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In technical fermentations, filamentous microorganisms are exposed to different forms of

mechanical stress, among which shear stress is prevalent in turbulent broths. Whereas

small-scale bioreactors allow for realistic turbulent flow field conditions, they are not

well-suited to investigate the fungal response to shear stress in more detail, as they

only reveal the integral effect of a highly dynamic stress stimulus. Therefore, the widely

used model system for producing constant, but rather low shear forces, the parallel

plate flow chamber, is extended in this work by adding a backward-facing step (BFS).

The BFS induces vortex shedding in the wake of the step and brings out distinct

areas of different shear stress levels at the bottom of the chamber where mycelia

grow. This allows for a stress-dependent analysis of growing cells using a confocal

laser-scanning microscope. As the real stress cannot be measured in the experiment,

the wall shear stress is estimated numerically using computational fluid dynamics (CFD).

As a first application of the experimental setup, the relative biomass concentration, the

relative amount of secretory vesicles and the relative amount of the chosen product

glucoamylase produced by the filamentous fungus Aspergillus niger were measured.

The obtained area scans show homogeneous mycelia growth in areas of low stress

and cloud-like patterns downstream of the predicted flow reattachment length where

high shear stress dominates. Quantitative analysis of the time course suggests that the

amount of available secretory vesicles inside of A. niger decreases when the shear stress

is increased, despite that no significant differences in biomass production could be found.

In contrast, the highest level of glucoamylase was reached for intermediate volumetric

flow rates, i.e., levels of shear stress.

Keywords: A. niger, flow chamber, backward-facing step, shear stress, morphology, secretory vesicles,

glucoamylase

1. INTRODUCTION

Hydromechanical stress is considered a decisive influencing variable for multiphase processes
in the field of bioprocess engineering. In production-scale fermentations, stirring or mixing
processes are often necessary to ensure adequate oxygen supply to and CO2 romoval
from the growing organisms, to support heat transfer, and to homogenize the broth.
The hydrodynamic conditions created during cell culture in bioreactors can critically
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FIGURE 8 | Overview images of extinction, sum of eGFP fluorescence and dTomato fluorescence downstream of the step (left image margin, x/s = 0) for the blank

sample (exchange of minimal medium on minimal shear) and V̇ = {20, 50, 80, 120} mL min−1 . All pictured distributions were measured at the last time point per

experiment, i.e., tend = {26.13, 23.48, 22.50, 24.10, 22.42} h. Black line: time-averaged reattachment line xr(x, y) per V̇. The color space of each image has been

adjusted for the highest possible contrast. Intensity-based differences between images are, thus, not equivalent to quantitative differences.

It can be seen that the smallest increase in biomass
(up to 1.2 times the reference) was obtained in the blank
sample. It should be noted that this was the final measured
value, as no images were available for the blank sample
between t = 13 h and t = 26 h due to an error
in the microscopy operation. For continuous shear flow,
i.e., for V̇ = {20, 50, 80, 120} mL min−1 , accelerated growth was
present initially, followed by smaller, near linear growth of
biomass. Figure 11 covers only the onset of this transition,
as the experiments were aborted after around 24 h. The
increase pattern was similar for all volume flows, but occurred
with a time lag. Here, the mean extinction in the anterior
zone was slightly higher than in the posterior zone. Overall,
the comparison of the two zones shows that the time
courses of light extinction by biomass at the different volume
flows were very similar to each other. This is especially

true when the wide scatter of the absorbance per zone is
taken into account. The scatter width resulted from the
inhomogeneous distribution of the biomass. After t = 8 h,
a small decrease in biomass is noticed before the higher
volume flows and especially in the posterior zone. This
resulted from the detachment of spores by the flow and
was accounted for by normalizing to the reference time
t0 = 9 h.

3.2.2. Secretory Vesicles (SV-eGFP)
The quantitative course of the relative fluorescence sum in the
zone directly behind the step and in the downstream area is
depicted in Figure 12, left and right, respectively. During the first
hours of the experiments the amount of vesicles formed increased
exponentially for all V̇ , quickly transitioned to approximately
linear growth, and leveled off from t = 19 h on in the front
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FIGURE 9 | (Top) Wide field microscopy measurements in the area behind the BFS (x/s = 0) and separation line (black). (Bottom) Simulation results (CFD) of the

mean shear stress magnitude. Left: volumetric flow rate V̇ = 20 mL min−1; Right: volumetric flow rate V̇ = 50 mL min−1.

FIGURE 10 | (Top) Wide field microscopy measurements in the area behind the BFS (x/s = 0) and separation line (black). (Bottom) Simulation results (CFD) of the

mean shear stress magnitude. Left: volumetric flow rate V̇ = 80 mL min−1; Right: volumetric flow rate V̇ = 120 mL min−1.

region and for t = 17 h in the back region, respectively. The blank
sample did not show exponential growth behavior and resembled
a flat linear progression. From 8 h, the relative green fluorescence
of the blank sample increased briefly in both zones and remained
at about the same level until the end of the experiment. During
the period from 8–10 h, the green fluorescence in the experiments
with medium flux dropped temporarily because fluorescent
spores were flushed out of the system. For compensation, in
each case, the entire time series was normalized to the spore
fraction still present at 9 h. The total sum of fluorescence was
visibly higher in the anterior zone than in the posterior zone at
V̇ = {50, 120} mL min−1. The fluorescence sum of SV increased
rapidly in the anterior zone for 20 and 50 mL min−1, whereas at
the higher volume flows of 80 and 120 mL min−1 the increase
was delayed and with a lower slope. The final fluorescence sum
achieved was highest at 50 mL min−1 with 4.8-fold fluorescence

sum, while 80 and 120 mL min−1 had a maximum of 3.1-fold
vesicle activity.

In the downstream zone, the exponential increase graded
according to the volume flow, i.e., 20 mL min−1 being the first
and 120 mL min−1 the last. The maximum slope of the relative
fluorescence sum here also decreased according to the volume
flow rate, so that the highest maximum slope was reached for
20 mL min−1 and the lowest for 120 mL min−1. For all cases,
the curves flattened out from t ≥ 21 h at the latest.

3.2.3. Glucoamylase (GlaA-dTomato)
Analogous to green fluorescence, red fluorescence emitted by
the marker protein dTomato at the target enzyme GlaA was
evaluated. The results are shown in Figure 13. The zone-specific
courses of total fluorescence of dTomato-labeled GlaA are plotted
as relative values for the blank sample and for all volume flows.
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FIGURE 11 | Relative light extinction for V̇ = 20, 50, 80, 120 mL min−1 and the blank sample (shear-free medium exchange). The light extinction was normalized to

the initial extinction at t0 = 9 h. The error bars bound the 1σ interval around the zone mean and quantify the scatter of the extinction per zone. (Left) Zone behind the

step (recirculation zone); (Right) Zone downstream of the step, x/s > 15 (after reattachment).

FIGURE 12 | Relative axial green fluorescence (G) sum of tagged secretory vesicles for V̇ = 20, 50, 80, 120 mL min−1 and the blank sample (shear-free medium

exchange). The fluorescence was normalized to the initial extinction at t0 = 9 h. (Left) Zone behind the step (recirculation zone); (Right) Zone downstream of the step,

x/s > 15 (after reattachment).

The fluorescence sum took relatively similar exponential initial
courses for the volume flows studied. After an exponential rising
phase, the activity in both zones flattened out after 17 h for
all volume flows. For both zones, significantly less GlaA was
formed at 120 mL min−1 than at the remaining volume flows.
As can be seen in the right part of Figure 13, the activity in the
posterior zone at 120 mL min−1 was lower than in the anterior
zone. In contrast, GlaA at 80 mL min−1 increased longer in
the posterior zone compared with the anterior one, reaching a
maximum value of 8 times the relative fluorescence sum. At the
other volumetric flows studied, there were only relatively small
differences in GlaA activity between the anterior and posterior
zones. Figure 14 displays the relative GlaA amount divided by the
relative biomass. A lower relative GlaA production was obtained
both for low and high flow rates while intermediate flow rates
gave rise to higher values.

4. DISCUSSION

While there was little difference in the mean relative amount
of biomass, the formed mycelium showed designated areas of
varying metastructures in all flow-through experiments. The
boundary line between the two zones roughly coincided with
the course of the time-mean reattachment line xr(x, y) that was
predicted by the preceding fluid simulation. The mycelia in
the low absolute shear zone directly behind the step, where
concomitantly the shear stress varied only slightly over time,
were characterized by homogeneous and uniform structures.
In contrast, structures were inhomogeneous, cloud-like more
downstream of the step in regions of higher absolute shear
stress or regions with low mean absolute shear stress but with a
high variability. The latter occurred in the reattachment region,
where the flow dynamically switches between downward and
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FIGURE 13 | Relative axial red fluorescence (R) sum of tagged glucoamylase for V̇ = 20, 50, 80, 120mLmin−1 and the blank sample (shear-free medium exchange).

The light extinction was normalized to the initial extinction at t0 = 9 h. (Left) ZONE behind the step (recirculation zone); (Right) Zone downstream of the step,

x/s > 15 (after reattachment).

FIGURE 14 | Relative axial red fluorescence (R) sum of tagged glucoamylase for V̇ = 20, 50, 80, 120 mL min−1 and the blank sample (shear-free medium exchange)

divided by the relative biomass per time. The light extinction and the biomass were normalized to the initial extinction and the initial biomass at t0 = 9 h. (Left) Zone

behind the step (recirculation zone); (Right) zone downstream of the step, x/s > 15 (after reattachment).

backward flow and thereby dynamically impacts on the mycelial
structures. It should be noted that the proportion of y-directed
flow, i.e., orthogonal to the main flow, was significantly higher
in the anterior zone than downstream of xr(x, y) and grows with
increasing flow velocity (compare three dimensionality of the
flow in Supplementary Figure 5). However, the extent to which
this flow component could favor uniform hyphal growth remains
an open question.

These observations clearly show that the absolute shear
stress and its variation have a distinctive influence on the
macromorphology. While this correlation had to be expected,
the experiments in the newly designed flow chamber allow
for a first step toward a quantitative description. Depending
on the volume flow chosen, more or less pronounced vortex
structures can be produced in the flow behind the backward-
facing step. These vortical structures hit at the bottom
of the chamber downstream of the step producing shear

stress and variations of shear stress that can be manipulated
by the volume flow. Observing germinating spores in that
region microscopically then more clearly correlates mechanical
stimulus with developing morphology of mycelia, especially
when compared to experiments run in a reactor for which
only integral quantities can be given. However, in this
study, larger regions of the flow chamber were assessed
microscopically with a smaller magnification to determine
statistically more sound estimates of various quantities. This
magnification did not allow for a finer characterization of the
(micro-)morphology. Such investigations have to be performed
in a following study.

This work started from a hypothesis that for cultivations in a
higher shear stress environment more secretory vesicles (SV) are
needed to transport cell wall-building components to the tip and
contribute to thicker cell walls to withstand themechanical stress.
If the amount of SVs is limited, this would mean that less SVs

Frontiers in Microbiology | www.frontiersin.org 12 May 2022 | Volume 13 | Article 842249

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Kunz and King A. niger Under Varying Shear Stress

are available for product secretion. The amount of SVs present
was quantified by the z-sum of the fluorescence signal emitted
by the protein eGFP in the A. niger mutant used, which labeled
the SVs. As the SNARE-proteins are attached to the vesicle
surface, the signal is related to the vesicle surface area. Assuming
SNARE-density on the vesicle surface to be constant, the signal is
regarded as proportional to the number of vesicle instances. The
relative progress indicated an accelerated increase in secretory
vesicles at the beginning of cultivation, which flattened slightly
after 20 h concomitantly with near linear biomass growth. The
secretory vesicle density decreased overall when the volume flow
rate increased. This behavior was most evident in the posterior
zone, where differences in predicted averaged wall shear stress
between volume flows were also more pronounced. The secretory
vesicle density per biomass (data not depicted in this study)
also decreased from V̇ = 80 mL min−1. Considering the
double role of secretory vesicles according to which secretory
vesicles are equally used for the transport of cell wall-stabilizing
components and of secreted products, this tendency seems
surprising. In this regard, it contradicts the assumption that
A. niger would, in case of increased hydrodynamic stress, enlarge
the amount of secretory vesicles for the purpose of cell wall
stabilization. Whether subapical cell wall strengthening with a
different dynamical role of SVs takes places in such instances is
not known.

Additionally, it cannot be completely ruled out that the
secretory vesicle density was lowered with increasing volume
flow due to a flush-out of spores from the corresponding zones.
Respective investigations of the adhesion of spores in long-term
tests are to be carried out in the future.

As a product to be secreted by SVs, the progression of GlaA
was measured by summing the dTomato red fluorescence. Here,
the finding published by Hayakawa et al. (2011) and Fiedler et al.
(2018) that GlaA accumulates in the septa of the fungus was
initially confirmed. As in the time course of GlaA formation,
the initial exponential increase in GlaA (as in secretory vesicles)
transitioned to a linear increase as seen for the biomass as
well. However, the volume fluxes studied were not significantly
different from each other for V̇ = {20, 50, 80} mL min−1 and
similar relative changes were obtained in the anterior and
posterior zones. For the blank sample, the least GlaA was
produced. Among the flow-through samples, 120 mL min−1

showed the lowest GlaA density, with the slope curve flattening
visibly after 17 h. Evaluating the GlaA density divided by the
biomass density suggests that a sufficiently high volumetric flow
rate can significantly increase the yield of GlaA, but too strong
a loading stimulus tends to decrease the production rate per
biomass. A correlation with the amount of secretory vesicles
cannot be ruled out here, since secretory vesicles transport GlaA

to the cell membrane. A decreased number of secretory vesicles
present could thus prevent or slow down the secretion of GlaA.
Although vesicle fluorescence decreased with increasing flow

rate, GlaA fluorescence remained at least at similar levels up
to and including 80 mL min−1 and thus apparently unaffected
by the reduction of secretory vesicles. However, an influence of
secretory vesicles and GlaA on the formation of new biomass
could not be detected. Still, as the lowest GlaA amount was
observed for the highest mechanical stress, the initial hypothesis
could not be ruled out with this finding.

In assessing the influence of flow on the fungus, other fluid
mechanics criteria should additionally be used, considering,
for example, energy dissipation during vortex decay behind
the backward-facing step and vortex size-specific influence on
hyphae, which all have to be postponed to future studies.
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