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Abstract

The growing global demand for farmed macroalgae highlights the need to better understand potential contaminant loads,
including toxins from harmful algal blooms, and their implications to human health. In this study, the green macroalga Ulva
rigida was co-cultivated with the epiphytic dinoflagellate Prorocentrum lima to determine whether toxins produced by the
toxic dinoflagellate accumulate in the macroalgae and assess the efficacy of post-harvest processing techniques to reduce
or eliminate the risk of toxins contamination. Ulva rigida (60 g wet weight) was maintained under controlled laboratory
conditions in sterile F/2 medium and in co-culture with P. lima. Macroalgae were divided into two treatments: a) no pro-
cessing; b) processing. Samples were analysed by LC-MSMS to detect okadaic acid (OA) and dinophysistoxin-1 (DTX1).
High toxins levels were detected after 7 days of exposure to P. lima. Contrastingly, the post-harvesting process of washing
and scrubbing was efficient in reducing toxins loads, indicating that lipophilic toxins were surface bound and can be easily
eliminated using efficient post-harvest processes. The results indicate that epiphytic toxic microalgae may jeopardize the
consumption of macroalgae, particularly if appropriate post-harvest processes are not applied to ensure the safety of farmed
macroalgae for consumers.
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supplying the demand for ever-increasing nutrient require-
ments, due to population growth and environmental chal-
lenges (FAO 2024). For many decades, macroalgae products
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have been traditionally used as food alongside many appli-
cations in various sectors. In recent years, the demand for
macroalgal products has been rising, with the global market
expected to increase 9.1% until 2027 (Khan et al. 2021).
Macroalgae aquaculture is also growing amidst this demand,
as a standalone production, co-production, or part of inte-
grated multi-trophic aquaculture IMTA) where species from
different trophic levels, such as fish, bivalves, and macroal-
gae, are produced together for efficient nutrient recycling
and diversification of production (Soto 2009; Aratjo et al.
2016; Chopin 2018; Correia et al. 2020; Nederlof et al. 2022;
Glauco et al. 2024).

Macroalgae aquaculture has several advantages, as mac-
roalgae counteract the process of eutrophication given their
bioremediation potential, provide raw materials for human
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and animal nutrition and health, with potential application
across pharmaceuticals, cosmetics, green chemical processes
(e.g., surfactants), bioplastics, construction materials and
textiles (Queirds et al. 2021; Massocato et al. 2022; Moreira
et al. 2024; Corrigan et al. 2025). However, the global mac-
roalgae aquaculture currently faces ecological pressures
driven by environmental factors, such as increasing seawa-
ter temperatures due to climate change (Zhang et al. 2023;
Veenhof et al. 2024). Additionally, ocean warming tends
to influence the frequency and abundance of harmful algal
blooms (HABs) that potentially compromise food safety in
aquaculture production (Aquino-Cruz et al. 2018; Ibghi et al.
2024).

Traditionally, HABs are associated with the contami-
nation of shellfish that may act as phycotoxin vectors to
humans and cause several types of poisoning, many times
described according to their symptoms, such as diarrhetic,
paralytic and amnesic shellfish poisoning (Braga et al. 2023).
In addition to filter-feeding shellfish like mussels, clams and
oysters there is growing evidence that macroalgae may also
harbour toxic epiphytic microalgae and act as toxin vectors
to humans through their consumption (Gharbia et al. 2017;
Diaz et al. 2022).

While there is an established regulatory limit for marine
biotoxins in bivalves by Codex Alimentarius and European
Union standards, corresponding guidelines for macroalgae
do not currently exist (Banach et al. 2020; Lihteenmiki-
Uutela et al. 2021). Several toxins have been reported in
macroalgae, notably palytoxins and cyclic imines detected
in species of brown and red macroalgae, and domoic acid
detected in red macroalgae including Chondria armata
(Banach et al. 2020). Kainic acid, a neurotoxic compound
that has been detected sometimes in Palmaria palmata,
appears in varying concentrations, but standards related to
human health remain undefined (Banach et al. 2020). Lack
of occurrence data, undefined regulatory thresholds, varia-
bility in production and accumulation of these toxins empha-
size the need for scientific monitoring and risk assessment
to ensure the safety of macroalgae for human consumption
and feedstock for animals.

Among macroalgae, the genus Ulva has received much
attention due to its relatively high protein content and poten-
tial for co-cultivation in Integrated Multi-Trophic Aquacul-
ture (IMTA) systems (Queir6s et al. 2021; Nederlof et al.
2022; Simon et al. 2022; Glauco et al. 2024). At the same
time, the dinoflagellate Prorocntrum lima produces okadaic
acid (OA) and dinophysistoxins (DTX) that accumulate in
shellfish, leading to diarrhetic shellfish poisoning (DSP) (Ye
et al. 2022), making it essential to understand how these
organisms may interact in shared environments.

When toxin-producing dinoflagellates, like P. lima, grow
within the vicinity of a macroalgae farm or IMTA systems,
they can act as vectors for higher trophic levels (Gharbia
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et al. 2017; Brown et al. 2020). Thus, consumers' increas-
ing interests in macroalgae in Europe and North America,
as well as the traditional consumption in Asian countries,
pose new questions whether there are food safety implica-
tions for consuming farmed macroalgae, when consumed
fresh with inadequate processing (Rosa et al. 2020; Kumar &
Sharma 2021; Lahteenmiki-Uutela et al. 2021). Monitoring
dinoflagellates like P. lima is, therefore, an essential step in
ensuring seafood safety (Sahraoui et al. 2013; Brown et al.
2020).

While numerous strategies are a potential solution to
reduce toxin burdens in shellfish by means of washing or
purging (Martinez-Albores et al. 2020; Bian et al. 2024),
toxin removal strategies for macroalgae processing remain
largely unexplored in view of growing concerns surround-
ing climate change, food security and its increased demand
for food. To fill this gap, and in line with similar procedures
in depuration strategies (Gémin et al. 2020), it was hypoth-
esized that rigorous rinsing of macroalgae complemented
with scrubbing could substantially reduce toxins levels,
implying that even a simple handling procedure at harvest
may be sufficient to lessen public health risks. The results
will therefore give new insights to farmers and policymakers
alike for post-harvesting and processing strategies.

In this study, the macroalga Ulva rigida was maintained
under laboratory conditions and exposed to the epiphytic
toxin-producing dinoflagellate P. lima, to understand if mac-
roalgae accumulate P. [ima toxins in the tissues and act as
a potential toxin vector to consumers. Understanding the
dynamics of toxins in macroalgae is crucial for a risk assess-
ment and regulatory framework of the rapidly expanding
macroalgae industry (Lahteenmiki-Uutela et al. 2021). This
study also investigates the effect of a post-harvesting process
to reduce toxins load and minimize the risks for consumers.

Materials and methods
Culture conditions

Ulva rigida (3 kg) were collected from AlgaPlus facility
(Aveiro, Portugal; 40.6126° N, 8.6740° W), and transported
to LABVIVOS- Live Marine Organisms Laboratory (IPMA,
Algés, Portugal), thoroughly rinsed to remove debris, and
acclimated for one week in F/2 medium (Guillard & Ryther,
1962) at 19+ 1 °C under a 14:10 h light: dark cycle using
an Aquabar T-series single blue LED lamp from Tropical
Marine Centre Iberia (Sdo Julido do Tojal, Portugal), provid-
ing a mean irradiance of 25 umol photons m 25!,
Prorocentrum lima strain IPMA-PRMDO7 from the
microalgae culture collection of the Portuguese Institute
for the Sea and Atmosphere (IPMA), isolated from Madeira
Island (32°39'N 16°55'W) was used for this study. Clonal
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and non-axenic cultures were maintained in vented T-flask
(50 cm?) (Sarstedt, Germany) in enriched natural seawater
F/2 medium (salinity 33 ppt), at 24 +1 “C under a 12:12 h
light: dark cycle (Fitoclima 600 PL, Aralab, Portugal), and
a photosynthetic photon flux density of 50-60 pmol photons
m~2s~! (PPED) (18W, Osram, Germany). The seawater used
in all the experiments was from the same batch. Before use,
it was pre-filtered in Whatman-GF/C glass fiber filters and
0.22 pm cellulose filters (Whatman, UK), followed by auto-
clave sterilization. Nutrients were added by filter steriliza-
tion (Whatman, UK).

Experimental design

The green macroalga Ulva rigida was selected as the experi-
mental model due to it is relevance in aquaculture (Bolton
et al. 2016; FAO 2024). Its high surface area to volume ratio
makes it particularly efficient to test accumulation of tox-
ins in tissues. The benthic dinoflagellate P. lima was used
as the epiphytic toxin-producing dinoflagellate, being a
well-documented producer of okadaic acid (OA) and dino-
physistoxin-1 (DTX1) (Aquino-Cruz et al. 2018; Ye et al.
2022; Ibghi et al. 2024). Therefore, the U. rigida and P.
lima system provides a biologically realistic framework for
examining the dynamics of benthic phycotoxin accumulation
and persistence in macroalgal tissues under natural exposure
conditions.

At the time of collection, a baseline analysis was carried
out to ensure the absence of P. [ima. The analysis con-
firmed that the U. rigida collected were toxin-free. Samples
were collected at three time points, in triplicate: TO (start
of the study, day 3); T3 (midpoint of the study, day 3); T7
(final day of the study, day 7). At each sampling point,
30 g of Ulva was removed from the beaker and the beaker
was removed.

TOXIN Samplings
— 13
o n=3
n=3 I —
—
n=3

Fig.1 Experimental design

A total of 3 glass beakers (3 L capacity each) (Fig. 1)
with 60 g of Ulva and 2040 cells mL™" of P. lima each were
randomly assigned to two treatments:

1) No Processing (NP): The algae were dried on paper tow-
els and immediately stored at — 80 °C for freeze-drying.

2) Processed (P): The algae were vigorously shaken for
2 min in 50 mL seawater, followed by 10 min in sterile
freshwater and by scrubbing with a cell scraper, dried on
paper towels, and then frozen at — 80 °C for subsequent
freeze-drying.

No medium renewal was performed during the 7-day
experiment. Abiotic parameters (salinity 32+ 1, pH
8.0+0.1, and temperature 19 + 1 °C) were monitored daily
with a portable multiparameter (HI98494, Hanna Instru-
ments, Italy), along with nitrogen compounds (nitrate,
nitrite, and ammonium).

Additionally, 50 mL of the culture medium was sampled
at day 3 and day 7 from each treatment. The samples were
centrifuged at 5,200 X g for 10 min. Subsamples of culture
medium were preserved in Lugol’s solution (Karlson et al.
2010) and counted under a light microscope using a Palmer-
Maloney counting chamber to verify P. lima cell densities.

Toxin analysis
Toxins extraction

A total of 1.0+0.1 g of freeze-dried sample was placed
into 50-mL polypropylene centrifuge tubes and 20.0 mL
of 100% methanol was added and mixed thoroughly in a
vortex for 5 min. Following this procedure, the tubes were
centrifuged at> 3600 X g for 10 min and supernatant was

Treatments  Toxin Quantification & Cell Count

No Processing — 30g Ulva sp.

Processing — 30g Ulva sp. + 150ml sterile FW + Scrubbing

No Processing — 30g Ulva sp.

Processing — 30g Ulva sp. + 150ml sterile FW + Scrubbing
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filtered through a 0.2 pm syringe filter and stored at — 20
°C until LC-MS/MS analysis.

Toxins determination by liquid chromatography
with tandem mass spectrometry detection (LC-MS/MS)

The LC-MS/MS equipment consisted of an Agilent 1290
Infinity liquid chromatograph coupled to a triple quadrupole
mass spectrometer Agilent 6470 (Agilent Technologies, Ger-
many). The chromatographic separation was conducted as
described in Braga et al. (2021) with a Zorbax SB- C8§ RRHT
column (2.1 x50 mm, 1.8 pm), protected with a guard column
(2.1 x5 mm, 1.8 pm). The mobile phase A was water with 2 mM
ammonium formate (Sigma-Alrich, USA) and 50 mM formic
acid (LC-MS, Carlo Erba, Germany) and the mobile phase B
was 95% acetonitrile (LC-MS grade, Carlo Erba) with 2 mM
ammonium formate and 50 mM formic acid. An elution gradient
at a flow rate of 0.4 mL min~! was used as follows: 0-3 min,
gradient from 88 to 50% eluent A; 3-6.5 min gradient 50 to
10% eluent A; 6.5-8.9 min 10% eluent A; 8.9—10 min, gradient
10 to 88% eluent A. The detection was carried out in Multiple
Reaction Monitoring (MRM) acquisition mode. Two MRM
transitions were monitored in negative polarity: m/z 803 >255
and m/z 803> 563 for OA and m/z 817>255 and m/z 817> 563
for DTX1, quantification and confirmation, respectively. Five
calibration standard solutions ranging from 2.0 to 22.0 ng mL™!
with a correlation >0.990 was set up for quantification using a
matrix match calibration and certified OA and DTX1 reference
standards purchased from CIFGA (Lugo, Spain).

Statistical analyses

All statistical analyses were performed using R software (ver-
sion 4.3.2; R Core Team, Vienna, Austria). Toxin concentra-
tions of DTX1 and OA (ng g ' fresh weight) were analysed
using a two-way ANOVA to evaluate the main effects of sample
processing (processed vs. non-processed), sampling day (Day
3 vs. Day 7), and their interaction. This approach was used
to test whether sample processing influenced measured toxin
concentrations differently across exposure times. Each treat-
ment combination included three biological replicates (n=3).
Prior to analysis, data were logi(x+ 1) transformed to correct
for right-skewness, stabilise variances, and allow inclusion of
zero values. Model assumptions of normality and homogeneity
of variances were verified by residual inspection, Shapiro—Wilk
tests, and Levene’s test (car package).

Results
DTX1 and OA content was detected only in the non-pro-

cessed toxin-treated groups. In the TNP3 treatment (no pro-
cessing treatment day 3), DTX1 averaged 64.9+153 ng g !
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fresh weight (FW) and OA averaged 211.3+17.2 ng g' FW
(n=3). In the TNP7 treatment (no processing treatment day 7),
the values increased to 82.2+12.3 ng ¢! FW for DTX1 and
301.5+40.1 ng g ! FW for OA (n=3) (Table 1). For DTXI,
processing was significantly efficient (p <0.001), while there
was no significant time-dependent accumulation (p=0.19).
For OA, processing also showcased statistical significance
(p<0.001) and in contrast to DTX1, displayed a significant
time-dependent accumulation (p=0.005).

Decrease in toxin concentration in the cell medium, was
associated with a decrease in P. lima cells in Ulva sp. surface
(Fig. 2).

Discussion

The present work shows that U. rigida when exposed to P.
lima potentially poses a risk to food safety, however, it also
shows a significant decrease of toxins when post-harvest

Table 1 Mean (+ SD) concentrations of DTX1 and OA (ng g fresh
weight) in processed and non-processed samples of Ulva rigida on
days 3 and 7, and corresponding p-values from the two-way ANOVA
(logi-transformed data)

Toxin  Processing Day Mean+SD p (Processing) p
(ng g FW) (Day)
DTX1 Processed 3 <LQ <0.001 0.186
7 <LQ
Non-processed 3 64.9+15.3
7 822+12.3
OA Processed 3 <LQ <0.001 0.005
7 <LQ
Non-processed 3 211+17.2
7 301+40.1

Significant effects (p <0.05) are shown in bold. LQ, limit of quantifi-
cation (0.0107 ng mL™")

2000

~ 1500
E

£ 1000
©
o

500

0

Day 0 Day 3 Day 7
Time

Fig.2 Prorocentrum lima cell medium count (cells mL.™!) at the 3
sampling points (TO, T3, T7) of the unprocessed treatment 3
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processing is implemented. This is in accordance with
recent evidence in other systems of macroalgae (Rhodes
et al. 2014; Hachani et al. 2018; Gémin et al. 2020; Park
et al. 2020) in which epiphytic microalgae pose potential
threats to aquaculture operations. An important observa-
tion from our study was that toxins appeared primarily
bound to macroalgae surface rather than accumulated
internally within the macroalgae tissues. The significant
reduction of toxins achieved through rigorous rinsing and
mechanical scrubbing strongly supports the hypothesis of
surface association.

In this study, the post-harvest technique applied is a
simple, commercially applicable solution in the form of
regular post-harvest rinsing plus scrubbing. This method
and its wide-reaching applications could provide a road-
map to optimize macroalgae safety, ensuring that this
quick-growing resource can meet food safety requirements
sustainably around the planet, supporting the ever-growing
world population.

Whilst in a previous study (Gémin et al. 2020) shak-
ing and rising in filtered seawater were used to dislodge
epiphytic cells without showing remarkable differences,
our results indicate that adding a scrubbing step enabled a
significant reduction in surface-associated toxins, showing
significant differences between unprocessed and processed
treatments.

Unprocessed samples at day 7 revealed significantly
higher content of toxins compared to those at day 3 when
looking into OA. Such time-dependent accumulation is in
line with the evidence that epiphyte macroalga associa-
tions become more consolidated over time (Brown et al.
2020; Gémin et al. 2020). It is also worth considering that
due to the culture medium not being renewed this likely
promoted the accumulation of toxic metabolites. Moreo-
ver, studies indicate that P. /ima can achieve higher pro-
duction levels during the stationary phase (Aquino-Cruz
et al. 2018). In open cultures or systems with medium
renewal, the outcomes might therefore differ.

Due to the growing macroalgae aquaculture industry at
a global scale (FAO 2024), our results indicate that stand-
ardized post-harvest processing procedure are relevant to
address the reduction of potential toxin accumulation in
the food-grade macroalgae, particularly when considered
at risk for contamination. As consumer demand for mac-
roalgae and marketplace competition increases, it is crucial
to ensure food safety compliance and a consumer percep-
tion that macroalgae products are safe and toxin free. From
a food safety perspective, novel post-harvest processes that
reduce toxin content can enhance regulator, business, and
consumer confidence. In established macroalgae econo-
mies, such as France, Japan, and China, the current regula-
tory agencies already set limits for heavy metals and non-
safe chemical substances (Lidhteenmaki-Uutela et al. 2021,

Guo et al. 2023; CEVA n.d.). With maximum allowed
limits for toxin (such as OA or DTX), combined with
explicit requirements for post-harvest rinsing, the sector
can proactively take action to prevent not only algal toxin’s
introduction to human or animal food streams, but also
contribute to create a more robust food safety network.
Such strategies hold high marketplace rewards.

Compared to bivalves, where complex depuration pro-
cedures need to be employed owing to lipophilic penetra-
tion of toxins into tissues (Braga et al. 2023), macroalgae
take advantage of easy-to-implement, yet highly efficient,
mechanical, or freshwater rinsing procedures.

However, it is important to carefully assess whether the
toxin concentrations detected in macroalgae may represent
a potential risk to human health. According to European
Union regulatory standards (Regulation EC No. 853/2004),
the maximum permitted levels of okadaic acid (OA) and
related diarrhetic toxins in bivalve molluscs intended for
human consumption are established at 160 ng OA equiva-
lents g!. In the present study, toxin concentrations detected
in unprocessed macroalgae samples exceeded this regula-
tory limit (Table 1). Nevertheless, it should be noted that
this safety threshold was specifically established for shell-
fish consumption, and its direct applicability to macroal-
gae consumption remains uncertain due to differences in
consumption patterns, exposure scenarios, and matrix
effects. It is also important to note that diarrhetic shellfish
toxins are thermally stable compounds that are not readily
degraded during conventional cooking or processing proce-
dures, which may increase the likelihood of dietary exposure
when contaminated products, including macroalgae, are con-
sumed. As this study was performed under controlled labo-
ratory conditions, the findings should be interpreted within
the scope of the experimental design and further studies are
required to evaluate the toxicological relevance and public
health implications of toxin levels in macroalgae intended
for human consumption.

Conclusions

This study shows that Ulva, when exposed to P. lima, accu-
mulates surface-bound lipophilic toxins, which can be
removed through a simple post-harvest rinsing and scrub-
bing procedure. Since toxin levels in unprocessed samples
exceeded EU limits, findings highlight both a food safety
concern and the need for standardised post-harvest process-
ing protocols in the expanding macroalgae industry.

To build on such promising observations, subsequent studies
would need to undertake a range of key areas, such as system-
atic studies of varying durations of washing, temperatures, and
even mild chemical treatments that would calibrate protocols to
release maximum toxin without compromising algae integrity

@ Springer
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and environmental sustainability. Such knowledge would
unlock more sophisticated, species-specific cleaning processes;
interfacing dynamic rinsing processes to live surveillance sys-
tems for P. lima and other toxin producers’ epiphytic dinoflagel-
lates, which in turn would change large-scale macroalgae farms
response to environmental variance. Such dynamic manage-
ment would allow adjustment of cleaning processes, analogous
to strategies used in shellfish depuration. With monitoring pro-
grams alongside effective processing methods, producers can
ensure that their products are safe, boosting consumers’ confi-
dence in this ever-growing market.
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