A

and B, expressed by the standard deviations. Since tips move and do

not remain stable in pellets compared to branching points, they are

detected mainly in the outermost parts of the pellet, where different

factors can influence the tip detection by 3D image analysis.

For example, tips can touch other hyphae resulting in the detection

of a branching point instead of a tip. Furthermore, remaining freeze‐

dried impurities from the medium can cause hyphae to stick together,

making tip detection less technically reproducible. However, the

course of the tips and branching points shows a similar behavior until

21 h. After 22 h, the number of branching points overrates the

number of tips pointing toward hyphal anastomosis, a well described

phenomenon occurring in filamentous fungi including species of the

genus Aspergillus. Hyphae not only grow by hyphal extension and

branching but can also fuse with other hyphae in the older part of the

mycelium, thus forming an interconnected mycelium that can

distribute nutrients much more easily (Glass, 2004). Based on the

model of Schuhmann and Bergter (1976) and the detected tips, we

calculated a branching rate β of 0.00042 µm−1 h−1 within a 95%

CI ranging from 0.00029 to 0.00054 μm h−1  −1.

Figure 6c shows the mean HGU and the mean average branch

length, which is the average length between two branching points or

a branching point and a tip. The HGU, originally defined by Caldwell

and Trinci (1973), expresses the mean hyphal length available per tip

of a pellet. Experiments for young mycelium have shown that the

HGU remains constant if the number of tips/branching points and

consequently the total hyphal length increases exponentially

(Dynesen & Nielsen, 2003; Trinci, 1974). If the HGU becomes

constant for a growing mycelium, the average branch length is also

constant. In Figure 6c, contrary to the HGU, the mean average

branch length remains almost constant at around 63 µm until 21 h

and subsequently increases to about 86 µm after 32 h. Since the

average branch length takes both parameters into account,

the number of tips and branching points taken into account softens

the effect of possibly underestimated tips by means of the image

analysis. Furthermore, during the constant exponential growth

phase of a pellet, the average branch length can be easily interpreted

as the length between two branching points or a branching point and

a tip. We therefore recommend introducing the average branch

length as a parameter to characterize the growth of fungal pellets by

means of 3D image analysis. In the literature, an HGU of 108 µm for

young mycelium of A. niger can be found, which corresponds to our

analyzed values after 14 and 18 h (Colin et al., 2013).

3.3 | Local morphology development of pellets

To our knowledge, this study is the first to measure an incomparable

high number of fungal pellets three‐dimensionally over several

cultivation time steps. Therefore, especially the data in Figure 7a,c

cannot be verified with data from the literature.

Figure 7a,c show the mean hyphal fraction, branching point, and

tip density of pellets from cultivation flasks A and B over the distance

from the pellet center, which is defined as the center of mass of the

spore core. The small standard deviations indicate a high reproduc-

ibility of the developed method inclusive of the sampling of the

cultivation flasks, the transfer into the sample holder for 3D imaging,

and the developed image analysis. In Figure 7a, the hyphal fraction in

the outer pellet regions increases with time. Since the spore core

defines the pellet center and has an equivalent diameter of about

146 µm after 12 h (Figure 3), the hyphal fraction up to 50 µm from

the pellet center represents mainly the solid fraction of the spore

core, ranging from 20.5% after 18 h to 22% after 32 h, and is also the

densest part of a pellet. After 48 h, it can be observed that the hyphal

fraction within inner pellet regions decreased compared to after

24 and 32 h. Since the detected mean number of spores per

pellet also decreased after 32−48 h from about 1000 to 800, we

are assuming that parts from the spore core are breaking out from

the pellet and lead to a reduced hyphal fraction. However, the hyphal

fractions after 48 h show the highest standard deviations, possibly

pointing at autophagic processes reported for later stages of A. niger

batch cultivations, which are associated with cell death (Nitsche

et al., 2013). Various biological effects including breakage of pellets

or lysis effects due to changes in carbon source or limitation can lead

to a higher population heterogeneity (Tegelaar et al., 2020), which

was observed in Müller et al. (2022) after 48 h under glucose

limitation (Figure 5). Figure 7b,c indicate the branching point and tip

density. Contrary to tips, branching points do not move during pellet

growth. This can clearly be seen in Figure 7b, where the branching

point density remains constant in the inner pellet regions, but

increases in the outer regions over time. Contrarily, the tip density in
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Figure 7c decreases in the inner and increases in the outer regions

over time. The cultivation time after 48 h shows an exception. Here,

the tip densities increase up to 80 µm from the pellet center

compared to the tip densities after 32 h. The highest standard

deviations between flask A and B can be observed after 48 h due to a

low sampling number and high population heterogeneity, showing

the uncertainty in the data.

3.4 | Critical evaluation of the developed method

By using SR‐µ‐CT and an automatic image processing and data

analysis pipeline, we overcame the limitation of a low sample

throughput for µ‐CT measurements and could analyze a statistically

representative number of pellets for multiple sampling times in three‐

dimensions. However, the preparation of this high number of pellets

entails certain risks of sample damage during preparation and

artefactual image processing (see Section 2.1.1), which cannot be

completely eliminated. We therefore decided to cluster the pellets in

artifacts and regular pellets. Forty‐four percent or 8783 of the

19,940 potential pellet objects were clustered as artifacts, which is a

high percentage, but the remaining 11,157 regular pellets are still the

highest number of fungal pellets ever analyzed in three dimensions.

Details of the cluster result are shown and described in Supporting

information: Figure S2 and Table S1 in the Supporting informa-

tion Materials. Furthermore, in this first case study analyzing the 3D

growth of A. niger, we focused on simple pellet growth, which has the

potential disadvantage of neglecting the study of other effects such

as pellet breakage resulting in an increasing population heterogene-

ity. However, analysis of the number density distributions of the

hyphal volume of pellets from the 3D image analysis per cultivation

time depicted in Figure 8 shows that population heterogeneity is

increasing toward 48 h which was also observed in Müller et al.

(2022), as indicated by the broader size distributions after later

cultivation times. Furthermore, a reduced mean equivalent diameter

of the spore cores after 48 h was indicated by the 2D as well as by

the 3D image analysis (Figure 3) and was additionally confirmed by a

reduced number of detected spores per pellet (Figure 4). This

indicates that the soft clustering by GMM classifies only very

“unusual” pellets as artifacts. A potential drawback of the developed

(a)

(b) (c)

F IGURE 7 Mean hyphal fractions as well as branching point and tip densities of pellets over the distance from pellet center for selected
cultivation times. The hyphal fractions, tip, and branching point densities were determined in spherical shells or intersections between the
convex hull of a pellet and the corresponding shell with a certain distance from pellet center. The processed image data were generated from
SR‐µ‐CT measurements. The shown data are mean values, calculated with the mean for flasks A and B. The error bars indicate the standard
deviation between flasks A and B. (a) Mean hyphal fractions; (b) mean branching point densities; (c) mean tip densities. SR‐µ‐CT, synchrotron
radiation‐based microcomputed tomography.
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method based on SR‐µ‐CT is the limited accessibility of synchrotrons.

However, we strongly anticipate that rapid developments in the field

of 3D imaging techniques will lower the barriers to entry for 3D

measuring of complete fungal cultures.

4 | CONCLUSION

The present study describes SR‐µ‐CT of a high amount (19,940) of A.

niger pellets after multiple cultivation times. For this purpose, a

standardized sample holder was developed and SR‐µ‐CT measure-

ments were performed with the DESY imaging beamline P05. To

quantify and describe the 3D growth of fungal pellets over time, an

image and data processing pipeline was set up based on: (1) the

automatic segmentation of individual pellets from the sample holder;

(2) the determination of global and local pellet parameters including

the quantity and densities of spores, tips, branching points, and

hyphal material for each pellet; (3) the GMM clustering of the data in

artifacts and regular “normally” grown pellets; (4) the analysis and

interpretation of the final data from 3D image analysis and GMM

clustering. In addition, parameters such as the hyphal diameter, the

total hyphal length, the average branch length, and the HGU of

pellets were obtained for all cultivation times. The development over

time of the equivalent diameters of spore cores and pellets analyzed

F IGURE 8 Normalized number‐density‐distribution q0 (left ordinate, blue) and cumulative size distributions Q0 (right ordinate, orange) as a
function of the hyphal volume of pellets at different sampling times for flasks A and B. To generate the distributions, the values of the hyphal
volumes of pellets were divided into 70 equidistant size classes between the minimal and maximal hyphal volume. The data were determined by
3D image analysis based on SR‐µ‐CT images. SR‐µ‐CT, synchrotron radiation‐based microcomputed tomography.
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with 2D image analysis is in accordance with our developed 3D image

analysis. In addition, 3D pellet growth was monitored by locally

resolved hyphal fractions, and tip and branching point densities at

multiple time steps. Furthermore, the time course of the data allowed

us to analyze the growth rate, apical growth velocity, and branching

rate for pellets, which to our knowledge is the first time this has been

done for complete fungal pellets. The proposed methodology can be

used to gain mechanistic insights into the evolution of fungal

morphologies as a function of genetic, metabolic, and process factors

(Meyer et al., 2021). With this approach, it now becomes feasible to

quantitatively assess and study the dynamics of mycelial pellet

formation as well as pellet heterogeneity within filamentous cultures

and their dependence on spore inoculum, shear stress and nutrient

availability, and other environmental factors. In addition, this first

study of a 3D growth analysis of fungal pellets from a 48 h A. niger

cultivation can pave the way to handle, process, and present high

amounts of 3D data from fungal cultivations. Synchrotrons all over

the world offer free beamtimes for scientists, companies can easily

access synchrotrons with a paid industrial beamtime (Thiry

et al., 2021), moreover the development of compact synchrotrons

(Günther et al., 2020), and more powerful laboratory µ‐CTs will boost

3D measurements of complete fungal cultivations. An approaching

vision is to set up a 3D database from multiple fungal species under

different process conditions. This database can serve to gain

mechanistic insights into the development of fungal morphologies

and for the validation/development of modeling approaches, which

predict the growth and substrate supply of filamentous pellets in

submerged cultures (Buschulte, 1992; Celler et al., 2012; King, 2015;

Lejeune & Baron, 1997; Nielsen, 1996; Schmideder et al., 2020).
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