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Abstract

Oxygenic photogranules have been suggested as alternatives to activated sludge in wastewater
treatment. Challenging for modelling photogranule-based processes is the heterogeneity of
photogranule morphologies, resulting in different activities by photogranule type. The measurement
of microscale-activities of filamentous photogranules is particularly difficult because of their labile
interfaces. We present here an experimental and modeling approach to quantify phototrophic O,
production, heterotrophic O, consumption and O, diffusion in filamentous photogranules. We used
planar optodes for the acquisition of spatio-temporal oxygen distributions combined with 2D
mathematical modelling. Light penetration into the photogranule was the factor controlling
photogranule activities. The spatial distribution of heterotrophs and phototrophs had less impact.
The photosynthetic response of filaments to light was detectable within seconds, emphasizing the
need to analyze dynamics of light exposure of individual photogranules in photobioreactors. Studying
other recurring photogranule morphologies will eventually enable the description of photogranule-
based processes as the interplay of interacting photogranule populations.
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1 Introduction

Recently, oxygenic photogranules (OPGs) have been described as a novel kind of photogranular
biofilm (Milferstedt et al., 2017a, 2017b). OPGs are dense bacterial aggregates, typically a few
millimeters in diameter, characterized by an outer layer mainly composed of filamentous
cyanobacteria. The production of oxygen by these cyanobacteria via photosynthesis is typically
coupled with the oxygen consumption of heterotrophic bacteria that convert organic matter, e.g.,
from wastewater, into CO», which is immediately used by cyanobacteria for biomass synthesis. This
syntrophic relationship between bacteria makes photogranules a promising candidate biomass for
wastewater treatment (Abouhend et al., 2020, 2018). In photogranules, external aeration becomes
unnecessary and high biomass yields and rapid settling enable the efficient recovery of resources.
External aeration in conventional activated sludge is currently the major energy expenditure of
wastewater treatment plants (Longo et al., 2016; Shoener et al., 2014).

This expenditure may be off-set in a bioprocess using OPGs by the energetic requirements of
mixing and the potential supply of electric light for pollution removal. Light availability is directly
linked to the activity of OPGs. Here, we examine the balance of activity between phototrophs and
heterotrophs within the granule with the aim to understand the fundamental functioning of
photogranules. This understanding will help optimizing the overall performance at the process scale.
We use oxygen fluxes as proxy for activity at the microscopic scale. So far, no details on the biological
activity at the micro-scale of an OPG have been reported as current OPG research mostly focusses
on deciphering the mechanisms of photogranulation (Abouhend et al., 2020; Ansari et al., 2019;
Milferstedt et al., 2017b; Stauch-White et al., 2017) and the potential application of these granules
for wastewater treatment (Abouhend et al., 2018; Trebuch et al., 2020).



Within a single laboratory-scale photobioreactor, we have observed the coexistence of a range
of different OPG morphologies, from filament-covered OPGs to OPGs resembling nearly perfect
spheres. It is likely that the various morphologies influence their respective physiological activities.

Oxygen fluxes within spherical OPGs (Fig. 1) can be resolved using conventional microelectrodes
of the Clark type (Revsbech and Jgrgensen, 1986) or polarographic electrodes (Mancuso et al., 2000).
These tools are suitable for biofilms, or more specifically granules, with well resolved, stable
interfaces for gradient measurements from the surface to the inside of the sample. From a limited
number of measurements, the behavior of a larger surface or volume can often be extrapolated.
OPGs with labile, flexible and potentially moving filaments at the surface (Fig. 1) do not have a stable
granule-bulk interface. Their biological activity is greatly influenced by external flow and the
boundary conditions. The use of micro-electrodes and the interpretation of their results is challenging
as sufficient data reflecting this heterogeneity cannot be easily recorded. This type of filamentous
morphologies requires the development of dedicated approaches.

Fig. 1: Different photogranule morphologies as observed in one photobioreactor: left a sphere-like
morphology; right a filamentous morphology.

Planar optodes are a promising technology to investigate the spatio-temporal distributions of O
in microbial assemblages (Glud et al., 2001; Rubol et al., 2018; Wenzhdofer and Glud, 2004), sediments
and soils (Koop-Jakobsen et al., 2018; Pischedda et al., 2008), and possibly filamentous
photogranules. The optode technology uses the luminescence of oxygen sensitive indicators
immobilized in a hydrophobic polymeric matrix. The measurement is based on the indicator dye
qguenched by the molecule of interest. The emitted light is then recorded by a ratiometric camera
(Larsen et al., 2011; Quaranta et al., 2012). Here we examine the suitability of planar optodes for
measuring oxygen dynamics for filamentous photogranules. We developed a simple 2D reaction-
diffusion model using only two parameters (maximum oxygen production rate (qeo) and maximum
respiration rate (gr0)) to decipher the relative contributions of respiration, photosynthesis and
diffusion based on oxygen concentrations derived from optode images. This important
differentiation is not accessible from the oxygen distributions alone. We show how our coupled
approach provides essential data on the activity and properties of the filaments of a photogranule.

2 Materials and Methods

2.1 Bioreactor operation and photogranule sampling
A 4-L sequencing batch photobioreactor was operated with 6-hours cycles under constant
illumination of 100 pmol-m2-s of photosynthetic active radiation (PAR) at the reactor surface. The
feed was a synthetic wastewater with a chemical oxygen demand of 120 mg-L! and the following
composition according to Nopens et al (2001): peptone 8.7 mg-L?, yeast extract 26.1 mg-L?, starch




61 mg-L', sodium acetate 42.2 mg-L, KH2PO4 11.7 mg-L't, MgHPO4-3 H20 14.5 mg-L?, urea 45.9 mg-L°
1 NH4Cl 34.2 mg-L?, FeSO4-7 H,0 2.9 mg-LL.

The OPGs in the photobioreactor showed different morphologies, with the coexistence of
spherical and filamentous OPGs (Fig. 1). One filamentous OPG of the maximum dimensions of 8.5
mm x 4.5 mm was sampled at the end of a SBR cycle, i.e., after 5 hours of the reaction cycle and was
immediately used for extensive imaging of oxygen distributions. For the evaluation of the optode
technology and the demonstrate the applicability of capturing oxygen dynamics, the in-depth
evaluation of one filamentous photogranule is acceptable.

2.2 Dynamics of oxygen distribution

Oxygen imaging was performed with a PreSens VisiSensTM planar optode (Tschiersch et al.,
2012) (Fig. 2). A piece of about 60 mm? oxygen sensitive sensor foil (SF-RPSU4, PreSens) was glued
inside a Petri dish using silicone gel (Silicone rubber compound RS 692-542, RS Components Ltd.,
Corby, UK). The filamentous OPG was then placed on the sensing foil and a microscopy cover slip was
carefully placed on it to prevent the photogranule to float, making sure not to flatten or otherwise
disturb the photogranule geometry. The experimental set-up allows the measurement of oxygen
distributions at the photogranule surface in contact with the sensor foil. Some minor parts of the
photogranule periphery could not be placed onto the reactive surface of the sensor foil because of
steric reasons. This did not impact the experimental set-up and analysis.

D’
Fig. 2: Schematic display of the experimental set-up to map the oxygen dynamics in a photogranule. (A)
filamentous OPG on oxygen sensitive sensor foil in a (B) Petri dish filled with water; (C) goose neck providing
light at an intensity of 100 PAR, connected to (C’) an external LED light source. Dynamics of oxygen were
collected using (D) a camera and recorded on (D’) a personal computer.

Then, the Petri dish was filled with air-saturated tap water and closed. The Petri dish was
immediately placed on top of the VisiSens camera (Detector Unit DUO1, PreSens). The experiment
was conducted over 112 minutes during which 130 images of oxygen distributions were recorded
over two dark phases (0 — 35 min, 70 — 88 min) and two light phases (35 — 70 min, 88 — 112 min).
Each image acquisition consisted of a cycle with a length of 52 s, partitioned in a reaction part (32 s)
and an image acquisition part (20 s). Depending on the illumination phase, the reaction part was
either in darkness (dark phases) or illuminated with externally provided cold white light at 100
umol-m2- st of photosynthetically active radiation (PAR) (SCHOTT KL2500LED). The acquisition phase
was always in the absence of external light. Corrected for the time of image acquisition, the
photogranule received on average 61 PAR during the light phases of the experiment. During image
acquisition, the VisiSens system emits 9 umol-m2-s as PAR at the lens of the camera. This light is
required for the excitation of the photosensitive film, even during the dark phases and did not have
a measureable effect on photosynthesis of the system.

The VisiSens images were calibrated after their acquisition according to the manufacturer’s
procedure by recording a single image of the sensor foil and applying a two-point calibration with a



drop of deoxygenated water (tap water stripped with N;) for 0% O, and a drop of water in equilibrium
with air for 21% O, saturation.

At the end of the experiment, the exact position and geometry of the filamentous OPG on the
sensor foil was determined on an image taken with a stereomicroscope (M205FA, Leica Microsystems
GmbH, Wetzlar, Germany). The original color image was converted to an 8-bit grey level image.

2.3 Data acquisition and analysis

The time series of oxygen distributions were recorded as PNG images (AnalytiCal 1 Software
VA.12, VisiSens). The calibration was performed using the evaluation module of the software
following the manufacturer’s instructions. The calibrated images were saved in the VisiSens
proprietary RAW format and then converted into the Imagel format “IMJ” (Schneider et al., 2012)
using the VisiSens Raw data Interface. Each image has the size of 1280 x 1024 pixels, displaying the
oxygen sensitive sensor foil on an area of 925 x 880 pixels. This area corresponds to about 8.3 x 7.5
mm?. The spatial resolution on the images is 8.9 um-pixel™. The images were then imported as arrays
to MATLAB (version R2018b, MathWorks, USA) and dynamics of oxygen concentrations were
associated with the morphology of the photogranule.

2.4 Model description, linking oxygen fluxes and microbial activities

A 2D model describing the dynamics of oxygen diffusion with consumption, and production
through heterotrophic and phototrophic activities was created to differentiate the impact of each
process on the dynamics of measured oxygen concentrations. We used COMSOL Multiphysics
(version 5.3a, Comsol Inc., Burlington, USA) for this model. We opted for a 2D model as the three-
dimensional (3D) shape of the photogranule was complex and could not be approximated with a
simple geometry.

The computational domain (Fig. 3b) was extracted from the stereomicroscopic image (Fig. 3a)
using the MATLAB contour function and then imported to COMSOL Multiphysics using the live link
COMSOL-MATLAB interface. The domain was scaled to the size of the oxygen images (8.3 x 7.5 mm?).
The Petri dish wall was used as boundary condition without mass flow and an O, flux set to zero. A
triangular mesh was applied on the whole image, with a finest meshing at the vicinity of the
photogranule contour. The maximum resolution of 8.9 um-pixel™* for the recorded oxygen images
was used for the finest meshing (Fig. 3c). At this resolution, numerical problems caused by derived
unbalanced forces could be avoided. This resolution was not applied on the whole image to avoid
prohibitive computing times.
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Fig. 3: OPG image and its processing for computation of the geometry: (a) stereomicroscopic image for
determination of biomass density based on grey levels; (b) OPG contour calculated based on (a); (c) domain
mesh for modelling, with smaller mesh size where oxygen dynamics were higher, e.g. the bulk-photogranule
interface, or where for numerical convergence a higher density of points was required, e.g., at the boundaries.



2.5 Assumptions for the mathematical model

Growth of bacteria was neglected since the experimental duration of 112 min was short
compared to the assumed growth rates of microorganisms in photogranules. During the experiment
the availability of organic matter for heterotrophic respiration and HCOs for photosynthesis
remained constant. HCOs was present in excess for photosynthesis due to the hardness of the local
tap water of 4.0 £+ 0.2 mM as HCOs (https://orobnat.sante.gouv.fr/orobnat/rechercherResultat
Qualite.do). This concentration was considered not rate-limiting for photosynthesis as the Ks for
HCO3 of 0.1 mM HCOs (Wolf et al., 2007) is well above the natural availability of HCOs". Thus,
dissolved O was the only chemical species considered in this analysis.

The dynamic diffusion-reaction (Eq. 1) for dissolved O is:

% _v. (D-Vo) =
at C)=r

Eq.1

where c is the dissolved oxygen concentration, D the diffusion coefficient for oxygen and r the
net oxygen reaction rate. The diffusion coefficient for oxygen (D) is taken as constant throughout the
photogranule and equals the diffusion coefficient in water at 20 °C (Wolf et al., 2007). Therefore, D
equals 2.01:10° m?-s! as for dilute solutions. The net O3 reaction rate (r) is zero outside the granule,
while being computed from photosynthesis (rp,) and heterotrophic respiration rates within the
photogranule (r;) (Eq. 2):

Eq. 2

The rate of oxygen production by phototrophs was considered linearly proportional to light
intensity and could be approximated to first order kinetics (Eq. 3), since the experiments were
performed under light-limiting conditions for filamentous cyanobacteria (Staal et al., 2002) (Faizi and
Steuer, 2019). The rate of oxygen consumption was modeled using a Monod equation (Eq. 4).

Tr ZQr(f)

C+K

Ty :qp(f)'l(f)

Eq.3

Eq. 4

where g.(f) is the maximal respiration rate, C the dissolved Oz concentration, K the half saturation
constant with a value of 0.5 mg-L'! (Horn and Hempel, 1997), g,(f) the maximal photosynthesis rate
and /(f) the light intensity. The variable f was introduced to account for an assumed local biomass
density. For this, grey levels in Erreur ! Source du renvoi introuvable.g were converted to a variable f
comprised between 0 (white) and 1 (black) (Erreur ! Source du renvoi introuvable.f) which was used
as a proxy for surface-based biomass density. The use of the function fis introduced in the Results
section below (Table 1), leading to the final equations for r,and r, in Eq. 6 and Eq. 7.

2.6 Parameter estimation and sensitivity analysis
A major factor in dynamic modelling of biological systems is the estimation of model parameters.
To estimate the parameters for the current models, a nonlinear least-squares optimization problem

was formulated (Eq. 5), with the objective of minimizing the least absolute errors (LAE):
i=10J=130

LAE = Z Z |C(tj'xi'yi) - Cexp(tj'xi'yi)|
i=1 j=1

Eq. 5



where cexp(tj, xi,yi) is the experimental concentration of oxygen and c(tj,xl-,yl-) the predicted
oxygen concentration from the model for ten chosen points on the sensor foil geometry. Four of the
points are located near the center of the photogranule, four points are within its filaments and two
points are in the bulk (Fig. S1). (x;, yi) are the x- and y-coordinates of point i and t; is the acquisition
time of image j.

The parameter estimation was carried out using the MATLAB function ‘fmincon’ which allows
finding the minimum of a constrained nonlinear multivariable function. The two parameters g and
gpoWere estimated during this minimization problem (Table 1).

Table 1 Evaluation of various scenarios relating respiration (g.(f)), photosynthetic activities (gp(f)) and light
availability (/(f)) to surface-based biomass densities (f). For each scenario, maximum respiration and
photosynthesis rates (groand gpo) as used in the reaction-diffusion model (Equations 3 and 4) were estimated,
using the least absolute errors as criterion from which the mean absolute error (MAE) was computed. Scenario
4 (in bold) was retained for all further analyses.

Model scenarios Estimated rates and error

# ar(f) ae(f) 1) ?rrr‘:mol-m‘a-s'l) ?rl;:'l) sl,\g’::ratio(:f; o
1 Gro-f Gpo - f lo-(1=) | o075 25.4 3.7
2 Gro Go - f lo-(1=-f) | 045 16.6 4.4
3 Gro-f Gro lo-(1=-f) | 104 26.6 3.8
a4 Gro Qro lo-(1-f) 0.55 17.5 3.8
5 gro - f Gpo - f lo 0.22 5.6 8.4
6 Gro Gro - f lo 0.52 5.6 5.4
7 Gro - f G0 lo 4.71 2.6 8.9
8 qro G0 lo 2.93 336 8.7

3 Results

3.1 Spatio-temporal oxygen distribution

The photogranule used in this study and the area analyzed with the VisiSens system are shown
in Erreur ! Source du renvoi introuvable.g. Area-based biomass density is approximated as grey levels
on the image where darker grey level mean higher biomass density. The photogranule contour (Fig.
3b) resulted from manual thresholding, best differentiating the spatial domain of the photogranule
(grey levels) from the bulk liquid (white). Maps of oxygen concentrations were extracted from images
acquired after exciting the oxygen-sensitive film placed underneath the photogranule. Local oxygen
concentrations were extracted and plotted over time for points P1-P5 (Erreur ! Source du renvoi
introuvable.f and Erreur ! Source du renvoi introuvable.g). Note that the optode measures oxygen at
the interface between the oxygen sensitive sensor foil and the photogranule. Therefore, positions of
the points are strictly speaking found at this interface as indicated in Erreur ! Source du renvoi
introuvable.f. Points P1 and P2 are located under the core area of the photogranule. Here, the initial
oxygen concentration starts around 20% oxygen saturation and rapidly decreases to less than 5%
during the first dark phase. It then remains stable at this level until the end of the experiment. Points
P3 and P4 are located within the filaments. The oxygen concentrations here are initially at 50-60% of
the saturation concentration and decrease in the first dark phase to around 5% for P3 and 10% for
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P4. Especially at P4, an oscillation of the concentration is then observed with an increase of about 5%
during the light phases and a decrease of about 5% during the dark phase. At point P5, located outside
the photogranule, the oxygen concentration oscillates in a similar manner as at P3 and P4. The mean
value and the amplitude of the oscillations are, however, greater for P5 than for P3 and P4, with
values around 60% and 10%, respectively.
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Fig. 4 Oxygen dynamics at five points of interest and their location in the photogranule. (a) — (e) Oxygen
concentrations (with respect to the saturation concentration when exposed to air) at points P1 to P5 over
time. The points are measured data, solid lines are the model output using scenario 4 (Table 1). The shaded
areas indicate the dark and light phases of the experiment. (f) The transformed grey level profile of the transect
connecting points P1-P5 in the photogranule, as used for function f in Eq.s 3, 4, and 7 and Table 1. (g) Bird’s
eye view of the location of points P1 — P5 in the photogranule. Note: This image is a rotated version Fig. 3b.

3.2 2D reaction-diffusion model

With the 2D model, we tested a set of scenarios relating respiration and phototrophic activities
to the local biomass densities f (Table 1). Among the scenarios, we identified the one that best
captured the influence of the 3D structure of the photogranule on the dynamics of oxygen
concentrations at the surface of the VisiSens sensitive film, evidenced by the best fit between model
and experimental data.

The scenarios in Table 1 include configurations in which (i) both, respiration and phototrophic
activities (g-(f) and qgp(f), respectively), are proportional to local biomass densities (scenarios 1 or 5);
(ii) only one of them is proportional local biomass densities (scenarios 2, 3, 6, 7); or (iii) both are
independent of local biomass densities (scenarios 4 and 8). Also light intensity /(f) was tested as a
function of local biomass densities: (i) /(f) could be inversely proportional to biomass density,
(scenarios 1-4). This corresponds to photosynthetic activity predominantly towards the outside of
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the photogranule, where local biomass densities are low and being attenuated towards the center of
the photogranule. (ii) Alternatively, /(f) was tested to equal Io = 61 PAR throughout the photogranule
if we assume that the measured photosynthetic activity results from the whole photogranule
(scenarios 5-8).

For each scenario of the model, parameters g0 and g0 were optimized to obtain the best fit for
ten selected points (P1-P5 and five additional points, see Fig. S1). Estimated rates and mean absolute
error (MAE) are shown in Table 1. Scenarios 1-4 deviate less from the experimental measurements
than scenarios 5-8, as indicated by their lower MAE. This is confirmed by a more detailed analysis of
the fits in which we analyzed the local behavior at each of the ten selected points (supplementary
material Figs. $2 — S11). Including a light dependency related to biomass density in the model
apparently improves the quality of the model output. Among these scenarios, scenarios 1, 3 and 4
have the lowest MAE and behave similarly at the ten examined points (Fig. S1). We thus decided to
retain the simplest of the three, scenario 4, for all consequent analyses. Using scenario 4, Eq. 3 and
Eq. 4 become:

C
T =Clro'C_|_—K
Eq. 6
T'pquo'lo'(l—f)
Eq.7

The model then allowed us to deconvolute the three processes of respiration, photosynthesis
and diffusion from spatially-structured oxygen measurements. We integrated their rates over the
total 2D surface delimited by the contour of the photogranule (Fig. 3b). The dynamics of surface
integrated rates are shown in Fig. 5.
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Fig. 5 Surface integrated rates of modeled respiration (solid line), photosynthesis (dashed line) and diffusion
(dotted line) over the course of the experiment for the entire photogranule. The surface used for the
integration corresponds to the area inside the contour in Fig. 3b. The shaded areas here indicate the dark and
light phases of the experiment. O, consumption by respiration is expressed as a negative rate while O,
production by photosynthesis is positive. Diffusion can be either positive when O, is imported into the
photogranule or could be negative when it is exported.



At the beginning of the two dark phases, the initial respiration was relatively high, as indicated
by relatively low negative rates of -10.5 and -7.6 nmol-m™-s. The respiration activity then decreased
during the phases and the associated rates reached -4.3 and -3.7 nmol-m™-s’* during the first and
second dark phase, respectively. At the end of the phases, the system was close to steady state and
diffusion nearly compensated oxygen consumption by respiration with rates of 4.7 and 3.6 nmol-m-
L.s1. Conversely, respiration rates increased during light phases and reached -7.6 and -7.3 nmol-m"
L.s1, This was associated with a constant photosynthesis rate of 5.3 nmol-m™-s. The oxygen flux
towards the photogranule by diffusion was lower during light phases than during dark phases (2.7 et
2.0 nmol-m™-s1), but the photogranule remained a net consumer of externally provided oxygen. At
the end of each dark or light phase, the system was near steady state. Steady state was reached only
during the first light phase that lasted 35 minutes. Globally, for all the phases, a time on the order of
30 minutes is required for the system to reach a steady state.

3.3 Sensitivity analysis

We assessed the uncertainty of parameters g0 and gpo by varying their values around their
optima of 0.55 mmol-m*-s? and 17.5 m? (Table 1) and computing the resulting MAE (Fig. 6). At a
MAE of up to 4 %0; (i.e., an increase in MAE of about 5% compared to the optimal MAE of scenario
4), the retained couples of (gro, gpo) fall within the central ellipse in Fig. 6. The minimal and maximal
values associated with this ellipse are between 0.52 and 0.65 for g0 and between 15.6 and 22.6 for
gpo. However, there is a strong positive correlation between g0 and gpo, i.e., when g increases, also
gpo increases. The uncertainty on the values for g0 and gpo is quite high with a possible relative error
of 18% and 29%, respectively, when we compare the optimal couple (0.55 mmol-m3-s?, 17.5 m?)
with the extreme acceptable values of (0.65 mmol-m3-s?,22.6 m).

050 055 060 065 0.70
q,, (mmol-m3-s7)

Fig. 6 Contour plot of mean absolute error (MAE in %02) of the model as function of qr0 and qp0. The
minimum is found for g.o = 0.55 mmol-m3:s* and gpo = 17.5 m™ as shown in Table 1. The area within the ellipse
where MAE = 4 %0, corresponds to combinations of g0 and gpo for which MAE < 4 %0..

4 Discussion

The coexistence of multiple granule morphologies is common in granular sludge bioreactors. This
was reported for phototrophic algal-bacterial biomass under batch or continuous cultivation with
synthetic medium (Brehm et al., 2003) or real wastewater (Arcila and Buitrén, 2017) for anammox
sequencing batch reactors treating municipal wastewater (Pijuan et al., 2020) or sequencing batch
reactors with aerobic granular sludge treating synthetic or real wastewater (Layer et al., 2019; Pronk
et al., 2015; Schambeck et al., 2020). In our photobioreactor, we observed the coexistence of a range
of morphologies, from filament-covered photogranules to nearly spherical photogranules (Fig. 1).
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System performance results from the interactions of microorganisms within each granule but also
between the populations inhabiting granules of diverse morphologies and sizes (Kuroda et al., 2016;
Liu et al., 2020). The different morphologies of biomass are believed to be essential for the proper
functioning of the bioreactors (Vannecke et al., 2015). Therefore, breaking down the contributions
by morphologic granule population may become necessary for predicting overall reactor
performance, especially when the abundance distributions of size and morphology classes may be
changing. This could be done by physically separating major populations and quantifying the
performance of a more uniform composite sample (Abouhend et al., 2020), or by measuring the
activities of individual granules. With data from both approaches, whole reactor performance can be
extrapolated using mathematical models. These models do not exist yet but would be preferable
over an “average biomass” model as these models would be able to take into consideration
temporally non-steady distributions of granule size and morphology.

The microenvironment of individual granules with a clearly defined boundary and a somewhat
solid structure is readily accessible using microelectrodes as done for example by Okabe et al (2011)
in  anammox granules. Using the classic microelectrode approaches, examining the
microenvironment of photogranules of filamentous morphology is more challenging because of the
ill-defined boundary of the photogranule and its flexible filaments.

We demonstrate here first advances for measuring the activity of filaments in a filamentous
photogranule morphology using optodes. In this technology, an oxygen sensitive sensor foil is used
to generate an optical signal proportional to the measured oxygen concentration. The resulting
images represent a map of oxygen concentrations at the interface with the oxygen sensitive sensor
foil. For thin filaments and other labile objects as for example streamers, e.g., points P4 and P5
(Erreur ! Source du renvoi introuvable.d and Erreur! Source du renvoi introuvable. 4e) the
measurement can be assumed to represent the behavior of the biomass. However, for denser regions
of photogranules, e.g., at points P1 and P2 (Erreur ! Source du renvoi introuvable.a and Erreur !
Source du renvoi introuvable.b), the biomass in contact with the oxygen sensitive sensor foil may not
be photosynthetically active. Indeed, as light may not penetrate all the way through the denser
regions, no photosynthetically active radiation reaches the oxygen sensitive sensor foil.
Consequently, the potential local photosynthetic activity cannot be directly measured.

To an extent, mathematical modeling circumvents this limitation. Using a reaction-diffusion
model, we were able to deconvolute the images of oxygen concentrations acquired with the optode
into photosynthetic oxygen production, heterotrophic respiration, and diffusive transport from the
bulk liquid into the photogranules (Fig. 5). This knowledge cannot be easily deduced from the
interpretation of the raw experimental data.

A remarkably simple model structure containing two parameters was able to capture the
essential dynamics of photogranule activities (Erreur ! Source du renvoi introuvable.). We tested
various scenarios of spatial distributions of phototrophic and heterotrophic biomass and two
illumination types (non-obstructed and attenuated light) (Table 1). The best fits of experimental data
with the model was achieved in scenarios where light was attenuated following the function f
(Erreur ! Source du renvoi introuvable.f). None of the non-obstructed light scenarios (Table 1,
scenarios 5-8), including all tested biomass distributions, reached similarly well-fitting results. Three
biomass distributions (scenarios 1, 3 and 4) were similar in their fits but we retained scenario 4 as
the most parsimonious model. It assumes a homogenous distribution of heterotrophic and
phototrophic biomass at all points within the photogranule domain. In scenario 4, light is available
for photosynthesis inversely proportional to the surface-based biomass density (function f). It
appears that the attenuation of light as a function of the surface-based biomass density was more
important for the fit of the model than the biomass distributions. Our results indicate that a focus of
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future research should be the penetration of light into phototrophic biomass as this phenomenon
seems a more sensitive factor for activity than the distribution of biomass. Our result confirms what
Abouhend et al (2020) found when relating specific oxygen production rates to photogranule size.
The optimal size range of photogranules were found to have diameters between 0.5 to 1 mm,
corresponding to photogranules with a homogeneous distribution of phototrophs and diameter
allowing light penetration throughout the photogranule (Abouhend et al., 2020).

Under the current experimental conditions, even under illumination, the oxygen supply by
diffusion is not negligible, especially considering that respiration was limited to residual organic
matter contained in the photogranule. With a greater pool of readily available organic matter, as for
example contained in wastewater, respiration would be expected to be higher, requiring a higher
oxygen supply. Considering our measurements, this higher contribution could not be provided
through photosynthesis with an average irradiation of 61 PAR. Using our model, we calculated that
an illumination of at least 120 PAR would satisfy oxygen requirements beyond endogenous
respiration, enabling the degradation of externally supplied organic matter. Abouhend et al (2020)
observed the degradation of externally supplied organic matter at 150 PAR. Even though our
calculations and a comparison with literature values may indicate possible light requirements for
wastewater treatment using photogranules, this consideration should be taken with care, as the
values were obtained using very different experimental procedures and systems. The minimum light
requirements may be lower as we assume as our experimental procedure may underestimate or
hinder oxygen production.

One identified reason for underestimating actual oxygen production is linked to the required
exposure time of 20 s for image acquisition of the optode system. During acquisition, external
photosynthetically active radiation needed to be stopped, while the light-independent oxygen
consumption continued. The resulting images thus represent an integral over 20 s of oxygen
consumption. Due to the possible non-linearity of the responses, we refrained from estimating a
consumption term to compensate this loss. A further drawback of the long acquisition time, though
less relevant in our situation, is the detection of processes with shorter characteristic times than
needed for acquisition, e.g., oxygen production in moving filaments.

Our 2D model, by definition, only considers a projection of a three-dimensional photogranule
onto a two-dimensional surface. This projection, however, is not a true average signal over the depth
of biomass, but in a sense a weighted average, giving most weight to the interface with the oxygen
sensitive sensor foil. The global photosynthetic activity may thus be underestimated. Indeed,
photosynthetic activity at the light-exposed surface of the photogranule, e.g., above points P1 and
P2, may not be detectable at the film interface as all oxygen will have been consumed in upper parts
of the photogranule. The effect of the projection may explain the discrepancy between model and
experimental data at P3 (Erreur ! Source du renvoi introuvable.c). Here, the model underestimates
the experimentally measured oxygen concentrations possibly because diffusion from the bulk phase
overlaying the photogranule may supply oxygen that is unaccounted for in the 2D model. It may also
happen that available surface for photosynthesis, e.g., filaments protruding into the bulk phase in
the dynamic flow field during reactor operation, may collapse during the hydrodynamically static
experiment and thus reduce the available area for photosynthetic activity.

Knowing that the photogranules from our reactor are in principle able to provide sufficient
guantities of oxygen for the degradation of a synthetic wastewater (unpublished data), we assume
that a reduction in photosynthetic activity must have happened during our experiments. Otherwise
we would have noticed a gradual aeration of the bulk phase, eventually leading to supersaturation
with respect to atmospheric oxygen as regularly observed in the lab scale reactors. Instead, at distant
points from the photogranule, a decrease in oxygen concentrations was detected (e.g., P6 in Fig. S1).
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This indicates that oxygen consumption due to respiration in the photogranule was always higher
than oxygen production due to photosynthesis.

Despite the experimental limitations of the optode system for the activity measurement of
filamentous photogranules, this kind of technology coupled to mathematical modeling is able to
provide essential data on the activity of filaments, i.e., their activity per surface as done here (Erreur !
Source du renvoi introuvable. and Fig. 5). This information is useful for optimizing a bioprocess using
photogranules. We were able to demonstrate that in the filaments the characteristic response time
of changes in the oxygen dynamics after phases of darkness is on the order of seconds. This implies
that the exposure to varying light on the trajectory of a photogranule in a photobioreactor may
influence the activity of photogranules, even reversing oxygen gradients. The response of oxygen
concentrations in filaments is also linked to the heterotrophic respiration. Filaments therefore do not
only offer a surface for oxygen production, but at the same time can be a preferential location for
nitrogen and carbon conversion. This rapid shifts of oxic and anoxic periods in a photogranule floating
in the photobioreactor may promote shifts in nitrification and denitrification. This is of particular
interest for the application of photogranules in the context of wastewater treatment.

5 Conclusions

Our ultimate goal is mathematical description of a photogranular system containing all
morphologic populations of photogranules. This work provides a first modeling approach for
heterogeneous photogranule morphologies found in filamentous photogranules. Obtaining a unified
vision of the activity of this morphotype of photogranules, including all regions within the
photogranules, remains to be developed. The use of optodes alone as done in this study needs to be
complemented, e.g., by classic microelectrode work, to characterize the denser regions of
filamentous photogranule.
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Figure S1: OPG stereomicroscopic image and location of points P1 — P10 used for model calibration.
P1, P2, P7 and P8 are located near the center of the photogranule. P3, P4, P9 and P10 are within its
filaments. P5 and P6 are in the bulk.

Figures S2 — S11 show the details of the best fits of models for points P1 — P10 associated with
scenarios 1 — 8 (see Table 1 in the main text).
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Figure S2: Oxygen saturation (with respect to air) at point P1 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S3: Oxygen saturation (with respect to air) at point P2 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S4: Oxygen saturation (with respect to air) at point P3 over time. The points are measured data, red solid lines are the model output. Panels 1 -

8 correspond to scenarios 1 - 8 respectively.
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Figure S5: Oxygen saturation (with respect to air) at point P4 over time.
8 correspond to scenarios 1 - 8 respectively.
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The points are measured data, red solid lines are the model output. Panels 1 -
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Figure S6: Oxygen saturation (with respect to air) at point P5 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S7: Oxygen saturation (with respect to air) at point P6 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S8: Oxygen saturation (with respect to air) at point P7 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S9: Oxygen saturation (with respect to air) at point P8 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S10: Oxygen saturation (with respect to air) at point P9 over time. The points are measured data, red solid lines are the model output. Panels 1 -
8 correspond to scenarios 1 - 8 respectively.
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Figure S11: Oxygen saturation (with respect to air) at point P10 over time. The points are measured data, red solid lines are the model output. Panels 1
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