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Preface

The field of algal biotechnology has witnessed remarkable advancements over the
past few decades, driven by the urgent need for sustainable and renewable resources.
Insights into Algae — Fundamentals, Culture Techniques, and Biotechnological Uses of
Microalgae and Cyanobacteria aims to capture the depth of this exciting domain, pro-
viding a comprehensive overview of the fundamental concepts, culture techniques,
and biotechnological applications of these versatile microorganisms.

Algae, which include both microalgae and cyanobacteria, although they have differ-
ent biological characteristics, are crucial to many ecological and industrial processes.
Microalgae are eukaryotic organisms, while cyanobacteria are prokaryotic. Still, both
share the extraordinary ability to thrive in a wide variety of environments and to
convert solar energy into chemical energy through photosynthesis. This ability allows
them to play a critical role in bioremediation, wastewater treatment, and carbon
dioxide capture to address pressing environmental challenges. In addition, algae
contribute to energy production, environmental sustainability, and food security.

This book explores the myriad benefits of algae, from their economic value in the
commercial sector to their potential to produce biomass to meet the growing global
demand for renewable resources. It also covers culture techniques, operational strate-
gies for microalgae and cyanobacteria cultivation, and environmental applications.

As the specialized market for algal bioprocesses and bioproducts continues to expand,
this book highlights research and technological advances that promise to revolution-
ize the field. Therefore, this book is a compendium that will be valuable to anyone
interested in algae’s scientific and practical aspects, from basic research to applied
technologies and commercial uses.

We would like to thank all the contributors and collaborators who made this project
possible.

Thana Aguiar Severo and Juan Ordonez
Florida State University,
USA

Walter José Martinez-Burgos
Federal University of Parand (UFPR),
Brazil






Chapter1

Introductory Chapter:
Cyanobacteria — An Overview

Walter José Martinez-Burgos, Roberta Pozzan,
Ihana Aguiar Severo and Juan Carlos Ordonez

1. Introduction

Cyanobacteria are prokaryotic organisms that can be found in the most diverse
ecosystems [1]. When first discovered, cyanobacteria were considered to be
plant-like organisms, due to their photosynthetic nature, and were then named
“Schizophyceae,” “Cyanophyta,” “Cyanophyceae,” or “blue-green algae.” Because they
are prokaryotic organisms, the term “cyanobacteria” was also used [2].

Although in the past, only bacteria that perform oxygenated photosynthesis were
considered cyanobacteria, recent metagenomic studies demonstrate that the group of
cyanobacteria also includes certain species of non-photosynthetic bacteria [3]. In this
chapter, however, we primarily consider photosynthetic cyanobacteria for discussion

purposes.
1.1 General characteristics

Cyanobacteria do not have internal cell membranes that delimit the cell nucleus
from other organelles and are therefore classified as prokaryotic organisms, which
microscopically distinguishes them from algae, microalgae, and plants. They can be
found as unicellular, colonial, or multicellular organisms and inhabit the most diverse
environments; they can be planktonic (suspended in water), benthic (attached to
surfaces), or metaphytic (attached to macrophytes or other surfaces submerged in
water) [4].

They are photosynthetic organisms and therefore have a pigment called chloro-
phyll-a. However, due to the absence of internal cell membranes, cyanobacteria do
not have chloroplasts, and, therefore, chlorophyll is found inside simple thylakoids,
where light-dependent photosynthetic reactions take place. Cyanobacteria also have
carotenoids (whose main function is photoprotection) and accessory pigments, such
as phycobilins (e.g., phycocyanin and phycoerythrin), which do more than provide
the characteristic cyanobacterial color: phycocyanins and phycoerythrins absorb
some wavelengths of active radiation and transfer the absorbed light energy to
chlorophyll-a in photosystem II [5].

Cyanobacteria reproduce by asexual reproduction, the division of vegetative
cells. In unicellular species, cells divide completely, and some can form colonies, an
aggregate of single cells in a mucilaginous matrix. When their cell division occurs in
a single plane, they can form pseudofilaments, linear colonies formed by unicellular
cyanobacteria. In true filamentous cyanobacteria, the cells remain connected after
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division, forming structures called trichomes or filaments. The filaments divide
through a single plane of division that can also project in multiple directions, forming
false-branched filaments, or they can divide through multiple planes of cell division,
forming true-branched filaments [6].

The cellular morphology of these organisms is quite diverse and can be used to
identify different species and taxonomic groups. The cell shape of cyanobacteria can
be spherical, ellipsoid, cylindrical, conical, or discoid. Their size also varies greatly,
from the so-called picobacteria, spherical cyanobacteria with a very small cell diam-
eter (0.2 pm), to filamentous forms that can reach up to a few millimeters [7].

Despite not having flagella, many cyanobacteria have mobility mechanisms,
although they are not very well elucidated. In fact, some filamentous species can
develop hormogonia, reproductive and mobile units, which are formed by the frag-
mentation of filaments and then released from the parental filament. Hormogonia
perform gliding movements until they develop into a new trichome [8].

Some specialized cellular structures are also found in some cyanobacterial species.
Aerotopes, for example, are structures formed by cylindrical proteins that form air
vesicles. These vesicles are filled with air, which diffuses into their interior, making
the cyanobacterial cells less dense than water and allowing them to float or emerge.
Aerotopes are refractory to light in microscopy techniques and are therefore used to
differentiate taxa in microscopic analyses [9].

Not only specialized cellular structures can be identified in cyanobacteria, but
there are also entire specialized cells that are morphologically distinct from vegetative
cells, such as heterocytes and akinetes cells. The first are cells that enable nitrogen
fixation, a process called diazotrophy, where nitrogenase enzymes reduce nitrogen
to ammonium; therefore, heterocytes have an extra cell envelope to maintain the cell
interior in anoxic conditions, and they do not have a complete photosynthetic mecha-
nism, as this could damage nitrogenases with the production of oxygen. Akinetes are
spore-like cells, larger than vegetative cells, with a multilayered cell wall and glycogen
and cyanophycin granules. In general, the formation of heterocytes and akinetes is
closely related to environmental conditions [10].

1.2 Taxonomy of cyanobacteria

The criteria for classifying cyanobacteria are phylogenetic relationships that
indicate their grouping into taxa that share a common evolutionary ancestor, as
is the case for all other living organisms. Initially, the taxonomic classification of
cyanobacteria, as well as several other organisms, was based solely on morphological
characteristics, that is, cellular properties observed through microscopic techniques.
However, molecular techniques are now being used to elucidate the correct taxonomy
of species, including cyanobacteria. Thus, many classifications have been revised,
regrouped, and even renamed, and many of them are probably not definitive and may
change as more research is carried out at the molecular level [11].

There is no precise definition of species for the taxonomic classification of cyano-
bacteria, as this would require obtaining pure, axenic cultures, which is very difficult
in the case of cyanobacteria. Furthermore, there are two different nomenclature sys-
tems for these organisms: the International Code of Nomenclature for Algae, Fungi,
and Plants (ICN) and the International Code of Nomenclature for Bacteria (ICNB).
Thus, depending on the scientific vision and knowledge of the taxonomist, a given
species can be identified in different ways, confusing the literature [3]. Some authors
argue that the description of cyanobacterial taxa would be more appropriate using the
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bacteriological code since it is already known that cyanobacteria are a monophyletic
branch in the bacterial phylogenetic tree [2].

2. Biotechnological applications of cyanobacteria

Cyanobacteria have attracted considerable research attention due to their versatil-
ity in various applications, including energy (e.g., biodiesel, biohydrogen, biogas,
and bioethanol), pharmaceuticals, food additives, and fertilizers. They are used in
bioremediation processes such as wastewater treatment and CO, capture [4]. Figure 1
illustrates the multiple uses of cyanobacteria in the industrial sector.

2.1Bioenergy

The depletion of the world’s oil reserves and the environmental impact caused
by the emission of polluting gases during fuel combustion have forced humanity to
look for sustainable energy alternatives [12-14]. Cyanobacteria emerge as a promis-
ing energy source, primarily due to their significant lipid accumulation potential,
which can subsequently be converted into biodiesel through transesterification [15].
Furthermore, cyanobacteria have high growth rates, high photosynthetic capacity,
low nutritional requirements, and do not need fertile land. However, its growth and
lipid accumulation are affected by several factors, such as light intensity, temperature,
pH of the medium, the availability of macro and micronutrients in the medium, and
cultivation systems, such as closed photobioreactors or open raceway ponds [16].

The concentrations of phosphorus and nitrogen are decisive in the accumulation
of lipids by cyanobacteria, which can accumulate up to 50% of their weight in lipids.
For example, the cyanobacterium Microcystis protocystis accumulated around 42%
of its weight in lipids under controlled nitrogen and phosphorus conditions. Other

Bioremediation ° i)}lh
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'
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Figure 1.
Applications of cyanobacteria.
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cyanobacteria, such as Synechocystis sp. PCC 6803 and Synechococcus elongatus, can
accumulate up to 20% of lipids of their weight [15].

On the other hand, cyanobacteria can also be used to produce high-energy mol-
ecules such as ethanol. For example, Dexter & Fu [17] developed a mutant cyano-
bacterium Synechocystis sp. PCC 6803 that can photoautotrophically convert CO, into
bioethanol. The transformation was carried out using a double homologous recom-
bination system to integrate the genes for pyruvate decarboxylase (pdc) and alcohol
dehydrogenase II (adh) from the obligate ethanol-producing Zymomonas mobilis into
the cyanobacterial chromosome. Thus, Liang et al. [18] used a Synechocystis PCC 6803
mutant to achieve ethanol concentrations of up to 900 mg/L ethanol.

Cyanobacteria can also produce other energetic molecules, such as methane (CH,).
According to Bizi¢ et al. [19], some cyanobacteria living in marine, freshwater, and
terrestrial environments produce methane at substantial rates under light, dark, oxic,
and anoxic conditions.

2.2 Biofertilizer

The frequent application of chemical or synthetic nitrogen-based fertilizers
changes the composition and structure of the soil, in addition to negatively affecting
the microbial flora [20-22]. Therefore, nitrogen sources that are less aggressive to
the environment are needed. One of the alternatives is biological nitrogen fixation,
which is a process generally developed by microorganisms that convert atmospheric
or inorganic nitrogen into a form of nitrogen that can be used by plants. According to
Rashid et al. [23], employing nitrogen-fixing microorganisms presents an economi-
cally appealing and environmentally friendly alternative. Among the various micro-
organisms capable of fixing atmospheric nitrogen, cyanobacteria are particularly
noteworthy.

Cyanobacteria are considered one of the most promising microorganisms for
sustainable agricultural development due to their high nitrogen fixation capacity.
According to Joshi et al. [21] and Song et al. [24], cyanobacteria such as Diazotrophs
are potentially useful microorganisms for the production of biofertilizers.
Cyanobacteria such as Anabaenas can fix up to 60 kg of atmospheric nitrogen/ha in
the soil. Other microorganisms such as Anabaena variabilis and Nostoc linkia also have
a significant ability to fix nitrogen at around 25 kg nitrogen/hectare [21].

According to Song et al. [24], cyanobacteria play an essential role in maintaining
and improving soil fertility, due to which these microorganisms contribute to the
formation of porous soils and produce substances such as phytohormones (auxiana
and gibberellins), as well as vitamins and amino acids that promote plant growth.
Furthermore, cyanobacteria also improve water retention capacity due to their
gelatinous structure [21, 25, 26].

2.3 Food supplement and pharmaceutical products from cyanobacteria

Cyanobacteria are considered foods and dietary supplements because they are a
source of carbohydrates, proteins, peptides, essential amino acids, fibers, lipids, poly-
unsaturated fatty acids, minerals, vitamins, etc., compounds necessary for human
and animal nutrition [27]. Some of these compounds have antioxidant, antimicrobial,
anticancer, antimycotic, and antifungal properties, among others [28].

Some species of Spirulina are important sources of macromolecules, including mainly
proteins. They have been sold as natural products, spreading worldwide popularity for
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being one of the most nutritious foods from an alternative source. Spirulina has the
outstanding ability to accumulate protein and has already been used in meat substitutes,
food products, animal feed, nutraceuticals, and pharmaceuticals [27].

Ahmed [29] evaluated the antimicrobial activity of methanolic strata of cyanobacte-
ria such as Oscillatoria formosa, Nostoc caeruleum, Cylindrospermum majus, and Spirulina
platensis against the bacteria Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and the fungi Trichophyton mentagrophytes, Candida albicans,
and Aspergillus fumigatus. The results obtained showed that the alcoholic extract of S.
platensis was the most effective against the microorganisms tested.

According to Vijayakumar & Menakha [30], cyanobacteria are also sources of bioac-
tive secondary metabolites such as apratoxins, lynbyabellin, and curacin A, compounds
that can be used to manufacture drugs against complex diseases such as cancer. Some
freshwater cyanobacteria produce peptides with side chains that are effective against
different enzymes such as microginin, aeruginosin, anabaenopeptin, etc. [31].

Additionally, bioactive compounds from some species of cyanobacteria have been
explored for biomedical purposes. Polysaccharides are interesting sources due to their
many physicochemical properties and biological roles. These biomolecules, especially
exopolysaccharides, are extremely important for market purposes because they can
be used as anti-inflammatory, immunomodulatory, antiglycemic, antitumor, antioxi-
dant, anticoagulant, antilipidemic, antiviral, antibacterial and antifungal agents [32].

2.4 Cyanobacteria in bioremediation processes

Cyanobacteria play a significant role in bioremediation processes due to their
unique capabilities. Bioremediation involves the use of living organisms to detoxify
and eliminate pollutants from the environment. These microorganisms contribute
to the biogeochemical cycles of carbon and nitrogen [31, 33]. Furthermore, cyano-
bacteria are potent bioremediation agents due to their ability to grow under extreme
conditions and metabolize different metabolites. Compounds that have been biore-
mediated with cyanobacteria include pesticides, heavy metals, paints, and emerging
contaminants such as hormones, pharmaceuticals, and others [31].

One of the most important xenobiotics removed by cyanobacteria are heavy
metals such as Mn, Zn, Cu, Cd, and Pb. Some species of cyanobacteria can produce
exopolysaccharides that are used to sequester xenobiotics [34, 35]. According to
Potnis et al. [35], biofilms produced by Phormidium can sequester up to 99% Cu ions.
Biofilms of Nostoc commune and Nostoc linckia can remove between 55% and 87% [36].

Cyanobacteria are utilized in the treatment of various types of wastes. They can
effectively reduce organic pollutants and nutrients in wastewater, contributing to
the purification of water before it is released back into natural ecosystems. In addi-
tion, cyanobacteria can fix carbon dioxide through photosynthesis. This capability is
harnessed not only for potential biofuel production but also for CO, capture purposes.
By converting CO, into organic matter, cyanobacteria can help mitigate greenhouse
gas levels in the atmosphere [4].

3. Final remarks

The diversity of important applications of cyanobacteria in numerous techno-
logical production routes makes these microorganisms biocatalysts with a broad
potential for industrial exploitation. Despite this potential, in the current scenario,
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the competition with consolidated technological routes based on non-renewable fossil
inputs makes cyanobacteria-based processes economically unfeasible. In this way,
new industrial approaches have been proposed and implemented to effectively enable
the technical-economic success of cyanobacterial processes. The integration and
intensification of processes associated with the biorefinery concept have been consid-
ered the main engineering strategies that will allow broad commercial exploitation of
these microorganisms. These technological routes are oriented toward the effective
use of industrial resources based on more efficient equipment, material flows (e.g.,
effluents), and processing techniques. Finally, continued research into their biology
and exploration of their unique capabilities offer promising avenues for addressing
environmental sustainability challenges in various industries.
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Abstract

Spirulina is a microalga recognized for its nutritional benefits and its potential in
sustainable food production. Existing large-scale cultivation produces spirulina of very
different quality, taste, and odor. The reason lies in various approaches to the produc-
tion, which range from the low-technology simple systems to high-end high-quality
production for more demanding consumer market. In this chapter, we present chal-
lenges and possible solutions to ensure production of high-grade spirulina. We describe
the design and crucial demands that have to be assured in the production system. The
quality and productivity can be further increased by applying a bioprocess engineering
approach based on modeling of the cultivation. Thermal modeling is also presented as
an approach to optimize cultivation in the greenhouse systems. A spirulina production
in Italy is showcased to pinpoint challenges of spirulina production in Europe. We
conclude with an extensive study of regulatory framework for the spirulina production
that must be taken into account for the successful algae production.

Keywords: spirulina, large-scale production, food, high-grade quality, algae
production

1. Introduction

The commercial production of spirulina is well-established worldwide. In fact, spi-
rulina is the most extensively cultivated microalga in Europe with over 200 facilities
generating almost 150 tons of dry biomass annually [1]. Worldwide production in 2019
was evaluated by FAO as 56,208 tons [2]. The global spirulina market size reached € 533
million in 2023. Looking forward, IMARC Group expects the market to reach €1189.6
million by 2032, exhibiting a growth rate (CAGR) of 9.33% during 2024-2032 [3].

11 IntechOpen



Insights Into Algae — Fundamentals, Culture Techniques and Biotechnological Uses of Microalgae...

Nevertheless, its potential in Europe remains largely untapped as its cultivation typi-
cally takes place in tropical or semitropical regions favorable for spirulina growth.

Spirulina is a common name for commercial strains of cyanobacteria species
Arthrospira platensis and A. maxima, also known by the old genus name Spirulina or
recently even Limnospira (phylum Cyanobacteria) [4, 5]. While taxonomists name
species according to their genetic relations as new data are discovered, technologists
prefer to use common names that remain stable over time as consistency is needed in
practical applications. Spirulina has long, thin filaments that are typically arranged in
a spiral or helical shape, which is its distinctive feature (Figure 1). The helices can be
tight or loose, depending on the environmental conditions. The cells are cylindrical
and quite small, usually about 2 to 8 pm in diameter, but filaments can be up to several
hundred pm long. The intense blue-green color of spirulina is due to the presence of
chlorophyll and phycocyanin.

Spirulina has high intraspecies diversity, independent of phylogenetic affiliations
or geographical locations, indicating significant physiological and metabolic plasticity
[5]. This genetic variation underpins its physiological and metabolic flexibility, essen-
tial for its wide range of applications.

Spirulina thrives in alkaline environment (pH range 9.5-11) and prefers moderate to
relatively high temperatures. Optimal growth conditions reported for spirulina are in
the range of 300-500 pmol photons m s~ * and 25-35°C [6, 7]. However, it can also
tolerate a wide range of conditions, which contributes to its widespread distribution.

Cultivated worldwide, spirulina is used as a dietary supplement or whole food
ingredient. It is very rich in proteins and antioxidant compounds. Spirulina is used for
the extraction of pigments such as phycocyanin, a blue photosynthetic pigment which
is used in health, cosmetics, and food applications [1]. It is also used as a feed
supplement in the aquaculture, aquarium, and poultry industries. Spirulina contains
numerous essential nutrients, like B vitamins (thiamine, riboflavin, and niacin), and
dietary minerals, such as iron and manganese [8].

The goal of this study was to address the challenges associated with large-scale
spirulina cultivation and to provide guidance on producing high-grade biomass for
discerning markets. Our approach utilized bioprocess engineering to achieve high-
quality cultivation through enhanced environmental control in greenhouses,
improved design and operations, and optimized culturing procedures. The study
concludes with a detailed examination of the regulatory frameworks essential for
successful spirulina production.

St —

Figure 1.
Spirulina with its distinctive spiral shape.
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2. Cultivation approaches, challenges, and solutions for high-grade
production

Flourishing in extreme conditions characterized by high pH levels and
temperatures, spirulina cultures can be very resistant to contamination.
Consequently, most of the producers prefer open ponds (83% of companies in EU [1])
due to their significantly lower cost compared to photobioreactors. Pond systems
consist of a raceway pond where water is mixed with a paddlewheel (Figure 2).
They can be installed outdoors, meaning they are open to the environment,
utilizing natural sunlight for algae growth, or can be housed in greenhouses for
better control of the environmental conditions and prevention of infections.

There are several general approaches to cultivation of spirulina for food, including

(i) low technology simple systems, (ii) industrial style production in open ponds for
middle quality and high-volume biomass, (iii) high-end high-quality system
addressing the new-age consumer market. Each approach represents different bio-
mass safety and quality. This chapter will present approaches for high-grade spirulina
production.

2.1 Main challenges

Several factors lower the quality of current spirulina production. Open ponds offer
no defense against contamination from dirt, insects, or animal remains, exposing
spirulina to various environmental elements. The only form of protection employed is
the regulation of pH levels to deter foreign species.

Spirulina’s quality is sometimes criticized due to concerns over contaminants.
Heavy metals, such as arsenic, lead, and mercury, can be absorbed by
spirulina from the environment, especially when grown in open ponds subjected to
pollution.

Bacterial contamination and the presence of cyanotoxins are also of concern, as
spirulina is often cultivated in environments conducive to the proliferation of various
microorganisms, including harmful bacteria and cyanobacteria.

Figure 2.
Spirulina production in raceway pond in a greenhouse (Grosseto, Italy; Source: Algen archive).
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Another point of criticism is the presence of polycyclic aromatic hydrocarbons
(PAHs), which can form during the high-temperature drying process of spirulina.
PAHs are known to be carcinogenic, and their presence in food products is highly
regulated.

In the process of harvesting, media washing is done to purify the spirulina, but this
step can also remove beneficial extracellular ingredients. Furthermore, the focus of
current production is on optimizing the growth rate to increase the yield, rather than
enhancing the quality of the spirulina.

The design, safety, and quality aspects of large-scale spirulina cultivation is thus
critical for ensuring a successful operation. The design focuses on creating a controlled
environment that maximizes spirulina growth while minimizing contamination risks
(Figure 2). Safety measures include maintaining high cleanliness standards to ensure
the product is free from contaminants like heavy metals and bacteria. Quality is
achieved through a combination of design decisions such as closed ponds, uniform
mixing, and low-temperature processing. These components work together to pro-
duce high-grade spirulina that is safe, of high quality, and produced efficiently on a
large scale.

2.2 Pond systems for high-quality spirulina cultivation

High-grade spirulina cultivation should be meticulously undertaken with carefully
designed ponds. Ponds need to be either covered or fully enclosed, preferably with
insect nets, to shield spirulina from external contaminants such as dust, insects, and
bird droppings. The pond bottom should be constructed with high-quality materials
that prevent the growth of undesirable bacteria and facilitate easy cleaning.

The shape of the pond should be designed to prevent the formation of eddies, thus
ensuring uniform spirulina growth and reducing energy consumption. The flow
within the pond must be evenly distributed, a task accomplished by installing vanes or
deflectors that spread the flow across the entire length of the pond, ensuring all parts
receive equal amounts of nutrients and light. The inclusion of slanted walls can
enhance wave behavior, helping to prevent stagnation and promote uniform cultiva-
tion conditions.

Regular cleaning should be conducted to maintain a pristine environment for the
spirulina. Temperature regulation is critical; in hotter climates, forced air evaporation
cooling systems are recommended to maintain an optimal growth temperature, while
in cooler climates, heating can be effectively managed with immersed heat exchangers
to avoid contamination.

Moreover, to prevent oxygen build-up, which can stress spirulina cells, a stripping
sump should be included in the pond design. This will ensure that oxygen levels are
balanced, promoting healthy growth and preventing oxidative damage.

Adhering to these design principles should ensure the cultivation of high-grade
spirulina, yielding a product that is both safe and nutritionally rich for the consumer
market (Figure 3).

The piping system is essential for maintaining the integrity and cleanliness of the
culture environment in spirulina cultivation. Key design decisions include rigorous
post-use washing of all media pipes to remove remnants and prevent contamination,
strategic valve placement near the ponds for better nutrient flow control and reduced
contamination risk, and the implementation of an agitation system to keep growth
media in motion, addressing stagnant media issues, maintaining media quality, and
preventing pipe blockages.
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Figure 3.

Top-level schematic illustrates the comprehensive workflow for spirulina production, from inoculum and nutrient
preparation through various processing stages like filtering, pressing, drying, freezing, milling, and extrusion. This
schematic underscoves the importance of a systematic approach to spirulina cultivation and processing, highlighting
the necessity of careful planning in each stage to ensure the highest quality of the final product. The inclusion of
media return and spent media management also indicates the sustainability considerations inherent in the
production design.

Comprehensive spirulina cultivation strategy is thus based on maintaining a clean
and controlled environment to ensure high-quality production. The pH level is
maintained above 10.5 to reduce growth rate slightly (in comparison to pH 9.5) but
increase safety, with meticulous monitoring and adjustments using NaOH or
KOH (depends on the further use of spent media for fertigation). Sufficient cleanli-
ness is achieved with covered ponds, stringent entry protocols, and rigorous pest
control measures. The system is designed to minimize stagnant culture areas and
ensure all water used is sterilized (UVC at 5.3 Wh/m?), filtered, and deionized to
remove most of the cations like, Ca and Mg, to prevent precipitation and white or
brown flakes in biomass. Continuous Cleaning-In-Place (CIP) procedures, including
post-use washes (bleach daily), washing paddlewheels and pond edges, brushing the
pond lining, and regular sanitation, are enforced. The operational protocols include
microscopic examinations, toxin checks, and genetic monitoring to ensure spirulina’s
health and safety.

2.3 Processing of biomass

Spirulina processing occurs in a controlled clean room environment to prevent
contamination. For the filtering process in high-grade spirulina production, it is
essential to conduct filtering at low temperatures, specifically 5-10°C, to minimize the
risk of biomass degradation. The system avoids the use of water chilling and/or heat
exchangers to prevent the risk of stalled biomass, ensuring the integrity of the spiru-
lina during the filtration process. Implementing these measures within a clean room
environment further ensures the purity and quality of the spirulina, safeguarding it
from potential contaminants.

The process of dehydration is an essential practice for the preservation of food
products over an extended length of time. In addition to reducing the development of
germs, it also slows down other processes that cause deterioration. Agricultural goods
undergo negative structural, textural, and biochemical changes as a result of tradi-
tional drying procedures, which leads to a significant reduction in the sensory quali-
ties and nutritional value of the products [9]. However, drying is still an effective
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method for extending the amount of time that these products may be stored effec-
tively. The fact that this is the case has a severe effect on the quality of heat-sensitive
food products that have a high nutritional content, such as spirulina. Furthermore, the
selection of drying procedures has a significant influence on the overall energy con-
sumption as well as the manufacturing cost of products [10, 11].

The process of drying spirulina is responsible for around 30% of the total expen-
ditures incurred throughout the production process [12]. Freeze drying (FD) (also
known as lyophilization), atmospheric drying (AD), vacuum drying (VD), spray
drying (SD), and typical hot air drying are the procedures that are utilized the most
often for the commercial application of microalgae [12]. Spirulina and other heat-
sensitive cyanobacteria are susceptible to the postharvest treatment of freeze drying,
which is commonly considered to be a successful method. According to Marques and
Freire [13] and Oliveira et al. [14], this technique reduces several changes that occur to
the nutritional, sensory, and physicochemical qualities of the components, which
ultimately results in lyophilized products that are very similar to fresh biomass.
However, in comparison to other popular drying processes, such as normal air drying,
which is a more cost-effective method [15], freeze drying requires a significant
amount of additional energy consumption as well as expensive equipment. On the
other hand, vacuum drying provides a number of significant advantages in compari-
son to the conventional atmospheric drying method. These advantages include a
quicker drying rate and a processing environment with lower levels of oxygen and
other gases. According to Sumié et al. [16] and Wu et al. [9], these characteristics offer
a significant contribution to the preservation of the quality and nutritional content of
the dehydrated goods while simultaneously decreasing the expenditures that are
connected with them. The spray drying process results in a high operating tempera-
ture of about 180°C, which has a detrimental impact on the quality of the dried
spirulina microalga biomass. Agustini et al.’s work [17] suggests this is due to the fact
that the heat-sensitive and essential components experience high levels of deteriora-
tion at temperatures of this magnitude.

The drying process is critical for preserving the nutritional quality of spirulina.
Drying microalgal biomass is an essential process that enables the storage, processing,
and transportation of the raw material. However, drying is a highly energy-intensive
process that significantly impacts the ultimate structural and nutritional properties of
the end product. According to Papadaki et al. [18], the wet spirulina biomass exhibits
the maximum concentration of pigments and antioxidant activity, but a notable
decline in bioactivity is found in the dry samples. Accelerated solar drying (ASD)
demonstrated superior performance in the recovery of phycocyanin, whereas vacuum
drying (VD) yielded a greater quantity of total carotenoids. In addition, the ASD
process exhibited a greater environmental imprint across all categories, whereas the
cultivation and harvesting phase of VD prior to drying demonstrated an exceptionally
high carbon and energy footprint. The biomass acquired following VD exhibited a low
concentration of phycocyanin, necessitating an increased feedstock quantity to yield
the 1 kg of phycocyanin designated as the functional unit in the life cycle assessment.
The environmental impact of phycocyanin production will be considerably dimin-
ished when one considers that the environmental footprint of microalgae production
can be attributed to other products as well, including total carotenoids, chlorophylls,
antioxidant compounds, and the polysaccharides of the microalgae themselves.

The decision to avoid spray dryers, which can cause high-temperature loss of
essential spirulina properties (ESP), is a significant one. Instead, the production pro-
cess utilizes a warm air dryer operating at 40-45°C, ensuring quick drying within 2
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3 hours. This method, combined with the use of a belt with non-sticking mesh or
trays, effectively maintains spirulina’s nutritional integrity. The air used in the process
is dehumidified (chilled to 5°C) before being warmed to 40-45°C, with a multistage
belt dryer or stacked net used to conserve space. This process also takes place in a
clean room to ensure the highest quality and purity of the final product.

Stramarkou et al. [19] compared four methods of drying Spirulina platensis—
atmospheric, freeze, vacuum, and accelerated solar—and found that the vacuum
drying was the most effective in recovering the carotenoid content and to accomplish
the quickest reduction in moisture content. Although atmospheric drying is consid-
ered an optimal technique for the preservation of phycocyanin and phenolic com-
pounds, its protracted dehydration period renders it unsuitable for industrial
implementation. Although freeze drying proved to be the most effective method for
recovering p-carotene, it entails significant fixed and operating expenses. Biomass
desiccated via solar acceleration exhibited the greatest antioxidant activity, despite the
fact that a substantial degradation of the diverse bioactive compounds under investi-
gation took place.

Packing the spirulina soon after drying and ensuring it is hermetically sealed are
crucial steps for preserving its quality. The storage of the packaged product occurs in a
clean area—grade 2, further emphasizing the importance of maintaining a
contaminant-free environment. For fresh spirulina, packing takes place in a filter
room, ensuring that the freshness and nutritional value are locked in immediately
after processing.

To ensure the purity of the air within the production facility, the inlet air
undergoes two-stage filtration to remove dust and microparticles, including a coarse
filter followed by a HEPA filter that guarantees 99.99% filtration efficacy. The air is
chilled and dehumidified to specific conditions (10°C and 9 g H20/m? for the filter
room; warmed to 40°C and RH 18% for the dryer room) to support the spirulina
processing requirements. Moreover, air handling includes overpressure in clean areas
and specific flow rates, alongside small side passes of chilled and warm air for differ-
ent rooms, to maintain optimal environmental conditions for spirulina processing.

3. Optimizing cultivation: modeling

Besides the technological constraints, attention should also be paid to the effect of
operating variables on the biomass viability and productivity. The selection of the
proper cultivation method is pivotal for a successful production, with harvested bio-
mass concentration and productivity standing as key parameters for such a target. A
first discussion should be focused on the cultivation mode. Batch cultivation in open
raceways ponds represents one of the most widespread techniques within the indus-
trial microalgae framework, with the major advantages of reduced capital and instal-
lation costs [20]. However, such strategy does not allow to maintain stable harvested
biomass concentrations and productivities, with the self-shading phenomenon and
nutrient variability acting as the first causes in prolonged cultivations like these [21].
The adoption of continuous approaches should be considered in order to stabilize
biomass productivity and composition: in fact, once the residence time (the ratio
between the reactor volume and the inlet flow rate) is set, a steady state is naturally
established, with an obtained biomass productivity and quality constant over time
[22]. Continuous operation can be done by stabilizing the inlet flow rate to keep
constant the residence time (chemostat) or by selecting a set point of biomass
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concentration in the reactor, which is monitored by a turbidimeter and kept constant
with a flow rate control, thus changing the residence time (turbidostat). However,
due to technological limitations in the downstream and resulting increased initial
investments for control devices, continuous operation is not yet exploited, not even at
the pilot scale [23]. For these reasons, the semicontinuous cultivation mode is the most
consolidated one at larger scale so far, based on removal of a certain amount of culture
volume at discrete intervals, to partially harvest the biomass and replete nutrient
supply. Semicontinuous operation mode at larger scale could however be improved by
the knowledge acquired by lab continuous experience. As demonstrated before, the
main operative condition affecting algal productivity and composition is the residence
time. This applies also to semicontinuous cultivation, where the frequency and
amount of harvested volume corresponds to an average residence time, according to

Eq. (1):

volume of the reactor

ey

Tap = ‘
" volume removed [time

Thus, also in semicontinuous practice, the residence time should be properly
adjusted to adjust biomass composition and improve productivity. Both the chemostat
and turbidostat mode rationales can be applied with this perspective. The feasibility of
spirulina cultivation under an optimized semicontinuous rationale was proved in the
work of Pastore et al. [24], where A. platensis growth performances were tested on a
3.4 m? pilot-scale PBR adjusting the harvesting frequency to optimize harvested
biomass concentration as well as inner composition, with particular focus on protein
accumulation. Thus, the investigation of the effect of operating variable at lab scale is
still a powerful source of information that can be translated into good practices at
larger scale, if coupled with modeling and process simulation approaches. Research at
laboratory scale can be carried out to optimize the overall process performances by
acting on the operating conditions. One of the aspects of interest is the effect of
uncoupling the solid retention time (SRT) and the hydraulic retention time (HRT),
which represents a good strategy in this perspective, as demonstrated by Barbera et al.
[25]. Indeed, this study shows the former as the key parameter for controlling the
biomass concentration within the reactor, to achieve a proper light attenuation profile
according to the incident light, and thus working at the compensation point, which is
the optimal one to increase the photosynthetic efficiency. On the other hand, this
biomass concentration is often low, with strong impact on the water to be supplied.
Thus, the process configuration for SRT < HRT is the most interesting one, as it
allows to recycle the culture medium when the maximization of biomass production is
the aim of the system. In this way, it is possible to meet both process performances
and sustainability; the reduction of the SRT allows to stay as close as possible to the
optimum value of specific light supply rate, thus benefiting in terms of biomass
productivity, while the increase of the HRT minimizes the input of water and nutri-
ents to the process, as this configuration accounts for at least a partial medium
recycling. From an operational perspective, the recovery of the medium introduces a
third variable to the process, namely, the recycling ratio (R); defined as the propor-
tion between the recycled flow rate and the integrating hold up one, it can be accord-
ingly retrieved from the selected recovered medium percentage.

The necessity of finding the optimal process operative conditions can benefit from
mathematical models: being able to reduce the actual processes in the form of mathe-
matical equations allows to produce virtual cultivation forecasts, adjustable on the
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selected operating conditions, namely, the inputs given to the models themselves.
Moreover, the development of mathematical models covers an important role in the
overall bioprocesses design path, as it represents an essential step for scaling up
operations. For a successful buildout, along with the selection of the independent
material balances of the process, the correct definition of biomass kinetics must be
pursued; indeed, a compromise between accuracy and simplicity must be found,
usually achieved by picking the most important factors affecting such phenomenon.
In mathematical terms, the most used models account for the effects of temperature,
light, and nutrients availability, which are included in specifically tailored corrective
factors, to reduce the species maximum specific rate of growth y,,,,, as in Eq. (2):

Rx = /’lCX = [/’lmax ¢(T)f(l)f(c’ N, P) — He,max fmaint(l)] Cx (2)

To account for the effect of operating temperature ¢(T'), one of the most consoli-
dated functions is the cardinal temperature model with inflection [26], in which the
operating value is compared with the maximum T),,, minimum T),;, and optimum
T,p: species temperatures, as reported in Eq. (3).

(T B Tmax)(T - Tmz'n)z
Topt - Tmm) [(Topt - Tmm) (T - Topt) - (Topt - Tmax) (Topt + Tmin - 2T)]
(3)

o(T) = (

Concerning the light effect, several models are available [27, 28], but all should
include the self-shading effect due to light absorption by biomass: this phenomenon
produces an exponentially decreasing trend for light availability along the reactor
depth coordinate z, commonly described by the Lambert-Beer law. Here, we present,
as an example, the modified Haldane model representing the f(I) in Eq. (4) [12]:

L
f) = %J I(z) 5 with 1(z) = I exp(—k,Cxz) (4)
0I(z) + K (’}J - 1)

The nutrients availability dependency (mainly regarding carbon, nitrogen, and
phosphorus), mostly described with respect to the most limited one, is usually
modelled according to the Monod-like kinetics, reported in Eq. (5).

C;

©)

Nevertheless, this model has a strong limitation, as it considers a fixed biomass on
nutrient yield. For this reason, Droop model should be applied: indeed, by introducing
the concept of limiting nutrient quota, namely, the amount stored within biomass, a
more accurate description of microalgal uptake dynamics can be achieved [29].

Finally, the maintenance is added to the overall dynamics, with the maximum
maintenance energy p, .. adjusted according to the light availability correction fac-

tor f,,..,.(I) [30] in Eq. (6).
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Eq. (2), namely, the standard microbial kinetics, may be further modified by intro-
ducing other factors that can affect growth performances. For instance, the presence of
some organic metabolites may inhibit cyanobacterial growth, which must be accord-
ingly modeled. This is the case when a medium recycling configuration is adopted:
indeed, inefficiencies in the harvesting system may lead to an ineffective separation of
such compounds, which may then accumulate within the reaction environment. Spe-
cifically for Spirulina sp., the literature reports exopolysaccharides (EPS) and free fatty
acids as the main contributors in relation to this. If, on one hand, the active inhibitory
effect of fatty acids accumulation is taken for granted [31], the inhibition mechanism
provided by EPS is still subjected to debate. For instance, some works sustain EPS active
role in Arthrospira platensis growth inhibition, while others support a more indirect role,
with EPS accumulation increasing medium viscosity and negatively affecting the sub-
sequent biomass harvest: this may induce a reduction in filterability, leaving room for
the buildup of inhibitory compounds within the reactor environment. For example, see
[17, 32]. Regardless of the rationale, this confirms that EPS may be seen as the key
component while accounting for a potential inhibition correction of biomass kinetics.
These experimental findings could be beneficial in view of process optimization if
accounted by proper modeling techniques, aimed at tracking the system performance
while simultaneously keeping in mind such inhibitory phenomenon; this way, the
degree of medium recovery up to a value such that the EPS concentration with the
reactor environment can be kept under control.

4. Thermal modeling of raceway ponds for microalgae cultivation
4.1 The thermal model for the greenhouse-pond system (GPS)

Mathematical growth models have been recently developed to forecast the perfor-
mances of microalgae cultivation systems and the consequent cost-effectiveness of tem-
perature control schemes (see Section 3). Since temperature is a crucial input parameter,
a proper thermal modeling is of great aid to the simulation accuracy. Although validated
models for open air cultures are already available [33], thermal evaluations under green-
house (GH) are less well-established; nevertheless, a GH is typically needed to limit
exogenous contamination to produce medium to high-quality biomass.

The dynamic greenhouse thermal model taken as reference was developed by Li
et al. and describes shallow ponds for aquaculture purposes covered by a GH equipped
with two cover layers [34]. It is a mechanistic conceptual/gray-box model, based on
the modeling of the major heat exchange mechanisms and heat/mass balances across
each component of the system. The model (Figure 4) considers perfectly mixed/
homogeneous layers in the three spatial dimensions as for the external air, the air
between the covers (when present), the GH internal air, and the pond water so that
model components include: (i) the external ambient air (e), (ii) the air between the
external (c1) and internal (c2) covers of the inflated double-layer glazing, (iii) the
greenhouse (GH) inside air (i), and (iv) the raceway water (w). The raceway is
assumed to cover the whole GH floor, and the soil beneath the raceway (s) is assumed
to have a vertical temperature gradient until the isothermal layer is reached, whose
temperature is a Dirichlet boundary condition, and it is considered equal to the annual
average value of the external air temperature profile.

The original model was adapted to raceway pond (RWP) configurations, and some
extensions were made [35], such as: (i) the development of the model for single-cover
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Figure 4.
Layers of the GHP system and heat fluxes for a double-cover GH.

(c) configuration, (ii) the presence of inflow/outflow and make-up water, (iii) the
presence of RWP insulation, (iv) the possibility to apply temperature control strate-
gies (water heating/cooling, mechanical ventilation), and (v) the impact of GH cover
on the penetration of the photosynthetic active radiation (PAR).

4.1.1 Model structure

The overall differential algebraic equation (DAE) system is defined as in Eq. (7),
where x are dynamic variables, z are algebraic variables, u are control inputs, 6 are
fixed parameters, d are external disturbances, and y are measurable outputs. Func-
tions f and g are, without loss of generality, nonlinear (and in some cases € cY.

x =f(x,2,u,0,d)
0 =g(x,z,u,0,d) )
y=h(x,z,u,0,d)

The state variables are three temperatures (T) of the interacting heat capacities
and the water vapor content e;,; 4;, (kg my,;, °) of the greenhouse internal air. The state
variables interact with each other via heat fluxes @ (W). The dynamic equations
describe the energy balances for each uniform layer, that is:

CVAT/dt = Q(Tyu — T) + &(T,0,d) +u (8)

where C (J m—2°C™?) is the volume-specific heat capacity and V (m?) is the
volume.
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The first additive forcing term is related to the enthalpic contributions of inlet/
outlet flows, where Q (m?>s™?) is the flow rate, which are present only for the internal
air and for the raceway pond (RWP) water layers. Water mass balance over the
greenhouse internal air is used to calculate ¢;,; ,;, which is involved in the latent-
convective heat exchange. The cover temperatures are algebraic variables (negligible
heat capacity). With reference to Figure 4, the heat exchange mechanisms are:

* Radiation qR. As the covers have very high transmissivity, both covers and water
pond are heated up by solar near-infrared radiation (NIR) during the day and
cooled by far-infrared radiation (FIR) emission to the sky during the night. The
thermal radiation properties of plastic covers vary with the amount of condensate
covering them.

* Sensible convection qV. outside air convection is primarily impacted by greenhouse
geometry and wind speed, whereas inner air convection is primarily influenced
by temperature differences between layers. Heat exchange with external air is
also considered via an infiltration rate Ra (h™1). Although it varies with the
inside-outside temperature difference and outside wind speed, the heat loss
resulting from infiltration is generally small compared to the overall heat loss,
and therefore, Ra was assumed to be constant.

* Latent convection qL. Heat exchange for water phase transition primarily depends
on sensible convective heat transfer coefficient, Lewis number, and difference in
water vapor concentration as driving force.

* Conduction gD. Conductive exchange is primarily present between the pond and
the ground, and between the internal and external air.

The enthalpic contribution given by pond make-up water was also considered. The
model has a time step resolution of 120 seconds.
The PAR (pmol m ™2 s™") that reaches the pond surface is given by Eq. (9), that is:

PAR,, = 2.10575 (1 — pg,, ) o 9)

where 2.105 is a conversion factor, Ts, is the transmissivity of each cover to solar
radiation, pg,, is the reflectivity of the water surface, and I, is the outside global solar
radiation (W m?2).

4.1.2 Model parameters and input data

The GHP thermal model includes the following classes of parameters (6):
(i) empirical parameters subject to calibration, (ii) physical parameters (for example
pond water, soil, and air thermal/optical properties), (iii) empirical parameters from
literature correlations (for example sky/external air temperatures correlation), and
(iv) input design parameters (for example hydraulic retention time (HRT), pond
liquid height, GH geometry, and cover material properties).

As a matter of fact, compromise between model complexity, computational time,
and modeling effort was made so that the model contains both conceptual correlations
and 6 empirical parameters subject to case-specific calibration; these are: (i) the
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infiltration rate (Ra), (ii) the thickness of the non-isothermal soil layer (Ls), (iii) the
convection regime between the cover layers (k; multiplier coefficient of gD ,—in
case of a double cover), (iv) the reflection contributions to solar irradiance from the
surroundings to the greenhouse external layer (k, multiplier coefficient of gS.), (v)
the convective heat transfer coefficient between water and internal air (k3 multiplier
coefficient of hVy, ;), and (vi) the convective heat transfer coefficient between inter-
nal air and internal cover (k4 multiplier coefficient of hV; .,).

The inputs to the GPS model are process design parameters and weather data.
Hourly weather data are required for: (i) external air temperature (Te), (ii) global
solar irradiance at ground level (Iy), (iii) external air relative humidity (RHe), and
(iv) external air wind velocity (ue).

4.1.3 Temperature control

The GPS model was integrated with a pond water temperature feedback control
scheme (es. multiple input single output (MISO) proportional-integral-derivative
(PID) control) for the estimation of: (i) the heating/cooling loads and peak powers
from direct submerged heat-exchangers and (ii) the mechanical ventilation load and
peak power. Mechanical ventilation was modeled with an additive term on Ra.

4.2 The integrated thermal and biological model
4.2.1 The opportunity of optimizing temperature vegulation

Microalgae metabolism is particularly sensitive to temperature, and literature is
rich in models that consider the effect of temperature on microalgae growth and
respiration. An effective model that quantifies the temperature dependence of growth
and respiration is the Cardinal Temperature Model with Inflection (CTMI) proposed
by Rosso et al. [36] and reported in Eq. (3). It includes three parameters (the cardinal
temperatures: Tmax, Topt, Tmin), which define the optimal working range for each
microalgae strain [37]. In addition, temperature also plays a role in physiochemical
equilibria, such as gas/liquid exchange, solubility, and dissociations that indirectly add
impacts on metabolism.

When the GPS is integrated with biological or with biological and physical-
chemical models, a comprehensive understanding of the algae biomass production
facility can be run leading to a proper estimation of microalgae productivity and the
consequent cost-effectiveness of thermal regulations. With calibrated GPS and bio-
logical growth models, the integrated assessment can be adapted to different climatic
and biological conditions, allowing to improve the techno-economic analysis (TEA)
and the consequent feasibility and scalability of microalgae cultivation. Indeed, an
objective function that entails both the higher revenues and the higher costs from
temperature regulation can be set for scenario analysis and optimization.

4.2.2 A case-study

An example is presented in Carecci [21], where the GPS is integrated to the
comprehensive biological and physical-chemical ALBA model [38]. The simulations
carried out with the ALBA model considers climate conditions as theZ are computed
from the GPS model (water temperature (Figure 5), evaporation (m day_l), and
light intensity (umol m s ')). The case study considers a biorefinery located in
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Figure 5.
Yearly RWP water temperature dynamics for open, single-covered, and double-covered GH configurations.
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Levelized costs of microalgae biomass production (LCO_DW) for different covering, control strategies, and set
points scenario.

Lombardy (northern Italy) for the cultivation of a Chlorella-Scenedesmus consortia for
biostimulant production on agrozootechnical liquid digestate. In that case study, dif-
ferent scenarios were evaluated considering different GH covering alternatives, water
temperature set points, and temperature control strategies. The latter were selected by
assuming different temperature ranges around the optimal value as suggested by the
CTMI curve for that microalgae community, which would be allowed in the pond by
the T-controller. The productivity computed from the ALBA model was combined
with heating/cooling loads provided by the thermal control logic in a comprehensive
economic framework, where levelized costs (Figure 6) and return of investments
were evaluated. For the specific location and market conditions of the case study, the
best design option was to implement a single-cover GH, regulated only by summer
cooling via both mechanical ventilation and water-cooling. Similar simulations can be
easily extended to spirulina production by adapting the biological model parameters
to describe spirulina growth and respiration rates.

5. Upgrading the biomass quality

Besides the improvements on growth rates by applying different cultivation strat-
egies (see sections above), biomass quality improvements in terms of its biochemical
composition (proteins, carbohydrates, lipids, pigments, and mineral content) are also
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possible by controlling some of the cultivation parameters. The main parameters that
can be considered for this purpose are light intensity and quality, time of harvest,
nutrient availability, and salinity of the growth medium.

Light has not only an important role on the cell growth, but it influences the bio-
chemical composition of the biomass. It is generally observed that at higher light intensi-
ties, the biosynthesis of carbohydrates is favored, while at lower intensities, the protein
and pigment content (phycocyanin and chlorophyll) is higher. This is because at
increased intensities (however below levels that cause photoinhibition), photosynthesis is
improved and the photosynthate is directed towards the biosynthesis of carbon and
energy storage compounds like glycogen, which then is utilized further as metabolic
energy carrier for biosynthesis of other metabolites, or respiration. When artificial light is
applied, the intensity could be optimized for growth and protein and phycocyanin pro-
ductivity. However, light intensity is a parameter that could not be efficiently controlled
in cultures grown with solar energy due to the high fluctuations during the day, where
typically at midday, the highest intensities occur. At very high light intensities,
photoinhibition typically takes place that decreases growth and negatively influences
protein and phycocyanin content [39, 40]. In practice, where production is performed
with solar light, shading of the cultures is of importance to avoid photoinhibition. Since
the quality of the light influences the biochemical composition of spirulina, the shading of
the cultures could be performed by using colored filters absorbing most of the incident
light spectrum and allowing passing the desired ones. As was reported by Kilimtzidi et al.
[41] in small-pilot open pond experiments, shading of spirulina with red filters improved
the protein and phycocyanin content. Also, the harvesting time has an important effect on
the biomass quality, since it has been observed that in the early morning, the percentage
of the proteins and of essential amino acids is the highest [42, 43].

Spirulina is typically cultivated with growth media with relatively high bicarbonate
concentrations and total salinities (as sodium ions) to avoid any significant contami-
nation with other microalgae or cyanobacteria. The most common growth medium
used for spirulina production is Zarrouk that contains around 5.5 g-Na+/L. It was
found, however, that the protein content of spirulina was around 11% higher when
lower total sodium ions (4 g-Na+/L) was used [44]. Nevertheless, despite that
increasing salinity negatively affects protein content, the use of seawater to formulate
the growth medium could be a strategy for replacing fresh water and the production
of biomass with increased unsaturated lipids (Oleic acid, Cis-9 (C18:1), and
Palmitoleic (C16:1)) [44, 45].

For improved protein content, another possible strategy is the addition of small
amounts of glycerol (0.5-1.5 g/L) [46, 47]. However, this strategy could negatively
impact the cultures since heterotrophic microorganisms can grow when organic car-
bon is applied, especially in open-pond facilities where no sterile or axenic conditions
can be achieved.

Spirulina contains minerals such as iron, magnesium, calcium, zinc, and so on and
could be a good source when used as a food or feed supplement. The increase of these
minerals in the growth medium could lead to the increase of their content as it is
having been demonstrated in several studies [48-50].

Despite that spirulina has been produced with the main target in its protein
and phycocyanin content, novel products could be also developed focusing on
other compounds like polysaccharides. In the study of Markou et al. [51] under
phosphorus limitation, it was found that spirulina was significantly enriched in
1.3:1.6-B-Glucans, which are considered to have antitumor, anti-inflammation, and
antiviral activities.
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6. Showcase Algaria, Italy

To better understand the importance of operating variables on biomass productiv-
ity and quality, a case study is presented here, to highlight the aspects that should be
carefully considered to fill the substantial gaps related to scaling up and industrializa-
tion efforts of spirulina cultivation. Practical experiences from operating commercial-
scale facilities highlight deviations from standardized laboratory conditions, both in
terms of duration and due to biotic and environmental factors. Long-term evaluations
tailored to specific production needs are thus essential for assessing the industrial
scaling up of this nascent industry, posing new challenges also to the lab scale
studies. One of the primary challenges faced by raceway facilities is their exposure to
ambient conditions, which introduces various variables such as dust, insects, and bird
droppings.

While covering the raceway with a greenhouse and protecting it with mosquito
netting could mitigate these issues, this solution may impact light availability. The
transparent plastic cover of the greenhouse reduces light penetration, resulting in an
average reduction of 50% throughout the year, with the maximum impact observed
during the summer. Despite this drawback, the greenhouse environment offers effec-
tive thermal management, providing a potential solution to address low temperatures.
With a temperature difference of around 10°C between inside and outside the green-
house during daylight hours, this setup could significantly extend the productive
seasons in temperate regions by 2 or 3 months. This extended growing period has the
potential to enhance overall spirulina production and contribute to the sustainability
and profitability of raceway facilities. However, during the wintertime in temperate
zones, temperatures can still decrease below zero, so it may still be challenging to
maintain temperatures above the critical threshold of around 15°C, necessary for
maintenance, especially for thermophilic microorganisms like spirulina.

The fluctuations during the 24-hour cycle are also important as the physiological
aspects of photosynthesis and respiration are primarily influenced by light and tem-
perature. Relatively low temperatures coupled with high light intensities—a common
occurrence during summer/spring mornings in temperate zones—can lead to photo-
system damage. Vonshak and Richmond [52] demonstrated that photoinhibition can
occur in outdoor cultures, resulting in up to a 30% loss of biomass production rate.
This limitation emphasizes the importance of exploring alternative solutions or
implementing supplementary heating systems to maintain consistent and optimal
conditions for spirulina cultivation throughout the year.

Algaria company in Italy addresses this challenge by utilizing heat generated by a
biogas plant for spirulina production. This approach effectively reduces the daily
temperature variation by +5°C and ensures that temperature never falls below 15°C
[19]. As a result, spirulina production flourishes, with reported yields ranging from
6 g/m” day " in winter to 16 g/m” day ' in summer. This demonstrates the potential of
innovative solutions to enhance sustainability and profitability in raceway facilities,
particularly in temperate climates.

As stressed in the previous sections, it is crucial to consider the production process
and operations, as they significantly influence the final production output. Opera-
tional conditions interact in complex ways; that is why an integrated approach to
analysis is necessary. While continuous operation is ideal, maintaining a fixed dilution
rate or biomass composition at a large scale can be problematic due to climate fluctu-
ations and operational difficulties. A common approach is the use of a semicontinuous
mode, like chemostat or turbidostat as described in Section 2. Seasonal patterns, such
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as different growth rates and biomass concentrations in winter and summer, must be
still considered. Challenges arise during periods of negative growth rates, often caused
by factors such as low light availability and moderate temperatures, which increase
organic matter consumption compared to production by photosynthesis. Key param-
eters affecting productivity, such as dilution rate and harvesting frequency, should be
chosen based on physiological traits of the culture and the objectives of the production
system. Misalignment between harvesting rates and growth rates can lead to culture
collapse. Therefore, robust operational protocols and adaptive management

strategies are essential to ensure consistent and efficient spirulina production in
raceway facilities.

7. Regulatory framework for spirulina production

Regulatory and market demands must be thoroughly considered in the spirulina
production. The spirulina market is characterized by a significant presence of small
and medium-sized enterprises (SME) that produce and sell spirulina products directly
to consumers (business-to-consumer approach). These companies are usually run by
few people with a background in a specific sector that need to multitask in different
work areas. When starting a spirulina business, it is fundamental to assess the regula-
tory framework affecting the different steps of the value chain. The regulatory
framework can be regarded as a tree, where the different applications of spirulina
products share a common root (permissions, waste management, etc.) and trunk
(labor safety, equipment operation, etc.) (Figure 7). Spirulina regulation falls on the
algae framework, and it is application is sometimes complex and demanding. This
section aims to provide spirulina entrepreneurs with some insights and guidance
through the regulatory framework surrounding spirulina production. Most impor-
tantly, algae production in Europe is costly partly explained using complex equipment
(e.g., closed photobioreactors or systems inside greenhouses) and compliance with
stringent laws and standards for safety and quality. The complex regulatory landscape
in the European Union is the basis for high quality and certified production of spiru-
lina. Nevertheless, the low production of high-quality spirulina in Europe in front of
imports from countries with a larger production and older tradition often results in
poor quality products filling the European market. Recognition by consumers of the
connection between the regulatory framework and product quality should counter-
balance the spirulina market in Europe.

First of all, it is necessary to define what spirulina is from a regulatory point of
view in Europe. European Standards [53] and the EABA [54] integrate cyanobacteria,
microalgae, macroalgae, and Labyrinthulomycetes in the same functional group
(algae) due to their similarities in functional properties and derived products. Algae
and algae products fall under the regulation of aquaculture products mainly due to
their cultivation in aqueous medium [55, 56], despite sharing traits of a biotechnolog-
ical process (microorganism) and agricultural process (autotrophic growth). It is
therefore relevant to distinguish the end stage of the final product since it will deter-
mine the hygiene regulation that must be followed. On the one side, regulations
referring to agriculture (primary production) will apply when the purpose is growing
biomass and harvesting. On the other side, regulations referring to industrial produc-
tion (transformation) will apply when the process includes concentration, extraction,
purification, and packaging. Finally, Spirulina is nowadays mainly sold as a food
supplement or nutraceutical, but in the last years, it has gained interest in different
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Figure 7.

Overview of the regulatory framework of spirulina products with special emphasis on the law and standards
applying for products for the food sector. The scheme has a tree shape, distinguishing the most relevant laws for
inputs, construction permits, waste management, and strain (roots); the laws/standards applying for labor,
equipment, and facilities (trunk); and the laws/standards for the different applications of spirulina products
(branches).

market sectors as a feed or biostimulant. Depending on the application of the final
product, there will be a specific regulation to be applied. For instance, safety of food
products is regulated by EC 178/2002 [57], but food supplements additionally require
the compliance with directive 2002/46/EC [58]. The feed, cosmetic, and biostimulants
sectors are regulated by the 2009/767/EC [59], the 2009/1223/EC [60], and the 2019/
1009/EC [61], respectively. Regarding the nutraceutical or functional foods, there is
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not a specific regulation, and they may fall under those of pharmaceutical products

(2001/83/EC [62], food for specific population groups (2013/609/EU [63]), or food
supplements [33]. The following lines will focus on the use of spirulina for food and
food supplement applications (Figure 7).

Globalization, innovation, and free trade have contributed to the rise of
nontraditional food products across the globe. Algae-related products are one example
of nontraditional food with a short history of consumption in Europe. Regulation EC
2015/2283 (formerly EC 258/97) set the boundaries and procedures for selling food
products that are safe for humans and that were not consumed before May 15, 1997
[64, 65]. Therefore, products that were not present in the European market before this
date are considered Novel Foods and they must be approved by following an authori-
zation procedure. Most algal products fall under the Novel Food category, and as such,
their safe consumption must be ensured. The authorized products are available in the
Union List of Novel Foods, which is regularly updated (CIR EU 2017/2470) [66].
Foods that are not “Novel” are listed in the EU Novel Food status Catalog, which is a
nonbinding list used for guidance purposes [67]. The presence of spirulina in the
Catalog indicates that several species of spirulina were consumed in Europe before
May 15, 1997.

Starting from the design phase, adequate permissions are required for the building
and construction of the facilities while bearing in mind the final application of the
product. Once the facility is operational, these permits must be maintained over time.
The operation of the facilities requires the use of several inputs ranging from the raw
materials to cultivate spirulina such as nutrients, carbon dioxide, or water to energy
for culture circulation and mixing. Both the raw materials used for cultivation as well
as the material of the equipment used during the process must be food grade. Finally,
generated waste must be managed during the operation of the facility. Environmental
regulations exist that cover all impacts of spirulina production including water [68],
waste [69], and emission management. Water is the most relevant topic, and the
framework is similar to aquaculture and agriculture practices. In general, EU envi-
ronmental law sets principles and requirements through Directives instead of Regula-
tions, to leave some flexibility to the member states to adopt their legislation
(subsidiarity principle). On the contrary, this approach leaves stakeholders facing
uneven competition and hurdles due to a lack of harmonization in the legal frame-
work. Specially for these matters, it is therefore necessary for stakeholders to consider
local regulations since it is up to the specific local competent authority to comply with
EU law.

All products fit for human consumption must be safe for the consumers. The safety
of spirulina is mainly determined by its purity and the absence of contaminants such
as pesticides, heavy metals (EC 915/2023 [70]), or microorganisms (EC 2073/2005
[71]). The safety of the product can be ensured when the cultivation and further
processing of spirulina are performed in facilities and with equipment that comply
with the level of hygiene stated in EC 2002/178, and by suitably trained operators.
One approach to minimize risks and ensure the quality of food product is through the
application of a Hazard Analysis and Critical Control Point (HACCP) plan (EC 2004/
852) [72]. Shortly, the implementation and maintenance of a HACCP plan helps in the
identification of hazards, establishment of monitoring procedures and correcting
measures, and documentation for tracking proper hygiene practices. Besides the
HACCP system, there are other similar approaches to ensure food safety and quality
such as the Good Manufacturing Practice (GMP) system. The GMP system was
originally designed for safety in the pharmaceutical sector, but it is also functional in
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the food sector. The Codex Alimentarius CAC/RCP 1-1969 [73] is a document devel-
oped by FAO and WHO that summarizes the principles of Good Hygienic Practices
(GHP) and HACCP. Also, private certifications exist such as the Good Agriculture
Practices (GAP) developed by Globalg.a.p. For food applications, the HACCP system
is highly advisable in Europe to grow and sell spirulina that complies with food law
regulations. Nevertheless, this system is not mandatory when spirulina is only culti-
vated (primary sector activity), but it is mandatory when the process includes trans-
formation such as drying and/or packaging (secondary sector, i.e., industry). The
business operators play a central role in the implementation of this system since they
must follow the established hygienic measures and train operators to comply with
them. In addition, business employers must comply with labor safety regulations
defined in directive 89/391/EEC [74].

The quality of the product is a parameter of utmost relevance for the customer,
and it is not an exception for microalgae. The quality of the spirulina products is
specified in technical data sheets (TDS), Certificates of Analysis (CoA), or safety data
sheets. These documents include information regarding the nutritional value, the
storage conditions, and other properties of the product such as the purity. The nutri-
tional information for consumers is described in the regulation 2009/1169 [75], which
clearly states all the information and labeling rules of food products. It is also a
common practice to include nutritional and health claims for food products in com-
mercial communications. Regulation 2006/1924/EC addresses the potential health and
nutritional claims that can be done based on the nutritional properties of the food
product [76]. The purpose of this regulation is to ensure that claims are truthful, clear,
and based on scientific evidence. At the moment, there are still no approved health
claims for spirulina, despite several applications being under revision.

Different certificates of quality exist that can increase the value of the product.
Certification is a proof of compliance, given by a third party (“Certification body”),
between the supplier and the customer, usually released on a voluntary basis in
front of Standards (reference documents). Despite being voluntary, it is yet
required by the customer since it has a market impact. On the opposite, regulatory
compliance is mandatory, verified by Official Authorities, and has a legal impact.
Different types of certifications prove that a product has been developed according to
certain quality, social, environmental, or religious standards. Certification of quality
in products may also aim to protect the practices, origin, and tradition of certain
products in Europe and includes different types of certificates such as Organic,
Protected Denomination of Origin (PDO), Protected Geographical Indication PGI, or
Traditional Specialties Guarantee TSG, as stated in regulation 2012/1151 [77]. Reli-
gious Certifications such as Kosher and Halal certify that the product was produced
according to Kosher and Islamic law requirements, respectively. Environmental cer-
tificates such as ASC-MSC Seaweed Standard or Demeter Biodynamic Certification
[78] identify those products whose production minimizes their impact on the envi-
ronment.

Among the different types of certificates, the European Organic certification is
the most adopted by spirulina producers. The Organic certification guarantees that
a certain product has been produced according to sustainability principles and
methods that minimize the impact to the environment, protect the biodiversity,
and contribute to the local farming. In that case, a European regulation states the
principles and rules (EC No 2018/848) and a certification body, which can vary
between European countries, evaluate the compliance of a product to organic
production methods [79].
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8. Conclusions and prospects

In this chapter, we have examined some aspects of spirulina cultivation. Spirulina
is probably the easiest microalga to cultivate in a safe and efficient way. Compared to
other microalgae, there is ample experience in cultivation and human consumption of
spirulina, but the exposition in this chapter shows that we are far from agreeing even
on basic terms like safety, quality, and optimal cultivation technology, even less on
engineering of spirulina cultivation, harvesting, and drying systems. Part of this
disagreement is rooted in biology and enormous intraspecies diversity as well as high
variability of climatic and environmental conditions. Even larger part of disagreement
belongs to different objective values: what is safe spirulina, does market demand
organically certified cyanobacteria, what are the quality criteria of a good product,
and what are legal and regulatory constraints? In short, what is the market demand?

Europe is lagging on algal production compared to other parts of the world. Spiru-
lina has gained some market share in European markets, although the popularity of
spirulina in different markets varies significantly; there are countries with decades of
tradition of spirulina consumption and countries where spirulina is virtually
unknown. Most of spirulina consumed in Europe is imported from various sources;
some are decently good, some less so; there is almost no criteria to evaluate product
quality or product value.

Spirulina cultivation is Europe cannot compete with the cost of production else-
where—cultivation conditions, labor, and investment cost, and also, regulatory con-
straints in other parts of the world are simply more favorable. However, spirulina
made in Europe may and must be competitive in quality, taste, local origin, branding,
product safety, and environmental impact.

Variations in product quality have already raised concerns of various consumer
organizations on spirulina safety [80-82]. Up to now, most of the warnings were
formulated as advice to consumers to rely on reputable sources of spirulina, but the
community can easily lose credibility in the eyes of the consumers. So, adhering to
strict safety and quality standards to avoid heavy metal, bacterial, or cyanotoxin
contamination (in the pond or after filtering) and avoidance of higher temperatures
are important for the whole community. We cannot be happy to produce safe spiru-
lina while unsafe spirulina is being on the market—consumers are prone to generalize,
and they do not distinguish different production methods.

Another important conclusion of the presentations in this chapter can be summa-
rized with a statement “scaling-up is not easy.” Methods and techniques that work in
the lab or even in a small pond are not directly applicable at large scale. Cleanliness
and contamination prevention in the lab is usually a normal routine, while it is
impossible to protect a large pond from all contaminants, even more, a contamination
source is not easily discovered at large scale. This means that upscaling is a task of
professionals with experience and methodology that will result in a manageable sys-
tem and manageable processes.

To achieve consistent high quality and high productivity, process optimization
should focus on both upstream and downstream operations. The design, safety, and
quality aspects of large-scale spirulina cultivation are critical for ensuring a successful
operation. The design focuses on creating a controlled environment that maximizes
spirulina growth while minimizing contamination risks. Safety measures include
maintaining high cleanliness standards, employing clean room technologies, and
implementing safe procedures. Quality is achieved through a combination of design
decisions to prevent contamination, ensure consistent nutrient distribution, and
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maintain nutrient integrity. These components work together to produce spirulina
that is safe, of high quality, and produced efficiently on a large scale. Last but not
least, best quality standards and demanding regulatory framework such as those in EU
have huge impact on quality and safety of EU farmed spirulina.

The regulatory framework around a specific spirulina product is thus an aspect
that must be considered at early stages. Despite lack of specific spirulina production
regulation or standards, it is worth noting the use of the regulatory framework of the
aquaculture sector as a reference point for stakeholders. We should consider good
regulation as an asset rather than an obstacle. Clarification and awareness of the
regulatory framework is important for hygiene and safety of the products, the people
in the process, as well as the sustainability of the whole process.

There is more to be done at the R&D level. The recycling of water and excess
nutrients plays an important role in quality, sustainability, and profitability. Based on
the varying experience of different producers, more R&D work is required. Another
almost untouched area is the taste of spirulina: different products come with different
tastes, which is of a primary importance for consumers with no explanation what is
determining the taste of the product.

A very important basis for process control is good modeling that includes relevant
physical, chemical, and biological factors into a powerful process models that can be
used as digital twins and predictive component of the process control algorithms.
Kinetic models cannot be replaced by artificial intelligence; they may be augmented
by Al in some aspects like parameter adjustments. Availability of affordable
metagenomic tools seems to call for inclusion of metagenomic data into the models as
a verification and parameter adjustment mechanisms. Higher level of control in very
large production systems demand early warning functionality that will enable proac-
tive controls.

Spirulina farming is frequently considered as the entry level technology to a more
demanding farming of other species. Provided that spirulina market exists, it is also
the safest investment prior to moving into some other higher value products. Spirulina
itself is a safe and sustainable source of protein, antioxidants, and other substances
that will become more and more important as replacement of other protein sources
with high environmental impacts. In this view, we can consider it a strategic technol-
ogy, and there is no doubt Europe has to be active in its development to reduce the lag
from countries where these technologies are already developed at very large scale. We
have to do it considering our own climatic, environmental, and market conditions,
and it seems we can do it in a commercially viable way.
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Physio-Chemical Parameters of
the Sewage Treatment Plant and
Its Canal Length, Located in Sana’a
City, Yemen
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Abstract

This study of the biodiversity of algae is the first interest in Yemen as a future
vision for sustainable alternative solutions using sustainable resources as a sewage
treatment plant with its channel length in Sana’a city, Yemen. The study aimed to
screen the family of algal genera. A total of 13 samples were selected with GPS, and
100 ml of water was filled up in a plastic container and directly read as wet prepara-
tion under light microscope, identified in accordance with algae standard methods
in three replicates with determination of temperature, pH, and total dissolved
salts. The results showed that microalgae were conducted higher than others’ algae
under the mean value of temperature 28°C and neutral pH and high total dissolved
salt, indicating the economical role of algae presence and waste treating by algae
in despite of there was no physical or chemical processing treatment done, and the
microalgae genus was found as Chlorella vulgaries with a ratio of 100%, followed
by Chlamedomonas reinhardtii and Kirchneriella lunaries with a ratio of 76.72%, and
the less found genus of filamentous algae was Nostoc sp., Oscillatoria phucus, Ulotrix
micrasterias, Dingoflagellate cevatium, and Desmedium with a ratio of 7.69% for each,
and finally, diatoms were found along the stages. The variant of the algal family will
be used soon for many applications next studies.

Keywords: microalgae, biodiversity, sewage treatment plant, physicochemical
parameters, biotechnological applications

1. Introduction

The algal geographical distribution is a strong indicator of large differences in
the degree of their endemism and species richness in diverse regions. Information is
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scarce for microalgae around the world, but for some groups, some genera of algae are
more endemic than others in regions of low diversity [1, 2].

Algae are a group of photosynthetic autotrophs that exist in a variety of different
environments, such as lakes, rivers, seas, and sewage. They produce atmospheric
oxygen through photosynthesis, which is the process of converting water and carbon
dioxide into carbohydrates using solar energy in nature [3, 4]. The numerous, diverse,
and high-value bioactive compounds derived from microalgae make them an impor-
tant, promising, and sustainable source of beneficial bioproducts [5-7].

Microalgae contain many bioactive compounds that can be extracted and produced
from their cells, including lipids, proteins, carbohydrates, carotenoids, vitamins,
biodiesel, biohydrogen, biogas, and bioplastics. These bioactive compounds can be
widely used in commercial, medical, and industrial applications [2, 8-11]. There are
many biotechnological applications for algae in wastewater treatment plants [10].
Microalgae have significant importance for the environment. Firstly, algae have high
photosynthetic efficiencies, are important as primary producers of organic matter at
the base of the food chain, and provide oxygen for other aquatic life. Secondly, algae
can be produced in many harsh environments not suitable for crop production, includ-
ing non-arable land, saline, and wastewater. Commonly used biomasses, such as algae,
also contain components such as protein, carbohydrates, and pigments [7-10, 12].

The future vision is to search for sustainable alternative solutions with friendly
environmental properties that focus on algae, which is one of the available and
sustainable solutions with its multiple applied uses in the fields of environment,
industry, cosmetics, food supplements, medicine, etc. [13, 14]. The fact that algae
are present in all environments plays an important role in the various vital processes
and treatment processes [5, 15]. Therefore, this study must search for the presence of
algae in this chosen environment. Therefore, the use of these effluents for the cultiva-
tion of microalgae can be interesting for the economic sustainability of the cultivation
stage of algae and for environmental sustainability through the biological treatment
application of the effluents forever [1, 5, 10].

Physical and chemical measurements are quantitative data that mention the
presence and levels of aquatic pollution and degradation [16]. Algal aggregates are
sensitive to certain pollutants that may easily accumulate within algal cells, and their
metabolism within algae is also sensitive to diverse environmental and natural distur-
bances [17]. Several conducted studies included the presence and uses of some genus
of microalgae in the effluent of wastewater and their applications, such as Nining in
2023 [18]; Mustafayeva in 2023 [19]; Senem et al., in 2020 [20]; Trevore et al., in 2019
[1]; Min Su., et al., in 2017 [21]; Wang et al., in 2016 [22]; Mahdy et al., in 2016 [23];
Ebrahimian et al., in 2014 [24]; Kumar and Chopra, in 2012 [25]; Borowitzka in
2013 [26]; Wang et al., in 2010 [27]; and Aach, 1952 [28]; those microalgae were
Chlorella vulgaris and Dunaliella sp. And microalgae were used as renewable source
for treating wastewater in the biological treatment stage as shown in the study by
Wang et al. [29].

The first use of microalgae in the world dates back 2000 years to the Chinese, who
used Nostoc algae during famine to survive. Microalgae biotechnology is the window
to development in finding alternative and sustainable scientific solutions, which only
began to appear in the middle of the last century. It has been noted that there are
many commercial advertisements that use algae applications, such as microalgae in
wastewater treatment [29, 30].

More studies were applied to microalgae in such applications and found to be
higher than others in the classification of algae at the FB Meeting Jr. in 1996 [31].
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This study of the biodiversity of algae is the first interest in Yemen as a future vision
to search for sustainable alternative solutions with friendly environmental properties.
In which it aimed to screen and identify the family of microalgae at the station of the
sewage treatment plant and its channel length, with screening three parameters for
each sample region as the primary study for more conducting studies and applications
of microalgae in the area of study for wastewater treatment and other applications as
soon as possible.

2. Materials and methods
2.1 Study area

The study area aimed at the Sewage Treatment Plant and its channel length
during the period from the end months of the second quarter of 2021 and the first
months of the third quarter of 2021 to identify the biodiversity of algae and screen
three physical and chemical parameters (temperature, pH, and total dissolved salt)
of the station and its channel length. As shown in the following Figure 1, this study
targeted the sewage treatment plant located in the northern region and its channels
located along the course of the sewage channel of the sewage treatment plant north
of the capital, Sana’a, with an estimated length of about 20 km to the north [33].
About 95% of the irrigation crops in the study area rely on wastewater coming out of
the sewage treatment plant in Sana’a that farmers use to irrigate their farms directly
[33, 34]. The wastewater corridor in the Sana’a Basin starts at the outlet of the Sana’a
City Wastewater Treatment Plant on the northern edge of the Sanaa Basin (Arhab
and Bani al-Harith areas), and both treated and untreated sewage flows together in
the channel, which is about 2.5 meters wide [35].

2.2 Sampling area

Along with the sewage treatment plant’s tanks, samples were chosen to encompass
nearly the whole wastewater channel stream in the research region. As shown in the
accompanying Table 1, the sampling locations were between latitudes and longitudes
of 29.5239~15'N-36.3065~15'N and 044.134912~{E- 04414.8938~IE.

2.3 Collection of water samples

Glass, polyethylene, and plastic bottles are non-sterile, hygienic, dry, and
leak-proof [36]. The following procedures were used in this investigation when col-
lecting the sample collection: Water samples should be sent as soon as possible after
collection to the laboratory. Testing for algae needs to start as soon as possible after
the water samples are collected, to provide the most reliable findings.

2.3.1 Analysis of the water samples microbiologically and physically

100 ml of water was filled up in a plastic container under a tightly closed and
directly read as wet preparation under a light microscope with 5x, 10x, and 40x
lenses times 10x according to the phycology and algae method in three replicates with
determination of pH and total dissolved salts and temperature, which calculate the
mean value [37, 38].
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Figure 1.
Location and topographic map of the Sana’a basin Basin (study area) [digital elevation map from a satellite
dataset [32].

3. Results and discussion

Table 2 shows the presence of algae that belong to the Chlorophyceae class
which is seen under light microscopic examination by direct wet perpetration which
shows Chlorella vulgaris with ratio 100% among all collected samples, followed by
Chlamedomonas reinhardtii and Kirchneriella lunaries with ratio 76.92% and the less
found genus of filamentous algae was Nostoc sp., Oscillatoria phucus, Ulotrix micras-
terias, Dingoflagellate ceratium, Desmedium with ratio 7.69% for each, with the mean
value of temperature 28°C; pH and total dissolved solids (TDS) were detected as
shown in above table in three replicates with the mean value which shows naturalized
media around 7.2 for most samples area under study and high resembles the content
of TDS that appeared no treatment was done during the length of sewage channel at
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S 1 T f
Sample region ampre ypeo latitudes longitudes
No. region
Collection
sample of 1 Aeration tank 29.5239°15'N 044.134912°E
aeration tanks
Collection WWTP-
sample of Sana’a(Sanaa 2 sedimentation 29.8071°15'N 04413.5310"E
sedimentation wastewater tanks
tanks treatment
drying beds plant) 3 drying beds 29.8298°15'N 044135221
S h 1
Swarmp channe 4 29.2856°15N 04413.8727°E
initiation 1
Swamp channel 5 29.3086°15'N 04413.8771°'E
initiation 2
h 1
Swamp channe 6 29.5045°15N 04413.8618"E
initiation 3 regions along wastewater
Bait alhellali wastewater 7 pond along 29.5910°15N 04413.7606"E
_———— channelin ——— sewage
Bait alqaidi Bani Alhareth 8 channel 29.6273°15N 04413.7595"E
Bait Quhaim and Arhab 9 Sewage 29.6590°15N 04413.7450"E
Bait handhal 10 29.8841°15'N 04413.6110"E
Bait senhoub 11 30.0009°15'N 04413.6035°'E
Bait Haroon 12 32.8591°15'N 04413.5365°'E
Alssama Dam 13 36.3065°15'N 04414.8938°'E

Table 1.
Collected sample regions.

that year 2021 during the sample collection. The majority of the microalgae found in
this study were similar to those found in the majority of the numerous studies that
were conducted which play an important role in treating wastewater, as previously
mentioned in reviews and literature, which discovered that Cyanobacteria—such as
Chlorella vulgaris, Chlamedomonas reinhardtii, and Cladophora sp.—were the most
common algae in sewage treatment plants across numerous stages. These algae were
also used in numerous biotechnology applications, as reported by Hunter-Cevera
etal. in 1996 [39], and Abdel-Raouf et al. in 2012 [40]. Moreover, comparable

studies have been conducted that reported the presence of a particular genus of
microalgae in wastewater effluent, wherever it was discovered. Examples of these
studies include those conducted by Wang et al. in 2016 [22]; Ebrahimian et al. in 2014
[24]; Mahdy et al. in 2016 [23]; and Cabanelas et al. in 2013 [41]; Ardal in 2014 [42];
El-Sheekh et al. in 2012 [43]; Gao et al. in 2011 [44]; Min Su et al. in 2017 [21]; Senem
0. C., etal., in 2020 [20] who discovered a Chlorella vulgaris, which is similar to the
results of the present study. As well as a genus of Scendesmus obliquus mentioned in
some studies done by Zhang et al., in 2014 and 2015 [45, 46]; Ruiz Martinet al., in
2010 [47]; Santos in 2017 [48]; Papazi et al. in 2013 [49]; Sethunathan et al. in 2004
[50]; and a genus of Chlamedomonas renhardtii mentioned in the following studies
done by Su et al. in 2012 [51]; Hom-Diaz et al. in 2015 [52]; Wan et al. in 2020 [53]; Xie
etal. in 2020 [54]. Although Diatoms were found in some studies done by Franziska
Hempel et al. in 2011 [55] in Germany and Min Su et al. in 2017 [21]. In addition to the
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Sample
No.

mean pH mean TDS

Replicat
eplicate value value

Read samples in collective

Chlorella vulgaris, Cosmarium spp., Cladophora
surivella, Dunaliella salina, spirulina sp.
Scendesmus spp. Paramecium sp., Nostoc sp.
Chlamedomonas reinhardtii, Dingoflagellate
ceratium, Desmedium, Gleocapsa, Oscillatoria
phucus Ulotrix micrasterias.

1 3 7.2 876

Chlorella vulgaris, Cosmarium spp., Cladophora
surivella, Dunaliella salina, Scendesmus spp.
Pavamecium sp., Chlamedomonas reinhardtii,
Desmedium, Kirchneriella lunaries

2 3 7.2 876

Chlorella vulgaris, Cosmarium contructum,
3 3 73 876 Chlamedomonas reinhardtii, Pavamecium sp.,
Gleocapsa sp., Kirchneriella lunaries.

Chlorella vulgaris, Cosmarium contructum,
4 3 72 877 Chlamedomonas reinhavdtii, Pavamecium sp.,
Gleocapsa sp., Kirchneriella lunaries.

Chlorella vulgaris, Cosmarium contructum,

> 3 72 874 Kirchneriella lunaries.
6 3 72 875 Chlorella vulgaris, Chlamedomonas reinhardtii,
: Kirchneriella lunaries, Cylindrical clostridia

7 3 72 876 Chlorella vulgaris, Spirulina 5P Chlamedomonas
rettenhei

g 3 74 873 Chlorella vulgaris, Spirulina P Chlamedomonas
rettenhei

9 3 72 869 Chlorella vulgaris, Cosmarium contructum,

Kirchneriella lunaries.

Chlorella vulgaris, Cosmarium contructum,
10 3 72 868 Chlamedomonas veinhavdtii, Pavamecium sp.,
Gleocapsa sp., Kirchneriella lunaries.

Chlorella vulgaris, Cosmarium contructum,

n 3 72 870 Kirchneriella lunaries.
Chlorella vulgaris, Chlamedomonas reinhardtii,
12 3 73 874 Kirchneriella lunaries, Cylindrical clostridia
13 3 72 872 Chl'orella ?ulgarzs, C}'Llamed?mo';'tas Velnha'rd'tn,
Kirchneriella lunaries, Cylindrical closteridia
Table 2.

Shows the presence of microalgae and three pavameters of each sample region.

same findings from the last conducted studies, others in Australia, the USA, Thailand,
Taiwan, and Mexico mentioned using microalgae in biotechnology [56-61]. As well

as a genus of Scendesmus obliquus mentioned in some studies done by Seyedeh et al. in
2021 [62]. Another similar finding was found in the following studies done by Kumar
and Chopra in 2012 [25] and Palmer in 1974 [63]; Santos in 2017 [48]; Papazi et al.

in 2013 [49]; Sethunathan et al. in 2004 [50] with finding a genus of Chlamedomonas
renhardtii which was also used in many applications in the following studies done by
Palmer in 1974 [64]; Mohammed in 1994 [65]; Hom-Diaz et al. in 2015 [52]; and Wan
etal. in 2020 [53]. Although Diatoms isolated from wastewater were used in bioplastic
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applications done by Min Su et al. 2017 [21]; Franziska Hempel et al. 2011 [55] in
Germany; Pittman et al. 2011 [63]; and Amos., [65], more studies should be done on
the findings on microalgae not only for treating sewage water but for other applica-
tions that can be done in the future.

4, Conclusion

The findings appeared to indicate that the role of algae presence in the study area
in despite of no treatment has been done on the Sana’a Sewage Treatment Plant of
the area regarding the high TDS detected along the channel which need more studies
to use algae presence for right treatment of wastewater, which will surely treat
wastewater and decrease the causes of many diseases for human that deal with direct
use of the channel either with using for irrigation of plants or farmers along the
channel where there are no adding any aeration or supportive methods for irrigation
of plants and farmers along the channel where there are no adding any aeration or
supportive methods for getting beneficial from such algae grown as blooms on the
surface of the channel as natural treatment which should be used for near future
applications in area. Another point of view is that more available microalgae can
be used in many applications, such as using the station for energy sources such as
biofuel, biogas, biohydrogen, and so on, as well as for purifying sewage water using
more microalgae.

5. Recommendation
* More attention is being paid to the economic role of microalgae in the treatment
of sewage treatment plants to purify outlet sewage before exiting the channel

through the sea pond in Sana’a STP.

* More studies should be done all the time to draw from natural resources and
exploit them in practical applications for wastewater treatment and other uses.

* More investments in the study area for biotechnology applications are more
needed.
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Appendix

Some photos of selected regions of sampling and microalgae finding under micro-
scopic lenses (5x;10x;40x) (Figure Al).
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Figure A1.

Some photos of selected regions of sampling and microalgae finding under microscopic lenses (5x;10x;40x).
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Chapter 4

Klamath Lake Aphanizomenon
Flos-Aquae: Wild-Harvesting,
Extracts and Benetfits

Stefano Scoglio and Gabriel Dylan Scoglio

Abstract

This chapter examines Aphanizomenon flos-aquae (AFA) from Oregon’s
Klamath Lake, emphasizing its nutritional richness and health benefits. Thriving in
a unique volcanic ecosystem, this wild-harvested cyanobacterium is a powerhouse
of nutrients, making it a prime focus in the health supplement domain. The chapter
highlights AFA’s comprehensive nutritional profile, packed with proteins, essential
amino acids, vitamins, minerals, and bioactive compounds. Special attention is
given to AphaMax® and Klamin®, two AFA extracts with significant nutraceutical
potential. AphaMax®, rich in AFA-phycocyanins, shows strong antioxidant, anti-
inflammatory, wound-healing and anti-cancer properties. Klamin®, containing
p-phenylethylamine (PEA), is notable for its mental health benefits, particularly
in alleviating depression and anxiety, and shows promise in ADHD treatment and
neurodegenerative disease management. In essence, the chapter underscores the
importance of AFA from Klamath Lake as a key natural resource in the nutritional
supplement industry, owing also to its potent health-promoting extracts.

Keywords: Aphanizomenon flos-aquae, Aphanizomenon, AFA, Klamath,
phycocyanin, nostoc, filamentous, wild harvesting

1. Introduction

Cyanobacteria, also commonly known as blue-green algae, constitute a diverse
group of ancient photoautotrophic prokaryotes [1]. These photosynthetic life forms
played a pivotal role in Earth’s evolutionary history during the oxygenic revolution
around 2.5 billion years ago, contributing significantly to the release of oxygen into
the atmosphere [2]. Displaying a remarkable diversity of morphological forms, cya-
nobacteria range from unicellular entities, like Synechococcus sp., to intricate filaments,
exemplified by Anabaena sp., and colonial structures, found in Microcystis sp. [3].
Furthermore, these microorganisms have adapted to a wide array of habitats, from
freshwater bodies, like Planktothrix sp., to oceans, like Trichodesmium sp., to terrestrial
and desert-like ones, as observed with Chroococcidiopsis sp [3].

Beyond their ecological significance, cyanobacteria have been studied for various
applications, such as for the production of biofuel or for wastewater treatment [4, 5].
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However, it is in the realm of nutritional and nutraceutical supplements that cyanobacte-
ria truly shine. Athrospira sp., colloquially known as Spirulina, has gained prominence as
a nutritional powerhouse and has become a staple in the health supplement industry [6].
Its nutritional density and ability to be cultivated in open ponds/photobioreactors make
it an attractive choice for those seeking dietary enhancements [6]. Beyond Spirulina, a
singular Aphanizomenon flos-aquae (AFA) strain, Klamath AFA, has carved its niche in
the supplement industry, owing to its superior nutritional and nutraceutical benefits,
and it is directly harvested wild from Upper Klamath Lake (UKL), in Oregon, U.S.A [7].

Klamath AFA is a nitrogen-fixing obligate phototroph composed of cylindrical
cells that self-assemble into filaments (Figure 1) [7]. It finds its taxonomical place
within the order of the Nostocales and is the only Nostocales strain, alongside a few
Nostoc sp., like N. commune and N. flaggeliforme, to be regularly consumed as a dietary
supplement [8, 9]. AFA is well known for forming fascicles, filaments that self-
aggregate together into leaf-like structures which can be observed with the naked eye
[7]. Furthermore, unlike Spirulina, AFA features specialized vegetative cells, known
as heterocysts, which house the active nitrogenase enzyme responsible for converting
atmospheric nitrogen (N?) into ammonia [10]. Additionally, AFA forms akinetes,
dormant cells that serve as spore-like structures, allowing the cyanobacterium to
withstand unfavorable conditions and germinate into new vegetative cells when
environmental conditions become favorable again [11].

AFA thrives in nutrient-rich lakes or ponds, which contribute is its ability to
form blooms, dense mats of biomass that blanket the surface of lakes. Particularly
renowned are the Klamath AFA blooms that grace UKL in Oregon, USA [7]. It is this
biomass that is then harvested, processed and distributed as a nutritional supplement
across the planet. UKL is the only lake in the world to be harvested for AFA and AFA
is the only commercially distributed cyanobacterial supplement to be harvested from
the wild at an industrial scale [12].

Figure 1.
Microscope image of a Klamath AFA fascicle, illustrating AFA filaments, each of which is composed by cylindrical
vegetative cells. The white arrow indicates a heterocyst. Magnification: 40x.
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AFA boasts a comprehensive nutritional profile: it is rich in proteins, up to
70% of total biomass, containing high amounts of all essential amino acids [9]. It
contains all the vitamins, many of which at high concentration. It’s a good source
of polyunsaturated fatty acids (PUFAs), circa 75% of which are made of anti-
inflammatory Omega-3 s [13]. Finally, thanks to the mineral richness of Klamath
Lake’s sediment, AFA provides 73 bioavailable minerals, including the complete
spectrum of trace minerals [12]. The distinct biochemical profile of this substance
is characterized by the presence of bioactive molecules. These include a spectrum
of carotenoids, including the main xanthophylls, and an abundant concentration
of chlorophyll [12]. Additionally, it contains a unique form of AFA-phycocyanins,
notable for their potent antioxidant, anti-inflammatory, and anti-cancer proper-
ties, as well as their efficacy in promoting wound healing [14]. Furthermore, this
composition encompasses phenylethylamine, a compound recognized for its role
as a neuromodulator and its capacity to modulate the immune system [15]. Two
important AFA extracts, known respectively as AphaMax® and Klamin®, concen-
trate such molecules, and have shown, in many clinical studies, to produce benefi-
cial effects on a number of diseases.

2. Industrial importance

Circa 120 distinct AFA strains have been confirmed globally [12]. However, the
strain consumed as a nutritional supplement is found thriving in Klamath Lake,
Oregon, USA. This particular strain is identified by its specific name, Aphanizomenon

flos-aquae Ralfs ex Born. ¢ Flah. Var. flos aquae [7]. Klamath AFA nutritional supple-
ments have emerged as a prominent player in the health supplement industry over
the past 35 years [7]. Since then, the AFA nutritional supplement market is estimated
to have reached an overall value of around $100 million a year, indicating a robust
consumer interest in AFA’s unique benefits [12]. Furthermore, while the majority of
Klamath AFA’s market is predominantly limited to its use as a nutritional supplement,
it is now also expanding into novel areas as well, such as the cosmetic and beauty
industry. As the AFA industry grows and the availability of its biomass made easier,
AFA-based products are expected to enter numerous other markets as well, such as
the animal feed, aquaculture and biofertiliser ones [12]. The latter holds particular
promise because AFA stands as the only microalgae or cyanobacterium harvested at
scale with the unique capability of nitrogen fixation.

2.1 Harvesting and processing

Klamath AFA wild harvesting occurs in Klamath Lake, Oregon, USA, and takes
advantage of the unique ecological conditions of this natural habitat (Figure 2) [7].
Typically 500-1000 t are harvested per year [12]. The harvesting process is strategi-
cally conducted during the AFA bloom period, typically occurring in early summer,
specifically between the end of June and the beginning of July, and then again in late
summer and early fall, between September and November, when environmental fac-
tors such as temperature and nutrient availability are optimal [12]. Harvesting begins
with the identification of specific areas within the lake where AFA concentrations are
high. The desired concentrations range between 5 and 7% solids. Harvesters typically
use specialized boats equipped with fine mesh nets or other non-intrusive filtration
systems to gently collect the AFA from the lake’s surface [7].
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Figure 2.

Klamath Lake, its bloom and the associated harvesting barges. The top image illustrates Klamath Lake with
Mount Shasta in the background. The bottom left image is an example of a Klamath AFA bloom, while bottom
right of an AFA harvester.

Once harvested, the AFA biomass is transported to processing facilities near
the lake. In the processing phase, the collected AFA undergoes meticulous cleaning
processes to remove any impurities or debris, ensuring the purity of the final product.
Subsequently, the AFA is dewatered in a two-step process: firstly, the majority of
the water is removed via a non-specific centrifugation process, and subsequently, it
is carefully dried, often utilizing methods like air drying or low temperature dry-
ing to preserve its nutritional profile [7]. It is at this moment that the high-value
AFA-phycocyanin and phenylethylamine compounds are concentrated. High-grade
phycocyanin is concentrated through a water-based filtering centrifugation process
(Patent: EP2032122A2); while PEA and synergic molecules, such as mycosporine-like
aminoacids, are concentrated through water ultrafiltration (Patent: EP2046354B1).
The obtained AFA biomass and extracts are then commonly transformed into various
consumer-friendly forms, such as powders, capsules, or tablets, making it suitable for
use as a nutritional supplement [12].

2.2 Wild growth properties

AFA exhibits prolific growth and blooms in Klamath Lake due to a combination of
specific ecological factors that create an optimal environment for its thriving popula-
tion. Klamath Lake measures approximately 52 x 12 km with an approximate surface
area of 250 km” [16]. Nevertheless, it is a fairly shallow lake, with a mean average
depth of 2.4 m. Situated at an altitude of 1300 m, Klamath Lake is bordered by the
Cascade Mountains to the west and lies adjacent to a desert area, the Great Basin, to
the east [7, 16]. Furthermore, the pristine waters of Klamath Lake are home to a num-
ber of different animal species, from the common Sucker fish to Pelicans and Bald
Eagles. Currently, the Klamath Basin serves as the primary wintering destination for
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the most substantial gathering of bald eagles in the contiguous 48 states. Moreover, it
functions as the largest rest area for waterfowl along the Pacific flyway [7].

Klamath Lake consistently witnesses numerous AFA blooms each year, attributed
primarily to its geological origins as a volcanic basin [17]. The lake’s geological history
traces back 7700 years to the eruption of Mount Mazama, which left substantial
mineral sediments at the lake’s bottom. Following the explosion, Mount Mazama’s
crater, now known as Crater Lake, was formed and continues to supply Klamath Lake
with water [7]. The mineral-rich composition of Klamath Lake, including elements
like Iron, Magnesium, Manganese, Molybdenum, Boron, and Zinc, is a fundamental
factor contributing to the formation of AFA blooms [18]. These minerals play vital
roles in supporting AFA’s biological activities; for instance, Molybdenum is crucial
for the development and function of the nitrogenase enzyme specific to heterocysts,
essential for AFA’s nitrogen-fixation capability [19].

The three most important nutrients for AFA’s growth, however, are Carbon,
Nitrogen and Phosphorous sources [18]. The former is provided by the lake itself due
to the occurrence of methane springs across the lake and, of course, of decompos-
ing organic matter. Carbon is expected to compose circa 50% of AFA’s total biomass
[20]. AFA’s consumption of dissolved CO;, is also reflected in the rise of lake pH from
around 7.5 at the start of a bloom to around 9-10 towards the end [18]. CO, + water is
known to form carbonic acid, thereby lowering the overall pH. Its removal, therefore,
leads to the opposite. Nitrogen availability, instead, is not of real concern when it
comes to the formation of AFA blooms as the cyanobacterium possesses the ability to
fix nitrogen directly from the air and convert it into bioavailable forms, like nitrates
or nitrites [21]. This ability favors its growth over other organisms, which cannot (see
below), allowing it to completely dominate the lake under low-nitrogen conditions
[22]. Nevertheless, nitrogen-fixation is costly, from an energetic point of view, and
the bioavailability of nitrates/nitrites/ammonia certainly enhances its overall growth
rate [23]. The latter nutrient, phosphorous, is most likely the determining factor
underlying the amount and frequency of AFA blooms, as it would not be able to
grow without it. It comes to no surprise that there is an increase in both nitrogen and
phosphorous levels in the spring, right before AFA starts to bloom [17, 18].

Another critical reason for the formation of AFA blooms is that Klamath Lake
receives 300 days of sunshine per year, a key factor for the growth of a photosynthetic
organism [7]. AFA actually possess the capacity to control its buoyancy and height
within the water column by generating bubbling vesicles that allow it to float up and
down [24]. The consequence is of this is each cell is able to optimize the amount of light
needed. Furthermore, Klamath Lake also offers optimal temperatures for AFA growth
and life cycle. During its blooms, water temperatures will range anywhere between 18
and 25°C [18]. Laboratory studies have found that AFA’s optimal growth temperatures
for growth range between 20 and 28°C, with a faster growth rate observed between 25
and 28°C [25]. Furthermore, AFA’s akinites are able to survive at the lake’s sediment
during the winter, which can see Upper Klamath Lake freeze over [26].

2.3 Contamination and toxicity

The occurrence of M. aeruginosa within the lake has heavily impacted the Klamath
AFA harvesting business, especially after the government of Oregon introduced the
limit of 1 pg of microcystins per gram of cyanobacteria [7].

Microcystins are potent cyclic peptides that, when consumed in elevated quan-
tities, disrupt protein synthesis within liver cells, leading to cellular death and,
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potentially, organ failure [27]. As a result, Klamath Lake microcystin outbreaks have
triggered public health advisories, warning against water contact and consumption.
The World Health Organization (WHO) has established a suggested drinking water
guideline value of 1 pg/L [28]. Similarly, due to the possible contamination of these
toxins within AFA blooms, the government of Oregon has imposed an incredibly
stringent limit of 1 pg/g of microcystins in Klamath AFA supplements [29]. Asa
result, quality control of AFA blooms for microcystin presence has become an impor-
tant concern. This has not only caused harvesting companies to offhold any AFA
harvest during the occurrence of M. aeruginosa, but has also led to microcystin AFA
biomass testing throughout the harvesting and processing stages. This has increased
overall costs and any biomass testing higher than 1 pg/g is, for the most part, unusable
[12]. Furthermore, microcystin contamination and the associated public concern

has also impacted the reputation of AFA-based products. Several studies have in fact
questioned the safety of AFA nutritional supplements, based upon this 1 ug/g require-
ment [30, 31]. However, there is abundant data to show that the imposed threshold is
wrong and should be revisited.

The government of Oregon decided upon this limit by directly translating the
WHO limit (1 pg/L) of microcystin in drinking water to Klamath AFA biomass. As
pointed out by a recent article, there are deep flaws both in this decision, and in the
WHO standard [29]. Firstly, the WHO limit is too stringent as it is based upon Fawell
et al’s study which looked at the toxicity (liver damage) of purified microcystins
to mice via gavage administration [32]. The methodology employed is not repre-
sentative of real-world human exposure to these cyanotoxins. Moreover, purified
microcystins are not found in nature. Furthermore, the gavage model bypasses
the complex interplay between microcystins and the digestive system’s protective
barriers [29]. While gavage delivers the toxin directly to the gastrointestinal tract,
it bypasses the initial enzymatic and acidic breakdown in the stomach, potentially
overestimating the bioavailability and subsequent hepatotoxicity observed in
real-world scenarios—like that of natural cyanobacterial blooms [29]. Stomach
acids and intestinal enzymes inactivate the toxins, almost completely reducing their
potency [33]. Unfortunately, most animal studies on microcystin toxicity have been
done through the gavage or intraperitoneally injection, and very few reproducing,
normal oral ingestion. Studies comparing oral and intraperitoneal administration of
microcystins show substantial differences in toxicity [32, 33]. For instance, the other
two studies considered by the WHO panel, both of which performed through normal
ingestion, generated, for a human being of 60 kg, a safe chronic limit of 45 pg/
day and 8.4 pg/day, respectively [34, 35]. The EPA, in fact, recommends, for water
consumption, a safety limit of 8 pg/L [36].

This begs for a cautious interpretation of microcystin-related research.
Exaggerating the hepatotoxic risks based solely on intravenous studies might create
unnecessary public fear and potentially misdirect valuable resources. It is also impor-
tant to notice that there has been only one animal study investigating the potential
toxicity of microcystins within Klamath AFA biomass: mice were administered a diet
of AFA whole-cell biomass containing 333 pg/g of microcystins over a duration of six
months. Subsequent evaluations revealed optimal health conditions, including liver
health. The researchers, after implementing all pertinent safety thresholds, deduced
that a daily intake of 10 pg/g of microcystins from AFA cyanobacterial supplements
would be considered safe for an individual weighing 60 kg [28]. Finally and impor-
tantly, no human toxicity has ever been reported, even though this biomass has been
consumed for decades.
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3. Nutraceutical properties

In virtue of its unique ecological setting, wild-harvested Klamath AFA emerges
as an exceptionally nutrient-dense food source, surpassing many other foods and
superfoods in absolute nutritional richness [12]. Its remarkable nutritional profile
encompasses all 14 essential vitamins, featuring high concentrations of pro-vitamin A
carotenes, substantial levels of B vitamins, crucial for homocysteine regulation, and
vitamin K, pivotal for bone health, dental well-being, and blood coagulation [12, 13].
Klamath AFA stands out with a mineral content of 73 minerals and trace elements,
including noteworthy amounts of iron, natural fluorine, and vanadium, essential for
insulin metabolism and addressing metabolic syndrome [12]. Furthermore, it serves
as a notable source of Omega-3 fatty acids, with a high quantity of alfa-linoleic acid
[13]. It boasts an extensive array of carotenoids, encompassing significant xantho-
phylls like lutein, canthaxanthin, and lycopene [12]. Recent revelations highlight
Klamath AFAS5 richness in polyphenols, featuring a diverse and potent assortment
of nutraceutical molecules, including a high quantity of chlorophyll [12, 13, 37]. See
Table 1 for a summary of AFA% nutritional profile.

3.1 C-phycocyanin and phycoerythrocyanin

The exceptional anti-inflammatory and antioxidant properties associated with
AFA and cyanobacteria-based supplements predominantly arise from the intricate
composition of pigments, specifically chlorophyll, C-phycocyanin (C-PC), and

Properties Amount/types Description
Amino Acids  All 20 amino acids Essential for life as they are the building blocks of proteins
Protein ~65% of dry mass Necessary 1'C0r energy metabolism, all cellular processes and tissue
homeostasis
All 4-vitamins: A, K, B1, B3, These are n ry nutrients that perform a myriad of essential
Vitamins BS, B9 and B12 are at RDA- ese are necessary nutrients that perform a myriad of essentia
tasks, from wound healing to bolstering of the immune system
relevant amounts
Mi 1 All 73 minerals and trace minerals — vanadium, iron, fluoride, iodine, molybdenum, at RDA-relevant
inerals
amounts
Chlorophyll ~4% of dry mass Linked to anti-inflammatory and anti-cancerous effects
High concentration of . .
. . Lutein possesses eye protection and age-related macular
. canthaxanthin, lutein, and . . . o
Carotenoids . degeneration prevention properties; canthaxanthin is a powerful
lycopene, plus astaxanthin . K
. antioxidant; lycopene is a neuroprotectant
and zeaxanthin
Caffeic, vanillicand These ameliorate GI tract issues and help prevent the onset of certain
Polyphenols . . . s
hydroxytyrosol acid metabolic, cardiovascular, and neurodegenerative diseases.
MAAS High concentrations of Linked with antioxidant, immunomodulatory, and anticoagulant
porphyra and shinorine activities
~12-15 mg/g of an omega-3 ALA reduces the onset likelihood of cardiovascular diseases,
PUFAS fatty acid, alfa-linoleic acid IBS, rheumatoid arthritis, and neurodegenerative pathologies.
(ALA). Furthermore, they decrease cholesterol (low-density lipoproteins)
AFA-PC ~60-100 mg/g of biomass See Section 3.1
PEA ~3 mg/g of biomass See Section 3.2
Table 1.

Summary of Klamath AFA% nutritional profile.
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phycoerythrocyanin (PEC) [38]. Despite comprising around 4% of AFA’s total bio-
mass and impacting its taste, chlorophyll proves beneficial in reducing inflammation,
aiding in weight loss, and preventing cancer [12, 39]. In the realm of cyanobacteria,
AFA, much like Spirulina, encompasses both C-phycocyanin (C-PC) and allophyco-
cyanin (AP). Although a 2004 study suggests AFAs phycocyanin content at 15% of
the total biomass, recent estimates propose a range of 6-10% [14]. The therapeutic
efficacy of C-PC is attributed to their bioactive chromophore, phycocyanobilins
(PCB) [40]. Animal studies showcase the effectiveness of C-PC in reducing in vivo
edema induced by oxidizing factors and inhibiting liver lipid oxidation caused by
hepatotoxic chemicals [41]. As powerful anti-inflammatory agents, C-PC inhibit
molecules like NO and, notably, COX-2, serving as selective COX-2 inhibitors without
the side effects observed in common NSAIDs [12, 42]. Their reversible antagonism
on platelets preserves platelet survival [43]. Furthermore, in-depth in vitro studies
validate the potential of C-PC in inhibiting cancer cell proliferation across various
tumor cell lines [44]. A comprehensive review affirms their role in cancer treat-
ment, influencing cell cycle arrest, activating apoptotic pathways, and modulating
cancer-promoting and fighting molecules [45, 46]. C-PC’s diverse effects extend to
cardiovascular improvements, wound healing, and immune enhancement, including
the normalization of cholesterol levels, platelet aggregation inhibition, cardioprotec-
tive roles, fibrinolytic activity, fibroblast release stimulation for wound healing, and
immune system support (Figure 3) [12, 43].

AFA, unlike Spirulina, also expresses the light-harvesting phycoerythrocyanin
(PEC) pigment within its phycobilisome. PEC displays a unique chromophore
attachment compared to C-PC, one phycoviolobilin (purple color) chromophore

AphaMax® Klamin®

AntiOxidation i AntiDepressant
& Anti-Anxiety

%

Anti-Inflammation

<

L~

Anti-Cancer

o
o

Wound Healing

Y
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Figure 3.

Summary of AphaMax® and Klamin® nutraceutical properties.
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instead of a phycocyanobilin (blue color) [47, 48]. More specifically, both C-PC and
PEC are both heterodimeric proteins comprising of monomers that are made of two
distinct subunits, a and p. Each af monomer typically binds three chromophores.

In the case of C-PC each o monomer binds three phycocyanobilins, while for PEC

it binds two phycocyanobilins and one phycoviolobilin [47-49]. Importantly, the
exact nutraceutical properties of phycoviolobilin are yet to be studied. Crucially,

the Klamath AFA phycocyanin extract, known as AphaMax®, combines both

C-PC and PEC, as the industrial extraction methodology employed cannot discern
between the two due to their overall similarity [42]. Recent research has shown that
the AFA-phycocyanin extract, AphaMax®, exhibits superior antioxidant and anti-
inflammatory responses compared to Spirulina’s C-PCs, potentially suggesting that
AFA C-PC’s activity is enhanced by PEC [12, 14]. For example, in-depth in vitro stud-
ies on lipid oxidation showcase AphaMax®°s ability to achieve a 50% inhibition of
malonyldialdehyde (MDA), a late by-product of lipid peroxidation, with a dosage 75x
lower than Spirulina’s PCs (0.14 nM vs. 11.35 pM) and a 90% inhibition 200x lower
(1 pM vs. 200 pM) [14]. In terms of inflammation, an unpublished in vitro study on
COX-2 enzyme acitivity inhibition, reveals that, at human intake dosages (250 mg),
AphaMax® inhibits COX-2 activity by 65%, while Spirulina C-PCs by 40%. Overall,
there is a clear need to investigate the nutraceutical properties of PEC to better assess
the potential nutraceutical impact of AphaMax®.

Numerous other studies have also highlighted AphaMax® anti-inflammatory
antioxidation, anti-cancer properties. AphaMax® has the highest oxygen radical
absorbance capacity (ORAC) value among all purified molecules, about 300x higher
than even quercetin and epigallocatechin [14, 43]. Comparative studies show that
while quercetin, at 10 pM, reduces erythrocyte damage by benzoic acid by 25%
AphaMax® at 100 nM yields a 95% reduction against copper chloride, a mild oxida-
tive agent like benzoic acid [50]. Furthermore, it should be noted that ORAC tests
are limited in their ability to evaluate the full antioxidant spectrum. However, an
in vivo human study has demonstrated that long-term AphaMax® administration
significantly reduces MDA levels, averaging a 37% reduction within 1-2 months [43].
In terms of cancer, a study testing the efficacy of AphaMax® to inhibit prostate and
thyroid cancer cells, showed the ability of the AFA PC & PEC extract to inhibit 95%
of cancer cell growth with just 100 nM [51]. In comparison, quercetin and gallic acid
only inhibited the proliferation of MCF-7 human breast cancer cells by circa 66% at
a concentration of 500 pM, a concentration approximately 5000x higher than the
one of AphaMax® [52]. Similarly, at the same concentration of AFA (100 nM), the
cannabinoid JWH-33, known for its potent anti-cancer properties, inhibited lung
cancer cell proliferation by circa 75%, compared to up to 98% inhibition achieved by
AphaMax®. This distinction is significant, as achieving higher levels of inhibition is
notably challenging: JWH-33 attains a comparable 95-98% inhibition rate as AFA-
PCs, but requires a concentration 1000x higher — 100 pM [53]. In terms of inflamma-
tion, a 2006 study investigated effects of AphaMax® in mice. In the experiment, one
group of mice received an injection of capsaicin directly into the stomach, leading to a
marked increase in inflammation, as measured by Evans Blue extravasation. In a sec-
ond group, pre-treatment with AFA-PCs extract significantly inhibited inflammation,
with an approximate reduction of 95%. A further test involving capsaicin injection
in the urinary tract resulted in over 100% inhibition of urinary inflammation [54]
(Figure 4). This outcome not only demonstrates the potent anti-inflammatory prop-
erties of AphaMax® but also their effectiveness at the systemic level after traversing
the gastrointestinal tract [54].
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Figure 4.
Bar charts highlighting AphaMax®Ss ability (800 mg/kg) to inhibit -induced inflammation as measured by
Evans Blue extravasation in mice. Left: Stomach capsaicin injection; right: Urinary bladder capsaicin injection.

AphaMax® has demonstrated also efficacy as a dermatological therapeutic agent
in a clinical trial involving human subjects [55]. This study included 10 patients
diagnosed with varying stages of psoriasis, who had previously shown no improve-
ment with standard or biologic treatments. Participants were administered three
doses of an AphaMax® product daily over a period of three months. Post-treatment
assessment revealed substantial remission in 90% of the participants (9 out of 10),
with the remaining individual exhibiting significant symptomatic improvement
[55]. Additionally, the pharmacological impact of AphaMax® was evaluated in an
experimental model of colitis induced by 2,4-dinitrobenzenesulfonic acid (DNBS)
in rats [56]. Varied dosages of AphaMax® (20, 50, or 100 mg/kg/day) were admin-
istered. The results indicated a notable reduction in histological damage to the colon
(Figure 5). Furthermore, there was a decrease in myeloperoxidase activity, inhibition
of NF-kB activation, and reduced expression of inducible nitric oxide synthase and
COX-2. These changes suggest an improvement in the aberrant immune response
associated with colonic inflammation. Additionally, the treatment led to a decrease
in the inflammatory interleukins IL-1p and IL-6 expression. Finally, AphaMax®
exhibited antioxidant properties, evidenced by decreased levels of reactive oxygen
species (ROS) and nitrites [56].

3.2 p-Phenylethalamine

A distinguishing feature of AFA is its capacity to produce the endogenous phenolic
compound p-phenylethalamine (PEA), setting it apart from other microalgae and cya-
nobacteria. PEA stands out for its role in neurotransmission, coupled with energizing,
anti-anxiety, anti-depressant, and hunger-suppressing properties (Figure 3) [12]. This
phenolic compound is notably produced during exercise and experiences of “love.” It is
an agonist to a widely-spread receptor within the body, known as the trace amine-asso-
ciated receptor (hTAAR) [57]. This is found in the gut, on immune cells and in neu-
ronal synapses. Its activation in the brain, for example, is associated with the release
and inhibition of reuptake of biogenic amines such as norepinephrine, dopamine, and
serotonin. The resultant increase in catecholamine concentrations can lead to elevated
endorphin levels, making PEA an indirect natural painkiller, and an increase in testos-
terone, contributing to heightened libido. Notably, PEA exhibits rapid and profound
effects on mental clarity and alertness without side effects or tolerance [57]. However,
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a b c

e

Figure 5.

Effects of Aphamax® on DNBS-induced histological damage in rats. Photomicrographs of the colon stained
with hematoxylin & eosin from (a) Sham (control) rats; (b) Sham (control) rats treated with Aphamax®
(100 mg/kg); and (c) DNBS rats showing colonic damage and the infiltration of inflammatory cells in mucosa
and submucosa. (d), (e), and (f) show DNBS rats treated with Aphamax® at a concentration of 20, 50 and
100 mg/kg, respectively, showing progressive reduction of inflammatory cell infiltration and fewer inflammatory
cells close to the mucosal layer. (Scale bar = 100 pym, magnification 20, red arrows = colonic damage, black
arrows = inflammatory infiltrate) [56].

the challenge lies in the rapid degradation of purified PEA once ingested: it is a well-
known fact that monoamines are rapidly degraded by MAO-B enzymes already in the
gut. For this reason, an extract concentrating PEA together with selective MAO-B
inhibitors, namely AFA-phycocyanins, Mycosporine-like amino acids (MAAs), and
phytochrome C, has been developed. This extract is known as Klamin® [58]. The three
molecules are the most potent among all natural substances, and most of all they are
reversible inhibitors, blocking the MAO-B activity only temporarily, thus producing no
side-effects. This combination facilitates the absorption of a significant portion of PEA
through the gut and the blood-brain barrier [15] (Table 2).

PEA’ crucial attribute lies in its promotion of brain tissue regeneration, as it is
able to stimulate the production of erythropoietin (EPO) and its receptor (EPOR).
Endogenous erythropoietin (EPO) within the brain acts as a fundamental regulator of
neural stem cells, which are totipotent and pivotal for the generation of all neural tis-
sues and neurotransmitters [59]. This positions EPO as a crucial factor in the potential
repair and regeneration of brain and nervous system tissues. Notably, the observed
changes extend beyond mere functional alterations in EPO dynamics. There is
evidence of structural brain changes, notably an increase in EPO receptors [59]. This
increase suggests not just a functional modification but also a physical transformation
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MAO-B inhibitors ICso Ki Inhibition mode
AFA-phytochrome 0.02 0.01 Mixed
Deprenyl 0.28 0.04 Irreversible
AphaMax® 1.44 0.14 Mixed

AFA MAAs 1.30 0.58 Competitive
Emodin 3540 15.10 Mixed
Paeonol 42.50 38.20 Competitive
Epicatechine 58.90 21.00 Mixed
Piperine 91.30 799 Competitive

ICsy: Half-maximal inhibitory concentration; Ki: dissociation constant [15].

Table 2.
Table describing the ICy,, Ki and inhibition mode of MAO-B inhibitors concentrated within the Klamin®
compared with other synthetic and natural MAO-B inhibitors.

and regeneration of the brain tissues themselves. Such findings hold significant
implications for a range of neurodegenerative conditions, including Multiple Sclerosis
and Amyotrophic Lateral Sclerosis (ALS). The increased EPO activity and receptor
expression could potentially offer new avenues for therapeutic interventions aimed

at mitigating the progression of these diseases, emphasizing the role of EPO in neural
repair and regeneration mechanisms [12].

One study specifically looked at Klamin® effects on EPO brain levels [58]. Two
mice groups, one of group suffering from accelerated senescence (AS) and one not
(A), were evaluated on learning ability through the Morris Test (Figure 6). After
Klamin® administration (100 mg/kg of body weight), the AS mice were able to
complete the test 15 s faster than ordinary, from 25 s to 10 s. The normal group of mice
(A), instead, lowered the time to complete the test by 4 s, from 9 s to only 5 seconds

Senescent Mice (AS) Senescent Mice (AS) + Klamin®
A s B 381Tgro 1] * ] ! .
- EPOR[ | ! i !
30 ;
. i
- 251 : —
S i |
4 4 | o] o -
g 201 !
&
25s 10s u:-:_‘
Normal Mice Normal Mice + Klamin® E 15
- = E i
X
Top view of po | TR

AS + A A+
9s 55 Klamin® Klamin®

Figure 6.

(A) Illustration of the Morris Water Maze Test, which looks at the learning ability of a mouse to reach the
platform (gray circle) and leave the water, and the effect of Klamin® on the mouse speed to reach the platform.
(made with biovender). B) Bar chart demonstrating the 500% increase in brain EPO levels and the 300% increase
in EPOR following Klamin® administration (100 mg/kg of body weight) in both AS and A mice groups. EPO

¢» EPOR expression were measure via western blot band intensity, with f-actin expression used as the control.
Readapted from [58].
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[58] (Figure 6A). Subsequently, the brain of the mice was analyzed, and the following
results were found: a) a strong decrease of brain oxidation (less MDA) and an increase
in brain antioxidants (thiols); b) a strong increase in cerebral erythropoietin (EPO)
(+500%), as well as in EPO receptors (+300%) [58] (Figure 6B). This ability to mod-
erate and mobilize stem cells was already found by a study from Jensen et al., where it
was shown that an AFA extract increased the release of stem cells from the bone mar-
row, triggering the mobilization of CD34+ CD133+ and CD34+ CD133— cells in vivo,
associated with repairing of the central nervous system, heart, and other tissues [60].

The AFA PEA extract, due to its ability to increase brain catecholamine levels, has
also been investigated for its impact on mental health, including depression, anxiety,
ADHD, and autism. Research indicates significant improvements in depression,
anxiety, self-esteem, and overall well-being in individuals with depression, including
post-menopause and cancer-induced depression [12]. In a study conducted by the
Department of Gynecology at the University Hospital of Modena in Italy, a study was
carried out involving 40 menopausal women, divided into two groups: 20 receiving
Klamin® and 20 in a placebo control group. These participants were selected based
on their exhibition of typical psychosomatic symptoms associated with menopause
[61]. The intervention group was administered a daily dose of 1 gram of Klamin® for
a duration of two months. Post-treatment evaluation using specific psychiatric scales,
namely the Kellner-Sheffield Scale and the Zung Self-Rating Scale, revealed a statisti-
cally significant improvement in the levels of depression, anxiety, and self-esteem
among the women who received Klamin® [61, 62].

Furthermore, Klamin® was also shown to have important beneficial effects on the
mood and well-being of terminally ill patients. At the Ovada Oncology Center (Italy),
18 terminally ill cancer patients, being treated only with palliative care, took approxi-
mately 1 g of Klamin® for 2 months [63]. Statistically significant improvements were
observed in the areas of anxiety, fatigue and depression, confirming that Klamin® is
able to balance even apparently conflicting states such as anxiety and depression and
to sustain the ability of the body to produce energy [63]. Similarly, Klamin® also had
a positive effect on children with ADHD. A recent study looked at 30 children diag-
nosed with ADHD, and the associated impact of Klamin® administration, at dosages
ranging from 0.25-1.20 g (according to weight). The observed improvements were
noteworthy, and the areas affected were as follows: 1) the overall condition of the
child; 2) the levels of attention and hyperactivity; 3) in executive functions; 4) in the
quickness and precision [64]. The researchers also found significant improvements in
the 25% of children who were also affected by autistic symptoms [63].

In addition, Klamin® has been shown to have a positive impact on neurodegenera-
tive illnesses, most likely due to its effect on EPO brain levels [12]. Neural stem cell
proliferation homeostasis has implications for memory improvement and the reduction
of beta-amyloid plaques associated with neurodegenerative diseases, like Alzheimers.
A recent Alzheimer study by Nuzzo et al. demonstrated Klamin®°s ability to prevent
the accumulation of the beta-amyloid substance, while inactivating its toxicity [65]. In
this study, we administered the oxidizing agent tert-butyl hydroperoxide (TBH) into
the mitochondria of live neuronal cells. This intervention resulted in a marked increase
in the production of reactive oxygen species (ROS) within the cells, compared to the
control group. However, the simultaneous introduction of 0.8 pg of Klamin® alongside
TBH effectively inhibited the TBH-induced overproduction of ROS in the mitochondria
[65]. Furthermore, the study explored the implications of Klamin® in the context of
Alzheimers disease, particularly its interaction with beta-amyloid, a substance closely
associated with the disease’s pathogenesis. Human neuronal cultures were stimulated to
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produce beta-amyloid, and the effect of Klamin® addition was observed. Remarkably,
the presence of Klamin® led to a 63% reduction in the production of beta-amyloid
compared to the control group [65]. Additionally, the beta-amyloid aggregates that
were still formed in the presence of Klamin® were significantly smaller in size and
exhibited a substantial loss of toxicity. This result is particularly significant given the
role of beta-amyloid aggregates in Alzheimer’s disease progression [65].

Klamin®‘s nutraceutical properties have also been tested on obesity and its associ-
ated metabolic imbalances, which have been linked to neurodegenerative conditions,
including Alzheimer’ disease. To investigate this connection, a study was conducted
on mice using KlamExtra®, a novel product combining Klamin® and Aphamax®
extracts [66]. The mice were divided into three groups: one group was fed a standard
diet (Lean group), another received a high-fat diet (HFD), and the third group was
given a high-fat diet supplemented with the AFA product (HFD + AFA) for a duration
of 28 weeks. The study focused on several key aspects: metabolic parameters, brain
insulin resistance, the expression of apoptosis (cell death) biomarkers, the modula-
tion of astrocytes and microglia activation markers (key components of brain inflam-
mation), and the accumulation of beta-amyloid plaques, which are characteristic
of Alzheimer’s disease (Figure 7) [66]. These factors were analyzed and compared
across the brains of the different mouse groups. Results indicated that the AFA
product, KlamExtra®, mitigated neurodegenerative effects induced by the high-fat
diet. This included a reduction in insulin resistance and a decrease in neuronal loss.
Additionally, AFA supplementation was found to enhance the expression of synaptic
proteins and significantly reduce the activation of astrocytes and microglia - a typical
response to high-fat diet-induced stress. Moreover, the accumulation of beta-amyloid
plaques, often associated with Alzheimer’s disease, was also reduced in the mice
receiving the AFA supplement [66]. These findings suggest that KlamExtra® has
potential therapeutic effects in addressing neurodegeneration linked to obesity and
metabolic dysfunctions.

Finally, towards the start of the century, PEA was shown to possess immune
enhancement properties. in their 2000 study, Jensen et al. discovered that consuming
1.5 g of AFA biomass leads to a broad enhancement of immune surveillance, without
directly stimulating the immune system [67]. This enhancement is characterized
by a rapid increase in the movement of immune cells, such as monocytes and lym-
phocytes, from bodily tissues into the bloodstream. Specifically, there is a notable

Lean HFD HFD+AFA

Thioflavin T

Figure7.

Thioflavin T staining of beta-amyloid aggregates on cerebral cortex section of lean, HFD and HFD + AFA mice.
Thioflavin T-positive amyloid deposits are prominent in cortex areas of HFD mouse compared with those from
lean and HFD + AFA.

68



Klamath Lake Aphanizomenon Flos-Aquae: Wild-Harvesting, Extracts and Benefits
DOI: http://dx.doi.org/10.5772/intechopen.1004405

mobilization of CD3+, CD4+, CD8+ T cells, and CD19+ B cells. Notably, individuals
who regularly consume AFA biomass exhibit a 40% increase in natural killer (NK)
cell recruitment within 4-6 hours post-ingestion [67]. The study attributes this
immune modulation to various low-molecular compounds present in the AFA cya-
nobacteria, with PEA likely being a key contributor. PEA acts as an agonist to TAAR,
which are found on monocytes, B cells, T cells, and NK cells. The stimulation of these
cells by PEA is thought to be a crucial factor in their mobilization and the resultant
enhanced immune surveillance observed following AFA biomass ingestion [68].

4, Conclusion

AFA, sourced from Klamath Lake, Oregon, is an example of nutritional excel-
lence and industrial relevance in the health supplement sector. This wild-harvested
cyanobacterium, flourishing in the lake’s unique volcanic ecosystem, boasts a rich
nutritional profile, ranging from a high protein content, up to 70%, to an elevated
concentration of Omega-3 s PUFAs. The nutraceutical value of AFA is epitomized
by its specialized extracts, AphaMax® and Klamin®. AphaMax® is enriched with
C-PC and PEC and confers notable anti-inflammatory benefits, due to its ability to
reversibly inhibit the inflammatory COX-2 enzyme, while also having important
antioxidant, anti-cancer and dermatological properties. On the other hand, Klamin®,
containing p-phenylethylamine (PEA), has shown significant potential in improv-
ing mental health. It is particularly effective in alleviating symptoms of depression
and anxiety, as shown in post-menopausal women and cancer patients, due to PEAs
ability to increase brain catecholamine concentrations. Additionally, its promising
results in managing ADHD and its potential in treating neurodegenerative diseases
such as Alzheimer’ further underscore its therapeutic versatility. In conclusion, AFA
from Klamath Lake emerges as a powerhouse of health benefits, especially through its
extracts AphaMax® and Klamin®. Its impressive nutritional profile and the health-
promoting properties of its extracts solidify its standing as an invaluable component
in the realm of nutritional supplements.

Conflict of interest
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Chapter 5

Cyanobacteria: A Promising Future
for Sustainable Agriculture

Seyed Mojtaba Soleymani Robati

Abstract

Cyanobacteria are photosynthetic prokaryotes that can be considered as a
promising source for environment-friendly sustainable agriculture. Various species
of cyanobacteria have been described as biofertilizers and plant biostimulants. They
can affect nutrient utilization efficiency, plant growth, gene expression, and the
quality and quantity characteristics of the phytochemical composition of plants
by producing many highly effective chemical compounds such as enzymes and
hormones. Cyanobacteria can also induce plant resistance against biotic and non-
biotic stresses. They increase plant tolerance through their direct effect on the soil
or by induction of activation of plant reactions. Cyanobacteria can reduce the effect
of salinity by producing extracellular polysaccharides or compatible solutions, and
increase germination in drought conditions. Cyanobacteria activate plant defense
responses to control plant pathogens as the inducer of systemic plant resistance
against pathogens, and also, they are an effective strategy as a biocide against
bacteria, fungi, and nematodes that attack plants.

Keywords: cyanobacteria, sustainable agriculture, biostimulants, biofertilizer,
bioactive compound, phytohormones

1. Introduction

Conventional agriculture involves large-scale use of synthetic fertilizers, and
pesticides to increase food production and address the needs of a rapidly growing
population. However, this approach has hurt soil microbes, resulting in a reduction of
agricultural output. As an alternative, sustainable agriculture focuses on addressing
societal concerns about food quality and environmental protection through better
management practices. One such practice is using microbial fertilizers as plant growth
promoters to improve yields. Cyanobacteria are a type of plant growth-promoting
microbes (PGPMs) that are commonly used in sustainable agriculture [1, 2]. These
prokaryotic photoautotrophic microorganisms, some of which are facultative
heterotrophs, can thrive in various environments, even in extreme conditions [3].
Cyanobacteria can be biofertilizers to solubilize phosphate, improve soil structure and
nutrient uptake, and reduce soil salinity. They are also capable of increasing soil nitro-
gen content through nitrogen fixation from the atmosphere, making them a valuable
addition to biofertilizers [4]. Additionally, cyanobacteria produce bioactive molecules
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like phytohormones, polysaccharides, phenolic compounds, and amino acids that can
serve as high-quality biostimulants, promoting plant growth and improving physi-
ological functions. These metabolites also play a vital role in protecting plants against
abiotic stresses and helping them fight against pests and pathogens.

2. Cyanobacterial biofertilizer

Cyanobacteria are one of the most important groups of microorganisms that
are used as biofertilizers in sustainable agriculture. The common reasons for using
cyanobacteria as biofertilizers are their ability for nitrogen fixation, soil amendment,
and solubilization of phosphate in the soil.

2.1 Nitrogen fixation by cyanobacteria

In intensive agriculture, nitrogen (N) supplementation is done through the
application of N-rich fertilizers such as urea and ammonium sulfate to the soil.
However, 50% of nitrogen is lost to the environment due to ammonia volatiliza-
tion, denitrification, leaching, and surface runoff, and only 50% of N is absorbed
by the plant, and this is the major drawback of the mentioned method. To solve
this problem, the lack of soil nitrogen content can be corrected by fixing atmo-
spheric nitrogen. Atmospheric nitrogen (N,), the most abundant source of nitro-
gen in the earth, is very stable because of the triple bond between the nitrogen
atoms; almost inert N, can be chemically reduced to NHj;, but it is only possible at
very high temperatures and high pressures of N, and H, (Haber-Bosch process).
Therefore, in order to increase uptake by plants, this process requires high energy
to reduce N, to ammonia [5, 6].

Atmospheric nitrogen fixation is one of the most important functions of cya-
nobacteria, which are used as biofertilizers. As the main nitrogen-fixing agents in
agricultural soils, they fix atmospheric nitrogen and are then re-assimilated by higher
plants [6, 7]. Importantly, cyanobacteria fix N, at ambient pressure and tempera-
ture; however, it is still an energetically expensive process for N,-fixing organisms.
Nitrogenase requires 16 ATP and 8 low potential electrons to reduce N, to NH;
(usually provided as reduced ferredoxin) [5]. Nitrogenase is inactivated by oxygen, so
oxygenic photosynthesis and nitrogen fixation processes are incompatible [8].

To solve the problem, two different mechanisms have evolved to separate two
processes: First process is temporal separation (day-night rhythm): Nitrogen, accu-
mulated during the day by stored glycogen granules in the form of a nitrogen-rich
polymer (cyanophycin), is fixed at night [9, 10]. Another process is spatial separation
(cell differentiation). Some cyanobacteria, such as Anabaena, are able to fix nitrogen
during the day with the help of specialized cells the so-called heterocysts. Because
heterocysts do not have photosystem II and do not fix carbon, photosynthesis does
not occur in them; as a result, nitrogenase is not inactivated by oxygen [5, 11].

Heterocyst-based N, fixation is the most dominant and common mechanism in
cyanobacteria. This process can occur as a symbiotic relationship between cyano-
bacterial species and the host plant in which the microorganisms colonize the leaves
and roots of the host plant [12]. In plant leaves, cyanobacteria first enter the tissue
through the stomata and then colonize the intercellular spaces by forming a cyano-
bacterial ring; while in the roots, loose and strong colonies are formed on root hairs
and root surfaces, respectively [6, 13]. Larger and rounder shapes, thicker cell walls,

78



Cyanobacteria: A Promising Futuve for Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.1005021

N
Thickened cell wall
Polar body \ Microplasmodesmata

Metabolites

Glutamate.
GOGAT

Glutamin
a-Ketoglutarat

Sucrose

PSI + PSII

co,

0,

Heterocyst Vegetative cell

Figure 1.

Nitrogen fixation process and metabolic exchange between heterocysts and neighboring vegetative cells.

6Pgluc = gluconate-6-phosphate, Gluc6P = glucose-6-phosphate, Rib5P = ribulose-5-phosphate, PSI = photosystem
I, PSII = photosystem II, Fdxred = reduced ferredoxin, and GOGAT = glutamate synthase [10].

and accumulation of cyanophycin granules at the border with neighboring cells dis-
tinguish heterocysts from vegetative cells [10, 14]. The schematic of nitrogen fixation
in heterocysts of cyanobacteria is shown in Figure 1.

2.2 Phosphorus uptake by cyanobacteria

Phosphorus, as an essential mineral for plant growth and development, is the
limiting nutrient for biomass production in agriculture, its availability in the highest
amount (after nitrogen) is required for plant growth and yield, and it plays a key role
in storing and using energy by soil microorganisms. However, plants or microbes are
likely to be challenged to obtain phosphorus from the soil in order to grow, because
a large part of soil organic phosphorus becomes inaccessible through fixation or
adsorption to clay soil particles [15] and also, phosphorus is forced into relatively
inaccessible inorganic pools as a result of mineral phase precipitation reactions with
calcium and magnesium in alkaline soils, and iron and aluminum in acidic soils.
Therefore, phosphate fertilizers are often added to the soil [16].

To release phosphate from inorganic and organic pools of total soil phosphorus,
cyanobacteria, as specific phosphate-solubilizing microorganisms, are used [17].
Cyanobacteria probably solubilize phosphate by two mechanisms. First is the release
of organic acids which can solubilize phosphorus [18], and the second mechanism
is to synthesize a calcium ions (Ca*) chelator which directs the dissolution in the
correct direction without changing the pH of the growth medium [19]. The important
role of cyanobacteria in mobilization of inorganic phosphates is performed through
extracellular phosphatases; by extracting the organic acids enzymatic profile of the
soil inoculated with cyanobacteria, it was found that acid phosphatases and alkaline
phosphatases are involved in phosphate solubilization, so inoculating soils with
species such as Nostoc and Anabaena is promising [18, 19]. Less-soluble phosphorus
forms like calcium phosphate [Ca3(PO,),], ferric phosphate (FePO,), aluminum
phosphate (AlPO,), and hydroxyapatite [(Cas(PO,)3;.0OH)] in soil, sediments, or
pure culture can be solubilized by cyanobacteria, improving the bioavailability of
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phosphorus to the plants [20]. Besides the above-mentioned two mechanisms, there
is also a third possibility. At this mechanism, available phosphorus could be removed
by cyanobacteria from the sphere of chemical fixation in soil by absorbing excess
amounts of phosphorous or incorporating it into cell constituents for cell nutrition
needs, and then over some time (through exudation or microbial decomposition of
dead cells) it will be released gradually to the plants [21].

2.3 The role of cyanobacteria in saline and sodic soil amendment

Saline and sodic soils that are rich in salt and/or have an alkaline nature, also
known as salt-affected soils, are typically not conducive to the growth of plants [22].
The alkaline soil is identified by its high pH, plentiful exchangeable sodium ions,
elevated electrical conductivity, and substantial presence of carbonates [23]. This
type of soil has restricted aeration, inadequate hydraulic conductivity, and elevated
osmotic pressure, hindering plant roots and absorption of water and nutrients. The
high salinity of the soil, due to increased osmotic stress and build-up of sodium and
chloride ions, can negatively affect plants’ metabolic activities and growth. Moreover,
salt stress can diminish the microbial population in the soil and affect carbon cycling.
The high concentration of salt in these soils leads to the formation of a rugged and
water-resistant layer [22, 24-26].

Cyanobacteria, in association with plants, play a crucial role in mitigating salt
stress. The effective use of cyanobacteria in the remediation of agricultural soils
affected by salt has been proven across a variety of soil types and weather condi-
tions [27]. Numerous species of cyanobacteria have the ability to adapt to different
salinity conditions. Cyanobacteria in the rhizosphere instigate salt tolerance in crops
and protect them from salt disruption. Many studies show the enhancements in
the growth and yield of key crops like wheat, maize, and rice, credited to the direct
de-salinization by cyanobacteria [27, 28]. Cyanobacteria through various mechanisms
improve saline and sodic soils. These encompass active ion expulsion, nitrogen fixa-
tion, synthesis of phytohormones, supply of compatible solutes, discharge of extra-
cellular polymeric substances, and a variety of defense enzymes during the process
of soil reclamation [28-30]. Cyanobacteria can increase the soil’s water retention and
biomass after their death and decomposition [31]. Furthermore, some cyanobacterial
species can eliminate soluble sodium from the soil via a process known as biosorption.
The amendment of soil structure by cyanobacteria, especially the creation of soil
channels, aids in the relocation of salt to deeper soil layers, thus minimizing damage
to crops. The cyanobacterial extracellular polymeric have the ability to bind sodium
ions and create biofilms, thereby safeguarding plants from salt-induced stress [27, 32].

3. Cyanobacterial biostimulant

Biostimulants are a distinct compound from biofertilizer that has a direct effect
on plants regardless of nutrient content, increasing crop productivity. By apply-
ing plant biostimulants on plants, natural mechanisms related to increasing plant
growth, nutrient utilization efficiency, and tolerance to abiotic stress factors are
stimulated [33, 34]. In the scientific community, cyanobacteria and microalgae are
known as promising biological sources for the production of a new class of high-
quality biostimulants, which is why today the main focus is on these microorganisms.
Cyanobacteria are able to produce bioactive molecules, affecting plants even at low
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Class Metabolites Cyanobacterial strains
Phytohormones Auxins, abscisic acid, cytokinins, Anabaena sp., Oscillatoria sp., Nostoc sp.,
gibberellins, ethylene Phormidium sp., Scytonema sp., Synechocystis
sp., and Westiellopsis prolifica
Phenolic Flavonoids, phenolic acids, cell wall Avrthrospira sp., Anabaena sp., Calothrix,
compounds phenolics Oscillatoria, Chroococcidiopsis, Nostoc sp.,
Leptolyngbya, Phormidium.
Terpenoids Isoprene, limonene, linalool, Anabaena sp., Synechococcus sp.,
p-phellandrene, farnesene, Synechocystis sp.
bisabolene
Carotenoids B-Carotene, astaxanthin, zeaxanthin, Anabaena sp., Cylindrospermum sp., Microcystis
canthaxanthin, lutein, lycopene, sp., Nostoc sp., Oscillatoria sp., Phormidium sp.,
echinenone, phytoene Synechococcus sp., Spirulina sp., Tolypothrix sp.
Peptides Peptides, proteins, free amino acids Aphanizomenon flos-aquae, Calothrix ghosei,
Cylindrospermum muscicola, Hapalosiphon
intvicatus, Microcystis aeruginosa, Nostoc
muscorum, Nostoc sp.
Polysaccharides p-Glucans, lipopolysaccharides, A. platensis, Nostoc muscorum,
chitin, carrageenan Cylindrospermum muscicola
Vitamins Riboflavin, thiamine, ascorbic Anabaena sp., Chroococcus mimulus, Nostoc sp.,
acid, nicotinic acid, cobalamine, Microcystis pulverea, Oscillatoria jasorvensis,
phenothene, pyridoxine, folic acid Arthrospira, Phormidium bijugatum
Table 1.

Cyanobacterial strain metabolites [10].

doses. In addition, at highly controlled cultivation conditions, biomass with more
stable chemical and functional characteristics can be obtained [3]. There are various
types of molecules, among biostimulants, that can be extracted from cyanobacterial
cells, and they include phytohormones, polysaccharides, protein hydrolysates, and
amino acids [35]. Cyanobacterial strain metabolites are presented in Table 1.

3.1 Phytohormones

Auxin, cytokinin, gibberellic acid, ethylene, abscisic acid, salicylic acid, and jas-

monic acid are examples of phytohormones known for their low molecular weight and
signaling; their function is to coordinate many cellular activities in a plant cell [36]. The
hormonal content of cyanobacteria and their capacity to stimulate endogenous hormone
synthesis in treated plants have proven their ability to elevate plant growth. Obviously,
like plant cells, some phytohormones are produced in these microorganisms [3].

3.1.1 Auxin

Auxin is a phytohormone that plays a key role in the precise control of plant
growth and development; its effect on plants is well known. The main auxin in
higher plants, indole acetic acid (IAA), has a structure consisting of an indole ring
and an acetic acid side chain. IAA is basically a hetero-aromatic organic acid and
exerts strong effects on plants; for example, it increases cell elongation, prevents or
delays leaf abscission, and stimulates flowering and fruiting [36, 37]. Studies have
shown that IAA produced in cyanobacterial species such as Nostoc spp., Synechocystis
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spp., and Leptolyngbya spp. improved the growth of wheat and rice; the highest
concentration of the phytohormone has been observed during the colonization

of plant roots. Furthermore, the role of auxins (IAA) and soluble AAs secreted by
cyanobacteria in increasing soil microbial content and microbiome quality has also
been proven [6].

3.1.2 Cytokinins

Cytokinins are one type of phytohormones, and their structure consists of
N6-substituted adenine derivatives containing aromatic or isoprenoid side chains.
They affect several plant physiological processes, such as morphogenesis, develop-
ment of chloroplast, seed dormancy, leaf senescence, so they are very valuable in
agriculture. Cytokinins cause cytoplasm division and are useful in reducing the
adverse effects of abiotic stresses on plant growth [38, 39]. Similar to plants, the
biosynthesis of cytokinins in cyanobacteria is carried out using isopentenyl trans-
ferases (IPTs); however, there are slight differences in the biosynthesis mechanism.
It has been shown that the use of cyanobacterial supplements in the field has been
led to the induction of adventitious roots and shoots on petiolar as well as internodal
segments. According to the results of leaves, roots, and stems, explants of treated
plants with cyanobacterial extract or cell suspension also showed successful regen-
eration [39, 40].

3.1.3 Gibberellic acid

Another phytohormone is gibberellic acid (GA3), which belongs to diterpenoid
gibberellins. GA3 is a plant growth regulator; its function is to regulate plant growth
and affect various developmental processes involving stem germination, elongation,
flowering, and enzyme production. It has been reported that the extracellular extracts
of Scytonema hofmanni, a cyanobacterium, contained gibberellin-like plant growth
regulators, has reduced salt stress in rice seedlings [41, 42].

3.1.4 Abscisic acid

Abscisic acid (ABA) is another plant growth regulator; it is a natural sesquiter-
pene produced in plants and cyanobacteria. ABA inhibits growth and metabolism,
improves fruit ripening and senescence, and also has remarkable effects on seed
development and plant tolerance to biotic or abiotic stresses. The ability to pro-
duce this phytohormone in cyanobacteria such as Nostoc muscorum, Trichormus
variabilis, and Synechococcus leopoliensis in culture media under salt stress has been
demonstrated [43, 44].

3.1.5 Ethylene

This phytohormone is a gaseous hormone and its function is to regulate devel-
opmental processes like senescence, fruit ripening, cell division and elongation,
and tolerance to biotic and abiotic stresses. Ethylene synthesis has been reported in
cyanobacteria such as Synechococcus spp., Anabaena spp., Nostoc spp., Calothrix spp.,
Scytonema spp., and Cylindrospermum spp. [6, 45].
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3.2 Polysaccharides

Cyanobacterial polysaccharides are promising plant biostimulants that can be
found as cell envelope compounds, storage molecules, and extracellular polysac-
charides (EPS). In general, cyanobacterial polysaccharides have three fates: to be
combined with the cell wall, to be secreted as distinct structures (sheath, capsule,
stalk), or to be released as mucilage [34, 46]. Maximum structural diversity and
functional versatility are found in EPS; the functions of these polysaccharides,
which interface with the surrounding environment, vary depending on the spe-
cies, from a primary mechanism for survival in extreme environments to defense
against toxins, heavy metals, predators, and other antagonists [47]. The key role of
exopolysaccharides in soil aggregation is due to their gluing properties and bind-
ing to heavy metals and sodium ions, improving plant development in saline or
contaminated soils [46].

Signaling pathways reliant on microbe-associated molecular patterns are com-
mon mechanisms through which the stimulatory properties of cyanobacterial
polysaccharides may be explained. Soil enzymes such as f-glucanase and chitinase
secreted by microorganisms can hydrolyze complex polysaccharides; then, recep-
tors on plant membranes can recognize these neutral sugars from polysaccharides
as microbial-derived compounds, providing organic carbon for the growth and
development of beneficial microbes and also leading to form beneficent biofilms in
the rhizosphere [6, 48]. Some ESP-producing cyanobacteria among different species
of microalgae are Spirulina platensis, Nostoc spp., Phormidium spp., Calothrix spp.,
Plectonema spp. [6, 49].

3.3 C-phycocyanin

Cyano-phycocyanin (CPC) is one of the cyanobacterial bioactive pigments that
are usually isolated from Spirulina platensis that has recently been identified with
plant biostimulant properties [48, 50]. One function of CPC in the hydroponic
growth medium is to adjust the microbial diversity and abundance; consequently, it
stimulates actinobacteria and firmicutes. Therefore, the ability of CPC to stabilize
plant growth-promoting bacteria and increase plant growth can represent its pos-
sible plant probiotic properties [6]. Since CPC is water-soluble, it can be a suitable
compound to be considered as a biostimulant, but due to the sensitivity of CPC to
high light, it must be used under controlled atmospheric growth conditions such as
hydroponics and other vertical farming systems [6, 51].

3.4 Phenolic compounds and amino acids

One of the most principal classes of natural antioxidants are phenolic compounds,
which are found in many organisms, including cyanobacteria. There are different
amounts of polyphenolics such as caffeic, gallic, vanillic, ferulic acids, flavonoids,
kaempferol, and quercetin in cyanobacterial extracts. The existence of polyphenols
in these microorganisms demonstrated their ability to scavenge free radicals, chelate
metals, and protect themselves against oxidative damage [42, 52]. Cyanobacterial
strains that contain high amounts of polyphenols will achieve better ecological
adaptation under different stress conditions by producing and releasing a wide range
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of bioactive compounds [42, 53]. Other organic compounds for applying as plant
biostimulants to aid plant growth are amino acids that are found in cyanobacteria.
Some of these microorganisms, such as Arthrospira platensis, showed high levels of
L-amino acids, about 58% of their total protein content [54].

4. Role of cyanobacteria in plant health

Plants can benefit from cyanobacterial metabolites in various ways, such as
enhancing their resistance to biotic and abiotic stressors and improving their
growth and development. These metabolites are rich in bioactive substances and
secondary metabolites that act as signal molecules to stimulate plant growth and
stress tolerance [55, 56].

4.1 Cyanobacteria against plant abiotic stresses

Plant growth and development are adversely affected by abiotic stresses, which
include extreme temperature, water scarcity or excess, high salt concentration, heavy
metal toxicity, and ultraviolet exposure [57]. Plants spend most of their energy on
maintenance, and vegetative and generative growth when the environment is favor-
able. But when they face harsh environmental conditions (such as cold, heat, drought,
and salinity), they divert their resources to cope with stress, which reduces their
growth and yield [58].

Cyanobacteria use different mechanisms to reduce abiotic stress in plants, which
involve biochemical and molecular mechanisms such as increasing osmotic adjust-
ment, proline accumulation, increased glutathione level, jasmonic acid and decreas-
ing stress-related gene expression, and enhancing stress resistance gene synthesis
and expression. Low-molecular-weight osmolytes, such as glycine betaine, amino
acids, organic compounds, and various enzymes, also contribute to plant growth and
development under stress conditions [59, 60].

Plants exposed to abiotic stresses show less damage when they interact with
cyanobacteria. This occurs through both direct and indirect functions. The direct
function is the effect of cyanobacteria on the soil quality, and the indirect function
is the induction of specific responses in plants by cyanobacteria [57, 60]. Plants can
cope with abiotic stresses better with the help of induced systemic tolerance (IST).
This involves the production of phytohormones, such as IAA, cytokinins, and abscisic
acid (ABA), which enable plants to withstand harsh environmental conditions.
Additionally, the synthesis of antioxidants such as superoxide dismutase (SOD),
peroxidase (POD), ascorbate peroxidase (APX), catalase (CAT), and glutathione
reductase (GR) also reduces the damage caused by abiotic stresses [59, 61]. Another
way to enhance plant resistance to abiotic stresses is to transfer genes from cyano-
bacteria that participate in fatty acid biosynthesis, carbon metabolism, and pigment
biosynthesis [60].

4.2 Cyanobacteria against pests and pathogens (biocontrol)

Plant pests and pathogens are agents that cause disease and can be classified
as bacteria, fungi, oomycetes, viruses, nematodes, or other pests. They are widely
dispersed throughout the ecosystem and have the potential to negatively impact the
fruit, stem, leaves, and root systems of several crops grown in all types of cultivation,
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leading to significant financial losses [62]. Some plants possess defense and resistance
mechanisms, such as regulating gene expression, inducing or inhibiting particular
metabolic pathways, and regulating signaling pathways to produce secondary
metabolites with antibacterial and antioxidant properties. To reach the high desired
production, however, the use of external protective agents is essential [58].

Numerous physiologically active and/or biocidal chemicals are known to be
produced by cyanobacteria. These compounds may be able to counteract various
pests and diseases or stimulate systemic and local resistance in plants. This presents a
desirable and different strategy that does not have the drawbacks of chemical control,
which is crucial for sustainable agriculture [60].

There is ample evidence that cyanobacteria have fungicidal properties. Numerous
investigations, both in vivo and in vitro, have demonstrated the effectiveness of
cyanobacteria against a variety of pathogenic fungi and oomycete, including species
of Fusarium and Aspergillus. The primary method by which cyanobacteria lessen
the detrimental effects of various pathogenic fungi on crops is by the production of
chemicals known as antibiosis, which prevents the fungal growth and can even cause
their death [60]. These metabolites exhibit a great deal of biological and chemical
diversity. They may be classified as peptides, fatty acids, alkaloids, polyketides,
macrolides, or another family of chemical compounds. Additionally, they can target
various cell components. These chemicals have mostly been produced by filamentous
cyanobacteria [63, 64].

Results regarding the use of cyanobacteria in the management of plant patho-
genic nematodes are limited but extremely encouraging. When cyanobacteria come
into touch with plant roots, they can trigger various defense mechanisms against
nematodes. Similar to other pathogen families, antibiosis is the most extensively
documented mechanism. It can cause nematodes to experience a variety of outcomes,
including paralysis, death, accelerated egg hatching, and suppression of gall forma-
tion [60, 65].

Cyanobacteria can also be used to combat insects in agriculture. The generation
of potent poisons is the primary means by which cyanobacteria fight insects. Some
cyanobacteria species have the ability to trigger plant systemic resistance against
insects in addition to producing poisons [60, 66].

5. Application and mode of action of cyanobacterial biostimulant

The method of application and the mechanisms by which cyanobacteria and their
metabolites act as biostimulants are reviewed in this section.

5.1 Method of application

Biostimulants derived from cyanobacteria and microalgae have various forms
of application, such as dry biomass, cell extracts, spent medium, or supernatant.
The condition of the biostimulants determines the application method. They can be
applied in different ways, such as soil drench or fertigation by irrigating the soil, seed
treatments or primers for the plant seeds, and foliar spray for the leaf surface [67, 68].
Many factors influence the content and concentration of active compounds in cyano-
bacteria, such as species, application and extraction method, season, sampling site,
culture and environmental conditions [69, 70]. The cyanobacterial bioactive metabo-
lites may also deteriorate over long storage periods. Storage and shelf life are an
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Schematic of cyanobacterial bioproducts (biofertilizer, biostimulant, and biocontrol) and their impact on the
crop and soil [60, 70].

important parameter that can affect root stimulation, and antioxidant and antibacte-
rial activities of biostimulants were influenced by storage time, temperature, lighting
conditions, and temperature [68, 71]. Figure 2 shows the impact of cyanobacterial
bioproducts on the crop and soil.

5.2 How cyanobacterial biostimulants act?

The effects of cyanobacterial biostimulants on plants are not well understood
yet. Studying these mechanisms is complex and challenging. The variety and intri-
cacy of compounds make it difficult to identify how biostimulants work. However,
biostimulants are facilitators that can influence plants directly or indirectly. Direct
effects include photosynthesis enhancement, nutrient uptake improvement, gene
and metabolic pathway control, and phytohormone regulation, while indirect effects
involve soil microbiome alteration, soil structure amelioration, and organic matter
decomposition [72-75]. New methods such as omics approaches can help overcome
the limitations in understanding how cyanobacterial biostimulants work [68].

6. Cyanobacteria: the effective key for space agriculture

To carry out space missions or settle in space, humans need some resources such
as food, oxygen, which can be provided through space agriculture. Space agriculture
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means the cultivation and production of plants outside the earth [76]. Earth’s envi-
ronment is different from space and other bodies; plants that grow on the Earth and
have adapted to its climate cannot grow outside the planet without any difficulties.
The environment of space and other planets are generally extreme and the environ-
mental parameters such as radiation exposure, magnetic field, light intensity, and
microgravity exposure are in a different range from the Earth; therefore, it is very
hard for plants to tolerate them [77, 78].

Using cyanobacteria is a novel and interesting method of growing plants in space.
These photosynthetic microorganisms have survived in the extreme environments of
the earth such as hot springs, deep seas, polar region [79] for billions of years, they
have given life to the earth by photosynthesis, and they have the ability to deal with
several stresses by producing secondary metabolites. Spatial stresses can increase the
production of secondary metabolites by cyanobacteria and the use of cyanobacteria
that grow up at this condition subsequently may enhance the growth and yield of
plants [78]. Although some studies have been conducted on space agriculture and
have investigated its efficiency, there are still several challenges that should be con-
sidered [80-82]. Investigating the challenges is necessary to state with certainty that
using space agriculture in space settlements is a reliable approach.

7. Conclusion

Cyanobacteria are photosynthetic prokaryotes that can enhance plant perfor-
mance, resilience, and sustainability. As biofertilizers, they can solubilize phosphate,
improve soil quality and nutrient availability, and lower soil salinity. They can also
enrich soil nitrogen by fixing atmospheric nitrogen, making them a useful supple-
ment to biofertilizers. Moreover, cyanobacteria produce various bioactive com-
pounds, such as phytohormones, polysaccharides, phenolic compounds, amino acids,
and others, that can stimulate plant growth and development as biostimulants. By
applying them through soil drenching or foliar spray, they can help plants cope with
harsh environmental conditions, such as extreme temperatures, salinity, pests, and
pathogens. Cyanobacterial metabolites may also indirectly benefit plants by induc-
ing their defense system against biotic and abiotic stresses. Cyanobacteria can make
bioactive molecules that boost plant growth and health even at low doses. They can
also grow in controlled systems with stable composition and effects. These features
make cyanobacteria a valuable bioresource for developing new and high-quality
biostimulants for eco-friendly farming.
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Chapter 6

Cyanobacterial Toxins: Foes from
the Water

Dijana Lali¢

Abstract

This chapter is an introduction to the cyanobacterial (blue-green algae) ecology,
with the main aim of better understanding the design of cyanobacterial blooms
and cyanotoxins in the natural environments. Cyanobacteria are a diverse group of
photoautotrophic organisms where their dominance represents a significant indica-
tor of water quality. Several genera have the potential to produce toxins—hepato-
toxins (microcystins, nodularins), cytotoxins (cylindrospermopsin), neurotoxins
(saxitoxins, anatoxins, BMAA), dermatotoxins (lyngbyatoxin), and irritant toxins
(lipopolysaccharide endotoxins). This chapter provides a concise and achievable sum-
mary of their negative impact on health and the environment, supplemented with
tables and schemes that illustrate the ecology of cyanobacteria, the different types of
cyanotoxins, and their health issues. The exposure routes are also discussed, which is
particularly important due to the increasing eutrophication of water. It is emphasized
that climate change, global warming, and increased eutrophication are responsible for
cyanobacterial blooms. As a consequence, the risk they pose is likely to grow; accom-
panied by their ability to produce toxins, cyanobacteria represent an imminent danger
to human and animal health. One of the primary goals of future research should be
to share knowledge about cyanobacteria and cyanotoxins and to develop solutions for
early detection and prevention of cyanobacterial bloom occurrence.

Keywords: cyanobacteria, cyanotoxins, toxicity, health, eutrophication, drinking
water, recreational water

1. Introduction

Have you heard about cyanobacteria? How about blue-green algae? Both terms
refer to prokaryotic organisms found in many water and terrestrial environments
throughout the world. Cyanobacteria are especially abundant in shallow, warm,
nutrient-rich, or polluted water low in oxygen, where under favorable environmental
conditions their increased growth may form visible scums on water surfaces referred
to as cyanobacterial blooms [1, 2], which is concerning in aquatic environments as the
rapid increase of algae alters the quality of the water (Figure1).

This group of prokaryotes has a remarkable ability to tolerate extreme envi-
ronmental changes by producing a diverse range of secondary metabolites (e.g.,
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toxins—cyanotoxins and UV protective pigments—scytonemin and mycosporine-
like amino acids), which gives them a competitive advantage [3]. We have all
witnessed climate change and global warming over the past few decades (elevated
temperature, increased atmospheric concentrations of carbon dioxide, elevated UV
fluxes). The effects of global climate change and the associated accumulation of
nutrients in water bodies by runoff from agricultural fertilizer, intensive farming
practices, sewage discharge, and detergent usage are contributing to the accelerated
decline in the quality of freshwater—eutrophication [1, 4]. Anthropogenic eutrophi-
cation of surface waters (Figure 2) implies rising nutrient levels (especially phospho-
rous but also nitrogen), low turbulence, stagnant water conditions, higher pH values,
and higher temperature [4]. Drought can decrease water quality by concentrating
pollutants (such as nutrients), and intense rain can wash fertilizers from crops, which
are then discharged into water bodies. Resulting, cumulative conditions consequently
stimulate the growth of cyanobacterial blooms in various geographic regions [5]. This
accelerated growth of cyanobacteria in water bodies has severe impacts on ecosystem
functioning—changes in biodiversity, light conditions or oxygen concentrations, and
disturbances of relationships among organisms, which become a worldwide envi-
ronmental problem. Approximately 50% of cyanobacterial secondary metabolites

are known to produce extremely toxic metabolites known as cyanotoxins. Under
these circumstances, cyanotoxins can reach high concentrations in waters and cause
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Figure 2.
Eutrophication and cyanobacterial blooms (created by Author using Canva).

poisoning of animals and humans globally. Cyanotoxins can be intracellular, retained
in cyanobacteria cells, and extracellular, released into the water during the life cycle
and lysis [6]. Linked with negative environmental impacts large-scale cyanobacterial
bloom events are classified as “harmful algal blooms” [7].

The current and expected future rise in cyanobacterial populations due to increas-
ing anthropogenic eutrophication and global climate change [8, 9] suggests that
further reports of poisoning events will occur. Mass occurrences of toxic cyanobacte-
ria and their toxins in reservoirs represent a great challenge to produce safe drinking
water and the development of advanced monitoring techniques [10]. The first step
for cyanotoxin control is the prevention of the eutrophication process and reducing
cyanobacterial blooms in water bodies. There is a necessity for improvements in the
knowledge of cyanobacterial occurrence and ecology, and further, consequences of
exposure to cyanotoxins. This chapter emphasizes emerging factors that contribute
to the future expansion of cyanobacterial toxic blooms from aquatic ecosystems, and
according to the newest data, from terrestrial environments, especially due to climate
change, global warming, and anthropogenic eutrophication. Such information is cru-
cial as the lack of knowledge about the toxic properties of cyanobacterial blooms has
resulted in intoxication episodes worldwide, posing a problem that requires constant
vigilance.

This comprehensive chapter presented the scenario of global warming and
eutrophication, which will increase the risk of cyanobacterial bloom occurrence.
Controlling the spread of cyanobacteria has become a significant global challenge.
From a huge database of cyanobacterial occurrence and cyanotoxin poisonings [11],
the number of research papers dealing with cyanotoxins seems to have increased
exponentially over recent decades (from <2% before 1949 to over 72% after 2000).
However, there are still unevenly distributed scientific researches and studies,
with dominance in wealthier countries of the world. Also, despite improvements in
analytical techniques, access to expensive equipment and standards, technical staff,
and necessary handling skills will continue to limit cyanotoxin monitoring activity in
wealthier countries. Without proper management, cyanobacteria can begin produc-
ing toxins. Cyanobacterial blooms that happened in the past and that are currently
happening suggest that more research oriented toward cyanotoxin detection and
purification system is needed. Standard procedures dealing with cyanotoxin detec-
tion should be standardized and implemented in the regulation system worldwide,
and those procedures should be achievable for every country. Scientists should work
on developing test kits for the detection of all types of cyanotoxins, not just for
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microcystin, as the most common cyanotoxin. Monitoring frequency (parameters
such as chlorophyll-a, phycocyanin, temperature, pH, and turbidity) should be
increased due to the widespread presence of cyanobacteria and their cyanotoxins [11].
There is an urgent requiring of sharing knowledge about cyanobacteria and their
toxins to overcome the limitations highlighted in this study and encourage new
behaviors.

2. Cyanotoxins

Cyanobacterial blooms with their production of potentially toxic secondary
metabolites, cyanotoxins, present a worldwide threat to environmental and public
health. Cyanotoxins are increasingly being viewed as contaminants of emerg-
ing concern (Figure 3). They are classified based on their target organs or cells.
Cyanotoxins can affect the liver—hepatotoxins (microcystins, nodularin), nervous
system—neurotoxins (anatoxin-a, homoanatoxin-a, anatoxin-a (S), saxitoxins and
BMAA), cells—cytotoxins (cylindrospermopsin), or cause skin irritation—derma-
totoxins (aplysiatoxin, debromoaplysiatoxin, lyngbyatoxin) and act like endotoxins
(lipopolysaccharides) and other toxins [12, 13]. Cyanotoxins are recognized as one of
the most lethal groups of biotoxins known [1], which could cause illness in humans
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Cyanobacteria and cyanotoxins in drinking/vecreational water environments.
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[14, 15], animals [16], and even death [17, 18]. Not all cyanobacterial blooms are toxic,
and early surveys (determined by mouse intraperitoneal (i.p.) bioassay) indicated an
incidence of 25-75% [6, 7]. The natural functions of their toxins remain to be fully
understood; it may be an adaptation in resource-limiting environments as conferring
competitive advantage and as cyanobacterial physiological aides [11].

Lately, many countries have been faced with cyanobacterial blooms affecting
large areas with an increase in bloom incidence, followed by higher economic losses
to aquaculture and tourism. Various cyanobacterial genera are known to produce
toxins responsible for human and animal poisonings [11]. Microcystins, recognized
as the most ubiquitous cyanotoxins [19], anatoxins, cylindrospermopsis, and other
toxins, cause illness in humans and animals. The highest cyanotoxin levels are usually
contained within the cells (intracellular toxins), in the cytoplasm, and toxin con-
centrations dissolved in the water (extracellular toxins) are rarely reported above a
few pg/L [1]. The concentration of cyanotoxins significantly increases as a defense
mechanism in stressful conditions (lack of nutrients/light) [20]. Dead cyanobacte-
rial cells, whether at the end of their lifecycle or due to bloom control measures,
can cause an increase in the concentration of extracellular toxins. Cyanotoxins are
a concern when they are released into the water as they can be ingested by aquatic
invertebrates, aquatic vertebrates [21-23], and even plants [24]. This can pose a
potential health risk to humans and animals who consume contaminated food
[25, 26]. Furthermore, children are particularly vulnerable to cyanobacterial toxins
due to their lower body weight, behavior, and the toxic effects they can have on
development [27].

When cyanobacterial cell concentrations are high due to bloom events, cyanotox-
ins can cause a noxious taste and odor in drinking and recreational water. They decay
and resulting high biomass of cyanobacteria cause low oxygen events that kill fish,
blocks sunlight preventing the growth of other algae and disrupting food webs [28].
During cyanobacterial blooming events, it is necessary to take caution of water-
related activity (Figure 3). The presence of high levels of cyanotoxins in recreational
and drinking water may cause a wide range of symptoms in humans (Figure 4),
including fever, headaches, muscle and joint pain, blisters, severe oral and gastroin-
testinal inflammation, vomiting, mouth ulcers, and irritation of the skin and mucous
membrane of the eyes, nose and throat, cyanosis, paralysis, and respiratory or cardiac
arrest, potentially resulting in death. The health issues caused by cyanotoxins can
occur within minutes to days after exposure in accordance with exposure route(s), the
types and concentration of cyanotoxins, age and body weight, and health conditions
of the affected person (e.g., associated diseases). In severe cases, seizures, cyanosis,
paralysis, liver failure, respiratory arrest, and (rarely) death may occur [1, 11, 29].
Cyanobacteria can persist in water bodies for a long time, leading to prolonged expo-
sure to subacute concentrations of cyanotoxins and the possibility of chronic health
effects, including possible carcinogenic changes [30, 31], neurodegenerative diseases
in humans [32], and harm to other living organisms, including invertebrates [33] and
plants [34-36]. It can cause leaf necrosis, inhibition of photosynthesis and growth,
and oxidative stress [34-36].

Based on the research [11], there were 183 recorded cyanotoxin poisonings of
humans and animals reported worldwide, with most cases reported in North and
Central America, followed by Europe and Australia/New Zealand. Microcystins
were the most often recorded cyanotoxins worldwide (63%) followed by cylindro-
spermopsin (10%), anatoxins (9%), and saxitoxins (8%). Further, microcystins
have been most commonly reported in cyanobacterial poisoning cases (42%),
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and nodularin has been least often (2%). A total of 15% of all the poisoning cases
were assigned due to unknown reasons and 17% due to not analyzing cyanotoxins.
Poisoning events caused by cyanotoxins affected in 63% of cases only animals,
whereas 32% of the investigated poisonings involved only humans. The presented
data [11] suggest that future research should be orientated toward the creation of
new, inexpensive, and more widely available analytical techniques for cyanotoxin

detection.

2.1 Structure and characteristics of cyanotoxins

Cyanotoxins are very diverse regarding their chemical structure and toxic-
ity (Table 1 and Figure 5) [12, 37-40]. A structurally similar group of cyclic
hepta- and pentapeptides is known as microcystins and nodularins, respectively
[41, 42]. Microcystins (MCs) are the most ubiquitous toxins detected in cyano-
bacterial blooms and produced by various cyanobacterial genera Aphanizomenon,
Dolichospermum (Anabaena), Fischerella, Microcystis, Oscillatoria, Nostoc,
Planktothrix, Synechococcus, and Trichodesmium [19, 43, 44]. Microcystins act
primarily through the inhibition of protein phosphatases 1 and 2A. The primary
target cell for MCs is the liver [45]; however, these toxins can affect other tissues
(kidney, reproductive tissue, colon, brain) [46]. Microcystin-LR (MC-LR) causes
potent hepatotoxicity and it acts as a tumor promoter [47-50]. So far, about 250
variants of microcystin have been identified [51], but the most toxicological

information is available for the MC-LR [52].
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Nodularins (NODs) are highly toxic pentapeptides with a similar mechanism of
toxicity to MCs (Table 1) [91, 92]. NODs are predominantly produced by Nodularia
spumigena [93, 94]. Nodularin expresses toxicity through the inhibition of serine-
threonine phosphatases, thus impairing signal transduction [49]. These potent
toxins are able to cause oxidative stress in cells, which may promote hepatotoxicity
and carcinogenicity [95]. Their production is generally limited to saline/brackish
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Figure 5.
Molecular structures of cyanobacterial toxins (created by Author using ChemSketch,).

environments and terrestrial symbiotic associations [96]. More data from the cumula-
tive or synergistic effects of NODs are urgently needed.

Cylindrospermopsin (CYN) is a highly toxic guanidine alkaloid that may act
through disruption of the synthesis of glutathione and protein and cytochrome P450.
This toxic compound is known to cause a range of harmful effects in mammals,
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including hepatotoxicity, neurotoxicity, genotoxicity, cytotoxicity, and carcinoge-
nicity [97, 98]. Cylindrospermopsin was chemically characterized from the species
Raphidiopsis raciborskii (formerly Cylindrospermopsis raciborskii) [61, 64], and two
congeners, 7-epi-cylindrospermopsin and deoxycylindrospermopsin, have been
identified [62, 99]. Besides genera Raphidiopsis (also known as Cylindrospermopsis)
[62], a number of cyanobacterial genera (Table1) e.g., Umezakia [100],
Aphanizomenon [101], Lyngbya [66], Anabaena [65], Chrysosporum [63],
Dolichospermum (Anabaena), Oscillatoria, Phormidium, and Planktothrix [98] have
been found to produce CYN. These cyanobacterial species occur mostly in tropical
or subtropical regions [99, 102, 103], usually concentrated several meters below the
water surface increasing the risk in drinking water supplies since water is usually
drawn into treatment plants from that depth [68].

Saxitoxins (STX) are a group of tricyclic neurotoxic alkaloids [104] that have
gained notoriety as paralytic shellfish poisons. These toxins are known to accumulate
in shellfish Saxidomus giganteus, from which the first identification of saxitoxins
was made [104]. STX is considered among the most toxic compounds of biologi-
cal origin described to date [84], with an LD50 of 5 p kg’1 in mice (i.p.) [37]. They
cause symptoms like respiratory muscle paralysis. In freshwaters, STXs are mainly
produced by filamentous cyanobacterial species belonging to the orders Nostocales
(Dolichospermum circinale (formerly Anabaena circinalis), Aphanizomenon gracile,
Cuspidothrix issatschenkoi, Raphidiopsis raciborskii, Raphidiopsis brookii, Scytonema
sp.), and Oscillatoriales (Lyngbya wollei, Geitlerinema spp., Phormidium uncinatum)
[82, 84, 105, 106]. STX analogs have been identified from the freshwater mat-forming
cyanobacteria Lyngbya wollei [107-109]. Neosaxitoxin (NSTX) is a variant of saxi-
toxin with an additional hydroxyl group at the N1 position of the 1,2,3 guanidinium
(N1-OH). Both toxin variants block the inward flow of sodium ions across the
membrane channels [110].

Anatoxin-a (ATX-a) is a type of secondary bicyclic amine alkaloid [70] that
is produced by several different genera of cyanobacteria—Dolichospermum
(Anabaena) (67, 111], Anabaena [59, 112, 113], Aphanizomenon [59, 114, 115],
Oscillatoria [59, 116, 117], Planktothrix [118], Cylindrospermum [59, 791, Microcystis
[119], Raphidiopsis [74], Nostoc [120], Phormidium [121], Arthrospira [122],
Hydrocoleum [123], and Cuspidothrix [124-126]. ATX-a is a potent postsynaptic
depolarizing neuromuscular blocking agent and causes neurotoxic effects in verte-
brates, including muscle fasciculation, gasping, decreased movement, abdominal
breathing, cyanosis, convulsions, and death within minutes to hours by respiratory
arrest [37, 79]. ATX-a degrades rapidly, with a half-life of 1-2 hours [38]. A methy-
lene analog with a propyl group replacing the acetyl group, homoanatoxin-a, was
isolated from Phormidium (Oscillatoria) formosa. Homoanatoxin-a mimics acetyl-
choline and binds to the nicotinic-acetylcholine receptors with higher affinity than
acetylcholine [67].

Anatoxin-a(S) (ATX-a(S)) is a unique phosphate ester of a cyclic
Nhydroxyguanine, which is produced only in species of Dolichospermum genus
(D. lammermannii, D. flos-aquae, D. spiroides) [75, 76, 79, 108]. Anatoxin-a(S) is
different in structure and toxicity mechanism from ATX-a [39] and was named due
to salivation by intoxicated animals [64]. The clinical signs of toxicosis are similar
to anatoxin-a, characterized by excessive salivation, watery eyes, nasal discharge,
tremors, loss of balance, cyanosis, convulsion, muscle twitching and cramping,
diarrhea, and seizures leading to death [75, 105, 110, 127]. ATX -a(S) toxicosis
has been reported in dogs, pigs, and geese, with survival times ranging from 5
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to 30 minutes. So far, there have not been detected structural variants. It is rare
detection can be due to chemical instability [76].

In Ref. [128], for the first time, lipopolysaccharides (LPS) from the cyanobacterial
species Anacystis nidulans were isolated. Lipopolysaccharides form a crucial compo-
nent of the cell wall in Gram-negative bacteria, which includes cyanobacteria [129].
These complex molecules play a vital role in regulating the immune response.
Lipopolysaccharides are pyrogenic, dermatoxic compounds that cause allergenic
reactions in humans and animals [130]. This is also a tumor promoter due to the
potent activation of protein kinase C. The largest producer of these toxins is Lyngbya
sp. (Lyngbya majuscula and L. wollei), which also produce a large array of these
toxins [131]. Three congeners of lyngbyatoxin have been isolated—lyngbyatoxin A,
B, and C [132]. Aplysiatoxin and analogs thereof have been isolated from Lyngbya
majuscula [133], Schizothrix calcicola [89], Oscillatoria nigro-viridis [89], and
Trichodesmium erythraeum [134]. Naturally occurring aplysiatoxin analogs have also
been identified [89, 134]. Similar to lyngbyatoxin, aplysiatoxins induce contact der-
matitis through the activation of protein kinase C. Cyanobacterial LPS has a smaller
toxic effect than LPS of other bacteria [135].

Beta-N-methylamino-L-alanine (BMAA) is a non-proteinogenic amino acid
produced by diverse aquatic and terrestrial cyanobacteria [136]. BMAA has been
shown to be neurotoxic in a variety of animal models [32]. Also, there is a possible
connection with the induction of several neurodegenerative diseases, including amyo-
trophic lateral sclerosis, Parkinsons’ disease, and dementia [32]. The only study about
known exposure of humans to BMAA involves a terrestrial food web [137]. A recent
case study [138] detected BMAA in postmortem olfactory tissues of individuals with
varying stages of Alzheimer’ disease.

3. Exposure routes of cyanotoxins

Aquatic cyanobacterial strains produce a wide array of potent cyanotoxins able to
cause environmental problems and health issues. Exposure routes to toxic cyanobac-
terial blooms (Figure 6) are mostly introduced through ingestion of contaminated
drinking water [30, 139, 140], contaminated fish or shellfish [141, 142] and food
and dietary supplements [143], recreational use of lakes and rivers [144], inhalation
of aerosols [145, 146], receiving dialysis with contaminated water (e.g., which was
documented in Brazil) [147, 148], or irrigation of agricultural products with contami-
nated water [35, 147, 149, 150]. Potential consequences of cyanotoxin exposure range
from mere nuisances to serious health threats in humans and animals, even with fatal
outcomes [11, 17, 18].

Incidents of human and animal intoxications, after exposure to toxic blooms
through drinking and recreational waters, have been documented worldwide [11].
Animals have been affected mostly through ingestion and direct exposure to cyano-
toxins in Australia, Switzerland, Sweden, Scotland, the USA, Kenya, South Africa,
and Russia [11]. From the extensive database, which is provided by Svircev et al. [11],
Australia has experienced the highest incidence and severity of cyanotoxin poisonings
where the Darling River experienced a massive proliferation of D. circinalis (formerly
Anabaena circinalis), which led to the death of 10,000 livestock [151]. Death cases of
humans have been documented through hemodialysis reported in Portugal [152, 153],
USA [154], as well as in Australia, where 149 people were hospitalized after ingestion
of water from reservoir tank contaminated with cyanobacterial bloom (formerly) C.
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EXPOSURE ROUTES

HUMANS ANIMALS
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¥ sxin comTAcT P DIRKCT CONSUXFTION OF CONTANINATED MATEN,
> 1muLarion [ SEMTIARIRS P INMALATION OF ARROSOLE,
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Figure 6.

Exposure routes of cyanotoxins (created by Author using Canva). Source for the photographs used in schematic
presentation of this figure (from left to vight): https://www.chinausfocus.com/energy-envivonment/chinese-
scientists-make-landmark-discovery-in-fight-against-toxic-algae-blooms; https://www.theoxygenproject.com/
habs/; https:/fwww.tcpalm.com/story/news/local/indian-viver-lagoon/health/2018/08/20/algae-affect-people-who-
eat-local-fish/1023490002/; https://www.theoxygenproject.com/habs/; https://newrepublic.com/article/154799/
frightening-spread-toxic-algae; https://www.fda.gov/files/BlueGreenAlgaeSpirulinaMicrocystins1600x900_o.
png; https://world.dan.org/wp-content /uploads/2020/07/paralytic-shellfish-poisoning-PSP-oysters-178781671-
DAN-256x229-1.jpg; https://www.tcpalm.com/story/news/2018/07/18/floridas-polluted-waters-algae-eating-fish-
linked-als-and-alzheimers/791158002/; https://wwwnbcnews.com/id/wbna24467924; http://www.china.org.cn/
photos/2015-07/13/content_36047492_3.htm; https://www.cdc.gov/habs/illness-symptoms-freshwater.html; https://
www.housebeautiful.com/lifestyle/kids-pets/a28723484/blue-green-algae-killing-dogs/.

raciborskii [155]. Furthermore, 2000 persons, of which 88 died, manifested gastroin-
testinal symptoms after drinking water from the newly built dam reservoir in Brazil
contaminated with cyanobacterial toxins [155, 156]. In addition, cases of cyanobac-
terial intoxication through the food chain have been documented in the literature.
Cyanotoxin presence in water used for irrigation may have considerable impact on the
growth and development of plants [34, 35], and through the food chain, it can poten-
tially affect human health [11, 157]. The toxic effects of BMAA have mainly been
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reported through ingestion. According to the most recent study [149], BMAA has
been found in the irrigation water and grains of certain cereal plants from farmlands
that are irrigated with Nile River water (Egypt). BMAA was also accumulated in most
vegetable plants in the concentrations correlated with BMAA concentrations detected
in relevant irrigation water sites [149, 150]. The highest levels were obtained in zuc-
chini fruits, followed by watercress, tomato fruits, green pepper fruits, radish leaves,
and pea fruits [149]. It has been found that long-term intake of BMAA through diet is
linked to the development of neurodegenerative disorders in humans [158]. However,
recent studies suggest that exposure to BMAA through inhalation may also provide
risks for neurodegenerative issues [137]. Furthermore, cyanotoxins can be accumu-
lated in the fishes and mussels exposed to cyanobacterial blooms. Annually, around
2000 cases of human poisoning are reported globally, with a 15% mortality rate
caused by the consumption of fish or shellfish that have fed on marine dinoflagellates,
which are producers of saxitoxins [159]. Hepatotoxicosis and neurotoxicosis are the
most common syndromes caused by toxic cyanobacterial blooms. After acute contact
with cyanobacterial bloom, possible health problems are weakness, diarrhea, vomit-
ing, abdominal pain, skin irritation, irritation in the eyes, nose, and throat, asthmatic
attacks, muscle tremors, nausea, tingling in fingertips and toes, dizziness, blurred
vision, headache, fever, hypoxia, cyanosis, paralysis, and respiratory or cardiac arrest
resulting in death [1]. Chronic exposure to low cyanotoxin concentration leads to liver
damage [155] and the development of primary liver cancer, which is proven in China
[15, 160], and colorectal cancer in the town of Haining [161], and recently, in a small
clinical study, where MC/NOD and CYN were detected in all patients with hepatocel-
lular carcinoma [162].

4. How to prevent the cyanobacterial blooms in water bodies and how to
protect yourself and your companion animals

Preventing the appearance of cyanobacterial blooms is the most effective method
for avoiding contamination of water with cyanotoxins. To help reduce cyanobacterial
blooms from forming, it is important to:

* reduce the amount of nutrients flowing into nearby water bodies by using only
the recommended amounts of fertilizers on the farm, yard, and garden;

* prevent wastewater from leaking into nearby water bodies by ensuring proper
maintenance of the septic system;

* reduce discharges from municipal and industrial wastewater treatment plants
through biological, physical, or chemical measures.

Considering all that has been stated before, some precautionary steps need to be
taken to prevent illness in your family and companion animals.

If you see signs of a bloom (e.g., smells bad—earthy odors, such as rotting plants;
looks discolored; has foam, scum on the surface; has dead fish/other animals on its
shore, etc), stay out of the water. Avoid eating fish and shellfish from water suspected
of being contaminated with cyanobacteria. People should consult with a healthcare
provider before taking food supplements containing cyanobacteria or giving them to
a child. Do not fish, swim, boat, or play water sports in that area. Also, protect your
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pets and livestock from getting sick by keeping them away from water with possible
cyanobacteria. Do not let animals drink the water, get into the water, lick or eat mats
(of cyanobacteria), or eat dead fish, shells, and shrimps on the shore.

Nonetheless, if you or your companion animals do go in water possibly contami-
nated with cyanobacterial bloom, rinse yourself and your pets immediately afterward
with tap water. Do not let pets lick their fur until they have been rinsed.

5. Conclusion

Cyanobacteria are charging ahead forcefully, supported by climate change, global
warming, increased industrialization, and urban and farm pollution—eutrophica-
tion. This continues to affect human health as well as causing wildlife and domestic
animal deaths through ingestion, inhalation, or dermal pathways. The infrequent
research on cyanotoxins (aside from MCs) despite the high risks of human and animal
intoxication cases, highlights the growing need for the development and application
of effective water monitoring and management strategies. This is crucial for prevent-
ing cyanobacterial bloom occurrence and should be affordable for all geographic
regions. In future research, it is important to share knowledge of this potential risk
and how to take appropriate precautions to safeguard human health and companion
animals and the health of the environment. Further, developing robust, precise, and
inexpensive analytic techniques for the early detection of cyanotoxins should be one
of the main aims of modern research. Given unequally distributed investigations and
scientists, but equally distributed cyanotoxins in water bodies worldwide, we recom-
mend introducing projects and workshops that would connect different countries and
provide knowledge to both, the scientific community and those with a lower level of
education. Because—Every little step is a huge step forward.
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Chapter 7

Cyanobacterial Toxins: Our Line
of Defense

Dijana Lali¢

Abstract

Cyanobacteria (blue-green algae) are a diverse group of photo-autotrophic
organisms where their higher dominance, in favorable conditions, represents a
significant indicator of water quality. Some of the cyanobacterial genera are toxigenic
and can produce toxins—cyanotoxins, which influence animals and humans’ health,
and also plants. Commonly known and studded cyanotoxin groups include
hepatotoxins (microcystins, nodularins), cytotoxins (cylindrospermopsin), neuro-
toxins (saxitoxins, anatoxins, BMAA), dermatotoxins (lyngbyatoxin), and irritant
toxins (lipopolysaccharide endotoxins). This chapter provides guideline values for the
cyanotoxins in drinking water supply and in water for recreational purposes. This
chapter focuses on a critical evaluation of the efficacy of water treatment procedures
essential for cyanotoxin control. Such knowledge is extremely important in the future
expansion of cyanobacterial toxic compounds from aquatic ecosystems, and according
to the newest data, from terrestrial environments, especially due to climate change
(global warming) and anthropogenic eutrophication. Here are introduced schemes of
cyanobacterial ecology and infiltration of cyanotoxins through the biological cycle
jeopardizing human health, and tables of the drinking water treatment, along with
proposed therapy and limitations, setting the strong foundation for all future research,
which are of outstanding scientific importance.

Keywords: cyanobacteria, cyanotoxins, toxicity, therapy, drinking water,
cyanotoxins guideline values

1. Introduction

Cyanobacteria, also known as blue-green algae, are among the oldest known
organisms on Earth, with fossils dating back over 3.5 billion years. Cyanobacteria are
found in a wide range of habitats, including oceans, freshwater lakes, loess and desert
crust, and even Antarctic rocks [1]. These groups are credited with producing a
significant portion of the Earth’s oxygen through photosynthesis. Some species of
cyanobacteria can “fix” atmospheric nitrogen into a form that plants can use, playing
a crucial role in the nitrogen cycle. Cyanobacteria contain a variety of secondary
metabolites—pigments (phycocyanin, phycoerythrin, and allophycocyanin), that give
them their characteristic blue-green color [1]; UV sunscreen pigments (scytonemin
and mycosporine-like amino acids) and toxins (cyanotoxins), which enable them to
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thrive in diverse environments [1, 2]. Normally, algae are barely visible. Under favor-
able conditions, this can change as they rapidly increase in size to form large areas of
greenish, floating scum on the surface water—cyanobacterial blooms. The incidence
of cyanobacterial blooms in freshwaters has increased worldwide in the past decade,
and they are one of the main problems that endanger the ecological function of water
bodies [3] and now have been considered a global environmental public health issue
[3-5]. Most algal blooms are natural and essential components of any water bodies,
and most are non-toxic, however, certain cyanobacteria can produce cyanotoxins,
cause foul smell (geosmin and methylisoborneol), and unaesthetic challenges to

the environment [6]. The most common toxic cyanobacteria in freshwater

are Microcystis spp., Planktothrix rubescens, Raphidiopsis raciborskii (formerly
Cylindrospermopsis raciborskii), Nostoc spp., Oscillatoria spp., Schizothrix spp., and
Synechocystis spp. [7]. During a cyanobacteria bloom, an excess of dead and decaying
cyanobacteria can result in hypoxia or anoxia, resulting in fish kills mortality of fauna,
and loss of flora [8, 9].

Cyanobacterial favorable conditions are applied to environmental conditions
(bright sunlight, high nutrient levels, calm waters (low wind and circulation), limited
number of grazers or predators, temperature and pH) and further, trace metals (such
as iron, zinc, copper, and magnesium) and environmental pollutants [10]. Tempera-
ture higher than 20°C, with nutrients, promotes mineralization leading to explosive
growth of cyanobacteria [9, 11], and leads to increased toxin release [12, 13].
pH promotes the proliferation of cyanobacteria, hence the production of cyanotoxins
[14, 15]. Increases in nitrate concentration increased MCs production [16], and a
deficiency of trace metals in water bodies stimulates the production of intracellular
cyanotoxins to acquire or store these metals [17]. On the contrary, in the situation of
high levels of trace metal, cyanobacteria produce extracellular toxins to create metal
complexes and detoxify the metals [18]. Sources of nutrients can be from fertilizers in
the farm during storm runoff [19] and from organisms or particles within the mat
[20]. Their occurrence is most common in shallow waters [6].

Climate change has become a global trend, with warming at an unprecedented rate
[21] being one of its most prominent manifestations. A global increase of industriali-
zation and urbanization increased nutrient inputs by industrial wastewaters, agricul-
tural runoff (fertilizer), animal waste, the flux of sewage, and detergent usage—
eutrophication [3, 22]. The recent trend of climate warming and declining wind
speeds has enhanced algal nitrogen and phosphorus utilization efficiency. The precip-
itation could affect terrestrial discharge, which possibly brings external nitrogen and
phosphorus from the watershed into lakes [23, 24]. This can, as a cumulative reaction,
enhance expansive cyanobacterial growth [9, 25-28]. In developing countries and
rural areas, surface water bodies are under severe threat due to the uncontrolled
disposal of industrial waste and the application of fertilizers on agricultural lands
located near water bodies. Combined effects of eutrophication and climate change
have increased the occurrence and intensity of cyanobacterial blooms, causing prob-
lems in aquatic ecosystems intended for drinking purposes and recreational use [3].
These increases are linked to the deterioration of water quality and increased threats
to human sustainable development, social and economic welfare, and, most impor-
tantly, health (Figure 1).

So, it can be concluded that the occurrence of cyanobacteria in surface water
bodies is usually a function of climate change (elevated warm temperature), soil
erosion from agricultural fields, and eutrophication, dominantly caused by human
activities. As a result, water resources for drinking and recreation purposes are
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Figure 1.
Cyanobacterial blooms in the environment with toxic cyanobacterial species. (A) Microcystis aeruginosa;
(B) Aphanizomenon flos-aquae; (C) Oscillatoria sp. (Created by Author using Canva,).

adversely affected. The increasing trend of cyanobacterial blooms and associated toxin
production will likely continue in the upcoming years [29, 30]. Therefore, it is impor-
tant to introduce regular testing of water bodies for the presence of cyanobacteria and
cyanotoxins to protect human health.

2. Cyanotoxins
2.1 Characteristics

Cyanobacteria are recognized as producers of a diverse range of secondary metab-
olites, where 50% of them are known to produce extremely toxic cyanotoxins.
Cyanotoxins can be produced widely along with cyanobacterial blooms in the world
[2]. The most commonly found cyanotoxins in freshwater bodies are microcystin,
nodularin, cylindrospermopsin, anatoxin, guanitoxin (formerly known as anatoxin-
a(S)), saxitoxin, lyngbyatoxins, and BMAA. There are over 300 different congeners of
microcystins identified to date [31], and one of the most investigated and commonly
found is microcystin-LR (MC-LR). CYN is the second most frequently reported
cyanotoxin due to negative health effects in humans [32]. Cyanotoxins are a very
diverse group of chemicals found in water for irrigation, recreation, and, most
importantly, in water for drinking supplies. Cyanotoxins can be very potent and their
production may threaten the health of humans and animals [2, 22, 33]. Cyanotoxins
can be grouped based on their modes of action and target organs into hepatotoxins,
neurotoxins, dermatotoxins, and cytotoxins [34], or based on their chemical struc-
tures into alkaloids, organophosphorus, cyclic peptides, and lipopolysaccharides com-
pounds [35].

During the occurrence of cyanobacterial blooms, it is necessary to take caution
about water-related activity (Figure 2). Some cyanotoxins have toxicities that are
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Figure 2.
Chemical structure of cyanotoxins. (Dashed area indicates the moiety most vesponsible for the cyanotoxin toxicity).
(A) MC-LR; (B) NOD; (C) CYN; (D) ATX; (E) STX (Created by Author using ChemSketch).

comparable to, or in some cases more potent than, cyanide [3]. The presence of high
levels of cyanotoxins in recreational and drinking water may cause a wide range of
symptoms such as nausea, vomiting, salivation, incontinence, abdominal pain and
diarrhea, headache, fever, skin rashes, muscle tremors, paralysis, respiratory failure,
and even death in severe cases. These symptoms can occur in a couple of minutes to
days after exposure. Also, they can cause damage to kidney and liver tissues [36].
Chronic effects of cyanotoxins cannot be neglected. Cyanobacteria may be present in
water bodies over extended periods, which results in continued exposure to subacute
concentrations, leading to the possibility of chronic health effects and possible carci-
nogenic changes [37-39]. While the severity of the effects can vary depending on the
amount of the cyanotoxin, duration, and frequency of exposure, susceptibility to
cyanotoxins may also be increased depending on the age and gender of the victims,
and also by the presence of comorbidities (e.g. pre-existing liver or gastrointestinal
disease) [40]. Children are more susceptible to toxins because of their lower body
weight, behavior, and toxic effects on development [41].

Adda ((2S, 38, 8S, 9S) 3-amino-9-methoxy-2, 6, 8-trimethyl-10-phenyl-deca-4, 6-
dienoic acid), a common bioactive compound derived from MCs congeners and NOD,
imparts cytotoxins with toxicity (Figure 2) [42]. The highest concentration of
cyanotoxins is usually contained within the cells (intracellular toxins), and a small
amount, rarely above a few pg/L, is dissolved in the water (extracellular toxins)

[3, 33]. Anatoxin-a and microcystin are mostly found intracellularly during the
growth stage of the bloom. However, in cylindrospermopsin, the reported toxin ratio
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is about 50% intracellular and 50% extracellular. Extracellular toxins are more diffi-
cult to remove than intracellular toxins during drinking water purification, as they can
absorb clays and organic material in the water column. The concentration of
cyanotoxins significantly increases as a defense mechanism in stressful conditions
(lack of nutrients/light) [43], also the death of cyanobacterial cells, at the end of their
lifecycle or through measures taken during the control blooms, results in higher
concentrations of extracellular toxin. The toxins in the cyanobacterial cells are still
active for 21 days after the cell decays [44]. And most importantly, some
cyanobacterial species show neurotoxic, hepatotoxic, and cytotoxic action despite not
producing any known cyanotoxins [45-47]. These findings suggest the presence of
potentially unknown or uncharacterized toxins, highlighting the necessity to explore
and characterize potential new cyanobacterial toxins.

2.2 Exposure routes

Exposure to cyanotoxins can occur through a few main routes, which will be
discussed roughly. Ingestion of contaminated water is one of the main routes of
exposure and may occur through drinking water containing toxins or eating contam-
inated fish, shellfish, and bivalves. Irrigation of crops and plants with water contam-
inated with cyanotoxins is another way of possible intoxication. Bioaccumulation of
cyanotoxins, and afterward, their bioavailability in the food chain is another promi-
nent way of exposure that should be monitored more frequently (Figure 3). When
cyanotoxins are released into the water, they can be ingested by aquatic invertebrates
and aquatic vertebrates [48-50], and they have been found in plants [51], which poses
a potential health risk to animals and humans through the food chain [52, 53]. Inges-
tion of some toxic amount of cyanotoxins may occur by consumption of nutritional
supplements that contain blue-green algae as main or additional ingredients. Blue-
green algae have a long history as a superfood for health (supports healthy digestion
and strengthens the immune system, as a detoxifying agent, excellent fat burner, for
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Figure 3.
Cyanotoxin incorporation through environment, jeopardizing human health and environment (Created by
Author using Canva).
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radioactive protection), skin’s ultimate superfood (for eternal youth, skin pigmenta-
tion, moisturized skin, and improved skin structure), or medicine by humans for
centuries [54]. Cyanobacteria are teeming with a high, unexhausted concentration of
proteins, vitamins, minerals, carotenoids, and antioxidants which can promote opti-
mal health in humans. In the United States, 38% of adults opted for alternative
medicine over conventional drugs among patients with cardiovascular disease [55].
There has been an increasing demand for nutritional supplements for the
prevention of COVID (SARS-C02019). Mostly used are Spirulina, Chlorella, and
Aphanizomenon flos-aquae, and some of them contain some groups of cyanotoxins
at levels exceeding the tolerable daily intake values [56]. Aph. flos-aquae

originated from the Upper Klamath Lake, Oregon, contaminated with high levels of
MCs (up to 60 times higher than safety standards set by Oregon state) [57]. ATX-a
and its congeners have been reported in different brands containing both Spirulina
and Aph. flos-aquae [58, 59], and STX and BMAA in some strains of Aph. flos-aquae
that are used for dietary supplements [60-62]. And more recently, the global war
with COVID-19 raises a question—Could cyanobacterial metabolites be an immune
booster against the COVID-19 pandemic, cause toxicosis, or even worse, worsen the
condition of already developed lung diseases in patients with COVID? Boosting
immunity has been a simple way to resist viral infection and limit fatalities [63, 64].
Cyanotoxins in supplements are a serious health risk. Nevertheless, the chemical
composition, bioavailability, biological potency, toxicity, and related mechanisms
of dietary supplements, respirators, and nasal sprays need to be investigated in
detail [65].

Another prominent route of exposure to cyanotoxin is direct contact with the skin,
through recreational activities, or beauty products based on cyanobacteria. During
recreational activities on or near water bodies contaminated with cyanotoxins, a
possible route of exposure is inhalation of aerosolized toxins. In recent years, an
increased number of investigations have been recorded regarding the impact of aero-
solized toxins [66-70]. In a conducted study [66], cyanobacteria were found at high
frequencies in the upper respiratory tract (92.20%) and central airway (79.31%) with
no relation to the specific time of year. The increasing spread of cyanobacterial blooms
due to climate change and eutrophication worldwide may lead to an increase in
aerosolized toxins and negative health effects. The growing populations and tourism
near water bodies will further raise the number of people at risk. A population could
be at risk for acute and chronic exposures as aerosolized cyanotoxins have been
detected a few dozen kilometers away from the source [68]. The levels of aerosolized
MCs fluctuated even when the concentrations in the water remained relatively stable.
This highlights the significance of meteorological conditions (such as wind speed and
direction) and aerosol generation mechanisms (such as wave breaking, spillway, and
aeration systems) when assessing the risk of inhaling MCs and their potential impact
on human health [70]. The potential chronic effects of cyanotoxins, particularly on
vulnerable populations (with earlier noticed liver, gastrointestinal, or lung disease),
require attention due to limited available data in this area. Understanding chronic,
low-dose exposure to cyanotoxins is needed so that appropriate preventative,
diagnostic, and therapeutic strategies can be created [40]. Widespread exposure to
cyanobacterial toxins during bloom events in 2018 was evidenced by the presence of
MCs in the nasal passages of 95% of the individuals previously studied in South
Florida [71].

There are also documented cases of toxicosis by the intravenous route, through
dialysis [72] where water sources from the clinique contained MCs and CYN.
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2.3 Stability

Cyanotoxins are water-soluble and most of them are very stable in natural condi-
tions due to their unreachable core structure. The cyanotoxins such as microcystin-LR
(MC-LR) and STXs are persistent in the aquatic system and thus can directly enter the
drinking water treatment. In addition, the half-life of MC-LR is around 90 days, and
similarly, the half-life of STXs is approximately 9-28 days, which signifies their
stability in natural water resources [73, 74]. MCs are extremely stable in water and
only slowly decompose in acidic (pH < 1) and alkaline (pH > 9) conditions, exposed
to high temperature (40°C), or by boiling [75], chemical, or biological degradation
[76-79]. However, in most cases, bacteria able to degrade them are not present in the
water, and therefore, toxins persist for months/years [78]. Their stability is provided
by the cyclic structure and presence of novel amino acids. The cyclic structure of
nodularins enables high chemical stability, which provides them resistance to boiling,
chemical hydrolysis, and oxidation [80, 81]. Data show that nodularins degraded in
negligible amounts while contained within living organisms [76, 77]. Cylindros-
permopsin is stable at extreme temperatures, light, and pH, but is almost fully
degraded when exposed to sunlight for 3 days [43]. ATX-a is unstable under natural
conditions being partially or totally degraded and converted to non-toxic products
(dihydroanatoxin-a and epoxyanatoxin-a) [82-84]. Anatoxin-a(S) is more soluble in
water, which increases the rate of biodegradability compared to anatoxin-a. ATX-a(S)
is unstable and inactivated at high temperatures (>40°C) or alkaline conditions [85].
Saxitoxins are water-soluble and stable toxins with persistence for more than 90 days
in freshwater ecosystems [86]. In most cases, these compounds are progressively
degraded into more toxic variants and in such conditions, may potentially increase
toxicity. These facts, in combination with their high stability, represent a great prob-
lem for water treatment facilities and the implementation of an appropriate drinking
water treatment.

3. Guideline values for cyanotoxins

As previously mentioned, cyanotoxin contamination of water bodies used for
drinking or recreational purposes has become common. Reports of cyanotoxins poi-
soning incidents increase worldwide [2, 14], hence becoming health hazards globally
[87]. The lack of official guidelines for cyanotoxin levels in drinking water has a great
influence on risks to humans who use surface water which may be unsafe.

The risk of being exposed to toxic cyanobacteria and their toxins is high and will
gradually be higher considering climate change and industrialization. Even with that
emerging concern, a plan for the prevention of cyanobacterial blooming and regulations
are still limited, even absent, in several countries. There are many different approaches
dealing with the appearance of cyanobacterial blooms and cyanotoxins in freshwaters
and drinking water reservoirs [36]. A number of countries (Canada, Brazil, New
Zealand, and Australia) have developed regulations or guidelines for cyanotoxins and
cyanobacteria in drinking water, and in some cases, in water used for recreational
activity and agriculture (Table 1). In Kenya, there is a scarcity of information on
cyanotoxins levels in domestic water sources, in Europe and the USA, and in several
Latin American countries, there are no guidelines for any cyanotoxins in domestic water
[88]. Despite the fact that there is no official federal legislation for cyanobacterial toxins
in water with drinking purposes, Serbia has been working for almost 15 years on the
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analysis of the state of health and making precautionary measures, with special empha-
sis on the organization of the system for adequate information and health care [89].
Moreover, neighboring countries are affected by the same problem [34]. Argentina,
Brazil, and Uruguay have conducted comprehensive studies to evaluate the distribution

Guideline values Reference Guideline values Reference
Drinking water Recreational waters
MC 0.1 pg/L Europe [34,94— Relatively 2-4.0 pg/L  20.000 [94]
102]  lowrisk  MCs cells/ml
1.0 g/l Brazil (Regulatory Moderate >20.0 ug/L 100.000
Level); New Zealand; 51gn1flcant MCs cells/ml
WHO' risk’
13 pg/L  Australia (Lifetime Situation >100.0 pg/ Appearance
exposure); Canada of high L MCs of visible
risk” aggregates
10.0 pg/L Australia (Brief [97,102]
period)
NOD 1.0 pg/L New Zealand [95, 100, ND
103]
STX 0.1 pg/L Europe [96- ND
8, 101-
3.0 pg/L  Brazil (suggested); ?
K 103]
Australia
(suggested); New
Zealand
ATX-a 0.1 pg/L Europe [96, 97, ND
. 100-
1.0 pg/L  According to Fawell 102, 104—
1.3 pg/L Australia 106]
1.5 pg/L Canada
3.0 pg/L  Australia (suggested)
6.0 pg/L New Zealand
ATX-a(S) 1.0 pg/L New Zealand [100, 107] ND
HATX-a 2.0 pg/L New Zealand [100, 103] ND
CYN 0.1pg/L Europe [96, 98, ND
101, 10
1.0 pg/L New Zealand 3
1.0-15 pg/L Australia
15.0 pg/L  Brazil (suggested)
Dietary supplements
1 ppm microcystins (ODA) [94]
Tolerable daily intake
0.04 pg/kg/day [94]

"Brazil [98], China, Czech Republic, Finland, France [99], Japan, Italy, Denmark, Germany, Great Britain, Greece, Korea,
New Zealand [ 101], Norway, Oregon (USA) [108], Poland, South Africa, Spain, USA [ 109] "Czech Republic, France, Italy,
Hungary, Turkey.” Canada, Cuba, Czech Republic, France, Italy, Hungary, Turkey.” France, Italy, Turkey.

Table 1.
Guideline values for cyanotoxins.
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of cyanobacterial blooms [90, 91], on the contrary for Peru, Chile, Colombia, and
Venezuela, the information is limited to specific water bodies [92, 93].

Due to a lack of toxicity data for other toxins, in the reference [94], a provisional
guideline for MC-LR has been set (1.0 pg/L for drinking water), hence cyanotoxins are
not federally regulated contaminants. As a result, public drinking water providers are
not required to routinely monitor drinking water for cyanotoxins. Setting up guideline
values for cyanotoxins in drinking and recreational water and also in dietary supple-
ments and cosmetics products is extremely crucial, so with that aim, Table 1 presents
legislation from different countries.

A provisional guideline value of 1 ug/L MC-LR in drinking water for human life-
time exposure and 12 pg/L for short-term exposure, respectively, was recommended
by the World Health Organization (WHO) and value for CYN for human lifetime
exposure is 0.7 pg/L [36]. Most of legislation are based on the WHO provisional value
for drinking water, while others formulated their values, based upon local require-
ments (e.g. Czech Republic, France, Singapore, Uruguay, South Africa, Australia,
Canada, New Zealand, South Korea, and Brazil) [35, 100]. Most countries define
cyanotoxin concentration limits in drinking water but not in water used for recrea-
tional activities. The guideline value for the maximal acceptable concentration of MC-
LR in drinking water was used also for human health risk assessment of microcystins
resulting from recreational exposure, consumption of contaminated food, or food
supplements [94, 110]. Brazil was the first country to enforce a specific, most com-
prehensive federal legislation for the control of cyanobacteria and their toxins in water
used for drinking supply and recreational activities [100, 111, 112], which includes
mandatory standard values for MCs, STXs, and CYN [113]. Concerning cyanotoxins,
several countries have implemented monitoring programs based on cyanobacterial
biomass for recreational water (cell numbers, chlorophyll-a concentration, and often
cyanotoxin concentration) [94].

Due to the lack of relevant guideline values for other types of toxins, they might
exhibit greater health risks to humans. Also, there might be a high level of unregulated
cyanotoxin congeners, thereby posing unknown health risks. The definition of guide-
line values for all types of cyanotoxins is needed as the current regulations are insuf-
ficient, especially in developing countries and rural areas. Despite the risks associated
with cyanotoxins, current regulations for dietary supplements are insufficient to
safeguard consumers. These guidelines should determine the values of cyanotoxins in
accordance with patients with chronic illnesses and kids. Kids are more susceptible
than school-age children through adults considering they consume more water rela-
tive to their body weight [14].

4. Drinking water supply: occurrence of cyanobacteria and water
treatment for cyanotoxin removal

4.1 Cyanobacteria and cyanotoxins in drinking water supply

Based on previous literature data, it is clear that almost every part of the world has
or will encounter problems with toxic cyanobacteria in its drinking water system. The
occurrence of toxic cyanobacterial blooms is increasing in frequency and distribution
[2], and so does the chance of losing access to safe drinking water. Of all the routes of
cyanotoxin exposure to humans, drinking water is the main source. Despite having a
sufficient quantity of water, availability may be limited if the quality does not meet
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the requirements for its intended use. The increased occurrence of toxic cyanobacteria
and cyanotoxins is increasingly being viewed as a contaminant of emerging concern
and is considered a major health risk related to surface waters worldwide, which
further increases the cost of water resources. This problem was cumulated in Lake
Vrutci (Uzice, Serbia), where the presence of cyanobacteria Planktothrix rubescens was
documented, with the presence of MC-LR in the fish tissue, lake, and the tap water, as
well as other types of MCs detected [114]. During this period, 70,000 people living in
Uzice were left without healthy drinking water. Because of contaminated water with
the bloom of Microcystis sp. in Toledo, Ohio, a public advisory shutdown the water
supply for 3 days which impacted over 400,000 people [115]. In 2013, in finished
drinking water of Carroll Township, Ohio was detected at 1.4 mg/L and 3.6 mg/L of
MCs equivalents, and water has been out of use for the 2200 population. Another
well-known drinking water crisis has affected municipalities on the shores of Lake
Taihu (China), Lake Erie (Ohio, USA) [6], and in July 2018, Greenfield, lowa; in
2007, residents from Changchun and two million people from Wuxi (Jiangsu Prov-
ince) went without drinking water due to a cyanobacterial bloom occurrence. The
current circumstances compel millions of people to purchase bottled drinking water.
Continuous exposure to cyanotoxins in drinking water may reach a lethal dose within
the human lifespan, leading to death, in some cases, or in negligible levels, can cause
carcinogenicity [114, 116]. Safe drinking water remains a challenge worldwide in
many rural communities [36], which causes 1.2 million deaths per year [117, 118].

Mass occurrences of toxic cyanobacteria and their toxins in reservoirs represent a
great challenge for the production of safe drinking water through the application of
adequate water treatment techniques.

4.2 Water treatment for cyanotoxin removal from drinking water supply

Drinking water sources pose a great challenge for drinking water facilities. Fresh
cyanobacterial blooms often smell like fresh-cut grass, while older blooms can stink
like pig pens. Older blooms are more likely to release toxins when dying as their cells
break down. Filamentous cyanobacteria cause problems in water treatment systems
by clogging in filters for drinking water supply. In that manner, during the water
treatment process, cyanobacterial cells, odor, and color need to be reduced and
cyanotoxins eliminated. The mass presence of the potentially toxic cyanobacteria
represents a real threat to human and animal health, and an important indicator of the
rapid water quality deterioration [119], which further poses a serious problem to
water treatment facilities because not all water treatment technologies can remove all
cyanotoxins below acceptable levels [4]. The health issues caused by cyanotoxins
presence have led to efforts by water suppliers to develop effective treatments and
management approaches for the production of safe drinking water. To minimize the
risk from cyanotoxins in drinking water, a multi-barrier approach is needed; incorpo-
rating prevention, source control, adequate treatment, and a monitoring system.
Prevention of bloom appearance is a crucial step as a defense mechanism over invasive
cyanobacterial blooms in water reservoirs. Bad management of water purification
systems can lead to serious problems.

A lot of cases are documented where the treatment process previously used was
ineffective against cyanobacterial blooms which caused serious human poisoning
likewise 2000 cases of gastroenteritis and diarrhea, including 88 deaths after drinking
boiled water from the dam [120]; gastrointestinal illness among 9000 people receiving
drinking water from rivers in West Virginia [121]; gastroenteritis with abdominal pain
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and vomiting affecting 5000-8000 persons where drinking water treatment by pre-
cipitation, filtration, and chlorination was not sufficient to remove the toxins in Ohio
river [122, 123]; or gastroenteritis with vomiting and headache among 149 persons in
Australia, Solomon Dam, where treating bloom with copper sulfate resulted in the
liberation of toxins [124]. Serious human poisonings happened in Charleston, West
Virginia even precipitation, filtration, and chlorination were applied [125]. Drinking
water supply without a proper basic drinking water purification process in Zimbabwe,
Africa, caused gastroenteritis, skin rashes, itching, and eye sores in children [126].
Also, there is animal intoxication cases after drinking contaminated water, for exam-
ple, several hundred livestock died within hours in Australia [127, 128], in South
Africa [129], Switzerland [130], Sweden [131], and the USA [132-135]. When inap-
propriate treatment was used, cyanobacteria cells were not degraded, stayed intact
after water treatment, and caused blooms in the post-treatment drinking water tanks.
In reservoir Vrutci, Serbia slow-sand filtration was applied, but was not a sufficient
method that led to sickness of people and deaths of animals [114], also people who use
water from Malpas Dam, Armidale experienced serious chronic effects like liver
damage [136, 137], or in China development of primary liver cancer [138, 139].

Most cyanotoxins are cell-bound and are released when the cells age, die, or are
lysed through employed purification systems [140, 141], which present a hazard to
animals and humans using the water, especially when used as a potable water source.
Not all countries have appropriate means to deal with cyanobacteria problems, as well
as sensitive and precise analytical methods for cyanotoxin detection, which are usually
expensive and inaccessible. However, over 300 analogs of MCs have been identified,
but not all are presently monitored, therefore, any conclusions based only on the
presence of MC-LR can be misleading. Chronic exposure to low concentrations of MC
increases the risk of developing cancer (e.g. China, Florida, Serbia). This situation can
be linked to the country where the populations receive drinking water from surface
accumulations that are frequently blooming [142]. The unequal geographical distri-
bution of liver cancer in Serbia was visible and outbreaks can be correlated with
drinking water supplies, where districts with a higher risk of developing primary liver
cancer are using reservoirs that are continuously blooming, and low-risk regions have
purification systems of drinking water [142].

Different techniques have to be included in order to reduce cyanobacterial growth
and cyanotoxins [3]. Effective removal of cyanobacterial toxins depends on the type
and concentrations of chemicals used in the water treatment processes, also physical
parameters of water (e.g. pH and the contact time), as well as concentrations and
types of cyanotoxins entering the treatment and also varies among cyanobacterial
species (Table 2). For example, chloramine is the least effective oxidant for
inactivating Microcystis aeruginosa, Oscillatoria sp., and Lyngbya sp. [143], and coagu-
lation/flocculation/sedimentation completely removes cells of, for example,
Aphanizomenon flos-aquae, Merismopedia sp., Phormidium corvium, while M. aeruginosa
and Gloeocapsa sp. were intact [144]. MCs have been reported in final drinking water
in many countries including Argentina, Australia, Bangladesh, Canada, Czech Repub-
lic, China, Finland, France, Germany, Latvia, Poland, Thailand, Turkey, Serbia, Spain,
Switzerland, and the USA [121, 122]. A survey of 45 drinking water supplies in Canada
and the United States detected MC in 80% of the raw and treated water observed, but
only 4% of the samples exceeded the WHO drinking water guideline [145].

From all the statements from Table 2, it could be concluded that no single treat-
ment method can remove all contaminants from water, thus more efficient and cost-
effective technology needs to be developed. Water treatment can be highly effective
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Treatment technique Expected removal Additional comments

Intracellular Extracellular

Auxiliary process

Pre-ozonation Auxiliary — Auxiliary process for enhancing coagulation,
process however this process can lead to toxin release.
Pre- Pre- Auxiliary — Useful to assist coagulation of cells, with
chlorination  chlorination process subsequent treatment steps which will remove
dissolved toxins. Depends on the type of
chlorine.
Free chlorine — >100% Effective on degradation of microcystin,

cylindrospermopsin, and saxitoxin, but not
for anatoxin-a.

Chloramine — Negligible Ineffective.
Chlorine — Negligible  Ineffective (with doses used in drinking water
dioxide treatment).

Conventional water treatment

Coagulation ~ Coagulation > 90% < 10% This treatment may cause lysis of
cyanobacterial cells. NOM decrease removal
efficiencies.
Ferrate — > 93% This process has advantage over using
oxidation- chlorine, ozone or peroxide for oxidation.
coagulation
Filtration Slow sand <86% Probably Very useful if combinated with other water
filtration significant treatments.
Rapid >60% <10% This method causes lysis of cyanobacterial
filtration cells. Usually employed after coagulation to

remove the particles.

Membrane >96% Uncertain Effective in the removal of whole cells.
processes Depends on pore size of RO and NF
membranes, and water quality, dissolved MCs
have been removed. This treatment causes
cells lysis.

Absorption PAC Negligible >85% Effective in toxin removal but with very high
doses of PAC. Generally effective for removal
of MC, ATX-a and CYN. DOC will reduce
capacity. It has to change frequently which
significantly increased treatment costs.

GAC >60% >95% DOC competition and presence of NOM
decreases toxin adsorption process. GAC
filters with proper replacement can be used as
an auxiliary barrier for MC, but less effective
for ATX-a and CYN.

Biological GAC ~ Excellent >90% Better effectiveness in toxin removal than
GAC.
Ozonation Potassium — 95% Advantages: low cost, ease of handling,
permanganate effectiveness over a wide pH range;

Disadvantages: long contact time, gives water
pink color, toxic, cause skin irritation, fatal if
swallowed.

Ozonation — >98% It is best to use oxidation to degrade dissolved
cyanotoxins after the removal of algal cells by
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Treatment technique Expected removal Additional comments

Intracellular Extracellular

a coagulation and filtration. The initial cost of
ozonation equipment is high, ozone is highly
corrosive and toxic, and requires higher
level of maintenance and operator skill; leads
to cell lysis.

Hydrogen — Uncertain Not effective on its own.
peroxide

Advanced oxidation technologies (AOTs)

AQTs UV radiation/ — Negligible Effective in removing of MC-LR, ATX-a, and
AOQOTs CYN, but only at impractically high doses.
Because of the high doses required, low to

medium pressure lamp, UV treatment is not
recommended as a viable treatment barrier

for cyanotoxins. Leads to lysis of the cell wall.

Titanium — 100% One of the most promising AOTs, inexpensive
dioxide/AOTs and photocatalytic active catalyst under UV
and visible light; without utilizing or
producing hazardous compounds. This
treatment resulted in complete degradation of
the cyanotoxin under UV light.

Fenton and — 60-100% Fenton process depends on the pH,
Photo-Fenton concentration of H,0, and Fenton reagent.
processes The highest degradation efficiency was

achieved when UV radiation was involved,
during the Photo-Fenton process.

Sonolysis — Reduction of Best if applied with AOTs. Significantly
algae cells  enhance reduction of algae cells, without lysis
of cells. Application of ultrasonic irradiation
requires frequencies that lead to extreme
conditions. Without chemical addition.

Biodegradation — 100% Sphingomonas sp., Paucibacter toxinivorans gen.

Nov. Sp. nov, Burkholderia, Arthrobacter sp.,
Brevibacterium sp., Rhodococcus sp., and
Methylobacillus sp. are capable to degrading
some types of cyanotoxins. Better in
conjunction with UV/H,0,, ozone, PAC, or
GAC. Advantages: reliable, cost-effective,
which does not involve any use of harmful
chemicals; disadvantages: long reaction time
of hours to days.

Abbreviations: AOTs-advanced oxidation technologies; ATX-anatoxins; ATX-a(S)-antoxin-a (S); CYN-
cylindrospermopsin; DOC-dissolved organic carbon; GAC-granular activated carbon; MC-microcystins; NF-
nanofiltrattion; NOD-nodularin; NOM-natural organic matter; PAC-powdered activated carbon; RO-reverse osmosis;
STX-saxitoxins.

Table 2.
Effectiveness of water treatment on removal of cyanotoxins.

in removing cyanobacterial cells and toxins (especially MCs) with the appropriate
combination of treatments. Some most common treatments of water contaminated
with cyanobacterial blooms use pre-oxidants (such as ozone, chlorine, chlorine diox-
ide, chloramine, potassium permanganate, ferrate, and copper sulfate) which while
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killing cells will result in the release of cyanotoxins [146], so demand subsequent step
to remove dissolved extracellular toxins (Table 2). Further processes involve con-
ventional water treatment-coagulation, flocculation, and absorption (sedimentation).
Coagulation provides high removal rates of intracellular toxins (> 90%), and some-
what less important of extracellular toxins (< 10%), but this process may cause lysis
of cyanobacterial cells. Coagulation supplemented with ferrate (ferrate oxidation-
coagulation) has an advantage over using chlorine, ozone, or peroxide for oxidation,
with expected removal rates of less than 93% for extracellular toxins, and negligible
for intracellular toxins. Filtration is very useful if combined with other water treat-
ments, and usually is employed after coagulation to remove the particles. Slow sand
filtration provides the removal of intracellular toxins over 86%, and rapid filtration
less than 60%. Membrane filtration processes are effective in the removal of whole
cells, depending on the pore size of RO and NF membranes, and water quality.
However, filtration causes cell lysis and promotes the increase of dissolved
cyanotoxins [4, 146]. The removal efficiency of cyanobacterial cells with conventional
water processes is species-specific [144], however, the established opinion is that
these treatments were insufficient for the complete removal of cyanobacterial cells,
especially of toxins [144, 147]. Given the lack of cyanotoxin removal using coagula-
tion and filtration, a possible way to eliminate cyanotoxins below the WHO guidelines
value is the application of these treatments combined with the addition of PAC/GAC.
PAC is effective for the removal of MC, ATX-a, and CYN, and GAC for MC, but less
effective for ATX-a and CYN [4]. Absorption has excellent removal of extracellular
toxins, with PAC less than 85%, and GAC 95%. The choice of a form of activated
carbon (PAC or GAC) is typically a function of operating conditions. When using
GAC, the formation of biofilms (biological GAC) can occur which has been shown to
give higher cyanotoxin removal [148]. A further step for improvement of the water
purification system is ozonation, which degrades dissolved cyanotoxins after the
removal of algal cells by coagulation, filtration, and sedimentation. Usage of ozonation
achieves removal of extracellular toxins higher than 98%. However, the equipment
required for ozonization is demanding, keeping in mind that ozone is highly corrosive
and toxic, and requires a higher level of maintenance and operator skill; also leads to
cell lysis. The application of hydrogen peroxide has shown uncertain toxin removal.
Potassium permanganate accomplishes the removal of extracellular toxins up to 95%,
and as an advantage, it is inexpensive, easy to handle, and effective over a wide

pH range. However, this treatment is toxic and can cause skin irritation, and it can be
fatal if swallowed. Advanced oxidation processes (AOTs) involve the use of UV, UV/
H,0,, ultrasound, and ozone. The most recent study [149] showed that the removal
rate of M. aeruginosa increased with the extension of time and the removal effect of
static ultrasound was better than with dynamic ultrasound. However, the release of
toxins was less in dynamic ultrasound radiation. UV radiation/AOTs is effective in
removing MC-LR, ATX-a, and CYN, but only at impractically high doses, therefore is
not recommended as a step in treatments for cyanotoxins. Titanium dioxide/AOTs is
one of the most promising AOTs (expected removal: intracellular toxins negligible,
extracellular 100%), inexpensive, and photocatalytic active catalyst under UV and
visible light, without utilizing or producing hazardous compounds. This treatment
completes degraded cyanotoxins under UV light. The Fenton process (for intracellular
toxins - ineffective, for extracellular - 60-100% effectiveness) depends on the pH,
concentration of H,0,, and Fenton reagent. The highest degradation efficiency was
achieved when UV radiation was involved, during the Photo-Fenton process.
Sonolysis is best if applied with AOTs, significantly enhances the reduction of algae
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cells without lysis of cells. The application of ultrasonic irradiation requires frequen-
cies that lead to extreme conditions. Biodegradation is being explored as a treatment
for the efficient removal of cyanotoxins from drinking water, with the expected
removal of extracellular toxins of 100%. Sphingomonas sp. [150, 151], Paucibacter
toxinivorans gen. Nov. Sp. nov, Burkholderia, Avthrobacter sp., Brevibacterium sp.,
Rhodococcus sp., and Methylobacillus sp. [152, 153] are capable of degrading some types
of cyanotoxins. Biological degradation is better in conjunction with UV/H,0,, ozone,
PAC, or GAC. This treatment is reliable, cost-effective, does not involve the use of
harmful chemicals, and has a long reaction time of hours to days. Advanced oxidation
processes show promising results for the destruction of intact cyanobacterial cells and
cyanotoxins in drinking water.

MCs, ATX-a, CYN, and some STXs are adsorbed from the solution by both granu-
lar activated carbon and, less efficiently, by powdered activated carbon. Adequate
contact time and pH are needed to achieve optimal removal of cyanotoxins. There-
fore, the practice of prechlorination or pre-ozonation is not recommended without a
subsequent step to remove dissolved cyanobacterial toxins. So, Figure 4 provides our
model for a sufficient purification system of water contaminated with cyanobacteria.

The problem regarding cyanobacteria and their toxins in water bodies is an urgent
matter and should be changed in the near future. The monitoring of water supply
systems for cyanobacteria and cyanotoxins, especially reservoirs for drinking pur-
poses, is not yet common practice in most of the countries in the world. Therefore,
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Figure 4.

Water treatments specific to certain cyanotoxins. Abbreviations: AOTs-advanced oxidation technologies;
ATX-anatoxins; ATX-a(S)-antoxin-a (S); CYN-cylindrospermopsin; GAC-granular activated carbon;
MC-microcystins; NOD-nodularin; PAC-powdered activated carbon; STX-saxitoxins.
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various techniques and methods in water treatment procedures must be employed as
necessary measures for the preservation of the local environment, and water quality.
Furthermore, financial support plays an important obstacle, when it comes to
cyanotoxin monitoring and treatment measurements implementation. All points
which are given in previous paragraphs point out the harmfulness of cyanobacteria
and their toxins and implicate the necessity of introduction of legislation concerning
the determination and monitoring of these toxins. To avoid risks to human health, an
appropriate drinking water treatment is necessary for cyanotoxin elimination from
water, which poses a great problem, as some treatment leads to cell lysis and the
release of cyanotoxins, which are mostly water-soluble. Table 2 (supplemented with
Figure 4) addresses the methods available for its removal and also the difficulties
faced in each process. Treatments that have been proven to reduce cyanotoxins below
toxic levels include activated carbon, slow sand filtration, conventional filtration,
membrane filtration, advanced UV, and ozone [4]. Assessment of water treatment
procedures has shown that most methods would result in a reduction of
cyanobacterial toxins concentrations below the WHO guideline value of 1 pg/L
drinking water [108]. It is important to emphasize that most of the water treatments
are developed for successful MC-LR elimination, as it is the most common toxin found
in aquatic environments. However, these treatments do not guarantee the successful
elimination of other known MC equivalents (>300) and other groups of cyanotoxins
that can occur. Therefore, the development of various robust, accurate, and affordable
techniques and methods in water treatment procedures must be employed as neces-
sary measures for the preservation of the local environment and water quality.
Although satellite remote sensing technology cannot detect cyanotoxins [154], they
can be used for detecting and quantifying cyanobacterial bloom abundance [155]. This
method can help prioritize locations with greater exposure to blooms and is used to
assist in prioritizing management actions for water with drinking and recreational
purposes and may provide an indicator for human and ecological health protection
(hypoxic events, phytoplankton composition, light availability) [156-158]. A few
recent studies have shown that the detection and quantification of cyanotoxins (MCs)
in water can be achieved with passive samplers, which can be used effectively at

low levels (of pg/L and ng/L) of toxins [159-162]. The study [161] monitored MC
levels in different stages of water treatment, and also at different depths of the

lake. Nowadays, there are different commercially available passive samplers, like
polar organic compound integrative sampler (POCIS), Chemcatcher (passive water
quality sampler for micropollutants), or SPATT devices (specialized for cyanotoxins).

5. Proposed therapy for cyanobacterial blooms intoxications

Toxicoses caused by cyanotoxins are a serious condition that requires immediate
medical attention to prevent fatality. Based on available literature, diagnostic tests
for cyanotoxins are currently not available for clinical use. The fact that robust,
inexpensive, and widely accessible assays are not available to facilitate rapid diagnosis
and therapy of cyanobacterial intoxication represents a crucial problem in the modern
health system. As previously mentioned, the significant number of poisoning cases
caused by cyanotoxins, and the potential for future increases in such cases, under-
scores the urgent need to develop effective therapies. These therapies should eventu-
ally be incorporated into standard treatment practices. The detection of cyanotoxins
in blood, respiratory mucosa, and urine samples to diagnose acute or chronic
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intoxication is difficult and requires sophisticated, expansive analysis techniques.
Some specialized laboratories can perform tests (electrolytes and liver enzymes; renal
function tests, serum glucose, and urine tests; chest radiographs) to identify intoxica-
tions caused by the presence of cyanobacteria/cyanotoxins.

It is important to find simple and quick methods to address this issue. As the
occurrence of toxic cyanobacterial blooms and human exposures become more com-
mon, the recently developed method [163] using Immunocapture-Protein Phospha-
tase Inhibition Assay may be used as a simple and robust assay to detect cyanotoxins
(MCs) in human plasma. Unlike previous methods that engage in acute exposure to
MCs [164-167], this method was developed for the detection of low-level MC expo-
sures (through inhalation) [163]. Studies performed earlier have detected MCs in
urine samples (mouse and human), plasma (mouse), and serum samples (mouse and
human) [164-167]. Previously, quantification of MC and NOD concentration was
measured in human urine by Immunocapture-Protein Phosphatase Inhibition assay
[165]; MCs by a simple colorimetric method [167], or in urine, plasma, and serum
through development and applications of solid-phase extraction and liquid
chromatography-mass spectrometry methods [166]. The presence of specific anti-
bodies in serum could be used as exposure biomarkers to complement epidemiological
studies and medical diagnosis of cyanotoxin intoxications.

There are no antidotes for cyanotoxins [168]. Decontamination, administration of
cholestyramine, and symptomatic therapy in combination with supportive care
consisting of fluids, mucosal protectants, vitamins, antibiotics, and nutritional sup-
plements may be considered as one of the strategies in cases of toxicities with
cyanobacteria [169]. Respiratory support may provide sufficient time for detoxication
followed by recovery of respiratory control [168]. Therefore, a crucial step in future
studies is introducing adequate therapy in case of cyanotoxin poisonings for treating
both animal and human cases.

6. Limitations

There are some limitations that will be a problem in future research regarding
cyanotoxins in water bodies for drinking and recreational use. The primary limitation
is that the number of cases analyzed in the literature is limited to available reports,
databases, and literature published so far. The data are unavailable or limited in many
countries (e.g. Argentina, Chile, Paraguay, Colombia) [170, 171]. Also, the number of
scientists and interest in the field of health and environment are scarce in rural regions
and developing countries [2]. Research on cyanotoxins and cyanobacteria, as well as
the number of reported cases, varies among the countries, where financial support
plays an important role. Also, insufficient medical and veterinary training and knowl-
edge of the public community are recognized in developing countries and rural
regions. There was a correlation between the level of education and the number of
reported symptoms, with higher education levels associated with fewer reported
symptoms [69]. Moreover, there is no routine monitoring of cyanotoxins in freshwa-
ter bodies. Laws and regulations in different countries mostly do not oblige monitor-
ing of cyanotoxins, therefore, the actual number of cases is most likely higher than
reported.

According to the latest data, there are over 300 different MC variants [31], and
drinking water treatments and toxicity tests are usually tested only for MC-LR. Stan-
dards for cyanotoxins detection are very expensive, and unreachable; also there is
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demand for (expensive) equipment and highly educated technicians. So main ques-
tion is: What about other groups of cyanotoxins? For some groups of cyanotoxins,
there are no standards. They are all present in the water but unmonitored and pass by,
undercovered. And just like that, silently, they change the environment and cause
health issues. More recently published information of toxic effects caused by
cyanobacterial species that cannot produce cyanotoxins increases the importance of
preventing the appearance of cyanobacteria, and furthermore of their safe removal
from water bodies intended for drinking and recreational purposes.

Thorough, detailed overcoming of limitations is the key to combating powerful
cyanobacteria.

7. Conclusion

Available, bacteriologically safe drinking water is essential. The government
aims to tackle the issue of water scarcity, particularly in rural areas, where
residents are impoverished and unable to access clean, safe drinking water. An
appropriate drinking water treatment is necessary to eliminate cyanobacteria and
their toxins from the water. A combination of different, advanced treatments for
cyanotoxin removal should be performed. However, their elimination from the
drinking water supply is challenging. Different types of cyanotoxins, even
metabolites from non-toxin-producing species, have different characteristics, stabil-
ity, and structure. Depending on the source organisms, they can be distributed at
different depths through water samples. Therefore, the most important thing in the
fight against cyanobacteria is the spread of knowledge, the prevention of their
appearance and spread, and appropriate behavior when they appear on the water
surface.

Sharing knowledge about the environmental conditions that encourage bloom
formation and their toxins is crucial for managing the risks associated with
cyanobacterial toxin issues. The medical employees and also residents have to be
capable of recognizing the occurrence of cyanobacterial blooms and how to behave
accordingly. The deepest research is necessary to identify populations with underlying
comorbidities that may increase susceptibility to cyanotoxin exposure and to develop
an adequate therapy for treating animal and human cases caused by cyanotoxin
intoxication. A crucial step in the improvement of the cyanotoxin control system is the
setting guideline values for all cyanotoxins, which also includes monitoring their fate
in aquatic food chains, during food processing, and routine control of food supple-
ments and healthy food.

A future study should focus on determining potentially harmful cyanobacterial
compounds, and all types of cyanotoxins in water reservoirs, and expand studies
related to cyanotoxins in countries in development. A diagnostic test that does not
require a standard for detection is necessary to identify toxicoses. The data gathered
indicates the need for future research to focus on developing reliable and precise, yet
affordable and widely accessible, analytical techniques for detecting cyanotoxins,
available to wealthier and developing countries, and also to rural aeries. The incorpo-
ration of new methodologies, likewise passive samplers, satellite-based remote sensing
tools, or iz vivo pigment fluorescence, could provide consistent, low-cost data for the
development of large geographical monitoring programs and should be considered for
analysis carefully in future studies.
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