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Abstract: Microalgae based processes have been actively studied in the last decades with
perspective for food, feed, and source of chemicals such as biofuels. Most of the develop-
ments focused on monospecific culture of microalgae, with dedicated practices to avoid any
contaminations. However, interactions between microalgae and bacteria are likely to enhance
microalgae growth, provide more resilience to external changes and eventually limit external
contaminations. But interactions within these natural ecosystems are still poorly understood and
are affected by the environment. A photosynthetic marine ecosystem composed of the microalgae
Dunaliella salina and the nitrogen fixing cyanobacteria Crocosphaera watsonii was therefore
studied. A model was designed to represent the competition for light and the interactions with
nitrogen between these two microorganisms. An allelopathic effect was noticed and a toxin
production by C. watsonii was assumed and included in the model. Calibration was carried
out with experimental data where cell densities and nitrate concentrations were measured. The
predictions of the mathematical model accurately represented the experimental data. The model
therefore highlighted the interactions within this artificial ecosystem. The model confirms that
D. salina growth was limited by nitrate concentration and did not consume dissolved organic
nitrogen produced by C. watsonii from its diazotrophic activity. D. salina and C. watsonii
were competing for light, which favored D. salina and limited C. watsonii when grown in
cocultures. The model supports the hypothesis that C. watsonii produced toxins enhancing D.
salina mortality in the cocultures.
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1. INTRODUCTION

Photosynthetic microalgae are part of the phytoplankton
and play a major part in the biogeochemical cycles of the
ocean (Minowa and Sawayama, 1999). Microalgae have
attracted much interests in the last decade because of
their potential to produce, at a high rate and with lim-
ited environmental impact, lipids, proteins, antioxidant or
pigments which can be used in different industries (Barra
et al., 2014). Most of the processes use monospecific mi-
croalgae at a high cost to limit external contaminations.
However, symbiotic cultures with bacteria or cyanobacte-
ria are likely to enhance microalgae growth, provide more
resilience to external changes and eventually limit external
contaminations (Le Chevanton et al., 2013). In particular,
growing simultaneously microalgae with nitrogen fixing
cyanobacteria has been described as a promising way to
support the nitrogen need of microalgae (Do Nascimento
et al., 2015).

Interactions between microalgae, cyanobacteria and bac-
teria are still poorly understood (Fouilland, 2012; Fuentes
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et al., 2016). Interactions between the different organ-
isms can either be positive, negative or neutral (Ramanan
et al., 2016). Interactions between algae and bacteria are
affected by environmental parameters such as pH, CO2

and nitrogen source and concentration (Huisman et al.,
1999; Le Chevanton et al., 2013; Ying et al., 2014). An
artificial ecosystem composed of algae and bacteria is likely
to be more resistant to variations in temperature and
medium composition and to limit external contaminations
by occupying all the ecological niches (Fouilland, 2012).

No living eukaryotic organism is known to uptake at-
mospheric N2 as a source of nitrogen whereas it is the
principal pathway for nitrogen acquisition in diazotrophic
cyanobacteria (Thompson et al., 2012). In particular,
the unicellular cyanobacterium Crocosphaera watsonii is
known for its high diazotrophic activity. The idea that we
explore here is to assemble these cyanobacteria together
with Dunaliella salina, a microalgae of commercial inter-
est. The N2 uptaken and partially released in the form of
organic dissolved nitrogen (Berthelot et al., 2015, 2016) is
therefore expected to be used as a nitrogen substrate by
D. salina. No negative interactions between cyanobacteria
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d’Océanographie de Villefranche, 06230 Villefranche-sur-Mer, France

Abstract: Microalgae based processes have been actively studied in the last decades with
perspective for food, feed, and source of chemicals such as biofuels. Most of the develop-
ments focused on monospecific culture of microalgae, with dedicated practices to avoid any
contaminations. However, interactions between microalgae and bacteria are likely to enhance
microalgae growth, provide more resilience to external changes and eventually limit external
contaminations. But interactions within these natural ecosystems are still poorly understood and
are affected by the environment. A photosynthetic marine ecosystem composed of the microalgae
Dunaliella salina and the nitrogen fixing cyanobacteria Crocosphaera watsonii was therefore
studied. A model was designed to represent the competition for light and the interactions with
nitrogen between these two microorganisms. An allelopathic effect was noticed and a toxin
production by C. watsonii was assumed and included in the model. Calibration was carried
out with experimental data where cell densities and nitrate concentrations were measured. The
predictions of the mathematical model accurately represented the experimental data. The model
therefore highlighted the interactions within this artificial ecosystem. The model confirms that
D. salina growth was limited by nitrate concentration and did not consume dissolved organic
nitrogen produced by C. watsonii from its diazotrophic activity. D. salina and C. watsonii
were competing for light, which favored D. salina and limited C. watsonii when grown in
cocultures. The model supports the hypothesis that C. watsonii produced toxins enhancing D.
salina mortality in the cocultures.

Keywords: Interactions, Environmental engineering, Ecology, Modelling, Biotechnology,
Crocosphaera watsonii, Dunaliella salina, Diazotrophy, Nitrogen fixation, Allelopathy.

1. INTRODUCTION

Photosynthetic microalgae are part of the phytoplankton
and play a major part in the biogeochemical cycles of the
ocean (Minowa and Sawayama, 1999). Microalgae have
attracted much interests in the last decade because of
their potential to produce, at a high rate and with lim-
ited environmental impact, lipids, proteins, antioxidant or
pigments which can be used in different industries (Barra
et al., 2014). Most of the processes use monospecific mi-
croalgae at a high cost to limit external contaminations.
However, symbiotic cultures with bacteria or cyanobacte-
ria are likely to enhance microalgae growth, provide more
resilience to external changes and eventually limit external
contaminations (Le Chevanton et al., 2013). In particular,
growing simultaneously microalgae with nitrogen fixing
cyanobacteria has been described as a promising way to
support the nitrogen need of microalgae (Do Nascimento
et al., 2015).

Interactions between microalgae, cyanobacteria and bac-
teria are still poorly understood (Fouilland, 2012; Fuentes

1 Corresponding author, email: margaux.caia@inra.fr

et al., 2016). Interactions between the different organ-
isms can either be positive, negative or neutral (Ramanan
et al., 2016). Interactions between algae and bacteria are
affected by environmental parameters such as pH, CO2

and nitrogen source and concentration (Huisman et al.,
1999; Le Chevanton et al., 2013; Ying et al., 2014). An
artificial ecosystem composed of algae and bacteria is likely
to be more resistant to variations in temperature and
medium composition and to limit external contaminations
by occupying all the ecological niches (Fouilland, 2012).

No living eukaryotic organism is known to uptake at-
mospheric N2 as a source of nitrogen whereas it is the
principal pathway for nitrogen acquisition in diazotrophic
cyanobacteria (Thompson et al., 2012). In particular,
the unicellular cyanobacterium Crocosphaera watsonii is
known for its high diazotrophic activity. The idea that we
explore here is to assemble these cyanobacteria together
with Dunaliella salina, a microalgae of commercial inter-
est. The N2 uptaken and partially released in the form of
organic dissolved nitrogen (Berthelot et al., 2015, 2016) is
therefore expected to be used as a nitrogen substrate by
D. salina. No negative interactions between cyanobacteria

Proceedings of the 9th Vienna International Conference on
Mathematical Modelling
Vienna, Austria, February 21-23, 2018

Copyright © 2018 IFAC 1

Modelling an Artificial
Microalgae-Cyanobacteria Ecosystem

Margaux Caia ∗,∗∗,∗∗∗,1 Olivier Bernard ∗∗,∗∗∗

Jean-Philippe Steyer ∗

∗ LBE, Univ. Montpellier, INRA, Narbonne, France
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and microalgae have been described (Olli et al., 2015) but
both D. salina and C. watsonii use light for photosynthe-
sis. A competition for light is thus expected.

The objective of this work was therefore to assess the main
interactions within an artificial ecosystem composed of D.
salina and C. watsonii. A mathematical model was built
to support the hypotheses on the interactions and quantify
their impacts on overall productivity.

The paper first rapidly presents the experimental material
and methods. The ecosystem model is then presented and
calibrated. Simulations are then analysed to assess the
potential of this ecosystem.

2. MATERIAL AND METHODS

2.1 Experimental settings

Medium culture. Seawater was filtered on 0.1 µm. F/2
nutrients were added by filtration to the previously auto-
claved filtered seawater (Guillard, 1975).

Monocultures and cocultures of C. watsonii and D. salina.
Two monocultures and one coculture of C. watsonii and
D. salina were cultivated in triplicates in batch in 250 mL
Erlenmeyers. Non-axenic strains of C. watsonii WH8501
and D. salina CCAP19/18 were inoculated from cultures
kept in exponential growth phase in order to obtain
a cellular concentration of respectively 1.109 and 4.107

cell.L-1 to ensure an adequate cyanobacteria/microalgae
ratio through the experiment. The cultures were kept in
an incubator (SANYO MLR-351, Japan) at 27◦C, and
at a light intensity of 220 µmol photons.m-2.s-1 with a
day/night cycle of 12h:12h. 0.2 µm filtered air was bubbled
constantly in the agitated cultures.

2.2 Measurements

Cell counts and growth rates. Cell counts were per-
formed with a Coulter Counter (Multisizer III; Beckman-
Coulter) to follow both cyanobacteria and microalgae
growths. C. watsonii and D. salina can be numbered easily
because of their different diameter size (respectively 1.5-3
µm and 7-13 µm).

The growth rate was calculated during the exponential
growth phase. Each cell count was converted into its
neperian logarithm. A linear regression was performed on
the neperian logarithms. The growth rate corresponded to
the slope of the line.

Nitrate. Nitrate (NO3
-) concentration was measured

to follow the microalgae consumption. Cultures samples
were filtered with 0.2 µm pore diameters syringe-filters to
eliminate cellular biomass and were then analyzed with an
Auto-analyser II Technicon.

Dissolved organic nitrogen measurement. Cultures were
filtered with 0.2 µm pore diameters syringe-filters. Dis-
solved Organic Nitrogen (DON) concentration was mea-
sured according to the wet-oxydation protocol from Pujo-
Pay and Raimbault (1994) with an Auto-analyser II Tech-
nicon.

Light intensity. The light intensity received by the cul-
tures vary depending on the Erlenmeyers position because
of their proximity to the neons in the incubator. The
light intensity was measured at the center of the cultures
each morning with a Quantameter (PAR Sensor QSL-2100,
Biospherical Instruments).

3. MODEL DESIGN

3.1 Light intensity along the reactor

Cultures were lightened on their external sides with a
constant light intensity I0. The light intensity I0 was
constant from 8 am until 8 pm and was equal to 220
µmol photons.m-2.s-1. The rest of the day was a night
period, and light intensity I0 was 0 µmol photons.m-2.s-1.
The self-shading by the microalgae and cyanobacteria
was considered, assuming that both species contribute
to attenuate light. Light is attenuated due to absorption
and scattering, depending on cell concentrations, size and
pigment content.

I = I0e
−K(X)L (1)

where I is the light intensity at the center of the Erlen-
meyer, assuming an optical path L between the external
surface and the core of the Erlenmeyer (m). K(X) is
the extinction coefficient (m2.cell-1) depending on X, the
concentration vector of the two biomasses.

Light attenuation characteristics are specific to each
species and are represented in (2) as the extinction co-
efficient Kext. The overall attenuation coefficient K(X) is
assumed to be the sum of the attenuations due to each
species. D and C denote respectively D. salina and C.
watsonii algal concentrations (cell.m-3). Kext,d and Kext,c

are respectively D. salina and C. watsonii light extinction
coefficients (m2.cell-1), so that K(X) = Kext,dD+Kext,cC
in cocultures.

Average light intensity within the culture medium I was
considered to drive photosynthesis.

I =
I0
L

1−e−(Kext,dD+Kext,cC)L

Kext,dD +Kext,cC
(2)

3.2 Growth and substrate uptake

C. watsonii growth rate is assumed to depend on the
light intensity I with a simple Michaelis-Menten kinetics
(Grimaud et al., 2014). The respiration rate was also con-
sidered. C. watsonii growth can therefore be represented
by following dynamics:

dC

dt
= µc

I

I+KI,c

C −RcC − υC (3)

where µc is the maximum growth rate (d-1), KI,c is the
half-saturation constant for light (µmol photons.m-2.s-1),
and Rc is the respiration rate (d-1). Finally, υ is the
dilution rate of the reactor (d-1).

Cyanobacteria are known to produce cyanotoxins in pres-
ence of a competitor but nothing is known about a po-
tential production by C. watsonii (Dunker et al., 2017).
In order to fit experimental observations, we assume here
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Auto-analyser II Technicon.

Dissolved organic nitrogen measurement. Cultures were
filtered with 0.2 µm pore diameters syringe-filters. Dis-
solved Organic Nitrogen (DON) concentration was mea-
sured according to the wet-oxydation protocol from Pujo-
Pay and Raimbault (1994) with an Auto-analyser II Tech-
nicon.

Light intensity. The light intensity received by the cul-
tures vary depending on the Erlenmeyers position because
of their proximity to the neons in the incubator. The
light intensity was measured at the center of the cultures
each morning with a Quantameter (PAR Sensor QSL-2100,
Biospherical Instruments).

3. MODEL DESIGN

3.1 Light intensity along the reactor

Cultures were lightened on their external sides with a
constant light intensity I0. The light intensity I0 was
constant from 8 am until 8 pm and was equal to 220
µmol photons.m-2.s-1. The rest of the day was a night
period, and light intensity I0 was 0 µmol photons.m-2.s-1.
The self-shading by the microalgae and cyanobacteria
was considered, assuming that both species contribute
to attenuate light. Light is attenuated due to absorption
and scattering, depending on cell concentrations, size and
pigment content.

I = I0e
−K(X)L (1)

where I is the light intensity at the center of the Erlen-
meyer, assuming an optical path L between the external
surface and the core of the Erlenmeyer (m). K(X) is
the extinction coefficient (m2.cell-1) depending on X, the
concentration vector of the two biomasses.

Light attenuation characteristics are specific to each
species and are represented in (2) as the extinction co-
efficient Kext. The overall attenuation coefficient K(X) is
assumed to be the sum of the attenuations due to each
species. D and C denote respectively D. salina and C.
watsonii algal concentrations (cell.m-3). Kext,d and Kext,c

are respectively D. salina and C. watsonii light extinction
coefficients (m2.cell-1), so that K(X) = Kext,dD+Kext,cC
in cocultures.

Average light intensity within the culture medium I was
considered to drive photosynthesis.

I =
I0
L

1−e−(Kext,dD+Kext,cC)L

Kext,dD +Kext,cC
(2)

3.2 Growth and substrate uptake

C. watsonii growth rate is assumed to depend on the
light intensity I with a simple Michaelis-Menten kinetics
(Grimaud et al., 2014). The respiration rate was also con-
sidered. C. watsonii growth can therefore be represented
by following dynamics:

dC

dt
= µc

I

I+KI,c

C −RcC − υC (3)

where µc is the maximum growth rate (d-1), KI,c is the
half-saturation constant for light (µmol photons.m-2.s-1),
and Rc is the respiration rate (d-1). Finally, υ is the
dilution rate of the reactor (d-1).

Cyanobacteria are known to produce cyanotoxins in pres-
ence of a competitor but nothing is known about a po-
tential production by C. watsonii (Dunker et al., 2017).
In order to fit experimental observations, we assume here
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that C. watsonii produces a nitrogen rich inhibiting com-
pound P (mol.L-1), proportionally to the cyanobacteria
cell concentration:

dP

dt
= αC − υP (4)

where α is the toxin production rate (mol.cell-1.d-1).

For the microalgae D. salina, we follow Droop’s theory
and we assume that growth depends on internal nitrogen
quota and on light intensity (Bernard, 2011). We also
consider that cell mortality is induced by the compound P
produced by C. watsonii. Finally, the resulting dynamics
is:

dD

dt
=µd(1−

Q0

Q
)

I

I+KI,d

D−RdD−m
P

P+KPD
−υD (5)

where µd is the growth rate at infinite nitrogen quota
(d-1), Q is the intracellular nitrogen quota and Q0 is the
minimum intracellular nitrogen quota (mol N.cell-1), Rd is
the respiration rate (d-1), KI,d is the half-saturation con-
stant for light (µmol photons.m-2.s-1), m is the maximum
mortality rate (d-1), andKP is the half-saturation constant
for C. watsonii potential toxins (mol P.L-1).

The nitrogen concentration (mol N.L-1), denoted S, results
from the balance between nitrogen supply at concentration
Sin and uptake byD. salina (C. watsonii does not consume
any nitrate). We use the expression proposed by Bougaran
et al. (2010) to account for the downregulation of nitro-
gen uptake for high nitrogen quota. Finally, equation 6
represents the inorganic nitrogen dynamics:

dS

dt
= −ρm

S

S+KS
(
QL−Q

QL−Q0
)D + υSin − υD (6)

where ρm is D. salina maximum rate of nitrogen acquisi-
tion (mol N.cell-1.d-1), KS is the half-saturation constant
for nitrogen (mol.L-1), and QL is the intracellular nitrogen
quota for which nitrogen uptake stops (mol N.cell-1).

The dynamics of the nitrogen quota for D. salina result
from nitrogen uptake and dilution by cell growth. The
quota dynamics are therefore determined as follows:

dQ

dt
= ρm

S

S+KS
(
QL−Q

QL−Q0
)− µd(1−

Q0

Q
)

I

I+KI,d

Q (7)

3.3 Model calibration

C. watsonii. The net growth rate µnet and half-
saturation constant for light for C. watsonii were reported
from Goebel et al. (2008). The maximum growth rate
and respiration rate were calculated from preliminary C.
watsonii monoculture experiments under various lights as
follows: 


µc = µnet +Rc

Rc = µc

Ix,c
Ix,c +KI,c

− µx,c
(8)

where µx,c is the experimental growth rate (d-1), and Ix,c is
the average experimental light intensity measured during
the exponential growth phase (µmol photons.m-2.s-1).

D. salina. The respiration rate and half-saturation co-
efficient for nitrogen were reported from Fachet et al.
(2014) whereas the nitrogen acquisition rate was reported
from Bonnefond et al. (2016). The growth rate at infinite

nitrogen quota and half-saturation constant for light of
D. salina were determined from preliminary monoculture
experiments of D. salina where the growth rate was mea-
sured for various light intensities, as described in Section
2.2. The two parameters were thus computed to fit these
experimental data, by considering the linear regression
between 1/(µx,d+Rd) and 1/Ī (9) to calculate D. salina
maximum growth rate and half-saturation constant for
light as follows:

1

µx,d+Rd
=
KI,d

µd

Qmax

Qmax−Qmin

1

Ix,d
+

1

µd

Qmax

Qmax−Qmin
(9)

where µx,d is the experimental growth rate (d-1), Ix,d is
the average experimental light intensity measured during
the exponential growth phase (µmol photons.m-2.s-1), and
Qmax and Qmin are respectively the maximum and mini-
mum nitrogen cellular quota (mol N.cell-1). The calculated
µd was doubled in order to fit the day/night cycle and
reach the appropriate average growth rate in 24h.

Other parameters estimations. The light extinction coef-
ficients were estimated from preliminary D. salina and C.
watsonii monocultures experiments to make the model fit
the data. The minimal and maximal nitrogen intracellu-
lar quota were obtained from simulations of preliminary
experiments. However, the toxin production rate by C.
watsonii, the half-saturation constant for toxin and mor-
tality rate for D. salina were estimated from the cocultures
experimental data since nothing is known about the toxin
productivity and impact.

Table 1. Parameters list (obtained from (a):
preliminary experiments; (b): bibliography;

(c): fitting)

Parameter Value and unit Source

µc Growth rate 0.58 d-1 (a,b)

KI,c
Half-saturation 57 µmol photons.

(b)
constant for I m-2.s-1

Rc Respiration rate 9·10-2 d-1 (a,b)

α
Toxin production

1·10-4 mol.cell-1 (c)
rate

Kext,c
Light extinction

1·10-10 m2.cell-1 (a)
coefficient

µd Growth rate 4.99 d-1 (a)

KI,d
Half-saturation 154 µmol photons.

(a)
constant for I m-2.s-1

Rd Respiration rate 0.16 mol.d-1 (b)

Kext,d
Light extinction

2.3·10-9 m2.cell-1 (a)
coefficient

KP
Half-saturation

5·10-2 mol P.m-3 (c)
constant for toxins

m Mortality rate 3.4·10-2 d-1 (c)

ρm
Nitrogen

9.8·10-7 mol N.cell-1.d-1 (b)
acquisition rate

KS
Half-saturation

1.1·10-2 mol N.m-3 (b)
constant for N

Qmax
Maximum N

1.3·10-6 mol N.cell-1 (a)
cellular quota

Qmin
Minimum N

5.4·10-7 mol N.cell-1 (a)
cellular quota

4. SIMULATION OF THE INTERACTIONS
BETWEEN D. SALINA AND C. WATSONII

The model was validated with data not used for calibration
and accurately represents both cellular growth and nitro-
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Fig. 1. D. salina in monocultures and cocultures (lines:
theoretical data, symbols: experimental data)

gen consumption for the two microorganisms in mono-
cultures. D. salina exponential growth phase slows down
when nitrate is consumed and eventually stops (Figures 1
and 3). NO3

- is therefore limiting growth. The dynamics
are very different for the diazotrophic cyanobacterium C.
watsonii which only uses atmospheric N2 (Dron et al.,
2012) as nitrogen source. C. watsonii growth never stops,
but is progressively reduced by the lower light, while ni-
trate is never consumed (Figures 2 and 3).

An amount of 105±32 µmol.L-1 of Dissolved Organic
Nitrogen (DON) is measured into C. watsonii monocul-
tures, as a by-product of diazotrophic fixation whereas
6.4±28 µmol.L-1 DON are measured in the cocultures.
D. salina maximal cell concentration is not higher when
cocultivated and is eventually limited by NO3

- as in the
monocultures (Figures 1 and 3). D. salina therefore do
not consume the DON produced by C. watsonii in the
cocultures. The lower DON might result from the lower
biomass (and diazotrophic activity) when C. watsonii is
cocultivated. This result is consistent with the pattern of
the hypothesized compound P , which is 2.7 times lower
in coculture than in monoculture. However, the difference
between the model and the cultures could be explained by
a DON consumption by bacteria since the cultures were
not axenic.

C. watsonii growth is significantly reduced in the cocul-
tures whereas D. salina exponential growth phase is only
marginally affected as shown in Figures 1 and 2. The
microalgae and the cyanobacteria are not in competition
for nutrients, and it results that C. watsonii still grow in
cocultures, at a reduced rate, at the end of the experiment
(Figure 2).

Light attenuation is mostly due to D. salina biomass accu-
mulation (Figures 1 and 4). This light attenuation rapidly
shadows C. watsonii which requires light in order to sup-
port both growth during the day and nitrogen fixation
activity during the night. There is therefore a competition
for light between the microalgae and the cyanobacteria
(Huisman et al., 1999) which favors D. salina (Figure
4). This light competition is correctly represented by the
model which also accurately simulates the day/night cycle
of 12h:12h, as shown in Figure 4.
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gen consumption for the two microorganisms in mono-
cultures. D. salina exponential growth phase slows down
when nitrate is consumed and eventually stops (Figures 1
and 3). NO3

- is therefore limiting growth. The dynamics
are very different for the diazotrophic cyanobacterium C.
watsonii which only uses atmospheric N2 (Dron et al.,
2012) as nitrogen source. C. watsonii growth never stops,
but is progressively reduced by the lower light, while ni-
trate is never consumed (Figures 2 and 3).

An amount of 105±32 µmol.L-1 of Dissolved Organic
Nitrogen (DON) is measured into C. watsonii monocul-
tures, as a by-product of diazotrophic fixation whereas
6.4±28 µmol.L-1 DON are measured in the cocultures.
D. salina maximal cell concentration is not higher when
cocultivated and is eventually limited by NO3

- as in the
monocultures (Figures 1 and 3). D. salina therefore do
not consume the DON produced by C. watsonii in the
cocultures. The lower DON might result from the lower
biomass (and diazotrophic activity) when C. watsonii is
cocultivated. This result is consistent with the pattern of
the hypothesized compound P , which is 2.7 times lower
in coculture than in monoculture. However, the difference
between the model and the cultures could be explained by
a DON consumption by bacteria since the cultures were
not axenic.

C. watsonii growth is significantly reduced in the cocul-
tures whereas D. salina exponential growth phase is only
marginally affected as shown in Figures 1 and 2. The
microalgae and the cyanobacteria are not in competition
for nutrients, and it results that C. watsonii still grow in
cocultures, at a reduced rate, at the end of the experiment
(Figure 2).

Light attenuation is mostly due to D. salina biomass accu-
mulation (Figures 1 and 4). This light attenuation rapidly
shadows C. watsonii which requires light in order to sup-
port both growth during the day and nitrogen fixation
activity during the night. There is therefore a competition
for light between the microalgae and the cyanobacteria
(Huisman et al., 1999) which favors D. salina (Figure
4). This light competition is correctly represented by the
model which also accurately simulates the day/night cycle
of 12h:12h, as shown in Figure 4.
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Moreover, the model represents the increase of D. salina’s
mortality when cocultivated with C. watsonii (Figure 1).
Some cyanobacteria are known to produce cyanotoxins
(Dunker et al., 2017; Zanchett and Oliveira-Filho, 2013)
but nothing is known about a potential production of tox-
ins by C. watsonii. The model thus supports the hypoth-
esis that such toxin induces mortality. This allelopathic
effect of C. watsonii on D. salina is well simulated by the
model (Figure 1).

5. SIMULATING NITROGEN RECYCLING

5.1 Model adaptation

In this last section, we assume that a fraction of the
diazotroph-derived compound P can be recycled by het-
erotrophic bacteria and eventually produce a source of
nitrogen which can be uptaken by D. salina. The model
was therefore modified to account for this potential (and
desirable) recycling.

Equation 4 was modified to account for the consumption
by bacteria. For sake of simplicity, bacteria were assumed
to be at a high enough density, so that recycling rate is
simply proportional to the concentration of P :

dP

dt
= αC − υP − γP (10)

where γ is the diazotroph-derived product uptake rate
(d-1).

Only a fraction β of the consumed P by bacteria is
assumed to be remineralized and available for D. salina.
The dynamics of nitrogen substrate must then be modified
accordingly, by integrating this new source of nitrogen as
follows:
dS

dt
= −ρm

S

S+KS
(
QL−Q

QL−Q0
)D + υSin − υD + βγP (11)

5.2 Biomass productivity of the coupled ecosystem

The performance of this microalgae-cyanobacteria-bacteria
ecosystem was simulated for various dilution rates and
influent nitrate Sin. The objective was to determine the
operational conditions which enhance the production of
D. salina, in comparison to the monoculture which does
not benefit from diazotrophy.

The biomass nitrogen productivity δ was determined as
the product of the dilution rate and D. salina cellular
concentration per unit of nitrogen:

δ =
υD

Sin
(12)

A biomass nitrogen productivity ratio ∆ was therefore
calculated to determine the best case conditions for en-
hancing biomass nitrogen productivity from monoculture
to coculture as shown in Figure 5:

∆ =
δcoculture

δmonoculture
(13)

The nitrogen use efficiency η was determined as follows:

η =
QD

Sin
(14)
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.

In the simulated cases, biomass nitrogen productivity
is better enhanced when dilution rate is 0.05 d-1 and
influent nitrate is 5 µmol.L-1.d-1 (Figure 5). As a result,
biomass nitrogen productivity and nitrogen use efficiency
are 253 and 367 higher, respectively. Cell growths over time
were therefore simulated in this case as shown in Figure
6. Nitrate addition to the coculture promotes D. salina
growth. But then, the shading of D. salina penalizes C.
watsonii (Figure 6). Finally, efficient nitrogen recycling
rates are only obtained for very low D. salina biomass
productivities.

6. CONCLUSION

This study shows that it is possible to enhance D. salina’s
productivity when cocultivated with C. watsonii. This
strategy can work when some bacterial communities effi-
ciently recycle nitrogen derived from diazotrophic activity.
However, the shading of D. salina jeopardizes C. watsonii
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growth and eventually cancels the benefit of the coculture.
To bypass this negative interaction, the two species should
be cultivated in membrane-separated reactors to avoid
light competition but to allow molecular exchanges. In this
case, both species will no more compete for light. More
works remain to be done to explore this possibility.
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