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Abstract

We present a spatial model describing the growth of a photosynthetic microalgae biofilm. In
this 2D-model we consider photosynthesis, cell carbon accumulation, extracellular matrix
excretion, and mortality. The rate of each of these mechanisms is given by kinetic laws regu-
lated by light, nitrate, oxygen and inorganic carbon. The model is based on mixture theory
and the behaviour of each component is defined on one hand by mass conservation, which
takes into account biological features of the system, and on the other hand by conservation
of momentum, which expresses the physical properties of the components. The model sim-
ulates the biofilm structural dynamics following an initial colonization phase. It shows that a
75 um thick active region drives the biofilm development. We then determine the optimal
harvesting period and biofilm height which maximize productivity. Finally, different harvest-
ing patterns are tested and their effect on biofilm structure are discussed. The optimal strat-
egy differs whether the objective is to recover the total biofilm or just the algal biomass.

Author summary

Microalgae have many industrial applications, ranging from aquaculture, pharmaceutics,
food industry to green energy. Planktonic cultivation of microalgae is energy-consuming.
Growing them under a biofilm form is a new trend with attracting promises. Biofilms are
complex heterogeneous ecosystems composed of microorganisms embedded within a self-
produced extracellular matrix and stuck to a surface. Most of the studies have focused on
bacterial biofilms and knowledge about microalgae biofilms is still very limited. In this
paper, we propose a mathematical model describing microalgae biofilm development. We
simulate in 1D and 2D the impact of harvesting conditions on biofilm productivity. In
agreement with available experimental observations, we find that there exist optimal fre-
quencies and patterns that optimize the productivity. We also show that the optimal condi-
tions differ whether for maximizing the productivity of microalgae or of the whole biofilm.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009904  April 4, 2022

1/20


https://orcid.org/0000-0003-0535-1443
https://orcid.org/0000-0003-1410-3169
https://orcid.org/0000-0001-7578-5146
https://orcid.org/0000-0003-2539-9014
https://doi.org/10.1371/journal.pcbi.1009904
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1009904&domain=pdf&date_stamp=2022-04-25
https://doi.org/10.1371/journal.pcbi.1009904
http://creativecommons.org/licenses/by/4.0/
https://plmlab.math.cnrs.fr/polizzi/photosynthetic-biofilm-simulations/
https://plmlab.math.cnrs.fr/polizzi/photosynthetic-biofilm-simulations/

PLOS COMPUTATIONAL BIOLOGY Understanding photosynthetic biofilm productivity and structure through 2D simulation

program, to 0. B. & F. L. This work also benefited
from the support of the Treilles Foundation, to 0. B.
& F. L. The authors are grateful to the OPAL
infrastructure from Université Cote d’Azur for
providing resources and support, to 0.B. & B. P.
The funders had no role in study design data
collection and analysis decision to publish or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

1 Introduction

Microalgae have gained a new biotechnological role in the last decade with applications for
food, feed, green chemistry and wastewater treatment [1]. These photosynthetic microorgan-
isms will play a role in the future providing sustainable sources for proteins, pigments, anti-
oxidants and many highly valuable products [2]. Some species can store large fractions of tria-
cylglycerol or carbohydrates (after N or P deprivation), which can be turned into biodiesel or
bioethanol, respectively. A whelm of research was launched to better understand and exploit
this potential renewable source for bioenergy production [3].

These aquatic organisms are mainly cultivated outdoor, in closed photobioreactors or
open-ponds where they grow in suspension. The challenge is to convert the flux of solar energy
into intracellular organic carbon with maximum efficiency. Microalgae have several advan-
tages compared to terrestrial plants, but the most important feature is that they can grow ata
substantially high rate using industrial carbon dioxide and wastewater, with potential produc-
tivities one order of magnitude larger than terrestrial plants and without using agricultural
land. However, sustainable production with planktonic technologies is very challenging [4].
When growing in suspension, microalgae need continuous agitation to avoid sedimentation
and to ensure regular access to light. This requires displacing huge amounts of water, while
less than 1% of the liquid mass contains microalgae. Moreover, harvesting algae requires sepa-
rating them from the medium, and thus energy-demanding operations such as centrifugation
or membrane filtration. The price to pay for high productivity is then a high energetic cost for
mixing and harvesting which jeopardizes the benefits of microalgae, especially when targeting
biofuel production.

More recently, an alternative to suspension growth has been proposed to reduce the need
for energy demand. Instead of moving the liquid medium, only the microalgae cells together
with their support are set in motion. Several biofilm-based microalgae cultivation systems
have been reported, mainly based on lab-scale and indoor conditions for environmental reme-
diation and biofuel production purposes [5, 6]. Various designs have been proposed: the
rocker system with polystyrene foam as attaching material [7], the rotating algal disk [8], the
rotating rope reactor with spool harvester partially submerged in wastewater [9], the attached
cultivation reactor using glass plate and filter paper as a substratum [10] and the conveyer belt
[7].

In this new paradigm, microalgae grow within a biofilm, which is an assemblage of micro-
bial cells irreversibly associated with a surface and enclosed in a matrix of extracellular poly-
meric substances, composed of polysaccharides, proteins, nucleic acids and lipids [11]. Its
three-dimensional architecture (spatial arrangement of microorganisms, cells clusters, extra-
cellular polymers and particulates) is inherently heterogeneous, both in space and time, con-
stantly changing due to internal and external processes [12]. Many factors affect biofilm
structure, growth and activity, such as nutrient availability, hydrodynamics, cell-cell signalling
[13] or even cross-feeding with spacial differentiation [14].

The objective of this work is to represent the development of a microalgal biofilm in a 2D
model, to better understand how environmental conditions can affect biofilm structure. Many
models have been developed to simulate the structure of bacterial biofilms, but, to our knowl-
edge, only a few studies are available for microalgal biofilms [15]. Taking into account light
distribution and inorganic carbon availability in the biofilm is an additional challenge to accu-
rately represent biofilm with photosynthetic microorganisms. Several mathematical models
have already been proposed to represent spatial arrangement, growth and metabolic interac-
tion in bacterial biofilms. Multidimensional and multi-species cell-centred models were used
in [16, 17] or [18]. However, fluid mechanics effects are difficult to take into account in cellular
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automata. Hybrid models, coupling some cell-centred approaches with partial differential
equations (PDE), have been proposed to improve this point [19].

More physical approaches use continuous models where the biofilm is described as a visco-
elastic material that expands in response to the pressure induced by mass exchanges between
the biofilm and the surrounding liquid. In some models, biofilm and liquid are separated by a
physical interface, which evolution is computed by moving front techniques [20]. Here we use
an approach based on mixture theory [21], providing continuous models based on PDEs for
multi-component fluids. Mixture models have been successfully used later on for the descrip-
tion of several biological systems and, in particular, for modelling biofilms [20, 22-24].

This study extends the 1D physiological biofilm model [25]. In this approach, we consider
several physiological processes which affect intracellular dynamics, such as photosynthesis,
organic carbon intracellular storage, extracellular matrix excretion, and mortality. The associ-
ated kinetic rates are functions of intracellular variables and dissolved compounds. In particu-
lar, we propose a structured description of the microalgae growth, based on the consideration
of intracellular reserves triggering the processes of growth, respiration and polymer excretion.
We consider separately the intracellular storage of carbon (lipids and carbohydrates) and the
functional part of the cells (proteins, membranes, DNA, etc . . .). Here we extend this model to
2D, to assess the impact of environmental conditions, especially harvesting, on biofilm struc-
ture and growth and to better describe the structures appearing along the biofilm
development.

2 Model
2.1 Physiological model principles

This section recalls the model principles as they were presented in details in [25] for the 1D
version. The biological model is a trade-off between macroscopic models which do not
account for intracellular physiology and metabolic models of high complexity, which would be
difficult to embed in a physical structure. The model was designed to accurately describe the
accumulation of carbon reserve (lipid, carbohydrate, EPS) in the cell and its production within
the Extra-Cellular Matrix (ECM). To our knowledge, it is the first model for algal biofilm com-
bining a physiological description with the spatial dynamics and structuration of the biofilm
architecture.

Microalgae are embedded in the biofilm within a self produced extra-cellular matrix. Pho-
tosynthesis takes place in the chloroplasts, using inorganic carbon (mainly CO,) as substrate.
Extra-cellular matrix is made of dead cells and excreted extra-polymeric substances and pro-
teins [26].

In line with other models [27, 28], the microalgal biomass is split into functional biomass
and a pool of carbon storage. The functional biomass gathers biosynthetic molecules such as
proteins, nucleic acids and structural material. The pool of carbon storage is made of lipids
and carbohydrates. The mathematical model therefore contains four constituents: pool of car-
bon storage (A), functional biomass (N), extra-cellular matrix (E) and liquid phase (L). Note
that the sum M = A + N represents the microalgal biomass. We also consider three dissolved
components in the liquid phase: inorganic carbon (C) (mainly CO, and bicarbonate), oxygen
(O) and nitrate (S, substrate).

It is important to understand that the liquid phase L represents the free water trapped into
the biofilm, but that all the components are assumed to be linked to a liquid phase. We con-
sider that the components A, N and E include 90% of the associated liquid inside the cellular
membrane.
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Fig 1. Schematic representation of the biological model scheme, including the external supplies and the metabolic
pathways. The arrows represent the mass exchanges induced by biochemical reactions between the components which
are represented by the rectangles.

https://doi.org/10.1371/journal.pcbi.1009904.9001

Photosynthesis consumes carbon dioxide and water, releases oxygen and produces carbo-
hydrate. The photosynthesis rate increases and saturates with carbon dioxide and free water.
Photoinhibition is also included using Peeters-Eilers model [29] and oxygen [30] can inhibit
photosynthesis at high concentration.

In the opposite, cells use dissolved oxygen to oxidise the carbohydrate in the respiration
process, which releases carbon dioxide and water.

Finally, a fraction of the extra-cellular matrix is composed of EPS excreted by the microal-
gae. If nitrogen is available, cells synthesise the components of functional biomass and grow.
In case nitrogen limitation induces an imbalance between nitrogen and carbon fluxes, microal-
gae start to release exopolysaccharides [31], but also a fraction of the functional biomass, com-
posed of proteins. Dead microalgae also contribute to the extra-cellular matrix. Mortality rate
is supposed to depend on dissolved oxygen concentration in the following way: when oxygen
concentration becomes smaller than a subsistence level, mortality is enhanced. Moreover, at
high oxygen concentration, oxygen free radicals are generated, inducing cell mortality [30, 32].

Fig 1 presents an overview of the forementioned mass fluxes. The pseudo stoichiometric
coefficient associated to photosynthesis (resp. respiration, functional biomass synthesis, EPS
excretion and microalgae death) for component ¢ is denoted by 75, , (resp. nfﬁesp, 0o Mo, and

05..); here, ¢ stands for one of the components ¢ € {A, N, E, L, S, C, O}. The pseudo stoichio-
metric coefficient values are displayed in Table B in S3 Text. We also call ¢pp,; (resp. ¢gesps

O Funcs PExer» PDearn) the photosynthesis (resp. respiration, functional biomass synthesis, EPS
excretion and microalgae death) rate. We present in S1 Text the complete expression of all
these functions, see [25]. Parameter values are also the same as in [25] and are given in Tables
A-Fin S3 Text.
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2.2 Physical model

Biofilms are multi-phasic heterogeneous ecosystems and their physical properties, especially
for micro-algae biofilms are not well understood. Modelling such complex systems and taking
into account this heterogeneity is therefore challenging. For example, the biofilms its self is a
visco-elastic material [33, 34] whereas the surrounding bulk liquid is not. Nevertheless,
although micro-algae biofilms differ from bacterial biofilms on the metabolism point of view,
they share similarities in their mechanical properties. Indeed, the mechanical properties of bio-
films mainly come from their structure: both micro-algae and bacterial biofilms are made of
close-packed micro-organisms within a self produced extra-polymeric matrix. Thus, the for-
malism developed for bacterial biofilms can be adapted to micro-algae biofilms.

As mentioned in the introduction, different approaches have already been proposed to rep-
resent spatial arrangement, growth and metabolic interactions in biofilms. Among these
approaches, PDE based models are well suited to account for physical properties such as fluid
mechanics effects. The mixture theory framework [35], which generalises Euler equations, can
combine continuum theory for the motion and deformation of solids and fluids with general
principles. Therefore, it is well adapted to account for heterogeneity within biofilms.

More precisely, we consider two kinds of components, namely biofilm constituents (ie. car-
bon pool, functional biomass and extra-cellular matrix) and liquid on the one hand and dis-
solved components (eg. oxygen) on the other hand, see previous subsection. All the model
variables depend on time and space.

We describe first the equations for the three biofilm constituents and the liquid. Following
[22], those components are described through their mass balance equation and their force bal-
ance equation, which are all described in details in S1 Text.

The mass balance equations take the form of advection-reaction equations. They gather all
the biological features of the model through the reactions terms that describe the mass fluxes
between components. The local composition affects the bioreaction rates, thus the reaction
terms are nonlinear functions that account for the different limitation and inhibition mecha-
nisms. The force balance equations gather the physical properties of the system, which are
hardly known. Therefore, following [22], we only consider the hydrostatic pressure, the elastic
tensor, the friction between phases and the momentum supply induced by mass exchanges.
Other processes like aggregation or osmotic pressure could also be included; for example in
[36] Flory-Huggins forces are considered, leading to mushroom-like structure formation.
Since there is little experimental work to support the underlying hypotheses on the involved
forces in the case of microalgae biofilms, only the behaviour of the model, like structure forma-
tion, can justify the choice of mechanical modelling. Here structure formation matching
experimental datas are observed with only the forces mentioned above.

Since the model is based on mixture theory, each of these four components is described by
its volume fraction which represents the percentage of the volume occupied locally by the
component. This formalism induces a volume constraint, which says that the whole volume is
occupied by the four constituents. This constraint can be expressed equivalently as a non-
homogeneous incompressibility constraint, in the spirit of Navier-Stokes incompressibility
constraint.

Let us now detail the equations for the dissolved components. Inorganic carbon C, oxygen
O and nitrate S are dissolved within the liquid phase. Thus these components are advected by
the liquid and there is no momentum equation for them. As for the other components, the
reaction terms involve non-linear functions to account for the limitations in mass exchange
fluxes. In addition, these components can diffuse at a constant rate. Therefore, the mass bal-
ance equations for dissolved components take the form of advection-reaction-diffusion
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equations. Finally, the external supply of inorganic carbon and oxygen is modelled using Hen-
ry’s balance law, whereas the external supply of nitrate comes from the boundary condition.
Here again, all the details are presented in S1 Text.

To sum up, the general form of this model is the same as the model in [22], but it differs on
several points. First, the physiology in the mass balance equations is described with many
more details, which complicates the incompressibility constraint. Then, we consider three dis-
tinct velocities in the force balance equations: v, for the microalgae, v for the extra-cellular
matrix and v; for the liquid phase. Finally, we couple the mixture model with complementary
mass balance equations detailing the evolution of the components dissolved in liquid. The
numerical scheme used to discretize the full system of equations is explained in S4 Text.

Here, the model is simulated in two dimensions, but the extension in this paper and the
general equations proposed in S1 and S2 Text are also valid in three dimensions.

3 Results and discussion

The numerical results presented here after are done with Matlab 2018b. The code is available
at: https://plmlab.math.cnrs.fr/polizzi/photosynthetic-biofilm-simulations/.

3.1 Structure dynamics: Starting from a spot colony

First, we consider the development of a biofilm originating from a single colony. The initial
distribution is defined in S3 Text section 1. Fig 2 shows the simulated biofilm growth. The
microalgae distribution (for A and N) takes a moon crescent shape on the front while the
extra-cellular matrix E is accumulating behind it. A similar development pattern has been
observed in monospecific microalgae biofilms produced by C. autotrophica, P. purpureum and
C. closterium [37-39]. It is interesting to notice that such a spatial separation among biofilm
components (i.e. cells on top and matrix at the bottom) could strongly impact the mechanical
properties of biofilms. For instance, erosion tests applied on bacterial and microalgal biofilms
demonstrated that the bottom layers of the biofilms are often more cohesive than their top lay-
ers, this cohesion gradient has been correlated to EPS distribution [37-39]. The growth of the
biofilm seemed to be mainly driven by light, CO, and O, gradients, which were more available
on the top of the biofilm and decreased quickly within it, as shown on Fig 3. The distribution
of the dissolved components, at different times, points out that they develop faster in this front
area. Consequently, the volume fraction of microalgae on the front is increasing and the bio-
film takes the characteristic form of a mushroom, as already described in the literature [24]
and observed experimentally for bacterial biofilms [40, 41]. This structure appears after few
days and is completely established at day 15 according to the second row in Fig 2 displaying
microalgae volume fraction (M = A + N).

3.2 Analysis of the main mass fluxes

Biofilms are characterized by steep physical and chemical gradients that define the vertical spa-
tial organization of cell layers in term of activity and physiology [42]. Therefore, it is of para-
mount importance to relate such gradients to cell activity in order to spatially assess processes
such as growth and death within a biofilm. Fig 4 represents the photosynthesis rate in the bio-
film (ie. @ppop see S2 Text for the detailed mathematical expression) at times ¢ =5, t = 15, t = 25
and t = 35 days for a biofilm starting from a single spot colony (see Sec. 3.1). It is interesting to
note that the thickness of the active biofilm (defined as the area where the photosynthesis rate
is larger than 1% of its maximal) reaches a constant value of 75 + 7.5 ym after 5 days. This
means that the superficial layers of the biofilm are the most photosynthetically active, as sup-
ported by several experimental studies on phototrophic biofilms [43-45]. Typically, the factor
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Fig 2. Biofilm volume fractions and composition at different times: ¢ =5, t = 15, t = 25 and t = 35 days from left to right. The first row represents
the whole biofilm volume fraction B=A + N + E. The second row represents the microalgae volume fraction M = A + N. The third row represents the
extra cellular matrix volume fraction E. Finally the last row represents the ratio of living biomass over the whole biomass, namely 100 x M/B.

https://doi.org/10.1371/journal.pcbi.1009904.9g002

driving the vertical distribution of the active layers in photosynthetic biofilms is light, which is
imposing the extent of the euphotic zone [43]. Accordingly, Fig 5C shows that the localization
of the cells at the top layers drastically attenuate the available light over the depth of the bio-
film. Thus, the biofilm growth resulted to be strongly light limited, as shown in Fig 5D repre-
senting the light effect on the photosynthesis rate (¢py,,,). Our simulation also highlighted that
low liquid content constrains the photosynthesis rate (Fig 5B). It is worth recalling that
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Fig 3. Distribution of the dissolved components for a biofilm starting from a single spot colony. The inorganic nitrogen concentration (first line),
inorganic carbon distribution (second line) and oxygen distribution (third line) are represented at times ¢ = 5, t = 15, t = 25 and ¢ = 35 days (from left to
right). The purple dotted line represents the biofilm front defined as the largest value for the biofilm gradient.

https://doi.org/10.1371/journal.pchi.1009904.g003

: Pp
Photosyntesis rate TrnotPit
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| s I

- A~ M\

Fig 4. Photosynthesis rate in the biofilm (¢pp,» see S2 Text for the detailed mathematical expression) at times f = 5, £ = 15, £ = 25 and ¢ = 35 days
for a biofilm starting from a single spot colony. The purple dotted line represents the biofilm front.

https://doi.org/10.1371/journal.pcbi.1009904.g004
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https://doi.org/10.1371/journal.pchi.1009904.9005

variable L represents the free water trapped within the biofilm, which can become limiting,
while the chemically combined water is not affected. Around and below the biofilm front (ie.
purple dotted line), the free liquid volume fraction becomes very low (below 20%), then the
term @y g, is around 0.4 meaning that photosynthesis rate is reduced by 60%. [46] found that
after a decrease by 15% of relative air humidity (from 100% to 85%), the photosynthetic effi-
ciency of aeroterrestrial microalgae biofilms dropped to zero and the amount of non-growing
algae increased, confirming the importance of water availability on photosynthetic biofilms.
Fig 5E and 5F show that there is no marked nitrate and CO, limitation in the biofilm for the
considered growth conditions. Indeed, those substrates penetrate the biofilm and the satura-
tion level in the medium guarantees that there is no limitation, see Table C in S3 Text. Simi-
larly, [37] found that the diffusion coefficient in C. vulgaris biofilms did not correlate with
changes in their architecture, indicating that pores and channels might ensure a continuous
supply of nutrients within the core of a biofilm. According to Fig 5G, until day 15, no inhibi-
tion by oxygen is expected to occur. However, for longer times, the oxygen accumulation
around the biofilm front eventually induces photosynthesis inhibition and cell death (see Fig
5H at t = 30 days). Indeed, in photosynthetic biofilms and mats the presence of high oxygen
concentrations can inhibit photosynthesis by stimulating the oxygenase activity of RuBisCo
(i.e. photorespiration) or by inducing ROS generation [47].

Fig 6A represents the relative difference (A in %) between the cell excretion and cell death:

A =100 x goExcr — ¢Dearh

¢Excr + ¢Death

s A N A N
with (pExcr - (pExcr + (PExcr and (pDeath - (pDeath + (/)Death‘

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009904  April 4, 2022 9/20


https://doi.org/10.1371/journal.pcbi.1009904.g005
https://doi.org/10.1371/journal.pcbi.1009904

PLOS COMPUTATIONAL BIOLOGY Understanding photosynthetic biofilm productivity and structure through 2D simulation

PFunc
30 40

C
Phenry

| —— ) —— 0 0001 0002 0003 0004 0005
! — J N —

(6A) (6B) (6C) (6D)

Fig 6. Relative difference between excretion and death rates, functional biomass production, inorganic carbon transfer rate and oxygen ransfer
rate at day 15 (see S2 Text for the expression of these terms). Fig 6A: Relative difference (A in %) between fluxes for ECM excretion and death. Fig 6B:
Functional biomass production rate ¢r,y.. Fig 6C: Inorganic carbon supply ¢f . Fig 6D: Oxygen supply ¢f,, .

https://doi.org/10.1371/journal.pchi.1009904.9006

The biofilm frontier is represented in Fig 6 by a purple curve. It turns out that the ECM pro-
duction inside the biofilm (below the purple line) mainly comes from the death process as
described for bacterial biofilms where volumetric growth resulted from the accumulation of
inactive organic matter constituted by dead cells and EPS [48]. In the external layer of the bio-
film, death and excretion equally contribute to ECM creation. In these top layers, where oxy-
gen concentration and light are high, excretion could be interpreted as an acclimation
mechanism to allow excess absorbed energy to flow avoiding the over-reduction of the photo-
synthetic machinery [49]. Only microalgae from the outer layer of the biofilm are active and
produce functional biomass (Fig 6B).

3.3 Structure formation: Starting from multi-colonies

The second simulation starts from an initial distribution made of three algal colonies (see S3
Text). The different biofilm components and the dissolved elements are represented along the
biofilm growth in Figs 7 and 8, respectively. Until ¢ = 10 days colonies grow separately and are
mostly made of microalgae. Microalgae on the front have a better access to nutrients and light
so their growth is faster, as previously stated [50]. Consequently the biofilm volume fraction is
higher on the front than inside the biofilm which leads to a mushroom shape for each bump at
t =20 days. Then the three bumps merge and a joined front made of microalgae develops. Ata
macroscopic level, it means that the biofilm surface roughness progressively decreases with
time. This result is supported by experimental observations for different species [51]. Finally,
once the multiple initial colonies have merged, the growth dynamics is very similar to that of a
single colony, with similar determinants driving biofilm development. Although in our simu-
lation the colonies merge to form a sole element as reported for bacterial biofilms [52], in
multi-species aggregates, mechanisms such as competition may occur inducing spatial segre-
gation [53]. Future developments introducing in the model chemical signalling or processes
such as competition and cooperation could be of interest to understand the microbial spatial
organization in complex photosynthetic biofilms.

3.4 Impact of harvesting on productivity

3.4.1 Numerical strategy. Two-dimensional numerical simulations are expensive in
terms of CPU resources (typically, the simulations presented in the previous section take 2 to 3
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Fig 7. Biofilm volume fractions and composition at different times: ¢ =5, t = 10, t = 15 and ¢ = 20 days from left to right. First row: whole biofilm
volume fraction B = A + N + E. Second row: microalgae volume fraction M = A + N. Third row: extra cellular matrix volume fraction E. Last row: ratio
(%) of living biomass over the whole biomass M/B.

https://doi.org/10.1371/journal.pcbi.1009904.g007

weeks on a Xeon SP Gold 6148 @ 2.40GHz). Therefore, it is out of reach to assess the impact of
harvesting strategies directly on the two-dimensional model. For an initial condition uniform
in space, the model can be approximated by a 1D model, which computations are a range of
order faster. In a first step we validate this one-dimensional approximation and show that for
spatial uniform initial condition the results are in good agreement with the two-dimensional
simulations.
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T e

Fig 8. Concentration of the dissolved components at times t = 5, t = 10, £ = 15 and ¢ = 20 days for a biofilm starting from a three spot colony. First
line: substrate distribution (S). Second line: inorganic carbon distribution (C). Third line: oxygen distribution (O). The purple dotted line represents the

biofilm outer contour defined as the largest value for the biofilm gradient.

https://doi.org/10.1371/journal.pcbi.1009904.g008

Then we use the 1D model to run an extensive numerical analysis to assess the effect of har-
vesting height and harvesting period.
Once the main parameters affecting productivity have been identified, two-dimensional
simulations are run with the third objective to test different scrapping patterns and determine

their effect on productivity.

3.4.2 Validation of 1D estimates for uniform initial conditions. To validate the 1D pro-
ductivity estimates for uniform harvest, we compare a set of 1D and 2D simulations. Since 2D
numerical simulations are highly computational demanding, the comparison has been made
for the four representative situations listed in Table 1. Moreover, the tolerance used to estimate

Table 1. Relative productivity difference between 1D and 2D numerical simulations for the whole biofilm (ie. A

+N+E) in the case of a uniform harvest.

Harvest period (days) 4 6.5 9 9
Harvest height (um) 350 350 75 325
Relative difference (%) 3.26 0.35 0.01 0.34
https://doi.org/10.1371/journal.pcbi.1009904.t001
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if the stationary regime is reached is ten times larger for 2D simulations than for 1D simula-
tions. The results are summarized in Table 1. Accordingly, the relative productivity difference
between 1D and 2D simulations remains under 1% except for one case. Indeed, for the simula-
tion corresponding to harvest every 4 days at 350 ym the relative difference is about 3.26%. In
this case, the stationary regime is not perfectly reached in the 2D simulation; indeed, the toler-
ance value we choose induces 13 harvest periods for the 2D simulation instead of 16 harvest
periods for the 1D simulation, which explains this discrepancy.

3.5 Impact of height and harvest period on productivity

At present, only few information are available regarding harvesting parameters [54, 55]. How-
ever, parameters such as period and the depth at which the biofilm is collected are important
from a process point of view. For instance, the optimization of the harvesting frequency allows
to maintain the biofilms in exponential growth (i.e. in optimal metabolic state) and once har-
vested the biofilm that is remaining on the support may even exhibit improved productivity (2
times higher) [9, 54, 56]. Extensive simulations with the 1D model are run to assess the impact
of the remaining biofilm height after harvest and of the harvesting period. The harvest height
is defined as the distance of the scrapping blade with respect to the support. For each couple of
harvesting conditions, i.e. height and period, a one dimensional numerical simulation is run
until the estimated daily production for each biofilm component between two harvests
becomes lower than 0.1%. Fig 9 represents the daily production rate of dry biomass for each
component (in g/m?/d) with respect to the different tested harvesting conditions. The simula-
tion shows that the optimal harvesting period is between 7 and 8.4 days, which maximizes the
average daily dry biofilm production. When combined to the optimal height of 75ym for har-
vesting, a maximum productivity of 2.4 g/m?*/d is reached. This value is in the lower range of
several experimental works. In their outdoor experiments [57] record productivities in the
range of 1.5 to 5 g/m’/d. Higher productivities can though be reached if the model accounts
for the liquid flow at the surface of the biofilm. This would enhance the transfer rate from the
liquid to the biofilm, and in particular reduce the oxygen accumulation in the biofilm which
has a noticeable inhibiting effect on productivity. In industrial set-up, as in rotative photobior-
eactors [58], a supply of CO, will enhance growth, and this option is not considered here. [54]
found that an harvesting frequency of 7 days, similar to the one identified by our simulation,
allowed to maximise productivity and nutrient removal from wastewater. However, the
authors reported that a harvesting height of 2mm doubled productivity with respect to an
height of 130 ym [54]. A lower density and fluffy structure were reported for those thick bio-
films. In our simulation, harvesting heights larger than 100um did not significantly affect pro-
ductivity. It has to be pointed out that multi-species biofims were studied in [54]. Accordingly,
harvesting height affected species dominance and in turn biofilm structure which may have
boosted productivity. In our biofilm, a higher height after harvest means that a great fraction
of the biofilm, would not be illuminated or reached by nutrients. Production of biomass in
these layers will therefore decrease because of respiration and mortality, leading to an overall
decrease of carbon fixed into biomass. Consequently, it results that there is a trade-off corre-
sponding to the thickness of the active front.

This analysis must be refined when focusing on a specific biofilm component. If algal bio-
mass is targeted, a more frequent harvest (every 5 days) at a thinner depth (20um) is optimal.
Fig 9D shows that the fraction of algal biomass in the biofilm mainly decreases with the har-
vesting period.

Different choices of harvesting heights and harvesting periods can lead to the same biofilm
productivity. For example the iso-productivity at 2.3 g.m >.d "' encompasses a large parameter
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Fig 9. Daily production rates obtained using 1D numerical simulation (ie. uniform scraping pattern) for different
biofilm components and biofilm compositions with respect to harvest period and height. Fig 9A: Daily production
rate of dry biofilm (A + N + E). Fig 9B: Daily production rate of dry ECM (E). Fig 9C: Daily production rate of dry
microalgae (A + N). Fig 9D: Biofilm composition: dry biomass percentage within microalgae (A + N)/(A + N + E).

https://doi.org/10.1371/journal.pcbi.1009904.9009

range. However, the composition of the biofilm can be very different, with more algae and less

EPS if the biofilm is harvested often at a lower depth. The harvesting strategy must then be tay-
lored to the desired production objectives.

3.6 Impact of scrapping pattern on productivity

In this section, the 2D simulation model is used to determine how the scrapping pattern affects
productivity and biofilm structure compared to flat harvesting. Different scrapping are simu-
lated, assuming that they are all square-wave with different depths, see Fig 10 for the case of a
harvest with a battlement scraping shape of size 250um and a harvesting period of 6.5 days.

With a crenellated scrapping pattern, the expected productivity gain is in the range of 10%
compared to the best strategies obtained with uniform harvesting (see Table 2) for optimising
algal biomass M. The main effect of the tooth pattern is that it increases the contact surface
between the biofilm and the liquid medium. Hence, the inner parts of the biofilm are better
exposed to nutrients through diffusion. In the same way, the oxygen can better be released in
the liquid bulk. Even if this effect is not represented, light which is highly diffused in this very
turbid environment, can also reach the cells along the side of the hole created by the scraping
tool.

It results that the crenel strategy is a way to harvest the same quantities as the optimal strat-
egy (with 9 days and 75um), but with a shorter period. It can be more adapted from an opera-
tive point of view. Typically, at industrial scale, it is more convenient to harvest every week at
the same time, instead of harvesting every 9 days. The tooth pattern does not significantly

improve the productivity compared to the best results obtained for the optimal flat harvesting
conditions.
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Fig 10. Biofilm (first row) and photosynthesis rate (second row) over an harvesting period. Harvest is performed every 6.5 days, using battlement
scraping shape of width 250um. The first column, at time t = 0, represents biofilm and photosynthesis rate immediately after the harvest and the last
column 6 days after harvest (or equivalently half a day before the second harvest). The columns in between represent the intermediary times t = 2 and
t = 4 days after harvest. All these subfigures correspond to square domain of length L, = L, =3 - 10,

https://doi.org/10.1371/journal.pchi.1009904.g010

When harvesting at higher frequency (every 4 or 6.5 days), the gain can vary when consid-
ering a specific component in the biofilm. The productivity for the storage compound A is
enhanced, while there is no strong gain when considering the whole biofilm. It is worth
remarking that productivity with a crenel shape is always better than the productivity with a
flat harvesting at the surface or at the bottom of the crenels (with the same harvesting fre-
quency). The chosen crenel strategy is however detrimental to EPS productivity. A dedicated
strategy must be explored if EPS is the goal of the process. These conclusions can be modulated
after the model is upgraded to account for the liquid flow at the surface of the biofilm. It is
likely that the crenel shape would lead to stronger exchanges of CO, and O, with lower oxygen
inhibition.

Table 2. Productivity comparison for harvest using crenellated scraping shape of size 250um, compared with uniform harvest at the lower/upper height of the cre-
nels (with identical harvest period).

Period (days) 4 6.5 9

Min height (um) 100 100 75

Max height (um) 350 350 325
Component Cre. Min Max Cre. Min Max Cre. Min Max
A (g/m*/day) 1.427 1.271 1.256 1.423 1.294 1.259 1.318 1.350 1.330
M (g/m?*/day) 1.686 1.500 1.483 1.687 1.548 1.505 1.576 1.600 1.576
E (g/m*/day) 0.685 0.538 0.539 0.833 0.854 0.862 0.944 0.732 0.729
B (g/m?*/day) 2.371 2.039 2.022 2.521 2.403 2.367 2.520 2.332 2.305

https://doi.org/10.1371/journal.pcbi.1009904.t002
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However, considering the limited expected gains, the costs of implementing a complicated
crenelated harvesting setup would probably not be compensated by the slight productivity
increase.

4 Conclusion

We propose a 2D mixture model to simulate structural and metabolic dynamics in photosyn-
thetic biofilms. The impact of various harvesting strategies on productivity was also assessed.
The main originality of this model is the accurate description of the biological mechanisms
involved in biofilm formation and development. The results show that our model predicts
structures similar to those reported in experimental studies on photosynthetic biofilms. Also,
simulations of light and nutrient profiles allowed to understand the already observed stratifica-
tion of active cell layers with respect to the dead organic matter that seems to support the for-
mer ones. Interestingly, model results show that the harvesting strategy (frequency and
pattern) must be optimised considering the product targeted.

Future challenges would be the integration of different cell phenotyphes (e.g. cells in differ-
ent phases of cell cycle) or genotypes (i.e multi-species biofilms) to further investigate spatial
patterns such as microbial vertical distribution in photosynthetic biofilms. From a more
applied point of view, the model could be extended to more complicated reactor designs than
a simple tank reactor. Indeed, several working groups experiment the idea of cultivating
microalgae biofilms on rotating systems [59], where the biofilm is periodically submerged and
illuminated. It would be of great interest to adapt the present model to this specific case and to
optimize productivity by playing on factors, such as light frequency, light intensity or rotating
frequency.
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