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Abstract

Arthrospira platensis extract is incorporated into sunscreen formulations for its beneficial
and UV-protective properties on cultured human cells. However, its effects have not yet
been assessed on non-target organisms such as endosymbiotic microalgae in coral tissue.
To evaluate its effects, we investigated the photophysiology of the cultured dinoflagellate
Cladocopium goreaui using PAM fluorometry (RLC, OJIP) after a 5-day exposure to different
extract concentrations. Our results show that, through a hormetic effect, A. platensis
enhances the performance index (Pi_Abs) at 0.018 mg L~! by increasing the number of
active reaction centers (RC/ABS) and improving electron transfer efficiency (¢Eo, PEo)
along the electron transport chain. Conversely, beyond 108.8 mg L1, negative impacts
appear on PSII, increasing the apparent antenna size (ABS/RC) and impairing the oxygen-
evolving complex (K-peak), ultimately reducing the maximum relative electron transport
rate (tfETRy,). This relative toxicity, obtained only for the highest concentrations, supports
its potential incorporation into cosmetic formulations. This study contributes to improving
the ecotoxicity assessment of cosmetic products on non-target organisms.
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Coral reefs are the most impressive biomineral production on the planet. The longevity
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Extract Modifies the Photophysiology cells of symbiotic microalgae, belonging to the family Symbiodiniaceae [1] and capable of

of Cladocopium goreaui, Coral photosynthesis [2]. Extreme coral reef biodiversity, comparable to that of tropical forests,
Endosymbiont Microalgae. Phycology ~ contributes to the economic development of more than a hundred countries that enjoy them
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for various harmful effects on corals, altering their metabolism [14] and physiology [15-19]
and ultimately leading to coral bleaching [20], the expulsion of the symbiotic microalgae
from coral gastrodermal cells. Under normal conditions, through photosynthesis, these
Symbiodiniaceae provide the coral host with most of its energy requirements [21]. How-
ever, under stressful conditions, photosynthetic mechanisms are disrupted, leading to an
excessive production of reactive oxygen species (ROS), toxic to the host [22], causes the Sym-
biodiniaceae to be expelled. Most studies on UVFs have, however, focused on their direct
impact on corals [13,23] rather than on their symbiotic algae. However, Vuckovic et al. [24]
have demonstrated that UVF metabolites can also have adverse effects on coral symbionts.

In order to develop environmentally safer sunscreen products containing UVFs, re-
fining formulations is crucial to minimize their impact on organisms. Recent studies
suggest that the addition of natural substances could help organisms cope with abiotic
stress. Microalgal extracts, both marine or freshwater, are of interest due to their com-
position involving pigments (carotenoids, phycoerythrin, phycocyanin), nutrients, and
antioxidants, as well as UV-absorbing compounds. Already used in pharmaceutical and
agronomic industries, algae extracts demonstrate beneficial effects through their antioxi-
dant and protective properties, as well as their role as biostimulants for cultures such as
cereals and vineyards, increasing both plant quality and yield [25]. Commercialized as
powders or aqueous extracts with the objective of being incorporated into commercial
cosmetic formulations, these substances require evaluation of their impacts on model or
non-target organisms.

To date, there have been very few studies on the impact of these substances on corals
and particularly on symbionts, the most sensitive stage of coral physiology [26,27]. This
study investigates the effects of an algal-based extract derived from the cyanobacterium
Arthrospira platensis containing phycocyanin (PC), applied at different concentrations to the
ex hospite dinoflagellate Cladocopium goreaui. Cladocopium is considered the most dominant
genus of symbiotic dinoflagellates in the Indo-Pacific region [1,28] with C. goreaui being
a representative symbiont in New Caledonia [28,29]. In addition, C. goreaui is well culti-
vated under laboratory conditions [30,31], making it a relevant model for ecotoxicological
assessments [27,31,32]. More specifically, this study aims to assess the effects of this extract
on the growth, photophysiological capacities, activity, and functioning of photosystems, as
well as on the efficiency of the electron acceptor intersystem of C. goreaui. We focus in partic-
ular on the fluorescent transient analysis (OJIP), a fast, accurate, and non-invasive method
for characterizing photosystem structure, as well as electron transfers within organisms
exposed to abiotic stress [33,34].

2. Materials and Methods

2.1. Arthrospira Platensis Extract and Concentration Exposure

The extract tested in this study was purchased from GreenTech (SAS GREENSEA,
Saint-Beauzire, France). This extract was composed of Arthrospira platensis (CAS n° 223751-
80-2; estimated 1-10%) diluted in glycerin (CAS n° 56-81-5; estimated 75-90%) and water
(CAS n° 7733-18-5; estimated 10-20%). The phycocyanin concentration was measured at
1.1 g L= according to the certificate of analyses provided by the manufacturer. A diluted
stock solution of the complete commercial extract was prepared at 1.6 g L~! in filtered
seawater (FSW, 0.2 um) [31] enriched with L1 media and stored in the dark at 4 °C.

Exposure concentrations were chosen based on three studies estimating the amount of
total sunscreen released into seawater during a summer day [35-37]. Predicted environmen-
tal sunscreen concentration was obtained as follows: PECgynscreen = (N X B X SA x m)/V
(1) with N: the number of people on the beach (here fixed at 3000), B: the percentage
of people applying sunscreen before bathing (47%), SA: average number of sunscreen
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applications per person (2.4), m: the amount of sunscreen applied per person and per
application (15 g pers!), and V: the seawater turnover near the beach (5850 m?). These
parameters were set according to Ficheux et al. [38] and Labille et al. [35]. PECgxtract
was obtained by multiplying PECgynscreen by the fraction of the extract (%opxtract) in the
used formulation: PECgxtract = PECsunscreen X %Extract (2) (% extract = 0.2% [39]). Finally,
PECExtract was estimated to 0.016 mg L~ in seawater and corresponds to the lowest dose
of the study (LD). To assess the potential effects of the substance at higher concentra-
tions, three additional doses were selected: Medium Dose (MD), High Dose (HD), and
Extreme Dose (ED), at 0.16 mg L1, 1.6 mg L~!, and 1600 mg L™}, respectively. An ad-
ditional experiment conducted using glycerol at equivalent concentrations (except ED)
showed no significant impact on the growth or photophysiology (OJIP, RLC) of C. goreaui
(Supplementary Materials Tables S1 and S2).

2.2. Microalgal Culture

Marine microalgae Cladocopium goreaui (SCF055.01-10, WT10) were purchased from
the Australian Institute of Marine Sciences (AIMS, Townsville, Australia). Cultures were
maintained in filtered seawater (0.2 um, salinity 35) enriched with L1 media [40] at 26 °C
in a thermostatic chamber. A day: night cycle was respected following a 14 h:10 h ratio,
with an irradiance of 70 + 10 pmol photons m~2 s~!. Culture renewal was operated every
3 weeks to maintain the microalgae in exponential growth [31,41].

Microalgae growth cultures were run in triplicates using 250 mL sterilized glass
flasks filled with FSW enriched in L1 media. The necessary volume of the extract stock
solution was added to the conical flasks to reach the exposure concentrations (LD, MD,
HD and ED) with a final volume of 150 mL. The initial cell concentration in each flask was
3.5-10° cell mL~!. Flasks were sampled daily (2 mL) for 20 days to perform fluorometric
assessments. During the experiment, flasks were randomized daily to ensure similar light
conditions [31].

2.3. Physiological Measurements on Algae
2.3.1. Growth Analysis

Growth was followed using two complementary methods. Cell enumeration was
performed using cell counts on a Nageotte hemocytometer under optical microscopy (Leica
DMY750, Leica Microsystems, Wetzlar, Germany) while minimal fluorescence (Fy) was mea-
sured by pulse amplitude modulation (PAM) fluorometry (AquaPen-C AP 110-C, Photon
Systems Instruments, Drasov, Czech Republic). To enhance the precision and repeatability
of cell measurements, a proxy was created based on cell counts on a hemocytometer and F
measurements (Supplementary Materials Figure S1). A Gompertz model was fitted to the
data to assess the maximum growth rate (max in days~!), the maximum cell concentration
(A inlog(C — Cp)), and the latency time (A in days) [42,43]:

F(t) = A x exp(—exp (Hmax X exp(1)/ax x (A —t) + 1)). @)

2.3.2. PAM Fluorometry

Photosynthetic parameters were measured using a PAM fluorometer (AquaPen-C
AP 110-C, Photon Systems Instruments, Drasov, Czech Republic) equipped with a blue
light- emitting diode at 470 nm. All samples were first dark-adapted for 15 min to ensure
oxidized (open) PSII reactional centers, then homogenized before measurements at room
temperature. Rapid Light Curves (RLCs), allowing one to evaluate the light utilization
at different intensities, were generated by illuminating samples with 7 increasing light
steps (10, 20, 50, 100, 300, 500, and 1000 pmol photons m~2 s 1) [44]. The Jassby and Platt
model [45] was used to fit the RLCs and estimate quantitative parameters: rETRy,, alpha



Phycology 2025, 5, 50

4of16

(o), and Ek. RLCs were also used to calculate the Stern—Volmer coefficient indicating the
non-photochemical quenching induced by light curve (NPQy,q) [46].

To investigate more precisely the electron pathway within PSII, Fluorescence rise OJIP
curves were recorded from 50 ps to 2 s after a 2100 umol photons m~2 s~! saturating
pulse (corresponding to a 70% super pulse as recommended by the manufacturer) on the
same dark-readapted and homogenized samples. Data were extracted and extrapolated
according to Strasser et al. [33] to generate the parameters described in Appendix A.1
(Table A1l). The OJIP transients were represented as the total fluorescence intensity (Fy)
plotted on a logarithmic time scale from O-step (50 ps) to P-step (here considered as Fry,) [33]
to ensure a sufficient signal prior to analysis. F; was double-normalized by Fy and Fy, to
plot the variable fluorescence (Vi) over time V¢ = (F; — Fy)/(Fm — Fp) to compare signals
with different intensities. Vi can also be plotted between each biophysical step to further
analyze a specific phase (O], O, JI or IP) as W(yz) = (Ft — Fy)/(Fz — Fy). Finally, each
parameter was normalized with the control as AW yz): = [Wyzjtreatedlt — [W(yz)Controllt to
reveal potential hidden treatment impacts [47]. Wy, corresponding to a specific time, is
obtained at t3po: (F300 — Fo)/(F; — Fo) = Vi./Vj, and represented in function of Fy /Fp,.

2.4. Statistical Analyses

Statistical analyses were performed thanks to RStudio software (R Core Team 2017).
Data were tested for normality and homoskedasticity using Shapiro-Wilk and Levene
tests, respectively. One way ANOVA or Kruskal-Wallis tests were conducted to identify
a concentration effect on parameters, followed by post-hoc analysis with Tukey HSD or
the Dunn test. All data are presented as mean + SD with the significance level placed at
oe = 0.05.

Pi_Abs was plotted as a percentage response relative to the control (control = 100%) as
a function of the concentration logarithm. A linear model was tested to fit the data, then
adjusted by adding a quadratic term to the model to improve the adjustment. The lowest
Akaike Information Criterion (AIC) was used to identify the best model, and residuals
were graphically assessed using a QQ-plot.

3. Results
3.1. Growth Rates

Cladocopium goreaui exhibited similar growth parameters (A, pmax, and A) for the
control (CTL), low dose (LD), medium dose (MD), and high dose (HD) conditions (Table 1).
In contrast, parameters for the extreme dose (ED) were reduced, with a 77% decrease in the
maximum cell concentration (A) and a 45% decrease in the maximum growth rate (Lmax)
(p < 0.01) compared to the control condition.

Table 1. Growth parameters extracted from the Gompertz model: A (log(C/Cy)), the maximum cell
concentration (where C and Cj are the final and initial cell concentrations, respectively); max
(daysfl), the maximum growth rate; and A (days), the latency time. Values are expressed as
mean + SD (n = 3). Different letters indicate statistically significant differences between treatments
(p < 0.05): control (CTL), low dose (LD), medium dose (MD), high dose (HD), and extreme dose (ED).

A Hmax A
CTL 0.80 + 0.03 @b 0.09 + 0.01 b 225+ 0.652
LD 0.88 &+ 0.05 2 0.09 +0.012 224 +0372
MD 0.89 +0.072 0.08 +£0.012 2.07 £0.622
HD 0.77 + 0.03 @b 0.09 + 0.00 @b 2.04 +0.482
ED 0.18 £ 0.07b 0.05 +0.02P 22340502
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3.2. Chlorophyll Fluorescence Signal After 5 Days Exposure
3.2.1. Rapid Light Curves

There was no difference in the maximum relative electron transport rate (rETRy,)
between CTL, LD, MD, and HD treatments (Figure 1 and Table 2). A 33% reduction in
rETRy and a 22% reduction of Ik (the saturating light parameter) were observed in ED
treatment. No difference in NPQ was observed in the non-photochemical quenching- (NPQ)
induced parameter in all treatments (p > 0.05).

60

20

0 250 500 750 1000
PAR

Figure 1. rETR of C. goreaui under increasing light intensities (PAR, umol photons m~2 s~!) exposed
to different concentrations of A. platensis extract. Curves are fitted Rapid Light Curves (RLCs)
modelized by Jassby and Platt model (1975). Control (CTL), low dose (LD), medium dose (MD), high
dose (HD), and extreme dose (ED). Black dots are mean =+ SD (n = 3).

Table 2. Photophysiological parameters extracted from the fitted Rapid Light Curve (RLC) for
increasing A. platensis extract concentrations. Values are mean + SD (n = 3). Letters represent
statistical differences between treatments: control (CTL), low dose (LD), medium dose (MD), high
dose (HD), and extreme dose (ED). rETRn: maximum relative electron transport rate; «: initial RLC
slope; Ek: light-saturating index = rETRm / o; NPQj,4: non-photochemical quenching induced by
the RLC.

rETR, o Ik NPQ;n4
CTL 66.66 + 0.612>  0.29 4 0.002 228.15 + 0.31 2P 0.29 +0.032
LD 67.04 +3203> 0294+ 0.002>  230.98 + 14.02 2P 0.31 +0.042
MD 69.15+1.142  0.28 + 0.00 24217 + 8.132 0.36 + 0.022
HD 6731 +1.752>  0.28 +0.01 2 240.76 + 6.752 0.38 +0.03 2
ED 46.52 +1.89b 0.25 4+ 0.00P 188.38 +5.95b 0.30 £ 0.022

3.2.2. Rapid Chl a Fluorescence Transient Analyses

Chl a contained in C. goreaui exhibited a typical fluorescent transient shape in each
treatment, going from O-step (Fp) to P-step, including two intermediate steps: J-step and
I-step (Figure 2a). The lowest signal intensity (F;) was observed for the ED treatment
(Figure 2a). The double normalized fluorescence (Vi = (Fy — Fg)/(Fm — Fp)) is presented in
Figure 2b. Main variations were observed during the O-] phase (0 to 2 ms), with a slight
reduction in V; (corresponding to Vi at 2 ms) for the LD, MD, and HD treatments. A control
normalized representation AWop = Wop(sample] — Wop[Control] allowed a better identifica-
tion of V¢ variations compared to the control condition (Figure 3a). AW@p amplitudes for
LD, MD and HD were overall negatives during the O-J (0 to 2 ms) and J-I phases (2 to 30 ms)
before becoming positives on the I-P-phase (30 ms to Fr,). Only the ED treatment showed
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a positive amplitude during the O-] phase before returning to the control baseline at the
J-step (Vj). To further the analysis of the O-] phase, a normalized representation against the
control as AWy = Wojisample] — WojiControl] (Figure 3b) revealed a clear positive new band
(or peak) near 300 ps, characterized by a higher variable fluorescence in the ED treatment
compared to control one (Vygp) > Vycrr) at 300 us). This new band, generally hidden
on a classic OJIP representation, corresponds to the “K-step” and gives an OKJIP shape
to the fluorescence transient in the ED treatment, whereas other treatments revealed the
classic OJIP shape. This K-peak amplitude was well defined for ED, as highlighted by the
Vi /Vj ratio (Vi /Vj > 0.6), which differed notably from the other treatments (Vy/V; < 0.6)

(Figure 4).
1.00
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)
% 30,000 S o050
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—- MD
20,000 21~ ; HD
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Gl il ol ol ol ] A LN ST LI s [
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Figure 2. Fluorescent OJIP transients of dark-adapted C. goreaui exposed to different A. platensis
extract concentrations: control (CTL); low dose (LD); medium dose (MD), high dose (HD), and
extreme dose (ED). (a) Fluorescence (F;) at t time and (b) relative variable fluorescence (V:), double

normalized on Fy, and Fj as Vi = (Ft — Fp)/(Fm — Fo).
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Figure 3. (a) Relative variable fluorescence of Cladocopium goreaui from O-Step to P-Step (Wop) and
(b) Relative variable fluorescence from O-Step to J-step (Wqy) of Cladocopium goreaui exposed to
different concentrations of Arthrospira platensis extract: control (CTL), low dose (LD), medium dose
(MD), high dose (HD), and extreme dose (ED). The K letter indicates the K-peak inflection.
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Figure 4. Amplitude of K-step (W = V. /V;) as a function of the parameter Fy /Fn, in Cladocopium gore-
aui exposed to different concentrations of Arthrospira platensis extract. Ellipses represent segregated
groups (green: positive impacts, black: control, red: negative impacts), but not statistical differences.
Control (CTL), low dose (LD), medium dose (MD), high dose (HD), and extreme dose (ED).

When examining V) /Vj ratio as a function of Fy/Fn, three distinct groups appeared,
illustrated by colored ellipses (ellipses did not indicate any statistical significance) (Figure 4).
The ED group was segregated from other treatments, including the control one, by a higher
Vi/ Vj ratio and a lower Fy /Fp. Interestingly, Vi / Vj ratios for LD, MD, and HD treatments
were lower than those of the control one, forming two additional groups with negligible
variations in F,/Fy,. In all treatments, F, /F,, values were above 0.5, with ED values
(0.62 £ 0.01) being lower than LD (0.68 + 0.00, p = 0.012).

3.3. Parameters Extracted from JIP Transient

All parameters (n = 13) extracted from the OJIP analysis showed significant differences
between treatments. However, statistical differences were not systematically observed
between the control condition and treatments, but rather within treatments, especially
between the two smallest concentrations (LD, MD), which displayed comparable values,
and the highest one (ED), which statistically differed from them (Table 3).

The relative fluorescence at the J-step (Vj) for LD was significantly reduced by 20%
compared to the control (p = 0.04) (Figure 2b and Table 3). Consequently, My, the initial
slope of the standardized transient (Vi) from the O-step to 300 us, was also affected by
this reduction in Vj, though the effect was not significant (Table 3, p = 0.054). Considering
specific fluxes, ABS/RC, TRy /RC, and DIy/RC for MD were not significantly but rather
slightly reduced by 10% compared to the control condition. ABS/RC, TRy/RC, ETy/RC,
and DI /RC for ED, however, increased by 29, 17, 7, and 35% (p < 0.05) compared to MD,
finally exceeding the control values (Table 3).

In contrast, efficiencies followed an opposite trend with Py, PEy, and ¢Ej for ED
being reduced by 8, 8, and 35%, respectively, compared to LD (p < 0.05). PYEy and ¢Eg
for LD were increased by 11 and 14% compared to the control, although they were not
significant. pP( exhibited the lowest variations, with a maximum reduction of 7% for ED
compared to the control.

By analyzing the variation coefficient of the parameters, the strongest variations were
observed for Pi_Abs (30%). To characterize the relationship between Pi_Abs and the
concentration, data were first modeled using linear or quadratic models (Figure 5). Based
on the Akaike Information Criterion (AIC), the quadratic model provided the best fit for
Pi_Abs, resulting in a concave parabolic curve where higher values corresponding to the
best response. LD and MD induced an over-response up to 150%, which decreased with
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the increasing concentration to reach a 16% reduction at the ED concentration (Figure 5).
Analysis revealed a non-linear relationship between the response and the logarithmic
concentration within the experimental range. The curve (best described by the equation
y = —0.48x> — 6.03x + 138.83) identified a maximum response at x = —6.28, corresponding
to a real extract concentration of 0.018 mg L.

Table 3. Chl a fluorescence parameters in Cladocopium goreaui exposed to different concentrations
of Arthrospira platensis extract. Control (CTL), low dose (LD), medium dose (MD), high dose (HD),
and extreme dose (ED). Values are mean =+ SD (n = 3). Letters correspond to statistical differences
between treatments after post-hoc analysis.

CTL LD MD HD ED

Basic parameters calculated from the extracted transcient

E, 13,600 =+ 99 @b 13,730 + 188 @b 13,665 + 211 b 13,925 + 2392 12,993 4+ 500 P
Fmn 42,448 + 724 2P 43,966 + 441 2 43,586 + 4732 43391 + 536 2P 34,700 £ 915b
F, 24,849 4+ 13772 23,278 4 254 2 23,256 + 262 2 23,830 + 366 2 21,327 +511b
\¢ 0.39 4+ 0.052 0.32 +£0.00P 0.32 + 0.00 2P 0.34 +0.01 2P 0.38 £0.012
M, 0.83 +0.14 2 0.61 +0.022 0.61 +0.012 0.65 + 0.02 2 0.87 +0.052
Quantum yields and efficiencies
¢Pg (=Fy/Fm) 0.68 4 0.01 2P 0.69 4 0.002 0.69 & 0.00 2P 0.68 4 0.01 2P 0.63 4+ 0.02°
WPE, 0.61 + 0.052 0.68 + 0.00 P 0.68 & 0.00 2P 0.66 + 0.01 2P 0.62 +£0.012
¢E 0.41 +0.04 2 0.47 +0.002 0.47 +0.00 2 0.45 +0.012b 0.39 £0.02°
Specific energy fluxes (per RC: Qa ~ reducing PSII reaction center) in ms~!
ABS/RC 3.11+0.132 2.81 + 0.07 2 2.79 £0.012 2.84 +0.05 2 3.61+024b
Trg/RC 2.11 £+ 0.07 2P 1.93 4+ 0.04 2P 1.92 +0.002 1.93 + 0.02 2P 2.25+0.08b
Ety/RC 1.29 +0.072 1.32 £ 0.022P 1.34+0.012 1.28 +0.01 2P 1.39 £ 0.03 b
Diy/RC 1.00 + 0.06 2P 0.88 + 0.03 @b 0.88 +0.012 0.91 + 0.03 2 1.35 +0.16 P
Performance index
Pi_Abs 1.10 4+ 0.34 @ 1.70 + 0.08 2 1.66 £ 0.06 2 1.47 +0.12 2P 0.75+0.13b
200

150

% Response
=
o

-1 0 1

Log(C)

Figure 5. Performance Index (Pi_Abs) of Cladocopium goreaui exposed to increasing concentrations of
Arthrospira platensis extract, expressed as percentage response of the control on a logarithmic scale.
Black dots represent the response of each treatment relative to the control, expressed as the percentage
difference. The black curve represents the fitted quadratic model associated with the data, and dotted
lines correspond to the 95% confidence interval.
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4. Discussion
4.1. Physiological Response of C. goreaui to the A. platensis Extract

Based on growth rate data, the Arthrospira platensis extract at environmental concentra-
tions (LD and MD) did not exhibit any signs of toxicity on the dinoflagellate Cladocopium
goreaui after 7 days in culture. Conversely, with a concentration up to 10° the environmental
one, the reduction of the maximum growth rate and the maximum cell concentration
indicated a strong impact on the growth physiology of C. goreaui [42,43].

Unlike the impacts of herbicides [31], benzophenone-3 [27], copper [48], or
microplastics [32], for which a reduction in the energy used for primary photochemistry
has been demonstrated, our study did not reveal substantial differences in Fy /Fp,, indi-
cating that the impacts were located beyond PSII. These impacts were detected using fast
chlorophyll, a fluorescence induction (OJIP), applied to coral endosymbionts, and which
provides more detailed insights into the dynamics of electron transport. The PAM fluo-
rometric approach (OJIP, RLC) revealed a biphasic response of microalgae Performance
Index (Pi_Abs) to the extract. Pi_Abs is generally used as stress indicator for photosyn-
thetic organisms [33,49,50] or as an indicator of adaptation to specific environments [51,52].
This index is the product of three distinct processes: the RC-active density (RC/ABS),
the primary photochemistry efficiency (¢Py also expressed as Fy /F), and the probability
that a trapped electron goes beyond Qa ™~ (\VE,) [34,53]. Consequently, a small variation,
positive or negative, of one of these parameters influences the Pi_Abs response and enables
comparisons between experimental and control conditions. Pi_Abs changes have been
shown to reveal early responses to certain specific stress such as drought, high temperature,
or metal stress before visible alterations occur [51,54,55].

In this study, the microalgae Pi_Abs biphasic response to the extract is characterized
by (1) an increase in energy conservation from photons absorbed by PSII to the reduction
of intersystem electron acceptors at low doses (LD and MD), reaching a maximum at
0.018 mg L1, followed by (2) a decline in energy conservation to a “Zero Equivalent
Point” (ZEP) at 108.8 mg L. Beyond this threshold, which also corresponds to the No-
Observed-Adverse-Effect-Level (NOAEL), adverse photophysiological effects occur on
the PSII, primarily due to an impairment of the Oxygen Evolving Complex (OEC). This
biphasic relation aligns with the hormetic principle described by Calabrese and Blain [56]
and follows an “inverted U-shape curve” with a maximum at 157%, characteristic of a
classic hormetic stimulatory response [57]. In the present study, the NOAEL is calculated
at 108.8 mg L', a concentration up to 10* times greater than those used in the cosmetic
industry, suggesting that the extract toxicity only occurs at high doses up to 10* times
greater than those used in the cosmetic industry [39].

4.2. Enhancement of the Photosynthetic Steps at Low Doses, Based on Absorption Basis

At low doses, the energy conservation is enhanced by two parameters of Pi_Abs:
RC/ABS and YE,. (1) The increase of RC/ABS indicates a higher RC-active density of the
biochemical complex [33], accompanied by a reduction in specific energy fluxes ABS, TRy,
ETy, and DI per active RC (i.e., Qa-reducing RC). This suggests a reduction in the apparent
antenna size indicating that the received energy is distributed among a greater number of
active RCs [34,58]. Consequently, RCs receiving a lower amount of energy remain longer in
their reduced state before being oxidized, thereby reducing their net closure rate (My) [33].
Interestingly, these adaptations are usually found when organisms have to cope with
high light and regulate their RC density to prevent PSII photophysiological damages [55].
Here, low doses of A. platensis extracts would increase the light absorption efficiency of
C. goreaui. (2) Once trapped in the Electron Transport Chain (ETC), electrons are then
transported through the intersystem to reach the final electron acceptor: ferredoxin. In our
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case, the yield of trapped electron transported beyond Qa~ (\Ep) is increased compared
to a condition without the extract, which facilitates the reduction of the downstream ETC
entities: Qp, PQ, bs/f, and PC. The electron transport yield (¢Ey) is also increased due
to the combination of P and VEy, reflecting a higher quality of electron transport from
the antenna to the intersystem of electron acceptors. Similarly, such improved electron
transport efficiency is also found when photosynthetic organisms are exposed to substances
with a protective role, such as antioxidants, allowing the quenching of oxygen reactive
species (ROS) generated during the photosynthetic processes [56-61].

In this experiment, the increase in RC-active density and yield efficiencies at low
doses could be attributed to the presence of micronutrients in the Arthrospira platensis
extract. This cyanobacterium is known to be a source of trace elements such as manganese
(Mn), iron (Fe), or copper (Cu) [62], which play important roles in photosynthesis or
cellular repair mechanisms in algae [63,64]. In particular, Mn is involved in the OEC
structure and also serves as a cofactor for the superoxide dismutase enzyme (SOD), which
scavenges ROS [65]. In addition, A. platensis is also known to produce phycobiliproteins [66],
specifically phycocyanin, which is concentrated at 1.1 g L~! in the used extract, and may
have an antioxidant effect on algae. In our case, given the hydrosoluble properties of
phycocyanin, this pigment is unlikely to act directly as a protective antioxidant within
the chloroplasts where photosynthesis takes place. However, its effects could be indirect.
Although the precise mechanisms remain unclear, Xu et al. [67] suggested that exogenous
phycocyanin enhanced the antioxidant enzymes activities in Arabidopsis thaliana. Similarly,
Varia et al. [68] reported that lettuce grown on phycocyanin-rich soil exhibited a higher
flavonoid content, which also contributes to the antioxidant response. These findings
highlight the need for further mechanistic evaluation into the beneficial effects of such
compounds for coral symbionts.

4.3. High-Dose Adverse Effects of Substances on Photophysiology

Conversely, at high doses beyond NOAEL, A. platensis extract induces adverse effects
on C. goreaui photophysiology. Specifically, Pi_Abs at ED is reduced by a factor of two com-
pared to the optimum (157 to 75% of the control condition) and by 30% compared to the
control without extract. The apparent antenna size also undergoes modifications in the
opposite way as low doses, as evidenced by the reduction in the fraction of active reaction
centers (RC-active). With fewer active RCs, the absorption per RC increases, leading to
higher specific fluxes (TRy and ETy) and a saturation of oxidized RCs. As a result, the
net closure rate of RCs increases, requiring them to dissipate excess energy (DIy/RC) to
prevent photodamage by heat or fluorescence under 2100 pmol photons m~2 s~1. On
the contrary, the absence of variation in non-photochemical quenching induced by RLC
(NPQjng) between treatments, together with the absence of photoinhibition, indicates that
light intensity at 1000 umol photons m~2 s~! is not inhibitory to PSII [69].

While antenna modifications occur, primary photochemistry is slightly reduced, with
Py decreasing to 0.63, indicating a small reduction in the fraction of energy transferred
to the electron transport chain (ETC). A decrease in ¢Py could result either from PSII
impairment or from a slowdown in electron transport downstream in the ETC. In our case,
¢Pp remains relatively high, suggesting that PSII is in a good functional state.

Nevertheless, the presence of a Wy /Wj ratio above 0.6 suggests an accumulation
of reduced Qp and highly fluorescent pheophytin (Pheo™) caused by electron limitation
on the PSII donor side [70]. Strasser et al. [33] demonstrated that this limitation results
from an alteration of the Oxygen-Evolving Complex (OEC), which is unable to supply
enough electrons to the excited P680 (P680"), hindering its return to the ground state (P680).
This creates a bottleneck at Pheo™, which can no longer transfer its electron to Qa, and
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consequently reduces electron transfer beyond Qa~ (from Q4 to Qg, and ultimately to
NADPH). The impairment of the OEC and the PSII modifications finally participate to
prompt a decrease in the maximum electron transport rate (tfETRy,) in the ETC [71-73].

5. Conclusions

According to our results, different effects can be found following exposure to an
A. platensis extract. At low doses, the extract (1) induces a reorganization of the apparent
antenna size by increasing the fraction of RC-active as an adaptation to favorable environ-
ment and (2) supplies beneficial compounds that protect the ETC, enhancing the electron
transport efficiency [63]. Conversely, at high dose, the extract (1) causes apparent antenna
modifications to prevent photodamage, (2) alters the EOC due to an excess of ROS pro-
duced by excessive energy, (3) reduces the ETC performance, and consequently (4), limits
growth of C. goreaui.

We show for the first time that a low concentration of A. platensis extract added to
the culture medium of C. goreaui does not induce toxicity. On the contrary, this low dose
enhances light absorption efficiency and electron transport, ultimately improving the algal
Performance Index. Furthermore, this study assesses the ecotoxicological impact of an algal-
based product at environmentally relevant concentrations, a key aspect given its inclusion
in sunscreen formulations and the associated risks for coral reef ecosystems. Our study
evaluated the exposure of the free-form of C. goreaui to different doses of extract. In view
of these results, it is therefore essential to test these same doses on the symbiotic form of
C. goreaui (inside the coral host) as well as on other symbiont genera, such as Durusdinium,
which are also found in the eastern Pacific region [74]. Symbionts in culture exhibit a
relatively similar physiological, morphological, and cellular cycle, while in hospite they
display more heterogeneous cells according to their cellular cycle, potentially attenuating
the effects of the commercial product.
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Abbreviations

The following abbreviations are used in this manuscript:

PAM Pulse Amplificated Fluorometry
OJIP JIP-test

RLC Rapid Light Curve

ETC Electron Transport Chain

PSII Photosystem II

OEC Oxygen Evolving Complex
PCP Personal Care Product

UVF Ultra-Violet Filter

ROS Reactive oxygen species

PC Phycocyanin

NPQ Non-Photochemical Quenching

PAR Photosynthetically Active Radiation
NOAEL No Observed Adverse Effect Level

Appendix A
Appendix A.1

Table A1l. Parameters, formulas and their definitions used in this study for the analysis of the Chl a

fluorescence [34].

Parameter Definition Formula Meaning
Basic fluorescence data measured or calculated from the JIP-test
Minimal fluorescence after dark Minimum fluorescence when all
Fp . F at 50 us
adaptation PSII RCs are open
Maximal fluorescence during a Maximal fluorescence when all PSII
Fm saturating flash on dark adapted F at P-step (peak) RCs are closed (can be attributed to
sample Fp)
Maximum fluorescence in a
Fm’ light-adapted sample under a
saturating flash
F¢ Fluorescence at time t
F, Variable fluorescence Fi — Fy
F, /F Maximum quantum yield for (Fm — Fo)/F Maximum light utilization
verm primary photochemistry m = T0)/ Fm efficiency of PSII
Relative variable fluorescence at Relative fluorescence double
Vi time t (Fe = Fo)/(Fm — Fo) normalized on Fy, and F
Initial slope (in ms~1) of the
My fluorescent transcient normalized Mg = [(AF/At)g]l/(Fm — Fop) Q4 reduction rate

on the variable fluorescence (Vy)

Biophysical parameters derived from the basic parameters by the JIP-test
Specific energy fluxes (per active RC: Qa-reducing PSII reducing center)




Phycology 2025, 5, 50

13 of 16

Table Al. Cont.

Parameter Definition Formula Meaning
PSII apparent antenna size.
Absorption flux at the antenna per RC/ABS the reciprocal corresponds
ABS/RC RC Mo x (1/Vy) x (17 ¢Po) to the fraction of active RC per
antenna.
Trapped enerey flux leading to Q The rate of which an electron is
TRy /RC PP T8y . & A My x (1/ Vy) trapped in RC resulting in
reduction per active RC . _
reduction of Qa to Qa
Electron transport flux per active The rate by which an electron
ETy/R 1 1-—
0/RC RC Mo x (1/Vy) x ( Vi) moves from Qp~ to PQ
DI,/RC Dissipation flux Eléo heat per active ABS/RC — TRy /RC
Quantum yields and efficiencies
Maximum quantum yield for Quantum yield for primary
©Py . . Fv/Fm .
primary photochemistry chemistry
Quantum yield for electron _
¢Ep transport (1 — (Fo/Fm)] x (1 —Vj)
The probability that an electron
WEo 1 =Vj moves further than Qa~
Performance index
Performance index for energy
. conservation from a photon
Pi_Abs Performig;es ;?Vd:tf Ofr(:r energy [I;C)/] iB[SJ)EX ;(ﬁ’l’_o /& 0 absorbed by PSIT until the
¢ro 0 0 reduction of intersystem electron
acceptors
RLC measured and extracted parameters
rETR Relative electron transport rate PAR x QY x 0.5 x 0.84
Maximum relative electron rETR levelling at a maximum
rETRmax .
transport rate light-saturated rate
Initial RLC slope, maximal light use . — .
o coefficient for PSII Ability to use low light intensities
Light saturating index [umol . . . . ..
Ik & photon H‘%,z s,l][u Ik = rTETRmax/ & Ability to use high light intensities
Induced Non Photochemical Ability to dlss1p.ate energy into heat
NPQing Quenching during RLC experiment (Fm — Fp)/(Fy) as a protective mechanism.
& 8 p Stern-Volmer coefficient
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