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Preface

The chemical industry surrounding algae products has grown enormously in the last 50 years.
Today, algae biomass is not merely a food ingredient or an animal feed additive but a rich
source of bioactive chemical compounds. These natural products, which can be isolated from
algae biomass, have attracted the attention of biologists and chemists around the world. The
demand for and popularity of these products has grown significantly among ecologically aware
consumers, as the chemical compounds of which they are comprised originated from natural
sources and were not created as a result of chemical synthesis. Consumers’ requirements and
expectations are increasing, as they yearn for their products or materials to be “bio,” “natural,”
and “organic.” Recently, novel technologies have been developed that can convert algae
biomass into valuable products and allow for the extraction of biologically active compounds
from algae in an efficient and environmentally friendly manner. The development of an algae
industry centered on the industrial application of naturally grown algae biomass contributes to
sustainable development, as it preserves the given environment so it can be later used for active
recreation and leisure purposes. Algae biomass and natural products obtained from algae
biomass have played a very large part in the world’s history, and the trade in natural products
is an increasingly significant part of the world’s economy.

Aninterdisciplinary 24-person team of biologists, pharmacists, and agricultural professionals
present their monographs on the development of algae biomass in the European climate zone.
The aim of this book is the presentation of knowledge about the possible use of algae biomass
in various branches of industry and agriculture.

The 12 chapters of the book expose the reader to various aspects of key issues surrounding
the industrial and agricultural application of algae biomass. In Chaps. 1 and 2, the authors
present the environmental benefits of the algae biomass industry. Algae are considered a
potential feedstock for many products, such as food, feed, biofuels, biofertilizers, and
cosmetics. Additionally, the product of atmospheric carbon dioxide and sunlight conversion,
i.e., biomass, can be transferred via various chemical processes into valuable materials. The
biologists in Chap. 3 describe cosmopolitan taxa of freshwater macroalgae occurring en masse
in inland waters with respect to their biology and the factors influencing the fluctuations of
macroalgal populations (e.g., Cladophora, Oedogonium). Chapter 4 is composed of four short
parts, two of which illustrate algae as a source of valuable selected chemicals (phycobiliproteins,
polyphenols), while the other two are dedicated to the biocatalytic abilities of those organisms
that allow them to protect ecosystems against organic pollutants and transitional metal ions.
Chapter 5 was prepared by specialists in industrial technology. Dealing with biomass processing
by extraction on a daily basis, they discuss how to obtain and extract algae for potential
industrial use. In food and animal feed, algae biomass can be employed in different forms —
whole seaweed meal, powder, extract, homogenate, or fermented. In Chaps. 6 and 7, the
advantages (e.g., nutritional value, accessibility, etc.) and disadvantages (e.g., toxic metals,
sensory perception, etc.) of the application of seaweeds as a component of food are discussed.
Close attention was paid to their application in cereals, dairy, and meat products. Chapter 8 is
devoted to the issues behind using freshwater algae biomass in the cosmetics industry. It shows
that the presence of bioactive substances in their thalli determines the potential use of freshwater
algae biomass in the production of cosmetics. The use of algae and algae extracts in agriculture
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is presented in Chaps. 9, 10, and 11. Agricultural formulations containing algae extracts
stimulate the growth and yield of plants in a very efficient way, because of their efficacy at low
concentrations. Concentration of phytohormones depends mostly on the botanical origin of the
obtained biomass, time and place of its collection, and the method of extraction of the active
compounds. Currently, legislation restricts the use of mineral fertilizers and pesticides and thus
forces new approaches for reducing the use of chemical products, either by parallel application
or partial replacement with enhanced formulations. Among natural materials of such capability,
there are algae that contain a variety of biologically active compounds verified to have a
beneficial influence on plants. Depending on their formulation, algae-based products may
show the functionality of organic fertilizers or components of organo-mineral fertilizers, soil
amendments (improvers), (bio)stimulants, and pesticides. Consumers expect that with the
increase in food products, their quality will also improve. This is especially evident in the
livestock sector, as the demand for animal protein is systematically increasing. This situation
led to a search for innovative products of natural origin that could be used in animal husbandry
and breeding. That product could be algae, which contain such ingredients in its biomass that
have a positive impact on animal and human organisms. Not only can algae-based feed
additives improve production parameters and animal health, but they can also affect the quality
of animal products. In Chap. 12, the authors present the use of biomass, as well as extracts
derived from said biomass, from the economic and life cycle assessment perspectives. The
economic aspects of obtaining algae biomass in the product life cycle are discussed with regard
to the bioproducts industry.

Processing algae biomass begins in the environment, is dictated by the variability of species,
and ends with the use of the product, whether it is biodiesel, algae cream, growth stimulant, or
animal feed ingredient.

We hope this book will be useful for academia, industry, and agriculture, as well as for those
who work in sustainable development and ecology and are responsible for shaping the
environment for recreation and leisure. The economic and environmental aspects of the
processing of algae biomass should be of interest not only to scientists but also to politicians,
environmentalists, and business representatives.

Wroctaw, Poland Katarzyna Chojnacka
Opole, Poland Piotr Pawel Wieczorek
Poznan, Poland Grzegorz Schroeder

Wroctaw, Poland Izabela Michalak
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Introduction: Toward Algae-Based

Products

Izabela Michalak and Katarzyna Chojnacka

Abstract

This book provides an overview of the importance of dif-
ferent forms of algae (microalgae, as well as marine and
freshwater macroalgae) in different applications. Algae as
a renewable biomass can be used as a component in the
production of a wide array of products, including food,
pharmaceuticals, health-related products, nutraceuticals,
cosmetics, fine chemicals (dyes and colorants), feed com-
ponents, feed additives, aquaculture products, and agri-
culture products (fertilizers, biostimulants for plant
growth). Recently, novel and emerging technologies have
been developed to convert algal biomass into valuable
products and extract biologically active compounds from
algae in an efficient and environmentally friendly manner.
This book describes the characteristic features of algae
cultivation, identification, and production, as well as its
subsequent applications. Algae-based products may play
an important role in a sustainable future. The develop-
ment of an algal sector in industry could help to solve
many of the problems that modern society is currently
facing, including the security of energy and water, food
supplies, and climate protection.

Keywords
Algae-based products - Extraction - Bioactive com-
pounds - Utilitarian properties
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1.1 Introduction

Consumers have developed great interest in algal biomass
and its applications in many algae-based products. The ongo-
ing research on the cultivation, harvesting, characterization,
processing, and applications of algal biomass in many
branches of industry has led to the popularization of algae-
based products worldwide (e.g., Priyadarshani and Rath
2012; Enzing et al. 2014; Kim and Chojnacka 2015; Ruiz
et al. 2016; Bux and Chisti 2016). Some species of algae are
edible and can be consumed by humans. They also constitute
an ingredient in animal feed and can be converted into
organic fertilizers. Extraction of biologically active com-
pounds from algae offers a new range of products, which can
be used in the food, pharmaceutical, cosmetic, and agricul-
tural industries (Fig. 1.1).

The interest in algae is continuously increasing, due to
their unique composition. They are known to be a rich source
of biologically active compounds, such as oils, fats, polyun-
saturated fatty acids, proteins, carbohydrates, minerals, anti-
oxidants (e.g., polyphenols, vitamin C, tocopherols,
mycosporine-like amino acids), and pigments (Borowitzka
1995; Michalak and Chojnacka 2015).

As photoautotrophic organisms, algae play the role of pri-
mary producers in the biosphere (Bellinger and Sigee 2015).
Since algae synthesize their biomass in the process of photo-
synthesis, they could become a promising, cheap raw mate-
rial for industry, as well as a renewable source of energy.
Algae are characterized by quick growth and a relatively
high ability to fix carbon dioxide. This book covers both
freshwater and marine macroalgae, as well as microalgae.
Their wide range of tolerance is based on efficient adaptation
to biochemical processes, as well as their specific cellular
structure, which predisposes these biota to growth and devel-
opment under laboratory and industrial conditions (e.g.,
Andersen 2005; Demirbas and Demirbas 2010; Enzing et al.
2014; Kim and Chojnacka 2015; Bux and Chisti 2016 etc.).
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The chapters in this book present current aspects of vari-
ous applications of algal biomass derived from natural and
artificial environments. This book is intended for a wide
audience interested in new methods of conversion of algal
biomass into valuable products and in a variety of goods
based on bioactive substances extracted from algal biomass.

1.2  Algae Biomass: Characteristics

and Applications

Many environmental benefits stemming from the use of algal
biomass in different branches of industry (Chap. 2 “The
Environmental Benefits Arising from the Algae Biomass
Industry”) have arisen. The replacement of nonrenewable raw
materials with renewables is a strategy that has gained much
attention, due to high energy consumption and increasing
CO, emissions. Algae are considered potential feedstock can-
didates, not only for the production of biofuels but also for
other products, such as food, feed, biofertilizers, etc., in a bio-
refinery system (e.g., Demirbas and Demirbas 2010; Das
2015). High value-added products obtained from algal bio-
mass are considered sustainable, renewable, and environmen-
tally friendly. Due to the photosynthesis performed by algae,
oxygen and high-energy carbonaceous compounds (biomass)
are produced and may be processed into valuable products.

Another advantage of algae is the possibility of their cul-
tivation locally, on nonarable lands and at higher productiv-
ity rates than for terrestrial biomass. Additionally,
wastewaters and wastes rich in organic and inorganic nutri-
ents may be used for their cultivation. In this way, water and
nutrients are preserved and wastewater is treated (Ruiz et al.
2016; Enzing et al. 2014; Das 2015).

Fig. 1.1 Valorization of algae
into high value-added
products

In the literature, less attention is paid to freshwater algae
than to marine seaweeds and microalgae. A survey of fila-
mentous freshwater macroalgae, their growth forms, mor-
phology, and competitive interactions is presented in Chap. 3
“Biology of Freshwater Macroalgae and Their Distribution.”
This chapter describes cosmopolitan taxa of freshwater mac-
roalgae (e.g., Cladophora, Oedogonium) that occur in
masses in inland waters with respect to their biology. This
abundant occurrence of algae is caused by an increase in
water fertility, which itself is caused by the biogenic com-
pounds of phosphorus and nitrogen, stagnant waters with
low flow rate, good light conditions, etc. (Smith 2003).
Knowledge concerning the factors that influence the fluctua-
tions of macroalgal populations and their metabolism and
composition can inform us about the possibilities for their
use in various branches of industry (Smith 2003; Bellinger
and Sigee 2015; Kim and Chojnacka 2015).

The natural and unique characteristics of algae have
opened the door wide for their multidirectional biotechno-
logical use, examples of which are described in Chap. 4
“Algae in Biotechnological Processes.” Among the variety of
examples, there are two main areas of activity in which algae
are involved. The first involves the use of intact algal bio-
mass or manufactured algal extracts that are a rich source of
biological substances of required quality (e.g., phycobilipro-
teins, polyphenols). The second area involves the biochemi-
cal metabolism of algae that are able to produce, de novo, a
vast array of organic compounds but that are also able to
transform existing compounds. This approach allows us to
use algae as effective biocatalysts. These properties of algae
help to protect ecosystems against organic pollutants and
toxic metal ions. Some other examples of the biotechnologi-
cal potential of algae have been described in previous books,
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e.g., Chen and Jiang (2001), Kim and Chojnacka (2015), and
Bux and Chisti (2016).

A chapter on technological issues, Chap. 5 “The Methods
of Algal Biomass Extraction Towards to Use of the Extract,”
includes a description of extraction techniques that are used
for the isolation of biologically active compounds from the
algal biomass. Problems with algae transport and storage
(especially fresh seaweeds) led to the development of tech-
niques that enable biomolecule isolation, including extrac-
tion. Various approaches have been successfully applied in
extracting biologically active compounds from the algal bio-
mass, among which solvent, pressure, and temperature treat-
ment are the most common. Recently, supercritical fluid
extraction, as well as ultrasound-, microwave-, and enzyme-
assisted extractions, has also been reported (Hayes 2012;
Michalak and Chojnacka 2014; Kim and Chojnacka 2015;
Grosso et al. 2015; Bux and Chisti 2016). The methods differ
in efficacy, selectivity, and purity of extraction, determining
the usability of the final product in either bulk manufacturing
or as a high-value material.

1.3  Algae-Based Products

This section is dedicated to a wide array of products that can
be produced from algal biomass. In Chap. 6 “Seaweeds As a
Component of Human Diet,” many examples concerning the
application of algae in the human diet are detailed. Algae can
be served in different forms — whole seaweed meal, powder,
extract, homogenate, or fermented. In this chapter, both the
advantages (e.g., nutritional value, accessibility, etc.) and
disadvantages (e.g., toxic metals, sensory perception, etc.) of
the application of seaweeds as a component of food are dis-
cussed. Special attention is paid to their application in cere-
als, dairy, and meat products. Seaweeds can be also used as a
bio-based salt, as well as a source of hydrocolloids, espe-
cially in the confectionery industry. Macroalgae can deliver
biologically active compounds to food products of either
plant or animal origin indirectly, through their use in plant
cultivation and animal feed. It is predicted that seaweed as
food and seaweed-derived food flavors, colors, and nutrients
will continue to attract considerable commercial attention
(Chacoén-Lee and Gonzdlez-Marifio 2010; Priyadarshani and
Rath 2012; Enzing et al. 2014; Das 2015; Bux and Chisti
2016; Kim and Chojnacka 2015; Wells et al. 2017).

In the last few decades, knowledge about the influence of
algae in the diet on health and well-being has improved.
Scientific research has resolutely confirmed that algae are an
inestimable and renewable source of hundreds of chemical
compounds, characterized by a wide spectrum of biological
activity that can also find application in medical treatment.
Chapter 7 “Algae and Their Extracts in Medical Treatment”
deals with biologically active compounds, such as polysac-

charides, phenolic compounds and their derivatives, pig-
ments, proteins, lipids, and fatty acids, that possess
antimicrobial, antiviral, antifungal, antilipidemic, antitumor,
antidiabetic, anticoagulant, antioxidant, and antiallergic
properties. These compounds can be successfully utilized for
human needs in the pharmaceutical (e.g., nutraceuticals,
wound healing/dressing, drug delivery, and controlled
release) and medicinal fields (e.g., support of the nervous
and circulatory system). Biodegradability into environmen-
tally harmless by-products, excellent biocompatibility, the
lack of toxicity, and physiological indifference are their main
advantages. Although the healing properties of seaweeds
have been proved by many researches, as well as in clinical
trials, there are still various possibilities for using biological
compounds from seaweeds to improve human health and
wellness (Hayes 2012; Das 2015; Kim and Chojnacka 2015;
Michalak and Chojnacka 2015; Yan et al. 2016).

Besides the application of algae in food and pharmacy,
they have also been found to be useful in cosmetic products —
Chap. 8 “Application of Algae Biomass and Algal Extracts in
Cosmetic Formulations.” In the literature, mainly marine
macroalgae are described as a source of ingredients for cos-
metic purposes. However, as is shown in this chapter, inter-
disciplinary research has proven that freshwater macroscopic
green algae species (e.g., Chara fragilis, Cladophora glom-
erata, Ulva flexuosa) may also turn out to be a rich source of
macro- and micronutrients and other bioactive substances,
such as fatty acids, polysaccharides, pigments, polyphenols,
etc., that can be used in cosmetics. Freshwater macroalgae
are a rare object of study and are practically nonexistent
within the cosmetics market, despite their high potential
(Priyadarshani and Rath 2012; Wang et al. 2015; Kim and
Chojnacka 2015).

Beside their use in products for humans, algae and algal
extracts can also be used in agriculture — in plant cultivation
as fertilizers, biostimulants for plant growth, and in animal
feed as additives. Currently, agricultural legislation limits the
use of mineral fertilizers and plant protection products and
enforces a new approach to decreasing the use of conven-
tional preparations by applying treatment-enhancing formu-
lations. The application of algal extracts in agricultural
production is described in Chap. 9 “The Biomass of Algae
and Algal Extracts in Agricultural Production” and Chap. 10
“Algae As Fertilizers, Biostimulants and Regulators of Plant
Growth.” There are a few forms of algal preparation suitable
for agricultural use, including raw biomass, compost, dried
meal, and extracts. Fertilizers and plant growth regulators
(PGRs) based on seaweeds are commonly known, as they
have already been produced and applied for a number of
years. Algal-based materials have been confirmed to provide
crops with nutrients (as fertilizers), increase biomass produc-
tion, and activate the natural ability of plants to respond
properly to stress agents (such as biostimulants and bioregu-
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lators). Agricultural formulations containing algal extracts
stimulate the growth and yield of plants in a very efficient
way, because of their action at low concentrations.
Concentration of phytohormones depends mainly on the
botanical origin of the obtained biomass, the time and place
of its collection, and the method of extraction of the active
compounds. Plant growth regulators are mainly obtained
from brown algae, due to the relatively high content of those
substances and their long accessibility during the year. Algal
extracts are often enriched with such substances as urea,
humic acids, ammonium phosphate, potassium sulfate, and
additional doses of growth hormones. Depending on the spe-
cies and living environment of an alga and the treatment
method involved, the effect of biomolecules on crops varies.
The composition of such products may influence not only
growth and development processes in plants but also indirect
factors, such as soil fertility or the presence of soil microor-
ganisms (Khan et al. 2009; Craigie 2011; Kim and Chojnacka
2015).

Similarly as in plant cultivation, in regard to animal pro-
duction, consumers expect that, with the increase in food
products, their quality will also improve. This is particularly
important in the livestock sector, as the demand for animal
protein is systematically increasing. This situation led to a
search for innovative products of natural origin that could be
used in animal husbandry and breeding. Such a product
could be algae containing ingredients in their biomass that
have a positive impact on animal and human organisms —
Chap. 11 “The Algae Biomass in Animal Production.” Algae-
based feed additives not only improve production parameters
and animal health but also affect the quality of animal prod-
ucts. Several studies have been done to develop algae in feed
for poultry, pigs, cattle, and horses. These studies have shown
that the use of algae as feed additives can bring many bene-
fits, due to their unique properties (Evans and Critchley
2014; Enzing et al. 2014; Kim and Chojnacka 2015; Bux and
Chisti 2016).

Another distinctive approach concerning the economic
aspects of the utilization of algal biomass in bio-based indus-
try is presented in Chap. 12 “Economic Aspects of Algal
Biomass Harvesting for Industrial Purposes: The Life Cycle
of the Product.” Special attention is paid to the chemical
composition of the algae biomass obtained from the natural
environment, cultivated under natural conditions or in biore-
actors, which determine their application as energy or fuel,
or in the cosmetic industry. The use of biomass, as well as
extracts derived from said biomass, is discussed in regard to
the economic aspect and assessment of the life cycle.

1.4  Conclusions

The ongoing researches concerning the cultivation, harvest-
ing, pretreatment, and conversion of algal biomass have fos-
tered the development of new algal-based products.
Additionally, new algae species, especially from natural
environments with unique properties, are still being identi-
fied. Moreover, advanced research techniques are enabling
the identification of biologically active compounds in algae.
All of these factors have combined to make the number of
algal products currently on the market very large, and only
getting larger. In the present book, the latest trends in the use
of algae in many formulations — functional food, pharmaceu-
ticals, cosmetics, agricultural preparations for both plants
and animals — are presented.
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Abstract

The replacement of nonrenewable raw materials with
renewables is a strategy that has gained much attention in
the face of high-energy consumption and increasing CO,
emissions. The introduction of algae biomass into indus-
try could contribute to solving some of the main chal-
lenges that modern society faces: energy security,
precarious water and food supplies, and climate change.
Algae are considered as potential feedstock candidates for
many products, such as food, feed, biofuels, biofertilizers,
and cosmetics. Goods obtained from algae biomass are
considered sustainable, renewable, and environmentally
friendly, as they are generally formed through photosyn-
thesis and use atmospheric CO, and sunlight to produce
oxygen and high-energy carbonaceous compounds (i.e.,
biomass) that can be transformed into valuable products.
They can be produced locally on non-arable lands. An
additional benefit of the application of algae is their pro-
ductivity rates, which are higher than those of terrestrial
biomass, such as corn. It has been suggested that waste-
waters and wastes rich in organic and inorganic nutrients
may be used in place of freshwater and fertilizers in algae
cultivation. Thus, the utilization of waste and wastewaters
to cultivate algae could simultaneously solve the prob-
lems of freshwater demand, the high cost of nutrients, and
the need to remediate waste.
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2.1 Introduction

Environmental pollution is a result of an increase in popula-
tion, urbanization, technological advancement, and the rapid
growth of industrialization. All of these factors have created
negative impacts on each component of the environment. A
number of pollutants, such as fertilizers, pesticides, and
heavy metals, can have serious effects on human beings
(Bharti 2012).

Algae are a class of photosynthetic organisms that exhibit
very high biological diversity and metabolic elasticity.
Compared to terrestrial plants, they are far better able to
adapt their biochemical metabolic pathways and cellular
composition in response to external conditions (Chen et al.
2015; Laurens et al. 2017). Many scientific publications
report that the microalgae efficiency of CO, fixation is
10-50 times higher compared to terrestrial plants (Bhola
et al. 2014; Chen et al. 2015). In a realistic approach, the
maximum photosynthetic efficiency of microalgae is esti-
mated at 4.5% (Walker 2009).

Their growth is strongly influenced by several cultural
parameters: nutrient quality and quantitative profiles (espe-
cially carbon, nitrogen, and phosphorus), pH, temperature,
light supply, dissolved oxygen and CO,, and the presence of
toxic elements in the medium (Pires 2017). Commercial pro-
duction of microalgae on a large scale costs more than tradi-
tional crop production, as a result of the consumption of
nutrients and water essential for algae growth (Chen et al.
2015).

There are two different types of alga, namely, micro- and
macroalgae (seaweeds) (Anastopoulus and Kyzas 2015).
Both macro- and microalgae are used as a source of food, for
production of biofuels (oil, biodiesel, bioethanol, biohydro-
gen, and biogas), as stabilizing agents (agar, carrageen), as a
biofertilizer, as a source of nutrients, and for controlling pol-
lution (wastewater treatment, reduction of CO, emissions)
(Bixler and Porse 2011; Ibafiez and Cifuentes 2013; Singh
and Sharma 2012; Singh and Singh 2014).
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Considering the high biodiversity of microalgae, the
development of genetic and metabolic engineering, and the
development of detailed culture and screening techniques,
this group of organisms is one of the most promising sources
for new products and applications (Harun et al. 2010).

2.2  Capturing of CO,

One of the biggest threats of the modern world is climate
change, which is associated with increasing emissions of
greenhouse gases, especially carbon dioxide. The increase in
CO, emissions over the last few decades is shown in Fig. 2.1.

The increase of atmospheric CO, concentrations causes
global warming and ocean acidification, which has a nega-
tive impact on biodiversity (Brierley and Kingsford 2009).
Climate change is manifested in a rise of temperatures and
sea levels or more extreme weather events and a change of
precipitation patterns. All of this has a negative impact on
agriculture, water supplies, food production, ecosystems,
energy security, and infrastructure. Therefore, climate
change demands action, and said action is one of the
Sustainable Development Goals. An increase in the supply of
clean energy and reduction of emissions of greenhouse gases
are necessary to avoid most environmental problems
(Nascimento et al. 2015; World Bank 2017).

Among the methods of CO, removal are land use manage-
ment, the use of biomass as a carbon neutral energy source,
enhancement of natural weathering processes to capture
atmospheric CO,, direct engineered capture (physicochemi-
cal processes), and enhancement of oceanic CO, uptake.
Biological fixation of CO, is the only process that ensures
both clean energy and a reduction in atmospheric CO, at the
same time (Pires et al. 2014).

Photosynthesis is the practical form of CO, capturing.
One option that has high potential to be an important sink of
CO, is photoautotrophic algae (Pires 2017). Algae are
responsible for 50% of the photosynthetic processes that take
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place on Earth (Singh and Singh 2014). Their ability to
uptake and transport bicarbonate into cells makes them well
suited to capturing carbon dioxide. Thanks to their photosyn-
thetic activity, CO, may be fixed from the atmosphere, indus-
trial exhaust gases, and soluble carbonate. Captured carbon
is transported into algal cells by bicarbonate transporters
present in the plasma membrane and chloroplast envelope.
Inside the chloroplast, bicarbonate is converted into CO,. In
Cyanobacteria and eukaryotic microalgae, the assimilation
of inorganic carbon into organic matter microalgae is based
on the Calvin cycle (photosynthetic carbon reduction cycle)
and enzyme Rubisco (ribulose- 1,5-bisphosphate carboxylase
oxygenase), which catalyzes the fixation of CO, to the accep-
tor molecule RuBP (ribulose-1,5-bisphosphate) and the oxy-
genation of that same molecule. To convert CO, into
carbohydrates, lipids, and proteins, algae use solar energy.
Because of their greater abilities to capture light and convert
it into usable chemical energy, algae’s photosynthetic effi-
ciency is up to ten times higher than that of terrestrial plants.
Each kilogram of microalgae corresponds to about 1.83 kg
fixed CO, (Jorquera et al. 2010; Sayre 2010; Cai et al. 2013;
Pires et al. 2014; Beardall and Raven 2016; Pires 2017).

Algae growth is divided into two main classes: autotrophic
and heterotrophic. Autotrophic growth directly consumes
CO, as a carbon source in the presence of light as an energy
source. For large-scale production, CO, can be supplied from
an upstream power plant or another emission source, which
provides effective capture and recycle of carbon. In a hetero-
trophic pathway, algae use organic substances as a source of
carbon and energy used for growth. At a large scale, hetero-
trophic cultivation is cheaper and easier than autotrophic
(Davis et al. 2011; Perez-Garcia et al. 2011; Morales-Sanchez
et al. 2016). Some algae are mixotrophic, able to utilize both
organic and inorganic carbon substrates. The possibility of
utilizing both processes at the same time leads to the increased
productivity of algae (Bhatnagar et al. 2011).

The efficiency of CO, capture is related to the physiology
of the algae, temperature, and the amount of CO, and other
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gases, such as SO, and NO,. Efficiency at the level of
80-99% can be achieved under optimal conditions and with
gas residence times as short as 2 s (Sayre 2010; Bhola et al.
2014).

Some microalgae species are able to grow at very high
CO, concentrations and have a high efficiency of CO, cap-
turing (Singh and Singh 2014). The captured carbon is incor-
porated into carbohydrates and lipids and therefore stores
energy and produces chemicals and foods (Chen et al. 2015).
Commercial production of algae biomass has great potential
to contribute to world energy supplies and control emissions
of CO, (Beema Jainab et al. 2014).

2.3 Wastewater Treatment

Global annual freshwater consumption was estimated at
almost 3986 billion m? during 2014 (World Bank Open
Data). Most of the consumed water is turned into wastewater
of different chemical compositions, depending on the source.
For example, it can be rich in ammonium and organic nitro-
gen (wastewater from animal farms) or contain less nitrogen
and phosphorus but more heavy metals (municipal wastewa-
ter). For the discharge and reuse of wastewater, the nutrients
and toxic metal ions must be removed to acceptable limits
(Junzhuo et al. 2016; Luo et al. 2017).

The current approach to the removal of metal ions and
other inorganic compounds in wastewater is not simply about
the recovery of high-value by-products but also about reduc-
ing health concerns and environmental pollution caused by
their disposal (WWAP 2017). Improving water quality and
reducing the proportion of untreated wastewater are neces-
sary to achieve the Sustainable Development Goals (World
Bank 2016).

The methods of wastewater treatment have been classified
into three categories: physical, chemical, and biological.
They can be combined into a variety of systems (primary,
secondary, and tertiary wastewater treatment) to achieve dif-
ferent levels of contaminant removal. Chemical methods
have serious long-term environmental effects and are expen-
sive. The most environmentally friendly and least expensive
method of wastewater treatment is the class of biological
treatment processes, which use microorganisms to break
down the chemicals in wastewater and valorize the residues
through the production of added-value compounds (Rawat
et al. 2011; Bhattacharjee and Siemann 2015). It has been
shown that microalgae are efficient in removing nitrogen,
phosphorus, and toxic metals from a wide variety of waste-
waters (municipal, agricultural, and industrial), unlike the
physical and chemical methods, which are not economical
for the treatment of agricultural wastewater (Luo et al. 2017).
The efficiency of nitrogen and phosphorus removal from

wastewater is affected by the N/P ratio and initial nutrient
concentration (Boonchai et al. 2012).

Because of the small size of microalgae and quite high
dilution of the cultures, one of the limitations of the develop-
ment of microalgae-based systems of wastewater treatment
is a problem with the harvest and separation of the biomass
at the end of the process. Current algae harvesting techniques
(chemical, mechanical, electrical, and biological) require a
great deal of both chemicals and energy, which limits their
use in large-scale algae cultivation. The use of an
immobilized-cell system over a cell-free system could make
this process easier (Ruiz-Marin et al. 2010; Cai et al. 2013).

Microalgae, which have a high capacity for inorganic
nutrient uptake, can be proposed as an alternative to the bio-
logical treatment of wastewater. It has been proven that
microalgae have the potential to efficiently accumulate nutri-
ents and metal ions when the source of organic carbon is not
present (Ruiz-Marin et al. 2010; Abdel-Raouf et al. 2012).
The biomass can be used for the production of various other
value-added products, such as bioethanol or biomethane, or
for liquid fuel production after thermal conversion (Rawat
et al. 2011). Algae in wastewater treatment have been used
and described in the literature for many years (Oswald et al.
1957; Bartsch 1961; Oswald 1988). This approach is envi-
ronmentally friendly and is in the forefront of sustainable
development (Rawat et al. 2011).

2.3.1 Recovery of Nutrients from Wastewater
The total concentration of nutrients in wastewater, especially
nitrogen and phosphorus, can be very high. Biogenic com-
pounds mainly occur in wastewater in the form of ammonia,
nitrite, nitrate, organic nitrogen, and orthophosphate, and
their concentration in some industrial and agricultural waste-
water can be higher by as much as three orders of magnitude
in comparison with natural water. Without the proper treat-
ment, wastewater may overload the bio-system, having a
negative impact on the natural processes of photosynthesis,
respiration, nitrogen fixation, evaporation, and precipitation.
Nutrients can be released into aquatic systems. This leads to
eutrophication and ecosystem damage through stimulation
of the growth of unwanted plants, such as algae and aquatic
macrophytes. Furthermore, non-ionized ammonia is toxic to
fish and other aquatic organisms (Abdel-Raouf et al. 2012;
Kumar et al. 2013; Chen et al. 2015).

Removal and recovery of nutrients from wastewater
mostly involves cost-effective treatment technologies. Many
methods for nutrient removal and recovery from wastewater,
such as membrane-based technologies, chemical preparation,
and bioelectrochemical systems (BES), have been described
(Zhang et al. 2014).
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Eukaryotic algae play a key role in removing nutrients
from wastewater through an assimilation process. The his-
tory of their use in removing nitrogen and phosphorus is
quite extensive, said use having first been proposed over
50 years ago (Abdel-Raouf et al. 2012). The first research on
the use of microalgae assumed that their productivity using
recycled wastewater nutrients would be several times greater
than that of conventional food plants, particularly in regard
to efficiency. Although the productivity of algae turned out to
be much lower than originally expected, they are still com-
monly used in wastewater treatment (Oswald 2003).

Microalgae are able to remove nutrients effectively
because they require high amounts of nitrogen and phospho-
rus for protein, nucleic acid, and phospholipid synthesis
(Rawat et al. 2011). The mechanisms for removing nitrogen
can be based on nitrogen uptake by algae biomass and the
decomposition of ammonia resulting from an increase in pH
during algae growth. Phosphorus can be removed from
wastewater as a result of bioassimilation, adsorption, and
chemical precipitation processes above pH 8 (Wang et al.
2014). The oxygen released by the microalgae can be con-
sumed by bacteria so as to decompose the organic matter in
wastewater, giving out carbon dioxide, ammonia, and phos-
phate, which the microalgae subsequently assimilate and
convert into biomass (Choi and Lee 2012; Cuellar-Bermudez
et al. 2017).

There are two main commercial systems for algae cultiva-
tion: open raceway ponds — simple, low cost and the most
common technology for large scales — and closed photobio-
reactors, which are mostly used for inocula or high-value
products (Singh and Sharma 2012; Prussi et al. 2014).
Cultivation of algae on a large scale demands energy, water,
and significant amounts of nutrients, e.g., algae need
6-8 tons-ha~!-year~! of nitrate as a nitrogen source, which is
55-111 times more than field crops. Nutrients are normally
derived from chemical or organic fertilizers, which is a major
reason for the high production cost of algae (Chen et al.
2015, Kligerman and Bouwer 2015; Ravindran et al. 2016).
A promising way to reduce the costs of algae cultivation is to
replace the expensive synthetic chemicals with cheap
resources (Lu et al. 2015). In wastewater, the majority of
nutrients required for algae cultivation are already present,
which makes it an attractive and economical alternative
source for growing algae. Algae have a high potential to
remove nutrients, mainly nitrogen and phosphorus, from
wastewater and to accumulate biomass, which makes the
wastewater treatment and algae biomass production process
economically viable and cost-effective (Chen et al. 2015;
Unc et al. 2017).

The effectiveness of algae use for removing nutrients
from wastewater has been confirmed in many studies (Abdel-
Raouf et al. 2012). The research shows that Scenedesmus,
Chlorella, and even Arthrospira, which is a marine form,

could grow in wastewater and produce significant amounts
of biomass, with the water after algae removal containing far
fewer nutrients than the supplied water. Use of algae allowed
for removing more than 90% of nitrogen and more than 50%
of phosphorus from wastewater (Bhattacharjee and Siemann
2015). In the study by Choi and Lee, the effectiveness of
nitrogen and phosphorus removal by Chlorella vulgaris was
on the level of 81-85% and 32-36%, respectively (Choi and
Lee 2012). Henkanatte-Gedera et al. (2017) have shown the
ability of Galdieria sulphuraria to remove ammonia nitro-
gen and phosphorus with efficiencies ranging from 63-89%
to 71-95%, respectively. Wang et al. (2014) have shown that
the green algae Micractinium sp. can be used for nutrient
removal with good efficiency as well. The final concentra-
tions of soluble phosphorus and nitrogen were reduced by
more than 95% and 94%, respectively.

The bioassimilation process can be affected by many fac-
tors, such as light condition, temperature, availability of CO,
purging, pH, salinity, and the initial concentration of nutri-
ents, which can be very important factors for regulation of
the growth characteristics of algae and determination of the
subsequent removal kinetics. Each strain of microalgae pre-
fers different conditions, nutrient forms, and N/P ratios suit-
able for growth, showing varied efficiency in nutrient
removal and different resistance to predation. Potentially, the
filamentous algae with large cells or colony size and indi-
gestible cell walls, such as Cladophora, Oedogonium, and
Spirogyra, have an advantage in wastewater treatment over
unicellular species. They are more effective in biomass pro-
duction and nutrient removal. They also have the ability to
grow while attached to substrate and are easy to harvest.
Defined physical parameters, selection of appropriate algae
strains, and good understanding of the ecology of algae com-
munities are essential for the treatment of a certain type of
wastewater and for efficient production of biomass (Junzhuo
et al. 2016; Wang et al. 2014).

From resources of nutrients dissolved in wastewater,
microalgae are able to produce such high-value products as
transportation biofuels, biodegradable bioplastics, biochemi-
cals, nutrition supplements for humans and animals, antioxi-
dants, and cosmetic ingredients (Luo et al. 2017) (Fig. 2.2).

The concept of producing biofuel is based on the conver-
sion of nutrients in wastewater into microalgae biomass,
which can be further transformed into biofuel. The algae are
able to produce almost 300 times more oil per acre than tra-
ditional crops. The basis of the integrated wastewater treat-
ment and biofuel production system is the selection of
appropriate species of algae, the requirement of modulated
illuminating conditions, high rates of nutrient removal,
enhanced biomass productivity, and the capability of effi-
cient harvesting of biomass. This approach can be used for
wastewater treatment, capturing CO, and producing alterna-
tive sustainable energy, and could exceed the cost of produc-
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tion by at least 10% (Bhattacharjee and Siemann 2015;
Kligerman and Bouwer 2015; WWAP 2017).

Biodegradable plastics, which are produced from waste-
water algae, have the potential to replace traditional
petroleum-based plastics at lower costs. Algae-derived oils
are also useful in the production of cosmetics and medical
products (WWAP 2017).

2.3.2 Biosorption of Heavy Metals

Pollution of the environment with heavy metals has become
a serious problem. In the last 50 years, human exposure to
heavy metals has risen dramatically as a result of an expo-
nential increase in the use of such metals in industrial pro-
cesses and products. Anthropogenic activities such as mining
and smelting operations, industrial sources (metal process-
ing in refineries, coal burning in power plants, petroleum
combustion, etc.), domestic and agricultural use of metals
and their compounds, atmospheric deposition, soil erosion,
weathering, and volcanic eruptions have been reported to
significantly contribute to heavy-metal pollution. This has
led to an increase in the level of water contamination (Aziz
et al. 2008; Bharti 2012; Tchounwou et al. 2012; He and
Chen 2014; Kumar et al. 2015).

The most common pollutants found in contaminated
water are arsenic, cadmium, chromium, copper, lead, mer-
cury, nickel, and zinc ions. Metals are unique among pollut-
ants, because they cause adverse health effects, occur
naturally, and are ubiquitous in the environment. Some of
them, like copper, zinc, manganese, nickel, and cobalt, are
important for the biochemical and physiological functioning
of plants and animals (essential heavy metals), but for many
of them, there is a very narrow range of dose between benefi-
cial and toxic effects. Other metals, e.g., aluminum, anti-
mony, arsenic, cadmium, lead, mercury, tin, or titanium,
called nonessential metals, have unknown biological func-
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tions (Aziz et al. 2008; Bharti 2012; Tchounwou et al. 2012;
He and Chen 2014; Kumar et al. 2015). Due to their toxicity
to higher life forms and their mobility in aquatic ecosystems,
heavy metals are considered the most significant inorganic
contaminants in the environment (Kumar et al. 2015).

Removal of heavy metals from the environment is diffi-
cult because they cannot be degraded chemically or biologi-
cally and their discharge into surface waters has a negative
impact on the aquatic system, causing destruction of its abil-
ity for self-treatment (Kumar et al. 2015). Unlike organic
pollutants, heavy metals are not biodegradable and tend to
accumulate in living organisms (Fu and Wang 2011). Arsenic,
cadmium, chromium, lead, and mercury rank first among the
metals that are of great significance for human health because
of their high degree of toxicity. They are all toxicants that are
known to induce multiple organ damage, even at lower levels
of exposure. They may enter the human body along with
food, through water and air, or by absorption through the
skin (Bharti 2012), interacting with cell components such as
DNA and nuclear proteins and causing damage to DNA
structure and conformational changes that may lead to cell-
cycle modulation, carcinogenesis, or apoptosis (Tchounwou
et al. 2012).

Many technologies have been developed for the removal
of heavy metal ions, such as chemical precipitation and
coagulation, ion exchange, electrochemical methods, adsorp-
tion, membrane filtration, electrodialysis, and photocataly-
sis. However, very often, the conventional methods are
ineffective or very expensive (requiring large amounts of
reagents and energy) and produce toxic sludge or other waste
products; subsequently, they are generally only used for low
concentrations of heavy metals (Nguyen et al. 2013; Kumar
et al. 2015; Wang et al. 2017).

Biotechnological methods, such as biosorption that uses
the ability of some microorganisms to tolerate and interact
with metal ions, are becoming attractive alternatives for
removing toxicants from wastewater (Dixit and Singh 2014).
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Microorganisms, including bacteria, algae, fungi, and yeast,
are capable of accumulating heavy metals with high effi-
ciency (Javanbakht et al. 2014). Algae, as a renewable bio-
mass with different affinities toward different metal ions, are
one of the most important biosorbent materials (Anastopulus
and Kyzas 2015). Biosorption is a low-cost and high-
efficiency process, and therefore has been found to be an
economically feasible alternative and one of the most prom-
ising methods for heavy metal ion removal. The biosorption
mechanism involves ion exchange, wherein ions such as
sodium, magnesium, or calcium become displaced by heavy
metal ions and complexation between metal ions and func-
tional groups takes place. The process of biosorption of
heavy metal ions occurs in two stages. In the first stage (pas-
sive removal), rapid uptake takes place due to surface adsorp-
tion on the cell wall components. This is a non-metabolic
process, essentially reversible and occurring in both living
and nonliving cells. The second phase (active uptake)
involves slow uptake due to membrane transport of metal
ions to the cytoplasm of the cells and subsequent accumula-
tion inside the cell. This is a metabolism-dependent process
occurring within the cell, and it is slow, restricted to living
cells only, and usually irreversible. The carboxyl, hydroxyl,
sulfate, and amino groups in algal cell-wall polysaccharides
act as binding sites for metals (Gupta and Rastogi 2008a;
Lesmana et al. 2009; Shalaby 2011; Dixit and Singh 2014;
Kumar et al. 2015). Initial concentration of heavy metal ions
in the solution, contact time, pH, biomass concentration, and
temperature affect the course and efficiency of the biosorp-
tion process (Kanchana et al. 2014). Many different types of
alga have the properties for heavy metal ion removal.
Research proves that various species of algae biomass, such
as Arthrospira, Nostoc, Gelidium, Ulva, Oedogonium sp.,
Cystoseira, Sargassum, etc., are good sorbents of heavy met-
als (Gupta et al. 2015).

Richards and Mullins (2013) showed that the mixture of
microalga species, Microchloropsis gaditana, Diacronema
lutheri, Tetraselmis chui, and Chaetoceros muelleri, is able
to remove over 95% of the metal ions (aluminum, iron, man-
ganese, barium, cerium, lanthanum) from leachate after
10 days.

Dried Spirogyra was found to be a good sorbent for biore-
mediation of chromium and copper. Under optimal condi-
tions, the alga was able to bind 78% of chromium and even
78-84% of copper ions (Chatterjee and Abraham 2015;
Kushwah and Srivastav 2015). Sargassum fusiforme was
able to adsorb 90% of copper and 72% of mercury from the
aquatic solutions during the first 60 min. The adsorption was
pH dependent, and the best results were achieved at pH 8 and
10 for both metals (Huang and Lin 2015).

Gupta and Rastogi (2008a, b) showed that the biomass of
two dried freshwater algae, Oedogonium sp. and Nostoc sp.,
has the ability to remove lead ions from aqueous solutions.

In addition, the biomass of green algae Oedogonium sp. has
the potential to be used as an efficient and economic biosor-
bent material for the removal of cadmium ions from water as
well.

Other studies by Gupta and Rastogi (2009) showed the
ability of raw and acid-treated Oedogonium sp. in the bio-
sorption of hexavalent chromium with an efficiency similar
to that of Palmaria palmata (red algae) and Ulva spp. (green
algae) and greater than that of Fucus spiralis (brown algae),
Chlamydomonas reinhardtii, and Spirogyra sp.

The study by Dixit and Singh (2014) showed that cyano-
bacterium Nostoc muscorum has a high capability for cad-
mium and lead ion removal and that it can be used as an
efficient biosorbent for the removal of heavy metal ions from
wastewater. They showed that 85% of lead and 78% of cad-
mium remained adsorbed onto a cell’s surface and only a
small fraction of metal ions was taken up through the metal
transport system into the intracellular compartment. It con-
firms that living biomass is capable of binding a large frac-
tion of metal ions onto cellular surfaces, and therefore can be
recovered by using an appropriate desorbing agent so that
algae biomass can be reused again (Dixit and Singh 2014).

In Table 2.1, the capacities for biosorption of heavy metal
ions from wastewater by different species of alga are shown.

Biosorption of heavy metal ions from wastewater could
be carried out using living algal cells, which need minimal
nutrients and environmental conditions, or dead biomass of
algae, which does not require specific nutrients or oxygen. It
is possible to use algae in both aerobic and anaerobic sys-
tems (Kumar et al. 2015). Biosorption using the algae bio-
mass is a reversible process, and the algae biomass can be
used repeatedly for the removal of heavy metal ions from
aqueous solutions (Gupta and Rastogi 2008a). In comparison
with the conventional methods, the technology of biosorp-
tion has many advantages, such as high efficiency in the
detoxification of heavy metals, low operating costs, a lower
amount of spent biosorbent for final disposal, and no nutrient
requirements (He and Chen 2014).

2.3.3 Algae As a Bioindicator of Aquatic
Pollution

Establishing the level of pollutants in an environment is nec-
essary for evaluating their possible toxicity at different levels
of the trophic chain (Volterra and Conti 2000). Photosynthetic
organisms have intra- and extracellular mechanisms for
metal ion detoxification, some of which are able to play the
role of biomarkers of exposure, i.e., quantitative measures of
changes in the biological system that may be caused by
exposure to the toxic effects of environmental chemicals
(Shalaby 2011; Ismail et al. 2017). Biomonitoring of envi-
ronmental conditions can be carried out in two ways.
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Table 2.1 The capacities for biosorption of heavy metal ions by dry
biomass of different alga species

Capacity

Algae Metal | (mg/g) References
Arthrospira Cd 357 Solisio et al. (2008)
Nostoc sp. Pb 94 Gupta and Rastogi (2008a)
Nostoc muscorum | Cr 23 Gupta and Rastogi (2008d)
Gelidium Cd 18 Vilar et al. (2006)
corneum
Palmaria palmata | Cd 4.8 Prasher et al. (2004)

Cr 34 Abdi and Kazemi (2015)

Cu 6.6 Prasher et al. (2004)

Ni 3.0

Pb 15

Zn 28
Chlorella vulgaris | Ni 60 Aksu (2002)

Zn 17 Abdi and Kazemi (2015)
Parachlorella Cu 37 Horvathova et al. (2009)
kessleri 7n 40
Cladophora spp. | Pb 46 Abdi and Kazemi (2015)
Ulva lactuca Cr 28 Abdi and Kazemi (2015)
Ulva ohnoi Cd 62 Suzuki et al. (2005)

Zn 75
Oedogonium sp. Cd 88 Gupta and Rastogi (2008b)

Pb 145 Gupta and Rastogi (2008a)
Oedogonium Cr 31 Gupta and Rastogi (2009)
hatei Ni 41 Gupta et al. (2010)

41-44 Vijayaraghavan et al.
(2006)

Spirogyra Pb 140 Gupta and Rastogi (2008c)

Cu 133 Gupta et al. (2006)

Cr 15 Gupta et al. (2001)
Fucus ceranoides | Cd 90 Herrero et al. (2006)
Fucus evanescens |7Zn 52 Abdi and Kazemi (2015)
Fucus spiralis Cd 115 Romera et al. (2007)

Cu 115

Ni 50

Pb 204

Zn 53
Cystoseira Hg 329 Herrero et al. (2005)
baccata
Saccharina Zn 92 Abdi and Kazemi (2015)
Jjaponica
Sargassum Cu 31 Huang and Lin (2015)
Jusiforme Hg |77

Pb 266-303 | Chen and Yang (2005)

Cu 87

Cr 53 Abdi and Kazemi (2015)
Sargassum Cr 196 Abdi and Kazemi (2015)
muticum
Sargassum Cr 66
siliqguosum

Environmental monitoring programs are mainly based on the
use of native organisms (active approach). In the second way
(passive approach), the organisms are translocated to a given
environment for a specified period of time (Farias et al.
2017). Algae may play the role of bioindicators of structural
components of ecological integrity and functional integrity
(Stancheva and Sheath 2016). Algae are directly affected by
physical and chemical factors, they accumulate pollutants
easily, and their metabolism is sensitive to the variation of
environmental and natural fluctuations (Omar 2010).
Because of their natural and widespread occurrence along
worldwide seashores, algae could be useful for a transfer of
the ecosystem response to exposure to toxic compounds
(Torres et al. 2008).

The biomonitoring methods that use algae are based on
the assumption that a healthy environment is typified by a
greater diversity of organisms than that found in degraded
environments (Omar 2010). The algae response can be car-
ried out at the level of a biomarker, short-term indicators of
exposure to environmental stress, or a bioindicator, long-
term indicators that reflect the health status of an aquatic sys-
tem. Biomarkers that give quick answers are able to act as an
early warning system for the monitoring of environmental
changes, while bioindicators have a high ecological rele-
vance and the ability to analyze environmental samples at
any time after collection (Belinger and Sigee 2015). Both
macro- and microalgae are important tools for monitoring
heavy metal ion pollution, persistent organic pollutants,
polycyclic aromatic hydrocarbons, pesticides, and polychlo-
rinated biphenyls from the euphotic zone by direct sinking of
the cells (Torres et al. 2008). One of the requirements of the
Water Framework Directive (WFD) is the need to monitor
the ecological quality of water on the basis of biological
quality elements (Directive 2000/60/EC).

In response to environmental factors, several investiga-
tions into the use of algae as indicative organisms of water
quality have been described over the last three decades
(Abdel-Raouf et al. 2012). Because of algae’s comparatively
large surface-to-volume ratio and their ability to absorb dis-
solved nutrients, they are very sensitive to changes in nutri-
ent levels in the environment, making them a good indicator
of biogenic compounds, especially nitrogen and phosphorus,
which are responsible for eutrophication of aquatic systems
(Rosset et al. 2015). The algal indication system is mainly
based on diatoms, which are used for the development of a
number of indices that assess the degree of saprobization,
eutrophication, salinity, or acidity of water (Fetscher et al.
2014; Bielczynska 2015). Diatom composition can be used
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to develop an index for monitoring eutrophication of rivers in
England and Wales (Kelly and Whitton 1995). In Poland, the
multimetric Diatom Index for Lakes, which is based on phy-
tobenthic diatoms, is used for lake environmental evaluation
(Bielczynska 2015). Non-diatoms (soft algae) can be used as
indicators as well, but due to a highly variable morphology,
their efficacy may be lower than that of diatoms (Blinn and
Herbst 2003; Fetscher et al. 2014). In comparison with dia-
toms, they exhibit a stronger geographical specialization as
well, and therefore their use is limited to more localized
instances (Stancheva and Sheath 2016).

Macroalgae, along with marine angiosperms, benthic
invertebrate fauna, and phytoplankton, are one of the quality
elements in the evaluation of the ecological status of a water
body (Directive 2000/60/EC; Panayotidis et al. 2004). An
environment’s nitrogen exposure has a huge impact on spe-
cies composition and the biodiversity of macroalgae, and
their response to nitrogen enrichment is dependent on the
algal group (Kim et al. 2014).

The study by Farias et al. (2017) showed that Ulva austra-
lis is able to accumulate arsenic, copper, lead, and zinc over
the short term and has the potential to be a useful tool for the
monitoring and management of metal pollution.

Algae can be used for monitoring gas pollution as well.
The study showed that Trebouxia sp. can be a good bioindi-
cator for rising concentrations of CO,. The density of this
alga inside the FACE (Free-Air Carbon Dioxide Enrichment)
system in which CO, gas molecules were injected was much
higher in comparison with the control site (Ismail et al.
2017).

2.4  Conclusions

The need for novel environmentally friendly technologies
and the development of innovative mass production makes
the biotechnology of microalgae worthy of attention. In sum-
mary, the commercial cultivation of microalgae has many
advantages. They grow rapidly, and they can be cultivated
both in brackish water and on non-arable land. Macro- and
microalgae are important indicators of aquatic pollution.
They have an ability to absorb pollutants from the aquatic
environment, biotransform organic compounds, and immo-
bilize inorganic elements, making them less toxic. Their
ability to remove nutrients and heavy metals from most
wastewater makes them an alternative for wastewater treat-
ment methods. They are able to capture carbon dioxide, thus
reducing greenhouse gas emissions. Because of rapid bio-
mass growth, absorption of significant amounts of CO, dur-
ing the photosynthetic process, and the high content of oil in
biomass, algae can be used as a renewable energy source,
e.g., for the production of biodiesel. Algae biomass residue,

after lipid extraction, can be used as a source of nitrogen for
such products as protein-rich animal feed and fertilizer.

The ability to connect the technology of the production of
biomass with carbon mitigation and bioremediation makes
the commercial production of algae, especially microalgae,
an important area for biotechnological development.
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Biology of Freshwater Macroalgae
and Their Distribution
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Abstract

Cosmopolitan taxa of freshwater macroalgae occurring in
inland waters in mass are described with respect to their
biology. One of their components is autecology, which
concerns the relations of individual organisms to the vari-
ous factors of their environment. The factors influencing
the fluctuations of macroalgal populations (e.g.,
Cladophora, Oedogonium) and the formations of their
life strategies as primary producers can inform us about
the possibility of their use in various branches of
industry.

Keywords
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3.1 Introduction

Macroalgae are multicellular algae of thalli-like structure
(Van den Hoek et al. 1995; Blomster et al. 2000; Yoshii et al.
2004; Sakayama 2008; Sakayama et al. 2009; Leliaert et al.
2000, 2012). They can attach themselves to solid substrates
underwater (e.g., stones, mollusks’ shells, or macrophytes)
or float freely in the water. In freshwater ecosystems, mac-
roalgal mats are mainly built by species of green algae
(Chlorophyta), such as Spirogyra, Cladophora, Mougeotia,
and Ulva, but also by stonewort (Charales) attached to the
sandy bottom (Duarte 1995; Messyasz et al. 2015a; Pikosz
and Messyasz 2016; Pikosz et al. 2017).

The big thalli of the algae play a significant role as pro-
ducers in the water ecosystem — they distribute organic sub-
stances, create significant biodiversity, diversify the
environment, and indicate the ecological state of the water
(Hutchinson 1957; Hoffmann and Graham 1984; Dodds and
Gudder 1992; Ensminger et al. 2005; Borja et al. 2008;
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Messyasz and Rybak 2011; Montoya-Moreno and Aguirre-
Ramirez 2013; Green and Fong 2015). The most common
places where macroalgae can be found are water bodies that
are used commercially and recreationally — breeding fish-
ponds, water bodies used for bathing or swimming, and
newly created reservoirs.

Massive occurrence of macroalgae is mainly caused by:

— An increase of water fertility caused by nutrient intake,
e.g., phosphorus, nitrogen (Herbst 1969; Freeman 1986;
Krause-Jensen et al. 1999; Bricker et al. 2008; Pikosz and
Messyasz 2016)

— Stagnant waters with low flow rates (Chudyba 1965;
Whitton 1970; Hard 1992; Thybo-Christesen and
Blackburn 1993; Krause-Jensen et al. 1996; Stewart and
Carpenter 2003; Pikosz and Messyasz 2015a)

— Good light conditions (Lester et al. 1988; Berner et al.
1989; Krause-Jensen et al. 1996; Vergara et al. 1997; Dere
et al. 1998; Ensminger et al. 2000, 2001; Lenzi et al.
2013)

— Stoneworts (Charales) — low concentration of nutrients,
high water hardness (Petechaty and Gabka 2003; Gabka
2007, 2009; Petechaty 2005)

In water ecosystems with elevated nutrient concentrations
and proper physicochemical parameters (basic pH, good
light conditions, high water temperature), diversified com-
munities of filamentous green algae grow intensively, creat-
ing large mats. Research suggests that there is a correlation
between water depth and transparency and the range of fila-
mentous algae in the vertical transect of water (Lichtenthaler
and Wellburn 1983; McGlathery et al. 1997; Hainz et al.
2009; Garcia and Aboal 2014; Pikosz et al. 2017). It influ-
ences the occurrence of macroscopic green algae from gen-
era: Cladophora, Oedogonium, Ulva, Rhizoclonium,
Spirogyra, and Mougotia. The presence of mats created by
these species at the water surface leads to ecological changes
in water ecosystems, including floristic and faunistic changes
(Philips 1990; Fletcher 1996; Chemello and Milazzo 2002;
Farina et al. 2003; Das et al. 2014).

The developmental optimum of biomass for the analyzed
group of algae is generally considered to take place during
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the summer period, in July and August. However, two other
optima can occur as well: during spring and autumn, for
example, in the case of Cladophora glomerata (L.) Kiitz.
(Pikosz et al. 2017). Unfavorable habitat conditions cause
changes in the morphometric structure of thalli, the seasonal-
ity of their occurrence, and the production of significant
amounts of filamentous algae biomass.

For a dozen or so years, in Polish waters in the
Wielkopolska region, a constant growth of green algae bio-
mass has been observed (Messyasz and Rybak 2011;
Messyasz et al. 2015a; Pikosz and Messyasz 2016). The
green algae mats cover a significant portion of the water’s
surface. In smaller bodies of water, these mats can even
cover up to 100% of the surface. The presence of massive
blooms of filamentous green algae in water ecosystems,
from an ecological point of view, is a negative effect of an
increase in water trophy. In the Wielkopolska region, the
quality of most water bodies is classified as eutrophic, which
is conducive to increasing algal biomass. The biggest
increase in biomass of filamentous green algae is observed
during summer, at the peak of the vegetative season. A stock-
taking of green algae from the genera Cladophora and Ulva
has been underway in recent years in Wielkopolska
(Messyasz and Rybak 2011; Pikosz and Messyasz 2016).
Their presence was confirmed at several dozen stations. In
2012, the presence of a multispecies mat (consisting of
Cladophora glomerata, Rhizoclonium sp., Stigeoclonium
sp., and Microspora sp.) was observed in the Mogilnica
River, a single-species mat in the Nielba and Samica
Steszewska Rivers (consisting of various forms of
Cladophora glomerata) and a large mat (covering 90% of
the water’s surface) of the Oedogonium species in a field
pond (Pikosz and Messyasz 2015a, b). At the beginning of
April 2013, the monitoring and sampling of filamentous
green algae that were creating mats had commenced in the
water ecosystems being studied. Changes in the species
composition of filamentous green algae have been observed
(Pikosz and Messyasz 2016).

The consequences of massive occurrences of macroalgae
on the environment differ depending on the form of the bio-
mass created. They are as follows:

In cases of floating macroalgae:

— Deterioration of light conditions for submerged macro-
phytes and other organisms

— Fast decomposition — supplying the nutrient pool, oxygen
deficits, decay

— Progressive eutrophication of the water body

In cases of macroalgae attached to the bottom sediments:

— Limitation of bottom sediment mobilization
— Acceleration of sedimentation

— Creation of periphytic habitats and shelters for water
organisms

— Displacement of submerged macrophytes, originally
occurring in such habitats

— Stoneworts — improvement of environmental conditions

Macroalgae are becoming more abundant in freshwater
reservoirs, but their effects on other groups of organisms
remain poorly described. Favorable conditions for algal
growth are created by the increased eutrophication resulting
from the unsustainable use of direct catchment areas. As
macroalgae increase in abundance, they can actively over-
grow the bottom or passively take over a space after coming
to the surface of the water. Compared to other algal groups,
such as microalgae, macroalgae occupy available space
slightly more slowly, but they grow faster (e.g., Cladophora,
Ulva) and are less vulnerable to grazing and water turbu-
lence. Macroalgal mats are dense, mono-, or multispecies
and thus are a more complex functional group. Thorough
knowledge of the structure and function of such mats will
allow for better understanding of the complex factors respon-
sible for the coexistence of species, not only at the macroal-
gae level but also at the microalgae/macroalgae level. To
describe the general characteristics of competitive interac-
tions between certain species of macroalgae and phytoplank-
ton, we presented macroalgal growth forms and the types of
mat they create.

3.2  Surveys of Macroalgae Occurrences

in Polish Waters

Filamentous algae are common and visible macroscopically,
but they are nonetheless underexamined, and their presence
in water ecosystems is hardly ever mentioned in literature.
Taxonomic identification of filamentous algae is difficult, as
these algae grow in various habitats and environments
(Bellinger and Sigee 2010; Guiry and Guiry 2017).
Filamentous green algae show morphological and pheno-
typical plasticity (Leliaert et al. 2012). This variability is one
of the reasons for problems in regard to taxonomic identifi-
cation; the systematics is based on morphological features
(such as thalli color, cell shape, presence or absence and type
of branch). The most common in freshwater ecosystems in
Poland are macroscopic green algae of the genus Cladophora
(30% of all sites in Poland), Oedogonium (11%),
Rhizoclonium (3%), Ulothrix (8%), Spirogyra (16%),
Vaucheria (71%), and Mougotia (7%) (Messyasz et al. 2015a;
Pikosz and Messyasz 2016). A quick guide to their
identification has been prepared (Fig. 3.1). Moreover, if
Cladophora glomerata occurs in a given body of water, it
always predominates over the other filamentous algae in that
water.
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There are plenty of floristic data describing the presence
of filamentous green algae in lakes and lowland rivers; how-
ever, in most of those cases, the data do not take into consid-
eration the structure of the algal mats or any other ecological
data. Therefore, descriptions of the most important macroal-
gal genera are summarized below.

1. Coleochaete — single-row thalli when they are young. In
later periods, they are able to grow into mass threads,
which have a tendency to merge into a bigger mass. Their
characteristic feature is the ability to spread widely as an
epiphyte on hydromacrophytes and other submerged
biotic substrates (Guiry and Guiry 2017).

2. Aphanochaete — green algae growing on plant substrate,
possessing the ability to crawl. This is a broadly spread
type of green alga, often seen in waters rich in nutrients as
an epiphyte on submerged macrophytes and larger fila-
mentous green algae (Guiry and Guiry 2017).

3. Bulbochaete — representative of Oedogoniales. They have
branched threads and are easily identified because of the
protruding threadlike outgrowths in their bubble-like
swollen cells near the basis of branching (Guiry and
Guiry 2017). They occur widely, growing attached to sub-
merged plants or stones. They tolerate a high range of pH
and substrates (Van den Hoek et al. 1995).

4. Chaetophora — threads often attached to stones and sub-
merged plants, they can be very long, up to 10 cm. They
are spread broadly along the edges of shallow flowing
waters or in deeper parts attached to a substrate
(McGlathery et al. 1997; Guiry and Guiry 2017).

5. Draparnaldia — straightened (standing) threads are
attached to a substrate with rhizoids. Threads are set in
soft mucus. Spread broadly, they often occur in waters
poor in phosphorous (Van den Hoek et al. 1995; Guiry
and Guiry 2017).

6. Stigeoclonium — filamentous algae, usually attached to
various kinds of substrate with basal cells. Broadly
spread, they are usually attached to rocks and stones, but
with connections that are easily broken. They can be
found floating freely in water (Guiry and Guiry 2017).
The most common is Stigeoclonium tenue (Agardh)
Kiitz., used as an indicator of eutrophic waters, often con-
taminated with organic matter (it shows tolerance for
heavy metal contamination) (Van den Hoek et al. 1995).

7. Microthamnion — attached, softly branched threads of
algae, of constant width throughout their length. Broadly
spread, they often occur in acidic waters rich in organic
substances with high contents of Fe and Mg. They attach
to substrate with hooklike formations. They often occur
in communities with Microspora. Representatives of this
genus can also be found in wet soil (Van den Hoek et al.
1995; Guiry and Guiry 2017).

8.

10.

11.

12.

13.

14.

Rhizoclonium — creates thick, rough threads with small
branching of rhizoids (not always visible). These are
common in basic, shallow waters, where they can form
dense mats. Often found (and confused) with Cladophora
(Van den Hoek et al. 1995; Messyasz et al. 2015a; Guiry
and Guiry 2017).

Cladophora — typical filamentous green algae with a
high level of branching, but in slow moving waters, they
can be scarce or even not form at all. They can float
freely in water or attach themselves to a substrate with
hooklike formations. Branching is dichotomic or even
trichotomic. They create dense, thick mats. The repre-
sentative for this genus is often present in basic waters,
especially those with inflow of sewage. Cladophora can
grow intensively near filter systems of water treatment
plants, such as slow sand filters in which serious prob-
lems may occur precisely because of the algal threads
(Painter and Kamaitis 1987; Van den Hoek et al. 1995;
Messyasz et al. 2015a; Guiry and Guiry 2017).
Microspora — creating non-branching threads, they
attach themselves to a substrate with hooklike forma-
tions and are common in small bodies of water, espe-
cially during colder seasons (Van den Hoek et al. 1995;
Guiry and Guiry 2017).

Spirogyra and Mougeotia — common in many environ-
ments. They have straight, non-branched threads
(Simons and Beem 1990; Van den Hoek et al. 1995;
Guiry and Guiry 2017).

Oedogonium — cells create long, non-branched threads.
Very common in flowing waters where they can create
dense mats. Oedogonium usually occurs in small, sea-
sonally flooded water bodies; they can even develop in
puddles. Small surface, high concentration of nutrients,
warmth, and stagnation of water create the perfect con-
ditions for Oedogonium’s development. Rarely seen in
lakes or rivers. Temperature, pH, light, and certain salts
dissolved in water (Ca, Fe, Mn, Mg) have significant
influence on their development (Van den Hoek et al.
1995; Messyasz et al. 2015a; Pikosz and Messyasz
2015b; Guiry and Guiry 2017).

Ulva - typical tubular green algae in freshwaters,
attached to substratum or floating on the water’s surface.
Their mats can be found across a wide range of nutrient
conditions but are uncommon in clean waters. Found
across a wide range of conductivity (Malta et al. 1999;
Blomster et al. 2000; Bischof et al. 2002; Messyasz and
Rybak 2009; Pikosz and Messyasz 2015b; Guiry and
Guiry 2017).

Stoneworts (e.g., Chara, Nitella) — the best known
group of macroalgae in the Wielkopolska region.
Detailed research on their ecology and morphometric
diversity has been conducted since the nineteenth cen-
tury (Dambska et Karpinski 1954). Stoneworts occur
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mainly in lakes, creating dense underwater “stonewort
meadows,” as they used to be called. In Poland, 34 spe-
cies of these macroalgae occur. Stoneworts are present
mainly in lakes with clear waters, reaching up to 2 m.
They are considered a very good indicator of aquatic
environmental pollution. Stoneworts are attached to
sandy or silty bottoms with rhizoids (Petechaty and
Gabka 2003; Gabka 2007, 2009; Petechaty 2005).

Advantageous habitat conditions (i.e., low water depth,
high trophy) and a collection of adaption features cause mas-
sive occurrences of filamentous green algae in water ecosys-
tems. This, in turn, has serious consequences for water
systems: changes in light and oxygen conditions, as well as
nutrient circulation. Algae blooms are most often the result
of eutrophication (Khanum 1982; Ozimek 1990; Higgins
et al. 2008). These blooms create single- or multispecies
mats that are a model research subject for researching com-
petition relations. So far, it has been observed that the spe-
cies’ structure, spatial structure (loose or tight), and internal
organization (density, thickness, space covered) of green
algae mats are a result of certain environmental conditions,
hydrodynamic and thermal, in particular (Ozimek 1990;
Pikosz and Messyasz 2015a). The coexistence of a number
of taxa in the same place may cause a reaction: competition
over space and nutrients. The result of this competition may
be the mutual replacement or exclusion of species, as well as
the secretion of chemical substances. Several “defensive”
competitive strategies of filamentous algae blooms in shal-
low waters have been accounted for (Pikosz et al. 2017).
Freshwater macroalgae may gain an advantage over their
competitors thanks to these adaptation techniques: develop-
ment in early spring, nutrient absorption from water, chemi-
cal makeup of thalli (presence of the stress protein—proline—in
periods of high mat density), changes in morphological
structure, secretion of growth and development suppression
substances, and endospore creation (Ozimek 1990). They
develop best in shallow, eutrophic bodies of water.

In freshwater ecosystems with high nutrient content and
appropriate physicochemical parameters, varied species of
filamentous green algae communities develop very inten-
sively, forming large mats on the surface layer (free-floating
forms) and the benthic layer (attached to the bottom, Figs. 3.2
and 3.3). Cladophora glomerata showed the highest mor-
phological variety among all of the analyzed green algae. In
standing waters, thalli are bushy and relatively short (up to
20 cm), while in running waters, the number of filaments is
limited and the thalli are long (Fig. 3.3). Significant cell
changes (length and width of cells, thickness of cell wall,
number of pyrenoids and nuclei) have been observed in fila-
ments of C. glomerata collected from rivers (Pikosz and
Messyasz 2015a, 2016). These changes can stem from
hydrodynamic (water currents, waves) and thermal condi-

tions of the given river habitat. In the case of lakes and ponds,
this morphological variability is much less prominent and, if
it occurs, may be connected with levels of water depth (this
can result in differences in shapes, allowing macroalgae to
absorb light).

The development of stable, seasonal mats is possible due
to a variety of growth models (taking thermal and light
requirements into account) employed by filamentous green
algae. Reactions of chosen taxa to certain environmental gra-
dients, e.g., to the presence of orthophosphates in water,
show that Cladophora glomerata, C. globulina, Rhizoclonium
sp., Stigeoclonium nanum, and Vaucheria sp. inhabit strongly
eutrophic ~ waters, while algae taxa representing
Zygnemataceae, Cladophora  rivularis (L.) Hoek,
Oedogonium capillare Kiitz. ex Hirn, and Cladophora fracta
(O.F. Miiller ex Vahl) Kiitz. have their optimum of develop-
ment in much less fertile waters (Pikosz and Messyasz 2016).
For filamentous green algae, the strategy of outpacing the
competition is very characteristic. The development in early
spring (low thermal and light requirements) of Cladophora
glomerata, as well as of the species of the genera Tribonema,
Ulothrix, and Rhizoclonium, allows them to create stable
seasonal mats. These are taxa employing the strategy of early
spring growth, making it possible to create stable mats very
early. Oedogonium capillare, Cladophora rivularis, and C.
globulina belong to thermophilic species, the growth opti-
mum of which occurs in warm waters (Pikosz and Messyasz
2016; Pikosz et al. 2017).

The main structural compound of algal mats is usually
Cladophora glomerata. Other species of filamentous green
alga, such as Oedogonium, Bulbochaete, Rhizoclonium, or
Stigeoclonium, are only detached fragments entangled in
Cladophora threads (Table 3.1).

3.3  Architectural Forms of Patches
Intensive growth of macroscopic algae causes greater visibil-
ity of this particular group of species in bodies of water in the
form of a properly defined mat (of symmetrical or asym-
metrical nature) that takes specific shapes. Some macroalgae
species occur dispersed in water, and they can be defined as
non-defined mats, even when their occurrence is massive.
The architectural complexity of a properly defined mat
consists of different structural forms: patches, mats, corri-
dors, nets, or spider webs (Adhikary and Sahu 1992; Pascelli
et al. 2013; Yniguez et al. 2015; Weiss et al. 2017). A patch
of a given species or an agglomeration of macroalgae species
can be defined as a relatively homogenous area. The term
“mat” is connected to filamentous macroscopic algae float-
ing freely on the water surface or attached to the bottom
(Saunders et al. 2012). In Polish ecosystems in which the
occurrence of macroscopic algae was observed, taxa from
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Table 3.1 Characteristics of the various Cladophora patches

Dominant Accompanying
taxon filamentous algae | Forms Sites
Cladophora | Rhizoclonium Long filaments, Small
glomerata sp. lowland
Stigeoclonium Attached to the rivers
nanum bottom and stones
Oedogonium
Spp.
Vaucheria sp. Free-floating
Cladophora | Oedogonium sp. | Free-floating Shallow
glomerata Tribonema Dense mat lake
vulgare
Cladophora | Cladophora Dense mat like Field
rivularis globulina watt pond
Oedogonium
capillare
Ulothrix
variabilis
Tribonema
aequale
Tribonema
vulgare
Spirogyra spp.,
Mougeotia sp.
Cladophora | Cladophora Dense mat in Dam
fracta glomerata littoral zone (4 m reservoir
Spirogyra spp. from the shore),
Mougeotia sp. soft to the touch
Cladophora | Spirogyra spp. Mat mainly Urban
fracta Mougeotia spp. | slippery to the pond
Zygnema spp. touch
Sirogonium sp.
Cladophora sp.

Chlorophyta genera were dominant — mainly Cladophora
taxa (Pikosz and Messyasz 2016). Filamentous species from
the class Xantophyceae, Zygnemataceae, and blue green
algae were also noted (Messyasz et al. 2015a). According to
the species’ composition, the following types were
distinguished:

— Green algae mats (up to seven species) with a dominance
of Cladophora taxa — characteristic mainly for rivers

— Cyanobacteria — green algae mats (12—14 species) — char-
acteristic for ponds and shallow lakes

The type of form is related to the size of an object or area.
Moreover, forms can be discussed in terms of individual
macroalgae growth habitats or the patch arrangement in
water bodies. This is largely due to the morphological struc-
ture of macroalgal thalli, which include crusty thallus
(Hildenbrandia), netlike thallus (Hydrodictyon), filamentous
thallus (Cladophora), or tubular thallus (Ulva). Macroalgae
are known for their morphological plasticity and wide vari-
ety of growth form, from encrusting to heavily branched.

Branching growth forms are typically fast-growing species
(e.g., Ulva, Cladophora) that extend above the benthos,
allowing them to avoid interactions with neighboring organ-
isms. In contrast, slow-growing forms (e.g., Hildenbrandia)
are less expansive in the water body.

Extensive, compact, and dense patches of macroalgae in
freshwater ecosystems occur in the character of mats, over-
growing the surface of the water floor and water table with
different levels of intensity. Thalli of those species that grow
into very big patches construct algal mats of unimaginable
shapes, which are difficult to name. Macroalgae mat forma-
tions can be divided into:

— Free-floating mats — taking shapes of flocs, mats or felts,
tufts, clouds, netlike structures

— Attached to the bottom — upright growth forms (aligned),
bush-like structures, solitary thalloid growth forms

— Overgrowing the entire water column — includes both
free-floating and attached forms, as well as the forms that
overgrow each element that can serve as a pillar, e.g., sub-
merged water plants

Diversification of the mats’ shape can also occur because
of the hydrodynamic conditions of the given water ecosys-
tem, even concerning the same macroalgae species. An
example of such diversification can be seen in Cladophora
glomerata, a filamentous green algae. In ponds and lakes, it
creates filamentous forms attached to the surface or, in its
mature state, floating on the surface of the water in the form
of dense mats that overgrow the entire water column
(Figs. 3.2 and 3.3). In rivers, on the other hand, Cladophora
attaches itself to the bottom and has very long threads that
rise along with the current and show similarity to braids.

Figure 3.4 shows the most common examples of big
patches of macroalgae in stagnant waters. According to their
size, patches of all macroalgae species can be categorized
into five size classes: 0—1 m?, 1-5 m?, 5—10 m?, 10-50 m?,
>50 m?2. The most abundant are the communities that form
mats in the littoral zone and reach up to 10 m?. Among them,
the following shapes can be distinguished: flocs (Zygnema,
Fig. 3.4b), clouds (Spirogyra, Mougeotia, Cladophora,
Fig. 3.4e), netlike structures (Hydrodictyon, Fig. 3.4g), spi-
der webs (Spirogyra, Cladophora, Fig. 3.4h), and jelly struc-
tures (Spirogyra, Ulothrix). The second type of community
consists of big (10-50 m?), single-species patches attached to
the bottom. This group is represented by stonewort meadows
(Chara, Fig. 3.4d), bush-like structures (Chaemisiphon,
Cladophora, Fig. 3.4f), cushion-like colonies (Vaucheria),
and filamentous patches loosely attached to the bottom
(Batrachospermum, Draparnaldia, Mougeotia, Microspora,
Ulothrix, Tribonema).

The biggest patches of macroalgae, often covering entire
surfaces of bodies of water, frequently take the shape of mats



3 Biology of Freshwater Macroalgae and Their Distribution

23

Fig. 3.2 Images of different types of architectural macroalgal mat in
small water bodies: (a) Zygnemataceae in the shallow pond in Poznan;
(b) Cladophora and Ulothrix attached to the bottom; (c) fragments of

and felts, which can be very dense and carpet-like (thickness
up to 30 cm, Cladophora, Fig. 3.4a) or loose and carpet-like
(thalloid algae, Ulva, Fig. 3.4c). Shallow pond-like lakes
often have their entire volume of water covered by

reeds as substrate for filamentous green algae; (d) Cladophora glom-
erata in a loosely overgrown water column in the shallow Lake
Oporzynskie; (e) Cladophora glomerata forming cloud-shaped mats;
(f) Cladophora glomerata forming dense mats in a shallow lake

Cladophora glomerata, forming loose patches of tangled
threads (Fig. 3.4j) or compact communities created by
patches that are pounded into one by waves (Fig. 3.41).
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Fig. 3.3 Images of different
types of architectural
macroalgal mat in ponds and
rivers: (a and b) Ulva flexuosa
in the shallow Lake
Laskownickie; (¢) C,,

C, — Cladophora fracta in the
artificial pond in Poznan; (d)
benthic Cladophora
glomerata, attached to the
bottom in a lowland river; (e)
benthic Cladophora
glomerata, attached to the
bottom in the shallow Lake
Oporzynskie; (f) tubular thalli
of Ulva flexuosa within
Cladophora glomerata mats
in the small Nielba River; (g)
Cladophora glomerata
forming long filaments as
braids in the Nielba River; (h)
free-floating form of
Cladophora glomerata in a
pond; (i) Ulva and Vaucheria
attached to a stone substratum
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Fig. 3.4 Models of patches
(mats) created by macroalgae
in freshwater bodies. Types of
structure: carpet-dense (a),
flocs (b), carpet-loose (c),
stonewort meadow (d), clouds
(e), bushes (f), nets (g), spider
webs (h), compact (i) and
tangled (j)
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Shallow lakes can have two alternative stable states over a
wide range of nutrient concentrations: a submerged
macrophyte-dominated in clear-water state and a phyto-
plankton- dominated in turbid-water state (Scheffer 2001).
In some cases, filamentous algae may replace macrophytes
(Pieczynska 2008). According to Irfanullah and Moss (2005),
mats of filamentous green algae can act as a buffer against a
shift to phytoplankton dominance, thus maintaining a clear-
water state; these account for up to 90% of total primary pro-
duction in the ecosystem. Concentration of chlorophyll-a in
mats is significantly higher than in places without filaments,

which indicates that the mat is not strong enough of a buffer
to protect against phytoplankton growth.

Therefore, our research revealed only lower concentra-
tions of PO,*~ in sites with mats, which indicated that nutrient
supply is incorporated into the biomass (Pikosz and Messyasz
2016). It also confirmed that phosphorus is the main growth-
limiting factor for C. glomerata (Freeman 1986; Higgins
et al. 2008). Variables in nitrate and ammonium were not sig-
nificant, both due to the inhibited process of assimilation that
affects light and temperature conditions (Salisbury and Ross
1978) and decaying algae and biogenic compounds that may
be recirculated into the water (Pieczynska and Tarmanowska
1996). The presence of macroalgal mats in shallow water eco-
systems may be a cause of reduced nutrient uptake by mac-
roalgae, and therefore cause a significant decrease in nutrient
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Fig. 3.5 Detailed algal mat characteristics, physical and chemical parameters of water, dominant taxa of phytoplankton, observed vertically (sur-
face, middle, bottom) and horizontally (littoral, pelagic) in the stationary mat phase during maximum algal growth and biomass

fluxes from sediment to the overlying water column (Higgins
et al. 2008). In contrast to data published by Khanum (1982),
who argued that the massive development of Cladophora sp.
has a significant impact on the total dissolved substance, the
analysis of the impact that mats have on shallow Polish lakes
did not show any statistical relation (Pikosz et al. 2017). The
higher value of oxygen saturation in mats is due to the process
of photosynthesis.

Understanding the role of dense mats in water ecosystems
and environmental gradients is important, not only from the
fundamental and practical perspectives but also in the aspect
of biological conservation. Water temperature and light have
an impact on both the vertical and horizontal distributions of
Cladophora glomerata in dense mats in shallow lakes.
Depending on the depth of the water column, the amount of
light available differs considerably, which could potentially
influence the growth rate of microalgae and macroalgae. The
data clearly demonstrates that C. glomerata, which creates
dense single-species mats, indicates heterogeneity in its ver-
tical distribution and horizontal homogeneity (Fig. 3.5). This
heterogeneity is attributable to the impact of water tempera-
ture, PAR, oxygen saturation (OS), pH, nutrient gradients
(concentration of N-NO;~, NH,*, PO,*"), and chlorophyll-a
generated by the depth of the water column. Temperature,
dissolved oxygen, and PAR irradiation significantly declined
with increasing depth in the mat. Pigment content in the cell
of C. glomerata, cell length, and the diameter of pyrenoids
changed from the top to the bottom of the mat. Vertical
changes were also related to the phytoplankton structure
(Pikosz et al. 2017).

In the horizontal profile of a dense Cladophora mat, phy-
toplankton was homogeneously distributed through the lit-
toral and pelagic layers, and the concentrations progressively

reached about 6000 cells per liter. Likewise, the differences
in concentrations of chlorophyll-a between these two layers
were small and not statistically significant. The situation was
very different in the vertical profile, where, in the surface
layer, chlorophyll-a concentration was lower than in the
deeper part of the mat in the lake. The changes were statisti-
cally significant in contrast to the littoral and pelagic zones
(Table 3.2). The total number of algae taxa identified in all
samples equaled 117. When analyzing the phytoplankton’s
spatial changeability, it was found that diatoms decreased
from the littoral to the pelagic, while green algae
(Chlorococcales) reached significantly higher densities in
the pelagic zone. Irrespective of the sampling site, the quan-
titative share of dominant Cosmarium regnellii Wille was
similar, oscillating between 19% and 29% (Table 3.2). The
richness of the phytoplankton species was clearly low (17—
23; average 19) in the middle and bottom zones compared to
the average number of 22-38 algae taxa per sample in the
surface layer. In the vertical profile, among phytoplankton
taxa, Cosmarium regnellii Wille was clearly dominant (24%
on average) in the surface and middle parts, while the bottom
zone was dominated by cyanobacterium Aphanocapsa hol-
satica (Lemm.) Cronberg et Komarek (31%). This variability
also concerns the accompanying species (Table 3.2), which
change along with depth: from cryptophytes (Cryptomonas)
and chrysophytes (Chrysochromulina) near the surface
through cyanobacteria (Chroococcus, Planktolyngbya) and
the small green algae (Desmodesmus) at the bottom.
Desmid Cosmarium regnellii Wille, dominant in this sys-
tem, is a small species, and its occurrence optimum has a
broad pH range — from 6 to above 8 (Lenzenweger 1999). Its
prevalence in the relatively high abundance of Cosmarium
regnellii within sites of the littoral and pelagic zones of Lake
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Table 3.2 The phytoplankton chlorophyll-a composition of water in
Lake Oporzynskie along the vertical and spatial profiles (mean + SD)

Sampling
depth and Dominant
profile Chla (pgL™") | taxon Accompanying taxa
Vertical profile
Surface 9.44 + 6.53 Cosmarium Rhodomonas
0-40 cm regnellii lacustris var.
(n=95) Wille nannoplanctonica
(Skuja) Javornicky
Chrysochromulina
parva Lackey
Cryptomonas
marssonii Skuja
Middle 3291 £17.42 | Cosmarium Chroococcus
50-150 cm regnellii turgidus (Kiitz.)
(n=11) Wille Nigeli
Planktolyngbya
limnetica (Lemm.)
Komarkova-
Legnerova and
Cronberg
Tetraédron
minimum (A.Braun)
Hansgirg
Bottom 36.84 +7.48 Aphanocapsa | Desmodesmus
160- holsatica communis
200 cm (Lemm.) (E.Hegewald)
(n=5) G.Cronberg E.Hegewald
et Komdrek Desmodesmus
opoliensis
(P.G.Richter)
E.Hegewald
Crucigeniella
rectangularis
(Négeli) Komarek
Friedman’s |24.39
ANOVA »?
Kendall’s 0.37
W
P 0.00001
Spatial profile
Littoral 18.70 £9.33 Cosmarium Rhodomonas
(n=10) regnellii lacustris var.
Wille nanoplanctonica
(Skuja) Javornicky
Pediastrum simplex
Meyen
Cocconeis
placentula
Ehrenberg
Pelagic 2533 £14.40 | Cosmarium Oocystis lacustris
(n=15) regnellii Chodat
Wille Crucigeniella
rectangularis
(Négeli) Komarek
Coelastrum
astroideum De
Notaris
t-statistic -1.72
P 0.10829

Bold represents statistical significance, p < 0.05

Oporzynskie is a result of its preference for fertile waters.
This species is often observed in eutrophic waters of lakes,
both in phytoplankton (Gotdyn et al. 2013) and in periphyton
(Messyasz and Kuczynska-Kippen 2006). However, some
minor variations were related to the accompanying species,
depending on the location of the sampling site in the lake. In
the littoral zone, a greater share of diatoms was found, espe-
cially Cocconeis placentula Ehr., which is a periphytic spe-
cies. Analysis of epiphytic communities of freshwater
macroalgae showed that Cocconeis placentula is a pioneer
species in the colonization of the substrate, i.e., thalli of
green algae, and can very quickly cover the macroalgal sur-
face in a carpeting manner (Messyasz et al. 2012). In the case
of high density of Cladophora glomerata, filaments forming
dense mats, in the littoral zone of waving water, can tear off
epiphytic diatoms (including Cocconeis placentula) from
their surface, but also from reed stems, thereby enriching the
water in diatoms. Confirmation of this phenomenon of
periphyton’s direct impact on phytoplankton structure is also
seen in literature (Kitner and Poulickova 2003; Poulickova
et al. 2008; John et al. 2009). This finding suggests that
Cladophora glomerata is subjected to the impact of waving
in the surface layer of water. In contrast, in the pelagic zone,
where water temperature was clearly higher than in the lit-
toral zone, an intensive development of small chlorococcal
green algae was also observed. Dense planktonic green algae
communities are usually highly abundant in eutrophicated
water ecosystems, as well as in ecosystems with a strong gra-
dient of salinity, i.e., coastal, shallow, and size-differentiated
lakes (Burchardt et al. 2003).

On the vertical scale, the contrast between the dominant
phytoplankton and the accompanying species composition
was found in the surface and bottom zones. The classifica-
tion system of phytoplankton strategies (C, S, R, and inter-
mediate strategies C-S, C-R, R-S) developed by Reynolds
(1988, 2006) is based on individual taxons’ evolutionary
responses to disturbance and stress and their use of limited
resources. According to this system, a majority of phyto-
plankton species in Lake Oporzynskie belong to C-strategists
(which dominate in low disturbance intensity and stress) and
C-R strategists (which exhibit varying tolerance to turbidity
and nutrient enrichment). Dominating in the bottom zone of
the water column, cyanobacterium Aphanocapsa holsatica
(Lemm.) G.Cronberg et Komadrek is an example of an inter-
mediate C-S strategy with low-temperature tolerance, simul-
taneously increasing the ability to exploit nutrients. This
finding suggests that differences among the three layers (sur-
face, middle, bottom) for phytoplankton in the vertical pro-
file may indicate that a habitat of a dense Cladophora
glomerata mat controls nutrients, the underwater light cli-
mate, and the temperature, and thus also the variability of
strategies of microalgal species.
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Biomass Production and Utilization
of Macroalgae

3.5

Primary production is dependent on many environmental
(including climatic) factors, as well as factors connected to
habitat that are constant within a given water ecosystem
(Whitton 1970; Reynolds 2006). Under normal conditions,
primary production is diversified with regard to the amount
of biomass produced, which is dependent on the type of eco-
system (river, pond, shallow/deep lake) and vegetative sea-
son (temperature and insolation, warm summer vs. cold
summer). Eutrophic and hypertrophic waters are considered
to be bodies of high macroalgae biomass production
(Messyasz et al. 2015b). However, any possible water con-
tamination may lead to damage invisible to the naked eye,
which, if prolonged, can cause many long-term effects on
basic processes: growth of macroalgal thalli and an increase
in their biomass. Such damage can be observed in the incor-
rect forming of chloroplasts and changes in physiological
processes. It decreases not only the biomass production itself
but also the quality of the biomass in terms of biocenosis or
economy. Many methods can be used to evaluate the produc-
tion of biomass, but the most common one is simply the cal-
culation of macroalgae biomass produced in a given area in
a given time period. Results are given per dry mass of algae,
and in case of experiments, it is also compared with the con-
trol (Khuantrairong and Traichaiyaporn 2009; Lenzi et al.
2011; Messyasz et al. 2015¢). Macroalgae biomass produc-
tion can be converted to g/m*/day or to the amount of energy
in the biomass. The diversification of biomass can be pre-
sented in accordance with the surface of the body of water,
the place of the mat’s growth, and its architectural structure.
From the economic point of view (amount of biomass and

Fig.3.6 Scheme showing the
economic capacity of
freshwater macroalgae
biomass utilization

costs of gathering), the growth of filamentous green algae,
which form dense carpet-like mats that flow along the water’s
surface, is the most cost-effective.

The problem of excessive amounts of algae can be solved
by using mats with large surfaces for economic purposes
(Fig. 3.6). The most frequently used method of removing
mats is gathering the green algae at the shore and letting it
decompose. Macroalgae show the ability to accumulate trace
elements, and therefore the usage of algae biomass can be
successfully exploited: (i) in biological water treatment (to
eliminate nutrients such as nitrogen and phosphorous), (ii) as
an effective measure to prevent cyanobacteria blooms (natu-
ral algaecide), (iii) as a cheap absorbent in wastewater treat-
ment plants (e.g., biosorption of heavy metals), and (iv) as an
ingredient in fertilizers used to enrich soil with elements,
because algae are a rich source of amino acids, peptides, pro-
teins, and carbohydrates (Michalak and Chojnacka 2009;
Michalak et al. 2015, 2016, 2017; Pankiewicz et al. 2016).
They also consist of high amounts of essential unsaturated
fatty acids (Messyasz et al. 2015b).

The thalli of the green alga Cladophora, when applied as
a substrate performing the role of a biofilter, are more effec-
tive than aquatic plants in taking nutrient elements from the
deposits in which they are rooted (Pieczynska 1988). Thalli
of freshwater forms of Cladophora or Ulva taxa are tycho-
planktonic, rarely attached to the substratum, which allows
for them to absorb nutrient elements and heavy metals
through the entirety of their surface (Whitton 1984;
Chmielewskd and Medved 2001; Rybak et al. 2012). Using
the thalli of these macro-green algae as biofilters seems to be
a very promising appliqué method for the improvement of
water quality and, at the same time, makes it possible for the
algae to reach high biomass. The assumption that the thalli of

MACROALGAE AS RAW MATERIAL
FOR THE INDUSTRY AND AGRICULTURE

FEED ALGAECIDES

COMPONENT

REMOVAL OF

BIOGENICAL

COMPOUNDS

ABSORBENT IN
TREATMENT SEWAGE

'\ .

NATURAL
FERTILIZER

SUSTAINABLE
ECONOMY



3 Biology of Freshwater Macroalgae and Their Distribution

29

freshwater forms of macro-green algae are characterized by
a great dual ability to absorb nitric and phosphoric com-
pounds, as well as microelements, from water and accumu-
late these elements in cells results both from the fast rate of
biomass increase and promising research findings regarding
the sea forms of these algae (Miyata et al. 1977; Markager
and Sand-Jensen 1996; Wosnitza and Barrantes 2005;
Michalak and Chojnacka 2009; Alcaraz et al. 2013). The
effectiveness of macroalgae thalli as a substrate performing
the role of a biofilter is closely connected to the determina-
tion of their physiological abilities to absorb and their accu-
mulation of nutrient compounds from water. On that score,
the examination of the qualitative and quantitative composi-
tion of nutrient elements accumulated in macroalgae thalli
will concern developing populations, under both experimen-
tal and farm conditions. Comparative breeding should dem-
onstrate the optimal conditions for the growth of thalli and
their accumulation of nutrient elements and mineral sub-
stances. At the same time, it will determine the minimal level
at which desired changes in water quality are occurring, and
the level of success and effectiveness of the method itself.
Application of the phenomenon of N and P accumulation by
macroalgae Cladophora or Ulva as a biofilter or algaecides
is opening up new prospects for aquatic economy and their
practical usage. According to the authors of this chapter,
interest in this biological method will be significant, on
account of the efficient elimination of nutrient elements from
wastewater and reduced cyanobacteria blooms.
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Abstract

As photoautotrophic organisms, algae possess all of the
valuable features that determine their role as the primary
producers in the biosphere. A wide range of tolerance
based on their extremely efficient adaptation to biochemi-
cal processes, as well as the specific cellular structure of
these organisms, when correlated with the ecological
plasticity of microalgae in particular, predispose these
biota to growing and developing under either laboratory
or industrial conditions. Hence, the natural features of
algae have opened wide the door for the multidirectional
biotechnological use of these organisms, with a dynami-
cally growing number of such applications fully support-
ing this thesis. Among the variety of examples, however,
there are two main areas of activity that involve algae in
biotechnological processes. The first has arisen histori-
cally out of the long tradition of the use of biomass of
algae or algal isolates as a source of substances with qual-
ities of interest. The second area is based on the impres-
sive biochemical machinery of algae that are able to
produce, de novo, a huge number of organic compounds,
as well as transform all of them. This approach allows for
the use of algae as effective biocatalysts. This chapter is
composed of four short stories, two of which illustrate
algae as a source of select valuable chemicals (phycobili-
proteins, polyphenols) and the other two of which are
dedicated to the biocatalytical abilities of those organisms
to protect ecosystems against organic pollutants and tran-
sition metal ions.

E. Niemczyk - B. Zyszka-Haberecht - D. Drzyzga - M. Lenartowicz
Faculty of Chemistry, University of Opole, Opole, Poland

J. Lipok (Ix0)
Faculty of Chemistry, Department of Analytical and Ecological

Chemistry, Opole University, Opole, Poland
e-mail: jalip@uni.opole.pl

© Springer International Publishing AG, part of Springer Nature 2018

Keywords

Microalgae - Cyanobacteria - Natural products -
Biocatalysis - Phycobiliproteins - Polyphenols - Organic
pollutants - Metal ions

4.1  Introduction

Algae seem to be a group of organisms especially predis-
posed to various biotechnological purposes. As photoauto-
trophic organisms, these biota possess all sorts of valuable
biochemical features that determine their role as the primary
producers in the biosphere. The ability to produce the major-
ity of known organic compounds due to an extremely effi-
cient combination of primary and secondary metabolisms
places these organisms at the center of interest for biotech-
nologists. It is not insignificant that the nutritional require-
ments of algae are relatively poor, especially if we are
comparing the chemical nature of nutrients — simple inor-
ganic salts — with their products, structurally complex
organic compounds.

All of these metabolic features, coupled with mainte-
nance in water as a medium and the possibility of using both
sunlight and artificial light as sources of necessary energy,
have determined that algae nowadays, especially microalgae,
play an increasing role as a biotechnological source of phar-
maceuticals and cosmetics (bioactive molecules of novel
modes of action or of new chemical scaffolds) and nutraceu-
ticals (functional foods, probiotics, antioxidants), as well as
substances of industrial significance, i.e., biofuels and
enzymes. It is worth adding that because of historical (old
taxonomy) and functional (photosynthesis) issues, some
strains of cyanobacteria, such as blue-green algae, are often
included in the microalgae group. Due to the specific metab-
olism of these photosynthetic bacteria, the biotechnological
meaning of the entire group of microalgae (algae) is signifi-
cantly enriched, especially in regard to the matter of bio-
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transformation processes, including biodegradation, in the
context of environmental biotechnology (Fig. 4.1).

However, the benefits that are obtained due to the con-
trolled usage of algae, or their functional parts in biotechnol-
ogy, depend significantly on a few constraints, among which
product extraction and purification, strain stability, produc-
tivity, and downstream processing, as well as engineering
problems, seem to be the most important. Thus, the advan-
tages and disadvantages that are expressed nowadays regard-
ing the use of algae in biotechnological processes are
presented in respect to algae as a source of valuable chemi-
cals, as well as in regard to the biocatalytic capacities of
these biota.

The ability to produce a variety of organic compounds
due to the extremely efficient combination of primary and
secondary metabolisms possesses special meaning in the
context of the formation of chemicals of highly desirable
biological activity.

4.2 Photosynthetic Constituents
of Microalgae and Their
Biotechnological Usefulness:

Phycobilisomes and Phycobiliproteins

The key element of the photosynthetic apparatus of microal-
gae and macroalgae is constituted by phycobiliproteins,
which aggregate each other into phycobilisomes.
Phycobilisomes are giant subcellular complexes, composed
of different phycobiliproteins and linker proteins in a manner
that increases absorption of the energy of light and its trans-
fer through the photosystem apparatus. Phycobilisomes con-
sist mostly of phycobiliproteins (80%) — a protein backbone
to which linear tetrapyrrole prosthetic groups (called phyco-
bilins) are covalently attached (Sekar and Chandramohan
2007). Phycobiliproteins are arranged into phycobilisomes

| Chrysophyta

- Bacillariophyta -
DIATOMS ;

and are stabilized by colorless link proteins (Tandeau de
Marsac and Cohen-Bazire 1977). Aside from the main func-
tions of phycobilisomes, they serve as an element of a photo-
protective system under conditions of intense light
(Kirilovsky and Kerfeld 2013). Furthermore, when access to
sources of nutrients becomes limited, under the conditions of
nitrogen and/or phosphorus starvation, the degradation of
phycobiliproteins occurs so as to ensure the survival of the
cells (Baier et al. 2004).

Phycobiliproteins belong to the family of water-soluble
pigment proteins, which consists of over ten of these pig-
ments. These proteins are found in prokaryotic cyanobacte-
ria, eukaryotic red algae, and glaucophytes, in which they
construct phycobilisomes. Similarly, cryptomonads produce
phycobiliproteins, but they are not arranged into multiplexes
(Glazer 1994). The four main classes of phycobiliprotein,
based on their spectral features, are bluish-green allophyco-
cyanin (APC, Agma = 650-655 nm, App, = 657-660 nm),
blue phycocyanin (PC, A = 610-620 nm, App., = 645—
653 nm), reddish-orange phycoerythrin (PE, Agn. = 540-
570 nm, Apmax 575-590 nm), and reddish-purple
phycoerythrocyanin (PEC, Ay = 560-600, Apne = 610—
625). The number and type of phycobilins are responsible for
the color of the phycobiliproteins. Two bilins are found in
allophycocyanin and three bilins each in phycocyanin and
phycoerythrocyanin, with phycoerythrin carrying five or six
prosthetic groups (Bryant 1982; Stadnichuk et al. 2015).
Phycobilin biosynthetic pathways with 5-aminolevulinic
acid, heme, or biliverdin as precursors have been suggested
by various researches (Brown et al. 1984; Beale and Cornejo
1991). Phycobiliproteins (especially phycocyanin and phy-
coerythrin) are unique natural products that present advanta-
geous qualities, with the wide spectrum of their properties
making them appropriate for application in the food, cos-
metic, and pharmaceutical industries, as well as in biore-
searches. Phycocyanin, as a nontoxic and non-carcinogenic
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pigment, is used as a food, drug, and cosmetic colorant. This
blue protein obtained from Arthrospira platensis is used in
coloring chewing gum, desserts, milk products, ice creams,
and sweets; however, in the USA, the extract obtained from
the dried biomass of this species has only been permitted for
use as a safe colorant since 2014 (Sarada et al. 1999;
Borowitzka 2013; FDA 2014). Phycocyanin demonstrates
great antioxidant activity, which, in the future, may lead to
medical use of the protein, since many diseases, like
Alzheimer’s or Parkinson’s, are connected to the formation
of reactive oxygen species (Simonian and Coyle 1996;
Romay et al. 2003). Moreover, many studies have reported a
great number of other advantageous health and nutraceutical
effects of phycobiliproteins, including neuroprotective, anti-
inflammatory, anticancer, and hepatoprotective (Romay
et al. 1998; Rimbau et al. 1999; Sathyasaikumar et al. 2007,
Vazquez-Sanches et al. 2009). Therefore, phycobiliproteins
are no longer just pigments but have become known as valu-
able bioactive compounds, which, in the cosmetic industry,
could function as vital antiaging factors or as additives for
functional food.

Because of their fluorescent properties, phycobiliproteins
possess growing importance in biomedical research and
immunodiagnostics (Sarada et al. 1999). Due to its bright
fluorescent, high photostability, quantum yield, and large
Stokes shift, phycoerythrin is considered as the highest-
quality fluorophore. Glazer (1994) showed that phycoery-
thrin is suitable for conjugation with biological molecules,
like protein A, antibodies, biotin, and others. Phycoerythrin’s
fluorescence opens up the doorway for its widespread appli-
cation in flow cytometry, histometry, fluorescent microscopy,
and immunoassay (Kronick 1988). Most common flow
cytometers are equipped with detectors of orange-emitting
phycoerythrin and fluorescein (Telford et al. 2012).
Phycoerythrin fulfills specific criteria and works well as a
fluorescent label for commercial confocal microscopes with
krypton or argon lasers (Wells and Johnson 1994). The
increasing range of application of phycobiliproteins entails
demand for these compounds with various purity ratios.

4.2.1 Cultivation Strategies Leading

to Obtainment of Phycobiliproteins

Biotechnological production of phycobiliproteins is a multi-
step process, involving numerous factors and conditions,
since, in order to obtain high efficiency and the required
purity, both the biomass rate and the pigment content in the
cells must be adjusted. Conditions of microalgal growth,
such as the composition and pH of the medium, light inten-
sity and regime, temperature, and concentration of CO,, are
often modified to enhance the biosynthesis of phycobilipro-
teins by algal cells (Borowitzka 2016). These protein pig-
ments can be formed with strategies that use different trophic

conditions, such as photoautotrophic, mixotrophic, or het-
erotrophic (Borowitzka and Moheimani 2013).

Currently, there are two approaches to photoautotrophic
production of phycobiliproteins under sunlight: cultivation
of red algae or cyanobacteria in open pond systems and cul-
tivation in closed bioreactors. Open pond culture systems are
considered the main type for large-scale cultivation of algae
at relatively low cost. However, their use is limited by the
poor and uneven availability of light, lack of control over
cultivation conditions, and vulnerability to contamination
from other bacteria or algae (Jorquera et al. 2010; Usher
et al. 2014). Therefore, the production of phycobiliproteins
through outdoor methods is restricted to a small number of
algal species. Today, the species most often used in this type
of culture is Arthrospira platensis (Milledge 2011). Because
of the inability to use many species and the possibility of
contamination, closed photo-bioreactors seem to be pre-
ferred for production of phycobiliproteins over open ponds.
Such systems feature equalized light delivery, increased pro-
ductivity, and better CO, distribution. Moreover, these meth-
ods of cultivation allow for control of the temperature and
other culture criteria, i.e., light intensity, composition, and
pH of medium or mixing parameters. However, despite all of
these advantages, closed cultivation systems have still gener-
ated extremely high costs that might only be acceptable for
the production of refined, natural chemicals.

Mixotrophic methods of production of these proteins are
carried out with the addition of a carbon source, mostly glu-
cose, in enclosed photo-bioreactors. The main issue related
to this system is the possibility of contamination of hetero-
trophs. The presence of glucose in the nutrient medium
results in a higher growth rate and higher phycocyanin pro-
duction compared to photautotrophic cultivation (Marquez
et al. 1993; Chen et al. 1996). Yu et al. (2011) found that
mixotrophic conditions changed an arrangement of photo-
synthetic pigments in Anabeana sp. In this case, the content
of phycobiliproteins relative to chlorophyll a was decreased.
Red algae, Galdieria sulphuraria, a potential candidate for
production of blue phycocyanin, showed increased produc-
tion of this pigment when grown mixotrophically on glycerol
(Sloth et al. 2006). Bachchhav et al. (2016) have observed
that phycocyanin content produced by Arthrospira cultivated
with LEDs under mixotrophic conditions was six times
higher than under autotrophic conditions.

Although it is considered that photosynthetic pigments
are produced specifically under photoautotrophic conditions,
some algae are able to biosynthesize them heterotrophically
in the dark. In the fully heterotrophic processes, algae are
maintained in the dark and use an organic carbon source as a
substrate for growth. The most important advantages of het-
erotrophic systems seem to be independence of light intensi-
ties and increased production of certain valuable metabolites.
Nevertheless, this kind of cultivation has several limitations,
such as risk of contamination by other organisms, higher
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costs and energy consumption (necessary heating), unsuit-
ability for pigment production, and a small number of spe-
cies with the capability for heterotrophic metabolism (Chen
and Zhang 1997). Cyanobacterial and red algal species,
which grow in extreme habitats, show the ability to benefit
from a variety of surrounding carbon sources. Gross and
Schnarrenberger (1995) have reported that an extremophilic
G. sulphuraria, strain 074G, can produce phycocyanin under
heterotrophic conditions. Sloth et al. (2006) studied carbon-
limited but nitrogen-sufficient heterotrophic batch cultures
of G. sulphuraria, in which the amount of phycocyanin
increased repeatedly Another research demonstrated that G.
sulphuraria, in heterotrophic growth, synthesizes higher
amounts of phycocyanin than A. platensis in outdoor cultiva-
tion (Graverholt and Eriksen 2007). Moreover, other studies
show that Arthrospira strains are able to grow heterotrophi-
cally on different carbon sources, in the absence of light.
However, very low accumulation of pigments and small
growth rates make this an unlikely option for producing phy-
cobiliproteins through A. platensis (Miihling et al. 2005;
Chojnacka and Zielinska 2012).

Due to the fact that phycobilisomes are part of a pho-
tosynthetic apparatus, in Cyanobacteria and Rhodophyta,
light plays an important role in their formation. Generally,
microalgae with phycobilisomes grow more efficiently
under lower light intensity; in fact, overly intensive illu-
mination may induce bleaching, poor growth, or death of
the culture (Lorenz et al. 2005). The impact of bright
light on the presence of phycobilisomes was also investi-
gated in the case of red macroalgae. Lépez-Figueroa
(1992) have summarized that the amount of phycobilip-
roteins per cell was higher when reduced light was
applied. Light intensity and color can also influence the
composition of phycobiliproteins, for example, Talaraico
and Cortese (1993) indicated that white, blue, and green
illumination, used in Audouinella saviana cultures,
caused various effects in the ratios of pigments and thus
in the conjugation of phycobilisomes.

Temperature is another very important factor that may
have an impact on the composition of pigments in algal
cells. Experiments with Oscillatoria strains showed that
temperature might be an effective agent for target cultiva-
tion. Strain N9DM, which was grown at 30 + 2 °C, pro-
duced mostly phycoerythrin, while at a higher temperature
(55 = 2 °C), the same strain produced only phycocyanin
(Singh et al. 2012). The optimal temperatures for phyco-
biliprotein production range widely from 20 to 37 °C
(Chaloub et al. 2015).

Phycobiliproteins, arranged in phycobilisomes, serve as a
nutrient supply under unfavorable conditions, and therefore
defining the impact of nitrogen on the production of phyco-
biliproteins is a very reasonable course. Peter et al. (2010)
reported that nitrogen starvation causes modifications in the
composition of phycobilisomes in Arthrospira platensis.

Simeunovic¢ et al. (2013) studied the effect of NaNO;, as a
nitrogen source in culture media, on the production of phy-
cobiliproteins by Anabaena and Nostoc genera. They found
that this form of nitrogen affects the proportions of phyco-
biliproteins in cells but does not change their total concentra-
tion. While recent studies on this matter have mainly focused
on microalgae, the response of macroalgae to nitrogen stress
conditions is poorly understood. Yu and Yang (2008) pre-
sented biochemical and physiological characteristics, includ-
ing phycoerythrin production, of macroalgae Gracilaria
lemaneiformis under high nitrogen and phosphorus concen-
trations. The results of their study indicated that overly high
concentrations of N/P induce the inhibition of phycoerythrin
synthesis.

Isolation and Purification
of Phycobiliproteins

4.2.2

The extraction and downstream processing steps should
be optimized each time in order to obtain the proper purity
ratio for the desired applications. The criterion that is
commonly used to determine the purity of received phy-
cobiliproteins is the ratio of specific visible light maxi-
mum absorbance to the absorbance at 280 nm, which
defines the presence of contaminating proteins. The phy-
cocyanin purity ratio is defined by the Agyo/Asg ratio.
Phycocyanin’s application as a food pigment requires an
absorbance ratio of >0.7. The purity ratio of 3.9 refers to
the reagent grade, while the ratio greater than 4 reflects
the analytical grade of this compound (Borowitzka 2013).
Phycoerythrin extract purity is determined as the absor-
bance ratio of Ass/Ayg and must be higher than 4 for its
use in clinical research or molecular biology (Benavides
and Rito-Palomares 2004). The general purification pro-
cedure includes protein extraction, recovery, and purifica-
tion by chromatographic methods. Phycobiliproteins may
be extracted from wet or dry algae biomass using a variety
of cell disruption methods (like repeated freezing and
thawing cycles, osmotic shocks, sonication, lysozyme
treatment, or mechanical homogenization). The right cell
disruption technique is the key to achieving maximized
product recovery (Giinerken et al. 2015). The next stage
of the phycobiliprotein procurement process is usually
carried out through selective precipitation with ammo-
nium sulfate. The fractionation is featured as fast and rela-
tively inexpensive. The purification is a crucial step
toward obtaining ultrapure phycobiliproteins, especially
phycoerythrin. Different column chromatography meth-
ods, such as ion exchange chromatography, gel filtration,
adsorption chromatography, or exchange bed chromatog-
raphy, allow for achieving the high-quality proteins. Many
studies have been conducted on the purification of phyco-
biliproteins, especially phycoerythrin, with maximum
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purity and yield. Bermejo Romén et al. (2002) isolated
and purified phycoerythrin from Porphyridium cruentum
using a fast two-step chromatographic method. In their
method, expanded bed adsorption chromatography was
followed by an anionic chromatography (DEAE cellu-
lose), and it allowed them to reach a final phycoerythrin
recovery of 32%. Soni et al. (2008) focused on purifica-
tion of phycocyanin from Porphyridium fragile by using
ammonium sulfate precipitation combined with hydro-
phobic interaction chromatography. The authors noted
that the purity of the phycocyanin was 4.52. Sgrensen
et al. (2013) studied different methods of extraction and
purification of phycocyanin from microalgae Galdieria
sulphuraria. According to those authors, ammonium sul-
fate precipitation combined with anion exchange chroma-
tography is required to enhance a high purity ratio (3.5,
4.5). Fractionation only ensured phycocyanin sediment
with a purity of 0.7. Sun et al. (2009) extracted and puri-
fied phycoerythrin from macroalgae Heterosiphonia
japonica. Proteins were extracted using an ultrasonic cell
disruptor in 50 mM phosphate buffer and was precipitated
by salting out. Isolation of the protein was carried out in
two gel filtration steps, with Sepharose CL-4B and
Sephadex G-200. Ion exchange chromatography on
DEAE-Sepharose was used to purify the phycoerythrin.
This protocol yielded a final ratio of Asss—A,g of 4.89.
Patil and Raghavarao (2007) separated phycocyanin and
allophycocyanin using an aqueous biphasic system. This
procedure increased the purity ratio of the phycocyanin
from an initial 1.18 to 3.52. In studies by Denis et al.
(2009), ultrafiltration was described as the method of con-
centration and pre-purification of the phycoerythrin solu-
tion from macroalgae Grateloupia turuturu. The results
indicated that this process allowed them to retain 100% of
the phycoerythrin in its non-denatured form. Recently,
Munier et al. (2015) demonstrated a one-step chromato-
graphic technique of purification of phycoerythrin from
G. turuturu. The purity ratio and recovery yield achieved
after using DEAE-Sepharose Fast Flow chromatography
were 2.89% and 27%, respectively. Different methods of
protein extraction, including phycoerythrin, from mac-
roalgae Palmaria palmata were compared by Harnedy
and FitzGerald (2013). The result showed that high shear
force is a more efficient method of cell disruption for the
isolation of water-soluble proteins than osmotic shock.
In recent years, studies on biotechnological
production of phycobiliproteins and their recovery from
micro- and macroalgal cells have undergone an
important expansion. Novel, advanced purification
techniques have been developed to meet the standards
of the different fields, especially for molecular biology
and pharmaceutical researches. Similarly, improved,

more extensive studies on the upstream process, includ-
ing pigment accumulation, have been implemented.

4.3  Algal Phenolic Compounds

of Biotechnological Soundness

Algae are an excellent source of many novel and biologically
functional substances. Apart from high-quality proteins, con-
taining essential amino acids, protein dyes, dietary fiber,
essential fatty acids, minerals, and vitamins, algae could also
be a good source of phenolic compounds (MiSurcova 2011;
Ambrozova et al. 2014).

Phenolic compounds are one of the most widely occur-
ring groups of phytochemicals known for their antioxidant
activity, synthesized from phenylpropanoids, primarily
through the pentose phosphate, shikimate, and phenylpro-
panoid pathways. Synthesis of phenolic compounds is trig-
gered by external factors such as microbial infections,
photooxidation stress, reactive oxygen species, harm, UV
light, diseases, and herbivores (Ross and Kasum 2002).
Chemically, the structures of natural polyphenols can be
divided into several classes, including phenolic acids
(hydroxybenzoic acids, hydroxycinnamic acids), flavonoids
(flavones, flavonols, flavanones, flavanonols, flavanols,
anthocyanins, chalcones), isoflavonoids (isoflavones,
coumestans), stilbenes, lignans, lignins, and phenolic poly-
mers (proanthocyanidins — condensed tannins and hydrolys-
able tannins) (Manach et al. 2004) (Fig. 4.2).

This large and diverse group of secondary metabolites
can be found in both terrestrial and aquatic environments.
Polyphenols occur mainly in fruits and beverages, such as
tea, wine, and coffee, and also in vegetables, leguminous
plants, and cereals. Their concentrations in foods differ
according to many factors (genetic, environmental, techno-
logic, etc.); generally, phenolic acids account for one-third
of the total intake and flavonoids for the remaining two-
thirds, with the most abundant flavonoids in the diet being
flavanols, anthocyanins, and their oxidation products
(Manach et al. 2004). Bioavailability within polyphenols
differs considerably. As far as some compounds are con-
cerned, it also depends on their form in their respective
dietary sources (Manach et al. 2004). Generally, their pri-
mary function in plants is as protection against ultraviolet
radiation and pathogens (Manach et al. 2004). Other roles
include the pigmentation, reproduction, and growth of
plants (Zern and Fernandez 2005). Recently, polyphenolic
compounds have become very common constituents of the
human diet and have received increasing interest from con-
sumers, as well as food manufacturers, for many reasons,
the health benefits mentioned above being the most signifi-
cant (Manach et al. 2004).
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Fig. 4.2 Classification of naturally occurring phenolic compounds

It is commonly believed that possession of phenolic com-
pounds is a unique feature of terrestrial plants that evolved in
response to UV-light exposure during their transition from
aquatic to terrestrial environments. The results of current
studies unequivocally indicate that algae living in aquatic
ecosystems also contain a wide range of phenolic com-
pounds. Among these substances are also potential precur-
sors, key intermediates, and end products of the flavonoid
biosynthetic pathway, which means that algae must possess
the enzyme pool required for their biosynthesis. The biologi-
cal function(s) of phenolic compounds in algae remains to be
clarified, especially since low levels of these substances in
the cells of the microorganisms in question limit their role as
antioxidants. Interestingly, the least complex phenolic com-
position contained the cells of prokaryotic microalgae,
namely, cyanobacteria (Goiris et al. 2014). In response to
variations in abiotic and biotic stress conditions, algae may
produce and accumulate large quantities of secondary
metabolites that function as defense compounds during their
development (Mannino et al. 2014). Algae possess antioxi-
dant systems to counteract environmental stresses and pro-
duce bioactive compounds, including polyphenols (Maharana
et al. 2015). Besides their strong antioxidant properties, the
naturally occurring algal polyphenols are known to have
numerous biological properties. The possible use of these
active compounds as functional ingredients in many indus-
trial applications is therefore very clear. Phenolic compounds
are present as major chemical components in most algal
cells. They are secondary metabolites and are thus not
directly involved in processes of primary algal metabolism,
such as photosynthesis, cell division, and reproduction.
Commonly characterized as stress compounds, phenolics are
involved in protective chemical mechanisms against biotic
factors, such as grazing, settlement of bacteria, or other foul-
ing organisms, and abiotic stressors, such as UV radiation

and metal contaminants. Phenolic compounds found in algae
also include the phlorotannins found in brown algae and in
some red algae in lower amounts. Phlorotannins, a subgroup
of tannins, can be found in brown algae in relatively high
percentages (up to 15% of dry weight, depending on the spe-
cies) and are formed as polymers of phloroglucinol
(1,3,5-trihydroxybenzene); however, their chemical compo-
sition is greatly variable, considering that there are different
types of phlorotannin with very different degrees of polym-
erization (Koivikko et al. 2007). It is widely accepted that
phlorotannins are found within the algal cells that form com-
plexes with different components of the cell walls, such as
alginic acid (Kim et al. 2013), and therefore the protocols for
obtaining extracts enriched in these components should be
optimized to improve their extractability. Phlorotannins
exhibit primary functions, for example, in the growth and
development of cell walls in Fucales. They are integral struc-
tural components of cell walls, but they have also been stud-
ied because of their other secondary ecological functions, as
well as their therapeutic properties (anticancer, antioxida-
tive, antibacterial, anti-allergic, antidiabetic, antiaging, anti-
inflammatory, and anti-HIV activities) (Li et al. 2011;
Thomas and Kim 2011). A survey of the currently available
data suggests that phlorotannins are the main classes of anti-
inflammatory and antioxidant phenolic compound found in
marine algae. They demonstrate promising activity in in vitro
systems, showing a potential for further development as ther-
apeutic agents.

Phenolic compounds are considered to be dominant con-
tributors to antioxidant activity. Different algal products pro-
vide diverse total phenolic contents due to many influencing
factors, such as algal species, geographical origin or area of
cultivation, and seasonal, physiological, or environmental
variations (Marinho-Soriano et al. 2006). Total phenolic con-
tents are generally affected by different abiotic factors, such
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as temperature, irradiance levels, nutrient availability, salin-
ity and herbivory, or biotic factors, such as grazing pressure
and the reproductive state of the algae (Connan et al. 2004).
Algae past their peak of maturity and fertility show higher
phenolic content (Steinberg 1989; Stiger et al. 2004). All of
these factors could act on the spatiotemporal regulation of
the phenolic metabolic expressions, inducing marked quali-
tative and quantitative variations among individuals at a very
small scale, together with intraindividual variations (Amsler
and Fairhead 2006; Connan et al. 2004). In the case of pho-
toautotrophic organisms, the quality and quantity of light are
two of the most important parameters. Although sunlight is
the most cost-effective source of energy for the production of
microalgae, artificial light may become commercially viable
for the production of some important chemical compounds,
including phenolic compounds. For example, cyanobacteria
are mainly able to use red, yellow, and green light but are
much less amenable to blue light. It seems that the light
sources used for algae cultures should contain far-red emit-
ters (Kula et al. 2016). It has been shown, inter alia, that UV
light stimulates the synthesis of phenolic compounds (Goiris
et al. 2012). Hence, the manipulation of cyanobacteria
growth conditions and subsequent processing of their bio-
mass might be useful for maximizing the amount of chemi-
cals in biotechnological production, even on an industrial
scale. As an example referring to the processing of biomass,
it was found that higher medicinal effect was obtained from
dry algae samples than from fresh samples (Padmini
Sreenivasa Rao and Karmarkar 1986). Moreover, it is worth
emphasizing that polyphenols from algae are more potent
than their analogs from terrestrial plants (Nagayama et al.
2002). Antioxidant activity, an important property of bioac-
tive algal compounds, has been ascribed to their reactive
oxygen species’ scavenging ability, quenching singlet oxy-
gen, reducing power, and chelating ability (Andrade et al.
2013; Maharana et al. 2015).

The development of new analytical procedures able to
provide a more systematic chemical characterization of the
compounds found in algae and/or in the extracts obtained
from these biota has been performed intensively over recent
years. It is known that chemical components obtained from
algal cells (including phenolic compounds) and their activ-
ity also depend on the solvents being used for the extrac-
tion, as well as on the type of alga (Manilal et al. 2009).
The polarity of the extracting solvent, as well as the tech-
nique of extraction, is crucial in regard to the yield of
obtained polyphenols (Hayouni et al. 2007). Solvent polar-
ity plays a key role in total phenolic recovery, with total
amounts typically increasing with increasing polarity.
Nowadays, there is a need to develop novel extraction tech-
niques in order to isolate natural, biologically active com-
pounds that can be utilized in the cosmetic, pharmaceutical,
and food industries. Different extraction techniques, includ-

ing traditional ones such as solvent extraction and novel
ones such as supercritical fluid extraction (SFE), micro-
wave-assisted extraction (MAE), ultrasound-assisted
extraction (UAE), enzyme-assisted extraction (EAE) and
pressurized liquid extraction (PLE), and their combinations
are widely used to extract biologically active compounds
from algae (Michalak and Chojnacka 2014). Among these
techniques, the least amount of scientific attention has been
paid to the enzymatic extraction of algae. The accessibility
of active compounds from algae can be limited due to the
composition of the algal cell wall. The high content of vari-
ous cell wall polysaccharides, especially cellulose, can
limit the isolation of active compounds. Therefore, the
enzymatic degradation of cell wall polymers is becoming
an attractive alternative to chemical and mechanical pro-
cesses, because it helps to release bioactive components
that are linked to cell wall components, thus increasing the
efficiency of their extraction (Wijesinghe and Jeon 2012;
Adalbjornsson and Jonsdéttir 2015). Enzyme-assisted
extraction is also considered a green technique, due to its
efficiency and mild reactive conditions, and can be an alter-
native to conventional extraction techniques that use
organic solvents. Moreover, this type of extraction is con-
sidered safe for labile active compounds such as phenolics
(Boulila et al. 2015). p-SPE plate methodology used in
hyphenated techniques with liquid chromatography-
electrospray  ionization-tandem mass  spectrometry
(LC-ESI-MS) assays provides information about specific
phenols in sea algae with a sensitivity and precision that
has not yet been experienced. HPTLC (high-performance
thin-layer chromatography) combined with post-derivatiza-
tion DPPHe assay and ferric chloride assay is also used to
successfully screen algae samples for antioxidant activity
and polyphenolic content. These assays are based on their
ability: (a) to scavenge non-biological stable free radicals
(DPPHe) or (b) to chelate Fe** ions. Strong, positive, and
significant correlations between total phenolic content and
DPPHe radical scavenging activity have shown that pheno-
lic compounds, including flavonoids, are the main contribu-
tors of antioxidant activity in algae (Agatonovic-Kustrin
et al. 2016).

Various algal species, variable solvents, and different
methods of extraction, together with the presence of phe-
nols as the major chemical constituents responsible for
the high antioxidant activity of algae, make them inter-
esting candidates for potent antimicrobial agents that
could replace synthetic chemical products, representing
promising new horizons for the pharmaceutical industry.
Consequently, the use of natural antioxidants of algal ori-
gin, in the food, cosmetic, and therapeutic industries, is a
promising alternative to synthetic antioxidants with
respect to low cost, high compatibility with dietary
intake, and no harmful effects inside the human body
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(Lobo et al. 2010). Moreover, natural products are gener-
ally safer than synthetic chemicals due to the absence of
chemical contamination and are therefore better accepted
by the society and food industries than synthetic chemi-
cals (Patra et al. 2008).

44  Algaein Environmental
Biotechnology: The Guards
of Ecosystem Homeostasis

4.4.1 Biotransformations

of Organophosphonate Xenobiotics

The fate of any xenobiotics in the environment depends on
the physicochemical properties of the compound, the quali-
ties of the biotope, and meteorological factors (Salmon-
Monviola et al. 2011). However, coexistence of these
substances with microorganisms in ecosystems inclines us to
investigate their mutual impact. Despite the fact that even
more rigorous legal restrictions have been put on the man-
agement of chemicals, especially in the field of their dis-
posal, the presence of many xenobiotics is still detected in
ecosystems. One of the groups of xenobiotics of especially
bad fame is the organophosphonates, which are highly water-
soluble and stable in aqueous solutions. Moreover, specific
to these substances, the direct carbon-to-phosphorus (C-P)
bond is resistant to chemical hydrolysis, thermal decomposi-
tion, and photolysis, thus raising concern about their poten-
tial accumulation in aquatic ecosystems. What is more,
methods for the effective removal of phosphonates from the
environment have yet to be developed (Drzyzga et al. 2017).
This concern is made all the bigger by the fact that amino-
phosphonates (into the structure of which the atoms of phos-
phorus and nitrogen are placed) and the products of their
decomposition could actively stimulate growth of certain
water organisms, particularly the group of microalgae known
as cyanobacteria (Lipok et al. 2007; Forlani et al. 2008,
2013). The reason may be that the total content of P and N is
enriched, which usually leads to eutrophication (Sharpley
and Wang 2014). According to a statement by the US
Environmental Protection Agency, that phenomenon was
listed as one of the main problems impairing water quality
(US_Environmental Protection Agency 2011), and it quite
frequently results in blooms of cyanobacteria and harmful
algae. It has been suggested that the occurrence of these
organisms is connected to algal abilities to transform phos-
phonate chemicals, even if their features make them resistant
to most of the known methods of chemical and/or enzymatic
hydrolysis (Studnik et al. 2015). Considering that glyphosate
(N-phosphonomethyl glycine) is the primary aminophospho-
nate herbicide, applied worldwide on an unprecedented
scale, and keeping in mind cyanobacterial abilities to

decrease its concentration, the role of these microalgae in the
biocatalytic transformation of this substance is particularly
important. Glyphosate is the active ingredient in the popular,
nonselective herbicide Roundup® and is one of the most
studied, in fact, most modeled, compounds, when consider-
ing the potential of a given microbial strain for biodegrada-
tion (Kafarski et al. 2000). It has been suggested that
glyphosate is an environmentally friendly herbicide, the use
of which does not have a negative impact, with a few excep-
tions (Williams et al. 2000). Recent studies have proven its
toxic effects on some aquatic organisms, within algae, dia-
toms, and other freshwater phytoplankton strains (Pesce
et al. 2009; Vendrell et al. 2009; Vera et al. 2010). However,
the presence of glyphosate could also stimulate the growth of
halophilic and freshwater cyanobacteria, which decompose
this substance and use it as a source of phosphorus (Ravi and
Balakumar 1998; Forlani et al. 2013). Therefore, cyanobac-
teria could be concerned as a key organism in cycling pro-
cesses of bioelements, leading to a decrease in amounts of
phosphonate in surface waters (Benitez-Nelson 2015;
Heimann and Cires 2015). Currently, it is thought that up to
25% of all organic phosphorus in aquatic environments
exists in the form of phosphonates; however, the value
depends on the studies, and it is more likely that this value is
approximately 10% (Van Mooy et al. 2015; Lin et al. 2016).
Investigations into cyanobacterial metabolism proved that
many strains could also transform phosphonates other than
glyphosate. Two great examples of such abilities are the
proven decomposition of hexamethylenediamine-N,N,N',N’-
tetrakis (methylphosphonic acid), also known as Dequest®
2054, by Arthrospira platensis (Forlani et al. 2011, 2013)
and diethylenetriamine penta (methylenephosphonic) acid
(DTPMP), known as Dequest® 20608, by the cell extract of
Anabaena variabilis (Drzyzga et al. 2017). Those studies
reveal algae, and particularly cyanobacteria, as being real,
effective biocatalysts. Their outstanding enzymatic potential
is expressed in the transformation of different compounds
that are considered dangerous for the environment and
human beings. Decomposition of many of these xenobiotics,
carried out actively by cyanobacteria, eliminates them from
the soil or water and results in the same improved quality of
ecosystems (Haritash and Kaushik 2009; Balcerzak et al.
2014).

Besides the organophosphonates, microalgae are able to
control the level of certain metal ions, such as arsenic (As)
and mercury (Hg), harmful to health and life. Some strains of
microalgae can accumulate substantial amounts of these
metals and, by methylation, diminish their toxicity (Lefebvre
et al. 2007; Yin et al. 2011). The most important contribution
is that of algal and cyanobacterial consortia in the utilization
of polycyclic aromatic hydrocarbons (PAHs). These aro-
matic hydrocarbons with two or more fused benzene rings
are the very first environmental carcinogens, whose difficult
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degradation under natural conditions leads to bioaccumula-
tion of such substances (Haritash and Kaushik 2009). Algal
strains, i.e., Chlorella vulgaris, Scenedesmus platydiscus,
Scenedesmus quadricauda, and Selenastrum capricornutum,
involved in PAHs’ degradation appear to be extremely useful
for reduction of the concentration of xenobiotics in their
habitats. However, the efficiency of those processes is depen-
dent on the species and the applied toxicant, as in case of
2,4,6-trinitrotoluene (TNT), which is the subject of reductive
transformation carried out by Anabaena sp. The concentra-
tion of TNT in groundwaters has been estimated as being
high and potentially hazardous, which, together with the
proven mutagenic and toxic effect of this substance, has
intensified efforts to find effective methods for its removal.
One such method, batch cyanobacterial cultures, seems to be
a convenient method for TNT bioremediation, since the effi-
ciency of removal was about 96% (Pavlostathis and Jackson
2002). On the other hand, algae Merismopedia quadrupli-
cata (formerly Agmenellum quadruplicatum) possess the
ability to utilize aniline and its amine derivatives, which
could be found in the effluent from some factories (Cerniglia
et al. 1981). As it turns out, strains belonging to the genera
Synechococcus sp., Leptolyngbya sp., and Phormidium sp.
could be involved in bioremediation processes of dyes pres-
ent in wastewater from the textile industry with 50% effi-
ciency (Silva-Stenico et al. 2012). The biotransformation
potential of algae has been revealed in the reduced level of
methyl parathion (O,0-dimethyl O-p-nitrophenyl phospho-
rothioate), an insecticide extensively used in rice cultivation
(Megharaj et al. 1994). Oxidation and hydrolyzing as detoxi-
fication routes of another organophosphorous pesticide,
fenamiphos (O-ethyl-O[3-methyl-4-methylthiophenyl]-
isopropylamidophosphate), were documented for five spe-
cies of green alga and cyanobacteria, among which were
Nostoc muscorum, Nostoc sp., and Anabaena sp. (Caceres
et al. 2008).

These few examples illustrate how rich and potent the
enzymatic machinery of algae is in respect to the neutraliza-
tion of onerous xenobiotics. Therefore, the ability to trans-
form various organic compounds makes algae, including
cyanobacteria, an important component of the system that
guards environmental sustainability. What is more, these fea-
tures of the described biota make them practically ready to
use as a key component of biotechnological systems for
removing environmental toxins.

4.4.2 Bioremediation of Metal lons by Algae

Nowadays, it is not only organophosphorous, or, more
widely, organic compounds in general, that may cause seri-
ous problems for water environments. Metal ions, which
occur naturally in ecosystems, may also be as toxic as other

xenobiotics under some conditions. Most of them are impor-
tant, essential micronutrients that are necessary for the
proper growth of all organisms and especially microorgan-
isms. The presence of metal ions is crucial during processes
such as respiration, photosynthesis, the folding of proteins,
and enzyme activation. But the transport of metal cations
into the interior of the cells has to be strictly controlled in
order to maintain the proper homeostasis and prevent the
accumulation of toxic concentrations of these elements
(Waldron and Robinson 2009; Huertas et al. 2014). Currently,
dynamically developing sectors of industry and agriculture
are the main sources of excessive amounts of metal ions
released into related ecosystems, which consequently leads
to pollution of the environment (O’Connell et al. 2008;
Tsekova et al. 2010; Zeraatkar et al. 2016). Exploring inno-
vative methods for the effective treatment of wastewater can
protect freshwater resources and aquatic ecosystems. For the
last few decades, the research on algae-based wastewater
treatment has indicated that they can play a valuable role in
the remediation of industrial pollutions (Hoffmann 1998;
Oswald 2003; Zeraatkar et al. 2016).

Bioremediation technology may be divided into two
groups: in situ and ex situ. The in situ methods are carried
out by microorganisms right in the polluted area itself and
are considered cheaper and easier to use than other methods.
They are described as effective in the presence of significant
surface contamination but in relatively low concentrations.
This type of remediation can be used, e.g., by nuclear power
plants to remove radionuclides or to bio-leach rare metals.
The ex situ techniques are initiated outside of the polluted
area, where the chemical methods are first implemented,
after which biotechnological decontamination is used
(Boopathy 2000; Vidali 2001). Bioremediation processes
may be classified according to different criteria. At first,
because of the metabolism of microorganisms, bioremedia-
tion can be divided into that dependent on metabolism (bio-
accumulation) and that independent of metabolism
(biosorption). Secondly, because of the localization of metal
after the finished process, it can be further distinguished:
intracellular accumulation, extracellular accumulation/pre-
cipitation, and cell surface adsorption/precipitation (Veglio
and Beolchini 1997). Biosorption concerning simple, meta-
bolically passive, physicochemical reactions, involving, e.g.,
complexation, adsorption, ion exchange, or precipitation, is
the process in which metal ions are quickly, and often revers-
ibly, bound to functional groups of compounds that build
cells (Pirszel et al. 1995; De Philippis et al. 2011). Due to the
chemical composition of algal cells, especially the cell walls
and their secretions, the chemical character of algal biomass
is like that of ion exchange resins or activated charcoal
(Veglio and Beolchini 1997). The use of metabolically inac-
tive cells allows us to carry out biosorption within a wide
range of pH (3-9) and temperature (4-90 °C) (Pirszel et al.
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1995). After the finished process, the biomass with bounded
metal ions can be regenerated and used in the next cycle of
biosorption. The number of cycles depends on the physical
and mechanical properties of the biosorbent (Das et al. 2008;
Pal and Paul 2008). Bioaccumulation is a more complex pro-
cess and requires metabolically active cells. The first stage of
this process is the same as in biosorption: it is fast and
includes adsorption of metal ions to the cell surface. Next,
the persistent chemical bond between the metal and func-
tional groups may be formed, or the ions may be transported
into the cytoplasm of cells. Bioaccumulation processes are
often the result of defense mechanisms activated by microor-
ganisms against excessive concentrations of metal ions pres-
ent in their environment (Veglio and Beolchini 1997; Das
et al. 2008; Chojnacka 2010; Zeraatkar et al. 2016) (Fig. 4.3).

The most common metals occurring in industrial waste
are copper, zinc, nickel, cobalt, lead, chromium, and cad-
mium (Kaushik et al. 1999; Holm et al. 2002). At the same
time, the widespread presence of algae, including cyanobac-
teria, in aquatic environments and their known ability to
accumulate high concentrations of metal ions and other pol-
lutants make the bioremediation process much more advan-
tageous compared to conventionally used methods (Prasanna
et al. 2008). The research on algae clearly indicates that this
group of organism has great potential to be used as a biosor-
bent for removing metal ions from wastewater (Zeraatkar
et al. 2016). The level of toxicity of metal ions can be strain

specific and, importantly, determines the potential remedia-
tion capacity of using a specific algal strain. To avoid numer-
ous disturbances and the time-consuming research needed to
determine these levels for certain strains, the researchers
started to use nonliving cells in such experiments and pro-
cesses (Monteiro et al. 2010; Zeraatkar et al. 2016). It was
found that dried algal biomass exhibited a greater capacity
for metal ion biosorption compared to living cells (Zeraatkar
et al. 2016), and it can be regarded as an assemblage of poly-
mers, e.g., sugars, cellulose, pectins, or glycoproteins, which
may be used as adsorbents with the potential for cost-
effective wastewater treatment (Volesky 2007). The first bar-
rier against the biosorption of metal cations is the cell walls
reached in chemically variable binding groups: hydroxyl,
phosphoryl, carboxyl, sulfur, amine, imidazole, sulfate,
phosphate, carbohydrate, etc. (Schiewer and Volesky 2000;
Kaplan 2013). Metal ion biosorption capacity has been
attributed to the presence of the groups mentioned and
depends on factors such as the number of functional groups
in the algal cells, the coordination number of the sorbed cat-
ion, the accessibility of binding groups for metal ions, the
formation constants of those complexes, and the chemical
state of these sites (Mehta and Gaur 2005).

The most investigated species among microalgae is the
halophilic strain Arthrospira (Spirulina) platensis, whose
sorption capacity was tested in regard to cations such as cop-
per (Greene et al. 1987; Al-Homaidan et al. 2014), zinc,
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nickel (Balaji et al. 2013), cadmium (Rangsayatorn et al.
2002), lead (Seker et al. 2008), and chromium (Gokhale
et al. 2007; Lodi et al. 2008). Most of the results of those
researches confirmed information obtained much earlier
(Greene et al. 1987) that the observed biosorption mainly has
an ion exchange character. The other research carried out
with the freshwater species Nostoc calcicola has shown that,
typically, the copper(Il) ions had been taken in two stages.
During the first 10 minutes, fast absorption at the surface of
the cells was observed, and the transport of ions into the inte-
rior of cells, which is dependent on metabolism, was noticed
next. Moreover, in this case, it was indicated that the energy
necessary for transport came mainly from the reactions car-
ried out in photosystem II (Verma and Singh 1990). Data in
the literature show that the biosorption process may be very
fast, which was confirmed by the research carried out on the
Chroococcus paris strain. This species of cyanobacteria was
able to uptake as much as 90% of metal ions in 1 minute (Les
and Walker 1984).

Besides the metals, which are considered an environ-
mental contamination, only a few data indicate that the cat-
ions of precious metal may also be bioremediated. Among
the organisms able to sorb silver and gold ions are filamen-
tous fungi (Pethkar and Paknikar 1998; Pethkar et al. 2001;
Eisler 2003), yeast (Savvaidis 1998; Simmons and
Singleton 1996), algae (Cordery et al. 1994; Niu and
Volesky 1999; Romero-Gonzalez et al. 2003; Mata et al.
2009), and cyanobacteria (Colica et al. 2012). Besides
binding silver and gold cations (Savvaidis 1998; De Corte
et al. 2010; Deschatre et al. 2015), bacteria are also able to
sorb and remediate palladium and platinum ions (De Vargas
et al. 2004). An interesting aspect of bioremediation is the
possibility of immobilization of the cyanobacterial biomass
at both natural and synthetic polymers. The immobilization
procedure has some advantages, e.g., easier processes of
regeneration of the biosorbent and its reuse, easier separa-
tion of biomass from waste and prevention of loss of bio-
mass during the biosorption cycle, and increased sorption
capacity as well (Pradhan and Rai 2000). Moreover, immo-
bilized cells enhance photosynthetic capacity (Bailliez
et al. 1986) and reduce the toxicity of some substances
(Bozeman et al. 1989). Examples of such a type of biore-
mediation are the cells of Microcystis sp. immobilized in a
natural polymer alginate, able to remove copper ions
(Pradhan and Rai 2000). The same procedure was used for
the species Anacystis nidulans, which uptakes nickel, zinc,
and cadmium (Awasthi and Rai 2004). Furthermore, the
immobilization of powdered cells of Chlorella vulgaris
results in a twofold increase in nickel removal in compari-
son to free cells (Al-Rub et al. 2004).

The high cost of conventional technologies used to
remove metal ions from wastewaters and, on the other
hand, the good sorption capacity presented by algae make

this group of organisms an interesting subject for research
concerning genetic modification in order to obtain new,
cost-effective, ‘“green” biosorbents (Zeraatkar et al.
2016). Both the eukaryotic and prokaryotic organisms
have many genes that are responsible for creation of the
systems involved in metal uptake, detoxification, and tol-
erance (Rosen 2002). Numerous researches have been
dedicated to genetic modifications of §. cerevisiae
(Kuroda et al. 2002) and E. coli (Sousa et al. 1998;
Krishnaswamy and Wilson 2000; Bae et al. 2003; Kiyono
and Pan-Hou 2006), due to the enhanced potential of
sorption. However, in the case of algae, to date, relatively
little attention has been paid to investigating the recombi-
nant strains for metal ion biosorption. Thus, there is great
potential in the study of both the development of geneti-
cally modified algae and subsequent testing of the safety
of their use on a wider scale.

4.5 Biotechnological Benefits of the Use

of Algae

Four short stories about certain aspects of the use of algae
in biotechnology do not thoroughly exhaust the problem,
but, of course, this was not the aim of this paper. Our inten-
tion was to show two different, but fully complementary,
approaches: (i) the beneficial treatment of algae as a source
of natural, valuable substances of desired characteristics
and activity, and (ii) the dynamically growing role of algae
as natural biocatalysts, able to conduct even the most
sophisticated processes related to the safety of human exis-
tence in the biosphere. These approaches seem to be the
most common in a natural way, due to the role of algae in
ecosystems. As primary producers, these biota are respon-
sible for providing other organisms with an energy stored
in the form of certain substances and specific constituents
that promote the growth and safe development of bioceno-
ses. On the other hand, being pioneer autotrophic organ-
isms, algae, especially microalgae, are not only able to
adapt themselves to the conditions of a given habitat, but
more importantly, these biota are able to change their living
environment in the manner of biocatalytic transformations.
Impressive enzymatic machinery in particular predisposes
them to such activity. Those qualities of algae, when com-
bined with relatively small nutritional requirements and a
wide range of environmental tolerance, fully justify the
dynamic growth of interest in the application of these biota
in any possible way. Increasing richness of the human pop-
ulation and higher awareness of and demand for goods pro-
duced in the most natural and environmentally friendly
ways possible favor the use of algae, just as scientific and
environmental considerations do. In regard to biotechno-
logical purposes, it may be concluded that the observed
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renaissance of the use of algae is not a transitional fashion,
but rather a well-thought-out choice that is only beginning
to reap benefits. Hence, enhancing the range and efficiency
of the use of photoautotrophic primary producers in bio-
technology appears to offer a chance to resolve many eco-
nomic and ecological concerns.
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Abstract

Increasing customer need for natural products of both
high and well-defined activity has enhanced the use of
biological materials, such as algal biomass. At the same
time, algae transport and storage issues, concerning fresh
seaweeds in particular, have led to the development of
biomolecule isolation, including extraction. To the best of
our knowledge, various approaches have been success-
fully applied in extracting biologically active compounds
from algal biomass, among which solvent and tempera-
ture treatment are the most common. Considering novel
methods, processing under high pressure (pressurized lig-
uid and supercritical fluid extraction) and ultrasound-,
microwave-, and enzyme-assisted extraction have been
reported. The approaches differ in their efficacy and
selectivity and extract purity, determining the usability of
the final product in either bulk manufacturing or as a
high-value material. Application of algae-based constitu-
ents in food and beverage products, dietary and feed sup-
plements, cosmetics, and pharmaceuticals is being widely
discussed. Recently, the usability of algae oil in the tech-
nology of biofuels has been extensively examined. In the
current work, preparation of algal extracts and formula-
tions for potential industrial use are discussed.
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5.1 Introduction

The extraction of natural materials has been practiced since
the Paleolithic Period (Herrero et al. 2010) and was devel-
oped by various civilizations in a quite advanced manner
(Chemat et al. 2012). In coastal and island regions, there is
also a several-thousand-year tradition of using algal bio-
mass for daily-life products — including food, feed and fer-
tilizers, as well as specialized formulas related to health,
body care, and beauty (Newton 1951; Hallsson 1964;
Hoppe 1979; Chapman and Chapman 1980; Tseng 1981;
Bradford and Bradford 1996; Caliceti et al. 2002; Dillehay
et al. 2008; Craigie 2011; Perosa et al. 2015). Contrarily,
the commercial potential of algal biomass and products
thereof was largely untapped in continental Europe until
the bulk production of polysaccharide colloids (phycocol-
loids) as foodstuff stabilizers and thickeners started in the
interwar period (Naylor 1976). A breakthrough in public
awareness about the health benefits of algae derivatives
came after World War II — when a series of research activi-
ties on microalgal proteins led to the unexpected discovery
of compounds showing antibiotic activity (Borowitzka
1995; Cornet 1998; Becker 2004). In parallel, the first
report about algae extraction appeared (Milton 1952),
describing the technology of liquid fertilizer further adapted
for industrial-scale production. The development of lique-
faction of algal biomass, performed since then, enabled
easier transport, and hence wider application, of the derived
products (Craigie 2011).

The global algae market is increasing, following customer
demand for high-value food products, which has recently
exceeded consumption of algae-based food. Such a trend has
entailed the elaboration of several extraction methods that
are both safe and efficient. In this chapter, recent trends in
the processing of algal biomass into deliverables are
reviewed.
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5.2  Various Approaches to Algae
Extraction for Obtaining Valuable

Products

Conventional (traditional) extraction methods include inor-
ganic and organic solvent processes, usually combined with
heating, among which the Soxhlet technique, hydro-
distillation, and alcohol-based maceration might be indicated
(Wang and Weller 2006; Michalak and Chojnacka 2014).
Such an approach is, however, both time- and energy-
consuming and might influence the structure, and hence the
properties, of the isolated compounds (Puri et al. 2012). The
separation of the final product from the extractant also con-
stitutes an environmental issue, as large amounts of
production-related wastes containing chemicals are released
(EPA 2014).

Over time, the large-scale use of organic solvents led to
concern over environmental damage, which resulted in an
international agreement — the Montreal Protocol (1989) —
aimed at restricting the industrial application of ozone-
depleting substances. As the protocol was gaining more
signatories, the interest in deployment of new technologies
increased (Ramsey et al. 2009). In parallel — since the early
1990s — green chemistry has been developed to limit the risk
of chemical exposure for living organisms by reducing or
eliminating the use and/or generation of hazardous sub-
stances (Ibafiez et al. 2012; Chemat et al. 2012). To achieve
this goal, principles of natural product extraction have been
established to facilitate green-labelled processes:

I. The implementation of innovation through variety selec-
tion and the involvement of plant-based renewables
II. The use of alternative solvents, including, in particular,
water or agro-solvents
III. The reduction of energy consumption through energy
recovery and the application of innovative technologies
IV. The production of side streams and residues, instead of
waste, capable of being valorized within the bio- and
agro-refining industry
V. The reduction of unit operations and favoring of safety,
robustness, and control in processes
VI. Aiming for non-denatured, contaminant-free, and bio-
degradable extracts

Following these guidelines enables to introduce solutions
that are efficient in terms of raw materials, solvents, and
energy consumption, including within industrial-scale activi-
ties (Chemat et al. 2012).

Traditional methods, reported in the late 1980s and 1990s,
are still used for extraction of phycocolloids, including treat-
ment of algal biomass with a hot alkali solution (alkali
hydrolysis) and precipitation of fibers in the presence of
inorganic salts and/or alcohol afterward (Armisen and

Galatas 1987; McHugh 1987, 2003; Porse 1998). The pro-
cess also enables to obtain soluble proteins and peptides
(McHugh 2003; Kadam et al. 2013). At the same time, the
large-scale use of organic solvents involves hexane, chloro-
form, and both methanolic and ethanolic alcohol to provide
fractions of carotenoids, fatty acids, and phenolic com-
pounds, respectively (Li et al. 2002; Borowitzka 2013a;
Kadam et al. 2013). However, there are a number of
researches concerning novel processes, such as pressurized
liquid extraction (PLE), supercritical fluid extraction (SFE),
and enzyme-, microwave-, and ultrasound-assisted extrac-
tion (EAE, MAE, UAE, respectively), which would meet the
green extraction principles (Ibafiez et al. 2012; Wijesinghe
and Jeon 2012). Since the costs of novel methods are higher
compared to conventional operations, they are dedicated
mostly to high-value products, as follows:

e PLE - phenolic compounds, fatty acids and xanthophylls

e SFE, particularly with supercritical CO, (SC-CO,) as the
extractant — fatty acids and carotenoids

* MAE - phenolic compounds and carbohydrates

e UAE - phenolic compounds and minerals

e EAE - carbohydrates, antioxidants

Moreover, both SFE and MAE provide efficient extraction of
algae oil. Yet, there are still some obstacles to overcome in
implementing the above mentioned approaches into indus-
trial practice. EAE substrate specificity and operational con-
ditions represent its main limitations, while PLE and MAE
are not suitable for obtaining thermolabile compounds. In
the near future, SFE and UAE are the most likely to be
widely adapted into the large-scale production of algae
derivatives (Kadam et al. 2013; Esquivel-Hernandez et al.
2017 and relevant references therein).

5.3 Global Algae Market

Half of the net primary production of biomass is assumed to
be aquatic (Bowles 2007). Indeed, global algae production is
about 28.5-10° tonnes of fresh weight per year — besides
catches from midwater outside the official statistics (FAO
2016), expected to accomplish a 5.3% increase in compound
annual growth rate (CAGR) by 2024 (Transparency Market
Research 2016). According to the available data, the produc-
tion of microalgae is much lower compared to seaweeds
because of different target applications, as well as cultivation
issues and poor reflection in the worldwide reporting system
(Borowitzka 1999; FAO 2016).

In commercial algal farming, Asian countries, particu-
larly China and Indonesia, are predominant, as they repre-
sent more than 80% of global production. Such a market
share is rooted in the traditional use of algae, with direct
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consumption (9 - 10° tonnes of fresh weight) and further pro-
cessing for food and/or food additives remaining a great uti-
lization of aquaculture (FAO 2014, 2016).

In 2012, the global algae market was worth US$ 6.4-10°
(FAO 2014). At the same time, the revenue is expected to
reachover US$ 1.1-10°at7.4% CAGR by 2024 (Transparency
Market Research 2016). There is steady growth in the market
for algal metabolites, comprising, besides polysaccharides
and derivatives, pigments, mainly carotenoids, and fatty
acids (Esquivel-Herndndez et al. 2017). The latter is also
involved in the algae oil market, which constitutes an object
of even greater interest (Grand View Research 2017a). The
variety of biologically active compounds extractable from
algal biomass enables to obtain products of different cus-
tomer value. The overview of the current global algae market
is shown in Fig. 5.1.

Among seaweed metabolites, phycocolloids, including
alginates, agar, and carrageenan, are still of the greatest
interest, as their market volumes are estimated at 2.5-10*
(considering propylene glycol alginate of food and pharma
grade only), 1.5-10% and 5.8-10* tonnes, respectively.
Although sales of carrageenan are the highest, market devel-
opment for that phycocolloid is currently quite slow, at 2%
annual average growth rate (AAGR). The fastest-developing
market is for agar, as it provides AAGR at a level of 7%.
Contrarily, AAGR for alginates is negative, while their price

PRICE ~

0.5-2.5 USD/kg

Lower-value products, big market

= vegetable oils: human consumption, biofuels production
= crude oil for biodiesel, bio-oil for drop-in fuel refining

is still high — US$ 14 per kg, as compared to US$ 9 for car-
rageenan and US$17 for agar (Porse and Rudolph 2017).

The volume of the phycocolloid market is reflected in its
value, which reaches US$ 3.8-10% (Markets and Markets
2015), US$ 2.5-10% (Grand View Research 2017b; Mordor
Intelligence 2017a), and US$ 7.6 - 10® (Micromarket Monitor
2017; Mordor Intelligence 2017b) for alginates, agar, and
carrageenan, respectively. A review of the commercial appli-
cation of phycocolloids is shown in Table 5.1.

When considering microalgae derivatives, carotenoids
comprise a billion-dollar market, with astaxanthin in the
leading position, US$ 4.0-10% (Algae Industry Magazine
2015; BCC Research 2015), and f-carotene in second place —
US$ 1.7-10% (Grand View Research 2016; Borowitzka
2013a). Algae are an important source for industrial-scale
production of carotenoids — providing 26 and 38% of the
total contribution to the market revenue of astaxanthin and
B-carotene, respectively. Approaches with different biologi-
cally originated materials, as well as fermentation and chem-
ical synthesis, have also been implemented. The latter is,
however, considered cost consuming and disadvantageous,
particularly in regard to products for human consumption
(Grand View Research 2016, 2017c). The commercial
extraction of f-carotene from microalgae Dunaliella salina
exceeds the processing of other natural sources, such as
plants (including carrots, sweet potatoes, and pumpkins),

MICROALGAE

MACROALGAE

Fig. 5.1 Global value market for algae products (Thurmond 2009; Hennig and Jain 2017)
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Table 5.1 Commercial use of algal colloids (polysaccharides and derivatives) (McHugh 2003, Commission Regulation (EU) No 1129/2011 of 11
November 2011)

Compound Algae source Application

Acl. alginic acid, AA; | Phaeophyceae: species of | Food (E 400-E 404, PGA — E 406):

sodium alginate, SA; Ascophyllum, Durvillaea, Thickening agent for the following products:

calcium alginate, CA; Eckl?nia? Sacchar i{m, Fillings and icings for baked goods (pastries and cakes)
propylene glycol Laminaria, Lessonia, Sauces, syrups, and ice cream toppings
alginate, PGA) Macrocystis, Saccharina, - p

Mayonnaise and salad dressings

Sargassum - - -
Dairy products, such as yogurt (PGA), chocolate milk, whipped cream
Fruit drinks with fruit pulp added (PGA)

Stabilizing agent for the following products:
Ice cream

Beer foam

Gelling agent for the following products:
Artificial fruits (e.g., cherries) (CA)
Jellies (SA)

Paste to stuff olives with

Binding agent to restructure and reform products, such as meat, fish, onion rings, and
shrimp substitutes (SA, CA)
Gel-coating layer to preserve frozen fish (CA)

Fining agent to clarify wine

Textiles:

Thickening agent for dye-containing paste in textile printing

Biotechnology

Carrier to immobilize biocatalysts — enzymes or cells — by entrapping them with
beads (CA)

Pharmaceuticals and healthcare sector:
Component of polymer fibers for wound dressings (CA)
Tablet disintegrant (AA)
Component of dietary foods and tablets for heartburn/indigestion to swell in the
stomach and reduce the sense of hunger and the likelihood of reflux-derived irritation,
respectively (AA)

Component of controlled-release systems for medicinal drugs
Paper:
Surface sizing agent
Film former to improve ink holdout and printability
Component of starch adhesives
Paper coating
Other
Component of coatings for welding rods or electrodes
Binder in fish feed
Mold release agents for plaster molds and fiberglass
Plastics

Coating for anti-tack paper — a release agent for synthetic

Resin decorative boards (SA)
Agar Rhodophyta: species of Food (90% of global agar production, E 406):

Gelidium, Gracilaria, Stabilizing and thickening agent for the following products:
and Gelidiella

Fillings and icings for baked goods (pastries and cakes), meringues
Confections, such as jellies and candies
Ices and sherbets

Dairy products, such as cheese, cream, and yogurt
Gelled meat and fish
Fining agent to clarify wine (mainly plum wine)
Biotechnology:
Culture media, mainly bacteriological

Ornamental plant cultivation:

Growth substrate for obtaining plant clones or copies in orchid nurseries
Pharmaceuticals:

Smooth laxative

(continued)
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Table 5.1 (continued)

Compound Algae source Application
Carrageenan Rhodophyta: Food (E 407, processed Eucheuma seaweed E 407a):
Kappaphycus alvarezi, Stabilizing and thickening agent for the following products:

Eucheuma denticulatum,

Dairy products, such as cottage cheese, chocolate milk, UHT sterilized milk, cream

Betaphycus gelatinum,

Ice cream and sherbets

Chondrus crispus,
Gigartina skottsbergii,

Liquid coffee whiteners

Dry instant chocolate mixes

Sarcothalia crispata,
Mazzaella laminarioides,

Low-oil or no-oil salad dressings (also thickened by carrageenan)

Chondracanthus

Reduced-oil mayonnaise (also thickened by carrageenan)

canaliculatus

Gelling and thickening agent for the following products:

Jellies

Mousse desserts

Fruit drink mixes

Ham (retainment of soluble protein during cooking of ham in brine solutions)

Precooked poultry products

Low-fat meat and poultry products (e.g., frankfurters)

Fining agent to clarify beer

Pet food:

Gelling and thickening agent for canned food

Household chemistry:

Component of air freshener gels

Cosmetics:

Component of toothpaste

Biotechnology:

beads

Carrier to immobilize biocatalysts — enzymes or cells — by entrapping them with

fungi, palm oil, and microbial production (Borowitzka
2013b; Grand View Research 2016; Oilgae 2016). At the
same time, the most known source of astaxanthin, microal-
gae Haematococcus pluvialis, is increasingly competing
with krill, shrimp by-products, and yeast (Phaffia species)
(Grand View Research 2017c; Transparency Market
Research 2017), while remaining predominant toward
Pacific sockeye salmon and Paracoccus bacteria
(Transparency Market Research 2017).

As natural pigments, both astaxanthin and p-carotene are
primarily used to improve the color of food products (Algae
Industry Magazine 2016); however, various trends in their
application have been developed (Borowitzka 2013a). The
biggest share in the astaxanthin market (about 40%) belongs
to the sector of feed additive enhancing pigmentation in
aquaculture animals (fish, e.g., salmon and trout, and crusta-
ceans, e.g., shrimp), which, however, mostly involves syn-
thetic and microbial-derived compounds (Research and
Markets 2015; Transparency Market Research 2017).
Astaxanthin of natural origin, algae in particular, shows great
antioxidant activity (determined by its oxygen radical absor-
bance capacity) and thus has become more profitable, being
launched for food and beverages, nutritional and dietary
supplements, and nutraceuticals (Enzing et al. 2014, Algae
Industry Magazine 2015, BBC Research 2015, Research and

Markets 2015; Grand View Research 2017c¢). The latter holds
the second-biggest market share (about 32%), and the new
concept of nutraceutical delivery with soft gels is projected
to reach the fastest growth rate (Grand View Research
2017¢).

Besides preventing oxidative stress, the compound also
has capability for healing UV-induced damage, which has
led to its successful use in the treatment of cardiovascular
disease, neurodegenerative disease (Alzheimer’s,
Parkinson’s), and both ophthalmic and orthopedic disorders
(Enzing et al. 2014; Grand View Research 2017c). For the
same reason, astaxanthin is applied as an antiaging agent in
cosmetics, cosmeceuticals, and personal care products,
forming the third-largest sector in terms of market share
(about 18%) (Research and Markets 2015; Grand View
Research 2017c; Transparency Market Research 2017).

Despite lower market value than astaxanthin, 3-carotene
was the first high-value compound extracted commercially
from microalgae (Borowitzka 2013a) and is generally the
most prominent carotenoid (BBC Research 2015). Being a
precursor to vitamin A and both an antioxidative and anti-
inflammatory agent, f3-carotene is suited to a wide range of
applications (Enzing et al. 2014; Grand View Research
2016), yet its use as a color additive (E 160a) seems to remain
the most prominent (Commission Regulation (EU) No
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1129/2011 of 11 November 2011). In fact, the food and bev-
erage sector holds the leading market share, since it contrib-
utes one-third of the total revenue and shows a further
upward trend. A slightly smaller market share, still 30%,
belongs to dietary supplements, which are followed by cos-
metics and personal care products — almost 22% of total rev-
enue. The third-largest applicant sector involves a great
variety of formulations, starting from bath and shower prepa-
rations, moving through face cleansers, aftershave lotions,
shampoos, and hair conditioners, and ending at makeup and
sun-care products (Grand View Research 2016). The benefi-
cial health properties of f-carotene encourage its application
in animal feed as well (Enzing et al. 2014).

According to the conventional approach, neither eicosa-
pentaenoic nor docosahexaenoic acid (EPA and DHA,
respectively) is an essential fatty acid. Yet, they are custom-
arily classified as such due to functionality criteria (Hassam
etal. 1977a, b; NIH 2016) and the limited efficiency of natu-
ral synthesis (Harris 2010). Since diets are usually low in
EPA and DHA, and thus these fatty acids are commonly defi-
cient, there is a great opportunity for the sectors of dietary
and nutritional supplements to be advanced (Joint WHO/
FAO Expert Consultation 2003). EPA- and DHA-based sup-
plements held the biggest share — over US$ 1.0-10°, in the
revenue of the omega-3 ingredients market, which is valued
at about US$ 3.5-10° and is expected to reach US$ 4.0-10°
within the next 5 years. The other profitable area of applica-
tion is divided into four sectors, as follows: functional food,
infant formulas, pet food, and pharmaceuticals (Global
Market Insights 2016). Relating to the latter, EPA and DHA
ingredients show a protective effect against cardiovascular
conditions, arthritis, and cancer (Joint WHO/FAO Expert
Consultation 2003; Global Market Insights 2016). More than
75% of feedstock for omega-3 fatty acid production is fish
oil, mostly from sardines and anchovies. However, its
unpleasant organoleptic properties, along with the increasing
popularity of the vegetarian lifestyle among customers,
enhance the position of algae oil, currently at about 8% of
market share, as an alternative source material (Global
Market Insights 2016).

Though economically beneficial, the use of fatty acids for
human consumption — including supplements, as well as
foods and beverages — is the smallest applicant sector of the
US$ 1.5-10°-worth algae oil market. The leading market
share belongs to fuel grade products, such as biodiesel, jet
fuel, and gasoline, which provide almost 40% of the total rev-
enue. Algae oil is also successfully applied, at about 30% of
total revenue, to animal feed (Grand View Research 2017a).

Besides separate fractions, algal extracts within mixtures
of biologically active compounds are also gaining attention.
The applicability of such products will be reviewed in subse-
quent chapters of this book.

5.4  Conclusion

Algal biomass is a rich source of various biologically active
compounds. In industrial production, phycocolloids, carot-
enoids, and essential fatty acids are of particular importance.
Biofuel production from algae oil has also been exhaustively
verified. While phycocolloids have been successfully
extracted through the use of alkali hydrolysis, for the other
constituents, novel techniques — improved in terms of effi-
ciency, solvent use, and both time and cost consumption —
have been developed. Among the known approaches,
ultrasound-assisted and SC-CO, extraction are considered
promising for industrial implementation, yet the latter seems
to be the most suitable to fulfill the market demand.
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Seaweeds As a Component

of the Human Diet

Izabela Michalak and Katarzyna Chojnacka

Abstract

Algae (microalgae and seaweeds) have been used for cen-
turies as food, animal fodder and a source of chemicals
for the pharmaceutical, cosmetic, food and chemical
industries. In the last few decades, knowledge about the
influence of algae in diet on health and well-being has
increased. Algae still gain attention due to their unique
composition. They are known to be a rich concentrate of
biologically active compounds, such as carbohydrates,
proteins, minerals, oils, fats, polyunsaturated fatty acids,
antioxidants (polyphenols, tocopherols, vitamin C,
mycosporine-like amino acids) and pigments. Besides the
nutritional value of algae, bioactive compounds play a
significant role in the promotion of human health and dis-
ease prevention, due to antibacterial, antiviral, antifungal,
antioxidative, anti-inflammatory and antitumor proper-
ties. Algal products can be used for performance improve-
ment and the reduction of pathogenic bacteria. Algae can
be served in different forms — whole seaweed meal, pow-
der, extract, homogenate or fermented. In this chapter, the
advantages (nutritional value, accessibility, etc.) and dis-
advantages (toxic metals, sensory perception, etc.) of the
application of seaweeds as a component of food are dis-
cussed. Special attention is paid to their application in
cereals, dairy and meat products. Seaweeds can also serve
as a natural salt, as well as a source of hydrocolloids,
especially in the confectionery industry. Macroalgae can
also deliver biologically active compounds to food prod-
ucts of plant and animal origin indirectly, through their
application in plant cultivation and animal feeding. It is
predicted that seaweeds as food and seaweed-derived
food flavours, colours and nutrients will continue to
attract considerable commercial attention.
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6.1 Introduction

The recent trend of an increasing demand for algal products
results from a greater consumer focus on health (“functional
foods” and ‘“nutraceuticals”, which are known to have a
number of health-specific advantages) and the wider use of
food additives (Wells et al. 2017). In 2014, about 28.5 mil-
lion tonnes of seaweeds (macroalgae) and other algae were
harvested for direct consumption or further processing for
food, traditionally in Japan, Korea and China (FAO 2016).
The major seaweeds that are of dietary importance in these
countries belong to the genus Undaria (brown seaweed,
Phaeophyta), commonly called wakame; Pyropia (red sea-
weed, Rhodophyta), commonly referred to as nori; and
Saccharina (brown seaweed), commonly known as kombu
(Prabhasankar et al. 2009). Another example of seaweed that
is highly appreciated by consumers in Asia (Indo-Pacific
region) is Caulerpa, with the species C. lentillifera and C.
racemosa var. turbinata commonly known as “green caviar”
(de Gaillande et al. 2017).

Worldwide, at least 145 species of macroalgae are used as
food (Zemke-White and Ohno 1999). For example, in Japan,
seaweeds are served at approximately 21% of meals
(Yoshinaga et al. 2001). In Japanese cuisine, the red sea-
weed, nori, is a traditional wrapping for sushi and is also
used in soups (FAO 2016). Nori and preserved kombu are
also used for the wrapping of Japanese rice balls called
“onigiri”. Wakame is used in noodles, soups, salads, pickles,
etc. Another example of traditional Japanese food is “Kobu-
maki” — a simmered food (often salmon or herring) wrapped
in kombu, usually prepared for the New Year’s holidays
(Wells et al. 2017). The genus of seaweeds added as an
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ingredient influences the morphology of the food produced.
For example, Cofrades et al. (2008) showed that meat prod-
ucts formulated with the brown seaweeds (Himanthalia
elongata, Undaria pinnatifida) had different characteristics
(water- and fat-binding properties, hardness, chewiness of
the cooked products, lower springiness and cohesiveness,
colour changes) from the products made with the red sea-
weeds (Pyropia umbilicalis). Better properties were obtained
in the case of brown algae, especially Undaria pinnatifida
(Cofrades et al. 2008).

Seaweeds are not a traditional food in the Western diet,
despite occasional use as a conventional ingredient, espe-
cially in coastal areas (Bouga and Combet 2015). For exam-
ple, Fucus spiralis, Pyropia sp. and Osmundea pinnatifida
are consumed as food on some of the Azorean Islands,
Portugal (Paiva et al. 2014); Saccharina digitata, Saccharina
latissima, Undaria pinnatifida, Himanthalia elongata, Ulva
sp., Gracilaria verrucosa, Palmaria palmata and Chondrus
crispus in France (MacArtain et al. 2007); and Palmaria pal-
mata, Saccharina latissima, Saccharina digitata and Alaria
esculenta in Norway (Chapman et al. 2015; Mouritsen et al.
2012). France was the first European country where sea-
weeds were approved for human consumption (as vegetables
and condiments), which opened new opportunities for the
food industry. Among them, brown seaweeds, Ascophyllum
nodosum, Fucus serratus, Fucus vesiculosus, Himanthalia
elongata and Undaria pinnatifida; red seaweeds, Pyropia
umbilicalis, Palmaria palmata, Chondrus crispus and
Gracilaria verrucosa; and green seaweed, Ulva spp. (Mabeau
and Fleurence 1993) can be distinguished. With the recent
trend towards the increasing popularity of Asian dishes (e.g.
sushi) across Europe, seaweeds are being further introduced
(Chapman et al. 2015). In other parts of the world, including
all of the countries in tropical Latin America and most of
Africa, seaweeds are an unappreciated resource that can be
used for food production (FAO 2016). There are some
records of the use of algae as an important ingredient in the
diet of early humans in South America. In southern Chile,
macroalgae have been used by the native people in food
preparations like soups, stews and salads, for example,
Macrocystis pyrifera, known as “huiro”, which is eaten sepa-
rately; Pyropia columbina, known as “luche”, which is used
in soups; and Durvillaea antarctica, known as “cochayuyo”,
which is eaten as a salad and in stews together with meat
(Astorga-Espaifia et al. 2017). The use of Latin American sea-
weeds as an economic resource can be crucial for the wealth
and sustainable livelihoods of coastal communities (Rebours
et al. 2014).

Very interesting research was performed by Edwards
et al. (2012), who fashioned a short questionnaire during the
fourth ISAP (International Society for Applied Phycology)
conference in Halifax (2011) to gather some information on
the algal eating habits of the participants. It was found that

93% of the conference members (mainly phycologists,
N =273, 35 nationalities) had previously eaten algae, as well
as 64% of the general public (N = 104, 25 nationalities). The
frequency of consumption of algae was as follows: confer-
ence vs. general public (%) — daily 7 vs. 3, weekly 18 vs. 17,
monthly 31 vs. 25 and more rarely 45 vs. 5. Among the 27
genera of macroalgae and microalgae recorded as having
been eaten by the questionnaire participants, the most popu-
lar were red seaweeds (60% of phycologists and 71% of the
general public). Pyropia spp. were the most commonly pre-
ferred. Interestingly, “lack of availability” was the main rea-
son for not eating algae. It was concluded that greater
information on algae and their wider availability could
encourage people to include them as part of a balanced and
healthy diet. It is also important to change peoples’ mindset
to consider seaweeds not as weeds or wracks but rather as a
very versatile and tasty kind of food source (Mouritsen
2017).

The problem for people who do not consume algae on a
historical basis is often the lack of enzymes required to thor-
oughly digest dietary seaweeds. The digestive flora of a par-
ticular person may take up to 4 months to produce the
dedicated enzymes. Therefore, it is beneficial to eat a small
amount of seaweed daily rather than larger amounts occa-
sionally (Dhargalkar 2014). However, the popularization of
the East Asian diet worldwide has gradually increased public
interest and acceptance of seaweed as a food source, partly
due to their suggested health benefits. Consequently, con-
sumption of seaweed and seaweed-based products is rising,
similar to the trend observed with fresh fruits and vegetables
(Sharifuddin et al. 2015). In European countries, it is pro-
posed that seaweeds be indirectly introduced into the human
food chain through their addition to the diet of marine ani-
mals (e.g. fish, shrimp) produced by aquaculture (Fleurence
et al. 2012). However, algae are also supplemented directly
into the human diet in different forms: whole seaweed meal
(fresh, dried — including a dry-ground meal) and processed
seaweed (seaweed extracts, bioactive seaweed compounds,
homogenates, fermented seaweeds).

Nowadays, due to continuous exposure to radiation, metal
poisoning, gaseous emission, radioactive substances and
other pollutions, it is recommended that seaweeds be used on
a daily basis, so as to supplement the diet with nutrients and
biologically active compounds, detoxify the body and reduce
the negative effect of environmental pollution on human
health (Dhargalkar 2014). Seaweed products are also used as
a substitute for the addition of salt, artificial colours and fla-
vours (Pedersen et al. 2013). According to data presented by
Edwards et al. (2012), the main reasons given for eating
algae by phycologists (N = 273) and the general public
(N = 104) are health 36% vs. 13%, tradition 18% vs. 15%
and taste 44% vs. 57%.
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However, in the case of algae consumption, the risk
related to the content of toxic elements (e.g. arsenic), as well
as certain sensory properties (not acceptable to all consum-
ers), should also be taken into account. The unavailability of
algae is the greatest reason for most people for its not having
been previously consumed (50% of phycologists, 49% of the
general public), followed by taste (22% vs. 30%) and lack of
culinary knowledge (11% vs. 35%) (Edwards et al. 2012). It
should be noted that seaweeds are characterized by highly
variable composition, depending on species, collection time
and habitat.

In this chapter, special attention is paid to the advantages
and disadvantages of seaweeds as a component of food, as
the source of algae for the food industry, forms of algae that
are used in the production of food, as well as some examples
of algae-based meals.

6.2 Advantages of Seaweeds As a Food

Source

The utilization of seaweeds as a component of a diet is
mainly related to their unique composition and multifunc-
tional properties. These marine organisms have high nutri-
tional value, taking into account their content of proteins and
amino acid profiles; lipids, including polyunsaturated fatty
acids (PUFA); soluble carbohydrates; ash; minerals; vita-
mins; pigments; as well as polyphenols and their antioxidant
properties. This issue has been described in detail in many
review papers, for example, MacArtain et al. (2007), Holdt
and Kraan (2011), Dhargalkar (2014), Paiva et al. (2014),
Michalak and Chojnacka (2015a), Sharifuddin et al. (2015),
Chu and Phang (2016), Cornish et al. (2017), de Gaillande
et al. (2017) and Wells et al. (2017).

Seaweeds produce new ingredients that are called “func-
tional” and are used in “health-promoting foods” that have a
somewhat medicinal effect in the treatment or prevention of
certain diseases (Mohamed et al. 2012; Paiva et al. 2014,
Cornish et al. 2017). They possess antioxidant, anti-infective
(antiviral, antimicrobial activity: bacterial and fungal), anti-
tumor, anticancer, antiproliferative, anti-inflammatory, anti-
coagulant, phytoestrogenic and endocrine modulating
properties (thyroid) (Mohamed et al. 2012). Therefore, sea-
weeds have the potential to be exploited in human health
applications, for example, in the prevention and therapy of
certain metabolic syndromes (obesity, dislipidemia, diabe-
tes, hypertension) (Mohamed et al. 2012; Sharifuddin et al.
2015; Chu and Phang 2016), cardiovascular diseases, weight
management, cancer (Brown et al. 2014), repair and protec-
tion (liver, kidneys, lungs, skin: wound healing), degenera-
tive diseases (nerves and brain), etc. (Mohamed et al. 2012;
Cornish et al. 2017). Epidemiological studies have shown an
association between the dietary intake of seaweeds and a

reduced prevalence of chronic diseases (Brown et al. 2014).
Seaweed extracts, due to their antimicrobial properties, can
also play another important role in the food industry — as
natural antimicrobial agents for food preservation. Gupta
et al. (2012) showed that seaweed extracts of Himanthalia
elongata at a concentration of 6% inhibited the growth of
four common causes of food spoilage (Pseudomonas aerugi-
nosa and Enterococcus faecalis) and food pathogenic micro-
organisms (Listeria monocytogenes and Salmonella abony).

A seaweed diet is mainly recommended for people who
are trying to control their weight (they are high in fibre,
which makes a person feel full when eating a meal) and also
for vegetarians, because they are a good source of amino
acids (Dhargalkar 2014). Fibres of seaweed origin are used
in the production of low-calorie foods, due to the texturing
and bulking properties that depend on their capacity to
absorb and retain water (Rupérez and Saura-Calixto 2001).

Seaweeds are usually added to food as functional ingredi-
ents. In small quantities, they enhance the nutritional value
of traditional food and increase the content of dietary fibres
and trace elements (Dhargalkar 2014; Astorga-Espafa et al.
2017). As an example, Prabhasankar et al. (2009) replaced
pasta ingredients with Undaria pinnatifida powder. It was
found that 10% of seaweed-incorporated pasta had consider-
ably improved protein and fat content, as well as increased
levels of ash and fibre. Pigments present in seaweeds can
influence food product colour, depending on the seaweed/
extract type and the concentration added (L6pez-Lopez et al.
2009; Choi et al. 2012; Moroney et al. 2013). Astorga-Espafia
et al. (2017) presented results of the nutritional value of
dishes (hamburgers, fettuccine, fritters and bread — staples of
the Chilean diet and huiro breadsticks and luche-parsley
pesto — recipes for cocktails and snacks not as commonly
consumed) prepared from three dried sub-Antarctic sea-
weeds, Macrocystis pyrifera, Pyropia columbina and
Durvillaea antarctica (content from 3% to 28% in the pre-
pared dishes). Authors compared the composition of dishes
made with macroalgae to commonly consumed foods like
white bread, hamburgers, fettuccine made of dough enriched
with eggs, fritters, breadsticks and green pesto. It was shown
that the dishes prepared with algae have similar or slightly
elevated levels of moisture and ash.

6.3 Disadvantages of Seaweeds As a Food

Source

The promotion of algal consumption should also take into
account the potential harm to consumers (Wells et al. 2017).
The main risk is possible toxicity from high iodine levels in
seaweeds, accumulation of arsenic and toxic metals (e.g. Cd,
Cr, Hg, Ni and Pb) (Holdt and Kraan 2011; Bouga and
Combet 2015; Wells et al. 2017), secondary metabolites (e.g.
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prostaglandins — PGE2 in Gracilaria vermiculophylla, kain-
oids) as well as potential contamination with pathogens,
radioisotopes and toxic synthetic compounds. They can also
be responsible for allergic properties (Wells et al. 2017). In
Japan, iodine intake from this food source is among the high-
est in the world. High iodine content may negatively affect
individuals with underlying thyroid disorders (Zava and
Zava 2011; Bouga and Combet 2015). However, before con-
sumption, seaweeds and their components must meet certain
consumer safety regulations, e.g. the level of toxic minerals
in edible seaweeds (Holdt and Kraan 2011).

Consumption of seaweeds (e.g. Palmaria palmata,
Saccharina latissima, Saccharina digitata and Alaria escu-
lenta) is also strongly impacted by sensory perception
(Chapman et al. 2015). Seaweeds should not exceed 20% of
the dry weight of a given dish, because higher content/con-
centrations either “overwhelmed” traditional recipes or at
least influenced the taste to the point that the dish was
rejected by the consumers participating in the test (Radulovich
et al. 2015). For example, Prabhasankar et al. (2009) showed
that pasta with the addition of 10% Undaria pinnatifida was
acceptable when considering sensory characteristics.
However, a higher content of wakame powder (20% and
30%) in pasta was not preferred when considering sensory
properties, as indicated by the lower scores given by panel-
lists in regard to appearance and mouth feel. They com-
plained of excessive saltiness, as well as a similar sensory
effect to that of eating wakame itself. Mouritsen (2017)
emphasized that when introducing seaweeds into Western
cuisine, we should keep in mind that, in the case of seaweeds,
“taste comes first”: “No matter how nutritious and healthy a
particular kind of foodstuff is, no one is going to consume it
for long if it is not tasty”.

Sources of Seaweeds for Food
Production

6.4

Seaweeds for the food industry can be harvested from the
wild sea or freshwaters with low pollution levels, from aqua-
culture, or it can be specially cultivated, for example, in pho-
tobioreactors (Andersen 2005; Paiva et al. 2014; Rebours
et al. 2014; Radulovich et al. 2015). In the case of wild envi-
ronments, seaweeds should be collected during low tide from
waters that are pure and free from harmful chemicals. It is
recommended that whole seaweeds not be collected but
rather that the upper portions of the fronds be cut, leaving the
lower portion to regenerate (Dhargalkar 2014). Today, sea-
weeds for food originate mainly from farming rather than
natural sources (FAO 2003). Aquaculture has great potential
for meeting the challenges of increasing demand for food,
because it accounts for almost 50% of aquatic resources
(FAO 2016; de Gaillande et al. 2017). After freshwater fish

and molluscs, algae are the third-largest aquaculture crop in
the world. Due to the high cost of industrial cultivation of
microalgae, the largest sector of this industry is represented
by macroalgal production for human food (Wikfors and
Ohno 2001). Additionally, there is a possibility of applying
integrated multitrophic aquaculture systems in which sea-
weeds can be utilized for removal of excess nutrients that
come from fish farming. By this approach, the negative envi-
ronmental impact of intensive fish aquaculture is reduced
(Chopin et al. 2001). The main seaweed species that are spe-
cially cultivated for food production are wakame (Undaria
pinnatifida), Japanese kelp (Saccharina japonica) and
mozuku seaweed (Nemacystus spp.) (FAO 2016). The main
farming systems of seaweeds involve the bottom-planting
method, the off-bottom cages method, the off-bottom tray
method, floating long lines, submerged rafts, land-based
raceways, etc. (de Gaillande et al. 2017).

It is estimated that if 10% of all ocean areas were eventu-
ally farmed, i.e. through mariculture, including through the
use of extensive methods such as assisted fisheries and sea-
weed ranching, total yield could equal that currently pro-
duced in agriculture, and the eutrophic potential of waters
would be greatly reduced (Radulovich 2011). It was also
found that the cultivation of seaweeds in aquaculture rapidly
attracts biodiversity, which is manifested by a significantly
larger number of fish species and individuals than in nearby
control areas (Rebours et al. 2014; Radulovich et al. 2015).
Moreover, the production of seaweeds in marine and fresh-
water environments for food purposes could be an alternative
or supplementation of food production in traditional agricul-
ture that depends on freshwater used for irrigation and rain-
fall variability, which is aggravated by climate change. It is
predicted that water scarcity may be the most limiting factor
for increasing global food production. Food production at
sea, both fished and farmed, as well as both plants and ani-
mals, requires neither freshwater nor land. Therefore, the
water needed for the production of food in terrestrial envi-
ronments could be preserved, as equivalent amounts of food
can be farmed or fished in the sea or ocean (Radulovich
2011; Stévant et al. 2017a). Seaweed farming is recognized
as one of the most environmentally friendly types of aqua-
culture, since it uses no fertilizers, helps preserve coral reefs
and is sustainable (Bixler 2017; Porse and Rudolph 2017).

The main disadvantage of harvesting algae from natural
resources is their possible contamination with toxic metals
and other substances. The chemical composition can also be
affected by external factors such as geographic location,
environment, season and sampling conditions (Mohamed
et al. 2012). Additionally, high water content in seaweeds,
which ranges from 70% to 90%, constitutes a challenge for
conserving and transporting large amounts of biomass from
harvesting to processing sites (e.g. food production) (Stévant
et al. 2017a).
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6.5 Forms of Seaweeds in Food

Seaweeds that are used as a component of food can be sup-
plemented as a whole seaweed meal (fresh, dried), as well as
processed seaweeds: powder, extracts, bioactive compounds,
fermented, homogenized, etc. The choice of the proper form
of seaweeds is crucial, because processing of seaweeds can
lead to an unfavourable change in appearance, as well as to
the loss of some biological properties (e.g. in extraction of
biologically active compounds). For example, Radulovich
et al. (2015) found that green seaweed, Chaetomorpha sp.,
was best when used directly or cooked fresh, being added
whole or chopped into a variety of dishes, because drying
caused undesirable changes. Seaweeds can also lose their
properties during cooking. Prabhasankar et al. (2009) showed
that the incorporation of commercial seaweeds (wakame) as
a powder into pasta resulted in the retainment of phenolic
compounds in the product upon cooking when compared to
the control pasta. However, uncooked seaweed pasta exhib-
ited higher total antioxidant content than the control pasta. It
was also found that the main functional component of
Undaria pinnatifida, fucoxanthin, was not affected by the
rigorousness of the pasta-making process or by the cooking
steps involved thereafter. The mode of consumption of sea-
weeds after harvesting is also specific to region and/or coun-
try. Usually, seaweeds (e.g. Caulerpa) are eaten fresh and
raw (e.g. as salads), seasoned with lemon and coconut milk
(de Gaillande et al. 2017).

It is important to mention that in the case of food of ani-
mal and plant origin, bioactive compounds from seaweeds in
different forms may be incorporated into animal or plant
products by the supplementation of animal diet or by fertil-
ization, spraying or direct addition during food processing
(Uchida and Miyoshi 2013; Michalak and Chojnacka 2015a,
¢; Michalak et al. 2015, 2016). Different forms of seaweed
and their application in food products are presented in
Fig. 6.1.

6.5.1 Whole Seaweed Meal

Whole macroalgae are commonly used, without any pro-
cessing or extraction, as a vegetable from the sea in many
areas around the world (e.g. in the new Nordic cuisine)
(Pedersen et al. 2013). The most popular application of
whole seaweeds is the production of sushi or rice balls
called “onigiri”, in which species of red algae, Pyropia,
including Pyropia yezoensis and Pyropia tenera, are used as
wrapping material. Fresh (raw), whole seaweeds can also be
used as an ingredient in salads and soups (Radulovich et al.
2015; FAO 2016; Wells et al. 2017). Whole or chopped sea-
weeds can also be cooked into a variety of food prepara-

tions, baked until crispy and fried in a variety of manners.
They can also be blended with fruits and vegetables
(Radulovich et al. 2015). The main disadvantage of this
form of algae regards their storage — specifically, their sus-
ceptibility to deterioration (Radulovich et al. 2015).
Therefore, the main postharvest treatments that aim to
maintain the quality of fresh seaweed biomass include sea-
water storage, cold storage, silage and freezing (Stévant
et al. 2017a). Stévant et al. (2017b) examined the effect of
short-term storage (22 h) of brown macroalgae (Alaria escu-
lenta and Saccharina latissima) in seawater, prior to further
processing, on their nutritional value. It was found that the
storage treatments resulted in a rapid decrease in dry weight
during the first 2 h, an increase in the ash and sodium con-
tents and a reduction in the content of carbohydrates (man-
nitol and glucose (laminarin)) in S. latissima and fucose
(fucoidan) in A. esculenta and polyphenols. The protein
content remained relatively stable.

6.5.2 Grounded Seaweeds/Seaweed Powder

Seaweeds dried and ground to different levels of coarseness
can be used as a partial substitute for wheat and maize flour
in the preparation of a variety of recipes, like cookies, fried
chips and spaghetti. Seaweeds in the form of powder can be
sprinkled on or into different recipes, including fruit juices.
They can also be scrambled or encapsulated to be con-
sumed as a dietary supplement (Radulovich et al. 2015).
For example, Mamat et al. (2014) incorporated the powder
of red seaweed, Kappaphycus alvarezii, into wheat flour,
and Mouritsen et al. (2012) used the powder of dulse
(Palmaria palmata) to produce bread. Cofrades et al.
(2011) used milled seaweeds (Undaria pinnatifida,
Himanthalia elongata and Pyropia umbilicalis) in the prep-
aration of post-rigour pork meat and fresh pork back fat.
The main advantage of using seaweeds in the form of pow-
der is the ease of their storage — there is no decay, and they
apparently keep their properties for up to at least 9 months
in the darkness, at room temperature (Radulovich et al.
2015). On the other hand, drying of seaweeds can affect
their chemical composition, which can influence the prod-
uct’s nutritional value, as well as the extraction yield of
bioactive compounds during further processing (Stévant
et al. 2017a).

6.5.3 Seaweed Extraction/Seaweed Bioactive
Compounds

Interest in the use of “natural green” extracts in the food
industry (e.g. in various foods and beverages) is increas-
ing. O’Sullivan et al. (2014, 2016) tested algal extracts
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Fig. 6.1 Forms of seaweed
used in food production and
their exemplary applications

obtained from Ascophyllum nodosum and Fucus vesicu-
losus through extraction with water, 80% ethanol, 20%
H,O, and 60% ethanol, 40% H,O as components of
yoghurts and milk. Magnusson et al. (2016) produced
natural macroalgal salts by washing the marine green
macroalgae Ulva ohnoi and Ulva tepida with freshwater
and crystallizing the resulting minerals. Washing sea-
weeds for 30 min at 40 °C or for 24 h at 25 °C provided
an optimized yield of salt from both species while mini-
mizing time and temperature inputs. The acid extraction
technique was used to isolate polysaccharides, laminarin
and fucoidan, from brown seaweed Saccharina digitata
that were then added directly to minced pork (Moroney
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et al. 2013). Some seaweed extracts, due to their antibac-

pathogenic microorganisms) (Gupta and Abu-Ghannam
2011; Gupta et al. 2012). For example, extracts from
Himanthalia elongata, obtained in a process with metha-
nol under a nitrogen atmosphere in a shaker incubator,
inhibited the growth of microorganisms that cause food
spoilage (Pseudomonas aeruginosa and Enterococcus
faecalis) and food pathogenic microorganisms (Listeria
monocytogenes and Salmonella abony) (Gupta et al.
2012). This approach can help to reduce the use of chem-
ical preservatives.
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6.5.4 Seaweed Homogenization/Seaweed
Homogenates

Seaweed homogenates are usually obtained from fresh sea-
weeds. For this purpose, homogenization using a blender and
mortar and pestle is applied (Michalak and Chojnacka
2015¢). In the work of Gallaher et al. (2005), concentrated
oil-in-water emulsions were prepared by mixing either algae
oil or Tween 20 with the remaining aqueous phase consisting
of a sodium acetate imidazole buffer (pH 7). The lipid and
aqueous phase was blended for 30 s using a high-speed
mixer. The obtained in-water emulsions were used as com-
ponents of water, skim milk, 2% milk and whole milk.

6.5.5 Seaweed Fermentation/Fermented
Seaweed Products

Fermentation is an efficient method that enables the stabili-
zation and transformation of biomass of diverse origins,
including seaweeds, into a more sanitized quality product
(Ennouali et al. 2006). Fermented products from algae,
obtained by lactic acid or ethanol fermentation, can be ingre-
dients in functional food (Michalak and Chojnacka 2015b).
Such an example can be a fermented seaweed beverage
obtained from Gracilaria fisheri using the bacteria
Lactobacillus  plantarum  (Prachyakij et al. 2008;
Hayisama-ae et al. 2014; Ratanaburee et al. 2011) or algal
extracts produced from Ascophyllum nodosum and Fucus
vesiculosus added to yoghurt (O’Sullivan et al. 2016). Uchida
et al. (2017) produced high-salt content seaweed sauces
using nori (Pyropia yezoensis) and halophilic lactic acid bac-
teria (Tetragenococcus halophilus) in fermentation tanks.
Use of this type of bacteria creates the possibility of produc-
ing algal fermented products containing high (>10%) salt
content and capable of long-term preservation (Uchida and
Miyoshi 2013).

6.6  Algae-Based Products

in the Human Diet

Before use as food, seaweeds harvested from wild habitats or
from aquaculture should be thoroughly washed with fresh-
water. Debris, small fauna and epiphytes should be washed
away, and unwanted parts like holdfasts and damaged tissues
should be eliminated. After that, excess surface water should
be removed by decantation (Radulovich et al. 2015).
Seaweeds are available in a diversified range of food
products. Various product categories containing seaweeds
can be distinguished, for example, bread and confectionery
(bread, cakes, pizza bases, biscuits, shortbread), condiments
(seaweed flakes, salad boosters, salt), drinks (gin, whisky,

super shakes, smoothies), noodles and pasta (sea spaghetti,
kelp noodles), salads (seaweed salad, sea salad), seaweed
(whole seaweed, seaweed sheets), snacks (crackers, rice
crackers, oatcakes), soup (miso soup), supplements (tablets)
and sushi (sushi platters) (Bouga and Combet 2015). In a
culinary context, seaweeds can be used as a vegetable, salt
and spice all in one (McHugh 2003). For example, in
European cuisine, marinated kelp (Alaria esculenta) is used
in a cannelloni bean salad, laver/nori (Pyropia
umbilicalis/Pyropia yezoensis) are used in chocolate molas-
ses meringues, and dulse (Palmaria palmata) is used in tra-
ditional Welsh laverbread cakes and dulse-cheese scones
(Wells et al. 2017). Some of the food products that were
enriched with seaweeds in different form are presented
below.

6.6.1 Cereal Products

In the baking industry, seaweeds are mainly used because of
their hydrocolloid content, which can be applied to improve
the bread-making process. Hydrocolloids improve dough
handling properties, increase the quality of the fresh bread
and extend the shelf life for its storage (Mamat et al. 2014).
In the work of Mamat et al. (2014), the powder of red sea-
weed, Kappaphycus alvarezii, was incorporated (2—8%) into
wheat flour and used for the baking of bread. The addition of
seaweed powder increased the water absorption of the dough,
decreased the stickiness properties and increased the firm-
ness of the produced bread. Mouritsen et al. (2012) proposed
using another red seaweed, dulse (Palmaria palmata), for the
production of bread. It was obtained by mixing glandshvede
flour (a spelt-like wheat species that is high in gluten and
protein — 13.5%), spelt flour dulse dashi, sourdough starter,
fresh baker’s yeast and salt. The added dulse supported the
savoury flavour. Prabhasankar et al. (2009) produced pasta
enriched with seaweeds. This is an important dish from the
nutritional and gastronomic points of view. Moreover, it is a
staple food in many countries and pasta products are well-
accepted worldwide. Wakame (Undaria pinnatifida) was
used to enrich pasta with functional compounds such as
fucoxanthin, fucosterol, fatty acid (including n-3 and n-6
polyunsaturated fatty acids) and amino acid. Inclusion of
10% Undaria pinnatifida in pasta did not negatively affect
the product’s acceptability to consumers. Chang and Wu
(2008) also produced Chinese noodles formulated with green
seaweed (Monostroma nitidum) powder (addition of 4%, 6%
and 8%). The main result was an increase in the crude fibre
content of raw fresh noodles. The content of fibre and poly-
saccharides in the seaweeds influenced higher cooking yields
due to water absorption by these components during cook-
ing. Chapman et al. (2015) examined fish cakes, in which
herbs were substituted with 5% dry sugar kelp (Saccharina
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latissima), in consumer tests. It was found that both varieties
of cake were equally attractive to consumers with regard to
flavour and appearance.

The addition of seaweeds to the respective dishes (includ-
ing cereal products) not only increases their nutritional value
and texture but can also help alleviate many human ailments
(Dhargalkar 2014). Combet et al. (2013) proposed using
brown seaweed, Ascophyllum nodosum, as an ingredient in a
nutritionally balanced pizza that was developed as a func-
tional meal. Product reformulation of very popular unhealthy
foods (e.g. fast food that is calorie dense and nutrient poor)
aimed to meet nutritional guidelines for public health in a
ready meal. Use of a small amount of A. nodosum enabled
the achievement of the required target for Fe. In addition, the
seaweed was also a source of vitamin A, calcium and iodine
(a nutrient lacking in the British diet). Most of the adults and
children tested rated it “as good as” or “better than” their
usual choice.

6.6.2 Dairy Products

Dairy products provide a wide range of meals that can be
enriched with seaweeds. O’Sullivan et al. (2016) tested
yoghurts containing extracts (0.25% and 0.5% (w w~!)) pre-
pared from the brown seaweeds Ascophyllum nodosum and
Fucus vesiculosus by water or alcohol extraction. Yoghurt
and related products are the most commonly manufactured
and consumed food products worldwide. Sensory analysis
indicated that colour, flavour and texture determined the
overall acceptability of seaweed extract-enriched yoghurt.
The most acceptable yoghurts, from a sensory perspective,
were yoghurts with the addition of water extracts of
Ascophyllum nodosum, regardless of the dose. It was also
found that seaweed extracts added to yoghurt did not affect
shelf-life characteristics — there was no influence on pH,
microbiology or whey separation. Chee et al. (2005) enriched
yoghurt with algal oil emulsion as a source of polyunsatu-
rated fatty acids — n-3. Enrichment of foods with n-3 PUFA
is difficult, because these fatty acids are highly susceptible to
oxidative deterioration and rancidity (Chee et al. 2005;
Gallaher et al. 2005). When n-3 PUFA are flavourless, they
readily undergo radical oxidation, forming highly undesir-
able off-flavour compounds (Gallaher et al. 2005). Another
drawback is that algae oil contains similar n-3 to those found
in fish oils, and therefore a fishy aroma is a common defect
in supplemented dairy foods. The results showed that the
concentration of hydroperoxides increased for supplemented
yoghurt samples over the 21-day storage period and was
greater than in the non-supplemented samples. In the sensory
analysis, the trained panel distinguished a stronger fishy fla-
vour in the supplemented yoghurts, but the consumer panel
rated both the control and supplemented samples similarly,

as “moderately liked”. The fishy aroma was also scored by a
trained panel who evaluated algae oil-supplemented water
and skim milk samples. This aroma did not differ statistically
over the 15-day storage period. Gallaher et al. (2005) also
evaluated the oxidative deterioration of the refrigerated algae
oil-in-water emulsions (2, 5 and 10 wt. %) in supplemented
water and skim milk samples. It was found that all of the
supplemented milk samples were oxidatively stable, as com-
pared to the supplemented water samples, after 15 days of
storage. Milk was recognized to be an ideal candidate for
supplementation with n-3 oil emulsion.

O’Sullivan et al. (2016) fortified milk with water and eth-
anolic extracts obtained from Ascophyllum nodosum and
Fucus vesiculosus (doses 0.25% and 0.5%). In their work,
they examined the effect of extract addition on milk quality
and shelf-life attributes. The examined extracts increased the
greenness and yellowness of fortified milk samples. Ethanolic
extracts from Fucus vesiculosus in particular showed anti-
oxidant functionality. Seaweed extract type or concentration
did not affect the quality parameters, such as milk microor-
ganisms. Sensory analysis indicated that water-prepared
extracts were more acceptable than ethanolic extracts as
functional ingredients in milk. However, it was also found
that milk enriched with seaweed extracts did not exhibit cel-
lular antioxidant activity, which indicated reduced biological
activity of the extracts in milk.

Mouritsen et al. (2012) proposed using dulse (Palmaria
palmata) as a promising, novel ingredient in Nordic cuisine.
Seaweeds can be infused into a range of different dishes with
umami taste, such as ice cream or fresh cheese. For the prep-
aration of ice cream, dulse-infused milk (20 g of dulse per
litre of milk) was mixed with cream, trimoline (inverted
sugar syrup), sugar and ColdSwell cornstarch. The obtained
ice creams had a very pleasing, light mauve colour. The fla-
vour was delicate, light and floral, with the taste being com-
pared to Japanese green tea ice cream, which is an indicator
of an acceptable flavour profile. The texture of the dulse-
infused ice cream was creamier and smoother (due to the
polysaccharides released from P. palmata) than the same ice
recipe without seaweed. Fresh cheese with P. palmata was
obtained from dulse-infused milk (20 g of dulse per litre of
milk), cream, buttermilk and rennet. The addition of sea-
weeds favourably improved the texture — producing a more
viscous texture that is likely due to the carrageenan released
from P. palmata, which also reduces the cooking time by
half.

6.6.3 Meat Products

Loépez-Lépez et al. (2009), Moroney et al. (2013) and
Cofrades et al. (2011) proposed meat containing seaweeds or
seaweed extracts as a potential functional food for consumers.
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In this case, bioactive compounds from seaweeds may be
incorporated into the meat through the supplementation of
animal diets or by direct addition during processing (e.g.
Moroney et al. 2013; Michalak et al. 2015). Meat was chosen
as a functional food, since it is one of the most important
commonly consumed foods and offers excellent ways to pro-
mote intake of functional ingredients without any radical
changes in eating habits. On the other hand, a negative image
often attaches to meat products as a source of fat, saturated
fatty acids, cholesterol, sodium and other substances that, in
inappropriate amounts, may produce negative physiological
effects (Cofrades et al. 2011). Therefore, one of the strate-
gies is to design food that will contain reduced levels of cer-
tain unhealthy compounds, for example, fat or elements such
as sodium.

Lépez-Lépez et al. (2009) examined low-fat, low-calorie
and low-sodium frankfurters enriched with n-3 polyunsatu-
rated fatty acids and with a well-balanced n-6 or n-3 ratio.
Frankfurters were produced through the addition of sea-
weeds — 5.5% of Himanthalia elongata. Algal biomass
improved the lipid profile of frankfurters through supple-
mentation of significant amounts of DHA. The addition of
seaweed also caused the production of calcium-rich, low-
sodium frankfurters with better Na/K ratios and with various
healthy compounds, such as fibre.

Moroney et al. (2013) used a spray-dried seaweed extract
containing polysaccharides, laminarin and fucoidan, isolated
from brown seaweed (Saccharina digitata) applied directly
to minced pork (M. longissimus dorsi) at levels of 0.01%,
0.1% and 0.5% (w w™"). It was found that the extract contain-
ing polysaccharides at a level of 0.01% can be incorporated
into the pork without any adverse effect on the colour, lipid
oxidation, texture or sensorial acceptance of pork patties.
The extract in this dose also had no effect on the microbio-
logical status, pH, water-holding capacity or cook loss of
patties. Seaweed extract significantly decreased lipid oxida-
tion in the cooked patties. Diaz-Rubio et al. (2011) tested the
effect of antioxidant dietary fibre from brown seaweed,
Fucus vesiculosus, added to minced horse mackerel
(Trachurus trachurus), at doses of 1% and 2% during frozen
storage. Dietary fibre from this macroalga is composed of
polysaccharides such as alginates, cellulose, fucans, fucoi-
dan and laminarins. The antioxidant activity is attributed not
only to the listed polysaccharides but also to the content of
phenolic compounds (mainly phloroglucinol and phlorotan-
nins), vitamin E and certain carotenoids. It was found that
samples with algal dietary fibre had lower lipid oxidation
than those without it. Fish samples supplemented with 1% of
dietary fibre did not have a different flavour from the control
sample. Samples supplemented with 2% of fibre from algae
were found to have a different flavour from the control sam-
ple, but in spite of this difference, a pleasant fresh seafood
flavour was described by the panel. Choi et al. (2012) exam-

ined reduced-fat pork patties produced with the addition of
Saccharina japonica powder (1%, 3% and 5%). This meat
had significantly higher moisture, ash, carbohydrate content,
yellowness and springiness than the control sample. The
addition of 1% and 3% of L. japonica to the pork patties had
the greatest overall acceptability in the sensory evaluation.
Cofrades et al. (2011) examined the effect of edible sea-
weeds Himanthalia elongata, Undaria pinnatifida and
Pyropia umbilicalis (2.5% and 5% dry matter) on the physi-
cochemical and morphological characteristics of meat
emulsion-based products (post-rigour pork meat and fresh
pork back fat). The seaweeds influenced the properties of
gel/emulsion meat systems, favouring the formation of
harder and chewier structures with better water- and fat-
binding properties, especially in the case of Undaria pinnati-
fida. This effect was observed using much smaller amounts
of NaCl (0.5%) than are commonly used in the preparation
of meat products. Chun et al. (1999) studied the addition of
1%, 2%, 3%, 4% and 5% powdered Sargassum thunbergii or
Gelidium amansii to hamburger patties. Gelidium amansii
increased the water content of the patty. With the increase in
the amount of seaweed powder added, cooking yield
increased. Among minerals, Na, Ca, Mg, Fe and Zn, sodium
was the most abundant in seaweed patties. The best sensory
scores of colour and overall acceptability were attained by
the addition of 3% of Gelidium amansii (similar to the con-
trol group).

6.6.4 Natural Seaweed Salt

Marine algae are known to contain a healthy balance of min-
erals for human nutrition, including high levels of K and Mg
and favourable Na to K ratios. Therefore, they constitute an
attractive solution for reducing Na consumption in the daily
diet. Magnusson et al. (2016) proposed taking the minerals
(salt) washed from marine macroalgal biomass for the pro-
duction of salt for human consumption. This will constitute
the first step in a seaweed biorefinery, which concerns bio-
mass pretreatment. This step aims to remove salt from bio-
mass, because high salt concentrations could inhibit
fermentation and corrode common alloys, such as stainless
steel, used in fermentation vessels (van Hal et al. 2014). The
residual biomass from the washing facility, after processing,
can be used as compost for crop production, as a feed mill in
animal production or as biocrude in a refinery for the produc-
tion of renewable fuels (Magnusson et al. 2016). It is also
suggested that seaweeds, rich in mineral elements, be used to
reduce the amount of NaCl added in meat processing.
Nowadays, sodium intake generally exceeds nutritional rec-
ommendations in industrialized countries (Cofrades et al.
2011). Uchida et al. (2017) proposed using nori (Pyropia
yezoensis) for the production of high-salt content seaweed



66

I. Michalak and K. Chojnacka

sauces in the fermentation process. Due to its richness in
total nitrogen compounds, potassium and a unique free
amino acid composition, the nori sauce has high potential as
a novel nutritional source for humans. Seaweeds, due to their
high content of minerals, can be also used as a salt substitute
in the food industry (Cofrades et al. 2011).

6.7 Hydrocolloids As Food Additives
Seaweeds are also industrially processed so as to extract
thickening and texturing agents and stabilizers such as agar,
alginate and carrageenan (Bixler and Porse 2011; FAO 2003,
2016; Bixler 2017). The seaweed hydrocolloid industry con-
tinues to grow on the order of 2-3% per year in the Asia-
Pacific region (Porse and Rudolph 2017). The production of
seaweed hydrocolloids consumes nearly the largest amount
of macroalgae annually, second only to Japanese nori.
Carrageenan is the largest consumer of this group (Bixler
2017). These hydrocolloids have commercial applications
(Bixler and Porse 2011). Agar market segmentation involves:
confections/water gels, baking, retail (gel powder), meat,
dairy and bacto/pharma/agarose; alginate, technical grades,
food/pharma, animal feed and propylene glycol alginate
(PGA); and carrageenan, meat, dairy, liquid infant formula,
water gels, toothpaste and pet food (Bixler and Porse 2011;
Bixler 2017). These hydrocolloids are permitted for use as
food additives by major food regulatory agencies worldwide
(Bixler 2017).

In the human diet, alginates are most often used for food
production (e.g. restructured meat products for human foods
(Bixler and Porse 2011) or in the baking industry (Mouritsen
et al. 2012; Mamat et al. 2014)). The addition of alginates in
food applications ranges between 0.5% and 1.5%, because
their usage level is cost-driven (Brownlee et al. 2005).
Alginates and their salts have emulsifying, gelling, thicken-
ing and stabilizing properties and the capacity to retain water
as well (Khotimchenko et al. 2001). Consumption of algi-
nates affects the feeling of satiety, which is an important fac-
tor that regulates food intake, and thus has great significance
in the control of obesity (Chu and Phang 2016). These find-
ings were confirmed in the work of Solah et al. (2010), who
compared the satiety effect or the reduction of hunger after
consumption of a whey protein-based drink versus an
alginate-based drink. It was found that the physical charac-
teristics of the drinks tested, such as viscosity and/or gel
strength and protein content, reduced hunger. Alginate-based
drinks with high viscosity had a more pronounced effect in
reducing hunger than alginate-based drinks with low viscos-
ity. Additionally, it was noted that viscosity reduced hunger
more than the protein effect. The presence of hydrocolloids
in seaweeds used as a component of food (e.g. pasta) could
increase the weight of the cooked dishes. This could possibly

be due to the hydration afforded by the hydrocolloids present
in the seaweed powder (Prabhasankar et al. 2009). Moreover,
the addition of hydrocolloids to the processed food not only
improves texture and stability but also reduces food waste
through its longer shelf life (Bixler 2017).

6.8 Sensory Analysis of Seaweeds
Considerable commercial attention has been paid to sea-
weeds as food and seaweed-derived food flavours (Bixler
and Porse 2011). Seaweeds have a salty flavour (and thus can
be used instead of salt, which can reduce the chances of
developing high blood pressure) and are somewhat mildly
spicy (Dhargalkar 2014). Further research is also exploring
the use of seaweed as an alternative to salt (FAO 2016).
Seaweeds are often cooked to flavour dishes or soup stocks
before consumption (Zava and Zava 2011). For example,
brown seaweed kombu (Saccharina japonica) is known to be
an excellent source of umami flavour, caused by the high
content of free amino acid monosodium glutamate. Umami
has an industrial application as a flavour enhancer (Mouritsen
et al. 2012, 2017). However, initially, the unique flavour of
the seaweeds will not be readily accepted by the consumers
who are not already used to it when it comes to taste
(Dhargalkar 2014). In the work of Chapman et al. (2015), it
was found that the seaweeds Palmaria palmata, Saccharina
latissima, Saccharina digitata and Alaria esculenta were
easily combined with Nordic dishes and food items such as
fish (clipfish, cod, brandade, saithe, haddock, marinated hali-
but, ling), fish cakes, meat (cassoulet), seaweed pizza,
tagliatelle pasta, camembert, chocolate ice cream, pancakes
and vodka shots. The addition of seaweeds did not appear to
dominate the flavour spectrum. It affected texture, appear-
ance and colour, as well as the consistency of a variety of
dishes. Many seaweed-flavoured foods (including ice
creams) and drinks are being launched, with the Asia and
Pacific region as the main market but with increasing interest
also being shown in Europe and America.

6.9 Indirect Enrichment of Food
of Animal and Plant Origin

with Seaweeds

Products of animal and plant origin can be enriched with sea-
weeds indirectly. In the case of animal products, seaweeds in
different forms can be supplemented in the animal feed or in
drinking water (Holdt and Kraan 2011; Evans and Critchley
2014; Makkar et al. 2016; Michalak et al. 2017a). In plant
cultivation, agro-technical treatments such as fertilization or
the foliar and soil application of biostimulants of plant
growth provide valuable compounds from seaweeds to plants
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Fig. 6.2 Indirect enrichment
of food of animal and plant
origin with compounds from
seaweeds
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(Khan et al. 2009; Michalak et al. 2017a, b). Indirect enrich-
ment of food of animal (meat, eggs, milk, etc.) and plant ori-
gin (vegetables, fruits, cereals, etc.) with compounds from
seaweeds is shown in Fig. 6.2.
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Among different groups of seaweeds, Phaeophyta,
Rhodophyta and Chlorophyta, brown macroalgae are more
studied and more exploited in terms of their application in
animal feed than any other alga types. This is the result of
their large size and ease of harvesting (Makkar et al. 2016).
In animal feeding, the following genera and species are used:
Ascophyllum nodosum, Saccharina species, Macrocystis
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species. They can be included in the diet of ruminants, pigs,
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poultry, rabbits, etc. (Evans and Critchley 2014; Makkar
et al. 2016). The nutritional value of seaweeds in the diet of
animals is mainly attributed to minerals, trace elements and
vitamins, because most of the carbohydrates and proteins are
not easily digestible (Holdt and Kraan 2011).

The addition of seaweeds to animal feed improves animal
health and productivity and also results in an increase in min-
eral and pigment content and a decrease in the fat and choles-
terol levels in animal products. Some examples of the
influence of seaweeds supplemented into animal diets on the
nutritional value of the animal products are presented below.
Hong et al. (2010) examined the effect of fermented brown
seaweed (1% and 2%) as a functional feed on the composi-
tion of milk. It was found that the content of fat and protein
was not affected by the seaweed additive, but the level of
calcium significantly increased. Ascophyllum nodosum sup-
plied to the diet of cattle had no influence on the fat content
of milk but did increase its iodine content (100 in control to
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600 pg L~! in the experimental group) (Jensen et al. 1968).
Rey-Crespo et al. (2014) showed that the addition of sea-
weeds from the Galician coast (Ulva rigida, Saccharina
ochroleuca, Saccharina latissima, Saccorhiza polyschides,
Mastocarpus stellatus and Sargassum muticum) as a mineral
supplement for organic dairy cattle significantly improved
the animals’ mineral status, particularly the concentration of
iodine in milk — 290 pg L' (experimental) vs. 136 pg L™
(control group). The increase was also noted for Cr — 3.4 pg
L~! (experimental, increase by 27%) vs. 2.5 pg L=! (control
group), Se — 20 pg L' vs. 17.6 (increase by 13%) and Zn —
3690 pg L' vs. 3280 (increase by 13%). It can be concluded
that algae used as mineral supplements biofortify milk with
microelements essential for humans.

In the work of Michalak et al. (2011, 2015), the biomass
of green macroalgae was enriched with microelement ions in
the biosorption process. Then, the biomass was applied as a
feed additive for laying hens and pigs (instead of inorganic
salts). It was found that supplementation of biological feed
additives to the diet of laying hens resulted in higher micro-
element transfer to eggs and enhanced the colour of the
yolks. In the case of the feeding experiments on pigs, after
3 months, the meat was biofortified with Cr, Mn, Fe, Cu and
Zn. Dierick et al. (2009) examined the effect of the brown
seaweed Ascophyllum nodosum on gut health and perfor-
mance and the enrichment of porcine tissues with iodine. It
was found that the addition of seaweeds to the feed of pigs
had a depressive effect on gut flora, especially on Escherichia
coli. Additionally, porcine tissues were enriched with iodine.
These tissues can be used in a feeding strategy that aims to
alleviate the actual iodine deficiencies in many communities.
Also, He et al. (2002) found that meat products (e.g. from
pigs) with a higher iodine content can be produced through
feeding animals with a diet supplemented with algae rich in
iodine, for example, Saccharina digitata. Doses of 5 or § mg
of iodine in the form of macroalgae per kg of feed signifi-
cantly increased the content of this element in the fresh mus-
cle, adipose tissue and the heart but also in the liver and
kidneys.

Along with ruminants and non-ruminants (e.g. pigs),
macroalgae are also used in the diet of poultry. Strand et al.
(1998) showed that macroalgae (brown seaweeds — Fucus
serratus and Fucus vesiculosus) can enhance the colour of
the egg yolks of laying hens thanks to the increase in carot-
enoid content, e.g. fucoxanthin metabolites. Abudabos et al.
(2013) reported that the green seaweed Ulva lactuca, used as
an alternative ingredient in broiler chicken diets (substitution
1 or 3% of corn with Ulva), significantly reduced total serum
lipid and cholesterol concentrations when compared to the
control group (diet without macroalgae). Similar results
were obtained by Ginzberg et al. (2000), who tested
Porphyridium sp. (5% and 10%) as a component of chicken
diets. It was found that chickens fed with algal biomass had

significantly lower serum cholesterol levels, and egg yolks
from the experimental group tended to have reduced choles-
terol levels and increased levels of linoleic and arachidonic
acids. In addition, the colour of the yolk was darker as a
result of the higher carotenoid content. Summarizing, algae
in animal diets influence the content of minerals, pigments
and lipids in the obtained animal products. Biofortified milk,
meat and eggs with active compounds from algae can serve
as functional foods.

6.9.2 Effect of Seaweeds on the Nutritional
Value of Plant Products

There are different approaches to the use of seaweeds for
agricultural purposes. Part of algal biomass is used directly
as fertilizer in nearby land; part of it is used for composting
purposes (production of organic fertilizers) or can be con-
verted into liquid seaweed fertilizers using extraction/
homogenization processes (Michalak et al. 2017b). Seaweeds
are recommended for the growers for several reasons — they
not only promote better germination, growth (shoot and root
length, fresh and dry weight) and yield of the cultivated
plants but also improve their nutritional value (Sivasankari
et al. 2006; Rathore et al. 2009). The effect of the seaweed
extracts on the content of nutrients and biologically active
compounds was discussed earlier in this chapter. Sivasankari
et al. (2006) found that aqueous seaweed extracts from
brown seaweed, Sargassum wightii and Caulerpa chemnit-
zia, influenced chlorophyll, carotenoid, protein and amino
acid content and reduced the sugar content of shoots and
roots of Vigna sinensis. Rathore et al. (2009) showed that the
application of seaweed extract, prepared from Kappaphycus
alvarezii, in a field experiment on soybeans (Glycine max)
improved the uptake of nutrients such as N, P, K and S. It is
worth mentioning that seaweeds are able to concentrate min-
erals from seawater, and they contain 10-20 times more min-
erals than land plants (Makkar et al. 2016). Also, Michalak
et al. (2017b) found that the compost and the extract from
this compost, prepared from the drifting marine macroalgae
collected from the Baltic Sea, increased the content of micro-
elements such as B, Cu, Mn, Si and Zn and macroelements
such as Ca, K and Mg when compared with the control group
of garden cress (Lepidium sativum) and radish (Raphanus
sativus). Crouch et al. (1990) also reported that the algal
product Kelpak (prepared from Ecklonia maxima) signifi-
cantly increased the amounts of Ca, K and Mg in the leaves
of lettuce that were receiving an adequate supply of nutri-
ents. Seaweed-treated plants can also have an increased level
of carbohydrates, proteins, free amino acids, polyphenols,
nitrogen and photosynthetic pigments, as was shown in the
work of Pise and Sabale (2010), in which the concentrates of
Ulva fasciata, Sargassum ilicifolium and Gracilaria corticata
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were applied in the cultivation of fenugreek. Also, Zodape
et al. (2010) reported enhanced nutritional quality (increased
content of proteins, carbohydrates and elements — P and Mo)
in green gram treated with seaweed extract obtained from
Kappaphycus alvarezii. The edible part of plants, enriched
with biologically active compounds from seaweeds, can be
consumed directly or can constitute an ingredient in many
dishes.

6.10 Conclusions

Awareness of healthy eating plays a crucial role in modern
society. Algal products can have an essential meaning for
conscious consumers. Algae can provide not only high nutri-
tional value (e.g. improvement of the lipid profile due to high
content of polyunsaturated fatty acids) but can also be used
as a source of salt, natural colours and flavours. Moreover,
they can protect the food from the loss of its properties
(decrease of lipid oxidation due to the presence of polysac-
charides such as alginates, cellulose, fucans, fucoidan and
laminarins) and can extend the shelf life (due to antimicro-
bial properties). Seaweeds in the production of food can also
replace some of the traditionally used ingredients, for exam-
ple, replacing fat in the production of meat products.

Algae-based diets are also crucial for human health. This
food ingredient can be used in different forms — whole sea-
weed meal, fresh or dried, as well as processed seaweed in
the form of seaweed extracts, seaweed bioactive compounds,
homogenates and fermented seaweeds. This guarantees the
possibility of multiple uses. Algae can be supplemented into
the human diet directly. Alternatively, foods of animal and
plant origin can be enriched with the biologically active
compounds from algae indirectly, through their supplemen-
tation into animal diets or in the cultivation of plants. Algae
in hen diets beneficially influence the colour of yolks, as well
as reduce total serum lipids and cholesterol concentrations,
while its use in pig and cattle diets increases the content of
microelements in meat and the content of calcium in milk,
respectively. Plants cultivated with the support of algae prep-
arations have increased levels of minerals, carbohydrates,
proteins, free amino acids, polyphenols, nitrogen and photo-
synthetic pigments.

Nevertheless, in order to successfully implement seaweed-
enhanced food all over the world, there is a need to combine
several aspects, such as innovation, cultivation and niche
markets, which will lead to a greater acceptance of the sea-
weed products. There is also a need to establish best prac-
tices concerning harvesting, processing (which can increase
or decrease the nutritional quality) and storage of seaweeds
that will assure high-quality seaweed-based products. It is
necessary to organize the harvesting of raw materials in

order to exploit the potential of the marine areas to produce
food.

Finally, it is important to provide greater information on
algae and their wider availability in order to encourage peo-
ple to include them as part of a balanced and healthy diet.
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Abstract

Scientific efforts undertaken in recent decades have
undoubtedly proven that algae are an inestimable and,
what is more, important renewable source of hundreds of
chemical compounds characterized by a wide spectrum of
biological activity. Polysaccharides, phenolic compounds
and their derivatives, pigments, proteins, lipids, and fatty
acids are the substances that can be isolated from sea-
weeds, possessing antimicrobial, antiviral, antifungal,
antilipidemic, antitumor, antidiabetic, anticoagulant, anti-
oxidant, and antiallergic properties, which can be suc-
cessfully utilized for human needs. The majority of
attention has been focused on marine polysaccharides and
their application in medicine and pharmacology.
Biodegradability into environmentally harmless products,
excellent biocompatibility, the lack of toxicity, and physi-
ological indifference make them bioactive compounds of
huge therapeutic potential in the pharmaceutical and bio-
medicinal fields. Many of them are key components for
the production of medical devices and pharmaceuticals
and play an important role in biomedical applications,
such as wound healing/dressing, drug delivery, and con-
trolled release. A relatively high content of phlorotannins
and fatty acids, especially omega-3 acids, makes algae a
natural and functional food or diet supplement, rich in
vitamins that support the nervous system and lower the
glucose level in blood. Although several of these proper-
ties have been proven by significant amounts of research
or in many clinical trials, there are still many possibilities
for using biologically active compounds from seaweeds
in ways that improve human health and wellness.
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7.1 Introduction

Both low and high molecular compounds exhibiting a range
of interesting biological properties can be isolated from
many living organisms. One rich and unappreciated source
of biologically active compounds is marine plants, including
algae. For many years, algae, sometimes referred to as sea-
weeds, have been considered a huge reservoir of bioactive
compounds, exhibiting a number of biological, nutritional,
and functional properties (Agatonovic-Kustrin et al. 2016;
Bruno de Sousa et al. 2017). This chemical diversity makes
algae and their extracts an interesting research object, but
first and foremost, their potential for use in the medical,
pharmaceutical, and cosmetic industries deserves explora-
tion (Thomas and Kim 2013; Bajpai et al. 2014).

Among the compounds most often isolated from algae
are polysaccharides, pigments, lipids and fatty acids, pro-
teins and amino acids, polyphenols, minerals, vitamins, lec-
tins, terpenes, phytohormones, betaines, polyamines, and
sterols, whose content and biological activity vary signifi-
cantly within and between taxonomic groups (Stengel et al.
2011; Michalak and Chojnacka 2015). Many of these com-
pounds are of special interest due to their medicinal proper-
ties. Literature shows that algae and their compounds exhibit
antibiotic (Shanab 2007), antioxidant (Shanab 2007; Gupta
and Abu-Ghannam 2011; Wijesekara et al. 2011; Ngo and
Kim 2013; Thomas and Kim 2013; Wang et al. 2013, 2014;
Fang et al. 2015; Michalak and Chojnacka 2015), anti-
inflammatory (Ponce et al. 2003; Thomas and Kim 2013;
Wang et al. 2014; Fang et al. 2015; Michalak and Chojnacka
2015), antidiabetic (Thomas and Kim 2013; Fang et al.
2015), antitumor (Gupta and Abu-Ghannam 2011; Thomas
and Kim 2013; Wang et al. 2014; Fang et al. 2015; Michalak
and Chojnacka 2015), antihypertensive (Thomas and Kim
2013), antiallergic (Ngo and Kim 2013; Thomas and Kim
2013), antifungal (Thomas and Kim 2013; Cheung et al.
2014; Fang et al. 2015; Michalak and Chojnacka 2015),
anticoagulant (Ponce et al. 2003; Gupta and Abu-Ghannam
2011; Wijesekara et al. 2011; Ngo and Kim 2013; Wang
et al. 2014), antiviral (Ponce et al. 2003; Gupta and Abu-
Ghannam 2011; Wijesekara et al. 2011; Cheung et al. 2014;
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Wang et al. 2014; Michalak and Chojnacka 2015),
antimicrobial (Gupta and Abu-Ghannam 2011; Ibrahim and
Lim 2015; Mashjoor et al. 2016), antilipidemic (Wang et al.
2014), and cytotoxic properties (Fang et al. 2015; Mashjoor
et al. 2016), along with many others. In addition, some
reports indicate that some bioactive compounds derived
from algae may be useful for anti-HIV (Fang et al. 2015),
antihepatotoxic (Wang et al. 2014), antinociceptive (Wang
et al. 2014), and antileishmanial activities (Bruno de Sousa
et al. 2017).

This review presents the groups of compounds isolated
from different species of alga that exhibit particular thera-
peutic potential. In addition, their biological activity, together
with possible applications of products already introduced
into the market, is described.

7.2  Possibilities for Using Algae Extracts

with Therapeutic Benefits

The healing properties of algae and their extracts have been
known for centuries. Prior to 1950, algae were used exclu-
sively in traditional and folk medicine. They have long been
considered a source of valuable ingredients and have been
used in the treatment of a variety of ailments and illnesses.
For thousands of years, algae have been used in traditional
Chinese medicine. To date, the most popular algae used as a
cure are brown algae Sargassum, in particular, the four algal
species S. fusiforme, S. pallidum, S. horneri, and S. thunber-
gii. It is believed that these species contribute to the treat-
ment of diseases such as atherosclerosis, hyperlipidemia,
hypertension, cancer, and diseases of the thyroid. One exam-
ple of a folk medicine was a beverage based on red algae of
the species Chondrus crispus and Mastocarpus stellatus.
This drink was consumed for ailments such as colds, sore
throats, and chest infections, including tuberculosis. Algae
cooked in milk or water have also been used in the treatment
of burns and kidney problems. Another example of the use of
algae in traditional medicine is the preparation of red algae
Porphyra umbilicalis juice. The consumption of this juice
every day for 3 weeks, at a dose of three spoonfuls, proved to
be effective against cancer. In particular, positive effects
have been observed in the fight against breast cancer. The
same algal species has been used to treat constipation and
indigestion. In the 1980s and 1990s, interest in algae did not
increase due to the raw material itself but rather to bioactive
compounds isolated from it. Studies have shown that algae
contain a number of compounds of pharmacological poten-
tial. The assumption is made that algae have become an
interesting object of study as a result of the search for com-
pounds with therapeutic activity. Moreover, in 1977-1987,
algae provided about 35% of newly discovered biologically
active compounds. To date, they are being used as medicinal
ingredients in a wide variety of formulations and supplements

(Dias et al. 2012; Pereira and Costa-Lotufo 2012; Chen et al.
2016; Tannoury et al. 2017).

Today, more and more people are aware of the benefits of
healthy and safe eating. Most consumers are looking for
unprocessed foods without synthetic additives and products
with “bio” in their name. Therefore, interest in natural prod-
ucts is constantly increasing in the food industry. That is why
raw materials, whose extracts can act as healthy and safe
food supplements, are being sought. And most importantly,
they can be a safe alternative to “artificial” food additives
(Gupta and Abu-Ghannam 2011). Algae were, and still are,
used as components in healthy food. An important group of
bioactive compounds derived from algae are sulfated poly-
saccharides. One type of such a compound is agarans, and its
known representative is a compound called porphyran.
Porphyran is, first and foremost, a good-quality food fiber
and is the main ingredient in seaweed called “nori,” one of
the major nutrients in Japanese cuisine (Bhatia et al. 2008).
Another type of sulfated polysaccharide is carrageenans.
Carrageenans were first isolated in 1837 and have long been
used as gelling agents in the food industry (Liu et al. 2015b).
Furthermore, they have many medical applications, having
for years been used in Ireland as a traditional therapeutic tea
and as components of antitussives (Kraan 2012). In addition
to polysaccharides, algae contain a number of other phyto-
chemicals that provide healthy properties for food. Such
compounds include, inter alia, phenolic compounds and fatty
acids. Many studies have reported that these compounds are
responsible for antioxidant, antimicrobial, anticancer, and
antiviral activity. However, the main component of marine
algae, constituting 25-75% of dry matter, is dietary fiber. It
is primarily responsible for the proper functioning of the
digestive system and, together with minerals, helps in reduc-
ing salt content. An example of algae that are commonly
used in Asian cuisine is Undaria pinnatifida. Under the name
of miyok, it is being served in the form of soups, salads, and
side dishes (Gupta and Abu-Ghannam 2011; Kiling et al.
2013).

Nowadays, cosmeceuticals of natural origin are very pop-
ular. Cosmeceuticals are described as cosmetic products con-
taining a number of bioactive compounds and providing
therapeutic benefits. The healing potential of algae and their
constituents is commonly used in the cosmetic industry
(Wijesinghe and Jeon 2011). Skin is exposed to a number of
harmful factors due to constant contact with the external
environment. In particular, solar radiation can be responsible
for poor skin conditions. Exposure to ultraviolet light is asso-
ciated with a variety of harmful effects, ranging from photo-
reception to skin cancer. Skin lesions include, inter alia,
pigmentation, telangiectasia, erythema, wrinkles, actinic
keratosis, squamous cell carcinoma, basal cell carcinoma,
and many others (Bowszyc-Dmochowska 2010). Many stud-
ies describe algae phytochemicals as important cosmeceuti-
cal ingredients that can be effective in preventing these
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diseases. This group of compounds primarily includes phe-
nolic compounds, inter alia, phlorotannins, sulfate polysac-
charides, n-3 fatty acids, and carotenoids. In addition, algae
extracts are rich in vitamins A, B, C, and E, amino acids, and
minerals, which are also essential in the production of many
cosmetics. The physiological activity of these compounds
used in the production of cosmeceuticals includes antioxi-
dant, anti-inflammatory, antiallergic, antiaging, anti-wrinkle,
cytoprotective, and whitening properties. In addition, they
protect against oxidative stress and ultraviolet radiation and
participate in processes such as reduction of melanin synthe-
sis and tyrosinase and matrix metalloproteinases inhibitory
activity. The compounds responsible for these properties
were identified in the brown algae extracts and, in particular,
from species such as Ecklonia cava, Sargassum siliquas-
trum, Sargassum marginatum, Padina tetrastromatica,
Trochomorpha conoides, Fucus vesiculosus, Fucus serratus,
Ishige okamurae, and Ecklonia stolonifera (Wijesinghe and
Jeon 2011; Thomas and Kim 2013).

7.3  Bioactive Compounds from Algae
with Various Functional Properties
as Medicinal Ingredients

7.3.1 Polysaccharides

One of the most important groups of algae compounds, com-
monly described in the literature as important therapeutic
constituents, are polysaccharides, in particular, sulfated
ones. Polysaccharides are carbohydrate biopolymers that are
composed of repeating units, which are simple sugars joined
in glycosidic linkages with varying degrees of polymeriza-
tion. Due to the presence of carboxylate, amino, and hydroxyl
groups in the composition, these polymers are usually hydro-
philic (Stengel et al. 2011; Silva et al. 2014; Stadnik and de
Freitas 2014).

In marine and terrestrial organisms, polysaccharides are
mainly structural and storage elements and energy convey-
ors. They also play an important role in the structural integ-
rity and mechanical strength of the tissue. In addition, they
participate in the identification of cells, the regulation of sig-
naling, cell proliferation, cell differentiation, and immune
reactions. Many polysaccharides are able to regulate water
mobility, and the water itself significantly affects the physi-
cal and functional characteristics of these sugars. Because of
their exceptional biological and physicochemical properties,
these compounds exhibit a wide range of applications (Reddy
etal. 2011; Wang et al. 2013; Ahmed et al. 2014; Stadnik and
de Freitas 2014).

Typically, there are two groups of algae polysaccharides:
storage and cell wall polysaccharides. The high content of
polysaccharides and the range of their properties are pre-
cisely the reason why these compounds attract considerable

attention and are widely used. The total concentration of
algae polysaccharides depends on many factors, such as
environmental conditions, time of the year of harvest, and
the species of alga. It has been found that it can even reach
76% (Stengel et al. 2011; Silva et al. 2012a; Senthilkumar
et al. 2013; Herrero et al. 2015). The main algae polysaccha-
rides include alginates, laminarans, and sulfated polysaccha-
rides  (carrageenans, agarans, fucoidans, ulvans)
(Mayakrishnan et al. 2013). Table 7.1 shows the groups of
polysaccharides isolated from different algal species with
examples of their biological activities.

One of the most important properties of these biopoly-
mers is their hydrophilicity and the formation of hydrogels.
As aresult, these algae colloids are used in many industries,
in particular, in the food and cosmetic industries (Stengel
et al. 2011; Vo et al. 2015). The variety of polysaccharides
and their ability to form complexes with other important bio-
molecules result in these compounds having a number of
advantageous biological properties, which, in turn, makes
them desirable compounds in the pharmaceutical industry
and medicine.

In recent years, the potential of certain marine polysaccha-
rides extracted from seaweed and shellfish to strengthen the
immune system and lower the activity of an allergic reaction
has been described. These potential components are primarily
alginates, fucoidans, porphyran, and chitin and its derivatives
(Vo et al. 2015). These biopolymers are increasingly being
studied for use in tissue engineering. Because of their many
advantages, including biocompatibility, good availability, and
the fact that they can be adapted to the particular purpose or
function, they show promise as potential materials for regen-
eration of almost all tissues. The most studied and utilized
polysaccharides in this area include glycosaminoglycans,
starch, cellulose, pectin, chitosan, alginates, agar, pullan, gel-
lan, and xanthan gum. Tissue-engineered materials occur in
various forms, such as porous and fibrous scaffolds and inject-
able hydrogels. In addition, in most cases, they are connected
with other polymers, natural or synthetic, or with inorganic
nanoparticles. They have been tested, among other things, in
regard to the engineering of blood vessels, heart valves, carti-
lage and intervertebral disks, bones, skeletal muscle, skin,
liver, and nervous tissue. They are also used to encapsulate and
deliver cells (Bac¢dkova et al. 2014). Due to the great number
of the previously mentioned features and benefits, polysaccha-
rides play an important role in biomedical applications such as
wound healing/dressing, drug delivery, and controlled release.
In oral drug delivery applications, polysaccharides act as
excipients to increase the solubility and bioavailability of the
active substance and to ensure stability of the final drug prod-
ucts (Liu et al. 2015a).

7.3.1.1 Alginates
Alginates are a group of anionic copolymers isolated
mainly from brown algae and, in particular, from species
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Table 7.1 List of some types of algae polysaccharide with examples of their possible biological activity

Type of
Source polysaccharide | Species Possible biological effect References
Green algae Ulvans Ulva pertusa Antioxidant, antihyperlipidemic Silva et al. (2012b)
(Chlorophyta) Ulva lactuca Antioxidant, anticoagulant, Silva et al. (2012b)
Ulva rigida antihyperlipidemic, antiviral
Ulva fasciata Immunostimulating Silva et al. (2012b)
Ulva reticulata Anticoagulant Silva et al. (2012b)
Anticoagulant Silva et al. (2012b)
Brown algae Alginates Macrocystis pyrifera Antiallergic Vo et al. (2015)
(Phaeophyta) Sargassum vulgare Anticancer Pereira and Costa-Lotufo (2012)
Laminarans Laminaria sp. Anticoagulant, hypercholesterolemic, | Kraan (2012), and Mayakrishnan
hypolipidemic etal. (2013)
Fucoidans Saccharina japonica Anticoagulant, anti-inflammatory, Xu et al. (2017)
antiangiogenic, antiviral, Senthilkumar et al. (2013), and
antithrombotic, antioxidant, antitumor | Zorofchian Moghadamtousi et al.
(2014)
Undaria pinnatifida Immunomodulatory, antitumor, Senthilkumar et al. (2013)
anticancer Senthilkumar et al. (2013), and
Zorofchian Moghadamtousi et al.
(2014)
Laminaria japonica Antiviral, antithrombotic, Senthilkumar et al. (2013), and
anticoagulant, antioxidant, Zorofchian Moghadamtousi et al.
antilipidemic (2014)
Laminaria saccharina Anti-inflammatory, anticancer, Senthilkumar et al. (2013), and
antitumor Zorofchian Moghadamtousi et al.
Ascophyllum nodosum Antithrombotic, anticancer, antitumor | (2014)
Fucus vesiculosus Antioxidant, anticancer, antitumor Senthilkumar et al. (2013)
Ecklonia kurome Antioxidant Chale-Dzul et al. (2015)
Turbinaria tricostata Hepatoprotective, antioxidant Chale-Dzul et al. (2017)
Dictyota ciliolata Antioxidant Chale-Dzul et al. (2017)
Padina sanctae-crucis Antioxidant Chale-Dzul et al. (2017)
Sargassum fluitans Antioxidant
Red algae Carrageenans Tichocarpus crinitus Antiviral Cheung et al. (2014)
(Rhodophyta) Kappaphycus striatum Anticancer Pereira and Costa-Lotufo (2012)
Chondrus crispus Antiviral Prajapati et al. (2014)
Phyllophora brodiaei Anticoagulant Prajapati et al. (2014)
Porphyran Porphyra tenera Antiallergic Vo et al. (2015)
Porphyra yezoensis Antiallergic Vo et al. (2015)
Porphyra haitanensis Antioxidant, anticoagulant Liu et al. (2015a)

such as Laminaria hyperborea, Laminaria digitata,
Laminaria  japonica, Ascophyllum nodosum, and
Macrocystis pyrifera, representing 17-45% of the algal
dry weight (George and Abraham 2006; Vera et al. 2011;
Goh et al. 2012; Kraan 2012; Lee and Mooney 2012).
Alginates have the ability to create gels that are responsi-
ble for the mechanical and structural features enabling the
flexibility and participation in the ion exchange of brown
seaweeds (Silva et al. 2012a). These biopolymers have a
number of important advantages, including the fact that
hydrogels form under mild conditions of pH and tempera-
ture and are biodegradable, biocompatible, cheap, non-
toxic, and susceptible to sterilization and storage
(Mayakrishnan et al. 2013). Many articles have reported
that alginates mainly have an antioxidant effect, and their
biological activity depends on the molecular weight and
content of the anionic groups. The unique properties of

alginates and their biological activity can be adapted to
many applications (Ahmed et al. 2014).

Alginates are valuable and important polysaccharides, as
they can be applied to the engineering and the regeneration
of almost all tissues. In the form of injection hydrogel, they
are being used to encapsulate and deliver bubbles ovarian
follicle maturation, islets of Langerhans and stem cells.
Alginate hydrogel has been tested in nerve tissue engineer-
ing, bone tissue engineering and cartilage, intervertebral
disks, and the regeneration of skeletal muscle. In conjunc-
tion with poly(ethylene glycol) molecules and antibodies, it
participates in the capture of intraepithelial human blood
progenitor cells, while, when associated with hydroxyapa-
tite, it takes part in the regeneration of the bone interface. As
a porous skeleton, it creates deposits of capillaries in tissues,
and as a nanofiber skeleton, it is used in engineering skin tis-
sue and building blood vessel replacements. It also plays an
important role in cardiac tissue engineering (Bac¢dkov4 et al.
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2014). Alginates are present in the pharmaceutical industry
as useful encapsulate matrices and drug carriers. In addition,
when included in oral tablets, they can improve the bioadhe-
sive properties of said tablets (Goh et al. 2012). The ability
of alginic acid to bind divalent metal causes the heavy metals
to be gelled by alginic acid, and consequently, they become
insoluble in the intestine and cannot be absorbed into the
body tissue. Therefore, both it and its derivatives are used in
the treatment of gastritis and as antiulcer substances.
Examples of such drugs containing alginates are “Gaviscon,”
“Algitec,” and “Gastralgin.” Besides, alginates have an anti-
toxic effect on hepatitis through the normalizing of lipid and
glycogen in the liver, an example of such a drug being
“Detoxal” (Kraan 2012). Alginate hydrogels show a struc-
tural resemblance to the extracellular matrix of the living tis-
sue, so that they play an important role in the process of
wound healing/dressing, delivery of bioactive substances,
and transplantation of cells. Due to their adsorbent and
hemostatic properties, they have many uses in the protection
of wounds. Alginate-based wound dressings have many
advantages, like the support of granulation tissue formation,
swift epithelialization, and healing. They can also maintain a
physiologically moist microenvironment and reduce
bacterial wound infections. Some of the commonly known,
commercially available dressings are Algicell™, AlgiSite
M™ Comfeel Plus™, Kaltostat™, Sorbsan™, and
Tegagen™ (Lee and Mooney 2012).

7.3.1.2 Laminarans

Laminarans are polysaccharides present in brown marine
algae, mainly of the Laminaria species. These polysac-
charides can also be isolated in smaller quantities from
Ascophyllum, Fucus, and Undaria. The content of lamina-
rans in brown algae depends on the season and the envi-
ronment and can provide up to 35% of the dry algal
weight. They are divided into two types: soluble and
insoluble (Vera et al. 2011; Kraan 2012; Mayakrishnan
et al. 2013). In comparison with other algae polysaccha-
rides, they create neither gels nor viscous solutions. After
structural modifications, such as sulfonation, oxidation,
and reduction, laminarans exhibit anticoagulant activity
(Kraan 2012).

The fact that laminarans obtained from brown algae
create neither gels nor viscous solutions would seem to
reduce their pharmaceutical and biomedical potential.
However, studies indicate that, like other polysaccharides,
they have a number of beneficial properties for human
health. The anticoagulant activity of these polysaccharides
has been described as one that can be increased by structural
modifications increasing sulfation. The anticoagulant activ-
ity of brown algae Laminaria was first described in 1941,
which stated that antithrombotic action was contained in the

biologically active substance. Another paper presented lam-
inarans as safe ingredients for surgical dusting powder and
potential antitumor agents. Together with other polysaccha-
rides, they are components of preparations for strengthening
the immune system. Laminarans play a protective role
against bacterial pathogens and severe radiation and increase
the level of B cells and helper T cells (Kraan 2012). It has
been reported that laminarans exhibit hypercholesterolemic
and hypolipidemic activity. They also play a key role in
reducing cholesterol absorption in the gut, reducing the
level of total and free cholesterol, triglycerides, and phos-
pholipids in the liver. Besides, they lower systolic blood
pressure by producing antihypertensive responses
(Mayakrishnan et al. 2013).

7.3.1.3 Sulfated Polysaccharides

A number of the biological activities and special proper-
ties associated with algae extracts are largely attributed
to sulfated polysaccharides. They can also be found in
animals and plants, but the most important and most
common source is marine algae. Sulfated polysaccha-
rides are anionic macromolecules, in which the hydroxyl
group is replaced by a sulfate group, and they are consid-
ered to be one of the most important components of the
algal cell wall. In addition, they play an important role in
the regulation of ions and exhibit different biological
functions in living marine organisms. The chemical
structure of these biopolymers varies, depending on the
species of alga (Mayakrishnan et al. 2013; Ahmed
et al. 2014).

7.3.1.3.1 Carrageenans

Carrageenans are anionic sulfated polysaccharides extracted
from the line of red seaweed, in particular, Kappaphycus
alvarezii, Chondrus, Eucheuma, Gigartina, and Hypnea spe-
cies. These natural linear polymers are the main structural
component of red seaweed cell walls, which are from 30% to
75% of the dry weight (Vera et al. 2011; Li et al. 2014;
Stadnik and de Freitas 2014).

Carrageenans may have a promising future in the pharma-
ceutical industry as excipients in drug delivery systems.
Studies have described their immunomodulatory, anticoagu-
lant, antitumor, antihyperlipidemic, and antiviral action.
These polysaccharides are used as excipient tablets for con-
trolled drug release systems. Due to their strong develop-
ment of emulsion and improved uniformity in colloidal
suspensions, acting as a gelling agent in acid-neutralizing
gels, they play an important role in pharmaceutical prepara-
tions. The physicochemical properties of carrageenans may
enable these compounds to be used as the matrix for the
preparation of oral extended-release tablets with limited
drug loading capacity. For example, one study investigated
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the application of two commercially available carrageenans,
Gelcarin® GP-379 and Viscarin®, for the preparation of tab-
lets with tripelennamine HCI. They are responsible for the
stability of the storage and extend the durability of the sus-
pension of antibiotics (Reddy et al. 2011; Li et al. 2014).
Carrageenans as sulfated polysaccharides are capable of
scavenging free radicals, showing the same antioxidant
effects. It was therefore concluded that there is a relationship
between sulfate content and antioxidant activity. The bio-
logical action of these biopolymers has been studied for pro-
tection against viruses, fungi, and bacteria. It has been tested
in the treatment of respiratory weakness against flu viruses
but also other viruses, such as hepatitis A, dengue, and her-
pes. In addition, they may act as inhibitors for sexually trans-
mitted diseases. One good example of antiviral use is a
carrageenan-based microbicidal vaginal gel trade-named
Carraguard™, which is widely used in African countries to
combat HIV and other sexually transmitted diseases (Hayashi
and Reis 2012). Other articles present carrageenans as immu-
nomodulators and compounds of anticancer activity. In
recent years, their anticoagulant potential in lowering cho-
lesterol and triglyceride levels has been tested. They also
play an important role in tissue engineering as excipients in
the transmission of drugs, as well as some immobilizing
enzymes. In addition, carrageenan hydrogel was used to
encapsulate cells, including chondrocyte cells of the nose
and fat cells, and is a promising material for the regeneration
of the cartilage (Silva et al. 2012b; Liu et al. 2015a).

7.3.1.3.2 Agarans (Porphyran)

Another type of sulfated polysaccharide is agarans. One of
the better known agarans is porphyran. Porphyran is a com-
plex galactan isolated from red algae cell walls and, in par-
ticular, of the genus Porphyra, including Porphyra capensis,
P. haitanensis, P. tenera, P. suborbiculata, and P. yezoensis.
This high-molecular-weight, sulfated polysaccharide is a
water-soluble polymer with high viscosity and gelling, stabi-
lizing, and thickening properties. Moreover, this biopolymer
is a potential biologically active agent for health applica-
tions, because it exhibits, inter alia, antiallergic, antioxidant,
and anticoagulant action (Bhatia et al. 2008; Jiao et al. 2011,
Stadnik and de Freitas 2014).

Porphyran is primarily a high-quality dietary fiber. Studies
performed in rats indicate its function in preventing carcino-
genesis in the intestines and antitumor activity against
Meth-A fibromas. It may also exhibit antihypertensive activ-
ity and reduce blood cholesterol levels. This describes their
potential role in the pharmaceutical industry as compounds
with antioxidant, immunostimulating, anticoagulant, antihy-
pertensive, anti-fatigue, anticoagulant, antiviral, antibacterial,
antihyperlipidemic, antiallergic, antiaging, hepatoprotective,
hypocholesterolemic, hypoglycemic, and antiulcer proper-

ties. It has been shown that porphyran may be able to inhibit
contact hypersensitivity reaction by reducing the IgE level in
serum. In addition, porphyran fractions obtained from P,
yezoensis stimulated macrophages in vivo and in vitro. Oral
application of P. vietnamensis porphyran contributed to an
increase in the weight of organs such as the spleen or thymus
and an increase in total lymphocytes and leukocytes. These
are just some of the polysaccharide activities examined. A
selection of other porphyran activities have been described in
areport by S. Bhatia et al. (Bhatia et al. 2008; Kraan 2012; Vo
et al. 2015).

7.3.1.3.3 Ulvans

Ulvans are heteropolysaccharides occurring in green algae,
mainly of the genus Ulva, including Ulva pertusa and Ulva
lactuca, known as “‘sea lettuce,” and their content in green
seaweed cell walls is from 8 to 29% of the algal dry weight
(Veraetal. 2011; Kraan 2012; Stadnik and de Freitas 2014).
This group of sulfated polysaccharides is soluble in water,
and their solubility increases with rising temperature.
Ulvans form weak gels in deionized water with low internal
viscosity. Other factors that affect gelling properties of
ulvans are also divalent cations and pH. In addition, gels
are thermoreversible without heat treatment. Ulvans are
used in the synthesis of chemicals and, in particular, are a
source of such rare uronic acids as iduronic acid, which is
used in the synthesis of analogs of antithrombotic heparin.
Thus, these algae polysaccharides can be applied in the
synthesis of compounds with therapeutic action (Kraan
2012; Alves et al. 2013).

From the perspective of activity within the biomedical
and pharmaceutical industries, polysaccharides derived from
green algae ulvans deserve special attention. A report by
Silva et al. presented a series of examined properties of these
polymers. They emphasized their antioxidant, antitumor,
antiproliferative, immunostimulating, anticoagulant, antihy-
perlipidemic, and antiviral activity. In relation to the antioxi-
dant activity, several papers have described their ability to
chelate metals and scavenge superoxide and hydroxyl radi-
cals. As with other polysaccharides, ulvans also find use in
regenerative medicine and tissue engineering. They are used
in the form of nanofibers, membranes, particles, and hydro-
gels (Silva et al. 2012b). It is believed that ulvans, as a natu-
ral source of dietary fiber, have a beneficial effect on digestion
and improve absorption of nutrients from the small intestine.
The study describes their effect on reducing effective total
cholesterol and LDL cholesterol through decomposition to
bile acids. Hydrogel based on ulvans complexed with cal-
cium ions increases the viscosity of the intestinal lumen con-
tent, thus facilitating the absorption of bile acids from the
ileum (Mayakrishnan et al. 2013).
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7.3.1.3.4 Fucoidans

Fucoidans are the most abundant polysaccharides derived
from various species of brown macroalgae, such as
Ascophyllum nodosum and Fucus vesiculosus, and their con-
tents in the brown seaweeds are from 5% to 20% of the algal
dry weight. These are biopolymers present as a structural
component of the fiber cell wall and intercellular space that
strengthen, protect against dehydration, and prevent drying.
This type of sulfated polysaccharide was isolated from
brown algae for the first time by Kylin in 1913 and was sub-
sequently given the name “fucoidin.” According to ITUPAC
rules, it is currently called fucoidan, but it is also known
under the names fucan and fucosan. The biological activity
of fucoidans varies with their molecular weight (Jiao et al.
2011; Vera et al. 2011; Senthilkumar et al. 2013; Ahmed
et al. 2014; Stadnik and de Freitas 2014). First of all, an anti-
tumor effect of these compounds has been described. An
interesting overview of the antitumor activity of fucoidans
was presented in the work by Moghadamtousi and others. It
describes the effects of fucoidans derived from various
species of brown algae on cancer cells (Zorofchian
Moghadamtousi et al. 2014).

The biopharmaceutical industry has found use for fucoid-
ans due to their antiviral, antimicrobial, antithrombotic, and
immunological effects. In recent years, their potential as natu-
ral components of cosmeceuticals has been described. Studies
suggest that these algae biopolymers exhibit antiaging and
antioxidant activity, creating a protective effect on the skin. In
the cosmetics industry, they are used as antiaging products,
due to increased activity of the metalloproteinase-1 enzyme
in human skin. They have also been investigated in the field of
biomedicine. In this area, their potential for nanomedicine,
tissue engineering, and drug delivery systems has been indi-
cated. It has been reported that fucoidans stimulate the pro-
duction of hepatocyte growth factor (HGF). In the delivery of
biologically active agents, fucoidans are often complexed
with chitosan. This new microsphere delivery system based
on a combination of fucoidans and chitosan is called
“fucosphere.” This cross-linking has been proposed for the
controlled release of drug concentration-dependent polymers
and proteins and the development of nanoparticles for the
delivery of anticoagulants. There is also a proposal to use a
hydrogel based on a fucoidan-chitosan combination as an
accelerator for burn injuries. In this complex, fucoidan was
intended to provide an anticoagulant effect, and chitosan,
with its excellent properties, was intended to form a hydrogel
dressing to facilitate wound healing. Other polymers joined
with fucoidan are, inter alia, alginates and polyesters such as
polycaprolactone (PCL). Development of a fucoidan com-
plex of chitosan and alginate was meant to stimulate rapid
wound healing. A fucoidan mixture of polycaprolactone was
used for regeneration of bone tissue in the form of a nanofi-
brous scaffold. In this context, fucoidan is to be responsible

for cell proliferation, alkaline phosphatase activity, expres-
sion of I-type collagen, and mineral seat (Silva et al. 2012b;
Ahmed et al. 2014). In the review, Senthilkumar and others
presented fucoidan as a potential agent for tumor therapy.
They describe its role in processes such as apoptosis, inva-
sion, angiogenesis, and metastasis. According to studies con-
ducted, fucoidan inhibits proliferation of cancer cells via cell
cycle arrest, induction of apoptosis, inhibition of metastasis
and angiogenesis, and growth regulation of signaling mole-
cules (Senthilkumar et al. 2013). Fucoidans are now consid-
ered promising algal compounds for the treatment of disorders
of the cardiovascular system and protection of the myocar-
dium. There is a hypothesis that fucoidans cause detoxifica-
tion of isoproterenol through antioxidant activity and changes
in the lipid profile. Isoproterenol is responsible for causing
myocardial infarction. This compound induces an increase in
the concentration of enzymes, such as keratin kinase, dehy-
drogenase, and serum transaminase. Furthermore, it increases
LDL cholesterol and decreases HDL cholesterol. Studies
show that fucoidans can provide protection against isoproter-
enol, reversing its effects and preventing damage caused by
the compound (Mayakrishnan et al. 2013).

7.3.2 Phenolic Compounds

Antioxidant activity is one of the most commonly described
properties of compounds isolated from natural sources. It is
particularly important in the fight against the free radicals that
are responsible for many diseases, especially skin diseases,
including cancer. Therefore, raw materials from which natural
antioxidants can be isolated are highly sought after. In many
products, they may serve as therapeutic agents, and in other
products, they may be added to protect other bioactive com-
pounds from the harmful effects of the external environment
(Thomas and Kim 2013; Wang et al. 2013; Ahmed et al. 2014).

As was previously mentioned, antioxidant activity is asso-
ciated with protection against free radicals. Therefore, it is
important to clarify what free radicals are. A free radical is
defined as any ion, atom, or molecule that contains an unpaired
electron and is capable of independent existence. Many such
entities occur in unstable, and thus also highly reactive, forms,
and they can act as reductants or oxidants. One of the major
types of free radical is the reactive oxygen species (ROS).
Oxygen-containing free radicals include hydroxyl radical spe-
cies, superoxide anion radicals, hydrogen peroxide, single
oxygen, hypochlorite, peroxynitrite radicals, and nitric oxide
radicals. Free radicals may be generated inside the human
body during various metabolic transformations and processes
or may be derived from the external environment (ultraviolet
and X-ray radiation, cigarette smoke, environmental pollution,
chemicals, ozone). The presence of unpaired electrons causes
free radicals to be more reactive than other molecules. Worst
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of all, they can adversely affect biologically important mole-
cules (lipids, proteins, carbohydrates, nucleic acids) by dam-
aging them. The damage of these important molecules and the
imbalance between the production of free radicals and antioxi-
dant activity are the causes of oxidative stress. Free radicals
and the formation of oxidative stress are the cause of many
illnesses and diseases, such as atherosclerosis, inflammatory
diseases, cancers, skin diseases including aging, ischemic dis-
eases, AIDS, emphysema, haemochromatosis, cardiovascular
diseases, neurological disorders, hepatotoxicity, asthma, gas-
tric ulcers, and many others. These examples show how dan-
gerous free radicals are and how important it is to find
protection against them (Huamantupa et al. 2011; Wang et al.
2013; Hayyan et al. 2016).

Algae, as well as plants, are exposed to a number of fac-
tors, both biotic and abiotic. To protect against stressful con-
ditions (e.g., high oxygen concentration, light, temperature,
pathogen attack, high pressure, salinity), algae produce many
important metabolites that are antioxidants. One of the most
commonly known and important groups of compounds with
antioxidant properties is the phenolic compounds (Gupta and
Agrawal 2007; Dai and Mumper 2010; Stengel et al. 2011;
Tas et al. 2015; Pérez et al. 2016; Agatonovic-Kustrin and
Morton 2018). The antioxidant activity of phenolic com-
pounds is primarily related to the stabilization and binding of
free radicals, reducing properties, the inhibition of certain
enzymes, and the ability to chelate metal ions (Li et al. 2011).
Compared to red and green algae, brown algae are character-
ized by a higher content of phenolic compounds (Heffernan
et al. 2015). The largest proportion of phenolic compounds
contained in brown algae is phlorotannins, while in green
and red algae, the most commonly occurring polyphenols are
bromophenols, phenolic acids, and flavonoids (Pérez et al.
2016; Sanz-Pintos et al. 2017).

Phenolic compounds (polyphenols) are a huge and diverse
group of phytochemicals with a wide range of biological
properties. It is estimated that a group of polyphenols con-
sists of more than 8000 naturally occurring compounds. The
primary source of these valuable organic compounds is
plants (all parts of a plant, including roots, leaves, seeds,
flowers, and fruits) and products made from them (e.g., cere-
als, wine, olive oil, tea, and coffee). A common feature of all
phenolic compounds is the presence of one or more hydroxyl
groups bonded directly to the aromatic rings. Because of the
carbon skeleton construction and the presence of functional
groups, phenolic compounds are divided into two main
groups: phenolic acids (derivatives of hydroxybenzoic and
hydroxycinnamic acids) and flavonoids (derivatives of
2-phenylchromane, consisting of six major subclasses: flavo-
nols, flavanols, flavanones, flavones, isoflavones, and antho-
cyanins). Furthermore, the phenolic compounds may include
more complex biomolecules, such as lignans, stilbenes, and

tannins. Due to the diversity of polyphenolic compounds,
their occurrence in many natural raw materials, and their
valuable biological properties (antioxidant, antidiabetic,
anti-inflammatory, anticarcinogenic, antiviral, antimicrobial,
antiproliferative, hemolytic, and antimalarial activity), they
are of interest to many scientists (Capozzi et al. 2001; Dai
and Mumper 2010; Onofrejova et al. 2010; Bahadoran et al.
2013; Rosellé-Soto et al. 2015; Agatonovic-Kustrin et al.
2016; Pérez et al. 2016; Agatonovic-Kustrin and Morton
2018; Vimala and Poonghuzhali 2017).

Brown algae are a type of alga that is commonly described
in the literature as a source of antioxidant compounds, in par-
ticular, phenolic compounds. The properties of these algae
have been known and studied for many years. However, due
to the availability of biomass of different species of brown
alga and the advancement of technology, including the devel-
opment of analytical methods, they are still an interesting
research object for the analysis of phenolic compounds. One
group of phenolic compounds commonly found in brown
algae is phlorotannins. In addition, these compounds have
been tested for their biological properties. Many studies
describe the great potential of phlorotannins in the treatment
of many diseases associated with oxidative stress, in particu-
lar, cancer (Zenthoefer et al. 2017).

Phlorotannins are biopolymers composed of phloroglu-
cinol (1,3,5-trihydroxybenzene) linked to each other in vari-
ous ways with a wide range of molecular sizes (126—-650kDa).
These polymers are formed in the acetate-malonate
(polyketide) pathway. In algae, they occur in free form or in
association with other cell wall components. The total con-
centration of algae phlorotannins is within the range from
5% to 30% of dry weight. Phlorotannins are strongly hydro-
philic, and their physiological activity depends on the degree
of polymerization. In addition, these polyphenols are
described as strong heavy metal chelators and inhibitors of
many enzymes. Depending on the combination of monomer
units, phlorotannins are divided into fucols (phlorotannins
with phenyl linkages), phlorethols (phlorotannins with ether
linkages), fuhalols (phlorotannins with ether linkages and
additional hydroxyl groups), eckols (phlorotannins with
dibenzodioxin linkage and phenoxyl substitution), fuco-
phlorethols (phlorotannins with both ether and phenyl link-
ages), and carmalols (phlorotannins with a dibenzodioxin
linkage) (Li et al. 2011, 2017; Eom et al. 2012; Heffernan
et al. 2015; Lopes et al. 2016; Pérez et al. 2016; Tenorio-
Rodriguez et al. 2017; Zenthoefer et al. 2017). Literary refer-
ences indicate that the only source of these polyphenolic
secondary metabolites is algae, in particular, brown algae.
This is a further reason why it can be stated that algae are a
source of valuable and unique ingredients (Eom et al. 2012).
Phlorotannins have a number of biological properties. Their
therapeutic potential is broadly described in the literature. It
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has been shown that these compounds may be active ingredi-
ents of many drugs, supplements, nutraceuticals, and cos-
metics. Examples of individual phlorotannins, the species of
algae from which they are isolated, and their healing poten-
tial are presented below and in Table 7.2.

Zenthoefer and his co-workers investigated Baltic Sea
brown algae Fucus vesiculosus and their cytotoxic potential
against human pancreatic cancer cells. Those studies con-
firmed the cytotoxic activity of the examined algae extracts
against tumor cells. Structural analysis and characterization
of phenolic compounds were performed to identify com-
pounds responsible for such significant antitumor activity.
Determination of the total content of phenolic compounds
(the Folin-Ciocalteu method) noted the presence of polyphe-
nols in the tested extracts. In addition, structural analysis
using spectroscopic and chromatographic methods con-
firmed the presence of two active polyphenolic compounds,
belonging to phlorotannins (Zenthoefer et al. 2017). Another
example of the therapeutic effect of phlorotannins is their
potential in the treatment of hypertension. It has been shown
that brown algae (Ecklonia cava, Ecklonia stolonifera,
Pelvetia siliquosa, Undaria pinnatifida) rich in phlorotan-
nins demonstrate the ability to inhibit the angiotensin-I-
converting enzyme (ACE). ACE is an enzyme that plays an
important role in regulating blood pressure. Development of

drugs with the addition of compounds capable of inhibiting
ACE can be effective in treating cardiovascular diseases. The
ability of enzyme inhibition was also demonstrated for
phlorotannins isolated from the algae Ecklonia cava. The
impact of these bioactive compounds on matrix metallopro-
teinase (MMP) inhibition has been reported. MMPs play an
important role in diseases such as chronic inflammation,
wrinkles, osteoporosis, arthritis, periodontal disease, and
cancer (Li et al. 2011).

Everyone wants to look beautiful, slow down the aging
process, and look for the “elixir of youth.” There are many
reports in the literature about the health effects of algae
extracts and their bioactive compounds on the skin. Phenolic
compounds belong to this group of compounds that may be
potential components of the “elixir of youth.” Thomas and
co-authors portray polyphenols as active compounds in the
protection of skin and the treatment of skin diseases. They
have shown that phlorotannins can be potential natural inhib-
itors of enzymes involved in the processes that take place in
skin. Wrinkles are one of the effects of oxidative stress and
are a symptom of skin aging. One of the causes of wrinkles
is collagen degradation caused by increased regulation of
matrix metalloproteinase (MMP). In vitro studies of metha-
nolic extracts from algae Corallina pilulifera showed that the
phenolic compounds derived from these extracts showed

Table 7.2 Examples of phlorotannins, their sources, and potential biological effects (Li et al. 2011; Eom et al. 2012; Thomas and Kim 2013;

Lopes et al. 2016)

Phlorotannin Species of algae

Potential biological effects

Eckol Ecklonia cava Skin whitening, antihypertensive, antimicrobial, antiallergic, antioxidant,
Eisenia arborea, Ecklonia kurome, | enzyme inhibitory effect, anticancer, anti-inflammatory, photoprotective
Eisenia bicyclis, Ecklonia (skin treatment), antidiabetic
stolonifera

Dieckol Ecklonia cava, Ecklonia kurome, Skin whitening, antihypertensive, antimicrobial, antioxidant, enzyme

Eisenia bicyclis, Ecklonia
stolonifera

inhibitory effect, anticancer, anti-inflammatory, antiallergic, bactericidal
activity, photoprotective (skin treatment), antidiabetic

Phloroglucinol Ecklonia cava, Ishige okamurae,
Ecklonia kurome, Ecklonia
stolonifera,

Eisenia bicyclis

Skin whitening, antihypertensive, antimicrobial, anticoagulant,
antidiabetic

6,6'-bieckol Eisenia arborea, Ecklonia cava, Antiallergic, enzyme inhibitory effect (inhibition of cholinesterases in
Ishige okamurae the treatment of Alzheimer’s disease), anti-HIV

6,8’-bieckol Eisenia arborea Antiallergic

8,8’-bieckol Ecklonia cava, Ecklonia kurome, Antiallergic, antimicrobial, antioxidant, enzyme inhibitory effect,
Eisenia bicyclis, Eisenia arborea anti-inflammatory, anticancer, bactericidal activity, anti-HIV, antidiabetic

Phlorofucofuroeckol Eisenia arborea, Ecklonia cava, Antiallergic, antimicrobial, enzyme inhibitory effect, anti-inflammatory,

Ecklonia kurome, Eisenia bicyclis,
Ecklonia stolonifera

anticancer, antidiabetic

2-phloroeckol Ecklonia stolonifera

Antidiabetic

7-phloroeckol Eisenia bicyclis, Ecklonia cava

Antimicrobial, skin whitening, enzyme inhibitory effect (tyrosinase
inhibition in the treatment of pigmentation disturbances)

Hydroxybenzodioxin Eisenia bicyclis Antidiabetic

Dioxinodehydroeckol Eisenia bicyclis, Ecklonia cava, Antimicrobial, anticancer, antidiabetic
Ecklonia stolonifera

Fucofuroeckol Eisenia bicyclis Antidiabetic

Diphlorethohydroxycarmalol | Ishige okamurae Antidiabetic




82

K. Korzeniowska et al.

photoprotective activity against UV radiation and prevented
expression of MMPs in human dermal fibroblast cells. It has
also been shown that phlorotannins can be inhibitors of
tyrosinase, which is an enzyme that catalyzes the rate-
limiting pigmentation stage, thus phlorotannins may play a
significant part in the skin pigmentation process. The tyrosi-
nase inhibitory activity of phenolic compounds is related to
their ability to chelate the copper ions in this enzyme. In
addition, in vitro studies on mouse skin models have con-
firmed the efficacy of brown alga phenolic compounds in the
protection against harmful UV radiation and their potential
anticancer activity. These studies have shown that both algae
feeding and topical algae treatment have resulted in suppres-
sion of cyclooxygenase-2 (COX-2) expression and cell pro-
liferation. One of the known skin diseases that many people
suffer from is atopic dermatitis. It is a pruritic inflammatory
skin disease that can occur at any age. It is a very onerous
disease, because it manifests itself with itchy skin and exces-
sive scratching. Furthermore, it is speculated that atopic der-
matitis can cause diseases such as asthma, food intolerance,
and allergic rhinitis. The mediator of allergic and inflamma-
tory processes is histamine, and the enzyme involved in
allergic reactions is hyaluronidase. In vitro studies have
shown that extracts rich in phlorotannins isolated from brown
algae Eisenia arborea, Eisenia bicyclis, Ecklonia kurome,
and Ecklonia cava can prevent allergic and inflammatory
reactions, because they are capable of inhibiting hyaluroni-
dase. It is interesting to note that some crude phlorotannins
have a stronger inhibitory effect on hyaluronidase than some
known inhibitors, such as catechins, sodium cromoglycate,
and epigallocatechin gallate (Thomas and Kim 2013).

There were also studies performed on the contribution of
phlorotannins in the treatment of sleep disorders. Cho and
others have shown that phlorotannins may be promising
drugs for insomnia and sedation and may be a source of
novel hypnotic drugs. The positive effects of these phenolic
compounds have been observed in mice that had sleep disor-
ders (Cho et al. 2014).

One of the major diseases affecting civilization is diabe-
tes. The World Health Organization (WHO) estimates that by
2030, diabetes will be the seventh leading cause of death
worldwide (Mathers and Loncar 2006). Metabolic disorders
associated with this disease and the resulting complications
can lead to other dangerous diseases. The increase in the
incidence of diabetes shows that current treatments are insuf-
ficient. For this reason, it may be necessary to introduce
additional methods involving the use of supplements or
nutraceuticals, which may be effective in the fight against
diabetes and its complications. Some in vitro and in silico
studies have shown that these potential additives may be phe-
nolic compounds and other bioactive compounds isolated
from the brown algae Sargassum wightii. It was found that
ethanolic extracts from this algal species had strong

a-amylase and a-glucosidase inhibitors. In addition, these
extracts have been shown to possess anti-inflammatory activ-
ity that may decrease the complications of diabetes. The anti-
diabetic potential of phlorotannins has also been demonstrated
in algae extracts of the species Fucus vesiculosus, Ecklonia
cava, Sargassum aquifolium, Ecklonia stolonifera, Fucus
distichus, Sargassum ringgoldianum, Sargassum polycys-
tum, Spatoglossum asperum, Padina pavonica, Turbinaria
ornata, Ishige okamurae, and Ascophyllum nodosum (Kim
and Kim 2012; Bahadoran et al. 2013; Lopes et al. 2016;
Fazeela Mahaboob Begum and Hemalatha 2017).

These examples show how valuable biomolecules are phe-
nolic compounds, including algae phlorotannins. Hence, algae
extracts have enormous potential for use in medicine and as
ingredients in pharmaceuticals, functional foods, and cosmet-
ics. It can be said that they are strong antioxidants and inhibi-
tors of many enzymes responsible for a number of diseases.

7.3.3 Fatty Acids

Algae are also a source of fatty acids, which are important
components in the proper functioning of the human body.
Fatty acids are defined as aliphatic carboxylic acids with a
number of carbon atoms from 4 to 28. These compounds are
generally divided depending on their construction (straight
or branched), degree of saturation (saturated or unsaturated),
and number of double bonds (monounsaturated (MUFA) or
polyunsaturated (PUFA)). Depending on the position of the
first double bond from the methyl end, polyunsaturated fatty
acids can be classified as n-3 and n-6. Algal fatty acids are
derived from phospholipids, glycolipids, and nonpolar glyc-
erolipids, and the lipid content of algae ranges from 0.12% to
6.73% of dry weight (Pérez et al. 2016; Vyssotski et al.
2017). Considering the healing potential of fatty acids, poly-
unsaturated fatty acids (PUFAs), in particular, omega-3
PUFAs, are most important. Polyunsaturated fatty acids are
essential fatty acids (EFA), because they cannot be synthe-
sized in the human body (Olasehinde et al. 2017). They are
the main components of the brain and retina. Therefore, they
play an important role in the proper functioning of the ner-
vous and visual systems. In addition, it is described that
omega-3 fatty acids have anti-inflammatory, antiarrhythmic,
antithrombotic, and anticoagulant effects. This activity can
be used to treat cardiovascular and inflammatory diseases
(Uauy et al. 2001; Lee 2013; Papenfus et al. 2013). In addi-
tion, studies that involve topical preparations with n-3 fatty
acids have confirmed their effectiveness in the prevention of
periodontal disease (Pérez et al. 2016). The literature on the
importance of fatty acids in medicine mainly concerns poly-
unsaturated fatty acids and their important role in the devel-
opment of every human being. Because of their many
biological properties, it is important that these acids be sup-
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plied. In particular, pregnant women should take omega-3
acids to ensure proper development of the baby. They are
supplied to the body in the form of supplements, pharmaceu-
ticals, functional food ingredients, and cosmetic products
(Innis 2007; Papenfus et al. 2013; Michalak and Chojnacka
2015; van der Wurff et al. 2017). Examples of the biological
activity of fatty acids and their health properties are shown
below and in Table 7.3. In addition, examples of algae that
are sources of these valuable biologically active compounds
are presented.

Algae are capable of metabolizing many fatty acids through
various oxidative pathways (Smit 2004). High levels of satu-
rated and unsaturated fatty acids, both mono- and polyunsatu-
rated, were reported in ethyl acetate extracts of red algae such
as Gracilaria vermiculophylla and Porphyra dioica. Regarding
polyunsaturated fatty acids, green algae contain mainly C18
PUFAs (e.g., a-linolenic, stearidonic, linoleic acid), and red
algae are rich in C20 PUFAs (e.g., arachidonic, eicosapentae-
noic acid), whereas brown algae contain both C18 and C20
PUFAs. However, the largest reservoir of fatty acids, including
important omega-3 acids, is microalgae (Arthrospira sp.,
Isochrysis sp., Odontella sp., Pavlova sp., Porphyridium sp.,
Crypthecodinium sp., Nannochloropsis sp., and Phaeoda-
ctylum sp.) (Pérez et al. 2016; Olasehinde et al. 2017). The
content and profile of fatty acids, both saturated and unsatu-
rated, largely depend on the algae’s habitat conditions and the
seasons of harvesting (Papenfus et al. 2013).

The n-3 and n-6 polyunsaturated acids play an important
role in medical treatment (Chen et al. 2016). Polyunsaturated
fatty acids, especially those of the n-3 group, are crucial to the
treatment of heart disease. Their source is primarily fish oil,
which also contains seaweed oil. Omega-3-based medicines
are available on the market. These drugs, called Epanova and
Lovaza, are approved by the Food and Drug Administration
(FDA) and are intended for people with coronary heart dis-
ease and dyslipidemia (Lee 2013; Ito 2015; Chen et al. 2016).
An example of algae rich in fatty acids that have shown
potential in the treatment of cardiovascular disease are algae
of the genus Sargassum (S. fusiforme, S. pallidum, S. horneri,
and S. thunbergii). The extracts of these algae contain both
monounsaturated and polyunsaturated PUFAs, including
important n-3 PUFAs (Chen et al. 2016). It was found that
polyunsaturated fatty acids are not the only ones to have ther-
apeutic potential in regard to coronary and cardiovascular dis-
eases. Preliminary studies carried out by Yang and his
co-workers presented monounsaturated fatty acids as poten-
tial compounds for the prevention of atherosclerosis. They
also found that supplementation with long-chain MUFAs
altered lipoprotein proteomes in the LDLR-deficient
(Papenfus et al. 2013; Yang et al. 2017). In addition, similar
results have been observed by Chen and others describing
monounsaturated and polyunsaturated fatty acids as potential
biomarkers for hyperlipidemia (Chen et al. 2017).

PUFAs, as major components of the brain, strongly
affect the functioning of the nervous system. Therefore,

Table 7.3 Examples of algal fatty compounds with their biological activity (Terés et al. 2008; Michalak and Chojnacka 2015; Kalaiselvan et al.

2016; Pérez et al. 2016; Thanigaivel et al. 2016; Vieira et al. 2017)

Algae source Species Fatty compounds Biological activity
Green algae Ulva fasciata PUFAs Antibacterial
(Chlorophyta) Ulva reticulata Palmitic acid Antibacterial

Chlorococcum humicola Fatty acids Antibacterial, antifungal

Enteromorpha linza Unsaturated fatty acids (stearidonic acid, gamma-linolenic | Antimicrobial

acid)

Anadyomene saldanhae, Fatty acids Antiprotozoal

Caulerpa cupressoides
Brown algae Himanthalia elongata Fatty acids (palmitic acid, palmitoleic acid, oleic acid) Antibacterial,
(Phaeophyta) antifungal, antioxidant

Padina sp., Canistrocarpus Fatty acids Antiprotozoal

cervicornis, Dictyota sp.

Lobophora variegata Fatty acids Antibacterial, pupicidal
Red algae Gracilaria corticata PUFAs Antibacterial
(Rhodophyta) Jania corniculata, Fatty acids (tetradecanoic acid, hexadecanoic acid, Antipathogenic

Laurencia papillosa octadecanoic acid, 9-octadecenoic acid, tetracosanoic

acid)
Gelidiella acerosa Saturated fatty acids (palmitic acid) Antioxidant,
antimicrobial

Ochtodes secundiramea, Fatty acids Antiprotozoal

Bostrychia tenella

Asparagopsis taxiformis Fatty acids Antimicrobial
Microalgae Dunaliella salina PUFAs Antibacterial, antifungal
(microphyte) Haematococcus pluvialis Fatty acids Antibacterial, antifungal
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many studies have focused on finding sources of essential
fatty acids that can be effective in the treatment of neuro-
degenerative diseases. One such disease is Alzheimer’s
disease. This disease is a serious neurological disorder and
the most common form of dementia. Alzheimer’s disease
causes brain damage, cognitive and memory impairment,
and loss of synapses and neurons and ultimately leads to
cell death. There are indications that the imbalance of
omega-3 and omega-6 fatty acids may affect the develop-
ment of this disease. The most important fatty acid of the
brain is docosahexaenoic acid (DHA, omega-3 fatty acid).
Along with other, slightly less important acids, such as
eicosapentaenoic acid (EPA, omega-3 fatty acid) and ara-
chidonic acid (AA, omega-6 fatty acid), DHA is involved
in neurological processes such as synaptic transmission,
cognitive development, memory function, and neuronal
plasticity. Reports in the literature indicate that microalgae
are a rich source of omega-3 fatty acids. High levels of
DHA and EPA are found in microalgal species such as
Arthrospira sp., Isochrysis sp., Odontella sp., Pavlova sp.,
Porphyridium sp., Crypthecodinium sp., Nannochloropsis
sp., and Phaeodactylum sp. (Papenfus et al. 2013; Briffa
et al. 2017; Olasehinde et al. 2017). Clinical studies indi-
cate that one of the causes of Alzheimer’s disease is the
effect of aluminum as a neurotoxic metal. This harmful
metal can be delivered to the body through the consump-
tion of food or through exposure to a polluted environ-
ment. Animal studies have shown the neuroprotective
effects of extracts from brown algae Sargassum ilicifolium
through inhibition of aluminum induction, improving
memory, protecting against free radicals, and increasing
the level of neurotransmitters responsible for memory
functions. These studies have confirmed the potential ther-
apeutic effect of algae extracts in the treatment of neurode-
generative diseases such as Alzheimer’s disease (Sumithra
et al. 2016). Other brown algae that have been found to
have important omega-3 acids such as DHA are Cystoseira
usneoides, Stypocaulon scoparium, and Sargassum vul-
gare (Papenfus et al. 2013).

Clinical studies have shown that high levels of DHA and
arachidonic acid affect visual acuity. These experiments
have been carried out on newborns whose food was supple-
mented with polyunsaturated fatty acid oil. Improvement of
visual function was primarily related to the actions of the
acids involved in modulating gene expression of the develop-
ing retina and brain. The major acid responsible for these
processes is DHA, which, inter alia, affects photoreceptor
membranes, rod and cone development, activation of rho-
dopsin and increase the opsin expression. This is a nother
example of a health action of fatty acids that is necessary for

proper human development, as well as the importance of
supplementation with essential fatty acids throughout life,
particularly in its initial period (Uauy et al. 2001).

Taking into account the essential fatty acids, docosa-
hexaenoic acid (DHA) is of particular interest. This long-
chain highly unsaturated n-3 fatty acid possesses a number
of biological and functional properties that can be used in
medical treatment. DHA is metabolically related to other
important healthy omega-3 fatty acids (Calder 2016).
Therefore, it is important to look for raw materials that can
be a rich source of these important acids. Many studies indi-
cate that this valuable source that we are looking for is algae,
both macro- and microalgae.

7.4  Conclusions

Currently, the aspiration to use natural products is gaining
importance in all human activities, especially those related to
health, well-being, and beauty. Natural sources can be suc-
cessfully utilized in some branches of bio-based industry.
Over the years, algae have already found application in many
fields of life, among which the most important seem to be
medicine, pharmacology, and the cosmetic industry. Algae
extracts are an inestimable and, more importantly, renewable
source of hundreds of chemical compounds that offer a wide
spectrum of desired physiological activities.
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Abstract

Biomass of marine algae and their extracts are now one of
the most widely used natural ingredients in cosmetics,
because of the presence of a wide variety of biologically
active compounds in their thalli. Mainly, it comes down to
marine species, but the most current interdisciplinary
research shows that freshwater macroscopic green algae
species (e.g., Chara fragilis, Cladophora glomerata, Ulva
flexuosa) may also be a rich source of macro- and micro-
nutrients and other bioactive substances such as fatty
acids, polysaccharides, pigments, polyphenols, etc.
Freshwater macroalgae are a rare object of study and are
practically absent within the cosmetics market. In this
chapter, algae harvesting and the processing of algal bio-
mass are discussed. This chapter shows, in particular, that
the presence of bioactive substances in their thalli deter-
mines the broad biological activity and potential use of
freshwater algae in the production of cosmetics.

Keywords
Algal biomass - Algae extract - Bioactive compounds -
Cosmetic - Extraction methods

8.1 Introduction

Cosmetic chemistry is a relatively new area that has recently
seen rapid development. This development is related to
increasing public interest in taking care of one’s health and
appearance. The search is on for cosmetic ingredients and
products that can preserve a youthful appearance and good
skin condition for the longest possible time. Bioactive sub-
stances of natural origin have become particularly desirable
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in contemporary cosmetology. Biologically active com-
pounds are those that have particular impact on the physio-
logical and metabolic functions of the organism (Imhoff
et al. 2011; Barbosa-Pereira et al. 2013; Hardouin et al.
2014). Many types of biological activity have been identi-
fied, for example, antioxidative, anti-inflammatory, immuno-
stimulating, and many others. The category of bioactive
substances comprises a diversity of chemical compounds,
such as fatty acids, phenol compounds, carotenoids, saccha-
rides, proteins, terpenes, alkaloids, and many others. These
compounds are natural metabolites of plant processes, so
they represent both organic and inorganic products of chemi-
cal transformations taking place inside of plant cells. That is
why plant extracts are very popular and have been used in
medicine, veterinary, pharmacy, cosmetology, and food pro-
duction (Verkleij 1992; Allen et al. 2001; O’Doherty et al.
2010; Fabrowska et al. 2015a, b; Michalak and Chojnacka
2015; Padua et al. 2016).

Many algae extracts, products, and micronized algae have
been used over the years in dietary supplements and cosmet-
ics, especially marine species. However, the path to accep-
tance and use of new species is long, and there are many
barriers that need to be overcome. In the paper by Gellenbeck
(2011), the author discusses in detail what is needed to
achieve acceptance for large-scale marketing and a broad
range of consumer products. The path to successful incorpo-
ration of a new algal product in cosmetics can be long and
complex, but the benefits of high-quality, innovative, high-
value products can support growing businesses and ensure a
mutually effective partnership between suppliers and
manufacturers.

Algae are known to contain a wide range of biologically
active compounds, particularly those beneficial to human
skin. Marine algae species are known to contain a series of
bioactive substances and are widely used as ingredients in
cosmetics, drugs, diet supplements, and food. The chemical
composition of freshwater algae is recognized as being much
poorer, as indicated by the small number of scientific reports
on this subject. According to the Web of Science database of
May 2017, only 33 scientific reports feature the keywords
“freshwater algae and bioactive compounds,” while the num-
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ber of analogous reports on “marine algae and bioactive
compounds” is over 600. Results of the studies on bioactive
compounds in freshwater macroalgae are very promising,
and their biomass could be a potential raw product for fod-
der, the food industry, or the cosmetic industry. Perhaps in
the near future, freshwater algae will become an alternative
to their marine counterparts.

8.2  Characterization of Algae Used
in Cosmetic Products

The cosmetic industry uses different algae species coming
from different habitats, both macro- and microalgae from
marine and freshwater environments. The diversity of algae
types used is reflected in their different properties. The spe-
cies most widely used in the cosmetic industry include the
following:

1. Algae from the Ulva genus: cosmopolite green macroal-
gae encountered in most seas and oceans. Many species
from this genus also occur in freshwater, reaching consid-
erable biomass (Messyasz and Rybak 2009). The algae
from this genus can have two types of thallus: those of
corrugated structure characteristic of young organisms
and those wrinkled with a blistered structure typical of
mature thalli (Bliding 1963, 1968; Starmach 1972; Van
den Hoek et al. 1995; Blomster et al. 2000). In Poland, the
following freshwater species of this genus are known:
Ulva prolifera O.F. Mueller, Ulva intestinalis L., Ulva
compressa L., Ulva flexuosa Wulfen, and Ulva paradoxa
Agardh. Along the Baltic Sea coast, one can find Ulva
lactuca L.; Ulva linza L.; Ulva muscoides Clemente;
Ulva procera (Ahlner) Hayden, Blomster, Maggs, Silva,
Stanhope, and Waaland; or Ulva radiata (Agardh)
Hayden, Blomster, Maggs, Silva, Stanhope, and Waaland
(Messyasz and Rybak 2009; Messyasz et al. 2015a, b).
The cosmetics industry most often uses Ulva lactuca,
which contains vitamins A, B, C, and E, magnesium, iron,
and aosaine, a protein containing the same amino acids as
the human elastin (glycine, proline, lysine). For this rea-
son, preparations based on this algae species are used in
mature skin care products to reduce wrinkles (Czerpak
and Jabtonska-Trypu¢ 2008; Gade et al. 2013; Manoylov
2014).

2. Algae from the Cladophora genus, also classified as
green macroalgae (Van den Hoek et al. 1995). They occur
in both marine and freshwater environments, but the
majority of its species grow in warm seas. Their thallus is
threadlike and strongly branched. The cell walls are
sometimes encrusted with calcium compounds. The algae
belonging to this genus contain a specific carotenoid
dye — siphonoxanthin (Guiry and Guiry 2015). The most

popular species representing this genus are Cladophora
glomerata (L.) Kiitz., Aegagropila linnaei Kiitz.,
Cladophora brasiliana Martens, Cladophora columbiana
Collins, Cladophora dalmatica Kiitz., Cladophora fracta
(O.FMiiller ex Vahl) Kiitz., and Cladophora ordinata
(Bogrgesen) Hoek (www.algaebase.org). The cosmetic
industry uses mostly Cladophora glomerata, because of
its antioxidant and antibacterial properties. The high anti-
oxidant activity of the extract from Cladophora glomer-
ata follows from a high content of phenol and polyphenol
compounds. It has also been shown to have antibacterial
activity toward the strains: Salmonella enterica,
Staphylococcus aureus, Bacillus subtilis, and Proteus
mirabilis (Soltani et al. 2011; Fabrowska et al. 2015a;
Zhou et al. 2017).

. Arthrospira is a microscopic alga, belonging to the king-

dom of Eubacteria and phylum of Cyanobacteria (Van
den Hoek et al. 1995; Komadrek et al. 2014; Guiry and
Guiry 2015). Because of its exceptional ability to adapt, it
occurs in a number of different environments: in soil,
sand, bogs, marine water, freshwater, tropical lakes, and
even in hot springs (Sun et al. 2016). The most popular in
the cosmetics and pharmaceutical industries are Spirulina
maxima (Setchell and Gardner) Geitler and Arthrospira
platensis Gomont (syn. Spirulina platensis (Gomont)
Geitler) (Molski 2010; El-Baz et al. 2013). As additions
to cosmetic products, they slow down the aging processes
of skin and have an antioxidant effect (Debacq-Chainiaux
et al. 2006; Czerpak and Jabtonska-Trypu¢ 2008; Pielesz
2010).

. Laminaria belongs to brown algae and is found mostly in

marine waters in cold and temperate climate zones. It
looks like a great leaf, reaching sizes of up to 20 m
(Serisawa et al. 2004; Pielesz 2010; Minchin and Nunn
2014). The species from this genus show great contents of
iodine, potassium, alginic acid, laminarin, and other valu-
able ingredients. Oil extracts from Laminaria ochroleuca
Bachelot de la Pylaie, Laminaria digitata (Hudson)
Lamour, and Laminaria cloustoni Edmondston protect
the skin from photoallergic reactions and activate cell
metabolism. Water extracts from Laminaria hyperborea
(Gunn.) Foslie and Laminaria saccharina (L.) Lamour
show anti-seborrheic properties and restore the proper
functioning of oily skin. The iodine contained in these
brown algae stimulates the activity of lipase and acceler-
ates decomposition of fat tissues; thus the algae from
Laminaria genus are used in anti-cellulite cosmetic
products. The species Laminaria digitata is particularly
rich in proline, lysine, and glycine, which are the amino
acids present in human elastin, so they are used in prod-
ucts improving skin elasticity and hair conditioners
(Debacq-Chainiaux et al. 2006; Czerpak and Jabtonska-
Trypu¢ 2008; Pielesz 2010).
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5. Fucus also represents brown algae and, similarly to
Laminaria, grows in marine water, mostly in cold seas,
including along the Baltic Sea coast (Pielesz 2010; Guiry
and Guiry 2015). Fucus vesiculosus L. is most often used
in the cosmetics industry. Its characteristic feature is a
ribbonlike thallus covered with air bladders. Algae from
this species contain iodine, magnesium, manganese, zinc,
vitamin C, fucoxanthin, laminarin, and fucoidan. In cos-
metic products, Fucus vesiculosus is used as an additive
to filters protecting against UV radiation and in anti-
cellulite products. Other species of significance in cosme-
tology are Fucus spiralis L. and Fucus serratus L.
(Debacq-Chainiaux et al. 2006; Czerpak and Jabtonska-
Trypu¢ 2008; Pielesz 2010; D’Orazio et al. 2012).

6. Pylaiella, belonging to the group of brown algae, is char-
acterized by a threadlike thallus and grows mainly in cold
seas (Van den Hoek et al. 1995; Silberfeld et al. 2014;
Guiry and Guiry 2015). The species Pylaiella littoralis
(L.) Kjellman, Pylaiella ochotensis Ruprecht, Pylaiella
flexilis Ruprecht, or Pylaiella seriata Kuckuck contain
microelements, vitamins, polysaccharides, alginic acid,
mannitol, laminarin, fucoidan, and many other bioactive
substances. Thanks to the content of its thalli, Pylaiella
shows skin-moisturizing properties, is capable of skin
nutrition, shows antioxidative skin-protecting and skin-
revitalizing properties, and activates the skin’s metabo-
lism (Blomster et al. 2000; Czerpak and Jabtonska-Trypu¢
2008; Manoylov 2014).

7. Ceramium algae are red algae of multicellular, filamen-
tous, and leaf-shaped thalli (Van den Hoek et al. 1995;
Blomster et al. 2000; Guiry and Guiry 2015). They live
mostly in marine waters and prefer warm climatic zones,
largely remaining scarce in cold climates. They contain
large amounts of amino acids, proteins, vitamins, mineral
salts, and agar. A popular cosmetic raw product is
Ceramium rubrum Agardh, which contains creatine-like
substances, used for skin care for the hands and legs
(Czerpak and Jabtonska-Trypu¢ 2008; Pielesz 2010). The
extracts from this species show antibacterial properties
(Ikawa et al. 1973). Other important species from this
genus are Ceramium circinatum (Kiitz.) Agardh,
Ceramium diaphanum (Lightf.) Roth, and Ceramium
tenuicorne (Kiitz.) Waern.

8.3  Algae Collection and the Processing

of Algal Biomass

Algal biomass for the cosmetic and pharmaceutical indus-
tries and for production of other preparations is obtained
from two sources. Producers can either purchase the already-
processed raw algae products from firms dealing with their
cultivation and distribution, e.g., from algae farms, or they

can collect algae from sites at which they naturally occur or
from algae cultivation sites (Fabrowska et al. 2015a, b; Shah
et al. 2016; Sebok et al. 2017). In order to ensure the highest
quality, they are collected from the purest waters in Japan,
Brittany, and Hawaii. Algae are collected manually from
boats equipped with a special arm, some mainly, or even
solely, in France (Surget et al. 2017).

Proper procedures for dealing with algae biomass require
a great deal of care from the very beginning. Collection of
algae biomass must be performed in such a way as to ensure
the harvesting of a representative sample. Biomass samples
must be collected from as many sites in a given area (lake,
river) as possible, at appropriate depth and preferably on the
same day. The biomass must be transported to the laboratory
immediately after collection in tightly closed water contain-
ers, at a low temperature and with no exposure to light. In
the laboratory, the biomass is washed many times with dis-
tilled water to remove all contaminants, like sand, other
algae species, and other plants. The washed biomass is sub-
jected to microscopic and DNA analysis to verify the spe-
cies’ composition. The first stage of algae biomass
processing is its drying. In order to preserve and protect the
biologically active substances, the traditional method of
drying in the sun has been replaced with sublimation drying,
in which water is transformed straight from the solid to the
gas phase, omitting the liquid phase. This can be realized by
lyophilization, which takes place in special reactors below
0 °C and under reduced pressure. The biomass is frozen at
—50 °C or with the use of liquid nitrogen to —196 °C. Then,
it is placed in a vacuum, where the water is sublimated.
Then, the biomass is dried at 40-50 °C until it becomes a
constant mass. Algae must be subjected to drying 2—4 h after
their collection; as with longer times, the risk of decay and
decomposition of the biologically active substances
increases. After drying, the biomass is subjected to microni-
zation (homogenization) by, for example, a laboratory
grinder, to obtain the maximum possible comminution. The
small particles obtained in the process can more easily pen-
etrate into deeper layers of the skin and ensure more effec-
tive activity of the bioactive ingredients. The algae biomass
must be stored in the dark and at low temperature (—20 °C),
because many bioactive substances present in it (e.g., carot-
enoids, polyphenols) easily undergo decomposition under
the effect of light and elevated temperature (Fabrowska
et al. 2015a, b).

It seems that algae farming is the best way to provide
valuable biomass. Optimization of growth conditions and
control permit a harvesting free from contaminants and
ensure a standard biomass of high quality. On a small scale,
the growth of algae can also be conducted in laboratories.
The first algae farms appeared in Japan, where microalgae
from the genus Chlorella were grown, followed by farms
growing Spirulina in Mexico. At present, algae farming also
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takes place in the USA, India, and Israel (Borowitzka 2013a,
b). Algae farms are an ecological solution, as they eliminate
excess CO, from the atmosphere and are cost-effective, as
the production of biomass from microalgae is, on average,
5000 tons of dry mass per year (Fabrowska et al. 2015a, b;
Guiry and Guiry 2015).

For production of cosmetics, algae are used in their
micronized form or as extracts.

8.4  Plant Extracts

Recently, consumers have shown increasing demand for
products based on substances derived from natural products.
Contemporary cosmetology has also shown increasing inter-
est in the development of products based on biologically
active substances of natural origin, mostly coming from
plants. The cosmetics market offers an increasing number of
formulations containing plant extracts (Malinowska et al.
2014; Michalak et al. 2017; Szopa et al. 2017).

Plant extracts can be obtained from different parts of the
plant, leaves, stems, roots, flowers, fruit, bark, or seeds,
depending on the localization of the desired biologically
active substance that needs to be extracted. Care must be
taken to collect the plants at the time when they contain the
highest amount of the desired substance. The extracts are
obtained by extraction of maceration (flooding of the raw
product in a solvent) of properly dried and comminuted plant
parts. In order to ensure high-quality products, the plants
should meet strict pharmacopoeian or technological norms.
The raw plant products are subjected to standardization,
which is a set of procedures aimed at ensuring a constant and
repeatable level of biologically active components in each
raw product unit. It permits obtaining standardized extracts
containing components of documented biological activity
and high purity, including microbiological purity (Cefali
et al. 2016; Michalak et al. 2017; Szopa et al. 2017).

For application in cosmetic products, a few types of
extract from dried plant parts are used:

*  Water-glycol extracts, obtained by flooding plant parts in
a mixture of water and propylene or butylene glycol,
which are moisturizing and conserving substances. This
type of extraction is used to isolate saponins, tannins,
mucus, anthocyanins, flavonoids, saccharides, amino
acids, and water-soluble vitamins.

e Glycol extracts, which are less popular than water-glycol
ones because of the high viscosity of glycol, although
they ensure higher microbiological stability and contain a
greater number of biologically active components as gly-
cols, are good solvents.

e Water-alcohol extracts, which are rarely used because of
the drying effect of ethanol on the skin and because their

effectiveness is limited to a small number of low-polarity
substances.

e Glycerin extracts, the glycerin of which ensures addi-
tional moisturizing effect, but the extracts contain smaller
numbers of biologically active components and show
high viscosity.

e (il extracts, obtained by flooding plant parts in a vegeta-
ble oil, synthetic triglyceride, or fatty ester (e.g., octyl
palmitate); this method permits isolation of essential oils,
carotenes, fatty acids, phospholipids, phytosterols, and
lipid-soluble vitamins.

e Dry extracts, containing no more than 5% of water,
obtained by evaporation of the solvent from the earlier
prepared extract, usually of a water-alcohol type.

e Multicomponent extracts, mixed ones obtained by subse-
quent treatment of raw plant products with polar and non-
polar solvents (Martini 2014).

Plant extracts are one of the most numerous and widely
used raw cosmetic products of plant origin. Their widespread
use and popularity stem from the richness of the biologically
active components they contain and thus the multidirectional
effect they have on the skin. Extraction draws out biologi-
cally active substances from the plant parts so that they can
be more effectively used by the skin. The use of an appropri-
ate solvent for extraction, for example, a vegetable oil, can
enhance the cosmetic effect, or it can play an additional con-
serving role. Cosmetics containing plant extracts are milder
and more easily absorbable by the human skin than products
based on synthetic substances; moreover they far more rarely
cause irritation or allergic reaction (Malinowska et al. 2014).
Of course, the marketing aspect is also important, as there is
increasing demand for products that are ecological and of
natural origin (Malinowska et al. 2014; De Lima Yamaguchi
et al. 2015; Michalak et al. 2017; Szopa et al. 2017).

8.5 Algae Extracts

In cosmetic products, extracts from marine algae are most
often used. They are usually subjected to water or lipid
extraction. Water extracts contain water-soluble substances,
such as proteins, polysaccharides, and water-soluble vita-
mins. These extracts are used in moisturizing creams. Lipid
extracts contain phospholipids, glycolipids, free fatty acids,
lipid-soluble vitamins, and steroids and are applied in regen-
erating, nourishing, and protective creams (Fabrowska et al.
2015a, b; Guiry and Guiry 2015). Depending on the type of
extract and its isolated bioactive substances, algae extracts
can have moisturizing, soothing, occlusive, antiaging, anti-
oxidant, anti-acne, and anti-cellulite effects. That is why
algae extracts are applied as ingredients in many cosmetic
products: day and night creams; under-eye, moisturizing,
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antiaging, and anti-acne creams; face masks; shampoos; and
hair conditioners. The extracts from Laminaria ochroleuca,
Laminaria hyperborea, and Chlorella vulgaris Beyer are
those most often encountered. Other species whose extracts
are popular in cosmetic formulations are Chondrus crispus
Stackhouse, Corallina officinalis L., Ulva compressa L.,
Fucus vesiculosus, Ulva lactuca, Laminaria digitata,
Laminaria saccharina, and Spirulina platensis. The extracts
from brown algae are more often used in cosmetic products
than those from green and red algae (Malinowska 2011).
According to the criterion of innovation, the extraction
methods can be divided into the classical and the advanced.
The classical methods, for example, in the Soxhlet appara-
tus, involving shaking and maceration, are gradually being
phased out in favor of modern methods, mainly because of
their low efficiency, long processing time, and use of large
volumes of solvents. Contemporary extraction methods
employ additional physical or chemical agents, such as
hydrolytic enzymes, microwave radiation, and supercritical
solvents, which accelerate the process and increase its yield.
These methods are known as supercritical fluid extraction
(SFE), microwave-assisted extraction (MAE), and enzyme-
assisted extraction (EAE). The methods of extraction are
developed to meet the principles of “green chemistry,” that
is, reduction of both the labor and energy needed and the use
of organic solvents, gas emissions, and production of waste
and wastewater (Michalak and Chojnacka 2014; Fabrowska
et al. 2015a; Esquivel-Herndndez et al. 2017). A correct sol-
vent, or a mixture of solvents, is chosen to correspond to the
physicochemical properties of a given biomass sample and
the target bioactive substances. The choice of solvent
depends mainly on the solubility of the target substance to be
extracted and on the ease of its removal from the extract.
Besides the analyte’s solubility in the extracting solution, the
yield of the process depends on the character of the primary
matrix, its comminution, and the type of bonding made with
the analyte. In order to obtain algae extract of the greatest
possible content of biologically active components, the
method of extraction must correspond to the properties of
these active components. For instance, SFE is effective for
isolation of fatty acids (Messyasz et al. 2015a; Michalak
et al. 2017) and carotenoids (Rastogi et al. 2010; Fabrowska
et al. 2016) from freshwater algae. For isolation of sulfated
polysaccharides, the most effective is hot water extraction in
a Soxhlet apparatus in combination with enzymatic hydroly-
sis (Pankiewicz et al. 2016). The design of new methods for
isolation of bioactive substances from algae biomass is com-
plex and time-consuming. Optimization of extraction condi-
tions is often achieved through the trial and error method, or
it could be supported with the help of computer programs
(e.g., Statgraphics Centurion XVI®; StatPoint Technologies,
Inc., Warrenton, VA, USA) (Fabrowska et al. 2016). The pro-
grams help design the experiment and calculate the optimum

conditions, which significantly shortens the process. The
yield of extraction is influenced by the solvent’s properties,
such as the diffusion coefficient, solvent viscosity, rate of
mass transfer of the extracted substance, and process condi-
tions: time, temperature, and pressure (Herrero et al. 2010;
Onofrejovd et al. 2010; Sanchez-Camargo et al. 2014,
Schroeder et al. 2015).

8.6 Bioactive Compounds in Algae

8.6.1 Fatty Acids

Fatty acids make up a group of aliphatic, lipophilic monocar-
boxylic acids, divided into those that are saturated, in which
carbon atoms make only single bonds, and those that are
unsaturated, in which at least one double bond is present.
The group of polyunsaturated fatty acids comprises a group
of essential fatty acids (EFA) that are necessary for the cor-
rect functioning of the human organism. The essential fatty
acids are divided into omega-9, omega-6, and omega-3,
depending on the number of carbon atoms that make up the
first double bond, counted from the terminal methyl group
(Fang et al. 2004; Molski 2010; Bedoux et al. 2014; Messyasz
et al. 2015a).

Taking into account the biological activity of fatty acids,
those most important for human organisms are the essential
fatty acids. They occur in the intercellular cement of the epi-
dermis corneum, in the skin lipids and subcutaneous tissue.
They are substrates for the synthesis of lipid components of
cell membranes, they regulate production of sebum and epi-
dermis keratinization, and they protect against over-drying
of the skin and exfoliation of the epidermis. In cosmetic
products, they mainly act as emollients, that is, compounds
that soften and smooth the skin and form an occlusive film
on the skin’s surface, protecting against excessive loss of
water and reducing the transepidermal water loss (TWL)
coefficient. The lipid occlusive film on the surface of the skin
also protects against pathogens, which is related to the anti-
inflammatory, anti-allergic, and soothing effect of EFA (Fang
et al. 2004; Bedoux et al. 2014).

Fatty acids are primary metabolites and are stored in algae
cells. Fatty acids are the most numerous group of lipids to
occur in algae. The most widespread fatty acids in nature are
unsaturated acids contained in a molecule of 16 or 18 carbon
atoms. The freshwater alga C. glomerata was found to be a
rich source of fatty acids, and its extract can contain up to
62.5% of them (Pankiewicz et al. 2016). The most abundant
(17.4%) was palmitic acid (C16:0), used in cosmetic prod-
ucts as an emulsifier (Messyasz et al. 2015a). The extracts
from C. glomerata also contained significant amounts of
unsaturated fatty acids from the group of omega-3, omega-6,
omega-7, and omega-9, showing a wider range of biological
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activity. The dominant fatty acid (9.3%) was oleic acid
(C18:1 [n-9]), which reduces transepidermal water loss,
increases skin moisturization, regenerates the epidermis
lipid barrier, and alleviates inflammations (Fabrowska et al.
2015a; Messyasz et al. 2015a). Another unsaturated fatty
acid found in C. glomerata is linoleic acid (C18:2 [n-6]),
which occurs in the intercellular cement of the skin and
shows anti-inflammatory properties (Fabrowska et al. 2015a;
Messyasz et al. 2015a), while a-linoleic acid (C18:3 [n-3]),
also present in C. glomerata, regulates the functioning of the
circulatory system, alleviates hearth arrhythmia, and
increases elasticity of blood vessels (Bedoux et al. 2014). An
interesting fatty acid present in algae is palmitic-oleic acid
(C16:1 [n-7]), which shows strong antioxidant properties
and is well absorbed and tolerated by the skin (El-Baky et al.
2009). The other unsaturated fatty acids found in C. glomer-
ata are stearic acid (C18:4 [n-3]), arachidonic acid (C20:4
[n-6]), and eicosapentaenoic acid (C20:5 [n-3]). They show
skin-regenerating properties and soothing, anti-inflammatory,
and anti-allergic properties; they enhance the immunological
barrier of the epidermis and delay skin aging (Fang et al.
2004; Molski 2010; Bedoux et al. 2014; Fabrowska et al.
2015a). Thanks to the high content of fatty acids, the fresh-
water macroalgae C. glomerata can be used in cosmetology
as components of moisturizing, regenerating, protective, or
antiaging creams.

8.6.2 Carotenoids

Carotenoids are unsaturated hydrocarbons belonging to the
tetraterpene group (40-carbon atom terpenoids). They are
built of isoprene units containing five carbon atoms and are
classified as lipids. Because of their structure, they are non-
polar and are well-soluble in lipids. Their common feature is
the presence of coupled double bond systems, which deter-
mine the carotenoids’ ability to absorb light in a visible range
and their characteristic red-orange color (Widomska et al.
2009; Rivera and Canela-Garayoa 2012). Carotenoids show
strong antioxidant properties, which means that they are able
to fight free radicals and delay skin aging processes. That is
why carotenoids are commonly used in the production of
antiaging cosmetics and diet supplements. They are able to
stimulate fibroblasts so as to synthesize collagen and elastin,
which contribute to the removal of wrinkles and enhance the
elasticity of skin. Moreover, they are active in the processes
of epidermis keratinization, prevent excessive drying of the
skin, and protect the epithelium tissue against damage.
Carotenoids are also involved in stabilization of the work of
sebaceous glands through regulation of lipid management in
the skin, enhance the protective properties of the epidermis,
and reduce the TWL coefficient. As they absorb light, they
are also used in sunscreen lotions and creams. Thanks to

their photoprotective activity, they enhance skin resistance to
sunlight and protect the skin against cancer. Finally, they are
used as natural dyes in lipsticks, face powders, nail polish,
and eyeshadows (Vilchez et al. 2011; Igielska-Kalwat et al.
2012; Bedoux et al. 2014).

Green algae contain lower amounts of carotenoids than
brown or red algae. In green algae, the dominant dyes are
chlorophylls a and b, while among carotenoids, the dominant
dyes are f-carotene, lutein, and zeaxanthin. Brown algae
show high contents of fucoxanthin and p-carotene, while red
algae contain lutein, zeaxanthin, and fB-carotene (Takaichi
2011).

The content of carotenoids in freshwater green algae is
poorly known, and the studies in this field are still in the
initial stage. Relationships between chlorophyll a and carot-
enoids were examined in extracts of freshwater algal popula-
tions in 1967 (Moss 1967), but in 2016, the first results on
the analysis of carotenoids in three species of freshwater
green macroalgae were published (Fabrowska et al. 2016).
The species Chara fragilis Desvaux (syn. Chara globularis
Thuiller) is a rich source of carotenoids and contains fuco-
xanthin, micromonol, astacin, lutein, citranaxanthin, and
mactraxanthin. The green algae species C. glomerata con-
tains fucoxanthin as the dominant carotenoid along with
astacin. In the species U. flexuosa, the presence of deinoxan-
thin and siphonoxanthin was detected. All of these carot-
enoids have been detected for the first time in freshwater
algae species. Particularly interesting was the identification
of fucoxanthin in C. fragilis and C. glomerata, in which this
carotenoid was dominant (Fabrowska et al. 2016). The pres-
ence of fucoxanthin in freshwater green algae is rather sur-
prising, as this carotenoid is more typical of marine brown
algae, in particular, of the species Fucus vesiculosus, Fucus
serratus, Laminaria digitata, Ascophyllum nodosum (L.) Le
Jolis (Le Tutour et al. 1998), and Sargassum muticum
(Yendo) Fensholt (Milledge et al. 2016). Only a few authors
have reported the presence of fucoxanthin in freshwater
macroalgae (Schagerl and Pichler 2000). Fucoxanthin is a
valuable bioactive component, as it is a very strong antioxi-
dant capable of free radical neutralization (Raposo et al.
2015), as well as showing both anti-inflammatory (Heo et al.
2010) and anticancer activities (Padua et al. 2016).
Fucoxanthin inhibits the processes of melanogenesis, so it
can be used as an active ingredient in cosmetic products that
deal with skin discolorations (Shimoda et al. 2010). Another
important carotenoid detected in C. fragilis is lutein, which
shows antioxidative (Raposo et al. 2015), anti-inflammatory
and photoprotective (Bian et al. 2012), and anticancer activ-
ity (Maoka et al. 2012). It is also used in prophylactics and
treatments for eye conditions such as macular degeneration,
cataracts, and pigmentary retinal degeneration (Ma and Lin
2010). The other carotenoids have been less thoroughly stud-
ied, but in general, carotenoids show similar bioactivity and
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are good antioxidants. Because of the content of carotenoids,
extracts from freshwater algae can be used in the future as
components of drugs, diet supplements, and antiaging and
sunscreen cosmetics. Particularly interesting is the freshwa-
ter species C. fragilis, which is the richest source of carot-
enoids from among the green algae studied, containing
fucoxanthin and lutein of well-known desired activities.

8.6.3 Sulfated Polysaccharides

Sulfated polysaccharides (SPs) are made up of a large num-
ber (10-30,000) of monosaccharides linked though glyco-
side bonds and that additionally contain sulfate groups.
These compounds belong to the group of acidic polysaccha-
rides, as they contain acid residues such as sulfate groups
and uronic acids (Ngo and Kim 2013; Martini 2014;
Misurcova et al. 2014). Different types of SP are characteris-
tic of brown algae (Phaeophyta), red algae (Rhodophyta),
and green algae (Chlorophyta), i.e., fucoidans are character-
istic of brown algae, galactans of red algae, and ulvans of
green algae. Ulvans are built mainly of glucose, rhamnose,
xylose, glucuronic acid, and iduronic acid, besides which
they can also contain mannose, arabinose, and galactose
(Robic and Lahaye 2007). The composition of monosaccha-
rides and their connections in ulvans vary depending on
many factors, such as the species of alga, their environment,
the season of the year (Lahaye et al. 1999; Robic et al. 2009),
and the method of extraction (Siddhanta et al. 2001). Their
characteristic features are repeated mers of 3-sulfate of
rhamnose connected via a (1,4)-a-glycoside bond with gluc-
uronic or iduronic acid (Lahaye and Axelos 1993). Similarly
as with other polysaccharides, ulvans are semicrystalline
substances of white color and hygroscopic and soluble in hot
water and alkali solutions; after cooling, they swell in water,
making gels (Alves et al. 2010, 2013). The biological activ-
ity of SPs, including ulvans, is diverse. They have been
proven to show antioxidant (Qi and Sun 2015), antiprolifera-
tive, and apoptotic properties (Ahmed and Ahmed 2014), as
well as immunostimulating (Leiro et al. 2007), anticoagulat-
ing (El-Baky et al. 2009), antihyperlipidemic (Yu et al.
2003), antibacterial (Gadenne et al. 2013), and antiviral
activities (Aguilar-Brisefio et al. 2015). Like other SPs,
ulvans can act as humectants in cosmetic products, that is,
the substances that moisturize the skin through absorption of
water, prevent excessive skin drying, and protect the skin
against toxic chemicals and harmful microorganisms
(Martini 2014). Because of their antioxidative activity (Qi
and Sun 2015), their help in regeneration of skin tissues
(Chandika et al. 2015), and the induction of collagen synthe-
sis related to a high content of rhamnose (Andres et al. 2006),
ulvans can be used in antiaging cosmetics. Taking into
account their antioxidative activity (Qi and Sun 2015), anti-

bacterial activity (Gadenne et al. 2013) and their ability
toward gelation (Alves et al. 2010, 2013), ulvans can also act
as stabilizers, preservatives, and densifiers of cosmetic
products.

SPs are the primary metabolites of algae and are mainly
used as building and storage substances. They are found in
large amounts in algae cell walls, so they are often called
acidic algae polysaccharides (MiSurcovd et al. 2014). The
most numerous group of biologically active compounds
found in algae are carbohydrates, as they make up about 60%
of all biologically active substances produced by algae
(Martini 2014). Only about 6% of reports on polysaccharides
in algae concern freshwater algae, while 94% concern marine
algae. So far, ulvans have only been isolated from marine
algae Ulva species: U. flexuosa; U. lactuca (Castelar et al.
2014); U. armoricana Dion, de Reviers, and Coat; U. rotun-
data Bliding; U. scandinavica Bliding; U. olivascens
Dangeard; U. gigantea (Kiitz.) Bliding (Lahaye et al. 1999);
U. rigida Agardh (Lahaye and Ray 1996); U. clathrata
(Roth) Agardh (Herndndez-Garibay et al. 2010); and U. per-
tusa Kjellman (Pengzhan et al. 2003).

Taking into account the properties and activity of ulvans
(Pankiewicz et al. 2016), their presence in freshwater algae
means that the freshwater species C. glomerata and U. flex-
uosa could act as a new natural raw product with a wide
range of potential applications. Ulvans isolated from these
species can be used in medicine, pharmaceuticals, and cos-
metology and serve as active ingredients with multidirec-
tional activities (MiSurcovd et al. 2014).

8.6.4 Polyphenols

Polyphenols are a complex group of compounds whose char-
acteristic feature is the presence of an aromatic ring contain-
ing two or more hydroxyl groups. According to the number
of aromatic rings in the molecule, groups of simple polyphe-
nols containing a single ring (e.g., gallic acid and pyrocate-
chol) and complex polyphenols containing two or more
aromatic rings (e.g., usnic acid and hypericin) are distin-
guished. Polyphenols include polyphenolic acids, flavonoids,
isoflavonoids, anthocyanins, catechins, coumarins, and stil-
benes (Martini 2014). They are usually colorless, but there
are also some colorful compounds, e.g., flavonoids are
usually yellow, while anthocyanins are blue violet. The pres-
ence of many hydroxyl groups in the molecules of these
compounds determines their antioxidative properties
(Bedoux et al. 2014).

Phenolic compounds show antioxidative and antiradical
activity based on two mechanisms. The first involves inacti-
vation of the reactive oxygen species, while the second pre-
vents the generation of free radicals. Of particular importance
for the cosmetics and pharmaceutical industries are flavo-
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noids. They inhibit the activity of enzymes taking part in free
radical generation, chelate transition metal ions, and protect
vitamin C against oxidation. Apart from that, flavonoids
show a protecting effect on blood vessels, preventing their
brittleness and breaking, and so are used in preparations for
care of couperose skin and treatment of varicose veins and
atherosclerosis. Polyphenols also show anti-inflammatory,
anti-allergic, and anti-swelling activity. Isoflavonoids, which
are derivatives of flavonoids, alleviate skin irritation and
inflammation, protect against UV radiation, and reduce sun-
burns. They can be used in antiaging preparations, as they
show antioxidative activity and stimulate synthesis of colla-
gen, elastin, and hyaluronic acid in the skin, which improves
skin elasticity, density, and moisturization. Phenolic acids
are known to have an anti-inflammatory effect and antibacte-
rial, antifungal, and antiradical activity (Bedoux et al. 2014).
Their range of biological activity makes polyphenols desir-
able ingredients in cosmetics for mature skin, sensitive skin,
and couperose skin. Algae are rich in polyphenols, which are
produced as secondary metabolites in these plants. They are
synthesized in response to stress and protect against biotic
factors, e.g., attack of pathogens, and abiotic factors, e.g.,
UV radiation and the presence of heavy metals (Molski
2010; Stengel et al. 2011). Brown algae and certain green
algae from the class of Zygnematophyceae contain large
amounts of complex polyphenols, e.g., fucoles, phlorethols,
and fucophlorethols. These compounds belong to the group
of phlorotannins and show bacteriocidic and fungicidal prop-
erties; they are antioxidants and are able to chelate metal ions
(Czerpak and Jabtonska-Trypué¢ 2008). Particularly rich in
phlorotannins and other polyphenols are the marine species
of brown algae Ascophyllum nodosum, Fucus vesiculosus
(Pavia and Toth 2000), and Eisenia bicyclis (Kjellman)
Setchell (Machu et al. 2015). Red algae (e.g., Palmaria pal-
mata (L.) Weber and Mohr, Porphyra tenera Kjellman),
green macroalgae (Ulva clathrata, Ulva rigida), and green
microalgae (Chlorella pyrenoidosa Chick, Spirulina platen-
sis) also contain polyphenols, but in far lower amounts than
brown algae (Pefia-Rodriguez et al. 2011; Yildiz et al. 2012;
Machu et al. 2015; Longo and Hay 2017). Data in the litera-
ture on polyphenols in freshwater algae are very scarce. For
instance, in freshwater species C. glomerata, the presence of
coumaric acid, benzoic acid (Kartal et al. 2009), and metoxy-
phenyl and phenyl ester (Amornlerdpison et al. 2011) has
been established, while Chara hispida L. is known to contain
coumaric acid (Kartal et al. 2009). Alcohol extracts of C.
fragilis, C. glomerata, and U. flexuosa have been studied and
checked for the presence of phenolic compounds, applying
the Folin-Ciocalteu method. The highest total content of phe-
nolic compounds from among the green algae studied was
found in C. fragilis, and this species has the highest potential
or applications as a natural source of polyphenols (Fabrowska
et al. 2016).

8.6.5 Macroelements and Microelements

Ions of macro- and microelements are vital for correcting the
functioning of the human organism. Macroelements are
defined as those elements needed by the human organism in
large amounts, the daily demand for macroelements reaching
over 100 mg. This group of elements includes carbon, oxy-
gen, calcium, phosphorus, sodium, potassium, chlorine, sul-
fur, and silicon. Microelements are those elements needed by
humans in trace amounts, that is, in amounts less than 100 mg
per day, and this group includes boron, zinc, fluorine, iodine,
cobalt, magnesium, copper, molybdenum, selenium, vana-
dium, and iron (Molski 2010; Bedoux et al. 2014). Each of
these elements has a specific role in the organism, and many
of them are important for skin condition, so both macro- and
microelements are desirable ingredients for cosmetics and
diet supplements.

Algae contain many macro- and microelements, and their
ions occur in these plants in a well-absorbable form. The
important aspect is the biosorption process. Novel dietary
feed supplements can be produced through biosorption, in
which micronutrients are bonded with biological material.
The process is controlled by the equilibrium between func-
tional groups and micronutrient ions, yielding the products
with controlled release properties (Michalak et al. 2015).
Algae are the source of such macroelements as sodium,
potassium, calcium, and chlorine and contain considerable
amounts of microelements, such as zinc, copper, iodine, iron,
and manganese (Martini 2014; Fabrowska et al. 2015a). The
presence of these elements in the algae thalli is related to the
fact that algae cell walls can be easily penetrated by com-
pounds of low molecular mass, such as water, gases, or ions
(Wang and Chen 2009). That is why the marine algae show a
higher content of iodine and potassium in the biomass than
the freshwater algae. Results of elemental analysis of the
freshwater species C. glomerata have proven that this algae
species is a rich source of calcium, potassium, and magne-
sium and, in smaller amounts, also contains sodium, iron,
copper, and zinc. The particularly high content of calcium in
C. glomerata can be related to the presence of diatoms living
on the thallus of this alga. The contents of macro- and micro-
elements in C. glomerata indicate the potential of application
of this alga in the cosmetic industry (Messyasz et al. 2015a).

8.7  Application of Algae in the Cosmetics

Industry

One of the primary aims of contemporary cosmetology is to
maintain the youthful look of the skin for as long as possible.
To achieve this, cosmetology proposes antiaging cosmetics
that not only reduce the already present wrinkles and discol-
orations, but should prevent the aging of the skin that may be
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caused by different factors in the first place. A very important
cause of aging processes is the activity of free radicals, e.g.,
the reactive oxygen species (ROS). The reaction of free radi-
cal generation is initiated by light, with the conducive effect
of heavy metals that act as catalysts in free radical transfor-
mations. As a result of a chain reaction, the chemically reac-
tive radicals are formed. Their characteristic feature is the
presence of unpaired electrons whose reactivity may damage
the cell components: proteins, lipids, DNA, and others. This
damage contributes to the aging of the skin and to the devel-
opment of cancer changes. To prevent these changes, cosme-
tology offers antioxidants or radical scavengers that are able
to deactivate the free radicals (Tonnesen and Karlsen 2002;
Molski 2010; Pielesz 2010; Stengel et al. 2011). Particular
care is taken to offer antioxidants of natural origin, consis-
tent with the recent tendency to search for highly effective
naturally active ingredients, mainly originating in plants.

Both marine and freshwater algae are known to contain
antioxidants, so their antioxidant properties have been stud-
ied by many authors (Samarkoon and Jeon 2012). The
research group has studied and confirmed the antioxidant
potential of red algae Mastocarpus stellatus (Stackhouse)
Guiry by the FRAP (ferric reducing ability of plasma)
method (Gémez-Ordénez et al. 2012). Another research
group has reported on the antioxidant properties of different
macro- and microalgae species, studied, e.g., by the DPPH
(2,2-diphenyl-1-picrylhydrazyl) method of radical reduction
(Ngo et al. 2011). Algae have been shown to contain sponta-
neous antioxidants that directly deactivate free radicals, as
well as the complex antioxidants that chelate the heavy metal
cations, acting as catalysts of oxidation and converting them
into non-dissociating complexes. The spontaneous antioxi-
dants that occur in algae are vitamins C and E, polypeptides,
phenolic compounds, S-carotene and other carotenes, astax-
anthin, and other xanthophyllic dyes (Molski 2010; Bedoux
et al. 2014). The chelating antioxidants present in algae are
alginic acid and alginates, ulvans, polyphenols, fucoles,
phlorethols, fucophlorethols, and certain peptides, e.g., the
carnosine (f-alanyl-L-histidine) present in red algae
Acanthophora delilei Greville (Fleurence 2004; Fabrowska
and Leska 2012). The antioxidants present in algae not only
protect the skin against free radicals but also the components
of cosmetic products sensitive to oxidation, e.g., vitamin E
protects lipids against peroxidation (Romera et al. 2007;
Molski 2010).

Algae have become one of the most attractive and widely
used sources of natural bioactive substances used in contem-
porary cosmetic production. They are usually used in micron-
ized form, as a powder or extract (Fabrowska et al. 2015a).
As they contain a wide range of biologically active com-
pounds, amino acids, proteins, carbohydrates, fatty acids,
vitamins, polyphenols, and macro- and microelements,
depending on the species and environment they grow in,

algae are used in different cosmetic preparations. They are
the source of many valuable active ingredients and demon-
strate a number of the activities mentioned below (Stolz and
Obermayer 2005; Pielesz 2010; Bedoux et al. 2014; Martini
2014):

— Provide nourishing substances for the skin and protect the
skin against destructive environmental factors

— Purify the skin from toxins, alleviate inflammations, and
show bacteriostatic activity

— Enhance osmosis in intercellular space and cellular
metabolism

— Enhance the synthesis of collagen and elastin, improve
skin elasticity and firmness, restore the correct pH

— Purify the tissues through removal of harmful products
from metabolism and accelerate decomposition of any
excess of lipids

— Regenerate the skin, delay the aging processes, protect
against free radicals

— Protect the skin against UV radiation and photoaging

— Regulate the work of sebaceous glands and absorb sebum

— Alleviate skin irritations, help heal wounds

— Contribute to the removal of cellulite, stretch marks, pso-
riasis, and acne

— Protect against loss of moisture and moisturize the skin

Moreover, alginates contained in algae increase the stabil-
ity of cosmetic products, regulate their consistency, act as
densifying agents, facilitate spreading, and protect O/W
emulsions against drying. Algal dyes, chlorophyll (green),
fucoxanthin (brown), astaxanthin (pink), zeaxanthin (yel-
low), phycoerythrin (red), and phycocyanin (blue), are used
for production of color cosmetics (lipsticks, eyeshadows,
nail polish) (Molski 2010; Pielesz 2010; Bedoux et al. 2014;
Martini 2014). Extracts from many algae show bacteriostatic
and skin-healing properties (Rao et al. 2010; Cox et al. 2014;
Akremi et al. 2017).

Algae can be used in all types of cosmetic products.
Because of a wide range of activity of their active compo-
nents, they are used in skin creams for dry, damaged, mature
skin, mixed skin, and oily skin with a tendency toward acne.
Algae extracts are used in cosmetic balms, tonics, milks, face
masks, sunscreen preparations, skin-firming preparations,
anti-cellulite products, shampoos, hair conditioners, soap,
shower gels, peeling creams, color cosmetics, and other
products (Molski 2010; Pielesz 2010; Martini 2014).

The extracts from freshwater algae also contain many
antioxidants and moisturizing substances, so that they are
expected to be used as raw cosmetic products in the future.
The antioxidative properties of algae extracts studied in vitro
are described in Fabrowska et al. (2016), while the in vivo
studies of cosmetic O/W emulsions containing extract from
C. glomerata are reported in Fabrowska et al. (2017).
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According to the results of Fabrowska et al. (2016), the algae
species C. fragilis shows the greatest antioxidative potential,
because it has the richest content of bioactive substances,
including carotenoids and polyphenols. The extracts from U.
flexuosa showed the greatest antioxidative potential from
among freshwater green macroalgae.

There is evidence that after a 4-week application of a
cream with the extract from C. glomerata, skin elasticity and
moisturization significantly increased (Fabrowska et al.
2017). The extracts from the algae species described above
can be used in cosmetic products of different types, because
they contain a wide range of bioactive substances of different
activities: moisturizing, nourishing, antiaging, or anti-
wrinkle. The moisturizing activity of algae extracts is related
to the presence of humectants (sulfated polysaccharides) and
emollients (fatty acids). The nourishing properties of the
green algae studied are related to the presence of fatty acids,
while their antiaging activity relates to the presence of anti-
oxidants (carotenoids and polyphenols). Extracts from fresh-
water algae can be used in sunscreen body lotions, because
of the relatively high content of carotenoids and phenolic
compounds protecting against UV radiation. They can also
be used in face masks, shampoos, and hair conditioners.
Thanks to the content of a variety of minerals, e.g., calcium,
magnesium, and zinc, along with ulvans and fatty acids, the
extracts from C. glomerata can be active ingredients in face
masks of moisturizing and nourishing activity. The content
of foam-producing sulfated polysaccharides in this algae
species means that its extracts can be used in shampoos.
Moreover, the fatty acids and polysaccharides occurring in
C. glomerata are commonly used as moisturizing agents and
ingredients in hair conditioners and face masks (Molski
2010; Bedoux et al. 2014).

A number of bioactive compounds detected in freshwater
green algae of antioxidative and moisturizing activity and
capable of improving skin elasticity open up perspectives for
the use of their extracts as an effective cosmetic raw product.
An additional argument for using this group of algae in cos-
metic products is their high availability — mass blooming in
water bodies taking place every year — and thus the poten-
tially low cost of harvesting the material.

All of the above arguments confirm that not only marine
but also freshwater algae have high potential as natural raw
cosmetic products.
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seaweeds are commonly known, having been produced
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stimulate the growth and yielding of plants in a very effi-
cient way because of their action at low concentrations.
Concentrations of phytohormones depend mainly on the
botanical origin of the obtained biomass, the time and
place of its collection and the method of extraction of the
active compounds. Plant growth regulators are obtained
mainly from brown algae, due to the relatively high
content of those substances and their consistent
accessibility throughout the year. Algal extracts are often
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ammonium phosphate, potassium sulphate and additional
doses of growth hormones. The composition of such
products may influence not only the growth and
development processes in plants but also indirect factors
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well as to promising modern methods of extraction of
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Seaweeds: Great Potential for Use
in Agriculture

9.1

Seaweeds have been used in agriculture for thousands of
years. Their history reaches back to ancient Roman times,
when plant seedlings were wrapped with algae to create
good conditions for their growth. In the coastal areas of
Europe, farmers used the biomass of seaweed washed up
onto the shore by the sea, mixing the algae with soil or mak-
ing compost out of them. The agricultural usage of algae in
the form of untreated biomass or compost has been tested in
many field trials. However, since 1950, the use of algal bio-
mass has been almost completely superseded by products
containing extracts from various species of algae that have
gained the approval of customers all over the world.

Plants, including algae, produce hundreds of biologically
active compounds belonging to such chemical groups as
polysaccharides, sterols, phenolic compounds and fatty
acids. Commercially, not only is algal biomass used as bio-
fertilizer, but so are the compounds isolated from algae in the
form of pure chemical entities or extracts containing frac-
tions of compounds, such as polysaccharides (laminarin,
alginates and carrageenans) and their degradation products.
Other plant growth-enhancing ingredients are micro- and
macrominerals, betaines and, perhaps the most important,
phytohormones (du Jardin 2015).

9.2  Active Ingredients in Seaweed

Extracts

The concentration of active compounds depends on the spe-
cies, the harvesting site, the season, environmental condi-
tions and the extraction method used. These compounds not
only play very important functions in plant cells and algae
but also show interesting properties for other groups of
organisms, including humans. In addition, plants and algae
also synthesize compounds that act as regulators of growth
and development that occur at very low concentrations. The
best known phytohormones are auxins, cytokines and gib-
berellins; however, there are many other compounds that can
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regulate the growth and development of photoautotrophic
organisms.

Plant hormones are believed to be one of the most active
components of seaweed extracts. These low-molecular-
weight compounds, which are derived from groups with
different chemical structures, can affect plant metabolism in
very low concentrations. On the other hand, in higher doses,
plant hormones can cause adverse effects and inhibit
important processes occurring in plants (Tarakhovskaya
et al. 2007).

Seaweeds are extremely rich in polysaccharides, which
exhibit numerous biological activities. The total content of
polysaccharides in algae varies from 4% to 76% of the dry
weight of these organisms. These natural polymers serve in
seaweeds as cell wall structural building blocks or as storage
compounds. The basic polysaccharides of the cell wall of the
green algae are ulvans, while red algae have agarans and
carrageenans. In turn, brown algae contain alginates,
fucoidans and laminarin as storage polymers (Jiao et al.
2011). Some polysaccharides, i.e. the carrageenans of red
algae, are known plant stress response elicitors (Shukla et al.
2016).

Fatty acids are also a very important component of sea-
weed cells. Depending on the purpose and species of alga,
both unsaturated and saturated fatty acids will be present.
Usually, the total content of these compounds reaches 10%
of dry weight, but in some cases, this value is much higher.
For biofuel feedstock, a high content of saturated fatty acids
has been established, for instance, in Spatoglossum macro-
dontum. On the other hand, species rich in polyunsaturated
fatty acids may be used as nutraceuticals, e.g. Derbesia
tenuissima (Gosch et al. 2012).

Phenolic compounds, as well as flavonoids, exhibit strong
antioxidant properties; therefore, biosynthesis of these
substances after exposure to stress factors is enhanced. A
high total content of these compounds was determined in
such species as Fucus vesiculosus, Fucus serratus and
Ascophyllum nodosum. Brown algae contain the highest
amount of phlorotannins, compared to green and red algae,
up to 25-30% of dry matter, whereas in green and red algae,
the content is maintained at a level of about 10% of dry
matter (Singh and Sidana 2013).

Betaines serve as osmoregulators and osmoprotectants,
which accumulate in cells during drought or temperature
changes, thus playing an important role in the process of
maintaining turgor and preventing dehydration (Mantri et al.
2012).

Besides the groups of compounds listed above, seaweed
cells contain a diverse assortment of biologically active
compounds, which may affect plant growth synergistically
or antagonistically, as well as impose stimulatory or
inhibitory effects.

9.3  Acquisition of Bioactive Compounds

from Seaweeds

Many reports indicate that seaweeds contain relatively high
concentrations of macro- and microelements, as well as plant
hormones, amino acids, antibiotics and vitamins that are
necessary for the development and growth of terrestrial
plants. The chemical composition of algal extracts depends,
to a large extent, on the extraction method and solvents used
in the process. For this reason, the activity of extracts
obtained from the same species, but using different extraction
methods, may vary widely. Extraction of active ingredients
from a plant matrix can be impeded by the presence of the
cell wall. Frequently, in such cases, methods of breaking up
the cells or crushing the biomass to be extracted at a later
stage are used. There are several basic pretreatment methods
for biomass, i.e. mechanical shredding or enzymatic
hydrolysis (Nabti et al. 2017).

The choice of extraction method plays a very important
role at the beginning of every experiment in which active
ingredients are being isolated from complex matrixes.
Economic considerations are essential in the course of
obtaining substances from natural sources, so analysis of the
costs associated with the extraction processes is often a
crucial step in transferring the production process from the
laboratory to the industrial scale. Nowadays, these methods
are expected to be eco-friendly, less time- and money-
consuming, easy and reproducible and, more than anything
else, produce the highest possible yield. In many cases,
researchers can reduce the number of experiments carried
out by implementing statistical methods in experimental
designing. After choosing the experimental design, which
helps to estimate which experiments should be carried out in
the area of study, optimization with the response surface
methodology can be applied. These methods help to limit the
number of tests and predict the best possible conditions for
the experiment, depending on which variables need to be
evaluated in the process (Bezerra et al. 2008). Independent
variables like temperature, pH, time of extraction and impact
of the solvent used are often considered.

Depending on the solubility of the desired compounds in
water, or in organic solvents, and the specific pH of the
solutions used, various methods of extraction may also be
supported by several cell wall degradation techniques that
can be applied in the isolation step of the research. Generally,
higher yields can be obtained when the applied method of
extraction has the ability for good matrix penetration and cell
disruption. What is more, the different polarities of the
solvents allow us to isolate the molecules of interest from
seaweeds or remove unwanted substances (Zvyagintseva
et al. 1999). Additives like urea, humic acids, ammonium
phosphate, potassium sulphate and additional doses of
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growth hormones are often present in the composition of
seaweed-based biostimulants.

So far, many methods of extraction have been utilized to
obtain extracts containing carbohydrates at the highest
possible yield, including alkaline and acidic extraction,
enzyme-assisted extraction, reactive extrusion, pressurized
liquid extraction, ultrasonic-assisted extraction, microwave-
assisted extraction and supercritical fluid extraction (Kadam
et al. 2013; Michalak and Chojnacka 2015).

9.4 Species Used for the Production

of Biostimulants

The most widely utilized group of algae for agricultural
purposes are brown seaweeds, among which Ascophyllum
nodosum is the most important and most common. Out of
47 seaweed-based products, listed in the review by Sharma
et al., more than 50% contain extracts made out of
Ascophyllum nodosum. Other species that are used for the
manufacturing of plant growth stimulants are Fucus spp.,
Laminaria spp., Sargassum spp. and Turbinaria spp.
Brown algae are a good substrate for production, as they
can reach notable sizes, are available throughout the year
and can be cultivated if the natural resources are all spent.
Kappaphycus alvarezii is an example of red algae that
have been used in the production of biostimulants. In lab-
oratory-scale experiments, Ulva spp. (green algae) are
commonly used as the substrate biomass for preparation of
extracts (Table 9.1).

Most of the products of this kind are derived from Asia,
the United Kingdom, Brittany in France, near South Africa’s
western coast, the coastal regions of Norway, the United

Table 9.1 Some of the commercially available products containing
seaweed extracts

Name of
product Species Type of algae
Kelpak® Ecklonia maxima Brown
Goemar Ascophyllum nodosum algae
BM86®
SeaTop® Ascophyllum nodosum
Maxicrop® Ascophyllum nodosum
Seamac® Ascophyllum nodosum
SuperFifty Ascophyllum nodosum
Chase SM6® | Ascophyllum, Laminaria, Fucus
Tri-Kelp™ Laminaria, Sargassum, Ascophyllum
nodosum
Seasol® Durvillaea potatorum
Aquasap™ Kappaphycus alvarezii Red algae
Vegegrow™ | Kappaphycus alvarezii, Eucheuma Red and
denticulatum, Sargassum polycystum | brown
algae

States or Canada, because of the great availability of the raw
material and its good processing properties (Sharma et al.
2014).

9.5 Direct or Indirect Stimulation of Plant
Growth Conditioned by the Method

of Algal Extracts Application

Due to the diversity of active compounds present in seaweed
cells, the growth and development of cultivated plants can be
affected in two ways. Seaweed extracts or products containing
such ingredients have a positive impact on crop plants, not
only because of the direct stimulation of their growth and
metabolisms, e.g. nutrient uptake, but also indirectly, through
improvement of the soil condition (hydration, structure) or
enhancement of the number of soil microorganisms resulting
from the creation of favourable conditions for their
development. Products containing algal extracts not only
stimulate the growth and development of crops, thus
increasing the yield, but also improve their quality and nutri-
tional values (Battacharyya et al. 2015).

For laboratory tests evaluating the effect of new agricul-
tural products, several species of plant possessing certain
features are usually chosen. The preliminary tests are usually
carried out on model plants like Arabidopsis thaliana or
other plants with a very fast growth rate. Sometimes, plants
of high economic importance, or those that are the basic
source of nutrients for big populations and that grow in envi-
ronments with significant climatic changes, are chosen.

In most studies describing tests on plants, the first step
consists of assessment of the application method for a new
biostimulating product, e.g. algal extract. Several methods
are usually utilized, such as seed treatment, foliar spraying,
soil enrichment, soil drenching (before or after sowing) or a
combination of these. Also, the concentration, volume and
number of doses must be adjusted before supplementing the
plants in the fields. In many cases, the field experiments do
not reflect the laboratory tests, since under field conditions,
the combination of all of these factors may mitigate the
beneficial effects of the applied biostimulator, and thus the
significant results are not obtained in some cases.

The impact is determined by comparing the following
parameters in relation to the control series: number of
germinated seeds, weight and length of the shoots and roots,
number and surface of leaves, photosynthetic dye content,
total content of phenolic compounds, flavonoids, proteins,
lipids, nutrient uptake or antioxidant potential. Also, the
activity of germination and antioxidative enzymes may be
one of the factors evaluated. In further stages of plant
development, the number of flowers, fruits and total yield is
also evaluated (Povero et al. 2016).
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9.6 Seaweed Composts in Plant Nutrition
The earliest written references concerning preparation of
composts were dated approx. 2300 BC and were discovered
in the Akkadian Empire. However, the great bloom of
popularity of compost application was observed in the
twentieth century, as the detailed studies relating to compost
performance became available. The technology of compost
production subsequently improved, as the numerous
experiments of the time provided confirmation about the
usefulness of compost as a soil additive. To date, several
contemporary composting systems have become common,
such as windrow composting, silo systems and both reactor
and nonreactor composting (open air) (Fitzpatrick et al.
2005). In many cases, the composted biomass consists of
seaweed, fish waste (fish bones, shrimp shells, etc.), straw,
peat or other organic wastes, in order to obtain a final, mature
compost filled with highly nutritional compounds for the
cultivation of crops.

Mixes of green algae Ulva ohnoi and sugarcane bagasse
were used in the composting process, and the different ratio
of each biomass was tested in order to obtain the proportion
of C:N. The composting process lasted 16 weeks, and the
C:N ratio was measured before and after this period of time.
This was an important parameter, because plants sown in
compost with a C:N ratio higher than 20:1 have limited
access to nitrogen. Several mature composts were then mixed
with soil in which sugarcane seedlings had been placed.
Compost rich in seaweed biomass resulted in a sevenfold
higher total above-ground biomass of sugarcane than low
seaweed composts and a fourfold higher total above-ground
biomass than sugarcane grown in commercial compost that
did not contain seaweed. Researchers concluded that the
high proportion of nitrogen (C:N; 22:1) in the initial biomass
for composting containing 82% of seaweed is highly
beneficial for the tested plants and that the Ulva biomass is
able to retain these nitrogen levels throughout the composting
process. Due to the fact that, during the composting process,
carbon losses are observed, the initial biomass should usually
contain a slightly higher C:N ratio than 20:1 (Cole et al.
2016).

In the greenhouse trials, the activities of fish-seaweed-
pine bark waste compost in several doses, as well as
application of one dose of mineral fertilizer and a certified
organic fertilizer made from dehydrated broiler litter on a
tomato crop and its residual effects on the succeeding lettuce
crop, were compared. The control treatment was without
fertilization. The main species of seaweed present in the
compost were Laminaria spp. and Cystoseira spp. All of the
treatments were performed as superficial ploughing. The
activity of fish-seaweed compost at a dose of 66 t ha™! was
found to be the most effective in fertilization of tomato

plants, with increased fruit weight and larger fruit diameter
compared to crops receiving mineral fertilization or no
fertilization. Also, the yield in terms of fresh weight of
lettuce, which was sown in the soil previously occupied by
tomato plants, was greater in comparison with the control in
the trials with fish-seaweed compost. The best results in the
case of the fresh weight of lettuce were obtained in the
treatment with broiler litter. As tomato plants demand more
nutrients than lettuce, it was possible to obtain good outcomes
in both experiments, as they were correctly organized. Also,
the residual effect of organic fertilizer application may lead
to increased production for up to 4 years after the initial
application, which makes such treatments superior to
traditional mineral fertilization (Illera-Vives et al. 2015).

A similar set of organic and mineral fertilizers (fish-
seaweed-pine bark compost, dehydrated broiler litter,
mineral fertilizer) was used by Illera-Vives et al. in trials
with potato plants (Solanum tuberosum). The yield obtained
by the highest dose of marine-based compost was the greatest
(53% over the control), but all of the treatments gave superior
yield in comparison with the control plants, although in some
cases, the differences were not significant (Illera-Vives et al.
2017).

Seaweed Extracts Stimulate
the Growth of Plants

9.7

Biostimulants prepared out of macro- and microalgae can
positively influence plant metabolism, enhancing respiration,
chlorophyll production, photosynthesis, nucleic acid
synthesis and ion uptake. Such products also enhance water-
holding capacity and antioxidant formation (Sharma et al.
2014). Seaweed and seaweed extracts affect plant growth,
and greater responses might be obtained, especially when
plants grow under optimal environmental conditions, in
terms of temperature, water, nutrient access and lack of
harmful pathogens (Calvo et al. 2014).

Application of liquid extracts of the brown marine alga
Stoechospermum marginatum was evaluated on the growth,
biochemical changes and yield of brinjal (Solanum
melongena), a vegetable crop. A promoting effect was
noticed with the use of extract concentration up to 1.5%. The
assessed parameters of shoot and root length, total fresh and
dry weight, leaf area and content of moisture, photosynthetic
pigments, protein, amino acids, reducing sugars, ascorbic
acid and nitrate reductase activity were found to be enhanced
in the leaves of the brinjal plants. Higher concentrations of
the seaweed extract (above 1.5%) were found to show a
retarding effect on all of the growth parameters of the tested
plant. Algal extracts impact quite a number of parameters
related to the growth and development of the studied plants,
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suggesting that they are the right products for self-use
(Ramya et al. 2015).

In the studies by Safinaz and Ragaa, the effect of biomass
of three species of red algae on the content of macroelements,
shoot length and root length and their mass, as well as the
number of maize leaves in potted tests, was investigated. The
dried and powdered algae Laurencia obtusa, Jania rubens
and Corallina elongata in the amount of 3 g kg=! of soil
applied singly and in combination over a 60-day cycle were
used for the study. Regardless of the biomass used, all shoots
exhibited a significant increase in length compared to the
controls, and the largest, an almost 50% increase, occurred
with the mixture of Laurencia obtusa and Jania rubens. The
same mixture significantly affected the potassium content (+
61.84%), while the use of Jania rubens only resulted in a
significant increase in nitrogen (+ 129.23%) compared to the
control. These studies confirm the usefulness and
appropriateness of using unprocessed red algal biomass as a
source of nutrients and for stimulating the growth of crops
(Safinaz and Ragaa 2013).

Foliar application of microalgal extract stimulated the
growth of Solanum lycopersium and Capsicum annum
plants. Extract of Spirulina platensis containing mainly
polysaccharides was used in the different growth stages of
test plants. Plant growth was enhanced after treatment with a
polysaccharides solution, 30% over the control for tomatoes
and 20% for peppers. What is more, the weight of the tomato
roots increased by 230%, while in case of peppers, the
improvement was 67%. The number of nodes per plant was
also higher in both test plants, as well as leaf area. These
findings suggest that total polysaccharide extract is a
promising plant growth enhancer (Elarroussia et al. 2016).

Presoaking of seeds of Zea mays L. and Helianthus ann-
uus L. in a seaweed extract solution was performed in order
to evaluate the activity of compounds isolated from
Gracilaria corticata and Enteromorpha flexuosa. Seaweeds
were also distributed for mixing with soil and as a solution
for irrigation. Greenhouse trials were performed at room
temperatures. In further stages of experiment, after 60 days,
it was observed that treatments with both species of seaweed
gave superior results in comparison with the control;
however, better results were obtained after the use of
Enteromorpha flexuosa extract. Application of seaweed
extracts enhanced shoot length, root length, shoot and root
dry weights, photosynthetic pigments, carbohydrate and
protein contents and nutrient uptake. Also, the presence of
phytohormones in the extracts was evaluated with gas
chromatography. This study revealed that Enteromorpha
flexuosa extract was richer in plant hormones, especially
from the cytokinins class, which may be attributed to better
growth results (Omar et al. 2015).

An interesting example of the stimulation of oil plant
metabolism by algae preparation may be the use of a product

available under the trade name Aquasap™. Karthikeyan and
his collaborators used a biostimulator containing
Kappaphycus alvarezii extract in field studies involving
peanut and sunflower seedlings. Better crop yield (31.69%
for nuts and 51.30% for sunflower compared to the control)
and increased oil content in plant seeds treated with 5%
solution (15.77% for sunflower and 14.27% for walnut) were
observed. Application of the seaweed-based product greatly
influenced crop yield and quality in terms of nutritional
values (Karthikeyan and Shanmugam 2015).

Effect of Seaweed Extracts on Plants
Affected by Biotic and Abiotic Stress

9.8

Environmental pollution, global warming and environmental
anomalies, often caused by human activity, cause plants and
algae to be permanently exposed to various environmental
stressors. These factors can be divided into two groups, i.e.
biotic (related to plant diseases or the presence of pests) and
abiotic factors. The latter include temperature fluctuations,
droughts or floods, excessive salinity, heavy metal pollution,
excessive radiation and the presence of organic pollutants
such as herbicides, pesticides and insecticides (Vardhini
2015). A changing climate and greater demand for food due
to an increasing population number have caused an ongoing
search for products that mitigate the effects of these changes
on crops. Stress tolerance mechanisms have been widely
studied, but many of the explanations remain unknown
(Sangha et al. 2014). As the seaweed extracts are rich in
bioactive compounds, products containing such extracts
have been tested on plants growing under stress conditions,
e.g. drought, temperature changes, salinity or pathogen
attack (mostly fungal or bacterial) (Van Oosten et al. 2017).
Signals of environmental stress can lead to severe changes in
plant metabolism and morphology. However, similar
morphogenic responses such as inhibition or elongation,
changes in cell differentiation or regulation of cell division
are found to be induced by different stressors (Patakas 2012).

9.8.1 Drought

Plant response to drought corresponds with many changes on
the molecular, biochemical and physiological levels. Water
deficiency affects plant growth through limited photosynthesis
and aperture of stomata. Under such conditions, plants are
also vulnerable due to possible oxidative stress triggered by
reactive oxygen species. Plants can deal with drought by
following a few mechanisms: (a) drought avoidance, (b)
drought tolerance, (c) drought escape and (d) drought
recovery. The first two mechanisms are the main ones that
plants exhibit. Under conditions of water shortage, plants



108

B. Gorka et al.

can sustain a sufficient water level in their tissues by limiting
water transpiration connected with stomatal closure and
enhanced wax production or by increased water uptake
through the net of roots (Fang and Xiong 2015). Roots, as
place of nutrient and water uptake, are very sensitive to
changes in the physicochemical parameters of the soil.
Nowadays, insight into plants’ mechanisms for coping with
drought and rewatering, together with investigation of
possible compounds that may minimize water stress, is very
important. This could be very useful in the cultivation of
plants exposed to severe climatic changes (Xu et al. 2010).

For the purpose of increasing drought tolerance, numer-
ous studies have been conducted, in which extracts of the
brown seaweed Ascophyllum nodosum have been widely
exploited. Besides that, a few reports are available in the
literature concerning the application of green algal extracts
on plants in order to verify their activity during water
shortages.

One example of the utilization of an Ascophyllum nodo-
sum-based product (Acadian®) was the research by
Martynenko and co-workers explaining the effect on soy-
beans during induced drought stress. In this experiment,
thermal imaging was used for evaluation of leaf temperature
changes, with leaf turgor and angle also being measured.
During the first 2 days of drought, leaf surface temperature
increased, while on the third day, a decrease was observed,
for both the treated and the untreated plants. However, after
this period of time, it was concluded that treatment with the
seaweed-based product gave positive results, due to the sto-
matal closure connected with the action of abscisic acid and
maintaining of leaf turgor, as the treated plants adapted to
drought conditions (Martynenko et al. 2016).

A greenhouse experiment was conducted to evaluate the
effects of foliar application of an Ascophyllum nodosum
seaweed extract (AZALS) on the growth, nutrient uptake and
yield of winter wheat in a surface soil. The experiments were
performed in soil with 75% and 45% water field capacity,
with and without additional nitrogen sources, and the plants
were treated with two concentrations of AZALS. Results
revealed a beneficial effect of seaweed extracts on all tested
parameters of the wheat, but only if the N-fertilizer was
present. This fact may suggest that seaweed extracts
stimulated the wheat for better soil nutrient uptake. In the
case when the water field capacity decreased, twice the
higher concentration of seaweed extract was required to
obtain similar positive effects as with 75% water field
capacity (Stamatiadis et al. 2014).

In the experiments by Elansary, Ascophyllum nodosum
extracts at concentrations of 5 and 7 mL L~! were applied as
a soil drench or foliar spray on Spiraea nipponica
“Snowmound” and Pittosporum eugenioides ‘““Variegatum”.
Drought stress was indicated by watering with the volume of
water reduced by 50%. There were no significant differences

between tested parameters when plants obtained the usual
dose of water, and results were only slightly better in the case
of a content of phenolics and flavonoids. Treatment with a
higher dose of seaweed extract during moderate drought
gave a better outcome in the case of increasing the phenolic
and flavonoid content and reducing proline accumulation, as
well as enhancing plant water status and gas exchange
parameters. Also, the leaf number and area, dry weights and
plant heights recorded for seaweed extract treatments were
superior to those in the control (Elansary et al. 2016).

Extracts of Ulva rigida and Fucus spiralis were used as a
foliar treatment on bean plants (Phaseolus vulgaris L.) under
severe and moderate drought conditions. Growth parameters,
chlorophyll, glycine, betaine and phenolic compound content
and antioxidant enzyme activity were all assessed. Foliar
applications of two seaweed extracts with a concentration of
25% were effective and helped treated plants to overcome
stress and improved their vegetative growth. Increased
activity of antioxidant enzymes, like ascorbate peroxidase,
superoxide dismutase and catalase, and polyphenol content
may indicate that seaweed extract treatments contributed to
the protection mechanisms against peroxidation and
enhanced tolerance against water shortages on bean plants
(Mansori et al. 2015).

A similar experiment using Ulva rigida extract was also
performed by Mansori et al., but in this case, the plants were
of the common herb Salvia officinalis L. Induced drought
represented three levels of water field capacity (82, 18 and
7%). Vegetative growth parameters such as shoot length and
number and area of leaves during water shortage were
enhanced after the application of seaweed extract. Highly
beneficial results were obtained after spraying with 25%
seaweed extract during moderate water stress; this treatment
led to growth parameters increased by 40% in comparison
with the control plants. Also, the phenolic compound content
and activity of antioxidant enzymes were superior in treated
plants, an outcome that suggests that seaweed extract protects
plants against lipid peroxidation induced by water stress
(Mansori et al. 2016).

Container-grown ‘“Hamlin” sweet oranges, trees of
“Carrizo” citrange and “Swingle” citrumelo rootstocks were
treated weekly with a commercial extract of the brown
seaweed Ascophyllum nodosum at doses of 5 and 10 mL L
as foliar sprays or a soil drench. Drought stress was induced
by watering the plants with an amount of water decreased by
50%. It was noticed that trees that were treated with seaweed
extracts and subjected to drought had better water relations,
e.g. higher stem water potential, but only in the case of soil
drenches. Also, stress vulnerability was reduced in plants
treated with extracts in comparison with the control. Growth
of untreated plants was reduced by 30% during the drought
period. Application of seaweed extracts turned out to be a
viable approach for maintaining the growth of citrus nursery
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trees grown under greenhouse conditions in non-uniform
irrigation systems (Spann and Little 2011).

However, in some cases, tolerance towards drought was
not being enhanced, even when the seaweed extracts were
applied, although the growth parameters increased. This may
be caused by the fact that specific species of plant may be
vulnerable to such abiotic stress factors, no matter what kind
of protecting agent is used. Crucial in such situations was the
method of application, e.g. substrate drench or foliar
application, as in the research by Li and Mattson. Treatments
with Ascophyllum nodosum extract were performed on
Petunia hybrida and Solanum lycopersicum in order to
evaluate the effect on plant growth and tolerance during
drought. Foliar application of seaweed extract resulted in
enhanced growth and postharvest life of petunia and tomato
transplants, but stress tolerance was not enhanced in this
case. Drenches with seaweed extract improved the stress
tolerance measured in terms of leaf angle changes (Li and
Mattson 2015).

The effect of Ascophyllum nodosum extract application
through foliar application, soil drenching and a combination
of both on spinach in a growth chamber experiment was
evaluated. Drought stress was induced by irrigating the
plants with doses of water reduced by 50%. Under full
irrigation, seaweed extract had no effect on leaf growth,
physiology or nutrition value, but under drought stress, it
improved plant growth. The phenolic, flavonoid and
carotenoid content, and antioxidant capacity, was not affected
by treatment with seaweed extract. The consequences caused
by mild drought stress in Spinacia oleracea L. might be
mitigated by application of Ascophyllum nodosum extract
(Xu and Leskovar 2015).

Excessive use of mineral fertilizers in dry soil, providing
loads of nitrogen, may cause root degradation and therefore
degradation of the whole plant, or it may lead to certain
diseases. During field plot experiments on creeping bentgrass
(Agrostis palustris Huds.) grown in soil enriched with
nitrogen (in urea form), the application of fortified
Ascophyllum nodosum extract and a solution of propiconazole
was examined. In addition, each of the treatments was
enriched with a chemical compound containing chelated iron
ions. Drought stress was induced after transplanting the plant
into metal containers, by placing them under a rain shelter
for 3 weeks. After that, the plants were irrigated to water
field capacity three times a week. Their leaf colour, water
status and cumulative evapotranspiration Se-Kwon Kim
were measured during the period when water was withheld.
Foliar application of plant growth stimulators, regardless of
the addition of iron ions, positively affected the leaf water
status of the treated plants. Creeping bentgrass grown in soil
with high nitrogen fertility exhibited greater cumulative
evapotranspiration during water shortages. Researchers
noted that plants that obtained an additional source of cyto-

kinin-like substances during drought were able to maintain
integrity of their tonoplast membrane and repress lipoxygen-
ase (the enzyme responsible for leaf senescence). After
3 weeks of drought, the application of plant growth regula-
tors had a beneficial impact on root growth, and a lower
amount of wilting of leaves was observed (Nabati et al.
2008).

9.8.2 Temperature

Changes in temperature during the night and day force plants
to adapt and sustain optimal conditions inside their cells in
order to carry out the necessary physiological processes.
Several complex responses are performed, depending on the
directions of temperature changes, duration and rate. During
heat stress, plants may induce evaporative cooling by opening
their stomata, reduce the surface area exposed to sun by
decreasing leaf turgor and change leaf orientation or even
cause them to fall off. Reduced temperatures can result in
plant dormancy or excretion of antifreezing compounds into
the cytoplasm, so as to lower the freezing temperature of
plant fluids (Zinn et al. 2010; Walbot 2011; Bita and Gerats
2013). Fluctuations in temperature strongly affect plant
development and productivity; thus, products alleviating the
effect of such changes are strongly desired. Optimal
temperatures for the growth of plants strongly depend on the
considered species. For each species, a defined range of
maximum and minimum temperatures form the boundaries
of observable growth. For most plant species, vegetative
development usually has a higher optimum temperature than
reproductive development (Hatfield and Prueger 2015).

Arabidopsis thaliana was used as the model plant in the
temperature stress tests evaluating the activity of Ascophyllum
nodosum extracts and their lipophilic fractions. Application
of extracts significantly increased tolerance to freezing
temperatures during in vitro and in vivo assays. Untreated
plants exhibited severe chlorosis and tissue damage and
failed to recover from freezing treatments, while the extract-
treated plants recovered from freezing temperatures of 7.5 °C
in vitro and 5.5 °C in vivo assays. What is more, during the
recovery stage after the period with decreased temperature,
plants treated with seaweed extracts exhibited 70% less
chlorophyll damage in comparison with untreated plants.
That suggests that Ascophyllum nodosum extracts are able to
induce specific systemic physiological responses in plants
(Rayirath et al. 2009).

Two cucumber (Cucumis sativus L.) cultivars were
exposed to low temperature conditions (7 = 1 °C) and the
effect of the application of seaweed extracts (seaforce and
seamino). Decreased temperature was set after the expansion
of cotyledon leaves. Such developmental parameters as
number of female flowers and fruit setting percentage were
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enhanced after treatment with seaweed extracts. Also, the
yield in terms of number of fruit per plant, fruit weight, yield
per plant, yield per square metre and total yield were
significantly increased and was greatest in treatments that
combined both seaweed products. Low temperature did not
strongly affect the yield of cucumber, but the tests carried out
confirmed the beneficial effect of the foliar sprays with
seamino and seaforce (Sarhan and Ismael 2014).

9.8.3 Salinity

Salinity causes water stress, which limits the growth of the
plant; affects photosynthesis, cell elongation and
differentiation and stomatal closure; reduces leaf expansion;
and causes leaf senescence, deterioration of energy
production and biosynthesis of many important bioactive
compounds (Carillo et al. 2011). Plants have developed a
collection of responses at the molecular, cellular, metabolic,
physiological and whole-plant levels that ease the occurrence
of salt stress. Among them, ion homeostasis, ion transport
and uptake, biosynthesis of osmoprotectants, activation of
antioxidant enzymes and production of antioxidant
compounds, synthesis of polyamines, generation of nitric
oxide and hormonal regulation can all be enumerated (Gupta
and Huang 2014). Salinity of soil or water may influence
plant growth and cause adverse effects in the metabolism,
yield or quality of vegetables and crops. Some plants exhibit
higher salt tolerance and are called halophytes, while species
that cannot cope with salt stress as well are called glycophytes;
more importantly, most crops belong to the second group.
That is why it is so relevant to enhance the resistance of these
plants and search for products able to maintain good crop
health, regardless of the negative environmental conditions.

One approach being investigated is the application of
Ascophyllum nodosum seaweed extracts. In the research by
Aziz et al., the growth, flowering and chemical constituent
performance of Amaranthus tricolor plants were investigated,
influenced by application of seaweed Ascophyllum nodosum
extract under salt stress conditions. Four concentrations of
saline water were used for irrigation. Growth parameters
decreased in the series where the concentration of salt was at
the level of 2000 ppm and 3000 ppm. Treatment with
seaweed extract alleviated the salt stress, and what is more,
scientists noted that watering with 1000 ppm saline water,
together with foliar application of 2.5 mL L' of seaweed
extract, produced superior results for vegetative growth,
flowering and chemical constituents of Amaranthus tricolor
plants (Aziz et al. 2011).

Guinan and co-workers have described the resistance of
the lettuce “Little Gem” towards salinity stress in the
presence of seaweed extracts. Two Ascophyllum nodosum
extracts were applied, one prepared in the elevated

temperature media, over 125 °C, and the second in a
temperature below 75 °C. A significant difference in growth
between the treated lettuce and the control was observed,
when the salinity conditions occurred. The high-temperature
extract increased lettuce weight by about 42%, while the
low-temperature extract resulted in about 28%. Under
nonsaline conditions, no noteworthy effects of the extracts
were observed (Guinan et al. 2012).

Another example of treatment with Ascophyllum nodo-
sum extract during salt stress is the experiment by Hegazi
et al. Three levels of salt concentration combined with three
concentrations of seaweed extract were tested on eggplants
in pot experiments. Seaweed extract alleviated the negative
effects of induced salinity on eggplants up to certain,
moderate concentrations of NaCl. Salt stress enhanced the
activity of antioxidant enzymes — superoxide dismutase and
ascorbic peroxidase. Treatments with Ascophyllum nodosum
extract positively affected the total content of tannins and
phenolic compounds and chlorophyll, as well as vegetative
growth (Hegazi et al. 2015).

Seeds of the radish Raphanus sativus L. were primed with
the extract of either Codium taylorii or Pterocladia capillacea
and then sown in clay-sandy soil and left to grow for 35 days.
During that period, seedlings were under the effect of either
150 or 200 mM NaCl, and the control was pure water.
Adverse effects of salinity were visible in decreased water
content, shoot length, photosynthetic pigments and total
lipid content. Researchers also carried out a molecular
analysis of the leaf protein profile of the radishes treated with
seaweed extracts, which produced results about newly
synthesized stress proteins. This suggests that seeds primed
with such extracts might serve as a great tool in procedures
that alleviate salinity stress (El-Aziz Kasim et al. 2016).

Water extract from the green algae Ulva lactuca was used
in order to evaluate the growth of salinized wheat plants.
Seeds of Triticum aestivum L. were presoaked in algal
extracts for 12 h prior to sowing on sterilized Petri plates.
Concentrations of NaCl water solution within the range of
50-250 mM were added after germination of the plants. The
experimental period lasted 7 days, and after that, several
parameters were measured. Enhancement of seed germination
in the salinized plants was observed, together with the
seedlings’ dry-fresh matter. What is more, the enzyme
activity measurements revealed increased activity of catalase
and superoxide dismutase with the increasing concentration
of seaweed extract used for seed treatment. On the other
hand, ascorbate peroxidase and glutathione reductase activity
decreased. Presoaking of grains with Ulva lactuca extracts
alleviated salinity stress and induced the formation of 12 new
protein bands in the protein pattern of the treated plants
(Ibrahim et al. 2014).

Foliar application of seaweed extract on Foeniculum vul-
gare during salt stress was then tried. A dose of 4.5 mL L~!
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significantly increased plant height, stem diameter, dry
weight of the vegetative growth and the roots’ fresh weight
in the second season, compared to the control, although the
application of 25 g L' of active dry yeast gave the best
results. Other treatments were performed with humic acid
solutions and amino acids. All of the examined growth
enhancers positively affected the growth of fennel. Superior
results were obtained in the analysis of essential oil content
in the series in which seaweed extract was used (Mostafa
2015).

Rouphael et al. measured the physiological and anatomi-
cal effects, as well as the changes in mineral composition, of
greenhouse zucchini squash (Cucurbita pepo L.) treated with
Ecklonia maxima extract (Kelpak®) during induced salinity
stress on three levels. Foliar application of seaweed extract
increased yield and shoot biomass by 12.0% and 17.4%,
respectively, as well as the fruits’ dry matter and total soluble
solid contents in comparison with untreated plants. This
research also indicated changes in leaf morphology, as the
sizes of stomata, increased lamina thickness and volume of
intercellular spaces in the mesophyll were influenced by the
application of saline water. Treatment with seaweed extract
enhanced the marketable yield and shoot biomass production
of zucchini (Rouphael et al. 2016).

The total carotenoid, tocopherol, phenolic and protein
contents in whole grains of wheat plants irrigated with 10%
and 20% (v/v) seawater, in response to water extracts of the
microalgae Spirulina maxima and Chlorella ellipsoidea,
were measured. Additionally, some exogenous plant growth
enhancers, such as ascorbic acid and benzyladenine
treatments, were investigated to compare the effectiveness of
the algal extracts. Results showed that application of algal
extracts triggered the production of biologically active
substances in wheat. The accumulation of higher amounts of
antioxidant compounds in the yielded grains was observed in
the plants treated with 20% saline water and the extract of
Spirulina maxima, in comparison with other treatments.
Overall, algal extracts helped wheat plants to overcome the
salt stress, also improving the content of antioxidative
components and proteins, which make such whole grains
more attractive to consumers (El-Baky et al. 2010).

9.8.4 Pathogen Attack

Plants, especially those growing outdoors under field condi-
tions, are constantly exposed to pathogen attack. The defence
mechanism against such invasions is based on the combina-
tion of two elements: physical barriers (e.g. cuticle), which
inhibit the pathogens from gaining access to the internal tis-
sues of plants, and biochemical processes, which take place
in the cells and lead to the production of toxic compounds or

substances that inhibit the growth of pathogens inside the
plant (Jibril et al. 2016).

As one of the primary vegetables in many countries, the
tomato and its cultivation deserve special attention. That is
why in many researches, information concerning good
practices and protective agents are described. The work of
Jiménez et al. might serve as the most exemplary example of
research concerning the application of seaweed extracts as
agents mitigating pathogen infection. Aqueous and ethanolic
extracts obtained from nine species of seaweed, Macrocystis
pyrifera, Macrocystis integrifolia, Lessonia nigrescens,
Lessonia trabeculata, Durvillaea antarctica, Gracilaria
chilensis, Porphyra columbina, Gigartina skottsbergii and
Ulva costata, were tested on tobacco leaves (Nicotiana
tabacum L.) infected with tobacco mosaic virus and tomato
plants (Solanum esculentum, cv. Patron) infected with the
fungus Botrytis cinerea. Additionally, microplate tests
evaluating the antibacterial potential of seaweed extracts on
Erwinia carotovora and Pseudomonas syringae and
antifungal activity against Phytophthora cinnamomi and
Botrytis cinerea were performed on proper media. Extracts
were prepared from the biomass collected in four subsequent
seasons during 1 year. Results indicated aqueous and
ethanolic extracts of Durvillaea antarctica as the most
effective among others against the tobacco mosaic virus.
Lessonia trabeculata organic extract inhibited bacterial
growth of Botrytis cinerea and reduced necrotic lesions on
tomato leaves. Also, the extracts of Gracilaria chilensis were
found to be able to reduce the growth of Phytophthora
cinnamomi. What is more, this research also assessed the
activity of extracts prepared from the biomass collected in
different seasons, and in some cases, dissimilarities were
revealed. Such information indicates the best time to collect
the seaweeds from the Chilean coast that possess
antipathogenic activity (Jiménez et al. 2011).

In the work of Esserti et al., the effectiveness of Cystoseira
myriophylloides, Laminaria digitata and Fucus spiralis
methanolic extracts against the tomato pathogens Verficillium
dahliae and Agrobacterium tumefaciens has been evaluated.
Greenhouse experiments resulted in the inhibition of
mycelial growth, no matter which seaweed was used to
prepare the extract, but seed treatment was found to be a
superior method of extract application to foliar spraying.
What is more interesting, the in vitro test of seaweed extract
on the fungal pathogen did not show any inhibiting activity;
thus, the researchers proposed the mechanism of induced
resistance as the best course of action. In the case of the
bacterial pathogen, a significant reduction of crown gall
disease was obtained after application of extracts made from
Cystoseira myriophylloides and Fucus spiralis (Esserti et al.
2017).

Begum et al. evaluated the activity of Turbinaria conoides
extract against the root rot pathogen Fusarium oxysporum.
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The greatest inhibition of mycelial growth was measured on
the plates on which 15% and 20% seaweed extracts were
applied, even up to 6 days after incubation. As Fusarium
fungi are one of the main pathogens for tomatoes, this study
revealed great potential of Turbinaria conoides alcoholic
extracts as protective agents in the cultivation of Lycopersicon
esculentum Mill (Begum et al. 2016).

Another research in which tomatoes (Solanum lycopersi-
cum) served as the test plant is the work of Herndndez-
Herrera et al. Water-soluble compounds extracted from the
green algae Ulva lactuca and Caulerpa sertularioides and
the brown algae Padina gymnospora and Sargassum lieb-
mannii were assessed as potential protection agents against
the necrotrophic fungus Alternaria solani. Tomato seedlings
were sprayed with seaweed extract solution 30 days after
sowing. After that, plants were infected with fungus, and the
severity of the disease was evaluated after another 15 days.
Tomato plants treated with algal extracts exhibited signifi-
cantly infected leaf areas in comparison with the control
plants. Among the main compounds of the extracts, ulvans,
alginates, fucans and laminarin (f-1,3 glucan) were also
present; all of the named polysaccharides are known to trig-
ger defence responses. Algal extracts increased activity of
defence enzymes such as polyphenol oxidase, guaiacol per-
oxidase and proteinase inhibitors, suggesting that applica-
tion of such extracts may alleviate the biotic stress of plants
infected with Alternaria solani (Hernandez-Herrera et al.
2014).

One more research concerned tomatoes, in which alkaline
extracts of Ulva lactuca, Sargassum filipendula and Gelidium
serrulatum were used on tomato plants infected with
Alternaria solani and Xanthomonas campestris pv.
vesicatoria. During the trials, the extracts applied reduced
disease severity, and elevated rates of activities of defence
enzymes were observed. Treatments with such phytoelicitors
caused activation of jasmonate defence systems, as well as
salicylic acid signalling pathways, thus alleviating a pathogen
attack (Ramkissoon et al. 2017).

Foliar spray and soil drenching with Stimplex™, a formu-
lation made with the extract of Ascophyllum nodosum, were
used on cucumbers during biotic stress in the greenhouse
experiment. Treated plants were inoculated with four fungal
pathogens, including Alternaria cucumerinum, Didymella
applanata, Fusarium oxysporum and Botrytis cinerea. A
combination of both methods of extract application was
found to be the most effective one in reducing the infections.
Also, the activity of defence-related enzymes, including
chitinase, p-1,3-glucanase, peroxidase, polyphenol oxidase,
phenylalanine ammonia lyase and lipoxygenase, was
enhanced in the treated plants, as well as the concentration of
phenolic compounds (Jayaraman et al. 2011).

The effect of seaweed extract application and its activity
towards the necrotrophic pathogens Sclerotinia sclerotiorum
and Alternaria brassicae was examined in the greenhouse

experiment on lettuce seedlings in the controlled environment.
Ascophyllum nodosum extracts prepared with low- and high-
temperature extractions were assessed as agents that alleviate
effects of the infection. Local and systemic reductions of
lesions were observed in plants treated with low-temperature
extract, while on the other hand, high-temperature extracts
were more effective in mitigating salinity stress (as in the
example described earlier). Such experiments lead to the
conclusion that seaweeds possess numerous biological
activities and that the method of final product preparation is
extremely important. Knowledge about preparation with
proper parameters is essential in order to obtain a product
that will fit certain requirements (Guinan et al. 2012).

9.8.5 Postharvest Treatment

Postharvest treatments are widely used in order to maintain
and extend the shelf life of fresh products, such as fruits and
vegetables. Currently, several physical and chemical methods
of saving such fresh product properties as appearance,
texture, flavour and nutritional value are being performed.
Among them, heat treatment, irradiation, edible coatings,
nitric oxide and sulphur dioxide and gaseous treatments (e.g.
ethylene, ozone) are widely used to keep horticultural
products fresh during storage, transport and distribution
(Mahajan et al. 2014).

There is also some information concerning the application
of seaweed extracts as protective agents. Among the available
data, the research by Augusto and co-workers might serve as
a source of valuable knowledge. In this study, the application
of Fucus spiralis, Bifurcaria bifurcata, Codium tomentosum
and Codium vermilara extracts as postharvest treatments in
minimally processed Fuji apples was investigated. Slices of
apples were stored at low temperature, and after 20 days, after
application of the seaweed extracts, the moisture content,
soluble solid concentration, firmness and browning index
were evaluated, as well as the activity of enzymes responsible
for the response during stress connected to cutting. Based on
the obtained results, researchers concluded that 0.5% Codium
tomentosum extract may serve as a potential natural additive
for postharvest treatment, due to a reduced browning index,
as the extract imposed an inhibitory effect on polyphenol oxi-
dase and peroxidase (Augusto et al. 2016).

Another example of the use of a seaweed-based product
as a protective agent, prolonging the shelf life of fruits, was
described by Omar. Orange fruits Citrus sinensis were
dipped in the seaweed extract Alga600® and in solutions of
calcium chloride in order to compare the effect of natural and
mineral postharvest treatments. After that, the oranges were
stored at decreased, or even room, temperature. The
evaluation parameters measured every 15 days were as
follows: weight loss, percentage of fruit rot, percentage of
soluble solids, titratable acidity, vitamin C and total and
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percentage reducing sugars. Treatment with 4% seaweed
extract increased storage life in terms of fruit quality, weight
loss and fruit decay, as compared with calcium chloride and
controls (Omar 2014).

9.9 Conclusions

Even the most resistant crops cultivated all over the world
need continuous care and maintenance of the conditions for
their growth and development. The examples of the use of
algal biomass, as well as extracts and commercial products
described in this chapter, clearly support advantageous use of
those materials as stimulators of plant growth and develop-
ment. The positive effect on plant metabolism and stimulation
of defence responses to stress factors seem to be the most
important benefits. Most studies concern the use of natural
biostimulants in countries with large populations, where large
plant production is thus required, e.g. India and Thailand.
These countries often have access to naturally occurring algae
along their coastal areas, and hence this type of fertilization is
preferred because of the availability of algae and the reduc-
tion of soil degradation, as well as the possibility of avoiding
the costs associated with the use of mineral fertilizers.

Due to the fact that algal extracts can be used in tests
determining their effect on plant growth and development
without providing detailed composition, qualitative and
quantitative analyses may be omitted. However, thanks to
development of the techniques of instrumental analysis, the
composition of extracts, especially with respect to plant
hormones, is often determined, because too high a dose may
adversely affect the treated plants.

Numerous examples of treatments with seaweed extracts
have proven their effectiveness in many ways. Small amounts
of seaweed extract expended on the treatment of plants may
lead to great beneficial outcomes, not only in regard to
optimal growth conditions but also under different biotic and
abiotic stress conditions.
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Abstract

Currently, legislation restricts the use of mineral fertiliz-
ers and pesticides and thus forces a new approach to
reducing the use of chemical products through either par-
allel application or partial replacement with formulations
capable of enhancing the efficiency of conventional treat-
ment. Among the natural materials of such capability are
algae, which contain a variety of biologically active com-
pounds verified to have a beneficial influence on plants.
Algal derivatives have been confirmed to provide crops
with nutrients, increase biomass production, and activate
the natural ability of plants to respond properly to stress
agents. Depending on the formulation, algae-based prod-
ucts might show the functionality of organic fertilizers or
components of organo-mineral fertilizers, soil amend-
ments (improvers), (bio)stimulants, and pesticides.
However, current European rules are not harmonized at
the union level. Until a single market is established,
algae’s potential for plant growth enhancement will not be
sufficiently developed. There are, however, new strategies
for elaborating EU-wide standards and regulations gov-
erning products obtained within value chains based on
secondary feedstock.

Keywords

Sustainable agriculture - Plant stress - Signaling path-
ways - Phytohormones - Phlorotannins - Algal
polysaccharides

10.1 Introduction

A discussion about modern agriculture and associated strate-
gies for the future is of current relevance. On one hand,
increasing population growth necessitates the development
of activities that will enhance crop yields and prevent their
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loss as the result of abiotic' and biotic? stress conditions,
while on the other hand, forthcoming regulations restrict the
use of mineral fertilizers and chemical plant protection prod-
ucts to limits that make it difficult to cope with the relevant
issues (Pimentel 1997; Van Velthuizen 2007; Balconi et al.
2012). According to recent trends, improvement of plant pro-
ductivity — meaning enhancement of both efficiency of nutri-
ent use and stress resistance — would preferably be effected
through solutions that develop plants’ natural capability for
adaptation over the multiplication of agrochemical input.
The reduction of chemical plant protection products is of
particular concern, as they accumulate in plants and soil,
posing a risk to humans, along with the environment, and
lead to pathogen drug resistance. Hence, partial replacement
of chemicals with naturally based substitutes that do not gen-
erate residues is expected to provide cultivation that is free
from pathogens and toxic constituents. As treating plants
with active compounds of biological origin has been proven
to influence the growth and quality of crop yield beneficially,
various natural sources have been investigated (Cutler and
Cutler 2000; du Jardin 2012), with algae included among the
leading choices.

The applicability of algae to agriculture has been known
since plant breeding became a practice (Milton 1964; Caliceti
et al. 2002; Craigie 2011). In the 1960s and 1970s, the ben-
eficial effect of algae on plants became a subject of research
(Booth 1969; Blunden 1971; Lyn 1972; Stephenson 1974).
At that time, the value of algae related to primary nutrient
content was suggested as being complemented by the activ-
ity of micronutrients and metabolites (Booth 1969), shed-
ding new light on the material (Beckett and Van Staden 1989;
Crouch et al. 1990; Hankins and Hockey 1990).

! Abiotic stress — negative effect or condition suffered by a living organ-
ism as a result of exposure to nonliving factors, including high and low
temperatures, drought, humidity, light intensity, supply of water and
minerals, CO,, salinity, heavy metals, and ozone (Schulze et al. 2005;
Ferrero 2014).

Biotic stress — negative effect or condition suffered by a living organ-
ism as a result of interactions with other organisms, leading to infection
(pathogen attack), mechanical damage (including trampling), symbio-
sis, or parasitism (Schulze et al. 2005).
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As subsequent algae-derived enhancers of plant growth
were identified, their potential to regulate plant reaction
pathways appeared (Sanderson et al. 1987; Crouch and Van
Staden 1993; Stirk et al. 2004; Rayorath et al. 2007; Khan
et al. 2009; Sharma et al. 2012a). The algae-based products
capable of enhancing plant resistance and mitigating damage
caused by external agents are still used worldwide as emer-
gency kits in cases of both abiotic and biotic stress (Demir
et al. 2006; Spinelli et al. 2010; Zhang and Ervin 2004). The
current chapter focuses on algae derivatives suitable for plant
treatment and their market potential through the current and
forthcoming European regulations.

10.2 Algal Bioactive Compounds for Use
in Agriculture

Algae, as bio-based material, are a good source of macro-
and micronutrients (Ito and Hori 1989; Ruperez et al. 2002;
Rao et al. 2007; Sharma et al. 2012b, 2014). Besides, they
are well known for their high content of biologically active
compounds. However, there are several derivatives of par-
ticular interest when taking plant treatment into account:
plant hormones (phytohormones) and hormone-like com-
pounds, poly- and oligosaccharides, and phenolic com-
pounds (Craigie 2011).

Phytohormones and hormone-like compounds naturally
occur in terrestrial plants, playing a crucial role in the regula-
tion of growth, development, and reaction to stimuli. Such
constituents have also been identified in algae. Since they
meet the expectation of beneficial effects when applied to
plants externally, phytohormones and derivatives have been
the best described algae-based compounds for plant treat-
ment (Tarakhovskaya et al. 2007; Craigie 2011; Sharma
et al. 2014). In Table 10.1, the biological activity of major
plant hormones and hormone-like constituents is reviewed.

Signaling pathways mediated by hormones and hormone-
like compounds might be induced by poly- and oligosaccha-
rides, which comply with one of the most frequently reported
metabolites derived from algae (Kraan 2012). Besides their
wide use in the food industry (see Chap. 4), poly- and oligo-
saccharides show potential for agricultural application,
which is summed up in Table 10.2.

Similar to phytohormones, stress and defense response in
both terrestrial plants and algae also involves phenolic com-
pounds (Bhattacharya et al. 2010; Onofrejova et al. 2010).
The compounds differ in their available structure as a given
source is considered. Among algae, brown seaweeds, includ-
ing Ascophyllum sp., Ecklonia sp., Fucus sp., Sargassum
fusiforme, Ishige okamurae, Saccharina japonica, Sargassum
thunbergii, and Undaria pinnatifida, were proven to contain
phenolic constituents defined under the common name phlo-
rotannins. Phlorotannins — subclassed into fuhalols and

phlorethols, fucols, fucophloroethols, and eckols — are not
found in terrestrial plants (Nagayama et al. 2003; Parys et al.
2007; Yoon 2008; Yoon et al. 2008; Li et al. 2009, 2011). At
the same time, typical plant polyphenols, flavonoids, have
not so far been isolated from algal biomass (Onofrejova et al.
2010). Despite their origin and chemical differences, both
algae and plant phenolic compounds are produced during the
organism’s exposure to nonliving stress agents and patho-
gens. Thus, they show a great biological effect — meaning
antioxidant, radioprotective, antiviral, and antimicrobial
activity, along with the capability to regulate enzyme-medi-
ated reactions (Schmitz-Hoerner and Weissenbock 2003; Clé
et al. 2008; Li et al. 2011). Such an effect is expected from
plants treated with algal phenol metabolites. As high-value
products, fractionated phlorotannins are components of
nutraceuticals, pharmaceuticals, and cosmeceuticals (Li
et al. 2011), while for agricultural purposes, phenolic-con-
taining extracts are used instead (Craigie 2011).

Among high-value compounds extracted from algae,
there are two groups with especially high potential for appli-
cation when taking into account plant growth and develop-
ment — carotenoids and fatty acids. The former participates
in key physiological processes, i.e., respiration and photo-
synthesis, as well as influencing plant functioning at the
level of enzyme- and hormone-dependent regulation, includ-
ing mechanisms against stress and pathogen attack
(Cazzonelli et al. 2010). The latter, usually associated with
storage material, comprises essential components of the lipid
bilayer in biological membranes. As such, fatty acids are
involved in coordination of the majority of vital cellular
functions and responses affecting the proper work of the
plant body (Du Granrut and Cacas 2016; Hou et al. 2016).
Because of the market value, the practice of using carot-
enoids and fatty acids in agriculture is weak. Instead, appli-
cation of supercritical algal extract rich in the compounds of
interest seems to be the promising approach (Michalak et al.
2016).

Both the composition diversity of biomass and the multi-
tude of its processing configuration enable various algae-
based products to be applied in plant treatment. A brief
description of the legal conditions for launching such prod-
ucts in the European market is given in the next section of the
chapter.

10.3 Applicability of Algae-Based Products
According to the Current
and Forthcoming Legislation

Although fertilizers are considered low-value products, agri-
culture itself has remained one of the major industrial sec-
tors. Thus, great attention is paid to implementing the
sustainable growth concept in activities related to plant
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Table 10.1 The activity of phytohormones and hormone-like compounds when applied to plants

Compound

Effect on plants®

Abscisic acid

Phaeophyceae: species of Ascophyllum, Saccharina

Promotion of drought resistance by induction of protein
synthesis and stomatal closure

Chlorophyta: species of Ulva

Induction of protein storage in seeds

Microalgae: species of Chlorella, Dunaliella,
Haematococcus

Induction of seed dormancy

Induction of gene transcription for proteinase inhibitors

Inhibition of shoot growth

Auxins Phaeophyceae: species of Ascophyllum, Ecklonia, Fucus, | Induction of elongation growth
Laminaria, Macrocystis, Nereocystis, Sargassum,
Undaria
Chlorophyta: species of Caulerpa, Cladophora, Ulva Promotion of root formation and growth
Rhodophyta: species of Botryocladia, Pyropia Involvement in phloem differentiation
Microalgae: species of Chlorella Induction of apical dominance
Cyanophyta: species of Chlorogloeopsis, Oscillatoria Induction of tropisms
Betaines Phaeophyceae: species of Ascophyllum, Fucus, Role of methyl donor
Laminaria Role of nitrogen source when provided in low concentrations
Role of osmolyte at higher concentrations (osmoregulation)
Induction of drought, high salinity, high temperature, and frost
resistance
Induction of resistance to osmotic stress induced by drought
and salinity stress
Induction of defense response in pathogenesis
Involvement in slowdown of leaf chlorophyll degradation
Brassinosteroids | Chlorophyta: species of Hydrodictyon Involvement in cell division, growth by elongation, vascular
differentiation
Promotion of ethylene production
Inhibition of root growth
Cytokinins Phaeophyceae: species of Ascophyllum, Cystoseira, Most crop responses to seaweed-based products
Ecklonia, Fucus, Macrocystis, Sargassum, Undaria
Rhodophyta: species of Pyropia Promotion of cell division and morphogenesis
Charophyta: species of Chara Promotion of protein synthesis
Microalgae: species of Chlorella, Chlamydomonas, Induction of lateral bud release
Desmococcus, Mychonastes, Scenedesmus
Cyanophyta: species of Arthronema, Calotrix Promotion of leaf expansion (cell enlargement)
Euglenophyta: species of Euglena Stimulation of chlorophyll synthesis, promotion of chloroplast
maturation, and delay of leaf senescence (cell cycle control)
Enhancement of stomatal opening
Ethylene Phaeophyceae: species of Ecklonia Induction of senescence
Induction of defense response
Gibberellins Phaeophyceae: species of Cystoseira, Ecklonia, Fucus, Induction of seed germination — activation of a-amylase
Petalonia, Sargassum
Chlorophyta: species of Caulerpa, Ulva Enhancement of plant stem elongation
Rhodophyta: species of Pyropia
Jasmonates Phaeophyceae: species of Fucus Induction of defense and stress responses
(oxylipins) Rhodophyta: species of Gelidium Synthesis of proteinase inhibitors
Microalgae: species of Chlorella Promotion of tuber formation and senescence
Dunaliella, Gelidium Inhibition of growth and seed germination
Cyanophyta: species of Arthrospira
Euglenophyta: species of Euglena
Lunaric acid Chlorophyta: species of Ulva Similar functions to abscisic acid
Polyamines Rhodophyta: species of Gelidium, Grateloupia Influence on stability of various conformational states of RNA

and DNA

Phaeophyceae: species of Dictyota

Involvement in growth, cell division, and normal development

Chlorophyta: species of Ulva

Microalgae: species of Chlorella, Cyanidium

Euglenophyta: species of Euglena

Imparting stability to different cellular membranes

(continued)
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Table 10.1 (continued)

Compound

Effect on plants®

Rhodomorphin | Rhodophyta: species of Griffithsia

Involvement in morphogenesis after removing one of the
intercalary cells, induction of fusion of fragments, and
restoration of filament integrity

Induction of gamete adhesion and fusion — pheromone effect

Signal peptides | Rhodophyta: species of Ceratodictyon, Ellisolandia,

Pyropia

Induction of defense response

Phaeophyceae: species of Undaria

Involvement in self-incompatibility recognition

Microalgae: species of Chlorella, Navicula, Paviova

Cyanophyta: species of Arthrospira

*Effect on Plants relates to general activity of the compound (not the compound extracted from the species in the same raw as specific effect)
Rossano et al. (2003), Aneiros and Garateix (2004), Tarakhovskaya et al. (2007), Khan et al. (2009), Craigie (2011), Panda et al. (2012), Samarakoon

and Jeon (2012), and Sharma et al. (2014)

breeding. Finding solutions to limit dependency on critical
(primary) raw materials and, in parallel, increasing the use of
second-generation sources are of global concern. Yet, the
European Union seems to have taken the lead in elaboration
of the relevant strategies (Star-COLIBRI 2011; PPP BBI
2012, 2013, 2017). Such a prominent role for the EU follows
the need to harmonize the legislation and actions in all
member countries.

Currently, there are three key valid regulations supervis-
ing the European market of products for plant treatment:

1. Regulation (EC) No 2003/2003 of October 13, 2003,
relating to fertilizers

2. Directive 2009/128/EC of October 21, 2009, establishing
a framework for community action to achieve the
sustainable use of pesticides

3. Regulation (EC) No 1107/2009 of October 21, 2009, con-
cerning the placing of plant protection products on the
market

It is assumed that up to 30% of nonorganic fertilizers
could already have been replaced by products recycled from
bio-based feedstock (Star-COLIBRI 2011; PPP BBI 2012;
European Commission 2016a). There are, however, no
adequate rules governing this field, since Regulation No
2003/2003 entirely focuses on well-characterized mineral
(inorganic)  products, addressing synthetic organic
compounds only within the context of their micronutrient-
chelating properties. Due to a lack of reference to organo-
mineral and organic fertilizers, as well as plant growth
enhancing formulations (soil amendments, stimulants/bios-
timulants), such products are traded on the market of a given
member country under legislation at the national level. The
regulation particularly does not include control mechanisms
and safeguards for the dependable use of organic or second-
ary materials while taking the inherent variability of the
feedstock into account. Hence, no relation between the fertil-
izer market and waste management has been established —
though some categories of organic waste and by-products are

legally allowed to be processed into crop-applicable formu-
lations (Commission Decision of May 3, 2000, replacing
Decision 94/3/EC, Directive 2008/98/EC of November 19,
2008, Regulation (EC) No 1069/2009 of October 21, 2009).
Until the valorization of organic waste and its by-products,
including nutrient recovery, is defined with the harmonized
rules, there will be no possibility for free movement of all
CE-marked fertilizing products across the European Union
(European Commission 2016b, 2017a).

Legislation on pesticides, i.e., formulations showing their
controlling effect on harmful organisms, covers both plant
protection and biocidal products (Directive 2009/128/EC of
October 21, 2009; European Commission 2017b). The latter
are not applicable for crops (Directive 2009/128/EC of
October 21, 2009, Directive 98/8/EC of February 16, 1998,
no longer in force) and thus will not be further discussed in
the current chapter. Therefore, the term “pesticides” herein-
after corresponds to “plant protection products” only.

Regulation (EC) No 1107/2009 of October 21, 2009, pro-
vides quite a clear scope for the functionality of plant protec-
tion products, as follows:

* Protection of plants or plant products against all harmful
organisms or prevention of the action of such organisms

* Influence on the life processes of plants, in the manner of
substances other than nutrients

e Preservation of plant products

* Destruction of undesired plants or parts of plants

e Check on or prevention of undesired growth of plants

Yet, these statements seem to be too general, since they lead
to confusion in terms of distinguishing between pesticide
and biostimulant activity (see the EBIC definition later in
this section). Pesticides have also been covered by the
strategy promoting innovation in products obtained within
bio-based value chains (PPP BBI 2013, 2017).

In order to establish more precise guidelines that meet the
market demand and opportunities, the European Commission
started a dialogue with organizational structures formed by
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Table 10.2 The activity of poly- and oligosaccharides when applied to plants

Compound Effect on plants
Alginates and oligoalginates Phaeophyceae: species of Ascophyllum, Promotion of plant stress response and defense response in
Fucus, Laminaria, Lessonia, Sargassum pathogenesis

Induction of seed germination

Enhancement of plant growth, of both above- and
underground parts, and seed yield

Improvement of plant yield quality (e.g., content of essential
oils)

Enhancement of nitrogen assimilation

Carrageenans (including
K-carrageenans, A-carrageenans,

K- 1-, and A-oligo-carrageenans) | Kappaphycus

Rhodophyta: species of Eucheuma,
Chondracanthus, Gigartina, Hypnea,

Involvement in cell cycle and cell division

Enhancement of efficiency of both photosynthesis and basal
metabolism

Involvement in CO, and ammonium fixation and Krebs cycle

Enhancement of plant growth and development, including
biomass production (shoots, stem, leaves, roots) and
flowering

Improvement and induction of both plant resistance and
immune response, including hormone and hormone-like
compound-mediated pathways

Improvement of plant yield quality (e.g., content of essential
oils)

Fucans

Phaeophyceae: species of Ascophyllum,
Fucus, Laminaria, Pelvetia, Sargassum

Improvement of plant resistance to stress, including
induction of early and late defense response
Induction of defense response in pathogenesis

Involvement in red pigment formation

Laminarans (laminarins)
Fucus, Laminaria, Sargassum

Phaeophyceae: species of Ascophyllum,

Promotion of plant resistance to stress, including hormone
and hormone-like compound-mediated pathways

Mimicking pathogen attack
Involvement in cellular recognizing mechanisms
Induction defense response in pathogenesis

Ulvans Chlorophyta: species of Ulva

Induction of defense response in pathogenesis and
mitigation of disease effects, including hormone and
hormone-like compound-mediated pathways

Promotion of fast and efficient immune response through the
priming effect

Induction of more frequent hypersensitive responses in
epidermal cells

Control of biotrophic and hemibiotrophic fungi

Mercier et al. (2001), Rai (2002), Klarzynski et al. (2003), Briand et al. (2007), Lahaye and Robic (2007), Laporte et al. (2007), Forcat et al. (2008),
Valluru and Van den Ende (2008), Livingston et al. (2009), Jaulneau et al. (2010), Bi et al. (2011), Sharma et al. (2012b), Gonzélez et al. (2013),

and Stadnik and de Freitas (2014)

the entrepreneurs of member countries. Besides Fertilizers
Europe, which has an almost 30-year-long tradition, three
representative entrepreneurial organizations are especially
worth mentioning: the European Biostimulant Industry
Council (EBIC), the European Crop Protection Association
(EPCA), and the Bio-based Industries (BBI) Consortium.
The EBIC facilitates interaction between key stakehold-
ers — including regulators, investors, farmers, consumers,
and scientists, to implement the approach of a single market
for biostimulants to improve agricultural sustainability. For
that purpose, standard harmonization is required, which has
already begun with development of the consistent definition
of biostimulants as containing “substance(s) and/or micro-
organisms whose function when applied to plants or the rhi-
zosphere is to stimulate natural processes to enhance/benefit
nutrient uptake, nutrient efficiency, tolerance to abiotic

stress, and crop quality” (EBIC 2017). Since no relevant
rules are in force, the definition is the reference point for
biostimulant industry members.

The EPCA plays a similar role to the EBIC, but for the
pesticide industry. The organization focuses on raising
awareness and stewardship activities within member coun-
tries to assure the safe and sustainable use of pesticides in
Europe (EPCA 2017).

As a representative of the private sector, the BBI
Consortium is included in the Bio-based Industries Joint
Undertaking — a public-private partnership with the European
Commission, established to constitute one of the pillars of
the European Commission Bioeconomy Strategy (BBI-C
2017).

Aiming at the objectives of the European strategy for
2030 to increase bio-based chemical production and enhance
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Europe’s reindustrialization by valorizing second-generation
materials into marketable products (Star-COLIBRI 2011;
PPP BBI 2012), in 2016, the European Commission pub-
lished the proposal for a new regulation concerning a genu-
ine single market for fertilizing products (European
Commission 2016b, 2017a). The proposal did not provide
unambiguous definitions of organic and organo-mineral fer-
tilizers but rather emphasized the use of bio-based feedstock
for fertilizer production. The rules have not yet been estab-
lished, as negotiations between the European Commission
and Fertilizers Europe are still being tackled.

On the other hand, the proposal clearly distinguished
between the activities of plant protection products and those
of biostimulants. For that purpose, the proposed emendation
to the Regulation (EC) No 1107/2009 was to separate the
definition of “plant biostimulant” (Article 3, point 34) as “a
product stimulating plant nutrition processes independently
of the product's nutrient content with the sole aim of
improving one or more of the following characteristics of the
plant: (a) nutrient use efficiency; (b) tolerance to abiotic
stress; (c) crop quality traits.” The European legislative
authorities noted the need to exclude biostimulants from
pesticides while including their marking requirements under
the regulation on fertilizers (European Commission 2016b).

Taking into account the forthcoming rules, there is a great
opportunity to launch algae-based products, especially as
biostimulants and plant protection products — due to their
confirmed antistressor activity (see Sect. 10.2). This is also
in accordance with the newest European strategy, which
points the potential development of algae in the direction of
extracting mid- or high-value compounds, rather than using
raw biomass for low-value products (PPP BBI 2017). The
current market for algae-based formulations of interest is
dominated by brands: Géemar (now in Arysta LifeScience
offer, arystalifescience.com), Valagro (valagro.com), and
Kelpak (kelpak.com). The creation of new bio-based value
chains promoted by the new regulation would enhance the
diversity of and access to such products and hence positively
influence the sustainability of European agriculture.

10.4 Conclusions

Algae have been known for their beneficial effects on plants
for centuries, but their market potential still seems to be
underestimated. As biomass, excluded from primary raw
materials, and a rich natural source of compounds with high
biological activity against stress factors, algae fit very well
into recent European strategies for the chemical industry,
including production of fertilizers and pesticides. Accordingly,
meeting the forthcoming regulation, algae-based biostimu-
lants and plant protection products are a great solution for the
future for assuring sustainable agriculture.
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Abstract

Constantly increasing populations have forced the pro-
ducers of food into increasing the scale of their produc-
tion. Consumers expect that, with the increase in food
products, their quality will also improve. This is espe-
cially evident in the livestock sector, as the demand for
animal protein is systematically increasing. This situation
led to the search for innovative products of natural origin
that could be used in animal husbandry and breeding.
This product could be an alga containing ingredients in its
biomass that have a positive impact on animal and human
organisms. Not only can algae-based feed additives
improve production parameters and animal health, they
can also affect the quality of animal products. Several
studies have been conducted to develop algae in feed for
poultry, pigs, cattle and horses. These studies have shown
that the use of algae as feed additives can bring many ben-
efits, due to their unique properties.

Keywords
Algae - Feed additives - Animal nutrition - Biologically
active compounds

11.1 Introduction

The food industry runs along two main lines, those being
crop production and animal production. Animal production
is developing at an increasingly rapid pace, which is primar-
ily attributable to an increase in the demand for animal pro-
tein, most noticeable in developing countries. This trend has
led to a stabilization of the food market for products of ani-
mal origin and consequently has also affected the fodder
market. The global feed market is based on five main lines of
production; however, the most important for the market is
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feed production for pigs, poultry and cattle. Feed production
is increasingly leaning on materials of plant origin, deter-
mined by the physiology of farm animals. The main items of
strategic importance for feed manufacturers are cereals, ani-
mal fats and food waste (Korczynski et al. 2015). In addition
to those materials, feed additives are of great importance for
the value of the feed. Depending on the type of additives
applied, they can increase the digestibility of nutrients, com-
pensate for nutrient deficiencies (vitamins, minerals, exoge-
nous amino acids) and improve the taste, aroma and quality
of the feed. Feed additives can also be used to improve the
taste and composition of animal products. The most contro-
versial feed additives are those containing antibiotics and
hormones in their composition. The use of these feed addi-
tives has been banned in 27 EU countries. Since 2006, only
coccidiostats and histomonostats have been authorized
(Korczynski and Opalinski 2012; Opalinski et al. 2012). The
use of antibiotics as feed additives has been banned, among
other practices, due to the increasing drug resistance of many
pathogens. In some cases, the industry has managed to
replace antibiotics with substances of natural origin
(Kupczynski et al. 2013). The high quality of animal prod-
ucts, along with ensuring the proper welfare of the animals,
has economic benefits; thus new feed additives are being
sought. This search is mainly concentrated on the better
availability of natural components containing macroele-
ments in their composition (Dobrzanski et al. 2008; Dolinska
et al. 2011; Michalak et al. 2011; Opalinski et al. 2012; Saeid
et al. 2013a, b), animal products containing a lot of polyun-
saturated fatty acids (PUFAs) (Gladkowski et al. 2011,
Kupczynski et al. 2012b) and mechanisms for improvement
of the conditions of animal health (Adamski et al. 2011;
Kupczynski et al. 2012b, 2013). Materials of natural origin
that are able to combine these dietary functions in the context
of breeding and animal husbandry include both marine and
freshwater algae. These materials are used in many regions
of the world as both animal feed and human food (Spolaore
et al. 2006). The European Union allows the use of algae as
raw feed materials (Korol 2002). Algae, due to their unique
composition, can be used as functional additives that are
applied in order to enrich animal products. Algae, apart from
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their nutritional value, are also rich in biologically active
ingredients, natural antioxidants and antibacterial com-
pounds (Gupta and Abu-Ghannam 2011). Algae can be
applied as feed additives and also directly distributed to ani-
mals. Algae biomass is digested by cattle, swine and sheep
(Michalak and Chojnacka 2008). Biologically active ingredi-
ents included in the algae biomass include, among others,
polysaccharides, proteins, polyunsaturated fatty acids
(PUFAs), polyphenols, dyes and mineral elements.

Polysaccharides are biopolymers composed of monosac-
charides bound by glycosidic bonds. The content of polysac-
charides in the dry substance of algae can reach as high as
76% and is dependent on the algal group (Holdt and Kraan
2011). The polysaccharides found in green algae are primar-
ily galactans and xylans; those in brown algae, alginates,
fucoidan and laminarin; and those in red — carrageenan
(Senthilkumar et al. 2013). These compounds, thanks to their
antibacterial properties, can be an alternative to antibiotics.
The supplementation of polysaccharide-rich algae improves
the stabilization of alimentary tract microflora and increases
the absorption of nutrients (Leonard et al. 2010; O’Doherty
et al. 2010).

The content of proteins in the dry substance of algae can
reach 44% but usually doesn’t exceed 5% (Leonard et al.
2010). Brown algae are characterized by the lowest level of
protein, e.g. Phaecophyceae (Fucus spp. 3—17% in dry mass).
Red algae (Rhodophyta), e.g. Porphyra tenera and Palmaria
palmata, are characterized by a protein content on the level
of appropriately 30-44% (Galland-Irmouli et al. 1999). The
highest protein level was recorded in A. platensis, which was
63% (Tokusoglu and Uunal 2003). The vast majority of
known species of alga contain all essential amino acids,
although their number and mutual proportions are condi-
tional on the season of occurrence. The amino acid profile of
proteins contained in such algae as Arthrospira platensis,
Chlorella vulgaris and Dunaliella bardawil is similar to the
profile of the white of the chicken egg (Becker 2007). The
peptides contained in the algae biomass that deserve special
attention are lectins (Boyd et al. 1966). They bind carbohy-
drates (Kole et al. 2010; Holdt and Kraan 2011), regulate the
activity of many enzymes, participate in interactions between
cells and exhibit antibacterial, anti-inflammatory and antivi-
ral effects. Lectins have been detected in such algae as Ulva
sp., Hypnea japonica, Galaxaura marginata and Eucheuma
serra (Holdt and Kraan 2011; Chojnacka et al. 2012; Zhang
et al. 2012).

The major groups of lipids appearing in algae biomass
are phospholipids and glycolipids. The content of these con-
nections usually doesn’t exceed 5%. The amount of fatty
acids is dependent on the species of alga, the temperature
and the salinity (Holdt and Kraan 2011). Brown algae such
as Dictyota acutiloba and Dictyota sandvicensis are charac-
terized by the highest content of these connections, amount-

ing appropriately to 16.2% and 20.2%, respectively
(McDermid and Stuercke 2003). During a fall in their envi-
ronmental temperature, algae accumulate polyunsaturated
fatty acids (PUFAs); therefore algae biomass found in cool
climatic zones contains more PUFAs than the algae biomass
that come from warm zones (Holdt and Kraan 2011).
Particularly noteworthy are the omega-3 fatty acids (n-3
PUFAs). The most important functions in both human and
animal organisms are fulfilled by docosahexaenoic acid
(DHA), eicosapentaenoic acid (EPA) and a-linolenic acid
(ALA) (Yates et al. 2014). Due to the fact that essential
unsaturated fatty acids are not synthesized by the human
body (Kalogeropoulos et al. 2010) and that their pro-health
effects have been proven, demand for products containing
these substances has increased (Adarme-Vega et al. 2014). It
has been shown that deficiencies of essential unsaturated
fatty acids and the inappropriate ratio of omega-6 acids to
omega-3 acids constitute the cause of many diseases.
Diseases caused by the aforementioned factors include ath-
erosclerosis, hypertension, rheumatoid arthritis, obesity,
diabetes and some types of cancer (Lewis et al. 2000;
Wongcharoen and Chattipakorn 2005; Fredriksson et al.
2006; Kolanowski 2007; Kassis et al. 2010; Khozin-
Goldberg et al. 2011; Fraeye et al. 2012; Kupczynski et al.
2012a; Ryckebosch et al. 2012). This capability allows for
the use of algae as a raw material or feed additive, which at
the same time eliminates the problem of the fishy aftertaste
and the scent accompanying the use of fish meals and fish
oil (Barclay et al. 1994; Harun et al. 2010; Kassis et al.
2010; Khozin-Goldberg et al. 2011).

A very important group of compounds that can be
extracted from algae is polyphenols (Holdt and Kraan 2011),
which counteract the formation of free radicals (Gupta and
Abu-Ghannam 2011). The dry substance of algae can con-
tain anywhere from 1% to 10% of these compounds (Craigie
2011). In cases of food enrichment with polyunsaturated
fatty acids, the addition of polyphenols is extremely impor-
tant, since they contribute to reducing the degree of oxidiz-
ing lipids (Kassis et al. 2010). Thanks to their high content of
polyphenols, algae can successfully replace synthetic anti-
oxidants such as BHT and BHA, which have carcinogenic
effects. Thanks to their antioxidant properties, polyphenols
contained in algae can be used in the prevention and treat-
ment of many diseases. They show protective qualities
towards the nervous system, have anti-inflammatory and
anti-cancer properties and support the fight against obesity
(Bravo 1998; O’Sullivan et al. 2011; Pangestuti and Kim
2011). The properties of algae such as Laminaria spp.,
Saccharina spp., Pyropia spp. and Porphyra spp. reduce the
risk of falling ill with cancers of the mammary gland and the
intestine (Yuan and Walsh 20006). It has also been shown that
the polyphenols contained in brown algae protect organisms
against cardiovascular diseases (Kang et al. 2003). Nwosu
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et al. (2011) showed that polyphenols could limit the appear-
ance of diabetes.

In algae, it is possible to single out three major groups of
dyes, that is, chlorophylls, carotenoids and phycobiliproteins
(Holdt and Kraan 2011; Stengel et al. 2011). Similarly to
polyphenols, it is possible to use pigments in the prevention
and treatment of many diseases, since they suppress the for-
mation of free radicals (Pangestuti and Kim 2011; Bruneel
et al. 2013). Algal dyes can also be used to improve the col-
oration of animal products, such as egg yolks. These prod-
ucts are more attractive and desirable to consumers
(Pangestuti and Kim 2011).

Algae biomass contains a lot of mineral elements in its
composition, such as iodine, zinc, iron, copper, calcium,
magnesium, sodium and potassium. The content of these ele-
ments is much higher in algae than in edible land plants, even
exceeding 40% (Holdt and Kraan 2011). In cases of mineral
deficiency, algae can successfully replace traditional feed
additives (Rupérez 2002; Rao et al. 2007; Kumar et al. 2011;
Nwosu et al. 2011; Chojnacka et al. 2012; Tuhy et al. 2012).
He et al. (2002) proved that the bioavailability of micro- and
macroelements from algae biomass is significantly higher
than that of inorganic compounds such as salt.

As mentioned above, algae contain a number of other bio-
logically active compounds. Among them, it is possible to
distinguish indoles and terpenes, being secondary metabo-
lites of red and brown algae that have antibacterial, antifun-
gal and antiviral properties (Jiménez et al. 2010; Raj 2016).
Algae, in their composition, also contain enzymes such as
superoxide dismutase, peroxidase, catalase or glutathione
reductase, which have a protective effect on organisms
(Ganesan et al. 2011). Additionally, the presence of saponins
with anti-inflammatory and antifungal properties was dem-
onstrated in red algae (Raj 2016).

11.2 Algae in Animal Nutrition
11.2.1 Algae in Poultry Feed

Algae can be successfully used in the feeding of poultry,
pigs, ruminants and horses. The relatively low price and high
dietary value of poultry products has caused them to enjoy
great interest from consumers. This situation has led to the
rapid advancement of poultry farming worldwide. Today’s
lines of laying hens and chickens for fattening are character-
ized by high production parameters. At the present scale of
production, not only are solutions sought to improve the
health and welfare of the birds, but those solutions must also
improve the quality parameters and pro-health properties of
the finished products. Such a solution may be algae-based
feed additives. Use of algae in poultry feed is aimed at
improving production parameters of laying hens and broil-

ers, improving the quality parameters of eggs, making poul-
try products rich in biologically active compounds and
improving the health of the birds. Sirakov et al. (2012)
explored the possibility of the addition of algae in amounts
not exceeding 5-10% of the dry substance, perhaps to be
used as a substitute for traditional protein sources and the
fishmeal in poultry feed. Research (Bruneel et al. 2013)
showed an increase in ALA and DHA fatty acids by 7% and
53%, respectively, in chicken eggs fed with Nannochloropsis
gaditana (5% dry substance) after 14 days of experimenta-
tion. Additionally, the EPA content in the eggs grew from 0
up to 2.1 mg. The same studies also showed an increased
colouring of the yolks on the La Roche scale from 10 in the
control group to 14 and 15 in those groups receiving 5 and
10% addition of the Nannochloropsis gaditana.
Supplementation of the commercial feed mixtures for laying
hens with marine algae (in the amount of 20%), as detailed
by Fredriksson et al. (2006), caused an increased concentra-
tion of PUFAs in the phospholipids fraction of the yolk.
Additionally, the authors showed that supplementation of
algae with rapeseed oil increases omega-3 fatty acids by
about 15%, reducing the content of omega-6 acids by about
8% for chickens only receiving the addition of rapeseed oil.
Studies by the same authors have shown that the 4-week
supplementation of Nannochloropsis oculata in the amount
of 20% in feed for laying hens increased the overall quantity
of carotenoids (from 9.7 up to 37 mg kg!), luteins (from 8
up to 22 mg kg!), B-carotene (from O up to 1.3 mg kg™") and
canthaxanthin (from O up to 7.7 mg kg~') in eggs, compared
with the birds from the control group. Research (Cachaldora
et al. 2005) was aimed at comparing the supplementation of
oil of microalgae and fish oil in the amount of 1.7%. Based
on the results, the increase in EPA and DHA content in
chicken eggs supplemented with microalgal oil was 46% and
17%, respectively. Kalogeropoulos et al. (2010) showed a
fivefold increase in DHA content, an improvement in the
ratio of omega-3 to omega-6 fatty acids and increased carot-
enoids in the muscles of broiler chickens receiving the addi-
tion of the Schizochytrium sp., compared with chickens that
were fed the conventional feed mixtures. Lemahieu et al.
(2014) found an increased content of omega-3 fatty acids in
the egg yolks of chickens receiving microalgal supplementa-
tion. Kostik et al. (2015) demonstrated that the addition of
Schizochytrium spp. (1.27% and 1.77%) increased the DHA
content in egg yolks. Improvement of the fatty acid profiles
in eggs after application of Schizochytrium was also demon-
strated by Park et al. (2015). Rizzi et al. (2009) have
confirmed the possibility of producing eggs fortified with
DHA through supplementation of microalga in the diet of
laying hens. An experiment conducted by Michalak et al.
(2016) showed that the use of supercritical extracts of
Spirulina sp. as an addition to drinking water in an amount of
2% resulted in a slight increase in omega-3 and omega-6
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fatty acids in the yolk. After 120 days of experimentation,
there was an increase in GLA, ETE and DPA content in egg
yolks of 12%, 13% and 11%, respectively, compared to the
control group. The use of Arthrospira microalga as a feed
additive in 15 g/kg™' resulted in an increase in EPA and DPA
of 12 and 20%. Nitsan et al. (1999) showed the intensifica-
tion of the colour of yolks by increasing the contents of
carotenoids in the eggs of hens being fed the algae supple-
ment from the Nannochloropsis group. Sevéikova et al.
(2006) found that the meat of the broilers whose feed was
supplemented with yeast and Chlorella algae enriched with
selenium was characterized by a higher content of this ele-
ment, compared with the meat of the birds from the control
group. Other studies (Michalak et al. 2011) have shown that
the addition of algae enriched with micronutrients increased
egg weight and shell thickness, thus reducing the number of
broken eggs. On the basis of these studies, it was also found
that the body weight of the chickens receiving the tested
supplements was greater than that of the control chickens.
The experimental groups were also characterized by more
intense egg yolk coloration. These studies also showed a
higher concentration of copper and manganese in the blood
of chickens receiving the macroalgae additive. The concen-
tration was higher by 14% and 31%, respectively.
Additionally, the whites and yolks of eggs supplemented
with macroalgae were shown to have higher chromium and
copper content. The white was also characterized by higher
zinc concentration and lower manganese concentration. In
yolks, manganese concentration also increased, while cobalt
and zinc concentrations decreased. Skrivan et al. (2006)
obtained similar results, stating that the weight of the eggs
from hens fed with selenium-enriched Chlorella algae was
higher than that of the eggs from hens not receiving such a
supplement. These studies also showed that the whites and
yolks of hens from the experimental group had been charac-
terized by a higher content of selenium, compared with the
control group. Zahid et al. (1995) showed that chicks given
feed with 10, 20 and 30% addition of green algae (Ulva
intestinalis, Ulva lactuca, Ulva taeniata, Caulerpa taxifolia,
Codium flabellatum, Codium iyengarii, Halimeda tuna,
Bryopsis pennata, Caulerpa scalpelliformis) were character-
ized by a higher body weight compared with chicks from the
control group. Ginzberg et al. (2000), by adding Porphyridium
sp. to the feed, reduced the concentration of the total choles-
terol in the blood serum of chickens of the White Leghorn
race.

These studies clearly show that the use of algae as an
additive in poultry feed brings many benefits. Apart from the
better use of the bird’s genetic potential, improved health and
consequent well-being, a high-quality product also has a
positive impact on the health of consumers.

11.2.2 Algae in Swine Feed

Besides poultry, pigs are also very important for the food
industry. Pigs, apart from large-commercial breeding, are
also being raised in many little family households. The dis-
tinct flavour and nutritional value of pork have led to these
products being chosen by the consumer in numbers often
equal to those of poultry products. Today’s breeds and breed-
ing lines of pigs are characterized by rapid weight gain and
low carcass fat. Research associated with the use of algae in
feeding pigs has focused, above all, on concentrating on pro-
health elements of the pork from the point of view of the
consumer, increasing production parameters of pigs,
improvement in the health of the animals and better use of
nutrients. Research (Saeid et al. 2013a) on the use of
Arthrospira maxima algae supplementation in pigs did not
show any effect on production parameters (average daily
feed intake, feed conversion ratio). However, these studies
showed that faeces of pigs receiving the additive were char-
acterized by a 60% lower content of copper, compared to
faeces of pigs from the control group. Other studies (Saeid
etal. 2013b) on the use of Arthrospira maxima algae enriched
in copper through a biosorption process showed no statisti-
cally significant differences in growth, feed intake or feed
conversion ratio between the control and experimental
groups. There were also no statistically significant differ-
ences in the excretion of faeces and urine nitrogen. It was
found that animals in the experimental group had a lower
LDL level and a lower total cholesterol level of 17.05% and
9.43%, respectively, relative to the control group.
Additionally, the content of copper, manganese and selenium
in the meat was increased by 18%, 25% and 23%, respec-
tively, while the zinc and selenium contents decreased in the
livers of the pigs tested. Sardi et al. (2006) conducted an
experiment in which they applied algae supplement to feed-
ers. The study did not show any effect of the additive used on
the production parameters of the fattening pigs nor on the
quality parameters of the carcasses. Statistically significant
differences in pH and meat colour, fat composition and
iodine content in subcutaneous fat were also not found.
However, a significant increase in docosahexaenoic acid was
observed in both the loin and subcutaneous fat. Banioch et al.
(2010) noticed an increase in the iodine level in the meat of
pigs fed with Laminaria spp. algae, compared with pigs
receiving iodine supplementation in an inorganic form.
Similar conclusions have been made by Smet (2012) using
pigs fed with Laminaria digitata and Ascophyllum
nodosum.

Studies on the use of algae-based feed additives in pigs
did not show their effect on the production parameters of the
animals. However, they did show that, with addition of the
supplements, pork products could be made rich in elements
essential for the correct functioning of human organisms.
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11.2.3 Algae in Cattle Feed

The algae-based diet for dairy cattle is widely described in
the modern literature, in great detail. The impact of the algae
on the milk has been proven to be beneficial by a vast num-
ber of researchers. In dairy cattle feeding, the addition of
algae improves the microbial protein synthesis in the rumen,
increases lactation efficiency and improves milk quality, as
well as reduces somatic cell counts, prevents postpartum
mortality and prepares the cow for re-calving and increases
concentration of certain nutrients in the milk (Holman and
Malau-Aduli 2013). Kulpys et al. (2009) found that milk
production increased by 21% when cows were fed with a
Spirulina diet. Simkus et al. (2007, 2008) showed an increase
in the fat, protein and lactose in the milk of cows receiving
algae, compared to cows that did not receive them. Moreover,
a beneficial effect of Spirulina on the fatty acid profile of
milk has also been shown to be beneficial, as the share of
unsaturated acids (Papadopoulos et al. 2002) including DHA
was found to have increased (Stamey et al. 2012). This
research was reinforced by Christaki et al. (2012), who found
that the content of saturated fatty acids in milk was decreas-
ing and the amount of unsaturated fatty acids and PUFAs in
cows receiving Spirulina was increasing. Ldépez-Alonso
et al. (2016) aimed to assess the influence of supplementa-
tion of a standard diet with marine algae on the quality of
milk and the effectiveness of its production. Under investiga-
tion were 32 randomly selected Holstein Friesian lactating
cows. It appeared that algae supplementation and rumen
boluses, or a combination of those two additives, caused sig-
nificant iodine growth and a tendency to increase selenium
concentrations in milk.

Furthermore, studies have shown the usefulness of algae
with a high proportion of EFAs in reducing the amount of
methane produced, which can be very desirable in green-
house gas reduction strategies. Fievez et al. (2007) showed
that in vitro incubation with 25 ml of buffered almond and
oil (sunflower or linseed) fluid inhibited methane production
up to 80% within 24 h.

However, the usability of algae as an additive in the stan-
dard diet of dairy cattle is not always beneficial. In some
cases, algae supplementation caused a decrease in feed
intake. Moate et al. (2013) reported that such a decrease can
reach as much as 16%. Furthermore, milk fat, and therefore
milk yield, was reduced by almost 24%. This was also proven
by Kupczynski et al. (2011), who investigated the addition of
fish oil and algae to the standard feed. It appeared that the
feed consulting and quality and yield of milk were also
reduced. Furthermore, the additives used contributed to the
reduction of fat and protein in the milk. Apart from the milk
quality and yield, the usability of algae can affect such pro-
cesses as, for example, digestibility. This was proven by
Drewery et al. (2014), who conducted experiment design in

a Latin square implementing varied doses of algae with
respect to the body weight of the steer. The designed experi-
ment allowed them to indicate the optimal value for improved
digestibility of low-quality straw forage. It was found that
the optimal share of additives is 100 mgN with respect to the
body weight of the steer. Inasmuch as different results have
been reported in the studies, it should be mentioned that
algae can vary considerably depending on the area of harvest
and method of production, as well as the medium used.

11.2.4 Algae in Horse Feed

Nowadays, there is a high availability of dietary and algae-
rich supplements for horses. Fodder companies have given
consistent emphasis to the manufacture of formulas enriched
with novel ingredients. Generally, the use of dietary supple-
ments combined with algae filtrates brings the expected
effects. The animals stimulated in this way show signifi-
cantly better health, fitness and higher productivity. Algae
for horses are presented as an excellent addition to improv-
ing the growth and quality of the hoof, the condition of the
skin and coat, the general health of the horse and the stimula-
tion of the immune system (Ememe and Ememe 2017). In
the veterinary literature, there are many reports on the bene-
ficial effects of algae on BGA illnesses, downregulating
inflammation in colitis, liver disease, joint disease and neu-
ropathic pain in horses.

It has been found that gastric ulceration is quite common
among racehorses and sport horses (Murray et al. 1996;
Bezdekova et al. 2005). Moir et al. (2016) have proven that
calcium-enriched algae can be an effective method of neu-
tralizing gastric juices and supporting the prevention of pep-
tic ulcer disease. The research considers a trial of horses with
the diagnosed disease, which was further rated, in accor-
dance with the Equine Gastric Ulcer Council (EGUC), at the
score of 2.2 pts. (+/—0.75). Those horses were fed with their
standard diet supplemented with 40 g of calcium-enriched
red marine algae. After 30 days of treatment, the horses
underwent re-gastroscopy. It appeared that the ulcer was sig-
nificantly smaller and was rated, on average, at 0.3 pts.
(+/-0.48), according to the EGUC. Furthermore, significant
improvement was observed in all of the considered horses.
What was found was that seven horses were completely
cured of the ulcer disease, and in the remaining ones, gastric
mucosal remnants and healed ulcers were observed. The
above study confirms the validity of earlier experiments,
according to which fodder containing a higher calcium share
(Andrews et al. 2005) and algae products tested in vitro rep-
resent similar effects on the health of the animal (Moore-
Colyer et al. 2014).

The fodders’ algae enrichment can also result in relief of
chronic lower airway diseases, such as recurrent airway
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obstruction (RAO) and inflammatory airway disease (IAD).
Reducing the amount of dust in the diet and the environment
can have a beneficial effect in alleviating symptoms. Nogradi
et al. (2015) have undertaken studies that show that supple-
menting the diet with omega-3 fatty acids reduces disease
symptoms even more. In this case, researchers have used an
algae-based omega-3 supplement that also contains vitamin
C, methylsulfonylmethane (MSM) and a mushroom com-
plex, in order to evaluate the influence of the algae on horses
suffering from RAO or IAD, based on changes in Visual
Analogue Scale (VAS) for cough, lung function and bron-
choalveolar lavage fluid (BALF). The investigation lasted
9 months and involved examination of 32 horses (14 suffering
from RAO and 18 diagnosed with IAD). After the results of
the analysis came in, it appeared that VAS for cough was sig-
nificantly improved in the case of all of the considered horses.
Moreover, it appeared that all of the horses had healthier
BALF and improved lung function. Hence, omega-3 PUFA
supplementation may be an additional option for symptom
relief, treatment and prophylaxis of chronic airway disease.

Degenerative joint disease (DJD) and osteoarthritis are
painful afflictions for horses, resulting in their exclusion
from sport and economic losses, due to the fact that there are
no remedies for such illnesses nowadays (Oke and Mcllwraith
2010). Moreover, some medications used to counter those
illnesses cause serious side effects. For this reason, veteri-
narians and scientists are looking for natural products that
could aid in the horse’s health and slow down the progres-
sion of the disease. One such product is blue-green algae
extract. The research done by Taintor et al. (2014) has shown
that supplementing the diet of horses with mild forms of
DJD and osteoarthritis with C-phycocyanin for 12 months
resulted in less intra-articular corticosteroids. C-phycocyanin
and biliprotein from Arthrospira platensis have an anti-
inflammatory and antioxidant effect and are available as a
dietary supplement for humans, dogs and horses (Reddy
et al. 2000). However, the usage of those additives may also
be hazardous to health, due to the fact that collection and
processing of the blue-green algae is not regulated and pro-
duces toxic microcystins related to algal blooms. Mittelman
et al. (2016) described the case of an 8-year-old Holsteiner
gelding, the diet of which was supplemented with a commer-
cial powdered blue-green algae for 2 months for purported
hoof health benefits. Unexpectedly, after this period, liver
failure and toxicity-related brain disease were diagnosed.
The remaining horses in the stable did not show signs of ill-
ness. In order to find the source of the sickness, three of the
purchased C-phycocyanin supplements were examined, and
it appeared that one of them (open and added to the feed) was
found to be the toxin that caused the disorder.

Nevertheless, the possibilities of using algae seem to be
endless. A vast number of reported studies and practice have
proven that marine algae additives in the diet are an innova-
tive tool for stimulating and activating the genetic potential

of breeding animals to a high extent. Their utilization results
in a positive impact on the quality of raw materials, animal
welfare and productivity, while maintaining the total safety
of the food produced.

References

Adamski M, Kupczynski R, Chladek G, Falta D (2011) Influence
of propylene glycol and glycerin in Simmental cows in peripar-
turient period on milk yield and metabolic changes. Arch Tierz
54(3):238-248

Adarme-Vega TC, Thomas-Hall SR, Schenk PM (2014) Towards sus-
tainable sources for omega-3 fatty acids production. Curr Opin
Biotechnol 26:14-18

Andrews F, Buchanan B, Elliot S, Clariday N, Edwards L (2005)
Gastric ulcers in horses. J Anim Sci 83(13_suppl):E18-E21

Bailoch T, Fajt Z, Drabek J, Svoboda M (2010) Iodine and its impor-
tance in human and pigs. Veterinarstvi 60(12):690-694

Barclay W, Meager K, Abril J (1994) Heterotrophic production of long
chain omega-3 fatty acids utilizing algae and algae-like microorgan-
isms. J Appl Phycol 6(2):123-129

Becker E (2007) Micro-algae as a source of protein. Biotechnol Adv
25(2):207-210

Bezdékova B, Jahn P, Vyskocil M, Plachy J (2005) Prevalence of equine
gastric ulceration in Standardbred racehorses in Czech Republic.
Acta Vet Brno 74(1):59-65

Boyd WC, Almodévar LR, Boyd LG (1966) Agglutinins in marine
algae for human erythrocytes. Transfusion 6(1):82-83

Bravo L (1998) Polyphenols: chemistry, dietary sources, metabolism,
and nutritional significance. Nutr Rev 56(11):317-333

Bruneel C, Lemahieu C, Fraeye I, Ryckebosch E, Muylaert K, Buyse
J, Foubert I (2013) Impact of microalgal feed supplementation
on omega-3 fatty acid enrichment of hen eggs. J Funct Foods
5(2):897-904

Cachaldora P, De Blas J, de Blas J, Garcia-Rebollar P, Alvarez C,
Méndez J (2005) Short communication. Effects of type and level
of supplementation with dietary n-3 fatty acids on yolk fat com-
position and n-3 fatty acid retention in hen eggs. Span J Agric Res
3(2):209-212

Chojnacka K, Saeid A, Witkowska Z, Tuhy L (2012) Biologically active
compounds in seaweed extracts—the prospects for the application.
Open Conf Proc J 1:20-28

Christaki E, Karatzia M, Bonos E, Florou-Paneri P, Karatzias C (2012)
Effect of dietary Spirulina platensis on milk fatty acid profile of
dairy cows. Asian J Anim Vet Adv 7:597-604

Craigie JS (2011) Seaweed extract stimuli in plant science and agricul-
ture. J Appl Phycol 23(3):371-393

Dobrzanski Z, Korczynski M, Chojnacka K, Gérecki H, Opalinski S
(2008) Influence of organic forms of copper, manganese and iron
on bioaccumulation of these metals and zinc in laying hens. J Elem
13(3):309-319

Dolinska B, Opalinski S, Zielinski M, Chojnacka K, Dobrzanski Z,
Ryszka F (2011) Iodine concentration in fodder influences the
dynamics of iodine levels in hen’s egg components. Biol Trace Elem
Res 144(1-3):747-752

Drewery M, Sawyer J, Pinchak W, Wickersham T (2014) Effect of
increasing amounts of postextraction algal residue on straw utiliza-
tion in steers. J Anim Sci 92(10):4642-4649

Ememe M, Ememe C (2017) Benefits of super food and functional
food for companion animals. In: Superfood and functional food-
an overview of their processing and utilization. InTech, London,
pp 309-322

Fievez V, Boeckaert C, Vlaeminck B, Mestdagh J, Demeyer D (2007) In
vitro examination of DHA-edible micro-algae: 2. Effect on rumen



11 Algae Biomass in Animal Production

129

methane production and apparent degradability of hay. Anim Feed
Sci Technol 136(1):80-95

Fraeye I, Bruneel C, Lemahieu C, Buyse J, Muylaert K, Foubert
I (2012) Dietary enrichment of eggs with omega-3 fatty acids: a
review. Food Res Int 48(2):961-969

Fredriksson S, Elwinger K, Pickova J (2006) Fatty acid and carotenoid
composition of egg yolk as an effect of microalgae addition to feed
formula for laying hens. Food Chem 99(3):530-537

Galland-Irmouli A-V, Fleurence J, Lamghari R, Lucon M, Rouxel
C, Barbaroux O, Bronowicki J-P, Villaume C, Guéant J-L (1999)
Nutritional value of proteins from edible seaweed Palmaria palmata
(Dulse). J Nutr Biochem 10(6):353-359

Ganesan K, Kumar KS, Rao PS (2011) Comparative assessment of
antioxidant activity in three edible species of green seaweed,
Enteromorpha from Okha, Northwest coast of India. Innov Food
Sci Emerg 12(1):73-78

Ginzberg A, Cohen M, Sod-Moriah UA, Shany S, Rosenshtrauch
A, Arad S (2000) Chickens fed with biomass of the red micro-
alga Porphyridium sp. have reduced blood cholesterol level
and modified fatty acid composition in egg yolk. J Appl Phycol
12(3):325-330

Gtladkowski W, Kietbowicz G, Chojnacka A, Gil M, Trziszka T,
Dobrzanski Z, Wawrzenczyk C (2011) Fatty acid composition of
egg yolk phospholipid fractions following feed supplementation
of Lohmann Brown hens with humic-fat preparations. Food Chem
126(3):1013-1018

Gupta S, Abu-Ghannam N (2011) Recent developments in the appli-
cation of seaweeds or seaweed extracts as a means for enhancing
the safety and quality attributes of foods. Innov Food Sci Emerg
12(4):600-609

Harun R, Singh M, Forde GM, Danquah MK (2010) Bioprocess engi-
neering of microalgae to produce a variety of consumer products.
Renew Sust Energ Rev 14(3):1037-1047

He M, Hollwich W, Rambeck W (2002) Supplementation of algae to
the diet of pigs: a new possibility to improve the iodine content in
the meat. J Anim Physiol Anim Nutr 86(3—4):97-104

Holdt SL, Kraan S (2011) Bioactive compounds in seaweed: functional
food applications and legislation. J Appl Phycol 23(3):543-597

Holman B, Malau-Aduli A (2013) Spirulina as a livestock supplement
and animal feed. J] Anim Physiol Anim Nutr 97(4):615-623

Jiménez JT, O’Connell S, Lyons H, Bradley B, Hall M (2010)
Antioxidant, antimicrobial, and tyrosinase inhibition activities of
acetone extract of Ascophyllum nodosum. Chem Pap 64(4):434-442

Kalogeropoulos N, Chiou A, Gavala E, Christea M, Andrikopoulos
NK (2010) Nutritional evaluation and bioactive microconstituents
(carotenoids, tocopherols, sterols and squalene) of raw and roasted
chicken fed on DHA-rich microalgae. Food Res Int43(8):2006-2013

Kang K, Park Y, Hwang HJ, Kim SH, Lee JG, Shin H-C (2003)
Antioxidative properties of brown algae polyphenolics and their
perspectives as chemopreventive agents against vascular risk fac-
tors. Arch Pharm Res 26(4):286-293

Kassis N, Drake SR, Beamer SK, Matak KE, Jaczynski J (2010)
Development of nutraceutical egg products with omega-3-rich oils.
LWT-Food Sci Technol 43(5):777-783

Khozin-Goldberg I, Iskandarov U, Cohen Z (2011) LC-PUFA from
photosynthetic microalgae: occurrence, biosynthesis, and prospects
in biotechnology. Appl Microbiol Biotechnol 91(4):905

Kolanowski W (2007) Dlugotancuchowe wielonienasycone kwasy
tluszczowe omega-3 — znaczenie zdrowotne w obnizeniu ryzyka
choréb cywilizacyjnych. Bromatol Chem Toksykol 3:229-237

Kole C, Michler CH, Abbott AG, Hall TC (2010) Transgenic crop
plants. Springer, Berlin

Korczynski M, Opalinski S (2012) Dodatki paszowe jako potencjalna
perspektywa dla przemystu chemicznego. Przem Chem 5:792-795

Korczynski M, Witkowska Z, Opalinski S, Swiniarska M, Dobrzanski
7 (2015) Algae extract as a potential feed additive. In: Marine algae

extracts: processes, products, and applications. Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, pp 603-626

Korol W (2002) Mineralne dodatki paszowe-regulacje prawne. Pasze
Przem 4:18-19

Kostik V, Gjorgjeska B, Bauer B, Filev K (2015) Production of shell
eggs enriched with n-3 fatty acids. ISORPHR 5(8):48-51

Kulpys J, Paulauskas E, Pilipavicius V, Stankevicius R (2009) Influence
of cyanobacteria Arthrospira (Spirulina) platensis biomass additive
towards the body condition of lactation cows and biochemical milk
indexes. Agron Res 7:823-835

Kumar M, Kumari P, Trivedi N, Shukla MK, Gupta V, Reddy C, Jha
B (2011) Minerals, PUFAs and antioxidant properties of some
tropical seaweeds from Saurashtra coast of India. J Appl Phycol
23(5):797-810

Kupczynski R, Janeczek W, Pogoda-Sewerniak K, Dzieciol M, Szoltysik
M, Zawadzki W (2011) Wptyw zastosowania alg morskich i oleju
rybnego na wydajnos¢, sktad mleka oraz parametry biochemiczne
krwi krow. Acta Sci Pol, Medicina Veterinaria 10(4):35-46

Kupczynski R, Adamski M, Falta D, Roman A (2012a) The efficiency of
propolis in post-colostral dairy calves. Arch Tierzucht 55:315-324

Kupczynski R, Kuczaj M, Szottysik M, Stefaniak T (2012b) Influence
of fish oil, palm oil and glycerol on milk fatty acid composition
and metabolism in cows during early lactation. Archiv fiir Tierzucht
55(6):540-551

Kupczynski R, Piasecki T, Bednarski M (2013) Ziota i propolis jako
dodatki funkcjonalne dla przemyshi paszowego. Przem Chem
8(92):1549-1553

Lemahieu C, Bruneel C, Termote-Verhalle R, Muylaert K, Buyse J,
Foubert I (2014) Effect of different microalgal n— 3 PUFA supple-
mentation doses on yolk color and n— 3 LC-PUFA enrichment in
the egg. Algal Res 6:119-123

Leonard S, Sweeney T, Pierce K, Bahar B, Lynch B, O’Doherty
J (2010) The effects of supplementing the diet of the sow with sea-
weed extracts and fish oil on aspects of gastrointestinal health and
performance of the weaned piglet. Livest Sci 134(1):135-138

Lewis NM, Seburg S, Flanagan N (2000) Enriched eggs as a source of
n-3 polyunsaturated fatty acids for humans. Poult Sci 79(7):971-974

Lépez-Alonso M, Rey-Crespo F, Orjales I, Rodriguez-Bermudez R,
Miranda M (2016) Effects of different strategies of mineral supple-
mentation (marine algae alone or combined with rumen boluses) in
organic dairy systems. J Anim Physiol Anim Nutr 100(5):836-843

McDermid KJ, Stuercke B (2003) Nutritional composition of edible
Hawaiian seaweeds. J Appl Phycol 15(6):513-524

Michalak I, Chojnacka K (2008) The application of macroalga
Pithophora varia Wille enriched with microelements by biosorp-
tion as biological feed supplement for livestock. J Sci Food Agric
88(7):1178-1186

Michalak I, Chojnacka K, Dobrzanski Z, Gérecki H, Zielinska A,
Korczynski M, Opalinski S (2011) Effect of macroalgae enriched
with microelements on egg quality parameters and mineral content
of eggs, eggshell, blood, feathers and droppings. J] Anim Physiol
Anim Nutr 95(3):374-387

Michalak I, Swiniarska M, Korczynski M, Opalinski S, Rgj E,
Chojnacka K (2016) Supercritical algal extracts as the component
of pro-health preparations for animals. In: BIT’s 9th annual world
congress of industrial biotechnology, Seoul, South Korea

Mittelman N, Engiles J, Murphy L, Vudathala D, Johnson A (2016)
Presumptive iatrogenic microcystin-associated liver failure
and encephalopathy in a Holsteiner gelding. J Vet Intern Med
30(5):1747-1751

Moate P, Williams S, Hannah M, Eckard R, Auldist M, Ribaux B,
Jacobs J, Wales W (2013) Effects of feeding algal meal high in
docosahexaenoic acid on feed intake, milk production, and methane
emissions in dairy cows. J Dairy Sci 96(5):3177-3188

Moir T, O’Brien J, Hill S, Waldron L (2016) The influence of feed-
ing a high calcium, algae supplement on gastric ulceration in adult
horses. J Appl Anim Nutr 4. https://doi.org/10.1017/jan.2016.7


https://doi.org/10.1017/jan.2016.7

130

D. Konkol et al.

Moore-Colyer M, O’gorman DM, Wakefield K (2014) An in vitro
investigation into the effects of a marine-derived, multimineral
supplement in simulated equine stomach and hindgut environments.
J Equine Vet Sci 34(3):391-397

Murray M, Schusser G, Pipers F, Gross SJ (1996) Factors associ-
ated with gastric lesions in Thoroughbred racehorses. Equine Vet
1 28(5):368-374

Nitsan Z, Mokady S, Sukenik A (1999) Enrichment of poultry
products with ®3 fatty acids by dietary supplementation with
the alga Nannochloropsis and mantur oil. J Agric Food Chem
47(12):5127-5132

Nogradi N, Couetil L, Messick J, Stochelski M, Burgess J (2015)
Omega-3 fatty acid supplementation provides an additional benefit
to a low-dust diet in the management of horses with chronic lower
airway inflammatory disease. J Vet Intern Med 29(1):299-306

Nwosu F, Morris J, Lund VA, Stewart D, Ross HA, McDougall GJ
(2011) Anti-proliferative and potential anti-diabetic effects of
phenolic-rich extracts from edible marine algae. Food Chem
126(3):1006-1012

O’Doherty J, Dillon S, Figat S, Callan J, Sweeney T (2010) The effects
of lactose inclusion and seaweed extract derived from Laminaria
spp. on performance, digestibility of diet components and micro-
bial populations in newly weaned pigs. Anim Feed Sci Technol
157(3):173-180

O’sullivan A, O’Callaghan Y, O’Grady M, Queguineur B, Hannifty D,
Troy D, Kerry J, O’Brien N (2011) In vitro and cellular antioxidant
activities of seaweed extracts prepared from five brown seaweeds
harvested in spring from the west coast of Ireland. Food Chem
126(3):1064-1070

Oke S, Mcllwraith C (2010) Review of the economic impact of osteoar-
thritis and oral joint-health supplements in horses. In: Proceedings
of the 56th Annual Convention of the American Association of
Equine Practitioners, Baltimore, Maryland, USA, 4-8 December
2010. American Association of Equine Practitioners (AAEP),
pp 12-16

Opalinski S, Dolinska B, Korczynski M, Chojnacka K, Dobrzanski Z,
Ryszka F (2012) Effect of iodine-enriched yeast supplementation
of diet on performance of laying hens, egg traits, and egg iodine
content. Poult Sci 91(7):1627-1632

Pangestuti R, Kim S-K (2011) Biological activities and health bene-
fit effects of natural pigments derived from marine algae. J Funct
Foods 3(4):255-266

Papadopoulos G, Goulas C, Apostolaki E, Abril R (2002) Effects of
dietary supplements of algae, containing polyunsaturated fatty
acids, on milk yield and the composition of milk products in dairy
ewes. J Dairy Res 69(03):357-365

Park J, Upadhaya S, Kim I (2015) Effect of dietary marine microalgae
(Schizochytrium) powder on egg production, blood lipid profiles,
egg quality, and fatty acid composition of egg yolk in layers. Asian-
Australas J Anim Sci 28(3):391

Raj EDS (2016) UV-VIS and HPLC studies on Amphiroa anceps
(Lamarck) Decaisne. Arab J Chem 9:S907-S913

Rao PS, Mantri VA, Ganesan K (2007) Mineral composition of edible
seaweed Porphyra vietnamensis. Food Chem 102(1):215-218

Reddy CM, Bhat VB, Kiranmai G, Reddy MN, Reddanna P,
Madyastha K (2000) Selective inhibition of cyclooxygenase-2 by
C-phycocyanin, a biliprotein from Spirulina platensis. Biochem
Biophys Res Commun 277(3):599-603

Rizzi L, Bochicchio D, Bargellini A, Parazza P, Simioli M (2009) Effects
of dietary microalgae, other lipid sources, inorganic selenium and
iodine on yolk n-3 fatty acid composition, selenium content and
quality of eggs in laying hens. J Sci Food Agric 89(10):1775-1781

Rupérez P (2002) Mineral content of edible marine seaweeds. Food
Chem 79(1):23-26

Ryckebosch E, Bruneel C, Muylaert K, Foubert I (2012) Microalgae as
an alternative source of omega-3 long chain polyunsaturated fatty
acids. Lipid Technol 24(6):128-130

Saeid A, Chojnacka K, Korczynski M, Korniewicz D, Dobrzanski
Z (2013a) Biomass of Spirulina maxima enriched by biosorp-
tion process as a new feed supplement for swine. J Appl Phycol
25(2):667-675

Saeid A, Chojnacka K, Korczynski M, Korniewicz D, Dobrzanski
7 (2013b) Effect on supplementation of Spirulina maxima
enriched with Cu on production performance, metabolical
and physiological parameters in fattening pigs. J Appl Phycol
25(5):1607-1617

Sardi L, Martelli G, Lambertini L, Parisini P, Mordenti A (2006) Effects
of a dietary supplement of DHA-rich marine algae on Italian heavy
pig production parameters. Livest Sci 103(1):95-103

Senthilkumar K, Manivasagan P, Venkatesan J, Kim S-K (2013) Brown
seaweed fucoidan: biological activity and apoptosis, growth signal-
ing mechanism in cancer. Int J Biol Macromol 60:366-374

Sevéikovd S, Skiivan M, Dlouhd G, Koucky M (2006) The effect of
selenium source on the performance and meat quality of broiler
chickens. Czech J Anim Sci 51(10):449-457

Simkus A, Oberauskas V, Laugalis J, Zelvyté R, Monkeviciené I,
Sederevi¢ius A, Simkiené A, Pauliukas K (2007) The effect of weed
Spirulina platensis on the milk production in cows. Vet Zootec
38(60):74-77

Simkus A, Oberauskas V, Zelvyte R, Monkeviciene I, Laugalis J,
Sederevicius A, Simkiene A, Juozaitiene V, Juozaitis A, Bartkeviciute
Z (2008) The effect of the microalga Spirulina platensis on milk pro-
duction and some microbiological and biochemical parameters in
dairy cows. Paper presented at the Zhivotnov’dni Nauki

Sirakov I, Velichkova K, Nikolov G (2012) The effect of algae meal
(Spirulina) on the growth performance and carcass parameters of
rainbow trout (Oncorhynchus mykiss). J BioSci Biotech:151-156

Skrivan M, Simane J, Dlouhd G, Doucha J (2006) Effect of dietary
sodium selenite, Se-enriched yeast and Se-enriched Chlorella on
egg Se concentration, physical parameters of eggs and laying hen
production. Czech J Anim Sci 51(4):163

Smet SD (2012) Meat, poultry, and fish composition: strategies for opti-
mizing human intake of essential nutrients. Anim Front 2(4):10-16

Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Commercial
applications of microalgae. J Biosci Bioeng 101(2):87-96

Stamey J, Shepherd D, de Veth M, Corl B (2012) Use of algae or algal
oil rich in n-3 fatty acids as a feed supplement for dairy cattle.
J Dairy Sci 95(9):5269-5275

Stengel DB, Connan S, Popper ZA (2011) Algal chemodiversity and
bioactivity: sources of natural variability and implications for com-
mercial application. Biotechnol Adv 29(5):483-501

Taintor JS, Wright J, Caldwell F, Dymond B, Schumacher J (2014)
Efficacy of an extract of blue-green algae in amelioration of
lameness caused by degenerative joint disease in the horse. J Equine
Vet Sci 34(10):1197-1200

Tokusoglu O, Uunal M (2003) Biomass nutrient profiles of three micro-
algae: Spirulina platensis, Chlorella vulgaris, and Isochrisis gal-
bana. J Food Sci 68(4):1144-1148

Tuhy £, Witkowska Z, Saeid A, Chojnacka K (2012) Zastosowanie
ekstraktéw glonowych w wytwarzaniu nawozéw, pasz, zywnosci i
kosmetykow. Przem Chem 5(91):1031-1034

Wongcharoen W, Chattipakorn N (2005) Antiarrhythmic effects of n-3
polyunsaturated fatty acids. Asia Pac J Clin Nutr 14(4):307

Yates CM, Philip CC, Rainger GE (2014) Pharmacology and therapeu-
tics of omega-3 polyunsaturated fatty acids in chronic inflammatory
disease. Pharmacol Ther 141(3):272-282

Yuan YV, Walsh NA (2006) Antioxidant and antiproliferative activities
of extracts from a variety of edible seaweeds. Food Chem Toxicol
44(7):1144-1150

Zahid PB, Aisha K, Ali A (1995) Green seaweed as component of poul-
try feed. Bangladesh J Bot 2(24):153-156

Zhang C, Li X, S-k K (2012) Application of marine biomateri-
als for nutraceuticals and functional foods. Food Sci Biotechnol
21(3):625-631



®

Check for
updates

Economic Aspects of Algae Biomass
Harvesting for Industrial Purposes.

12

The Life-Cycle Assessment

of the Product

Grzegorz Schroeder, Beata Messyasz,

and Bogustawa teska

Abstract

Biomass derived from algae is a valuable raw product for
agriculture and the chemical industry. The chemical com-
position of the algae biomass obtained from the natural
environment, culture under natural conditions, and culture
in bioreactors determines its application to the energy,
fuel, and cosmetic industries. The use of biomass, as well
as the extracts derived from biomass, is discussed in regard
to the economic aspect and life-cycle assessment. The eco-
nomic aspects of obtaining biomass algae in the product
life cycle are discussed for the bioproducts industry.

Keywords
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Application of algae - Life-cycle assessment

12.1 Introduction

In the countries of Central and Eastern Europe — located in
a temperate zone with a warm and transitory climate
between the marine and the continental, while characterized
by high frequency of weather changes both in the annual
and multiyear cycles — a significant interest in the use of
algae biomass as a raw product for industry has recently
arisen. The inclusion of countries in this region to the
European Union in 2004 brought about a substantial increase
in general ecological awareness. The emphasis on pro-eco-
logical solutions in Europe stems not only from a compari-
son of the conditions and quality of life in different European
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countries but primarily from the implementation of legal
regulations imposing pro-ecological activity in all of the
countries in the EU. The idea is that the development of
civilization must be based on principles of sustainable
development (Atkinson et al. 2009; United Nations 2015;
United Nations Development Program 2015; Transforming
our Word 2015; United Nations Official Document 2016;
Sustainable development goals 2016). The principles of sus-
tainable development concern a number of solutions leading
to the protection and preservation of the three areas of
development: culture, nature, and economy.

Agenda 21 is an action plan document that presents meth-
ods for working out and implementing sustainable develop-
ment rules at local levels (Report 1992; Agenda2l 1992).
This document was approved at the “United Nations
Conference on Environment and Development,” Rio de
Janeiro, 1992. In Agenda 21, the notion of “sustainable devel-
opment” was defined as the right to satisfy the developmental
aspirations of present generations without restriction of the
rights of future generations to satisfy their own developmen-
tal needs. According to this definition, the economic and civi-
lizational development of the present generation should not
lead to depletion of nonrenewable resources and damage to
the natural environment, so that we might ensure that future
generations will be able to realize their right to satisfy their
aspirations. In the documents of Agenda 21, the term “eco-
development” was introduced at the national level, being
defined as “the development at regional and local levels, con-
sistent with the potentials of the area involved, with attention
given to the adequate and rational use of natural resources,
technological styles and organizational forms that respect the
natural ecosystems and local social and cultural patterns.”
This definition of eco-development resulted, in an indirect but
definite way, in the introduction into political and economic
practice of the notion of “ecological space,” referring to the
yield of renewable and nonrenewable resources and the
capacity of the environment to support the life of mankind
(on the global scale), races (on the continental scale), nations
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(on the country scale), and local communities. According to
the assumed pro-ecological policy, we are obliged to invest in
the ecological space in order to stop the ongoing degradation
of the natural environment, rationalize the use of natural
resources, improve efficiency of production, improve the
comfort of living, and provide future generations with the
best possible conditions for satisfying their needs and their
development. The products of functional properties contain-
ing chemical compounds from natural sources, and not as a
result of chemical synthesis, have gained increasing popular-
ity, and the demand for them among consumers with ecologi-
cal awareness has been growing. The consumers demonstrate
an increasing number of requirements and expect that the
products or materials they buy will be simultaneously “bio”
and “natural” but, on the other hand, will also be competitive
with those products obtained by chemical synthesis.
Biosynthesis of useful chemical compounds under natural
conditions is expected to be superior to the synthesis of
organic compounds in chemical plants.

12.2 Algae Biomass as Raw Product
for Industry

Because of the difficult environmental conditions of living,
including periodic deficiencies in nutrients, the lack of access
to light, space, limitations or temporal salinity, the organisms
that live in water in order to survive have developed the abil-
ity to produce different chemical compounds through meta-
bolic transformations. Among the water organisms of
particular interest are algae. They are thalloid plants that
show the ability to photosynthesize (Craigie et al. 2008;
Craigie 2011). They are divided into two groups, depending
on their biological structure: macroalgae and microalgae.
The biomass of these organisms has been used in many
countries, those in Asia in particular, as a source of chemical
compounds and nutrition for humans and animals, as well as
a natural fertilizer in agriculture. These organisms are an
excellent source of proteins, vitamin E, and beta-carotene.
The ones most often used are the green algae, or chloro-
phytes, whose thallus may contain chlorophyll (green pig-
ment), xanthophyll (yellow), and carotene (orange pigment);
the red algae (rhodophytes), which contain red phycoery-
thrin, blue-green phycocyanin, or green chlorophyll; and the
brown algae (phaeophytes), whose thalli can be green, yel-
low, or brown (xanthophyll, fucoxanthin).

In the natural environment, algae are continuously
exposed to stress related to access to light, temperature fluc-
tuations, osmotic stress, and lack of water or water salinity.
In response, the plants synthesize a number of organic com-
pounds whose task is to counteract the stress. The biologi-
cally active compounds synthesized in the algal cells in order
to protect the plants against adverse conditions can be iso-

lated from the biomass and be used as valuable raw products
for industry. The organic compounds obtained in this way
are both “bio” and “natural.”

Biomass has been used for many years as a food compo-
nent for humans and animals, as well as a raw product for
industry. Presently, about 15 million Mg products are
obtained from algae annually. A small fraction of these prod-
ucts is used for obtaining extracts, the annual production of
extracts is 25,000 Mg, and the production shows a tendency
toward dynamic growth. In the understanding of pharmaceu-
tical law (Pharmaceutical Law 2001), algae are classified as
medical plants. Similarly, the Fodder Law (Minister of
Agriculture 2005) defines fresh and processed algae as fod-
der substances of plant origin. The extracts from algae are
classified differently. According to the EU laws (Community
Register 2003), algae extracts are animal feed additives.

Consumers from Europe, in particular, those from Central
and Eastern Europe, treat algae as a food component with
reserve. In its unprocessed form, algae biomass is marketed
as a diet supplement and is mainly made up of microalgae —
Spirulina. Algae extracts are easier to accept for consumers,
so methods of algae processing are always eagerly sought.
The use of algae extracts is more easily approved, not only
because of the psychological barrier but also because of the
known composition and longer stability of the products,
especially the certified ones, and the possibility of adding
extracts — rich in valuable bioactive compounds — to different
formulations. The algae extracts in which it was possible to
isolate metabolites and secondary metabolites were found to
contain antioxidants, bactericides, vitamins, mineral compo-
nents, and polysaccharides (Alassali et al. 2016; Bedoux and
Bourgougnon 2015). In the cosmetic industry, algae extracts
are used as ingredients in creams, tonics, and shampoos,
while dried and powdered algae are used for face masks and
slimming baths.

Algae biomass can be obtained for industry from:

— Natural water bodies (seas, lakes, rivers)

— Algae cultivation under natural conditions in selected
water reservoirs (ponds, algae farms)

— Algae cultivation for industrial purposes under the con-
trolled access of light, nutrients (N, P), and pH of the
medium

Each of these methods provides raw products of different
components, has a different impact on the natural environ-
ment, requires different costs, and shows different produc-
tion capacities and different seasonal characters for the
obtainment of biomass.

The composition of biomass strongly depends on the spe-
cies of alga, which determines a given species’ use.
Table 12.1 presents the contents of the three main compo-
nents of biomass in algae from different species.
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Table 12.1 Compositions of different species of alga (Vazquez-Duhalt
and Arredondo-Vega 1991; Renaud et al. 2002; Demirbas 2011; Chisti
2007; Pruvost et al. 2011; Singh et al. 2012)

Table 12.2 Photosynthetic rates of macroalgae (Estimation in pmol
CO, h! on the basis of dry weight (g dry~') or wet weight (g wet™")

(Jung et al. 2013)

Algae species Concentration (%) Photosynthetic rate
Protein | Carbohydrate | Lipid Species (pmol CO, h™")

Anabaena cylindrical Lemm. 43-56 | 25-30 4-7 Green algae

Botryococcus braunii Kiitz. 8-17 |8-20 25-75 Acrosiphonia centralis (Lyng.) Kjellman | 468 g dry~'

Chlamydomonas reinhardtii 48 17 21 Cladophora rupestris (L.) Kiitz. 30.5 gdry™!

Dang. Codium fragile (Suring.) Hariot 68.3 g dry™!

Chlorella pyrenoidosa Chick 57 26 2 Enteromorpha sp. 1786 g wet™!

Chlorella vulgaris Beyer. 51-58 | 12-17 14-22 Monostroma grevillei (Thuret) Wittrock 1466 g dry~!

Dunaliella bioculata Butcher 49 4 8 Ulva sp. 48.7 g dry™!

Dunaliella salina (Dunal) Teod. 57 32 6 Red algae

g’égi’j”ma cottonii Weber-van 9-10 126 1 Aquragopsis taxiformis (Delile) 174 g dry™!

Trevisan

Euglena gracilis Klebs 39-61 | 14-18 14-20 Chondrus crispus Stackhouse 212 g dry”!

Isochrysis sp. 31-51 |11-14 20-22 Delesseria sanguinea (Hudson) Lamour | 37.9 g dry~!

Neochloris oleoabundans Chant | 20-60 | 20-60 35-54 Gracilaria sp. 85 o wet-!

and Bold P £

Porphyridium cruentum (Gray) 28-39 | 40-57 9-14 g;ﬁil/iiocglatm (Turn.) Bory de B4 g dry”

Nig.

Prymnesium parvum Carter 2845 | 25-33 22-38 Porphyra sp. 1808.7 g dry™!

Scenedesmus dimorphus (Turpin) | 8-18 21-52 16-40 Brown algae

Kiitz. Alaria marginata Post. and Rupr. 109.3 g dry™!

Scenedesmus obliquus (Turpin) | 50-56 | 10-17 12-14 Cymathere triplicata (Post. and Rupr.) 58.5 g dry™!

Kiitz. Ag.

Scenedesmus quadricauda 48 17 21 Dictyopteris sp. 221 g dry”!

(Turpin) Breb. s. Chodat Fucus sp. 561 g dry~!

Spirogyra sp. 6-20 | 33-64 11-21 Laminaria sp. 124 g dry™!

Spirulina maxima (Setch., Gard.) | 60-71 | 13-16 67 Macrocystis sp. 171.8 g dry™!

Geitler Sargassum sp. 415 g dry™!

Spirulina platensis (Gomont) 46-63 | 8-14 4-9

Geitler

Synechococcus sp. 03 15 11 — Energy production (methane, ethanol, butanol, biodiesel,

Tetraselmis maculata Butcher 52 15 3 and hydrogen)

Ulva lactuca L. 17 >9 34 — Production of non-energy materials for the chemical

gxgz;’;p innatifida (Harvey) 24 43 34 industry (saturated and unsaturated acids, antioxidants,

According to Jung et al. (2013), global production of mac-
roalgae has shown that macroalgae can be mass cultivated
with currently available farming technology. Their various
carbohydrate compositions imply that new microorganisms
are needed to effectively saccharify macroalgae biomass.
Up-to-date macroalgae conversion technologies for biochem-
icals and biofuels show that molecular bioengineering would
contribute to the success of macroalgae-based biorefinery.
The industrial use of algae is the decisive factor in the rate of
mass gain over time. Due to the high photosynthetic ability of
macroalgae, they have the potential to generate and store suf-
ficient carbon resources as needed for biorefinery. Table 12.2
shows the photosynthetic rates of macroalgae.

Photosynthetic rates vary highly depending on the spe-
cies. Enteromorpha (green alga) and Porphyra (red alga)
have the highest photosynthetic rates, which are 1-2 orders
of magnitude higher than those of brown algae. Biomass of
micro- and macroalgae is used for:

and pigments) and to be used as agrochemicals (natural
fertilizers and plant growth promoters)

12.3 Biomass Algae as a Raw Product
for the Production of Biofuels

All countries must take some precautions against the depletion
of fossil fuels. The need to provide energy security, maintain
economic growth, and restrict the effects of climate change has
triggered an interest in biofuels. Production of sustainable bio-
energy is of global interest. Algae offer great potential as a sus-
tainable raw product. Much attention has been paid to the
production of bioenergy from the algae biomass, taking into
account the potential benefit for the natural environment when
compared with the effects of conventional cultivations of bioen-
ergy production and conventional fossil fuels. Algae are very
promising, as they absorb considerable amounts of carbon from
the atmosphere, as well as industrial gases, and can effectively
use the nutrients from postindustrial processing waste and
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municipal waste. After the development of economically accept-
able and environmentally justified technologies, algae cultiva-
tion could provide large amounts of biofuel with a minimal
effect on the environment (Singh et al. 2012; Ruiz et al. 2016).
In order to economically use algae biomass for biofuel
production, first of all, a continuous supply of large amounts
of dry biomass is needed. In the temperate climatic zone, the
harvest of biomass from natural water bodies shows a sea-
sonal character, with variations in algae species composition
and different yields of the crop depending on the weather,
species composition and diversity, and the considerable
amount of pollution with toxic metals, pesticides, and toxins
absorbed from the environment. Various species of filamen-
tous alga prefer different conditions for a temporary increase
in their vegetation season. Growth patterns for common fila-
mentous algae indicate the occurrence of both an early spring
species and, typically, a summer species in freshwater eco-
systems in Poland (Pikosz et al. 2017). Thus, the harvesting
of algae biomass for industrial purposes will be character-
ized by seasonality. Among the filamentous algae, which
commonly occur in water ecosystems, Cladophora rivularis
(L.) Hoek and C. fracta (Miill. ex Vahl) Kiitz. show higher
aqueous water temperatures than C. glomerata (L.) Kiitz.,
Tribonema vulgare Pascher, and Ulothrix variabilis Kiitz,
with an optimum of occurrence in water below 18 °C. Taking
into account all macroalgae that form the densest patches, C.
glomerata (L.) Kiitz. occupies a distinct niche in Polish
water ecosystems (Table 12.3). Moreover, C. glomerata (L.)
Kiitz., as the only species of homogenous macroalgae mass
development, is able to achieve high biomass in freshwaters
in a short time. This species forms its highest biomass con-
centration in two periods: spring (April-June) and autumn
(September—October), which confirms its strong response to
colder water and also the possibility of harvesting biomass
for several months each year. For other freshwater species of
macroalga, optimum development is limited to only a few
weeks, making it difficult to accurately plan the collection of
biomass. It seems that the impact of environmental factors
on the size of freshwater macroalgae biomass is higher than
that of the marine ecosystem, which adds an additional factor

of high variability and seasonality of harvest. A lack of
repeatability in the development of the same amount of bio-
mass in natural aquatic ecosystems can negatively affect sub-
sequent economic aspects. Table 12.3 Presence (light gray
color) and growth intensity of macroalgae species deter-
mined by their ecological optimum (dark gray color) in
freshwater ecosystems in Poland.

An important economic argument for development of
algae biomass use is related to the necessity of improving rec-
reational conditions of water reservoirs. Collection of algae
biomass from beaches attractive to tourists has become a
necessity, irrespective of the cost and manner of biomass util-
ity, as it is vital for maintenance of the recreational value of
the relevant regions. This way of collecting biomass seems to
be the cheapest way to utilize waste that can become a raw
product. The amount of biomass in water bodies and along
their banks depends on the process of accumulation of organic
matter at a rate higher than that of its assimilation; the organic
matter can be provided in municipal and industrial wastewa-
ters. Because of the weather conditions and character of the
environment, it is difficult to predict the blooming and thus
plan harvesting, transportation, and fast utilization. In addi-
tion, the algae collected from beaches are polluted with sand
and litter and undergo fast decomposition. Presently, if algae
biomass is collected, it is usually damp.

Another method for providing biomass supply for indus-
try is the cultivation of algae in selected water bodies. Algae
are characterized by a very fast pace of growth, and their
cultivation permits very effective use of space. From a unit
area covered with algae, it is possible to get about 30 times
more energy than from a unit of the same size in which bio-
fuels of the first or second generation are being grown.
Biofuels of the first generation are obtained from corn, sug-
arcane, rapeseed, sugar beet, and others. Production of biofu-
els of the first generation is in competition with food
production and is treated as a possible limitation for food
production. Biofuels of the second generation are obtained
from materials that are not used for food production, such as
wood, straw, and other wastes from agricultural production
(Carriquiry et al. 2011; Brennan and Owende 2010).

Table 12.3 Presence (light gray
color) and growth intensity of
macroalgae species determined
by their ecological optimum (dark

Taxon of freshwater macroalgae

Months
1 2 3

4 5 6 7 8 9 1 1 1
0 1 2

gray color) in freshwater ecosys-
tems in Poland

Cladophora glomerata (L.) Kiitz.

Tribonema vulgare Pascher

Ulothrix variabilis Kiitz.

Rhizoclonium spp.

Ulva flexuosa Wulfen

Cladophora fracta (Miill. ex Vahl) Kiitz.

Cladophora rivularis (L.) Hoek

-
I
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In 2013, biofuel obtained from algae was offered on the
market for the first time. The Propel network of gas stations
in San Francisco (USA) offered biodiesel with a 20% admix-
ture of the component obtained from algae (Cardwell 2013).
Production of algae biodiesel on a mass scale must be evalu-
ated, taking into account the size of resources, their avail-
ability and stability of supply, the effect on the environment
and economy, the yield of technology applied, and the life
cycle of the product (Quinn and Davis 2015).

Microalgae are considered to be one of the most feasible
options with the potential to serve as a major feedstock for
biofuels and bioproduct production. However, the economic
viability of commercial-scale production continues to be
called into question by many researchers and investors.
Biomass from micro- and macroalgae contains significant
amounts of water. Microalgae generally contain only
10—15% dry matter ( Chen et al. 2015). Therefore, there is a
need to carry out parametric analyses so as to identify the
influence of system configuration and process on their eco-
nomic viability. The results show that the most important
cost-driving parameters are the pond, the harvesting, and the
biomass drying process (Madugu and Collu 2016).

The biggest challenge for any biofuel technology is the
drying out of microalgae. This process is the most energy
consumptive (Bennion et al. 2015). Research on the econom-
ics of using algae for biofuel production is primarily based on
experiences and calculations from other climates and adapta-
tion to European conditions. Malic et al. have established
that, for the climatic zone of Australia, bio-crude production
is environmentally, economically, and socially sustainable.
To this end, an economic multi-region input-output model of
Australia was completed through processing of the engineer-
ing data on algal bio-crude production. This model was used
to undertake hybrid life-cycle assessment for direct measure-
ment, as well as measuring the indirect impacts of producing
bio-crude. Overall, the supply chain of bio-crude is more sus-
tainable than that of conventional crude oil. The results indi-
cate that producing 1 million Mg of bio-crude will generate
almost 13,000 new jobs and 4 billion dollars’ worth of eco-
nomic stimulus. Furthermore, bio-crude production will
offer carbon. Sequestration opportunities of the production
process are net carbon-negative (Malic et al. 2015).

Slade and coworkers have shown three aspects of micro-
algae production that will ultimately determine its future
economic viability and environmental sustainability: the
energy and carbon balance, environmental impacts, and pro-
duction cost (Slade and Bauen 2013). We find that achieving
a positive energy balance in the temperate climate of Europe
will require technological advances and highly optimized
production systems (Ghadiryanfar et al. 2016).

Biomass of microalgae is also considered as an alternative
source of bioenergy. The techno-economic characteristics of

macroalgae utilization in European temperate zones was
evaluated by Dave et al. (2013) in a selected anaerobic
digester using the chemical process modeling software
ECLIPSE. The assessment covered the mass and energy bal-
ance of the entire process, followed by an economic feasibil-
ity study, which included the total cost estimation, net present
value calculation, and sensitivity analysis. The selected plant
size corresponded to a community-based AD of 1.6 MW
with a macroalgae feed rate of 8.64 Mg per day (dry basis).
The produced biogas was utilized in a combined heat and
power plant generating 237 kW of electricity and 367 kW of
heat. The break-even electricity-selling price in this study
was estimated at around €120/MWh. On the grounds of dif-
ferent national and regional policies, this study did not
account for any government incentives (Dave et al. 2013).

Aitken presented a life-cycle assessment (LCA) that con-
sidered the energy return and environmental impacts of the
cultivation and processing of macroalgae (seaweed) into bio-
ethanol and biogas with a particular focus on specific species
(Gracilaria chilensis Bird, McLachlan and Oliveira and
Macrocystis pyrifera (L.) Agardh) and cultivation methods
(bottom planting and long-line cultivation). The study was
based mainly upon data obtained from a research conducted
in Chile, but the results can be applied to other locations
where similar cultivation is feasible (Aitken et al. 2014).

The cost-effectiveness of production of energy from mac-
roalgae depends on the yield of macroalgae production and
the cost of raw product acquisition and processing. The yield
of macroalgae production varies from 150 to 600 Mg of fresh
biomass per hectare per year and is much higher than the
typical value for sugarcane, which varies from 70 to 170 Mg
fresh biomass per hectare per year. This means that under the
optimum conditions of cultivation, macroalgae could be a
more effective source of energy than biomass from land
plants. The most promising species for biofuel production
are the algae containing large amounts of oil (triglycerides)
(Table 12.4).

The estimated cost of raw product can vary within a wide
range, depending on the method of cultivation, with typical
values being from 5 to 60 USD for 1 GJ of energy obtained
from biodiesel, biogas, or bioethanol (Aresta et al. 2003).

From the point of view of societal development, the pro-
duction of biofuels from algae is attractive, taking into
account the following facts:

— Harvesting of algae biomass from water reservoirs does
not compete with the production of farmland crops, as it
does not affect agricultural land.

— Production of biomass from algae does not interfere with
food production.

— Growing algae absorb large amounts of carbon dioxide
from the atmosphere.
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Table 12.4 Oil (triglycerides) content of some microalgae (Chisti
2007)

Table 12.5 Potential pathways from algae biomass to fuel (Posten and
Schaub 2009; Amin 2009; Chisti 2007)

Oil content (% in

Microalgae dry weight biomass)
Botryococcus braunii Kiitz. 25-75

Chlorella sp. 28-32
Crypthecodinium cohnii (Seligo) Javornicky 20

Cylindrotheca sp. 16-37
Dunaliella primolecta Butcher 23

Isochrysis sp. 25-33
Monallanthus salina N. 20

Nannochloris sp. 20-35
Nannochloropsis sp. 31-68
Neochloris oleoabundans Chant. and Bold 35-54

Nitzschia sp. 4547
Phaeodactylum tricornutum Bohlin 20-30
Schizochytrium 50-77
Tetraselmis suecica (Kylin) Butcher 15-23

— Cultivation of algae under natural conditions has modest
environmental requirements.

— Removal of algae from beaches and lakes considerably
enhances the touristic attractiveness of the relevant
regions.

The cost-effectiveness of biofuel production from algae on
an industrial scale depends on the pro-ecological policy of
individual governments and their support of energy produc-
tion from renewable sources.

Recently, algae biomass has been intensively studied as a
raw product for biofuel production (Gunaseelan 1997;
Fukuda et al. 2001; Sharma et al. 2001; Demirbas 2005;
Meher et al. 2006, Sahena et al. 2009; Huang et al. 2010;
Mubarak et al. 2015). The method of transformation of algae
biomass into fuels is presented in Table 12.5.

The algae species that can be used for bioethanol produc-
tion include the microalgae, Chlorococcum infusionum
(Schrank) Menegh., Chlamydomonas reinhardtii UTEX 90,
and Chlorella vulgaris Beyer., and macroalgae: green algae,
Ulva lactuca L. and Ulva pertusa Kjellman; red algae,
Kappaphycus alvarezii (Doty) Doty ex Silva, Gelidium
amansii (Lamour.) Lamour., Gelidium elegans Kiitz., and
Gracilaria salicornia (Ag.) Dawson; and brown algae,
Laminaria japonica Areschoug, Laminaria hyperborea
(Gun.) Foslie, Saccharina latissima (L.) Lane, Mayes,
Druehl, and Saunders, Sargassum fulvellum (Turner) Ag.,
Undaria pinnatifida (Harvey) Suringar, and Alaria crassifo-
lia Kjellman.

Bioethanol can be obtained from algae through two tech-
nologies: acid hydrolysis and fermentation by microorgan-
ism, with the economic criteria being the yield of the process
(Jambo et al. 2016).

According to the energy directive of the European
Council, the level of use of generation I biofuels in transpor-

Technologies‘ Methods ‘ Results
Thermochemical technologies
Gasification of biomass Biogas
Liquid transformation Bio-oil
Pyrolysis Biogas or bio-oil
Burring of biomass Energy and heat

Biochemical conversion

Fermentation Biomethane and

bioethanol
Photobiographical Biohydrogen
production

tation can reach, at most, 7%, while the rest of the demand
(3%) should be provided by generation II and III biofuels
(biomass of waste and algae). The European Union (EU) has
recently begun withdrawing from promotion and funding of
energy plant cultivation, in particular, from cultivation of
crops for potential food production. Large areas of monocul-
tural crops imply greater amounts of nitrates, phosphates,
and pesticides in the environment. It also means restricted
biodiversity, so algae and their waste products are currently
preferred as biomass for energy production in Europe.

Under optimal conditions, algae are able to double their
mass within 24 h, sometimes even within 3.5 h. In compari-
son with other plants, the period of their growth — from 1 to
10 days — is very short. This fact allows for frequent harvest-
ing, far more frequent than the one to two times a year for
traditional crops. Algae absorb CO, (1 kg of dry mass of
algae absorbs about 1.8 kg CO,), which considerably restricts
the emission of carbon dioxide into the atmosphere. The
algae need access to sources of carbon, nitrogen, and phos-
phorus for development, as the CO, from the air is insufficient
for them, taking into account a very fast increase in biomass.
Thus, the idea of localization of algae farms in the vicinity of
industrial plants and conventional power stations. The car-
bon dioxide obtained during the combustion of fuel is
directed directly to the water tank with algae. In this way, the
emission of CO, into the atmosphere is further restricted.
Open ponds providing optimum conditions for growth of
microorganisms and plants are sensitive to pollution by other
microorganisms, such as other algae species, bacteria, or
water plants. In open ponds, control of temperature or light is
not possible. The vegetation period depends to a high degree
on localization, and apart from the tropical regions, it is
restricted to 3—6 warm months.

Open pond cultivation is the cheapest. The access to water
from the sea, lake, or river and intensive sunlight determine
the low exploitation cost, in comparison with the cultivation
of algae in closed bioreactors, which, however, guarantees
the purity of the product and control of growth processes.
Covering of natural ponds with a semitransparent foil or fab-
ric generates hothouse conditions. This technology solves
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many of the problems of an open pond. It permits cultivation
of a greater number of species, ensures domination of
selected species, and extends the vegetation period; if the
pond is heated, the vegetation period can last all year round.
Idle lands are perfect areas for algae cultivation. It is also
possible to use wastewater for algae production, with the
wastewater then also being purified of nitrogen and phospho-
rus compounds. This is a very promising solution for reduc-
tion of cost related to water and nutrient supply. Algae
biomass can be collected from the water by the following
methods:

— With the use of a special platform

— With the use of foam flotation

— By filtration through cellulose membranes with the use of
a vacuum pump

— With the use of flocculation and centrifugation

— With the use of magnetite (iron oxide) particles of micro-
metric size

The process of biomass production of final energy and non-
energy products can be divided into several stages:

— Collection of algae biomass

— Cleaning of coatings and diatoms, washing with water,
and air-drying

— Storage or milling of biomass

— Extraction of algae biomass by various techniques

— Extract processing, chemical isolation of bioactive com-
pounds, and management of the extracted biomass

In this compilation, transport of the biomass and the prod-
ucts obtained through its processing is not included.

The alternative to algae cultivation in open ponds is the
use of closed photobioreactors. The best seem to be the pho-
tobioreactors that use solar radiation. These reactors are
made of light-transmitting materials (Molina et al. 1999;
Pulz 2001). There are three main types of photobioreactor:
vertical column, cylindrical, and flat panel. The fast growth
of algae requires long exposure to intensive sunlight and a
temperature no lower than 20 °C; under other conditions, the
growth of the algae will be inhomogeneous and ineffective.
In some algae cultivation plants, water is heated, and addi-
tional light sources are used, which increases the cost of bio-
mass production. Such reactors are used for cultivation of
algae to be used for the production of cosmetics and medical
products. The additional cost of lighting is calculated into the
price of the special product (Saeid and Chojnacka 2015).

Photobioreactors offer high rates of productivity, with the
potential to yield 5000-15,000 gal of microalgal oil per acre
per year. If an average yield of 10,000 gal of oil /acre/year
could be achieved, the 63 billion gallon diesel demand of the

USA could be produced on just 6.3 million acres (Oil seed
crops 2016).

The yield of biodiesel production from algae is 15-300
times higher than that of oil produced from traditional crops.
The yield of various plant oils (gallons per hectare) is soy 118,
safflower 206, sunflower 251, castor 373, coconut 605, palm
605, and algae 26,417. The yield of oils per hectare of algae
crops is high, higher than that for oilseeds (Biodigester 2016).

Bioproducts can be produced from different types of alga
and through the use of different technologies. Microalgae
contain the oil that is suitable for biodiesel production.
Production of bioethanol mainly involves macroalgae, which
are characterized by a high content of starch and cellulose,
including brown algae, red algae, and chara (charophytes).
Depending on the type of alga and the type of metabolism,
these organisms accumulate different storage materials in
their cells: lipids, carbohydrates, and proteins. Oil can be
obtained from algae by pressing or by extraction, while the
species rich in proteins or saccharides are used for alcoholic
fermentation of methane production. Recently, algae have
been frequently mentioned as a potential source of hydrogen
or methanol for fuel cells.

The cost-effectiveness of biodiesel production from algae
is not competitive with the cost of production of traditional
fuels, which hinders the dynamic development of this tech-
nology. That is why the production of algae biomass on an
industrial scale, irrespective of the final product (biodiesel,
ethanol), is reasonable only if based on natural sunlight and
water that can have no other use. At present, genetically
modified organisms from which it is easier to extract ener-
getically valuable substances are being tested.

Genetically modified algae are those whose genetic mate-
rial has been altered using genetic engineering techniques.
These techniques are generally known as recombinant DNA
technology. Using this technology, DNA molecules from dif-
ferent sources are combined in vitro into one molecule to
create a new gene. This DNA is then transferred into an
organism and causes the expression of modified or novel
traits. The interest in obtaining biofuels from GMO algae is
growing year by year (Rosenberg et al. 2008; Radakovits
etal. 2010; Sayre 2010; Enzing 2012; Snow and Smith 2012;
Kumar 2015). In order to obtain the algae species for indus-
trial bioproducts, the following genetic strategies are dis-
cussed (Glass 2015):

Enhance photosynthesis; improve carbon fixation
Enhance pathway proteins
Introduce new carbon fixation pathways

Enhance or alter lipid biosynthesis for improved diesel, jet
fuel production

Enable secretion of lipids to improve harvesting and
separation
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Express, enhance transporter proteins
Alter cell wall composition for easier cell lysis
Utilize metabolic engineering to enhance existing pathways
Maximize carbon flow to desired product(s)
Eliminate competing pathways
Remove harmful, toxic compounds
Introduce new pathways for desired products
Utilize ethanol
Utilize butanol
Improve production of hydrogen for fuel use

Implementation of technologies in regard to genetically
modified algae must comply with GMO laws, be socially
acceptable, and, perhaps above all, be safe (European Union
2001, 2009).

12.4 Algae Biomass as a Raw Product
for the Cosmetic Industry

Biomass of marine and freshwater algae is a good raw prod-
uct for extraction of the bioorganic compounds used in the
cosmetic industry (Pereira and Meireles 2010; Li et al. 2014;
Michalak and Chojnacka 2014, 2015; Goto et al. 2015;
Michalak and Chojnacka 2015; Messyasz et al. 2015a, b).
Green extraction technologies for high-value metabolites
from algae are presented by Esquivel-Herndndez et al.
(2017). The current list of algae products is extensive.
Table 12.6 presents exemplary products obtained from dif-
ferent algal types.

Therapeutic supplements from microalgae comprise an
important market involving compounds such as f-carotene
and astaxanthin, polyunsaturated fatty acids (PUFA) such as
DHA and EPA, and polysaccharides such as p-glucan. The

Table 12.6 List of algae products (Comprehensive Report 2015)

Medium-high
High value value Low to medium value
Nutraceuticals Nutraceuticals Fertilizer and animal
(astaxanthin, (Spirulina and feed (aquaculture feed

beta-carotene, Chlorella) (shrimp feed, shellfish
omega-3 fatty acid feed, marine fish larvae
(DHA and EPA), and cultivation), animal
coenzyme Q10) feed, and fertilizer)
Pharmaceuticals Hydrocolloids Substitutes for
(antimicrobials, (agar, alginate synthetics

antivirals, antifungals, |and, (biopolymers and

and neuroprotective carrageenan) bioplastics —

products) lubricants)

Cosmetics (anti- Chemicals Bioremediation

(wastewater treatment
and nutrient credits
CO2 capture and
carbon credits)

cellulite, skin
antiaging, and
sensitive skin
treatment — alguronic
acid)

(paints, dyes,
and colorants)

dominant species of microalga used in commercial produc-
tion include Isochrysis, Chaetoceros, Chlorella, Arthrospira
(Spirulina), and Dunaliella (Priyadarshani and Rath Biswajit
2012). The production of unsaturated algae DHA from bio-
mass algae is an innovative approach to this problem. The
optimum algae species and technology have been selected to
ensure the production of unsaturated acid in amounts profit-
able for the producers. DHA algal oil is produced via an
algal fermentation process using Schizochytrium. Up to 50%
of this species’ dry cell weight can be made up of the fatty
acids; approximately 30% of the total fatty acid content is
DHA. It has been shown that S. limacinum can provide
approximately 4 g of DHA for every liter of the medium,
which is greater than the amounts obtained from the other
species studied. Production of DHA oil from Schizochytrium
is realized through the four-step technology (Oilgae 2016):

— Fermentation (fermentation carried out under controlled
conditions using carbon and nitrogen bulk nutrients, vita-
mins, and trace mineral sources)

— Intermediate product (algae cell concentrate and dried
algae transferred to oil extraction process)

— Oil extract (oil extract from dried algae by solvent (hex-
ane) extraction. De-oiled biomass is separated by centrif-
ugation or filtration. Solvent phase is crystallized
(winterized) and oil is extracted.)

— Oil purification (Winterized oil is heated and pretreated
with acid, neutralized, and centrifuged to get refined oil.)

The search for biostimulants of plant growth (by extraction)
for ecological agriculture is another rapidly developing field.
The compounds obtained this way are expected to replace
synthetic biostimulants and become natural products for
agriculture consistent with the idea of “plant for plants.”
Algae biomass contains small amounts of plant growth
stimulants (Michalak et al. 2015, Michalak et al. 2016a, b;
Godlewska et al. 2016; Michalak and Chojnacka 2016a, b;
Gorka et al. 2016; Michalak et al. 2017). The extraction of
bioactive compounds from algae biomass requires the use of
different extraction techniques (Michalak and Chojnacka
2016b; Roj et al. 2015; Schroeder et al. 2015a, b; Fabrowska
et al. 2015a, b; 2016). A cost-effective analysis of these pro-
cesses has been conducted by Koztowski (Koztowski et al.
2016).

12.5 Life-Cycle Assessment of Algae
Production

Life-cycle assessment (LCA) is a tool for identifying and
comparing the whole life cycle, or cradle-to-grave, environ-
mental impacts of production, marketing, transport, and dis-
tribution. Life cycle impact assessment (LCIA) converts



12 Economic Aspects of Algae Biomass Harvesting for Industrial Purposes. The Life-Cycle Assessment of the Product

139

inventoried flows into simpler indicators. In LCIA, essen-
tially two types of methods are followed: problem-oriented
methods and damage-oriented methods (end points). In the
problem-oriented approaches, flows are classified into the
environmental themes to which they contribute. The damage-
oriented methods also start with classification of a system’s
flows into various environmental themes, but they model the
damage of each environmental theme according to its effect
on human health and ecosystem health or the damage to
resources. LCA is currently being used to assess the large-
scale feasibility and environmental impact of alternative pro-
cessing technologies being explored for processing
microalgae as a feedstock into biofuels (Aiken et al.
2014; Aresta et al. 2005; Kothari et al. 2008; Beer et al. 2009;
Brune et al. 2009; Batan et al. 2010; Clarens et al. 2010;
Jorquera et al. 2010; Brentner et al. 2011; Campbell et al.
2011; Khoo et al. 2011; Razon and Tan 2011; Shirvani et al.
2011; Frank et al. 2011, 2013; Grierson et al. 2013; Liu et al.
2013; Passell et al. 2013; Slade and Bauen 2013; Zhang et al.
2013; Gao et al. 2013; Adesanya et al. 2014; Ponnusamy
et al. 2014; Quinn et al. 2014; Bennion et al. 2015; Malik
et al. 2015; Voort et al. 2015).

Ruiz has presented analyses of different markets for prod-
ucts from microalgae and the techno-economic evaluation of
the whole process chain, including cultivation, biorefinery,
and market exploitation for a 100 ha facility in six locations.
The calculation has shown a current cost per unit of dry bio-
mass of 3.4 euro kg~! for microalgae cultivation in Spain,
with an expected reduction to 0.5 euro kg=! in 10 years.
Production of high-value products (e.g., pigments) would
currently be profitable, with a net present value of 657 mil-
lion euro in 15 years. Markets aimed at food and chemical
commodities require further cost reductions for cost com-
petitiveness, reachable in the next decade (Ruiz et al. 2016).

LCA is the compilation and evaluation of the inputs and
outputs and the potential impacts of a product system
throughout its life cycle. Input and output parameters for
production of biodiesel and its coproducts, such as succinic
acid, and cost estimation have been presented by Gnansounou
(Gnansounou and Raman 2016). The data inventories of the
input/output parameters are given in Table 12.7.

LCA analysis of production from algae biomass very
strongly depends on the region and country for which it is
conducted. Globalization of results yields a significant dif-
ference from actual production costs and environmental
impacts (Taelman and Sfez 2015).

Subcritical water extraction (SWE) of algae biomass
demonstrates a significant capacity for generating liquid
transportation fuels from algae with minimal environmental
impacts. The SWE process expends pressurized water to pro-
duce bio-crude or bio-oil, as well as aqueous, solid, or gas-
eous by-products. Danquah has comprehensively reviewed
the process principles, optimal conditions, engineering

Table 12.7 Data inventory of algae biodiesel production per kg and
1.94 kg protein production (Gnansounou and Raman 2016)

Utilities/materials
Water
Urea

Stages Input/output

Cultivation Input

Diammonium
phosphate
Concrete
Steel

Plastic

Cast iron
Electricity
Algal broth
Chitosan
Electricity
Algal broth
Dry algae

Oil extraction

Output
Input

Harvest

Output
Input

Oil extraction

Electricity
Heat

Algal oil
De-oiled algae
biomass
Ethanol
Methanol
Electricity
Heat

Protein

Output
Input

Protein
extraction

Output

Algae biomass

Anaerobic
digestion

Input Electricity
Heat

Algae biomass

Output Electricity
Heat
Algal oil
Methanol

Sodium hydroxide

Biodiesel
production

Input

Sulfuric acid
Electricity
Heat

Water
Biodiesel
Glycerol

Output

Transport
biodiesel

Transport biodiesel — from
industry to outlet

Protein — from industry to
outlet

scale-up, and product development and has shown that the
LCA analysis ascertains the viability of an industrial-scale
SWE process for biofuel production from algae
(Thiruvenkadam et al. 2015).

Environmental impact is an essential aspect for the intro-
duction of algae production systems. As information on
large-scale algae production is only sparsely available, pro-
cess simulation is the only way to evaluate environmental
sustainability in the early phase of process design. Simulation
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results allow for the evaluation of production and design sce-
narios and reveal the potential to improve the life-cycle per-
formance of algae production systems. Van Boxtel has
discussed how choices in the process design of algae produc-
tion systems (cultivation, biorefinery, and the supply chain)
advance LCA results (Van Boxtel et al. 2015).

Sho has found that the starch contained in algae can be
converted into alkyl lactate and alkyl levulinate, important
chemicals in the production of pharmaceuticals, additives,
and polyesters. Two molecules of lactic acid can be dehy-
drated into lactone lactide and subsequently polymerized
into either atactic or syndiotactic polylactide, which are bio-
degradable polyesters. Levulinic acid, on the other hand, is
used as a precursor for pharmaceuticals and additives like
plasticizers, as well as a starting material for a wide variety
of compounds (Sho et al. 2017).

Micro- and macroalgae are the source of biomass used for
the production of biomethane, hydrogen, and biogas, oils
used for the production of biodiesel, and sugars used for the
production of bioethanol (Richa et al. 2008). The production
of algae biofuels is very effective, especially with the use of
enzymes, but requires high financial investment. An addi-
tional problem in the production of algae biogas is the high
cost of supplying the raw product and the odor that accompa-
nies the biogas plant. From the economic point of view, com-
panies would be much more profitable were they to utilize
better products for the extraction of fine chemicals and ingre-
dients for pharmaceuticals, cosmetics, and high-end nutra-
ceuticals. On the basis of their market values, algae products
are classified into three types: high-, medium-, and low-value
products (Table 12.8).

In accordance with the principles of sustainable develop-
ment, the acquisition and processing of algae biomass for
industrial purposes must also be considered in its environ-
mental and social aspects. For this reason, the following facts
are relevant to sustainability: algae do not compete with
farmland crops, algae do not pose a threat to food crops,
algae are fast growing with low environmental requirements,
algae are involved in the absorption of carbon dioxide with
very high yield, and algae removed from the beaches of seas,
lakes, or rivers enhance the landscape and tourism values of
these areas. The objective economic, social, and environ-
mental assessment of the algae biomass used for industrial
applications needs to be based on the life-cycle assessment

Table 12.8 List of products from biomass algae and their market val-
ues (Oilgae 2016)

Category Price range ($/kg)
Biofuels <1
Fine chemicals/food ingredients 10-50

Ingredients for pharma, cosmetics,
high-end nutraceuticals

150 and higher (>$1000/kg
for astaxanthin)

analysis for each region or country, taking into account not
only climate but also legal and social conditions.
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