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Abstract

Porphyra (=Pyropia) is one of the largest and most valuable groups of red
seaweed, characterized by two distinct stages: blade and conchocelis phases. Little is
still known about the conchocelis phase and its potential as a source of bioactive
compounds. During a curricular internship at ALGAplus, Ltd an experiment was carried
out within a confidential service provided to a customer and intended to optimize and
upscale the vegetative growth of conchocelis of Porphyra umbilicalis in a land-based
integrated multitrophic aquaculture (IMTA) system, establishing viable protocols of
cultivation, in indoor photobioreactors (PBR) and outdoor tanks (T).

After three preliminary cultivation trials (one indoors and two outdoors), six
outdoor (3T to 8T) and four indoor trials (3PBR to 6PBR) of four weeks each were carried
out, with medium stock density and stock density adjustment at Toweeks, USing P.
umbilicalis conchocelis (P3 SD and P3 LD). Water renewals were performed three times
per week outdoors (twice of them partially), along with nutritional supplementation and
abiotic conditions recording, and at Taweeks indoors (by increasing the water column
volume) with weekly nutritional supplementation and abiotic conditions recording.
Relative growth rate (RGR (%.d™1)), yield (g.1.d™1), quality of the biomass (qualitative
analysis), lipid and ash content were studied, along with the influence of the origin of
biomass, application of treatment x (confidential internal protocol), environment
(indoors/outdoors) and abiotic conditions.

Regarding growth, the results showed better yield (F = 7.213, with 3 df) and
RGR (F = 11.957, with 3 df) in indoor not treated conditions (Pvalue < 0.010), with the
best results belonging to P3 LD not treated (5PBR, yield = 0.64 + 0.07 g.l.d"*and RGR
= 6.91+ 0.36 %.d™"), corroborating that treatment x constitutes distress for the cultures.
Abiotic conditions did not show to influence growth outdoors, but it was verified a good
positive correlation between pH and RGR in indoor trials ( r? = 0.695, Pvalue = 0.002)
which might be related to a higher/lower photosynthetic activity over the weeks. The
indoor trials had better performances (RGR and Yield) in the first two weeks, but not
outdoors, indicating that indoor weight assessment might result in biased results.

The quality of the biomass was influenced by the origin of the culture starter, at
To, and influenced by both origin and environment at Tsweeks. The biomass from P3 LD
and indoors trials had better quality results probably due to photoperiod stability at values
over 12h and culture maintenance at more sterile conditions. Independently of the

biomass used, quality at Tsweeks Was “Good” indoors, while outdoors biomass quality



seemed to be influenced by abiotic conditions, although only two seasons were studied,
for P3 SD.

Ash content was over 50% and higher for P3 LD, which might suggest that
conchocelis have higher mineral content than red macroalgae (up to 50%), with great
potential for bioremediation. Higher ash content at the end of trials suggested the culture
medium is richer than the one used in the company protocols. Lipid content found in
conchocelis suited the range described for red macroalgae (0.5-5%), showing no
influence of the studied variables.

Alternative weight assessment methods indoors should be studied (image
processing or conchocelis area), considering them for outdoors also. For stronger results
outdoors, 12 months experiments should be carried out in the future, comparing different
variables simultaneously, as studying its upscale and other variables (culture time,
isolated conchocelis strains, different light wavelengths), applicable to indoors too.
Testing the use of PBRs in outdoor conditions, as structures like green wall panels or
horizontal PBRs can also be a cost-effective option in the future. N, P and C
determination would have given important results about nutrient assimilation, nutritional
profile and bioremediation potential, enabling the correlation between N determination
and the colors of quality and contamination scale, assessing N content by rapid
classification of cultures coloration and validating the created scale.

With this internship, | enlarged my knowledge in IMTA systems, seaweed
biology and cultivation protocols. Working in this area in a company context was a unique
experience, providing me with a different perspective than academic research work.
There is still scarce work in conchocelis, but it sustains, along with this study, their
potential. A lot of data may not be published: as important data for nori aquacultures, it
is possible that some companies keep their work unpublished and not patented for

confidentiality, mostly in Asian countries, where nori cultivation has centuries of history.

Keywords: Porphyra, conchocelis, IMTA, ALGAplus, relative growth rate, yield,

lipidome.



Resumo

Porphyra (=Pyropia) constitui um dos groups de maior valor das macroalgas
vermelhas, caracterizado por dois estagios distintos: laminas e conchocelis. O
conchecimento sobre conchocelis e o seu potencial como fonte de compostos bioativos
ainda é escasso. Durante um estagio curricilar na ALGAplus, Lda. foi conduzido um
estudo para responder a um servigo confidencial por parte de um cliente, objetivando a
optimizagcdo de protocolos de produgcdo e aumento de escala de producdo de
conchocelis de Porphyra umbilicalis, num sistema de aquacultura multitréfica integrada
(IMTA) em tanques de terra, estabelecendo protocolos viaveis de cultivo em
fotobiorreatores (FBRs) interiores e tanques exteriores (T).

Apos trés ensaios preliminares (um interior e dois exteriores), foram conduzidos
seis estudos em exterior (do 3T ao 8T) e quatro no interior (do 3PBR ao 6PBR) de quatro
semanas cada, com uma densidade de cultura média e acertos de densidade as duas
semanas, usando biomassa P3 SD e P3 LD. Foram feitas renovagoes de agua trés
vezes por semana no exterior (duas delas parciais) juntamente com adigdo de um meio
nutricional e registo de condigbes abidticas, e uma as duas semanas no interior (por
subida da coluna de agua), com suplementagao nutiricional e registo de condi¢des
abioticas semanais. Foram estudados a taxa de crescimento relativo (RGR(%.d™1)),
yield (g.1.d™1), qualidade da biomassa (andlise qualitativa) e teor lipidico e de cinzas,
assim como a influénica da origem de biomassa, uso do tratamento x (protocolo
confidencial), ambiente (interior/exterior) e condigdes abioticas nestes parametros.

Os resultados revelaram Yield (F =7.213, com 3 g.l.) e RGR (F = 11.957, com
3 g.l.) mais elevados no interior em biomassa nao tratada (Pvale < 0.010), com os
melhores resultados registados em P3 LD néo tratada (5PBR yield = 0.64 +0.07 g.1.d™?!
e RGR =6.91% 0.36 %.d™"), corroborando com a ideia de que o tratamento x constitui
um fator de stress para as culturas. As condi¢des abidticas ndo mostraram influencar o
crescimento no exterior, porém, no interior, foi encontrada uma boa correlagao positiva
entre o pH e o RGR (r? = 0.695, Pvalue = 0.002), o que pode estar relacionado com
maior/menor atividade fotossintética ao longo das semanas de ensaio. A performance
de crescimento (yield e RGR) no interior foi melhor na primeira quinzena, mas 0 mesmo
nao se verificou no exterior, indicando que o método de estimativa da biomassa total
pode estar a enviesar os resultados.

A qualidade da biomassa em T foi influenciada pela origem da biomassa e as

quatro semanas pela origem e ambiente de cultivo. A biomassa P3 LD nos ensaios no



interior teve melhores resultados na qualidade, provavelmente pelo fotoperiodo
constante e acima das 12h e condicdes de cultivo mais estéreis. Independentemente da
biomassa usada no interior, os resultados foram “Bom” no final dos ensaios, enquanto
no exterior a qualidade da biomassa parece ser infleuncada pelas condi¢des abidticas,
embora s6 tenha sido testada duas épocas do ano diferentes para P3 SD.

O teor de cinzas obtido (acima de 50%) e superior em P3 LD sugere que os
conchocelis apresentam um teor mineral mais elevado que os valores para as
macroalgas vermelhas (até 50%) e um grande potencial em biorremediagdo. O teor em
cinzas mais elevado no final dos ensaios sugere ainda que o meio de cultura usado nos
ensaios é mais rico em minerais do que o usado nos protocolos da empresa. O teor
lipidico registado em conchocelis encontra-se dentro dos padrbes descritos para
macroalgas vermelhas (0.5-5%), ndo tendo sido encontrada uma influéncia das
variaveis estudadas no mesmo.

No futuro, a estudar metodologias alternativas de calculo da biomassa total no
interior (nomeadamente processamento de imagem e calculo da area de conchocelis),
considerando a sua aplicagdo no exterior. Para resultados no exterior mais fiaveis,
realizar estudos de 12 meses, comparando varidaveis diferentes em simultaneo,
estudando também volumes maiores e outras variaveis (tempo em cultura, lotes
isoaldos, luz com diferentes comprimentos de onda), aplicavel também no interior. Uma
opgao que se pode tornar lucrativa é a utilizaacdo dos FBRs no exterior, assim como
estruturas como os “green walls panels” ou FBRs horizontais. A determinacao do teor
de azoto, fosforo e carbono teria fornecido dados importantes sobre a assimilacdo de
nutrientes, perfil nutricional e potencial de biorremediagdo, permitindo criar a relagao
entre o teor de azoto e as cores da escala de qualidade e contaminagao, com um acesso
rapido ao teor de azoto e validando a escala criada.

Com este estagio, pude alargar os meus concheimentos sobre sistemas IMTA.
biologia e producdo de macroalgas marinhas. Poder trabalhar nesta area em contexto
empresarial foi uma experiéncia impar, que me providenciou uma perspetiva diferente
do trabalho em contexto académico. O trabalho desenvolvido em conchocelis € ainda
escasso, mas sustém, juntamente com o deste estudo, o seu potencial. Porém, muitos
dados podem nao estar publicados: sendo uma area de especial interesse para a
aquacultura de nori, é possivel que as empresas mantenham o seu trabalho confidencial

e por publicar/patentear, principalmente na Asia, onde o cultivo de nori é secular.

Keywords: Porphyra, conchocelis, IMTA, ALGAplus, taxa de crescimento

relativo, yield, lipidomica.



Abbreviations and acronyms

1PBR:

conditions

preliminary trial in indoor
1T: first preliminary trial in outdoor
conditions

2T: second preliminary trial in outdoor
conditions

3PBR: trial in indoor conditions with
conchocelis of P. umbilicalis from the
short-day chamber without treatment x
3T:

conchocelis of P. umbilicalis from the

trial in outdoor conditions with
short-day chamber without treatment x
4PBR: trial in indoor conditions with
conchocelis of P. umbilicalis from the
short-day chamber with treatment x

3T, 7T: trials in outdoor conditions with
conchocelis of P. umbilicalis from the
short-day chamber without treatment x
4T, 8T: trials in outdoor conditions with
conchocelis of P. umbilicalis from the
short-day chamber with treatment x
S5PBR: trial in indoor conditions with
conchocelis of P. umbilicalis from the
long-day chamber without treatment x
5T:

conchocelis of P. umbilicalis from the

trial in outdoor conditions with
long-day chamber without treatment x

6PBR: ftrial in indoor conditions with
conchocelis of P. umbilicalis from the
short-day chamber without treatment x
6T:

conchocelis of P. umbilicalis from the

trials in outdoor conditions with

long-day chamber with treatment x

ASW: Autoclaved seawater

vi

C: Carbon
CO2: Carbon dioxide

COVID-19: Coronavirus disease
DM: Dry matter

EOA: Experimental Outdoor Area
FAO: The Food
Organization

FSW: Filtered seawater
Fw: Fresh weight
HCOj3- Bicarbonate
IMTA:

aquaculture

and Agriculture

Integrated multitrophic
LD: Long-day

MAAs: Mycosporine-like amino acids
MUFA: monounsaturated fatty acids

N: Nitrogen

NH};: Ammonium

(NH,),HPO0O,4): Ammonium phosphate
monobasic

NO3: Nitrate

0O2: Oxigen

P: Phosphorus

P3 LD: Conchocelis of P. umbilicalis
from the long-day chamber

P3 SD: Conchocelis of P. umbilicalis
from the short-day chamber

PBR: Photobioreactor

PFD: Photon flux density

P03 : Phosphates

PUFA: polyunsaturated fatty acids

RDI:
Innovation

RGR: Relative Growth Rate

SA/V: Surface area to volume ratio

Research, Development and



SD: Short-day

SFA: saturated fatty acids

To: Time of the beginning of the trials
Taweeks: Time after two weeks of trial
Taweeks: Time after four weeks of trial/end
UV: Ultraviolet

Wf: final weight

Vii
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Introduction

In a current conjecture of an exponentially growing population, with a misleading
idea of the abundance of resources, sustainability is one of the watchwords of our
century, leading the attention of the scientific community to the exploitation of natural
resources (Biris-Dorhoi et al., 2020). Following the same line of thought, algae are an
element to regard: from their very interesting nutritional profile up to the evidence of anti-
oxidant, anti-diabetic, anti-hypertensive, anti-obesity, anti-microbial, anti-inflammatory
and anti-cancer properties of their extracts (Biris-Dorhoi et al., 2020). The low caloric
value (containing all the essential amino acids, substantial amounts of polyunsaturated
fatty acids, and a large portion of carbohydrates belonging to dietary fiber) and potential
as bioactive compounds source sustain the increasing interest in the last years in the
subject, with many research groups dedicated to their study (Biris-Dorhoi et al., 2020;
Gomez-Zorita et al., 2020).

The term algae comprise a wide consortium of organisms different in
morphology, complexity and size (Gallardo, 2015; Pereira & Correia, 2015). With the
capacity to transform luminous energy into chemical one, capturing carbon dioxide, these
primary producers assume the base of the aquatic food chains, providing organic matter,
with the release of more than half of the oxygen supply on earth, assuming nowadays
the role of “lungs of the planet”, previously assigned to the Amazon rainforest (Gémez-
Zorita et al., 2020; Pereira & Correia, 2015). When considering the marine environment,
marine algae are usually divided into microalgae (unicellular organisms only visible
recurring to ampliation instruments) and macroalgae (or seaweed): multicellular
macroscopic (at least in one stage of their life) organisms, categorized into phyla
Chlorophyta (green algae), Ochrophyta (brown algae) and Rhodophyta (red algae)
(Pereira, 2009; Pereira & Correia, 2015).

Porphyra (=Pyropia) is one of the largest and most valuable groups of red
seaweed (FAO, 2018; Pimentel et al., 2020). The life cycle is characterized by two
distinct stages: a microscopic filamentous sporophyte, known as the conchocelis phase,
and the macroscopic gametophyte blade phase, the “adult Porphyra” individuals (Drew,
1949). Traditionally known for its applications in the food sector, blade-derived
components have been increasingly used also in sectors like nutraceuticals,
pharmaceutics and cosmetics (da Costa et al., 2018). A lot of work has been developed

focusing on the blade phase of Porphyra spp.; yet, there is still little information about



the conchocelis phase and its potential as a source of bioactive compounds (da Costa
et al., 2018; Pimentel et al., 2020).

With a global consumption above one million tonnes annually, world
requirements in biomass are in majority supplied by south-east Asia seaweed farms (da
Costa et al., 2018; Pimentel et al., 2020). In Europe, more than 95% of Nori is imported
from these countries; however, the interest in exploring the market for local “sea
vegetables” has been growing, mostly supplied by wild harvesting of local species —
“Atlantic Nori” — mainly in France (Pimentel et al., 2020).

After the recent close-up of the production cycle of two species of “Atlantic Nori”,
(P. umbilicalis and P.dioica) in land-based integrated multitrophic aquaculture (IMTA) at
the Portuguese company ALGAplus, the company supplies nori biomass to the
European food and cosmetics markets, maintaining the natural banks in ecological
balance (Pimentel et al., 2020). Since it is sustained in the manipulation of the growth
conditions, the cultivation of these species also allows a yearly supply of Atlantic Nori
(Pereira & Yarish, 2008; Pimentel et al., 2020).

During a curricular internship at ALGAplus, Ltd., within the scope of acquiring a
master's degree in Marine Sciences — Marine Resources, specialization of Aquaculture
and fisheries, it was intended to contact and participate in tasks in an IMTA system, in a
company context; to acquire knowledge about different seaweed aquaculture systems
and techniques, and to learn more about phycology, different groups of seaweed and
their biological features.

Leaning on the potential of conchocelis and lack of work in the field, an
experiment was carried out during this internship, aiming for the optimization of the
protocols of biomass production of conchocelis of Porphyra umbilicalis, in indoor and
outdoor conditions, as the viability of producing conchocelis as a final product. To
accomplish that, the viability of the vegetative growth in indoor (80 L photobioreactors),
outdoor (15 L tanks) and the quality of biomass were studied; some hypotheses were

verified:

» The origin of conchocelis influences the vegetative growth and quality of
the biomass;

= Conditions of mass production (indoor/outdoor) influence vegetative
growth and quality of the biomass;

= Seasonality influences the vegetative growth and quality of the biomass,

in outdoor conditions.



» There is a relationship between biochemical analysis (ashes and lipid

content) and origin, conditions of mass production and seasonality.

This study intends to disclose important data about conchocelis potential,
production methodology, the influence of abiotic factors and the production capacity of
the company using the available resources. It will be the first step for further studies on
the economic viability of this production, more extensive biochemical analysis, validation
of production protocols/revision of methodologies and upscale at the company.

This report is divided into four parts:

1) Introduction: General context about taxonomy, biological and physiological
aspects, economic value and production of Porphyra spp., focusing on P.
umbilicalis;

Il) Internship: a description of the company, facilities, work developed and
activities elaborated as an intern;

lll) Production of conchocelis: description of the experimental work developed,
methodologies, results and discussion;

IV) Final considerations about the experiment and the internship experience.



|.Seaweed: General Review

Algae englobes a wide range of simple organisms, physiologically and
biochemically similar to terrestrial plants (Gallardo, 2015). The possibility to group in the
same division organisms from different taxa, in a way that nowadays systematics does
not, sustains the use of the term by the scientific community, even though it does not
have taxonomic value anymore (Gallardo, 2015; Pereira & Correia, 2015). From
prokaryotes to eukaryotes, uni and multicellular organisms, but all with rudimentary
conducting tissues, algae comprise a series of species mostly occurring in water
(freshwater, marine, or brackish) or humid environments, all of them with chlorophyll a
and the accessory pigment p-carotene (Pereira & Correia, 2015).

Transforming luminous energy into chemical one from sunlight, carbon dioxide
and water, algae play a big role in the aquatic ecosystems, functioning in most habitats
as the primary producers of the food chains (Pereira & Correia, 2015). During the
photosynthetic process, they also form oxygen in the process, crucial for the metabolism
of the consumer organisms. Responsible for more than half of the oxygen supply on
earth, algae are the “lungs of the planet” of nowadays, a designation previously assigned
to Amazon forests (Gomez-Zorita et al., 2020; Pereira & Correia, 2015).

Typically photosynthetic autotrophic producers, a few have lost their
photosynthetic ability, living as saprophytes or parasites, or evolved to heterotrophy,
justifying the uncertainty of systematics on the number of phyla of algae (Gallardo, 2015).
Varied in their habitats, morphological features and size, reproductive pathways, and
complexity of the structures, it is common to categorize algae according to some of their
characteristics (Gallardo, 2015; Pereira & Correia, 2015). Ubiquitously distributed in very
diverse environments, one of the classifications used in algae is based on their
environment habitat, dividing algae into marine algae and freshwater algae (Gallardo,
2015).

In the marine environment, marine algae are usually divided into microalgae
(unicellular organisms only visible recurring to ampliation instruments sized between a
millimeter to several centimeters) and macroalgae (or seaweed): macroscopic (at least
in one stage of their life) algae, reaching sizes up to sixty meters (Pereira, 2009; Pereira
& Correia, 2015). Seaweeds usually live attached to substrates; the majority can be
found growing on the rocky shores or attached to seashells (lithophytic), but there are
also epiphytic or endophytic species, living attached to or within other algae, respectively,

endozoic (within small animals), or parasitic (Baweja et al., 2016; Pereira, 2009; Pereira



& Correia, 2015). With a wide range of colorations, sizes and shapes, it is estimated that
the number of species of seaweed is between 7500 and 10000 (Gallardo, 2015).

From food, feed and soil fertilization, to cosmetics and pharmaceuticals,
seaweeds are used for centuries valued for both their interesting nutritional profile and
high content of bioactive compounds (Dhargalkar & Kavlekar, 2004; Silva et al., 2020)
Phycocolloids like alginates, agar and carrageenan are the main application of seaweed,
used as thickeners, gelling agents and stabilizers due to their peculiarity of forming
colloidal solutions (Pereira, 2018). The potential bioactivity as anti-oxidant, anti-diabetic,
anti-tumoral, anti-hypertensive, anti-obesity, anti-microbial and anti-inflammatory of
seaweeds’ extracts have been the focus of many research teams in the last few years
(Biris-Dorhoi et al., 2020; Gémez-Zorita et al., 2020).

With a low caloric and fat content and an interesting profile of polyunsaturated
fatty acids, the commonly known as “sea-vegetables” are an important source of protein,
with a similar profile to egg protein (Pereira, 2018). Mainly constituted by polysaccharides
of long-chain (fibers), playing a crucial role in regulating the intestinal transit, seaweeds
are an important source of sulfated polysaccharides (where the phycocolloids are
inserted), which have been described with high levels of bioactivity, largely associated
with the protection of the gastrointestinal tract (anti-tumoral and anti-diabetic potential)
(Pereira, 2018). Combining these with their profile of anti-oxidants (from vitamins,
pigments and phenolic composts) of great impact in preventing degenerative diseases
and anti-aging, seaweeds are considered one of the superfoods of most interest of the
last decade, (Pereira, 2018; Silva et al., 2020).

The seaweed industry is worth almost 6 billion dollars per year and more than
30 tonnes of biomass fresh weight (fw), mostly produced by Asian countries (Japan,
China and the Republic of Korea) (FAO, 2020). According to the latest statistics,
production of biomass has been substantially increasing in the last years, mainly by a
significatively growth of seaweeds’ aquaculture: while wild harvesting has stagnated
around 1.1 million tones from 2006 until 2018, aquaculture has doubled (from 15.9 million
to around 33.2 million tonnes) in the same period (FAO, 2018). Although globally the
harvest of seaweed constitutes less than 4% versus 96,5% of biomass from aquaculture,
in Europe (mainly in Norway) harvesting still constitutes the main source of biomass

(98%) and only a residual portion (2%) from aquaculture (European Comission, 2020).
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Figure 1 Percentage of Aquacultured and Harvested seaweed: comparison of
global and European results (adapted from European Comission, 2020)

Seaweed’s classification is based on their different combination of
photosynthetic pigments, consequently attributing them different colors, respectively
distributed in three different phyla, Chlorophyta, Ochrophyta, and Rhodophyta (Pereira
& Correia, 2015). Different phyla also correspond to different nutritional profiles and cell
wall constitutions, as storage polysaccharides (Pereira, 2018). Due to the presence of
chlorophyll a and b (and additionally a-, - and y-carotenes, lutein and prasinoxanthin),
Chlorophyta, also known as green algae, present similar pigmentation to terrestrial plants
(Pereira & Correia, 2015). Primarily freshwater, only about 1500 species of Chlorophyta
are marine, presenting the same typical main cell wall compound and storage products
that higher terrestrial plants have: cellulose and starch, respectively (Lee, 2008).

About 2000 species of seaweed are categorized as brown algae, from phylum
Ochrophyta, class Phaeophyceae (Pereira, 2009). Their brownish pigmentation derives
from the large amounts of fucoxanthin and violaxanthin, that, along with diadinoxanthin,
heteroxanthin and vaucheriaxanthin mask the green coloration of chlorophylis a, c;, and
c,. (Pereira, 2009). Some of the species present a yellowish color due to a higher content
of a-, B- and e-carotenes (Gallardo, 2015). The cell walls of brown algae are composed
of at least two layers: an inner structural one composed of cellulose, and an outer layer
of mucilage, comprising alginates and fucoidans (Gallardo, 2015; Lee, 2008). As the
characteristic storage product, Phaeophyceae accumulate laminarin (Lee, 2008).

Rhodophyta (red algae) constitute the largest and most diverse phylum of
seaweeds, where Porphyra spp. are included (Lee, 2008; Pereira, 2009). Chlorophyll a
is the responsible pigment for photosynthesis, while phycobiliproteins attribute their

coloration: phycoerythrin is the main one and responsible for the red coloration; other



colors (red-blue colorations) are imparted by phycocyanin and allophycocyanin, varying
the shade with the proportion of the different phycobiliproteins (Gallardo, 2015; Lee,
2008). Other pigments, like a- and B-carotenes and lutein are also present in red algae
(Lee, 2008). Similar to Phaeophyceae, the cell wall possesses two layers, cellulose and
mucilage, the source of the important hydrocolloids (agar and carrageenan) (Gallardo,
2015). Rhodophyta has a specific storage polysaccharide, the floridean starch, also
found in a small group of freshwater algae (Glaucophytes). The following table (Table 1)
resumes the characteristical pigments, storage products, and cell wall constituents of
each phylum of seaweed.

Table 1. Characteristic pigments, storage products, and cell wall constituents of each phylum of seaweed
(adapted from Pereira, 2018)

Chlorophyta Ochrophyta Rhodophyta
Chlorophylls chlorophylls a chlorophylls a, ¢, chlorophyll a
and b and c,.
Carotenes a-, B-, y- a-, B-, €- a-, B-carotenes
carotenes carotenes
Xanthophylls lutein, fucoxanthin, lutein

prasinoxanthin violaxanthin,

diadinoxanthin,

Pigments

heteroxanthin,

vaucheriaxanthin

Phicobiliproteins absent absent phycoerythrin,
phycocyanin,

allophycocyanin

Storage product starch laminarin floredian starch
Cell wall cellulose cellulose and cellulose and
mucilage mucilage




1.Porphyra spp.

1.1.Taxonomy and distribution

1.1.1.Taxonomy
The Bangiales (Nageli, 1847) is a diverse order of the phylum Rhodophyta

(Wettstein, 1901) where the genus Porphyra is included. Its taxonomy has been suffering
several changes during times, leading to some growing confusion about the systematics
of its species (Dumilag et al., 2017), justifying the need for studying this topic (Sutherland
et al.,, 2011). Until the application of molecular techniques, the identification and
taxonomic placement within the bladed Bangiales were highly problematic (Brodie et al.,
2008; Gunnarsson et al., 2016), consisting mainly in the identification of simple
morphological features of the different genera of the order Bangiales (blade color, size,
the shape of the margin of the thalli, number of cell layers, and texture) (Abe et al., 2013)
and variation within and between species (Brodie et al., 2008; Gunnarsson et al., 2016).
Regardless, since only a reduced number of species in the order Bangiales were
described using molecular data until now, possibly, systematics of these species will still
suffer some fluctuations in the future (Yang et al., 2020).

The primary references to the genus Porphyra remote to the initial studies in
plant systematics (Linnaeus, 1753); notwithstanding, the genus Porphyra (Agardh, 1824)
was only proposed in the nineteenth century, separating the bladed purple-reddish
specimens from the green ones, Ulva spp. (Linnaeus, 1824). At the time of the first
reference to the class Bangiphyceae (Wettstein, 1901), represented by only one order -
Bangiales (Nageli, 1847) - this taxon was considered to have only two genera, basing
this division on the morphology of the gametophytes: genus Bangia (with unbranched
filaments gametophytes) (Lyngbye, 1819) and genus Porphyra (with bladed
gametophytes) (Agardh, 1824). From this time, several different genera of bladed
Bangiales were proposed; yet, these doubts were revised during the 70s (Hawkes, 1977;
1978) and, from then until around a decade ago, it was accepted that Porphyra spp. was
the only genus of bladed Bangiales (Sutherland et al., 2011).

The last changes in systematics before Yang et al. (2020) considered nine
genera of bladed Bangiales, bringing back genera Pyropia (Agardh, 1899) and
Wildemania (De Toni, 1890), redefining Porphyra spp., and proposing Boreophyllum,
Clymene, Fuscifolium, Lysithea, Miuraea (Sutherland et al., 2011) and later Neothemis

as new genera (Sanchez et al., 2014). These genera share between themselves the
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same kind of life cycle (biphasic type); morphologically, identification is only made by
blade features and marginal reproductive structures (Kurogi, 1972; Nelson et al., 1999).
Since these studies, it is common to find both references of Porphyra spp: “Porphyra
sensu lato” (to mention bladed Bangiales in general) and “Porphyra sensu stricto” (to
mention the redefined genus Porphyra) (Blouin et al., 2011). During the last decade,
several studies in bladed Bangiales have been done, mainly on its molecular taxonomy
(Meynard et al., 2019; Milstein et al., 2012; Nelson & D’Archino, 2014; Vergés et al.,
2013) or describing new species of Porphyra, Pyropia and Wildemania (Meynard et al.,
2019) since they have the majority of the most important produced Bangiales (Lim et al.,
2017).

Empire Eukaryota
(Chatton, 1925)

Kingdom Plantae
(Haeckel, 1866)
Phylum Rhodophyta
(Wettstein, 1901)
Class Bangiophyceae
(Wettstein, 1901)

Order Bangiales
(Nageli, 1847)
Family Bangiaceae
(Duby, 1830)
Genus Porphyra
(Blouin et al., 2011)
Figure 2. Taxonomy of Porphyra spp.

The most recent study in the taxonomy of this group of algae proposes the
redefinition of genera Pyropia and Porphyra, readmitting Porphyrella spp. (Smith &
Hollenberg, 1943) and with the creation of four new genera: Neoporphyra, Neopyropia,
Uedaea, and Calidia (Yang et al., 2020), being the last one now renamed as Phycocalidia
(Santiafiez & Wynne, 2020). At the moment, the accepted taxonomy for genus Porphyra

(“Porphyra sensu stricto”) according to Algaebase (Guiry & Guiry, 2020) is that it belongs



to empire Eukaryota, (Chatton, 1925) kingdom Plantae (Haeckel, 1866), phylum
Rhodophyta (Wettstein, 1901), class Bangiophyceae and subclass Bangiophycidae
(Wettstein, 1901), order Bangiales (Nageli, 1847) and family Bangiaceae (Duby, 1830)
(Figure 2).

There are 57 accepted species in the genus Porphyra (Yang et al., 2020), being
one of them Porphyra umbilicalis (Kutzing, 1843). “Porphyra sensu lato” (Figure 3)
includes now around one hundred and fifty-five species and fifteen genera: Porphyra
(Agardh, 1824), Boreophyllum, Clymene, Fuscifolium, Lysithea, (Sutherland et al.,
2011), Neomiuraea — former Miuraea (Kikuchi et al., 2018) Neothemis (Sanchez et al.,
2014), Neoporphyra, Neopyropia, Uedaea, Calidia, Porphyrella (Smith & Hollenberg,
1943), Phycocalidia (Santianez & Wynne, 2020), Pyropia (Agardh, 1899) and
Porphyrella (Smith & Hollenberg, 1943), being the last seven genera mentioned in some

papers as “Pyropia sensu lato” (Yang et al., 2020).

Porphyra (“sensu stricto”)

Boreophyllum

Clymene

Fuscifolium

“sF::rT: JI;)rfo ” Lysithea

Neomiuraea Pyropia (“sensu stricto”)

Neothemis Neoporphyra

Neoporphyra Neopyropia

“Pyropia sensu lato” Uedaea
Calidia
Porphyrella
Phycocalidia

Figure 3. Elucidation of bladed Bangiales taxonomics (adapted from Yang et al., 2020)
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1.1.2.Distribution

From cold to warm waters, Porphyra spp. is distributed around the world,
substantially well demarked in the boreal and cold-temperate regions, with more evident
speciation in the North Atlantic and North Pacific (Sanchez et al., 2014). Typically
growing attached to a substrate, some species occur in the intertidal and low-intertidal
zones, while others can be found in shallow subtidal zones (Sanchez et al., 2014;
Sutherland et al., 2011). Typically, conchocelis, regardless of their species, grow in the
subtidal zone, whereby they are more protected from dissection and salinity stress
(Redmond et al., 2014b). Specimens of Porphyra umbilicalis are found on rocky
substrates in the intertidal zones of the North Atlantic (Royer, 2017). At the Northwest
Atlantic, P. umbilicals can be found in the Canada shores (from Labrador) to the mid-
Atlantic coast of the United States of America (Virginia), while in the east of the North
Atlantic there are descriptions of Porphyra umbilicalis in lceland, East Europe (from
Norway to Portugal) and in the Western Mediterranean (Figure 4), considered one of the

species of “Atlantic Nori” of increasing interest (Pimentel et al., 2020; Royer, 2017).

s

. Natural populations of
Porphyra umbilicalis

Croated with mapchart net

Figure 4. Distribution of Porphyra umbilicalis (created at https:/mapchart.net/)
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1.2.Morphological features and life cycle

Porphyra spp. is characterized by a digenetic heteromorphic life cycle, where
the microscopic conchocelis (sporophyte phase) — diploid stage - intercalates with
macroscopic blades (gametophytic phase) — haploid stage (Sutherland et al., 2011). The
denomination “digenetic heteromorphic” advents from the existence of both haploid and
diploid phases, yet morphologically different (Nelson et
al., 1999). Conchocelis are characterized as thin brown-
reddish filamentous structures, constituted by single cells

connected by pit plugs, (Figure 5) initially assumed to be

a separate species (Conchocelis rosea), until Kathleen

Drew (1949) elucidated them as a phase of Porphyra i

spp. Its name comes from its usual growth attached to e, . AR

bivalve shells and it is not easy to observe in nature

because of its size and coloration (Blouin et al., 2011).  Figure 5. Conchocelis of Porphyra
spp. ©Inés Oliveira

Thalli are foliose blades, with one or two layers of mononuclear cells
(Sutherland et al., 2011). Oval to lance-shaped and, in some species, hook-shaped, with
“margins entire, planar, dentate, undulate, or ruffled”, their colors vary from olive-green,
violet, blue, red, pink, reddish-brown, brown, black according to the proportions of
pigments of each species, but also influenced by dissection, light, temperature changes,
enzyme treatment or bacteriosis (Lavik, 2016; Sutherland et al., 2011). Species of
Porphyra spp. can be monoecious (both male and female present in the same blade) or
dioecious (male and female in separated blades) which morphologically shows some
differences: in monoecious specimens, in the same individual it is possible to notice
darker (carpogonia) and lighter zones (spermatia) when mature, while in dioecious
blades, female blades appear to be darker than the male ones (Pereira & Correia, 2015;
Sutherland et al., 2011).

Specimens of Porphyra umbilicalis consist of monostromatic blades (usually
dioecious) that tend to be greenish when younger, reddish-brown, brownish or olive
green when adult and underwater, and brownish-purple when exposed to the sun and
dissection (Guiry & Guiry, 2020). Circular to irregularly shaped and described as
“‘membranous, but resilient”, they expand around a singular holdfast in a cordate shape,
creating overlapped spots that give it the appearance of an umbilicus, and creating
sometimes freckles in the margins, resembling a rosette (Guiry & Guiry, 2020). The

holdfast constitutes the attaching point to the substrate; when adults, the individuals of
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P. umbilicalis are small in comparison with other species of Porphyra spp., sized around
5 to 10 centimeters per 20 centimeters (Guiry & Guiry, 2020) (Figure 6). both monoecious
and dioecious blades have been reported in this species, as alternative reproduction
pathways besides the typical sexual reproduction one (Royer, 2017).

Figure 6. Specimens of Porphyra umbilicalis of different colorations: A (olive-green) and B
(reddish brown). ©Inés Oliveira

Several pathways of reproduction of Porphyra spp. have been described, both
sexual and asexual, the first one involving both haploid and diploid structures
(corresponding to the typical heteromorphic life history), while in the second one all the
structures are haploid (Kornmann, 1994; Nelson et al., 1999; Pereira, 2004; Pereira &
Yarish, 2010). Asexual reproduction assures phenotype and genotype maintenance,
which plays both advantages and disadvantages since genetic diversity declines, a
breaking point in an ecological stress event. On the other hand, conchocelis play an
important asset in this topic, avoiding competition, predators and salinity stress (Holmes
& Brodie, 2004).

Sexual reproduction in Porphyra spp. (Figure 7) is reached when the non-
flagellate spermatia, already mature, are released by the gelling of the male gametocyst
and taken through water flow to the carpogonium, where it is fertilized (Pereira & Correia,
2015). A diploid structure — the zygote — will develop and result in several carpospores
by mitosis, which will be released in the water when mature (Pereira & Correia, 2015).
Once they settle in a suitable substrate — usually bivalves shells — they germinate,
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originating the conchocelis, starting at this stage the diploid phase of the cycle (Drew,
1954).

For months, conchocelis develop, originating other filamentous structures called
conchosporangia, similar to conchocelis, but with larger and more irregular branches
than them, with rectangular outlines and stronger coloration of the cell walls, as its size
and thickness, that will later release conchospores (Pereira & Correia, 2015). Although
not consensual, it is currently accepted that meiosis is associated with the germination
of the conchospores (Mitman & van der Meer, 1994). Conchospores, haploid structures,
will find an appropriate substrate to adhere to and start developing new young blades,

that will grow until being adult individuals and restart the cycle when matured (Pereira &
Correia, 2015).
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Figure 7. Life cycle of Porphyra spp. (sexual reproduction). Adult blades (n) realease the gametes
occurring fecundation and release of carpospores (2n), that will germinate into conchocelis and mature to
conchosporangia. Mature conchosporangia release conchospores that, trough meiosis, origin new
blades.(Scheme by ©Inés Oliveira)

Some asexual reproduction alternatives to the typical alternation of haploid and
diploid stages have been reported in species of Porphyra spp., through the development
of agamospores, neutral spores, endospores or archeospores in the carpogonia of the
blade phase (Redmond et al., 2014b). By mitotic cleavage of the blade cells, (without
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occurring fertilization) agamospores are released from the carpogonia (referred by some
authors as agamosporangia) (Nelson et al., 1999), which will germinate into haploid
conchocelis (Redmond et al, 2014b). The haploid conchocelis will produce
conchosporangial filaments that will also release agamospores and directly develop into
new blades (Nelson et al., 1999).

Asexual reproduction by the development of both archeospores, endospores
and neutral spores sustain the direct development of spores obtained, from the mitotic
division of the carponogia, into new blades (Kornmann, 1994; Redmond et al., 2014b).
Reproduction by archeospores implies the release of a unique archeospore from each
carpogonium that will generate a new blade (Redmond et al., 2014b). Consisting both
on the release of multiple spores, the major difference between endospores and neutral
resumes in the equality and regularity of the neutral spores, against the disparity and
irregularity of endospores (Redmond et al., 2014b). Populations of Porphyra umbilicalis
have been reported with both sexual and asexual life histories: in the northeast Atlantic,
they are known for both sexual and asexual reproduction by neutral spores (Figure 8),
while in the northwest there have been only reports of asexual reproduction (Redmond
et al., 2014b; Royer, 2017).

CIES

Carpogonia

Neutral
spores

Adult Blades Blades

Figure 8. Asexual reproduction by neutral spores. Carpogonia from
adult blades release neutral spores that will develop into new blades.
(Scheme by ©Inés Oliveira)

Different phases and structures of the life history of Porphyra spp. (sexual and
asexual pathways) are usually associated with specific times and/or seasons of the year,

an indicator of the influence of the environmental factors on their development (Pereira
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& Yarish, 2010). Photoperiod, temperature and light intensity are particularly important
on the development of the sporophytic and gametophytic phases: withstanding wide
ranges of temperature, their performances do not seem to be affected by them, although
short-day conditions and specific temperatures (depending on the species) are needed
for the formation of conchosporangia and release of conchospores (Pereira & Yarish,
2010). During all the phases of the life cycle, the preferred light intensity ranges between
25 and 50 umol.photon.m™2s~1 (Redmond et al., 2014a). In species of the intertidal
zone, (like P. umbilicalis) salinity seems to not influence the development and growth in
a range of 20 to 40 ppt (Kim et al., 2019; Pereira & Yarish, 2010). As an economically
important genus, its physiology has been substantially studied in the last decades,
showing that light frequency, air exposure, nutrient availability and the material and
shape of the substrate also demonstrate affect the phenotype, nutritional profile and

pigment content of Porphyra spp. (Pereira & Yarish, 2010).

1.3.Economical value

When referring to the economical value and biomass production, it is impossible
to separate Porphyra from other important bladed Bangiales (mainly Pyropia), due to the
recentness of the taxonomical studies that separate them into distinct genera and the
substantial occurrence of Pyropia spp. in the countries, mainly responsible for seaweed
production and uses (Zuccarello, 2011). Hereupon, it is common to find the term
“Porphyra(=Pyropia)”, since the two genera are not dissociated in industry, with species
of both genera commonly known as “Nori” (Lim et al., 2017; Zuccarello, 2011).
Porphyra(=Pyropia) constitute some of the most valuable seaweeds, having the highest
commercial value per unit in the seaweed industry (around 523 dollars per ton, wet
weight) in a total of more than a billion dollars per year (Lim et al., 2017; Pereira & Yarish,
2008). Used for centuries in human food, as an ingredient in sushi, nori is one of the ten
most consumed seaweeds, around 2 million tonnes annually (wet weight) (Baweja et al.,
2016; Pereira & Yarish, 2008).

Rich in protein and fibers, with recordist values of protein registered in
seaweeds, (25-50%, dry weight) and with an interesting profile of vitamins and
polyunsaturated fatty-acids, blades of Porphyra(=Pyropia) have been pointed as vegan
alternatives to finfish meal (Pereira & Yarish, 2008). Many studies have been reporting

anti-tumoral, anti-allergic and immune-stimulating properties from the amino acids, fatty
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acids and sulfated polysaccharides of Pomphyra(=Pyropia), especially in the
gastrointestinal tract (da Costa et al., 2018; Pereira, 2018).

As a source of phycoerythrin and phycocyanin, they have been used by their
fluorescence in the medical diagnostic industry, and in food and cosmetics as natural
dyes, with evidence of pharmaceutical applications (Varela-Alvarez et al., 2019);
phenolic compounds (majorly mycosporine-like amino acids) have been studied by their
UV protective properties, corroborating its use for more valuable meanings, like
nutraceuticals, cosmetics and pharmaceuticals (Pereira, 2018; Varela-Alvarez et al.,
2019) (Figure 9).

Cosmetics
Pharmaceuticals

Nutraceuticals

VALUE

Food

Figure 9. Economical valorization of different application of Porphyra (=Pyropia) (adapted from
European Comission, 2020)

1.3.1.Economical potential of conchocelis
Although worldwide used and intensively studied in the last decade, scientific

investigation in Porphyra has been focusing mostly on the blade phase, and still little is
known about conchocelis and their potential as a source of bioactive compounds (da
Costa et al., 2018; Pimentel et al., 2020). Studies on conchocelis have been converging
on its characterization of fatty acids (da Costa et al., 2018) and amino acids profile
(Pimentel et al., 2020), as in the phycobilin and mycosporine-like amino acids (MAAs)
content (Lee et al., 2017; Pereira & Yarish, 2008; Pimentel et al., 2020) (Table 2).
Conchocelis present a higher lipid content than blades, with a similar fatty acid

profile (da Costa et al., 2018; Patarra et al., 2013). With a higher content of mono and

17



polyunsaturated fatty acids, constituting an important source of arachidonic acid (20:4)
and eicosapentaenoic acid (20:5), conchocelis are a source of excellence for n-3
polyunsaturated fatty acids, described as important regulators of the inflammatory
response (da Costa et al., 2018). Plus, they present an n-6/n-3 PUFA ratio placed in the
recommended range in the human diet for chronic disease prevention (da Costa et al.,
2018). The protein portion of conchocelis has been highlighted for its antioxidant
potential (Machado et al., 2020; Pimentel et al., 2021).

Studies on both blades and conchocelis of two species from the northeast
Atlantic (P. dioica and P. umbilicalis) show higher protein percentages and better
essential amino acids index (in comparison to pattern values) in conchocelis, although
the nitrogen content seems to be similar in both phases (Machado et al., 2020). Several
pros have been pointed regarding the commercial extraction of phycobilin, like their
growth rate, ease production and maintenance of crops for a long period, even though
the content of MAAs seems to be lower than in blades (Lin & Stekoll, 2011). When
compared with the blade phase, conchocelis outstand by far in phycobilin content (30-
60 mg. g.dwt™! and more than 100 mg. g. dwt™1, respectively, under optimal conditions)
(Lin & Stekoll, 2011). These extracts have been documented for antioxidant and UV
protective properties (Pereira, 2018).

Lack of awareness, undersupply from local markers and high production prices
in comparison to the Asian markets have been restraining the European nori market
(European Comission, 2020). In the last decade, the interest to include sea vegetables
in the European diet led to rising interest for local species, the so-called “Atlantic nori”
(ie. Porphyra umbilicalis, P. dioica and P. purpurea) (European Comission, 2020;
Pimentel et al., 2020). Until the recent closure of the production cycle of P. umbilicalis
and P. dioica in 2017 by ALGAplus Lda, biomass supply in Europe was mainly imported
from Asian countries, and only about one percent came from local species,
predominantly from seasonal harvest in France (Pimentel et al., 2020). These
developments bring the possibility of biomass supply on the European markets of food
and cosmetics, establishing the main step for the growth of the Atlantic nori market, for

both blades and conchocelis (Pimentel et al., 2020).

18



Table 2. Potential of conchocelis and different applications

Potential

Applications

Fatty acids

Higher content than blades;
Higher portions of PUFAs and
MUFAs and lower of SFAS;
An n-6/n-3 PUFA ratio on the

recommended range

(da Costa et al., 2018; Patarra et al.,
2013)

Chronic disease prevention;
Regulation of the inflammatory

response

(da Costa et al., 2018)

Amino acids

Higher percentage than blades;

Better essential amino acids index

(Machado et al., 2020)

Antioxidant

(Pimentel et al., 2020

Phycobilins

Higher content than blades

(phycobiliproteins)

(Lin & Stekoll, 2011)

Antioxidant;
UV-protection;

Natural dyes (cosmetics)

(L. Pereira, 2018)

1.4.Aquaculture

Nori aquaculture is responsible for almost all the biomass supply (Kim et al.,

2017). Mainly cultivated in three countries, (China, Korea and Japan) the major species

produced are Neopyropia yezoensis and Neopyropia haitanensis (Kim et al., 2017).

Dated in the 17" century, Porphyra(=Pyropia) is one of the most ancient cultures of

seaweed (Pereira & Yarish, 2013). At the time, cultivation consisted of placing nets on

the shores at a certain time of the year, where adult blades would appear naturally and

harvested from the nets or cut and harvested from the same individuals more than once
(Sahoo & Yarish, 2005). After the elucidation of the life cycle by Drew (1949), modern
techniques were developed, and cultivation methods were proposed in the late 1960s to
the early 1980s (Pereira & Yarish, 2010).
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Currently in large-scale production of Nori (Asia), cultivation settles in four major
steps: culture of conchocelis, seeding nets with conchospores, nursery of the nets
seeded with small blades and harvest of adult blades (Sahoo & Yarish, 2005). Similar in
all countries, some variations on the methods have been described (Kim et al., 2017).
After conchospores release, induced by stirring or by low-temperature seawater
conditions , seeding nets is done differently on open water or in land-based tanks (Sahoo
& Yarish, 2005). In open water, several nets are overlapped in support systems, where
the cultures of conchospores are dropped over the nets and adhere to them (Sahoo &
Yarish, 2005) (Figure 10A). In indoor conditions, similar nets are slowly rotated by a
rotative wheel inside the tanks (Figure 10B), or the nets are placed at the water surface
and the cultures are stirred with an air pump to fixate to the nets (Figure 10C) (Sahoo &
Yarish, 2005).

Figure 10. Seeding methods on open water (A) and in land-base tanks, by rotatery wheel (B)
and by water stirring (C). (Scheme by ©Inés Oliveira)

The methods of control of epiphytes’ growth may also vary: most Chinese
aquacultures raise the nets daily, exposing the cultures to dissection, while Korean prefer
to control the pH by applying organic acids to the nets (Kim et al., 2017). Three different
substrate systems have been described: fixed nets (according to the tides, nets are air-
exposed — low tides - or underwater — high tides), floating nets (nets mounted that are
always floating at the surface of the water), or semi-floating nets (possibility to fix them

at a determined level or to be floating at the surface) (Redmond et al., 2014).
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1.4.1.0Opportunities and challenges
Combining the economic value, increasing utilization on more valuable

applications and their interesting growth rates (10-13% per day), nori cultivation is one
of the most lucrative and promising in the seaweed industry (Kim et al., 2017; Redmond
et al., 2014; Royer et al., 2019). One of the major advantages of cultivation is the
possibility to develop a market; harvested from natural banks biomass is not enough for
that (FAO, 2016). Plus, by controlling water quality on the cultivation spots, enables to
reduce their heavy metals toxicity and provide products of higher quality (FAO, 2016).

Some of the current challenges consist of disease control (Ward et al., 2020).
Still little is known about contaminants of nori, diagnosis and prophylaxis; yet, the high
prevalence of insurgent diseases and contaminants increasingly limits the industry
growth (Rusekwa et al., 2020). Nori cultures seem to be more affected by viruses than
bacteria, harder to control and fight, leading to biomass and quality losses, since blades
tend to be weak and discolorated (Ward et al., 2020). Directly associated, one of the
weaknesses of nori cultivation and transversal to seaweed production is related to the
absence of effective biosecurity policies and best aquaculture of seaweed practices
(Bera et al., 2018; Rusekwa et al., 2020).

Itis intended by biorisk the combination of occurrences of harm, and its severity,
which the cause is a biological agent or toxin, making biorisk management the
development of a set of strategies and protocols to minimize the likelihood of the
occurrence of these occurrences (Smith, 1993). Biosafety and biosecurity are essential
in successful biorisk management, biosafety englobing the protocols and practices that
aim the protection and reduction of the risks of accidental infection to the operator, while
biosecurity focuses on the protection of the population from microbial contamination
(Rusekwa et al., 2020; Smith, 1993). Some of the biosafety practices also cover
biosecurity aspects, as some biosecurity measures reinforce biosafety, making them
interconnected concepts that should be applied together in aquaculture production
(Rusekwa et al., 2020; Smith, 1993). Developing biorisk practices and specific legislation
applied in seaweed aquaculture is urgently required to limit these impacts and increase
the acceptance of nori aquaculture in Western countries, particularly in Europe (Rusekwa
et al., 2020; Ward et al., 2020).

Since the advances in the early 1980s related to the elucidation of the life cycle,
fewer advances were settled, besides cold storage of seeded nets with conchospores,
allowing the extension of the harvest season (Blouin et al., 2007; Kim et al., 2017). The
turn of the century revived the interest to develop nori cultivation in western countries

focused mainly on two strands: machinery development and the establishing of more
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effective production protocols, increasing cost-effectiveness and improving yield results,
respectively (Blouin et al., 2011; Kim et al., 2017). Cultivation of free-living conchocelis
in controlled indoor environments and establishing the most suitable combinations of
nutrient availability, temperature, photon flux density (PFD), photoperiod, and salinity
conditions species and phase-specifics have been the main focus on improving the
efficiency of production protocols (Redmond et al., 2014).

Traditionally, conchocelis culture in Asia consists of a simulation of its natural
conditions of development, obtained from stocked or harvested blades stress-stimulated
by dissection to release zygotospores in oysters or artificial shells (Redmond et al.,
2014). Under low photon flux density (25-50 umol.photons.m2.s") at long-day conditions
(16L:8D) and around 23°C, in large tanks of 25-50 cm depth, (Pereira & Yarish, 2010)
conchocelis will grow vegetatively, in substrates hunged vertically (Figure 11A) or spread
at the bottom of the tanks (Figure 11B) (Sahoo & Yarish, 2005). Recent work on
developing protocols of mass production of free-living conchocelis of Porphyra spp. in
indoor flasks and carboys up to 15 L (He & Yarish, 2006) and photobioreactors of 300mL
(Figure 11C-D) allow to obtain pure cultures from specific strains and induce
conchospore release several times per year, harvesting blades during all year (Pereira
& Yarish, 2010; Zhang et al., 2006). These protocols are especially important in
conchocelis cultivation, since it is possible, logistically, to produce them indoor, under
controlled nutrient availability, light, temperature and PFD, difficult to control in outdoor

conditions (Varela-Alvarez et al., 2019).
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Figure 11. Conchocelis culture: in substrate (A-B) and free-living mass production in carboys (C) and

in photobioreactors (D). Substrates can be placed vertically along the water column (A, top view (left)

and close up of the disposition on the water column - right), or on the bottom of the tank (B). (Scheme
by ©Inés Oliveira)

With the increasing interest in using nori in nutraceuticals, cosmetics and
pharmaceuticals, recent studies have been also focusing on the influence of these
conditions on the pigment and nitrogen content (Varela-Alvarez et al., 2019). The
requirements for purer strains and elucidated genotypes of these industries have been
leading to the increasing work on molecular verification of specimens, which may also
contribute to product acceptance by European consumers (Yang et al., 2020). For free-
living conchocelis culture, temperature, photoperiod and PFD seem to be the turning-
point conditions: temperatures under 25 °C (10-15 °C in some species), photoperiod over
12h and low PFD (25-100 umol. photons.m~2.s~1) have been described in some species
of Pyropia as the optimal conditions (Lu & Yarish, 2011; Redmond et al., 2014; Zhong et
al., 2016). Salinity has been described, similarly to the registered in the blade phase, not
showing significatively differences between 20-40 ppt (Pereira & Yarish, 2010).

The light type and wavelength have been indicated by literature to influence
vegetative growth, photosynthetic activity and pigment content (Osorio et al., 2020) but
studies in Pyropia dentata showed no differences in cultures under LED of blue, red,
blue+red, and fluorescent lamps (Kim et al., 2019). It has been reported that higher
temperatures and PFD values, on the verge of the lethal values, show higher growth

rates of conchocelis cultures, but it has consequences on the development and quality
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of the biomass of the blades (Waaland et al., 1987) that can be useful in the optimization
of production of conchocelis as a final product. Waaland et al. (1987) described that free-
living conchocelis of Porphyra torta in LD conditions showed the fastest growth at 300
umol.photons.m™2.s~1 and 15 °C than at 25-100 umol. photons.m™2.s~1 and 10-15 °C.

Studies on P. umbilicalis cultures in New England (Canada) shown that growth
rates of 6.9840.51 %.d ™! were reported in 10-40 umol.photons.m=2.s~* and 5-20 °C
and the upper lethal temperature was registered at 25 °C (Chopin et al., 1999). According
to the “New England Seaweed Culture Handbook” (Redmond et al., 2014), the optimal
conditions of free-living conchocelis in laboratory conditions (flasks or gallons)
presuppose temperatures of 10-15 °C, LD or neutral (12L:12D) photoperiod and 25-50

2 s71. Pereira et al. (2001) in a study in the east Atlantic (Portugal)

umol.photons.m™
described that the optimal conditions for these species were obtained in LD photoperiod,

at 15 °C and 25 umol.photons.m™2.s~1 in conchocelis culture.

1.4.2.Nutritional requirements
Macronutrient requirements are transverse to all seaweed: nitrogen (N),

phosphorus (P) and carbon (C), but the major limiting nutrient in seaweed production is
the first one (Redmond et al., 2014). Rhodophyta and pigment proteic levels are closely
related to the N content (Redmond et al., 2014). Leading to a decrease in protein content,
the use up of the N content leads to a consequent increase on the polysaccharides and
lipid content in nori thalli; insufficient nitrogen causes depigmentation and bleaching of
the biomass. (Redmond et al., 2014). Bleaching and lower protein content are
responsible for lower market acceptance and, consequent decrease economical interest
(Redmond et al., 2014; Zhong et al., 2016) Some work has been developed to create
simpler methods of evaluation of the N content in seaweed (Ulva sp. and Gracilaria sp.),
associating Pantone® colors and N content, allowing the producers to rapidly diagnose
the quality of the biomass (Robertson-Andersson et al., 2009); yet, there is no published
work applicable in nori specimens. Nitrogen is available in the form of nitrate (NO3),
ammonium (NH;) and urea. Usually, NO; is added by artificial supplementation, but it
has lower N utptake than NH; and urea, result products of invertebrates and fish
metabolism (Roleda & Hurd, 2019).

Carbon requirements are directly linked to photosynthesis. It is usually obtained

from bicarbonate (HCO3 ) in seawater, or from the residual production of carbon dioxide
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(CO,) from fish metabolism; yet, utilization of C from HCO3 is more limited than from
CO, (Roleda & Hurd, 2019). As it is used, seawater pH increases, until the depletion
point, when photosynthesis stops; bubbling or stirring CO, have been used to incorporate
€O, in the water, balancing pH under optimal values (7.80-8.01) (Blouin et al., 2007;
Redmond et al., 2014). Water motion also increases nutrient uptake of N and P
(Redmond et al.,, 2014; Roleda & Hurd, 2019). Phosphorus is involved in protein
synthesis since it is a major constituent of ribonucleic acid, whereby P is crucial to tissue
growth (Douglas et al., 2014; Louren et al., 2007). It can be obtained from ammonium
phosphate monobasic ((NH,),HPO,) or from phosphates (P03~) resulting from fish
farming (Douglas et al., 2014; Redmond et al., 2014). When phosphorus
supplementation is used, lag periods after the artificial supply have been reported (Wells
etal., 2017).

Specific micronutrients required for nori cultures include metallic elements (iron,
copper, manganese, calcium, potassium, zinc, cobalt, magnesium, molybdenum),
chlorine, sulfur, oxygen and hydrogen, usually found in seawater (Redmond et al., 2014).
These elements usually do not need to be artificially supplied (especially metals) if high
flow rates from natural seawater are used (Redmond et al., 2014). Artificial
supplementation of macronutrients must be considered the optimal C: N: P ratio for the
specific culture (around 132: 26: 1 for nori) (Kawaguchi et al., 2005). Better results were
registered in a three-times per week supplementation comparing to one weekly and
keeping cultures in batch during a period after adding nutrients to decrease nutrient
losses (Redmond et al., 2014). Yet, artificial supplementation in outdoor tanks or open
water cultures turns the methodology ineffective and costly (Roleda & Hurd, 2019). The
ability of these species to use C, N and P from chemical compounds resulting from finfish
aquaculture feed bleaching and fish effluents lead to the increasing use of integrated

multitrophic aquaculture (IMTA) systems in seaweed culture (Roleda & Hurd, 2019).

1.4.3.Porphyra spp. in IMTA: bioremediation potential

Finfish and seaweed aquaculture may be the response in the future to the
exponential population growth and consequent food needs, but finfish production has
been currently limited due to water scarcity, limited availability and increasing costs of
fish meal, whereby blue economy initiatives have been promoted (FAO, 2016). Blue
economy defends production growth under sustainable management of water resources,
assuring human welfare and environmental stability, defending the need to become less

dependent on natural resources, studying the viability of other species, and investing in
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best aquaculture practices, minimizing the environmental impact of the aquaculture
industry (FAO, 2016; Martinez-Porchas & Martinez-Cordova, 2012).

Treatment of finfish aquaculture effluents depends on one of two biological
techniques: bacterial nitrification or plant biofiltration; yet, systems using bacterial
nitrification require high technology and usually accumulate nitrates and residuals that
need to be eliminated, which is expensive (Pereira & Yarish, 2010). Seaweed biofiltration
is settled on the assimilation of nutrients and production of biomass that can be removed
or used by its economical value (Martinez-Porchas & Martinez-Cordova, 2012; Pereira
& Yarish, 2010). Values from the last decade indicate that seaweed production in China
(around 7.5 million tonnes) was responsible for the removal of more than 40 thousand
tonnes of nitrogen from coastal waters, sustaining its potential on the mitigation of the
environmental impact of finfish aquaculture (Cofrades et al., 2010; Pereira & Yarish,
2010).

IMTA systems have been proposed for their environmental sustainability and
social acceptance, bringing economic and ecological diversity (Chopin et al., 2008).
Proven to be the most effective on C, N and P utilization, they achieve a 50% uptake
rate against a 25-35% of monocultures (Martinez-Porchas & Martinez-Cordova, 2012).
The term “multitrophic” implies the incorporation of species of different trophic levels on
the same system (Pereira & Correia, 2015). The principle of these systems consists of
combining, in a balanced ecosystem, one culture of fed species (usually finfish), another
culture of organic extractive species (shellfish), and/or an inorganic assimilative culture
(seaweed) (Chopin & Sawhney, 2009; Pereira & Yarish, 2010). Effluents rich in organic
and inorganic matter (ammonium, carbon dioxide and phosphate) of finfish are used as
a nutrient source by the other species, converting waste into valuable resources for other
cultures of commercial value and minimizing waste production by bioremediation
(Pereira & Correia, 2015) (Figure 12).
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Figure 12 Example of an IMTA system. Effluents rich in organic and inorganic matter of finfish are used as
a nutrient source by the other species, converting waste into valuable resources for other cultures of
commercial value and minimizing waste production. Water from seaweed production can return to finfish
production, oxigenated by seaweed. (Scheme by ©Inés Oliveira)

Integrated aquaculture of nori has been practiced in Asia since its primordials,
but not intentionally: due to the extension of fish and shellfish aquaculture in the
continent, most seaweed farms happened to be placed near these cultures and
assimilate nutrients from their residuals (Pereira et al., 2013). The first integrated fish
and Nori systems (established for that purpose) were reported to be associated with the
implementation of nori cultivation in western countries (Kim et al., 2017). At the turn of
the century, after a failed try on the cultivation of Neopyropia yezoensis in open water in
the state of Maine by lack of nutrients, PhycoGen, Inc. was successfully able to cultivate
Neopyropia yezoensis near an Atlantic salmon (Salmo salar) farm, leading to the
development of an IMTA (Chopin et al., 1999).

Since then, western farms (mostly on the American East coast) have been
converging their efforts on cultivating species with asexual reproduction, mainly by
neutral spores, like Porphyra umbilicalis (Blouin et al., 2007; Kim et al., 2007; Korbee et
al., 2005; Royer et al., 2019; Sampath-Wiley et al., 2008). P. umbilicalis seems to be the

only species described to exclusively reproduce asexually on the American East coast,
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corroborating the lack of studies on the optimal conditions of conchocelis culture for this
species (Blouin et al., 2007). Cultivation of neutral spores species constitutes an
advantage in the production of blades biomass, skipping steps of structural development,
monetizing the production (Blouin et al., 2007). Plus, a market study has shown no
consumer acceptance differences between the Asian species Neopyropia yezoensis and
Porphyra umbilicalis, supporting its potential (Blouin et al., 2006).

In Europe, only ALGAplus, Ltd. farms Porphyra umbilicalis and P. dioica on a
commercial scale year-round, along with several other seaweed species in an integrated
land-based system of fish (sea bream and seabass) (ALGAplus, 2021). In this system,
sexual and asexual (by neutral spores) specimens of Porphyra umbilicalis and sexual of
P. dioica are produced in free-floating, recurring to an initial hatchery phase to produce
conchocelis and obtain new blades from conchospores, and outdoor tanks to upscale
blades (ALGAplus, 2021; da Costa et al., 2018; Pimentel et al., 2020).

Regarding its performance in IMTA, Porphyra umbilicalis presented, in lab-scale
experiments, high photosynthetic rates and nutrient uptake efficiency, reaching
maximum levels of growth rate (10-13%) and N content (up to 5% dry weight) at 150-
300 uM N and 720-1440 pM P concentrations (Carmona et al., 2006). It responds better
to N in NH; than NO3, with N removal rates up to 77-100% and 72-87%, respectively; P
removal rates rounded 81-91% and 71-79% at 120-1440 uM P from PO;~ (Carmona et
al., 2006). Photosynthetic rates were shown to be higher than most species (23 mmol 0,
g~ 1.DW.min~1). While several species can only use C0O,, P. umbilicalis has been shown
to metabolize C from both €0, and HCO; (Maberly, 1990).

28



ll.Internship at ALGAplus, Ltd.

1.ALGAplus, Producéo e comercializacao de algas e seus
derivados Lda.

ALGAplus is a biotechnological Portuguese small and medium-size enterprise
(SME) founded in 2011, dedicating its work to produce Atlantic native seaweed species,
settling on sustainable and innovative techniques in its process, and promoting the
implementation of IMTA systems. Considered one of the European pioneers in seaweed
farming, it is a forerunner in its work controlling all the phases of the life cycle of Porphyra
dioica and Porphyra umbilicalis, the company highlights itself for its fish and seaweed
integrated land-based system unique in Europe: water rich in nutrients and carbon
dioxide (C0,) from the fishponds feeding seaweed cultures developed in proprietary tank
system; seaweed yield is increased and they act as bioremediation agents, oxygenating
and freeing water of effluents before it is released back to Ria de Aveiro lagoon.
Supporting its work on research, development, and innovation, ALGAplus sums a series
of scientific projects on its curriculum and more ongoing, along with a series of
partnerships with other companies and entities.

Located in ilhavo (Figure 13) and inserted in a 14ha area of former sea salt pans
of the channels of the Aveiro Lagoon (Boco river), ALGAplus started committing its work
only to seaweed production, but always working in an integrated system with the fish
earthen ponds of the formerly Materaqua, pisciculture of sea bream (Sparus aurata) and
sea bass (Dicentrarchus labrax). Nowadays, the company manages both the seaweed

and the fish production, having achieved organic certification in both production lines.
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Figure 13 Localization of ALGAplus, Ltd. (Google Earth, 2021 (adapted))

With over 30 tonnes of seaweed produced per year (fw), the company farms
and trades a panoply of red (Chondrus crispus, P. dioica, P. umbilicalis, Palmaria
palmata and Gracilaria gracilis), brown (Fucus vesiculosus) and green (Ulva rigida and
Codium tomentosum) species mainly for food and cosmetics (INE, 2020; ALGAplus,
2021) (Table 3), exporting since 2014 over 75%. It possesses seven commercial brands:
ALGAPplus®, for the trade of services and products in the B2B segment, Tok de Mar®,
for seaweed-based food products sold in specialized retail and HoReCa channels, Pao
d’Algas® for a bread-ready mix developed and co-branded with IPL, SeaOriginals, with
an offer of well-being products, Algaessence®, a combination of macro and microalgae
food and feed products (co-branded with the company Allmicroalgae S.A.) and more
recently the brands for products sold in wholesalers (e.g. Auchan, Pingo Doce,...)
Companhia das Algas® for seaweed products and AquiLusa®, for organic certified fish.
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Table 3. Production, in tonnes (wet weight), of seaweed and fish in ALGAplus, Ltd. in 2019 (INE, 2019,

adapted) (* values not available)

Species Production (ton)
Ochrophyta 0.24
Rhodophyta 1.7
Seaweed
Chlorophyta 43.3
Total 35
Sparus aurata X*
Fish Dicentrarchus labrax X*
Total x*

1.1.Work Facilities

The production area (Figure 14, marked at yellow) consists of an integrated
system of a polyculture fish production (sea bream and seabass), which takes place in
two earthen ponds, along with a series of polyethylene and cement tanks of different
volumes, where, sideways with a hatchery, the seaweed cultivation is done. At the
moment, the remaining area (Figure 14, marked at red) belonging to the company and
mainly constituted of earthen ponds is still unused, foreseeing the possible upscale of

fish and seaweed production in raceways.
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100 m

Figure 14. Company area (in red), including the production area (in yellow), where Water
capture (A), Fish production (B), Sedimentation tank (C) and Seaweed production (D) are
inserted. (Google Earth, 2021 (adapted))

The fish earthen ponds are naturally water-supplied by the channel of the Aveiro
Lagoon and renewed by the tides’ cycle. From the earthen ponds, water with dissolved
nutrients flows to a sedimentation tank and is pumped into the seaweed system. Before
entering the seaweed cultivation units, the water follows to a rotofilter and a sand filter,
a skimmer and sterilized with UV and ozone to ensure that cultures are free from
microalgae and other biological contaminations. Water that supplies the seaweed
production also supplies the deposit, from where it is mechanically filtered through
different sieves — filtered seawater (FSW) and supply maternity and seaweed production.
In Maternity, FSW can be sterilized in the autoclave (autoclaved seawater - ASW) to be
used in more sensitive cultures.
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Figure 15. Draft of seawater pahways in the aquaculture. From Rio Boco, water feeds the fish earthen ponds. A pump supplies the sedimentation tank, following
from here to the rotofilter and the sand filter, then to the skimmer and UV radiation, before being used in the seaweed system. Water that supplies the seaweed
production also supplies the deposit (A) from where it is filtered by mechanical filters (B) and supply maternity and seaweed production. In Maternity, FSW (B) can
be sterilized in autoclave (ASW) to be used in more sensitive cultures (C).(Scheme by ©Inés Oliveira)
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1.2.Work Departments

1.2.1.RDI Department

The RDI Department is composed of a technical team of Biologists created to
provide support to the Operations team and lead the innovation activities of the company.
It has two main working areas: a indoor lab and hatchery, and an outdoor experimental-
scale tank system (15 to 1000 L capacity), the Experimental Outdoor Area (EOA) (Figure
16). As the name indicates, the goals of this department include research projects
applied to algae biotechnology and cultivation, optimization, including specific
biochemical features, the maintenance of a biobank with multiple species and strains,
and the assurance of the quality of the cultures. Therefore, the RDI department studies
the optimal culture conditions of different species (stock density, availability of nutrients,
photoperiod, temperature, salinity and light intensity) and tries to domesticate
economically important seaweed species. The maintenance of these conditions on the
current cultures, both in and outdoors, are assured daily.

Figure 16. Tanks from EOA of different volumes (up to 1000 L) ©Inés Oliveira
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The maternity/nursery is composed of a laboratory room, equipped with all the
necessary material, equipment and conditions to assure all the procedures needed,
along with two environmental chambers (Figure 17) with controlled temperature, light
intensity and photoperiod, producing cultures in units of different sized (from 250 ml
flasks to 80 L column PBRs). These two chambers are specially programmed for the
optimal conditions (confidential) of cultivation of P. dioica and P. umbilicalis, allowing the
manipulation of the life cycle of these species all year. In the matemity, the following
activities take place: start of biomass cultivation, the maintenance of the biobank, as of
some cultures of ongoing research projects, requiring a more controlled and clean work
environment using FSW or ASW. Cultures are continuously upscaled to the outdoors

area according to biomass evolution.

i f W i qmpm *

S SN

Figure 17. Maternity chambers @Inés Oliveira

When new cultures arrive in the maternity, they are attributed a batch number,
stored in the biobank and/or used to initiate a new production. Firstly, they pass a
standard cleaning internal protocol (confidential information) intending the elimination of
epiphytes and other contaminating agents (i.e. microalgae and cyanobacteria), sand and
small predators, improving their performance of growth and keeping all the environment
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in the lab cleaner and safer for seaweed production. After cleaning, new cultures initiate
acclimatization in the maternity and are upscaled gradually until transferred to the EOA,
when already more resistant and better adjusted to grow in outside conditions.

For the majority of species in production, (except Porphyra dioica and P.
umbilicalis, which the company targeted to manipulate the life cycle) biomass cultivation
consists of vegetative propagation. For more sensitive species, starting the production
in the maternity leads to better results when transferred to EOA, enabling the control of
contaminations and the presence of epiphytes. For Porphyra dioica and P. umbilicalis,
cultivation differs a little bit: the early stages of the life cycle (conchocelis,
conchosporangia to juvenile blades) are manipulated via photoperiod and temperature,
in the maternity, following the “Atlantic Nori hatchery/nursery (Porphyra dioica and
Porphyra umbilicalis)’ protocols, established by ALGAplus. The maturation of
conchocelis into conchosporangia and release of conchospores is induced by
photoperiod and temperature changes. Excess conchocelis biomass is discharged or
stored, while juvenile blades pass through an upscaling procedure from maternity to the

outdoors system until being ready to harvest, all year round. (Figure 18).
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Figure 18. Cultures pathway in RDI department (Scheme by @Inés Oliveira)

All the maternity cultures’ are connected to the aeration system of the
chambers, keeping them in constant movement; these cultures, unlike in the majority of
the outdoor ones, are cultivated in batch (Figure 19). Routine management of both
maternity and EOA cultures implies stocking density adjustment/upscale, and medium
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changes. The outdoors cultivation area is also connected to an aeration system and
these cultures are maintained in a constant water flow system from the seaweed
seawater system, with species customized daily renovations. The first quality control in
the production process is assured by the technical team, by evaluating different
parameters in cultivation. Weekly, macro and microscopic observations are performed
in all production tanks to assess: color, texture, size, reproductive status (vegetative or
reproductive), the presence of strange objects, contaminations, epiphytes, biofouling and
other predatory organisms.

INDOORS SYSTEM Air pump

i~ —

N\ Air input

OUTDOORS SYSTEM

Air pump

[1

Water pump

Figure 19. Draft of the indoor and outdoor system. In indoors, cultures are maintained in
batch, while outdoors, they are cultured in continuous flow (although some cultues are also
cultured in batch) (Scheme by @Inés Oliveira)
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1.2.2.0perations Department
The Operations Department manages the fish and seaweed commercial-scale

activities and includes different workspaces corresponding to the maintenance of the
larger tanks in production (7 m? to 20 m?) and all the product transformation chain, from
harvest to final product packaging and storage until they are sold. The production
department is also responsible for water temperature, salinity and light intensity daily
measurements in seaweed production in random tanks of each typology. Weekly, water
temperature, salinity and pH from the seawater deposit are measured. Another important
action passes from inspection of abnormal situations or behaviors, along with notice of
mortality.

Figure 20. Production tanks (up to 20 m?) @Inés Oliveira

The first step in seaweed processing (harvest from the tanks) is done manually,
with fishnets, from the Production tanks, based on biomass weight evolution and quality
control report. In the Processing facility, fw and centrifuged weight are registered.
Seaweed are then washed with seawater and afterward manually inspected to remove
biomass of small crustaceans, shells, sand and rocks not cleaned in the washing
process. After weighing and washing, seaweed can be processed fresh or dried. The
algae meant for fresh selling are packed for direct consumption, or preserved in salt and
packed in plastic buckets or bags. Seaweed for dry selling is subjected to a low-
temperature drying process, until a constant (and proved safe) moisture content is
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reached, minimizing the enzymatic activity, preserving the properties of the bioactive
compounds. Dried algae can be packed either whole or milled in flakes of different sizes
or powders.

Harvest
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Figure 21. Fluxogram of the cultures pathway in the Operations Department (Scheme by @Inés Oliveira)

1.3.Recording and adjustment of abiotic factors

Abiotic factors like water temperature, salinity, pH and light intensity are known
to affect the performance of seaweed and fish cultures, therefore measuring and keeping
a database of these parameters is crucial. The seasonality of abiotic factors in the Aveiro
lagoon is well marked: with hot and dry summers, and cold winters with heavy rains more
incident in December and January in this region, factors like water temperature, salinity,
pH and dissolved oxygen derived from the channel that supplies the production
experiment some variation during all year, as light intensity in the production tanks
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(Rebelo, 1992). Water temperature and salinity variations differ between the various
volumes and shapes found in the system; smaller masses have bigger temperature
variations when receiving the same heat energy, whereby water temperatures in cultures
in smaller tanks is more significant, and the quantity of freshwater from raining affects
salinity differently conforming the proportion volume/surface area (Hemminger & Hoéhne,
1894).

The schedule of these measurements has a purpose: dissolved oxygen in the
fish earthen ponds is affected by photosynthetic activity that drops, during the night,
whereby dissolved oxygen at the beginning of the daylight is at its lowest and therefore
it must be checked out during the day. Parameters are measured in the middle of the
afternoon in the seaweed system because high-temperature water constitutes an
alarming factor in seaweed production of the species in culture, and at this time of the
day, the water temperature reaches its highest (Harrison & Hurd, 2001).

Even though there is some resistance of the cultures to temperature, salinity
and light intensity variations, some adjustments in the production can be done when the
parameters reach limiting values. When salinity drops under critical values, (usually in
the winter, because of the heavy rains and values depending on the species) sodium
chloride is added to the cultures, to adjust salinity at 35 ppt (standard seawater salinity)
(Harrison & Hurd, 2001). In these cases, if precipitation lasts heavily for several days,
the salinity is also measured in the morning (at 8:30h) since during these times salinity
variations are higher and require more supervision. During summer/months of higher
temperatures and light intensity, shading nets are placed to lower water temperature and
to adjust light intensity above 55 uymol.photons.m?2.s™ just under the seawater surface of
the tanks) (Harrison & Hurd, 2001). For the fish, the alarming parameter is dissolved
oxygen: when under 3 mg.L™" (value considerable critical to the conditions on the fish
tanks of the company), the oxygenation paddles are turned on and start to agitate the

surface of the water, rising the levels of dissolved oxygen.

1.4.Biorisk Management

Different biorisk management policies are applied in ALGAplus facilities, some
of them transversal to all the company, others specific for some workspaces; to assure
the worker’'s understanding of these practices, periodically there are training actions
about this subject. Due to the COVID-19 pandemic, along with all the biosafety protocols
already implemented at the company, a contingency plan was created on the 4™ of May

of 2020 to minimize the risk of contagion of the collaborators, including the mandatory

41



use of mask, alcohol gel disinfection of hands, disinfection of surfaces and fomites with
a 70% ethanol solution, telework whenever it is possible and rotative schedules
(including breaks and lunchtime) to limit the number of people in each division according
to the government measures.

Some of the biosafety strategies implemented at the company include the
restricted access of authorized people in the production area, biohazard labeling of
dangerous matter and their containment in inert containers, and mandatory use of
personal protective equipment specific, adapted to the different workspaces: gloves, at
any workspace, when manipulating potentially hazardous materials; lab coat, autoclave-
resistant shoes in the laboratory and heat-protective gloves when manipulating hot
material from the autoclave; rainboots in the outside production, and lab coat, rain boots
and mob cap for the processing section. Each element of the personal equipment must
be exclusive to each workspace. Other biosafety practices pass by hand washing before
and after handling biomass or potentially hazardous materials, avoid hand-to-face
contact in the same circumstances, protect open wounds with gloves and periodically
disinfection during the day of work surfaces and hands with an ethanol solution, along
with daily disinfection of the laboratory and processing section with 5% sodium
hypochlorite solution.

Biosecurity in aquaculture settles in three main cornerstones: population
management, pathogen management and people management. Biosecurity protocols at
ALGAplus follow the same base and line of thought, although with some adjustments,
since the concepts established for “biosecurity in aquaculture” refer to animal
productions, with very little work done in the development of biosecurity in seaweed
production (Rusekwa et al., 2020).

Population management starts with choosing native local species, and
whenever possible, more resistant to contaminations and abiotic stress strains, and the
application of an effective cleaning protocol that eliminates microorganisms and other
contamination agents before introducing new cultures (described in the description of the
RDI department). When introduced, each culture, after attributing its batch number, is
maintained in separated balloons with the opening protected by parafilm. Identification
and physical isolation of the cultures are practices that consent with the “all-in-all-out
stocking” policy implemented in animal productions, preventing the exposure to
contaminations or its spread, and balancing the development in the same container.
Routine management action and observations, along with quality control protocols (also
already described) and routine observations are another set of practices that enforces

biosecurity in populations, by allowing the detection of losses of biomass or weight gain
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under the expected, discoloration of the cultures, abnormality of the individuals or an
unusual presence of contaminations, indicators of distemper.

Biosecurity associated with pathogen management consists of preventing,
reducing or eliminate pathogens. Being able to recognize and diagnose a pathogen
infection is crucial in pathogen management; therefore, one of the practices includes
constant revision work in pathogens affecting seaweed cultures. Pathogens can be living
in reservoirs, including equipment, seawater, system components, work surfaces,
pavements and walls. Good sanitation and disinfection practices are severely important
in this goal, whereby all equipment, work surfaces and pavements, and all vehicles pass
through a cleaning and disinfection protocol: these must be removed of dirt and/or
organic matter, rinsed with freshwater, disinfected with a 5% solution of sodium
hypochlorite, rinsed again and left to dry naturally.

The material used in the maternity must be sterilized in the autoclave after its
cleaning and disinfection, covering it when necessary (in materials with an opening and
without proper cover) with aluminum foil and stored in closed cabinets. For the material
not resistant to autoclave, it must be disinfected with a 70% ethanol solution. Work
surfaces in this workspace, similarly to what happens with the material, must be
complementarily disinfected with a 70% ethanol solution before each culture
manipulation. Since in this closed workspace different cultures of different species are
maintained and can be manipulated at the same time, all the beakers’ and gallons’ tops
are covered by parafilm and the cultures are disposed at the chambers so different
species are distributed in different aeration lines, and when using the same line, cleaner
and more sensitive cultures must be placed first, so if there is accidentally crossed
contaminations, it is not as much severe. When manipulating different cultures at the
same time, it is especially important to create barriers of disinfection or even physical
barriers: in these cases, cleaner and more sensitive cultures must be manipulated as far
as possible from the most contaminated ones. For more sensitive cultures, it must be
done in the laminar-flow chamber, equipped with ultra-violet sterilization, which provides
a more sterilized work environment. Independently of the workspace, the cleaning and
disinfection protocol must follow a unidirectional line of dirty/clean materials, avoiding
that already clean and disinfected material crosses with dirty material.

Notwithstanding, seawater and system components require biosecurity
practices, such as daily purging the tubes of each seawater supply in the exterior
production tanks (to unblock them and free the seawater of dirt), changing their exit
filters, changing or cleaning and disinfecting the deposit of FSW filters, and cleaning and

disinfection of the aeration and water supply tubes weekly, when weighing and stock
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density adjustment of each culture, and according to the sanitation and disinfection
protocol applied in the equipment, work surfaces and pavements.

As an important living reservoir, people require specific biosafety management,
risking the increase of biorisk when not followed. The majority of the biosafety practices
referred above reinforce and/or converge with biosecurity associated with people
management, like the restriction of access for authorized people, handwashing, avoid
hand-to-face contact, protect open wounds with gloves, mandatory use of personal
protective equipment of exclusive utilization to each workspace, and the complementary
measures associated to COVID-19 pandemic. To help prevent the introduction of
diseases, there are several material disinfection stations distributed at the outside
production and disinfectant footbaths in the entrance of the Processing section. At the
laboratory, the use of autoclave-resistant shoes of exclusive use at this workspace
makes the existence of disinfectant footbaths unnecessary. Along with the regular
biosafety practices communications, communications with these biosecurity practices
are also given at the company, to raise awareness of the collaborators for the importance

of following these practices.

2.Daily Activities

The internships provided by ALGAplus have the main goal of giving the
experience and knowledge to work in an integrated seaweed and fish production, in a
business context. Specific work plans of each internship are attributed to each intern
according to the subject of the experiment they develop, whereby my internship
consisted of a work experience focusing on the work developed in the RDI department,
participating in almost all the activities carried out to gain experience of keeping seaweed
cultures and all the activities associated to the methodology of the experimental project.

This internship began on the 7" October of 2019 and ended on the 21%
December 2020, with a break of six weeks (from the 19" March of 2020 to the 3¢ May
of 2020) corresponding to the national lockdown, due to the COVID-19 pandemic. Like
the collaborators, my work plan consisted of eight hours per day, (8:00h to 17:00h, with
a lunchtime break of an hour at noon) from Monday to Friday (excepting holidays). Due
to the COVID-19 pandemic, from the 4" May of 2020, my schedule was reduced to
Monday, Tuesday and Friday afternoon (13:00h to 17:00h), on the weeks with ongoing

trials of my project. Work schedule varied during the internship, according to my
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experience and autonomy, the readiness to initiate the activities of the experimental
project, as the need to follow the contingency plan.

From the 27" April of 2021 to the 27" May of 2021, biochemical analysis (ashes
determination, lipid content and fatty acid profile) was carried out as part of the
experiment. Yet, these laboratory procedures took place at the Chemistry Department of

University and Aveiro facilities, whereby not included in this chapter.

2.1.Bibliographic review, integration to the company and
training

During the first eight weeks of the internship, (from October 2019 to December
of 2019) it was intended my incorporation on the company team, to meet the facilities
and understand how the company works, gradually starting to integrate several tasks,
mainly on the RDI department, as part of my training, and doing some research about
the experimental project to develop. Training activities included both indoors and
outdoors daily routines:

* Indoors (maternity), performing activities of cleaning, disinfection and
preparation for the autoclave of the lab material; weekly routines of
Porphyra spp. (cleaning, weighing, stocking density adjustment,
medium changes, upscaling of blade cultures) and the same for other

species like Codium tomentossum, Palmaria palmata and Ulva rigida

» Outdoors, daily measuring the abiotic factors in the fish and seaweed
tanks; assuring water purge of the tanks; cleaning and disinfection/
changing water filters; readjusting the water flow in the tanks; weekly
routines of Porphyra spp., Codium tomentossum, Palmaria palmata and
Ulva rigida (weighing the cultures, stocking density adjustment, cleaning
and disinfection of the tanks and material used in the process like

fishnets and boxes).

My first contact with cultures of conchocelis of Porphyra umbilicalis took place
during this period, starting to follow a culture of conchocelis growing in one of the
photobioreactors. During this time, | was in charge of all of the routine activities
associated with its maintenance (cleaning and disinfection, biomass weighing, stocking
density adjustment and medium changes). This first contact with a culture of conchocelis

allowed me to get used to the cleaning and disinfection protocols for the
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photobioreactors, their system assembly and functioning, as starting to understand the
adjustments needed to viable the use of the photobioreactors in the production of
conchocelis, like using ASW or FSW, the credibility of using the biomass present in 1L
of culture to estimate the total biomass on the culture, how to proceed at the stock density
(withdrawing part of the biomass or increasing the volume of seawater) and how often.
During this time, the preliminary experiments in outside conditions, considering previous

work developed in the company were also planned.

2.2.Preliminary experiments on the production of conchocelis

After a period of integration in the company and learning the skills needed to
incorporate its activities and to be able to perform the methodology of the experiments,
the preliminary experiments started. Starting in outside conditions on the 4" of December
of 2019 and on inside conditions on the 19™ of February of 2020, and ending on the 18"
of March of 2020, these preliminary studies were crucial to define the methodology of

the experimental design:

= Duration of each trial;

* Frequency of the nutrient supplementation

» Abiotic parameters to measure and frequency
= Procedures of the stock density adjustment

» Important factors influencing the production of conchocelis to study.

Along with the preliminary studies, | continued with my training activities, namely

participating in some quality control routines for Ulva rigida.

2.3.Production of conchocelis in indoor and outdoor
conditions

After the preliminary studies, several indoor and outdoor trials were carried out
at the company, from 4" May 2021 to 21%' December 2021. As described more
extensively below, ten trials were performerd, four indoor and six outdoor. During this

period, testing different starter cultures, the influence of an internal protocolar treatment
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(Treatment x) and the influence of abiotic factors like salinity, temperature, pH, PFD and

photoperiod.

2.4 .Other Activities

Along with the training activities and trials, some other relevant activities took
place, like field trips and training actions/workshops. During this internship, | had the
opportunity to participate in a field trip at Aguda beach, to harvest some biomass of
Porphyra dioica and Porphyra umbilicalis, and two more in the Buarcos beach to harvest
some Grateloupia tururu biomass for RDI trials.

Two training actions in best practices were carried out at the company during
my internship, one specific to best practices to adopt in the maternity, and another to
common spaces of the company (seaweed production, kitchen and office). Due to the
COVID-19 pandemic and after a six-week national lockdown, the company implemented
a contingency plan to minimize the risk of infection in a work context, requiring a training
action about the COVID-19. This training action instructed us about the symptoms,
period of inoculation, transmission and infection, and the new biosafety measures
adopted by the company. Besides these best practices/biosafety actions, | also did a
five-hour workshop about hydroponic cultivation systems (“Infrodugdo a Hidroponia”),
guided by GroHo (GroHo, 2020).
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[1l. Production of Conchocelis

1.Aim of the study

Although research projects focused on Porphyra spp. production, compounds
and applications have been increasing in the last decades, the sporophyte stage of the
life cycle of Porphyra spp. — the conchocelis phase — has received little attention, and
bibliographic work on its potential as a source of bioactive compounds is still scarce (da
Costa et al., 2018; Pimentel et al., 2020). Only seen as a life stage in Porphyra spp., the
protocols of production of conchocelis assure its propagation for the generation of new
blades, and not for the utilization of the conchocelis as a final product; when possible,
asexual strains are used, skipping the time of the development of conchocelis and
conchosporangia, making the production more efficient neglecting the study of the
optimal conditions and viability of production of conchocelis (He & Yarish, 2006).

At the moment, the main purpose of vegetative growth of conchocelis at
ALGAplus facilities has been blade production, using the life cycle of P. umbilicalis:
conchocelis are cultivated in lab-scale in indoor conditions, in the LD chamber (P3 LD),
where temperature, light intensity and photoperiod are controlled. After some time in
vegetative growth, the conchocelis are transferred to the SD chamber to induce their
maturation into conchosporangia and the conchospores’ release.

Excess conchocelis (P3 SD) are a by-product at the end of the blade production
(Figure 23) and typically present mix of differentiated conchocelis, (primordial
conchosporangia, conchosporangia, and sometimes microscopic free-floating blades,
that did not attach to a substrate). Conchocelis excesses are currently not used and
therefore ALGAplus sees it as an opportunity to be marketed for use as an ingredient in
food, feed, cosmetics or other applications.

This study was done within a confidential service provided to an ALGAplus
customer and intended to optimize and upscale the vegetative growth of conchocelis of
Porphyra umbilicalis in aquaculture production, establishing viable protocols of
cultivation in indoor PBR and outdoor tanks. The results will be helpful to use the
conchocelis as a promising final product, using the resources and production conditions
of the company. Producing conchocelis indoors without the need for autoclave seawater
will decrease sterilization and storage costs, as for the possibility of producing outdoors
uses sunlight as a natural resource, and resorts to closed systems of bigger volumes

than in inside conditions that require less manpower and are more efficient in the
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energy/volume produced ratio. In these trials, the industrial upscale of conchocelis is

intended to decrease the production costs.
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Figure 22. P3 LD and P3 SD elucidation (Scheme by ©Inés Oliveira)

2.Experimental design

From the 4" of December of 2019 until the 18" of March of 2020, preliminary
experiments were developed in indoors/maternity and outdoors conditions to establish
the methodology to be used in the posterior trials, like stock density, duration of each
trial, rate of seawater renewal, nutritional supplementation, stock density adjustment,
and volumes to test. The trials started on the 14" of May of 2020 until the 215t of
December of 2020, for four weeks each, taking place on the ALGAplus’ production
facilities: for the indoor condition trials, three PBR (80L capacity) located in the LD
chamber of the maternity were used; for the outdoor condition trials, three tanks (15L
capacity), placed in EOA, were used. During the trials, three main factors were tested
and evaluated:

» Productivity of the biomass, yield and relative growth rate (RGR) % d™"
in indoor and outdoor conditions;

= Ashes and lipid content;

= Two different conchocelis starter cultures: LD stock cultures (P3 LD)
versus SD by-products (P3 SD) from the blade production cycle;

= Influence of Treatment x on the conchocelis starter cultures;

» The differences between seasonality (for P3 SD, outdoors).
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2.1.Trials

During this internship, two preliminary studies in outside conditions (named 1T
and 2T) and one in inside conditions (named 1PBR) were conducted to set some details
and procedures. After that, in a total of 30 samples, six trials were developed in the
outside tanks (3T, 4T, 5T, 6T, 7T and 8T), and four in the inside photobioreactors (3PBR,
4PBR, 5PBR and 6PBR). The design of these protocols was planned to use the available
resources at the company to their fullest, minimizing waste and increasing the
sustainability of the company.

In indoor conditions, 3PBR and 4PBR tested the results of production of
conchocelis of P3 SD with and without treatment, respectively, while 5PBR and 6PBR
tested the performance of conchocelis of P3 LD with and without Treatment x,
respectively. The 3T and 7T, as 4T and 8T trials constitute similar trials (testing the
production of conchocelis of P3 SD in outdoor conditions, with and without Treatment x,
respectively). 5T and 6T tested the results of production for conchocelis of P3 LD under
outdoor conditions, with and without treatment x, respectively. These repetitions were
performed to test the influence of seasonality on the performance of the biomass. Stock
density (medium) was the same for each trial. The following tables (Table 4 and Table
5) resume the number of trials and replicas per condition and the description of the

conditions of each trial.

Table 4. Number of cases per Biomass used, Environment and Treatment (Yes/No)

Treatment x Environment Total
(Yes/No) Outdoors (n) Indoors (n) (n)
No 6 3 9
P3 SD
Yes 6 3 9
(n)
Biomass Total 12 6 18
used No 3 3 6
P3 LD
Yes 3 3 6
(n)
Total 6 6 12
Total 18 12 30
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Table 5. Biomass used, Environment and Treatment x (Yes/No) and number of cases of each trial

_ _ Stock Biomass Treatment x Cases
Environment  Trial density
(P3 SD/P3LD) (Yes/No) (n)
3T medium P3 SD No 3
4T medium P3 SD Yes 3
5T medium P3 LD No 3
Outdoors 6T medium P3 LD Yes 3
7T medium P3 SD No 3
8T medium P3 SD Yes 3
Total Outdoors 18
3PBR medium P3 SD No 3
4PBR medium P3 SD Yes 3
Indoors 5PBR medium P3 LD No 3
6PBR medium P3 LD Yes 3
Total Indoors 12
Total 30

2.1.1. Indoor condition trials

The inside conditions trials intended to test the influence of two variables using
the same protocol: the origin of the biomass (P3LD or P3SD) and the influence of
treatment x, summarized in Table 6. From the 14" of May of 2020 (To) to the 8" of June
of 2020 (Tsweeks), the third trial in inside conditions (3PBR) tested the performance of P3
SD without Treatment x in the beginning. From the 13" of July of 2020 to the 10™ of
August of 2020, the fourth trial in inside conditions (4PBR) tested the performance of P3
SD, using treated conchocelis in the beginning. The other trials tested the performance
of P3LD: from the 19" of October of 2020 to the 16" of November of 2020, the fifth trial
in inside conditions (5PBR) tested P3LD without treatment x in the beginning, while the
sixth trial (6PBR) tested P3LD with treated conchocelis in a trial began in the 23" of

November to the 215t of December of 2020. Stock density adjustment took place in every

trial two weeks after To (T2weeks).
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Table 6. Indoor trials

Biomass used

Treatment X

Time of the trial

Trial Stocking
(P3 SD/P3 LD) (Yes/No)  Beginning  density End
(To) adjustment (T aweeks)
(T2weeks)
3PBR No 14/05/2020 01/06/2020  08/06/2020
P3 SD
4PBR Yes 13/07/2020 27/07/2020  10/08/2020
5PBR No 19/10/2020 03/11/2020  16/11/2020
P3 LD
6PBR Yes 23/11/2020 09/12/2020  21/12/2020

2.1.2.0utdoor condition trials

The outside conditions trials intended to test the influence of three variables
using the same protocol: the origin of the biomass, (P3SD or P3LD) the influence of
treatment x on the conchocelis and the influence of different abiotic conditions,
summarized in Table 7. The third and fourth trials tested the performance of the residuals
of conchocelis of the short day chamber (P3 SD) on the warm and dry season in outside
conditions: from the 18" of May of 2020 to the 15" of June of 2020, the third trial in
outside conditions (3T) tested the performance of residuals of conchocelis of the short
day chamber (P3 SD) without treatment x the conchocelis in the beginning.

From the 20" of July of 2020 to the 17" of August of 2020, the fourth trial in
outside conditions (4T) tested the performance of residuals of conchocelis of the short
day chamber (P3 SD), using treated conchocelis in the beginning. The seventh and
eighth trials in outside conditions (7T and 8T) were similar to the third and fourth,
respectively, testing the performance of the short day chamber (P3 SD) on the dry and

cold season in outside conditions. Ran simultaneously from the 23™ of November of 2020
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to the 215t of December of 2020, the seventh trial in outside conditions (7T) tested the
performance of residuals of conchocelis of the short day chamber (P3 SD) without
treating the conchocelis in the beginning, while the eighth trial in outside conditions (8T)
tested the performance of residuals of conchocelis of the short day chamber (P3 SD)
using treated the conchocelis in the beginning.

Although it was foreseen to test both origins of the cultures of conchocelis,
exceptionally P3 LD biomass was only tested during one time of the year. Developed
simultaneously, from the 19" of October of 2020 to the 16™ of November of 2020, the
fifth trial in outside conditions (5T) tested P3LD culture without treating the conchocelis
in the beginning, while the sixth trial in outside conditions (6T) tested P3 LD cultures with
treated conchocelis. Stock density adjustment took place in every trial two weeks after
To (Taweeks)-

Table 7. Outdoor trials

Time of the trial

'UA
85 X
S, c O -
@0 Trial 2 Stocking
T 9, = o Time of Beginning density End
§ pos o z the year (To) adjustment (T aweeks)
Eﬂ\.’ = (T2weeks)
3T no 18/05/2020 01/06/2020  15/06/2020
May to
August
4T yes 20/07/2020 03/08/2020 17/08/2020
o
)
o
T no 23/11/2020 09/12/2020 21/12/2020
November
to
December
8T yes 23/11/2020 09/12/2020 21/12/2020
5T no 19/10/2020 03/11/2020 16/11/2020
3 October to
. November
o
6T yes 19/10/2020 03/11/2020 16/11/2020
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2.2.Conchocelis

The conchocelis of Porphyra umbilicalis used for the trials originated from a
combination of mixed strains isolated in ALGAplus biobank: (P3.02.1.1.140204;
P3.02.3.1.180323) from both stock cultures (P3 LD) and by-products of the blade
production process (P3 SD) (Figure 23). P3 SD of different batches no longer being used
to produce blades (from April to July 2020 for 3PBR, 4PBR, 3T and 4T, and September
to October 2020 to 7T and 8T), were collected and stored in 20 L carboys in LD chamber
until being used for trials.

Figure 23. P3 LD (on the left) in comparison with P3 SD (on the right) (10x ampliation). P3 SD is
constituted by a mix of conchocelis, and differentiated primordial conchosporangia, conchospores, and
microscopic free-floating blades. ©Inés Oliveira

2.3.System assembly

Cultures from both indoor and outdoor systems were maintained in FSW batch,
with aeration from air pumps/aeration system from the company facilities, with periodical
seawater renews/adding and nutritional supplementation. The assembly of these
systems is described above: indoors, consisting of three PBRs of 80L placed in the LD
chamber, and outdoors, constituted by three tanks of 15L from Production 1 (although
not assembled in continuous flow as the majority of the tanks).
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2.3.1.Indoor systems
The PBRs (Figure 24) consisted of three

vertical water columns (80L capacity) of
transparent acrylic,with a storz plug cover in the
superior base, a tap at the 37L level (for sampling
during the trials), and two hose-adjustable
openings: one on the side (just under the top) for
water supply and the other in the middle of the
bottom, provided with a tap to control water output
and air input, where the air provided by an
aquarium pump is introduced in each
photobioreactor. The output tap has four

positions: two of them neutral (no output of water

and no input of air) one position of functioning (no

Figure 24. PBRs used in the trials, placed
in the LD chamber. ©Inés Oliveira

output of water with the input of air) and another
of discharging (output of water and no input of
air). The PBRs are placed vertically in the LD chamber, where the temperature and
photoperiod are programmed; the illumination by three cool-white fluorescent tubes
(actinic light) assures constant light intensity (Figure 25).

Before all trials, the PBRs were cleaned and disinfected with tap water and a
5% concentration of sodium hypochlorite overnight or until the walls were cleaned and
the water colorless. After discharging the solution, the photobioreactors are filled with
clean seawater (at least three times), until the sample collected from the tap in the middle
of the column presents no coloration or odor. The covers and top openings of the
photobioreactors must be pulverized with a 70% ethanol solution whenever manipulated,
to minimize contaminations.

Not well-adjusted aeration in each culture can compromise the results, whereby
it is crucial to regulate it to assure the homogeneity of movement of the culture and
supervise it during the trial. Given the results of the preliminary studies and to minimize
the manipulation of the biomass during the trial, a few adjustments were established:
stocking density was adjusted by increasing the volume of water; use of FSW instead of
ASW; use of an organic nutritional medium; starting volume was settled at 40 L (half of
the total volume) and increased up to its full capacity (80 L) in the middle of the trial

(Taweeks) as stocking density procedure.
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Figure 25. Draft of the indoor system assembly. PBRs are air supplied from the bottom, with an air pump. The bottom tap (on the right) controls the input of air and the output of
seawater. (Scheme by ©Inés Oliveira)
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2.3.2.0utdoor systems

The tanks used for the outside trials (15L capacity) are equal to the ones used
in Production 1. They consist of opaque white polymer tanks, approximately cylinder-
shaped, with a top opening of 0,13m? (radius around 0,20m) exposed to air and light.
For each ftrial, three tanks were placed in EOA. The air supply was connected to the
aeration system of the outside production (Figure 26). At some time, light exposure was

reduced (confidential internal protocol).

Air pump

Exit filter with a
conchocelis mesh

0

o 0 ©

009 o0
o

(0]

Air input

Figure 26. Tanks display for outdoor trials (above), with a draft showing system assembly (under)
(Note: the tanks are opaque; they are only translucid in the draft for a better understanding) ©Inés
Oliveira.

Before each trial, the tanks and aeration tubes were cleaned and disinfected
with a 5% hypochlorite sodium solution and their walls were scrubbed from microalgae
and cyanobacteria. Since these tanks are designed for cultures with continuous seawater
renewal, they possess an exit filter at the 15L level, covered with a conchocelis mesh to
avoid biomass losses for the trials. The aeration tubes were adjusted to the length of the
tank, with capacity enough that allow circulation but avoid risking overflow, which could

cause biomass loss or sedimentation and heterogeneity of the cultures.
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2.4 Biomass starter cultures

According to the defined stocking density for the protocols (medium), the total
biomass for the initial volume was obtained by filtering the conchocelis in culture with an
appropriate sieve for conchocelis, previously cleaned, disinfected, and pulverized with a
70% ethanol solution. Biomass (fw, g) was weighed in autoclaved beakers after no more
water drained from the conchocelis sieves (Figure 27). After weighing, the biomass was
kept covered with aluminum and rehydrated with FSW when necessary, preventing dry
distress to the cultures. From the initial starter biomass of each trial, three samples of 50
g (fw) were collected for microscopic observations, photographic registers were taken
from macro and microscopic observations and frozen at -20°C for posterior biochemical
analysis.

Figure 27. Biomass starter cultures after previously weighted @Inés Oliveira
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2.5.Treatment x (confidential internal protocol)

One of the parameters evaluated was the influence of Treatment x on the growth
performance and quality of the cultures (Figure 28). After weighing all replicates, each
beaker was subjected to treatment x at the beginning of the trial, confidential internal
protocol. The procedure was not repeated at any time during the trials.

Figure 28. Culture subjected to treatment x
@Inés Oliveira

2.6.Abiotic factors

The following abiotic factors were monitored and registered for all trials,
photoperiod (hours), temperature (°C), PFD (umol. photons.m™2.s™1), salinity (ppt) and
pH. PFD was measured with a PFD sensor; the other parameters were measured with
a multiparameter analyzer with two probes: one for salinity and temperature, and other
for pH. Photoperiod was registered from “Sunrise and Sunset’ (www.sunrise-and-

sunset.com) (Figure 29).
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Figure 29. PFD sensor (left) and multiparameter analyzer with probes for salinity and
temperature and pH (right). (www.apogeeinstruments.com; www.hach.com)

On the indoor trials, photoperiod, temperature, and light intensity are
programmed in the chambers; however, values were measured once a week, as salinity
and pH whenever the estimative of total biomass weight was done. Salinity, temperature,
and pH were measured from a sample of the 1 L taken for estimative of total weight,
while PFD was measured in four defined spots from the acrylic surface of each PBR. On
the indoor trials, the parameters were measured three times per week whenever the
weekly weighing (after the medium was changed) plus the twice-weekly partial medium
changes (before them). In outdoor trials, the abiotic parameters are measured directly in
the cultures; light intensity is measured in two spots of each tank: just above the water

surface and just under it (Figure 30).
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Temperature
pH

INDOORS

Salinity
Temperature
pH

Water level

OUTDOORS

Figure 30. Abiotic factors measurements. Indoors, PFD was measured on the surface of the PBRs in four
points of each (A), while salinity, temperature and pH were measured in a water sample from the 1 L
weight estimate (B); outdoors, salinity, temperature, pH, and PFD were measured directly in the cultures
tanks, the last one just above the water surface and just under it (C). Note: in (A), black crosses indicate
spots in the front of the PBR, while blue ones in the back. (Scheme by ©Inés Oliveira)

2.7.Medium renewals and nutritional supplementation

In indoor trials, although the initial 40L was not renewed, after two weeks
(whenever stocking density is adjusted), the volume was increased to 80L with FSW. For
nutritional supplementation, a nutritional medium was added weekly, (at the moment of
the estimate of total weight) in a concentration of x g. L1 (confidential). Since the outside
trials were more exposed to contaminations and kept in batch, the cultures required more
than once a week seawater renewal, when they are weighed; to fulfill that need, two
partial seawater renewals per week were done: turning off the aeration system and letting
the biomass settle, 10L of water (two-thirds of the content) is discharged by the exit filter
(preventing biomass losses) and the tanks fulfilled with FSW. In these partial seawater
renewals, as in the weekly weightings, an organic nutritional supplement was also added

in a concentration of x g. L™ (confidential), counting it for the 15L.
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2.8.Conchocelis Filters/Weight assessment

In outdoors trials, fresh weight (g) was weighed
weekly by filtering the content of each tank separately.
The biomass was drained until the sieve no longer
drained water permanently from the conchocelis. At
Toweeks, Stock density was readjusted by collecting the

excess biomass. Samples from the excess and the end

of each trial were collected for further analysis and
stored at -20°C. The samples were weighed as
previously described and microscopically observed;
afterward, the conchocelis biomass was placed back
into the respective cultures, to not skew the results.

In indoor trials, the total biomass was only ' 4

weighed at the beginning (To) and end of the trials

i
Ay L iy s

Figure 31. Sieves used in the trials.
In most of the weighings, a smaller
sieve was used (above); yet, for the

opened at maximum flow and the system in function (to  final weighings of PERs, it was used
a bigger one (under). ©Inés Oliveira

(Taweeks). Weekly, weight assessment was done by

collecting a 1 L sample from the culture: with the tap

promote movement and homogeneity of the culture

along the water column). The sample was collected to a beaker, filtering the culture
(similarly to outdoor trials) and estimating the total weight by extrapolation of those
results. For the final weighing, the sieve used was different from the one used in outdoor
trials or the beginning/weekly estimates, due to the bigger volume of culture in the PBRs
(Figure 31).

2.9.Cleaning, disinfection and contamination control

All the equipment used in the manipulation of the cultures was sterilized by
autoclave or cleaned and disinfected accordingly to the protocol of clean and disinfection
described in Biorisk Management. Dirt and/or organic matter were emoved, the material
was rinsed with freshwater, disinfected with a 5% solution of sodium hypochlorite, and a
70% ethanol solution for materials not resistant to sterilization. After each weighing in
the exterior, the tanks were also cleaned and disinfected before restocking them. To
keep the cultures healthier and cleaner of contaminations, the outdoor cultures were

submitted to an internal cleaning procedure.
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2.10.0Observations and sampling

Along with weighing procedures, the cultures were observed macroscopically.
Three samples from each tank/PBR were collected and analyzed at the microscope,
intending to observe the coloration of the cultures, structures observed (conchocelis,
conchosporangia and/or blades) and contaminations (microalgae, ciliates and other
contaminators). Photographic registers were taken from macro and microscopic
observations.

To ease the analysis of the quality of the biomass, the following qualitative
“Quality and Contamination scale” was created, where "Very Good” corresponded to the
best biomass and “Satisfactory” the worst (Table 8). For each ftrial, the quality of the
biomass was considered at the beginning (T,), after two weeks (at the moment of stock
density adjustment) (Taweeks) @and at the end of the trial (Tsweeks) It was also created the
variable “Changes in Quality” with three degrees (Changes in quality = Quality at the
ending—Quality in the beginning), where:

“No change” corresponds to Changes in quality = 0
“Small change” to Changes in quality = +1

“Big change” to Changes in quality = +2

For indoor trials, since stocking density adjustment did not include collecting
biomass and not bias the growth results, sampling for biochemical analysis was only
collected from the starter cultures and the final biomass (a sample from each PBR and
trial in the last case). In outdoors, since stocking density adjustment implied collecting
biomass, a sample from each tank and trial was collected whenever the stocking density
adjustment was performed and at the end of the trials. Samples of 50 g (fw) were stored
at -20 °C for further biochemical analysis. Tables following in “ANNEX 1 and ANNEX 2”

summarize the adjacent tasks in trials.

63



Table 8. Quality and Contamination scale

Parameters/Level

Very Good

Good

Satisfactory

MICROscopic observations

Conchocelis filaments

Fine filaments well
outlined and discernible

Fine filaments, generally
well outlined and
discernible

Ruptured cells or damaged
filaments, general difficulty
identifying the margins

100um

Not detected or no
significative presence

Presence of some (up to
10 per 10x field)

Presence of many (more than 10
per field)

Microalgae

V‘ZOOum

Not detected or no
significative presence

The occasional presence
of microalgae

Many blots

Cyanobacteria

%
.

b &1

Y

200um

Not detected or no
significative presence

Few blots (less than 40%
coverage)

Many blots (more than 40%
coverage)
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Satisfactory

Good

Very Good

Parameters/Level
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2.11.Biochemical analysis

For biochemical analysis, samples were freeze-dried and stored at -80 °C until
the analysis. Samples were also taken for fatty acid analysis and elementary analysis
(determination of N, P and C content), but it was not possible to accomplish these results
during the time of the internship. The analysis took place from 27" April of 2021 to 27"
May of 2021, at Mass Spectrometry Center, Chemistry Department, University of Aveiro.

2.11.1.Ash content determination

Before the ashes determination, porcelain crucibles, (one per each sample)
already identified, were incinerated at 575 °C for 6 h and let for cool overnight before
opening. The porcelain crucibles were weighted and 250 mg of sample were weighed
and placed in the muffle at 105°C for 20h. After the muffle dry period, the crucibles were
let in a dissector for at least 30min to cool and then weighed the dried biomass and

calculate the moisture content (value not considered for the final results of this work):

. dry sample weight
Moisture (%) = — 2P 2292 5 100
initial sample weight

For ashes determination, the crucibles were put in the muffle and submitted to
the following furnace temperature ramp program: ramp from room temperature to 105
°C and hold it for 12 min; ramp to 250 °C at 10 °C.min"" and hold it for 30 min; ramp to
575 °C at 20 °C.min"' and hold it for 360min; allow the temperature to drop to 105 °C
and hold it until the samples were removed. After opening the muffle, the crucibles were

let in a dissector for at least 30min to cool and then weighted to calculate the ashes:

Final weight
Ash (%) = 9 x100
Dry sample weight
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2.11.2.Lipid extraction procedure

Using a modified Bligh & Dyer (1959) method, 3.75 ml of
dichloromethane/methanol (1:2) were added to 100 mg of conchocelis in a PIREX tube,
vortexed for 2 min and incubated by an hour in the orbital shaker, vortexing three times
during the incubation. The mixture was centrifuged at 2000 rotations per minute (rpm)
for 10 min, and the organic phase (supernatant) was collected to another PIREX tube.
The solid phase was re-extracted with 3.75 ml of dichloromethane/methanol (1:2),
homogenized by vortexing for 2 min, centrifuged at 2000 rpm for 10 min and the
supernatant was collected to the same PIREX tube, which was dried under a stream of
nitrogen gas.

To remove the non-lipid contaminants from the dried organic phase, it was
added 2ml of dichloromethane and 2 ml of methanol, homogenized by a 1 min vortex,
and 1.8 ml of Mili-Q water, followed by vortexing for 2 min. The mixture is then centrifuged
at 2000 rpm for 10 min and the organic (lower) phase is collected to a new PIREX tube,
re-extracting the aqueous phase with 2ml dichloromethane, vortexing for 2 min, and
centrifuging at 2000 rpm for 10 min. The organic phase from this step was collected to
the same tube as before and the combined organic phases were dried under a stream
of nitrogen gas.

Afterward, the organic phase, total lipid extract, was transferred to dark vials,
previously pre-heated at 100 °C for two hours and cooled in the desiccator for at least
30 min. 500 pl of dichloromethane were added to the organic phase tube, vortex and
transferred to dark vials. This procedure was repeated to recover all lipid extract. The
lipid extract content of the vials was dried under a stream of nitrogen gas, and total lipid
content was calculated by the difference of the weighted vials with the lipid extract and

the pre-weighed vials.

2.12.Data Analysis

The results analyzed corresponded to vegetative growth, abiotic conditions,
environment (indoor/outdoor), the origin of the biomass, apply of treatment x, quality of
the biomass/changes in quality and biochemical analysis (ashes and lipid content). All
samples were analyzed in ftriplicates (corresponding to the tanks/PBR replicas).
Vegetative growth was analyzed according to two parameters — Yield and Relative

growth rate (RGR) - calculated by the following formulas:
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Wf-wi
VolumexTime

Yield (g.1.d~1) =

RGR (%.d~1) = 20207 +q00
Where Wf refers to the final fw (g), Wi refers to the initial fw (g), volume to the
volume of the cultures (L) and Time to the days from the initial weight up to the final
weight. Yield (g.1.d™1) refers to fresh weight biomass produced per litter per day; RGR
(%.d~1) refers to the relative increase of fresh weight per day. Yield and RGR were
calculated by trials and by halves. By halves, it is understood the moments from the
beginning of the trial to stock density adjustment and from the moment to the end of the

trial, where:

Yield 0-14 (g.1.d™1) refers to biomass produced per litter, per day, from the
beginning of the trial up to the moment of stock density adjustment;

Yield_15-28 (g.1.d™1) refers to biomass produced per litter, per day, from the
moment of stock density adjustment to the final of the trial;

RGR_0-14 (%.d™1) refers to the relative increase of fresh weight per day from
the beginning of the trial up to the moment of stock density adjustment;

RGR_15-28 (%.d™1) refers to the relative increase of fresh weight per day from

the moment of stock density adjustment to the final of the trial.

For the parameters by trials (RGR_trial and Yield_trial), Yield_trial is calculated:

(Yield_0—14 * Time_0—14)+(Yield_15—28 * Time_15-28)
Time

Yield_trial (g.l.d™1)=

Quality of the biomass and Changes in Quality were described by absolute and
relative frequency tables. Inferences of dependency of these variables with Environment,
origin of the biomass and Treatment were verified with Qui-square tests, considering T,
Toweeks,» and Tyyeers fOr quality of the biomass and the Changes in quality between
Taweexs @and Ty. Growth parameters (Yield_0-14, Yield _15-28, Yield trial, RGR_0-14,
RGR_15-28 and RGR_trial) and abiotic conditions (salinity, temperature, pH, PFD and
photoperiod) were described by meantstd dev by trial and per environment, and

inferences were verified separating the results by environment (indoors and outdoors).
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Differences between trials for each variable were studied by One-way-ANOVA after
verifying the assumptions, as differences between Yield_0-14 and Yield_15-28, and
between RGR_0-14 and RGR_15-28, to understand if the performance of growth tends
to differentiate with time. The influence of treatment x and origin of the biomass on the
growth parameters and on the differences between times were studied by Two-way
ANOVA tests after verifying the assumptions.

The correlation between the vegetative growth and abiotic conditions was
analyzed for the parameters showing significant differences, to conclude if there was an
influence of abiotic factors on the growth. The relationship between vegetative growth
and changes in quality/quality of the biomass at Ty,,..xs, and abiotic conditions (with
significant differences between trials) and “Changes in quality” and “Quality of the
biomass” at Taweeks Was studied by Qui-square tests, to observe if trials with higher yield
and/or growth rate had worse quality/more contaminations or, on the contrary, the quality
was better when the cultures had better growth performances. For PFD in outdoor
conditions, it was studied an additional correlation between the measured values (mean
per trial) on the tanks and the values from HIDROMOD (mean of eight measures per day
from the days corresponding at each trial) and settled by the light exposure reduce or
not.

In outdoor conditions, it was hard to adjust the abiotic conditions, since they are
majorly dependent on the environment and connected: in warmer and drier months in
Ria de Aveiro, temperature, PFD and photoperiod are usually higher, as salinity, due to
evaporation from the heat (Rebelo, 1992); in colder and wet months, temperature, PFD
and photoperiod are usually lower, as salinity, due to the rain (Rebelo, 1992). Towards,
the relationship between and other variables were analyzed in two ways: analyzing each

factor singularly, and the abiotic conditions (AC) as a block:

AC = Salinity * Temperature * pH * PFD * Photoperiod

Differences in ashes and lipid content during the three moments of measuring
were studied by One-way-ANOVA tests (assumptions assured). Differences in To
content according to the biomass used (P3 SD or P3 LD) were analyzed by One-way-
ANOVA tests, and the influence of environment, use of the treatment x and biomass
used on the increase/decrease during each measurement was analyzed by three-way-
ANOVA tests (assumptions assured). A 5% level of significance was considered.
Statistic analysis was performed recurring to IBM SPSS Statistics 25 (Corporation,

2017). All graphics were created using Microsoft Office®.

69



IV.Results

This chapter includes all the results corresponding to the post-preliminary trials
(indoors 3PBR, 4PBR, 5PBR and 6PBR and outdoors 3T, 4T, 5T, 6T, 7T and 8T). the
results for quality of the biomass, abiotic conditions, growth parameters and biochemical
analysis odf the preliminary trials (1T, 2T and 1PBR) were not considered in this chapter
since the importance of them was the decision of the methodology used (number of water
renews/nutritional supplementation; periodicity of abiotic conditions measuring; weight

assessment; stock density adjustment periodicity and procedure.

1.Quality of the Biomass (based on the Quality and
Contamination scale)

Figure 32 and Table 9 show the results for quality. In Figure 32 A, it is possible
to observe that the quality at Todepended on the origin of the biomass (Pvalue < 0.001),
since quality in all of the P3 LD trials were “Very good” and “Good” in P3 SD ones (To);
also, the results at Toweeks and Taweeks Were similar (the replicas “Good” and “Satisfactory”
at Toweeks are the same as these classifications at Ts weeks).

The quality of the biomass at Toweeks and Taweeks Was influenced by the
environment (Pvalue = 0.025) and biomass used (Pvalue = 0.025), but not for treatment
x (Pvalue = 1.000). Crossing the results at Taweeks With the environment (Figure 32 B) it
is possible to see that, independently of the origin of the biomass, the quality in indoor
trials was “Good” at Taweeks; Yet, in outdoor trials, it was “Good” in all the trials and replicas
with P3 LD, “Satisfactory” in six cases of P3 SD and Good on the other six, corresponding
to the trials from 18" May to 17" August (3T and 4T) and 23™ November to 21¢
December (7T and 8T), respectively (Figure 32 C).
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Figure 32. Results of the Quality of the biomass at differentes times of trial and by trial conditions (biomass
used and environment)
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Table 9. Quality of the biomass at different times of trial by trial conditions (Biomass used, Treatment x
and Environment). *Categories influenced the quality of the biomass (Pvalue < 0.005).

Quality

_ Very Good Good Satisfactory fo!

Categories . 7 . 7 . 7 = 7
_ ) P3 SD 0 0% 18 100% 0 0% 18 67%
Flomass P3 LD 12 100% O 0% 0 0% 12 33%
Yes 6 3% 9 67% 0 0% 15 50%
C freatmentx No 6 3% 9 67% 0 0% 15 50%
_ Outdoor 6 3% 12 67% 0 0% 18 67%
Fvironment Indoor 6 50% 6 50% 0 0% 12 33%
Total 12 40% 18 60% 0 0% 30 100%
_ ) P3 SD 0 0% 12 67% 6 33% 18 67%
Flomass P3 LD 0 0% 12 100% 0 0% 12 33%
Yes 0 0% 12 80% 3 20% 15 50%
§ freatmentx No 0 0% 12 80% 3 20% 15 50%
= ) Outdoor 0 0% 12 67% 6 33% 18 67%
Fvironment Indoor 0 0% 12 100% 0 0% 12 33%
Total 0 0% 24 80% 6 20% 30 100%
_ ) P3 SD 0 0% 12 67% 6 33% 18 67%
plomass P3 LD 0 0% 12 100% 0 0% 12 33%
Yes 0 0% 12 80% 3 20% 15 50%
§ freatmentx No 0 0% 12 80% 3 20% 15 50%
= _ ) Outdoor 0 0% 12 67% 6 33% 18 67%
Fvironment Indoor 0 0% 12 100% 0 0% 12 33%
Total 0 0% 24 80% 6 20% 30 100%
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Regarding the changes in the quality (Table 10) during the trials, the results
showed that 12 samples (40%) suffered “No change” (Changes in quality = 0) and the
remaining 18 (60%) suffered a “Small change” (Changes in quality = 1). There were not
any samples presenting a “Big change”. Inference about proportions showed significant
differences between the changes in quality and the origin of biomass: P3 SD suffered
No change in 67% of the cases and a Small change in 33% of the cases, while all of the
samples of P3 LD suffered a Small change (Pvalue < 0.001). There were no significant
differences between the percentage of cases with no changes (40% suffered “No
change” and 60% suffered “Small change”) when biomass was treated or not; 33% of
the cases in outdoor conditions suffered “No change” and the remaining 67% suffered a
“Small change”, with no significant differences to the 50% in indoor conditions for each
change.

Table 10. Changes in Quality by trial conditions (Biomass used, Treatment x and Environment).
*Categories influenced the quality of the biomass (Pvalue < 0.005).

Changes in Quality

No change Small change Big change
Trial TOTAL
(=0) (1) (£2)
Conditions
n % n % n % n %

* P3 SD 12 67% 6 33% 0 0% 18 67%
:
% P3 LD 0 0% 12 100% 0 0% 12 33%
= Yes 6 40% 9 60% 0 0% 15 50%
3
E
3 No 6 40% 9 60% 0 0% 15 50%
=
E Outdoor 6 33% 12 67% 0 0% 18 60%
£
c
o
g Indoor 6 50% 6 50% 0 0% 12 40%
w

Total 12 40% 18 60% 0 0% 30 100%
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2.Abiotic Conditions and Growth Parameters

Mean and standard deviation (meanzsd) of the abiotic factors are discriminated
in Table 11, with the respective results of the inference of significative differences in
salinity (F = 70.477, with 12 df), temperature (F = 3.578, with 12 df), pH (F = 13.153, with
12 df), PFD (F = 26.263, with 12 df), and photoperiod (F = 4843.013, with 12 df), between
indoor and outdoor conditions and within trials. Outdoor (salinity = 32.57 + 3.31 ppt;
temperature = 1853 + 10.53 °C; pH = 790 £+ 0.31; PFD = 76.33 = 39.90
umol. photons.m™2s~1; photoperiod = 11.37 + 2.38 hours of light) and indoor abiotic
conditions (salinity = 33.68 + 2.20 ppt; temperature = 15.75 + 1.61 °C; pH = 7.43 £ 0.47;
PFD = 24.02 + 19.57 ymol.photons.m?s™"; photoperiod = 16.00 + 0.00hours of light)
showed relevant differences only in photoperiod (Pvalue < 0.001); yet, within trials of the
same environment, there were differences in all of the measured abiotic parameters in
outdoor conditions, whilst in indoor conditions, differences were only significant for
salinity (Pvalue < 0.05). PFD showed significant differences within replicas in 3T and all
of the indoor trials (sd overloads half of the mean).

The results of mean, maximum and minimum per trial for each abiotic factor
(salinity, temperature, pH, photoperiod and PFD) are shown in Figure 33 and Figure 34,
simplifying the understanding of the variations of the parameters during trials. Ranges
were higher in outdoor trials for all the parameters, except for pH. Salinity was higher at
4T (41.6 ppt); the lowest salinity and temperature values were registered in 7T and 8T
(27 ppt and 8.3 °C, respectively), while the highest water temperature (26.1 °C) was
registered in 3T. pH varied from 6.4 (5PBR) to 8.26 (7T and 8T). PFD registered the
highest values in 3T (302 pymol.photons.photons.m2.s") - vertiginously higher than the
second-highest (93.5 in 4T) — and the lowest in 3PBR (302 pymol.photons.m?2.s™) —
vertiginously lower than the lowest in outdoor trials (29.5 ymol.photons.m2.s™" in 7T and
8T). The highest photoperiod was registered (and constant at this value) in indoor trials
(16 hours of daylight); in outdoor trials, hours of light varied from 8.3 hours (7T and 8T)
to 15 hours (3T).
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Table 11. Abiotic conditions per trial (mean + sd) (significative differences were measured per column (Pvalue < 0.005)). *umol photons.m=2.s™!; **hours of daylight

Abiotic Conditions (mean+sd)

Schedule
Trial n
(starting — ending) Salinity (ppt) T(°C) pH PFD* Photoperiod**

3T 18/05/20 — 15/06/20 36 33.79+2.04%¢ 23.43+2.03° 8.09+0.31° 128.86+95.41° 14.79+0.17¢
4T 20/07/20 - 17/08/20 36 38.00+1.11° 21.64+1.09% 7.74+0.26° 71.10+25.12° 14.23+0.28°
5T 19/10/20 - 16/11/20 36 32.44+1.54° 17.12+1.94% 8.07+0.16° 67.53+22.35° 10.384+0.35°
6T 19/10/20 - 16/11/20 36 32.01£1.08° 16.83+1.75%° 7.99+0.21%¢ 67.26+21.89° 10.384+0.35°
7T 23/11/20-21/12/20 36 29.53+1.99¢ 14.35+2.66° 7.814+0.31% 62.28+25.96° 9.37+0.14°
8T 23/11/20-21/12/20 36 29.63+2.00° 14.40 £ 2.66°¢ 7.74+0.33° 61.61+26.56° 9.37+0.14°
Total Outdoors 216 32.57+3.313 18.53+10.5349b¢ 7.904+0.31904 76.33439.90%b¢ 11.37+2.38°¢

3PBR 14/05/20 — 08/06/20 15 30.91+0.49 17.08+0.97% 7.47+0.507¢

4PBR 13/07/20 - 10/08/20 15 35.03+1.74% 17.23+0.85% 7.2940.46%

5PBR 19/10/20 - 16/11/20 15 35.82+0.977 14.42+0.92" 7.8140.52b4 24.02+19.57¢ 16.00+0.00

6PBR 23/11/20-21/12/20 15 32.97+0.71° 14.28+0.15" 7.80+0.38%¢

Total Indoors 60 33.68+2.20%°° 15.754+1.614P¢ 7.4340. 47%b4
Total 276 32.81+3.13%¢ 18.01+9. 409b¢ 7.8040.40%b4 64.97+41.35%¢ 12.3742.849
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Minimum, Maximum and Mean of Salinity, per trial
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Figure 33. Minimum, Maximum and Mean of Salinity (ppt), Temperature (°C), pH and Photoperiod
(hours of daylight) per trial
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Minimum, Maximum and Mean of PFD, per trial (except 3T)

96
. H H H M5 (185 e -0 qE0 .l
4T 5T 6T 7T 8T 3PBR 4PBR 5PBR 6PBR

Indoors
Omin mMax mmean

Minimum, Maximum and Mean of PFD in 3T

300
200
100
0
3T
Outdoors

Omin mMax mmean

Figure 34. Minimum, Maximum and Mean of PFD (umol.photons.m=2.s™") per trial (3T was
separated from the other trials since the scale of the results was very different from the other ones).

Figure 35 displays meanztsd for Yield_0-14, Yield_15-28, Yield_trial RGR_0-14,
RGR_15-28 and RGR _trial in indoor and outdoor. Indoor growth parameters (Yield_0-
14 = 0.84 + 0.27 gL.71d™?; Yield_15-28 = 0.28 + 0.17 gL 1d; Yield_trial=0.55 + 0.09
gl-1d™1; RGR_0-14 =9.94 +2.58 %d~!; RGR_15-28 =3.06 + 1.93 %d~'; and RGR _trial
= 6.36 + 0.69 %d~1) were significantly higher (Pvalue < 0.005) than the outdoor ones
(Yield_0-14 =0.25 £ 0.09 gL.-1d"1; Yield_15-28 = 0.32 + 0.09 gL 1d; Yield_trial = 0.28
+ 0.05 gL71d™1; RGR_0-14 = 4.37 + 1.3 %d™!; RGR_15-28 = 5.47 + 0.86 %d~! and
RGR trial = 4.92 + 0.78 %d™!), except Yield 15-28 that showed no significant
differences. Table 12 shows meanztsd for the growth parameters per trial, with the results
of the inference of significative differences in Yield_0-14, Yield 15-28, Yield_trial
RGR_0-14, RGR_15-28 and RGR _trial per trial. Within indoors and outdoors trials, there
were also significant differences in all parameters, except in outdoors Yield_15-28
(Pvalue < 0.05).
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Figure 35. Mean * sd of growth parameters (RGR and Yield) in indoor and outdoor trials
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Table 12. Yield and RGR (mean + sd) per halves and trial (significative differences were measured per column (Pavlue < 0.005)).

Yield (gL~ 1d )

RGR by halves (%d™1)

e ! Yield_0-14 Yield_15-28 Yield_trial RGR_0-14 RGR_15-28 RGR trial
3T 3 0.35 + 0.034? 0.32 + 0.084b¢ 0.3340.04% 5.70 4+ 0.30%P 5.30 + 0.90%bcd 5.50 + 0.489
4T 3 0.32 £+ 0.02¢9¢ 0.30 + 0.044b¢ 0.30 + 0.029¢ 5.28 + 0.29%¢ 5.06 + 0.479bcd 5.17 + 0.25%P¢
5T 3 0.09 + 0.044 0.33 + 0.039b¢ 0.20 + 0.04° 1.97 4+ 0.90¢ 5.56 + 0.329b¢d 3.77 + 0.58¢
6T 3 0.26 + 0.02¢ 0.35 + 0.074b¢ 0.30+0.024%¢ 4.53 + 0.22bce 5.81 + 0.80%b4i 5.17 + 0.2949P¢
7T 3 0.29 + 0.02¢ 0.39 + 0.039b¢ 0.3340.03% 4.81 4 0.27bce 6.44 + 0.32¢ 5.63 + 0.299¢
8T 3 0.23 + 0.03¢¢ 0.25 + 0.08%¢ 0.23+0.03%¢ 3.89 + 0.34¢ 4.63 + 1.234bce 4.26 + 0.514¢
Total Outdoors 18 0.25 + 0.09% 0.32 + 0.09%¢ 0.28+0.05%¢ 4.37 +1.30° 5.47 + 0.8694 4.92 +0.78%
3PBR 3 1.18 + 0.01¢ 0.22 + 0.06¢ 0.62+0.044¢ 13.74 + 0.08/ 2.29 + 1.04/" 6.87 +0.64/
4PBR 3 0.48 + 0.04%/ 0.43 +0.08% 0.45+ 0.06%Y 7.00 + 0.399 5.38 + 0.57b49 6.19 + 0.48%</
5PBR 3 0.86 + 0.129 0.42 + 0.099? 0.64+0.07¢ 9.87 + 0.80" 3.94 + (.77¢9M 6.91+0.36/
6PBR 3 0.83 + 0.049 0.05 + 0.02¢ 0.49+0.02¢ 9.13 4+ 0.24" 0.57 +0.32/ 5.46 + 0.26%P9
Total Indoors 12 0.84+0.279 0.28 + 0.17%¢ 0.55+0.09¢ 9.94 +2.58" 3.06 + 1.93¢°" 6.36 + 0.69/9
Total 30 0.49 + 0.34/ 0.31+0.129%¢ 0.39+0.15% 6.60 + 3.35% 4.50 + 1.819%¢ 5.50 + 1.03%
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2.1.Indoor conditions

The results of the parameters of vegetative growth showed a higher yield (F =
7.213, with 3 df) in trial 5PBR compared to trials 4PBR (Pvalue = 0.010) and 6PBR
(Pvalue = 0.036), without relevant differences between the other trial, as illustrated in
Figure 36. RGR was significantly lower in 6PBR when compared with 3PBR (Pvalue =
0.004) and 5PBR (Pvalue = 0.004), without relevant differences between the other trials.

There were significant differences in Yield_trial between P3 SD and P3 LD
(Pvalue = 0.047), as between treated and not treated biomass (Pvalue = 0.005), without
interaction between the two factors (Pvalue = 0.365), showing higher values in P3 LD
(Yield_trial = 0.57 + 0.09 gL~1d1) than in P3 SD (Yield_trial = 0.53 + 0.10 gL-1d™1).
Treated biomass had lower values (Yield_trial = 0.47 + 0.05 gL.-td™?) than not treated
(Yield_trial = 0.62 £ 0.09 gL-1d"1). For RGR _trial (F = 11.957, with 3 df), there were only
significant differences for treatment x (Pvalue = 0.001), corroborating with the inference
for Yield_trial: better performance when biomass was not treated (RGR _trial = 6.90 +
0.12 %d~1) than when treated (RGR_trial = 5.83 + 0.21 %d1).

Yield_trial in indoor conditions
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Figure 36. Mean * sd of the growth parameters (Yield_trial and RGR _trial) in outdoor trials (stripped
bars match trials with treated biomass)
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2.1.1.Relationship between Quality, Abiotic Conditions and
Growth

As previously indicated, differences in abiotic conditions in indoor conditions
were just registered in salinity: 3PBR showed the lowest values of salinity (30.9 + 10.49
ppt) and 6PBR the second-lowest (32.97 + 0.71 ppt). 4PBR and 5PBR showed no
significant difference between themselves, presenting with the highest salinity levels
(35.03 £ 1.74 ppt and 35.82 £ 0.97 ppt, respectively) (Figure 37).

Abiotic Conditions in indoor trials
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Trials / Trial conditions

@ Salinity mTemperature mpH BPFD 0OPhotoperiod

Figure 37. Mean * sd of the abiotic conditions (Salinity in ppt, Temperature in °C, pH, PFD in
umol.photons,m2.s™!, and Photoperiod in hours of daylight) in indoor trials (stripped bars match trials
with treated biomass)

In PFD, it was verified relevant variations within replicas, as shown for the
values of standard deviation, due to the differences of light intensity in the different spots
of measurement (Figure 38); yet, PFD was constant within replicas and trials in each
spot. Photoperiod was also constant within trials and replicas (16 + 0.00 hours of daylight.
Although temperature and pH did not show significant differences within trials, it was
studied the relationship between them (along with salinity), quality and growth, since the

variations in these values were registered during the trials and not in the initial value.
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PFD in different spots of measure in the PBRs
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Figure 38. PFD (mean + sd) in the different spots of measurement. Standard deviation refers to the
variation within replicas. These values were constant during the trials and between trials.

It was not possible to establish a relationship between salinity and temperature
and Yield_trial or RGR _trial (Pvalue>0.096) or pH and Yield_trial (Pvalue=0.056), but
there was a good positive relationship between pH and RGR _trial (r? = 0.695, Pvalue =
0.002). The initial pH in these trials was similar in all the trials (Pvalue=0.819) and lower
at the end (Figure 39), suggesting that the decrease over the weeks has a negative

influence on RGR _trial.

Evolution of the pH during trials
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Figure 39. Evolution of pH by trials. O=starting of the trial, 1= 15t weighing, 2=2"¢ weighning, 3=3" weighing,
4=final of the trial

Since the final Quality in indoor was similar in all trials, the relationship between
Quality and RGR _trial and Yield_trial was verified by the change in quality, showing that
both parameters were lower when there was a “Small change” and higher when occurred
“No change”; yet these results of change in quality coincide with the trials with biomass

of P3 LD, where growth parameters were lower. “No change” was verified in 100% of the
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cases when using P3 SD, while “Small change was noticed in 100% of the samples of
P3 LD, showing dependency between Change in Quality (Qui-square = 12,00, with 1 df,
Pvalue = 0.001). The influence of pH in the Change of quality (F = 0.005, with 1 df)

showed no significant differences (Pvalue = 0.543).

2.1.2. Differences between halves on RGR and Yield
Looking at the results of Yield and RGR on the first and second halves in indoor

conditions (Figure 40), it is possible to see there were differences between halves for
both growth parameters, showing higher performances in the first half. Within trials, the
first half on Yleld showed better results than the second half (F = 71.319, with 5 df), with
significant differences in all of the indoor trials (Pavlue > 0.001), except for 4PBR (Pvalue
= 0.975). Analyzing the influence of treatment x and origin of the biomass in these
factors, P3 SD and P3 LD showed no differences between themselves; yet, there was
an influence of the interaction of both factors: while P3 SD trials showed more
homogeneity with treated biomass (corresponding this trial to the one without significant
differences between halves), trials with P3 LD showed higher differences when the
biomass was treated.

For RGR, the first half also showed better results than the second half (F =
131.169, with 5 df), with significant differences in all of the indoor trials (Paviue > 0.001),
except for 4PBR (Pvalue = 0.080). Analyzing the influence of treatment x and origin of
the biomass in these factors, and similarly to what was observed in Yield, P3 SD and P3
LD showed no differences between themselves; but, while P3 SD trials showed more
homogeneity with treated biomass (corresponding this trials to the one without significant
differences between halves), trials with P3 LD showed higher differences when the
biomass was treated. The relationship between parameter growth and Quality of the
biomass/Changes in Quality was not analyzed for Taweeks and Taweeks Since they obtained

similar results.
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Yield (mean + sd) biweek per trial and total in indoor conditions
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Figure 40. Comparison between Yield_0-14 and Yield_15-28 and RGR_0-14 and RGR_15-28 in
indoor conditions (stripped bars match trials with treated biomass)

Figure 41 compares the daily growth in indoor trials considering the RGR of the
first and second halves and the RGR of the trials (calculated by the total weight at the
end and the beginning). In Figure 41 A, RGR is presented in all of the trials (except in
4PBR) with a major break after two weeks, indicating almost a stagnancy on growth in
the second half; Figure 41 B shows the prediction of weight evolution if RGR was similar

during all trial.
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A. Weight evolution (%) calculated by RGR in the first and second
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Figure 41. Weight evolution connsidering the RGR per halves (A) and RGR_trial (continuous lines
correspond to P3SD and dashed lines to trials with P3LD; trials without markers correspond to not
treated biomass and with square markers to treated one).

2.2.Qutdoor conditions

Regarding yield, results showed similar values (F = 10.112, with 7 df) in trials
3T (Yield_trial = 0.33 + 0.04 gL~'d™1), 4T (Yield_trial = 0.30 + 0.02 gL 1d™!), 6T
(Yield_trial = 0.30 + 0.02 gL™'d™!), and 7T (Yield_trial = 0.33 + 0.03 gL 1d™1),
(Pvalue>0.768). 5T (Yield_trial = 0.20 + 0.04 gl~'d~1) and 8T (Yield_trial = 0.23 + 0.03
gL-1d~1) were significantly lower (Pvalue = 0.706), although 4T and 6T did not show
significant differences from 8T (Pvalue > 0.114). 5T and 8T did not show significant
differences between them (Pvalue = 0.820).

Regarding RGR and corroborating the Yield results, trials 3T (RGR_trial = 5.50
+ 0.48 %d"), 4T (RGR_trial = 5.17 £ 0.25 %d™"), 6T (RGR_trial = 5.17 + 0.29 %d™" and
7T (RGR _trial = 5.63 + 0.29 %d™) (Pvalue > 0.919). 5T (RGR_trial = 3.77 + 0.58 %d"")
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and 8T (RGR _trial =4.26 +0.51 %d"") were significantly lower (Pvalue = 0.692), although
4T and 6Tdid not show significant differences from 8T (Pvalue > 0.163) (Figure 42).

Yield_trial in outdoor conditions
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Figure 42. Mean * sd of growth parameters (Yield_trial and RGR_trial) in outdoor trials (stripped bars
match trials with treated biomass).

The inference on the influence of the origin of the biomass and treatment on the
vegetative growth (F = 9.343, 7 df) showed significant differences in Yield_trial between
P3 SD and P3 LD (Pvalue = 0.018), with better results in P3 SD (Yield_trial = 0.30 £ 0.05
gl-1d™1) than P3 LD (Yield_trial = 0.25 + 0.06 gL 'd~!). There was no influence of
treatment x on the Yield_trial results (Pvalue = 0.364), but there was an influence of the
interaction between the two factors (Pvalue < 0.001): there were better results in P3 SD
when the biomass was not treated (3T and 7T), while there were better results in P3 LD
when it was treated (6T).

The results for RGR _trial were similar to the other parameter: there were
significant differences in RGR_trial between P3 SD and P3 LD (Pvalue = 0.016) showing
better results with P3 SD (RGR _trial = 5.140 + 0.14 %d~!) than with P3 LD (RGR_trial =
4.468 + 0.20 %d~1). Treatment x did not influence RGR _trial results, but the inference
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showed an interaction between the two factors: there were better growth results in P3
SD when the biomass was not treated (3T and 7T), while there were better results in P3

LD when it was treated (6T), corroborating with the Yield_trial results.

2.2.1.Relationship between Quality, Abiotic Conditions and

Vegetative Growth
Outdoor trials showed significant differences in all abiotic conditions, without

differences in any parameter between 5T and 6T and 7T and 8T (Figure 43). Salinity was
lower in 7T and 8T (29.53 + 1.99 ppt and 29.63 £ 2.00 ppt, respectively) and higher in
4T (38 £ 1.11 ppt), with similar values for 3T, 5T and 6T (33.79 + 2.04 ppt, 32.44 + 1.54
ppt and 32.01 + 1.08 ppt, respectively). 7T and 8T registered the lowest temperatures
(14.35 £ 2.66°C and 14.40 + 2.66°C); the rest of the trials registered similar temperatures
(3T =23.43+2.03°C,4T=21.64 £0.09°C,5T=17.12+1.94°C and 6T = 16.83 £+ 1.75
°C), 6T being similar also to 7T and 8T. pH was higher in 3T, 5T and 6T (3T = 8.09
0.31,5T =8.07 £0.16 and 6T = 7.99 + 0.21) and lower in the rest of the trials (4T =7.74
+0.26,7T=7.81+0.31and 8T =7.74 £ 0.33), although 6T and 7T showed no significant
differences between themselves. Photoperiod was higher in 3T (14.79 + 0.17 hours of
daylight) followed by 4T (14.23 + 0.28 hours of daylight), 5T and 6T (10.38 + 0.35 hours
of daylight in both trials), with the lowest values in 7T and 8T (9.37 + 0.14 hours of
daylight).

Similar to what was noticed in indoor trials, PFD was the only parameter with
significant variations within replicas, although in outdoor trials only registered in 3T.
although standard variations are high in every trial (also due to the differences between
the measurement spots — above the water and immediately under), in 3T, PFD
measurements above the water varied from 61 to 430 ymol.photons.ms™" above the
water, and 25 to 192 pymol.photons.m?s™' immediately under. PFD was higher in 3T
(128.86 + 95.41 ymol.photons.m2s™") and similar in all the other trials (4T =71.10 £ 25.12
umol.photons.m?s!, 5T = 67.53 * 22.35 pmolm?3s', 6T = 67.26 * 21.89
umol.photons.m?s™!, 7T = 62.28 + 25.96 pymol.m?s' and 8T = 61.61 * 26.56
umol.photons.m2s").
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Salinity, Temperature, pH and photoperiod in outdoor trials
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Figure 43. Mean * sd for abiotic conditions (Salinity in ppt, Temperature in °C, pH, PFD in
umol.photons.m2.s™!, and Photoperiod in hours of daylight) in outdoor trials (stripped bars match trials with
treated biomass)

Comparing the results of PFD measured in the tanks during the trials with the
mean values of PFD registered by Hidromod in the days corresponding to each trial, it is
possible to establish a perfect relationship (r?=1) between the values registered in the
tanks when reducing light intensity (3T and 4T, corresponding to the time from 18" May
to 15" June and 20™ July to 17" August 2020) and a very good relationship (r?=0.99)
when not reducing it (5T, 6T, 7T and 8T, corresponding to the time from 19" October to
16" June and 23 November to 215t December 2020). The models predict PFD in tanks
= 0.51 (PFD in Hidromol) - 544.75 umol.photons.m?s™, for the trials reducing light
intensity and PFD in tanks = 0.04 (PFD in Hidromol) + 52.39 uymol.photons.m2s" for the
trials without reducing it, showing a more accentuated cleavage when using the protocol
(Figure 44).
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A. Relationship between the data of PFD on hidromol and the
values measured on the tanks with decrased light intensity
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Figure 44. Relationship between the data of PFD on hidromol and the values measured on the tanks
with (A) and without decrased light intensity (B). (*PFD in umol.photons.m?s™)

It was not possible to establish a relationship between vegetative growth
parameters (Yield_trial and RGR _trial) and any abiotic factor in outdoor conditions (F =
4.237, 5 df, Pvalue > 0.128 for Yield_trial, and F = 3.427, 5 df, Pvalue > 0.128), nor
between vegetative growth parameters and AC (F = 3.813, 1 df, Pvalue > 0.069 for
Yield_trial, and F = 2.723, 1 df, Pvalue > 0.118). Analyzing the results of the inference of
Quality at the ending of the trials, as the Change in Quality, with Yield_trial and
RGR _trial, it was also not possible to establish any relationship between quality and
vegetative growth (Pvale > 0.068).

Since the initial results of quality were similar when using biomass with the same
origin (Good in P3 SD and Very Good in P3 LD), when analyzing the results separated
by origin, the results of inference are similar for “Quality at the ending” or “Change in
quality”. Contrary to indoor conditions, there were different results of final quality/change
in quality in trials using biomass with the same origin, for P3 SD trials. As previously
shown in Figure 32 C, two of the trials with P3 SD (3T and 4T) presented as “Satisfactory"”
at the end of the trial, while the other two (7T and 8T) presented as “Good", when both

started as “Good”. Considering these, the results showed that AC, the origin of the
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biomass and quality at the ending of the trials are related (F = 9.374, 2 df, Pvalue =
0.002): while P3 LD trials had the same quality at the end (“Good”, presenting “No
Change” in both trials), “Satisfactory” (Small Change) and “Good” (No Change) P3 SD
trials at the end correspond to statistically different means of AC (AC = 10426087.36 and
AC = 3538940.40, respectively).

2.2.2 Differences between halves on RGR and Yield

Contrarily to what was noticed in indoor conditions, there were no differences
between halves in growth (both for Yield and RGR), except for 5T. Unlike in indoor trials,
5T shows a higher Yield and RGR in the second half than in the first one (Figure 45).

Yield (mean + sd) biweek per trial and total in outdoor conditions
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Figure 45. Comparison between Yield_0-14 and Yield_15-28 and RGR_0-14 and RGR_15-28 in
indoor conditions (stripped bars match trials with treated biomass)
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3.Biochemical analysis

3.1.Ashes Content

The following table (Table 13) shows the results of ash content in percentage
of dry matter (%DM), per trial at To, Toweeks (Only for outdoor trials) and Taweeks. There were
differences between To, Toweeks aNd Taweeks: ashes content, at Taweeks, IS significantly
higher than in the start (Pvalue < 0.001); ash content, at Taweeks, iS significantly lower than
after two weeks (Pvalue = 0.009), but significantly higher than at the beginning (Pvalue
<0.001).

Table 13. Mean + sd of ashes content (%DM) per trial at To, Toweeks and Taweeks. (Significative differences
were found between ash content at To, Taoweeks @nd Taweeks- (Pvalue < 0.005)

Ashes content (% DM)

Trials To Toweeks Taweeks
3T 62.37+1.19 63.52+2.08 63.00£0.07
4T 54.87+1.15 59.56+1.88 51.93%0.18
5T 59.94+0.67 65.6240.28 60.55+1.07

% 6T 59.94+0.67 64.04%3 .82 63.10%2.61
§ 7T 52.5043.12 63.57+1.54 64.78+1.54
8T 52.5043.12 68.25+1.92 65.18+1.07

outtztj‘c')rs 56.78 + 4.34 64.09+3.25 61.42+4.77

3PBR 55.82+1.75 61.84+0.89

4PBR 54.87+1.15 55.6042.07

2 5PBR 59.94+0.67 _ 60.29+4,15
é 6PBR 55.03%0.88 66.99%6 25
ol 56.41+2.38 : 61.18+5.41
Total 56.78 £ 3.64° 64.09 £ 3.25° 6133 £ 4.95°
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At To, ash content was different according to the origin of the biomass: P3 SD
(ashes =55.49 + 3.84%) showed a lower percentage than P3 LD (58.71 £ 2.13%). Since
the initial content is different according to the origin of the biomass, the influence of
treatment, origin, environment and abiotic conditions was studied on the difference
between the three moments of analysis: To and Taweeks, T2weeks @nd Taweeks, and To and
Taweeks- The inference on the increase of ashes content from To to Taweeks Showed that the
increase in ash content was influenced by treatment and origin of biomass: while P3 SD
showed a higher increase when not treated (trials 3T, 7T and 3PBR), P3 LD showed a
higher increase when treated (trials 6T and 6PBR) (Pvalue=0.035) (Figure 46).

Comparing the decrease from Taweeks t0 Taweeks (Outdoor trials only) P3 SD
showed a higher decrease when treated (trials 4T and 8T), while P3 LD showed a higher
decrease when not treated (6T) (Pvalue = 0.005) (Figure 46). It was not possible to
establish a relationship between these factors and the increase of ashes content from Ty
and Taweeks (Pvalue>0.267).

Ashes content (%DM) in the start and end of the trials by origin of
biomass and treatment x
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Figure 46. Influence of treatment x and origin of the biomass in the increase of ashes content (%DM).
P3 SD showed a higher increase in the end when not tretaed, while P3 LD’s increase was higher when
treated.
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3.2.Lipid content

The results of lipid content (%DM) per trial are shown in Table 14. There were
no differences between the lipid content (%DM) in the To, Toweks and Taweeks (Pvalue >
0.381). Results showed that the lipid content in the start was not influenced by the origin
of the biomass, showing no differences between P3 LD and P3 SD (Pvalue = 0.228)
(Figure 47). Considering all measurements, since none of the factors showed to
influence it, the biomass showed 4.09 £ 0.88% of lipid content.

Table 14. Mean * sd of lipid content (%DM) per trial at To, Toweeks and Taweeks

Trials To Toweeks Taweeks
3PBR 3.38+0.11 3.94+0.52
o 4PBR 6.16+0.86 4.50+0.28
§ 5PBR 3.71+0.86 - 4.92+0.38
2 6PBR 3.82+0.37 4.27+0.14
total indoors 4.27+1.28 4.41+0.48
3T 4.38+0.69 3.26+0.31 3.70+0.37
4T 6.16+086 4.21+0.44 3.87+0.76
@ 5T 3.71+0.86 4.05+0.06 3.28+0.11
§ 6T 3.71+0.86 3.87+0.09 3.80+0.46
lé 7T 2.90+022 4.32+0.38 4.35+0.55
8T 2.90+0.22 4.57+0.89 4.57+0.39
total outdoors 3.96+1.28 4.04+0.50 3.93+0.53
Total 4.08+1.26 4.04+0.50 4.12+0.56
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Figure 47. Lipid content (mean + sd) by origin of biomass and total, at To, Taweeks @aNd Taweeks

94



V.DISCUSSION

This study presents the first long-term, seasonal and pilot-scale study on the
optimized cultivation of Porphyra umbilicalis conchocelis, a commercially important
seaweed species in Europe, in a land-based IMTA system. The results showed
significant differences in the quality of the biomass at Ty, according to the origin of culture
starter biomass (P3 SD or P3 LD) which was expected since P3 SD cultures suffered
some photoperiod distress before the trials (passing from LD to SD). Photoperiods over
12h have been described as preferable in several free-living conchocelis cultures of
Porphyra/Pyropia (Lu & Yarish, 2011; Redmond et al., 2014; Zhong et al., 2016),
corroborating that a decrease in photoperiod has a negative impact in the cultures,
inhibiting its growth and, consequently, increasing the possibilities for contaminations to
grow.

The results at the end of the trials were also influenced by the origin of the
biomass and by the environment (indoor/outdoor conditions). Besides, the abiotic
conditions in the outdoor tanks suffer more variations than in indoor PBRs, tanks are
more exposed to crossed contaminations due to the top opening, sustaining the results
obtained. The decrease in quality in P3 LD in indoor trials might be explained by the use
of FSW (instead of ASW, used in the company protocols), making the culture medium
less sterile.

Abiotic conditions in indoor trials showed significant differences only in salinity.
Photoperiod, PFD and temperature were controlled by the LD chamber conditions;
temperature, even though, suffered some variations, due to high air temperatures
registered in June, July and August that made the temperatures in the chambers rise.
Salinity variations within trials are explained by the salinity variations in nature, while the
variations during the trials are due to some evaporation over the four weeks and the 40L
added after two weeks. Although pH did not show significant differences within trials, it
suffered some variations during each trial, which can be related to a higher/lower
photosynthetic activity over the weeks.

In outdoor conditions, differences in the abiotic conditions were noticed in all of
the parameters, with more accentuated variations along the trials than in the indoor ones.
Temperature, PFD and photoperiod are dependent on the environment and not
controlled like in the LD chamber; salinity is influenced by variations in salinity from the
capture and more accentuated by precipitation and evaporation, amplified by the small

volumes of the tanks (Hemminger & Hohne, 1894; Rebelo, 1992). pH variations might
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be from variations in seawater pH from the supply, as from differences in photosynthetic
activity during the trials.

Yield_trial and RGR _trial were significantly higher in indoor trials as expected
since the outdoor environment is more subjected to contaminations, abiotic distress
(contrarily to indoors, it is not possible to control temperature, PFD and photoperiod) and
more variations during the trials. RGR in indoors (RGR _trial= 6.36 + 0.69 %.d") was
similar to what was described in the bibliography (6.98 + 0.51 %.d"") (Chopin et al., 1999),
where it was described the use of smaller volumes (up to 10 L) in ASW and weekly
medium changes, indicating that the use of FSW was not responsible for a decrease in
growth. Differences within trials in the same environment were an indicator of the
influence of other factors (treatment, origin of the biomass, or abiotic conditions),
confirmed in the posterior inference.

Indoor inference showed the best results in RGR and Yield for not treated P3
LD biomass (5PBR trial), showing no significant differences between P3 SD and P3 LD,
but worse results in treated biomass, corroborating that treatment x constitutes distress
for the cultures, having a negative impact in growth during four weeks of trial. When
comparing the results of growth with changes in quality and abiotic conditions, it was
only possible to establish a good positive relationship between pH and RGR. Since the
initial pH was similar in all trials, it suggests that the decrease in pH affects negatively
growth. Higher pH values are usually associated with high photosynthetic activity (Blouin
et al., 2007; Redmond et al., 2014), suggesting that photosynthetic activity tended to
decrease during the trials, and, consequently, jeopardizing growth results.
Photosynthesis depends on two variables — COz and light. Insufficient CO. leads to an
increase in pH, whereby pH decrease might be caused by low PFD. Although the PFD
results suited the PFD optimal range described in the bibliography, it is not clear if these
values were obtained on the glass flasks or under the cultures; plus, PBRs walls are
made of polyethylene, which might lead to lower light intensity inside the containers than
in glass flasks.

All the indoor trials had better performances in the first two weeks (except for
4PBR with no significant differences), P3 SD trials showing a less steep drop with treated
biomass (corresponding to 4PBR), while trials with P3 LD showed a higher drop when
the biomass was treated. These results do not agree with what was expected: treatment
x might constitute physiological distress for the cultures at the moment, but it also
contributes to the increase in the SA/V ratio of the cultures, described as an indicator of
better results in nutrient assimilation and consequently better growth performances

(Pereira & Yarish, 2010). Therefore, it was expected that in the first half, trials in which
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biomass was treated might have lower yield and RGR, but showed better performances
in the second half or a less evident decrease.

The results of RGR and Yield between halves in indoor conditions and the
decrease verified in the second half do not corroborate with the results obtained in the
same analysis in outdoor trials. In outdoor trials, (where weight assessment was always
calculated by weighing the total biomass), it showed no significant differences between
the first and second halves, except for 5T, which, contrarily to indoor trials, showed an
improvement in the second half. These results (along with the tendency lines in Figure
41) suggest that indoor RGR_0-14 and Yield_0-14 might have been overestimated,
biased by the adopted method of weighting: the 1 L estimative might over or
underestimate the total weight after two weeks since this estimative assumes a
homogeneity of the culture along the water column that might not be accurate. This might
indicate the adopted methodology on weight assessment not to be the most suitable.

Trial 5T might have suffered the influence of other factors (not enough aeration,
biomass losses by the exit sieves, or overflow from too strong aeration or precipitation);
plus, the value of standard deviation in the first half of both parameters corroborates that
other factors might have been the cause for these results, with one of the replicas
performing as an outlier by default.

The differences in the quality at the end of the trials found between the outdoor
P3 SD trials (3T and 4T versus 7T and 8T) and their relation with the abiotic conditions
can be justified by the different abiotic conditions: salinity, temperature and photoperiod
were higher in 3T and 4T and pH and PFD were higher in 3T than on the other trials.
Results showed that salinity did not influence quality or growth in the range of 20-40 ppt;
yet, conchocelis cultures react better to low PFD (under 50 pmol.photons.m2.s™") and 5-
20 °C temperatures, registering lethal values at 25 °C (Waaland et al., 1987). PFD was
in every trial in outdoor conditions over 50 umol.photons.m=2.s™", but the bibliography is
not clear about the method/depth of the measure. Temperature, on the other hand, was
over 20 °C in 3T and 4T, which might be the reason why the final quality was worse than
in 7T and 8T, where temperatures were under 20 °C, suggesting that 18-20 °C constitute
a “danger range” for conchocelis cultures quality, resulting in discolored cultures and an
increase in contaminations.

Conchocelis showed high ashes content (over 50%), with higher values for P3
LD than P3 SD. According to what was noticed in the micro and macroscopic
observations, P3 SD presents as a mix of conchocelis and differentiated primordial
conchosporangia, conchospores, and microscopic free-floating blades, while P3 LD is

usually more “pure” in conchocelis, suggesting that conchocelis might present a higher
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mineral content than blades and other structures of the life cycle. High amounts of
minerals are usually associated with a higher capacity of inorganic matter (Rupérez,
2002), whereby conchocelis might be excellent for bioremediation.

Indoor and outdoor trials showed similar results, although the ash content was
higher at the end of the trials, suggesting that FSW is richer in minerals, as the biological
nutritional supplementation when confronted with the nutritional option used on the
company protocols. Treatment x seemed to influence ash content: although the results
showed that the increase was lower with treated biomass of P3 SD, in P3 LD the
treatment improved the final results. Considering that P3 SD contains a mix of
conchocelis and other structures, with more heterogeneity of results and that treatment
x improves SA/V ratio, it might increase conchocelis ash content and, consequently,
improve their bioremediation potential. In outdoor trials, where the mineral content after
two weeks was also analyzed, showed that the ash content decreased in the last two
weeks, although higher at the end than at the beginning, suggesting retain
capacity/bioremediation potential decreases with time.

Lipid content found in conchocelis suited the range described in the bibliography
for Porphyra spp. and red macroalgae (0.5-5%) (Sanina et al., 2004). According to the
results, there were no differences between P3 SD and P3 LD, nor did the trial conditions
(treatment x, environment) influence the lipid content of the conchocelis. It was not
possible to find any references to corroborate/refute these results since nutritional

studies in conchocelis are still scarce.
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VI. Final considerations

This work intended to optimize the protocols of biomass production of
conchocelis of Porphyra umbilicalis, in indoor and outdoor conditions, using the company
resources, and to study the viability of producing conchocelis as a final product. The
results showed that conchocelis produced in indoor PBRs had better RGR and yield than
outdoor tanks. The best results were achieved in indoors PBRs with P3 LD not treated
(5PBR, Yield_trial = 0.64 + 0.07 gLd™" and RGR_trial = 6.91 + 0.36%d"); assuming 52
weeks as a year and that each trial has a duration of four weeks (28 days), yearly,
production rounds 157.08+30.59 gL' (results for the studied stock density).

Although indoor trials had better growth performances (RGR and yield) than
outdoor trials, outdoor results are encouraging; abiotic conditions did not show to affect
growth, allowing to produce conchocelis during all year with fewer energy costs (PBR
accommodation requires energy for photoperiod simulation and temperature control).
These results corroborate that outdoor production may be an added value; in the future,
it was interesting to do an economic balance on indoors/outdoors production. P3 SD
conchocelis production could be an important asset for the company in the future, valuing
a by-product of blades production and reducing waste.

One of the weaknesses of this experiment was the difference in abiotic
conditions during the trials when testing different factors (treatment x, biomass used); in
the future, for validation of these results, all the intended factors to test should be tested
at the same time, and during 12 months, so the results about the influence of abiotic
conditions were more reliable; also, it would give a real perspective about the yearly
production. More experiments that would include abiotic conditions of the entire year
could also create a stronger correlation between PFD measurement in the
tanks/HIDROMOL values, and estimate these values only from the HIDROMOL tables
(and possible extrapolation for other tanks at the company).

Upscaling outdoor trials for bigger volumes would also be interesting: working
hours/volume might decrease and it would allow more interesting values of yearly
production. Another factor that could be tested in the future is the time of maintenance
of the cultures in production: testing the influence of time in a longer period allows the
same culture to stay and produce more biomass and might have promising results since
in four weeks there were no significant differences between the first and the second ones
in these trials.

Relying on the possibility of the estimation of total biomass in 1L of culture

biased the results of growth at Taweeks, alternative protocols of weight assessment in
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PBRs should be studied, like image processing and conchocelis area (mm?) as described
in other studies (Lu & Yarish, 2011; Varela-Alvarez et al., 2004). A more trusting weight
assessment method would enable the study of the increase or decrease of the time of
cultures’ maintenance in production. This type of weight assessment could be also useful
in outdoor tanks in bigger volumes, reducing working time and cultures’ manipulation.

Concerning the quality of the biomass, P3 LD presented with better quality than
P3 SD at To; at Taweeks, P3 SD indoor and had better results in indoor trials than in outdoor
trials in general, but similar during 7T and 8T, and P3 LD had similar results
independently of the environment. The previous suggestion of 12 months would also
give stronger results about the final quality of the biomass.

In terms of biochemical analysis, N, P and C determination (as planned) would
have given important results about nutrient assimilation, nutritional profile and
bioremediation potential, which could corroborate conchocelis potential and expand the
range of possible applications (food, cosmetics, biofilters, nutraceuticals,
pharmaceuticals). Plus, the correlation between N content and the colors of quality and
contamination scale, similar to what was done in a previous study with Ulva latuca and
Gracilia gracilis (Robertson-Andersson et al., 2009), allows the assessment of N content
by rapid classification of cultures coloration and validating the created scale.

Both indoor and outdoor, other variables were interesting to be tested: the
performance of isolated conchocelis strains (instead of a mix) and different light
wavelengths, recurring to colored vinyl. Indoors, it would be interesting to test LEDs
instead of fluorescent lights, since it showed to improve growth in conchocelis (Kim et
al., 2019). Since conchocelis had interesting results in PBRs, which typically are used
for microalgae, cultivation in green wall panels or horizontal PBRs. These structures,
along with the tested PBRs, may also be tested in outdoor conditions, reducing electricity
costs and easing cleaning and maintenance actions.

The opportunity to be an intern at a leading land-based IMTA European
company was very rewarding, fulfilling a personal desire of working both with seaweed
and to know more about IMTA systems. To be on the vanguard in conchocelis production
was a unique experience that enriched my academic route, providing me with work tools
and knowledge about seaweed biology and cultivation protocols that only working
directly in the field could give. As my first experience in a company environment, it
allowed me to have a different perspective than academic research work; in a company,
development needs to be particularly applied in the company work and reality, forcing

the team to be more flexible and to think more outside of the box sometimes. Cost-
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effectiveness is a primary concept in a company and a goal in every work and developed
protocol in its context, which, sometimes, is forgotten in the academic field.

Continuing the good work in innovation and development, work with mathematic
models of growth prediction for both fish and seaweed might be an important future step
for the company, rising cost-effectiveness and reducing losses, easing work planning
and management, sustaining decisions for new practices, and perpetuating the blue
economy concept of the project. The work invested in seaweed production (not only
Porphyra spp.) in artificial substrates might be a key step for the company growth and it
would allow focusing work in conchocelis as a good. Conchocelis potential for more
valuable markets sustains a rising focus on its production as a final product.

Ongoing work in biorisk management policies (and possible legislation and
certification) and waste management might be an extremely important step in customer
acceptance - seaweed is still a low-known resource outside the Asian market. As a
workspace with some associated hazards to the workers, first aid training to the team
might be a good biosafety strategy to minimize prolonged work injuries and health
consequences to the workers. Biorisk certificated measures, along with marketing work
(increasing show cookings and partnerships with restaurants and local businesses)
might lead to higher costume familiarity and acceptance/product buy, by creating safety
standards of these products, teaching the general public about how to incorporate
seaweed in their diet and dishes and increasing people awareness for seaweed potential
and wide range of applications.

Carrying out a study during a pandemic was very challenging, leading to facing
unique problems arising from national lockdown and posterior contingency measures
several adaptations to the initial project and leading to the impossibility of some analysis
and factors tested. Yet, this study provided important results, allowing taking important
conclusions in conchocelis production that will be very useful for further and more
extended studies.

The increasing pursuit of nori for food, nutraceuticals and cosmetics in Europe
suits space for the interest of Atlantic nori species to grow and, consequently, Atlantic
nori farms and applied research. There is still some fear and unacceptance of seaweed
products in the European general public since there is not a tradition of its use or, when
there was, it was lost with industrialization and economic growth. The intensive work
developed in the last decade on taxonomy review (Yang et al., 2020) and increasing
interest in molecular validation species (Varela-Alvarez et al., 2018) along with the

implementation of biorisk management policies and legislation specific to seaweed may
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bring more safety and acceptance of seaweed products, which might be the last piece
for nori industry development in Europe.

Both biochemistry and production conditions of conchocelis (P. umbilicalis or
other Porphyra/Pyropia species) are still very few described (da Costa et al., 2018;
Pimentel et al., 2020). Yet, the little available data about the subject sustains the interest
and research: conchocelis overloads blades in phycobiliproteins, fatty acids and amino
acid content, with higher portions of PUFAs and MUFAs and lower of SFAs and better
essential amino acids index (Lin & Stekoll, 2011; Pereira, 2018; Pimentel et al., 2020),
with interesting daily growth rates (Chopin et al., 1999). However, a lot of work (especially
cultivation issues, like production protocols and growth rates) may not be published: as
important data for nori aquacultures, it is possible that some companies keep their work
unpublished and not patented for confidentiality, mostly in Asian countries, where nori
cultivation has centuries of history.

Working with seaweed cultivation is very challenging and research-requiring: as
one of the most studied fields in the last decades, new data about changes in taxonomy,
molecular validation, cultivation protocols, or life cycle revisions/alternative life cycle
pathways are constantly emerging. Notwithstanding, it is working in a valuable natural
resource, full of potential and new applications, in the current context of overpopulation

and overexploitation of resources.
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Annex A

Weighing day

PBRs cleaning and disinfection
Weighing of starter cultures and treatment x**

Sampling and Macro and micro observations
Start

Freezing samples (50g*3)
(To)

Abiotic factors measuring
Settling the cultures in 40L

Nutritional supplementation

Weighing estimative in 1L sampling
T Macro and micro observations
1week
Abiotic factors measuring

Nutritional supplementation

Weighing estimative in 1L sampling
Abiotic factors measuring

T 2weeks* Macro and microbservations
Rising the water volume to 80L

Nutritional supplementation

Weighing estimative in 1L sampling
T Macro and microbservations
3weeks
Abiotic factors measuring

Nutritional supplementation

Emptying of the PBRs

Abiotic factors measuring
End

Weighing total biomass
(T 4weeks)

Macro and micro observations

Freezing samples (50g per PBR)
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Annex B

Start . End
Tasks (TO) Tweek1 Tweek2 Tweek 3 (Tweek 4)
Tank cleaning and disinfection v v v v v
Weighing of starter cultures v
Weighing biomass v v v v
Treatment x** v
Sampling v v v
Macro and microscopic observations
Weighing v v v v
day Freezing samples (50g*3) v v v
Abiotic factors measuring v v v
Restock v
Restock with stocking density adjustment v
Settling the cultures
Nutritional supplementation v v v
qst + ond  Partial medium changing v v v v v
Partial N .
medium Nutritional supplementation
changes

Abiotic factors measuring
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