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Abstract

Understanding population dynamics is a key factor for optimizing co-culture
processes to produce valuable compounds. However, the measurement of
independent population dynamics is difficult, especially for filamentous or-
ganisms and in presence of insoluble substrates like cellulose. We propose
a workflow for fluorescence-based online monitoring of individual popula-
tion dynamics of two filamentous microorganisms. The fluorescent tagged
target co-culture is composed of the cellulolytic fungus Trichoderma reesei
RUT-C30—mCherry and the pigment-producing bacterium Streptomyces
coelicolor A3(2—mNeonGreen (MmNG) growing on insoluble cellulose
as a substrate. To validate the system, the fluorescence-to-biomass and
fluorescence-to-scattered-light correlation of the two strains was charac-
terized in depth under various conditions. Thereby, especially for complex
filamentous microorganisms, microbial morphologies have to be considered.
Another bias can arise from autofluorescence or pigments that can spec-
trally interfere with the fluorescence measurement. Green autofluorescence
of both strains was uncoupled from different green fluorescent protein sig-
nals through a spectral unmixing approach, resulting in a specific signal only
linked to the abundance of S. coelicolor A3(2—mNG. As proof of principle,
the population dynamics of the target co-culture were measured at varying
inoculation ratios in presence of insoluble cellulose particles. Thereby, the
respective fluorescence signals reliably described the abundance of each
partner, according to the variations in the inocula. With this method, condi-
tions can be fine-tuned for optimal growth of both partners along with natural
product formation by the bacterium.
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INTRODUCTION

Defined co-culture emerges as an interesting new ap-
proach for the production of valuable compounds (Minty
et al., 2013; Scholz et al., 2018; Shahab et al., 2018;
Zhao et al., 2018). Thereby, especially filamentous
microorganisms offer great potential, due to their out-
standing enzyme production capabilities and metabolic
versatility (Mast & Stegmann, 2019; Meyer et al., 2020).
The central variable to analyse and optimize co-
culture processes is the population composition and
its dynamics. Especially when measured online at high
temporal resolution, the influence of other process vari-
ables can be precisely linked to co-culture behaviour.
This gives essential information to find a suitable pro-
cess window that assures the survival of all different
species involved in the system, as well as the biosyn-
thesis of the desired compound. However, monitoring
the individual population dynamics of each partner
organism and degree of cooperation between them
is rather difficult, even more, when cultivated in pres-
ence of insoluble particles such as cellulose. Recently,
a non-invasive method based on scattered light spec-
tra for determining the population dynamics of defined
co-cultures has been reported (Geinitz et al., 2020).
However, in contrast to the described research that
deals with single-cell microbial systems, filamentous
microorganisms have a much more complex and dy-
namic morphology. Since scattered light is strongly af-
fected by morphology, such method is not applicable
to filamentous microorganisms. Furthermore, scattered
light cannot readily be applied in presence of insoluble
particles such as cellulose.

Alternatively, monitoring of autofluorescence origi-
nating from biogenic fluorophores (tryptophan, NADH
and flavins) (Pdhlker et al., 2012) has been utilized for
the estimation of biomass growth and metabolic ac-
tivity in axenic cultures (Faassen & Hitzmann, 2015;
Koénig et al., 2018; Schlembach et al., 2021; Surribas
et al., 2006). However, for co-cultures with similar ori-
gin of autofluorescence this approach is difficult to be
applied. Furthermore, the autofluorescence signal per
cell fluctuates in terms of intensity over time as well as
depending on process conditions (Odman et al., 2009;
Schlembach et al., 2021).

For this reason, tagging co-culture partners with
different fluorescent proteins becomes a promising,
straight-forward alternative to estimate growth and
population dynamics. If a constitutive promoter is used
to drive cytoplasmic fluorescence protein expression,
online fluorescence measurements can be directly
correlated with the cell dry weight (CDW) of the corre-
sponding organism. However, this only holds true as
long as the cytoplasmic fluorescence protein concen-
tration stays constant. Problems may arise from inho-
mogeneities of the culture, for example old cells could
accumulate more fluorescent proteins than young cells.

Furthermore, even promoters reported to be constitu-
tive, can still show dynamic expression depending on
the conditions (Bohle et al., 2007). Therefore, synthetic
expression systems, which are independent of the host
metabolism are recommended (Rantasalo et al., 2018).
Furthermore, weak promotors are recommended to
avoid metabolic burden and conserve the wild-type
phenotype. Because of these possible biases, it is of
utmost importance to validate the robustness of the
correlation to biomass formation to ensure that the flu-
orescence signal is suitable to describe the growth of
different organisms in a co-culture.

Besides a proper constitutive expression sys-
tem, another determining factor for the robustness of
the method is the choice of the fluorescence protein.
Thereby, the maturation time of the protein is import-
ant. If it is too large in comparison to the growth rate of
the organism, the fluorescence signal will be dim and
lag behind the true biomass growth, corrupting accu-
rate time-resolved measurements (Balleza et al., 2018;
Nordholt et al., 2017). The maturation is linked to chro-
mophore formation, which for most fluorescent proteins
requires availability of molecular oxygen (Macdonald
et al., 2012). This necessity of oxygen for maturation
has been reported to be problematic for direct CDW/
fluorescence correlations (Drepper et al., 2010).
Therefore, oxygen-independent fluorescent proteins
have to be chosen under conditions where oxygen lim-
itation is expected to occur. Furthermore, some fluores-
cent proteins are adversely affected by pH, since the
light-absorbing part of the chromophore can become
protonated in acidic media (Roberts et al., 2016). For
instance, although monomeric GFPs are very popular,
their acid sensitivity restricts their application under
conditions, where intracellular pH is expected to fluctu-
ate (Cranfill et al., 2016; Shinoda et al., 2018).

Regarding the spectral properties of the proteins,
excitation and emission wavelengths should be cho-
sen to avoid spectral overlap, but also considering
the analytical capacity of available devices. As rule
of thumb, the use of GFP/RFP (green/red) or CFP/
OFP (cyan/orange) tags instead of GFP/YFP (green/
yellow) or GFP/OFP (green/orange) fluorescent pro-
teins is recommended (Kleeman et al., 2018; Shaner
et al., 2005). However, the choice of pair of fluores-
cent tags could change according to the demands of
the bioprocess itself, for example if other fluorescent
metabolites are to be measured in addition to popula-
tion dynamics. Also, autofluorescence can spectrally
interfere with the measurement. When measuring
target fluorescent proteins in co-cultures of labelled
strains, it must be considered that the autofluores-
cence of both microorganisms can bias the measure-
ments. A solution for this constraint is the application
of the spectral unmixing method reported by Lichten
et al. for pure cultures of a Saccharomyces cerevi-
siae strain labelled with GFP (Lichten et al., 2014).
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This method could also be applied to co-cultures, if
confirmed that the metabolite(s) causing the autoflu-
orescence bias in emission is (are) the same for both
microorganisms or share the same spectral finger-
print (e.g., tryptophan, NADH or flavins). If this pre-
requisite is not properly assessed, the unmixing of
the raw green fluorescence signal will be inaccurate.

Finally, and of utmost importance for complex fil-
amentous organisms, it should be examined, how
the different morphological traits interplay with the
fluorescence-to-CDW and fluorescence-to-scattered
light correlation. The penetration of excitation and emis-
sion light might be considerably different in dispersed
cultures compared to pelleted cultures.

In the present work, we applied the proposed flu-
orescence tagging strategy to monitor population dy-
namics of a cellulose-degrading model co-culture
consisting of the industrially relevant cellulolytic fungus
Trichoderma reesei RUT-C30 and the non-cellulolytic
filamentous bacterium Streptomyces coelicolor A3(2),
which produces antibiotically active pigments, such as
actinorhodin or undecylprodigiosin. We first validated
the method by correlating fluorescence signals directly
to dry biomass as well as scattered light as alternative
biomass indicator. Then the robustness of the correla-
tion was assessed under different conditions, including
different micro and macro morphologies. Furthermore,
spectral unmixing was established to isolate specific
green fluorescent protein signals from non-specific
green autofluorescence signals in co-cultures. As proof
of principle, the method is applied to measure the pop-
ulation dynamics of the target co-culture of a selected
green-tagged S. coelicolor with a red-tagged T. reesei
at different inoculations ratios. With this approach, we
present a widely applicable strategy to obtain reliable
real-time data for population dynamics in defined co-
cultures with special emphasis on the pitfalls concern-
ing filamentous organisms.

RESULTS AND DISCUSSION

Comparison of autofluorescence for
individual co-culture partners and
selection of appropriate fluorescence
protein tags

To aid the choice of suitable fluorescence proteins, the
autofluorescence was first profiled by measuring full
multiwavelength 2D (excitation/emission) fluorescence
scans of the non-tagged partner organisms S. coeli-
color A3(2) and T. reesei RUT-C30 at the end of the
cultivation. As shown in Figure 1A,B, the autofluores-
cence encompasses the spectral range of several blue
and green fluorescent proteins, while the red fluores-
cence area (e.g., mCherry) is free of autofluorescence.
Consequently, mCherry with its desirable features such

microbial biotechnology

as low maturation time and low pK, was chosen for tag-
ging T. reesei.

For S. coelicolor, green fluorescent proteins were
chosen despite overlapping autofluorescence, be-
cause it can produce red fluorescent metabolites in the
higher wavelength area (Tenconi et al., 2013). These
are interesting targets to analyse how population dy-
namics of co-cultures affect natural product biosynthe-
sis. Hence, we intend to simultaneously measure these
metabolites by fluorescence in addition to the popula-
tion dynamics in future research (Finger et al., 2022).
The different candidate proteins EGFP, mNeongreen
and bfloGFPal were selected based on desirable traits
such as low maturation time and low pKa (Table S1), as
reviewed in the introduction.

Online characterization of tagged
partners: Green-tagged S. coelicolor
strains and T. reesei mCherry

Evaluation of different green fluorescent
labels for S. coelicolor and validation of
spectral unmixing

As a next step, the most suitable green FP was chosen
among the three candidate proteins; EGFP, mNeon-
Green and bfloGFPal. To avoid expression bias due
to metabolic burden, a weak constitutive promotor was
chosen to drive protein expression. Candidate strains
were compared to the parental strain in terms of growth
kinetics, morphology and pigment formation. All strains
conserved pellet-forming morphology like the WT
(Figure S1) and revealed comparable growth kinet-
ics in scattered light measurements (Figure 2A). Such
comparable growth was also observed in other growth
conditions (Figure S2A). Thus, the natural wild-type
phenotype was conserved in the tagged strains and no
metabolic burden effects or other bias of FP expression
was observed.

However, due to the weak promotor, the green fluo-
rescence of these strains was just slightly higher than
the autofluorescence of the wildtype. Therefore, the
fluorescent protein signal had to be unmixed from the
autofluorescence. This can be done by linear spec-
tral unmixing once the spectral characteristics of the
interfering compound are known (Lichten et al., 2014).
However, to use this method in co-cultures, it further-
more must be shown that the interfering compound(s)
are identical or have the same spectral behaviour in
both co-culture partners. To determine the interfering
compound, spectral excitation and emission scans of
both microorganisms were extracted from the 2D aut-
ofluorescence profiles (Figure 1A,B) at the respective
maximum emission and excitation wavelengths, nor-
malized and overlaid for comparison (Figure 1C,D).
Since the spectra were well overlapping, a common
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Autofluorescence of S. coelicolor A3(2) (A) and T. reesei RUT-C30 (B). Round symbols indicate the regions of maximum

excitation/emission for different fluorescent proteins. Enhanced green fluorescent protein (EGFP), mNeonGreen (mNG), B. floridae GFPal
(bflo) and mCherry. (C) Shows overlay of the excitation spectra of both strains and the biogenic fluorophore riboflavin recorded at 520 nm
emission. (D) Shows the overlay of emission spectra of both strains and the biogenic fluorophore riboflavin recorded at 450 nm excitation.
The black dotted line marks the maximum of excitation (in C: 450nm) and the maximum of emission (in D: 520nm). Strains were grown

in axenic conditions in LNP media with 30gL™" glucose (100mM MES) in shake flasks at 30°C and 350 rpm (filling volume: 20 ml, shaking
diameter: 50mm). After 144 h, three wells of a 48-round-well microtiter plate (MTP) were filled with 1 ml of the broth for each culture, and
at least three spectra were taken of every well at 30°C and 800rpm (filling volume: 1 ml, shaking diameter: 3mm). Samples were scanned
in a 2D-BioLector device. Initial spore concentration: 108 spores-ml™", pH: 6.7+0.2. Depicted data is a representative mean from these

measurements.

origin of this green autofluorescence, for example from
a common ubiquitous fluorescent metabolite like ribo-
flavin (overlaid in Figure 1C,D) is suggested. This in-
dicates that the method could be used in the targeted
co-culture.

To demonstrate the principle of spectral unmixing,
WT strain and FP-tagged candidate strains of S. co-
elicolor were grown in a micro cultivation device while
online monitoring the fluorescence using two differ-
ent filter sets (Figure 2B,C). At 480nm excitation and
520 nm emission, denoted as channel 1, green FP fluo-
rescence was predominantly measured. At 450 nm ex-
citation and 520 nm emission, denoted as channel 2, the
autofluorescence was predominantly measured. With
these data, a mathematical unmixing of the green FP
signal from autofluorescence is possible (Supporting
information Method 1, [Lichten et al., 2014]). Comparing
the unmixed signals of the green fluorescence protein
label in the WT strain and the tagged candidate strains
(Figure 2D), it is evident how the signal of the WT strain
(which expresses no green FP) is effectively eliminated
and stays close to zero. In contrast, the unmixed signals
of the tagged strains now describe the expected growth

trend as estimated from the scattered light measure-
ment (Figure 2A,D). This demonstrates the applicability
of spectral unmixing in the presented setup. However,
when correlating the fluorescence signals to the scat-
tered light (Figure 2E,F), the raw signal of CH1 showed
a better correlation to scattered light (Figure 2E) than
the unmixed signal (Figure 2F).

This is related to two effects. A phosphate limita-
tion occurs after approx. Seventy-two hour marked by
a stress signal in the fluorescence of CH2 (Figure 2C,
dotted lines) (Finger et al., 2022), which results in a
slowdown of growth. This leads to a plateau in the un-
mixed signal (Figure 2D), while both raw fluorescence
signals continue to increase until or beyond 96 h. This
increase in autofluorescence is clearly not related to
growth, as the autofluorescence still increases, while
the scattered light value levels off. In the correlation
plot, this effect leads to a flattening of the correlation.
This effect is even more prominent in cultures inocu-
lated with mycelium, which reach phosphate limitation
already after 37h of cultivation (dotted lines across X-
axis in Figure S2). Here, it is also evident that the un-
mixed fluorescence starts to drop simultaneously with
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FIGURE 2 Evaluating the use of different green fluorescent proteins for biomass monitoring: Kinetics of scattered light, raw
fluorescence, unmixed fluorescence signals and correlation of raw and unmixed green fluorescence to scattered light signal, for spore
inoculated cultures of S. coelicolor A3(2) WT and derived green-tagged strains. Green tags: Enhanced green fluorescent protein (EGFP),
mNeonGreen (MNG), B. floridae GFPa1l (bflo). (A) Shows scattered light. (B) Shows fluorescence (as relative fluorescence units: RFU) in
channel 1 (CH1—excitation: 480 nm/emission: 520 nm) for a GFP-dominated signal. (C) Shows fluorescence in channel 2 (CH2—excitation:
450nm/emission: 520 nm) for an autofluorescence-dominated signal. (D) Shows the spectrally unmixed signal extracted from CH1 and
CH2 (further details of calculation on materials and methods section and Table S4). (E) Shows correlation of raw green fluorescence
plotted to scattered light signal. (F) Shows the correlation of unmixed green fluorescence plotted to scattered light signal. Regression was
performed for data from exponential growth phase until phosphate depletion at about 72 h (timing of phosphate limitation is indicated by the
coloured dashed lines in A-D). The solid grey line and lighter shaded data points indicate the onset of pigment formation and quenching

of the fluorescence signals. In the corresponding parity plots of fluorescence and scattered light (E) and (F), data points aquired after
pigment formation were also coloured in lighter shades while data points aquired between phosphate limitation and pigment formation
were indicated by hollow circles. This indicates that especially for the unmixed fluorescence (F), the correlation deviates after phosphate
depletion and paritis not correlating to the biomass anymore after the onset of pigment production. Cultures were grown in LNP media

with 30g L glucose (target buffering conditions: 100mM MES) for 120h in a 48-round-well optode microtiter plate at 30°C and 800rpm,
initial spore concentration of 108 spores ml™!, pH: 6.7 0.2 (filling volume: 1 ml, shaking diameter: 3mm). Triplicate wells were used for
each biological treatment. Solid line in Figure 2A—D corresponds to the mean value, and standard deviation of the growth curves for each
biological treatment depicted as a shaded area between error bars. Regression in Figure 2E,F was performed for mean values of the
growth curves.

the scattered light signal when entering death phase formation can be determined from a drop in the aut-
(marked by arrows in Figure S2), while both raw fluo-  ofluorescence signal that is owed to quenching ef-
rescence signals continue to increase. fects of the pigment undecylprodigiosin (solid line in

Another important pitfall of the presented method Figure 2C), as we demonstrated in a recent publication
is related to pigment formation. The start of pigment  (Finger et al., 2022). Thereby, the light absorption by the
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pigment affects the two fluorescence channels used to
unmix the FP signal to different extents (Figure 2B,C).
This leads to a corruption of the unmixing calculation
and results in a sharp drop of the unmixed signal after
96 h of cultivation (the onset of red pigment formation),
which is not seen in the scattered light. Because of this
bias, the respective data were disregarded for the cal-
culation of the correlation factor and marked with lighter
colour shades (Figure 2F). The data after onset of pig-
ment formation were also marked in Figure 2E, demon-
strating that the CH2 signal is more robust against
pigment bias. In medium with low buffer concentration
and mycelium-inoculated cultures without pigmentation
(Figure S2D), this drop in unmixed signal is less pro-
nounced or absent. While this effect might be useful
for the optical online estimation of pigment formation, it
here prevents accurate biomass and, thus, population
dynamics estimation in the targeted mixed culture in
late stages after initiation of pigment formation.

Another factor that can bias the fluorescence-to-
biomass correlation is pH, which fluctuates throughout
the cultivation and might affect the fluorescence de-
pending on the pK, of the FP. It is not known to what
extent the intracellular pH of S. coelicolor changes in
relation to the extracellular pH. To check for such po-
tential bias, the sensitivity of the specific unmixed fluo-
rescence (Spec UMX_RFU) as indicator of intracellular
brightness towards changes in the extracellular pH was
evaluated (Figure S3). Thereby, the specific unmixed
fluorescence was obtained by dividing the unmixed flu-
orescence signal by the corresponding value of scat-
tered light. For this purpose, microbioreactor cultures
were performed with pH sensing optodes to simultane-
ously follow the pH online with the fluorescence signals.
Because pigmentation interfered with pH measurement,
only data before onset of pigmentation were analysed.
While it would have been expected that the specific flu-
orescence would drop clearly for pH values below the
respective pKa of the FP, the specific unmixed fluores-
cence did not show such trend (see detailed discussion
at Figure S3). This indicates that the intracellular pH is
relatively robust to changes in the extracellular pH. The
latter is consistent with the established capacity of many
bacteria for maintaining pH homeostasis (Booth, 1985).
Therefore, in our set-up, acid sensitivity of FP-tags is
not critical for the targeted conditions. The slight trend
of decrease in specific unmixed fluorescence with drop-
ping pH-value (Figure S3A—C) is likely not related to a
direct influence of pH on fluorescence of the protein
tags. Instead, such decrease is more likely related to the
growth dynamics, since the most dynamic change in pH
was observed during initial growth phase, which can be
deduced from a drop in dissolved oxygen concentration
(see detailed example in Figures S3D to S3l).

Finally, since all candidate strains were affected to a
similar extent by the described disturbances, the mNeon-
Green strain was chosen as target strain for the envisioned

co-culture, because it displayed the highest specific
unmixed fluorescence and achieved the best signal-to-
noise ratio with the available set-up (Tables S1 and S2).
Overall, both raw and unmixed signals in the mNeon-
Green strain correlate well to the scattered light and are
robust to varying conditions (description in Figure S2), as
long as pigment formation is absent. Thereby, the correla-
tion factors tend to have a fluctuation depending on varia-
tion in pellet sizes. Finally, the correlation to biomass was
independently verified by an additional correlation of the
raw signal to offline biomass (dry weight) measurements
of S. coelicolor grown on glucose (Figure S4). Under
non-pigmented conditions, the unmixed signal should be
preferred as the raw signal cannot reflect biomass death
and further increases while the biomass declines. On the
other hand, the raw fluorescence signal is the only pos-
sibility to estimate biomass in pigmented cultures. Thus,
the most suitable method needs to be selected depend-
ing on the respective experimental situation.

Evaluation of the mCherry tag for labelling of
T. reesei RUT-C30

As for S. coelicolor, the T. reesei RUT-C30 strain ex-
pressing mCherry was also investigated in detail to val-
idate its similarity to the parental strain and to evaluate
the robustness of the correlation between fluorescence,
scattered light, and biomass under different conditions
(Figure 3). As shown in Figure S5, growth behaviour on
different carbon sources as well as cellulase produc-
tion was identical to the parental strain. Furthermore,
mCherry fluorescence correlated well with biomass
and was robust to changes in cultivation temperature
as indicated by the similar slopes of the correlation of
3.0 and 3.8 RFU/g/L at 30°C and 25°C, respectively
(Figure S6A). Since the different temperatures led to
different growth rates (Figure 3A,B), the correlation is
rather growth rate independent. However, under more
acidic cultivation conditions using PIPPS buffer, a lower
fluorescence per gram of dry biomass was observed,
as visible by the lower slope of the regression line of
1.3 RFU/g/L in the PIPPS-buffered cultivation condi-
tion (starting pH 5.4), compared to 3.8 RFU/g/L in the
more neutral MES buffered cultivation (starting pH 6.7)
(Figure S6A). This could be due to a changed, more
dense cell composition under these cultivation condi-
tions. Much higher final biomass was reached under
the PIPPS condition (15¢g L") compared with the MES
condition (10 gL“). This is supported by the fact that,
in contrast to dry biomass, the fluorescence correlation
to the scattered light was excellent in all cases during
the early growth phase and followed an identical slope
under all tested conditions including the cultivation with
PIPPS buffer (Figure S6B). Because the envisioned
co-culture will grow on insoluble cellulose particles, the
robustness of the mCherry signal as an indicator for
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FIGURE 3 Kinetics of mCherry fluorescence, scattered light,
and dry biomass during cultivation of Trichoderma reesei RUT-C30
mCherry under different conditions. (A) Cultivation in MES-
buffered medium (pH 6.7) at 30°C. (B) Cultivation in MES-buffered
medium (pH 6.7) at 25°C. (C) Cultivation in PIPPS-buffered
medium (pH 5.4) at 25°C. All cultivations were performed with
(?»OgL‘1 glucose as a carbon source in a 48-round-well microtiter at
1200rpm, 3mm shaking diameter, 1 ml filling volume and an initial
spore concentration of 106 spores miI~'. Data show mean values

of independent triplicate wells. The shaded area shows standard
deviation. Due to a hardware issue of the Biolector device during
the experiment in (C), data from 83 to 91 h were artificially recorded
lower than they were. A correction factor was applied for this time
frame to align the data to the real curve. For reference, the original
data without correction are shown in Figure S13.

fungal biomass was also tested towards varying cel-
lulose concentrations. Therefore, different amounts of
biomass were mixed with different cellulose concentra-
tions and the fluorescence signal was analysed. Even
in presence of 32gL™" of cellulose, the mCherry signal
was not affected (Figure S6C).

Effect of biomass morphology on
online fluorescence signal for
co-culture partners

For a filamentous bacterium like S. coelicolor A3(2)
varying morphologies can arise during cultivation (i.e.,

microbial biotechnology

clumps or pellets). Thus, it was necessary to evaluate
how this affects online measurements of the fluores-
cence signals. In S. coelicolor A3(2), pellet formation
varies depending on the culture media and parameters
affecting specific power input such as the shaking fre-
quency. From microbioreactors to shake flasks or stirred
bioreactors, a heterogeneous pellet size distribution
can occur in all cultivations (Zacchetti et al., 2018). We
see two main factors besides pigmentation or sporula-
tion that could influence our signals: (1) pellet heteroge-
neity, which often is a matter of shear forces as well as
the presence of spore aggregates in the inoculum, and
(2) average pellet size, which is a matter of power input
and spore inoculation density.

The effect of heterogeneity was assessed by cul-
turing S. coelicolor A3(2)—mNG with solid particles
(10 mg glass beads/well) to obtain distinct pelleted
forms and the correlation of fluorescence-to-scattered
light in the exponential growth phase was assessed.
As indicated in Figure 4A, there is no remarkable dif-
ference between the slopes of cultures that display a
homogenous pellet size distribution and cultures with
mixed populations of small and big pellets (Figure 4B,
Figure S7A-C). Thus, the correlation of the fluores-
cence to the scattered light signal is independent of the
pellet heterogeneity, when big pellets are present.

However, a clear effect was observed when the aver-
age pellet size varied more strongly. To alter the average
pellet size, the initial spore concentration for inoculation
was changed, which resulted in a more homogeneous
distribution of remarkably smaller pellets with the high-
est spore concentration (Figure 4C,D, Figure S8B). The
slope of the correlation of fluorescence to scattered
light for the cultures with small pellets increased with
decreasing pellets size (Figure 4C). Hence, there was
higher fluorescence per scattered light unit. As can be
seen from the raw data (Figure S8C,D), this difference
was predominantly a result of changes in the scattered
light between the different conditions, rather than a
change in the fluorescence. Hence, assuming a con-
stant biomass vyield, the scattered light signal is more
sensitive to changes in morphology than the fluores-
cence. When analysed by dark field microscopy, the
smaller pellets look brighter and seem more transpar-
ent, which might indicate that this type of pellets back-
scatter less light as more light is transmitted.

T. reesei did not show any pellet formation under
the tested cultivation conditions. However, other mor-
phologic influences on the optical online signals were
observed, depending on the cultivation conditions.
Therefore, the fluorescence-to-scattered light correla-
tion was also investigated in more detail for T. reesei.
As shown in Figure S6B, the correlation was excel-
lent during exponential growth and robust to different
cultivation conditions, as mentioned earlier. However,
this was not the case for later stages of the cultivation,
as can be seen in the extended correlation plots with
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FIGURE 4 Effect of pellet size distributions and homogeneity on the correlation of online green fluorescence signal to scattered light

for S. coelicolor A3(2) mNeonGreen (mNG). (A) Online fluorescence in channel 1 (CH1—excitation: 480 nm/emission: 520 nm) plotted over
the scattered light signal for cultures without (mNG control), and with glass beads (+beads) of 0.1 and 1 mm diameter, respectively. Linear
regression was performed only for the growth phase before pigment formation. (B) Bright-field images of cell pellets (5X magnification)
displaying varying pellet sizes when cultivated with and without glass beads with an initial spore concentration of 10® spores mI™". (C) Online
fluorescence in channel 1 (CH1) plotted over the scattered light signal for cultures without glass beads inoculated with four different spore
inoculation densities ranging from 5 x 10° to 10 spores ml™". Linear regression was performed only for the growth phase before drop in
scattered light signal due to death phase. Light-coloured points correspond to data after death phase of the culture, which were disregarded
for the regression. This is because the raw fluorescence signal cannot indicate a decrease in biomass because it is cumulative and never
drops, as discussed earlier. (D) Bright -BF- and dark field -DARK- images of cell pellets (5X magnification) displaying two different major pellet
sizes; left column: Lowest spore concentration, right column: Highest concentration. Cultures were grown in LNP media with 30gL™" glucose
(standard buffering: 100mM MES) for 120h in a 48-round-well microtiter plate at 30°C and 800rpm, pH: 6.7 +0.2 (filling volume: 1 ml, shaking
diameter: 3mm). Triplicate wells were used for each biological treatment. Regression performed for mean values of the growth curves.

colour-coded morphological changes (Figure S9). At
30°C cultivation, this was because the scattered light
signal was strongly increased towards the end of the
cultivation due to sporulation of T. reesei, while the flu-
orescence signal indicated the correct biomass trend
even after exponential growth (Figure 3A). At 25°C, ad-
ditionally, a transition from less branched mycelium to
a highly branched morphology was observed from 80
to 100h cultivation (Figures S9 and S10), preceding the
sporulation which peaks between 120h and the end of
the cultivation (Figures S9 and S11). This led to a strong
increase in scattered light after 72h cultivation, while
the mCherry fluorescence signal and the dry biomass
did not show these strong fluctuations (Figure 3B).
When sporulation was suppressed by cultivation in
more acidic PIPPS-buffered medium (Figure S11),
all three signals showed the same trend (Figure 3C).
Overall, these results demonstrate that fluorescence
seems to be a better indicator for biomass growth than
scattered light, because it is much more robust towards
morphological changes.

For other research, these differences in sensitivity of
fluorescence and scattered light towards morphology
might also be useful as an online indicator of morphol-
ogy to link a characteristic online signal during culti-
vations with a specific morphological trait. This could
be valuable to gain a more detailed understanding of
morphology on bioprocesses, similar to recent stud-
ies based on imaging flow cytometry for filamentous
organisms (Ehgartner et al., 2017; Veiter et al., 2020;
Veiter & Herwig, 2019). Such strategies are especially
needed for the scale-up of cultures, since morphology
is heavily affected by different cultivation settings in
stirred tank fermenters.

In summary, the presented results demonstrate that
online monitoring of fluorescence is a reliable and ro-
bust method for the indirect measurement of biomass
for filamentous microorganisms despite some discov-
ered biases. In general, it is to be discussed, what a
“reference” way is to describe the abundance of an
organism. Many methods are possible, such as num-
ber of cell nuclei/ml, projected microscopy area or cell
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volume/ml, dry weight/ml, scattered light, turbidity, etc.
All these quantifiers have different relations to the mi-
croorganism and independently change for each mi-
croorganism and cultivation conditions. We, therefore,
recommend to regard the online fluorescence signal as
cell quantifier by its own and not a replacement, similar
to scattered light and dry weight, which all have their
own benefits and drawbacks. We tried here to test as
many possible biases as possible to investigate the ro-
bustness of the method. The result is, that the method
does not perfectly correlate with scattered light or bio-
mass in every condition. But it can be also questioned
whether the biomass or the scattered light reflects the
real abundance of the microorganism. In case of fila-
mentous organisms, we conclude that it could even be
better to use fluorescence instead of scattered light-
based measurements because the latter is much more
prone to bias by morphological variations such as dif-
ferent pellet sizes, different branching patterns or spor-
ulation. In contrast to scattered light, fluorescence can
also be reliably applied in presence of turbid media or
particulate medium components such as cellulose.

Proof of principle for online
monitoring of a filamentous defined
co—culture of T. reesei mCherry and S.
coelicolor mNeonGreen

Finally, after validating that phenotypes were identi-
cal to the parental strains, and that the correlations
between fluorescence and biomass of the two partner
organisms are robust under various conditions with
varying morphologies, the method was tested in the
targeted co-culture setup for estimating the population
dynamics.

Co-cultures of T. reesei RUT-C30 mCherry and S.
coelicolor mNeonGreen using different spore inocula-
tion ratios of both partners were grown in a 48-round
well microbioreactor using a medium with the insoluble
carbon source a-cellulose and a small amount of glu-
cose (5 gL™") for initial growth. In this setting, S. co-
elicolor relies on secreted cellulolytic enzyme activity
of T. reesei for growth, after the initial glucose is con-
sumed. As shown in Figure 5, a gradient for each fluo-
rescent signal was obtained, according to the changes
in the spore inoculation ratio of each partner. Pigment
formation was absent in these co-cultures. Hence, the
fluorescence data should be free of pigment bias. The
decrease in fluorescence signal for the axenic culture
of S. coelicolor mMNeonGreen (darkest green-black line,
Figure 5A), is rather a consequence of biomass death.

The population dynamics of the two organisms are
expected to be largely affected by inoculum ratio and
the proportion of the respective fluorescence signals
correlates well with the inoculum ratios. Thus, it can
be concluded that the respective fluorescence tag
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FIGURE 5 Online monitoring of population dynamics for
co-cultures of S. coelicolor A3(2) mNG and T. reesei RUT-C30
mCherry starting with varying spore inoculation ratios. Unmixed
mNeonGreen signal (Umx_mNG as relative fluorescence units:
RFU) from data obtained of channel 1 (excitation: 480 nm/emission:
520nm) and channel 2 (excitation: 450 nm/emission: 520 nm)
showing the growth of S. coelicolor A3(2) (A). mCherry signal (as
relative fluorescence units: RFU) showing the growth of T. reesei
RUT-C30 measured at excitation: 580 nm/emission: 610nm (B).
Well pictures depicted for each inoculation ratio. Dark red line
corresponds to highest T. reesei mCherry spore concentration,
dark green line to highest S. coelicolor mNeonGreen. Magenta line
corresponds to axenic culture of T. reesei mCherry, darkest green-
black line to axenic culture of S. coelicolor mNeonGreen. Cultures
were grown in target culture conditions: LNP media +5 g L
glucose and 30gL™" a-cellulose (standard buffering: 100mM MES),
in a 48-round-well microtiter plate at 30°C and 800rpm. Initial base
spore concentration: 10° spores ml~" denoted as 1 (filling volume:

1 ml, shaking diameter: 3mm). Triplicate wells were used for each
biological treatment. Solid line corresponds to the mean value,
and standard deviation of the growth curves for each biological
treatment depicted as shaded area between error bars.

effectively described the individual biomass develop-
ment in the co-culture. Thereby, the data indicate that
a high initial inoculum ratio of S. coelicolor strongly
suppresses the growth of T. reesei, while a high initial
inoculum ratio of T. reesei suppresses growth of S. co-
elicolor, only to much lower extent. This becomes even
more obvious, when comparing the respective axenic
cultures. This effect could be related to the faster onset
of growth of S. coelicolor, which outcompetes T. reesei
for initial glucose and prevents cellulase formation by
the latter prohibiting continued growth on cellulose. We
can conclude that this co-culture is compatible under
the tested growth conditions and each culture sustains
growth in correlation to its initial inoculation density, ac-
cording to the individual fluorescence signals of each
partner.
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Overall, the results demonstrate the benefits of using
fluorescent-tagged organisms to follow population dy-
namics in a complex system comprising two filamentous
microorganisms and an insoluble cellulose substrate.
To our knowledge, this is the first demonstration of a
method that allows to resolve population dynamics of fil-
amentous organisms in presence of insoluble particles
in real-time and non-invasively. Now, this tool for online
monitoring of population dynamics in co-cultures opens
up new possibilities for further tuning and optimizing of
co-cultures for the needs of the bioprocess (i.e., growth
rates, enzyme production, secondary metabolite bio-
synthesis). However, it was also clearly shown that the
correlation of online fluorescence to biomass is not valid
when pigments are formed that spectrally interfere with
the chosen fluorescence tags. Therefore, future work
should focus on establishing an optical method for on-
line quantification of the pigment formation, which may
allow to quantify the light absorption and fluorescence
quenching caused by the pigments, in order to correct
the fluorescence signals for these effects.

EXPERIMENTAL PROCEDURES
Microorganisms

The strains Streptomyces coelicolor A3(2) DSMZ
40783 and T. reesei RUT-C30 were obtained from the
Hans-Knéll-Institute—culture collection.

Construction of green tagged
Streptomyces coelicolor A3(2) strains

For strain construction of S. coelicolor A3(2), three
green fluorescent proteins with different features as
shown in Table S1 were selected. For construction
of the S. coelicolor A3(2)-egfp strain; the egfp gene
(derived from mutations of avgfp -Aequorea victoria
GFP) encoding for Enhanced Green Fluorescence
Protein (EGFP) was obtained from the plasmid plJ8641
(Table S3) previously constructed for Streptomyces
strains (Sun et al., 1999). For construction of the remain-
ing strains, the DNA sequences for the mNeonGreen
(from Branchiostoma lanceolatum) and bflogfpat (from
Branchiostoma floridae) genes were obtained from
GenBank (accession: KC295282.1) and the European
nucleotide archive (EEN59121.1), respectively. These
were codon optimized for S. coelicolor A3(2) with the
OPTIMIZER online tool (http:/genomes.urv.es/OPTIM
IZER/) and DNA sequences were sent to Eurofins
Genomics for synthesis. All genes were inserted into
the pNG4 plasmid by restriction cloning, in which
gene expression is under control of the constitutive
PermE promoter; with this plasmid the expression cas-
settes were integrated into a locus that is known to not

affect the wild-type phenotype—(neutral) (Gonzalez-
Quifonez et al., 2016). Conjugation for transformation
of S. coelicolor A3(2) was done with a protocol previ-
ously described (Kieser et al., 2000). All constructed
strains, along with E. coli strains and plasmids used for
cloning and transformation are depicted in Table S3.

Construction of T. reesei RUT-C30
mCherry strain

T. reesei RUT-C30 was transformed with an universal syn-
thetic expression system, the SES_A system, (Rantasalo
et al., 2018), to drive stable constitutive mCherry expres-
sion independent of other regulating mechanisms. The
plasmid B7061 (a kind gift from Dominik Mojzita [VTT
Technical Research Centre of Finland Ltd]) consists of
a mCherry expression cassette with a promotor consist-
ing of eight binding sites for the synthetic transcription
factor Bm3R1-NLS-VP16 and the TEF1 terminator from
T. reesei. It also contains the expression cassette for
expression of the synthetic transcription factor itself as
well as a hygromycin resistance cassette, flanked by two
pep4 homology arms for homologous recombination.
Plasmid B7061 was transformed into T. reesei RUT-C30
genome by the PEG/CaCl, protoplast transformation
method published by Penttilé et al., using hygromycin as
selection marker (Penttila et al., 1987). Candidate clone
colonies were picked and screened for red fluorescence
using a green LED (530nm) flashlight and red filter gog-
gles. Fluorescent candidates were then transferred and
streaked out multiple times on media containing hygro-
mycin to get stable single spore-derived transformants.
Transformant clones were sorted according to their fluo-
rescence intensity and individually assessed for simi-
larity to the parental strain. All work in this study was
performed with clone number A3, which showed inter-
mediate fluorescence intensity among the tested clones.

Culture media

Cultivations were performed in LNP media, which is a
varied composition of the media reported by Antonov
et al. (2017) (Antonov et aI 2017). The medium con-
sists of (NH,),SO, 3 gL, urea 0.3 gL', KH,PO,
0.4 gL™, MgSO,7H oosgl: CaCl,-2H oozagl:1
NaCl 0.05gL™", MES buffer 0.1 M, Tween 80 0.01%
(v/v), trace element solution 2.5 ml L‘1 The pH was set
to 6.7 and adjusted with 2 or 5 M NaOH, when needed.
The composition of the trace element solution is the
following: Citric acid 180gL™, ZnSO,7H o 16gL™",
CoCl,-6H,0 2.71 gL™, FeZ(SO ); 2. 299L‘ CuSO
2059L‘1 MnSO,-7H,0 1.6 gl™, H BO, 0.8 gL™. For
axenic cultures, med|a without the addltlon of cellu-
lose was used. A glucose concentration of 30g L was
employed for growth of the two microbial partners to
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be analysed by means of multi-wavelength-2D fluores-
cence scans and for experiments for evaluating the per-
formance of tagged S. coelicolor A3(2) strains. Finally,
the spectral unmixing in a co-culture was undertaken,
considering target conditions of cellulose degradation.
Therefore, 30g L' cellulose was added to the base
LNP media and only 5 gL‘1 glucose was used to boost
onset of growth for the strains.

Culture conditions

For all growth experiments, except the 2D scans,
which were performed in shake flasks, microbioreac-
tor cultures were undertaken in a BioLector® | device
(Beckman Coulter). Forty-eight round-well microtiter
plates (MTP-R48-B), or 48 round-well microtiter optode
plates (MTP-R48-BOH) were used when required. The
initial inoculum density for microbioreactor cultures was
10° spores mI™", except for the evaluation of pellet size/
compactness. For dispersed mycelia pre-inoculum, an
initial raw scattered light value of 16 A.U. (OD meas-
ured of 0.2) was employed. Cultivation conditions were:
800rpm (3mm shaking diameter) and 30°C for up to
120h (except for cultures intended for spectral analysis).
Filter modules of the device for online measurement are
shown in Table S2. Triplicate wells were analysed for
each biological treatment. The mean value of growth
curve data and standard deviation were obtained with
the help of the GraphPad software (version 9.3.1).

Spectral analysis of axenic and
co-cultures

To determine in which excitation and emission regions
autofluorescence takes place for each one of the co-
culture partners, strains were grown in axenic conditions
in LNP media with 30gL-1 glucose (100mM MES) in
shake flasks at 30°C and 350rpm (filling volume: 20 ml,
shaking diameter: 50 mm). An initial pH of 6.7+0.2 and
spore concentration of 108 spores-ml‘1 were used.
After 144 h, samples of culture broth were analysed in
a 48-round-well microtiter plate (MTP) through multi-
wavelength-2D fluorescence spectroscopy (30°C,
800rpm, filling volume: 1 ml, shaking diameter: 3mm)
in a customized BioLector connected to a fluorescence
spectrometer via fibre optics (Ladner et al., 2016).
Triplicate shake flasks cultures were used. Three wells
were measured as technical replicates for each culture,
and at least three spectra were taken of every well.

Proof of principle of spectral unmixing

The method of Lichten et al., 2014 was applied for spec-
tral unmixing after adopting the excitation/emission
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parameters for our setups: excitation—480nm and
emission—520 nm, named as channel 1, for measure-
ment of an optical signal characteristic of a EGFP pro-
tein tag, and excitation—450nm, emission—520nm,
named as channel 2, for measurement of an optical
signal due to autofluorescence. To unmix the auto-
fluorescence in a co-culture, it must be validated that
the autofluorescence in both partners has the same
spectral characteristics and that the ratio of emission
from channel 2 to that of channel 1 for parental strains
(termed here as r,) is identical for the individual part-
ners and consistent with the value corresponding to
the interfering compound. To test this, axenic, non-
modified cultures were grown under target conditions
(LNP media +5 gL' glucose and 30gL™" a-cellulose)
(Figure S12). Further details of calculation are given
in Supporting information Method 1. Triplicate wells
were done for each axenic culture. Regression plots in
Figure S12 were obtained with the help of the GraphPad
software (version 9.3.1).

Online characterization of tagged partners
Green-tagged S. coelicolor strains

To determine kinetics of the scattered light, green fluo-
rescence online signals, and specific fluorescence, S.
coelicolor A3(2) strains were cultured in parallel em-
ploying two buffering conditions: 100mM MES, cor-
responding to the target conditions in co-culture, and
weakly buffered conditions of 50 mM MES. For the lat-
ter, two types of inocula were assessed: Spores and
precultures from dispersed mycelia. LNP medium was
used in all cases and 48-well optode plates were used
for online pH measurement. Regressions for correla-
tion factors were obtained with the GraphPad soft-
ware (version 9.3.1) and performed for mean values of
the growth curves. For offline data, at least two sam-
ples, each consisting of three separate wells from a
48-microtiter plate were taken and measured in each
time point. For dispersed mycelia precultures, strains
were grown in 50ml straight rim flasks with 5 ml LNP
media with an initial inoculum density of 10® spores
mi~", fed with 1 ml fresh media at 48 h and left in incuba-
tion at 28°C, 130rpm and a shaking diameter of 50 mm
until 60—70h. Here, 15 stainless steel beads (2—2.5mm
diameter) were added to the cultures as previously re-
ported to disperse the biomass (Borodina et al., 2008).

Evaluation of T. reesei RUT-C30 mCherry

T. reesei was cultivated in a BiolLector at 1200rpm,
3mm shaking diameter, and the indicated cultivation
temperature. Cultivations were performed in modified
Pakula medium containing (NH,),SO, 7.6 gL', KH,PO,
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0.8 gL™", MgSO,-7H,0 0.5 gL, CaCl,-2H,0 0.23gL™",
NaCl O.OSgL‘1, Tween 80 0.02% (v/v), trace element
solution 2.5 mIL™". Different carbon sources were used
as indicated in the respective figure caption. The me-
dium was either buffered with 100mM MES pH 6.7 or
with 100mM PIPPS pH 5.4. For the initial inoculum, 108
spores ml~" were used. For offline data, at least three
samples were taken and measured.

Effect of morphology on online
fluorescence signal for a green-tagged
S. coelicolor A3(2) strain

S. coelicolor A3(2—mNG cultures were grown in 48
round-well microbioreactors (MTP-R48-B), without and
with glass beads (10 mg/well) of 0.1- and 1-mm diame-
ter. Likewise, to determine the effect of low size pellets,
microbioreactor cultures were performed, inoculating
these with four different spore concentrations ranging
from 5-10° spores mi~ to 107 spores ml™". Microscopic
images of cell pellets were obtained with a ZEISS Axio
Imager.M2 microscope at a magnification of 5X in bright
field with a LED intensity of 13% and in dark field with
a LED intensity of 30.7% employing an exposure time
30 ms for both. For cultures grown without and with par-
ticles, image analysis was performed for a representa-
tive image of each biological treatment. For cultures
inoculated with increasing spore concentrations, image
analysis was performed using four different images for
each one of the biological treatments.

Proof of principle for online
monitoring of a filamentous defined
co-culture of T. reesei mCherry and S.
coelicolor mNeonGreen

Microbioreactor (MTP-R48-B) co-cultures were per-
formed at target culture conditions (LNP media +5 gL
glucose and 309 L™ a-cellulose) using a spore concen-
tration with an initial base of 10° spores mi~'. From this
value, the spore inoculation ratios were varied between
1:7.5 (meaning 10° spores miI~' of S. coelicolor + 7.5 x
10® spores ml™" of T. reesei) to 7.5:1 (meaning 7.5 x 10°
spores ml™" of S. coelicolor + 10° spores mI™ of T. ree-
sei), and the culture was online monitored as described
above.
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