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Num contexto de alteragBes climéticas, verifica-se um aumento no
desenvolvimento de blooms cianobacterianos, com consequéncias negativas
para a qualidade da agua. Ao mesmo tempo, assiste-se a um crescimento
acentuado da populagéo, o que exige a exploragdo de novos recursos. Neste
contexto, as cianobactérias podem ser vistas como um problema, mas também
como parte da solucéo. E nesta dicotomia que se foca esta Tese, utilizando o
conceito de biorrefinaria para explorar diferentes vias de valorizacdo desta
biomassa. Apesar dos principais problemas associados ao desenvolvimento de
blooms, potenciados pelas alteracdes climaticas e deficientemente mitigados
pelas atuais estratégias de gestdo ambiental, estes apresentam um potencial
de aplicagdo biotecnoldgica relevante. Este contexto foi revisto e conduziu a
elaboracdo de um modelo conceptual para a valorizagdo de blooms
cianobacterianos, que compreende (i) a remog¢do do bloom, (i) a sua
caracterizacgao, (iii) a valorizacdo da biomassa removida e (iv) a aplicagéo do
retorno resultante da valorizacido em gestéo e prote¢cdo ambiental.

Seguindo esta filosofia e trabalhando sob o conceito de biorrefinaria, foram
estabelecidos os objetivos da componente experimental, que se centram na
andlise de algumas das caracteristicas fisiologicas das cianobactérias, na
caracterizacdo de compostos potencialmente bioativos com origem nesta
biomassa, bem como nas possiveis aplicacdes biotecnolégicas das
cianobactérias. Relativamente as caracteristicas fisiolégicas, foram analisadas
as curvas de crescimento e os padrées de producdo de pigmentos (clorofila a
e C-ficocianina) de trés espécies (Arthrospira platensis, Anabaena cylindrica e
Nostoc muscorum). Todas foram capazes de crescer durante mais de 100
dias, sem renovacdo ou suplementacdo do meio de cultura, sendo que a
producéo de pigmentos ndo foi constante durante o periodo de crescimento e
os padrées de producao mostraram-se diferentes de espécie para espécie. De
entre os compostos possiveis de extrair das cianobactérias, os pigmentos sao
0s que apresentam um maior valor de mercado. Dentro desta classe, o
pigmento azul, C-ficocianina, € amplamente assumido como bioativo, por
vezes sem dados empiricos de suporte. Extratos de C-ficocianina néo
purificados e purificados, extraidos de Anabaena cylindrica, foram
caracterizados, considerando a sua atividade antioxidante, antimicrobiana,
antitumoral e biocompatibilidade. Apesar dos resultados terem sido pouco
expressivos, permitiram concluir que a atividade biolégica atribuida ad-hoc a
C-ficocianina podera dever-se ao efeito sinérgico entre os varios constituintes
do extrato e ndo apenas a presenca do pigmento, dependendo ainda da
espécie/estirpe usada para a extracgao.



As cianobactérias podem também produzir inmeros outros compostos de
interesse biotecnolégico, o que foi demonstrado através do estudo do
metaboloma de Nostoc muscorum, ao longo do seu crescimento, utilizando
Ressonancia Magnética Nuclear 1H: acUcares, oligossacarideos, lipidos
(glicolipideos, 6mega 3 e 6mega 6), aminoacidos tipo micosporina, péptidos e
pigmentos. A producé@o destes compostos pdde ser associada a momentos
especificos de crescimento de Nostoc muscorum. Por Ultimo, pelas suas
multiplas aplicacdes biotecnolégicas e pelo facto de estas produzirem oxigénio,
foi avaliada a possibilidade de utilizacdo de cianobactérias na exploracéo
espacial, mais precisamente na colonizacdo de Marte. Foi avaliada a
capacidade de crescimento de trés cianobactérias (Arthrospira platensis,
Anabaena cylindrica e Nostoc muscorum) e da microalga Chlorella vulgaris,
utilizando apenas recursos que podem ser encontrados em Marte (agua e
regolito). As espécies diazotroficas foram as que mostraram um melhor
desempenho. Para além do crescimento, foi também avaliada a possibilidade
de utilizacdo destas culturas como biofertilizantes, uma solucdo que se
mostrou preliminarmente promissora.

Este trabalho demonstra o potencial para o desenvolvimento de novas
estratégias integradas que permitam assegurar a conservagdo dos
ecossistemas aquaticos através da exploracao das aplicacdes biotecnolégicas
das cianobactérias.
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Climate change increases the likelihood of cyanobacterial blooms formation,
with negative impacts on water quality. Concomitantly, a steadily growing
population demands the exploitation of new resources as feedstocks. In this
context, recognition of cyanobacteria as a nuisance couples with their highlight
as potential contributors to solutions. This Thesis focused on this dichotomy,
using the biorefinery concept to explore different routes of valorization of
cyanobacteria. Although the problems related to cyanobacterial blooms,
positively linked to climate change, are insufficiently mitigated by the currently
available management strategies, cyanobacteria present a relevant potential
for many biotechnological applications. This context was reviewed and lead to
the development of a conceptual model for the valorization of cyanobacterial
blooms considering (i) the physical removal of the biomass, (i) its
characterization, (iii) its transformation into high market value compounds, and
(iv) the investment of the return of this valorization into environmental
management and protection.

Following this philosophy and using the biorefinery concept as an umbrella,
several experimental goals were established that focused on relevant
physiological features, on the characterization of cyanobacterial bioactive
products, and on the pursue for biotechnological applications. Regarding its
physiological features, the growth kinetics and pigment production patterns (i.e.
chlorophyll a and C-phycocyanin) from three cyanobacterial species
(Arthrospira platensis, Anabaena cylindrica, and Nostoc muscorum) were
assessed. All species were proven to be able to live for more than 100 days,
without medium supplementation, and the pigment production patterns showed
fluctuations during the growth period, while pigment production patterns did
neither follow monotonic trends through time nor was similar among different
species. Indeed, pigments are among the most valuable cyanobacterial
products, and among these the blue pigment C-phycocyanin has been touted
as having attractive biological activity, yet often without supportive empirical
data. Raw and purified C-phycocyanin extracts from Anabaena cylindrica were
produced and characterized regarding antioxidant, antimicrobial, antitumor
activity and biocompatibility. Mild or unrecognizable results were achieved with
these extracts, but important conclusions followed this work, namely that the
argued biological activities of C-phycocyanin can be due to synergic effects
with components other than C-phycocyanin in extracts, or that C-phycocyanin
biological activities are species/strain-specific.



Besides pigments, there are a plethora of cyanobacterial products of
biotechnological interest, as demonstrated through the study of the
metabolome of Nostoc muscorum during its long-term growth, using of 'H
Nuclear Magnetic Resonance: sugars and oligosaccharides, lipids (e.g.
glycolipids, w-3 and w-6 fatty acids), mycosporin-like amino acids, peptides,
and pigments. Moreover, the production of these compounds could be
associated with specific moments of Nostoc muscorum growth. Finally, due to
their many applications and oxygen production, the possibility of using
cyanobacteria in Space exploration, namely on Mars colonization was
addressed. The ability of three cyanobacteria (Arthrospira platensis, Anabaena
cylindrica, and Nostoc muscorum) and the microalgae Chlorella vulgaris to
grow using only resources found on Mars (i.e. water and martian regolith) were
assessed, with diazotrophic species confirmedly performing better. In addition,
the possibility of using the grown cultures as biofertilization agents was
evaluated and this solution was preliminarily shown to be promising.

This work opens avenues to the development of integrative strategies that
could meet conservation goals targeting aquatic ecosystems through the
exploitation of the cyanobacteria biotechnological potential considering different
applications.
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Chapter I: General introduction

In a scenario of climate change, water degradation is pointed out as one major
consequent problem and the promotion of good water quality is entailed in the United
Nations Sustainable Development Goals, as well as in official management strategies such
as that regulated under the European Union Water Framework Directive. In this context, the
necessity of exploring integrative novel strategies to efficiently deal with old problems
urges. Cyanobacteria blooms are a remarkable example of a well-known and old problem,
expected to become potentiated by climate changes events, representing a major threat to
water quality that already affects a large part of the world population (Janse et al. 2004; Paerl
and Huisman 2009; O’Neil et al. 2012; Paerl and Paul 2012; Taranu et al. 2012; Visser et al.
2016; Hofer 2018).

Cyanobacteria are the oldest known oxygen-producing organisms, thriving on Earth
for approximately 2.4 billion years. These organisms, belonging to the Division Cyanophyta,
are close to Gram-negative bacteria but are able to perform photosynthesis (Flores and
Herrero 2014). Cyanobacteria present a characteristic bluish-green colour due to the pigment
phycocyanin that gave them the name cyanobacteria or, in some particular arenas, blue green
algae. These organisms can occur singly or grouped in colonies and can increase to such
large densities (blooms) that colour the water, ultimately forming a clearly visible thick scum
(WHO 2003). Several environmental factors contribute to cyanobacterial growth, being the
most important ones, light intensity, CO. concentration, nutrient availability (especially
nitrogen, phosphorus, iron, and molybdenum), hydrologic characteristics of the water body,
and aquatic ecosystem structure and function (Merel et al. 2013). Interactions between
environmental factors and climate change events play a major role promoting the
development of cyanobacterial blooms (Visser et al. 2016). Cyanobacteria and eukaryotic
algae may respond differently to climate change manifestations, with former often
outcompeting the latter, and changes in typical phytoplankton community composition are
expected to occur locally as a consequence (Visser et al. 2016), as well as a global
geographical expansion of cyanobacteria (Paerl and Huisman 2009).

Several studies show that, with increased temperature, cyanobacterial growth rates
can reach their optimum and continue at high levels in the long term, even at temperatures
higher than 25 °C (Paerl and Paul 2012). Indeed, optimum temperatures for cyanobacterial
growth range within 27-37 °C, while optimal ranges are shorter for green algae (27-32 °C),
and lower (17-27 °C and 17-22 °C) for dinoflagellates and diatoms (Paerl 2014). Also, the
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warming of superficial waters intensifies vertical stratification, and many cyanobacteria
species are able to explore stratified conditions, because as long as there is low turbulence,
and thus weak mixing, cyanobacteria can control their buoyancy by exploring their gas
vesicles (Paerl and Paul 2012). Since most of cyanobacterial species decrease in abundance
in the winter, the expected increase in temperature may affect the annual life cycle of these
organisms promoting the extension of their growth season (Visser et al. 2016). Also, the
toxin composition of cyanobacterial blooms may be affected, with higher temperatures
potentially increasing the ratio between toxic and non-toxic strains. Still, not all species will
behave in the same way in this context. For instance, in the case of Microcystis, Davis et al.
(2009) verified that toxic strains will benefit with an increase in temperature, which is also
true for saxitoxin production from Aphanizomenon sp. (Dias et al. 2002). However, this
tendency was not verified for saxitoxins production by Cylindrospermopsis raciborskii
(Castro et al. 2004). UV stress also reflects in a competitive advantage of cyanobacteria
comparing to other phytoplankton groups since they contain photoprotective pigments and
can more prominently increase the production of antioxidant enzymes (Carreto and Carignan
2011).

Extensive summer droughts, sea level rising, and increased use of freshwater for
industrial proposes and for drinking water supply, have been leading to increased
salinization worldwide (Paerl 2014). Increased salinization of freshwaters can favour some
cyanobacterial species that are salt tolerant (Paerl and Paul 2012). Drought conditions leads
to important changes in the water physical and chemical characteristics as well as in the
composition of the aquatic communities (Wiedner et al. 2007). In these conditions, groups
such as Cyanobacteria are favoured (Smith et al. 2008) due to increase temperature of water
and enhanced stratification (Mosley 2015). The development of pathogenic bacteria (e.g.
Aeromonas, Vibrio, Actinobacter and Pseudomonas) can also occur favoured by
cyanobacterial blooms, threatening further human health if affected waters are used as
drinking water resources or for recreation purposes (Berg et al. 2009).

Algal blooms can impair the ecosystem structure and functioning by adversely
affecting the biota, with potential negative impacts in human health. These types of blooms
are commonly known as harmful algal blooms (HABS). The greatest public health concerns
related to HABs apply when cyanobacteria are dominant and this type of blooms are

hereinafter referred to as CyanoHABs (Backer 2002). This specific type of bloom has been
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increasing at a high pace since the 1960s, and has been spreading worldwide. Cyanobacteria
dominance is linked to eutrophication, and human activity is the primary driver of
accelerated eutrophication. Therefore, CyanoHABs occurrence is clearly related to human
activities and generally promoted during the warmer and dryer periods of the year
(Carmichael 2008).

Cyanobacteria can cause not only ecological problems, but also economic constrains
and public health problems (de Figueiredo et al. 2004). From an ecological perspective,
cyanobacterial blooms lead to the reduction of specific biodiversity and to habitat
deterioration due to the entailed increase in turbidity and reduction of light levels in the
subsurface. This reduction of light penetration in the water column leads to an overall
decrease of photosynthesis, with the consequent reduction of oxygen released to the water,
which can be lethal to some fish and invertebrate species. Cyanobacteria can also cause
changes in the organoleptic parameters of the water. They can produce substances that confer
bad taste and odour to water (e.g. geosmin and 2-methylisoborneol; Izaguirre et al. 1982),
and more stringently they can produce toxins that, if released in water (after cell lysis in the
majority of species, or during the growth phase in the case of e.g. Cylindrospermopsis
raciborskii), are noxious to a great variety of organisms (Metcalf and Codd 2012).
Consequentially, socio-economic problems eventually arise due to the deterioration of water
quality. The use of water from contaminated reservoirs requires expensive and additional
treatment processes needed to remove cyanotoxins (Rapala et al. 2006). Regarding
recreational activities, water quality degradation via cyanobacteria contamination may also
have great economic impacts, mainly through reduction of local tourism preferences (WHO
2021), but ultimately due to direct contact with hazardous substances.

The health problems associated to cyanobacteria are related to their ability to produce
toxins (Metcalf and Codd 2012), commonly referred to as cyanotoxins. These toxins
represent a potential hazard for waters used for human and animal drinking-water supplies,
for aquaculture, agriculture, and recreation. Moreover, there are also health risks associated
with the ingestion of cyanotoxins, in the form of food supplements (Roy-Lachapelle et al.
2017), or in the form of crops irrigated with contaminated water (Miller and Russell 2017).
Toxic cyanobacteria are found worldwide in both inland and coastal waters. Still, it should
be noted that not all of cyanobacterial blooms are toxic since the production of toxins is

associated to specific genes that may or may not be present (Kurmayer and Christiansen
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2009), and even if these genes are present, their expression is dependent on environmental
conditions (Merel et al. 2013).

Cyanotoxins can be classified according to their mode of action and target organs in
neurotoxins, hepatotoxins, cytotoxins, irritants and gastrointestinal toxins. The most
common neurotoxins include anatoxin-a, homoanatoxin-a or saxitoxins and the guanidin
methyl phosphate ester. Hepatotoxins, the most frequent and dangerous cyanotoxins, include
nodularins and microcystins. Cytotoxins include cylindrospermopsin, and amongst the
toxins with irritant and gastrointestinal effects are aplysiatoxin, debromoaplysiatoxin and
lyngbyatoxin (which are tumour promoters and cause skin irritation), as well as
lipopolysaccharide endotoxins (LPS) that may enhance inflammatory and gastrointestinal
incidents (Metcalf and Codd 2012). While some cyanotoxins (e.g. saxitoxins and
lipopolysaccharide endotoxins) are not exclusively produced by cyanobacteria, others such
as microcystins and anatoxins, are only produced by these organisms (Metcalf and Codd
2012).

Most of these cyanotoxins have been found in a wide array of genera and some species
may produce more than one toxin. In freshwaters, the most widespread cyanobacterial toxins
are microcystins and neurotoxins, and some species can contain several types of toxins
simultaneously (WHO 2021). Neurotoxins (e.g. anatoxin-a, anatoxin-a (S) and saxitoxin)
can be lethal at high doses by causing asphyxia through paralysis of respiratory muscles,
although they differ in their mode of action (WHO 2003). Although acute exposure is well-
known, the chronic effects of some neurotoxins are still under study (Metcalf et al. 2021).
On the contrary, chronic exposure to microcystins in drinking water is already well-known
and can promote liver cancer (Shi et al. 2021). Microcystins are among the most common
cyanotoxins and more than 200 isomers are already reported, being microcystin-LR the most
common worldwide (Shi et al. 2021). Although commonly considered an hepatotoxin, this
description is no longer sufficient to fully appraise its mode-of-action in animals because it
can accumulate in multiple organs and tissues of mammals and fish, such as heart, liver,
gonads, lungs, brain and kidney, with consequent tissue and cell damage (Metcalf and Codd
2012). In Caruaru (Brazil), numerous deaths occurred when 136 dialysis patients were
exposed to microcystins through water used for dialysis (Pouria et al. 1998). A similar case
occurred in Portugal, in 1993, during a dry summer, when a cyanobacterial bloom occurred

at Monte Novo and Divor reservoirs (Evora), used as drinking water supply (Oliveira 1995).
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Cylindrospermopsin is also a hepatotoxin, first discovered after a poisoning incident on Palm
Island (Queensland, Australia) in 1979, when 148 people, mainly children, were hospitalized
with hepatoenteritis due to Cylindrospermopsis raciborskii contamination of a drinking
water reservoir (Griffiths and Saker 2003). This toxin behaves as a general cytotoxin that
blocks protein synthesis, potentially causing kidney and liver failure, ultimately widespread
organ damage (Chorus et al. 2000). Besides the acute symptoms, cylindrospermopsin is also
considered genotoxic and potentially carcinogenic (Messineo et al. 2010).

Cyanotoxins can reflect in both acute and chronic effects. Some low-level short-term
exposures can lead to health effects from which full recovery should occur (e.g. dermal
exposure which may lead to skin irritations and allergic reactions), but long-term exposure,
even at low levels, may result in damage to target organs, thus promoting long-lasting effects
in exposed organisms, including humans (Funari and Testai 2008). Most reported cases of
human injury by cyanotoxins involved exposure through drinking water. Also, people
swimming in contaminated lakes have experienced abdominal pain, nausea, vomiting,
diarrhoea, sore throat, dry cough, headache and elevated liver enzymes in the serum, as well
as high fever symptoms, dizziness, fatigue, skin and eye irritations, allergic dermatitis,
swollen lips, conjunctivitis, earaches and a hay fever-like syndrome (WHO 2003).

Allergic or irritant dermal reactions may arise from exposure through dermal contact
and can vary in severity. Several freshwater Cyanobacteria taxa (Anabaena,
Aphanizomenon, Nodularia, Oscillatoria and Gloeotrichia) have been reported to cause
these reactions after recreational exposure. Bathing suits, particularly wet suits, tend to
intensify such effects by accumulating cyanobacterial material, and enhancing disruption
and the release of the cell content (WHO 2003).

The natural growth progress of cyanobacteria, especially when forming noxious
blooms poses several problems as detailed above. However, the production of these
organisms in controlled industrial settings reflects important benefits. This is because these
organisms have the potential to be efficiently used in several applications in fields such as
agriculture, aquaculture, bioremediation, bioenergy and the sourcing of valuable compounds
(Pandey et al. 2013; Kamal and Ahmad 2014). However, amongst more than 10 000 species
of cyanobacteria, only a few have been partly characterized and even a lower number of
species is currently used for exploitation by the dedicated industry (Raheem et al. 2018).

Considering the number of species that still remain to explore, the knowledge about the
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biotechnological potential of these organisms should be recognised as very limited.
Moreover, the market for cyanobacterial products has been increasing, and nowadays it
reached a relevant value, with bioenergy, nutrition and cosmetics being the main areas of
related industrial investment (https://www.gminsights.com, assessed on December 7%
2021).

Increased consciousness about the harmful effects of synthetic or chemical products
led consumers and industry to search for natural alternatives. Indeed, the search for natural
compounds with biological activity is an active and growing area of research that has been
mostly focused on Dbacterial, and fungal microorganisms (Actinomycetes and
Hyphomycetes). However, research has more recently opening perspectives towards
consideration of microalgae and cyanobacteria (Singh et al. 2005). The biological activity
of cyanobacteria metabolites is of significant relevance to various applications and it is
possible to extract from them a wide range of bioactive compounds with high commercial
value (e.g. polyunsaturated fatty acids, amino acids and pigments, with antibacterial,
antifungal, antiviral and antitumor activity, just to mention a few) (Eriksen 2008; Sekar and
Chandramohan 2008). Pigments are among the extractable products with a higher market
value. Different pigments with different colours can be found in cyanobacteria, such as
chlorophylls, carotenoids, and phycobiliproteins, being the last two those with the highest
commercial value (Koller et al. 2014). Also, beside its appealing colour featuring its primary
potential as natural dyes in food and in cosmetic products (Spolaore et al. 2006), other sectors
may also benefit from these products. Fluorescence properties, antitumor activity,
antioxidant properties, and anti-inflammatory potential, are some of the attractive features
of carotenoids and phycobiliproteins (Saini et al. 2018; Pagels et al. 2021).

The applications of cyanobacteria are not just focused on the extraction of valuable
compounds. The biomass as a whole can also be used with a positive contribution to relevant
problems like food scarcity, climate change mitigation, and bioenergy. An important quality
that favours its application is that the culturing of these organisms does not need the use of
fertile soil, oppositely to common crops. By itself, this has a huge impact considering the
continuous growth of the humankind and the scarcity of arable soils for food production
(FAO 2011). Indeed, since the human population of our planet is projected to reach ca. 9.7
billion by 2050 (DESA 2015), new solutions to overcome or prevent food scarcity are an

urgency. A common application for cyanobacteria is their use as supplements in the food
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and in aquaculture feed markets. Cyanobacteria are a non-conventional source of protein,
healthy lipids, minerals, antioxidants, and vitamins (Singh et al. 2005), with several species
being considered as edible and consumed for a reasonable time (e.g. Arthrospira, Nostoc,
and Anabaena) (Pathak et al. 2018). One of the well-known examples is Arthrospira
platensis that is industrially cultivated in outdoor ponds or bioreactors, and commercially
available in several forms (flakes, powder, capsules or pills). This species is an important
source of proteins, thiamine, riboflavin, beta-carotene, vitamin E and vitamin B12 (Abed et
al. 2009). Therefore, and owing to its nutritional profile, there are already projects running
in some African countries aiming to produce Arthrospira to fight malnutrition (e.g. the
project JustSpirulina, a collaboration between Rwanda, United Nation’s Food and
Agriculture Organization (FAO) and the non-governmental organization Yala Africa). The
studies concerning the incorporation of cyanobacteria in aquaculture are fewer, but some
positive effects have been demonstrated in the growing rates of Tilapia fish (Fadl et al. 2020).
Another role of cyanobacteria that can contribute for a sustainable food production is their
use as biofertilizers. Indeed, “Green Revolution™ practices have the goal of increasing
agriculture production while reducing the risk of chemical-based fertilizers on human health
and in the environment. Exploring cyanobacteria to improve crop production and soil
fertility can be tagged as a ‘green technology’ in this context (Chittora et al. 2020) given that
these organisms are important bio-geo-chemical players in the fixation of atmospheric CO-
and N2 (Grzesik and Kalaji 2017). A successful example is the association Azolla-Anabaena,
for N2 fixation and nutrient enrichment in rice paddy fields (Hove and Lejeune 2002).

Due to their photosynthetic capacity, these organisms are natural CO> mitigation
agents. Indeed, cyanobacteria along with microalgae are very efficient in capturing CO2. A
remarkable example of the interplay between profitable applications of these organisms and
CO. mitigation is a recently designed bioreactor (Eos Bioreactor) of a relatively small size
(90 x 90 x 210 cm) that can use the carbon retrieved from the atmosphere to produce biofuels.
It is expected that Chlorella vulgaris cultured in this bioreactor could be 400 times more
efficient  capturing CO2 than trees taking up the same footprint
(https://newatlas.com/environment/algae-fueled-bioreactor-carbon-sequestration/ assessed
on November 16™ 2021).

Cyanobacteria can also act as bioremediation agents, able to remove several heavy

metals, such as cadmium, lead, zinc, iron, copper and manganese (Zeng et al. 2012; Fawzy
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and Mohamed 2017), crude oil (EI-Sheekh and Hamouda 2014), and complex organic
compounds such as herbicides (Ibrahim et al. 2014), from aquatic matrices. However, some
studies showed that cyanobacteria are not the single responsible for the degradation of these
compounds, but the consortia between cyanobacteria and aerobic organotrophic bacteria
(e.g. Sanchez et al. 2005). In these consortia, aerobic bacteria directly degrade the
compounds while cyanobacteria provide them oxygen and fixed nitrogen, which is often
limited in different environments (Abed et al. 2009).

The energy sector represents another opportunity for cyanobacteria, and a wide range
of biofuels can be produced using this feedstock (i.e. biohydrogen, biomethane, bioethanol
and biodiesel) (Raheem et al. 2018). The problems associated to the use of fossil fuels are
well known and the use of renewable resources and biofuels is pointed out as one major
solution. However, biofuels produced using terrestrial plants, such as soybean, sugarcane
and corn, compete for fertile soil with food production (Scharlemann and Laurence 2008).
Therefore, the development of third-generation biofuel feedstocks based on cyanobacteria is
advantageous, especially given their rapid growth rates, high CO. fixation capacity, high
yields in applied lipid extraction, the possibility of growing in facilities installed in non-
arable lands, and the possibility of implementing a non-seasonal production dynamics
(Raheem et al. 2018). In addition to biofuels production, electricity can also be generated
directly using cyanobacteria in systems such as Microbial Fuel Cells (Zhao et al. 2012).

Another hot topic regarding cyanobacteria applications that constitutes also a major
challenge faced recently by the humankind is Space exploration. Many years ago, the
visionary Carl Sagan suggested the use of these organisms in the planet Venus, to render it
more Earth-like (Sagan 1961). Nowadays, the use of cyanobacteria in Space exploration
continues to be an option with great potential. Long-duration travels and future inhabitation
in space will require almost zero dependency on Earth supplies. Therefore, one of the
essential steps to ensure independency is to develop a controlled ecological life-support
system that can recycle the atmosphere (producing oxygen and capturing COy), purify water,
and generate food for human consumption. The regeneration of resources could be achieved
through a combination of biological and physicochemical process (Mitchell 1994). The use
of photosynthetic organisms such as cyanobacteria in these systems is now under study (e.g.
incorporation of Arthrospira in the project MELiISSA - Micro-Ecological Life Support

System Alternative; https://www.melissafoundation.org, assessed on December 4™ 2021).
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Cyanobacteria are indeed remarkable oxygen producers, food suppliers, a source of
bioenergy and biofertilizers. Their ecophysiological features as detailed above also promote
these organisms as possible supporters for Mars colonization (Arai 2009; Verseux et al.
2016).

In order to achieve a better and more sustainable World, the United Nations promote
the Sustainable Development Goals (SDG) to address the most significant global challenges
of the humankind, including poverty, inequality, climate change, environmental
degradation, peace and justice. Cyanobacteria exploitation can be part of solutions
developed to tackle some of the UN SDG (Figure 1-1). Among the 17 SDG established under
the 2030 Agenda, the possible use of nutritional rich cyanobacteria as food supplements and
in aquaculture, as well as their use as biofertilizers to improve crop cultures, is in line with
SDG 2 (Zero Hunger). Also, the extraction of specific metabolites with application in the
health and pharmaceutical sector meets SDG 3 (Good Health and Wellbeing). The
bioremediation abilities could help to contribute to insure cleaner water, in line with SDG 6
(Clean Water and Sanitation). For the SDG 7 (Affordable and Clean Energy), cyanobacteria
can contribute as feedstock for biofuels and electricity production. Finally, their ability to
absorb the atmospheric CO- is in line with SDG 13 (Climate Action).

BIOACTIVE COMPOUNDS

13 o

Q CO, MITIGATION

Figure I-1: Link between the UN SDG and applications

of cyanobacteria, or cyanobacterial compounds.

11



Chapter I: General introduction

In addition, the Green Deal is also one important framework at the European level
towards achieving a more sustainable world. Among its goals is a more efficient use of
resources by moving to a clean and circular economy. In this context, blue bioeconomy is a
fundamental pillar to meet the EU environmental and climate objectives (European
Commission 2021). Furthermore, the exploitation of cyanobacteria following a biorefinery
concept is a meaningful strategy used to promote blue bioeconomy (the algae blue
bioeconomy sector has been gaining increased attention; European Commission, 2021).
Biorefinery is a concept that can be defined as “the sustainable processing of biomass into a
spectrum of marketable products and energy” (IEA 2008). It explores the idea of multiple
valorization routes using the same biomass (IEA 2008) and allowed a transition into a bio-
based economy, using renewable sources and circular economy philosophy (Verissimo et al.
2021). Considering the many applications and exploitable products of cyanobacteria, as

described above, this is a concept that could be applied to the valorization of these organisms.

I-1. Objectives and structure of the Thesis

The main goal of this Thesis is the exploration of the biorefinery concept in the
valorization of cyanobacteria. This concept was applied herein to cyanobacteria to explore
which could be the future valorization of natural blooms and cultured strains, allying
environmental management (of the old problem posed by cyanobacteria blooms) to
biotechnological exploitation. Also, following the inner logic of the biorefinery concept,
different studies focused on specific routes of valorization of specific products or

applications.

This Thesis is structured in seven chapters. The first and seventh chapters correspond
to a brief introduction and to the final remarks of the Thesis, respectively. The other five
correspond to individual research papers, published or submitted to peer-reviewed journals.
A summary of the major aims of the studies reported in each of these chapters is described
as follows, and depicted in Figure I-2.

Chapter Il contains a review that complements the Introduction of this Thesis.
Therein, the conceptual possibility of retrieve value from the removal of natural blooms is

discussed, by reasoning on the “bright side” of cyanobacteria. It additionally develops and
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proposes a model for promoting efficient environmental management of natural blooms

through linking with major biotechnology approaches.

Chapter 1l contains the work developed to better understand the differential
exploitability possibilities of several cyanobacteria species. Indeed, the study was triggered
from the acknowledgment that different species would produce different compounds at
different rates depending on the culturing conditions and on their growth dynamics, thus any
exploitation investment should stem from previous evidence on these aspects rather than on
convenience. This first experimental work aimed specifically to compare the growth
dynamics and the pigment production patterns of three species. The cyanobacterium most
commonly selected for exploitation Arthrospira platensis and two alternative species,
Anabaena cylindrica and Nostoc muscorum, were studied, and their production of
chlorophyll a and C-phycocyanin was monitored during the growth period. While the major
aim was to understand if species other than Arthrospira platensis could be a valuable source
of pigments, different methods (spectrophotometry and fluorimetry) were explored to
understand whether there is an appropriate proxy for biomass increase and pigment

production that can be used for monitoring purposes in industrial exploitation settings.

Since phycocyanin is one of pigments with higher market value, Chapter IV aimed
at assessing the biological activity of cyanobacteria extracts rich in C-phycocyanin. The
cyanobacterium Anabaena cylindrica was used as a model for extraction and extract
biological activity assessment (antioxidant, antimicrobial, biocompatibility, and antitumor
against human cell lines). Raw extracts were compared with purified extracts to understand
if the desired biological activity was achievable using less purified (easier and cheaper to
produce) extracts, and extracts lyophilisation was also addressed.

Chapter V was driven by the search for interesting compounds other than pigments
that could be valorised from cyanobacteria feedstocks. Here the goal was to explore the
metabolic profile of the cyanobacterium Nostoc muscorum through high resolution *H NMR.
The long-term culturing and the periodic samples to metabolic analysis allowed an insight
on how the metabolic profile evolved during the growth, providing important insights on the
dependency of yields on the harvesting schedules established for up-scaled cyanobacteria

cultures.
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In Chapter VI the goal was to evaluate the possible role of cyanobacteria in Space
exploration, namely supporting Mars colonization. Considering the necessity of becoming
less dependent of Earth supplies, this study focused on the ability of several species of
cyanobacteria and microalgae (Anabaena cylindrica, Nostoc muscorum, Arthrospira
platensis, and Chlorella vulgaris), to grow using only resources existing in Mars (i.e. water
and Martian regolith). In addition, the capacity of these cultures as biofertilizers was also

evaluated using the macrophyte Lemna minor as a vegetable model.

Use the biomass of
cyanobacteria blooms
physically removed in
traditional control
actions as a feedstock
for future valorization,
and investing the profit

in environmental

protection
(Chapter I1)

Valorization
routes explored
in this work

GROWTH
DYNAMICS C- PHYCOCYANIN

AND PIGMENT EXTRACTS

METABOLIC
COMPOSITION

PRODUCTION

Chapter lil Chapter IV Chapter V

Figure 1-2: Schematic representation of the work developed within this Thesis.

The final outcome of this thesis is a multidisciplinary approach focusing on
cyanobacteria. Therefore, it connects many fields of expertise through collaborative work
within the fields of environmental management, ecophysiology, toxicology, metabolomics,
economics and biotechnology. In this way, problems associated with these organisms were
addressed as a background, but this Thesis essentially focuses on possible exploitation routes
applicable to cyanobacteria, through the exploration of different features such as growth
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Kinetics, pigment production patterns, C-phycocyanin extracts characterization, metabolic
profile evaluation, and finally, the possibility of using these organisms in Space exploration.
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biotechnology-based solutions to integrate water management programs

Abstract: Global warming and the anthropogenic degradation of water quality are pointed
out as main causes of the worldwide increase in frequency, severity, and duration of harmful
algal blooms (HABs). Cyanobacteria, major constituents of HABSs, can cause ecological,
economic, and human health problems, configuring a “dark side” requiring management
attention. Their growth can be potentiated by climate change consequences, highlighting
further the urgency of improving HABs management strategies to ensure water quality. An
innovative perspective for cyanobacteria management is the exploitation of their “bright
side”. Several exploitable products produced by cyanobacteria (e.g. bioactive pigments,
lipids, proteins) present high market value. Thus, this work provides a critical perspective
on how HABs management may be connected with biotechnology in the future. We propose
the use of the biomass of cyanobacteria blooms physically removed in traditional control
actions (much needed to ensure environmental and even human health safety) as a feedstock
for future valorization, thus allying profit to water quality management, in a win-win
relationship between economics and environmental sustainability. Such a proposal was
validated with an economic analysis, which evidenced a relevant potential for a positive
Return (hence rendering profit likely to occur), both considering only the delivery of
harvested biomass to production units and the full valorization route from harvesting to the

selling of the extracted/purified product using phycocyanin as a model.

Keywords: cyanobacteria blooms, water management, biomass exploitation, biotechnology,

economic impact
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I1-1. Introduction

The warming of the climate system is unequivocal. Due to the changing in
precipitation patterns or the melting of snow and ice, hydrologic systems suffer alterations
in their common cycles, with consequences in water quantity and quality (IPCC 2014a).
Under a global change scenario, water scarcity in many regions will became (or already is)
a reality, and contamination of freshwater sources will continue to be an issue (e.g. 80% of
the world’s population already suffers serious threats on water security; IPCC 2014b). One
of the threats to water degradation is the proliferation of phytoplankton groups such as
cyanobacteria. Along with the anthropogenic eutrophication and increasing CO: levels in
the atmosphere, climate change manifestations, namely rising temperatures and altered
hydrologic patterns, are strong drivers of the increased frequency, intensity and duration of
cyanobacterial blooms (Paerl and Huisman 2009; Paerl and Paul 2012; Visser et al. 2016b).
Thus, water management programs need to increasingly consider these organisms to assure
human health and ecosystems safety. On the other hand, cyanobacteria have the biochemical
potential to be commercially exploited in agriculture, aquaculture, bioremediation, biofuels,
nutraceutical and pharmaceutical products (Eriksen 2008; Sekar and Chandramohan 2008;
Pandey et al. 2013; Kamal and Ahmad 2014). This imposes the key question on whether
exploiting cyanobacteria blooms can be a sustainable strategy supporting the management
of affected waterbodies. Here, we document the suitability of exploring the nuisance biomass
removed in environmental control actions and the economic income that can offset
management costs. We first provide key definitions for the understanding of the field,
regarding the ecophysiological advantages of cyanobacteria and how climate change
promotes them. Then, the critical problem of bloom formation and cyanotoxins production,
configuring the “dark side” of cyanobacteria, and (linked) management actions are
discussed, these crossed with the “bright side” represented by their biotechnological
valorization. Moreover, an exercise will be presented considering the potential economic
impact of working the “bright side” of cyanobacteria through biotechnology approaches,
aiming to allow a deeper understanding of the positive consequences of promoting the
ecosystems conservation through their biotechnological valorization. Overall, this review
aims to be the trigger for innovative approaches to deal with the cyanobacteria-driven
environmental and health issues, interconnecting the fields of water quality, water

management, and biotechnology.
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11-2. The nuisance potential of cyanobacterial harmful algal blooms (CyanoHABS)
Cyanobacteria are gram-negative bacteria performing photosynthesis (Domain
Bacteria: Phylum Cyanobacteria) that can occur singly or grouped in colonies, often forming
blooms. A complex interaction of environmental factors linked to global climate change has
been contributing to cyanobacterial growth and leading to the outcompeting of eukaryotic
algae (Visser et al. 2016b) (Figure 11-1). Higher optimal temperature ranges for growth
(Paerl 2014), buoyancy capacity allowing to benefit (better than non-bouyant microalgae)
from vertical stratification caused by the water surface warming (Paerl and Paul 2012),
higher production and accumulation of photoprotective pigments and antioxidant amino
acids supporting protection against increased UV irradiation (Carreto and Carignan 2011),
and even a better efficiency using increased CO- levels in the atmosphere as a source of
carbon (Visser et al. 2016Db), feature the capacities of cyanobacteria in this context (Figure
I1-1). Even under drought conditions, cyanobacteria can be favoured (Smith et al. 2008) due
to increased water residence (Paerl 2014), as well as with the increase in salinization of
freshwaters (Paerl and Paul 2012). Finally, diazotrophic cyanobacteria (e.g. Anabaena, and
Cylindrospermopsis) can fix atmospheric nitrogen in heterocysts to grow successfully under

nitrogen scarcity (Moisander et al. 2012).
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Figure 11-1. Synthesis on the driving role of climate change towards cyanobacteria dominance over
other phytoplankton groups, with emphasis on the consequent noxious effects in ecosystem and
human health, as well as negative socio-economic impacts resulting from nuisance management

demands.

Harmful algal blooms (HABS) is the generalist name given to algal blooms that affect
adversely the environment, plants or animals’ health. This is a worldwide nuisance and the
greatest public health impacts related to HABs are linked to CyanoHABS, considering
drinking water supply and recreational waters (Backer 2002). As a worldwide problem, it
affects some of the largest and resourceful water bodies (e.g. Lake Vitoria, Africa; Lakes
Erie and Michigan, US-Canada; Lake Okeechobee and Lake Ponchartrain, USA; Lake
Taihu, China; Lake Biwa, Japan; Baltic Sea, Northern Europe; Caspian Sea, West Asia;
Chesapeake Bay, USA; North Carolina’s Albermarle-Pamlico Sound, USA; Florida Bay,
USA; Swan River Estuary, Australia; Patos Lagoon, Brazil) (Paerl 2014). A worldwide
overview on reports of cyanotoxins showed its presence in 14 countries (76 freshwater
systems) in Africa, 15 countries (131 freshwater systems) in Asia, 106 freshwater
ecosystems in Australia and New Zealand, 25 countries (273 freshwater systems) in Europe,
4 countries (204 freshwater systems) in North and Central America, and 6 countries (79
freshwater systems) in South America (Svircev et al. 2019). This analysis was made based

on the published literature, meaning that the problem can be largely underestimated as
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blooms can remain largely unreported at this level. From an ecological perspective,
CyanoHABs lead to the reduction of biodiversity, habitat deterioration or even production
of toxins (de Figueiredo et al. 2004) as detailed in Figure I11-1. Consequently, socio-economic
impairment occurs, especially regarding affected drinking water reservoirs and recreational
waters (WHO 2003), seed on the treatment demands (Westrick et al. 2010) (Figure 11-1).
While information on HABs prevalence and management costs is particularly difficult to
find for example regarding Europe, data for USA can be found in scientific and official
reports (Sanseverino et al. 2016). Costs associated to monitoring programs can be more
easily assessed than the overall costs of blooms (these must account to the ecological and
economic impacts of blooms, which are difficult to comprehensively measure), and are
dependent on the monitoring strategy applied and also the area of the affected lake or
reservoir (Hamilton et al. 2013). In large lakes like Taihu (2537 km?) and Chaohu (775 km?)
in China, severe events of cyanoHABs imposed the closure of water treatment plants and
caused losses of more than RMB 100 million in each lake (Hamilton et al. 2013). The costs
associated to additional water treatment and to the service relocation to other water sources
where safe use is ensured are also remarkable. These costs can range within $12 and $56
millions for dealing with a problem in a town of 100 000 people, in the USA (Naidenko et
al. 2012). More data for USA can be found (e.g. Sanseverino et al. 2016), with Bingham and
collaborators (2015) estimating $43 millions/year of losses for recreation and tourism, $18
million for property values and $4 millions for treatment of drinking water following
cyanotoxin contamination in Ohio. An interesting study by Smith et al. (2019) in Canada
demonstrated the long-term impacts of blooms. These authors pointed out an equivalent
annual cost equal to $272 millions (2015 rates) over a period of 30 years, in a business-as-
usual scenario. Commercial fisheries affected by problems of eutrophication could generate
losses of £ 29-118 000 annually in the United Kingdom (Pretty et al. 2003). For a more
complete compilation of economic data regarding the losses in sectors such human health,
commercial fisheries, tourism and recreation, monitoring and management, we refer to the
report on the topic to the European Commission by Sanseverino and co-workers (2016).
Still, not many studies focus systematically on the effects of cyanoHABSs regarding human

health impairment due to the difficulty of establishing consequence links.
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I1-2.1. Cyanotoxins

The production of cyanotoxins is associated to specific genes that may or may not be
present (Kurmayer and Christiansen 2009), and even if present, expression occurs depending
on environmental conditions (Merel et al. 2013). Still, toxic blooms may occur frequently
with potential health risks associated to direct contact, bioaccumulation of cyanotoxins
through the food chain and/or through the inhalation of water particles due to crop-spray
irrigation, and haemodialysis (WHO 2021). Cyanotoxins can act as neurotoxins (including
neurodegenerative agents), hepatotoxins, cytotoxins, and dermatotoxins (Figure I1-1).
Occurrence of cyanotoxins and its association with cyanobacterial taxa can be pictured, as
previously reviewed (Metcalf and Codd 2012; Sanseverino et al. 2016; WHO 2021), but
expectable concentrations are difficult to ascertain due the scarcity of studies addressing the
time and space variability of blooms’ toxin content, although this is critical information to
conduct proper risk assessment and protective water management (WHO 2003).

Despite sub-lethal doses allow full recovery and no effects of chronic exposure are
usually observed, neurotoxins can be lethal at high doses by causing asphyxia through
paralysis of respiratory muscles (WHO 2003). Besides direct action as hepatotoxins,
microcystins accumulate in mammals and fish, with consequent tissue and cell damage
(Metcalf and Codd 2012). Microcystin toxicity is cumulative, and it can be lethal in
vertebrates depending on the dose by liver necrosis, within hours to a few days following
exposure (NHMRC 2008). Meanwhile, chronic exposure of humans to low microcystin
levels in drinking water can promote cancer (de Figueiredo et al. 2004). In Caruaru (Brazil),
numerous deaths occurred by exposure to microcystins in water used for the dialysis (Pouria
et al. 1998). This is the most common toxin found worldwide (Srivastava et al. 2013), but
cylindrospermopsin is also a concern. It was first discovered after a poisoning incident on
Palm Island (Australia) in 1979, when 148 persons were hospitalized with hepatoenteritis
due to contamination of a drinking water reservoir (Griffiths and Saker 2003). This toxin
acts by blocking protein synthesis, potentially causing kidney and liver failure (Chorus et al.
2000). Besides acutely hepatotoxic, cylindrospermopsin is genotoxic and potentially
carcinogenic (Messineo et al. 2010).

While cyanotoxins can entry in the human body via direct contact, swallowing or
inhalation during recreational or occupational exposure to contaminated water, less common

exposure routes are through renal dialysis, irrigation water used in crops and possible uptake
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into the food chain and dietary supplements (WHO 1999).

11-3. Brief notes on the regulatory appraisal of cyanoHABs

The nuisance potential of cyanoHABs was ignored in socio-political arenas
worldwide until the 1990s, when evidence of environmental and human health impairment
by cyanobacteria and cyanotoxins became exposed. The United States Environmental
Protection Agency (USEPA) included freshwater cyanobacteria and their toxins in the first
Candidate Contaminant List in 1998, and since then, regulatory agencies worldwide started
considering cyanotoxins as potential bioterrorism agents (OPCW 2005). In the European
Union (EU), the main piece of legislation concerning water quality management is the Water
Framework Directive (WFD - 2000/60/EC), establishing the concept of ecological water
quality, while the specific Bathing Water Directive (BWD - 2006/7/EC) regulates the quality
of recreational waters. Phytoplankton is a defined indicator of the ecological quality of water
by the WFD; although this includes Cyanobacteria, no guidelines specifically targeting
cyanotoxins are given. Regarding the BWD, HAB-causing organisms are neither assessed
in practice nor given a relevant role in the qualitative classification ruling management
actions, although cyanobacteria are specifically mentioned as part of the bathing water
profile. Currently, a new Directive is under preparation, which will certainly follow the
recommendations by the World Health Organization (WHO) on cyanobacteria. These
recommendations include on-site public awareness on the risks in susceptible areas
following on dedicated monitoring of cyanobacteria biovolume, chlorophyll-a,
phycocyanin, water transparency or cyanotoxin concentration (WHO 2018). An important
example of supportive WHO guidelines are those for safety levels in drinking and
recreational waters recently published (WHO 2021) building up from the previous
equivalent (WHO 1999). This document suggests several guideline values for several
cyanotoxins. The guidelines are based on animal studies, except for saxitoxins due to the
rapid onset of highly specific symptoms caused by the consumption of contaminated
seafood. The provisional lifetime drinking-water guideline values are around 1 pg.L™ for
microcystin-LR and 0.7 pg.L? for cylindrospermopsin, while the provisional short-term
drinking water guideline values are close to 12 pg.L™ for microcystin-LR, 3 pg.L™? for
cylindrospermopsin and 30 pg.L™ for anatoxin-a, with an acute drinking water guideline

value given also for saxitoxins (3 pg.L™). The provisional recreational water guideline
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values are of 24 pg.L™* for microcystin-LR, 6 pg.L™* for cylindrospermopsin and 60 pg.L™
for anatoxin-a, while there is a recreational water guideline value of 30 pg.L™ for saxitoxins.
Besides providing these guidelines, the WHO also suggests an Alert Level Framework, with
specific guidelines and steps for both drinking and recreational waters. As each level is met,
the WHO suggests specific management measures ranging from the triggering of closer
surveillance to the use an alternative water supply or an effective water treatment (in the
case of drinking water), as well as bathing restriction (in the case of recreational waters)
(WHO 2021). In parallel to the WHO protocol, several countries established their guidelines
focusing on cyanotoxin concentration reviewed by Chorus et al. (WHO 2021). Recently, the
European Union released a new Directive on the quality of water for human consumption
(EU Directive 2020/2184) that should be transposed to the national legislation of the
Member States by 12 January 2023, and microcystin-LR was added to the list of compounds
of mandatory monitoring by 12 January 2026 (Part B of Annex 1). The same guideline as
used by the WHO (1 pg.L* for microcystin-LR) is proposed as a safety benchmark, but this
toxin only needs to be measured when there is a risk of blooms occurrence in the water

Sources.

11-4. Current management strategies targeting cyanoHABs

Risk management programs are dependent on the political, social and economic
context, as well as on the scientific data available in each region (WHO 1999). Despite the
inexistence of a “rule of thumb” to deal with cyanobacteria, Alert Level frameworks are a
common management instrument, applicable in drinking water facilities (WHO 1999) and
water bodies used recreationally (e.g. Macério et al. 2017). Management can be done by
taking preventive measures, to reduce nutrient inputs in the water, or control measures, to

remove cyanobacteria or their toxins from affected waters.

I1-4.1. Common preventive measures targeting cyanoHABS

The application of preventive measures targeting cyanoHABs requires the
identification and limitation of human- or animal-driven contaminants’ input into
waterbodies. As management at the source level is expensive and time-consuming (Jancula
and MarSalek 2011), and given that natural feedback mechanisms in aquatic ecosystems

stem from the benthic compartment (Merel et al. 2013), there is a delay (that can be of several
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years) between implementation and the significant dropping of nutrient concentrations
below levels expected to sustain an algal bloom (Merel et al. 2013). Alternative prevention
measures have been deemed effective in the short-term, which can be of physical, chemical
or biological nature (Table I1-1) as follows.

The disruption of natural water stratification is meant to favour the access to light of
non-buoyant green algae and diatoms (Visser et al. 2016a). Bubble plume aerators and
mechanical mixers are the most common equipment for artificial de-stratification, its
efficiency being dependent on the interplay of several operational conditions (Newcombe
2009; Visser et al. 2016a). Such systems were already used successfully to depress
cyanobacteria, favouring diatoms and chlorophytes in the Bleiloch Reservoir, Germany
(Becker et al. 2006), but validation is still scarce to assume their broad efficiency (Chen et
al. 2018) and evidence actually exists that the technique can promote rather than control
some cyanobacteria species (Nurnberg et al. 2003). Despite the increasing interest and use
of these techniques, the information is still scarce to assume their efficiency as a tool
applicable to different types of waterbodies and to different types of phytoplankton blooms
(Chen et al. 2018). These methods are based mostly in responses of different phytoplankton
groups at a laboratory scale and not through experiments using model ecosystems (Lofton
et al. 2019). The costs associated to water destratification are variable according to the
situation and size of the reservoir, the reference for large systems being within the hundred
thousand dollars range (Steffensen 2008). For example, after a damaging bloom of
Planktothrix rubescens with high microcystin concentrations in Lake Boerhringen (0.735
km?), in Germany, an artificial destratification device was installed with associated costs of
EU 80 000 plus EU 3000 annually for installation, coupled with EU 10 000 annually for
monitoring (Hamilton et al. 2013). Water-level fluctuations can be applied to disrupt water
stratification and managing water retention times every few days for lake-restoration, by
controlling the magnitude and timing of the discharge. Reducing retention time can
successfully reduce cyanobacteria provided that dilution rates are higher than cyanobacteria
growth rates (WHO 2021). This technique can be applied in reservoirs, rivers (Bormans and
Webster 1997), and lakes (Coops and Hosper 2002) where it is possible to control the
magnitude and timing of the discharge. The removal of sediments to limit the release of
nutrients to the water column is another option, but very labour intensive, typically with

short-term implications in water quality and questionable ecosystem quality improvement
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(Paerl et al. 2016). Draglines, dry mechanical removal, or hydraulic dredging are techniques
available for sediment removal, but this is not a frequently used prevention strategy towards
cyanoHABS; indeed, the last known (i.e. reported in accessible literature) action of this type
was undertaken long time ago for the restoration of Lake Springfield, Illinois, USA (Buckler
et al. 1988). In this case, the unit cost was $ 3 per cubic yard to dredge the sediment from
the lake. Among the additional costs, $ 46 000 annually were spent for the treatment of the
high turbidity levels at the city filtration plant, caused by the continued sediment transport.
Hypolimnetic oxygenation decreases the release of nutrients from the sediments without
disrupting the stratification of the water body, but it is expensive and requires deep
understanding of hydro- and nutrient dynamics, which is often difficult to achieve
(Newcombe 2009). For the purpose, airlift pumps, side stream oxygenation and direct
oxygen injection can be used (Beutel and Horne 1999). Phosphorus (phosphate) precipitation
(Cairns et al. 2013; Nakamura 2019; Nie et al. 2019) followed with treating the sediment by
capping with different agents (Newcombe 2009) can also apply to chemically prevent

cyanoHABS, while inefficacy has been noted in some systems (Paerl et al. 2016).

11-4.2. Common control measures targeting cyanoHABS

Chemical control approaches can be very efficient in the rapid deterioration of
existing cyanoHABs (e.g. Matthijs et al. 2012), most commonly by the application of
coagulants and algaecides (Table 11-1). Coagulants, such as aluminium and ferric salts (Ho
et al. 2012) deposit cyanobacteria cells preventing access to light, the deposits being then
removed mechanically. However, they can in parallel disrupt cell walls and membranes, with
the consequent release of cyanotoxins, and residues can easily exceed water quality
standards. In this way, the use of coagulants should be coupled with methods for the removal
of the deposited mass from the water body, hence preventing the release of toxins to the
water column (Newcombe 2009) and eliminating the threat posed by the burdening of the
system with potential pollutants.

New coagulants are being developed with better performance regarding cell lysis
(Wang et al. 2018) and improved environmental safety (Ahmad et al. 2011; Wang et al.
2013), although with some recognised constraints. Synthetic algaecides (House and Burch
2002; Janéula and MarSalek 2011; Matthijs et al. 2012) are applied to cause cell lysis, being

mostly used in early stages of a bloom to minimize toxin release (Newcombe 2009).
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Commonly used algaecides are chemicals based on metal elements such as aluminium, iron,
copper, and calcium (Janéula and MarSalek 2011). Their high and unspecific toxicity ranges
are a problem (Jandula and MarSalek 2011), and alternative promising bio-based substances
(Lin et al. 2019) have been studied. Although bearing lower toxicity to other phytoplankton
groups and higher biodegradability, these substances are typically less effective and have
higher production costs. As for coagulants, parallel measures must be coupled to the use of
algaecides, to safely deal with potentially released cell metabolites. Ideally, after a treatment
with an algaecide, the treated waterbody should be isolated for a period of time in order to
allow the degradation of the toxins and odours (Newcombe 2009). Additionally, it is worth
remarking that, although chemicals like coagulants or algaecides can reduce the proliferation
of cyanobacteria via decreasing the nutrient concentration or growth inhibition, these
generally have poor specificity and can have negative impacts in non-target species sharing
requirements or uptake/exposure routes, thus causing secondary pollution of the treated
aquatic systems (Jan¢ula and MarSalek 2011; Huh and Ahn 2017). Also, due to biotic or
abiotic degradation processes, many of these treatments should be applied repeatedly, which
renders this strategy very costly (Paerl et al. 2016). For example, treating reservoirs ranging
from 1300 to 26 000 ML can cost $ 20 000 to $ 50 000 in South Australia. Estimations
suggest $ 1 million cost per year for the use of algaecides and the correspondent disposal of
the algaecide contaminated water sludge (Steffensen 2008).

Biological strategies emerged as alternatives to chemical dosage (Table I1-1). These
are based on biomanipulation techniques over the trophic structure of the system. Top-down
strategies (e.g. favouring grazing by reducing zooplanktivory) fail to control blooms of
inedible species (e.g. filamentous morphotypes) (Gragnani et al. 1999). In cases where a
bloom composed mainly by inedible species occurs (e.g. filamentous cyanobacteria),
grazing by zooplankton will be focused on algae rather than cyanobacteria, ultimately
leading to the increase of cyanobacteria due to the operated reduction of competition
(Gragnani et al. 1999). Bottom-up control is based on the increase of competition for
nutrients limiting the cyanobacterial growth e.g. by manipulating macrophyte density to
promote competitive nutrient removal from water (Demeke 2016) and to favour the release

of allelopathic compounds to cyanobacteria (Mohamed 2017).
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Table 11-1: Non-exhaustive compilation of current and proposed methods to prevent and control cyanoHABs. Physical (Phys.), chemical (Chem.) and biological (Biol.) methods are covered and

examples of entailed agents are given. The operational constraints (or requirements) to successfully apply each method, as well as advantageous or disadvantageous aspects (relative among different

alternatives within each type of method), were interpreted from the literature and are more limited for strategies that are still at very early development stages.

Technique

Agents/Equipment

Operational constraints

Advantages

Disadvantages

Prevention

Destratification

Bubble plume aerators
Mechanical mixers

Depth; air flow rates or
intensity/duration of treatment;
degree of stratification

Do not use noxious chemicals

Results are dependent on the structure of
the phytoplankton and even the

cyanobacteria community

Successfully applied for lake

Phys. Water level Manipulation of high volumes of . . Affects the whole hydrodynamics, and
. Outlets restoration. Relevant nutrient . .
fluctuations water o potentially the non-target biota
decrease by dilution
. Draglines; dry mechanical removal;  Very labour intensive and o ] ) . Lack of specificity; may severely affect the
Sediment removal ] ) ] Limits sediment sourcing of nutrients
hydraulic dredging expensive benthos
. . Airlift pumps Expensive. Deep knowledge of Improves quality of habitats; limits . o
Hypolimnetic ) ) ) ) ) . . Maintenance of thermal stratification,
. Side stream oxygenation hydrodynamics, nutrient release and  sediment sourcing of nutrients and . . .
oxygenation . L . potentially benefiting cyanobacteria
Direct oxygen injection external loads noxious compounds
Chem. P precipitation ) )
. Lime, CaCOs, Ca204Si, CaCl: Expensive Effectively reduces phosphate levels ) )
coupled with ) o Potentially with severe effects on the
Requires repeated treatment and prevents (re)mobilization to the benthic biot
i i Insoluble iron compounds, zeoli enthic biota
sediment capping soluble iron compounds, zeolites, water column
bauxite, clay, calcite, Phoslock™
Control
Traditional Aluminium salts ) _ _ _ Inherent cell lysis. Low specificity - impairs
. Expensive by the need of multiple Fast action and effectiveness . . . )
coagulants Ferric salts ) non-target species. Polluting residues. Ti
treatment and removal of deposited .
i |mproved efficacy and easier XerOgelS are more expensive and not
Chem. _ Titanium xerogel residues _ .
Innovative removal; targets also cyanotoxins comprehensively known yet
coagulants Expensive by the need of multiple Lower environmental toxicity and Relatively new, thus with inconsistent

Clays, Chitosan, Tannins

treatment

better biodegradability

evidence on efficiency
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Metallic salts (e.g. CuSOa)

Used in early bloom stages.

Possible cell lysis. Low specificity - impairs

Algaecides Photosensitizers (e.g. H20z, Expensive due to the need of Fast action and effectiveness .
. ) ) non-target species
phtalocyanines, TiO2) multiple treatment. Post-treatment
Triazine herbicides isolation required
Biological Polyphenols, nonanoic acids Dosing as plant extracts or as Less toxic in general and more easily  Less efficient. Their modes of action are
chemicals Sanguinarine purified biochemicals biodegradable still not fully known

Biomanipulation

Increase grazing by decreasing
zooplanktivory

Depends on the prevalence of

edible cyanobacteria species

Environmentally friendlier

Highly complex and with inconsistent
efficiency evidence

Macrophytes Inefficient in eutrophic waters
Biol. Cyanophages ] ] o
. . . " High cyanobacteria specificity Easy development of resistances
Biological control  Fungi (parasitism) . .
_ _ - (cyanophages and fungi) or are unspecific.
agents Bacteria (Extracellular metabolites) o .
-- Difficult to isolate and culture at large scale
Protozoans (predation)
. Oil-spill skimmers Application at late bloom stages . ) Requires further investment to treat
Phys. Biomass removal Does not use noxious chemicals

Pumps

(scum). Expensive

removed biomass
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Although some reports of success exist in the literature (e.g. Wang et al. 2012,
Amorim et al. 2019), this strategy may have limited efficiency in eutrophic lakes or
reservoirs with high phosphorus concentration (Demeke 2016). Regardless the typology,
biological control methods are invariably complex since they use living organisms, but they
also normally integrate different aspects: food web manipulation for the control of
cyanoHABSs can be based in one or more ecophysiological features of aquatic ecosystems,
such as grazing, predation, parasitism or the release of metabolites (Demeke 2016). Other
organisms like viruses (cyanophages), bacteria (through photosynthetic inhibition promoted
by extracellular lytic substances; Lin et al. 2008), parasitic fungi and predatory protozoa,
have been equated (Demeke 2016), but also bearing significant shortcomings (Cannon et al.
2008; Gerphagnon et al. 2017). Cyanophages are extremely difficult to isolate and/or culture,
and cyanobacteria can easily develop resistance to them (Cannon et al. 2008) while there is
generally a high specificity of the cyanophage to particular cyanobacterial strains
(Waterbury and Valois 1993). Parasitism of cyanobacteria by fungi is also possible, but
control strategies based on such biotic interaction are very difficult to upscale (Gerphagnon
et al. 2017). Also, although there are reports on predation over cyanobacteria by several
protozoans (Dryden and Wright 1987), the suitability of such a strategy can be questioned
considering that many cyanobacterial species form colonies preventing that protozoans graze
them (Demeke 2016).

Oil-spill skimmers and pumps were successfully applied for the physical control of
cyanoHABs (Table 11-1), especially at scum stages, combined or not with coagulation
(Atkins et al. 2001; Kozacek 2014). A successful case where an oil-spill skimmer was used
following coagulation with polyaluminium chloride was reported by Atkins et al. (2001),
regarding a Microcystis aeruginosa bloom in the Swan River, Australia. A different system
for physical control is the use of pumps to remove dense cyanobacterial blooms. This system
was used in 2007 in Taihu Lake, China, in a bloom that left more than 2 million people with
no potable water (Kozacek 2014), and vessels have been developed for the removal of
cyanobacteria from water through filtration (e.g. ASIO vessel; www.asio.cs, assessed on
April 1% 2021). A type of oil skimmer was also used in Southern Florida in 2018 after a
severe bloom, with a $ 700 000 grant from the Florida Harmful Algal Bloom Management
Grant Program being contracted to the company AECOM for solving the problem (Harpster
2018; Levi 2018). Still, examples of this type of physical removal as a cyanoHABs control
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strategy are very scarce. A potential problem of such strategies is the retainment of non-
target organisms along with the collected cyanobacteria, especially in the first stages of the
bloom, which are not the stages where mechanical removal is typically equated. These
control strategies are preferably applied in advanced stages of the bloom, when the cells
accumulate mostly on the surface; under such circumstances, the risk of collecting non-target
organisms dramatically decreases. Although physical removal may overcome the problem
of cell lysis, this strategy does not seem to collect the preference of managing entities,
possibly because of added costs of operation, i.e. those related to biomass removal and
transport for landfilling or wastewater treatment plants (Atkins et al. 2001). Given the
advantages of physical removal over other control treatments, which are inefficient
regarding contamination with cyanotoxins and/or burden ecosystems with hazardous
chemicals, the search for solutions to improve the economic sustainability of physical
removal is a worthwhile research arena, potentially with important impacts on the successful
management of cyanoHABSs under a circular economy rationale. In practice, the economic
income driven by the valorization of cyanobacteria biomass should easily cover the costs of
physical control methods relying on the removal of cyanoHABSs and eliminating or greatly

reducing waste generation.

11-5. Cyanobacterial biomass valorization

Climate change will increase the pre-existent risks and create new risks in several
environmental arenas, including those imposed by cyanoHABs. Thus, the adaptation or
development of solutions contributing to reduce the risk vulnerability and exposure is needed
(IPCC 2014b). The relevant drawbacks of current control strategies targeting cyanoHABS
prevent guarantying the nullification of the threat posed by cyanotoxins or withstanding
economic sustainability levels. However, the “dark side” of cyanobacteria can be
compensated by exploring their “bright side”, integrating cyanoHABs management by
physical removal with their biotechnological valorization. Firstly microalgae and, recently,
cyanobacteria have been considered amongst the most promising feedstock for biofuels and
biochemicals (Wijffels et al. 2013). However, only 10 % of the species were partially or
totally characterized in this context and only a few are industrially cultured (Raheem et al.
2018), suggesting high losses regarding the exploitation of their biotechnological potential.
Besides, cyanobacteria are biochemically rich in antibacterial, antifungal, antiviral, and
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antitumor compounds, some like polyunsaturated fatty acids and phycobiliproteins already
displaying high commercial value (Eriksen 2008; Sekar and Chandramohan 2008).

I1-5.1. High market value compounds produced by cyanobacteria

Elucidating on the broadness of application possibilities, Burja et al. (2001) analysed
424 marine cyanobacteria compounds and found that around 40 % were lipopeptides,
including compounds with cytotoxic, antitumor, antiviral, antibiotic, antimalarial, and
antimycotic activity, as well as multi-drug resistance reversers, antifeedants, herbicides and
Immunosuppressive agents. Figure 11-2 synthetises the most valuable cyanobacteria
products, along with their bioactivity and application ranges. Carotenoids are light-
harvesting pigments that are also protective for excessive solar radiation (Koller et al. 2014).
These are powerful antioxidants and can be used as colorants, applied as food additives, in
the cosmetics industry and in aquaculture (Olaizola 2000; Cardozo et al. 2007).
Phycobiliproteins are water-soluble fluorescent pigment-protein complexes acting as
secondary light-harvesting components in the photosynthesis (Pandey et al. 2013). The
primary application of these molecules is as natural dyes, although with potential for the
pharmaceutical sector (Spolaore et al. 2006) considering their bioactivity (Sekar and
Chandramohan 2008). Chlorophylls, the primary photosynthetic pigments, have been used
as food colorants (Hosikian et al. 2010) and more recently argued as cancer preventive agents
(Diaz et al. 2003). Although their potential, pigments exploitation is still in its infancy due

to low productivities and high recovery costs (Koller et al. 2014).
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PREVENTION CONTROL
physical or chemical management frameworks chemical dosing
bio-manipulation

strategies to prevent
bloom development

‘BRIGHT SIDE’

High-value compounds

CAROTENOIDS PHYCOBILIPROTEINS CHLOROPHYLLS FATTY ACIDS

nomic threat

B-carotene phycocyanin chlorophyll a EPA, DHA, GLA, ARA
bixin, lutein, zeaxanthin

antioxidants colorants food colorants (E140) cancer prevention
colorants antioxidant, anti-cancer anti-cancer cardiovascular protection
anti-inflammatory neuronal/ retinal stimulation (ARA)
immunity stimulator anti-inflammatory (GLA)
food additives food additives food additives food additives
cosmetics pharmaceutics pharmaceutics pharmaceutics
aquaculture aquaculture
$$$ $$$ $ $

/N water and ecosystem quality “ human health safety in the use of water 4" economic sustainability of management

Figure 11-2. Infographic overview of the proposed strategy for an improvement of management
frameworks targeting cyanoHABs, which are growing driven by climate change. The central pillar
of the proposal is the valorization of cyanobacteria biomass following control by physical removal,
especially regarding the efficient recovery of compounds, along with their bioactivity, application
sector and market value being indicated. High-value compounds that were not yet recognised for
market size/value estimation were not included and are rather discussed in the text. Icons were draw

in the free version of Iconion 2.7.

Still, pigments are the cyanobacteria products with the highest valorization potential,
particularly carotenoids and phycobiliproteins, the market value depending on the location
of production, the current marketing situations, and the product purity (Koller et al. 2014).
According to authoritative platforms (https://www.gminsights.com, assessed on January 17"

2021, for market size and projections), the carotenoids market size reached more than USD
200 million in 2015 and is likely to exceed USD 300 million by 2024, with lutein reaching
USD 40 million in 2015. Lutein can be sold in capsules of 18 mg (EU 27.78 for 30 capsules),

to improve eye function and prevent macular degeneration (www.nutribio.pt; assessed on
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March 24™ 2021). Phycocyanin worth over USD 18.5 million in 2018 and the industry
expects a consumption higher than 200 tons by 2025. One of the related products in the
market is the Super Bluecell, from Vegafarma (EU 51.25 for 30 capsules). These capsules
use phycocyanin from Arthrospira sp. (previously classified as Spirulina sp.) and are
claimed to be relevant to prevent diseases and aging, protect the organism and prevent
secondary effects of chemotherapy or radiotherapy (www.nutribio.pt; assessed on March

24" 2021). There is no specific information regarding chlorophylls, but the natural food
colorants market, where these pigments are dominant, is projected to surpass USD 4.7 billion
by 2024. The majority of chlorophyll sold in the market is presented as a liquid and the
pigment is commonly extracted from plants like alfafa. Liquid chlorophyll can be dissolved
in any drink, arguably to improve health by helping regenerating blood quality and

detoxifying. It can be sold by EU 15.95 for 100 mL (www.amazon.de; assessed on March

24" 2021). The market for lipids (e.g. Omega 3) that can be sourced by cyanobacteria is
smaller but still exceeding USD 2.3 billion in 2019 and estimated to reach USD 3.8 billion
in 2026. An example of a product that is already in the market is ALGAE DHA, by Nordic
Naturals. This Omega 3 supplement extracted from the microalgae Schizochytrium sp. is
argued to support optimal brain, eye, and nervous system function - 60 capsules of 500 mg
can cost EU 25.75 (www.iherb.com; assessed on March 24" 2021). This valorization route

for cyanobacteria lipids is nevertheless apart from their appreciation to produce 3" and 4%
generation biofuel (Raheem et al. 2018). Indeed, many cyanobacteria polyunsaturated fatty
acids such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), y-Linolenic acid
(GLA) and arachidonic acid (ARA), all having key roles in human metabolic and
physiological processes (Karmali 1996; Horimoto and Ogawa 1997; Fan and Chapkin 1998;
Holub 2009), can be used for nutraceutical, pharmaceutical and therapeutic applications
(Figure 11-2; FAO/WHO 1993; Ytrestgyl et al. 2015; Echeverria et al. 2017), such
applications representing a much higher economic income than biofuels (Koller et al. 2014).

Besides the above applications entailing an already established market,
cyanobacteria are also valuable for their polysaccharides (extracellular polymeric
substances). These compounds can be used as bioflocculants by the water treatment industry
(Tiwari et al. 2015); emulsifiers, stabilizers or thickening agents (De Philippis and
Vincenzini 1998) in the food industry; bioactive substances, e.g. sulphated polysaccharides

that can inhibit tumour invasion and metastasis (Hosikian et al. 2010); and bioremediation
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agents due to their metal binding capacity (Shah et al. 2000). Cyanobacteria can also produce
poly(hydroxyalkanoates) (Bhati et al. 2010), defined as potential substitutes to conventional
plastic (Koller et al. 2011). These polyesters have similar applications as polypropylene, but
are biodegradable, and related manipulation technologies are already widespread at the
industrial scale (Gradissimo et al. 2020). These compounds were already described in several
cyanobacterial species (Bhati et al. 2010), and since cyanobacteria have smaller nutritional
needs compared to heterotrophic bacteria, their use as industrial PHA producers is more
appealing considering that the costs associated to the microbiological production of the latter
are a constraint (Gradissimo et al. 2020). Specific high-value metabolites have been
extracted from cyanobacteria, with the most remarkable cases being (i) cyanovirin-N (CV-
N), a protein produced by Nostoc ellipsosporum able to inactivate some primary strains of
HIV-1; (ii) borophycin produced by Nostoc species with cytotoxicity against human
epidermoid carcinoma and human colorectal adenocarcinoma cells; and (iii) cryptophycin,
also isolated from Nostoc strains with fungicide activity and cytotoxic action against human
tumour cells (Burja et al. 2001). The production of secondary metabolites is generally
induced by stress conditions (Kultschar and Llewellyn 2018), which can meet environmental
challenges such as increased salinity, drought or temperature consequent to global climate
change trends.

Apart from extracted metabolites, whole cyanobacteria have been proven to be
competent in many other fields. They are apparently good bioremediation agents for metal
contamination (Fawzy and Mohamed 2017), can be used successfully as fertilizers (Grzesik
and Kalaji 2017), as feed supplements in aquaculture or as hosts for the synthesis of
nanoparticles (e.g. Lengke et al. 2007). The third-generation biofuels such as biohydrogen,
biomethane, bioethanol and biodiesel, can be produced using cyanobacteria (Raheem et al.
2018) and their potential for integration in Microbial Fuel Cells for electricity production
has been investigated (Zhao et al. 2012). Although the actual value of these applications is
still largely unquantified, the markets involved represent a significant economic potential,

more even considering that cyanobacteria do not compete with plants for (scarce) fertile soil.
11-6. Improving cyanobacteria exploitation: economic and sustainability aspects

The market of valuable products retrieved from cyanobacteria is increasing. This is

being reflected in the increased number of industries producing and exploring this biomass,
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as well as in research efforts (indicatively, a search in ISI® WoS by March 2021 using the
terms ‘cyanobacteria’ and ‘biotechnology’ retrieved a total of 387 hits, 16% published from
2020 onwards for the Core Collection database, or a total of 2626 hits, 5% published from
2020 onwards when retrieving from all databases) and in the high pace of discovery of novel
applications, as highlighted previously. Some examples of companies spread around the
world working in this market are Transalgae (Israel), AlgaEnergy (Spain), Algae Systems
(USA), Algenol (USA), IHI NeoG Algae (Japan), Pond Tech (Canada), Necton (Portugal),
Cyanotech (Hawaii), Taiwan Chlorella (China). Multinational companies are also investing
in this context, some heavily such as ExxonMobil in the field of fuel production (see the
onset of collaborative efforts with research institutes in e.g. Vasudevan et al. (2012) and in
the company’s dedicated website).

The use of natural biomass, especially nuisance biomass, to retrieve benefits while
concomitantly offsetting environmental problems, is a smart innovation concept that allows
building a win-win relationship between environmental and economic sustainability. These
‘mutualistic’ relationships are a key solution especially in a future where global climate
change is evident and nuisances such as cyanobacteria are expected to grow worldwide.
Realistically, regardless how exciting are academic exercises exploring the potential of
natural products or supporting the need of improving environmental management to protect
ecosystems and ensure the quality of natural resources, economic variables will always be
of paramount importance in defining the success of any newly proposed solution. In this
field, strategies that allow an integration of cyanobacteria biomass valorization in nuisance
management frameworks towards environmental restoration and human-health protection
(see Figure 11-2 for an overview of this suggested approach) are definitively worth of further
attention.

As previously detailed, control strategies based on the removal of cyanoHABs
biomass are currently not particularly suitable, and we believe that this can be because they
are not sufficiently explored. Our reasoning is essentially based on the valorization of
removed biomass to cover the costs of operation, and depending on the design of valorization
routes, the income may additionally compensate to a certain extent for the overall damage
caused by the cyanoHABS (i.e. economic costs of ecological and public health threats). This
perspective is illustrated in Figure 1l-2 as the change in focusing the “bright side” of

Cyanobacteria instead of their “dark side”. Such an add-on to nuisance management
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frameworks was already suggested e.g. for the invasive macrofouling bivalve Corbicula
fluminea by Rosa et al. (2014) and Domingues et al. (2020). An important remark stressed
in these works where profitable features of invasive species are exposed regards the need to
absolutely prevent further dispersion, while applying the proposed strategies to avoid the
scale-up of noxious environmental and economic impacts. This principle should be extended
to the valorization of cyanoHABs. Our proposal stems from the idea that cyanoHABS have
potential to be valued, but it is strict in the sense that this should be done when blooms cannot
be prevented and are already established. Moreover, its most prominent perspective is the
promotion of the economic sustainability of blooms control and the concomitant stimulation
of water quality improvement, which immediately tone down the relevance of business-
based approaches requiring, for example, spatial and temporal stability of the biomass
source; on the other hand, the framework is not preventive of an association between
environmental management entities interested mostly in the control of the nuisance and
business-driven sectors, depending on local regulation on the exploitation of natural
resources, the availability of the biomass and the relationships allowed between the sectors.

Ideally, a process where multiple valuable products can be retrieved from the same
biomass, as suitable in biorefinery processes, should be considered since this allows to
magnify the incomes (Chisti 2007; Raheem et al. 2018). As suggested by Chisti (2007) for
microalgae, cyanobacteria biomass can be used to concomitantly produce biodiesel, animal
feed and biogas, the costs of feedstock production being reduced by natural availability,
which contributes further to the efficiency of the valorization routes. Less positive aspects
of the valorization of cyanoHABSs within a biorefinery framework are two-fold. On the one
hand, blooms are seasonal in temperate areas (note that the magnitude of this problem
severely decreases in tropical and sub-tropical areas), but climate change (mostly rising
temperatures and altered hydrologic patterns) is changing blooms occurrence (Paerl and
Huisman 2009; Paerl and Paul 2012; Visser et al. 2016b), which translates in the extension
of the periods through each year when this biomass is available. Indeed, related changes in
the phytoplankton community composition have been observed (Visser et al. 2016b), as well
as the geographical expansion of cyanobacteria (Paerl and Huisman 2009). Still, although
cheap, cyanoHABSs biomass is spatially and temporally variable, so as it is its quality and,
consequently, the yields regarding different valuable products. A way to overcome both

shortcomings is the establishment of culturing facilities that can be activated when natural
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feedstocks cannot be collected whenever business-driven approaches are to be linked to
nuisance management frameworks. The culturing of cyanobacteria/microalgae at the
industrial scale is viable (see the example of Solazyme, Inc., San Francisco), and has
potential for improvement, for example, through genetic engineering of the cultured strains
(Wijffels et al. 2013) or by the implementation of integrated culturing systems that allow
reducing the costs associated to the creation of culturing facilities. These systems can use
wastewater treatment facilities, rich in nutrients, to produce algal biomass while retrieve part
of the organic load from waters. Systems like this, transform organic waste in algal biomass,
closing the cycle - see e.g. Rose et al. (2007) or Nagy et al. (2018) for the context, structure
and possibilities of integrated algal ponding systems. These systems not only contribute
generally to a sustainable development but also to improve the sanitation conditions,
allowing waste recovery, recycle and reuse, enabling societies to live from its nature income

rather than consuming its capital (Rose et al. 2007).

I1-6.1. Rendering the concept concrete from collection to exploitation — a reasoned exercise

Realistically, economic dynamics cannot completely dissociate from environmental
protection, and this in an important trigger to develop sustainable solutions for
environmental problems. This concept of blooms valorization does not entail a traditional or
even a straightforward approach, but it has the potential to effectively build a bridge to bring
economical profit to the side of ecosystems conservation, hence favouring environmental
protection and restoration. In the present section, we propose a structured theoretical
framework to build this bridge, rendering the overall approach economically and
environmentally productive, and thus sustainable. This framework is proposed and inspired
by the circular economy philosophy, being composed of four sequential, internally flexible
steps (Figure 11-3): step 1 would comprise collection, transport and eventual storage of the
blooms intended for valorization; step 2 would include biomass characterization; step 3
would comprise the selling of the biomass to extraction facilities; and step 4 would entail

the application of the potential profit or Return (R) retrieved from the selling of the biomass.
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Figure 11-3. Schematic illustration of the proposed concept of integrating the biotechnological
exploitation (‘bright side’) of cyanobacteria natural blooms to improve the efficiency of management
frameworks, as inspired by the circular economy philosophy. The scheme includes four sequential,
internally flexible steps.

The sequence towards the sustainable valorization of cyanobacterial blooms
obviously starts with the identification of an affected waterbody. Cyanobacterial biomass
can be extracted (i.e. removed) by suction of water with circulator pumps coupled with
sieves so that the retained cyanobacteria can be easily collected into a container in a truck
(Step 1). Systems for extraction of blooms and concentration of the biomass are increasingly
available, as illustrated by e.g. patent CN101602533B or the work of companies like
AECOM (Levi 2018), or ASIO (www.asio.cz, assessed on April 15t 2021). The cells retained
in the sieves can be scraped into an appropriate container for transport. The type of pump or
oil-spill skimmer used for collecting the cyanobacteria should be carefully optimised as it
constitutes an important part, if not the most significant part of the costs associated to the
proposed valorization strategy. Furthermore, depending on the stage of the bloom being

collected, sieving optimisation can be required. At an advanced stage (scum or nearly-scum
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phase), cyanobacteria accumulate mostly in the surface, and pumping only from surface
water layers prevents the capture of non-target organisms. When this is not the case, the
sieving system requires optimisation, for example by assembling sequences of sieves of
decreasing mesh size. While cyanobacteria should be retained by the finer sieve(s), the
accumulated biomass being easily scrapped into the transport container, non-target
organisms retained in larger upstream sieves can be easily returned to the ecosystem by back
flushing. The cyanobacteria biomass should be then transported into a processing facility
where it can be stored. The storage process (e.g. refrigerated chamber) prevents the
degradation of the biomass and the production of bad odours, until further biomass
characterization, i.e. toxin analysis (Step 2).

Step 2 is a critical step because the presence of toxins will determine the fate of the
biomass. Safety measures are important when handling potentially toxic cyanobacteria.
Protective equipment ranges from standard laboratory coats, gloves and safety glasses to
breathing masks if there is a risk of inhalation (WHO 2021), although this equipment does
not largely differ from basic safety equipment recommended for handling natural samples
from any aquatic ecosystem that is not comprehensively known by operators. Naturally, the
products extracted from a natural bloom may not be the same as the ones extracted from
pure cultures of cyanobacteria. Compounds with high purity requirements such as those
intended for food or pharmaceutical applications cannot be the primary targets of blooms
collected in natura. However, there are suitable and economically attractive applications for
such a raw biomass, including biofuels, fertilizers, but also the extraction of less purity-
demanding compounds and even toxins. If toxins are present, the biomass should be treated
carefully, and its destination could be the extraction of the toxins itself or the production of
biofuels. These cyanotoxins can be used as biocides due to their allelopathic character, with
application in algaecides, herbicides and insecticides (Berry 2008; Haque et al. 2017); high
valorization potential can be illustrated by e.g. the selling of microcystin-LF (6 - 9 pg.mL™)
by € 514.mL? (www.sigmaaldrich.com; assessed on April 1t 2021). It is worth noting in

this context that there is at least one example of the successful separation of microcystins
from phycocyanin using a natural bloom as a source of biomass (Shen et al. 2020), which
reinforces the suitability of extracting valuable compounds even when toxins contaminate
the raw biomass. If the biomass is potentially toxin-free, other uses can be immediately

equated (see section 11-5 for an overview) complying with the applicable regulation within
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each market envisioned. Therefore, toxin screening is critical, and can be made through
several approaches. Molecular approaches based on the identification of genes encoding for
cyanobacterial toxins can play an important role as they are simple, rapid, cost effective,
sensitive and specific, allowing the simultaneous analysis of several target gene products
(Pearson and Neilan 2008). The presence of these genes can be easily assessed by PCR
(Polymerase Chain Reaction) using primers targeting regions of the operons involved in the
synthesis of microcystins (Tillett et al. 2001), cylindrospermopsin (Schembri et al. 2001),
saxitoxins (Al-Tebrineh et al. 2010), anatoxins (Wood et al. 2010), and nodularins
(Koskenniemi et al. 2007). However, the presence of target genes does not necessarily mean
that they are transcribed and that transcripts are actually expressed for the actual toxins
production by the cells. Still, this screening stage is relevant: if samples do not bear genes
responsible for toxins production, then there is no need to invest in further stages (some more
expensive) to confirm the presence of toxins in the sample; depending on the target genes
present, then a selection of the downstream methods for the toxin quantification can be made,
with the logical cost-efficiency gains. In this context, methods like the Enzyme Linked
Immune Substrate Assays (ELISA) provide the concentration of a particular toxin in a tested
sample. This is the most common biochemical technique for cyanotoxins screening and it is
based on the coating of well plates or test tubes with toxin antibodies (Newcombe 2009). It
is a relatively inexpensive, simple, fast, sensitive, specific and easy technique (WHO 1999).
However, it also presents some limitations, as it does not distinguish toxin variants. Although
this can be a limitation in some studies, in stage 2 of the proposed framework, a precise
analysis of the toxin variants is generally unnecessary as the purpose of this biomass
characterization stage is to support the decision on directing the raw biomass for different
extraction companies, who then must design further assessment schemes depending on the
application intended for the extracted product and also the extraction and purification
processes used. Other options for the general characterization of the raw biomass may
include analytical methods such as High-Performance Liquid Chromatography (HPLC) (e.g.
Hiskia et al. 2017), Mass Spectrometry (MS) (e.g. Oehrle et al. 2010), or even but less used,
the Nuclear Magnetic Resonance (NMR) (Sanseverino et al. 2017). An overview on the
methods and recommendations can be found in the latest WHO guidelines (WHO 2021), in
Chapter 14. The safety limits that should withstand for cyanotoxins in the collected biomass

can be generally interpreted from those suggested by WHO for recreational waters. Still, the
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requirements of each application should tune the definition of each specific set of limits,
accounting to the planned processing stages since some of the steps involved (e.g. heat
treatment, pH, use of specific solvents) can possibly inactivate some cyanotoxins or even
allow the successful separation of the toxins from the target product extracted (Shen et al.
2020).

Once the biomass is characterized, the basic conditions are set for selling it to the
most suitable company. A myriad of companies is available (see section 11-6) and, according
to their industrial processes, biomass will be processed and transformed to different products
that can then enter in the value chain (Step 3). Finally, considering environmental ethic
principles ruling worldwide, it is straightforward that a step 4 is in place to ensure
compensatory measures. The most logical proposal is that the profit/return retrieved from
the valorization of natural blooms (generally regarding the selling of the biomass to
exploitation companies; see below) is re-invested in environmental protection in general or
in control by physical removal of blooms (eventually synchronized with step 1 of the
valorization framework) more specifically, picturing the closing of the cycle, as illustrated
in Figure 11-3.

In terms of framework management, the most efficient system would be to address
the collection, transportation, storage and toxin analysis to local/regional entities with
responsibilities towards environmental management of waterbodies (e.g. municipalities,
public/non-profit water treatment companies/organizations, environmental management
entities). This straightforwardly allows the use of the profit/return retrieved from biomass
selling to exploitation companies either to compensate for the expenses in the physical
removal of the blooms or to broadly apply in ecosystem protection and restoration measures.
Assuming that such a straightforward approach is not universally realistic, a system of fares
can be established in benefit of standard management entities in each country/region, so that
private companies profiting from each of the steps of the framework can support
environmental protection following the users-pay principle (OECD 2001). A final note is
worth making on the need to tightly regulate the actions under the scope of valorization
frameworks. In the case of our bloom valorization framework, regulation is critical to assure
that the bloom is not assumed as a normal profitable asset, because this is not primarily a
business model. Instead, the idea is restricted to the stimulation for an effective control of

existing blooms when preventive management was not effective. Although we obviously do
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not have real data to evaluate the economic viability of this approach, its preliminary
assessment before any future implementation is critical (section 11-6.1.1). This preliminary
assessment was made without a specific assignment of the return to each stakeholder
involved. This was done for simplification at such an early stage of the idea, but also because
the structure of the consortia involved in its future implementation are very much dependent
on the scale (national, regional or local), the overall governance structure regarding
environmental management of natural resources at each country or region, and the
managerial resources available, including personnel, infrastructure and budget. For example,
depending on the context, dedicated financial support from governmental sources can assist
the control by removal of cyanobacteria blooms in emergent situations (as reported e.g. for
Lake Taihu, China (Kozacek 2014)). In such a case, this funding adds to the return that can
be obtained through the valorization, reinforcing the stimulation towards effective
environmental management of blooms in particular and/or environmental protection and
restoration actions in general, since the scope for budget enlargement necessarily increases.
In addition, it is worth mentioning the currently unaccounted benefits that can be gained
regarding local and regional development through smart specialization as allowed by the

biotechnology-based valorization approach suggested.

11-6.1.1. Economic viability of the proposed concept

The potential market of removing cyanobacteria from contaminated waters and
commercially exploring the biomass was economically analysed, based on the creation
different scenarios. Briefly, when an economic analysis is under development, three areas
need to be fulfilled to complete the evaluation. It is required (i) to set up a target output or
production scenarios, then (ii) to determine the sequence of unit operations/steps and their
respective parameters and conditions, and finally, (iii) to collect the economic datasets to
populate the model. Following this rationale, some attempts have been approached by some
of us aiming to develop the best approach to evaluate the use of biotechnological processes
on the valorization of different biomass sources (Passos et al. 2014; Martins et al. 2021).
Specifically, in the recent work by Martins and collaborators (Martins et al. 2021), the
valorization of a marine raw material (red macroalga, Gracilaria gracilis) through the
exploitation of the economic and commercial potential of extracted and purified

phycobiliproteins was successfully addressed. Using a similar approach, the parameters of
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potential profit or Return (R) were defined and modelled herein. Briefly, this model/equation
generates an R value that can be a positive or negative number, which represents the potential
profit that can be generated from a product by considering its production, potential price,
and production costs. The simplified version for the Return equation (Eq. I1-1) used herein
relates the Return to the concentration of cyanobacteria in the contaminated water (mass per
unit of volume) (Ccyano), the potential selling price for this biomass (price per unit of mass)
($cyano), the associated administrative ($aamin) and process ($proc) costs for harvesting the

cyanobacteria (cost per unit of volume).

R = (CCyano X $Cyano - $Admin) - $Proc ECI-I I-1

As previously mentioned, different scenarios were created to provide a more
complete evaluation. For a more comprehensive analysis, a large range of values for each
variable was defined. It was decided to test for each of them the range from 0.001, then by
increasing by a factor of 2 up to reaching the first value above of 100 (this limit was decided
as it is possible to analyse any number of desired scenarios, but a limit must be established).
These values were applied for each variable, and the units can be expressed in any currency,
mass, and volume unit, as long as they are consistent throughout the equation. In the case of
the example presented here the units were either in g.L, Euro (EU).g%, or EU.L™. In total,
18 values for 4 variables provided a collection of 104 976 combinations. Within this range
of values for R obtained by the 104 976 combinations the potential real (in practice) value
can be found.

For this work, it was decided to use the value of EU 103 per 21 000 L (EU 0.0086
per 1 L) as a benchmark for the costs of harvesting cyanobacterial biomass from a
contaminated waterbody (i.e. process costs, $proc). This is a median value charged by some
Fire Departments in Portugal to fill private pools, following pumping from a natural
reservoir and transporting 21 000 L of water. We argue that the costs of the Step 1, regarding
the collection, transport and possibly short-term storage of the biomass (Figure 11-3) should
not be much higher/different that this reference value, considering our reasoning that public
services with own resources should be involved at this stage (see section 11-6.1).

Notwithstanding this, most of the scenarios created use a cost higher than this (> EU 0.008
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per 1 L), which will make this study a more robust tool to predict the potential real-life costs
and Return.

Since the Return indicates the potential profit, it should have a positive value. In
order to enhance the impact of the potential Return, the results are presented for the worst
scenario calculated. This scenario was achieved by using the maximum value (EU
131.072.L%) for the variables $admin and $proc. In this scenario, the values for Ceyano and $eyano
that provided the least positive R value were selected (Figure 11-4). To preserve a positive
value, the combinations of Ccyano and $cyano Will need to be maintained at the upper right
area of Figure I1-4. In terms of values, this means that a Ccyano 0f 131.072 g.L™! can have a
$cyano Of EU 2.048.g7L. The same relationship applies for the opposite, i.e. a value of $cyano
of EU 131.072.g can accommodate a low cyanobacterial concentration in water of 2.048
g.LL. It is critical to understand that these values can be read as high, but they are under the
assumption of the worst scenario for $admin and $proq. If these two variables ($admin and $rrod)
values decrease, then the curve in Figure 11-4 will shift towards the lower left, allowing room
for different combinations of Ccyano and S$cyano, particularly combinations with less

favourable values.
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Figure 11-4. Threshold for a positive Return (R) for a $admin and $rr0a at EU 65.536 per liter and EU
131.072 per liter. Combinations of $cyano and Ceyano for a positive R need to be to the upper right of

the curves.
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This approach allows any interested stakeholder to estimate the Return and,
potentially the profit resulting from the application of the suggested framework to natural
cyanobacteria blooms considering their actual costs, which will assume specific values in
between the wide range of scenarios used for each variable in the model, including the
cyanobacteria concentration of each addressed bloom, largely depending on the species
involved and the acting environmental conditions. Still, in order to render the approach more
concrete and to further emphasize the applicability of the framework proposed herein, the
economic analysis exercise can be continued by considering a specific extractable compound
of interest. Indeed, the biomass collected from natural blooms can be explored for different
bioproducts that can be used for different applications in different markets (depending on
their toxin content). This can be incorporated in Eg. 11-1 given the nature of the model, as
long as sufficient data are available, which is not so common currently. Although there are
many bioproducts that can be applied to the model, we are considering phycocyanin as a
model product and as an example for which own information is available (Sintra et al. 2021).
In this way, the Return analysis was added with two terms (Eqg. 11-2) to account (i) for the
potential income of selling phycocyanin (Cehyco X $rhyco); and (ii) for the production cost of

this pigmented product ($ehyco proc).

R = (CCyano X $Cyano - $Admin) - $Proc + (CPhyco X $Phyco - $Phyco Proc) Eq- -2

To populate Eqg. 11-2 and analyse the impact of including the profit and cost of
phycocyanin production, benchmark values were established for the variables in order to
decrease the number of calculated critical scenarios. Representing the worst-case scenario
regarding the variables in Eq. I1-1, Ccyano and $cyano Were fixed at the lowest level possible
(0.001 grams of biomass per liter of water and EU 0.001 per gram of biomass, respectively),
while $admin and $proc Were fixed at the highest value analysed before (EU 131.072 per liter
of processed water for both). For the new variables present only in Eq. 11-2, Cpnyco Was fixed
at a reported value of 63 mg of phycocyanin per g of fresh biomass (Sintra et al. 2021), while
Sprhyco Was allowed to vary within the range comprising food- and analytical-grade prices
(EU 0.13 and EU 15 per mg of phycocyanin) (Rito-Palomares et al. 2001; Sintra et al. 2021).
The last variable is the production cost of obtaining phycocyanin ($phyco proc). Its value can

change dramatically depending on the process used. In this way, and following the literature
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(Martins et al. 2021), a convenient range of five values (EU 0.01, EU 0.1, EU 1, EU 10 and
EU 100 per g of biomass) was tested. The required phycocyanin units conversion from EU
per gram of biomass to EU per litre of processed water was made based on previous studies
(100 grams per litre (Sintra et al. 2021)). Thus, and to emphasize the application of the
proposed framework, the value used here was decreased to 1 gram per litre to show results
under a restricted situation. Figure 11-5 shows the two extremes of the scenarios calculated,
evidencing R for phycocyanin obtained at food grade or at analytical grade. The R for any
other purity grade in between will be located within the two lines. It is worth remarking that
the rest of the variables were fixed at the most conservative value (worst-case scenario). In
practice, it is expected that these values can be optimised, which will translate into an even

higher potential Return.
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Figure 11-5. Calculated Return (R) after the inclusion of phycocyanin production. Values for fixed
variables are: $admin = EU 131.072 per L, $proc = EU 131.072 per L, Ccyano = EU 0.001 g per L, $cyano
= EU 0.001 per L, Cphyco = 63 mg per g, $rnyco = EU 0.13 and EU 15 per mg (for food and analytical
grade, respectively). Results show limits for the potential R that can be obtained depending on the

final purity, selling price and concentration of phycocyanin generated.
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11-7. Conclusion

Climate change is increasing the frequency, duration and intensity of CyanoHABS,
imposing growing impairment of the water supply quality, fisheries and recreational
resources. Herein, a critical review on the nuisance potential of cyanoHABs (‘dark side”)
and related management practices was followed by the conceptual proposal of integrating
their biotechnological exploitation (‘bright side’) as a new axis to improve the efficiency of
management frameworks. The basic protocol within this approach would be to value the
cyanoHABs biomass physically removed from affected waterbodies rather than landfilling
or directing it to (expensive) treatment, which is a traditional control strategy. Since
cyanobacteria are rich in bioactive compounds of high commercial potential, they may be
recognised as valuable alternative feedstocks for strategic sectors, under a multi-product
scenario. We demonstrate that the economic income of such approach can cover the costs of
control actions over existent cyanoHABs, maintaining the direct ecological, economic (in
touristic areas), and human health safety benefits, but it can also be profitable. This was
evidenced both at the level of the biomass delivery to production units and considering the
full exploitation cycle using the valorization of phycocyanin as an example. Although the
economic potential and viability of the overall concept explored in this work is already
promising, there is further scope for growth if biorefinery frameworks for multi-product
valorization from the same biomass are integrated (Slegers et al. 2020). As a novel proposal
for the sustainable control of cyanobacteria blooms, this work is a stepping-stone rather than
a final draft of a new framework. The present article demonstrates the suitability of the
framework, but several aspects certainly need further development stages, both from the
operational and the regulatory viewpoints. For example, the design of an efficient pumping
system allowing the collection of the cyanobacterial biomass, while causing minimum
disturbance in the biotic communities of the affected waterbody, is a primary aspect
deserving attention, although most of the current strategies applied to the control of

cyanobacteria blooms also have these kinds of drawbacks.
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Chapter I11: Are Cyanobacteria a nearly immortal sources of high market value compounds?

Abstract: Cyanobacteria are increasingly used in biotechnological applications. However,
a deeper understanding of the growth patterns and pigment production is required to support
the selection of the most beneficial species and conditions for industrial production. In this
work, the growth and pigment production (i.e. chlorophyll a and C-phycocyanin) of three
cyanobacterium species was evaluated following a three-fold aim. First, we compared
among a species commonly selected for exploitation (Arthrospira platensis) and two
alternative species (Anabaena cylindrica and Nostoc muscorum) to gain an insight on how
meaningful can species selection be for pigments exploitation. Then, we followed pigment
production in the long-term to demonstrate that yields can be maximised if such baseline
knowledge is available prior to the implementation of exploitation settings. Finally, we
compared among different methods (spectrophotometry and fluorimetry) to understand
whether there is an appropriate proxy of biomass increase and pigment production that can
be used for monitoring purposes in exploitation settings. The three cyanobacteria species
showed high longevity proving to be able to grow for more than 100 days without any
additional supplementation. Yet, the maximum quantum yield of PSII (F./Fm) revealed that
their photosynthetic efficiency varied over time with a clear decrease after two months in A.
cylindrica and A. platensis. The pigment analysis showed a heterogeneous pattern during the
growth period of all the three species, that could only be captured by the parameter Fv/Fm,
but only for A. cylindrica and N. muscorum, in some stages of the culture period. N.
muscorum was found to be the best chlorophyll a and C-phycocyanin producer, with the
production peaking for all species at defined time periods within the growth profile. Overall,
this study supports that exploitation efficiency is dependent on the selection of species and

on the previous knowledge of pigments production dynamics of the selected species.

Keywords: cyanobacteria; growth curves; pigment production; chlorophyll a; C-

phycocyanin
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I11-1. Introduction

Cyanobacteria can be considered as a source of compounds with biological activity
and as a promising feedstock for many applications. Lipids, pigments, and proteins from
cyanobacteria are known for their antibacterial, antifungal, antiviral, and antitumor activities
(Eriksen 2008; Sekar and Chandramohan 2008). Moreover, their important role as CO>
mitigators, biofertilizers, food supplements for human consumption and aquaculture,
bioremediation agents, and bioenergy producers demonstrates the overall importance of
cyanobacteria as a potential asset (Pandey et al. 2013; Kamal and Ahmad 2014). However,
amongst more than 10 000 species of cyanobacteria, only ca. 1000 have been partly
characterized and very few are currently cultured at an industrial scale (Raheem et al. 2018).
This essentially means that the knowledge about the biotechnological potential of these
organisms is still limited, but the market for cyanobacterial products is large and its value
has been increasing: USD 18.5 million in 2018 for phycobiliproteins with industry expecting
a consumption higher than 200 tons by 2025; and USD 4.7 billion by 2024 are expected for
the  market of food colorants, where  chlorophylls are  dominant

(https://www.gminsights.com, assessed on May 17" 2021).

Pigments are to date the compounds produced by cyanobacteria with the highest
commercial value, particularly carotenoids and phycobiliproteins (Koller et al. 2014). They
have the potential to replace several synthetic dyes that can induce toxic effects and can be
used as natural colorants for textiles, food, drugs, and cosmetics (Sekar and Chandramohan
2008). Phycaobiliproteins are water-soluble fluorescent pigment-protein complexes that act
as secondary light-harvesting components in the photosynthetic process (Pandey et al. 2013).
Phycocyanin, a blue pigment-protein of the phycobiliprotein family, is mainly found in
cyanobacteria and is conventionally defined as C-phycocyanin (Koller et al. 2014). Besides
its use as natural dye, its biological activity makes it also suitable for pharmaceutical and
biomedical applications. The antitumor activity against several types of cancer cell lines
(Jiang et al. 2017), together with the antioxidant nature (Renugadevi et al. 2018), anti-
inflammatory activity (Gonzalez et al. 1999) and activity as a stimulator of the immune
system (Romay et al. 1998), render phycobiliproteins as highly desirable. Like phycocyanin,
chlorophyll a (Chl a) is a pigment that absorbs light mainly in the blue zone and to a minor
extent in the red zone of the electromagnetic spectrum. This pigment can be used as food

ingredient (E140) (Hosikian et al. 2010), in hygiene products as a deodorant, and also in
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medical applications as a chemo-preventive agent (Montgomery and Nachtigall 1950; Diaz
et al. 2003; Koller et al. 2014).

The industrial cultivation of cyanobacteria is already taking place in worldwide.
However, its production is presently focused on a (too) short list of species (e.g. Arthrospira
sp., Aphanizomenon sp., Nostoc sp.), which may not be the most adequate strains for the
efficient extraction of the target molecules. Some studies have investigated the impact of the
culturing parameters, such as nutrient concentrations as nitrogen supply (e.g. Loaiza et al.
2016), light (e.g. Poza-Carrion et al. 2001), and temperature (e.g. Kumar et al. 2011) on
cyanobacteria’ productivity. However, to our knowledge this is the first study investigating
the longevity of cyanobacteria under straightforward culturing conditions with no nutrient
re-supply as well as the fluctuations in the production of pigments throughout the growth
cycle. These are two obvious variables for the optimization of cultures explored at larger
scales for commercial purposes. In fact, nutrient supplementation is costly and on the other
hand it can cause changes in physiology, which will reflect in an altered productivity. This
includes the effect in the production of the molecule of interest and the corresponding
expected extraction yield. In this context, the present study aimed at monitoring three
filamentous cyanobacteria, Anabaena cylindrica, Nostoc muscorum, and Arthrospira
platensis, regarding their growth kinetics, photosynthetic efficiency and pigment production.
On the one hand, this monitoring endeavor was expected to demonstrate that an anticipated
knowledge on the pigment yield dynamics can support the optimization of exploitation
routines at an industrial level; on the other hand, it serves as the basis to gain a detailed
insight on whether pigment exploitation can be guided by easily acquirable monitoring
parameters based on spectrophotometric measurements or fluorimetry. The widely used
species A. platensis was included in the study to provide performance comparability with
the less conventional alternative species A. cylindrica and N. muscorum under the hypothesis
that these latter may represent more efficient sources for pigments production, thus
demonstrating the importance of a rational species selection when implementing exploitation

settings.
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I11-2. Material and Methods
I11-2.1. Cyanobacteria cultures and culturing conditions

Three species of filamentous cyanobacteria were used, Anabaena cylindrica PCC
7122, Nostoc muscorum UTAD_N213, and Arthrospira platensis UTEX LB 2340. Non-
axenic cultures were maintained in borosilicate flasks, initially filled with 5 L of culture
medium, in triplicate. For A. cylindrica and N. muscorum, the Woods Hole MBL synthetic
medium was used (Nichols 1973; Table 111-S2, Annex I) to provide its long-term support to
optimal growth of these cyanobacterial strains in our laboratory. A. platensis was rather
cultured in Spirulina medium (SAG, 2008; Table I11-S2, Annex 1), as it was found to provide
optimal growth for this strain in preliminary trials compared to MBL (note that we aimed to
compare between a conventional and alternative species, hence the adequacy of establishing
comparable growth conditions). Borosilicate flasks (5 L capacity) were inoculated using 150
ml of an 9 day-old inoculum to an initial optical density (OD) at 750 nm of 0.05 + 0.01, then
incubated at 26 + 2°C under a 16h-light/8h-dark photoperiod cycle, with a light intensity of
37 umol photons m™ st (Quantum meter MQ-200, Apogee Instruments, Logan, Utah, USA),
equal to 2300 lux, provided by cool white fluorescent tubes and constant aeration. Samples
for growth rate, photosynthetic yield (2 mL) and pigment production (ca. 40 mL) (see below)
were collected through the experimental period inside a flow chamber and using sterile

material.

I11-2.2. Spectrophotometric measurements

The culture growth was monitored three times a week by collecting optical density
(OD) records at different wavelengths (440, 480, 620, 675, and 750 nm) to cover the
absorption peaks of different pigments while controlling for total particulate matter. OD7so
retrieved turbidity without the influence of pigments, thus it was interpreted a priori as a
proxy for cell suspension concentration. The other wavelengths gave insights regarding
specific pigments: 440 and 675 nm for Chl a (Agusti and Phlips 1992), 480 nm for
carotenoids (Chen et al. 2017), and 620 nm for C-phycocyanin (Paswan et al. 2016).

I11-2.3. Reliable endpoints to monitor culture growth and photosynthetic yield

An imaging chlorophyll fluorometer (Open FluorCAM 800-0/1010, Photon Systems

Instruments; Brno, Czech Republic) was used to capture the maximum photosynthetic
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quantum yield of Photosystem Il (Fv/Fm) after 15 min of dark adaptation. The excitation light
peaked at 621 nm with a 40 nm band width, and saturating pulses were applied with intensity
of about 7000 pmol quanta m s** and the duration of 0.8 s. Chl a fluorescence was captured
by a CCD camera (CCD381) with a F1.2 (2.8-6 mm) objective resulting in images with 512
x 512 pixels and a spectral range of 695-780 nm. Images were processed using the
FluorCam7 software (Photon Systems Instruments; Brno, Czech Republic). Fluorimetric
measurements were made on each culture, three times a week, in triplicate. For this purpose,
aliquots of 2 mL of each culture were transferred into 6-well plates. The ratio Fv/Fm was

calculated following Eqg. H11-1.

L Inho Eq. I11-1

Fpn Fn

Fo is the minimum fluorescence in dark-adapted sample and Fn is the maximal
fluorescence after exposure to a saturating light pulse. Fo is also known as a proxy of
photosynthetic biomass, allowing monitoring the culture growth over time. As biomass and
hence the fluorescence signal intensity increased over time, the sensitivity settings of the
instrument were adjusted correspondingly. Measurements of the fluorescence signal before
and after the adjustment were corrected accordingly. The resulted growth curve was used to
estimate species-specific growth curve parameters within defined time periods.

Growth curves and corresponding parameters were obtained by fitting a logistic
function to biomass data, by using MS Excel Solver (Eq. 111-2):

k
k—No —r(t)
1+—NO e

N(t) = Eq. 111-2

No is the initial cell density [Fo] at time O, N(t) cell density [Fo] at time t, K is the
maximum density [Fo], r is the growth rate [d?], and lag phase [d] the time before
exponential growth starts. The doubling time [d] (Eq. 111-3) and doubling per day [d™] were
then calculated (Eq. 111-4).

Doubling time = lnrﬁ Eq. I11-3
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1
Doubling time

Doubling per day = Eq. I11-4

I11-2.4. Pigment quantification

The extraction and quantification of Chl a and C-phycocyanin was performed every
15 days for each cyanobacteria culture. Approximately 40 mL of each culture was recovered
by centrifugation (4111 xg for 5 min; Eppendorf 5810 R). The pelleted biomass was stored
at -20 °C until pigment quantification. Pure ethanol and 150 mM of sodium phosphate buffer
(pH 7) was used to extract Chl a and C-phycocyanin, respectively (Saran et al. 2016;
Yeéprémian et al. 2016). These solid-liquid extractions (1:10, w:v) were performed at 35 °C
for 50 minutes, with an agitation of 1500 rpm in a thermomixer (Eppendorf ThermoMixer®
C). All extractions were performed in triplicate. For the extraction of C-phycocyanin from
N. muscorum, a second extraction step was needed, using the biomass left overnight after
the first extraction, and applying the exact same conditions and the same amount of fresh
solvent (150 mM sodium phosphate buffer, pH 7).

At the end of the solid-liquid extraction, the cell suspensions were centrifuged at
9500 xg for 10 minutes in a VWR MicroStar 17 centrifuge, being the supernatant separated
from the cell debris and used for pigments quantification. For each extract, the absorption
spectra were collected between 200 and 700 nm using a UV-Vis microplate reader (Synergy
HT microplate reader — BioTek), in duplicate. The quantification of Chl a and C-
phycocyanin was done using previously defined calibration curves (R? = 0.9805 and R? =
0.9912, built following optical density measurements at 667 nm and 615 nm, respectively).

The yield of extraction (Mgpigment Jary weight ) Was calculated according to Eq. 111-5.

__ pigment concentration X extract volume

Yield (mgpigment YGary weight_l) - Eq I1-5

mass of dry cyanobacteria

111-3. Results
I11-3.1. Optical density measurements of cyanobacteria in the long-term

The profiles of the cultures monitored spectrophotometrically showed that all optical
densities of the three cyanobacteria strains continuously, and generally exponentially,
increased for more than 100 days, without reaching a stationary phase (panels a and b in

Figures 111-1-3). Despite the use of different wavelengths for this monitoring stage, all
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showed the same tendency (Figures I11-1-3a). In this way, we considered OD at 750 nm as
a representative for further interpretation and detailed comparison among species. A.
cylindrica and A. platensis showed similar OD7so nm profiles. At the end of the experiment
A. platensis showed the higher values of absorbance, followed by A. cylindrica and finally
N. muscorum. Adjusted exponential equations described accurately the increase in
absorbance of these species as denoted by the coefficients of determination higher than 0.98,

obtained in all cases (Figures I11-1-3 b).
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Figure I11-1: Profiling of A. cylindrica throughout a monitoring period of 112 days, regarding ()
multiple OD measurements; (b) best fitted curve modelling through the least-squares method, based
on OD7so; (c) best fitted curve based on the Fovalue; (d) dynamics of PSII efficiency (F./Fm) (only

data with Fo> 100 are depicted). In all graphics, marks represent the mean of three replicates and the
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error bars represent the standard deviation. In panels a and d, a line was added joining the marks
within each series when deemed necessary for clarity purposes, not reflecting any fitted model. In
panels b and c, the solid black line represents the exponential model best fitted to the experimental

data through the least-squares method.
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Figure 111-2: Profiling of N. muscorum. throughout a monitoring period of 112 days, regarding (a)
multiple OD measurements; (b) best fitted curve modelling through the least-squares method, based
on ODysg; () best fitted curve based on the Fo value; (d) dynamics of PSII efficiency (Fv/Fm) (only
data with Fo> 100 are depicted). In all graphics, marks represent the mean of three replicates and the
error bars represent the standard deviation. In panels a and d, a line was added joining the marks
within each series when deemed necessary for clarity purposes, not reflecting any fitted model. In
panels b and c, the solid black line represents the exponential model best fitted to the experimental

data through the least-squares method.
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Figure 111-3: Profiling of A. platensis throughout a monitoring period of 112 days, regarding (a)

multiple OD measurements; (b) best fitted curve modelling through the least-squares method, based
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error bars represent the standard deviation. In panels a and d, a line was added joining the marks

within each series when deemed necessary for clarity purposes, not reflecting any fitted model. In

panels b and c, the solid black line represents the model best fitted to the experimental data through

the least-squares method.
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I11-3.2. Growth and health status of cyanobacteria in the long-term

Regardless the common use of optical density to describe cell growth, this technique
does not differentiate living from dead cells. For this reason, other parameters (i.e. Fo and
Fv/Fm) with better physiological relevance, where also monitored during the experiments.
The values of Fo were used as a proxy of the photosynthetically active biomass, due to its
high sensitivity and specificity towards Chl a. These data, illustrated in Figures 111-1-3c, also
showed that all the species continuously grew through 112 days. Despite the fluctuations
within and between species, it is clear that all cyanobacteria were capable of withstanding
growth for this large period of time without changing culture conditions and, remarkably,
without nutrient supplementation. In the last days of the experiment, A. platensis started to
stabilize its growth, indicating the reaching of a stationary phase (Figure 111-3c). However,
A. platensis was the species showing better biomass outcomes compared to the other two
species. A. cylindrica was the one that reached lower values of Fo, denoting a flatter growth
dynamics (Figure I11-1c).

A detailed inspection of the F, values through time (Figures I11-1-3c) allowed the
identification of what resembles a short plateau stage occurring between day 40 and 60
(especially visible in the case of N. muscorum and A. platensis), followed by a renewed
acceleration of biomass production (Figures 111-1-3c). This specific feature found in the
cyanobacteria growth data prevented the feasible adjustment of the appropriate logistic
function for A. cylindrica and consequently the comparative analysis of growth dynamics.
Therefore, in order to estimate growth parameters for species comparison, we artificially
limited the fitting to data retrieved in the first half of the experimental period (until day 56).
In this first period, the growth of all cyanobacterium species is feasibly described by logistic
equations (r>= 0.919 — 0.993; Figure IlI-4 and Table 1lI-1). Under these limited
circumstances, A. platensis was the species with the longest lag phase of 1.73 days while no
lag phase was verified for the other two species. This resulted in the lowest growth rate
during the first 23 days, then compensated by a sharp acceleration (Figure 111-4). As a result
A. platensis presented a doubling time of 5.57 days, which allowed it to reach the highest
value of maximum growth (K = 2425.61 [rel.unit]) when comparing among the three species
(Table I11-1). On the contrary, A. cylindrica showed the highest increase in biomass during
the first 20 days, but after that the growth decelerated and the species recorded the lowest

values of maximum growth (K = 471.17 [rel.unit]). This fast initial increase in biomass
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translated into the highest growth rate (0.24 d*) and doubling cells per day (0.34 d). N.

muscorum behaviour was intermediate between A. platensis and A. cylindrica.
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Figure I111-4: Growth kinetics estimated for the three species using F, values following the fitting of

logistic models to the experimental data retrieved through the first 56 days of the experience.

Table 111-1: Growth parameters of the three species estimated following the fitting of logistic

equations to experimental data retrieved through the first 56 days of the experiment. K stands for the

maximum growth, r for growth rate, and lag for the lag phase; these parameters are expressed in

days.
A. cylindrica N. muscorum A. platensis
K [rel. unit] 471.17 1653.55 2425.61

r(d?) 0.24 0.10 0.12

Lag (d) 0.00 0.00 1.73
Doubling time (d) 2.94 7.11 5.57
Doublings per day (d?) 0.34 0.14 0.18
Model equation  y=471.17/(1+471.17- y=1653.55/(1+1653.55- y=2425.61/(1+2426.61-

17.21/17.21 02%) 16.78/16.78 010 20.57/20.57e70-12x)

Model correlation (r?) 0.919 0.956 0.993
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The maximal PSII efficiency (Fv/Fm) was used as proxy for photosynthetic
efficiency, thus an indicator of health status of the cultures. The F/Fn differed appreciably
among the cultures and through the experiment (Figures I11-1-3d). A. cylindrica started with
an Fv/Fm record of 0.43 at day 5, which remained stable until approximately day 70. After
that day, Fv/Fm started to decrease until reaching the value of 0.14 in the last day of the
experiment. In contrast, N. muscorum showed a periodic pattern. While starting with Fv/Fm
values of 0.56 at day 5, the records slowly decreased to 0.36 at day 23, then increased to a
maximum value of 0.55 at day 75 and decreasing again to 0.37. A. platensis was the species
showing the most prominent declining of F./Fm throughout the experimental period: it
recorded initial higher values of F./Fn (0.67) at day 14, declining to average values of 0.27
during the last days.

111-3.3. Pigment production

Despite the continuous growth observed for the three cultures (Figures 111-1-3), this
trend did not hold for pigment production (Figure 111-5). Yields of C-phycocyanin and Chl
a have markedly fluctuated throughout the monitored period for all cyanobacteria but
following different patterns depending on the species. The concentration of C-phycocyanin
was always higher than the one of Chl a. More specifically, the production of C-phycocyanin
by A. cylindrica was generally stable during the first half of the experiment (reaching 136.6
MQc-phycocyanin Jary weight ) and started to decrease at day 56. At the first days, A. cylindrica
was the best producer of C-phycocyanin, but was then surpassed by N. muscorum. C-
phycocyanin production peaked in two specific moments of the growth of the other two
species: at day 30 and then more expressively at day 85 for N. muscorum; at day 45 and then
more expressively at day 85 for A. platensis. The highest C-phycocyanin yield was recorded
by N. muscorum throughout the culturing period, reaching a maximum of 249.4 mgc.-
phycocyanin Jdry weight ~. Clearly, N. muscorum was the best Chl a and C-phycocyanin producer,
with a peak around days 28 and 70, for Chl a (ca. 12 mgchiorophyii a Jdry weight -) and at days 28
and 84 for C-phycocyanin (ca. 201.5 and 249.4 mgc-phycocyanin Jdry weight -). The C-
phycocyanin production by N. muscorum, started to decrease after day 84 and at the end of
the experiment it reached a value similar to the ones achieved by day 14 (ca. 99.9 mgc.

ohycocyanin Qdry weight -). A. platensis showed a similar profile for C-phycocyanin, with two
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moments of higher production (day 43 with ca. 61.4 mgc-phycocyanin Jdry weight -, and day 84
with ca. 77.3 mgc-phycocyanin Jdry weight -). However, the production of Chl a by A. platensis
showed a different pattern, increasing continuously throughout time, reaching the highest
yield at the end of the experiment of ca. 4.1 mgchiorophyli a Jary weight - A. cylindrica reached
its maximum Chl a concentration after the first peak reached by N. muscorum, at day 56 (ca.
10.1 mMQchiorophyll a Jdry weight-), and then the production decreased until reaching
approximately 4.1 mgchiorophyll a Qdry weight = by the end of the monitoring period, which was
approximately the same concentration observed at the beginning of the experiment, by day

14.
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Figure 111-5: Yield of C-phycocyanin and chlorophyll a for the three species throughout a
monitoring period of 112 days. In all, marks represent the mean of three replicates and the error bars
represent the standard deviation. A line was added joining the marks within each series for clarity

purposes.
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I11-4. Discussion

The ground explored in this work entails the interplay between the patterns of growth
and pigment production in cyanobacteria. The production of C-phycocyanin and Chl a did
not show a clear pattern during the growth period of each species, and the production
dynamics was clearly different among species. This dynamics is of strategic importance to
improve pigment production at a commercial scale, because it would allow to identify the
growth state where compound production is the highest, leading to an improved harvesting
efficiency. Despite the relevance of a deep understanding of the growth dynamics of species
exploited for biotechnological applications, very few studies have been published addressing
cyanobacteria growth curves in detail. In this way, and to the best of our knowledge, this is
one of the few works demonstrating the extraordinary longevity of cyanobacterium cultures
(more than 100 days with no nutrient supplementation), which is a promising feature for
different areas where these organisms can be exploited. Another example of the longevity
can be found for the terrestrial cyanobacterium Nostoc sp., which is able to grow for more
than 140 days with no supplementation (Arai 2009). At an industrial scale, such feature is
very interesting because the culture medium does not need to be replaced or supplemented
frequently, allowing to save costs in consumables and in labour.

As many studies demonstrate, different species have different pigment contents and
their production is dependent on the culture conditions (Poza-Carrion et al. 2001; Loaiza et
al. 2016; Jaiswal et al. 2018) and on the growth phase (Jaiswal et al. 2018). Knowledge on
which species is the best producer of a specific compound of interest and on the growth
phase when such production is maximal, are critical variables. However, such a systematic
development of the exploitation process seems to have been neglected, at least considering
what is pictured in the dedicated literature. The majority of the studies do not evaluate the
production of pigments through the growth curves, considering only specific days
conveniently defined (Kumar et al. 2011; Simeunovic et al. 2012; Khazi et al. 2018) or the
exponential phase before an hypothesised stationary or decline phase as it would be typical
for microalgae (Tiwari et al. 2015; Loaiza et al. 2016). Interestingly, the species studied in
the present work demonstrate a continuous increase in absorbance that lasts for at least the
112 days of the experiment. These data from optical density are generally corroborated with
the data from F, (the relation between these two variables is depicted in Figure 111-S1, Table

I11-S3 (Annex 1)) showing an increase in fluorescence during the whole experiment,
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although A. platensis decelerated its growth in the last days (Figure I11-3c) and A. cylindrica
presented a less impressive cell biomass (Figure 111-1c), though with a growing trend.

The minimal fluorescence Fo can be used as a proxy for microalgal biomass (e.g.
Honeywill et al. 2002; Jesus et al. 2006), allowing to feasibly model a curve which resembles
more a biological growth curve (i.e. bearing an exponential and then an approximation to a
stationary phase) than that allowed by the data obtained from OD (showing a continuous
growth acceleration, with no apparent biological significance). Indeed, high cell densities
and particular cell morphologies can interfere with absorbance methods while the data from
Fo provided interesting results. Additionally to this overall picture, the growth curves of the
three species showed a small plateau near days 40-60, and then restarted to grow, especially
recognisable in N. muscorum and A. platensis.

The importance of this finding can be reasoned within at least two contexts. First, at
a more practical level, it shows that there are two phases of accelerated growth (or
exponential growth stages) within the growth curves of these cyanobacteria species. These
are undistinguishable using typical monitoring tools such as OD, but they can be accurately
identified using fluorescence measurements, greatly supporting the sustainable large-scale
exploitation of cyanobacteria. For example, we could identify A. cylindrica as the most
demanding species in terms of initial nutrient supply as this was the species showing the
highest growth rates before reaching the first plateau and that reaching the plateau (or the
system’s carrying capacity) sooner. The most standard species A. platensis, on the contrary,
faced a lag phase (recognised only using Fo measurements) before the first exponential
phase. However, A. platensis was clearly the best performer regarding biomass production
in the long-term as recognisable from maximum growth rates and the Fo records at the end
of the experiment. Regardless of the differences among species, a note is worth making
regarding the short-term growth rates found in this study for the three species (0.10-0.24;
Table 111-1), which are lower than the typical records found in the literature for
cyanobacteria, e.g. 0.89 for Anabaena flos-aquae, 1.15 for Microcystis sp., 0.7 and 2.8 for
Synechocystis sp. PCC6803 (Gotham and Rhee 1981; Kim et al. 2015). Distinct species,
culture conditions and assessment periods likely explain the differences noted with the
literature. The second arena where the finding of the intermediate plateau gains relevance is
its biological or ecophysiological meaning. This intermediate plateau suggests that growth

becomes limited at some point, likely due to essential nutrients limitation (e.g. iron and
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molybdenum; Rueter and Petersen 1987; Gonzales et al. 2018), but then the cyanobacteria
are able to overcome through some metabolic shift and restart growth which was indeed
confirmed in parallel metabolomics profiling studies (discussed later in Chapter V), which
reinforces further the importance of using a monitoring tool that can identify the specific
features of the growth allowing to predict the production of target compounds. Indeed,
specific compounds of interest can be preferably or exclusively available for exploitation
before or after the metabolic shift indicated by the growth plateau. It is worth remarking at
this point that N. muscorum was the best pigment producer but not the best biomass yielder,
which demonstrates that biomass production, is not a feasible proxy for pigment production.
Thus, monitoring strategies intending to predict pigment production need to be carefully
optimised to avoid lowering exploitation efficiencies.

Fluorimetry techniques can also give important insights on assessing the
photosynthetic efficiency. These techniques allow an indication of the maximum quantum
yield of the PSII and consequently insights on the photosynthetic efficiency, through the
measurement of the parameter F./Fm. The Fu/Fm of the cultures tested herein was not constant
during the entire experiment, with exception of N. muscorum, where the yield remained quite
stable (0.45 + 0.05). Common values of F./Fm for cyanobacteria range within 0.4 - 0.6
(Misumi et al. 2016), but the species of this study showed a higher range due to the long-
term culturing (0.14 - 0.50 for A. cylindrica; 0.37 - 0.56 for N. muscorum; and 0.19 - 0.67
for A. platensis). The photosynthetic efficiency is a valuable parameter as it can allow the
evaluation of the fitness of a culture. If cells are experiences stress, the yield decreases. Such
stress conditions could be linked to the production of secondary metabolites or pigments like
carotenoids, with high commercial value (Kultschar and Llewellyn 2018). However, this
technique presents some limitations in the case of cyanobacteria, since the absolute level of
Fv/Fm is not a reliable indicator of PSII function (Campbell et al. 1998; Ogawa et al. 2017).
This happens because, in cyanobacteria, the phycobiliprotein fluorescence also contributes
to Fo, especially at high concentrations, and the PSII accounts for only a small proportion of
total Chl a (Campbell et al. 1998). This can cause a downward distortion of the levels of
Fv/Fm, and consequently on conclusions regarding the photosynthetic activity (Campbell et
al. 1998). Although bearing in mind these limitations, fluorimetry could be a useful tool to
compare cultures within the same group, and these observations may reflect different cellular

strategies to cope with nutrient depletion.
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Comparing the F./Fm data with the production of pigments, no relationship was found
for A. platensis. However, some inferences could be made for A. cylindrica when comparing
these two endpoints. The C-phycocyanin and Chl a from A. cylindrica started to decrease
approximately after day 60, which was in the accordance with a reduction of the values of
Fv/Fm; however, until day 60 there is an increment in Chl a, which is not translate into Fv/Fm
values. These data showed that for A. cylindrica F./Fm relates only to the production of C-
phycocyanin. Regarding N. muscorum, there were two peaks in C-phycocyanin and Chl a
production, around day 20 and day 80, but only one peak was observed for F/Fnaround the
day 80. These correlation between F./Fm data and pigment production was expected, since
values of Fo, Fm, and Fv/Fm are influenced by the pigment concentration (Ting and Owens
1992). However, this correlation does not hold for A. platensis. Although presenting some
limitations, Fv/Fm data showed that, despite the worst health status observed in the last days
(especially in the case of A. cylindrica, Figure I11-1d and A. platensis, Figure 111-3d), the
cells of the three species were alive during the 112 days. This highlights the remarkable
capability of the cyanobacteria to cope with nutrient limitation. In this arena, metabolomic
studies could help to explain the mechanisms of cyanobacteria to thrive in the long-term
under nutrient starvation and a potential disturbance in osmotic balance, caused by the
consumption of nutrients and the excretion of specific metabolites. Indeed, a possible path
the organisms can trigger to tackle this challenge is the “salt-out” strategy, i.e. they produce
compatible solutes to lower internal water potential in the presence of high external salinity
(Bremer 2000).

When looking specifically to the pigment production profiles, it is clear that higher
concentrations of C-phycocyanin compared to Chl a are produced, which was expected since
phycobiliproteins are the major constituents of cyanobacteria that can reach up to 60% of
the total protein content (Bogorad 1975). N. muscorum was clearly the best Chl a and C-
phycocyanin producer. Jaiswal et al. (2018) quantified the pigment content of four
cyanobacterium species over a period of 28 days and observed that the Chl a content
decreased over time, while C-phycocyanin reached the highest level at day 14. In contrast
with the present study, Jaiswal et al. (2018) likely observed higher production of both Chl a
and C-phycocyanin in Anabaena variabilis (Chl a = 20 - 25 pg.mg™* DW; C- phycocyanin
= 41.07 pg.mg? DW) than in Nostoc muscorum (Chl a = 15 — 20 ug.mg? DW; C-

phycocyanin = 25 - 30 pg.mg? DW), with lower C-phycocyanin concentration when
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compared to the present study. Similarly, Loaiza et al. (2016) found that two strains of
Anabaena are best Chl a and C-phycocyanin producers than two Nostoc strains. However,
the values obtained in the exponential phase by Loaiza et al. (2016) (Nostoc sp.: Chl a =2.37
-2.56 ng.mLt, C-phycocyanin = 11.50 - 14.01 pg.mL*; Anabaena sp.: Chl a = 15.04 - 18.09
ug.mL?, and C-phycocyanin = 85.46 -102.90 pg.mL™) are also much lower than the ones
obtained here (maxima in the present study: 99 ug.mL™? Chl a and 1004 pg.mL? C-
phycocyanin for N. muscorum; 80 pg.mL* Chl a and 1019 pg.mL? C-phycocyanin for A.
cylindrica), even in the first extraction corresponding to day 14. The increase in A. platensis
pigment content during the first days was corroborated by the study of Kumar et al. (2011),
although these authors only evaluated their growth during 25 days. Arthrospira is one of the
most well-known cyanobacteria, widely cultured at the industrial scale and commercialized.
It is a source of valuable products such as proteins, essential amino acids, vitamins (e.g.
B12), C-phycocyanin, B-carotene, and y-linolenic acid (Stanic-Vucinic et al. 2018).
However, in our study, the Chl a production by A. platensis was the lowest throughout the
experiment among the three species compared. Other works (e.g. Simeunovic et al. 2012)
also show that Arthrospira strains are worse phycobiliprotein producers when compared to
Anabaena and Nostoc strains. C-phycocyanin from A. platensis is already widely used in
several food products (e.g. gums, candies, frosting, ice cream and frozen desserts, coatings,
and toppings) due to its blue colour, which is very difficult to find in nature (Stanic-Vucinic
et al. 2018). This means that there is a market demand for C-phycocyanin and that species
like N. muscorum could be a valuable alternative to Arthrospira. Other interesting species
to include in studies regarding pigment production are Synechocystis sp. and Synechococcus
sp.. Synechocystis sp. is a commonly used model in genetic editing studies, and this
technology can be applied to enhance pigment production, namely specific carotenoids (i.e.
myxoxanthophyll and zeaxanthin) (Lagarde et al. 2000). The marine cyanobacterium
Synechococcus sp. presents different phenotypes with dominance of different pigments
(Sliwinska-Wilczewska et al. 2020). Functional genomic information is also available for
this species, and the genes involved in pigment production are also well known (Xia et al.
2018). In this sense, we suggest that industry should enlarge the scope of production to an
array of species instead of focussing on a single one. The reasoning is two-fold. First,
culturing conditions are mostly the same for most cyanobacteria thus the logistics behind

stepping into multi-species culturing within a production facility is certainly not
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complicated. Second, as proven by this limited comparison among three cyanobacteria
species, because a given compound of interest would be produced better by a specific species
or strain, at a given phase of the culture growth profile under the defined culturing
conditions. The results presented herein are consistent with those obtained by Simeunovic
et al. (2012), who observed that the qualitative and quantitative contents of different types
of phycobiliproteins in cyanobacteria are dependent on both the strain and culture media.
This is exactly why the systematic assessment of yields of strains of interest through time is
a daunting, but a critical task prior to the implementation of industrial exploitation processes
to ensure their economic sustainability. In addition, selecting a parameter that correlates
feasibly to the production of pigments is very important and would allow a better monitoring

of the cultures to select the best period for the pigment extraction.

111-5. Conclusion

In this work, growth and pigment production of three cyanobacterium species were
assessed and compared. All three species showed impressive results as they were able to
grow without supplementation for more than 100 days, raising questions on whether the
consumption of nutrients is very low or if there are some cells dying and providing the
nutrients for the remaining. The use of fluorimetric tools allowed understanding that
although the cyanobacteria continuously grew, there was a degradation of their health status,
especially prominent for A. platensis. In terms of biomass outcome, A. platensis showed the
best profile. However, N. muscorum. was proven to be the most interesting species for
industrial exploitation concerning pigments, since it presents high growth rates, as well as
the best production of Chl a and C-phycocyanin.

During the growth period, pigment analysis showed a heterogeneous pattern, with
peak moments of production for Chl a and C-phycocyanin. Unfortunately, the parameters
used in these work (i.e. optical density, Fo, and F./Fn), did not relate consistently to pigment
production, apart from F./Fm applying to A. cylindrica and N. muscorum. in some stages of
the culture period. Calibration studies involving these parameters and other biomass proxies
(e.g. weight or cell number) towards finding a platform for a feasible prediction of pigment
production dynamics would be worth of future investment with practical application in the
industry. It is worth remarking that optical density is a very commonly used parameter for

the purposes, but the present study demonstrates the inadequacy of such a strategy.
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Chapter IV: Blue is not enough: biological activities of C-phycocyanin extracts from Anabaena cylindrica

Abstract: Natural products are under the spotlight due to the increasing awareness of
consumers. Among these products is phycocyanin (C-PC), a blue colorant that can be
extracted from cyanobacteria - a poorly explored feedstock - and applied in several fields,
due to its argued health benefits. Arthrospira (previously called Spirulina) is nowadays the
major source of C-PC, but within the scope of pursuing for alternative sources, the
cyanobacterium Anabaena cylindrica was used in the present study to extract this colorant.
The biological activities of two types of extracts (raw and purified, both in fresh and in
lyophilized forms) were analysed. The raw extracts present better results than the pure
counterparts, presenting higher antioxidant activity, better biocompatibility, and antitumor
activity. However, when compared to literature records, C-PC extracts from A. cylindrica
produced less impressive results. This leads to a new hypothesis and to a simple comparison
among the antioxidant activity of C-PC extracts from different biomass sources. These
second-stage results showed that different cyanobacteria species produced different C-PC
extracts, with different antioxidant profiles, and highlighted that, even when the extracts are
blue, they may present differential composition and therefore, different biological activity.
This study proves that the direct link often made between biological activities and C-PC can
be speculative, and thus should be avoided.

Keywords: cyanobacteria, C-phycocyanin, antioxidant, antimicrobial, biocompatibility,

antitumor
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IV-1. Introduction

Natural products are a huge attraction nowadays. The increasing awareness of the
consumers over health and environment boosts the market of natural compounds and
stimulates the search for alternative processes with lower environmental impacts. Cosmetic
and food sectors are key arenas that have been invaded by this trendy consideration of natural
products, and cyanobacteria have been promising model organisms in this context.
Cyanobacteria are included in the set of feedstocks poorly explored, although they are rich
in bioactive compounds like amino acids, pigments, lipids, polysaccharides, or proteins,
known for their antibacterial, antifungal, antiviral, or antitumor activities (Eriksen 2008;
Sekar and Chandramohan 2008). Cyanobacteria may also produce cyanotoxins, which can
be used in algaecides, herbicides, and insecticides (Berry 2008; Haque et al. 2017).
According to the effects in mammals, these toxins can be classified as neurotoxins,
hepatotoxins, cytotoxins, irritants and gastrointestinal toxins. For the Anabaena genus,
microcystin, anatoxin-a, homoanatoxin-a, cylindrospermopsin, saxitoxin,
lipopolysaccharides, and BMAA (- Methylamino-L-alanine) are amongst the cyanotoxins
already described (Metcalf and Codd 2012; Ilieva et al. 2019). While microcystin is one of
the most frequent and dangerous hepatotoxin, anatoxin-a, homoanatoxin-a, saxitoxins and
BMAA are neurotoxins, cylindrospermopsin is classified as a cytotoxin, and
lipopolysaccharides produce irritant effects (Metcalf and Codd 2012; Ilieva et al. 2019).
However, not all strains are toxic and the production of toxins only occurs under specific
conditions, which are not fully elucidated yet (Pearson et al. 2016).

Cyanobacteria present a characteristic bluish colour, which is given by C-
phycocyanin (C-PC). PC belongs to water-soluble fluorescent pigment-protein complexes
(phycobilisomes), which act as secondary light-harvesting components in the photosynthetic
process and are assembled in regular arrays on the outer surface of the thylakoid membranes
(Glazer 1994). Besides PC (blue), phycoerythrin (purple), phycoerythrocyanin (orange), and
allophycocyanin (bluish green) can also be found in cyanobacteria. These different colours
are originated mainly by the covalent bound prosthetic groups (open-chain tetrapyrrole
chromophores) with A, B, C, and D rings named phycobilins (Glazer 1994). These
compounds act in photosynthetic light harvesting and their absorption maxima is located at
wavelengths where chlorophylls have low extinction coefficients: approximately 650-655

nm for allophycocyanin, 615-640 nm for PC, 575 nm for phycoerythrocyanin, and 565-575
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nm for phycoerythrin (Bryant et al. 1979).

The appealing colour of PC features its primary potential as a natural dye. Due to its
colour, C-PC can be used as a food pigment replacing current synthetic pigments (e.g. in
chewing gums, candies or cold recipes), and in cosmetic products like lipsticks and eyeliners
(Spolaore et al. 2006). Indeed, natural blue pigments are rare. To produce this colour, the
only options at the moment are anthocyanins, from plants (but their colour is pH dependent),
fungi and microorganisms (yet production is a response to specific stimuli), gardenia blue,
from Gardenia jasminoides Ellis (Gardenia augusta Merrill), and PC from cyanobacteria
and algae (Stanic-Vucinic et al. 2018). Among these options, C-PC is the one that offers
brightness, brilliance, and shade closer to the synthetic pigment Brilliant Blue FCF (Blue 1
or E133) (Stanic-Vucinic et al. 2018). However, only blue anthocyanins are allowed to be
used in food products according to the European legislation (E163) (EU 2021), while C-PC

is still under consideration as per the info contained in the EU food additives database

(https://webgate.ec.europa.eu/foods_system, assessed on November 26 2021).
Nevertheless, the use Arthrospira extracts is already approved and regulated by the U.S.
Food & Drug Administration (CRF 2021). Besides its colour, its fluorescence properties
allow its use as a label for antibodies, receptors, and other biological molecules (Sekar and
Chandramohan 2008). C-PC is also known for its antitumor activity for several types of cell
lines (Jiang et al. 2017), as well as for its capacity as an antioxidant (Renugadevi et al. 2018),
anti-inflammatory (Gonzélez et al. 1999), and as an immune system stimulator (Romay et
al. 1998). The use of C-PC in such different applications is highly dependent on its purity,
defined as the ratio between its absorbance at 620 nm and the total proteins' absorbance
measured at a wavelength of 280 nm. Values above or equal to 0.7 indicate that C-PC can
be applied for example in foods as a colorant; values of or above 3.9 specify reactive grade
C-PC; and a value of or above 4.0 specifies analytical grade C-PC (Rito-Palomares et al.
2001). In practice, this means that a higher purity ratio is obtained when fewer contaminants
are present in the extract, being the use of purification techniques required depending on the
specific purity demanded by a given application. Besides purity, the stability and the activity
of PC are essential features for its biotechnological application, while denaturation,
precipitation, and discoloration can be important problems to be dealt with (Wu et al. 2016).

Inspired by the argued health benefits of PC in general and C-PC in particular, which

are currently translating into significant commercial interests mostly in the nutraceutics field
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(e.g. note the growth of the marked for Arthrospira, the major source of C-PC, is expected
to grow at a CAGR of 13.2% from 2021 to 2028, reaching $ 968.6 million by 2028;

www.globenewswire.com assessed on July 14" 2021), we studied specific biological

activities of C-PC extracted from the cyanobacterium Anabaena cylindrica. The specific aim
of this work was to understand if it is possible to achieve the same property (i.e. biological
activity) using C-PC extracts (raw and purified), which are naturally less expensive to
produce than the pure pigment. Freshly prepared and lyophilized purified and raw extracts
were tested for their antioxidant and antimicrobial activities, biocompatibility, and antitumor

activity.

I\VV-2. Material and methods
IV-2.1. Cyanobacteria cultivation

A. cylindrica PCC 7122 was cultured in 5-L Schott flasks containing sterilized liquid
MBL - Woods Hole culture medium (Nichols 1973), in an incubation chamber at 20 + 2 °C,
under a 16h light:8h dark photoperiod using 2300 Ix provided by cool white fluorescent
tubes. After 13 days in culture, the biomass was harvested and concentrated through
centrifugation at 4 °C (4111 xg; Eppendorf 5810 R). The fresh biomass was stored briefly at
-20 °C until further use.

IV-2.2. Extracts production and purification

The frozen biomass was left at room temperature for 90 min protected from the light
and then homogenized in sodium phosphate buffer 150 mmol.L* at pH 7, using a solid-
liquid ratio of 1:10. The extraction was performed in an Eppendorf Thermomixer Comfort
equipment at 1500 rpm and 35 °C during 50 min. After the extraction time, the cell
suspension was centrifuged at 12000 xg for 10 min in a VWR microstar 17 centrifuge. The
pellet was discarded and the supernatant was directly used as the raw extract.

An aliquot of the same supernatant was purified according to the procedure described
by Martins and collaborators (2021) to produce the purified extract for further
characterization and testing. Briefly, 20 % (w/v) of ammonium sulfate was added and the
mixture was left overnight at 4 °C. The precipitated proteins were recovered by
centrifugation at 900 xg for 15 min in a VWR microstar 17 centrifuge. The supernatant was

discarded, and the pellet was resuspended in the same initial volume of ultrapure water. An
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ultrafiltration system was performed to the recovered protein fraction after the precipitation.
A 500 pL sample was added in each Amicon Ultra-0.5 mL Centrifugal Filter Unit 100 K.
The sample was centrifuged at 14000 xg during 15 min in a VWR microstar 17 centrifuge.
The permeate was discarded and 480 pL of ultrapure water was added to the concentrate and
centrifuged in the same conditions, being this last step repeated twice. Lastly, 480 pL of
ultrapure water was added to recover the concentrated sample after a centrifugation for 2
min, at 1000 xg, and a purified blue extract was obtained.

For each extract, the absorption spectra were collected (200-700 nm; UV-Vis
microplate reader Synergy HT, BioTeK Instruments Inc., Winooski, VT, USA), at least in
duplicate and using ultrapure water as a blank. C-PC concentration in the extracts was
quantified based on a previously defined calibration curve (R2 = 0.9912) built following
optical density measurements at 615 nm.

Raw and the purified extracts were used in the following steps, either fresh (used
immediately after the extraction process) or lyophilized (Scanvac cool safe, LaboGene ApS).

IV-2.3. Extracts’ antioxidant activity

The antioxidant activity of all extracts was assessed through the ABTS (2,2’-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) method, using ascorbic acid as the standard
antioxidant. Two controls were performed: one with ultrapure water for purified extracts and
ascorbic acid, and another control with sodium phosphate buffer for the raw extracts. The
ABTS radical cation was generated by reacting 7 mM ABTS and 2.45 mM potassium
persulfate at room temperature, in the dark, for 12 h. This ABTS solution was diluted with
phosphate buffer at 75 mM (pH 7.4) to an absorbance of 0.70 + 0.05 at 734 nm. The diluted
ABTS solution was added to each sample and mixed thoroughly. After a period of incubation
of 10, 30, or 60 min at room temperature in the dark, absorbance at 734 nm was recorded
(Shimadzu, UV 1800, Kyoto, Japan). The scavenging activity was calculated through Eqg.
V-1,

% Scavenging activity = % x 100 Eq. IV-1

where Ap is the absorbance of the control, and A the absorbance of the sample.
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IV-2.4. Extracts’ antimicrobial activity

All extracts were tested against 11 bacterial strains, both gram-negative and gram-
positive (Micrococcus luteus ATCC 4698, E. coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853, Bacillus cereus ATCC 14579, Staphylococcus aureus ATCC 25923,
Salmonella enterica ATCC 14028, Klebsiella pneumoniae ATCC 13883, Aeromonas sp.,
Proteus mirabilis ATCC 43071, Enterococcus faecalis ATCC 29212, and Bacillus
sphaericus ATCC 12488), using the Kirby-Bauer Disk Diffusion test. Briefly, Mueller-
Hinton agar plates were uniformly inoculated with a bacterial suspension, and then filter
paper disks containing the extracts were placed on the agar surface. Standard antibiotic disks
for gram-positive and gram-negative bacteria (10 ug of Penincillin and Chloramphenicol,
Oxoid, Hampshire, England) were also added to the plates, to allow comparing the inhibition
halo. Ultrapure water and sodium phosphate buffer were also tested, to discard the possible
influence/interference of the solvents. The plates were incubated at 37 °C, and inhibition
zones were observed after 24, 48, and 72 h. All tests were conducted independently and in

triplicate.

IV-2.5. Skin biocompatibility and antitumor activity of the extracts

Immortalized human keratinocyte HaCaT cells, used herein to assess skin
biocompatibility, were obtained from Cell Lines Services (Eppelheim, Germany), and
human melanoma MNT-1 cells, used herein as a proxy to assess antitumoral activity, were
provided by Dr. Manuela Gaspar (iMed.ULisboa, Portugal). HaCaT and MNT-1 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % of fetal
bovine serum (FBS) and 1 % of L-glutamine, penicillin—streptomycin and fungizone (Life
Technologies, Grand Island, NY, USA). Both were incubated under a humidified
atmosphere at 37 °C and with 5 % of CO.. The cell morphology was monitored using an
inverted microscope Nikon Eclipse 80i (Nikon, Tokyo, Japan).

The cytotoxic effects of all extracts were assessed through the colorimetric MTT
assay (Twentyman and Luscombe 1987). Briefly, HaCaT and MNT-1 cells were seeded in
96-well plates and allowed to adhere. After adhesion, cells were incubated (37 °C in 5 %
COy) for 72 h with a range of six extract concentrations (0.6, 3.0, 15.0, 60.0, 120.0, and
300.0 pg.mL™? for purified extracts, and 0.8, 4.2, 21.0, 83.0, 166.0, and 416.0 pg.mL* for

raw extracts), after extract sterilization by filtration through a 0.22 um CA syringe filter.
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After exposure, 50 pL of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide in PBS at pH 7.2) was added to each well. After 4 h of
incubation, the medium was replaced with 150 pL of dimethyl sulfoxide (DMSO) to dissolve
the formazan crystals. The plate was shaken for approximately 2 h in the dark. Cell viability
was measured through the reading of optical density of reduced MTT at 570 nm (Synergy
HT microplate reader; BioTeK Instruments Inc., Winooski, VT, USA).

Cell viability was expressed in percentage, relative to the control. The controls were
differentially set up for lyophilized and fresh extracts. One control treatment with only
DMEM was used when testing lyophilised extracts, because the lyophilized extracts were
reconstituted in DMEM. However, for fresh extracts, 6 different control concentrations were
also established, in order to appropriately correct for differences in volume among extracts
with different C-PC concentration. These controls were established corresponding to each
tested concentration, were DMEM was added to ultrapure water (for purified extracts), and
to sodium phosphate buffer (for raw extracts) in the exact same volume as used in the
treatment with the extract (see Figure IV-S1 and Table 1VV-S3 for the influence of different
solvent concentrations in cell viability). In this case, the cell viability found in each extract

treatment was expressed regarding the respective control.

IV-2.6. Data analysis

Data regarding antioxidant activity and cell viability were graphically expressed as
the mean + standard deviation (SD) of at least three independent experiments. The effect of
the lyophilized extracts in cell viability was statistically addressed using a one-way ANOVA
approach followed by the post-hoc Dunnet test when applicable to distinguish extract
concentrations from the control. Significant differences in cell viability between each fresh
extract treatment and the corresponding control were also assessed through a one-way
ANOVA followed by the post-hoc Dunnet test. An alpha level of 0.05 was considered in
these analyses.
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IV-3. Results
IV-3.1. C-PC extraction

C-PC was successfully extracted from the cultures of A. cylindrica, through the use
of sodium phosphate buffer. This simple extraction step produced the raw extract, while a
second purification step leads to the production of the purified extract. The extracted C-PC
was characterized by UV-visible spectrometry and exhibited a maximum absorbance at 615
nm (Figure 1V-1).
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Figure IV-1: UV visible spectrum of the raw extract (green) and the purified extract (blue) of C-PC
from A. cylindrica.

IV-3.2. Antioxidant activity

All extracts presented antioxidant activity, with the exception of the fresh purified
extract tested at 500 pg.mL™2. There was a clear increase in the percentage of the scavenging
activity with increasing C-PC concentration, which represents an increase in the antioxidant
activity (Figure 1V-2). The raw extracts (both in fresh and in lyophilized forms) presented
higher antioxidant activity than the purified counterpart, with the highest record being found
for the raw extract at 2500 pg.mL* that reached more than 40 % of scavenging activity
(comparable to the control with ascorbic acid at 200 ug.mL; Figure IV-2). The antioxidant
activity also increased in general with the time of exposure used in the ABTS assay (Table
IV-S1, Annex I1). In order to clarify the results obtained, a follow-up experiment was carried
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out concerning the antioxidant activity of C-PC extracts from different species, as detailed

in the Discussion section.
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Figure 1V-2: Antioxidant activity represented as the mean (n = 3) percent of scavenging of the tested
extracts at 500 ug.mL?*and 2500 pg.mL?, read after 60 minutes of exposure. Blue bars represent
purified extracts, while green bars represent raw extracts. AC stands for ascorbic acid, which was

used as a positive control. Error bars represent the standard deviation.

IV-3.3. Antimicrobial activity

The antimicrobial activity was tested against 11 pathogenic bacterial strains. None
of the extracts or the solvents showed antimicrobial activity. However, all replicates were
validated through the identification of an inhibition halo present on the antibiotic disks (see
Table 1V-S2, Annex I1).

IV-3.4. Biocompatibility with human skin cells

The biocompatibility of the extracts was interpreted from the percentage of HaCaT
cells viability following exposure compared to the control (Figure 1V-3). Concerning the
purified extract, the lyophilized form showed better biocompatibility than the fresh form.
However, the cell viability decreases significantly (see ANOVA summaries in Table 1V-54,
Annex Il) with the increase in C-PC concentration for both extracts, up to a minimum value
of 68 % of cell viability at 300 ug.mL™, after 72 h of exposure. The fresh form was slightly

less biocompatible, reaching the minimum value of 64 % in cell viability at 60 ug.mL™.
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Regarding raw extracts, a better biocompatibility was achieved. Indeed, at the lowest
concentration (0.8 pg.mL™) an increase in the cell viability of 20 % was found. Again, the
lyophilized form was slightly more biocompatible than the fresh one. As for the purified
extract, a significant decrease in cell viability was recorded with the increase in C-PC
concentration. A minimum of 55 % of cell viability was observed for the fresh extract,
compared to a slightly higher record of 65 % of cell viability found for the equivalent

lyophilized extract at the highest concentration tested (416 pg.mL™).
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Figure 1V-3: Cell viability of purified and raw extracts (in the fresh and lyophilized form) for HaCaT
cells, after 72 h of exposure. For fresh extracts, cell viability is expressed as the percent inhibition
relative to the control with ultrapure water in the case of purified extracts and sodium phosphate
buffer in the case of raw extracts. For lyophilized extracts, cell viability is expressed as the percent
inhibition relative to the control with DMEM medium. The results are expressed as the mean (bars)
+ standard deviation (error bars) of nine replicates. The horizontal bar at 100 % marks the
experimental control viability. The asterisks denote statistically significant differences between the
control and treatments with lyophilized extracts or between each fresh extract and the corresponding

control (Dunnet test; p <0.05).
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IV-3.5. Antitumor activity with melanoma cells

The antitumor activity of the extracts was assessed using a human melanoma cell
line (MNT-1), as indicated by the recorded percent of cell viability relative to reference
viability records achieved in the control. Antitumor activity was achieved only with raw
lyophilized extract (at 4.2, 21.0, 83.0, and 166.0 pg.mL™?), as shown in Figure IV-4. No
antitumor activity was promoted by the fresh extracts, neither by the purified extracts, as
interpretable from cell viability generally above the control levels (standard assumption of
100 % viability for the control treatments) in Figure 1V-4. In fact, an increase in cell viability
was observed in the fresh form of both purified and raw extracts compared to the control,
although with no statistical significance; the higher increase (approximately 20 %) was

found at 3 and 120 ug.mL™ of purified extracts.
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Figure 1V-4: Cell viability of purified and raw extracts (in the fresh and lyophilized form) for MNT-
1 cells, after 72 h of exposure. For fresh extracts, cell viability is expressed as % of cells regarding
the control with ultrapure water in the case of purified extracts and sodium phosphate buffer in the
case of raw extracts. For lyophilized extracts, cell viability is expressed as % of cells regarding the
control with DMEM medium. The results are expressed as the mean (bars) + standard deviation
(error bars) of nine replicates. The horizontal bar at 100 % represents the standard assumption of the
experimental control viability. The asterisks denote statistically significant differences between the
control and treatments with lyophilized extracts or between each fresh extract and the corresponding
control (Dunnet test; p <0.05).
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IVV-4. Discussion

The benefits of PC have been widely explored, but whether cyanobacteria are good
C-PC producers is a question that has not been systematically addressed. Indeed, the yield
of production of C-PC from different species with different culture conditions has been
reported (Kumar et al. 2011; Maurya et al. 2014), through which exciting information on the
biological activity of cyanobacteria extracts (Basha et al. 2008; Mohite et al. 2015;
Shanmugam et al. 2017; Jiang et al. 2018; Renugadevi et al. 2018; Jang and Kim 2021) was
delivered. The different A. cylindrica C-PC extracts studied herein showed much less
impressive results, which triggered this underlying picture behind our study reflecting that
the blue attribute is not enough to define an advantageous valorization of biologically active
cyanobacteria biomass.

The antioxidant activity is a very interesting feature for a natural extract, because of
the wide range of applications suiting such extracts, within e.g. the food, pharmaceutical,
and cosmetic markets (Renugadevi et al. 2018). Antioxidants can delay or inhibit the process
of oxidation, playing an important role in the defense mechanism against the attack of free
radicals. Its activity relies on their increased ability to donate a hydrogen atom from the
aromatic hydroxyl group to a free radical and/or to the capacity of their aromatic structures
to support an unpaired electron (Fratelli et al. 2020). The highest antioxidant activity of a C-
PC extract produced by A. cylindrica in the present study was shown by the raw extract at
2500 pug.mL*, with approximately 40 % of scavenging activity. This is much lower than the
records by Renugadevi et al. (2018) with a C-PC extract from Geitlerinema sp. TRV57 (200
ug.mL) reaching a scavenging activity of 78.75 % (DPPH test) or a hydrogen peroxide
radical scavenging activity of up to 95.72 %. However, less expressive results can be also
found in the literature, using C-PC extracts from Arthrospira platensis - e.g. 50 %
scavenging activity with 560 ug.mL™* of C-PC (ABTS test) (Wu et al. 2016) and 25.21 %
scavenging activity with 10.8 mg.g™* of C-PC (DPPH test) (Jerley and Prabu 2017). It is
worth noting that the results regarding the antioxidant activity are difficult to compare since
different protocols can be applied, representing different mechanisms, redox potentials, pH
values, and solvent dependencies (Apak et al. 2013). Also, within the same assay, there is a
discrepancy in the units used for the expression of results (e.g. % of scavenging activity, or

Trolox equivalent units), which can largely prevent feasible comparisons among studies.
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The discovery of new antibiotics is also a major line of research currently, and natural
products have been privileged sources of new drug molecules. Microorganisms and plants
have been particularly under the spotlight in this context (Bérdi 2005), and cyanobacteria
are known to produce antimicrobial compounds, like C-PC. For instance, C-PC extracted
from Arthrospira species showed antimicrobial activity against Staphylococcus aureus,
Shigella spp., Pseudomonas aeruginosa, Escherichia coli, and Salmonella typhi (Mohite et
al. 2015). C-PC extracted from Oscillatoria sp. also showed antimicrobial activity against
Pseudomonas sp., Staphylococcus aureus, and Klebsiella sp. (Shanmugam et al. 2017).
However, in the present study, the C-PC sourced by A. cylindrica did not present any
antimicrobial activity, which suggests that either the antimicrobial potential found for the
extracts that were previously tested was due to components other than C-PC, or that C-PC
antimicrobial properties are species-specific. In those previous studies, C-PC was extracted
from different species, with slightly different procedures. While Mobhite et al. (2015) applied
the freeze-thaw method followed by an extraction step with a phosphate buffer (pH 7),
Shanmugam et al. (2017) applied Tris-HCI buffer followed by precipitation with ammonium
sulphate, after the freeze-thaw step. Although these extraction procedures allow obtaining
an extract rich in C-PC, the phycobiliprotein will not be the single constituent of the extract.
This can concur to explain the lack of antimicrobial activity of the extracts analyzed in the
present study.

The applicability of C-PC in the cosmetic sector justifies the study of the
biocompatibility of both the pigment and extracts rich in the pigment with human skin. The
biocompatibility of commercial C-PC from Arthrospira with human keratinocytes (HaCaT
cell line) was already reported, using a concentration range of 5 - 80 ug.mL™* (Jang and Kim
2021). Moreover, not only C-PC did not show any toxicity to HaCaT, as it exerted a
protection against UV-B radiation, preventing wrinkle formation, helping to restore the
physical barrier function of skin, and suppressing oxidative stress (Jang and Kim 2021).
However, the extracts of C-PC used in the present study present some toxicity to HaCaT
cells. This toxicity was especially evident with purified extracts, which is not in accordance
with the referred previous studies carried out with the pure commercial pigment. With raw
extracts, better results were achieved, and at 0.8 pg.mL™? the fresh form significantly
increased the cell viability. This is a promising result since it suggests an increase in cell

proliferation, which is very interesting from the point of view of research on skin
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regeneration.

The antitumor activity of C-PC was already reported for melanoma cells (A375 cell
line) (Hao et al. 2018), breast cancer cells (MDA-MB-231 cells) (Jiang et al. 2018), and
hepatocyte carcinoma (HepG-2 cells) (Basha et al. 2008), for instance. For the MNT-1 cells
(also melanoma cells), addressed herein for the first time, only raw extracts showed
antitumor activity, although with small reductions in cell viability. The best result was
achieved with 166.0 pg.mL™* (80 % of cell viability). This record is less impressive than
those reported by other authors - e.g. ca. 40 % A375 cell viability with 8 pg.mL™* (Hao et al.
2018); less than 50 % MDA-MB-231 cell viability with 300 pg.mL (Jiang et al. 2018); and
38 % HepG 2 cell viability with 7 ug.mL* (Basha et al. 2008). Still, our results are interesting
because although C-PC is known for having an antitumor activity, the raw extracts are the
ones responsible for this activity, rather than the purified ones. Within these extracts, the
lyophilized form achieved better results than the fresh form. Furthermore, although some of
the present extracts showed toxicity to HaCaT cells, the conditions that showed antitumor
activity also present good biocompatibility with HaCaT (i.e. 4.2, 21.0, 83.0, and 166.0
ug.mL? of lyophilized raw extract), and should be focus of future studies and
characterization.

Comparing purified and raw extracts, it is possible to observe that the raw extracts
produced better results than the purified extracts, namely higher antioxidant capacity, better
biocompatibility and antitumor activity. However, at this point, it is honest to recognize that
Anabaena extracts are not particularly efficient in promoting desirable biological activities.
A possible explanation could be the lack of stability of C-PC after extraction. This is of key
importance since stability of proteins can be disturbed by several factors, including C-PC
origin (Chen and Berns 1978), extraction temperature (Dejsungkranont et al. 2017), light
exposure (Colla et al. 2016), extraction process (Jaeschke et al. 2021), type of solvent (ilter
et al. 2018), pH (Silveira et al. 2008), biomass/solvent ratio and biomass form (Jaeschke et
al. 2021). The protein structure has a protective effect on the chromophore, which is
responsible for the stability of C-PC. The structure of C-PC is an open-chain tetrapyrrole
chromophore (phycobilin) covalently linked to protein molecules. Interferences in this
tetrapyrrole structure (i.e. in the chromophore) caused by compounds like oxygen, free
radicals, and acids, promote C-PC degradation, with colour fading and antioxidant activity

loss (Jaeschke et al. 2021). Therefore, stabilizing agents are normally added after extraction
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to ensure stability (Stanic-Vucinic et al. 2018). Also, in aqueous solutions, proteins partially
dissociate in discrete aggregates (e.g. trimmers and monomers), exposing phycobilin to
reactant species (Jaeschke et al. 2021). In fact, it was already reported by Fratelli et al. (2020)
that different extraction methods lead to different antioxidant activities of C-PC extracted
from Arthrospira. Both ultrasound-assisted extraction (UAE) (Hadiyanto 2016) and
pressurized liquid extraction (Herrero et al. 2005; Ruiz-Dominguez et al. 2021) are common
methods for the extraction of phycobiliproteins, however, it is reported that UAE did not
protect the bioactivity of C-PC (Fratelli et al. 2020). Among the extraction methods
compared by Fratelli et al. (2020), solvent extraction is the one that results in higher C-PC
antioxidant activity when compared to the other extraction methods evaluated. The solvent
extraction with buffer phosphate is a common method and already used by other authors
with cyanobacteria (e.g. Mohite et al. 2015; Wu et al. 2016). These literature evidences
supported our methodological options for the extraction process and consequently suggest
that the poor biological activities we monitored are mostly related to the species used.

IV-4.1. On the species-specificity of C-PC biological activity

As evident from the above, the source of the extract (i.e. the species) is a remarkable
constraint to C-PC biological activities. Although not often reasoned, this is logical given
the differential metabolic composition among species, which defines the composition of
extracts and their C-PC load. Moreover, although extracts are blue, it is noteworthy that C-
PC would not be their single constituent. This means that the biological activities described
for several C-PC extracts may or may not be strictly driven by C-PC, and it is reasonable to
hypothesize that synergic relations between C-PC and other molecules composing the
extracts are rather responsible for the activity records. In such a scenario, the selection of the
species to produce the extracts is extremely important, because it will dictate its biological
activity, and hence the success of a given application. To elaborate on this hypothesis,
formulated on the basis of the outcome of the present study, and to support our discussion,
we extended our experimentation. Four different sources (A. cylindrica, Nostoc sp.,
Arthrospira platensis, and dried Arthrospira sp. from a commercial source) were used to
produce several C-PC extracts following similar procedures as described in the methodology
section for the raw extracts, using water and sodium phosphate buffer as solvents. In some

biomasses a second extraction step was added in order to evaluate if it was possible to
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recover more C-PC. After this second extraction step the extracts with quantified C-PC were
also subject to the evaluation of the antioxidant activity. Therefore, in this small experience
the effect of two different solvents in four different biomasses was assessed, as well as the
influence of the addition of a second extraction step. These extracts, differing as to the source
species and the solvent used in extraction bare distinct antioxidant activity, although
comprising similar C-PC concentration (Figure 1V-5, Table 1V-S5). The different colors of
the extracts are an immediate indication of distinct composition, which translates into
different antioxidant activity records. Arthrospira platensis extracts are the ones with higher
activity, especially following extraction with water. Although both water and sodium
phosphate buffer successfully extracted C-PC, equivalent extracts are differentially active,
meaning that the observed activity cannot be exclusively attributed to the C-PC presence.
Moreover, sequential extractions of the same biomass also promote different activity,
although the concentration in C-PC of the extracts is the same (see the example of
Arthrospira from a commercial source with 500 pgc-pc.mL™). In this case, a second step on
the extraction procedure lead to an extract with the same C-PC concentration (500 ug.mL"
1, but with a small scavenging activity. This demonstrates that the extraction procedure has
arole in the activity, because the same concentration of C-PC produced different scavenging
activity records.

In these extractions, sodium azide (NaNs) was also added to the solvents. This is an
anti-microbial agent used to enhance storage stability and maintain the quality of C-PC
(Jaeschke et al. 2021). As stated above, the use of stabilizers can play a role in bioactive
abilities. However, this addition did not produce better antioxidant extracts (see A. cylindrica
raw extracts at 500 pg.mL* C-PC in Figure IV-2, and with buffer at 500 pg.mL™* C-PC in
Figure 1V-5).
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Figure IV-5: Antioxidant activity represented as the percent of scavenging activity of several C-PC
extracts obtained from different species (A. cylindrica, Nostoc sp., Arthrospira platensis, and dried
Arthrospira sp. from a commercial source), bearing different but comparable C-PC concentrations,
read after 60 min exposure in the ABTS assay. Water and sodium phosphate buffer were used as
solvents for the extraction. Some biomasses were subject to a second sequential extraction and are
identified as 2",

This exercise demonstrated that the extract colour does not necessarily translates
directly into antioxidant activity, thus suggesting that the link often made between many
biological activity attributes and C-PC is rather speculative. In recent years, many efforts
have been made to understand the conditions that promote the production of C-PC and to
select the best method for its extraction. However, being blue is not enough, and efforts
should be made to characterize the constituents of the extracts. This will allow
understanding, which is or are the components of the extracts that are responsible for a
specific biological activity, and could help to demystify some of the features that may have

been wrongly attributed to C-PC.
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IVV-5. Conclusion

In the present work, C-PC extracts from A. cylindrica were analyzed regarding some
common biological activities (i.e. antioxidant, antimicrobial, biocompatibility, and
antitumor against human cell lines). When comparing raw vs purified extract, raw extracts
were found more interesting, as they showed higher antioxidant activity, better
biocompatibility, and even antitumor activity in some concentrations. Still, these extracts
underperformed compared to literature reports and raised this question on whether all
cyanobacteria are good C-PC producers. Extended experimental confirmed that C-PC
extracts from different cyanobacteria species present differential antioxidant activity. This
supported our motto, as the C-PC presence (or the blue coloring) is clearly not the single
variable constraining extracts’ biological activity, and recall for the need to reformulate the
common assumption of C-PC bioactivity attributes. Biological activities in C-PC containing
extracts are most likely the result of synergic interactions between the components of the
extracts, rather than reflect only the presence of the pigment.
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'H NMR metabolomics study

Abstract: Cyanobacteria are often considered a factory of added-value compounds.
However, knowledge about the array of interesting compounds that could be extracted from
these prokaryotic organisms is still very limited. Nuclear Magnetic Resonance (NMR)
spectroscopy is a widely used technique for metabolic profiling that allows an overview of
the main metabolites present in complex biological matrices. In this work, high resolution
'H NMR was applied to the freshwater cyanobacterium Nostoc muscorum, and used to
screen the production of metabolites demanded by several biotechnological applications.
The growth and metabolic profile of N. muscorum. were monitored during 112 days. This
species showed an incredible longevity, being able to grow for more than one hundred days
without any medium supplementation and withstanding the capacity as a source of valuable
compounds. During the period of study, several interesting metabolites were detected, such
as several sugars and oligosaccharides, lipids (e.g. glycolipids, ®-3 and ®-6 fatty acids),
amino acids, including mycosporin-like, peptides, and pigments (e.g. chlorophyll a and
carotenoids). Owing to the long-term monitoring implemented in this study, the production
of these compounds could be associated to specific moments of the growth of N. muscorum,
providing new insights into the most appropriate harvesting time points for the
biotechnological exploitation of specific molecules.

Keywords: cyanobacteria, Nostoc muscorum, metabolome, NMR spectroscopy, bioactive

compounds
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V-1. Introduction

The search of natural compounds with biological activity is an active and growing
area of research. While bacterial and fungal microorganisms (Actinomycetes and
Hyphomycetes) have been the most widely explored sources of bioactive compounds for a
long time, in recent years, the focus largely shifted to microalgae and cyanobacteria (Singh
et al. 2005). Cyanobacteria are prokaryotic organisms, which synthesize a plethora of
secondary metabolites in response to environmental conditions. Many of these metabolites
can be harvested and exploited for a multitude of applications, which supports the
biotechnological potential of these microorganisms. Recent reviews on cyanobacteria
metabolites highlight their use as chelating agents, biofuels, biocides, cosmetics,
pharmaceuticals, fertilizers, and foods, just to mention a few (e.g. Smith & Thanh Doan,
1999; Singh et al., 2016; Haque et al., 2017; Kultschar & Llewellyn, 2018; Huang & Zimba,
2019; Macério et al., 2021). The molecules themselves can be assorted into a vast collection
of chemical groups, including fatty acids, terpenoids, phenolics, phytohormones, alkaloids,
isoprenoids, polysaccharides and photoprotective compounds (Martinez-Francés and
Escudero-Ofiate 2018). However, from more than 10 000 cyanobacteria species, only a
thousand were analysed for some kind of metabolite characterization and a much smaller
number of species is currently cultured at the industrial scale for commercial exploitation
(Raheem et al. 2018). This means that our knowledge about the biotechnological potential
of these organisms is still very limited, configuring a new avenue that is worth exploring.

Nostoc is a genus of filamentous nitrogen-fixing cyanobacteria (i.e. diazotrophic
species). It can be found in terrestrial and aquatic environments, often forming macroscopic
or microscopic colonies (Potts 2002). Specialized cells like heterocysts (N2-fixing cells) and
akinetes (resistance cells) are present in its filaments or trichomes (Borowitzka 2018).
Several species of the Nostoc genus (e.g. Nostoc flagelliforme, Nostoc muscorum, Nostoc
sphaeroides) have been used as edible food items in China, other Asian countries and in
South America (Gao 1998; Johnson et al. 2008). These species of Nostoc are also known to
produce interesting compounds with a wide range of biological activities. Remarkably,
cyanovirin-N (CV-N) is a protein discovered in Nostoc ellipsosporum able to inactivate
some primary strains of HIV-1 (Burja et al. 2001). Borophycin is a metabolite confirmedly
produced by the marine strains Nostoc linckia and Nostoc spongiaeforme var. tenue, which

shows cytotoxicity against human epidermoid carcinoma and human colorectal

126



Chapter V: Metabolic composition of the cyanobacterium Nostoc muscorum as a function of culture time: a

'H NMR metabolomics study

adenocarcinoma cell lines (Burja et al. 2001). Cryptophycin was isolated from some strains
of Nostoc, and was shown to have activity as a potent fungicide and as a cytotoxic compound
against human tumour cell lines (Burja et al. 2001). These examples, among many others,
support further the interest on studying this genus for potential biotechnological exploitation.

The biological activity of both documented and novel cyanobacteria metabolites is
of significant relevance to various applications, including in the medical field. Thus, there is
growing interest in detecting these molecules in different sample species and assessing the
dynamics of their production. By enabling the detection, identification, and quantification
of a multitude of metabolites in complex biological matrices, metabolomics methods are
exquisitely powerful in this respect. The most popular analytical techniques employed in
metabolomics studies are Mass Spectrometry (MS), typically preceded by some kind of
chromatographic separation, and Nuclear Magnetic Resonance (NMR) spectroscopy
(Schwarz et al. 2013). Although the relatively low sensitivity of 'H NMR generally
precludes the detection of compounds in sub-micromolar concentrations, this technique
readily provides structural and quantitative information on a wide range of metabolites, from
different chemical families, in a rapid and non-destructive way (Fan and Lane 2008; Dona
et al. 2016). Accordingly, NMR-based metabolomics has been proven useful in the
metabolic characterization of several algal species (Nylund et al. 2011; Gupta et al. 2013;
Ito et al. 2013; Kumar et al. 2015; Arora et al. 2018) and cyanobacteria (Kim et al. 2006;
Zea Obando et al. 2016; Iglesias et al. 2020).

The present study reports the first NMR metabolomics investigation of freshwater
cyanobacteria from the Nostoc genus, with special emphasis on prospecting the presence of
compounds that can be worth of further exploitation. The hypotheses in this work were two-
fold. First, we explored the presence of biotechnologically interesting metabolites based on
previous evidence for the genus (see above). Second, and based on general principles of the
growth dynamics of these organisms as constrained by abiotic (e.g. metabolic products
accumulation) and biotic (e.g. density-dependent competition for nutrients), we assumed that
the metabolic profile would change through the growth period in the long-term, this being
critical to define the most appropriate harvesting moments for the biotechnological
exploitation of different molecules of interest. To address these hypotheses, we monitored
the changes in the metabolome in a culture growing for more than one hundred days with no

renewal or nutrient supplementation.
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V-2. Material and methods
V-2.1. Cyanobacteria culture and growth monitoring

The filamentous cyanobacterium Nostoc muscorum UTAD_N213. was cultured in
triplicate, in 5-L Schott flasks with 5 L of Woods Hole MBL culture medium (Nichols 1973).
A 9-days inoculum was used to onset the cultures, which achieved an initial optical density
(440 nm) of 0.08 = 0.01 (UV-Vis spectrophotometer, Schimadzu UV 1800). The cultures
were incubated with constant aeration at 26 + 2 (°C) under a 16 h-light/8 h-dark photoperiod
cycle; light intensity during the day period was set to 2300 lux provided by cool white
fluorescent tubes. The cyanobacteria were kept under these conditions for a period of 112
days with no medium renewal or supply. Samples were collected three times per week, in a
flow chamber and using sterile material for preventing any additional bacterial
contamination (these cultures are hardly axenic in the laboratory or in scaled-up cultivation
systems), for growth kinetics monitoring based on optical density reading at 440 nm. Due to
the frequent sampling, no appropriate volumes were available for sampling and analysis after
112 days.

V-2.2. Sample collection and treatment for NMR analysis

Two technical sample replicates from each replicated culture were collected every
two weeks for NMR analysis (see section V-2.3), in a total of 6 replicates per timepoint.
Samples (15-20 mL) of each homogenized culture were harvested under sterile conditions
and vacuum-filtered through a nylon membrane (0.45 pm pore size, 47 mm diameter;
Whatman). A washing step with 10 mL of 0.9 % NaCl was run at room temperature, then
the membrane was scrapped to recover the retained cells into a pre-washed (MeOH) glass
tube containing ~100 mg of cooled pre-washed (MeOH) glass beads (0.5 mm; Scientific
Industries). Solvents (MeOH:CHCI3:H20; 1:1:0.7) were added to the biomass (indicative
volumes are given for 20 mg of biomass) or to the blank samples (filter with no cells washed
with NaCl) set in parallel, and extractions were run inside an icebox. Briefly, cold MeOH
80 % (-20 °C; 800 L) was added to the biomass, vortexed, cooled down on ice, and vortexed
again (for some samples, an extra step of ultrasounds bath with ice for samples to dissolve
was considered). Each tube was then added with cold CHCIs (-20 °C; 320 uL) twice and
cold ultrapure water (4 °C; 288 L), with 2-min intermediate vortexing steps. The tubes were
placed on ice for 15 min and centrifuged at 4111 xg (4 °C; 15 min). The upper aqueous phase
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was then transferred to a microtube and dried in a speedvac (Eppendorf concentrator with
UNIJET Il vacuum pump), while the lower organic phase was placed into an amber glass
vial and dried under nitrogen. All samples were stored at -80 °C. For NMR analysis, dried
aqueous and organic phases were reconstituted with deuterated phosphate buffer (pH 7.4
containing 0.1 mM TSP-d4; 600 pL) or deuterated dimethyl sulfoxide (DMSO-de containing
0.01 % TMS; 600 pL), respectively. The samples were then shortly vortexed, homogenised
(2 min at 2500 rpm; Digital Disruptor Genie, Scientific Industries), placed in a cold

ultrasound bath for 180 s for complete dissolution, and transferred to 5 mm NMR tubes (550
pL).

V-2.3. NMR spectra acquisition and processing

NMR spectra were acquired on a Bruker Avance IIl HD 500 spectrometer
(University of Aveiro, Portuguese NMR Network) operating at 500.13 MHz for H
observation, at 298 K, using a5 mm TXI probe. Standard 1D spectra (Bruker pulse programs
‘noesyprld’, with water suppression, for aqueous extracts, and ‘zg’ for organic extracts)
were recorded with a 7002.8 Hz spectral width, 32 k data points, a 2 s relaxation delay and
512 scans. Spectral processing (TopSpin 4.0) comprised exponential multiplication with 0.3
Hz line broadening, zero filling to 64 k data points, manual phasing, baseline correction, and
chemical shift calibration to the TSP or TMS signal at 0 ppm. To assist spectral assignment,
2D experiments have also been recorded for selected samples, namely: i) *H-'H total
correlation (TOCSY) spectra, which show the spin systems corresponding to scalar coupled
protons in a molecule, giving a unique 2D pattern; ii) *H-3C heteronuclear single quantum
correlation (HSQC) spectra, which shows proton-carbon single bond correlations, being
especially useful for assigning singlets that have no TOCSY correlations; and iii) J-resolved
spectra where the *H signals multiplicity and coupling constants are made explicit along the

F1 axis.

V-2.4. Data analysis

The first stage of data analysis consisted of assigning the signals detected in the
spectra of aqueous and organic phases of extracted biomass. Compound annotation was
based on matching 1D and 2D spectral information to several literature reports (Hauksson
et al. 1995; Marcolongo et al. 2006; Pontis et al. 2007; Kobayashi et al. 2013; Lafountain et
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al. 2013; Sallans et al. 2013) and reference spectra available in Chenomx (Edmonton,
Canada), BBIOREFCODE-2-0-0 (Bruker Biospin, Rheinstetten, Germany), and HMDB
(Wishart et al. 2018). Then, representative signals of assigned compounds, free of major
overlap, were selected for integration in Amix-Viewer 3.9.15. The areas of selected signals
were then normalized by the total spectral area (excluding residual solvent signals) and used
to assess quantitative changes over time, through multivariate analysis (performed in

Metaboanalyst 5.0, https://www.metaboanalyst.ca) and univariate statistics. Principal

Component Analysis (PCA), Hierarchical Cluster Analysis (HCA) and Partial Least Squares
Discriminant Analysis (PLS-DA) were applied to normalized and unit variance-scaled data
to assess, respectively, grouping trends (as visualized in the scores scatter plot), and the most
important variables accounting for sample discrimination across time of growth (variable
importance to the projection, VIP > 1). Additionally, Spearman rank correlation analysis
was employed to search for the most time-correlated variables (|r| > 0.6; p < 0.05). One-way
ANOVA with post-hoc Tukey tests was applied to assess the effect of time in the production
of each metabolite with a VIP score > 1 and/or |r| > 0.6. An alpha level of 0.05 was

considered in all analyses.

V-3. Results
V-3.1. Growth of the N. muscorum culture in the long-term

The growth of the N. muscorum was monitored through 112 days using the optical
density as a proxy of biomass. An adjusted exponential equation described accurately the
increase in absorbance as denoted by the coefficient of determination higher than 0.98
(Figure V-1). These data reflect a continuous increase in absorbance throughout the entire
experiment, with higher standard deviations being recorded for later time points (after day
80), which likely relates to the increased turbidity caused by high sample concentrations.
Notably, although there was no nutrient reinforcement throughout the study period, the
cultures never reached a clear stationary phase. These data were previously confirmed by
more feasible proxies for culture growth based on fluorescence parameters described in
Chapter I1I.
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Figure V-1. Growth kinetics of N. muscorum throughout a monitoring period of 112 days. Marks
represent the mean of 3 replicates and the error bars represent the standard deviation. The best fitted
exponential model was added as a solid green curve. Note that OD measurements were always made
using controlled sample dilutions resulting in readings up to a threshold of 1.000.

V-3.2. Metabolic profile of N. muscorum

The 1D 'H NMR spectra of aqueous and organic extracts (Figure V-2) revealed
complementary information on the biomass constituents, which were identified based on the
sets of 2D spectra collected for each sample type, as detailed in the experimental section.
Additionally, some assignments were further confirmed through in-house NMR analysis of
standard solutions and spiking experiments (addition of standard to sample to confirm a
specific assignment based on signal increments). The compounds detected in aqueous
extracts comprised amino acids and small peptides, monosaccharides, disaccharides and
oligosaccharides, organic acids, nucleotides and compatible solutes (betaines,
glucosylglycerol). The organic extracts contained mainly lipids and photosynthetic pigments
(chlorophyll and carotenoids). The list of assigned resonances is shown in Supplementary
Table V-S1 (Annex I11). In some cases, the information retrieved from spectral analysis was
insufficient to provide definite assignments, hence, some compounds were identified in more
general terms, namely: i) peptides 1, 2 and 3 (NMR profile consistent with bound amino
acids, but specific identity not determined); ii) AXP (AMP, ADP and/or ATP) and UXP
(UMP, UDP and UTP); iii) glycolipids (galactosyl, glucosyl and glyceryl moieties, as in
Marcolongo et al. (2006) and Sallans et al. (2013)); iv) sucrose-containing oligosaccharides,
as in Pontis et al. (2007); v) betaines 1, 2 and 3 (3 singlets with *H and **C chemical shifts

characteristic of these amino acid derivatives). Overall, 36 signals were integrated and their
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areas, which are proportional to compound concentrations, were used as input for
multivariate analysis.
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Figure V-2. Representative 500 MHz *H NMR spectra of the aqueous (A) and organic phase (B) of
N. muscorum culture at day 70. Some assignments are indicated, while a full list of identified
compounds is provided in Supplementary Table V-S1. Three-letter code used for amino acids; MAA,
mycosporine-like amino acid; Ado, adenosine; AXP, adenosine mono/di/tri-phosphate; UXP, uridine
mono/di/tri-phosphate; FA, fatty acyl chains in lipids.

As a first approach to identify grouping trends within the samples, unsupervised PCA

was applied to signal areas (representative of the different metabolites identified). The scores
scatter plot relating PC1 and PC3 (Figure V-3A) showed a clear time-related gradient
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distribution of samples along PC1, which explained 54.3 % of the data variance. This is
particularly evident up to day 56, after which the samples from different time points were
less well separated, indicating higher similarity between their metabolic profiles. This
observation was further corroborated by the dendrogram obtained by HCA (Figure V-3B),
where samples from days 84 and 112 were clustered closely together and included in a larger
cluster also comprising the later time points (from day 56 onwards), which separated from

another branch comprised of days 14, 28 and 43.
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Figure V-3. A) Principal component analysis (PCA) scores scatter plot and B) Hierarchical cluster
analysis (HCA) dendrogram (Euclidean distance, Ward clustering algorithm), evidencing the
changes in the metabolome of N. muscorum through a 112-days monitoring period. Samples are
color-coded by sampling timepoint (days 14, 28, 43, 56, 70, 84 and 112). In the PC1 vs PC3 scores
scatter plot (best representing the separation between sample groups), the shadowed areas represent

95 % confidence regions.

The heatmap representation of the 36 signal areas measured for all samples (Figure
V-4) also showed two main metabolic signatures corresponding to the first and second half
of the growth period. In days 14, 28 and 43, cyanobacteria were characterized by higher
relative abundances of malto-oligosaccharides, amino acids, nucleotides, chlorophyll a, and
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some lipids, mainly polyunsaturated fatty acids and glycolipids. In the second half of the
growth period (from day 56 onwards), the levels of these compounds were contrastingly
lower, while the levels of sucrose-derived oligosaccharides, nucleosides and peptides,
among others, were relatively higher. Furthermore, metabolites such as carotenoids, valine,
isoleucine and trehalose did not follow any of the patterns described above, being produced
heterogeneously during the growth of N. muscorum.
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Figure V-4. Heatmap representation of relative abundances (from low, in blue, to high, in red) of
the 36 metabolites (or metabolite groups) detected in N. muscorum extracts at different culture time
points. The left-hand cladogram evidences the similarities between compound production patterns
through time.

To determine the compounds with greater importance for time-related sample
separation, PLS-DA was applied to the 36-variables matrix. The resulting model
discriminated the sample groups with high robustness (Q? 0.96 for 2 components, Figure V-

5A) and showed a trajectory along the first latent variable (LV) according to culture time.
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The compounds contributing the most to the observed LV1 scores distribution (VIP > 1) are
highlighted in Figure V-5B. These results were further confirmed by correlation analysis,
since all the compounds with VIP > 1 were also significantly correlated with time (|r| > 0.6;

p <0.05), as shown in Figure V-5C.
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Figure V-5. A) Partial Least Squares Regression with Discriminant Analysis (PLS-DA) scores
scatter plot and B) the variables (metabolites) most important (VIP > 1) for sample distribution along
the first PLS-DA component; C) top 24 metabolites correlated with time, from day 14 to day 112

(Spearman rank correlation).
The relative levels of compounds with VIP > 1 and with significant correlation

coefficients, at different culture times, are displayed in Figure V-6. A number of amino acids,

namely glutamate, aspartate, ornithine, alanine and a mycosporin-like amino acid, decreased
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consistently over time, especially from 14 to 56 days. On the other hand, the levels of
peptides increased, especially in the second half of the growth period. There were also
marked changes in carbohydrates. Maltose-derived oligosaccharides showed a decreasing
trend through time, whereas sucrose-derived oligosaccharides were very low in early time
points and steadily accumulated over time. As for compatible solutes, glucosylglycerol and
one betaine increased through culture growth, whereas two other betaines decreased. Lipid-
related compounds also displayed diverse variation patterns. While polyunsaturated fatty
acids (PUFA), including linolenic acid, decreased with time, those with a single unsaturation
(MUFA) were accumulated. As for the levels of total fatty acids (first row in the heatmap of
Figure V-4), there was greater heterogeneity between samples, although an increasing trend
could be seen towards the end of the growth period. Moreover, the ratio of linoleic (»-6) to
linolenic (»-3) acid increased significantly from early to late time points (Figure V-6). Other
compounds with VIP > 1 and/or |r| > 0.6 included 3-hydroxybutyrate, acetate, nucleotides,
and chlorophyll a. They all had higher relative levels in younger cultures and decreased over

the second half of the growth period.
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Figure V-6. Relative levels of compounds with VIP > 1 and significant correlation with time, at
different culture time points. Results are expressed as the mean (bars) + standard deviation (error
bars) of six replicates. Different letters indicate statistically significant differences among sampling
time-points (Tukey test; p < 0.05 following one-way ANOVA - statistical summary in supplemental
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Table V-S2, Annex Ill). Graphic colors represent different classes of metabolites: olive green for
amino acids and peptides, green for carbohydrates, dark blue for compatible solutes, purple for lipids,

dark green for chlorophyll a, light red for nucleotides/nucleosides, and light blue for others.

V-4. Discussion

Cyanobacteria are currently regarded as a promising natural source of valuable
compounds. Among the most explored species, those from the Arthrospira genus are
doubtless the most known and studied. However, the characterization of the metabolic
profiles of other species is of critical importance, especially given that a large interspecific
variation in ecophysiological features is a known attribute of cyanobacteria (e.g. Cerasino et
al. 2017). Such variability enlarges the scope for an efficient exploitation of the production
of specific compounds of biotechnological interest, including novel compounds. Like
Arthrospira, Nostoc is a genus known for its edibility and it has been used as a food source
for many years (Gao 1998; Johnson et al. 2008), although it is far less studied. One of the
advantages of Arthrospira species is that they are easy to culture within an industrial context.
The present study demonstrates that the use of N. muscorum is also not limitative in this
regard. Indeed, the growth of N. muscorum assessed in the present study was impressive,
since it was stable for more than 100 days without any additional nutrient supplementation.
This suggests particularly low requirements of N. muscorum cultures, hence allowing long-
term maintenance costs to be reduced, which is key to sustainable industrial exploitation.

The use of NMR spectroscopy for the screening of cyanobacteria metabolites has
already been proven useful, although it has only been applied to single or to a limited number
of time points (e.g. Aikawa et al. 2019; des Aulnois et al. 2019; Iglesias et al. 2020). To the
best of our knowledge, this is the first study where this technique, or, in fact, any metabolic
profiling technique, was applied to monitor the variations in the cyanobacteria metabolome
in the long term. Such knowledge not only improves our understanding of these organisms’
physiology, as it is useful from an applied perspective, namely regarding the identification
of the most appropriate growth stages to explore a specific metabolite or group of
metabolites. Along with assuring that the stock cultures are growing at an optimal and stable
pace in the long term, this is key for industrial exploitation of target compounds, so that
harvesting can be scheduled to the growth phase where their maximal production occurs.

The NMR profiling carried out in the present study proved that important metabolites

with several biotechnological applications are naturally produced by N. muscorum, hence
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confirming our first hypothesis. Also, the metabolic profile of N. muscorum over the growth
period was not homogeneous in the long term, and some key metabolites were preferentially
produced in specific phases of the culture growth. Thus, our second hypothesis was verified,
evidencing that it is possible to optimise the best harvesting period for the extraction of a
desired metabolite. The analysis of the production patterns suggests a pronounced shift in
metabolism at approximately half term of the studied period (from day 43 to 56). This could
possibly reflect some age-related metabolic adaptations, as the number of older cells, relative
to total cell numbers, naturally increases with time. Moreover, as the culture medium was
not supplemented during the growth period, consumption of certain nutrients and release of
metabolic waste products is also expected to influence the cells metabolic activity. In future
studies, a parallel analysis of extracellular medium is warranted to verify this hypothesis.
Several compounds such as amino acids showed higher production during earlier
stages of the growth period (up to 43 days). Within the amino acids identified in N.
muscorum, mycosporin-like amino acids (MAASs) are particularly interesting. So far, more
than 30 MAAs were identified (Kultschar and Llewellyn 2018), and are present in several
biological groups, such as corals, micro and macroalgae, dinoflagellates, fungi, lichens and
cyanobacteria (Chrapusta et al. 2017). Specifically for Nostoc species, several MAAs were
reported (e.g. MAA-312, MAA-330, shinorine, glycosylated MAAs, porphyra-334 and
extracellular MAAS) (Jain et al. 2017). The biosynthesis of MAAs is thought to include
intermediates from different metabolic pathways, namely the shikimate pathway, used for
the biosynthesis of aromatic amino acids, and the pentose-phosphate pathway (Geraldes and
Pinto 2021). Moreover, MAA biosynthesis is known to be non-species-specific and to
depend on abiotic conditions, especially the spectral distribution and intensity of radiation
(Rastogi et al. 2010). In cyanobacteria, UV-B is the most important factor constraining the
accumulation of MAAs, but nitrogen availability also constrains its composition (Singh et
al. 2008). In our experiment, no radiation stress was induced, suggesting that MAAs
production is naturally high in the Nostoc species studied, and has the potential to be even
further stimulated by specific conditions. There are several applications for these compounds
related to their roles in photoprotection, antioxidant protection, osmotic regulation,
reproduction control, and as nitrogen reservoirs (Shick and Dunlap 2002). The most studied
feature of MAAs is photoprotection (Shick and Dunlap 2002), and as anti-photoaging agents

in wrinkle reduction (Kageyama and Waditee-Sirisattha 2019), wound healing agents (Choi
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et al. 2015), and antitumor agents (e.g. B16-F1 murin skin melanoma; Yuan et al., 2009; and
HelLa human adenocarcinoma; Athukorala et al., 2016).

While the production of amino acids decreased within the growth, the production of
peptides increased, although it was not possible to identify the peptides found. Some of these
compounds are very attractive for the pharmaceutical industry because they are considered
a promising starting point for the development of novel drugs (Shah et al. 2017). Peptides
are a class of pharmaceutical compounds that are different from small molecules and
proteins, both molecularly, biochemically, and therapeutically. They bind selectively to
cellular targets, which reduces the risk of side effects (Lau and Dunn 2018). Also, peptides
can present biological activity (e.g. antitumor and antifungal; Shah et al., 2017). While some
peptides are common to several genera, like the toxin microcystin, others have only been
identified in species of the genus Nostoc (e.g. nostocyclopeptides, cryptophycins,
nostopeptolides) (Fidor et al. 2019).

Sugars and other metabolites are produced by cyanobacteria, and by most
microorganisms, as compatible solutes with functions related to the response against osmotic
stress (Hagemann 2011). Sucrose, trehalose, glycosylglycerol (identified in the present
study), glucosylglycerate, and glycine betaine are typical in cyanobacteria (Frigaard 2018).
Freshwater cyanobacteria species with low halotolerance mostly accumulate sucrose and/or
trehalose, while moderately halotolerant (marine) species mostly use glucosylcerol as the
main compatible solute and glucosylglycerate as a secondary compatible solute; glycine-
betaine or glutamate betaine are normally used by halophilic species (Hagemann 2011). The
Nostoc strain used in this study was collected in a rice field. However, along with sucrose
and trehalose, gluycosylglycerol was also produced by the species, which suggests a higher
halotolerance than expected for a freshwater species. In fact, some Nostoc species are known
to be tolerant to desiccation and to accumulate trehalose (Yoshida and Sakamoto 2009).
Glucosylglycerol was also reported for other freshwater species (Reed et al. 1984),
indicating higher salt resistance than the sucrose- and/or trehalose-accumulating species
(Hagemann et al. 1999). The production of sucrose and glucosylglycerol, mostly at later
culture phases, may indicate a disturbance in the osmotic balance caused by changes on
medium composition. The consumption of nutrients and the excretion of metabolites
inherent to the cyanobacterium growth are consistent with such a scenario. To tackle this

challenge, most organisms use a “salt-out” strategy, i.e. they produce these compatible

140



Chapter V: Metabolic composition of the cyanobacterium Nostoc muscorum as a function of culture time: a

'H NMR metabolomics study

solutes to lower internal water potential in the presence of high external salinity, allowing
osmotic regulation (Bremer 2000). Photoautotrophic cyanobacteria normally use de novo
synthesis instead of taking up compatible solutes, which are normally not available in their
environment (Hagemann 2011).

Contrarily to several carbohydrates, lipids like linolenic acid (®-3), 3-
hydroxybutyrate, and polyunsaturated fatty acids (PUFA) slightly decreased through time.
Lipids are essential molecules in the primary metabolism, especially in light reactions of the
photosynthesis (Kern et al. 2009). Lipids from cyanobacteria are different from algae, plant
or animal lipids, being mostly composed of diacylglycerols (Sheng et al. 2011), and are
mostly located in the thylakoid membranes (Gombos et al. 1996). In photosynthesis, lipids
can play different functions, such as the mediation of protein-protein interactions, the
oligomerization or protein-cofactor interactions, and as providers for lipophilic regions
within protein complexes (Kern et al. 2009). Thus, the observed decrease in the production
of some lipids is consistent with the reduction in the production of chlorophyll a. This
relationship was also described for Synechocystis sp. PCC 6803, where an increase in lipid
content was reported during the phases of faster cell division and concomitant higher
photosynthetic demand (Hewelt-Belka et al. 2020). While the production of total MUFA
showed a slight increase with time, total PUFA decreased slightly. In cyanobacteria, and
also in higher plants, changes in the unsaturation of fatty acids could affect the membrane
fluidity and the photochemical and electron-transport reactions that occur in thylakoid and
other membranes (Allakhverdiev et al. 2009). Lipid composition is also dependent on growth
conditions (Hewelt-Belka et al. 2020), thus medium changes caused by nutrients depletion
and/or by the excretion of metabolites can support our results. This is also a class of
compounds with high market value. Among the most important PUFA are eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), y-linolenic acid (GLA) and arachidonic acid
(ARA), which can be used in pharmaceutical and therapeutic applications (Crawford et al.
1997; Holub 2009; Ytrestgyl et al. 2015; Echeverria et al. 2017; Newell et al. 2017).
Linolenic acid, an ®-3 PUFA, and linoleic acid (®-6) are amongst the essential fatty acids
taken up by human cells to support key functions, including defence mechanisms against
microorganisms or cell damage, wound healing and tissue repair (Kapoor and Huang 2006).
Inside the human body, linolenic acid is easily converted to arachidonic acid and then into

prostaglandin E2 (Euler and Eliassen 1967), having an important role in the anti-
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inflammatory response (Fan and Chapkin 1998). It has also been argued to have a positive
effect in pathologies like atherosclerosis, sciatic endoneurial blood flow, atopic eczema,
Parkinson’s disease, premenstrual syndrome, multiple sclerosis, coronary and heart diseases,
and arthritis (Choopani et al. 2016). The ratio of ®-3 to ®-6 is species-dependent (Abdo et
al. 2015), and several plants, including algae, and cyanobacteria are known producers of
linolenic acid (Choopani et al. 2016). Arthrospira is the cyanobacteria species most referred
to as a good linolenic acid producer, being able to accumulate 1% of this fatty acid in dry
cell mass (Qiang et al. 1997), but both the present study and others (Vargas et al. 1998)
report the production of linolenic acid in Nostoc species as well.

Other lipids like glycolipids also bear a range of interesting bioactivities with
applications in biomedical, pharmaceutical and cosmetic sectors (Varvaresou and lakovou
2015) as their amphiphilic nature provides good surfactant capacity. In fact, microbial
glycolipids perform better compared to petroleum-derived or plant-based synthetic
surfactants by bearing higher surface activity, higher emulsifying power, lower critical
micelle concentrations, higher biodegradability (compared to petroleum-derived
surfactants), and lower ecotoxicity (Poremba et al. 1991). The major constraint to a wider
exploitation of microbial glycolipids is their low yield and high production cost, especially
for pharmaceutical applications, where high purity is required (Abdel-Mawgoud and
Stephanopoulos 2018). In this context, cyanobacteria represent a so far under looked
alternative, as glycolipids are the main constituents of their membranes, e.g. representing
approximately 90 mol% of the total lipids in the thylakoid membranes (Apdila and Awai
2017). According to our results, N. muscorum is a promising candidate for glycolipids
production.

Metabolites related to energy production (i.e. UXP and AXP), and the pigment
chlorophyll a tends to be less produced through time. This suggests growth deceleration,
which is not consistent with the optical density monitoring showing constant biomass
increase although with high variability during the last period. However, it is important to
recognize that spectrophotometry is blind to whether the cells are alive or dead, and that the
increased turbidity caused by high cell concentration, as well as cell morphology (i.e.
presence of filaments), can interfere with these measurements. The decrease in the
chlorophyll a content may have been caused by nutrient deficiencies, which are known

modulators of photosynthetic activity. For instance, iron and molybdenum play a major role
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in cyanobacterial growth and physiology, being involved in photosynthesis and in nitrogen
fixation (Gonzales et al. 2018). The biosynthesis of chlorophyll and phycobilin is also iron-
dependent, although neither contains iron (Rueter and Petersen 1987). Iron limitation causes
the decreasing on the synthesis of pigments, hence possibly explaining the lower levels of
chlorophyll a found after the 43" day. Photosynthesis is not the single process affected by
limitations in specific nutrients. The metabolism involved in nitrogen fixation also requires
the synthesis of iron and molybdenum subunits. Iron limitation decreases the levels of nitrite
reductase (Storch and Dunham 1986), which is essential for the reduction of nitrate from di-
nitrogen fixation or from an external source. In the case of diazotrophic cyanobacteria, as N.
muscorum., the iron demand is higher due to the abundance of iron-containing enzymes
necessary to nitrogen-fixation (Gonzéles et al. 2018). Molybdenum is also involved in
nitrogen metabolism, working as a cofactor in nitrate reductase and nitrogenase (Glass et al.
2012). Therefore, its scarcity leads to lower nitrogen fixation rates (Glass et al. 2012), to the
increase in number of heterocysts, and to a decrease in pigment content (Fay and de
Vasconcelos 1974).

Pigments are among the compounds that are currently extracted from cyanobacteria
with the highest commercial value, in particular carotenoids and phycobilins (Koller et al.
2014). These natural antioxidants protect the organisms from reactive oxygen species (ROS)
produced during photosynthesis and respiration. Common carotenoids in cyanobacteria
include B-carotene, myxoxanthophyl, nostoxanthin, caloxanthin, zeaxanthin, canthaxanthin,
and echinenone (Schagerl and Donabaum 2003; Llewellyn et al. 2020). The examined
Nostoc culture produced two different detectable carotenoids, one of which (carotenoid 1)
likely being B-carotene. Carotenoids cannot be synthesized by humans, who have to acquire
them through diet or direct absorption, hence these pigments have great biotechnological
relevance in the food, nutraceutical and cosmetic industries (Novoveska et al. 2019).
Carotenoids are used in several products often with a dual function, i.e. profiting from their
colour properties (Markets and Markets 2015) and concomitantly from their biological
activity. For instance, their antioxidant activity is an important feature of cosmetics,
applicable to creams and lotions (e.g. Eclaé Cosmetics, (n.d.)). There are also studies
highlighting other benefits of carotenoids for human health, namely the reduction of the risk
of inflammation, heart disease, cancer, type 2 diabetes, chronic eye and macular diseases,

obesity, Alzheimer’s and Parkinson’s disease, amyotrophic lateral sclerosis, as well as some
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mental diseases (Novoveskd et al. 2019). Although most carotenoids with
cosmetic/pharmaceutical applications are produced synthetically (Koller et al. 2014), the
increasing consumers’ demand for natural products raises the relative value of natural
carotenoids (Novoveska et al. 2019). Their market size reached more than USD 200 million

in 2015 and is likely to exceed USD 300 million by 2024 (https://www.gminsights.com,

assessed on May 17" 2021). Among the available carotenoids, B-carotene, lycopene,
astaxanthin, zeaxanthin, and lutein are the most demanded in this context (Bali¢ and Mokos
2019).

V-5. Conclusion

N. muscorum was proven to be a very interesting cyanobacteria species, worth to be
further explored. It was able to grow for 112 days, without medium replacement or
supplementation, suggesting low nutritional requirements, which has a positive implication
for its industrial exploitation and long-term maintenance. NMR successfully monitored 36
compounds (or compound groups), accumulated in the cyanobacterium over an extended
growth period. Several compounds with interesting bioactivities and potential
biotechnological applications were identified, including mycosporin-like amino acids,
carotenoids, sugars, and important lipids (e.g. »-3 and w-6 fatty acids and glycolipids). A
detailed analysis of the metabolic profile through the growth period of the cyanobacterium
allowed identifying the patterns of production of these compounds. Several compounds
showed higher production during earlier stages of the growth period (up to 43 days),
including malto-oligosaccharides, some amino acids, polyunsaturated fatty acids (namely
linolenic acid), glycolipids, nucleotides and chlorophyll a. On the other hand, cells from later
time points (from day 56 onwards) were relatively richer in sucrose and sucrose-derived
oligosaccharides, glucosylglycerol, peptides, fatty acids (including linoleic acid), and
nucleosides. The production of compounds like carotenoids and trehalose did not follow
clear time-dependent patterns. The metabolic profile changed through the growth period,
and this knowledge is critical to define the most appropriate harvesting moments, thus
allowing the biotechnological exploitation of different molecules of interest to be optimized.
This study demonstrates that understanding the metabolic dynamics of cultures to optimize
culturing conditions and harvesting schedules is an efficient path towards sustainable

exploitation protocols.
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using Mars regolith

Abstract: Cyanobacteria are pointed out as possible Mars colonizers, to contribute to change
the atmosphere composition in a similar way that they did on Earth, billions of years ago.
The goal of this work was to evaluate the ability of three species of cyanobacteria (Anabaena
cylindrica, Nostoc muscorum, and Arthrospira platensis) and a green microalgae (Chlorella
vulgaris) to growth using only resources existing in Mars (i.e. water and Martian regolith
(MGS-1)). A Martian regolith extract was produced and used as culture medium to these
species. Their growth was assessed during 25 days, using optical density and fluorometric
parameters. After this period the possible contribution of end-of-life cyanobacteria/
microalgae as biofertilizing agents was also assessed, using the macrophyte Lemna minor,
as a vegetal model. Among these species, N. muscorum was the one that showed the best
growth performance, and hence this should be the target of future studies. A. platensis and
the microalgae also showed good abilities as biofertilizing agents, i.e. they stimulate biomass
(i.e. dry weight) production levels comparable to the plants that grew on standard synthetic
medium. The highest yield was reached with A. platensis, while the lowest was achieved
using the mediums with N. muscorum. These results lead to the analysis of the nutritional
composition of these plants, and FTIR-ATR (Fourier transform infrared with attenuated total
reflectance) spectroscopy showed that the differences between plants grown on mediums

with or without Martian regolith seems to be related mainly with polysaccharides.

Keywords: cyanobacteria, microalgae, MGS-1, Lemna minor, biofertilization
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VI-1. Introduction

Every day, the dream to colonize Mars becomes closer to become a reality. However,
the challenges for human survival in Mars are huge and one of the key issues is ensuring
low-to-no dependence on Earth resources. Therefore, several bioregenerative life-support
systems for recycling food, water, and gases are under development (e.g. Nelson et al. 2010;
Hader 2020), and one pursued solution is the use of Martian resources to support live.
Indeed, Mars can possibly provide water, solar energy, carbon, nitrogen, and other nutrients
(Cockell 2014).

In this context, cyanobacteria are pointed out as potentially suitable organisms for
use in basic life-support systems (Arai et al. 2008; Arai 2009; Kimura et al. 2015; Verseux
et al. 2016; Verseux et al. 2021). This is because cyanobacteria are simple (i.e. prokaryotic)
organisms, easy to culture with low nutritional requirements, and able to live nearly
anywhere on Earth (e.g. from freshwater to salt and brackish waters, rainforests, deserts and
other terrestrial habitats, and even in the air), including under extreme environmental
conditions (Gaysina et al. 2018). Furthermore, cyanobacteria are photosynthetic bacteria,
hence they produce oxygen, which is and will be a remarkably limited resource in Mars.
Indeed, this critical element to support human survival only represents 0.13 % of Mars
atmosphere, it represents 21 % of the Earth atmosphere (Verseux et al. 2016). On Mars,
oxygen is expected to be produced on site by photosynthetic organisms and/or through
physicochemical methods, such as the electrolysis of the regolith brine (Gayen et al. 2020).

Compared to plants, photosynthetic microorganisms are better at capturing solar
energy on a volume-to-output basis, and therefore are very efficient oxygen producers.
While trees release ca. 2.5 — 11 tonnes of Oz ha yr?, cyanobacteria (i.e. Arthrospira in
industrial cultivation in open ponds) can release up to 16.8 tonnes of Oz ha' yr! (Verseux et
al. 2016). Moreover, plants are more demanding as to environmental tolerance ranges and
require more space, resources, thus they are more costly than cyanobacteria, particularly
when Mars culturing is equated. Besides oxygen, these organisms are able to produce a wide
range of other interesting compounds with several applications, e.g. amino acids, pigments,
lipids, polysaccharides, or proteins, with applications in the food and pharmaceutical
industries (Eriksen 2008; Sekar and Chandramohan 2008; Macério et al. 2021). Different
species can also be used directly as food sources (e.g. Arthrospira and Nostoc sp.; Gao, 1998;

Johnson et al., 2008), to produce biofuels (Raheem et al. 2018), in bioremediation (Fawzy
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and Mohamed 2017), and as biofertilizers (Grzesik and Kalaji 2017). These features render
cyanobacteria highly promising for culturing and exploitation in harsh environments under
high resources scarcity conditions, such as in Mars.

Indeed, cyanobacteria were already proven to be able to survive in space, namely on
the outer surface of the International Space Station, for 16 months, supporting extreme
temperature fluctuation, the vacuum condition, and high UV and cosmic radiation
(Fraunhofer-Gesellschaft). In addition, besides the production of oxygen, their biomass can
be used to supply different commaodities, contributing to the development of sustainable and
less Earth-dependent life support systems. This was the motto for the present study, where
it was evaluated the ability of several species of cyanobacteria (Anabaena cylindrica, Nostoc
muscorum, and Arthrospira platensis) to growth using only resources existing in Mars (i.e.
water and Martian regolith) was evaluated. For performance comparison with the
cyanobacteria, we also tested the green microalgae Chlorella vulgaris, an eukaryote that can
be also used for most of the applications previously mentioned (Mostafa 2012) hence being
an alternative candidate to support Mars colonization. Behind the growth parameter, this
work also studied the possible contribution of end-of-life cyanobacteria as biofertilizers for
vegetables cultivation, considering that plants are an essential component of long-term,
bioregenerative life support systems in Mars, according to The National Aeronautics and
Space Administration’s (NASA) and the European Space Agency’s (ESA) (Heinse et al.
2007). For the purpose, we tested cyanobacteria/ microalgae cultures grown on Mars regolith

extract as a biofertilizer using the macrophyte Lemna minor as a preliminary model.

VI-2. Material and Methods
VI-2.1. Cyanobacteria and microalgae cultures and culturing conditions

Three species of filamentous cyanobacteria (Anabaena cylindrica PCC 7122, Nostoc
muscorum UTAD_N213., and Arthrospira platensis UTEX LB 2340), and one species of
microalgae (Chlorella vulgaris), were used. Cultures were previously established in Woods
Hole MBL synthetic medium (Nichols 1973) or in Spirulina medium (SAG 2008) (for the
culturing of A. platensis). All species were progressively acclimated for more than 6 months
to minimum nutrient supply (17 % of synthetic media and 83 % of ultrapure water). The
cultures were kept in 100 mL Erlenmeyer vessels in an incubation chamber at (20 + 2) °C,
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with 16 h light:8 h dark photoperiod (7 pmol photons m? s™; Quantum meter MQ-200,

Apogee Instruments, Logan, Utah, USA) provided by cool white fluorescent tubes.

VI-2.2. Mars regolith extract preparation and characterisation

Mars Global Simulant (MGS-1) was obtained from the Center of Lunar and Asteroid
Surface Science (Orlando, Florida, USA). This simulant was used to prepare an aqueous
extract serving as the growth medium for cyanobacteria and microalgae (see section VI-
2.3.1. below). Suspensions of the regolith in ultrapure water were prepared following a 4:1
(v:w) ratio, then autoclaved at 121 °C for 1 h. The autoclaved suspension was left for the
settling of particulate material at room temperature, and then centrifuged (4111 xg, 14°C, 5
min) for the final collection of the overlying fraction. This aqueous extract was autoclaved
again (121 °C, 30 min) to ensure sterilization.

The composition of the extract was determined by total X-ray fluorescence (TXRF)
using a benchtop Picofox S2 (Bruker Nano) spectrometer with a molybdenum X-ray source.
Both quartz glass and acrylic sample carriers were used. Sample carriers were pretreated
with 10 pL of a solution of silicon in isopropanol and dried in a heat plate at 80 °C. Then,
10 pL of Y standard solution was added to 1 g of aqueous extract sample. A total of 10 puL
of this mixture was added to treated sample carriers, which were dried under vacuum for 1

h and analyzed in the TXRF spectrometer for 300 s.

VI-2.3. Experimental design
VI-2.3.1. Cyanobacteria and microalgae growth experiment

The four test species were cultured for 25 days in triplicate, under three treatments:
ultrapure water, Mars regolith extract, and 17 % MBL/Spirulina medium. The species were
cultured in 100 mL Erlenmeyer vessels with 75 mL of the respective treatment plus 5 mL of
a 1-month old inoculum, under incubation conditions as described for bulk cultures. Twice
a week, 2 mL samples were collected in a sterilized environment for the measurement of

optical density and fluorometric parameters (see section V1-2.4).
VI1-2.3.2. Lemna minor growth experiment

L. minor was used as a vegetable model because of its small size, low requirements

for culturing in terms of space and volume of culture media, as well as considering the
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availability of standard guidelines for accurately evaluate growth performance. Following
the growth experiment (section VI1-2.3.1), the cells cultures which grew in Mars regolith
extract were tested as a growing medium for the macrophyte L. minor, to assess their
potential application as biofertilizers. Five growth media were established: (i) Steinberg
medium (standard medium for Lemna sp. growth; OECD 2006); (ii) ultrapure water; (iii)
Mars regolith extract prepared as detailed in section VI1-2.2; (iv) 25-days old cultures in Mars
regolith extract filtered through 0.45-um mesh size cellulose acetate membranes; (v) 25-days
old cultures in Mars regolith extract after sonication at 17 W (Vibra Cell, Sonics) until
homogenization. These last two treatments (iv and v) addressed two hypotheses. The
treatment (iv) supports the hypotheses that cyanobacteria/ microalgae released metabolites
responsible for the biofertilization; while the treatment (v) tested the biofertilization abilities
of sonicated cells, with the consequent liberation of their cellular content.

The growth assay with L. minor was performed following the appropriate OECD
guidelines (OECD 2006) adapted to the use of 6-well plates (Kaza et al. 2007). Each
treatment was tested in triplicate in wells filled with 10 mL of test solution. The test was
initiated by adding three macrophyte colonies of three fronds each, harvested from a weekly
renewed laboratory culture in Steinberg medium held at 23 + 2 °C under continuous
illumination (OECD 2006). The test plates were incubated for 7 days under the same
culturing conditions as used for the L. minor culture. Fluorometric parameters Fv/Fn were
analysed at day 0, 2, 4, and 7, according to the methodology described in section VI-2.4. At
the end of the test, the fronds present in each well were counted and oven-dried (at least 24
h at 60 °C) for dry weight records. The effects of the treatments were assessed regarding the
yields considering frond number and dry weight (the initial dry weight was measured in
eight additional groups composed of 3 colonies with 3 fronds each) records. The dried fronds
were then used for the FTIR-ATR (Fourier transform infrared with attenuated total

reflectance) analysis.

VI-2.4. Spectroscopic and fluorometric measurements

The growth of cyanobacteria/ microalgae cultures was monitored two times a week
by measuring the optical density (OD) records at 440 nm (Shimadzu UV 1800, Shimadzu
Coorporation; Kyoto, Japan). Furthermore, an imaging chlorophyll fluorometer (Open
FluorCAM 800-0/1010, Photon Systems Instruments; Brno, Czech Republic) was used to
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capture the maximum photosynthetic quantum yield of Photosystem Il (F./Fm) after 15 min
of dark adaptation. The excitation light peaks at 621 nm with a 40 nm band width with a
saturating pulse intensity of about 7000 pmol quanta m? s and the duration set to 0.8 s.
Chlorophyll a fluorescence was captured by a 2/300 CCD camera (CCD381) with a F1.2
(2.8-6 mm) objective resulting in images with 512 3 512 pixels and a spectral range of 695—
780 nm. Images were processed using the FluorCam7 software (Photon Systems
Instruments; Brno, Czech Republic). Fluorometric measurements were made on each culture
of cyanobacteria/ microalgae, in triplicate. For the purpose, aliquots of 2 mL of each culture
were transferred into 6-well plates. In the case of L. minor, the measurements were made
directly in the 6-well plates of the test. The maximum quantum yield of PSII, or maximal
PSII efficiency (Fv/Fm), was calculated through Eqg. VI-1 (Ogawa et al. 2017).

B _ Fnh

= Eq. VI-1

Fm Fm

Where Fo is the minimum fluorescence in dark adapted samples, and Fn the maximal

fluorescence after exposure to a saturating light pulse.

VI-2.5. Infrared spectra acquisition

The mid-infrared spectra of lyophilized and grinded Lemna plants were obtained on
a Fourier transform PerkinElmer Spectrum BX FTIR System spectrophotometer (USA) with
a DTGS detector. Spectra were acquired in diffuse reflectance mode through a PIKE
Technologies Gladi attenuated total reflectance (ATR) accessory within the wavenumber
interval of 4000 to 600 cm™, with a resolution of 4 cm™. Each spectrum resulted from 32
scan co-additions. For each sample, a small portion was transferred for the ATR crystal and
a constant pressure was applied. The ATR crystal was cleaned and a background was
acquired between each sample. For each L. minor replicate, three spectra were acquired

(instrumental replicates).

VI-2.6. Data analysis

Data regarding the monitoring of the cultures growth (optical density and Fv/Fm)
were graphically expressed as the mean + standard deviation (SD) of three replicates. The
effect of the different culture compositions on L. minor yield was statistically addressed
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using a one-way ANOVA approach followed by the post-hoc Tukey test to distinguish
differences among the groups. An alpha level of 0.05 was considered in these analyses.
FTIR-ATR spectra were processed with standard normal variate (SNV) (N&s et al. 2002)
followed by the application of a Savitzky-Golay filter (15 smoothing points, 2" order
polynomial and first derivative) (Savitzky and Golay 1964). Spectra were additionally mean-
centered and analysed by Principal Component Analysis (PCA) (Jolliffe 1986). All
chemometric models were performed in Matlab version 9.5 Release 2018b (MathWorks)
and PLS Toolbox version 8.7 (2019) for Matlab (Eigenvector Research, Manson, WA).

VI-3. Results
VI-3.1. Analysis on Mars regolith extract

The composition of the Mars regolith simulant (MGS-1) was known as given by the
manufacturer (Table VI-S1, Annex IV). However, the composition of the regolith extract as
tested was unknown and thus it was analysed by TXRF. This analysis revealed that the
extract was rich in S, K, and Ca and contained smaller concentrations of Mn, Fe, and Sr, and
trace concentrations of Cu, Zn, Br, and Rb (Table VI-1).

Table VI-1. Elements identified in the Mars regolith extract,

by TXRF.
Element [M]/(mg kg™) + o/ (mg kg?)
S 338 2
K 5.4 0.1
Ca 90.7 04
Mn 0.228 0.007
Fe 0.235 0.006
Cu 0.009 0.002
Zn 0.030 0.002
Br 0.025 0.001
Rb 0.025 0.001
Sr 0.247 0.003
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VI-3.2. Cyanobacteria and microalgae growth experiment

The growth of cyanobacteria and microalgae were monitored during 25 days through
optical density. Additionally, fluorometry was used to assess the variation in PSII efficiency
(Fv/Fm), thus to address the photosynthetic efficiency of the species through the growth
experiment. The highest optical density was recorded when species were cultured in diluted
synthetic media, except for A. platensis, while the lower growth was observed when species
were cultured in the treatment with ultrapure water (Figure VI-1). N. muscorum and A.
cylindrica were able to grow on Mars regolith extract, while A. platensis and C. vulgaris
showed only mild growth in this treatment. It must be noted that optical density
measurements are highly biased by the morphology of cyanobacteria cultures. Indeed, the
photographic documentation of the cultures (Figure VI-1; Table VI-S2, Annex V) often
denotes that relevant growth occurred in Mars regolith regardless of the outcome of the
optical density measurements.

N. muscorum was the species showing the most consistent growth, as well as the
highest optical density records, both in diluted synthetic medium and in Mars regolith extract
(Figure VI-1, left-hand panel). Regarding the maximal PSII efficiency (Fv/Fm) N. muscorum
recorded always above 0.40 values through the experiment in these two treatments, although
with a decreasing tendency through time (Figure VI-1b). Interestingly, N. muscorum showed
higher values of Fv/Fm in Mars regolith extract than in MBL. A. cylindrica recorded stable
FvW/Fm values when growing in Mars regolith extract, but photosynthetic efficiency
remarkably decreased in cultures growing in the regolith extract from day 10 onwards
(Figure VI-1d). Indeed, after the 3" week of culturing in the regolith extract, the biomass of
A. cylindrica became brownish, which was reflected in a low F./Fn compared to the cultures
in ultrapure water and diluted synthetic medium (see Figure VI-1f). The growth of both N.
muscorum and A. cylindrica was so limited in ultrapure water that the fluorescence signal of
the samples was not detectable, preventing F./Fm measurements. Conversely, A. platensis
growing in ultrapure water showed F./Frn values higher than in regolith extract (Figure VI-
1f). However, this outcome should be carefully interpreted as the colonies of this species
clogged strongly (Table VI-S2, Annex 1V), preventing reliable measurements of optical
density primarily, but also fluorescence parameters. Despite this constraint, the direct
observation of these cultures allowed confirming mild growth, specifically in diluted

synthetic medium. In the case of the microalgae C. vulgaris, only the culture in diluted MBL
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produced sufficient biomass to support fluorescence measurements (Figure VI-1h). Fu/Fm
showed a decreasing tendency throughout the growth period. However, the visual
observation of the cultures suggests that minimal growth of C. vulgaris occurred in Mars

regolith extract and in ultrapure water.
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Figure VI-1: Profiling of N. muscorum, A. cylindrica, A. platensis, and C. vulgaris throughout a
monitoring period of 25 days, regarding OD measurements at 440 nm (a, c, e, f), and PSII efficiency
(Fv/Fm) (b, d, f, h) (only data with Fo> 100 are depicted). In all graphics, marks represent the mean
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and the error bars represent the standard deviation (three replicates were used, except in some cases
where Fo values < 100 were detected). A line was added joining the marks within each series for
clarity purposes, not reflecting any fitted model. In the central panel, a summary of the photographic
documentation of the cultures growth is provided (full documentation is available in Table VI-S2,
Annex V), with MGS indicated the treatment with Mars regolith extract, water the treatment with

ultrapure water, and MBL the treatment with diluted synthetic media.

VI-3.3. L. minor growth experiment

L. minor was used herein to test for the potential of cyanobacteria and microalgae
cultures as biofertilizers. As expected, L. minor tested in Steinberg medium recorded the
best yields regarding both the number of fronds and dry weight (Figure VI-2). They further
grew better in Mars regolith extract than in ultrapure water although with no statistical
differences. L. minor grown in cyanobacteria/microalgae cultures showed frond number
yields close to those obtained with regolith extract or ultrapure water depending on the
species involved (Figure VI-2). However, the dry weight yield of the treatments with A.
platensis and C. vulgaris are notably closer to the control with Steinberg medium. Among
L. minor cultures in cyanobacteria/microalgae, the highest biomass was reached with L.
minor grown in filtered A. platensis medium (28.7 fronds), which did not differ significantly
from equivalent records from cultures in ultrapure water. The same treatment reached an
average dry weight yield of 3.66 mg, which did not significantly differ from the dry weight
reached in plants cultured in Steinberg medium (3.71 mg), as evidenced in Figure IV-2. An
even higher dry weight yield was reached with sonicated A. platensis (3.87 mg), also not
significantly differing from the records for the Steinberg control. The lowest L. minor growth
was recorded with N. muscorum (21.3 fronds and 2.72 mg of dry weight). No significant
differences were found between filtered and sonicated cultures of the same species in

promoting the growth of L. minor.
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Figure VI-2. L. minor biomass yield (in frond number or dry weight) after 7 days of culturing in
Steinberg medium, Mars regolith extract, ultrapure water, and cyanobacteria/microalgae grown in
Mars regolith extract, either filtered or sonicated. Bars represent the mean of three replicates and the
error bars represent the standard deviation. Different letters indicate significant differences among
treatments as retrieved through the Tukey test (p < 0.05) preceded by one-way ANOVA for dry
weight (Fio, 32 = 79.190; p <0.001) or frond number (F1o, 32 = 8.040; p <0.001).

Highest PSII yield was generally recorded for L. minor growing in Steinberg
medium, showing a decrease after 2 days. A similar decreasing pattern was also recorded
for plants growing in ultrapure water (Figure V1-3a). Interestingly, Fv/Fm values recorded for
L. minor growing in the regolith extract initial decreased along the first four days before it
increased, almost reaching initial levels by day 7. There are no apparent differences in the
Fu/Fm profiles of L. minor growing in filtered or sonicated cultures of the same
cyanobacteria/microalgae species (Figure VI-3). L. minor grown in N. muscorum, A.

cylindrica, and A. platensis recorded Fv/Fm profiles similar to plants grown in regolith extract
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only, with a decrease in Fv/Fm values until day 4, followed by a recovery to values closer to
the initial levels by day 7. Differently, L. minor grown in C. vulgaris showed a decrease in
Fv/Fm values until day 4, but from then onwards the records stabilized. At the end of the test
period, all plants growing in cyanobacteria reached Fv/Fm ranges (0.72 — 0.74) higher than

that recorded for plants grown in Steinberg medium (0.66) and ultrapure water (0.68).
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Figure VI-3: PSII efficiency (F./Fm) over time for L. minor cultured in Steinberg medium, Mars
regolith extract, ultrapure water, and cyanobacteria/microalgae cultured in Mars regolith extract after
filtration or sonication. Marks represent the mean of three replicates and the error bars represent the
standard deviation. A line was added joining the marks within each series for clarity purposes, not

reflecting any fitted model.
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Analysis on the nutritional composition of L. minor grown in different treatments
was assessed by FTIR-ATR, in order to understand if profiles were different depending on
treatment. The infrared spectrum of L. minor presented typical bands which can be attributed
to some major classes of compounds (Figure VI-4). Region | (between 3000-2800 cm™) is
dominated by —CH3 and —CH stretching vibrations. Region Il (between 1800-1500 cm™) is
characterized by the C=0 stretching vibration at 1738 cm™, indicating the presence of ester
containing compounds from cell wall and membrane lipids; at 1656 and 1563 cm™ vibrations
of amide I and amide 11, respectively; and at 1513 cm™ vibrations of aromatic ring like lignin
derivates. In region 111 (between 1500-1200 cm™) it is possible to identify —CH3 and —CH>
bending (1460 and 1400 cm™). Finally, in the region IV (between 1200-900 cm™) the intense
infrared absorption indicates a high content in polysaccharides (C—H bending and/or C-O

and C—C stretching of cellulose and hemicellulose).
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Figure VI1-4. Example of an infrared spectrum of L. minor. Four major regions (I-1V) were identified,

representing major classes of compounds.

High spectral similarity was found among samples, however two main groups were
clearly identified and separated through the PC1, which encompasses for around 65 % of the
spectral variability (Figure VI-5A). One cluster (negative part of PC1) was composed by
samples grown in ultrapure water and in Steinberg medium, while the second cluster

(positive part of PC1) was composed by samples that grown in Mars regolith extract and in
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cyanobacteria/microalgae cultured in Mars regolith extract. Within this second group, there
was no resolution in the analysis to discriminate among the different
cyanobacteria/microalgae species. Indeed, the infrared spectra of this group were randomly
widespread across the second PC (PC2) (Figure VI-5A). The PCA model loadings on the
PC1 (where the discrimination between the presence/absence of Mars soil simulant occurs)
(Figure VI-5B), denotes that the spectral region mainly accounting for the referred
discrimination is the region between 1200-900 cm™ (with the higher loading values). It is
known that this spectral region is dominated by polysaccharides vibrations pointing that this
class of compounds is the one that mostly differs in Lemna plants grown in the
presence/absence of Mars regolith extract.
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Figure VI-5. A) Principal component analysis (PCA) scatter plot based on PC1 and PC2 scores

(better representing the separation between sample groups); B) loading plot of the PCA model,
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evidencing changes in the chemical composition of L. minor after the growth period in 11 different
media. Samples were color-coded by growth medium: e ultrapure water; e Mars regolith extract; e
Steinberg medium; e A. cylindrica filtered; e A. cylindrica sonicated; @ N. muscorum filtered; e N.
muscorum sonicated; « A. platensis filtered; e A. platensis sonicated; = C. vulgaris filtered; o C.

vulgaris sonicated.

VI-4. Discussion

Forecasts highlight the decade of 2030 as the years of the launch of a human Space
flight mission to Mars (2017). However, Martian conditions challenge human survival, and
cyanobacteria can thrive in this context as Mars colonizers for oxygen production, as well
as feedstock for other applications (e.g. food supplements, biofertilizers, and biofuel
production). Several works already proved that these organisms are able to live with Mars
resources, namely in water and Martian regolith (Arai et al. 2008; Arai 2009; Kimura et al.
2015; Verseux et al. 2021). In Mars, water can be found in the form of ice in the northern
polar region (Shotwell 2005) as well as in regolithic brines (Martinez and Renno 2013; Lauro
et al. 2021). Although neither liquid water nor liquid brines are currently stable in the
surface, they can occur temporarily in shallow subsurfaces (Martinez and Renno 2013).
Therefore, water can be “mined” and extracted from atmospheric water vapor, ground water,
absorbed water, hydrated minerals, and ice (Hoffman et al. 2016). While having water is the
first step, the following could be the use of Martian soil. The composition of Mars soil is
known, and simulants of Martian regolith are available for experiments (e.g. MGS-1).

These two components (i.e. water and Mars regolith) were proven herein to be
enough to support cyanobacteria growth, on the basis of optical density and the fluorimetric
parameter Fv/Fm. However, not all tested species were able to grow well in Mars regolith
extract. A. platensis and C. vulgaris showed a very limited growth, while N. muscorum and
A. cylindrica thrived in Mars regolith extract, with the records of F/Fm for N. muscorum
being higher in Mars regolith extract than in synthetic medium. In this way, considering the
main perspective of using cyanobacteria for oxygen production in Mars, N. muscorum can
be highlighted among the tested species as a stronger candidate for further studies. These are
fundamental to understand the suitability of the species regarding other critical factors
constraining their use in Mars, e.g. (i) their ability to survive the journey and hold very low
pressures and vacuum conditions (Arai et al. 2008); (ii) their capacity to thrive under

different atmospheres (see the studies of Verseux et. (2021) with the cyanobacterium A.
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cylindrica). It is worth mentioning in this context that specific devices are being developed
to create a controlled and Earth-like environment, e.g. the A’MED (Arai’s Mars Eco-systems
Dome), which is a closed dome where temperature, humidity and light can be controlled and
protection is ensured against ultraviolet radiation, cosmic rays, and low pressures (Arai et
al. 2008).

Concerning the perspective of the maximizing of the use of Martian resources, only
organisms with low nutritional requirements should be considered given the poor
composition of the Mars regolith. Indeed, C. vulgaris and A. platensis did not grow
expressively in Mars regolith extract, suggesting that nutritional requirements for this
microalgae are higher than for the three cyanobacteria. Our results show that, despite long-
term survival and growth is unknown, poor nutrition as provided by Mars regolith extract
supports cyanobacterial growth in the short term (i.e. one month). Carbon, nitrogen,
phosphorus, sulfur, potassium, iron, are the critical nutrients for cyanobacteria growth
(Markou et al. 2014).

Carbon and nitrogen can be obtained by cyanobacteria autonomously from
atmospheric CO2 and from atmospheric N fixation, respectively (Markou et al. 2014).
However, only diazotrophic species such as A. cylindrica and N. muscorum are able to fix
atmospheric nitrogen through specialized structures (Flores and Herrero 2014), which can
explain the lack of growth observed for S. platensis in Mars regolith extract. No traces of
phosphorus were found in the Mars regolith extract analysis, but both cyanobacteria and
microalgae can accumulate phosphorus reserves as polyphosphate granules, and these
reserves can be used in cases of phosphorus shortage (Markou et al. 2014). As the cultures
were established from laboratory stocks maintained under sub-optimal growth conditions,
reserves mobilization should have been the mechanism supporting appropriate phosphorous
supply for cyanobacteria growing in Mars regolith extract.

Although phosphorus was not present in the tested Mars regolith extract, other
important elements such as sulphur, calcium, potassium, and manganese were available.
Potassium is, along with nitrogen and phosphorus, a main macronutrient for the growth of
photosynthetic organisms (Markou et al. 2014). Cyanobacteria thylakoids bear ion channels
where potassium flows to allow a maximal efficiency of the photosynthesis (Checchetto et

al. 2012). Potassium also plays significant roles as an activator in several enzymes involved
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in photosynthesis and respiration, on protein and carbohydrate synthesis, and in the
regulation of the osmotic potential inside the cells (Markou et al. 2014).

While manganese is required as a micronutrient, it can be toxic in high (micromolar
range) concentrations to cyanobacteria, negatively affecting photosynthesis, growth rates,
and nitrogen fixation (Rueter and Petersen 1987). Manganese is more toxic to cyanobacteria
than to microalgae (Rueter and Petersen 1987), thus it is unlikely that this element can
explain the limited growth of C. vulgaris in Mars regolith extract. Calcium has a central role
as secondary messenger and signalling molecule in all living organisms (Clapham 2007). It
Is also involved in atmospheric nitrogen fixation (Allen and Arnon 1955), and its
concentration has influence in the biomass and proteins building (Walter et al. 2016).
Sulphur is important for protein synthesis in general and in the biosynthesis of coenzymes
(Schmidt 1988), but contrarily to animals for example, cyanobacteria are not dependent on
the external supply of reduced sulphur compounds, since they can autonomously reduce
sulphate for protein and coenzyme synthesis. In these organisms, sulphur is needed for
sulfolipid biosynthesis, found in photosynthetic membranes (Schmidt 1988). Although
surprising, the presence of strontium in Mars regolith extract was also detected in similar
circumstances in other works (e.g. Olsson-Francis and Cockell 2010), which suggests that
this element is a common contaminant in MGS-1. The presence of this element is not
beneficial to cyanobacteria as it negatively affects their growth rates and chlorophyll a
content (Foster et al. 2020). Although the composition of Mars regolith extract allowed
cyanobacterial growth in the present study, it is important to remark that extracts can be
prepared under different protocols (e.g. Verseux et al. 2021), possibly allowing optimization
of bioavailability of some elements and rendering it more suitable as a culture medium for
defined species. In addition, there are several types of Mars regolith with different
compositions that can perform better for cyanobacteria/ microalgae growth
(https://sciences.ucf.edu/class/exolithlab/ assessed on October 19", 2021).

Besides the main task of producing oxygen, a claimed application for cyanobacteria
is as biofertilizers (Chittora et al. 2020). Diazotrophic cyanobacteria (e.g. Anabaena sp. and
Nostoc sp.) are particularly pointed out as eco-friendly biofertilizers due to their ability to
fix atmospheric nitrogen, delivering it to plants (Rashid et al. 2016). Furthermore,
cyanobacteria improve soil porosity and water holding capacity, produce adhesive

substances and excrete phytohormones, vitamins and amino acids (Chittora et al. 2020).
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Indeed, their successful application as biofertilizers was already reported for several
vegetable cultures (e.g. barley, oat, tomato, radish, cotton, sugarcane, maize, chilli and
lettuce) (Chittora et al. 2020). The nutrients necessary to grow plants are present is Mars
(Verseux et al. 2016), and several crop cultures (e.g. tomato, rye, carrot, garden cress) were
already proven to grow on Mars regolith, developing at similar rates on Martian and on low-
nutrient Earth soil, due to the larger water holding capacity of the Martian soil simulants
(Wamelink et al. 2014). Although these are exciting results, there are few organic molecules
on Mars (e.g. Heinz and Schulze-Makuch 2020) that can support soils overall fertility in the
long-term, and plants cannot fix atmospheric N, which turns the enrichment with N, as that
operated by diazotrophic cyanobacteria, very important (Verseux et al. 2016). Arai et al.
(2008) demonstrated that a terrestrial Nostoc sp. HK-01 can successfully grow in Mars
regolith, releasing polysaccharides that contributed to convert regolith into an organic soil.
The ability of A. cylindrica to release K, Mg, Na, Ca, Fe, Mn, Ni, Sr, Cu, Li, and Zn from a
Mars basalt analogue was also shown (Olsson-Francis and Cockell 2010), and this feature
can increase the odds for successful plants growth on Martian regolith. Despite these
encouraging evidences, it is necessary to mention that the culturing conditions influence the
composition of cyanobacteria, such as the carbohydrates composition (Depraetere et al.
2015). The way this can constrain the biofertilizer role of cyanobacteria should be considered
for future research.

In the present work, L. minor was used as a vegetable model however typical crop
species should be tested in the future to confirm the outcomes. Our results show that L. minor
grew better in Mars regolith extract than in ultrapure water, and that photosynthetic
efficiency, in some cases, was higher in Mars regolith extract than in the standard culture
medium. This suggests that, although L. minor grows at a smaller pace in Mars regolith
extract than in optimal media, its healthy growth can last for longer towards better overall
biomass production. The treatment made to the cyanobacteria/ microalgae cultures provided
as biofertilizers (filtration or sonication), did not affect L. minor photosynthetic efficiency.
As well, it is worth noting that L. minor photosynthetic efficiency did not differ among
treatments with cyanobacteria and sole Mars regolith extract culturing, while treatments
where the microalgae were supplied as a biofertilized harmed the photosynthetic efficiency
of the plant. Actually, despite C. vulgaris being one of the most studied species for space
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life support, some of its by-products were already proven to be toxic to higher plant crops
(Terskov et al. 1979).

Interestingly, the parameters assessing on L. minor biomass yield confirm the
outcomes of photosynthetic efficiency analysis. Briefly, while the number of fronds
increased more throughout the experiment in the control with synthetic medium than in any
of the other treatments, the dry weight yield recorded for plants growing in Mars regolith
extract supplemented with cyanobacteria and microalgae is similar to that recorded in the
control. Thus, in spite of a higher reproduction rate, the plant culture in synthetic medium
does not necessarily produce higher biomass than the cultures in Mars regolith supplemented
with cyanobacteria and microalgae, and certainly questions arise regarding the differential
nutritional value of the cultured plants. A preliminary analysis of our samples by FTIR-ATR
separated the nutritional profile (polysaccharides in particular) of the plants grown in
regolith and supplemented regolith from those grown in synthetic media and ultrapure water.
Plants are important sources of carbohydrates, responsible for providing energy to humans.
These carbohydrates can be divided in energy storage carbohydrates like starch,
oligosaccharides and sugars, and in structural cell wall polysaccharides (Lovegrove et al.
2017), which differ regarding for example their digestibility. Given the importance of these
features when considering crop production in Mars to support colonization attempts with
high healthy supplies, differences in the nutritional profiles of different experimental
treatments such as that noticed herein are a critical object for future research. Namely, in-
depth analysis of major nutritional groups (i.e. proteins, carbohydrates, lipids, minerals,
fibers) is required to gain a robust insight on the nutritional value of vegetable species grown

in Martian soil.

VI-5. Conclusion

Are cyanobacteria able to growth using only water and Martian regolith? This work
showed that they could. Within the tested species, N. muscorum showed to be one that best
performs under these conditions, and should be the target of future studies. Not only these
organisms could be pointed out as possible oxygen producers in Mars, as could also be used
as biofertilizers. This work showed that L. minor was able to grow in Mars regolith extract

and eventually reached higher biomass density, comparing to the control group (i.e.
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Steinberg medium). The good performance of L. minor that grew on supplemented regolith
concerning the dry weight also gave some insights on the nutritional composition of these
plants, which is marked by changes in the polysaccharide group. In the future, analysis on
the nutritional composition of species that grown using these resources would be an essential

step, prior the implementation of these systems.

References

Allen MB, Arnon DI (1955) Studies on nitrogen-fixing blue-green algae. 1. Growth and
nitrogen fixation by Anabaena cylindrica Lemm. Plant Physiol 30:366-372. doi:
10.1039/an9487300121

Arai M (2009) Cyanobacteria for Space agriculture on Mars. Biol Sci Sp 23:203-210. doi:
10.2187/bss.23.203

Arai M, Tomita-Yokotani K, Sato S, et al. (2008) Growth of terrestrial cyanobacterium,
Nostoc sp., on Martian Regolith Simulant and its vacuum tolerance. Biol Sci Sp 22:8—
17. doi: 10.2187/bss.22.8

Borowitzka MA (2018) Biology of microalgae. In: Levine IA, Fleurance J (eds) Microalgae
Heal. Dis. Prev. Elsevier Inc., pp 23-72

Checchetto V, Segalla A, Allorent G, et al. (2012) Thylakoid potassium channel is required
for efficient photosynthesis in cyanobacteria. Proc Natl Acad Sci U S A 109:11043—
11048. doi: 10.1073/pnas.1205960109

Chittora D, Meena M, Barupal T, Swapnil P (2020) Cyanobacteria as a source of
biofertilizers for sustainable agriculture. Biochem Biophys Reports 22:100737. doi:
10.1016/j.bbrep.2020.100737

Clapham DE  (2007) Calcium  signaling.  Cell  131:1047-1058.  doi:
10.1016/j.cell.2007.11.028

Cockell CS (2014) Trajectories of martian habitability. Astrobiology 14:182-203. doi:
10.1089/ast.2013.1106

Depraetere O, Pierre G, Deschoenmaeker F, et al. (2015) Harvesting carbohydrate-rich
Arthrospira platensis by spontaneous settling. Bioresour Technol 180:16-21. doi:
10.1016/j.biortech.2014.12.084

174



Chapter VI: Cyanobacteria as candidate to support Mars colonization: growth and biofertilization evaluation

using Mars regolith

Eriksen NT (2008) Production of phycocyanin - a pigment with applications in biology,
biotechnology, foods and medicine. Appl Microbiol Biotechnol 80:1-14. doi:
10.1007/s00253-008-1542-y

Fawzy MA, Mohamed AKSH (2017) Bioremediation of heavy metals from municipal
sewage by cyanobacteria and its effects on growth and some metabolites of Beta
vulgaris. J Plant Nutr 40:2550-2561. doi: 10.1080/01904167.2017.1380822

Flores E, Herrero A (2014) The cell biology of cyanobacteria. Caister Academic Press,
Norfolk, UK

Foster L, Morris K, Cleary A, et al. (2020) Biomineralization of Sr by the Cyanobacterium
Pseudanabaena catenata under alkaline conditions. Front Earth Sci 8:1-10. doi:
10.3389/feart.2020.556244

Fraunhofer-Gesellschaft Algae survive heat, cold and cosmic radiation. In: ScienceDaily.
www.sciencedaily.com/releases/2017/02/170207104231.htm. Accessed 24 Sep 2021

Gao K (1998) Chinese studies on the edible blue-green alga, Nostoc flagelliforme: A review.
J Appl Phycol 10:37-49. doi: 10.1023/A:1008014424247

Gayen P, Sankarasubramanian S, Ramani VK (2020) Fuel and oxygen harvesting from
Martian regolithic brine. Proc Natl Acad Sci U S A 117:31685-31689. doi:
10.1073/pnas.2008613117

Gaysina LA, Saraf A, Singh P (2018) Cyanobacteria in Diverse Habitats. Cyanobacteria
From Basic Sci to Appl. doi: 10.1016/B978-0-12-814667-5.00001-5

Gonzéles A, Fillat MF, Bes MT, et al. (2018) The challange of iron stress in Cyanobacteria.
In: Tiwari A (ed) Cyanobacteria. IntechOpen, pp 137-144

Grzesik M, Kalaji HM (2017) Effectiveness of cyanobacteria and green algae in enhancing
the photosynthetic performance and growth of willow (Salix viminalis L.) plants under
limited synthetic fertilizers application. Photosynthetica 55:510-521. doi:
10.1007/s11099-017-0716-1

Héder D (2020) On the way to Mars - Flagellated algae in bioregenerative life support
systems under microgravity conditions. Front Plant Sci 10:1-5. doi:
10.3389/pls.2019.01621

Heinse R, Jones SB, Steinberg SL, et al. (2007) Measurements and modeling of variable
gravity effects on water distribution and flow in unsaturated porous media. Vadose Zo
J 6:713-724. doi: 10.2136/vzj2006.0105

175



Chapter VI: Cyanobacteria as candidate to support Mars colonization: growth and biofertilization evaluation

using Mars regolith

Heinz J, Schulze-Makuch D (2020) Thiophenes on Mars: Biotic or abiotic origin?
Astrobiology 20:552-561. doi: 10.1089/ast.2019.2139

Hoffman S, Andrews A, Watts K (2016) “Mining” water ice on Mars. An assessment of
ISRU option in support of future human missions.

Johnson HE, King SR, Banack SA, et al. (2008) Cyanobacteria (Nostoc commune) used as
a dietary item in the Peruvian highlands produce the neurotoxic amino acid BMAA. J
Ethnopharmacol 118:159-165. doi: 10.1016/j.jep.2008.04.008

Jolliffe IT (1986) Principal Component Analysis. Berlin

Kaza M, Mankiewicz-Boczek J, lzydorczyk K, Sawicki J (2007) Toxicity assessment of
water samples from rivers in central Poland using a battery of microbiotests - A pilot
study. Polish J Environ Stud 16:81-89.

Kimura Y, Kimura S, Sato S, et al. (2015) Evaluation of a Cyanobacterium, Nostoc sp. HK-
01, as food material for Space agriculture on Mars. Biol Sci Sp 29:24-31. doi:
10.2187/bss.29.24

Lauro SE, Pettinelli E, Caprarelli G, et al. (2021) Multiple subglacial water bodies below the
south pole of Mars unveiled by new MARSIS data. Nat Astron 5:63-70. doi:
10.1038/s41550-020-1200-6

Lovegrove A, Edwards CH, De Noni I, et al. (2017) Role of polysaccharides in food,
digestion, and health. Crit Rev Food Sci Nutr 57:237-253. doi:
10.1080/10408398.2014.939263

Macério IPE, Ventura SPM, Goncalves FIJM, et al. (2021) The “bright side” of
cyanobacteria: revising the nuisance potential and prospecting innovative
biotechnology-based solutions to integrate water management programs. ACS Sustain
Chem Eng 9:7182-7197. doi: 10.1021/acssuschemeng.1c00458

Markou G, Vandamme D, Muylaert K (2014) Microalgal and cyanobacterial cultivation:
The supply of nutrients. Water Res 65:186—-202. doi: 10.1016/j.watres.2014.07.025

Martinez GM, Renno NO (2013) Water and brines on Mars: Current evidence and
implications for MSL. Space Sci Rev 175:29-51. doi: 10.1007/s11214-012-9956-3

Mostafa SSM (2012) Microalgal biotechnology: Prospects and applications. In: Dhal NK,
Sahu SC (eds) Plant Sci. IntechOpen, pp 275-314

Na&s T, Isaksson T, Fearn T, Davis T (2002) A user-friendly guide to multivariate calibration
and classification. doi: 10.1255/978-1-906715-25-0

176



Chapter VI: Cyanobacteria as candidate to support Mars colonization: growth and biofertilization evaluation

using Mars regolith

Nelson M, Pechurkin NS, Allen JP, et al. (2010) Closed ecological systems, space life
support and biospherics. In: Wang LK, lvanov V, Tay J-H, Hung Y-T (eds) Handb.
Environ. Eng. Vol. 10 Environ. Biotechnol. Humana Press, New York, pp 517-565

Nichols HW (1973) Growth media-freshwater. In: Stein JR (ed) Handb. Phycol. methods
Cult. methods growth Meas. Cambridge University Press, Cambridge, UK, pp 16-17

OECD (2006) Test No. 221: Lemna sp. Growth Inhibition Test. Guidel Test Chem 1-26.

Ogawa T, Misumi M, Sonoike K (2017) Estimation of photosynthesis in cyanobacteria by
pulse-amplitude modulation chlorophyll fluorescence: problems and solutions.
Photosynth Res 133:63-73. doi: 10.1007/s11120-017-0367-x

Olsson-Francis K, Cockell CS (2010) Use of cyanobacteria for in-situ resource use in space
applications. Planet Space Sci 58:1279-1285. doi: 10.1016/j.pss.2010.05.005

Raheem A, Prinsen P, Vuppaladadiyam AK, et al. (2018) A review on sustainable
microalgae based biofuel and bioenergy production: Recent developments. J Clean
Prod 181:42-59. doi: 10.1016/j.jclepro.2018.01.125

Rashid A, Mir MR, Hakeem KE (2016) Biofertilizer use for sustainable agricultural
production. In: Hakeem K, Akhtar M, Abdullah S (eds) Plant, Soil Microbes. Springer,
pp 163-180

Rueter JG, Petersen RR (1987) Micronutrient effects on cyanobacterial growth and
physiology. New Zeal J Mar Freshw Res  21:435-445. doi:
10.1080/00288330.1987.9516239

SAG (2008) Maintenance of Cultures - Spirulina Medium Recipe-Vers. 10. 2008. Sammlung
von Algenkulturen Gottingen Cult. Collect. Algae

Savitzky A, Golay MJE (1964) Smoothing and differentiation of data by simplified least
squares procesures. Anal Chem 36:1627-1639.

Schmidt ABT-M in E (1988) Sulfur metabolism in cyanobacteria. Cyanobacteria. Academic
Press, pp 572-583

Sekar S, Chandramohan M (2008) Phycobiliproteins as a commodity: Trends in applied
research, patents and commercialization. J Appl Phycol 20:113-136. doi:
10.1007/s10811-007-9188-1

Shotwell R (2005) Phoenix - The first Mars Scout mission. Acta Astronaut 57:121-134. doi:
10.1016/j.actaastro.2005.03.038

Terskov IA, Gitelson JI, Kovrov BG (1979) Closed system: Man-higher plants (four month

177



Chapter VI: Cyanobacteria as candidate to support Mars colonization: growth and biofertilization evaluation

using Mars regolith

experiment), translation of Nauka Press, Siberian Branch, NASA-TM76452,
Washington, D.C.

Verseux C, Baqué M, Lehto K, et al. (2016) Sustainable life support on Mars - The potential
roles of cyanobacteria. Int J Astrobiol 15:65-92. doi: 10.1017/S147355041500021X

Verseux C, Heinicke C, Ramalho TP, et al. (2021) A low-pressure, N2/CO> atmosphere is
suitable for cyanobacterium-based life-support systems on Mars. Front Microbiol
12:611798. doi: 10.3389/fmich.2021.611798

Walter J, Lynch F, Battchikova N, et al. (2016) Calcium impacts carbon and nitrogen balance
in the filamentous cyanobacterium Anabaena sp. PCC 7120. J Exp Bot 67:3997—4008.
doi: 10.1093/jxb/erw112

Wamelink GWW, Frissel JY, Krijnen WHJ, et al. (2014) Can plants grow on Mars and the
moon: A growth experiment on mars and moon soil simulants. PLoS One. doi:
10.1371/journal.pone.0103138

(2017) 115th Congress - National Aeronautics and Space Administration Transition
Authorization Act of 2017.

178



CHAPTER VI

Final remarks and future perspectives






Chapter VII: Final remarks and future perspectives

In a world with a growing human population and a consequent increased resources
scarcity, the need to increase the range of feedstocks and biomasses available to explore
arose. Cyanobacteria are one of those microorganism groups whose exploitation can help to
fulfil some of these requests, while contributing to achieve several of the Goals proposed by
the United Nations (SDG) towards a sustainable development, both concerning
environmental protection and sustainable production/consumption. In addition, worldwide
consumers are becoming more aware of resources scarcity, on the one hand, and of the
improved biological compatibility of natural products over synthetic counterparts, on the
other hand, which greatly supports any endeavours aiming at filling gaps in these two fields.
This overall context highlights the role of Cyanobacteria as an important and sustainable
player in global economy nowadays and in the future, featuring high impact for related
research results.

The major goal of this Thesis was to apply to concept of biorefinery to the
valorization of cyanobacterial blooms, which are a current and growing problematic
worldwide that will likely aggravate the climate change consequences. To characterise the
fields and boundaries of this overarching aim, as well as properly kick-off and contextualize
the options made for the experimental work, a critical review (Chapter 11) was elaborated on
the ‘dark side’ of cyanoHABs, followed by a conceptual proposal of integrating their ‘bright
side’ as a new axis to improve the efficiency of nuisance management frameworks. A
framework with four sequential steps is presented, following the principles of the circular
economy and driven by the idea of using the economic income generated with the
valorization of cyanobacteria biomass removed from waterbodies affected by blooms in
further actions regarding environmental protection and restoration. This is not a traditional
or straightforward approach, neither is free of controversy, but new times demand new
solutions as that suggested towards the building of win-win relationships between
environmental sustainability and economic income. The application of such a framework
presents several constrains and would require strong regulation prior to implementation. For
example, this type of approach could be applied in developing countries, as a mechanism to
improve the economic income of disfavoured communities and promote environmental
restoration (and health safety in the case of harmful algal blooms) in parallel. However, the
risks of considering blooms as assets that are worth the efforts for inducing them in natural

waterbodies are high, especially if no strict preventive regulation is in force. For fully
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established industries in high-income countries and more comprehensive regulation
frameworks, the risk of misinterpretation of the idea would be lower (note that there are
already companies at least in the United States that collect blooms biomass to feed
exploitation pipelines; Levi 2018), but the sustainability of the strategy can be hampered by
the seasonality of the blooms depending on the geography. This shortcoming can be
overcome if the exploitation of blooms is faced as a complementary strategy to own
cultivation, with the additional benefits of filling environmental sustainability quotes that
meet, for example, the climate change mitigation worldwide.

Following the elaboration of the broader vision and the main philosophy of the thesis
(Chapter I1), the experimental work plan was developed underneath, exploring the created
umbrella, by developing on several “bright sides” of cyanobacteria under the biorefinery
principles. If assuming the focus on sustainable industry development, the logical path was
indeed the investigation of several routes for the valorization of cyanobacteria that could
potentially become exploitation axes. Because natural blooms are complex and variable
assemblages bearing often multiple species/strains of cyanobacteria and microalgae, and
considering that much is still to be done to fully understand the array of valuable
cyanobacteria metabolites, their bioactivity and their suitability for different
biotechnological applications, the option to proceed with the work plan using single strains
was logical. Despite the increase research efforts in this field, a remarkable example
exposing the scarcity of reliable evidence on the biological activities of C-phycocyanin
extracts can be found in Chapter IV. In addition, the exploitation of natural blooms requires,
necessarily, toxin quantification (see Chapter II). If anchoring the experimental work plan
on natural blooms, developments in the current technologies for toxin detection (easier
targeting and cheaper methods) would have to be incorporated, and the most recent trends
in this context would require investment in new fields of expertise (e.g. biosensors field,
especially graphene-based; Bertani and Lu 2021) that were not easily reachable within the
timeline.

In the industrial context, Arthrospira is one of the most explored species, not only
due to its rich nutritional profile but also because it is a non-toxic and a very well-known
species. However, considering the high number of known cyanobacteria species and the
scarcity of broad characterisation of their growth dynamics and metabolite production, it is

highly unlikely that Arthrospira would be the best species to use for all purposes. This was
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the reasoning for the research exposed in Chapter 111, where Arthrospira platensis was used
to compare to other two, less-explored cyanobacteria species, Anabaena cylindrica and N.
muscorum, regarding growth dynamics and pigment production patterns. All of these species
showed an extraordinary longevity, and A. platensis was indeed shown to be the best raw
biomass producer. However, A. platensis was not the best pigment producer, confirming the
initial hypothesis of the study. In general, N. muscorum was proven to be the most interesting
species for industrial exploitation concerning pigments, since it presents high growth rates,
as well as high productions of chlorophyll a and C-phycocyanin. However, it should be
recognized that different culturing conditions might lead to different outcomes, hence the
critical relevance of optimization stages in industrial settings exploring cyanobacteria
metabolites. This study essentially highlighted on how meaningful species selection can be
to leverage exploitation outcomes, reinforcing the need for previous systematic knowledge
on the growth dynamics of different species/strains. To address this aspect, different methods
were tested in parallel (spectrophotometry and fluorimetry) as to their capacity to be used as
proxies of pigment production that can serve monitoring purposes in exploitation settings.
None was proved flawless, which again reinforces the importance of previous small-scale
studies to optimise on species/strain selection and growth conditions towards better
exploitation efficiency levels.

Since pigments are among the extractable compounds with higher market value,
emphasis was put on the specific analysis of the yield and claimed biological activity of the
blue pigment C-phycocyanin in Chapter IVV. However, the analyzed C-phycocyanin extracts
from A. cylindrica presented mild or unrecognizable biological activities, unlike what is
commonly described in literature (Basha et al. 2008; Mohite et al. 2015; Shanmugam et al.
2017; Jiang et al. 2018; Renugadevi et al. 2018; Jang and Kim 2021). These disappointing
results inspired a follow-up work under the sound bite that being blue is not enough. The
results of such a second-stage, developed with C-phycocyanin extracts from several species
(produced with different solvents and extraction steps), showed that not only the species is
a determinant of biological activity, but also that the choice of the solvents and the extraction
protocols are critical aspects to consider in this regard. Overall, the work exposed in Chapter
IV notices that either the biological activities claimed by the literature are the probable
outcome of synergic effects with components other than C-phycocyanin, or reflect that C-

phycocyanin biological activities are species/strain-specific. The observation of a better
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performance of raw extracts compared to purified extracts (i.e. higher antioxidant activity,
better biocompatibility, and even antitumor activity in some concentrations) corroborates
these perspectives. Future efforts to characterize these extracts are critical to deeply
understand what are the compounds and/or mixtures truly responsible for the biological
activity.

Although A. cylindrica was not recognized as the best species for C-phycocyanin
extraction, other added-value compounds beside pigments can be exploited in cyanobacteria
as addressed in Chapter V. Actually, when the metabolome of N. muscorum was inspected,
it was possible to observe the production of interesting compounds bearing also a relevant
market value (e.g. -3 and w-6 fatty acids, and mycosporin-like amino acids). Therefore, the
dynamics of the metabolome of N. muscorum (and of other cyanobacteria species) is a
meaningful future research target, with particular emphasis on mycosporin-like amino acids
due to their biotechnological potential (Geraldes and Pinto 2021) and because these
metabolites are naturally produced during the first stages of N. muscorum growth. In
addition, this study highlighted that compositional changes of the metabolome occur
throughout culture growth, which remarks that it is possible to optimise the best harvesting
period for the extraction of a desired metabolite. Particularly for N. muscorum, a significant
shift in the composition of the metabolome occurs around day 43 to 56 (Figure V-4).
Consistently, a brief plateau in the growth curves of three cyanobacteria species was
identified within this period, especially recognizable in N. muscorum and A. platensis
(Figures 111-1-3c). It is therefore reasonable to hypothesize that cells hold investment in
duplication possibly to face nutrient depletion and/or osmotic balance disturbance, then
adapting to the harsher conditions with the consequent shifting in metabolites production.
Given that some cyanobacteria can onset processes of metabolite excretion (Carrieri et al.
2012), a future research direction should be focused on the parallel analysis of the
extracellular medium for a broader mechanistic understanding of this potential adaptation
stage followed by the noticed metabolic shift. This type of analysis would help to understand
what are the specific triggers responsible for such metabolic changes. This would play major
importance in industrial culturing since it would allow promoting the production of specific
compounds.

One of the most interesting findings through the course of the experimental work

was the fact that A. cylindrica, N. muscorum and A. platensis were able to grow for more
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than 112 days without any medium supplementation. This incredible longevity raised several
questions and opened research perspectives. Within the context of the present Thesis, the
application of cyanobacteria as resources for Space exploration was pursued among these
perspectives. Their longevity, along with their low nutritional requirements and the ability
to produce oxygen, are extremely attractive and supportive of the promotion of
cyanobacteria as valuable assets in the establishment of life support systems in planets other
than Earth. A. platensis, A. cylindrica, and N. muscorum (plus the microalgae C. vulgaris as
a reference) were used to address this research avenue (Chapter V1). The study suggests that
not all species are able to thrive under limited resources as simulated (culturing in water
supplemented with Martian regolith), the diazotrophic species being the best performers
among the tested organisms; note that neither green microalgae nor the widely used
cyanobacteria A. platensis in the context of Space exploration research are diazotrophic.
While cyanobacteria are primarily thought to be used as oxygen producers within life
support systems in Space, the study also highlighted the potential for the downstream
application of aged biomass batches as biofertilization agents. Indeed, high levels of vegetal
biomass were achieved using media supplemented with cyanobacteria grown under limited
nutrient supply. Although this work was a brief incursion in the field bearing several
limitations, it corroborated previous claims on the suitability of cyanobacteria as Mars
colonizers (Arai et al. 2008; Arai 2009; Olsson-Francis and Cockell 2010; Verseux et al.
2016; Verseux et al. 2021) and provided new evidence highlighting that not all cyanobacteria
species should be selected for this mission. Follow-up studies are necessary to clarify
different aspects and consolidate the promotion of cyanobacteria in the Space exploration
arena. For example, oxygen production levels should be measured for a realistic appraisal
on how the benefits scale compared to higher plants culturing settings (in solid substrates or
hydroponics); the yield of the cyanobacteria cultures should be tested under more realistic
conditions, e.g. using an atmospheric composition more similar to the one found on Mars;
the nutritional composition of plants fertilized with cyanobacteria biomass should be
scrutinized to broadly appraise the potential benefits of this downstream recycling strategy.

Finally, it is worth noticing that many arenas where cyanobacteria have remarkable
application potential remained unexplored in this Thesis, despite their compliance several
United Nations priorities (i.e. SDG 2 - Zero Hunger; SDG 3 - Good Health and Well-Being;
SDG 6 - Clean Water and Sanitation; SDG 7 - Affordable and Clean Energy; and SDG 13 -
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Climate Action), and a few examples follow. In this context, efforts should be directed to
the systematic search for species that can be more/or as nutritionally rich as Arthrospira, to
more efficiently tackle malnutrition problems arising worldwide in developing and
developed countries. The search for new biologically active compounds produced by
cyanobacteria should continue to assist the development of alternative therapeutic
approaches to existing and eventually new health fragilities. The abilities of cyanobacteria
as bioremediation agents should be better explored as a meaningful contribution to mitigate
water pollution, especially considering their suitability for easy genome edition, which is
amongst the most recent tools to efficiently tackle the degradation of recalcitrant pollutants
in wastewater treatment processes (EI-Sheekh et al. 2021). The use of cyanobacteria as a
feedstock for biofuel and biopolymers production could be helpful as additional assets
towards the reduction of the humanity’s dependency on fossil fuels, yet this exploitation line
still requires technological advances in cultivation systems and extraction techniques to
render the process economically sustainable and ultimately attractive for wide investment
(Slade and Bauen 2013; Ciebiada et al. 2020). The incorporation of
cyanobacteria/microalgae in building facades was already proposed to support the mission
and commitment of cities worldwide towards the neutralization of CO2 emissions in urban
environments (Biloria and Thakkar 2020).

A sustainable future is a greener future, and despite their rather bluish tone,

cyanobacteria have the potential to be part of it.
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Annexes

Chapter I11: Are Cyanobacteria a nearly immortal sources of high market

value compounds?

Table 111-S1. MBL - Woods Hole medium composition

(Nichols 1973).

CaCl2-2H:0 36.76 mg.L*
MgSOs-7H20 36.97 mg.L*
NaHCOs3 12.60 mg.L™?
K2HPO4 8.71 mg.L?
NaNOs 85.01 mg.L*
Na.SiO3-9H.0 28.42 mg.L*t
Na2-EDTA 436¢9.L*
FeClz-6H20 3.15g.L*
CuS04-5H,0 0.01g.L?
ZnS04-7H,0 0.022g.L*
CoCly-6H,0 0.01g.L?
MnCl2-4H20 0.18g.L*
Na;M004-2H,0 0.006 g.L.
Tris(hydroxymethyl)-aminomethane) 250 g.L™*!

Table 111-S2. Spirulina medium (SAG 2008).

Solution | Solution 11 Micronutrient solution
NaHCO; 27.22g.L? NaNO; 50g.L? ZnS04-7H,0 1mg.L?
NaCO;  8.06g.L™? K>S0, 20g.L? MnS04-4H,0 2mg.L?
K:HPO, 1.0g.L? NaCl 20g.L? H3;BO; 10 mg.L?
MgSO4-7H,0 0.4g.L? Co(NO3)2-6H,0 1mg.L?
CaCl,-2H,0 0.08g.L* NazMoQO4-2H,0 1mg.L?
FeSO4-7H,0 0.02¢g.L* CuS04-5H,0 0.005
EDTA (Titriplex I1I) ~ 0.16 g.L* FeSO4:7H20 mg.L*
Micronutrient 10 mL. L? EDTA (Titriplex Ill) 0.7 g.L?
solution 0.8g.L*
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Table 111-S3. Pearson and Spearman correlation between optical density at 750 nm and F, for A.

cylindrica, N. muscorum, and A. platensis.

Pearson Spearman
Species N Correlation p-value Correlation p-value
coefficient coefficient
A. cylindrica 40 0.924 < 0.005 0.971 < 0.005
N. muscorum 39 0.982 < 0.005 0.990 <0.005
A. platensis 39 0.933 < 0.005 0.995 < 0.005
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Annex |1

Chapter IV: Blue is not enough: biological activities of C-phycocyanin extracts

from Anabaena cylindrica

Table 1V-S1. Percentage of scavenging activity of the tested extracts measured through the ABTS

method. Ascorbic acid was used as a positive control.

C-PC Scavenging Stdev Scavenging Stdev Scavenging  Stdev
concentr  activity (%) activity (%) activity (%)
ation 10 min 30 min 60 min
pg.mL*
- Fresh 500 4.39 2.84 3.69 2.64 0.00 5.19
2 Lyophilize 500 3.12 0.16 3.02 0.62 3.28 0.90
S Fresh 2500 15.5 0.54 19.2 0.68 20.2 4.02
8 Lyophilized 2500 12.2 0.94 15.6 1.09 17.4 1.08
Fresh 500 2.11 1.62 8.36 212 11.3 3.87
% Lyophilized 500 8.62 0.85 9.82 0.87 10.5 0.91
o Fresh 2500 13.1 2.33 28.9 1.68 449 5.09
Lyophilized 2500 20.9 3.81 38.6 3.81 46.5 4.29
Ascorbic acid 5 1.88 0.27 1.54 0.67 1.97 1.12
Ascorbic acid 50 124 0.48 11.0 0.25 11.3 1.12
Ascorbic acid 100 28.7 0.89 22.9 1.09 22.2 1.15
Ascorbic acid 200 48.6 4,97 45.3 1.37 45.4 1.12
Ascorbic acid 500 98.0 1.51 99.2 0.33 99.5 0.00
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Table 1V-S2: Results of the antimicrobial test with 11 pathogenic bacteria, against the purified and

the raw extract. Two antibiotics were also tested: Chloramphenicol and Penicillin.

. Inhibition Inhibition s .
Pathogenic - e - Inhibition with .
tested with purified with raw antibiotic Picture of the test
extract extract
Micrococcus
luteus No No Chloramphenicol
ATCC 4698
E. coli No No Chloramphenicol
ATCC 25922 P
Pseudomonas
aeruginosa No No Penicillin
ATCC 27853
Bacillus cereus .
ATCC 14579 No No Chloramphenicol
Staphylococcus
aureus No No Chloramphenicol
ATCC 25923
Salmonella
enterica No No Chloramphenicol
ATCC 14028
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Klebsiella
pneumoniae No No Chloramphenicol
ATCC 13883

Aeromonas sp. No No Penicillin

Proteus
mirabilis No No Chloramphenicol
ATCC 43071

Enterococcus
faecalis No No Chloramphenicol ~ No image available
ATCC 29212
Bacillus No
sphaericus No Chloramphenicol ~ No image available
ATCC 12488

Table 1V-S3. ANOVA on ranks summary table for viability assays conducted for each control. Test

(H) statistics and degrees of freedom are shown.

Type of control Cell line | Degrees of Test statistic p
freedom (H)
Ultrapure water HaCaT 6 42.729 <0.001
Ultrapure water MNT-1 6 36.717 <0.001
Sodium phosphate buffer HaCaT 6 45.264 <0.001
Sodium phosphate buffer MNT-1 6 30.383 <0.001
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Table 1V-S4. ANOVA summary table for viability assays conducted for each extract. Test (F)

statistics and degrees of freedom are shown. MS stands for the mean squares (= variance) of the error

term in the ANOVA.

Type of Cell Source of | Degrees Adjusted Test p
extract line variation of MS statistic (F)
freedom
Raw extract HaCaT | Treatment 5 1599.864 46.723 <0.001
fresh Error 12 34.241
MNT-1 | Treatment 5 190.012 4,969 <0.05
Error 12 38.239
Raw extract HaCaT | Treatment 5 611.470 6.004 <0.05
lyophilized Error 12 101.838
MNT-1 | Treatment 5 57.576 1.427 0.284
Error 12 40.360
Purified HaCaT | Treatment 5 283.746 37.827 <0.001
extract Error 12 7.501
fresh MNT-1 | Treatment 5 158.887 0.997 0.460
Error 12 159.419
Purified HaCaT | Treatment 5 500.951 61.278 <0.001
extract Error 12 8.175
lyophilized MNT-1 | Treatment 5 27.144 0.318 0.893
Error 12 85.391
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Table I1V-S5. Percentage of scavenging activity, measured through the ABTS method, of the C-PC extracts of four different species (Anabaena cylindrica,
Nostoc sp., Arthrospira platensis, and a dried powder of Arthrospira from a commercial source). Water and sodium phosphate buffer (PBS) with sodium azide
were used as solvents to produce the extracts, according to the procedure described in the methodology.

Species Solvent C-PC Scavenging activity  Stdev  Scavenging activity =~ Stdev  Scavenging activity ~ Stdev
pg.mLt (%) 10min (%) 30 min (%) 60 min

Anabaena water 500 4.56 0.16 4.49 3.84 5.28 3.55
cylindrica PBS 500 4.89 0.47 8.77 1.98 10.21 2.23
PBS 161 3.22 0.31 3.16 0.33 4.25 0.00

Nostoc sp. PBS 500 12.3 0.00 15.2 0.49 16.9 3.09
Arthrospira water 183 25.8 0.63 30.5 1.17 335 1.59
platensis PBS 500 26.1 0.31 31.3 0.16 34.5 2.58
PBS 118 8.12 0.31 10.9 0.99 14.6 2.23

Arthrospira sp. water 500 9.67 1.09 114 2.07 15.3 4.29
commercial water 500 5.78 1.26 13.7 8.51 6.53 2.84
PBS 500 10.9 0.79 12.4 0.83 15.9 1.03

PBS 500 7.45 0.31 8.30 0.99 10.6 2.75
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Figure 1V-S1: Cell viability of HaCaT and MNT-1 cells with the respective controls, after 72 h of

exposure. Ultrapure water was used for the controls with the purified fresh extracts, while sodium

phosphate buffer was used for the controls with the raw fresh extracts. The results are expressed as

the mean (bars) + standard deviation (error bars) of nine replicates. The asterisks denote statistically

significant differences between the control made with only DMEM, and between the other controls

where ultrapure water/ sodium phosphate buffer where also added in the same concentrations as in

the tested extracts (Dunnet test; p <0.05).
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Annex 11

Chapter V: Metabolic composition of the cyanobacterium Nostoc

muscorum as a function of culture time: a tH NMR metabolomics study

Table V-S1. Metabolites detected in the *H-NMR spectra of aqueous (AQ) and organic (ORG)
extracts from N. muscorum, and their respective chemical shifts (in ppm). The *H chemical shifts in

bold identify the signal that was integrated for quantitative comparisons. BCAA: branched chain

amino acids. Multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; dd, doublet of

doublets.

Compound 6 ‘H (multiplicity) | & °C Extract
Acetate 1.92 (s) | 26.20 AQ
Adenosine 3.86, 4.30, 4.44, 4.75, 6.08 (d), 8.27 (s), 8.35 (s) AQ
Alanine 1.48 (d), 3.78 (q) AQ
Aspartate 2.68 (dd), 2.82 (dd), 3.89 (dd) AQ
Aspartate - Peptide 2 2.91, 2.95, 4.00 AQ
AXP 4.53, 6.15 (d), 8.28 (s), 8.61 (5) AQ

0.90 | 20.00, 0.94 | 21.60, 4.08 | 63.70 (bound valine) AQ
BCAA - Peptide 3 0.89 | 23.60, 0.93 | 25.30, 1.59, 4.35 (bound leucine)

0.8813.70, 0.92 | 18.20, 1.18, 1.84, 4.08 | 63.10 (bound isoleucine)
Betaine 1 3.18(s) | 47.40 AQ
Betaine 2 3.19(s) | 54.8, 3.94 (s) | 63.50 AQ
Betaine 3 3.28 (s) | 55.2 AQ
Carotenoid 1 6.16 (s), 6.33, 6.40, 6.71 ORG
Carotenoid 2 6.67, 6.97 ORG

0.71 (d), 0.74 (d), 0.80 (d), 1.70 (d), 3.57 (s), 3.78 (s), 6.01 | 119.60, ORG
Chlorophyll a 6.20 | 119.60, 6.22 (s) | 64.60, 8.11 (dd), 8.46 (s) | 92.60, 9.25 (s) |

99.20, 9.61 (s) | 107.10

0.78-0.88 | 13.60-15.90, 1.16-1.35 | 21.80-33.50 (total FA), 1.44-1.54 ORG

Fatty acyl (FA) chains

| 24.20-28.10, 1.90-1.99 | 26.30 (MUFA), 1.99-2.06 | 26.30, 2.22-
2.3333.30, 2.71-2.80 | 24.90 (PUFA), 5.25-5.38 | 126.80-131.00
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Glucosylglycerol 3.57,3.75, 5.14 (d) AQ
Glutamate 2.07 (m) | 29.80, 2.15 (m) | 29.80, 2.35 (m) | 36.40, 3.76 (t) | 57.20 AQ
Glutamate - Peptide 1  2.01, 2.29, 4.30 AQ
Glycolipids — 3.25,3.59, 4.09, 4.63 ORG
galactosyl moieties
Glycolipids —glucosyl 5 55 354, 353, 3.56, 4.81, 4.87 ORG
moieties
Glycolipids —glyceryl 5 55 381,412,432, 5.10 ORG
moieties
3-Hydroxybutyrate 1.20 (d), 2.32 (dd), 2.40 (dd), 4.17 (m) AQ
Isoleucine 0.95 (t), 1.02 (d), 1.26, 1.98, 3.68 (d) AQ
Linoleic acid 1.28,2.01, 2.73,5.32 ORG
Linolenic acid 0.92 (1), 1.28, 2.02, 2.76, 5.33 ORG
Malto- 3.28, 3.44, 3.58, 3.67 | 79.70, 3.78 | 63.20, 3.97 | 76.50, 4.66 (d) | AQ
oligosaccharides 99.10, 5.24 (d), 5.41 (d) | 102.60
Mycosporin-like AA 2.72 (s) | 35.50, 3.42 (s) | 61.80, 3.52 (s) | 62.20 AQ
Ornithine 1.73,1.85, 1.94, 3.07, 3.78 AQ
Phenylacetate 3.52 (s), 7.29 (m), 7.36 (M) AQ
3.48 (t) | 72.10, 3.57 (dd) | 73.90, 3.68 (s) | 64.20, 3.77 (t) | 75.60, AQ
Sucrose 3.83 (m) |63.10, 3.83 (m) | 65.20, 3.85 (m) | 75.20, 3.90 (m) | 84.30,
4,06 (t) | 77.00, 4.23 (d) | 79.20, 5.42 (d) | 95.10
Sucrose—derl_ved 3.57,3.90, 5,57 AQ
hexasaccharide
Sucrose—derlv_ed 3.5, 3.86, 5.64 (d) AQ
pentasaccharide
Sucrose-derived AQ
tetrasaccharide 3.61,3.89, 5.68 (d)
Trehalose 3.46 (t) | 72.60, 3.65 (dd) | 74.10, 3.77 (dd) | 63.30, 3.79 | 75.40, 3.82 AQ
| 75.10, 3.86 (m) | 63.30, 5.20 (d) | 96.20
Uridine 3.81, 3.89, 4.22, 4.35, 5.92, 7.88 (d) AQ
UXP 4,05, 4.28, 4.38,5.98, 7.98 AQ
Valine 1.00 (d), 1.05 (d), 3.62 (d) AQ
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Table V-S2. ANOVA summary table for the metabolites with a VIP > 1. Test (F) value and
corresponding P-value, as well as corresponding degrees of freedom and mean squares of the error
(MSresidual) are shown.

Source of variation df MSresidual F P
3-Hydroxybutyrate 6, 43 0.0284 24.692 <0.001
Alanine 6, 34 0.000000148 14.172 <0.001
Acetate 6, 34 0.100 23.233 <0.001
Glutamate 6,34 0.000000566 60.630 <0.001
Aspartate 6, 34 0.100 27.592 <0.001
Mycosporin-like AA 6, 34 0.0204 113.807 <0.001
Ornithine 6,34 0.0173 97.269 <0.001
Betaine 1 6, 34 0.000000279 70.470 <0.001
Betaine 2 6, 34 0.000000565 27.582 <0.001
Betaine 3 6,34 0.000000803 20.403 <0.001
Malto-oligosaccharides 6,34 0.000000190 28.941 <0.001
Peptide 1 (Thr/Glu/Gl) 6, 34 0.000000410 42.589 <0.001
Glucosylglycerol 6, 34 0.000000063 25.152 <0.001
Sucrose- derived hexasaccharides 6, 34 0.000000387 29.974 <0.001
Sucrose- derived pentasaccharides 6, 34 0.0000000134 81.423 <0.001
Sucrose- derived tetrasaccharides 6, 34 0.000000137 27.912 <0.001
AXP 8.27 6, 34 0.00000000912 155.952 <0.001
PUFA 6, 34 0.00000269 15.660 <0.001
MUFA 6, 34 0.000000169 139.232 <0.001
Linolenic (©-3) 6, 34 0.00000138 36.317 < 0.001
Peptide 2 (Aspartate) 6, 34 0.000034 5.585 <0.001
Uridine 6, 34 0.0000000130 9.162 <0.001
UXP 6,34 4.226 10.914 <0.001
Chlorophyll a 6,34 0.0000000256 28.182 <0.001
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Chapter VI: Cyanobacteria as candidate to support Mars colonization:

growth and biofertilization evaluation using Mars regolith

Table VI-S1. MGS-1 Mars Global Simulant bulk chemistry, according to the manufacturer (Exolith

Lab).

Compound

Weight percent measured by TXRF

SiO;
TiO;
AlO;
Cr,03
FeOr
MnO
MgO
CaOo
Na,O
K20
P20s
SO;

45.6
0.3
9.4
0.1

16.9
0.1

16.5
4.0
3.7
0.4
0.4
2.6
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Table VI-S2: Pictures of the cyanobacteria/microalgae cultures growing during the experiment.

Species Day 7 Day 14

Nostoc
muscorum

Anabaena
cylindrica

Arthrospira
platensis

Chlorella
vulgaris
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