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Abstract

Marennine is a blue pigment excreted by the diatom Haslea ostrearia. This pigment is renowned for its antioxidant and
antibacterial properties, which have raised research interest. The standard method for obtaining marennine is by harvesting
the supernatant from cultures of H. ostrearia and applying a double ultrafiltration approach. Marennine concentration is
then assessed by another standard method (UV-visible spectrophotometry). The resulting “blue water” may however con-
tain marennine along with a variety of other molecules, not detectable by spectrophotometry. As changes in supernatant
composition are likely to occur depending on culture conditions and modes of operation, it is wondered whether this affects
the marennine extract’s quality. This work aims to assess such fluctuations across the exponential, stationary, and senescent
phases of a H. ostrearia culture in a membrane photobioreactor (MPBR). Antioxidant and antibacterial bioassays, in conjunc-
tion with spectral analyses of marennine extracts, were used to characterize them. Results showed that marennine produc-
tion peaked during exponential growth phase of the culture and that the resulting extract exhibited the highest antibacterial
activity. Antioxidant activity was however unaffected throughout the different growth phases, being solely a function of the
marennine concentration as assessed by the standard measurement approach.
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Introduction

Marennine is a water-soluble blue pigment synthesized
by the pennate diatom Haslea ostrearia. Latest studies on
its structure (Pouvreau et al. 2006a; Gastineau et al. 2014,
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Yusuf et al. 2023; Zebiri et al. 2023; Bélanger et al. 2025)
have concluded that marennine is a sulfated heteropolysac-
charide that exists in two forms: intracellular (IMn) and
extracellular marennine (EMn). Both forms exhibit a poly-
disperse nature, with a mean molecular weight of approxi-
mately 10 kDa. The origin of marennine's blue color remains
undetermined, but a polyphenolic chromophore is consid-
ered the most plausible hypothesis (Pouvreau et al. 2006a;
Gastineau et al. 2014).

Research interest in marennine has been driven by its
numerous biological properties, antioxidant and antibacte-
rial properties among others (Bergé et al. 1999; Pouvreau
et al. 2008; Tardy-Laporte et al. 2013; Gastineau et al. 2014;
Turcotte et al. 2016; Falaise et al. 2019a, 2019b; Permatasari
et al. 2019; Bouhlel et al. 2021; Prasetiya et al. 2021; Bach-
tiar et al. 2024). The diverse range of bioactivities presents
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numerous opportunities for valorization. Several applica-
tions have already been investigated, particularly in the
fields of aquaculture, cosmetics and medicine (Bergé et al.
1999; Turpin et al. 2001; Gastineau et al. 2014; Falaise et al.
2019a; Chehouri et al. 2025).

Establishing scalable, convenient and reliable production
methods is crucial for developing further and broader prac-
tical applications for marennine. To date, research efforts
have largely focused on optimizing culture conditions to
enhance marennine productivity. Various approaches — open
batch and fed-batch systems, closed photobioreactors (PBRs)
with optimized parameters, biofilm versus suspended bio-
mass cultivation, semi-continuous systems, and membrane
PBRs — have been explored (Gastineau et al. 2014; Nghiem
Xuan et al. 2021; Adjout et al. 2022; Gargouch et al. 2022;
Prasetiya et al. 2022; Pedron et al. 2023). Various operation
modes have proved their relevance for H. ostrearia cultiva-
tion, sometimes enabling to apply distinct residence times for
the biomass versus the culture supernatant (Gargouch et al.
2022; Prasetiya et al. 2022). As marennine accumulation in
the culture medium causes a decrease in available light for
cell growth and marennine synthesis (Pouvreau et al. 2007;
Prasetiya et al. 2016), decreasing the residence time of the
culture supernatant allows to reduce this phenomenon and
increases marennine productivity.

To achieve such decoupling, the use of submerged mem-
branes offers a simple and cost-effective solution. These
systems enable the semi-continuous removal of marennine-
rich culture supernatant while maintaining the algal bio-
mass in a perfusion cultivation mode (Rossignol et al. 2000;
Gargouch et al. 2022; Pedron et al. 2023), increasing the
volumetric productivity of the culture process. Compared to
more complex post-culture separation methods, in situ sub-
merged membrane setups combined the marennine produc-
tion, harvesting and separation processes and are more eas-
ily scalable. Furthermore, the feasibility of long-term (150
days) fed batch cultures of H. ostrearia, has been recently
demonstrated (Prasetiya et al. 2022), supporting the feasibil-
ity of long term cultivation of H. ostrearia and marennine
production.

Yet, in any production system, the culture supernatant
composition may evolve over time, inducing shifts in cul-
tivated microorganism physiology (Myklestad et al. 1989;
Martinho De Brito et al. 2023). Diatoms, including H.
ostrearia, produce extracellular polymeric substances (EPS),
whose composition, structure and productivity vary with
physiological state and environmental factors like irradiance,
temperature, and nutrient availability (De Brouwer and Stal
2002; Underwood et al. 2004; Shnyukova and Zolotariova
2015; Laroche 2022). Consequently, the production of EPS
— including extracellular marennine (EMn) — might be influ-
enced by these variables, and the resulting heterogeneity
might pose challenges for ensuring consistent extract quality.
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The standard method to produce EMn extract is a two-
step ultrafiltration process (Pouvreau et al. 2006b), which
yields a partially refined but not purified solution. Conse-
quently, differences in culture conditions and harvest timing,
which affect the composition of the supernatant, can directly
impact the consistency and functionality of the resulting
EMn extracts. Moreover, these variations may not be detect-
able through the standard method of assessing EMn extract,
which typically involves UV-Visible spectrophotometry.

The present work aims to study whether variations in
marennine extracts occur throughout the exponential, sta-
tionary and senescence phases of a H. ostrearia culture in
a MPBR, and whether this impacts their quality. For prac-
tical purposes, the “quality” of marennine extract will be
assessed by its level of antibacterial and antioxidant activi-
ties. Complementary analyses through fluorimetry, pigment
composition as well as UV-Visible and infrared spectroscopy
will also be used to further interpret the results. The study's
findings will contribute to further optimize the production
process by identifying the culture conditions that yield a
consistent quality EMn extract, thereby facilitating its poten-
tial valorization.

Material and methods
Microalgae and culture maintenance

Haslea ostrearia NCC531 was provided by the Nantes Cul-
ture Collection (NCC, Nantes University, France). This strain
was isolated from Bourgneuf Bay (Loire-Atlantique, France).

A modified Provasoli medium based on natural seawater
was used for strain maintenance. After being collected, sea-
water was filtered through a 0.2 um pore diameter capsule
(Sartobran P) and stored in the dark. Before use, the seawa-
ter was autoclaved and enriched according to Provasoli ES
1/3 (Provasoli et al. 1957). The salinity of the solution was
adjusted to 28 ppt with nanopure water and the pH to 7.8
using 5 M HCI solution. The medium was then sterilized
using a 0.2 pm cut-off filtration unit (Sartolab P20 Plus).

The strains were maintained in 500-mL Erlenmeyer flasks
filled with 250 mL of culture, placed at 16 °C, and illumi-
nated by white LEDs at 100 umol photons m~2 s~!, following
a 14/10 h light/dark cycle. The cultures were subcultured every
2 weeks, without being stirred in between. One month prior to
transfer into the MPBR, cells were acclimated to the same light
conditions and maintained in exponential growth to minimize
stress-related variability and ensure a smooth transition to pho-
tobioreactor cultivation. To do so, cells were subcultured every
4 days at 18 °C, to maintain the exponential growth phase and
illuminated using white LEDs at 200 pumol photons m~2 s,
following a 14/10 h light/dark cycle. Cultures were manually
stirred once a day, at the beginning of the light cycle.
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Membrane photobioreactor system setting

The hollow-fiber membrane photobioreactor (MPBR) pro-
posed by Gargouch et al. (2022) was used (Fig. 1). It is com-
posed of two main elements: a 1 L airlift-type culture chamber
(vertical flat panel) and a hollow-fiber membrane submerged
inside the culture.

The algal culture was placed in an air-conditioned room with
a temperature adjusted to 18°C. Light was provided by a white
LED panel placed in front of the MPBR, with the distance
calibrated to deliver an irradiance of 200 umol photons m~2s~",
and a 14/10h light/dark cycle was applied. The pH was fixed
at 7.8 and was maintained via CO, injection into the culture
chamber, which was regulated by an automated valve. Setpoints
were maintained using a homemade LabView interface. Light
and temperature parameters were selected to promote both
optimal growth conditions for H. ostrearia and production of
marennine.

The membrane was composed of polyvinylidene fluoride
(PVDF) hollow fibers (VMA Industries, France), one end
of which was closed. The pore diameter was 0.05 um with a
total surface area of 0.04 m* (Gargouch et al. 2022).Using a
peristaltic pump, 100 mL of culture supernatant was harvested
daily via filtration and replaced with 100 mL of fresh culture
medium. The dilution rate (D, day™!) was fixed at 0.1 day™"
and calculated as follows:

_9
D=7 ()

r

with Q the permeate suction rate (mL day™'), and V.. the total
volume of culture in the reactor (mL).

The residence time of biomass tended toward infin-
ity as it was entirely retained in the reactor by the mem-
branes (excepted for sampling), and the culture volume was
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maintained constant as semi-continuous filtration of the cul-
ture was compensated by the addition of fresh nutritional
medium. The MPBR's perfusion mode enabled the separa-
tion of the residence time of EMn in the supernatant from
that of H. ostrearia biomass, thereby allowing for the study
of EMn extract evolution throughout a culture.

The culture medium was based on the Provasoli ES 1/3
recipe, enriched in nitrate, with a final concentration of
NaNO; equal to 0.15 g L™!. Bicarbonate and silica solu-
tions were directly added in the culture chamber every day
to reach concentrations of NaHCO, equal to 0.42 g L™!
and Na,Si0;.5H,0 equal to 0.03 g L', following a fed-
batch strategy as proposed by Nghiem-Xuan (2019) to
avoid salt precipitation. Briefly, after adding 100 mL of
culture medium enriched in NaNO;, 2mL of solution of
Na,Si0;.5H,0 at 15 g L', and 5 mL of solution of NaHCO,
at 0.84 g L™! were added daily and directly to the culture.

Culture medium monitoring

The culture medium composition was monitored throughout
the different MPBR culture phases. Nitrate (NO™), phosphate
(PO,*), and silicate (SiO,*) are the main limiting ions for H.
ostrearia cultivation (Turpin et al. 1999). Ion chromatography
analysis was used to measure nitrate levels in the harvested
culture supernatant. As the salinity of the medium was high
(28 ppt), a 20-fold dilution was performed prior to analysis
to avoid saturating the column with chloride ions. The ICS
900 anion chromatography system (Dionex, USA) is equipped
with an AG9-HS pre-column (Dionex) and an AS9-HS col-
umn (5x250 mm) (Dionex) grafted with alkyl groups having
a quaternary ammonium at the end of the chain. The eluents
consisted of a 6 mmol L™' Na,CO, solution and a 1 mmol
L! NaHCOj solution flowing at 0.9 mL min~". In addition,

—
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Culture of Haslea
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Fig. 1 Hollow-fiber membrane photobioreactor (MPBR) used for the culture of Haslea ostrearia. (Figure reproduced from Gargouch et al.

(2022))
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an AS40 automatic sample changer (Dionex) and an MMS
300 micro-membrane suppressor (Dionex) fed with a 25 mmol
L~' H,S0, solution at a flow rate of 1.8 mL min~" were used.
Conductimetry was used to detect anions and cations during
elution, and their concentrations were obtained using external
calibration. The silicate and phosphate ions were not quanti-
fiable by anion chromatography due to dilution. Therefore,
elemental analysis was carried out by a subcontractor (QAR-
BONE, Groupe 6NAPSE). Silicon and phosphorus were
quantified using inductively coupled plasma atomic emission
spectrometry (ICP-AES) (iCAP Pro Duo — Thermo Scientific).

Marennine production monitoring

The extracellular marennine (EMn) concentration in solution
was determined using the spectrophotometric method pro-
posed by Pouvreau (2006). The absorbance of the solution was
measured at 669 nm using a JASCO V-630 spectrophotometer,
and the concentration of EMn (mg L) determined according
to the Beer-Lambert formula:

A
* [

[EMn) = —— = M @)
with A the absorbance measurement at 669 nm, ¢ the molar
extinction coefficient of EMn determined by Pouvreau
(2006) (e = 12 x 10* L mol~! cm™), I the length of the
optical path in the cell (cm), and M the molar mass of EMn
(M = 9893 g mol ™, as provided by Pouvreau (2006). Each
absorbance measurement was performed in triplicate.
Volumetric EMn productivity (P, mg L~! day™") was cal-
culated according to the formula of Gargouch et al. (2022) :

P, =[EMn] D 3

with [EMn] the EMn concentration inside the culture
chamber (mg L"), D the dilution rate applied to the culture
(day™).

The production rate of EMn within the culture (Rgy,
mg day~!) was calculated to estimate the daily quantity of
marennine de novo accumulated inside the supernatant and
used to estimate the daily EMn specific production rate of
the biomass (R, mg 10° cells™! day™1):

cell

([EMn],, — [EMn],,_,) = V, + [EMn],_; = Q * At
Rpyn = AL

“

REMn
R _, =
cell (Nn_] +Nn)/2 * Vr (5)

with [EMn], the EMn concentration inside the culture chamber
at day n (mg L™"), V. the total volume of culture in the reactor
(mL), O the permeate suction rate (mL day'l), and At, the time
difference between the two sampling of supernatant (days).
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The cumulative production of EMn (Pc, mg) was calcu-
lated to estimate the raw MPBR EMn production on day n
using the following equation:

_ Pc,_| +[EMn], = Q * At
< v

r

P

(©)

with [EMn], the EMn concentration inside the culture cham-
ber at day n (mg L"), V. the total volume of culture in the
reactor (mL), QO the permeate suction rate (mL day'l), and
At, the time difference between the two sampling of super-
natant (days).

Refining of culture supernatants

The culture supernatants corresponding to the permeate
collected through daily filtration during MPBR cultures
were filtered using a 0.2 um cut-off filtration unit (Sartolab
P20 Plus) before being stored at 4 °C and in the dark.
Supernatant of culture was harvested over the 34 days of
culture and the samples were separated in three lots. The first
lot corresponded to the pool of samples harvested from day
4 to day 14 (BW1). The second lot was harvested from day
15 to day 26 (BW?2). Finally, the last lot corresponded to the
culture supernatant harvested from day 27 until the end of
the culture on day 34 (BW3).

They were then pre-concentrated by ultrafiltration at a
cutoff of 3 kDa (P = 22 psi), until a volume reduction
factor of 10. The retention rate of marennine was calculated
from the chromophore absorptivity in the initial extract and
the concentrated extract. The resulting extracts (retentate)
were stored at —20°C in the dark. Further refining was
performed according to the double ultrafiltration approach
proposed by Pouvreau et al. (2006b), as it remains to date
the most cost efficient way to obtain bioactive marennine
extracts in the form of a « blue water » (BW) (Falaise
et al. 2019b). Diafiltration and further concentration were
conducted on a 1kDa cutoff membrane up to 5 diafiltration
volumes, using nanopure water (P = 50 psi) until salinity
reached O ppt. The desalted retentates were ultrafiltrated
on a 30-kDa cutoff membrane (P = 50 psi). Approximately
50 mL of each BW were obtained, thus corresponding to
the intermediate fraction of the initial culture supernatant
(30-3 kDa), and the samples were stored at 4 °C in the dark
until further analysis. For the antioxidant activity bioassay,
15 mL of BW was freeze-dried and solubilized in 1 mL of
nanopure water to increase the concentration of the tested
samples.

All ultrafiltration and diafiltration steps were performed,
at 20°C, in AMICON 400mL stirred cells connected to a
nitrogen flow and using Ultracel membranes.
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Biomass monitoring

Daily, an hour after the beginning of the light cycle, two
samples of the culture were collected. A 7 mL sample
of culture was first collected and a complete mechanical
homogenization was conducted using a magnetic bar in the
reactor to ensure the uniformity of the culture and to resus-
pend any settled biomass. Then, a second 7-mL sample
was collected. The sample obtained before homogeniza-
tion corresponds to the fraction of cells in suspension and
is referred to as the pelagic sample, whereas the sample
obtained after complete homogenisation of the culture
corresponds to the total biomass sample. This approach
allowed us to consider the natural tychopelagic behaviour
of H. ostrearia and its tendency to sink down in a culture.

H. ostrearia biomass growth modelling

Biomass was monitored by cell density estimation and
chlorophyll a concentration. The cell density N (cells L™
of the culture was determined by the Nageotte cell count
(Marienfeld, AQRA, India) as follows:

n
N=g ™)
with n the number of cells, and V is the volume of sample
used for counting, knowing that one strip corresponds to a
volume of 1.25 pL. All counts were performed in triplicate
with 300 + 50 cells, at three random locations in the count-
ing chamber.

Chlorophyll a concentration ([Chl,] (ug mL™")) was
used as a second biomass indicator and obtained follow-
ing pigment extraction from both pelagic and total biomass
sampling (detailed extraction method below).

The Gompertz model was used to fit daily cell density
chlorophyll a data to obtain growth parameters of the cul-
ture using R software R-4.3.

Y = A« e(_e(—l'max*(X—Xc)) (8)

with Y, biomass concentration depending on the biomass
indicator used (N 10° cells L' or [Chl,] ng mL™!), A, maxi-
mum biomass concentration reached (N,,, 10° cells L™ or
[Chl,], . ng ML), g, maximal growth rate (day™'), X,
midpoint of the exponential growth phase (day), and X, day
of culture (day). Data were transformed using natural loga-
rithms, and the initial biomass was calculated on day 1 (X
= 1 day), considering an initial cell concentration of N =
100x10° cells L™!, equivalent to a chlorophyll a concentra-
tion of [Chl,]= 244 ng mL~L.

Pigment analysis

Pigment composition and quantification of biomass were per-
formed according to Ritchie (2008). Briefly, 1.5 mL of sample
was centrifuged at 12,000 xg for 15 min. The resulting pellets
were resuspended in 1.5 mL of 90% acetone then homogenized
by sonication. Samples were then placed in the dark for 3 h
at 4 °C for extraction, followed by another 15 min of centrifu-
gation at 2,400 xg. The absorbances at 480, 630, 645, 665,
and 750 nm were measured on resulting supernatants (JASCO
V-630 spectrophotometer). Pigment concentrations were cal-
culated according to the following equations (Strickland and
Parsons 1968; Ritchie 2008):

[Chl,] = (—0,3002 * (Agyy — Agsp) — 1,7538 # (Agys — Assy)

Vacelone
+11,9092 # (Ages — Assp) ) # ——= 51

Vsample (9)

Vacetone
[CarT] = (4 * (Ayg0 — Agsg) ) * vl (10)

sample

Chl,]| + [CarT] * 10

pr _ 1O + [CarT] (in

spe N

with A, the absorbance at the given wavelength (A), V... nc
the volume of acetone used for pigment extraction (mL),
Vsample the volume of sample (mL), / the length of the optical
path (cm), [Chl,] and [CarT] respectively, chlorophyll a (ug
mL™1), total carotenoids concentration (ug mL™1), N the cell
density of the culture (cells L™!), and P, the total specific

spe
pigment content (ug (10 cells)™!).
Photosynthetic parameters monitoring

From the pelagic daily sample, 2 mL of culture were used for
photosynthetic parameter estimation using a Water-PAM fluo-
rometer (cuvette version, Walz GmbH, Germany) as comple-
mentary indicator on the physiological state of the cells found
in suspension in the culture (Consalvey et al. 2005). This aims
to provide an indication of the photosynthetic state of the cells
by analyzing the suspended biomass that was exposed to light
at the time of the daily sampling. The sample was first dark-
adapted for 15 min and then introduced into a 10-mm quartz
glass cuvette of the PAM fluorometer, which was controlled
using WinControl-3 software. The maximum PSII quantum
efficiency (F,/F,,) was measured using a 600-ms saturating
pulse (2500 umol photons m™2 s~ 1):

F, F,-F,

i = F 12)
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with F, the minimum fluorescence yield of dark-adapted
cells, F,,, the maximum fluorescence yield of dark-adapted
cells during the saturating flash, and F, (= F,, - Fy), the vari-
able fluorescence.

To provide detailed information on the overall photo-
synthetic performance of microalgae, photosynthesis/light
(P/E) curves were constructed using nine 30-s incremental
irradiance steps (0, 75, 109, 165, 245, 346, 479, 773, 1127
pmol photons m~2 s~!) and calculating the relative electron
transport rate (fETR) through PSII for each level of actinic
irradiance:

Fy _Fn-F a3)
F./ F./
Fo/  PAR
ETR = L, 2%
r ) (14)

m

with PAR the actinic irradiance (= Photosynthetic Active
Radiation from 400 to 700 nm), Fq /F,, Fq , F’, F,  the
effective quantum yield of PSII, the variable fluorescence,
the fluorescence, and the maximum fluorescence intensity
in the light at a given PAR intensity, respectively, and 2
the division factor based on the assumption that half of the
absorbed photons are equally distributed between PSI and
PSIIL.

The Michaelis-Menten equation was used to model the P/E
curve rETR as a function of PAR, using R software R-4.3:

rETR, * PAR
Em + PAR

rETR = (15)

The P/E curve enabled the estimation of the effective
quantum efficiency of the culture at growth irradiance, F,'/
F. 200 used as a proxy for the photosynthetic state inside
the culture chamber.

Bioactivity analysis
Antibacterial activity

Vibrio splendidus 4D1-8 was selected for its growth inhibi-
tion response to marennine extract (Falaise et al. 2019b).
The strain was supplied by the Laboratoire de biologie
intégrative des modeles marins (LBI2M) (Station biologique
de Roscoff, France) and was isolated from oyster tissues; V.
splendidus 4D1-8 showing moderate virulence against them
(Oyanedel et al. 2020).

Vibrio strain was maintained at —80 °C in 20% glyc-
erol. Broth cultures were prepared with autoclaved, cation-
adjusted, LB broth media by the addition of 2% NaCl (LB
2% NaCl) (10 mg mL™" tryptone (Termo Fisher), 5 mg
mL~! yeast extract (Thermo Fisher), 20 mg mL~! NaCl)

@ Springer

and strains were isolated on LB- 2% NaCl- 1.2% agar media
(LBA 2% NaCl) from the —80°C. Plates containing the iso-
lated colonies were kept at room temperature for no more
than a week. Before the test, three different colonies per
Petri dish (biological replicates, n = 3) were inoculated in 5
mL LB 2% NaCl and grown overnight at room temperature
(20°C) under moderate agitation (130 rpm). The next day,
100 pL of the bacterial suspension were transferred into 5
mL of LB 2% NaCl and incubated at 20 °C with agitation
until the bacterial suspension reached an optical density at
600 nm (ODg) of 2. This inoculum was subcultured 2 h
before the antibacterial response test to ensure that the inoc-
ulum was growing exponentially. Right before inoculation
of the 96 wells microplate, 1 uL of the inoculum was sub-
cultured in 14 mL of three times concentrated LB 2% NaCl
(3xLLB 2% NaCl) culture medium, to obtain an inoculum of
ODyg of 0.0001.

Vibrio splendidus was exposed to a series of the tested
extracts (dilution carried with 3xLLB 2% NaCl). Antibacterial
activity was evaluated in a 96-wells microplate in which 25
pL of inoculum were added to 75 uL of tested marennine
extract. Each concentration was tested in technical tripli-
cates, and a blank was prepared with 25 pL. of 3xLB 2%
NaCl and 75 pL of the corresponding dilution of BW. Bac-
teria were incubated at 20 °C with 160 rpm agitation for 24
h, after which the level of growth was assessed by measuring
the absorbance at 600 nm (SpectraMax ID3 plate reader).
The growth inhibition (%) of V. splendidus was estimated
from the following equation:

(Abs, — Abs; 5) — (Abs; — Absgy,)

Growthinhibition =
(Abs, — Abs )

(16)
with Abs, the absorbance at 600 nm of the well containing
100 uL the V. splendidus strain culture, Abs; 5 the absorbance
at 600 nm of well containing 100 uL LB medium, Abs; the
absorbance at 600 nm of the well containing the V. splendi-
dus exposed to a concentration of EMn extract, Absg,,, the
absorbance at 600 nm of the well containing non-inoculated
LB culture medium and the corresponding solution of EMn
extract.

Bacterial growth inhibition results were modeled as a
dose-response curve following a four-parameter logarithmic
function using the "drda" package and R software R-4.3.
Each extract was tested three times with three different
clones (n = 3) and the results of each test were modeled
separately.

Antioxidant activity

The DPPH (2,2-diphenyl-1picrylhydrazyl) scavenging
assay of EMn was performed using a Dojindo DPPH assay
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kit, according to the method reported of Shimamura et al.
(2014) adapted to marennine extract at all purification levels,
to facilitate future comparisons. The initial DPPH solution
(0.2 mM) was diluted 5-fold (0.04 mM) to make the activ-
ity detectable within our low concentration range of EMn
extract ((EMn] maximum concentration reaching 2 pmol L‘l’
dilution carried with nanopure water). As proposed by Gang
etal. (2021), the 99% ethanol used to prepare the DPPH solu-
tion was replaced by 70% ethanol, which is more suitable for
saline extracts. For each microplate, the antioxidant capacity
of a positive control, the antioxidant Trolox ([Trolox] maxi-
mal concentration reaching 8.0 umol L), was also tested to
ensure the reliability of the DPPH solution used.

After 20 pL of the tested sample, EMn extract or Trolox
solution, 80 pL of 0.1 M Tris—HCI buffer (pH 7.4), and
100 pL of the DPPH solution (0.04 mM) were added to the
microplate wells. After completing the microplate, the plate
was shaken for 30 s and left at room temperature in the dark
for 30 minutes, after which the absorbance of the solution at
517 nm was measured (SpectraMax 190 microplate reader).
On each microplate, a mixed solution of 120 uL of ethanol
and 80 pL of Tris—HCI buffer was used as the blank for the
Trolox, 100 pL of ethanol and 20uL of nanopure water, and
80 pL of Tris—HCI buffer were used as the blank for the
absence of EMn, and as the EMn absorbed near 517 nm,
100 pL of ethanol and 20uL of EMn extract solution at each
tested concentration, and 80 pL of Tris—HCI buffer were
used as the blank for BW. The absorbance at the addition of
the tested sample was expressed as A, the absorbance at the
addition of the corresponding blank as A_, and the inhibition
ratio (%) was obtained using the following equation:

e Ac - AS
DPPHinhibition = N - % 100 17)

C

Spectral analysis

A Bruker Tensor 27 spectrometer equipped with a HTSXT
plate reader module, an RT- DLaTGS deuterated triglycine
sulphate detector and OpusLab v 7.0.122 software (Bruker
Optics, Germany) was used for the Attenuated total reflec-
tance - Fourier-transform infrared (ATR-FTIR) spectra
acquisition. Infrared spectra were recorded in transmission
mode, using freeze-dried extracts deposited directly on
the spectrometer objective. Spectral resolution was set at
1 ¢cm ~!, with 32 scans. Absorbance spectra were collected
between 4000 cm ~! and 400 cm™!, and the aperture diam-
eter of the microplate reader was set at 3 mm. Background
spectra were collected using the same instrument settings as
those used for the samples.

For UV-visible (UV-vis) spectral acquisition, a Cary 100
spectrophotometer (Agilent/Varian, USA) combined with

Varian WinUYV software (version 3.00) was used. UV—Vis
samples were analyzed at 24 °C in quartz cuvettes.

Spectra processing was done with Spectragryph optical
spectroscopy software (v1.2.16.1).

Statistical analysis

Statistical analysis was performed using the XLSTAT software.
EMn specific and volumetric productivities, specific chloro-
plast pigment concentrations, and effective quantum yield of
PSII evolution over 34 days of culture were analyzed through
the mean of 5 consecutive days (comparison of 6 periods after
start of growth) using one-way ANOVA. The normality of
distributions and homoscedasticity of variances were tested
beforehand using the Shapiro-Wilk and Levene tests. When
differences were detected, Fisher’s LSD multiple-comparison
test were used to deduce which values were significantly dif-
ferent. Significance of differences was defined at p < 0.05. The
replication unit was the number of days in each phase.

For the antibacterial bioactivity assay, the concentration
of sample needed to inhibit 20% of bacterial growth (1C20)
was computed by modeling growth inhibition (%) versus
sample concentration for each clone tested (n = 3). Com-
parison was made based on IC, instead of ICs, because the
amount of EMn extracts available did not permit experi-
mentally to reach 50% bacterial growth inhibition for all the
three lots tested. Statistical analyses were conducted using
XLSTAT. One-way ANOVA was used to analyze differences
in IC,, according to the three BW lot tested. Significant dif-
ferences at P < 0.05 between mean IC,, were determined
using Fisher LSD’s multiple comparison test.

For the antioxidant assay, the difference in bioactivity
efficiency of the three EMn extracts tested was analyzed by a
two-way ANCOVA with the harvest time and EMn concen-
tration as comparative factors to determine the significance
of the qualitative factor considering the linear dose-response
relation between antioxidant activity and EMn concentration
at the tested concentrations.

All statistical results are presented in supplementary
materials.

Results

Culture characterisation in MPBR

Monitoring of marennine production

EMn productivities in the MPBR were variable over the 34
days of culture (Fig. 2). During the first 14 days of culture,
the EMn production rate normalized to the amount of bio-

mass (R.;) was the highest, with a mean of 7.3 + 2.6 mg 10°
cells™ day~! of EMn and a maximum of 12.4 + 1.7 mg 10°
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cells™! day_1 of EMn. Thus, the first 14 days were character-
ized by the accumulation of marennine in the culture medium
(online resource Fig. S1), H. ostrearia cells producing more
EMn than harvested with a dilution rate at 0.1 day~'. This
resulted in a net accumulation, which increased the EMn vol-
umetric productivities (P,) of the MPBR, leveling off at 2.1
+ 0.1 mg L~! day™! of EMn from day 15 to day 21, as R
stabilized around 3.1 + 0.8 mg 10° cells™! day™' of EMn. The
EMn concentration in the culture then reached a maximum at
21.2 + 0.7 mg L™! (online resource Fig. S1).

Thereafter a marked shift in the production pattern was
observed, starting on day 22, when cells displayed a non-sig-
nificant level of R ;; up to the end of the culture. This decrease
reveals a reduction in EMn biosynthesis rather than a dilu-
tion effect, indicating either a metabolic downregulation of
EMn production or an alteration in cellular physiology. Con-
sequently, P, steadily decreased from day 25 and no further
increase in P, the cumulative amount of EMn harvested over
time, was observed (no accumulation of EMn). Thus, after 35
days of culture, P, reached 46.1 + 0.4 mg of EMn (Fig. 2).

Cell population evolution in MPBR

Three main stages of culture were observed when following
the evolution of H. ostrearia cell population in the MPBR
using both biomass indicators, N and [Chl, ]: the exponential
stage, followed by the stationary stage, and then the senes-
cent stage (Fig. 3, online resource Table S1). Both biomass
indicators showed an exponential growth phase from day O

Fig.2 Evolution of marennine
production in H. ostrearia NCC
531 MPBR culture (D = 0.1
day~!). EMn volumetric produc-
tivity P, (mg L™! day™!) in lined
blue bars, represented as mean
+ SD (n = 3); biomass EMn
specific production rate, R
(mg 10° cells™" day™") in plain
green bars represented as calcu-
lated value + 95% uncertainty;
cumulative EMn production
(P,) (mg) in blue dots repre-
sented as calculated value +
95% uncertainty (R>=0.99). The
arrows indicate the entrance

in the stationary and senescent
phases, respectively.

50 +

40 +

30 +

20 +

Pe (Mg)

10 +
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to day 14, then a stationary phase starting on the 15" day.
Both biomass indicators did not display the same day-to-day
variability during stationary phase, which appears steadier
when monitoring [Chl,] than N. From day 25 to the end of
the culture, a regular decrease in chlorophyll a concentration
was observed, followed by a decrease in cell concentration,
with a lag of almost 10 days, marking the entrance into the
senescent stage of the culture (Fig. 3).

The pelagic portion of the biomass leveled off around
the 12" day: this population then represented approximately
1/6™ of the total biomass (Fig. 3). It did not display a very
constant concentration, but rather an oscillation pattern
noticeable with either of the two biomass indicators, N and
[Chl,]. Afterwards, similarly to the total biomass popula-
tion, the concentration of pelagic cells and their chlorophyll
content began to decrease as early as day 20, meaning a
lower ratio of living cells resuspended in the water column.

Physiological state monitoring

The physiological state of H. ostrearia cells, monitored
daily via analysis of pigment composition, is displayed in
Fig. 4 and detailed in Table S2 (online resource). From the
total biomass sample, the cell pigment content appeared
stable during the exponential growth phase and the early
stationary phase, with a total pigment content of 2.9 + 0.1
and 2.7 + 0.2 ug 10° cells™!, respectively. The pigment
content started to decrease in the late stationary phase,
reaching a mean pigment content of 2.6 + 0.1 ug 10°
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Fig.3 Biomass growth curves measured for H. ostrearia NCC 531
fitting with Gompertz’ model. The biomass indicators used were (a)
cell concentration (N, 10° cells L™!, with initial N = 100 10° cells
L), estimated by cell count (n = 3), as function of time (d) and (b)
chlorophyl a concentration ([Chl,], ng L', with initial [Chl,] = 244
ng L™, as function of time. All measurements were performed daily
in triplicate (n = 3) before and after culture homogenization, to sam-

cells™!, and then finally decrease to 2.0 + 0.1 ug 10° cells™!
at the end of the culture (Fig. 4, online resource Table S2).
This progressive decrease was observed for both Chl, g,
and CarT,, (Fig. 4, online resource Table S2), with Chl, .
decreasing more rapidly as a significant increase in CarT/
Chl, was observed from 0.53 + 0.00 pg 10° cells~! in the
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total). Dots represent experimental points + SD, and lines corre-

spond to Gompertz modeling done on the 20 first days of culture +

; 2 . R2 —0 08 RZ —0 90-
95% uncertainty (RN 1 =0.99; RN petagic=0-98; R%(chiay t0rai=0-99;
Rz[cm;q pelagic—=0-97). The arrows indicate the entrance in the station-
ary and senescent phases, respectively.

exponential growth phase to 0.62 + 0.02 ug 10° cells™! at
the end of the culture.

The pelagic cells had a lower specific pigment content on
average, compared to the mean cellular pigment content in the
total biomass, however they showed a comparable decrease in
total cell pigment content (online resource Table S2). At the
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Fig.4 Physiological profile of H. ostrearia cells during its cultivation
in MPBR. Physiological parameters are Chl, ., the specific Chl, con-
tent of cells of the total biomass (plain green area, pg 10° cells™),
CarT,,,, the specific total carotenoid content of cells in the total bio-
mass (lined orange area, ug 10° cells™'). All values are presented as
mean + SD of n = 3. The last physiological parameter is F’/F,’,

(A7 Y e (AL N e
19 24 29 34
Time (d) A

0

i
=t

effective quantum yield of PSII at growth irradiance measured for
pelagic biomass (for PAR = 200 pumol photons m~2 s~!) (plain black
dots, arbitrary units). Values were estimated from the daily measured
P/E curve + SE. The arrows indicate the entrance in the stationary
and senescent phases, respectively.
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pigment composition level, differences were sharpened, and
significant changes were observed before the end of the culture.
From the late stationary phase, there was a significant decrease
in pelagic cell specific Chl, content from 1.5+0.1 ug 10° cells™
to 1.3+0.1 pg 10° cells™!, whereas pelagic cell specific CarT
content significantly increased from 0.9 +0.1 ug 10° cells™ to
1.0 £0.1 ug 10° cells™! (online resource Table S2). The balance
between CarT,, and Chl, . of the pelagic biomass shifted sig-
nificantly by the second half of the stationary phase, occurring
earlier than it did in the total biomass sample.

As a complementary indicator of the physiological state
of the biomass, the evolution of the effective photosynthetic
capacity F;'/F," of the resuspended cells was monitored (Fig. 4).
A great variability between two consecutive days was observed,
yet two distinct patterns were identified, one before and one after
day 20. Before day 20, the effective photosynthetic yield F'/F,’
at growth irradiance (i.e. 200 umol photons m~2 s!), appeared
to be highly variable from one day to the next, with a mean value
of 0.40 + 0.09 (a.u.). After day 20, a small but regular decrease
in Fq’/Fm’ was observed, reaching 0.28 + 0.04 (a.u.), indicating
a progressive degradation of the algal photosynthetic apparatus
from the second half of the stationary phase.

Blue water quality
Polydispersity distribution

For 34 days, the supernatant of culture was harvested daily
by filtration at a rate of 100 mL day~! and the samples were
separated in three lots named BW1, BW2 and BW3, cor-
responding to the three growth stages of the population
described above, exponential, stationary, and senescent
stage, respectively. Interestingly, when 75% and 74% of
EMn were recovered in the concentrated BW2 and BW3,
respectively, only 33% was recovered during the filtration
on 3-kDa membrane for BW1. These differences in retention
behavior prevented the recovery of the same EMn quantities
for BW1, as illustrated by the concentration factor (Table 1).

Table 1 Preconcentration ultrafiltration of the culture supernatant,
over a 3 kDa membrane, using an AMICON cell (P = 1.5 bar, stirring
=250 rpm). VRF, volumetric reduction factor during ultrafiltration of

Spectral analysis

To evaluate possible changes in EMn extract composition
between lots, a sample of each lot was analyzed by ATR-
FTIR (Fig. 5a). As the standard refining technique used
in this study does not yield a fully purified EMn extract,
the spectra likely reflect a mixture of compounds rather
than EMn alone (as proposed by Latigui et al. (2024)).
In particular, several characteristic EPS-related bands
(online resource Table S3) often observed in microalgae
EPS (Bélanger et al. 2020; Borjas Esqueda et al. 2022;
Sanniyasi et al. 2022) were identified in these spectra. All
three extracts displayed characteristic polysaccharide bands,
with the broad band around 3300 cm™' corresponding to
O-H stretching, associated with the band observed around
1100 cm™" and 1040 cm™! assigned to C-O-C and C-C
liaisons of the pyranose stretching, respectively. BW1
displayed some dissimilarities, with some peaks standing
out compared to BW2 and BW3 spectra, particularly one
around 2924 ¢cm™', associated with the CH, stretching, and
another at 858 cm ~! associated to a glycosidic linkage in
the polymer. The band at 1424 cm™!, associated to COO-
stretching, also discriminated BW1, being relatively higher
in that lot. Eventually, the lower relative absorbance of the
band around 1547 cm™!, associated with amide II group
stretching, and the higher relative absorbance of the one at
1100 cm™!, associated to pyran rings vibrations, appeared
to differentiate the most BW1 from both BW2 and BW3.

In the UV-Visible spectrum (Fig. 5b), no significant dif-
ference was observed. All three lots had a maximal absorb-
ance in the 660 nm region, corresponding to the absorbance
of the chromophore. The characteristic band around 230 nm
was observed, and no difference in the 230/660 absorbance
ratio was noticed from one BW lot and another. The absence
of a distinct absorbance band around 322 nm, characteristic
of the purified EMn (Pouvreau et al. 2006a), is not surpris-
ing considering the low selectivity enabled by double ultra-
filtration, which results in incomplete purification.

BW, CFgy,, concentration factor of EMn according to the absorbance
at 669 nm of the solution

Lots Harvesting stage VRF CFivn Initial BW Concentrated BW
pH Salinity (ppt) pH Salinity (ppt)
BWI1 Exponential 13 7.4 29 7.7 29
BwW2 Stationary 11 9 7.6 30 7.7 30
BW3 Senescent 11 8 7.5 30 7.5 31
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Fig.5 Absorption spectra of the marennine extracts produced by H. ostrearia, harvested during exponential, stationary and senescent phase of
its culture in MPBR (D=0.1 day’l). (a) ATR-FTIR and (b) UV-Visible spectrum of marennine extracts BW1, BW2 and BW3.

Blue Water bioactivities

BWI1 displayed a significantly higher potency to inhibit
the development of V. splendidus 4D1-8, with 20% growth
inhibition at 5.5 + 0.3 mg L' of EMn (Fig. 6a). BW2 and
BW3 displayed a halved efficiency, reaching 20% bacte-
rial growth inhibition at 11.9 + 0.6 and 15.5 + 0.4 mg L~
of EMn respectively (F (2,6) = 18.312, p =0.003, online
resource Table S4).

Regarding DPPH scavenging ability, no difference
was observed between the three BW lots (Fig. 6b). The
harvest time of the lots alone or in interaction with
[EMn] did not induce significant differences to the linear
dose-response curve (BW1, p =0.556; BW2, p = 0.714;
[EMn]*BWI1, p = 0.482; [EMn]*BW2, p = 0.771, online
resource Table S5) and the EMn concentration was the
only significant factor of the scavenging response (R>
=0.97, [EMn], #(2) = 6.106, p = 0.009, online resource
Table S5). As illustrated in Fig. 6b, 20% of the DPPH

radicals were scavenged when the EMn concentration
reached 19 + 3 mg L~! of EMn, regardless of the
harvesting period.

Discussion

The purpose of this study was to assess the extent to which
marennine production varies through time when H. ostrearia
is cultivated in a MPBR, and standard methods are applied
for both its refining and quantification. The key findings
indicated that over the 34 days of culture, both the extracel-
lular marennine (EMn) productivity and the extract’s bio-
activities changed in relation to the growth phases of the
cultivated biomass.

Under MPBR culture conditions, three distinct phases
were observed in H. ostrearia cultures: an exponential phase
until day 15, a stationary phase from day 15 to day 25, and
a senescent phase thereafter. The onset of the stationary
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Fig.6 Bioactivity of marennine extracts harvested at three distinct exposed to each extract. Rzexponential =0.77, stlalionury =0.90, R%,y=

stages of H. ostrearia NCC531 MPBR culture. (a) Dose-response
curves of V. splendidus 4D1-8 exposed to a marennine concentration
range [EMn] (mg L™ over 24h exposition. Each value represents
the mean + SD (n = 3), and three clones of the Vibrio strain were

phase was marked by stabilization of biomass concentra-
tion. Around day 20, visible changes of cells physiological
states were observed in chlorophyll a fluorescence, with a
low plateau in PSII effective quantum yield. In parallel, a
shift in pigment composition occurred, with increased rela-
tive carotenoid content and decreased total pigment concen-
tration, consistent with a decline in photosynthetic capac-
ity and stress-induced biomass degradation (Li et al. 2021;
Adjout et al. 2022). From day 25 onward, total and pelagic
biomass declined together with pigment content, confirm-
ing the onset of senescence. Thus, changes in physiological
states of H. ostrearia cells were confirmed over 34 days of
culture in MPBR.

These physiological shifts were also reflected in EMn
production. During exponential growth, cells reached their
maximum specific productivity (maximum R ; = 12.4 +
1.7 mg 10° cells™! day~! of EMn), which decreased during
the stationary phase and ceased in senescence. By day 15,
EMn concentration in the culture medium reached 21.2 +
0.7 mg L~ of EMn (online resource Fig. S1), a level pre-
viously reported to slow down H. ostrearia growth due to
shading (Pouvreau et al. 2007). This blue pigment accumula-
tion changing the light environment, together with increased
carotenoid proportion, potentially reflect photoacclimation
processes (Brunet et al. 2011). However, in diatoms under
low-light conditions — to which shading would be associated
— chlorophyll a content typically increases relative to carot-
enoids to sustain photosynthesis (Li et al. 2021), which was
not observed here. Alternative or additional factors likely
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0.79. (b) Dose-response curve of DPPH radicals scavenging exposed
to a marennine concentration range [EMn] (mg L™1. R2=0,97. Each
value represents the mean + SD (rn = 3). BW1 in blue (square), BW?2
in green (circle), and BW3 in red (cross).

contributed to the observed evolution of cells physiologi-
cal state. Phosphorus availability in the MPBR, although
not completely depleted (Online Resource, Table S6),
remain the limiting nutrient in the MPBR culture conditions
(Nghiem Xuan et al. 2021; Gargouch et al. 2022). Further-
more, the perfusion mode, with only 10% daily renewal of
supernatant, could have led to accumulation of extracellular
polymeric substances (EPS) and cell lysates, contributing to
stress and oxidative damage as reported in diatoms exposed
to reactive oxygen species (ROS) accumulation (Li et al.
2021). Together, these environment conditions modifications
could explain the decrease in pigment content, rise in carot-
enoid proportion, and growth arrest reflecting the progres-
sive physiological deterioration of H. ostrearia in MPBR.
Altogether, our results highlight a progressive metabolic
shift in H. ostrearia cells within the MPBR. These changes,
driven by culture conditions, likely modified the composi-
tion of the culture supernatant, notably through alterations
in EPS production. Diatoms are well known for producing a
wide range of EPS, whose metabolism is strongly dependent
on their physiological state (Underwood et al. 2004). While
H. ostrearia has mainly been studied for EMn production,
it also synthesizes other EPS (Bélanger et al. 2025). The
fluctuations observed in EMn productivity may therefore
represent only the visible component of a broader metabolic
shift of EPS production, for which patterns remain unknown
in H. ostrearia. In addition, the progressive accumulation
of cell lysates in the MPBR is expected to further alter the
culture supernatant. Together, these processes likely affect
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not only EMn yield but also the overall quality of the extract
obtained through standard ultrafiltration procedure. The
EMn extracts collected along the three main phases of the
H. ostrearia culture, exponential (BW1), stationary (BW2),
and senescent (BW3) exhibited some differences concerning
both bioassays and spectral analyses.

Results from the bioassays indicated that EMn extract qual-
ity evolved over the course of H. ostrearia culture, but not
all bioactivities were equally affected. BW1 showed the most
effective inhibition of bacterial growth (IC20gy; =5.5 + 0.3
mg L™! of EMn) compared to BW2 and BW3. By contrast,
antioxidant activity (DPPH scavenging) remained consistent
across all three BW lots (IC20 = 19 + 3 mg L~! of EMn), and
its variability was mainly explained by EMn concentration
measured via the standard spectrophotometry method.

Spectral analyses indicate compositional differences
among the extracts beyond the EMn chromophore. The latter,
according to the UV-vis spectra, remained stable throughout
the three EMn extracts. Given that EMn has a retention time
of 10 days in the MPBR culture supernatant, this stability is
consistent with the observations reported by Prasetiya et al.
(2022), who confirmed EMn chromophore stability up to 20
days under comparable conditions (light and temperature)
using standard spectrophotometry. Meanwhile, ATR-FTIR
profiles revealed more pronounced EPS-associated bands in
BW1, with a more pronounced carbohydrate-related bands
(C-O—C vibration at 1100 cm™1) (Tseng et al. 1996; Bor-
jas Esqueda et al. 2022), whereas BW2 and BW3 exhibited
stronger absorption near 1547 cm™1, typically associated
with amide groups (Borjas Esqueda et al. 2022). Since no
amide groups have been reported in EMn structure (Yusuf
et al. 2023; Zebiri et al. 2023), this feature is likely related
to co-extracted compounds such as cell lysates accumulating
during the later phases of culture. Compared to purified EMn
spectra reported by Latigui et al. (2024) our extracts exhib-
ited similar hydroxyl and glycosidic signatures but lacked
clear quinone- and carbonyl-specific signals, likely due to
relative amount of co-extracted compounds. Such observa-
tions are consistent with refining results: BW1 (exponential
phase) displayed lower retention on a 3-kDa cut-off mem-
brane than BW2 and BW3, indicating an apparent increase in
molecular weight over culture time, the presence of various
substituent groups and monomeric units within the mac-
romolecules, or association with other macromolecules in
later culture stages. Altogether spectral analysis suggests the
accumulation of other metabolites along the culture in the
supernatant coextracted and thus modifying the quality of
the EMn extract obtain through standard procedure.

The preserved antioxidant activity aligns with the sta-
bility of the chromophore, consistent with previous studies
identifying this moiety as the main determinant of radical

scavenging activity (Pouvreau et al. 2008; Prasetiya et al.
2021). Spectrophotometric quantification of EMn, based on
chromophore absorptivity, therefore provides a good proxy
for antioxidant efficiency but does not inform on the het-
eropolysaccharide moiety recently described (Yusuf et al.
2023; Zebiri et al. 2023). In contrast, the decline in anti-
bacterial efficiency suggests additional structural or com-
positional changes of the EMn extract. Two non-exclusive
hypotheses can be proposed: (i) modifications of the EMn
polysaccharide backbone, potentially reducing accessibil-
ity or functionality of active sites; (ii) accumulation of co-
extracted metabolites (other EPS, cellular debris) during
culture, which could mask or compete with antibacterial
sites, acting as inhibitors.

These findings indicate that functional groups responsible
for antioxidant and antibacterial properties likely differ, and
their relative abundance may vary with culture progression.
The chromophore appears resilient, whereas the polysac-
charide moiety—or its interactions with co-produced EPS—
seems more vulnerable to changes occurring over time.
Further research should focus on marennine’s structural
variability and its associations with other EPS. Combining
enzymatic assays with advanced structural analyses could
help clarify the molecular determinants of each bioactivity
and the impact of co-extracted compounds.

Conclusion

This study demonstrates that EMn extract quality varies
during Haslea ostrearia culture in a MPBR, a system
that decouples biomass and supernatant residence times.
While EMn chromophore stability preserved antioxidant
activity, antibacterial efficiency declined, likely due to
compositional changes or co-extracted compounds. These
findings underscore the need to standardize production
parameters such as culture stage at harvest, dilution rate
of the culture, and refining protocols to ensure consistent
extract quality.

The molecular complexity of EMn extract, particularly
its polysaccharide moiety and interactions with other extra-
cellular polymeric substances, has significant implications
for its biotechnological applications, including antibacterial
agents. We hypothesize that EMn structural variability is
driven by changes in its polysaccharide moiety and associa-
tions with co-produced EPS during culture. Future research
should combine advanced structural analyses (e.g., NMR,
mass spectrometry, and enzymatic profiling) with bioactivi-
ties assays to clarify these mechanisms and guide strategies
for optimized EMn production.
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