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Abstract

Many filamentous fungi are exploited as cell factories in biotechnology. Cultivated under

industrially relevant submerged conditions, filamentous fungi can adopt different

macromorphologies ranging from dispersed mycelia over loose clumps to pellets. Central

to the development of a pellet morphology is the agglomeration of spores after

inoculation followed by spore germination and outgrowth into a pellet population, which

is usually very heterogeneous. As the dynamics underlying population heterogeneity is

not yet fully understood, we present here a new high‐throughput image analysis pipeline

based on stereomicroscopy to comprehensively assess the developmental program

starting from germination up to pellet formation. To demonstrate the potential of this

pipeline, we used data from 44 sampling times harvested during a 48 h submerged batch

cultivation of the fungal cell factory Aspergillus niger. The analysis of up to 1700 spore

agglomerates and 1500 pellets per sampling time allowed the precise tracking of the

morphological development of the overall culture. The data gained were used to calculate

size distributions and area fractions of spores, spore agglomerates, spore agglomerates

within pellets, pellets, and dispersed mycelia. This approach eventually enables the

quantification of culture heterogeneities and pellet breakage.
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1 | INTRODUCTION

The birth of industrial biotechnology dates back to the start of citric

acid production using the filamentous fungus Aspergillus niger more

than 100 years ago. Ever since, filamentous fungi played an important

role in many industrial processes and are nowadays of central

importance to establish a future circular economy (Cairns et al., 2018;

V. Meyer et al., 2020). Filamentous fungi are used as cell factories for

a diverse range of products, for example, drugs, enzymes, organic

acids, or commodities for the pharma, feed, food, fuel, textile, and

chemical industries (V. Meyer et al., 2020). During submerged

cultivation, spores and hyphae from filamentous fungi develop into

different macromorphologies ranging from dispersed mycelium to

pellets. Contrary to dispersed mycelia (freely dispersed hyphae) and
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clumps (loose agglomerates of hyphae), fungal pellets are dense

spherical hyphal networks with a diameter between a few hundred

micrometers and some millimeters (Cairns et al., 2019; Cox

et al., 1998). The developed macromorphological structure of fungal

production strains greatly influences the productivity of the

bioprocess (Tegelaar et al., 2020; Veiter et al., 2018). Higher viscosity

and a non‐Newtonian behavior characterize the cultivation processes

of dispersed mycelia compared to pellets. Therefore, less energy is

required to mix a cultivation of pellets and hence lower shear stress is

applied. Furthermore, homogeneous mass transfer of substrates and

especially oxygen into the medium and from the bulk phase to the

pellets is favorably enhanced (Gibbs et al., 2000). However, the

diffusivity of oxygen inside fungal pellets depends on the hyphal

density (Schmideder et al., 2019, 2020). Dense hyphal structures can

result in oxygen‐limited regions in the center of fungal pellets,

resulting in growth limitation and reduced growth‐associated product

formation (Driouch et al., 2010; Hille et al., 2009). Posch et al. (2012)

observed a diffusion‐limiting compactness after 15 h of pelleted

growth of Penicillium chrysogenum. Different strategies have thus

been developed to increase the productivity of bioprocesses by

altering fungal macromorphologies. Most of them focus on the

variation of the cultivation conditions, including medium composition,

pH and osmolality of the medium, spore inoculum concentration,

viability/vitality of the inoculum, bioreactor geometry, shear stress,

aeration rate, temperature, and the addition of microparticles to

name but a few (Böl et al., 2021; Driouch et al., 2010; Kaup

et al., 2008; Laible et al., 2021; Papagianni, 2004; Wucherpfennig

et al., 2010, 2011). Genetic factors and intracellular processes that

affect or even control spore germination, hyphal growth, and

eventually pellet formation can be grouped into cytoskeletal net-

works, exocytosis, endocytosis, cell membrane, and cell wall

biogenesis. They jointly define hyphal growth and hyphal surface

properties, and thus contribute to the development of macro-

morphologies (for recent reviews, see Cairns et al., 2019; Commer

& Shaw, 2020; Miyazawa et al., 2020). Remarkably, systems biology

data and gene coexpression networks nowadays allow the prediction

and modification of genes to be important for fungal macromorpho-

logical developments (Cairns et al., 2019; Fiedler, Cairns, et al., 2018).

In general, pellet formation can be classified into either coagulative or

noncoagulative processes (Veiter et al., 2018). During coagulative pellet

formation (representatives are A. niger, Aspergillus nidulans, or Penicillium

oxalicum), spores agglomerate after inoculation due to electrostatic and

salt bridging between cell wall surface polysaccharides and due to

hydrophobicity of spore surface proteins (Dynesen & Nielsen, 2003;

Pascual et al., 2000; Zhang & Zhang, 2016). During noncoagulative pellet

formation (one representative is Rhizopus oryzae), single spores form

single pellets, that is, spores remain dispersed during germination, but

hyphae can agglomerate at later growth phases (Zhang & Zhang, 2016).

Notably, the macromorphological development of some fungi follows

both the coagulative and noncoagulative processes (a representative is

Penicillium chrysogenum). Coagulative spore types are also able to form

noncoagulative pellets when environmental conditions change, for

example, pH increase of the medium (Veiter et al., 2018).

Recently, it was shown that macromorphologies of A. niger

considerably differed when cultivated in two different bioreactor

types (stirred‐tank reactor, waved‐mixed reactor), although identical

medium compositions, feeding schemes, temperature, and pH control

were applied (Kurt et al., 2018). Reduced shear stress under wave‐

mixed conditions provoked the formation of A. niger pellets, which

were very heterogeneous in size. It was hypothesized that these very

heterogeneous pellet populations ensured faster biomass accumula-

tion when compared to stirred‐tank cultivations, where homoge-

neously dispersed mycelia were predominantly formed by A. niger

(Kurt et al., 2018). Importantly, the mycelial heterogeneity phenome-

non is not restricted to filamentous fungi but is also observed in

filamentous bacteria including Streptomycetes, some of which are also

well‐established cell factories for drug and antibiotics production

(Nepal & Wang, 2019). Here, it was shown that heterogeneity is also

influenced by germling aggregation in Streptomyces spp. (Zacchetti

et al., 2016).

Hence, only a deeper and holistic understanding of the

interactions as well as interdependencies of process conditions,

genetic conditions, and population heterogeneities will pave the way

for the rational morphology engineering of filamentous fungi in the

future. One central prerequisite to achieve this is the availability of

image analysis pipelines that allow the qualitative and quantitative

description of different processes including spore agglomeration,

pellet formation, pellet growth, pellet breakage events, and to access

the extent of population heterogeneity. In particular, the holistic

description of the pellet formation processes is of great importance,

for example, it is difficult to quantify the influence of different

cultivation conditions on the fungi just by analyzing the final fungal

morphological state without considering a possibly changed spore

agglomeration, which is the first step and one driving factor for the

initial formation of pellets.

Existing high‐throughput methods to study the structural

development of filamentous fungi cultivations, including focused

beam reflectance measurement and image analysis, track either the

spore agglomeration or the macromorphological pellet development

during growth (Cairns et al., 2019; Grimm et al., 2004; Willemse

et al., 2018). To the best of our best knowledge, flow cytometry,

which can be used for fungal pellet analysis (Bekker et al., 2011;

Ehgartner et al., 2017; Schrinner et al., 2020; Tegelaar et al., 2020;

Veiter & Herwig, 2019), has never been used to analyze the spore

agglomeration and the morphological development of pellets within

one cultivation.

In the present study, we aim to track the evolution of pellets and

dispersed mycelia in the coagulative‐type industrially exploited

fungus A. niger starting from spore inoculation. To observe and

evaluate spore agglomeration, pellet formation, pellet growth, and

population heterogeneities, we designed a new fast high‐throughput

image analysis pipeline based on stereomicroscopic images from

culture samples. In doing so, we were able to analyze 2500 fungal

objects (spores/spore agglomerates, spore agglomerates within

pellets, pellets) on average per sample during cultivation and were

able to calculate the size distributions of the detected objects. We
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complemented the size distributions by area fractions of the fungal

objects including dispersed mycelia to enable complete characteriza-

tion of the whole cultivation.

2 | MATERIALS AND METHODS

2.1 | Strain and inoculum preparation

We utilized the hyperbranching A. niger ΔracA strain MF22.4 (Fiedler,

Barthel, et al., 2018; Kwon et al., 2013). Conidiospores of MF22.4

were obtained from agar plate cultures by using standard procedures

for filamentous fungi (Bennet & Lasure, 1991). Ten milliliters of

physiological salt solution (PS) were carefully added on top of the

well‐sporulated plate culture. Subsequently, a cotton stick was used

to spread the PS over the plate, while simultaneously using it to scrub

the spores from the mycelium. Spores were then filtrated and stored

in PS for 17 h at 4°C until inoculation. The PS solution was prepared

with 8.9 g/L sodium chloride.

2.2 | Media, cultivation, and sampling

Five‐liter Erlenmeyer flasks and 1 L complete medium (V. Meyer

et al., 2010) with 9 g/L glucose were used for the submerged

cultivation of A. niger. The shake flasks were inoculated with

2.5 × 106 spores/ml. Aspergillus niger MF22.4 was cultivated for

48 h at 30°C with a rotational speed of 90 RPM in an Infors HT

Multitron Standard shaker (Infors AG). The cultivation was performed

in duplicate (flasks A and B).

Samples were taken every 30min for the first 10 h and every

hour for the next 22 h. The last sample was taken after 48 h of

cultivation, resulting in a total number of 44 sampling times. At each

sampling time, stereo and differential interference contrast (DIC)

microscopy were performed. The biomass concentration was deter-

mined every hour from the sampling time 6 h on. The glucose

concentration was determined every second hour.

2.3 | Stereomicroscopy

The main imaging, that is, the method to acquire thousands of fungal

objects, was performed with a Leica S8APO stereomicroscope (Leica

Microsystems GmbH) connected to a Leica MC120 HD camera (Leica

Microsystems GmbH). For image capture, 3 ml of culture volume

were carefully pipetted into a Petri dish (Sarstedt AG & Co. KG) with

85mm inside diameter using a 10ml serological pipette (Sarstedt AG

& Co. KG) and diluted with distilled H2O until the bottom of the Petri

dish was just completely filled with liquid. Care was taken to ensure

that there was not too much water in the Petri dish to avoid

overlapping of pellets. Further, the Petri dish was gently swirled to

separate loosely attached pellets from each other. Subsequently, the

Petri dish was put on a blue cardboard with a rectangular grid in the

measurement area of the stereomicroscope (Supporting Information:

Figure S1). As the blue cardboard enhanced the contrast, it facilitated

the subsequent image analysis. One image per 13 × 11mm rectangle

and at least 24 images per sampling time were taken by carefully

sliding the blue cardboard template together with the Petri dish from

rectangle to rectangle while preventing the pellets from moving to

avoid double image capture of the same sample area. In total, about

1300 images were taken for each cultivation flask. To depict all

structural changes of A. niger MF22.4 during submerged cultivation

and to bridge the length scale between single spores in the range of a

few micrometers and pellets in the range of a few hundred

micrometers, the magnification of the stereo microscope was

adjusted at certain sampling times. Supporting Information:

Table S1 summarizes the isotropic pixel size, the field of view, and

sampling times when the magnification was changed. The stereo-

microscopic images were saved in an 8‐bit RGB JPEG file format.

2.4 | DIC microscopy

To image a few fungal objects per sampling time with higher

magnification, a Leica DM 5000 CS (Leica Microsystems GmbH) DIC

microscope was used. Per sampling time, 15 µl of culture volume

were transferred on a microscope slide and covered with a cover

glass. Twenty to 40 images per sampling time with 100‐ and 400‐fold

magnification resulting in pixel sizes of 0.651 and 0.163 µm,

respectively, were taken. The DIC high‐resolution images were used

to validate the results of our newly developed image analysis

pipeline, which is based on the stereomicroscope images.

The stereomicroscopic images were saved in an 8‐bit RGB JPEG

file format. The stereomicroscopic and DIC images of all sampling

times for flasks A and B can be downloaded via the provided link:

https://doi.org/10.14459/2021mp1634565

2.5 | Determination of the biomass

After taking stereomicroscopic images, the sample was completely

transferred into a preweighted Falcon tube and was washed twice

with distilled H2O. The tube was centrifuged after every washing

step for 5 min at 10,300 RPM and the supernatant was withdrawn.

After 10 h of cultivation, sedimentation replaced the centrifugation

steps. The washed biomass within the Falcon tubes was freeze‐dried

and the dry weight of the biomass was subsequently measured.

2.6 | Determination of glucose concentration in
the supernatant

Samples for the determination of glucose concentration were taken

every second hour. For that, 1 ml of culture volume was centrifuged

and 250 µl of the supernatant was instantly frozen in liquid nitrogen

and stored at −80°C for the subsequent measurement of glucose
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concentration. After completing the cultivation, all samples were

measured in duplicate using the Glucose GOP/PAP Liquicolor kit

(mti‐diagnostics GmbH) following the manufacturer's manual.

2.7 | Automated image analysis and data
processing

MATLAB (version R2020b; MathWorks) was used to develop a fully

automated image analysis pipeline (Figure 1). We discriminated four

fungal object classes on the 8‐bit stereomicroscopic RGB images. The

four object classes are marked on the zoomed sections of the

stereomicroscopic images in Figure 2a: (1) nongerminated spores and

spore agglomerates (Figure 2a, orange), (2) spore cores comprised of

the spore part of germinated spore agglomerates (Figure 2a, red), (3)

total pellets composed of spore agglomerate and mycelia (Figure 2a,

white), (4) and dispersed mycelia (Figure 2a, green). For better

readability, the four classes will be referred to as spores/spore

agglomerates, spore cores, pellets, and dispersed mycelia, respec-

tively. Figure 1 shows a flowchart giving an overview of key sections

of the developed spore/spore agglomerate, spore core, and pellet

segmentation pipeline. In the following, the image analysis steps will

be described in detail referring to the subimages labeled a–l in this

visual overview. Images are represented by matrices of intensity

values of different color channels. Thus, if matrix operations are

performed during image processing, the expression will be used

equivalently to the image itself.

2.8 | Segmentation of spores, spore agglomerates,
and hyphae of pellets

To binarize spores, spore agglomerates, and spore cores into

foreground objects, we used two different threshold methods, that

is, the adaptive threshold method and the global threshold method.

The adaptive threshold method (Bradley & Roth, 2007) was used for

the first 3 h of cultivation to binarize spores and spore agglomerates

into foreground objects. The global threshold method, used for

images taken after 3 h of cultivation time, was used to binarize

spores/spore agglomerates, and spore cores into foreground objects.

For the adaptive threshold method, the 8‐bit RGB image was

converted into a grayscale image and the function adaptthresh

(MathWorks) with a sensitivity value of 0.5 was utilized to calculate

an adaptive threshold matrix. After thresholding the grayscale image,

the black and white values of the binarized image were inverted to

obtain the spores and spore agglomerates as foreground objects. An

(c) (d)

(l)

(a) (e) (h) (k)

(f) (g) (i) (j)

(b)

F IGURE 1 Overview of the automated image analysis and data processing resulting in segmentation of spore cores (red), pellets (white), and
dispersed mycelium (green) on image l. Images a–k represent a zoomed section of the image l. The scale bar of image l represents a length of
500 µm.
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illustration of this threshold method can be found in Supporting

Information: Figure S2.

For the second segmentation method, the blue channel (Figure 1,

subimage b) of the RGB image stack (Figure 1, subimage a) was used

for the global threshold method. Blue channel intensity values smaller

than 255 were identified as spores and binarized into foreground

objects (Figure 1, subimage c). Note that a blue cardboard was used

as background for the imaging. In contrast to the black spores, the

transparent hyphae of pellets had no blue channel intensity values

smaller than 255.

Based on the ongoing agglomeration, the spore agglomerates

increased in size. So that a sufficient number of developed spore

agglomerates could still be depicted, the magnification was reduced.

The change in magnification from a pixel size of 0.82–1.63 µm was

chosen to coincide with the switch of the two spore segmentation

methods. Spores, spore agglomerates, and spore cores were reliably

analyzed with the second spore segmentation method, even in

blurred regions. Note that by further using an adaptive threshold,

spore cores within pellets would not be sufficiently detected, but the

adaptive threshold method showed better performance for the

(a) (b)

(c)

(d)

F IGURE 2 Differential interference contrast (DIC) images (grayscale images) and stereomicroscopic images (RGB images) at different
cultivation times showing important steps and observations during pellet growth. (a) DIC (left) and stereomicroscopic images (right) with marked
spores, spore agglomerates, spore cores, pellets, and dispersed mycelia. The fungal objects to be recognized by the image analysis are indicated
on the DIC images (left). The stereomicroscopic images (right) show the fungal objects marked by the image analysis including spores/spore
agglomerates (orange) at 0 and 3 h, pellets (white), spore cores (red), and dispersed mycelia (green) at 12 and 24 h of cultivation. The scale bars
on the stereomicroscopic images (right) represent a length of 500 µm. (b) DIC image of a spore agglomerate with germinating spores (white
arrows) at 5 h of cultivation. (c) Stereomicroscopic images of pellets with multiple spore cores at 14 h of cultivation; the scale bar represents a
length of 250 µm. (d) DIC and stereomicroscopic images of broken pellets (white arrows) at 48 h of cultivation; the scale bar represents a length
of 250 µm.
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detection of single spores at early sampling times. However,

the initial spore concentration (sampling time 0 h) determined

with the image analysis based on stereomicroscopic images differs

from the original concentration by a factor of 10 (3.2 × 105 vs.

2.5 × 106spores/ml) due to a low detection efficiency of single

spores in out of focus image regions. Spore agglomerates and spore

cores were almost completely detected by the image analysis, which

was verified by carefully checking the analyzed stereomicroscope

images by visual inspection. Due to the limited spatial resolution,

binarized spores and spore agglomerates smaller than an area of

9 pixels were deleted to prevent the false detection of small

impurities within the medium and image noise as foreground objects.

Hyphae of pellets were segmented on the red channel image

(Figure 1, subimage f). In Figure 1, subimage f, it can be seen that the

hyphae have the highest gray intensity values and show a good contrast

compared to the background. The general strategy to segment the

hyphae is to identify the potential regions of hyphae around each spore

agglomerate first and then threshold the red channel intensities within

these regions to binarize hyphae into foreground objects. This procedure

of calculating a region‐dependent threshold enables the detection of

hyphae even in blurred image regions. Further, the detection of pellets

starts automatically when the red channel intensity values around spore

agglomerates reach a certain level, which was adjusted to the intensity

values of grown hyphae.

To generate the potential detection regions for hyphae around

each spore agglomerate, we dilated the identified spore agglomerates

(MATLAB function “imdilate”) with a disk‐shaped structured element

of radius 7 pixels (Figure 1, subimage d) and subtracted the original

nondilated spore agglomerate (Figure 1, subimage c), resulting in the

ring‐shaped binary hyphae detection region (Figure 1, subimage e).

By element‐wise multiplication of matrix E (Figure 1, subimage e) with

the original red channel matrix F (Figure 1, subimage f), the intensity

values of the red channel image for each hyphae detection region

were obtained (Figure 1, subimage g). The red channel intensity

values in subimage g were used to calculate a region‐specific

threshold Tr for each region around a spore agglomerate. The

thickness of the hyphae detection region was chosen to be 7 pixels,

as enough red channel intensity values should be used to calculate a

representative threshold to binarize all pellets' hyphae into fore-

ground objects. A larger thickness would hinder the detection of

short hyphae of young pellets, as pixel intensity values of the

background would also be included in the threshold calculation for

the short hyphae. Equation (1) was used,

T x S= ¯ − ,r r r (1)

where x̄r is the arithmetic mean of the red channel intensity values

within a hyphae detection region and Sr is the standard deviation of

those intensity values, to calculate the threshold for each region

around a spore agglomerate. The regions were defined by performing

a watershed segmentation (F. Meyer, 1994) of the Euclidean

distance‐transformed (Maurer et al., 2003) matrix D (dilated spore

agglomerates, Figure 1, subimage d). The threshold values calculated

with Equation (1) were assigned to their matching watershed regions

(Figure 1, subimage h), which are defined by the computed watershed

lines (Figure 1, subimage h). With this method, a threshold matrix

with different thresholds per watershed region was generated, which

was used to binarize hyphae on the red channel image into

foreground objects (Figure 1, subimage i). The computation of the

threshold matrix for the detection of hyphal objects starts from the

first sampling times. Regions with calculated threshold values smaller

than a red channel intensity value of 60 were set to infinity.

Consequently, binarization of pixels into foreground pixels is not

possible within those particular threshold regions. Only if the

threshold value is greater or equal to 60 will the binarization of

pixels into foreground pixels become possible. Although there is

some unavoidable arbitrariness involved, the intensity value of 60

was chosen by carefully checking the images and histograms of the

images, from which it was concluded that hyphae have significant

higher red channel intensity values than 60. After the binarization,

the hyphae of pellets were postprocessed.

2.9 | Postprocessing of pellets and detection of
spore cores and dispersed mycelia

The postprocessing of the binarized hyphal foreground objects

(Figure 1, subimage i) comprises a closing, filling, and image opening

step. Thereby, pellet objects were obtained that need to pass a

control mechanism to be ultimately recognized as a pellet. To close

(MATLAB function “imclose”) the fractured hyphal objects (Figure 1,

subimage i), a disk‐shaped structured element of a radius of 15 pixel

was used. To fill the remaining holes in the closed hyphal objects,

imfill (Matlab function) was used. Thin and elongated protruding

structures were removed from the closed and filled hyphal structures

by an opening (MATLAB function “imopen”) operation with a disk‐

shaped structured element having a radius of 4 pixels. The resulting

matrix was multiplied element‐wise with the complement of the

binarized watershed line to separate the generated pellet object

candidates, grown together during the closing operation. In the last

postprocessing step, pellet objects with an equivalent diameter

smaller than 25 µm were deleted. In a final control step, it was

checked if a pellet object was at least connected to one spore

agglomerate with an equivalent diameter of 25 µm or higher. If not,

the object was not identified as a pellet, but had the possibility to be

identified as dispersed mycelia. Subimage j in Figure 1 shows the

postprocessed binarized pellets. Detected spore agglomerates, which

are connected to a pellet, are labeled as spore cores. Figure 1,

subimage l displays the original red channel image with marked

borders of spore cores (red) and pellets (white).

To identify dispersed mycelia, a vessel enhancement filter (Frangi

et al., 1998) was applied to the original red channel image. Since the

filter enhances elongated structures and the hyphae of dispersed

mycelia are only loosely agglomerated, the vessel enhancement filter

(MATLAB function “fibermetric”) was capable to increase the

intensity values of hyphae belonging to dispersed mycelia. The

filtered image was binarized by setting a threshold, which was
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calculated with Otsu's method (Otsu, 1979). The result was a

binarized image with freely dispersed hyphae as foreground objects

(Figure 1, subimage k). Since hyphae of the fluffy outer parts of

pellets were also binarized into foreground objects, the calculated

pellet objects were deleted from the binarized dispersed mycelia

image. A final closing of the dispersed mycelia foreground objects

with a square of edge length 3 pixels was performed to connect and

smoothen fractured hypha. In Figure 1, subimage l, the binarized

image with dispersed mycelia as foreground objects is overlaid in

green about the red channel image.

Note that the given image (Figure 1, subimage l) is a sample after

24 h cultivation time. Thus, spores/spore agglomerates without

surrounding mycelia are no longer present. Further, dispersed

mycelia, spores/spore agglomerates, and pellets touching the image

borders were deleted (MATLAB function “imclearborder”).

2.10 | Data processing

The four fungal object classes comprising spores/spore agglomerates,

spore cores, pellets, and dispersed mycelia were differentiated and

analyzed separately on the binarized images. The number of fungal

objects and the area‐equivalent circular diameter of each object were

computed for the class of spores/spore agglomerates, spore cores,

and pellets. The area fraction was calculated for all object classes,

including dispersed mycelia.

To obtain the analyzed/imaged sample volume for each sampling

time, the area fraction under investigation of the Petri dish was

multiplied by the original sample volume of 3ml. The number of

analyzed fungal objects on the images per Petri dish was then divided

by the analyzed sample volume to obtain the concentration of spore/

spore agglomerates, spore cores, and pellets.

To create the cumulative size distributions ∫Q d q d dd( ) = ( ′) ′
d

0 0 0 of

spores/spore agglomerates, spore cores, and pellets per sampling

time, the values of the area‐equivalent circular diameter d d, ′ were

divided into 15 equidistant size classes between the minimal and

maximal fungal object diameter. q0 is the normalized number density

distribution. While d is the argument of the cumulative distribution

function, d′ is the integration variable. To assess the change in the

distributions over the cultivation time, the same grid of the size data

for all sampling times was applied. Since objects touching the image

border were deleted, a bias would be introduced in the size

distributions as large objects are more likely to touch the image

border than smaller ones. Thereby, the proportion of large objects

would be underestimated in comparison to smaller objects. To

consider this bias, the correction factor

CF
h w

h d w d
=

×

( − ) ×( − )
class

image image

image class_mid image class_mid
(2)

was introduced for each class, where himage and wimage indicate the

image height and width. The correction factor increases with the size

of dclass_mid , which is the diameter of the midpoint per class. The

introduced correction factor is based on the “adjusted count”

method, which is described in Russ (2016). CFclass was multiplied

with each class of the number density distributions q d( )0 .

In addition, box‐and‐whisker plots were used to describe the

distributions of the equivalent diameter of spores/spore agglomer-

ates during cultivation. The whiskers and the outliers of the box‐and‐

whisker plots were calculated by 1.5 times the interquartile range.

The area fraction of each object class was calculated by the ratio

between the sum of object areas within the class and the total area of

all captured images per sampling time.

To evaluate the locations of spore cores within pellets and to

observe asymmetric positions of the spore cores relating to the pellet

center, we calculated the Euclidean distance between the coordi-

nates of the centroid of a pellet and the centroid of its spore core.

This calculation was performed for pellets containing only one spore

core. The obtained data were used to calculate cumulative distribu-

tions of the Euclidean distances at different sampling times.

3 | RESULTS AND DISCUSSION

In this study, we demonstrate the potential of a newly developed image

analysis pipeline (Figure 1) to investigate the morphological development

of a filamentous fungal culture into pellets and dispersed mycelia and to

describe population heterogeneities. Exemplarily, we present data for

duplicate A. niger batch cultivations performed in shake flasks for 48h.

Examples of DIC and stereomicroscopic images at all sampling times for

cultivation flask A are shown in Supporting Information: Figure S3. With

the developed image analysis pipeline (see Figure 1 and Section 2), we

were able to analyze both spore agglomeration and growth of A. niger

pellets during submerged cultivation. At 44 sampling times, about 42,700

spores/spore agglomerates, 35,500 spore cores, and 33,000 pellets were

analyzed in total for culture flask A, and 66,300, 34,000, and 31,500,

respectively, for the duplicate culture flask B. The lowest numbers of

analyzed objects per class and sampling time were 600 for flask A and

400 for flask B, respectively.

3.1 | Overall cultural development

Figure 3 provides an overview focusing on spore agglomeration and pellet

growth with calculated mean concentrations (left ordinate) and mean

equivalent diameters of the fungal objects (right ordinate) per cultivation

flask over time (abscissa). Small standard deviations between both

duplicates demonstrate high reproducibility of the cultivation method and

the developed image analysis pipeline. As depicted in Figure 3a, spore

concentration decreases starting from 1 until 4.5 h and the equivalent

diameter of spores/spore agglomerates increases. This indicates that

spore agglomeration already starts after 1 h, forming spore agglomerates

with a mean equivalent diameter of about 140µm at 4.5 h. This

observation agrees with the qualitative analysis of the DIC images.

Selected examples of DIC and stereomicroscope images for all sampling

times for flask A can be found in the Supporting Information: Figure S3.

Exemplary spore agglomerates at 3 h are shown in Figure 2a. Surprisingly,
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from 4.5 h on, spore/spore agglomerate concentrations increase and

spore agglomerate equivalent diameters decrease, indicating breakage of

spore agglomerates possibly due to the start of germination (Figure 3a).

Figure 2b shows germinating spores of a spore agglomerate at 5 h. After

6 h, the concentration of spores/spore agglomerates remains almost

constant until the first pellets become detected at 8 h (Figure 3b). The

first pellets are detected at a sampling time of 8 h and not from the start

of germination at 5 h, as a certain length of hyphae is needed to calculate

a pellet specific threshold with the method described in the image

analysis section (see Section 2). Consequently, the concentration of spore

agglomerates decreases only from 8h and not at earlier sampling times,

which might be expected from a biological point of view. At 8 h, the

difference between the mean equivalent diameter of pellets (266µm) and

spore agglomerates (115µm) is about 150µm (Figure 3b), due to the

thickness of the hyphal layer around the spore agglomerates needed for

pellet detection. Further, pellets with large spore agglomerates are

detected first in comparison to smaller pellets, resulting in an over-

estimation of the mean value for the whole population. At 9 h, the growth

of hyphae enables the detection of smaller pellets as well, resulting in an

increased pellet concentration and a decreased mean equivalent pellet

diameter of 228µm. At 12h, all spore agglomerates grew into spore

cores within pellets. The concentration of spore cores of pellets after 12 h

is nearly similar to the spore agglomerate concentration after 6 h

(Figure 3b). Therefore, we calculated the mean number of spores per

pellet with the ratio of the initial spore concentration in the medium of

2.5 ×106 spores/ml and the concentration of pellets at 12 h (1975

pellets/ml), resulting in about 1265 spores per pellet, assuming that all

spores have agglomerated and all spore agglomerates have built a pellet.

Notably, the concentration of spore cores is slightly higher than the

concentration of pellets (Figure 3b), as pellets can contain multiple spore

cores as shown in Figure 2c. At 12 h, a pellet contains an average of about

1.1 spore cores. From 9 to 22 h, a constant growth rate of 12.6µm/h of

the pellet mean equivalent diameter was calculated with a simple linear

regression model with a coefficient of determination of 0.99 (Figure 3a).

Figure 4 shows the development of the mean glucose and biomass

concentration for flasks A and B (right ordinate) and the area fraction of

the fungal structures (left ordinate), which is the sum of the area fractions

of nongerminated spores/spore agglomerates, pellets (including spore

cores), and dispersed mycelia. The development of the area fraction of

the fungal structures shows the same trend as the development of the

determined biomass concentration per sampling time, except for

the values at 30 and 31h. We strongly assume measurement errors for

the biomass concentrations at the sampling times of 30 and 31 h. The

glucose concentration constantly decreases from 10 to 32h and behaves

as expected, inversely proportional to the area fraction of the fungal

structures and the accumulated biomass. The slower increase in biomass

and the area fraction between 32 and 48 h indicates the end of the

exponential growth phase due to glucose limitation.

(a)

(b)

F IGURE 3 Overview on spore agglomeration
and pellet growth with calculated mean number
concentrations and mean equivalent diameters of
spores/spore agglomerates, spore cores, and
pellets per sampling time. (a) The graphs were
calculated with the data obtained by the image
analysis of the stereo microscope images. The
shown data of number concentrations (left
ordinate) and equivalent diameters (right
ordinate) are mean values, calculated with the
mean of flasks A and B. Spores/spore
agglomerates (spore agg.) indicate ungerminated
spores and spore agglomerates. Spore cores are
detected spore agglomerates within pellets. The
error bars indicate the standard deviation
between the mean of flasks A and B. The
function f t( ) was calculated by a linear regression
model. The slope of 12.60 µm/h indicates the
growth velocity of the pellet equivalent diameter
from 9 to 22 h. (b) Zoomed section of the
rectangle in (a).
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Figure 5 displays the area fractions of all fungal objects. The area

fraction of dispersed mycelia constantly increases from 7.5 to 32 h

and shows reduced growth from 32 h. Due to the loose structure of

dispersed mycelia, we assume that nutrient and oxygen transfer

limitation from the medium bulk phase to the hyphae is a minor

factor, but that glucose limitation is the main reason for the growth

limitation of dispersed mycelia. The slower increase of the area

fraction of pellets starts already from 24 h. In addition, the area

fraction (Figure 5) and the equivalent diameter (Figure 3a) of spore

cores do not increase anymore from 24 h.

Assuming that the growth of hyphae within spore cores enlarges

the spore core, growth limitations due to transfer hindrance of

nutrients and oxygen through the dense hyphal pellet structure could

be a reason for the stagnating area fraction of spore cores. At 24 h, a

pellet mean equivalent diameter of 410 µm can be observed

(Figure 3a). Driouch et al. (2012) and Hille et al. (2009) proposed a

critical diameter of 400 µm at which oxygen transfer limitations can

occur within A. niger pellets. Here, it must be mentioned that a critical

diameter for oxygen transfer limitations depends on the hyphal

density within a pellet (Schmideder et al., 2019, 2020).

The area fraction of spores and spore agglomerates slightly increases

until 6 h (Figure 5). The isotropic swelling of spores results in higher area

fraction values of spores and spore agglomerates, as the diameter of

Aspergillus spores increases twofold or more before germination (Van

Leeuwen et al., 2013). Further, spore agglomerates, which are built by the

agglomeration between spore agglomerates, enclose hollow regions

resulting in an overestimation of the area fraction of spore agglomerates.

3.2 | Spore agglomeration

The high amount of analyzed fungal objects per sampling time made

it possible to calculate size distributions. To represent the evolution

of the distributed size of spores/spore agglomerates, spore cores, and

pellets throughout cultivation, we used the cumulative size distribu-

tion Q d( )0 . Figure 6 exemplarily depicts the time evolution of Q d( )0

of spores/spore agglomerates and spore cores for flask A. The

distribution evolution for flask B can be found in Supporting

Information: Figure S4. The boxplots in Figure 7 summarize the

distributions of all equivalent diameters of spores/spore agglomer-

ates and spore cores per sampling time for flask A. The boxplots per

sampling time for flask B can be found in the Supporting

Information: Figure S5.

In Figure 6, it can be observed that the d90 value at 0 h of the

cumulative size distribution is about 6.6 µm, which means that 90%

of all analyzed spores of flask A at 0 h (start of cultivation) have an

equivalent diameter less or equal to about 6.6 µm. This indicates that

the spores are individually dispersed. Manually measured diameters

of 37 single spores on the DIC images at 0 h range between 4 and

7.6 µm with a mean of 5.3 µm and a standard deviation of 0.6 µm. At

2 h, the equivalent diameter of 90% of spores and spore agglomer-

ates is shifted to less or equal to about 28 µm (d90 value). Large spore

agglomerates already reach a size of about 190 µm. The shift of the

distributions from a convex to a concave curvature at 3 h shows the

increase of the equivalent diameter for all size classes and the rise of

the spore agglomeration. The cumulative size distributions at 4.5 h

indicate a d90 value of spore agglomerates of 253 µm. Larger

agglomerates may form by agglomeration of already formed

agglomerates. The comparison of the distributions of 4.5 and 6 h

suggests that such large spore agglomerates (>200 µm) at 4.5 h break

into smaller spore agglomerates at 6 h, as growing hyphae due to the

start of germination between 4.5 and 6 h lead to the mechanical

separation of loose connections between spore agglomerates. At 6 h,

the d90 value decreases to about 220 µm. At 8 h, the first pellets and

thus spore cores are detected. The cumulative size distribution

(Figure 6) and the boxplot (Figure 7) at 8 h indicate that 50% of the

F IGURE 4 Total area fractions of the fungal structures (left ordinate, blue) as well as biomass and glucose concentration (right ordinate,
orange) for all 44 sampling times. The total area fraction of the fungal structures is the sum of the area fractions of spores, spore agglomerates,
pellets (including spore cores), and dispersed mycelia. The data of the area fractions were determined by the image analysis based on
stereomicroscopic images. The depicted area fractions are mean values, calculated with the total area fractions for flasks A and B. The error bars
indicate the standard deviation between flasks A and B. The orange gridlines and the right ordinate show the mean biomass (dotted line) and
glucose (solid line) concentration in the medium of flasks A and B per sampling time.
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equivalent diameters of spore agglomerates and spore cores range

between 70 and 140 µm. The cumulative size distribution at 12 h,

when no spore agglomerates without hyphae are detected anymore,

shows an increase in the equivalent diameter of spore cores

(Figure 6). As stated above, this observation possibly goes along

with the growth of hyphae in the center of spore cores, resulting in

an increased equivalent diameter of detected spore cores. The

boxplots in Figure 7 furthermore indicate that the highest heteroge-

neity can be observed during the first 9 h after inoculation. Also, it

demonstrates that the spore core equivalent diameters further

increase between 12 and 24 h due to the shift of the boxes,

representing the middle 50% of the data, to larger equivalent

diameters. The median and the mean increase from about 130 µm at

12 h to 160 µm at 24 h. From 24 to 32 h, that is, when glucose

becomes limited, the increase of the spore cores stagnates and 50%

of the equivalent diameters remain constant between 130 and

190 µm. It has previously been shown that glucose limitation, and

thus the onset of starvation, leads to autophagic processes in A. niger

to recycle carbon intracellularly (Nitsche et al., 2012, 2013). Com-

pared to 32 h, the distribution of 48 h shows a decrease in the

equivalent diameters of spore cores. At 48 h, 50% of equivalent

diameters range between 100 and 170 µm. The median and the mean

F IGURE 5 Mean area fractions for fungal
objects per sampling time. The mean area
fractions are calculated with the area fractions for
flasks A and B. The error bars indicate the
standard deviation between flasks A and B. The
data of the area fractions were determined by the
image analysis based on stereomicroscopic
images. Spore cores are detected spore
agglomerates within pellets.

F IGURE 6 Cumulative size distributionsQ d( )0

of equivalent diameters of spores, spore
agglomerates, and spore cores of flask A at
different sampling times. The data were
determined by the image analysis based on
stereomicroscopic images. The dashed lines
indicate the d90 values.

F IGURE 7 Boxplots of equivalent diameters
of spores, spore agglomerates, and spore cores
per sampling time for flask A. Black lines within
the boxes mark the median. The outliers are
indicated by scattered black dots. The orange
graph shows the mean equivalent diameter of all
detected spores, spore agglomerates, and spore
cores per sampling time. The data were
determined by the image analysis based on
stereomicroscopic images.
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decrease to about 135 µm. Due to the decreased equivalent

diameters and the increased concentration of spore cores at 48 h

compared to 32 h in Figure 3a, we assume pellet breakage at the

spore core. We will further discuss this hypothesis by taking the

cumulative size distributions Q d( )0 of the pellet equivalent diameters

into account.

3.3 | Pellet growth and breakage

The growth and structural development of pellets within the

cultivation can be tracked with the cumulative size distributions

Q d( )0 of the equivalent diameter of pellets per sampling time.

Figure 8 displays the cumulative size distributions Q d( )0 of flask A.

The normalized number density distributions q d( )0 of flask A at

different sampling times are shown in the Supporting Information:

Figure S6. In addition, the cumulative size distributionsQ d( )0 and the

normalized number density distributions q d( )0 of flask B can be found

in the Supporting Information: Figures S7 and S8. Further, the boxplots

of equivalent diameters of pellets per sampling time can be found in the

Supporting Information: Figures S9 and S10. The shift of the cumulative

distributions of flask A (Figure 8) and flask B (Figure S7) to larger

diameters until the sampling time of 32 h indicates the growth of pellets

of all size classes. From sampling times from 24 until 48 h, the

cumulative size distributions of flasks A and B become wider, showing

an increase in the heterogeneity of the pellet size probably due to

breakage and agglomeration events of hyphal structures. This can also

be seen in the normalized number density distributions q d( )0 of flasks A

and B in the Supporting Information: Figures S6 and S8. By comparing

the sampling times at 32 and 48 h, the size distribution of flask A at 48 h

shows a larger number of pellets within the equivalent diameter range

from about 200 and 390µm and a lower number of pellets with an

equivalent diameter between 390 and 510µm (Figure 8 and Supporting

Information: Figure S6). Supporting Information: Figures S7 and S8 show

a similar observation for flask B. Figure 3a also shows a decrease in the

pellet mean equivalent diameter and an increase in the pellet

concentration from 32 to 48 h. Note that a pellet can break into two

new pellets, which are detected by the image analysis, leading to an

increased pellet number concentration. Although the mean equivalent

diameter of pellets in Figure 3a stagnates from 30 h or even slightly

decreases from 32 h, the area fraction of pellets in Figure 5 further

increases between 32 and 48 h. These observations lead to the

hypothesis that pellets grow to a certain size until increasing shear

forces act upon them. Also, inactive cells due to oxygen and glucose

limitations in central parts result in weaker bonding forces between the

cells and finally in pellet break up (Figure 2d). Glucose limitation and

eventually starvation are explained by dramatic transcriptomic changes,

as about 7000 out of the 14,000 genes of A. niger become differentially

expressed in the postexponential growth phase compared to the

exponential growth phase (Nitsche et al., 2012). Among those are genes

encoding for secreted hydrolytic enzymes including chitinases, gluca-

nases, proteases, and phospholipases that remodel (and supposedly

weaken) the cell surface of A. niger. Pellet fragmentation leading to

increased population heterogeneity can also be induced by a change of

the carbon source from glucose to maltose (Tegelaar et al., 2020). This

could potentially be caused by a short period of carbon limitation. Posch

et al. (2012) assumed pellet breakage due to oxygen transfer limitation

to the pellet core at area‐equivalent circular diameters between 350 and

400µm. Hille et al. (2009) stated that above a critical pellet diameter of

about 400µm, diffusion limitation in the pellet core of A. niger occurs.

Driouch et al. (2012) verified this critical radius with the use of a green

fluorescent protein producing A. niger strain. In Figure 8, the d50 value of

the cumulative size distribution at 24 h of flask A shows that 50% of the

analyzed pellets have equivalent diameters larger than a diameter of

400µm. At 32 h, the d50 value even increases to about 450µm, leading

to the assumption of oxygen and nutrient limitation followed by pellet

breakage at the pellet center within 48 h of cultivation.

As already mentioned, Figures 3a and 7 show a smaller mean

equivalent diameter of spore cores at 48 h compared to 32 h. These

observations lead to the hypothesis that pellet breakage occurs at the

spore core of a pellet, which is normally located in the center of a

pellet. Figure 2d shows a DIC image of a pellet, which has broken at

its spore core and two exemplary stereomicroscopic images with

broken pellets at 48 h of cultivation. Buffo et al. (2020) observed the

breakage of pellets into large pellet fragments with sizes between

200 and 500 µm during A. niger bioreactor cultivations. Pictures in

their publication show these fragments breaking out of central

pellet parts.

To statistically strengthen the hypothesis that breakage through

the central parts of the pellets occur, we used the distance between the

F IGURE 8 Cumulative size distributionsQ d( )0

of the equivalent diameters of pellets at different
sampling times for flask A. The data were
determined by the image analysis based on
stereomicroscopic images. The dashed lines
indicate the d50 values.
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centroid of the pellet and the centroid of the pellets' spore core as a

measure of the eccentricity. Such measure is directly linked to the

asymmetry of a pellet and increasing asymmetry should be expected if

central breakage of pellets occurs. Figure 9 shows the cumulative

distribution of the distance between the centroid of the pellet and the

centroid of the pellets' spore core for all pellets per sampling time for

flask A. The same graph for flask B can be found in the Supporting

Information: Figure S11. Note that we calculated the distance between

the centroids for pellets that contain only one spore core. However,

starting from sampling time 12 h, over 91% of the pellets per sampling

time of flasks A and B contained only one spore core. A “perfect”

spherical pellet with a spherical spore core in the pellet center would

have a distance of zero. The increase of the d50 values indicates an

increasing asymmetry of the position of the spore cores within pellets.

Reasons for this observation could be the agglomeration of dispersed

mycelia and pellets, or breakage of hyphae due to shear forces and

asymmetric growth of the pellet. Since almost no increase of the

equivalent diameters of pellets starting from about 390µm can be

observed between 32 and 48 h in Figure 8 and Supporting Information:

Figure S7, we assume that breakage of pellets results in the increased

centroid distances between 32 and 48 h in Figure 9. Therefore, the

increase of the centroid distance between 32 and 48 h provides

additional evidence of pellet breakage at its spore core since the spore

core is no longer in the middle of a pellet due to the breakage.

4 | CONCLUSION

The present study describes a new high‐throughput image analysis

pipeline based on stereomicroscopic images. The new method has a

considerable advantage over already existing tools in that it can track

both the spore agglomeration and the structural development of pellets

during growth. This added value in comparison to other image analysis

tools, for example, SParticle by Willemse et al. (2018), is realized by

detecting multiple fungal object classes at ones without additional user

input. Within a stereomicroscopic image, spores/spore agglomerates,

pellets, spore cores, which are spore agglomerates within pellets, and

dispersed mycelia can be segmented and analyzed. Our image analysis is

computationally undemanding. Thus, the developed algorithm can

analyze 30 images that only contain spores within one minute with a

standard desktop PC (AMD Ryzen 7 2700 Eight‐Core Processor;

3.4GHz); 30 images that also show pellets can be calculated within

4min. The image capturing of 30 images including the sampling could be

performed within 10min. Regarding the short image capturing and

processing time, the new method can provide information and

conclusions about the development during cultivation.

The proposed method can quantify the morphological evolution

during the cultivation of filamentous fungal pellets. Starting from the

inoculum, the spore agglomeration, transitioning to hyphal growth,

and the macromorphological development of pellets as well as the

amount of dispersed mycelia can be tracked. Thus, our method

enables one to study the influence of cultivation conditions,

including, for example, medium composition, inoculum concentration,

pH, temperature, agitation, aeration, or microparticles as well as the

impact of genetic modifications on the spore agglomeration but also

on the pellet morphology during cultivation. Based on A. niger

cultivations of 48 h, we demonstrated the potential of the developed

image analysis. With the calculated spore and spore agglomerate size

distributions of different time steps during cultivation, we could

observe the breakage of large spore agglomerates (>200 µm) into

smaller ones from the beginning of germination. Based on the

quantification of spore cores, the size distributions of pellets, together

with the area fractions, and physiological data (glucose consumption,

and biomass formation), a hypothesis about pellet breakage at the spore

core has been corroborated as a consequence of mass transfer

limitations in the interior of pellets. A wider pellet size distribution at

the end of the cultivation run, possibly caused by pellet breakage,

indicated an increased cultural heterogeneity. Summarizing, the

combination of high‐throughput, tracking of both spore agglomeration

and pellet development, as well as the automated detection of spores,

F IGURE 9 Cumulative distribution of Euclidean distances between the centroid of the pellet and the centroid of the spore core at different
sampling times for flask A. The schematic drawing in the upper right corner depicts the distance between the pellet centroid (black dot) and the
spore core centroid (red dot). The data were determined by the image analysis based on stereomicroscopic images. The dashed lines indicate the
d50 values. The distances were calculated for pellets containing one spore core.
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spore agglomerates, spore cores, and pellets at different sampling times

within one computation run, renders the proposed image analysis a

valuable tool for studying the morphological development of filamen-

tous fungal pellets during cultivation.
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