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Seaweeds (marine macroalgae) are autotrophic organisms capable of producing many compounds of interest. For a long
time, seaweeds have been seen as a great nutritional resource, primarily in Asian countries to later gain importance in
Europe and South America, as well as in North America and Australia. It has been reported that edible seaweeds have a
nutritional value along with a low caloric input and with the presence of proteins, minerals (iron and calcium), vitamins,
structural polysaccharides (fibers), omega-6 and omega-3 unsaturated fatty acids. Moreover, they have plenty of bioactive
molecules that can be applied in nutraceutical, pharmaceutical and cosmetic areas. There are historical registers of
harvest and cultivation of seaweeds but with the increment of the studies of seaweeds and their valuable compounds,
their aquaculture has increased. The methodology of cultivation varies from onshore to offshore. Seaweeds can also be
part of integrated multi-trophic aquaculture (IMTA), which has great opportunities but is also very challenging to the
farmers. This multidisciplinary field applied to the seaweed aquaculture is very promising to improve the methods and
techniques; this area is developed under the denominated industry 4.0.

Aquaculture consists in the creation or culture of aquatic organisms (in this case, Marine Macroalgae or Seaweeds),
through the application of techniques designed to increase the production of these same organisms, in addition to the
natural capabilities of the environment
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| 1. Introduction

Seaweeds are benthic organisms ubiquitously distributed along coasts from tropical to polar regions. They are part of
Plantae kingdom, and, as land plants, seaweeds also constitute the basis of the food chain but in aquatic ecosystems [,
Among the major primary producers, seaweeds or benthic marine algae grow in the intertidal and sub-tidal regions of the
sea and contain photosynthetic pigments, which lead them to photosynthesize and produce food.

Seaweeds are grouped in three phyla: brown algae (Ochrophyta-Phaeophyceae), red algae (Rhodophyta) and green
algae (Chlorophyta). These organisms are producers of many structural molecules (primary metabolites), such as
proteins, lipids and carbohydrates, and they also produce other interesting bioactive compounds (secondary metabolites)
that can have applications in many sectors (food, feed, agriculture, cosmetics, pharmaceutical andbiotechnological) .

Since elder times, seaweeds have been used as food in some civilizations around the world B!, Furthermore, it has been
reported that edible seaweeds are rich in proteins, lipids and dietary fibers BBl The high levels of minerals and dietary
fibers, as well as low lipid levels that characterize many seaweed species, make marine algae an attractive raw material
for supplying bioactive substances with a wide range of applications €, |n addition, the quality of their proteins B
and antioxidant activities, associated with their content of polyphenolic compounds & and pigments (e.g., fucoxanthin 12
turn seaweeds into an interesting source of bioactive substances used especially in human and animal nutrition.
Seaweeds also contain high quantities of vitamins (A, K andB12), protective pigments, minerals and trace elements that
are essential for the human diet and may collaborate with many EU-approved nutritional claims (such as iron, calcium,
iodine or magnesium) relative to bone health, cognitive function, maintenance of normal metabolism, normal growth and
muscle function, among others BNl polyynsaturated fatty acids (PUFAs), mainly omega 3 (w-3) and omega

(w-B), are the principal components of their cell membranes, so seaweed can also be a source of essential fatty acids [
(6]

Many investigations demonstrated the nutraceutical, pharmaceutical and cosmeceutical value of the seaweeds. Some of
their diverse properties are anti-cancer, antiviral, antifungal, antidiabetic, antihypertensive, immuno-modulatory, cytotoxic
antibiotic, anticoagulant, anti-inflammatory, anti-parasitic, antioxidant, UV-protective and neuroprotective [ZIL3I[L7][18][19][20]
(211221123 |t has also been confirmed that several species of seaweed have powerful antioxidant compounds such as
phlorotannines, carotenoids and sterols, making seaweed a source of compounds with possible neuroprotective effects,



useful in the treatment of neurodegenerative diseases such as Parkinson's and Alzheimers [24[25] sSylfated
polysaccharides from seaweed have shown important potential pharmacological uses, such as their anti-ulcer effects, by
preventing adhesion of the infection caused by the bacteria Helicobacter pylori 28],

These marine organisms are normally used in the cosmetics sector as bioactive extracts, coloring agents, texturing
stabilizers or emulsifiers and are a source of different compounds used in skincare 4. Due to seaweeds being
photosynthetic organisms, they generate compounds that absorb UV rays, such as carotenoids and terpenes,
mycosporin-like amino acids (MAAs) and phenolic compounds, which are useful photo-protective elements for the
formulation of sunscreens [28],

Thus, due to all these bioactivities and potential novel applications, seaweeds have been showcased as a sustainable
resource for the future, which is leading to an increased demand of these organisms' exploitation and consequently also in
their production. Moreover, the biological productivity of the seaweed causes photosynthetic carbon storage. This carbon
can be immobilized in sediments or moved to the depths of the sea resulting in a CO, sink. Thus, collecting algae and
using them to produce biofuels and in other industries (food, feed, pharmaceuticals and fertilizers) can help in CO,
mitigation 29, Seaweed can be used as carbon trap and then as fuel 2289 and can provide a sustainable alternative
source of biomass for the fuel production and also for chemicals, such as bioethanoland bio-butanol [BL321[33](34]
Furthermore, high levels of dissolved inorganic nutrients, such as nitrogen, phosphorous and carbon, are taken up by
seaweed leading to the algal growth and helping to alleviate eutrophication in seas and oceans 23],

Several seaweeds are structuring species in coastal zones, changing the environment (by modifying light, sedimentation
rates and hydrodynamics) B8IE7E8IEY Seaweeds are part of food webs and give ecosystem services such as habitats,
food and refuge to a diversity of associated organisms (which are of conservation and economic importance) from
different trophic levels (apex predators, fishes and invertebrates) B4 and therefore support biodiversity 22, In addition,
marine seaweeds contribute to the coastal defense by reducing the hydrodynamic energy from waves and by maintaining
a high bed-level at tidal flats, thus protecting those tidal areas from erosion [231144],

The demand for seaweeds and their products has been growing globally and so has the interest in their production and
the attraction of stakeholders to invest more widely in the production of various algal species that may fill different
economic sector needs 2. This is extremely important to suppress the need to feed a growing population, on a planet
where there will not be enough land for agricultural crops, as seaweed production does not compete for inland arable
land, freshwater or agriculture fertilizers [46](47][481[49] ' However, it does compete with other near-shore activities such as
saliculture, fish and invertebrate's aquaculture or even agriculture. Fertilizers are only used in inland cultivation system,
although they present a low percentage of usage in aquaculture, being seawater rich in nutrients from other species'
aquacultures normally used [461471148][49]

Thus, seaweed aquaculture offers a variety of opportunities to mitigate and adapt to climate change and support
biodiversity. However, there may be some negative impacts, such as the unintentional introduction of non-indigenous
“hitchhiker” species, including pathogens 29,

| 2. Seaweeds Biodiversity and Potential to Exploitation

The principal phyla of seaweed are Chlorophyta (green algae), Ochrophyta-Phaeophyceae (brown algae) and
Rhodophyta (red algae). Each phylum is composed of thousands of species BY. Food, folk remedies, dyes and fertilizers
traditionally use seaweed in their confection. In the early 1900s, seaweed components were launched industrially due to
the development of mass food production 221,

In the nutraceutical, pharmaceutical and biotechnological industries, there are some applications to hydrocolloids, for
instance alginate, carrageenan and agar are used due to their gelling features B2I34. However, other minor components
of the seaweeds, as will be presented later in this review, could be applied in high-value products, making seaweed
aquaculture even more profitable for the seaweed producers [BSIBEIS7ISE]  pyring the past thirty years, enthusiasm has
grown in seaweed as functional foods (nutraceuticals), enabling dietary advantages superior to their macronutrient
content. Furthermore, to produce therapeutic products, seaweeds have been targeted for the obtention of metabolites with
biological activity 511581,

Despite all research studies performed in this field to demonstrate the bioactivities of seaweed-derived compounds, there
is not the same expression in effective products on the market 581571 Consequently, more research and standardized
assays need to be done, where the main questions are the compound bioavailability in seaweed, the low efficiency and



efficacy of the extraction and the isolation and characterization of the biomolecules B8l Some compounds could be
difficult to isolate due to their biochemical features (e.g., size, molecular weight, structural similarities or even the
tendency to bind or react with other molecules) 621,

However, seaweeds are viewed as promising functional foods and as food supplements 6364 where the lower heavy
metals concentration safeguard needs to be assured. Nevertheless, there is a need for more research to clarify the
seaweed state, such as their role in nutrition and disease prevention 18] However, there are various seaweeds'
compounds commercially available, where the seaweeds' polysaccharides represent a large portion of that market, used
for various industries, such as food and pharmaceutical [62I[68I67I[68] The seaweed polysaccharides are considered dietary
fibers, although assay with vegetal jelly (carrageenan) has proven to reduce cholesterol 279, |n the case of proteins, the
research is ambiguous regarding the digestibility, due to the interaction of the proteins with other compounds 82, They
present a low concentration of lipids, despite the amount of w-6 and w-3 72 Moreover, the seaweed mineral content is
the most important because minerals are essential for the human cells to work properly [EI63]64173](74]

Nevertheless, there is the need to execute further in vivo and clinical studies to guarantee that the selected raw materials
maintain the great potential and are safe, as well as to perform accurate controls throughout all the production phases of
industrial batches 5,

| 3. Seaweed Aquaculture: Global Overview

Over the past 70 years, seaweed farming technologies significantly developed in Asia, and, more recently, they have also
gained position in the Americas and Europe LI78 (see Figure 1).
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Figure 1. Global seaweed culture production by the main country producers, in tons. Adapted from FAO—The global
status of seaweed production, trade and utilization, 2018 [

There are historical registers of large-scale cultivation of seaweeds in Asia for decades ZZ: however, in Europe and in
other parts of the globe, this is a recent commercial activity [Z81Z9],

The global annual production of seaweeds does not stop growing, reaching, in 2016, 31.2 million tons (fresh weight) . Of
this, just 3.5% was harvested from natural populations, in the time that 96.5% was produced in aquaculture, representing
27% of the worlds' total aquaculture production %, The majority of this production happened in China, Indonesia and
other Asian countries (47.9%, 38.7% and 12.8% of the worldwide production in 2016, respectively), mainly for human food
and food additives Y. The total aquaculture production of seaweeds exceeded more than the double in the last 20 years
[, and the total potential has been suggested to be 1000-100,000 million tons B4, but the main practice outside Asia is
still to harvest natural stocks &,

Besides the developments in seaweed aquaculture in countries such as China, Japan, Korea, Indonesia and the
Philippines, there are also pilot-scale and pre-commercial farming projects for selected brown and red algae in Europe €2
[83](841(85]: | atin America, for instance in Chile B8B7 and in Brazil B8; the USA B and parts of Africa 29,

Whereas the increasing global efforts to develop these farms, seaweed production and its commercialization strategies
differ within the countries, as in the East there is a higher demand for edible seaweed as a direct food product, which
produces higher incomes for farmers than the resources obtained from seaweeds'application in the polysaccharide
industry in Western countries 241,



| 4. Seaweed Aquaculture: The Aquaculture 4.0

Seaweed farming has developed as one of the alternatives to not exploit natural resources. At this moment, it is
economically important in Asia and has a growing importance in Europe. The widespread potential of seaweeds
application areas is comparable to other natural supplies such as palm oil and cocoa. Seaweeds are applied in product
areas, such as cosmetic, medicine, biopolymers, food or even as a natural source to CO, sink and biomass energy
source 224, The worldwide requisition to produce large amounts of seaweed will grow in the next years; however, until
nowadays, there is still a continuous cultivation system optimization to deliver to this growing demand, a sustainable
seaweed production and of their compounds BZIBZI81](931[92]

However, collaborative work between academia and the aquaculture industry through research and development centers
(R&D) has led to the development of research initiatives together to find new opportunities and new technologies to
improve the efficiency and productivity in the seaweed aquaculture systems, making them more eco-sustainable and fit for
the blue economy 241,

Camus et al. addressed some of the main problems that have an impact in the seaweed cultivation strain selection
programs: the development of new massive plantlet production independent of collecting reproductive material every
cycle; disease research; research on environmental impacts of large-scale cultures; and added value to the farmed
species B2,

However, in Asia, the seaweed cultivation suffered a rapid evolution at the technological advances mainly in the floating
raft cultivation systems, mainly for important species to the human consumption 8837 The major problem in the
offshore aquaculture is the growth of juveniles in the sexual reproduction of selected species, for example kelps and
PorphyralPyropia sp. This problem presents an expensive cost in the production chain, where the bigger scale can make
this process affordable [28], There is a need to develop reliable technology and cultivation strategies to achieve profitability
[B7]98][99] Here, kelp cultivation is the most developed cultivation methodology system, due to the high interest in alginates
and for human food [841[28],

There is a real need for the optimization of the current onshore seaweed cultivation techniques for the seaweed
production BUE234] The existing offshore cultivation system is not yet appropriate for setting out in deep-water or in the
open water area, since the conceited aquaculture system is used in sheltered areas, and thus it is not possible to support
more aggressive mechanical conditions. Consequently, the current onshore and offshore cultivation systems are not yet
environmentally sustainable, and they are economically unstable, because the production fluctuates very rapidly, due to
the impact of abiotic and biotic factors BZIE41192]

| 5. Conclusions

The interest in seaweeds is increasing due to all the derived compounds and their bioactivities. They could have
applications in nutraceutical and pharmaceutical products. There is an urge to produce and harvest more seaweed, in
order to answer the higher demand of seaweeds and seaweed-based products. The scarce quantity of cultivated
seaweed causes a real danger for wild seaweed populations due to the commercial over exploitation, causing huge
marine environmental concerns. Thus, there is a need to provide more reliable aquaculture systems, in various formats
(inland, nearshore andoffshore cultivations).

Several industries can use only one compound from seaweed and the science is evolving to understand how the
seaweeds' metabolism works, to obtain the best amount of the compound in aquaculture. Subsequently, the seaweed
aquaculture technologies have been developed dramatically over the past 70 years mostly in Asia and more recently in
the Americas and Europe. However, there are still countless challenges to surpass with reverence to the science and to
social acceptability. In addition, in seaweed cultivation in various points of the world, it is still hard to use feasible and
sustainable methodology and be economically and productive. The seaweed aquaculture has a long road for optimization.

The present main tasks in seaweed aquaculture embrace the development of disease resistance, fast growth seaweed
species, high concentration of desired molecules methodologies and technologies, and the improvement of the
aquaculture systems to be more robust and cost efficient that can resist storm events and maintain the cultivation during
more time.

Progress in new cultivation technologies that can be more efficient and eco-friendlier is very important, so there is a need
to have a multi and interdisciplinary team to optimize the aquaculture to the perfection to reduce the risks involved in the
seaweed aquaculture and enhance new and better aguaculture systems and seaweed quality. In this way, the farmer can



gain more control of the aquaculture systems. However, caution is needed to not over exploit the ecosystem sustainability,
due to the danger of over-dosage of aquaculture with chemical fertilizers or other compounds that can and will reduce the
water quality and damage the ecosystem, thus IMTA appears to be the best solution in terms of sustainability and profit.
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