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The benthic diatom Haslea ostrearia which has the capacity to excrete a blue pigment called marennine remains a
challenging organism to culture in a photobioreactor (PBR). This study investigates the interest of culture in
conventional mixed PBR over immobilized-cell protocols which proved successful but have rather low extra-
cellular marennine (EMn) due to a limitation in mass or light transfer in the biofilm. In contrary, culture in mixed
PBR has been proven to overcome culture mass transfer limitation, and to provide a high level of control over
light access to cells, enabling the application of systematic optimization of photosynthesis-related kinetics.

Increasing the dissolved inorganic carbon concentration up to values of around 5-10 mM was found to in-
crease both growth kinetics and EMn production. Growth medium enrichment with silica (Si) was however found
to be challenging due to chemical precipitation. A fed-batch strategy on Si-P supply was implemented, leading to
an increase in biomass productivity (51.8 + 2.3 mgx L™ d™!). Although EMn was produced continuously, the
nutrient-limited conditions led to higher productivity with 9.2 + 1.7 mggmn m2 d’l, 37.9 £+ 0.7 mggmn m24!
and 54.5 + 1.8 mggmn m~2 d~! for phosphorus, silicon and nitrogen deprivation respectively.

The effect of light availability was also investigated, as represented by the Mean Rate of Photon Absorption
(MRPA). A direct relation was shown for both biomass and EMn production kinetics. However, maximal biomass
and EMn productivities were found at different MRPA values, respectively 1.7 + 0.1 g, m~2 d~! at 12.3 pmoly,
g;l s 'and 11.0 £ 0.5 MEEMn m2d!at8.4 pmoly, g;l s L

Finally, a continuous EMn production was obtained in optimal conditions, leading to a productivity of 4.5 +
0.16 mggmn L! d’l, enabling validation of the conventional mixed PBR for H. ostrearia culture and continuous
EMn production.

1. Introduction

conditions may be required, as has previously been shown for several
species cultivated on a large scale. This is the case with Haematococcus

Microalgae are investigated for industrial purposes due to their po-
tential for producing molecules for pharmacology, cosmetology, food
and biofuel, and for their use in water treatment and CO, valorization
[1,2]. Nowadays however there are few industrialized microalgae,
representing only a minor part of algae biodiversity. There are estimated
to be about 200,000-800,000 species of which only 50,000 have been
described [3]. This could be partly due to difficulties in scaling-up the
culture to industrial levels. A significant lack of knowledge is usually the
main reason [1], but in the case of diatoms and dinoflagellates, high
sensitivity to hydrodynamic shear stress and stirring conditions is often
referenced [4]. Additionally, specific culture medium and culture

pluvialis for astaxanthin production, obtained under intense light, high
salinity, and low availability of nutrients [5,6], and for Dunaliella salina
production of p-carotene, obtained under intense light and high salinity
[7,8].

Haslea ostrearia is a diatom that has been studied since 1820 [9] at
laboratory scale. It has the capacity to produce and excrete a blue
pigment called marennine, which has industrial potential [10]. Culture
has already been demonstrated at relatively large volume. Gastineau
et al. [11] for example obtained a concentration 7 mggpmy,/L in a 100 L
culture system operated in batch mode. This microalgae strain is well
known to be shear-stress sensitive [12] and its culture in PBR conditions
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remains therefore challenging. Culture in a specific photobioreactor
(PBR), such as agar immobilization PBR and immersed membrane PBR
[13,14], was implemented. The approach was successful due to the
benthic behavior of H. ostrearia. Cell immobilization also enabled the
prevention of hydrodynamic shear stress on cells [15,16], but although
immobilized-cell protocols proved successful, the extracellular mar-
ennine production obtained was fairly low, i.e. 0.63 + 0.05 mggmn L!
d~! and 0.43 + 0.05 MEEMn L1 d™! for passive immobilized cell and
agar gel immobilization respectively. This can be attributed to limita-
tions in mass or light transfer in the biofilm, thereby decreasing the
kinetics of biosynthesis (i.e. growth and EMn production).

Medium composition and cell fragility have been investigated in a
previous work [17] A new NX medium was proposed and it was
demonstrated that H. ostrearia cells could tolerate mixing conditions
when an appropriate stirring strategy was applied. This opens up the
perspective of a systematic optimization of culture conditions. As
already demonstrated in several publications [18,19], suspended-cell
culture enables the prevention of growth limitation by nutrient access
(including dissolved organic carbon) while optimizing photosynthetic
growth by controlling light availability in bulk.

The aim of this work is to investigate and optimize the parameters
(pH, temperature and light) for H. ostrearia culture in a mixed PBR.
Comparison will be made with immobilized cell culture. The influence
on Extracellular Marennine (EMn) productivity will also be considered.
Currently, the EMn production pathway remains unclear. Robert [20]
attested that EMn is continuously produced as a primary metabolite,
whereas Neuville and Daste [21], Rossignol [13] and Lebeau [14]
indicated an increased production under nitrogen deprivation. Both
strategies will be investigated here.

2. Materials and methods
2.1. Culture media for production in PBR

The ES 1/3 medium [20] modified with the same molar amount of
inorganic sources of phosphorus (KH2PO4) and carbon (NaHCOg3) was
used for the following part of the study [17]:

- Immobilized H. ostrearia cell culture

- Nutrient consumption in PBR culture

- Establishing the optimal growth parameters for biomass and EMn
production

The final optimization was carried out using NX artificial seawater
medium [17]. This medium was designed for H. ostrearia culture in
artificial seawater, in order to control the medium composition and in-
crease the macronutrient concentration without precipitation/limita-
tion phenomenon. Note that this medium was not used for all the
experiments because previous experiments were carried out before it
was available.

2.2. Cell density and biomass concentration measurement

Cell density measurement was carried out by counting the cells using
a Nageotte counting chamber (Marienfeld, AQRA, India) and observed
by light microscopy (AXIO Scope Al, Zeiss, Germany). Dry weight
measurement was carried out by filtering a 10 mL sample on 0.7 pm
Whatman GF/F. The same volume of ammonium formate (NH4HCO, at
28 g L 1) was added in order to remove the salt weight. The filters were
then desiccated over 24 h at 110 °C.

2.3. Determination of pigment concentration
The measurement of pigments, chlorophylls a, ¢ and total caroten-

oids, were carried out with the acetone 90% extraction protocol by the
Ritchie [22] protocol, and carotenoids by the Strickland and Parsons

[23] protocol. 1 mL of culture sample in glass container is centrifuged
15 min at 4000g with MiniSpin®. After supernatant elimination, 1 mL of
90% acetone is added and put during 3 h at 3 °C and obscurity. The
extracted pigment solution was measured (480, 630, 647 and 664 nm)
by spectrophotometer (V-630 UV-VIS, JASCO, Germany). The extra-
cellular marennine (EMn) was measured by a spectrophotometer (V-630
UV-VIS, JASCO, Germany) in the supernatant after centrifugation of the
sample. A wavelength of 669 nm was selected and the EMn mass con-
centration measured using the Beer-Lambert equation (e = 12 x 10* mol
L 'em ™! and Mgvn = 9893 Da) according to Pouvreau et al. [24].

2.4. Nutrient concentration measurement

Nitrogen and phosphorus were mainly measured by ion chroma-
tography (DIONEX ICS 1100 cationic column and ICS 900 anionic col-
umn, Thermo-scientific, France). Analyses were conducted immediately
after sampling the culture. 5 mL sample were filtrated into 0.2 pm before
being injected into the ion chromatography. Silicon nutrient was
measured by silicon-molybdate colorimetric methods [25]. A high
concentration of extracellular marennine interferes with this colori-
metric reaction and produces an overestimation. Dissolved Inorganic
Carbon (DIC) was measured by catalytic oxidation methods by com-
bustion at 680 °C, using a Total Organic Carbon analyzer (TOC-L CSH/
CSN, Shimadzu, UK).

2.5. Determination of the Mean Rate of Photon Absorption (MRPA)

The Mean Rate of Photon Absorption, also denoted “A”, refers to the
light absorbed by cells per unit of time and microalgal biomass. It is
expressed in pmoly, kg 1§71 [26,27,28]. The MRPA is related to the
radiative properties of the biomass [29,30]. In our case, MRPA was
measured by photonic balance directly in the experiment culture, as
represented by Eq. (1) [27]:

A:i(fk)—%):ﬁ(fio—fh) (€9)]

V Cx X
where qg and qy, refer respectively to the input and output photons flux
density (PFD) of the culture in pmoly, m2s L Cx refers to dry biomass
concentration in g m >, and ag refers to the specific surface of the PBR in
m™ !, which is the ratio between the illuminated surface S and the vol-
ume of the PBR V.

2.6. Statistical analysis

The statistics were compiled using XLSTAT 2019 software (Addin-
soft). After validation of normality with Shapiro-Wilk test and variance
homogeneity with Levene test, t-test was applied with the use of bio-
logical triplicates (each analysis performed 3 times in a row in the same
PBR) in experiments presented in Figs. 2 to 6 and 11 to 12, and bio-
logical quintuplicate (each analysis performed 5 times in a row in the
same PBR) for the results from Figs. 7 to 10.

2.7. Haslea ostrearia culture

2.7.1. Inoculum

The diatom Haslea ostrearia NCC 501 was obtained from MMS lab-
oratory and cultivated in the seawater based Guillard F/2 medium
(seawater was provided from the Croisic Loire-Atlantique, France).
Cultures of H. ostrearia were maintained in 250 mL Erlenmeyer flasks
containing 100 mL medium with 10% dilution, after 4-5 days culture in
Provasoli ES1/3 (inorganic) modified medium [20] and remodified in
total inorganic sources. Light was supplied by white fluorescent light for
the day/night cycle 14/10 at 300 pmol m~2 s~! inside the culture
chamber (SANYO MLR-350 culture chamber, Richmond Scientific, UK)
at 16 °C. Fresh natural seawater was provided by Le Croisic Ocearium
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(Loire Atlantique, France) and filtered at 0.7 pm then 0.45 pm before
being used for the medium.

2.7.2. Immobilized cell PBR

A PBR of 500 mL was designed to culture H. ostrearia in immobilized
cell conditions. It was designed to limit the shear stress impact of stirring
by applying a low liquid recirculation of the medium through the culture
(Fig. 1-A). The system was set horizontally, and recirculation of the
medium was carried out using a peristaltic pump inducing a low hori-
zontal flowrate of 7 mL min~* (medium circulation input and output in
Fig. 1-A). This value was set semi-empirically to avoid influencing the
formation of a biofilm of H. ostrearia (data not shown).

Gas was injected through the external wall of the PBR near to the pH
probe to better control pH regulation. pH was regulated by CO; injection
with an automatized valve. The PFD was provided by setting a hori-
zontal LED panel above the PBR. This prevents any increase in tem-
perature in the culture. The PBR was of Polymethyl methacrylate

Medium
circulation input

Output

A i sample

Sonde
PH/! é e
(horizontale)

Entrée de gaz

|
<y )3\‘,'
7P

Gas input

pH and Temperature

Medium circulation

(PMMA) material, with a depth of 0.03 m (ag = 33 m).

This culture system was found to be well-adapted for investigating
benthic cell culture, which was obtained by allowing the cells to produce
a cell “tissue” naturally at the bottom of the PBR or by creating cell
inclusions in agar gel. Agar gel and cell inclusion of H. ostrearia was
carried out using the Lebeau et al. [14] protocol.

2.7.3. Airlift PBR1Land 6 L

1 L airlift PBR technology (vertical flat panel) was used to cultivate
H. ostrearia in conventional mixed conditions. Gas was injected at the
center bottom of the PBR, which proved efficient for both mixing and
gas-liquid mass transfer. A complete description of this conventional flat
panel PBR can be found in literature [18,32].

This technology is more adapted to planktonic (i.e. suspended) cells.
It was found that a single localized gas injection was insufficient to
prevent cell sedimentation completely, which occurs in the “dead zone”
around the gas injection. Regarding shear stress, high values were

probe

output

Fig. 1. Representation of immobilized cell photobioreactor 500 mL, ag = 33 m~! (Panel A) of the Crystal photobioreactor 250 mL, as = 57 m~! (Panel B), of the

airlift 1 L, ag = 33 m~! (Panel C), and of the airlift 6 L, ag = 33 m~! (Panel D).
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mainly located along the gas path. A value of around 150 s~! in this PBR
was estimated, with a maximum of 275 s~! through the injection axis
[32,33]. However, the bubble disruption and coalescence that are pre-
sent oat the top and bottom of the PBR respectively are also known to
promote the emergence of micro-vortices capable of producing up to
14,000 s~ of mean shear rate [34,35,36].

In addition to the 1 L airlift PBR, a 6 L airlift PBR (vertical flat panel)
was used to study the effect of light on H. ostrearia culture. This PBR was
made of PMMA, which enables determination of the MRPA by
measuring PFD qg and qi, on both sides of the PBR (Eq. (1)). The 6 L
airlift PBR has a similar design than the 1 L airlift PBR, except that
whereas the 1 L airlift PBR had only one gas injection, the 6 L airlift PBR
is based on multiple injections by injecting gas through a rubber mat
placed on the bottom of the PBR.

This perforated rubber mat allowed a continuous injection of gas
along the bottom of the PBR in the form of microbubbles, and conse-
quently homogeneous aeration and stirring of the PBR. The drawback is
that the higher values of shear rate obtained in bubble wakes are ob-
tained across almost the entire culture volume, with a higher frequency
of bubble disruption/coalescence of microbubbles than in the 1 L PBR
[35,37]. Whereas the 1 L airlift PBR does not allow perfect biomass
homogeneity, the 6 L airlift PBR provides better cell suspension, which is
a mandatory condition for accurate measurement of MRPA in pelagic
condition. Note that due to the absence of a dead zone in this PBR, the
gas flow rate was reduced every night to avoid the stirring impacting the
cell culture during cell division.

2.7.4. Airlift Crystal PBR

The Crystal PBR is an airlift system (vertical flat panel) designed for
the culture of microalgae species presenting a high sedimentation rate
[38]. Inspired by a settling tank, the shape of this PBR allows cells to
settle down to the gas injection, leading to cell re-suspension (Fig. 1-B).
This PBR has a culture volume of 250 mL, is 20 mm thick and has an
illuminated surface of 14,426.99 mm?. It was used for the first culture
test of H. ostrearia in mixed conditions.

All the airlift PBRs (1 L, 6 L, Crystal) were controlled at a temperature
at 22 °C. This was achieved by regulating the room temperature and
with fans at the back of the Crystal PBR only. Light was supplied by LED
panels on the day/night cycle 14 h/10 h.

3. Results
3.1. Immobilized cell culture

H. ostrearia was firstly cultivated in passive cell immobilization used
here as a reference protocol for such species, because of its benthic
behavior and because effects of shear stress on cells were avoided. The
immobilized-cell PBR culture was carried out in continuous mode at
dilution rate D = 0.1 d~}, 22 °C throughout the culture, with pH regu-
lation fixed at 7.8, a PFD of 200 pmol m~2 s~ ! in the day/night cycle 14/
10 and cultivated in ES1/3 (inorganic) modified medium. As a passive
cell immobilization culture, the biomass was not mixed and allowed to
fix naturally at the bottom of the PBR. It was compared with the agar cell
inclusion culture (i.e. active immobilization), which was conducted in
the same PBR under the same conditions. The cellular concentration
included in agar gel was adjusted to achieve similar cell density to the
passive-cell immobilized culture inoculation. Note that cell immobili-
zation in alginate beads was also carried out but no positive results were
obtained (data not shown).

Time evolutions of cell density, EMn and dissolved organic concen-
trations are given in Fig. 2. For biomass concentration, only values at t,
(4.13 x 107 cell L™ for passive; 4.18 x 107 cell L™ for active culture)
and tepq (cell death) were carried out.

Regarding immobilization, cell death was observed at day 9 what-
ever the passive or active culture. Immobilized cell culture being
demonstrated elsewhere, this could be attributed to our growing con-
ditions (see below). Our experiments, however, were found to be suffi-
cient for estimating marennine production. Both culture techniques
revealed maximum production at day 4, with 3.7 & 0.34 mggmn L~ !and
4.5 + 0.34 mggmn L7 for active immobilized and passive immobilized
cultures respectively. In either case, EMn production over time was
found to be unstable and led to a progressive decrease in EMn concen-
tration, doubtless due to cell death.

The loss of culture under these conditions of immobilized cells was
obtained despite several attempts. This could not be attributed to shear
stress, and the culture medium was validated elsewhere (see below).
One explanation could be the DIC concentration, as shown in Fig. 2.
Values given here are an average of the concentrations obtained in
passive and active cell immobilization tests, as similar values were
achieved. A progressive decrease was obtained, which could lead to the
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Fig. 2. Continuous culture of Haslea ostrearia in immobilized cell PBR, with passive (natural cells attachment to the bottom of the PBR) and active (agar cell in-

clusion) immobilization. Data is mean 4+ SD (n = 3 and n = 2 for mean DIC).
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appearance of carbon limitation. It is known that immobilization re-
duces mass transfer in the cell’s biofilm. Since a decrease in DIC con-
tributes to the decrease of this mass transfer, it could lead to limitation of
the cells’ access to the carbon source in the film, leading to cell death.
Because the immobilization approach was only applied to obtain some
preliminary values in EMn production for future comparisons to other
culture techniques, this was not investigated further. The effect of car-
bon supply was investigated in suspended cell conditions (see section
below).

3.2. Haslea ostrearia culture in Crystal PBR

3.2.1. Investigation of CO3 tolerance of Haslea ostrearia in batch culture
CO,, intolerance in H. ostrearia was hypothesized by Robert [20]. In a
natural environment, H. ostrearia usually grows on the bottom of a
biofilm, and consequently has natural protection against the gas phase.
As increasing the COy content in the gas phase increases dissolved
inorganic carbon concentration in the liquid phase, two air enrichments
of CO3 (2 and 15%) were tested in suspended cell culture. The pH value
was kept constant and similar for the two experiments, to avoid from a
possible bias due culture medium acidification generated by the increase
of CO4, dissolution [39]. Two air enrichments of CO5 (2 and 15%) were
tested in suspended cell culture. A Crystal PBR was used because of its
efficiency with cells presenting a high sedimentation rate. Batch cultures
with the same conditions as for immobilized cell culture were conducted
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(22 °C, pH regulation fixed at 7.8) with an incident PFD of 115 pmoly,
m~2 571 in day/night cycle 14/10. The incident PFD was modified to
take into account the larger specific illuminated surface of the Crystal
PBR (i.e. lower depth of culture). Results are given in Fig. 3.

A marked effect of the CO, supply was observed. Cell densities
reached 2.5 x 108 cell L™ at day 8 and 1.4 x 108 cell L™! at day 6 for
15% CO and 2% CO respectively (t-test p < 0.001). The main impact
was on EMn production, which reached 7.3 mg L™! against 1.0 mg L™}
with 15% CO4 and 2% CO-, at day 10 respectively (t-test p < 0.001). We
noted a decrease in EMn concentration for the 2% CO». This could be
attributable to EMn degradation or consumption by bacteria. Finally,
H. ostrearia was found to tolerate COz-enriched gas injection when
combined with pH regulation. Increasing the proportion of CO, (and
consequently the carbon transferred to the gas phase, as shown in next
section) revealed an increase in both cell density and EMn concentra-
tion. The relevance of carbon limitation on H. ostrearia culture was
therefore confirmed.

3.2.2. Assessment of Haslea ostrearia growth in continuous mixed culture

To assess the possibility of cultivating H. ostrearia in suspended cells
conditions, a continuous culture was conducted under mixed conditions
in a Crystal PBR (i.e. airlift PBR). The CO5 supply in the gas phase was
set at 15% and the same conditions as in previous batch culture were
applied. The dilution rate was set at D = 0.1 d~!. Results are given in
Fig. 4.

10 12 14 16 18 20

Time (Days)

Cell density Air/CO2 2%

10 12 14 16 18 20

Time (Days)

--¢--[EMn] Air/CO2 2%

Fig. 3. Batch culture of Haslea ostrearia for 2% and 15% air/CO-, proportion for cell density (A) and extracellular marennine concentration (EMn) (B), in Crystal PBR.

Data is mean + SD (n = 3).
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Fig. 4. Continuous culture of Haslea ostrearia at 15% CO in a Crystal PBR. Cell density, extracellular marennine (EMn) and dissolved inorganic carbon (DIC) were

measured. Data is mean £ SD (n = 3).

A maximum cell density of 1.5 + 0.1 x 10® cell L™! was reached at
day 5 before decreasing to 1.1 & 0.04 x 108 cell L™! at day 9. Regarding
EMn production, the stirred continuous culture led to a productivity of
6.9 + 0.1 mgpym L' at day 9 and 8.2 + 0.2 mggyin L} at day 22. These
values can be compared to immobilized-cell continuous culture which
reached a maximum of 4.5 + 0.3 mggmn L~L. The interest of cultivating
H. ostrearia in mixed conditions was here confirmed.

We can note also that both cell density and EMn concentration, as
well as inorganic carbon concentration, stabilized at day 8 for 4 days,
before a decrease in cell density and inorganic carbon. EMn concen-
tration then started to increase (day 15), demonstrating EMn synthesis
or intracellular marennine (IMn) release in the medium. Despite the
15% CO; injection, dissolved inorganic carbon was also found to
decrease continuously, as observed previously in the immobilized cell
PBR culture. This indicated the need for a further increase in carbon
supply to avoid possible growth limitation.

3.3. Investigation of nutrient consumption in PBR culture

3.3.1. Carbon consumption

Carbon availability in the liquid phase can limit growth [40,41]. The
DIC concentration was then raised by adding sodium bicarbonate at the
beginning of the culture. Le Gouic [39] estimated that Chlorella vulgaris
needs up to 10 mM of DIC to avoid carbon limitation, which could be
given either by a phase of gas injection enriched with CO,, or by
dissolution of a chemical carbon source in the medium. 10 mM corre-
sponds to a sodium bicarbonate concentration of 1.2 g L™!. This con-
centration was found to lead to nutrient precipitation in the seawater-
based medium due to the interaction of silicon, phosphate and carbon-
ate with Ca®t and Mngr endogenous entities in seawater [42,43].

H. ostrearia was therefore cultivated in semi-continuous mode in the
1 L airlift PBR, with a fed-batch strategy conducted on a sodium bicar-
bonate source. For this purpose, a solution of sodium bicarbonate (5 mM
maximum) was injected punctually every day. Because of the parallel
CO4, injection, this enabled us to raise the final DIC to around 10 mM
while avoiding the precipitation phenomenon. This was added to the
ES1/3 medium (6N24P inorganic medium), which was optimized for
H. ostrearia growth in PBR [17]. The semi-continuous mode was selected
to cultivate H. ostrearia because of its benthic characteristic, which leads
to an inhomogeneous culture. Harvesting was then applied for a limited
period of time per day. Other parameters were similar: temperature was
fixed at 22 °C throughout the culture, pH regulation was fixed at 7.8 and
PFD at 200 pmol m~2 s} (measured to obtain the same MRPA value
according to the different ag of the PBRs, see Eq. (1)) in day/night cycle
14,10 and dilution rate at D = 0.1 d~! (Fig. 5).

Unlike with previous experiments, a constant production of biomass
and EMn was obtained throughout the semi-continuous culture. Dry
biomass concentration reached 320 mgx L™}, corresponding to 2.6 x
108 cell L™! and an EMn concentration of up to 8.2 mggyn L~L DIC
concentration was found to stabilize progressively at the targeted 10 mM
concentration. The carbon-fed batch strategy was therefore found to be
suitable to obtain a stable and constant productivity of 31.7 + 0.5 mgx
L~ d! of biomass and 0.8 + 0.2 MgEMn L tal

3.3.2. Silicon, nitrogen and phosphorus consumption

Silicon and phosphorus consumption was investigated during the
semi-continuous culture (data not shown). All nutrients were found to
decrease, as expected. Nitrate decreased to 57% of its initial concen-
tration (1.73 mM) but without deprivation, with a final concentration of
around 1 mM. Phosphate and silicon dioxide concentrations showed a
marked decrease and could therefore be suspected of limiting cell
growth (around 0.7% of the initial concentration after 4 days). Time
evolutions of the main nutrients enabled us to determine the substrate
consumption rates (rg), specific substrate consumption rates (Qs) and
yield factor (Yx) for NO3, PO3 ™ and SiO%~ (Table 1, see also [18] for
calculation details).

PO~ and SiO%~ consumption rates were found to be respectively 1.0
x 107! and 9.2 x 1072 pmol L1 d7'; 3 times less than the NO3 con-
sumption rate. The specific substrate consumption rate enables us to
determine the need for these nutrients. The values obtained here
emphasize the need to increase Si0%~ and PO3~ concentration in the ES
1/3 medium to avoid any limitation. However, SiO%’ and PO3 are
highly precipitating molecules with Ca®* and Mg?" ions, such as sodium
bicarbonate [38,41]. It was therefore decided to extend the fed-batch
strategy on HCO3 to PO%_, SiO%‘. The nutrient feeding rate was based
on the specific substrate consumption rate (Table 1) to ensure no limi-
tation of the nutrient and that no precipitation phenomenon would
occur. For a productivity of Py = 28.33 mgx L' d !, H. ostrearia would
need, for example, a fed-batch of 1.1 x 1072 pmol L 1d!of SiO%’
nutrient and 1.2 x 1072 pmol L™! d~! for PO3~. This fed-batch strategy
was implemented in a semi-continuous culture on ES 1/3 medium
(6N24P inorganic). No further increase in either biomass or EMn pro-
ductivity was observed (data not shown). Thus, a further increase in N
and P concentrations was applied, and H. ostrearia was cultivated on
12N48P. The temperature was fixed at 22 °C throughout the culture, pH
regulation was fixed at 7.8, the PFD at 330 pmol m 2 5! in day/night
cycle 14/10 and the dilution rate at D = 0.1 d~!. Results are given in
Fig. 6.

The fed-batch strategy applied to P-C-Si elements was found to pre-
vent any precipitation phenomenon in semi-continuous mode culture.
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This allowed the provision of macronutrients such as N, P, Si and C in
higher concentrations, leading to a 12N48P medium.

A constant biomass and EMn production were obtained, stable over a
period of more than 20 days. However, whereas biomass productivity

Table 1
Nutrient consumption of Haslea ostrearia (rs, Qs and Yx determination for NO3,
PO3™ and $i03") in semi-continuous culture in an airlift PBR.

- - e

NOs PO1 5i02 reached 51.8 & 3.9 mgx L™! d~!, EMn productivity only reached 0.2 +
rs (umol L™1 d ™) 3.0 x 107! 1.0 x 107! 9.2 x 1072 0.2 mggmn L' d~!. Medium enrichment in Si and P could therefore have
Qs (pmol gx' d™1) 13 43x107! 3.9x107! a negative impact on EMn synthesis, reducing EMn productivity from
Yx (pmol gx1) 9.4x 1073 3.2x107° 29 x 1073

0.8 + 0.2 mggmn L1 d™! (Fig. 5 B) to 0.2 4 0.1 mggyn L d1. On the
other hand, it significantly increased biomass concentration, up to 522
mgx L1 (equal to 4.22 x 108 cell L™1). This value can be considered high
compared to H. ostrearia standards. Additionally, stable production such
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as this can be considered an important methodologic achievement. This
opens up the possibility of further optimization of H. ostrearia culture in
suspended cells. The section below presents the investigation of light
tolerance in a 6 L airlift PBR.

3.4. The ingathering of optimal growth parameters for biomass and EMn
production

3.4.1. Light tolerance and cell response

This study was carried out in the 6 L airlift PBR, in order to measure
input and output PFD for MRPA measurement (Eq. (1)). For PBR of flat
panel type with fully transparent walls as used in this study, those PFD
are directly obtained from the front (i.e. illuminated) and back side of
the PBR. The temperature of the culture was fixed at 22 °C, pH regula-
tion at 7.8 and dilution rate at D = 0.1 d*. The test was carried out with
6 different PFDs ranging from 140 to 400 pmol m~2s7! (140, 165, 210,
300, 350, 400 pmol m~2 s71), with a day/night cycle 14 h/10 h. Each
culture was monitored for 3 times the residence time to obtain a constant
productivity (Fig. 7).

The results given in Fig. 7-A reveal that both EMn and biomass were
found to be closely related to MRPA values. This indicates a light
tolerance of the cell response in both growth (as it should be) and also
EMn production. An optimal MRPA value was achieved for both, indi-
cating a light tolerance of biological responses. Concerning biomass
productivity, the highest values were achieved in the range 10.7-12.3
pmolyy g5 s, leading respectively to 1.6 + 0.2 and 1.7 + 0.2 g, m 2
d. However, the highest EMn productivity was 11.0 £ 0.6 mggwmn m?
d~! which was obtained at 8.4 pmolpy gx 1571 with a different optimal
value, therefore, than for biomass growth. With both biomass and EMn,
MRPAs higher and lower than 12.3 pmoly, gx! s~! resulted in lower
productivity. We can also note that the range of optimal MRPA values, as
well as the profile of the curves achieved, are close to the photosynthetic
growth response of Chlorella vulgaris and Nannochloropsis gaditana [44].

The results can be combined to determine light conversion effi-
ciency, which represents the amount of biomass produced per pmoly,
absorbed (gx molﬁvl):

Sx
T]X/hb = (

(2)
qo — QL)

where Sy represent the surface productivity in g m2dL

Fig. 7-B presents the results of light conversion efficiency and total
pigment content. Both evolutions as a function of the MRPA are found to
be similar here. Light conversion efficiency was found to decrease for
values lower than 6 and higher than 14 pmoly, gx 157! with maximal
va}ues around 0.10 + 0.01 gy rnolﬁv1 in the range 8 and 12 pmoly, gx 1
s

The highest pigmentation result (2.9 &+ 0.1% w/w) was found at 12.3

pmolp, gx' s%, a value similar to the optimal MRPA condition for
biomass productivity. We can note that the reverse would be expected,
with a progressive decrease in pigment content with increasing MRPA
value as a result of the well-known pigment acclimation process (i.e.
decrease of pigment content with increased light absorption). This could
be attributed to the effect of marennine. In fact, the EMn content, which
is also presented in Fig. 7-B, decreases continuously with the rise in
MRPA, with a decrease in EMn (%) from 1.89 + 0.08% to 0.17 £ 0.05%.
We can note that the EMn content curves cross the total pigment curve at
8 pmoly, gx! s71, corresponding also to maximal light conversion effi-
ciency of biomass for H. ostrearia. As an additional value of interest to
better understand EMn excretion as a function of light, the light con-
version efficiency into EMn was added (Fig. 7-C). The decrease of light
conversion into EMn occurs for values larger than 8 pmoly, gx 1 s_l,
which also leads to an increase in light conversion into biomass effi-
ciency (Fig. 7-B). Those results tend then to emphasize that a MRPA
value of 8 pmoly, gi! s™! triggers lower EMn production in favor of
biomass. The EMn content, which is also presented Fig. 7-B, decreases
continuously with the rise in MRPA. However, the EMn content curves
appear to cross the total pigment curve at 8 pmoly, g5 ! s, representing
a maximal light conversion efficiency of biomass for H. ostrearia.

To better understand EMn excretion as a function of light, the light
conversion efficiency of EMn was added (Fig. 7-B). As well as total
photosynthetic pigment content correlated to light conversion into
biomass efficiency, a similar evolution for the EMn produced (% w/w)
and light conversion into EMn efficiency was obtained. The rise in MRPA
leads to a decrease in EMn (%) from 1.89 + 0.08% to 0.17 + 0.05%. The
decrease in light conversion into EMn efficiency occurs at 8 pmoly, gx !
s1, which also leads to an increase in light conversion into biomass
efficiency. Those results show that 8 pmoly, g5 s~! triggers lower EMn
production in favor of biomass.

3.4.2. pH and temperature optimization

The goal of this experiment was to observe and measure the impact
of pH and temperature conditions on H. ostrearia culture in order to
select the optimal values (T,p and pHopr) for EMn production. The
culture was carried out in a 1 L airlift PBR in semi-continuous mode
using a P, Si, C fed-batch strategy. For pH value optimization, the tem-
perature of the culture was firstly fixed at 22 °C throughout, the dilution
rateatD=0.1d ! and pH regulation was fixed at 6; 7.8; 8.3; 9. The PFD
was fixed at 300 pmol m 25! (to obtain an optimal value of MRPA Agpr
around 12 pmoly,, gz ' s~ as determined in previous section) in the day/
night cycle 14/10. All cultures were monitored for 3 times the residence
time to achieve constant biomass productivity. Results are given in
Fig. 8-A (the presence of the * symbol indicates the presence of visual
chemical precipitation throughout the culture).

Optimum surface biomass productivity (1.63 & 0.04 g, m 2d 1) and
maximum concentration in total pigment (2.42 + 0.07%) were obtained
at pH 8.3. However, for the same pH EMn productivity was low,
reaching only 5.27 + 0.21 mggmn m2dL pH 6 also showed low EMn
productivity, biomass and pigment concentration respectively at 6.71 +
0.33 mggvn m 2 d7}, 0.63 + 0.05 g, m™2 d~! and 0.48 + 0.05%.
However, pH 7.8 led to interesting EMn results with 14.10 + 0.56
MEEMn m~2 d7!; the best results for this study.

Pigment content was found to follow the same evolution as for
biomass productivity, which tends to attest to the direct relation of pH to
H. ostrearia photosynthetic growth. However, the results should be
considered in hindsight because of the consequences of pH variation. pH
value is known to greatly impact the medium chemistry of H. ostrearia,
which could induce a limiting of nutrient conditions due to precipitation
or chemistry interaction with EMn. This hypothesis is supported by the
increasing precipitation with increasing pH value. pH 9 was found to
lead to a high level of precipitation, which raises the chemistry insta-
bility of the medium [17]. Despite this precipitation, pigment concen-
tration was found to be higher at pH 8.3 with 2.42 + 0.08% than for pH
7.8. Finally, this raises the possibility of a pHopr close to 8.3 while
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avoiding any high level of precipitation.

Although the best biomass and pigment productivity result was
achieved at pH 8.3, the best EMn productivity was achieved at pH 7.8,
which also exhibits no visual precipitation. Because the culture of
H. ostrearia was found to be more convenient at pH 7.8 due to the pre-
cipitation phenomenon being amplified in higher pH conditions, the pH
value of 7.8 was selected as pHopr for the rest of the studies.

In a second series of experiments, the impact of temperature condi-
tions on H. ostrearia culture was investigated in order to select the

optimal temperature (Topr) condition for EMn production. Same con-
ditions as in the experiments for pH value optimization were applied,
except temperature which was regulated at 16; 22; 25; 30 °C
throughout, and pH regulation which was fixed at 7.8. The results are
given in Fig. 8-B.

Temperature was found to impact the H. ostrearia culture, but mainly
by triggering the precipitation phenomenon which could negatively
impact cell culture, as presented above for the pH study. Precipitation
was found to occur at temperatures higher than 22 °C. Considering only


jaypr
Rectangle 


1,8 - - 16
- 3
1,6 - 4 . BV
by i X
T 14 L _ 3
€ 17 t 2
‘Ee "V _10‘?&.“_0
a1 =
ol l L 8 (éo.g
Sos{ g
-n.,, - ) St
e’ 0,6 - ? @ i)
n'd-‘
04 4 _§_
02 - -2 8
- -

A ° — . . . . . 0

6 7.8 8,3* o* 9 NX*
pH
1,8 - -7
- 2
1,6 4 6 B
®
141 $ 3 by
a ¢ L5+ €
T 1,2 - © g
; S
S, 1 4 r 4 E'a
o

ry - EE
4 0,8 - L3 T2
£ S €
L 0,6 - w >
2 -2 a2 8
a’ 0,4 °
L, =
0,2 A =
©
0 - T T r 0 =

16 22

M Pigments totaux

© Ps biomasse

25*

Temperature (°C)

@ Ps Emn

Fig. 8. pH (Panel A) and temperature (Panel B) effects on Haslea ostrearia total photosynthetic pigment concentration, biomass and extracellular marennine (EMn)
productivitys (Ps) in semi-continuous culture in 1 L airlift PBR. The presence of the * symbol indicates the presence of visual precipitation throughout the culture.

Data is mean + SD (n = 5).

a non-precipitate culture initially, the highest biomass results were
achieved at 22 °C with 1.63 & 0.05 g, m~2 d L. There was therefore no
significant impact (t-test p = 0.748 for n = 5) of temperature on EMn
productivity between 16 and 22 °C. In terms of pigment concentration,
there was no significant impact (t-test p = 0.563 for n = 5) at 16 °C with
1.80 + 0.27% compared to 22 °C culture with 2.08 + 0.15%, but a
higher pigment concentration is reached at 25 °C with 2.62 + 0.19%.
As with the pH study, the precipitation phenomenon definitely im-
pacts biomass and EMn. It can be noted, however, that pigment con-
centration is higher at 25 °C even though precipitation occurs. These
results raise the possibility of a Topr = 25 °C, however, precipitation also
impacts biomass productivity greatly, decreasing it from 1.63 + 0.05 gx
m2d1t00.73 + 0.16 g, m 2 d ! in the 25 °C and 30 °C experiment.
EMn productivity also decreased with the increase in temperature.
There could be various explanations for this: the molecule could be
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degraded at a higher temperature, less could be produced by the cell or it
could interact with the precipitation phenomenon. Finally, because of
the precipitation phenomenon, 22 °C was considered as Topr for the rest
of the study.

3.4.3. Physiologic stress for EMn overproduction

Based on previous results, the optimal values for MRPA, temperature
and pH were gathered (Aoprt, Topr and pHopr) for H. ostrearia culture.
Different conditions were then tested to induce stressing conditions for
EMn overproduction. Fig. 6 shows continuous production of EMn in a
semi-continuous culture without nutrient limitation. This was retained
as a reference. Even in unrestricted conditions, the productivity of EMn
was found to be low at 0.2 mggym Lt d_l, corresponding to 6.06 mggmn
m2d7L

The following experiment consists of measuring EMn, biomass, cell
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and pigment productivity in order to understand if nutrient depletion or
limitation leads to overproduction of EMn. This was investigated for
nitrogen, phosphorus, silica and carbon nutrient. This study was carried
out in a 1 L airlift PBR and under the same culture conditions as pre-
viously, but with Topr = 22 °C, pHopr = 7.8 and Agpr = 12.3 pmoly, g5 *
s1. Once a sufficient biomass was obtained in nutrient replete condi-
tions, the feeding medium and around 75% of the culture volume in the
PBR were replaced by the limited or deprived culture medium. The
mixing was previously stopped to let cells sediment and to avoid
removing too much cells. Depletion conditions were obtained by
applying a nutrient-free medium, which was previously prepared by
simply recovering the nutrient of interest from the medium composition.
Nutrient concentration for limitation conditions was fixed with regard to
the 20-times diluted culture of Rossignol [13]. These concentrations
represent 2.39 x 10~* M for nitrogen, 3.05 x 10~> M for phosphorus and
5.49 x 107> M for silica. All cultures were monitored for 3 times the
residence time to confirm constant productivity (Fig. 9).

The impact of nutrient limitation and depletion on pigment con-
centration can be observed in Fig. 9. None of the depleted or limited
culture offers any increase in pigment concentration, with values below
2.5 £ 0.2%. H. ostrearia pigment synthesis is highly reduced by nitrogen
depletion and limitation, at 0.7 + 0.3% and 1.2 + 0.4% respectively.
Both results can be explained by the high nitrogen requirement for
protein synthesis. The reduction of pigment content shows the cell’s
capacity to adapt to balance its composition in order to survive, and
certainly impacts the cell’s photosynthetic efficiency.

The results are therefore analyzed in terms of EMn and biomass
productivity (Fig. 10). Depletion and limitation were found to reduce
biomass productivity by almost 2.7 times compared to the unrestricted
culture. In terms of EMn productivity, depletion conditions only led to
lower productivity than the unrestricted culture, at 5.3 + 0.2 mggyn
m~2 dL. However, P, Si and N limitation conditions led to higher pro-
ductivity, 9.2 + 1.7 mggmn m 2 d’l, 37.9 £+ 0.7 mggmn m 2d !and 54.5
+ 1.8 mggun m 2 d ™! respectively. Silicon limitation therefore stimu-
lates EMn release, while nitrogen limitation shows the best results for
EMn productivity, with 54.5 + 1.8 mggnm m~2dL. Note that there is no
significant difference (t-test p = 0.376 for n = 5) between phosphorus
and silicon limitation biomass productivity, which is not observed with
0.57 + 0.05 and 0.62 + 0.08 mggvn m 2> d~! respectively. EMn pro-
ductivity is significantly higher (t-test p = 0.002 for n = 5) for silicon
limitation, with 37.9 + 0.7 mggmn m 2 d! than for phosphorus limi-
tation, reaching only 9.2 + 1.7 mggwn m 2 d~ 1. The opposite situation
can be observed with EMn productivity under replete culture, reaching
5.3 + 0.2 mggyn m~2d!, and the carbon-depleted culture, reaching 5.8
+ 0.6 mggmn m~2 d~!, whereas biomass productivity for replete culture
is 3.5 times higher. Finally, all these results show that nutrient limitation
(especially in Si and N) leads to a more marked release of EMn, resulting
in greater EMn productivity.

Since nutrient depletion is known to greatly affect cell physiology
and morphoply, productivity was also analyzed in terms of cells pro-
ductivity as obtained from cells counting. Similar trends as with the

P Si N

Total photosynthetic pigment

Limitation

Depletion

Fig. 9. Total photosynthetic pigment concentration of Haslea ostrearia under
various nutrient limitations and depletions. Data is mean + SD (n = 5).
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biomass concentration were observed under both nitrogen depletion and
limitation, with respectively 4.3 + 0.2 x 10° and 5.5 + 0.2 x 10° cell
m~2 d~!, which were found to be directly proportional to biomass
productivity. However, in phosphorus depletion and limitation condi-
tions, cell productivity reached respectively 18.4 + 0.5 x 10° and 9.4 +
0.1 x 10° cell m™2 d !, whereas biomass productivity was found to be
constant (t-test p = 0.274 for n = 5) with 0.6 + 0.1 gy m2d! for P
depletion and 0.6 + 0.1 g, m~2 d™! for P limitation. As was observed
between EMn and biomass productivity, nutrient depletion and limita-
tion led then to a low correlation (r = 0.4178) between cell and biomass
productivity. This decorrelation is mainly observed in nutrient depletion
for phosphorus and silicon. The observation of different cell pro-
ductivities with low biomass productivities attests to a metabolism
reorientation of H. ostrearia in depletion culture conditions. High cell
density in phosphorus-depleted conditions but with 3.5 times lower
mass than no-depleted culture shows that cell variation composition
may be linked to metabolism adaptation [42,45,46,47].

As a conclusion to these studies, no clear correlation can be assessed
between biomass and cell EMn productivity. However, it can be
concluded that unrestricted culture favors biomass production, with 1.6
+ 0.1 gg m~2d~}, and nitrogen limitation favors EMn release, with 54.5
+ 1.8 mggmn m24dL

3.5. Towards an optimized production protocol

3.5.1. EMn concentration impact on process productivity

Previous studies have exhibited differing optimal conditions (pHopr,
Topt, Aopr) between growth and EMn production. This raises the hy-
pothesis of EMn having a negative impact on biomass productivity (i.e.
culture growth rate), and consequently on EMn productivity. Two tests
were therefore carried out to identify the impact of EMn on productivity.

H. ostrearia was cultivated in semi-continuous mode to remove 90%
of culture medium at each culture medium renewal, taking advantage of
the benthic cell characteristics. For this purpose, stirring was stopped a
few hours before culture renewal to allow the cells to sediment at the
bottom of the PBR, and culture was renewed by pumping culture me-
dium from the top of the culture volume before replacing it with fresh
medium.

Two residence times were used: 10 days and 5 days, corresponding to
around D = 0.09 d! and D = 0.18 d™! respectively. The experiments
were done with an optimized formulation of NX medium to avoid Si, P
and C fed-batch strategy. The cultures were carried out in a 1 L airlift
PBR. The temperature of the culture was fixed at 22 °C, pH regulation at
7.8 and incident PFD at 300 pmol m 25! (to obtain Aopr = 12 pmoly,
gx! s71) in the day/night cycle 14/10. For the first part of the study,
H. ostrearia was cultivated under nitrogen limitation (NX-5N100P68Si)
conditions in order to enhance marennine production, according to re-
sults achieved in the previous section. Results are given in Fig. 11.

After 10 days, cell density reached 4 + 0.1 x 108 cell L™}, which also
corresponds to maximum EMn concentration (11 mggmn L’l, Fig. 11-A).
Culture medium was then renewed at 90%. As expected, this resulted in
a marked decrease in EMn concentration due to the dilution (around 2
MEEMn LY. Similar observation can be made on day 20, when the
second medium renewal was applied. After 10 days of EMn accumula-
tion in the culture medium, the concentration was decreased by culture
renewal. However, this also induced a continuous decrease in cell den-
sity over time. Even though the cell should have been immobilized at the
bottom of the PBR during the sample step, some of the cells were defi-
nitely sampled during medium renewal. Cell density decreased to finally
reach 0.4 £ 0.1 x 10% cell L™! by day 31. In addition, EMn concentration
was found to remain below 11.6 + 0.1 mggyy L' and decrease greatly
over time, reaching 5.7 + 0.3 mggmn L' at day 31.

The same observation was made for the 5 days’ residence time
experiment (Fig. 11-B). EMn concentration increased between each
culture renewal, reaching 4.3 + 0.1 mggmp L 'and5+0.1 MEEMn L lat
day 10 and day 15 respectively, but then decreased over the culture to
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Fig. 11. Evolution of cell density and extracellular marennine concentration (EMn) for semi-continuous culture of Haslea ostrearia in NX medium in 1 L airlift PBR
(Panel A with D = 0.09 d~2, corresponding to 10 days of residence time — Panel B with D = 0.18 d ! corresponding to 5 days of residence time). Data is mean + SD (n

=3).

reach 1.3 + 0.3 mggwn L™} by day 31. In terms of cell density, each
medium renewal reduced it and the cells barely managed any growth.
Cell density reached 3.3 + 0.1 x 108 cell L™! by day 5 and finally
decreased to 1.7 + 0.1 x 10 cell L1,

Comparing the two experiments, the 10 days’ residence time
experiment and 5 days’ residence time experiment led to an average
EMn productivity of 1.0 mggyn L' d7! and 0.7 MEEMn Lt a!

12

respectively. Both these productivities are lower than the results ob-
tained by Rossignol [13]. In addition, no stable production was obtained
for any of these tests. The dilution step led to progressive cell density
decrease, although EMn concentration was regularly decreased. There
was no strong evidence of any relationship between EMn concentration
and biomass productivity. However, a progressive evolution of
H. ostrearia cell population was observed, which was found to be
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Table 2

Microscope observation of the Haslea ostrearia cells morphology after 24 h without manual stirring. Data is mean + SD (n = 3).

Benthic phase

Pelagic phase

57.3+0.7

42.7 £ 0.6

Cell population density (%)

Visual appearance

—
d
R
8 T&.
2 S
S B
s S
[3) +l
L pis
S N
5 10 — e
[~ ZV’(
<
L
1Z)
£ le H
< (-]
= H =
2 ~
g | g
~
)
A
§
s g
S ~ =
= S S
S B S <
LR a 8
S = g9
U 5 &
~
3 5
o
o o L
& o o o
™ — — —
o x x x
& N o | o
D o o~
o o L
. o o o
N — — —
o x x x
A < ] N
- < oM
o L
- S S
o
(=) x H <
z o - <
o a
— |2
o © o
= - %
; b
BN
=}
£ £ ES
= = —
= S =
- - >
= (o4

13

distributed in the benthic and pelagic phases even after 24 h without
manual stirring (Table 2).

The results of Table 2 could explain the decrease in cell density at
each medium renewal, as mainly pelagic cells were harvested. The vi-
sual appearance of the cells also raises the hypothesis of a higher IMn
production by the benthic cell population than the pelagic one. As
described by Robert [20] and Rossignol [13], this cell behavior is
observed in the natural H. ostrearia environment, which confirms the
possibility that pelagic cell population could be constituted mainly of
young cells, and the benthic cell population constituted of older ones.
This hypothesis could explain why removing pelagic cells leads to a
progressive decrease in cell density, as young cells were mostly har-
vested at each medium renewal.

3.5.2. Implementation of EMn continuous production process

In a final assessment of our optimization procedure, the knowledge
and data gathered from our experiments was combined to carry out
continuous EMn production in a conventional process. Experiments
were conducted in the 1 L liter airlift PBR (flat panel PBR).

H. ostrearia was cultivated in NX-25N100P6Si medium (unrestricted
growth medium) until day 8, to optimize the biomass produced and
increase marennine production or/and release. NX-5N100P6Si medium
(N limited growth medium) was then injected at D = 0.25 d~'in order to
overproduce EMn under nitrogen stress culture conditions. During the
culture, Topr was fixed at 22 °C and pHopr regulation at 7.8. Day/night
cycle 14/10 were applied throughout the culture. The PFD was fixed at
300 pmol m 2 s7! to reach an optimal value of MRPA for biomass
(biomass Appr = 12 pmolyy g% 1s71). Note that a PFD value fixed at 200
pmol m 2 s~! was initially thought to be overproducing marennine
(EMn Agpr = 8 pmolyy gx 171, but with the concentration of marennine
in the PBR expected to be significant, light attenuation should also be
increased. The PFD was therefore slightly increased. Results are given in
Fig. 11-A.

The 8-day batch culture with NX-25N100P6Si allowed a maximum
biomass concentration of 0.63 & 0.02 g L™! to be reached. Biomass then
instantly decreased by day 8 with the addition of nitrogen-limited me-
dium (NX-5N100P6Si), leading to an increase in EMn production with a
maximum EMn concentration of 19.64 + 0.19 mg L™ on day 15. The
specific EMn concentration also increased by day 8 as expected, from
0.88 =+ 0.05 mg 108cell™! to 7.81 + 0.08 mg 108cell™! by day 15, and
attested to the capacity of H. ostrearia to overproduce EMn in nitrogen-
limited complete inorganic medium. To confirm the efficiency of the
airlift stirred culture, H. ostrearia was cultivated in the same conditions
but in the immobilized cell PBR. Results are given in Fig. 11-B.

Similar biomass and EMn evolutions as discussed above (Fig. 8) were
obtained. However, the EMn concentration reached 10.6 + 0.2 mg L,
whereas previous immobilized cell culture remained at around 4.5 +
0.2 mg L™, This emphasizes the interest of our systematic optimization
of culture conditions. In terms of biomass, time monitoring was not
allowed by cell immobilization. Only t, (0.07 + 0.02 g LY and tend
(0.15+0.05¢g L) were carried out.

Compared to stirred culture, the interest of producing H. ostrearia in
suspended (pelagic) cells is confirmed here. An EMn productivity of 4.5
+ 0.2 mg L™! d7! was obtained, although the influence of EMn con-
centration on cell growth or physiology was not elucidated.

4. Discussion

This study was the result of numerous experiments aimed at eluci-
dating the main parameters governing H. ostrearia culture in PBR. All
immobilization studies resulted in low productivity (0.63 + 0.05 mggmn
L 1d ™ for passive immobilized cell and 0.43 + 0.05 mggpn L7'd! for
agar gel immobilization). Alginate entrapment bead was not found to be
resistant to stirring and medium chemistry. Carbon nutrient limitation
was found to be a highly relevant limiting parameter. Even though pH is
regulated by CO injection, the geometry of the PBR led to a low mass


jaypr
Rectangle 


transfer of CO5 in the biofilm.

A systematic optimization was then conducted in cell-suspended
mode. Dissolved inorganic carbon (DIC) was added by CO5 injection,
eventually combined with the addition of sodium bicarbonate
(Figs. 4-6). Increasing DIC was found to increase H. ostrearia growth,
with a significant effect on EMn production, reaching 7.3 mg L1 with
15% CO, against 1.0 mg L™! with 2% CO,. This could be attributed to
the carbon content (36 + 0.6%) of EMn which could request a sufficient
carbon supply for its synthesis [24]. With the addition of sodium bi-
carbonate, it was found necessary to keep DIC constant at 10 mM, to
reach 31.7 + 0.3 mg L™ d~! of biomass and 0.8 + 0.1 mg L™ d~! of EMn
in semi-continuous culture mode. However, culture medium precipita-
tion appeared at high DIC, phosphorus and silicon concentration, which
impaired biomass and EMn productivity.

The substrate consumption rate H. (rg) and specific substrate con-
sumption rates (Qg) of NO3, PO3 ™ and SiO%~ (Table 1) were determined.
This enabled us to set a fed-batch strategy for the P, Si, C elements,
avoiding precipitation and therefore increasing biomass productivity to
51.8 + 2.3 mgx L' d™L. In terms of EMn productivity, this leads to the
lowest productivity obtained, with 0.2 & 0.1 mggvy, L~} d™! (Fig. 6). As
described by Robert [20], H. ostrearia excretes marennine continuously,
but surprisingly in nutrient unrestricted conditions this leads to meta-
bolism orientation to reduce EMn production. As described in previous
studies [21,13,14], marennine overproduction can be induced by ni-
trogen limitation. This was confirmed by our study (Fig. 9-10). Phos-
phorus, silicon and nitrogen limitation conditions lead to higher
productivities than the control test, respectively 9.2 + 1.7 mggyn m 2
d1,37.9+0.7 MEEMn m2d 'and54.5+1.8 MEEMn m24dL Nitrogen
is definitely the best nutrient limitation to overproduce EMn.

Optimal conditions of temperature, pH and light were investigated.
pHopr = 7.8 and Topr = 22 °C were assessed (Fig. 8). These values were
not different from the ideal settings previously established [20,48], but
it was found quite difficult to determine the optimal ones due to the
medium chemistry leading to precipitation of the medium, which started
at pH 8 and 25 °C [43].

Concerning light, it was determined here to be a function of the
MRPA (denoted A), which enables PFD, biomass concentration and PBR
geometry to be gathered in a single representative physical quantity.
Different optimal values Agpr were identified for both biomass and EMn
production, with respectively 1.7 + 0.1 g m~2 d~! at 12.3 pmoly, gz '
s~! and 11.0 + 0.6 MEEMn m2d! at 8.4 pmolp, g;l st (Fig. 7).
Biomass production was found to be positively impacted by high PFD
until an MRPA of around 12 pmoly, gx 1571 was reached. We also noted
that these values were close to the values for other species known for
their high light tolerance (Chlorella vulgaris and Nannochloropsis gadi-
tana, with 15 pmolyy gx sl > Agpr < 20 pmolpy gx s~ and Agpr = 13
pmolyy g5 ! s~! respectively) [44].

The conversion efficiency of light into biomass (Fig. 7) showed an
efficiency of around 0.10 + 0.01 g, moly; for MRPA values in the range
8-12 pmoly, gx 1 s’l, but a low correlation (r = 0.4564) between MRPA
and total pigment concentration evolution was observed. The lower the
MRPA value, the higher the pigment concentration should be, according
to the photoadaptation phenomenon [49,44]. The reverse behavior was
observed here for H. ostrearia, with an increase in photosynthetic
pigment content from 8 to 12 pmoly, gx 1 s_l, which was also found to
correspond to the maximum conversion efficiency of light into biomass.
This also corresponded to a simultaneous decrease in EMn concentration
(%) with a switch from EMn production to biomass, which could be
estimated at around 8 pmolp, gx! s~ (Fig. 7). All these results tend to
indicate a possible particular evolution of H. ostrearia pigments towards
light (i.e. different from Chlorophyceae), which could be linked to
H. ostrearia metabolism.

In terms of EMn production, a productivity of 11.0 = 0.6 mggym m ™2
d ! produced at 8.4 pmoly,, gz ' s~* was obtained. Light, as represented
by the MRPA, was revealed to be an important parameter for marennine
production. But contrary to Mouget et al. [50,51], according to whom
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the higher the PFD, the higher the EMn produced, our study showed an
optimal MRPA for EMn production at around 8 pmoly, gx 1571 which
was found to be lower than the optimal MRPA for biomass production.
Given that the origin of marennine synthesis is still unknown, only a
partial hypothesis can be elaborated here. In our experiments, EMn
production was found to be inversely related to biomass productivity
and photosynthetic pigment concentration (Figs. 7-8). Even if EMn
could (directly or indirectly) come from photosynthetic pigment syn-
thesis or be related to photosynthetic growth metabolism, it certainly
follows its own pathway and role in terms of cell physiology. These
pathways could be energetically in conflict. Therefore, the cell should
promote either biomass or marennine. This hypothesis tends to be
verified by our experiment with nitrogen limitation conditions, which
revealed the enhancement of EMn synthesis.

EMn is known to be a highly bioactive molecule [10]. Therefore,
when concentration is increased in culture it could have a negative
impact on H. ostrearia growth. If marennine has a negative impact on
biomass productivity (and thus the EMn synthesis itself) during the
production process, this molecule should be removed from the medium
during culture. Additionally, the shadowing characteristic of EMn also
raises the possibility of limiting light propagation in the PBR, thus also
reducing photosynthetic growth. We therefore tested an adapted pro-
tocol based on medium renewal (+EMn) after a period of unstirred
conditions to allow cells to sediment at the bottom of the PBR (Fig. 11).
Unfortunately, the tychopelagic characteristic of the cell prevented it
from removing 90% of EMn without decreasing too much cell density.
The hypothesis of controlling the tychopelagic behavior by culture
condition is raised to better control the production process.

In a final experiment, we finally demonstrated that whatever the
impact of marennine, the culture of H. ostrearia in a stirred conventional
PBR managed to produce continuous EMn at 4.5 + 0.16 mggmn L! d_l,
against 0.7 & 0.1 mggmn L~ d ™! for immobilized cell culture (Fig. 12).
The conventional stirred PBR is therefore confirmed for H. ostrearia
culture and continuous EMn production.

5. Conclusions

Cell immobilization has been presented as a solution for H. ostrearia
culture for a long time [20,15,16,52,13,14,53]. However, it is rather
difficult to scale up and induces possible limitations related to mass or
even light transfer in biofilms [54,55,56,57,25]. In the case of
H. ostrearia, the composition of the culture medium is prone to chemical
precipitation, which could limit biomass and EMn productivity. It was
then found difficult to fully optimize pH and temperature because of
their relationship with the precipitation phenomenon. Further
improvement of the culture medium and conditions (being related) is
still possible. The use of P, Si and C fed-batch was found to be a useful
strategy and could be used for this purpose.

Among the various parameters, light as represented by the MRPA
was found to be highly relevant. It impacts biomass productivity and
also EMn synthesis, pigment and overall conversion efficiency. How-
ever, the particular response to low MRPA value remains to be further
investigated, as its behavior towards pigment evolution was found
different between EMn and other pigments. Hypothetically, this bias in
cell response could come from the EMn synthesis and be confirmed by
the study of EMn production to light conditions.

The marennine synthesis pathway was not elucidated in our study (as
this was not the main aim of this work), but it was confirmed that
continuous EMn production and excretion occur in a PBR culture, even
without nutrient limitation. Overproduction was obtained by applying
silicate or nitrogen limitation. As a consequence, nutrient concentration
variation and its consequences for culture cell physiology remains to be
investigated.

To conclude, once all optimum parameters are collected and applied,
the culture of H. ostrearia cells in a stirred airlift PBR is possible. We
succeeded in scaling up H. ostrearia culture to a 6 L PBR and an EMn
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Fig. 12. Evolution of dry weight (DW), extracellular marennine concentration (EMn) and specific EMn concentration of Haslea ostrearia for semi-continuous culture
in NX media with optimal culture conditions in a 1 L airlift PBR (Panel A) and for a continuous culture in NX media with optimal culture conditions in a 500 mL

immobilized cell PBR (Panel B). Data is mean + SD (n = 3).

productivity of 4.5 + 0.2 mggvn L' d ! was achieved against 0.7 & 0.1
MEEMn L~! d7! for immobilized cell culture. The NX medium was found
to be stable at pH 7.8 and the P, Si, C fed-batch could be avoided.
Such results suggest a possible protocol for increased production of
EMn from H. ostrearia. Using, for example, membrane technology, the
suspended pelagic cells could be retained in the culture volume while
allowing continued recovery of the EMn produced in the mixed PBR.
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