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Riassunto

Al fine di indirizzare I’industria alimentare verso un approccio piu sostenibile, la produzione
di composti da fonti vegetali, come le proteine o i pigmenti, rappresenta un importante ambito
di ricerca. A tal riguardo, I’interesse € incentrato verso i cianobatteri azoto-fissatori, capaci di
fissare I’azoto atmosferico e immagazzinarlo in forma di molecole a base di azoto.

Rispetto ad una loro potenziale applicazione in ambito industriale, le caratteristiche di crescita
di Nostoc PCC 7120 sono state investigate mediante colture in scala di laboratorio, sia in
discontinuo che in continuo. Per la prima categoria, ¢ stato impiegato un bioreattore pilota da
275 L, al fine di verificare le capacita di adattamento ad una piu grande scala operativa, mentre
per la seconda fotobioreattori da 200 mL per determinare I’effetto di alcune variabili di
processo. Rispetto all’intensita di luce, la condizione ottimale ¢ stata individuata a 550 umol
m? s, come miglior compromesso tra produttivitd di biomassa e contenuto di composti
dall’elevato valore aggiunto. In secondo luogo, ¢ stato condotto uno studio dettagliato sulle
prestazioni di crescita della specie in condizioni di azoto-fissazione, modulando la quantita e
I’origine dell’azoto all’interno dell’ambiente di coltura; lo sfruttamento di tale processo
metabolico ¢ risultato essere determinante per ridurre 1 costi capitali relativi
all’approvvigionamento di nutrienti e migliorare le prestazioni della coltivazione.

Inoltre, I’esito favorevole di tale processo a livello industriale dipende anche dalla possibilita
di prevedere il comportamento della specie. Pertanto, ¢ stato sviluppato un modello
matematico per simulare la crescita dei cianobatteri azoto-fissatori Anabaena PCC 7122 e
Nostoc PCC 7120. Nel dettaglio, il modello si basa sulla teoria della quota interna di nutrienti
di Droop, nella quale la variazione del tasso di crescita della biomassa dipende dalla quantita
interna di nutrienti immagazzinata nella stessa. Rispetto ai vari modelli predittivi gia presenti
in letteratura, focalizzati sulla biomassa totale, l'introduzione di tale cinetica permette di tenere
in considerazione simultaneamente entrambe le tipologie di cellule caratterizzanti le specie in
questione, ossia cellule vegetative ed eterocisti. In accordo con il contesto sperimentale di
questo lavoro, il modello ¢ stato sviluppato per coltivazioni in continuo, prevedendo il
comportamento della coltura rispetto al tempo di residenza. I risultati derivanti risultano in
linea con dati raccolti durante precedenti campagne sperimentali, utilizzati per il fitting di

alcuni parametri incogniti presenti nel modello.






Abstract

To convey the food and feed industry towards a more sustainable approach, the production of
vegetal-derived compounds, as proteins or pigments, represents a relevant topic of research. In
that regard, nitrogen-fixing cyanobacteria are of interest thanks to their capability to fix
atmospheric nitrogen into valuable N-based macromolecules.

Looking for a potential industrial exploitation, laboratory experiments were conducted to
assess Nostoc PCC 7120 cultivation features, both in batch and continuous configurations.
Discontinuous cultivation was conducted in a 275-L pilot scale bioreactor in order to assess
species performances in a larger operational scale, while 200-mL continuous photobioreactors
were used to evaluate the effects of operating variables on harvested biomass and production
of valuable compounds. With respect to enlightenment conditions, an optimal light intensity
of 550 umol m? s! was found, as the best compromise between biomass productivity and
embedded valuable compounds. Secondly, a detailed study on diazotrophic growth
performances was conducted, by varying the amount and source of nitrogen within the culture
environment. The exploitation of such peculiar metabolic path seems to be a promising choice,
since it contributes to lower nutrients-related capital costs as well as improve cultivation
outcomes.

Moreover, successful industrial exploitation relies also on the possibility of predicting such
outcomes. Therefore, the development of a simulation model for two cyanobacterial species,
namely Anabaena PCC 7122 and Nostoc PCC 7120, was considered. In detail, the model
embeds the Droop theory based on the nutrient quota, accounting for the variation of biomass
growth rate based on the amount of nutrients within the biomass itself. Compared to the various
predictive models already available in literature, focusing only on overall biomass, the
introduction of such peculiar kinetics allows then to simultaneously account for both the two
typologies of cells characterizing the species in question, namely vegetative cells and
heterocysts. According to the experimental background of this work, the model was developed
for continuous operations, predicting cultivation outcomes with respect to the operating
residence time. The derived computational outcomes seem in line with data collected in
previous experimental campaigns, which were also used for the fitting of additional unknown

model parameters.
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Introduction

The most crucial challenge that nowadays society has to face regards climate change, with a
relevant negative contribution offered by the food and feed industry. Indeed, also due to the
constant growth of worldwide population, projected to reach the threshold of 10 billion
inhabitants by the year 2059, the request for food is constantly arising; as a matter of example,
the request for proteins is expected to be 14% higher by 2030. This aspect puts a lot of pressure
on the meat production chain, with the need for process intensification in order to sustain the
increasing demand. Since this is of particular concern in terms of sustainability, it is necessary
to find alternative solutions. About that, microalgae represent a potential feedstock as they are
characterized by a protein content up to 70%. In addition to that, they are rich in other valuable
compounds, such as essential ammino-acids and antioxidants, showing interesting applications
also besides the food and feed sector. As generally photoautotrophs, their main metabolic path
is photosynthesis. However, a smaller group composed by cyanobacteria is characterized by
an additional metabolic process, through which is possible to fix atmospheric dinitrogen from
the outer environment and directly convert it into nitrogen-based compounds embedded in
biomass. These nitrogen-fixing cyanobacteria, first implemented in biofertilizers production,
are now under investigation due to their peculiar nutritional profile.

Obviously, such microorganisms versatility has progressively gained more interest also from
an economical perspective, to such an extent as to carve out a significant slice of the market:
projections forecast that microalgae-based products will reach $ 3.08 billion by 2030,
corresponding to 100,788 tons in volumetric terms.

From an operational perspective, microalgal biomass is still mainly produced according to
batch rationales, as the know-how is quite spread and reliable. However, this approach is
characterized by a time-dependent productivity, which does not allow to exploit at their most
potential the adopted cultivation apparatuses. In order to overcome this aspect, researchers
focus their attention on continuous systems, which can ensure steadiness to cultivation
productivity and quality, as well as a more responsive system with respect to operating

variables variations.



2 Introduction

According to what has been stated so far, the cultivation of nitrogen-fixing cyanobacterium
Nostoc PCC 7120 for further application in the food and feed industry represents the
cornerstone of this work. For this purpose, an experimental assessment on growth
performances is drawn, by exploiting both batch and continuous cultivation systems.
Regarding the latter configuration, the effects of light intensity and nitrogen source and
availability are investigated, in order to find the optimum conditions for ensuring satisfying
biomass quality and quantity. Furthermore, a mathematical model was developed in order to
predict cultivation outcomes for such species, exploiting experimental data collected for two
similar species, namely Anabaena PCC 7122 and Nostoc PCC 7120.

This thesis is articulated in five chapters.

Chapter 1 provides a general overview concerning microalgae and cyanobacteria. Indeed, the
biological description of the latter metabolic processes is then functional for the general
presentation of the various fields of application, with a deeper focus on the food sector; in order
to contextualize from an economic perspective this new rising market. Then, the different
cultivation systems are presented, both from a structural perspective, namely as open or closed
configurations, and from an operational perspective, considering batch and continuous
configurations.

Chapter 2 lists all the materials and methodologies implemented along the experimental
campaign, along with a brief explanation of the statistical approach used in view of the final
elaboration for the collected results.

Chapter 3 focuses on the mathematical model. The first part focuses on the Droop kinetics,
that has to be considered as the main novelty of such a model. Indeed, after its historical
derivation, a comparison with respect to Monod kinetics is drawn, namely the other widespread
biomass kinetic law. Secondly, the various model equations are presented, based on the several
phenomena aimed to model.

In the last two chapters the results are then discussed. Starting from chapter 4, the focus is on
Anabaena PCC 7122 in which the computational model results are presented. Chapter 5 instead

deals with Nostoc PCC 7120, both from an experimental and computational perspective.



Chapter 1

State of the art

In the following chapter, a broad overview of the context is proposed. First of all, an in-depth
analysis on potential applications of microalgae, and more specifically of cyanobacteria, is
developed, along with the description of cyanobacterial metabolic key aspects. Following, an
actual contextualization concerning the markets previsions and demands of such bio-based
products is drawn, as a reflection of their potential applications. In the end, the focus moves
towards the different cultivation processes that are used nowadays for microalgae production,

both at industrial scale and at laboratory scale.

1.1 Prospects and challenges in today food industry

Due to the climate change scenario, the need of improving the variety of food and feed
production sources becomes increasingly urgent, and nowadays it has developed in a serious
issue that has to be addressed within the short-term period. In addition to that, the problem is
also even more relevant if a constantly increasing world population is taken into account. In
fact, starting from 1960, it has increased by 167%, with the mathematical projections
forecasting the achievement of 10 million inhabitants by approximately the year 2059 (World
Population Prospects - Population Division - United Nations, 2022) . Along with such a rapid
increase, also an augmented demand for food consumption is expected, and the Food and
Agriculture Organization (FAO) projects a global consumption of meat-based proteins
increment by 14% by 2030 compared to the average of 2018-2020 (OECD-FAO Agricultural
Outlook 2021-2030, 2021). Another crucial point related to the meat production sector is the
environmental footprint that all the involved processes are characterized by. Considering its
carbon footprint, and more specifically the sector impact on Green House Gases (GHQG)
emissions, the previously quoted study highlights that GHG emissions from meat production

comprised about 54% of total emissions from agriculture during the 2018-2020 period, and an
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increase of 5% by 2030 is expected. Fortunately, such increase is shown to be considerably
less compared to the one in meat production, due to improvements in the sector, aimed at
optimizing the meat output from a given stock of animals, but also to the new technologies
available for reducing methane emissions (OECD-FAO Agricultural Outlook 2021-2030,
2021). As for the carbon footprint, also the water footprint can be presented as a key indicator
for the non-sustainability of such a sector. Even though some differences can be highlighted
for the different types of animal products, as well as production methods and geographical
areas, as a matter of reference the average worldly water footprint value for beef products is
15400 L kg'! (Mekonnen & Hoekstra, 2010), and obviously this value is expected to increase.
The abovementioned issues related to such food sectors open the path to new strategies in order
to slow down the possible adverse effects related to intense meat consumption and production.
As a matter of example, in high income countries, new dietary preferences were developed,
such as vegetarian and vegan diets. The common rationale of these alimentary regimes is based
on the reduction of animal-based proteins consumption, while showing a greater interest in
other protein sources. Due to this factor, together with the need of finding more sustainable
solutions for food increased demands and a more environmentally focused way of thinking,
interest in alternative protein sources has been developed along the years. With respect to this,
a potential idea is to boost agricultural production, known to provide alternative foods with
respect to animal ones. However, satistying the population needs by relying only on agriculture
is still crucial, as this regime would imply massive deforestations and intense use of fertilizers
and pesticides, compromising the overall sustainability of the approach.

These considerations lead to the determining role of alternative feed sources, that are capable
of providing a lower intensification of livestock and crop productions, while enlarging the
variety of sources available for customers. The development of foods with an increased
nutritional content is another key objective that companies are pursuing. In fact, adding
functional foods in the everyday diet, would help preserving and boosting human health, with
a particular reference to elderly, for which the protein deficiency is one of the most relevant
concerns (Villar6 et al., 2021).

According to a more sustainable protein production, the FAO recently reported that plant-based
proteins are 38-91% less land intensive, 53-95% less water intensive, and 69-92% less carbon

intensive than meat-based ones, thus reducing, at European level, global warming potential,
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water use and land use by over 80% (Alternative Proteins Top the Bill for the Latest FAO—
International Sustainable Bioeconomy Working Group Webinar | Sustainable and Circular
Bioeconomy for Food Systems Transformation | Food and Agriculture Organization of the
United Nations, 2022).

Within all the alternative protein sources, microalgae represent a potential feedstock since,
from a nutritional point of view, are characterized by a protein content up to 70%. In addition
to that, other studies proved that they are rich in essential ammino-acids and antioxidants, and
they contain phycobiliproteins, a particular kind of pigment which showed anti-inflammatory

properties (Batista et al., 2013) (Barkia et al., 2019).

1.1.1 Microalgae and cyanobacteria potentialities

With the general term microalgae, reference is made to all photosynthetic unicellular
microorganisms capable of living either in saline or freshwater environment, converting
sunlight, nutrients, and carbon dioxide into algal biomass (Tan et al., 2011). Clearly, this hints
at the possibility of including a wide variety of different organism under this name; indeed,
within the abovementioned category, it is possible to comprehend two subgroups, based on
their inner structure and behavior (Shaikh et al., 2022). The first one is composed by more
complex entities, belonging to the Eukaryotic domain, while the second subgroup is composed
by microorganisms comprised within the Prokaryotic domain as cyanobacteria (Shaikh et al.,
2022). Over the years, these microorganisms have achieved considerable success in many
application sectors, due to the intrinsic environmental advantages related to bio-based
processes with respect to conventional ones (Khan et al., 2018).

In detail, the application of microalgae in the food sector dates back to several centuries ago.
Indeed, there are numerous records of historical usage of microalgae, and primarly
cyanobacteria, in human diet (Gantar & Svircev, 2008). As a matter of example, Nostoc
commune, a tfilamentous cyanobacterium growing in the form of large gelatinous sheets, was
implemented in everyday Asian diet. Evidence reports its raw consumption, as well as dried,
stir-fried, in soups and as thickener for other foods (Facciola, 1990). Moreover, another strain
of the genus Nostoc, Nostoc punctiforme, is historically part of the traditional dietary regime
in China, Mongolia and South America. In the latter geographical region, it is still

commercialized with the common name of “Lakeplum” (Trainor, 1978).
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After that, the first systematic studies concerning the application of these microorganisms into
the food chain are related to the production of bio-based fertilizers. As explained in previous
section §/.1, one possibility to tackle the constant increasing demand for food is to boost
agricultural production. In turn, in order to accomplish such objective, it is fundamental to
replenish soils with all the nutrients needed to maintain their optimal fertility. Regarding
nitrogen-based fertilizers, the most widespread typology, the Haber-Bosch process was
depicted as the primary solution for a concrete production boost (Liu, 2014). In numbers, about
80% of the ammonia produced globally is used for nitrogen-based fertilizers, mainly produced
nowadays with such industrial setup. Such technique, from a practical perspective, involves
the fixation of atmospheric dinitrogen N, so its conversion into ammonia through a high-
pressure reaction. By circulating nitrogen and hydrogen over a proper catalyst at 150-200 atm
and at a temperature of about 500°C, an industrially relevant production of ammonia can be
achieved (Chen et al., 2019). Apart from the great product volumes obtained, potential
drawbacks can be however pointed out: the massive need of hydrogen as input for the process
(Rafiqul et al., 2005), as well as the high operative temperature and pressure involved. Under
this optic, finding an alternative path for ammonia production becomes of primary importance,
and some cyanobacteria fit such role perfectly. More specifically, the biological fixation
performed by nitrogen-fixing cyanobacterial species represent the basis for a sustainable
agricultural system, with a reduced impact on the surrounding environment.

The culmination of microalgae involvement for alimentary purposes occurs with numerous
attempts to produce biomass and commercialize it in various forms (Trainor, 1978). Indeed,
works on controlled cultivation of Chlorella vulgaris suggest that the high nutritional content
of such microorganism can make it a suitable food source. In general, it must be reported that
each singular species is characterized by a specific nutritional value and digestibility, but, along
with that, also the technological process applied for biomass production can have a significant
impact on such aspects (Soeder, 1980). The species nutritional profile has to be defined by
looking at several compounds simultaneously, in order to assess the optimal ones for food and
feed purposes. Starting from protein content, this is considered as the most important
component of algal biomass (Trainor, 1978): its content can be manipulated by acting on the
cultivation conditions, like availability of nutrients such as potassium, sodium, and nitrogen

(Mostert & Grobbelaar, 1987), culture growth phase and light availability (Fontes et al., 1987).
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The lipid content, is variable among the different species, reaching up to 53% of the algal dry
weight, and it can be varied thanks to ecological factors applied during growth (Trainor, 1978).
Another interesting feature is the production and accumulation of polyunsaturated fatty acids,
as docosahexaenoic acid (DHA), recognized for its benefits on cardiovascular health and
neural development (Jiang et al., 2004). In addition, specifically for eukaryotic algae, the
presence of approximately 10% carbohydrates, such as cellulose, mannose and xylose, is
remarkable, making their biomass more easily digestible and thus suitable for human
consumption (Richmond & Preiss, 1980). Carbohydrates are usually accumulated and account
up to 50% of the whole biomass (Aaronson & Dubinsky, 1982). In addition, microalgae and
cyanobacteria vitamin profile cannot be overlooked, as they are a rich source. For example, the
cyanobacterium Arthrospira platensis (commercially known as Spirulina) has the highest
content of vitamin B, with respect to any fresh plant or animal derived food, and the same can
be said for provitamin A, vitamin E, thiamine, cobalamin, biotin, and inositol (Trainor, 1978).
However, the applicability of algae and cyanobacteria for human consumption has also some
limitations that must be considered, primarily the high nucleic acids content. The major
concern is related to their metabolization to uric acid, which results in adverse health effects
such as gout and kidney stones (Soeder, 1980). With respect to that, cyanobacteria are
considered safer than other eukaryotic microalgae. In fact, Spirulina has 4.2-6% nucleic acids
content, not inducing any particular concern with respect to the derived uric acid levels
(Trainor, 1978).

Among the different groups of cyanobacteria, nitrogen fixing species are attractive for the
production of biomass and chemicals. For example, a study conducted on several strains of
filamentous heterocystous nitrogen-fixing species, such as Anabaena sp. and Nostoc sp.,
reported a biochemical profile similar to the one characterizing Spirulina, which is considered
to have high nutritional value (Vargas et al., 1998; Henrikson et al., 1989). In addition to that,
their peculiar metabolism is also a relevant aspect to be considered, since they are capable of
fixing atmospheric dinitrogen N> under aerobic conditions. This opens to positive economic
implications, since nitrogen-based compounds are not required in medium, as well as reduction

of culture contamination by other microorganisms (Vargas et al., 1998).
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1.2 Nitrogen-fixing cyanobacteria

The cyanobacteria phylum contains over 2000 species, arranged in 150 different genera.
Commonly speaking, it is also denoted as “blue-green algae” phylum, due to the photosynthetic
pigments which are preferably developed by such microorganisms. Historically, they represent
the precursor of eukaryotic chloroplast (Lane, 2017). Another relevant peculiarity which makes
them distinguishable from the other prokaryotes regards the presence of the characteristic
gram-negative cell wall.

Metabolically, cyanobacteria are photoautotrophic microorganisms, meaning that
photosynthesis is the dominant mechanism through which they produce all the organic
materials fundamental to the species development and maintenance.

During photosynthesis, light is absorbed and then converted into chemical energy. More
specifically, the absorbed photons induce the production of energized electrons, that are then
moved to the cell reaction center for the conversion to chemical energy. The latter, in the form
of adenosine triphosphate molecules (ATP), is chemically synthetized as a result of such
electrons movement, which generate a proton gradient between inner and outer cell
environment allowing the functioning of ATP synthase (Assuncdo et al., 2022).

Along this way, carbon dioxide can be fixed through the Calvin cycle and later converted into
molecules that can be exploited by the cells as building blocks. The key elements involved in
the entire process are the thylakoid membranes, where the photosynthetic reactions occur
(Assuncdo et al., 2022). All the systems involved in such a process are present above their
surfaces. The primary pigments involved in light absorption are chlorophyll a, specifically used
in oxygenic photosynthesis, and carotenoids; these allow the system to harvest light at different
wavelengths. In addition, cyanobacteria are also equipped with phycobilisomes, namely the
cyanobacterial light-harvesting system (LHS). From a functional point of view, LHS acts as
an antenna placed on the surface of thylakoid membranes, needed to help absorbing incident
light, due also to their inner mobility along the photosynthetic chain (Saini et al., 2018). The
building blocks of such antenna are phycobiliproteins, secondary pigments which can be
differentiated into four different groups, based on the specific range of absorbed wavelengths

and the species: phycocyanin, allophycocyanin, phycoerythrin, and phycoerythrocyanin.
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Table 1.2. Cyanobacterial pigments absorption spectra (Saini et al., 2018).

Pigment Absorption spectrum [nm] Reference
Phycocyanin 610-625 (Tavanandi et al., 2018)
Allophycocyanin 650-660 (Rastogi et al., 2016)
Phycoerythrin 490-570 (Sonani et al., 2018)
Phycoerythrocyanin 560-600 (Chandra et al., 2016)

Cyanobacterial cells are usually mostly prone to produce the first two types. In fact, the reason
behind the historical name of cyanobacteria can be attributed exactly to the presence of
phycocyanin, as it is a blue-emitting pigment (Assungao et al., 2022).

The architecture of a phycobilisome comprises a central core and several perimetral
elongations, providing the whole element a fan-like appearance (Lundell et al., 1981). The core
is mainly made of allophycocyanin, while the elongations are a mixture of phycocyanin for
their basis, and phycoerythrin for the outermost sections, as illustrated in figurel.1.

phycocyanin
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Figure 1.1. Electron transport routes during photosynthesis (Assungdo et al., 2022).

Moving to the details concerning the electron transport process, the starting point is represented
by photons collection through two pigment-protein complexes within the thylakoid membrane,
namely photosystem I (PSI) and photosystem II (PSII) (Masojidek et al., 2013). Specifically
for the latter, the harvesting of light is helped by the presence of the antenna system, which is
then transferred to PSII according to a decreasing energy gradient (Masojidek et al., 2013).

Such reaction center is used to catalyze water photolysis reaction, through which two electrons
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are extracted from water, and transferred through a chain of electron carriers (Masojidek et al.,
2013). The electron transport between these two complexes is linked via cytochrome bsf and
performed by two kinds of mobile carriers: plastoquinones and plastocyanin. Within PSI a
photochemical reaction takes place, aimed at generating the low redox potential necessary for
reducing ferredoxin and lately producing NADPH. In parallel, protons are transported from an
external space (stroma) into the intra-thylakoid space (lumen) inducing a pH gradient, which
is essential for ATP synthesis from ADP in ATP synthase, source of chemical energy for
cyanobacteria (Masojidek et al., 2013).

Moreover, by considering a smaller group of cyanobacteria, known as nitrogen-fixing (or
diazotrophic) cyanobacteria, nitrogen fixation represents a peculiar metabolic pathway,
allowing fixation of inorganic dinitrogen directly from the outer environment.

The possibility of acquiring such macronutrient directly from an inorganic source as air, is

explained in the following reaction (Bothe et al., 2010):
N, + 16ATP + 8H" + 8¢~ - 2NH; + H, + 16ADP + 16P (1.1

Such dinitrogen reduction is energy-consuming, as it involves 16 ATP molecules per reduced
N2 molecule. Due to the high energy demand, the process is unfavorable, and indeed other
ways in order to acquire nitrogen are preferable, when available. The key enzyme for reaction
catalysis is nitrogenase (K. Kumar et al., 2010). It is composed by two metalloproteins, namely
the iron (Fe) protein, also denoted as dinitrogenase reductase, and the molybdenum-iron
(MoFe) protein, also called dinitrogenase. In some cyanobacteria species, the latter one can be
also substituted by the homologous alternative vanadium (VFe) or iron only (FeFe) proteins
(Pratte et al., 2006). Dinitrogenase reductase serves to transfer electrons from electron donors
to dinitrogenase (K. Kumar et al., 2010).The most relevant peculiarity related to such enzyme
is the sensitivity with respect to oxygen, which irreversibly inactivates it. Therefore, a
prerequisite for N> fixation has to be find in developing an anoxic environment, to ensure the
right activity of such enzyme (Gallon, 1992). In order to prevent this phenomenon, different
strategies were adopted, depending on the nature of the species considered.

Many cyanobacteria can apply the so-called temporal differentiation depending on the light-
dark condition, they are capable of selectively performing photosynthesis or nitrogen fixation

(K. Kumar et al., 2010). More precisely, under light regime they perform photosynthesis, by
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absorbing light to fix inorganic carbon and produce oxygen, while under dark regime they fix
inorganic nitrogen, due to the lack of photosynthesis combined with an increased respiration
rate, enabling a significant reduction in oxygen concentration within the cell. In the latter
condition, energy can be only derived by fermentation of previously stored carbohydrates.

On the other hand, some cyanobacteria have developed a different strategy to overcome the
abovementioned issue, namely, to spatially differentiate the two metabolic processes by
differentiating specialized cells for the different cycles (K. Kumar et al., 2010). In this case,
heterocystous cyanobacteria are considered an exceptional category, because this feature is
unusual among bacteria (Muro-Pastor & Hess, 2012). The differentiation process involves the
possibility of having simultaneously two different types of cells: vegetative and heterocystous
cells, responsible for carbon and nitrogen fixation, respectively. The development of the latter
from a vegetative cell occurs under nitrogen depletion, which induces a series of modifications,
both at a metabolic and morphological level, up to the formation of the final specialized cell
(K. Kumar et al., 2010). Among the different changes, some are of crucial importance to sustain
the new metabolic cycle that has to be carried out. From a structural point of view, they appear
larger and rounder with respect to vegetative cells. While metabolically, the first change
regards photosystems I and II, with the presence of the first and the absence of the second
(Wolk et al., 1994): in this way light can be still harvested by the heterocyst and used for ATP
production, but oxygen production can be inhibited, producing the desired anoxic condition,
along with an increased respiration rate, another heterocysts peculiarity (Wolk et al., 1994).
Moreover, the heterocystous cell is usually characterized by a decreased concentration of
phycobiliproteins, making it lighter in coloration and with poorer autofluorescence with
respect to a vegetative cell. In the end, heterocysts have a thicker cell wall, due to the presence
of an additional extracellular envelope, made by glycolipids, to act as a further barrier for

oxygen diffusion (Walsby, 1985).
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Figure 1.2. Heterocyst development in Anabaena PCC 7120 grown in medium with a nitrogen source (4) or

without nitrogen available in culture medium (B) (K. Kumar et al., 2010).

As schematized in figure 1.2, the differentiation process brings a condition of dependency
between the different typologies of cells within the same environment. Indeed, vegetative cells
provide carbon, in the form of glutamate, to heterocysts, and at the same time they receive part
of fixed nitrogen, in the form of amminoacids, from heterocysts themselves (Martin-Figueroa
et al., 2000; Meeks et al., 2002). The exchange of metabolites is accommodated by the
filamentous structure, presenting vegetative cells and heterocysts alternated along the chain,
with a semiregular interval. The presence of heterocysts along the filaments is regulated by a
pattern, comprising one every 10-20 vegetative cells (K. Kumar et al., 2010). The appearance
frequency is related to nitrogen availability, considering that it depends also on the source of
nitrogen that is provided to the culture. Apart from cells arrangement, the movements of
molecules along filaments is physically achieved by means of the presence of channel proteins
named microplasmodesmata, acting as natural connections between adjacent cells (Giddings

& Staehelin, 1981), highlighted in figure 1.3 below.
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Figure 1.3. Transmission electron micrograph of the junction between two vegetative cells. In detail, arrows

indicate microplasmodesmata within the periplasm (P) (K. Kumar et al., 2010).

1.3 Other applications
Due to the wide variety of compounds that can be produced and extracted from microalgae and
cyanobacteria, the market demand is not only focused on biomass exploitation for feedstock

purposes, but also on other valuable sectors.
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Figure 1.4. Potential fields of application for cyanobacterial production (J. Kumar et al., 2018).
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With respect to bioremediation processes cyanobacteria represent a possible solution, since
they are characterized by a trophic independence for nitrogen and carbon (Touliabah et al.,
2022). The reference biological process is called “phycoremediation”, in which biomass is
capable of accumulating organic and inorganic toxic substances in their cells and subsequently
degrade them through excretion of specific enzymes, converting them into nontoxic
compounds (Opeolu et al., 2010). As a matter of example, cyanobacterial species as Anabaena
sp., Aphanothece conferta, Phormidium sp., Nostoc sp., and Synechocystis aquatilis can
degrade a wide variety of petroleum hydrocarbons (Abed, 2009), (Ibraheem, 2010).

Such operation rationale does not only avoid sludge production characterizing conventional
remediation processes (Crini & Lichtfouse, 2019) , but it is also considered as a cost-effective
solution. Indeed, the starting investment for setting up the biological process is 5-20 times less
than the conventional chemical treatment, and running costs are 3-10 times lower (Karthik et
al., 2015)

Besides that, cyanobacteria are also known for producing a wide variety of products out of
their metabolic processes, the so-called metabolites, that can be implemented in several areas
of interest. Depending on the metabolic path dealing with their synthesis, it is possible to
distinguish between primary and secondary metabolites. Primary metabolites, as proteins,
carbohydrates, lipids presented in section §1.1.1 are the ones strictly involved in primary
biomass processes, such as reproduction, growth, and cell division (Mazard et al., 2016). On
the contrary, secondary metabolites are developed during side metabolic paths, or produced
for defensive purposes as a response to environmental stresses (Chomel et al., 2016). Within
the latter category, the most commonly produced include pigments, toxins, phenolic
compounds, essential oils, alkaloids, steroids, and antibiotics (Baselga-Cervera et al., 2014),
(D. P. Singh et al., 2017), (Khalifa et al., 2021). Among all the application sectors, relevant is
the nutraceutical one, aimed at enhancing food nutritional properties by exploiting
cyanobacterial secondary metabolites. As a matter of example, cyanobacterial phycocyanin
and carotenoids can be exploited as antioxidant compounds, capable to prevent reactive oxygen
species (ROS) and scavenge them (Halliwell, 2003). Additionally, these compounds are used
nowadays in food supplements, sold in form of tablets, granules and capsules, or food additives

(Zymanczyk-Duda et al., 2022).
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1.4 Market demand and forecasts

Economic data concerning cyanobacterial species usually focus on Spirulina sp., as it is the
most important microorganism exploited at industrial level so far. However, more often, a
global analysis for market demands and possible forecasts for the following years are provided
for the general category of microalgae. Even if it includes other species apart from
cyanobacteria, the analysis can still be useful for depicting a general frame of contemporaneous
industrial society, aimed at pursuing a new bio-based approach for modelling the newborn
industrial production processes, as a response to the major crucial issues that has to be faced
nowadays.

The global market for microalgae-based products is expected to reach $ 3.08 billion by 2030,
at a Compounded Average Growth Rate (CAGR) of 9.4% within the 2023-2030 range. In a
volumetric perspective, it is expected to reach 100,788 tons by 2030 at a CAGR of 12.8%
during the same year span (Microalgae Market to Reach $3.08 Billion by 2030 - Market Size,
Share, Forecasts, & Trends Analysis Report with COVID-19 Impact - Bloomberg, 2023).This
rapid growth is supported by several reasons, but the most relevant contribution is provided by
food and related industry, being the largest share of the market.

Due to the consumers growing interest in alternative, natural and healthy products, along with
an increased awareness regarding the link between nutrition and health, researchers and
industries were encouraged to develop novel products with functional ingredients. For the
purpose, microalgae cover an active role, due to the excellent nutritional profile, with the
subsequent products being consumed as supplements to enhance immunity. Also, the booming
nutraceutical sector provides a relevant contribution in such market boost, being the propeller
of these new trends focused on alternative dietary regimes.

Considering species-based market sharing, in 2023 Spirulina is expected to account for the
largest segment of the global microalgae market, but on the other side it has to be underlined
that the Heamatococcus pluvialis segment is projected to register the highest CAGR within the
2023-2030 forecast span. Such growth is due to the increasing demand for natural astaxanthin,
a molecule with powerful antioxidant properties, as well as for natural food colorants.

From a geographical perspective, the microalgae market is fragmented mainly in five regions,
namely North America, Europe, Asia-Pacific, Latin America, and Middle East & Africa.
During 2023, the North America segment is expected to be the dominant one, followed by
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Asia-Pacific and Europe. This has to be related to the huge consumption of health supplements,
strict regulations concerning synthetic colors use, and growth of subsidiary industries like
cosmetics and biofertilizers. On the contrary, the European sector is expected to lead the
following years in growth, as a result of an increased adoption of microalgae for therapeutical
and nutritional purposes, and significant investments from leading color stakeholders in the
phycocyanin area of interest (Microalgae Market by Size, Share, Forecasts, & Trends Analysis,
2023).

Despite the previously mentioned marker forecasts, it has to be acknowledged that, compared
with other conventional markets, it is still a niche market. This is due to the fact that microalgal
biomass potentialities are not exploited at their full regime nowadays, being most of them still
at research level due to the presence of several challenges, from the social acceptance
perspective to the engineering ones, that combined together slow down the actual industrial
and economic feasibility. With respect to the latter aspect, more in-depth analyses are required,
in order to find the right compromise between optimal biomass production volumes and
quality, and the reduction of the capital and operative expenses. More in detail this analysis
involves the assessment of optimal growth conditions, proper cultivation system, as well as all

the auxiliary facilities usually involved in an industrial plant.

1.5 Microalgae and Cyanobacteria cultivation systems

Maximizing biomass production and productivity represents the major challenge that
industries have to pursue. Moreover, to be competitive in such a fast-growing market, capital
and operation costs must be kept at minimum. In order to find the right compromise between
these two aspects, the innovation process covers a leading role in the subject, by assessing how
operation factors can affect microbial growth efficiency, and by improving cultivation

equipment.

1.5.1 Growth factors affecting microalgal cultures
Several operation factors contribute to modify the way under which microalgae can grow.

Among them, the most relevant ones are temperature, light intensity, pH conditions, and the
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availability of nutrients. In the following sections, a brief description of their effects is

proposed.

1.5.1.1 Temperature

Operating temperature covers a central role in the control of microorganism growth, and more
specifically in the kinetics of the metabolic processes. In fact, photosynthesis and related
carbon fixation is strictly linked to this factor (Venkata Mohan et al., 2015). The effect of
temperature on metabolism obviously differs with respect to the species. Based on the
temperature range allowing for the optimum species growth, microalgae can be classified into

psychrophiles, mesophiles and thermophiles.

Table 1.2. Classification based on optimum growth temperature for some cyanobacterial species.

Strain Classification Reference
Nostoc commune Psychrophile (Vincent & Quesada, 2011)
Synechocystis sp. Mesophile (Yuetal., 2013)
Arthrospira platensis Mesophile (Delrue et al., 2017)
Synecochoccus sp. Thermophile (Pedersen & Miller, 2017)

The optimal temperature interval is mainly related to the carbon fixation process, since it can
enhance CO» absorption, but it has to be acknowledged that higher temperatures contribute
also to a sharp reduction in the respiration process (Zuccaro et al., 2020).

The possibility of having certain optimum conditions implies, on the contrary, the presence of
boundaries for this parameter, as no photosynthetic organisms are capable to grow beyond
75°C, due to chlorophyll instability. Furthermore, outside the optimum condition, temperature
can be exploited as a stress factor, to induce the production of certain valuable metabolites
(Zuccaro et al., 2020). Despite that, the majority of species nowadays exploited are within the
mesophilic group; this implies that optimum growth conditions range from 24 to 35 °C. From
an industrial perspective, these operative conditions do not represent a limiting factor, but

rather an advantage, considering the possibility of reducing energy expenditure.

1.5.1.2 Light

As photosynthetic microorganisms, light is a key factor affecting growth and thus the
cultivation process. Light can be naturally or artificially supplied. Thanks to the technological

development of more efficient light sources, such as LED, it is now possible to modulate light
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more accurately according to photosynthetic needs, ensuring modifications in productivity of
microalgal biomass, and different accumulation of valuable compounds in it. The main
parameters involved in this process are light intensity, duration of lighting and the use of rays
of different spectral composition. These aspects can be changed either individually or
combined together to reach the desired cultivation outcomes (Maltsev et al., 2021). As
explained in section §/.2, the simultaneous presence of different pigments working at different
spectral interval suggest the possibility of implementing, when cultivating microalgae, light
with different spectral composition (Teo et al., 2014). Indeed, as the red part of the spectrum
contains an insignificant part of light energy, implementation of LED lamps allows to create
monochromatic light or light fluxes with a selected spectral composition (Schulze et al., 2014).
So, it is possible to change metabolic processes in microalgae cells, shifting them towards the
predominant accumulation of proteins, carbohydrates, or lipids (Raqiba H & Sibi G, 2019). As
a matter of example, blue light increases carbohydrate content, while green light can increase
protein content in Arthrospira platensis (Mao & Guo, 2018). Moving to the light duration
parameter, the use of lightning systems with dark cycles can increase the productivity of
microalgae by increasing the efficiency of light absorption while reducing energy
consumption, relevant aspect to seek in optic of process profitability (Maltsev et al., 2021). In
addition to that, continuous light can initiate photoinhibition processes; on the other hand,
introducing dark periods can help restoring damages to photosystems (Yustinadiar et al., 2020).
Along with productivity, such parameter can modulate species biochemical composition; for
example, Nostoc calcicola at a light intensity of 21 umol m™s™ with a photoperiod of 8/16 h
light/dark tend to accumulate proteins and phycobiliproteins, while at 63 umol m? s and
longer illumination (16/8 h) carbohydrates and carotenoids preferably (Khajepour et al., 2015).
Along with the previous two, the intensity of the light source represents a significant aspect
affecting microalgae growth. A key relationship between this parameter and the rate at which
photosynthesis is carried out has been highlighted (Zuccaro et al., 2020). To better explain this
concept, it is possible to observe different outcomes depending on three different light regimes,
as in figure 1.5. First of all, at low light intensities the relationship is linear, and so the
photosynthetic rate tends to grow linearly with the operating parameter of interest. Then,
beyond a specific threshold value, a light saturation condition occurs, as a further increase in

light intensity is not capable of stimulating an increase in microbial growth anymore.
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Obviously, saturation condition can degenerate into an inhibition phase, under which very high
levels of light induce a state of stress capable of inhibiting microbial growth, due to damages
in photosynthetic systems (Razzak et al., 2013). In response to this phenomenon that can
compromise biomass growth, microalgae have developed some strategies to partly counteract
the excess of light radiations, namely by producing antioxidants such as B-carotene and
astaxanthin (Raven & Ralph, 2015). Photoinhibition is also associated with self or mutual
shading effects inside the photobioreactors, namely states under which cells are shaded by the
others much closer to the surface. To limit this phenomenon by ensuring proper mixing and a

proper light distribution to the whole culture, a proper design of the cultivation apparatus is

required.
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Figure 1.5. Relationship between light intensity and photosynthetic rate (Béchet et al., 2013).

In the end, the highlighted trend opens the door also to the concept of optimum light intensity
conditions, capable of allowing the biomass grow at the highest possible rates, while
optimizing electricity costs, due to the reduction of photoinhibition and photosaturation
phenomena (Zuccaro et al., 2020). Such values, dependent on the species of interest, can range

between 200 and 400 pmol m™ s™!.

1.5.1.3 pH

Microalgal metabolism is also strictly related to pH since it contributes to regulate the uptake
of ions, enzymatic activity, phosphorus, and inorganic carbon availability (Havlik et al., 2016).

Most microalgal species are quite sensitive to changes in pH conditions, and the optimum range
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of values is 6.0-8.0 in freshwater cultivations, with some exceptions concerning extremophile
species (Zuccaro et al., 2020). In order to maintain the desired pH value within the system, the
control of such process variable is usually achieved by insufflating CO> or by using inorganic
or organic acids, that can counteract potential pH changes due to degradation and/or release of

metabolites within the environment (“Handbook of Microalgal Culture,” 2003).

1.5.1.4 Nutrients availability

In order to perform all the metabolic cycles that allow the survival of the species, microalgal
cultures require several nutrients. Depending on the amounts needed, they can be divided in
macronutrients and micronutrients. Within the first category essential elements as C, N, and P
are required in large amounts, while the second one comprises elements such as Fe, Mo, Co,
Mg etc. that are usually in traces since they are only necessary as cofactors for enzymes
activity. Cultivation media are characterized by nutrient concentration adapted and adjusted
with respect to the metabolic needs of the microbial species of interest, and to the
environmental conditions suitable for the cultivation purpose (Arrigo, 2005).

Carbon represents the main element of microalgal biomass, equal to 50%-65% of the dry
weight (Zuccaro et al., 2020). It is mainly taken up in its organic form through photosynthesis,
but it is also possible to provide it as organic carbon substrate, depending on the selected
production system. Indeed, the first route, which exploits light availability to fix C from the
external environment is called autotrophic production, while second one is the heterotrophic
cultivation, allowing, under dark regimes, to rise biomass by providing organic C sources. A
third option is also available, namely mixotrophic cultivation, combining both autotrophy and
heterotrophy: light and inorganic carbon are used for photosynthesis, while organic carbon for
respiration (Peter et al., 2022).

Nitrogen is the second most abundant element within microalgal biomass, with a concentration
equal to 1%-14% of total dry weight (“Handbook of Microalgal Culture,” 2003). It is a
fundamental constituent of DNA, RNA, proteins, and pigments, such as chlorophyll and
phycocyanin. From an operative perspective, nitrogen is usually supplied in inorganic form,
by adding nitrates, nitrites, or ammonium compounds in the medium, and sodium nitrate
(NaNO:s) is the most frequently used supplier, but sometimes also in organic form, as urea or
ammino acids. In addition to that, according to section §/.2 diazotrophic cyanobacterial species

are also capable of assimilating dinitrogen (N2) coming from the outer environment as nitrogen
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source, in a particular metabolic cycle called nitrogen fixation; this allows also to conceive
culture mediums with no external nitrogen source.

The third important macronutrient in the list is phosphorus, with a concentration in biomass
ranging between 0.05% to 3.3% (“Handbook of Microalgal Culture,” 2003), and it is a limiting
nutrient for microalgae. Several organic molecules, such as RNA, DNA, and ATP contain

phosphorus, and it is usually supplied within the medium in form of ortophosphates.

1.5.2 Batch cultivation systems

Batch cultivation mode of microalgae and cyanobacteria represents the first strategy
developed, as well as the most used technique implemented nowadays at industrial level. Under
batch regime, biomass is allowed to grow in a close environment, relying on the applied growth
factors, such as medium composition, light availability, and temperature. Along time, it is
possible to denote the specific trend in figure 1.6 for a batch cultivation system, involving
several peculiar phases (Wanner & Egli, 1990).

4 Stationary phase
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Figure 1.6. Typical growth curve for a batch system (Nasr, 2018).

In the lag phase, possibly occurring after inoculation, biomass is adapting to the new
environmental conditions, thus no relevant increase in population number is expected. After
that, biomass grows exponentially, at specific growth rate that is the maximum one ., till
reaching a stationary phase characterized by a constant concentration; usually this condition is

derived by the accumulation of a side product acting as a growth inhibitor, or by limitations
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derived by the consumption of a limiting nutrient. In the end, microbial cells start to die,
inducing a progressive reduction in concentration (Wanner & Egli, 1990).

At an operation level, it is possible to highlight different culture systems, depending on the
design features characterizing the cultivation facilities. The most important classification is
between open and closed systems, also called photobioreactors (PBRs). The first ones rely on
the outer environmental conditions, resulting in a more sustainable usage of natural resources,
while in the seconds the conditions needed to ensure the growth are provided by artificial
means, with contamination risks significantly reduced; in addition to this, depending on the
equipment apparatus, they can be classified in tubular, column, and flat plate (Zuccaro et al.,

2020).

1.5.2.1 Open ponds

Open tanks for biomass cultivation purposes can be characterized by different shapes, such as

the circular one, representing the oldest large scale culture system, or the raceway one, the
most currently used configuration, presented in figure 1.7. As a matter of fact, globally more
than 80% of total biomass production is generated in open ponds, even if closed PBRs are
constantly gaining much more attention, with a projected increased demand starting from 2024
(Algae Fuel Market - Global Industry Analysis 2023, n.d.).

A raceway tank is usually constituted by a closed loop, due to the presence of oval-shaped
recirculation channels, with a depth ranging between 0.2 and 0.5 m in order to improve light
penetration, and thus reducing as much as possible self-shading issues. Concerning the
construction materials, they can be made of concrete, glass fiber, or membrane (Brennan &
Owende, 2010). A continuous stirred environment is then provided by a paddlewheel, which
ensures homogenization of the culture, prevention of thermal stratification, a more facilitated
removal of oxygen generated by photosynthesis, and contributes to reduce furthermore the risk
of photoinhibiton by self-shading. The major issues that affect the effectiveness of such
systems mostly rely on the environment (Zuccaro et al., 2020). Indeed, there is a high risk of
culture contamination, thus making such configuration not suitable for axenic cultivation
purposes, and the sunlight provides a non-reliable light source to the biomass, inducing
potential growth deviations with respect to design specifications. Furthermore, the huge

amount of water that is requested by such systems represents another drawback that has to be
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considered during an environmental and economic feasibility assessment (R. N. Singh &

Sharma, 2012).

Figure 1.7. Cultivation of Spirulina on a pilot scale in open ponds (Costa & de Morais, 2014).

1.5.2.2 Column photobioreactors

This particular category of PBRs is constituted by cylindrical equipment, that can be arranged
in several configurations, based on the number of cylinders that are put in parallel. This strategy
is needed to increase the surface to volume ratio of the system, solving possible shading effects
that can compromise the entire quality of the cultivation. Furthermore, considering the
structural features of such equipment, the radius should not exceed 0.2 m to reduce problems
related to light availability in the inner regions of the bioreactor, while the height of the column
cannot be greater than 4 m, in order to ensure stability to the structure itself (Zuccaro et al.,
2020).

Performances and related biomass productivities are strictly related to the abovementioned
geometrical features, as well as to other operating aspects: not only the light intensity
represents a crucial parameter, but also the mixing efficiency that can be achieved within the
reaction environment. Indeed, a mixing system helps reduce mutual shading and potential
sedimentation of microalgal cells, but also creates a favorable environment for biomass
growth, since it optimizes both mass and heat transfer. From an operative perspective, such
condition is provided by means of a proper aeration system, and based on this, column PBRs

can be classified in bubble column and airlift reactors (Zuccaro et al., 2020). With reference to
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figure 1.8, the latter one allows for better mixing characteristics, due to the more complex
design: bubbles of air are injected through a sparger into a draft tube, inducing the recirculation

of the liquid culture through the reactor downcomers (Nitin Thukral, 2015).

(A) (B)
o . = PROBES
l TEMPERATURE
pH
DISSOLVED O, ] |
LIQUID ey OO 0O O o
OO --“’
o BUBBLE
go O o"¢C OO o © §F T pisntecration
OO O O o 0 0“8 ZONE
O O
O L2, o i &‘~wnlummowmm
o) (o] (]
DOWN 00
9 Q.0 comer T o
LIQUID gt OOO% 00 e
OO OO piser ——""..C
GAS 00.(;)
SPARGER /\ . Ey SPARGER

Figure 1.8. Bubble column PBR (4) and Airlift PBR (B) (Nitin Thukral, 2015).

Bubble size distribution is an important aspect during the equipment design, especially for the
airlift PBR, as the size of the gas bubbles affect the downcomer recirculation velocity of the

liquid (Pawar, 2016).

1.5.2.3 Flat-panel photobioreactors

The flat panel PBR is characterized by a cubical shape with a minimal light path (R. N. Singh
& Sharma, 2012). From what concerns construction materials, usually glass or polycarbonate
is implemented, in order to have surfaces that are transparent to light. Main source of light
comes from artificial lamps, placed as to provide an even radiation distribution. Agitation
comes both from air bubbling through spargers and/or from the implementation of a proper
mechanical stirring system (R. N. Singh & Sharma, 2012).

The major advantages comprise high ratio of illuminated surface-to-area-volume, low
mechanical force on cells, low energy consumption, and a high gas-liquid mass transfer, which
avoids significant accumulation of oxygen within the reactor. On the contrary, fouling and
cells sedimentation on the equipment walls represents a disadvantageous peculiarity, as well
as difficulties on scale-up processes, due to the increase in hydrostatic pressure as the volume

increases (Zhang, 2015). An equipment schematization is reported in figure 1.9 below.
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Figure 1.9. Flat panel PBR schematization (R. N. Singh & Sharma, 2012).

1.5.3 Continuous cultivation systems

Nowadays, industrial bioprocesses aimed at producing microalgal biomass are mainly batch-
oriented, since this technology is quite spread and known as reliable for the purpose. Anyway,
it has to be acknowledged that a constant biomass productivity condition cannot be achieved,
due to the nature of the reaction setting. Indeed, along the reaction time, the availability of
nutrients tends to decrease as they are progressively consumed by the biomass itself, thus
limiting the rate at which microbes can develop. In order to overcome such issue, researchers
focus their attention on the possibility of moving microalgal cultivation to continuous systems;
this ensures a more steadiness condition with respect to biomass quality and productivity, and
a more sensitive system with respect to changes in the operation parameters, such as flowrate,
light intensity, medium composition, pH etc. Concerning the flowrate, this represents an
additional factor not included in batch operations, as presented in section § /.5.2, and its
presence is due to the peculiar configuration that characterizes such novel cultivation system.
The so-called chemostat bioreactor is characterized by a constant inlet and outlet flowrate,
where the first one is represented by fresh medium, needed to supply enough nutrients for the

growth, while the other is adopted for collecting the excess biomass produced within the
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reactor. Such arrangement enables the assumption of steady-state condition, under which no
accumulation within the reaction boundary is accepted. From the flowrate value, the biomass
residence time, namely the time allowed for the biomass to remain with the reactor boundaries,
can be modulated at the desired specification, thus influencing biomass yields and production
of valuable compounds. At laboratory level, the influence of residence time on protein
production in continuous cultivation in PBRs was assessed in several works: as a matter of
example the study of Borella et al. (2021) discussed such effect for two cyanobacterial species,
namely Synechococcus elongatus PCC 7942 and Arthrospira maxima SAG 49.88, while the
one conducted by Vedana (2022) was specifically focused on Nostoc PCC 7120. Both provided
similar results, as it was demonstrated the possibility of enhancing protein productivity to a
maximum value, by just adjusting properly the residence time and preferring low values of
such parameter.

Nowadays such cultivation configuration is still confined at laboratory scale, and the major
bottlenecks come from the challenges arising from scale up processes, such as proper culture
enlightenment, nutrients flow rate, and temperature control (Peter et al., 2022).

At the moment only few pilot plants are available and an example is a pilot plant in Japan,
constituted by a set of 10 open ponds generating an overall surface of 100 m?, in which
continuous mode cultivation is implemented by using flue gases, and wastewaters as CO2 and
nutrient source, respectively (Sasongko et al., 2018). Having such enlarged scale systems
allows to perform much more in-depth analysis, in order to assess operational and capital costs
(Peter et al., 2022).

In terms of energy analysis, most of the power required is channeled to optimization of light
distribution, proper culture mixing, and liquid-gas pumping, regardless from the PBR design
(Posten, 2009). Moreover, water supply for continuous cultivation in PBRs can be a challenge
to overcome in large-scale operations. Indeed, a study reports that 60% of the water consumed
during microalgal cultivations in closed pilot-scale multi-tubular PBR is needed for collateral

purposes, as it mainly constitutes a process utility (Martins et al., 2018).

1.6 Aim of the thesis

The reliability of cyanobacteria-based compounds, and specifically their application for the

food and feed industry, depends in turn on the reliability of industrial processes, aimed at
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boosting the production as much as possible to satisfy a continuously growing global demand.
At the moment the majority of cyanobacteria cultivation is still confined at low scales, as
several crucial bottlenecks are still unsolved. Among them, the identification of the optimal
operative growth conditions covers a central role in view of biomass production and
productivity assessment. So, starting from the laboratory scale, some investigations in this
direction are necessary for the follow-up industrial scaling.

The aim of this thesis is to further investigate the behavior of nitrogen-fixing cyanobacteria
with respect to nitrogen source and availability in medium, as well as light intensity. More
specifically, the performance assessment is based on the investigation of overall culture
characteristics, such as harvested biomass concentration, but also of more valuable metabolites
production, for instance pigments and proteins.

From an operative perspective, the entire research process is conducted following two parallel
paths: the experimental and the computational one.

The former is mainly based on experimental data collection for continuous cultivations of a
particular nitrogen-fixing cyanobacterium, namely Nostoc PCC 7120, to assess the
abovementioned effects due to variations in the operative conditions. Additionally, this
evaluation stage comprises also the cultivation of this species in a pilot scale batch
configuration, in order to analyze its growth performances in a larger reactor with respect to
the ones usually adopted within the laboratory context.

On the other hand, the computational part is focused on modelling and simulating growth
performances of two different species, namely Anabaena PCC 7122 and Nostoc PCC 7120,
under nitrogen-fixing condition, understanding how vegetative and heterocystous cell
population is changing with respect to the different operative conditions. The major novelty
under the implemented model regards the introduction of the Droop kinetics, based on the

mathematical concept of nitrogen quota.
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Experimental materials and methods

In this chapter, a further explanation concerning the experimental setup is provided. First of
all, the species under study is presented. After that, the chapter defines various techniques
implemented for cultivation purposes, along with the operating aspects involved. With respect
to the latter, an in-depth overview concerning different cultivation media adopted is also
presented, to understand sources and concentration of available nitrogen. From what concerns
monitoring and performance analysis of cultures, the most relevant analytical techniques

adopted are then highlighted.

2.1 Nostoc PCC 7120

The species involved in the experimental campaign is Nostoc PCC 7120, acquired from the
Pasteur Culture of Cyanobacteria (PCC), located in Paris, France. This cyanobacterium is a
filamentous diazotrophic species, capable of fixing atmospheric nitrogen for its growth and
maintenance under conditions of nitrogen depletion in reactive form within the growing
environment. Usually, it is considered as the reference species while assessing nitrogen-
fixation process. The microorganism is kept under axenic conditions in a flask filled with
BG11¢ medium, maintained in a thermostatic incubator at 24°C at 50 umol m~ s™!'. All the pre-
inocula derived from that flask are then maintained in the same conditions, with the only
differences concerning light intensity, around 100 umol m™ s!, and gaseous supply, through

an internal bubbling system providing air enriched in CO2 (5% v/v).
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Figure 2.1. Nostoc PCC 7120 under optical microscope

2.2 Cultivation methods

As presented in section §/.6, along the experimental campaign Nostoc PCC 7120 was
cultivated using different cultivation setups, aimed at investigating several growth aspects of

this cyanobacterial species.

2.2.1 Continuous cultivation systems

The choice of continuously cultivating the species fits with the first aim of the thesis, turn to
further analyze its behavior with respect to variation in operating conditions, such as nitrogen
availability and source, as well as light intensity. Indeed, a continuous cultivation system
represents the best option available for assessing variation in biomass production and
productivity with respect to cultivation parameters, due to the peculiar steady state condition
that is characterized by.

Moving to the structural aspects of the experimental apparatus, the photobioreactor resembles
a flat panel photobioreactor, with a rectangular shape thus to provide an operative volume of
200 ml, as well as a sufficiently small thickness, of about 0.035 m, in order to produce a narrow
path for light and reduce as much as possible self-shading phenomena. Light is allowed to pass
through the reactor by means of two transparent polycarbonate plates. Internally, a mixing
system is integrated through a magnetic stirrer, along with a continuous air enriched in CO»
(5% v/v) bubbling arrangement, supplied by a pipe with a 0.2 um filter at the beginning to
prevent contaminations. These additional features are needed to provide a condition of

homogeneity within the culture environment, allowing to approximate the reactor as a CSTR
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system. Having such approximation is of crucial importance, since it permits to significantly
reduce the complexity of the model mathematics. As a continuous system, inlet and outlet
streams are present and a constant flowrate of fresh culture medium is provided, avoiding
nutrient limitation, namely the most relevant disadvantage of batch systems. This is done by
means of a peristaltic pump, whose speed is adjusted based on the desired flowrate through the
photobioreactor. More specifically, during the whole experimental campaign, such parameter
was kept constant at 184 ml day! on average, thus providing a culture residence time of
approximately 1 day. Then, an overflow stream is placed at the side of the system, to collect
the excess culture in an external tank and keep constant the volume inside the reactor. Since

the system resembles a CSTR, the outlet stream characteristics reflect the ones inside the PBR.

Air + CO,

Peristaltic pump | %

AN

(<0

Fresh medium reservoir Flat-panel photobioreactor Exhaust biomass

Figure 2.2. Schematization of the continuous CSTR apparatus (left side). Actual experimental setup, with

details of fresh medium supplies, flat panel PBR and outlet collecting system (right side).

Along with the inlet flowrate, other operating parameters have to be set and controlled properly
during the cultivation process. First of all, the pH is control by the bubbling system previously
mentioned: the presence of additional CO; (5% v/v) ensures not only that the biomass is
capable of carrying on all the metabolic processes needed for its growth (i.e. photosynthesis),
but also the pH maintenance within the culture environment at optimum levels, around 7.5 and
8. Indeed, the CO; dissolved in water interacts with sodium bicarbonate molecules in culture

medium to form a pH buffering system. Temperature is maintained constant inside a
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thermostatic incubator at 24 °C. Constant continuous light intensity is provided by a white

LED CF GROW lamp (model CXB3590-X1 supplied by CREE LED).

2.2.1.1 Light intensity

The LED lamp applied for continuous cultivation provides a continuous light within the 400-

700 nm visible spectrum, according to the photosynthetic active radiation (PAR), suitable for
photosynthesis. Light intensity was adjusted at the desired specification and measurements of
such value were performed through a photoradiometer (HD 2102.1 from Delta OHM). Table

2.1. summarizes the conditions tested with respect to the investigated light intensities.

Table 2.1. Investigated light intensities. The conditions marked with an asterisk refers to the work of Vedana,

2022.
Tested condition Light intensity [umol m2s]
7 100
8 300
9 400
1,2,3,4*%,5%,6 550
10 1000

2.2.1.2 Medium composition: nitrogen source and availability

Nitrogen can be provided through air bubbles as molecular dinitrogen N> while working under
diazotrophic conditions, or directly within the culture medium, in form of nitrate or
ammonium. In the first case, the cyanobacterium was cultivated in BG11o medium, that reflects
the composition of the standard medium BG11 (Rippka et al., 1979) except for the absence of
inorganic nitrogen sources, so sodium nitrate is not supplied, and ammonium ferric citrate is
replaced by iron (IIT) chloride. The BG11¢ medium composition has been further modified
according to Nostoc sp. needs and to avoid potential nutrients limitations. In the medium used
for continuous cultivation, nutrient concentration is double (BG11o 2X) compared to the
standard composition, except for phosphorus whose concentration is 4-times higher.
Moreover, HEPES has been replaced with sodium bicarbonate (NaHCQO3), in order to keep the

pH ranging between 7.5 and 8, optimal for Nostoc sp. growth. The amount of sodium
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bicarbonate has been defined according to Nostoc sp. needs in a previous master thesis

(Vedana, 2022) and found to be equal to 250 mg L.

Table 2.2. BG119 2X medium composition.

Component Concentration [mg L]
Na:Mg EDTA 2
FeCl; - 6H>0 12.43
Citric acid 12
CaCly: 2H0 0.1
MgSO 2H,0 150
K>HPO4 3H>0 122
H;BO; 5.72
MnCl> 4H>0 3.62
ZnSO04 7H>0 0.444
CuSO+ 5H20 0.158
NaMoOy 2H,0 0.782
NaHCO;3 250

Biomass performances with respect to nitrogen availability were investigated under
diazotrophic conditions by modifying the quantity of nitrogen available in the gaseous stream
bubbled within the reaction environment, so as a variation on the amount of dissolved nitrogen
available in the culture environment can be perceived. Practically, such modulation was
achieved by mixing the air enriched in CO> stream with a pure Argon stream in a t-shaped
mixer, to obtain a mixture with the desired composition, expressed in volumetric fractions of
the starting gaseous lines. The evaluation of the proper mixture composition was done with the

aid of a bubble flowmeter.
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Table 2.3. Experimental conditions for air bubbling composition. The conditions marked with an asterisk refers

to the work of Vedana, 2022.

N2 CO: Dissolved
Tested Inlet gaseous
concentration concentration nitrogen in
condition stream
[%o viv] [Yo viv] medium [mg L]

1,2,3,4*7,8,9,10 Air enriched in CO» 75 5.0 13.3

5% 50% Ar — 50% air mixture 40 2.5 6.7

6 60% Ar —40% air mixture 30 2.0 5.3

On the other hand, experiments were conducted also in presence of an available reactive form

of nitrogen in the culture medium (BG11). Table 2.4 summarizes tested conditions.

Table 2.4. Modified BG11 medium with respect to nitrogen source and concentration.

Tested Nitrogen source in Component concentration Equivalent nitrogen
condition BG11 medium [mg L] concentration [mg L]
1 NaNOs3 2685 442.2
2 NaNOs3 811 133.5
3 NaNOs3 362 59.7

From an operative perspective, all the media were prepared with a similar procedure: all
components were mixed with deionized water and then sterilized in autoclave at 121°C for 20

minutes.
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2.2.1.3 Summary of the investigated conditions

Table 2.5. Investigated conditions summary. The conditions marked with an asterisk refers to the work of

Vedana, 2022.

Nitrogen Lisht
Tested Diazotrophic Culture Nitrogen concentration in terglsi ¢
condition  conditions medium source in medium _zy_l
i [mol m2s7]
[mg L]
1 No BGI11 2X NaNOs3 442.2 550
g
= 2 No BG112X  NaNOs 133.5 550
=
s
g 3 No BGI12X  NaNOs 59.7 550
8
S
§ 4* Yes BGl11o 2X N2 13.3 550
-
]
on
Z 5% Yes BG11o2X N> 6.7 550
Z
6 Yes BG11o2X N2 53 550
7 Yes BGl11o 2X N2 13.3 100
8 Yes BGl11o 2X N2 13.3 300
>
k= 9 Yes BG11o2X Nz 13.3 400
=
29
—
4% Yes BGl11o2X N2 13.3 550
10 Yes BG11o 2X N2 13.3 1000
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Concerning the other operative parameters, such as temperature, pH, and residence time, since
their effects on biomass production and productivity were not investigated, are not reported in
this summary table. Indeed, their values were kept constant along the entire experimental

campaign, as previously stated in section § 2.2.1.

2.2.2 Batch cultivation systems

In this work, biomass growth under batch cultivation regimes was also performed, with the
aim to assess the cyanobacterium capability of adapting its growth performances in larger
scales with respect to the ones usually characterizing the laboratory context. This might be
useful to take a further step towards a potential industrial applicability.

More specifically, the batch cultivation was carried out in a Lgem® Lab-275 tubular glass
photobioreactor. This pilot reactor is characterized by an overall capacity of 275 L: the
available working volume is equal to 180 L, determined with respect to the liquid phase
capacity, namely composed by biomass and culture medium together, which can reach up to
235 L also considering an additional air flow that can be injected within the system. From a
geometrical point of view, it is characterized by a 65 m tubular helix, made of borosilicate
glass, arranged in 12 total windings in order to optimize the available space, as well as heat
and light usage. Such arrangement offers a total volume of 202 L. The remaining is occupied

by the 77 L circulation vessel needed at the end of the helix for biomass collection.
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Figure 2.3. Lgem® Lab-275 pilot batch reactor.
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Within the reactor, the culture continuous recirculation and mixing is provided by both air and
liquid flow. First of all, an adjustable air flow can be injected, sustained by a diaphragm pump.
The desired inlet air flowrate can be manually set within the range of 1-10 L min™ through a
bubble flowmeter. Secondly, the apparatus is also equipped with a Magnadrive® liquid
circulation pump, to further increase mixing in the culture environment.

Culture enlightenment is provided by a set of 4 dimmable LED lamps on both reactor sides,
whose light intensities can be regulated at the desired values, namely 450 umol m? s™!'. Such
installation is also equipped with a temperature and pH sensor.

The continuous control and setting of these operative parameters are entrusted to the software
APEXfusion®. As regards pH, the installed control system is capable to maintain the measured
value within a desired interval, thanks to COz-injection on demand. By comparing the pH
setpoint value with the reactor actual one, a solenoid valve opening is continuously adjusted to
modulate the inlet CO; flowrate in the system within the 0.5-5 L min™! range, thus contrasting

the occurring potential pH changes.

/AP EXFusion

CO2_SOLENOID
PH ( OFF

753

LED_POWER

LEDDIMMING

Figure 2.4. APEXfusion® control panel.
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2.3 Culture analysis methods
The following section deepens in the description of all the techniques applied in monitoring

biomass cultures performances along the various tested conditions.

2.3.1 Routine measurements: pH and OD

Measurements of pH and optical density (OD) are usually needed for daily monitoring the
culture conditions. As already mentioned in section §/.4./.3, optimal environment pH values
range between 7.5 and 8, due to the optimum rates at which metabolic activities are carried
out. According to this statement, monitoring pH can thus be a relevant aspect to consider aimed
at assessing the culture quality. For the purpose, daily cultivation samples are tested with a
portable pH-meter (Hanna HI 991002). Whenever a variation with respect to the optimal range
occurs, the air enriched in CO: stream entering the reactor is manually adjusted in order to
properly counteract the occurring pH variation.

Moreover, the daily sample also undergoes optical density measurements. From a theoretical
perspective, the rationale behind them is to allow evaluation of biomass concentration based
on the sample absorbance (A), which are directly proportional according to the Beer-Lambert

law:

A=¢-C -1 (2.1)
where C represents the sample concentration, [ the optical path covered by the incident light,
and ¢ the molar attenuation coefficient, a specific constant value depending on the substance
under investigation, assuming the measured absorbance to be within a 0-1 range. The
measurement is performed by means of the Shimadzu® UV-1900 spectrophotometer. Whitin
the instrument, two cuvettes with an optical path [ of 1 cm are inserted in two distinct slots:
one contains the blank, usually the culture medium, and the other one is for the sample. A light
beam characterized by a user-defined wavelength of 750 nm is doubled, in order to reach both
the blank and the sample of interest. Before measurements, samples have been properly diluted
with culture medium to keep their absorbance within the 0-1 interval, where the Beer-Lambert
law is consistent. The actual sample concentration resulted from the multiplication of the

absorbance value and the dilution factor adopted. The 750nm-wavelenght is set to check solely
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the diffraction of light due to suspended cells and to avoid interference from background

absorption by pigments, since chlorophyll does not absorb at this wavelength.

2.3.2 Dry weight

The dry weight (DW) measurement allows to determine biomass concentration, usually
expressed in terms of mass per liter of culture [g L™!]. Compared to the optical density
measurement performed as a fast and reliable detection method, this is much more rigorous,
and it usually provides more accurate information regarding the sample concentration. Dry
weight has been evaluated daily during batch cultivation and only when steady-state conditions
are achieved in continuous mode, identified through a stabilization in the OD culture values.
A nitrocellulose filter with pores 0.45 um width has to be firstly dried to remove humidity, by
placing it in a oven at 105 °C for at least 10 minutes, and the filter tare is determined by a
precision balance (Atilon Acculab Sartorius Group®). The filter is then used for retaining the
biomass coming from a known-volume sample that has to be investigated, through filtration
with a vacuum pump. Again, the treated filter follows a drying phase in the oven, which takes
at least 2 hours, and then its gross weight is evaluated. The biomass concentration as dry weight
is then calculated through the equation (2.2). The filtered sample is also collected and stored

under refrigerated conditions (-18°C) for later analysis.

W= filter gross weight [g] — filter tare[g]

22
sample volume [L] 22)

2.3.3 Heterocysts count and concentration

Along with the dry weight protocol, this measurement has been performed with the same
frequencies highlighted in section §2.3.2, according to the cultivation mode. The evaluation of
heterocysts population within a sample is done by a direct method, involving an optical

microscope and a Biirker chamber.
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1 mm

Figure 2.5. Biirker chamber (left) and grid detail (right).

The latter is characterized by a 9 squares grid (1 mm? each), divided by a triple line. Each
square is in turn subdivided into 16 smaller squares (0.0025 mm? each) by double lines. After
injecting 20 pL of the sample in the counting chamber, heterocysts number within each 1mm?-
square along the main diagonal is determined. In order to have a rigorous approach, it is
important to keep the obtained value under 100 through eventual preliminary sample dilutions,
to avoid operator errors during the counting phase.

The actual heterocyst concentration is then derived starting from equation (2.3), in which D
stands for the proper dilution factor eventually applied, while 10* represents the characteristic
Biirker chamber volumetric coefficient; as its capacity is of 0.1 uL, such factor helps to express

cells concentration with respect to 1 mL of culture.

Heterocysts Heterocysts per square
4 =<Z YIS per 34 )-D-104 2.3)

mL 3
After that, the value thus retrieved is used in equation (2.4), as it is multiplied by two corrective
factors. The first one, namely 1.35, represents the product between heterocysts volume and
density, in order to provide the conversion from cells to weight concentration. On a practical
basis, it was retrieved through the manipulation of experimental data referred to several works
conducted on heterocystous cyanobacteria (Bulgac, 2021; Walsby, 2007). The second factor is

only needed to adjust the units of measurements in the form reported.

Heterocysts

+1.35-1077 (2.4)
mL

Culgu L] =



Experimental materials and methods 41

2.4 Analytic measurements

During the various tested conditions, several features concerning cultivation quality were
assessed. First of all, biomass composition was analyzed in depth through measurements of
pigments, phycobiliproteins content, along with the identification of nitrogen and phosphorous
amounts retained in biomass. From a nutritional perspective, the protein content was also
assessed. In the end, nitrogen and phosphorous consumption were also monitored during the
experiments, in order to check whether nutrients limitation conditions possibly arise.

As stated in section §2.3.2, the rationale under the collection of such samples follows the
typology of cultivation method adopted: under continuous conditions they are gathered only
during the stationary phase, while during a batch cultivation the collection becomes daily.

All the analyses were carried out in analytical double.

2.4.1 Pigments extraction and quantification

The sample extraction is performed on 1 mL of culture with a known DW value. It goes under
centrifugation for 10 minutes at 13500 rpm, in order to separate biomass from supernatant,
which has to be later removed. The remaining pellet is resuspended in 1 mL of
Dimethylformamide (DMF), which is capable of extracting pigments out of biomass. Due to
their photosensitivity, any further manipulation must be conducted away from light as much
as possible. Samples can then be stored under refrigerated conditions, namely at -18°C, for at
least a day, in order to complete pigments extraction phase.

To quantify the pigments content, another centrifugation at 13500 rpm for 10 minutes is
needed, to separate biomass from supernatant, containing the components under investigation.
Indeed, the latter is picked up, eventually diluted with additional DMF, and analyzed at the
spectrophotometer, in order to reconstruct its absorption spectrum within the wavelength
interval 350-750 nm. Quartz cuvettes are used for this purpose.

It is possible to derive chlorophyll @ (Chl @) and carotenoids (Car) concentrations from
absorbance data at specific wavelenghts according to the following equations (Wellburn,

1994):

VDMF

Chla[ug mL™'] = (absggs — abssy) - D - € - (2.5)

Vsample
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v,
Car [ug mL™1] = [(abs,e; — absysg) — (absggs — abs,sy) - 0.04] D - & - 7 DMF

sample

(2.6)

with D as the eventual dilution factor used, Vsgmpie and Vpyp for the sample and DMF volume

used for the entire analysis respectively, and & for the specific pigment molar extinction

coefficient, equal to 11.92 for chlorophyll a and 4 for carotenoids.

2.4.2 Phycobiliproteins extraction and quantification

Phycocyanin (PC), Allophycocyanin (APC) and phycoerythrin (PE) content for the
investigated conditions was also studied. The extraction procedure is performed on 5 mL of
culture, which are centrifugated for 8§ minutes at 7500 rpm, in order to separate biomass from
the supernatant, that is subsequently removed. Biomass pellet is resuspended in 1 mL of
deionized water. Starting from that, phycobiliproteins extraction is achieved by means of 3
cycles of freezing at -18°C and unfreezing at ambient temperature, which allows breakage of
microorganism cells. At the end of the third cycle, the sample is centrifugated again for 8
minutes at 7500 rpm, and the supernatant is picked up and transferred into a quartz cuvette for
its absorption spectrum analysis at the spectrophotometer, within the wavelength range of 350-
750. It is recommended to eventually dilute the samples to keep the absorbance spectra within
the interval 0-1.

The corresponding phycobiliproteins quantification is obtained through the following

equations (Bennett & Bogobad, 1973):

abs.;c — abs — 0.474(abs¢s>, — abs 1%
PC[g L] = [(abses 750) (absgs, 750)] . p . _2H20 2.7
5.34 Vsampie
abs.c, — abs — 0.208(absg < — abs V
APC [g 1] = [(absgs: 750) (abses 750)] . p . 2H20 2.8)
5.09 Vsample
abs¢,c — abs — ¢&prPC — ¢ - APC 1%
PE [g L~1] = [(abses 750) PC APC ] .p . _H20 2.9)
EpE Vsample

with €pc, €4pc, and epg representing the molar extinction coefficients for phycobiliproteins,
equal to 2.41, 0.849, and 9.62 respectively for phycocyanin, allophycocyanin and
phycoerythrin.
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2.4.2 Phosphorus consumption: orthophosphates analysis

The protocol applied works for the identification of orthophosphates (PO4>) concentration in
a sample through a colorimetric assay, as explained by Innamorati ez. a/ in Nova Thalassia vol.
11 (1990). More specifically, it is applied for culture medium and filtered samples obtained
from the various conditions, in order to then retrieve an estimate of the phosphorus amount
consumed by the biomass as the difference between the two.

The reaction at the basis of such colorimetric assay involves 2 mL of sample, properly diluted,
and 400 pL of a specific reactant. The latter is produced according to the following receipt,
expressed for 1 mL: 500 pL of 5 N sulfuric acid mixture, 100 pL of antimony potassium tartrate
(1.36 g L"), 200 pL of ammonium heptamolybdate (30 g L™!), and 200 pL of ascorbic acid (54
g L. Due to the instability of such solution, it is recommended to use it within an hour. The
cause under the color variation of the analyzed sample is associated to the reaction between
orthophosphate ions and molybdenum, which provides a blue reaction complex, and usually
takes 10 minutes to be accomplished. In order to get the actual orthophosphates concentration,
the reacted samples are analyzed with a spectrophotometer with a 705 nm light beam. The
absorbance values thus obtained can be then used to extrapolate the corresponding
orthophosphates concentration by means of a calibration curve, obtained with test solutions at
known concentrations. To have a rigorous analysis, the absorbance value obtained out of the
spectrophotometer must be comprised within the calibration curve range of applicability
(Figure 2.6); if such condition is not fulfilled, the sample must be further diluted with deionized
water, and the final orthophosphate concentration must consider the proper dilution factor

applied.

P03~ [mg L] = 7.905 - abs;s — 0.12 R? = 0.997 (2.10)
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Figure 2.6. Orthophosphate calibration curve.

2.4.3 Phosphorus content in biomass

The evaluation of biomass phosphorus content can be carried out following the protocol
developed by (Valderrama, (1981). This protocol in practice can be divided into two parts,
with the first one concerning sample preparation and the following one the actual phosphorus
content evaluation. The latter step is analog to the procedure explained in section §2.4.2; hence,
this section briefly presents the preliminary part previously mentioned.

The aim is to reduce every phosphorus source into orthophosphate compounds, through acid
digestion in autoclave. For this purpose, 2 mL of reagent are added to 4 mL of sample, properly
diluted to have a biomass concentration equal to 150 mg L. The reagent is composed of
sodium hydroxide NaOH (9 g L) and potassium persulfate K,O0sS> (40 g L™!). The digestion
must be carried out using appropriate glass test tubes, that must be previously cleaned in
acetone in order to remove every possible residue of contamination, that can alter the actual
analysis outcomes. The samples are then put in autoclave at 121°C for 30 + 30 minutes, and
after their cooling, it is possible to apply the orthophosphates protocol for the phosphorus

content evaluation.

2.4.4 Nitrogen content assessment

Concerning investigations of nitrogen content, all samples were analyzed with the Shimadzu®

TOC-LCPH instrument. From a general perspective, it is built as a total organic carbon (TOC)
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analyzer, providing at the same time measures of total amount of carbon (TC) and inorganic
carbon (IC); by the subtraction between such values, it is possible to derive the desired
quantity. The functioning is based on the principle of catalytic oxidative combustion infrared
(IR) analysis: the samples are combusted into a furnace at 680°C to form gaseous CO> and
then moved to a non-destructive infrared analyzed (NDIR) for its quantification.

In addition to that, the instrument is also equipped with a proper apparatus for the identification
of nitrogen content within an investigated liquid sample (TN), through a chemiluminescence

analysis.
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Figure 2.7. Instrument functioning flowsheet (Shimadzu®).

More specifically, the liquid sample is picked up by the depressurization generated from a
mechanical syringe and subsequently sent to the furnace. Differently from the TOC analysis,
this requires more severe conditions, as it reaches approximately 720 °C, to convert all possible
nitrogen sources within the aqueous medium into gaseous nitrogen monoxide NO. Then, the
gas stream goes to the specific TNM-L section of the instrument, which is in charge of its
quantification by means of a chemiluminescence detector. Here, a flux of ozone enters in

contact with the sampled gas thus generating the following reactions:

05+ NO - NO; + 0, 2.11)
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NO; - NO, + hv (= 700 nm) (2.12)

The molecules of NO, produced by (2.11), from that excited state, tend to go back to their
fundamental state by emitting electromagnetic radiations in the UV spectrum, subsequently
captured by the abovementioned detector, capable of correlating their intensities with the actual
NO concentration of the investigated sample.

The hardware part of the instrument comes along with also a software counterpart, namely
TOC-L Sample Table Editor, to which the control of the analyzer is entrusted. From this
platform, it is possible to check all the mechanical parts of the instrument, to verify the proper
functioning and schedule potential maintenance interventions, as well as define experimental
campaigns and run them. Regardless from the typology of analysis that is intended to perform,
the instrument provides the results in terms of areas, generated through the detection of a
potential disturbance provided by the sample itself from a starting baseline condition. To
retrieve the desired concentration value, expressed in [mg L!], calibration curves for each
typology of analysis are needed. Even if results extrapolation outside their boundaries is
permissible, it is advisable to provide to the analyzer samples with coherent concentrations, in

order to fit the calibration lines. So, proper preliminary dilutions may be necessary for such
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2.4.5 Protein content quantification

Protein content measurements are based on a specific protocol for cyanobacteria, aimed at
extracting and purifying macromolecules of interest from the sampled biomass (Ivleva &
Golden, 2007). The final quantification is ensured by a colorimetric analysis at the
spectrophotometer.

2 mL of the desired culture are picked up and centrifugated at 13500 rpm for 10 minutes, in
order to separate biomass from the culture medium, which has to be then removed. The
sampled biomass undergoes another washing step, by adding 2 mL of phosphate-buffered
saline (PBS) solution and lately centrifugating again at 13500 rpm for 10 minutes. At the end
of the centrifugation cycle, the supernatant is removed, and biomass resuspended in 200 pL of
PBS. The entire preparation procedure ends with storage under refrigerated conditions, namely
at -80°C, for at least 24 hours before the analysis.

The first step for protein extraction is concerns the induction of heat stress condition to partially
break cells, by putting frozen biomass into a 37 °C thermostatic bath. From this point on, it is
recommended to work in ice, as the extracted proteins can degrade at ambient temperatures.
Starting from the initial 200 pL of the prepared sample, 40 pL of a stock solution of
phenylmethanesulfonyl fluoride (PMSF) 10 mM, and 200 pL of a lysis buffer solution are
added: the first significantly increases the stability of the extracted proteins, while the second
is the main responsible for protein extraction. The lysis buffer solution is constituted by
dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA), and Triton X-100, a non-ionic
detergent. Furthermore, to facilitate the process of protein extraction, a quantity of glass
spheres proportional to the amount of biomass under exam is added, and then mixed all
together in a vortex. More specifically, this passage is organized in 10 total cycles, each one
of them characterized by a 30 s agitation step, and 30 s of rest in ice, to avoid overheating
conditions that can damage extracted proteins. A dilution step with further PBS solution can
be also needed at this point, in order to fit within the calibration curve boundaries, and after
that, a centrifugation at 1500 rpm for 1 min helps separating biomass and glass spheres from a
green supernatant, standing for a raw cellular extract. The prepared solution is then tested with
bicinchonimic acid (BCA) assay: 50 pL are picked up to react with 1 mL of a specific reactant.
The reactive solution is composed, in volumetric fractions, by 1/50 of copper sulfate and 49/50

of BCA. From a reaction mechanism point of view, proteins reduce cupric ions Cu®* to cuprous
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ions Cu’, which can subsequently interact with BCA and induce the characteristic purple
coloration. The reaction is performed in thermostatic bath at 60°C for 15 minutes, and hereafter
samples absorbance is tested with respect to a 562 nm light beam. From the calibration curve
(Figure 2.9), developed by means of bovine serum albumin (BSA) solutions at known
concentrations, it is possible to correlate the measured absorbance with the corresponding
protein content. If a dilution was previously performed, the concentration must be at the end

multiplied by the proper dilution factor.

BSA [ug mL™1] = 1144.2 - absse, — 85.12 R? = 0.998 (2.13)
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Figure 2.9. BSA assay calibration curve.

2.5 Statistical Analysis

In order to check the presence of statistically significant differences between the mean values
of experimental data collected, the ANOVA and the Tukey’s tests were applied. An important
assumption linked to the test applicability regards variances among tested conditions, that must
be statistically equal; whenever this was not verified, the Kruskal-Wallis test, analogous to the
ANOVA for cases with unequal variances, has been implemented.

For both tests, a value equal to 0.05 was fixed as reference p-value, and performed through the

aid of MINITAB® Statistical Software.
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Predictive model overview

One of the pillars for a successful scale up of a biomass cultivation system for industrial
purposes is represented by a predictive mathematical model, aimed at forecasting the outcomes
of the culture based on the input operative conditions. With respect to this subject, features like
the accuracy as well as the level of detail obtained from such a model becomes relevant aspects
to tackle during its development. The model presented in this chapter, accounting for the
growth of nitrogen-fixing cyanobacteria Anabaena PCC 7122 and Nostoc PCC 7120, in order
to satisfy the previously mentioned requests embeds the description of several phenomena
occurring during culture growth. Indeed, its potentiality relies on the predictive description of
both types of cells behavior within the growing environment: vegetative cells growth based on
nutrients availability and differentiation process for heterocysts generation. This higher level
of detail is allowed by the presence of the Droop kinetics, novelty of the model itself,
introducing the concept of limiting nutrient quota. From a chronological perspective,
computational efforts for describing the dynamics of heterocystous nitrogen-fixing
cyanobacteria have been already made, as stated in the reference literature (Grover et al., 2019).
However, also due to the different approach used for developing the corresponding mass
balances, namely in terms of carbon and nitrogen exchanged between the species cells, no
experimental data were available for evaluating its performances, leaving it purely theoretical.
For this reason, the novel approach explained in this chapter is capable of providing simulated
results that can be lately compared with the experimental evidence collected for the species

under investigation.

3.1 Microbial kinetics comparison: Droop and Monod models

Describing microbial kinetics within a culture environment relies on the possibility of

accurately describing the rate at which the species under exam is developing. From a
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mathematical perspective, in order to furnish a consistent variable, the specific biomass growth
rate u must be introduced, namely the rate normalized with respect to biomass. Indeed, under
circumstances where resources and space are unlimited, the rate of change of population

(biomass in this case) is proportional to its own size (Wang et al., 2022):

dx
dt

with X standing for biomass concentration in the culture environment. It has also to be

uX (3.1

acknowledged that, with respect to nutrients availability, the microbe capability of growing
can differ: the larger the available concentration, the higher the specific growth rate achieved.
Obviously, this correlation has a physical limit, namely the maximum specific growth rate
Umax»> above which is not possible to register any further increase. Mathematically speaking,
in 1942 Monod introduces a kinetic model capable of simultaneously accounting these aspects:

S

= Umax Ko tsS (3.2)

U

where S represents the available nutrient concentration, and K is a specific constant with the
same dimension, representing the substrate concentration allowing for a specific growth rate
half with respect to the maximum one (Monod, 1942).

Due to its simplicity, the Monod model for microbial growth represents the most popular model
embedded in the majority of biomass culture simulations.

The major limitation is embedded in a fundamental postulate of such model, assuming that the
instantaneous change of biomass must be in constant proportion with the one in substrate

(Droop, 1968), as expressed in the following equation:

dx
ds

and Y as the yield coefficient. The direct implication of the statement above is a constant

—y (3.3)

chemical cell composition, later refuted (Ketchum, 1939). Indeed, during the experiments
conducted with the algal species Phaeodactylum tricornutum with respect to phosphorus
uptake, he experienced the phenomenon of luxury uptake: the microorganism was capable of
acquiring and releasing phosphorus in a controlled environment before cell replication
(Kuenzler & Ketchum, 1962). Under this condition, Monod model becomes unreliable in many

cases, as the growth is not directly relatable to the nutrient concentration in medium.
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To overcome this limitation, in 1968 Droop proposed its own model, introducing the concept
of internal nutrient quota @, namely the amount of nutrient of interest retained within the cell

itself:

Qmi") (3.4)

Q

with Q,,;n as the minimum cell quota required for the basic cell structure (Droop, 1983).

U= Umax (1 -
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Figure 3.1. Droop and Monod model trends in comparison. For the graphical representation, py was set equal

to 1, K¢ equal to 0.75, and Q,,;» equal to 0.01. Adapted from Wang et al., 2022.

From a graphical perspective, the trends obtained by the different models are significantly
different when the reference nutrient availability in culture medium is scarce, expressed by the
substrate concentration .S'in the Monod form and by the nutrient quota @in the Droop equation,
respectively. When moving to greater nutrients concentrations, such difference tends to

diminish, showing a similar asymptotical dynamic (Wang et al., 2022).

3.2 Model equations general structure
From a general viewpoint, with respect to the various phenomena that have to be modelled, it
is possible to present the peculiar terms characterizing each equation.

First, the mass balances setting up has to be accomplished, as it follows:
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Acc = In — Out + Gen/Cons (3.5

In such an equation, each term has a physical meaning and can be subsequently formulated
according to the subject of the balance itself. The first term, Acc, represents the accumulation
term, namely the amount of matter retained within the boundaries of the selected reference
system. It is usually expressed per units of space or time, with respect to the nature of the
phenomenon described, and it is thus mathematically described by a time or spatial derivative.
In and Out are the input and output terms, respectively, and they are present whenever a
physical flow of matter is going in, or out, the system. According to such definition, they are
usually expressed as flowrates (amount of a substance passing per unit of time). In the end, the
Gen/Cons term accounts for eventual contributions in generating or consuming the substance
covered by the balance. Starting from this form, several assumptions concerning the system
peculiarities can be introduced, in order to modify the overall aspect of equation (3.5).

In accordance with the experiments performed in this work to support the model development,
a chemostat reactor is considered as reference balance boundaries, and so the general shape
must be accordingly remodeled. The constant flowrate characterizing this configuration
implies reconsidering the previously defined accumulation term, with no expected changes
with respect to the temporal coordinate. Moreover, the presence of a mixing system, ensuring
homogeneity within the bioreactor, simplifies the latter as a continuously-stirred tank reactor
(CSTR). The derived mathematical simplification on the mass balance concerns once more the
accumulation term, with no changes with respect to any spatial coordinate allowed. To sum
up, the absence of any variation with respect to both spatial and time coordinates allows to set
the accumulation term Acc equal to zero. This leads to significantly reduce the complexity, as
the balance degenerates in an algebraic equation. The material balance basic form is reported

below:

0 =In— Out + Gen/Cons (3.6)

additionally, the input term when assessing biomass can be set to zero, since the inlet flow is
made of fresh medium, as stated in section §/.5.3.
Deeping in the details of the model, all the phenomena simultaneously modeled are introduced

below. Along with vegetative cells growth within the reaction environment, the differentiation
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of heterocysts from the previous ones represents the second important phenomenon to be
simulated, considering the metabolism of cyanobacterial species under study. Since, as
expressed in section §3.1, the model novelty regards the introduction of Droop kinetics based
on nutrient quota, its behavior represents another variable to track in order to assess the overall
simulation quality. Indeed, the experimental campaign was also focused on assessing the effect
of nitrogen availability. All other nutrients were provided in excess to avoid growth limiting
conditions, and so the quota is evaluated with respect to nitrogen only. In the end, the last
phenomenon of interest concerns availability of nitrogen in medium, in order to see, from
another perspective, nitrogen accumulation in biomass.

Each phenomenon is described by the correspondent equations, which are further explained in
the following sections and all together contribute to constitute the overall model, composed by

four nonlinear algebraic equations.

3.2.1. Vegetative cells growth

The first model equation presented accounts for the description of vegetative cells
concentration Cv within a chemostat bioreactor. Considering the balance general structure
depicted in section §3.2, it is possible to decline it for such specific elements, obtaining the

following shape:

0 = —Out + Gen/Con (3.7)

noticing that the input biomass term is absent, following the rationale in section §3.2.

The output term (Out) defines the overflow stream collecting the excess biomass at a specific
concentration outside the reactor. From the mathematical perspective, the term has the
dimension of a concentration (gv L), and is characterized by a minus sign, reflecting that the

biomass is leaving the reference boundaries.

Out [gy L] = Cy (3.8)

The other term in the mass balance (Gen/Cons) accounts simultaneously for the possible

vegetative cell generation and consumption contributions, as presented in equation (3.9):
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QN,min QN,max - QN

Qn

The multiplication of bracketed term by the residence time 7 (d) brings the same dimension of

Gen/Cons [gy L-1]=(umax (1= =) £y = ko —.ue,V>CVT (3.9)

QN,max - QN,min

the previous output contribution, in order to obtain a dimensionally consistent equation.
Moving to the details of the various terms in equation (3.9), the first one on the left represents
the actual vegetative cells generation rate 7y: it describes the velocity at which, within a

chemostat configuration, the vegetative cells concentration is varying.

QN,min
Qn

Such term is characterized by the presence of two contributions, namely the one derived from

v Loy 17571 = (mae (1= =222) £ ) € (3.10)

Droop kinetics (Droop, 1983), and the light dependency f(I). Specifically for the latter, the
effect of light on vegetative cells growth can be described by a modified Haldane model
(Bernard & Rémond, 2012):

f() [adim] L 1) d
im] = - z
oy +x, (—II(Z)—1)2 @3.11)
opt

with L (m) as the reactor depth, I, (umol m2 s 1) as the optimum light intensity for biomass
growth rate, and K, (umol m? s ') the half-saturation constant, specific for each microbial
species. I(z) instead describes the trend of light availability with respect to the reactor depth
coordinate z and dependent on biomass concentration Cy (gx L), defined as the sum of
vegetative and heterocyst cells. Such relationship is mathematically described by the Beer-

Lambert law.

I(z) [umolm™2s7 1] = I,-exp (—k, - Cy ' 2) (3.12)

It must be remarked that the obtained trend is also dependent on the microbial species assessed,
through the presence of the biomass absorption coefficient k, (m? g'), and on the incident
light intensity I, (umol m? s 1).

Recalling back equation (3.9), the last contribution that has to be investigated regards the
potential vegetative cells consumption: from a physical point of view, it must comprise

maintenance energy expenses U, (d), and the rate of conversion into heterocysts 1y, (d™),
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according to their metabolism (Grover et al., 2019). This last term is described in equation

(3.13).

QN,max - QN

(3.13)

ot = e — Qi
The dependency on the internal nitrogen quota Qy (gn gx') is considered through the
corrective factor multiplying the differentiation constant ky_,; (d!) (Grover et al., 2019). Such
term is bounded between 0 and 1, as the nitrogen quota is bounded between a minim Qy 1in,
and a maximum Qy ;qx value: when Q reaches the minimum, the rate is maximum due to the
correction factor equal to 1, while when it reaches the maximum, the rate goes to 0 as the factor

drops to 0.

3.2.2 Heterocysts differentiation

The second model equation is aimed at describing the development of heterocyst cells
concentration Cy from vegetative one by differentiation, as it represents the only metabolic
allowable way. In a completely analogous way with respect to what has been said for vegetative
cells, the starting mass balance structure is the one presented in equation (3.7), and the
presentation of each term is carried out following the same rationale as before.

The term Out considers again the physical presence of the overflow stream, it has the
dimension of a concentration (gu L), and is characterized by a minus sign, since it is leaving

the bioreactor.

out [gy L] = Cy (3.14)

Moving then to the Gen/Cons term, the heterocysts mass balance comprises only a
contribution of generation, as the consumption one, namely described by the maintenance
energy, is embedded within vegetative cells from which they derive. Such term is presented in

equation (3.15) below.

(3.15)

Gen/Cons [gy L_l] =+ <kV—>HYH/VCV Qnmax — On >T

QN,max - QN,min

The additional variable Yy, represents the yield of heterocysts with respect to vegetative cells

(gu gv'!) (Grover et al., 2019). Also in this case, the growth in heterocysts concentration is
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depending on the available nitrogen quota, by the correction factor presented in §3.2./ (Grover
et al., 2019): when it reaches the maximum quota, the differentiation rate drops to 0, while
when the minimum quota is reached, the rate goes to the maximum allowable value.

Again, the multiplication of the bracketed term by 7 is necessary to bring consistency in the

balance terms units.

3.2.3 Nitrogen quota quantification

To include the Droop kinetics in the model and derive the value corresponding to the vegetative
and heterocyst concentrations within the chemostat environment, an equation describing the
nitrogen quota in biomass has to be added. Contrary to the two equations described so far, this
one is built with respect to a different reference system. Indeed, as the quota by definition
constitutes an inner cell property, balance boundaries are set in correspondence to the cell ones.
As a consequence, both input and output terms are removed from the mass balance, which thus

accounts only for the generation and consumption term, reported in equation (3.16).

0 = +Gen/Cons (3.16)

This term can be expressed by two contributions: one specifically for the quota generation
Gen, and the other one for its progressive consumption Cons.
The first introduced contribution is the quota build up and it describes the uptake velocity of

dissolved nitrogen in medium through biomass fixation pyr (Grover et al., 2019).

In the equation (3.17), the maximum nitrogen uptake rate pn¢* (gn gn'' d!) is corrected by
two factors. The first one, namely KNCJIer , 1s directly taken from Monod dynamics to correlate
N

such process with the availability of dissolved nitrogen in medium (Monod, 1942). Along with
the available nitrogen concentration Cy (gnv L), the ratio also presents the half-saturation
constant for nitrogen uptake Ky (gn L). The second factor is the same presented in sections
§3.2.1 and §3.2.2, which sets a correlation between the nutrient uptake and the amount already
fixed within biomass: as the quota tends to the maximum value, the correction terms induce
the drop of such rate to zero, while when it reaches the minimum one, the correction effect is

negligible and thus the rate is maximum. Finally, since the nitrogen quota refers to the total

. c . . .
biomass (Cx), the C—H term is introduced to refer the nitrogen fixation to the cellular
X
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subpopulation responsible for the process itself, namely the heterocysts. In this way, the entire

term is expressed in the units of measurement reported in equation (3.17).

1] = pmax Cv  Ch Qnmax — Qn
NE KN + CN CX QN max QN min

Gen = pyrlgn 91;1 d- (3.17)

Moving to the second term as consumption contribution, it describes the progressive reduction
in the previously fixed nitrogen content due to biomass growth, and for that it is anticipated by
a minus sign. As highlighted in the section §/.5./.4 for nutrient role in microbial growth,
nitrogen represents a macronutrient essential for several metabolic activities, and the model
equation focuses on the nitrogen expenses required for building vegetative cells, excluding the
ones lately converted into heterocysts. This term is quite similar to the one described in

equation (3.9) regarding vegetative cells mass balance:

QN min QN,max - QN

Qn

Cons [g gi* d-1]=(umax(1 ) (1)~ ko —uey)QN (3.18)

QN,max - QN,min

3.2.4 Nitrogen content in medium

The last model equation assesses the resulting nitrogen concentration achievable within the
culture medium. In this case, the balance structure for a CSTR configuration includes all the
input, output, and generation/consumption terms.

Starting from the input term, it is represented by the following equation:

Csat

(3.19)

In[gyL™td™"] = -

where C3*(gn L) is the inlet nitrogen concentration provided in the culture. Since the model
is designed for biomass behavior under nitrogen fixation condition, no reactive forms of
nitrogen are added in the medium. So, the previously mentioned variable Cx** stands for the
saturation concentration of molecular nitrogen achievable in the inlet medium in equilibrium
with air.

The output term, instead, is presented in equation (3.20), and it is characterized by a structure
similar to the input one:

C
Out [gy L™t d™1] = TN (3.20)
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with Cy (gn L) as the output nitrogen concentration in medium.

In the end, the Gen/Cons accounts for two distinct phenomena simultaneously. The first one,
aimed at describing the increase in available nitrogen concentration, considers its solubilization
in the medium aqueous solution. According to Henry’s law, the gradient in concentration
C3* — Cy is the process driving force, and k;, (d™!) is the volumetric mass transfer coefficient
specific for the system. The second phenomenon consists of the reduction of available nitrogen

in medium due to nitrogen fixation performed by heterocysts. Mathematically, it is similar to

the term in equation (3.17), with the only difference that the factor E—H is here substituted by Cy
X

in order to maintain consistency among the dimensions of the various contributions.

The overall shape of such Gen/Cons is reported in equation (3.21).

Gen/Cons [gy L™ d™] = + ko (CR* — Cy) — plie* —2— Cy —22max—ON (3.21)

H
NF KN+Cpy QNmax—CQNmin

3.3 Predictive model summary
Below, all the equations previously presented along section §3.2 and constituting the
developed model are summarized, in order to provide a general overview in its entirely.
Vegetative cells growth:
Q [ Q ,max_Q
~Cy + (stmae (1= 2822) (1) = Joy g 2y NGr=0 (322)
N QN,max QN,an
Heterocysts differentiation:
QN,max_QN —
_CH + (kV%HYH/VCV —> T= O (323)
QN,max—QN,min

Nitrogen quota quantification:

pmax Cn C_H ONmax—QN _ <ﬂmax (1 _ QN,min)f(I)) _ kV_)H QN,max—QN _ lle_V ) QN — 0 (324)

NF
KN+CN Cx QN max—QNmin QN QN,max~CQN,min

Nitrogen content in medium:

iat_ C_N_I_ k (Csat —-C )_ pmax Cn C QN max— QN =0 (3 25)
- T La\“N N NF Kny+Cn HQN,max_QN,min .

The model thus presented is a four non-linear equations system and four different unknown

variables can be underlined: Cy,, Cy, Qy, and Cy. This allows to have a system characterized by
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a number of degrees of freedom equal to 0: such value is by definition obtained as the
difference between the number of available equations and the number of unknowns to be
determined. According to this feature, the system itself can be defined as exactly specified,
namely a system capable, once solved, of providing a single exact solution. Even if the theory
brings to such a conclusion, actually the system resolution is quite challenging. Indeed, the
model complexity does not really depend on the mathematical structure of the equations, but
relies in the presence of several unknown parameters, whose values are necessary to be

determined.

3.4 Unknown model parameters and optimization routine

As just introduced, along with the unknown variables characterizing the model, there is also
the presence of additional parameters, whose values have to be defined, as they are specific for

each investigated species (Grover et al., 2019). These parameters are summarized in table 3.1.

Table 3.1. Predictive model unknown parameters.

Parameter  Units of measurement Definition
Qn,min gngx’! Minimum nitrogen quota
ky_u d! Differentiation constant
pNEr gngn'd?! Maximum nitrogen fixation rate
Yyw gngyv! Yield heterocyst — vegetative cells
Hev d! Vegetative cells maintenance energy

The major problem connected to these unknown parameters is related to the lack of reliability
of the resulting model outcomes. Indeed, based on the obtained numbers, a wide range of
potential suitable solutions can be retrieved. In order to reduce as much as possible such issue,
it is fundamental to find, along with the investigated variables, the correct values also for these
introduced parameters. In practice, this is done by fitting them to experimental data, so that the
parameters values obtained are such as to simulate the experimental data as reliably as possible.

Such approach highlights the relevant part played by experimental campaigns while assessing
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a mathematical model, as they are mandatory preliminary steps for a successful model
development.

The system equation resolution and the simultaneous model parameters fitting were entrusted
by means of MATLAB® scripts, due to the overall problem complexity. Moreover, with
respect to the latter problem task, it is relevant to present the implemented optimization routine
such that it was possible to accomplish the desired objective. In other words, an optimization
routine is used to determine the optimal solution for a particular problem. Specifically for the
case under study, the optimal solution, in the form of a vector containing the assessed
parameter values p, must be the one capable of reducing as much as possible an objective

function, developed in the following way:

n

OF = Z(errrel,i)z = Z (%)2 (3.26)

i=1

As presented in equation (3.26), the objective function implemented is based on the least
squares optimization approach, where the final aim is to minimize as much as possible the
summation resulted from the squared errors built from experimental y; and computational data
f(x;,p). The errors are calculated using the independent variables x; and fitted model
parameters. From a theoretical perspective, the actual algorithm is usually furnished with
absolute errors, namely as their simple difference. Since here the optimization problem
involves equations, whose independent variables are characterized by significant differences
in terms of order of magnitude, to equalize their weights and provide an algorithm capable of
simultaneously fitting accurately data for all the available equations, the introduction of
relative errors within the objective function turned out to be effective for this purpose.

In the end, the selection of the suitable vector of fitted parameters was not only entrusted to
the objective function minimization, but it was also supported by the evaluation of the
determination coefficients R?, one for each independent variable. In statistics, it provides a
measure of how well observed outcomes are replicated by the model, based on the proportion
of total variation of outcomes explained by the model (Heinisch, 1962). Such coefficients
evaluation is performed according to equation (3.27).

_ SSTBS
SStot

R2=1 (3.27)
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Concerning the term at the numerator, namely SS,.., it represents the residuals sum of squares,

and basically defined as the sum among the squared residuals, as presented in equation (3.28).

S$Sres = ;(errabs,i)z = ;(yi - f(xi: p))z (3.28)

The term at the denominator, SS;,, representing the total sum of squares, is proportional to

the variance of the data, as evaluated according to equation below:

n
SStor = ) (0= 9)? (3.29)
i=1
with ¥y as the mean of observed data.
n
g =2 > 3.30
V=LY (3.30)
=1

Such coefficients usually ranges between 0 and 1: as the values gets closer to 1, the reliability
of the model, in terms of both independent variables and fitted parameters values, becomes

more solid.






Chapter 4

Computational results for Anabaena PCC
7122 species

As the experimental results for Anabaena PCC 7122, a filamentous heterocystic nitrogen-
fixing cyanobacterium, were already discussed in previous master thesis works (Bulgac, 2021;
Borella, 2017), this chapter will focus only on the computational results regarding the
predictive model application on such experimental data.

First of all, a general overview of the available data is provided, with the identification of all
the known additional model parameters for such species, retrieved by means of laboratory
observations. After that, the computational results obtained are presented: along with the
simulated data, also the fitted model parameters introduced in section §3.4 are reported, and

critically discussed.

4.1 Experimental data overview

The data collected along the two previously quoted works comprises the assessment of such
species behavior, cultivated under continuous conditions in flat panel chemostat bioreactors,
with respect to different residence times and to fixed light conditions. The results obtained are
reported in terms of vegetative cell and heterocyst concentrations. Additionally, since the
species is capable of fixing molecular dinitrogen, the behavior assessment was conducted also
by analyzing the nitrogen content embedded in biomass along the various tested conditions.
Below, all the data collected are summarized and grouped in specific sections with respect to
the tested continuous light intensity, namely 190, 350, and 550 umol m™ s ! provided by a
LED PAR lamp.
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4.1.1 Species behavior at 190 umol m? s -’

The investigation of Anabaena PCC 7122 behavior at 190 umol m? s ! at different residence
times was conducted during the master thesis work of Borella, 2017. The obtained results are

summed up in table 4.1.

Table 4.1. Experimental results for Anabaena PCC 7122 in response to different residence
times at 190 umol m? s ~' (Borella, 2017).

Vegetative cells Heterocystous cells Nitrogen quota
Residence concentration concentration in biomass
time [d] [gv L] [gu L] [gn gx]
Mean Std. dev Mean Std. dev Mean Std. dev
1.3 0.429 0.082 0.041 0.008 0.058 0.004
1.6 0.620 0.067 0.090 0.008 0.064 0.006
2.5 0.814 0.062 0.106 0.014 0.074 0.009
2.9 0.732 0.078 0.118 0.013 0.057 0.008
3.7 0.823 0.043 0.137 0.015 0.061 0.002
4.6 0.958 0.076 0.172 0.012 0.074 0.012
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Figure 4.1. Experimental cell concentration (a) and nitrogen quota (b) trends over residence time for

Anabaena PCC 7122 at 190 umol m> s ' (Borella, 2017).
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4.1.2 Species behavior at 350 umol m? s -’

The species performances under an incident light intensity of 350 umol m™? s *! were studied

in the work of Bulgac, 2021, and the results presented in table 4.2 and figure 4.2.

Table 4.2. Experimental results for Anabaena PCC 7122 in response to different residence
times at 350 umol m~ s ' (Bulgac, 2021).

Vegetative cells Heterocystous cells Nitrogen quota
Residence concentration concentration in biomass
time [d] [gv L] [gn L] [gn gx']
Mean Std. dev Mean Std. dev Mean Std. dev
0.8 0.366 0.048 0.092 0.023 0.051 0.004
1.5 0.572 0.098 0.102 0.027 0.064 0.009
23 0.767 0.046 0.139 0.030 0.074 0.005
3.0 1.070 0.081 0.139 0.007 0.062 0.009
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Figure 4.2. Experimental cell concentration (a) and nitrogen quota (b) trends over residence time for

Anabaena PCC 7122 at 350 umol m s - (Bulgac, 2021).
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4.1.3 Species behavior at 550 umol m? s -’

In the end, the last dataset is reported in table 4.4 and illustrated in figure 4.4 below. In this
case, biomass was continuously cultivated at an incident light intensity of 550 pumol m? s !,

thus obtaining the following results with respect to different residence times for vegetative

cells and heterocysts, as well as for nitrogen quota (Bulgac, 2021).

Table 4.4. Experimental results for Anabaena PCC 7122 in response to different residence
times at 550 umol m s ' (Bulgac, 2021).

Vegetative cells Heterocystous cells Nitrogen quota
Residence concentration concentration in biomass
time [d] [gv L] [gn L] [gn gx']
Mean Std. dev Mean Std. dev Mean Std. dev
0.8 0.507 0.205 0.102 0.043 0.057 0.008
1.5 0.869 0.081 0.166 0.031 0.067 0.005
23 1.038 0.122 0.150 0.046 0.062 0.009
3.0 1.312 0.074 0.192 0.036 0.071 0.001
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Figure 4.4. Experimental cell concentration (a) and nitrogen quota (b) trends over residence time for

Anabaena PCC 7122 at 550 umol m s -! (Bulgac, 2021).
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4.2 Additional model parameters identification

In order to reduce the computational complexity associated with the model system resolution
as much as possible, it is necessary to preliminary saturate some unknown parameters with
experimentally-derived values from previous works. This procedure allows then to come up
with a model characterized by the set of still unknown parameters listed in section §3.4, for

which the fitting procedure must be applied. The parameters derived with such rationale are

listed in table 4.5.

Table 4.5. Experimentally derived model parameters (Bulgac, 2021), (Borella, 2017), (Grandi, 2018).

Parameter Value Units of measurement Definition
Tope 270 pmol m?2 57! Optimum light intensity
K, 97 pmol m? s ! Modified-Haldane model half saturation constant
Ky 0.0029 gn L Monod model half saturation constant
Hmax 8.22 d! Maximum specific biomass growth rate
ki, 123.36 d! Volumetric mass transfer coefficient
k, 0.145 m? gl Biomass light absorption coefficient

Concerning the first four parameters, already presented along section §3.2, respirometric tests
represent a valuable tool in assessing their values for the specific species under study. Indeed,
such experimental protocol is based on the possibility to measure oxygen production and
consumption rate by a microalgal culture under controlled conditions, in order to retrieve all
the kinetic parameters connected to nutrient, temperature, and light intensity influence (Sforza
etal., 2019).

Moving to the volumetric mass transfer coefficient, as presented in section §3.2.4, it is needed
while investigating the amount of nitrogen able to move from the gaseous phase within the air
bubbles to the liquid medium phase, thus providing the actual nitrogen concentration available
to biomass. Moreover, it is an important parameter to account for while scaling up an aerated
bioreactor (Aroniada et al., 2020). The adopted method is the so-called static gassing-out
technique: dissolved oxygen is firstly removed from the liquid phase by bubbling an inert gas,

until its concentration drops to zero, and then is reintroduced in order to measure its new
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content increase. The measurements are usually done by means of an oxygen probe (Cerri et
al., 2016).

In the end, the biomass light absorption coefficient, namely k,, modulates the amount of
photons absorbed by a certain biomass concentration starting from a known incident light
intensity. The mathematical relationship under such phenomenon is reported in equation
(3.12), which is useful to extrapolate the desired parameter value. Indeed, through the
logarithmic linearization of this equation, is possible to linearly correlate light intensity with

corresponding biomass concentration, through k, as its slope.

4.3 Modeling results

4.3.1 Fitted model parameters

With the rationale expressed in section §3.4, the parameters still unknown were fitted based on
the experimental data collected. For such operation, datasets at 190 and at 550 pmol m? s !
were combined in order to enlarge as much as possible the amount of data on which running

the optimization routine. As a general rule, the starting guessed parameters were set
unbounded, with some particular exceptions regarding Qy min and Yy y, for which consistent
lower and upper bounds were fixed. Indeed, for the Qy i, parameter a constraint was
introduced, as its fitted value must not overcome the 4% threshold. The selection of this value
reflects critical considerations based on the experimental evidence accumulated so far. In
addition, such value is reasonable when compared with the literature, even if the interspecies
variability must be considered (Barbera et al., 2022). In the case of Yy y, the parameter was

constrained between 0 and 0.99, as by definition it represents a yield. The resulting values are

listed in table 4.6.
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Table 4.6. Fitted model parameters values.

Parameter Value Units of measurement Definition
QN min 0.009 gngx’! Minimum nitrogen quota
ky_y 3.067 d! Differentiation constant
PN 0.990 gngu'd! Maximum nitrogen fixation rate
Yoy 0.086 gngy’! Yield heterocyst — vegetative cells
Hey 1.015 d! Vegetative cells maintenance energy

From a graphical perspective, the fitting quality obtained through such fitted parameters, is

captured in figure 4.5.
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Figure 4.5. Parity plots for simulated and experimental data.

4.3.2 Model validation and Qy .4, Sensitivity analysis

While developing a predictive model, once the unknown parameters are fitted, it is important
to investigate their goodness. This is usually done through a validation procedure, aimed at
assessing the model quality on different datasets with respect to the ones previously
implemented in the fitting routine. For this purpose, experimental data for the species behavior
at 350 pmol m? s ! with respect to different residence times was taken into account. At a

computational level, this is achieved by running the simulation with all the parameters already
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fixed, and by just solving simultaneously the model equations in section §3.3. Even if the
CSTR configuration used as reference suggests a set of nonlinear algebraic equations, its
conventional resolution with fsolve function in MATLAB® lead to some numerical issues.
Therefore, such system was solved dynamically using ode23s function, and the corresponding
steady-state solutions at different residence times selected.

It has to be acknowledged that the entire fitting process in section §4.3.7/ was carried out by
using a value equal to 0.1 gn gx' for the maximum nitrogen quota. As for Qy min, this value
has to be considered as an initial guess, empirically derived from the experimental evidence.
Moreover, its irrelevance with respect to the retrieved fitted parameters array through has been
ascertained. The identification of the most accurate value for such term was performed by
means of a sensitivity analysis embedded into the material balances resolution routine. The
parameter was allowed to range between 0.08 and 0.12 gn gx'!, and used for the model
resolution. Then, the identification of the most suitable value for Qnmax Was done by

comparing the resulting correlation coefficients, evaluated for each dataset separately.

Table 4.7. Derived correlation coefficients for each dataset as sensitivity analysis results for Qn max-

Light intensity Qnmax value [gngy’]
[pmol m* s "] 0.08 0.09 0.10 0.11 0.12
190 0.9776 0.9757 0.9702 0.9642 0.9567
350 0.8965 0.8990 0.9021 0.9054 0.9087
550 0.9515 0.9540 0.9569 0.9598 0.9625
Average 0.9419 0.9426 0.9430 0.9431 0.9426

The reported averages, evaluated as the means of all the datasets correlation coefficients at a
specific QN max value, shows 0.11 gn gx™! as the suitable value in order to provide the most
reliable model with respect to the experimental data collected.

In the end, according to the set of fitted parameters in section §4.3./ and the resulted value for
Qn,max» the model extrapolates the behavior of vegetative cells, heterocysts, and nitrogen quota

with respect to different simulated residence times. In the following figures such trends are
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reported for each assessed light intensity, also compared with the data collected out of the

experimental campaigns.
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Figure 4.6. Computational results for Anabaena PCC 7122 at 190 umol m~ s .

1k
T. 08t
-
R
c
Qo
=
O osf
=]
=
o
o
c
0
(8] 4
© g4t — Simulated trends
E ® Experimental vegetative cells
¢ Experimental heterocysts
02
0 1 2 3 4 5 6 7 8 9 10
Residence time [d]
P
18}
161

Cells concentration [g L™]

—— Simulated trends
% Experimental vegetative cells
¢ Experimental heterocysts

0 1 2 3 4 5 6 7 8 9 10

Residence time [d]

Nitrogen quota [gy 8% ']

0.5

0.45

0.4

035

0.3

0.25

0.2

0.15 |

0.05 |

—— Simulated trend
4 Experimental nitrogen quota

Residence time [d]

Figure 4.7. Computational results for Anabaena PCC 7122 at 350 umol m? s .,



72 Chapter 4

251 05 -
Simulated trend
4 Experimental nitrogen quota
. 0.45
//'/’
L
? e 04
= e 0.35
T b
= 128
B0 451 = 03l
c
S =
© E £ oz
b=} 8=
&
c 1 / g o2
8 T a0
an I — Simulated trends =
8 ®  Experimental vegetative cells Z 015
/ ¢ Experimental heterocysts
os5F 01} = E——
| e e oo
‘ e R i -
| T oosf 37 3
V/ E ¢
|
o , . . . . ) o . . . . . . )
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Residence time [d] Residence time [d]

Figure 4.8. Computational results for Anabaena PCC 7122 at 550 umol m? s .

From a qualitative perspective, for each plotted independent variable is possible to perceive an
asymptotical trend: starting from a general increase at low residence times, while at higher
values no further variations are expected. This outcome may be due to the intrinsic nature of
the culture system, which tends to be progressively more similar to a batch operation as t
increases. Therefore, under the latter mentioned conditions, a reduction of fresh medium
supply becomes more evident, and in turn this negatively affect the availability of nutrients
required for metabolism and, ultimately, for biomass growth.

Specifically for the vegetative cells concentration, this behavior can be explained by the initial
rapid increase in nitrogen quota, allowing a biomass build up at a faster rate. Then, the
stabilization of the embedded limiting nutrient at higher residence times induces a progressive
slowdown. At this point, due to upper bound provided by Qy max, limiting the total nutrient
expendable for biomass growth, and the maintenance contribution, no longer variations with
respect any residence time value are expected.

Similarly, the discussion can be extended to heterocystous cells: an initial rapid accumulation
of heterocysts can be pointed out, according to the variation in nitrogen quota, and then a
stabilization for higher residence times occurs, due to a reduced need for nitrogen fixation.

From a biological perspective, since vegetative cells tends to stabilize, the only reason to fix
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molecular dinitrogen may be only for maintenance purposes, and so an accumulation of such
differentiated cells is not further needed.

Moreover, it is important to highlight the different shapes of the same asymptotical trends
described so far for vegetative and heterocystous cells. This represents a great achievement
with respect to the earlier stages of the model development, where the two simulated trends
were almost identical and thus preventing a satisfying fitting for heterocysts experimental data.
For this specific issue, the introduction of a differentiation constant ky,_,; directly dependent
on the variations in nitrogen quota represents the turning point of the entire modelling process,
as reported in the work of Grover et al., 2019.

It is also necessary to make some considerations regarding the values for the model parameters
in tables 4.6 and 4.7, specifically derived through the computational approach presented
earlier. Starting from Qy max» the 0.11 gn gx™! obtained does not only meet the numerical aspect
of the problem, but it also accommodates the biological level. In general terms, the assessment
of model parameters values also from the latter perspective covers an important role in the
overall development, since it is important to remember the practical application to which such
model is aimed at. Indeed, for the specific case of the maximum nitrogen quota, the
corresponding value satisfies both levels, as it provides a good quality of the overall simulation,
if compared to the collected experimental data, as well as a reasonable value with respect to
the experimental evidence in this regard, as supported by the literature. As a matter of
reference, the study conducted by (Barbera et al., 2022), highlights reasonable nitrogen quota
values within the interval 8-16%, making the computational derived parameter completely
aligned. Moving then the discussion towards the other parameters, the comparison is drawn
with respect to the work of (Grover et al., 2019), since the development of this model is based
on the framework provided by that study. Values in hand, it is possible to state the significant
difference between the two sets of parameters values. However, it is important also to
contextualize the situation, explaining how such set was derived in the reference work. As
explained in the paper, and stated at the beginning of Chapter 3, the model was generated to
theoretically simulate population and nutrient dynamics for nitrogen-fixing cyanobacteria.
About that, the theoretical frame in which that model fits precludes the possibility of working
with actual experimental data for actual species, implying in response the necessity of applying

other strategies for the derivation of such parameters. According to this rationale, such
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derivation process was conducted with a numerical-oriented approach, by namely using one-
at-a-time sensitivity analysis, in which each parameter was varied in turn with the others fixed
(Grover et al., 2019).In the end, the final values selection was done aiming at producing as
realistic as possible behaviors: as a matter of example, the differentiation rate constant ky_ 4
was adjusted to produce a realistic proportion of heterocyst biomass of approximately 10%,
and the bounds for nitrogen quota, namely Qy ymax and Qp min, for a realistic C:N ratio around
6 (Grover et al., 2019) . In light of this, it is reasonable to have fitted model parameters not
aligned with the ones provided in the reference work, resulting from the different rationale
applied.

Despite this, the model thus developed provides a reasonable explanation for the biological
behavior of such species, also according to the experimental evidence. Obviously, its strength
lies in the simultaneous potential implementation for other microalgal species. In line with this
rationale, the model was also adopted for modelling the behavior of another nitrogen-fixing
cyanobacterium, namely Nostoc PCC 7120, using experimental data collected during this

master thesis work.
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Experimental and computational results for
Nostoc PCC 7120 species

Nostoc PCC 7120 represents the reference species of this master thesis. Its behavior was
assessed both at experimental level and at computational level, by the implementation of the
predictive model described in §Chapter 3. Indeed, this chapter is aimed at presenting the
obtained results regarding both investigated aspects. The experimental data acquired during
this work are presented along with the ones previously gathered in Vedana (2022). The
discussion offered in this chapter can be articulated in three different sections, according to the
selected operating variable for assessing biomass growth.

The first one focuses on the effect of residence time. This section is computationally oriented,
as such dataset is used for model validation purposes. The aim is to check whether the model
validated for Anabaena PCC 7122 can be extended also for other filamentous heterocystic
nitrogen-fixing cyanobacteria.

Then, the focus is moved on to the experimental campaigns, aimed at assessing the effects of
operating variables on cyanobacterial continuous cultivation systems; more specifically, the
discussion is firstly directed towards the effect of light intensity, and ultimately towards the

one related to nitrogen availability in medium.

5.1 Effect of residence time
With the same rationale applied for Anabaena PCC 7122 in previous chapter, the predictive
model so far developed is applied also for Nostoc PCC 7120 species, according to the

experimental data collected at different residence times (Vedana, 2022).
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5.1.1 Experimental data overview

The experimental data assessing Nostoc PCC 7120 were collected in continuous 200 mL flat
panel photobioreactors. Different residence times were evaluated by adjusting the proper
flowrate through the reactor, thus obtaining the experimental values of 0.8, 1.1, 2.2, and 3.7
days.

Similarly to what stated in section §2.2. 1, all the operating parameters except for the residence
time, were fixed: temperature was maintained at 24 °C in a thermostatic incubator, pH set
between 7.5 and 8 with the auxiliary of the pH buffering system provided by the air enriched
in COz (5% v/v) bubbling combined with NaHCOj3 in culture medium, and a light intensity of

550 pmol m™ s "' was continuously furnished with a PAR lamp.

Table 5.1. Experimental results for Nostoc PCC 7120 in response to different residence
times at 550 umol m? s ' (Vedana, 2022).

Vegetative cells Heterocystous cells Nitrogen quota
Residence concentration concentration in biomass
time [d] [gv L] [gu L] [gn gx']
Mean Std. dev Mean Std. dev Mean Std. dev
0.8 0.416 0.068 0.147 0.020 0.094 0.001
1.1 0.796 0.108 0.262 0.086 0.093 0.004
2.2 1.319 0.300 0.235 0.080 0.080 0.008
3.7 1.539 0.049 0.292 0.009 0.094 0.000

5.1.2 Model fitting results

As the model applied for such species is the same used for Anabaena PCC 7122, the assessment
of the correlated model parameters values remain the first issue to tackle. Depending on their
typology and nature, either experimentally or computationally driven, the evaluation
procedures followed are the same explained along §Chapter 4. Moreover, concerning the
experimentally derived ones, most of the parameters were retrieved in a previous work
(Vedana, 2022), while u,,4, and k, values were assessed in this master thesis. In table 5.2 all

the resulting values are listed.
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Table 5.2. Model parameters for Nostoc PCC 7120 species.

Experimentally derived model parameters

Parameter Value Units of measurement Definition
Tope 376.60 pumol m? ™! Optimum light intensity
K, 93.95 pmol m2 s ! Modified-Haldane model half saturation constant
Ky 0.0029 en Lt Monod model half saturation constant
Wmax 5.176 d! Maximum specific biomass growth rate
ki, 123.36 d! Volumetric mass transfer coefficient
k, 0.110 m?g! Biomass light absorption coefficient

Fitted model parameters

Parameter Value Units of measurement Definition
QN min 0.0321 uN gx'l Minimum nitrogen quota
ky_ny 4.7166 d! Differentiation constant
PN 9.9978 engn'd! Maximum nitrogen fixation rate
Yoy 0.9896 gugy’! Yield heterocyst — vegetative cells
Hey 0.8270 d! Vegetative cells maintenance energy

Final Qy ,,,q, value

Parameter value Overall dataset R? coefficient

0.095 0.9606

According to the parameters thus retrieved, the model is capable of providing microalgal
culture outcomes with respect to residence time values. In graphical terms, this leads to the

following trends for vegetative cells and heterocysts concentration, as well as nitrogen quota.
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Figure 5.1. Simulated behavior of Nostoc PCC 7120 cellular concentration (a) and nitrogen quota (b) with

Residence time [d]

respect to the residence time.

In addition, in order to graphically capture the correlation coefficient reported in table 5.2,

aimed at showing the overall fitting quality provided by the model thus developed, reference

can be made to figure 5.2.
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From the trends thus obtained, it is possible to state that Nostoc sp., compared to Anabaena sp.
(presented in §Chapter4), responds in similar way with respect to the assessed operating
parameter in continuous cultivation at fixed light intensity of 550 umol m? s ! (Figure 5.1a).
But it is also possible to point out a peculiar difference concerning the way in which the two
species acquire nitrogen from the outer environment (Figure 5.1b). Even if the computational
approach provided a slightly higher value for Anabaena PCC 7122 maximum nitrogen quota,
namely 0.11 gn gx™ as compared to the 0.095 gn gx! value retrieved for Nostoc PCC 7120,
the latter is capable of performing nitrogen-fixation more efficiently. Indeed, it can be
highlighted when comparing the maximum nitrogen fixation rate, reaching almost 10 gn gn™!
d! for Nostoc PCC 7120, almost 10 times greater than the 0.99 gn gu™' d”! derived for Anabaena
PCC 7122. Such result is in accordance with the experimental evidence reported in several
studies (Do Nascimento et al., 2015; Trentin et al., 2023).

Consequently, this metabolic feature is reflected in vegetative cell and heterocysts
concentration at different residence times: as nitrogen is acquired more rapidly in Nostoc PCC
7120 at lower operating parameter values, it is possible to perceive an increase in biomass
concentration, as sum of vegetative cells and heterocysts. These considerations can also be
achieved by comparing simulated species productivities with respect to the residence time, as
reported in figure 5.3. From a theoretical perspective, biomass productivity is evaluated
through equation (5.1).

C
Pelgx L7t d™]= = (5.1)
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Figure 5.3. Simulated biomass productivities for both cyanobacterial species.

In general terms, a similar trend can be pointed out for both species, with the presence of a
peak in productivity corresponding to a residence time value approximately equal to 1. More
specifically, Nostoc PCC 7120 achieves a maximal productivity equal to 0.94 gx L' d'
contrarily to Anabaena PCC 7122 with 0.88 gx L' d”!, thus implying higher performance for
the first cyanobacterium with respect to the second, if exploiting lower residence times for
their continuous cultivation. On the other hand, moving at higher t values Anabaena prevails,
with a slightly higher productivity. Nevertheless, in this region productivities are generally
lower, and so this may not be relevant for a potential industrial application. Despite that, the
differences in the computationally derived productivity values for the two species under study
just presented are quite minimal. The reason has to be found in a deeper understanding of the
nitrogen fixation process; as already discussed in §Chapter 1, since this metabolic process is
strictly correlated to the biomass build up, similar productivities may imply similar rates at
which both species are fixing nitrogen. This theoretical evidence can also be sustained from a
computational perspective: in figure 5.4 the two simulated rates are compared with respect to

a set of simulated residence times, thus showing similar values along the illustrated trends.
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Figure 5.4. Simulated nitrogen fixation rates for both cyanobacterial species.
From a mathematical perspective, as previously explained in §Chapter 3, the rate of such

process is derived according to equation (5.2):

QN,max - QN

pnr [gn gH_l '] = PNF,max (5.2)

Qnmax — QNn,min
where the maximum rate is corrected by the factor comprising all the nitrogen quota
constraints. In light of this, the only way to ensure this phenomenon, despite the differences
previously highlighted in the species-specific values, is to have significant differences in the
actual nitrogen quota values between the two species. More specifically, it can be concluded
that Nostoc PCC 7120 is characterized by higher amounts of stored nitrogen with respect to
Anabaena PCC 7122, which then implies a higher content of nitrogen-based compounds
embedded within the former species, favoring its subsequent industrial exploitation. From a
mathematical perspective, this peculiarity can also be highlighted by comparing the
corresponding nitrogen productivities for the two different species, which has to be intended

as the actual amount of fixed nitrogen in biomass. Its evaluation follows equation (5.3).

Py [mgy L d_l] = Py -Qy (5.3)
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Figure 5.4: Simulated nitrogen productivities for both cyanobacterial species.

As clearly shown in figure 5.4, at T approximately equal to 1 is possible to point out a higher
productivity in Nostoc sp. than in Anabaena sp., noticing that higher values for such variable
corresponds to higher internal nitrogen quota values. This result is also supported by the

experimental evidence in Trentin et al. (2023).

5.2 Effect of light intensity

As already discussed in section §7.5.1.2, light is a crucial operating variable for assessing algae
cultivation performances, in view of an adequate production on a larger scale. According to
this, the effect of light intensity was assessed on continuous cultivation of Nostoc PCC 7120,
both in terms of biomass production performances and embedded valuable compounds. From
an operative perspective, the study was conducted assessing different values of light intensity,
namely 100, 300, 400 and 1000 pmol m™ s™!, with the addition of an intermediate condition at
550 umol m™ s! taken from Vedana, 2022 in order to enlarge as much as possible the dataset
dimension on which to base the discussion. Moreover, since continuous culture systems were
implemented, a residence time equal to 1 day was fixed for all the tested conditions. This
section focuses on getting more information about the behavior of the studied species, to also

support the predictive model validation.
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5.2.1 Biomass production

With respect to harvested biomass, the resulting trend at different tested light intensities is

presented in figure 5.5.
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Figure 5.5. Nostoc PCC 7120 experimental behavior with respect to different incident light intensities. Means

that do not share a letter are significantly different.

The illustrated overall biomass trend can be divided into two parts. The first one, within the
range 100-300 umol m? s, shows a linear profile, where increasing biomass concentration
can be favored by higher light intensity. Above 300 pmol m™ s™!, the increase in biomass tends
to slow down, reaching a plateau at 1.07 + 0.08 g L™! between 600 and 1000 pmol m2 s, From
a biological perspective, this may be due to photosaturation, namely a condition in which
photosynthesis is not further stimulated, as the amount of photons provided is such that it
saturates all antenna systems (Béchet et al., 2013). Although higher light intensities have not
been investigated, it is possible to hypothesize a potential reduction in overall biomass
production in those conditions, due to photoinhibition conditions arising as a result of cellular
photodamaging (Razzak et al., 2013). The results so far presented are in accordance with
evidence in literature, aimed at assessing the effect of light intensity on continuous microalgal
cultivation. As a matter of example, it is possible to mention the works by Sforza et al. (2014)
on Scenedesmus obliquus 276.7, a green microalga, and the one by Borella (2017), conducted

on cyanobacterium Anabaena PCC 7122.
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In addition, figure 5.5 also reports the trends of both vegetative cells and heterocysts at the
different light intensities. For vegetative cells, the trend is almost equal to the one just
discussed. Indeed, as vegetative cells in heterocystous cyanobacteria represents photosynthetic
sites, this typology is more susceptible to changes in incident light conditions. On the contrary,
heterocysts seems not to be as affected by light intensity as vegetative cells, due to their rapid

stabilization at 0.23 = 0.07 gu L™ in concentration, starting from 300 pmol m2 s

Table 5.3. Experimental results for Nostoc PCC 7120 in response to different light intensities. Means that do
not share a letter are significantly different. The condition marked with an asterisk refers to the work of

Vedana, 2022.

Biomass Vegetative cells Heterocysts
Productivity
concentration concentration concentration
Tested  Light intensity [gx L1 d]
[gx L] [gv L] [gu L]
condition [umol m?2s ]
Std. Std. Std. Std.
Mean Mean Mean Mean
dev dev dev dev
7 100 0.288¢ 0.017 0.209° 0.039 0.079 0.022 0.270"' 0.016
8 300 0.718% 0.104 0.524F 0.172 0.194% 0.067 0.661° 0.096
9 400 0.813% 0.057 0.615FF 0.120 0.197% 0.063 0.745" 0.053
4% 550 1.0584 0.022 0.796F 0.108 0.262H 0.086 0.991% 0.020
10 1000 1.088% 0.124 0.826F 0244 02629 0.120 0.992¥ 0.113

Along with production, biomass productivity also represents in general a performance
indicator to be studied while modulating the operating parameters, and the resulting values are
grouped in table 5.3. Moreover, as all the experiments were conducted exploiting the same
residence time, the resulting trend is similar to the one illustrated in previous section
concerning biomass concentration, with a maximum in productivity around 0.99 gx L' d'!
between 550 and 1000 umol m™ s™!. This suggests that productivity can also be negatively
affected while moving to higher light intensities, again due to photosaturation and subsequently
photo inhibition phenomena arising. These considerations are also sustained by the discussion
provided by Sforza et al. (2014), where an identical response of Scenedesmus obliquus 276.7
productivity over incident light intensities was pointed out. In addition, from an operational
perspective, it must be remembered that the light intensity does not only impact culture

performances, but also the whole process economics; as it increases, also the related operative
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costs tend inevitably to arise, compromising the overall feasibility of the latter. Consequently,
preferring intermediate values of such parameter can be successful for the overall process
outcomes.

Obviously, the light intensity response can also be described from a biological perspective,
namely by assessing cyanobacterial photosynthetic performances with respect to the operating
parameter under study. This can be done by looking at potential variations in pigments and
phycobiliproteins content, remembering that the identification of optimal growth conditions
does not only depend on the obtained biomass concentration, but also on the optimization of

valuable compounds production.

5.2.3 Valuable compounds production

Starting from the analysis on overall pigments content in figure 5.6, the results collected show
a quite steady value within the interval 100-550 pmol m? s!, while a general decrease at higher
light intensities, such as 1000 pmol m™ s™!. The reason behind this trend is probably due to the
incipient photo inhibition condition at the highest tested light intensity. Indeed, as light
becomes more available, an increased concentration of pigments results not to be necessary,

due to the ease in photons collection (Alves De Oliveira et al., 2014).
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Figure 5.6. Nostoc PCC 7120 experimental pigments content with respect to assessed light intensities. Means

that do not share a letter are significantly different.

Although this result can be considered sufficient to confirm a reduced photosynthetic activity

at stronger enlightenment conditions, another important aspect that has to be considered for
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such purpose is represented by the relative variation in chlorophyll a and carotenoids content

within biomass (chl a/car), presented in figure 5.7.
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Figure 5.7. Nostoc PCC 7120 experimental chla/car ratio with respect to assessed light intensities. Means that

do not share a letter are significantly different.

From the plot it is possible to perceive a progressive decrease in chl a/car ratio as the incident
light intensity used for cultivation is increased. Indeed, Nostoc PCC 7120, as other
photosynthetic organisms, responds to an overlight stress condition by rapidly decreasing the
chlorophyll a content to reduce its capability of collecting photons, while keeping almost
unchanged the carotenoids content. Specifically for the latter pigment typology, the
degradative response with respect to the assessed light intensity seems to be less marked, which
do not only serve for the photons collection process, but also act as a protective defense through

their antioxidant activity (Alves De Oliveira et al., 2014; Riethman et al., 1988).
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Table 5.4. Nostoc PCC 7120 pigments content with respect to light intensities. Means that do not share a letter

are significantly different. The condition marked with an asterisk refers to the work of Vedana, 2022.

Chlorophyll a Carotenoids Total Chla/Car
content content content ratio
Tested  Light intensity . . .
" [mg gx~'] [mg gx~'] [mg gx~'] [1]
condition [pmol m?s -]
Std. Std. Std. Std.
Mean Mean Mean Mean

dev dev dev dev
7 100 15.04 3.7 2.3¢P 0.6 17.3F6 3.7 6.61 0.1
8 300 15.94 2.0 3.5E 04 19.4F 2.1 46! 0.3
9 400 13.14B 2.0 2.7¢P 0.3 15.8F 2.0 471 0.3
4% 550 1524 0.9 3.3DE 0.3 18.6F 0.9 4.6! 0.2
10 1000 9.68 0.8 2.7¢ 0.2 12.36 0.9 3.57 0.2

Similarly to what stated for pigments content, phycobiliproteins responds in a completely
analogous way with respect to a change in light intensity conditions. Indeed, as illustrated in

figure 5.8 an overall decrease can be observed at 1000 pmol m™ s™!

, as a biological adaptation
in order to prevent absorption of radiation in excess (Alves De Oliveira et al., 2014). In addition
to this, the interesting aspect of such behavior is related to the relative variations occurring
among these different typologies of proteins, specifically for phycocyanin and
allophycocyanin, in the various tested conditions. In fact, while the allophycocyanin content
seems not to be influenced by the incident light intensity, a sudden reduction in phycocyanin

content occurs at 1000 pmol m2 s!.
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Figure 5.8. Nostoc PCC 7120 experimental phycobiliproteins content with respect to assessed light intensities.

Means that do not share a letter are significantly different.

The explanation may be linked to the phycobilisomes structure itself, in which allophycocyanin
represents the internal framework, while phycocyanin the external elongations (Assungao et
al., 2022): as the latter is primarily involved in photons collection, its dismantle allows biomass
to survive also under these unfavorable conditions. For this reason, having a constant
allophycocyanin content in biomass implies a constant amount of phycobilisomes, relegating

the light intensity effect only to their internal composition.

Table 5.5. Nostoc PCC 7120 phycobiliproteins content with respect to light intensities. Means that do not share

a letter are significantly different. The condition marked with an asterisk refers to the work of Vedana, 2022.

Phycocyanin Allophycocyanin ~ Phycoerythrin Total
Tested Light intensity content content content content
condition [umol m2s '] [mg gx'] [mg gx'] [mg gx'] [mg gx'|

Mean Std.dev Mean Std.devn Mean Std.devn Mean Std. dev

7 100 95.74 4.5 34.2F 2.1 136 0.0 131.21 5.0
8 300 78.08 5.0 353F 4.0 0.1¢ 0.0 113.4’ 6.4
9 400 54.4¢ 6.8 24.0FF 7.1 0.06 0.0 78.5% 9.8
4% 550 89.94B 7.8 37.3F 4.8 6.7" 0.0 134.0" 9.1
10 1000 38.4P 9.9 18.8F 5.4 0.06 0.0 57.1% 11.3

To conclude, based on the considerations provided so far with respect to both biomass and

corresponding internal compounds production, an intermediate light intensity equal to 550
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pumol m? s may be considered suitable for a performing cultivation of such cyanobacterial
species, as formerly demonstrated in other studies conducted on the same species (Loreto et

al., 2003).

5.3 Effect of nitrogen source and availability

Since nitrogen represents an important macronutrient to ensure biomass growth, second in
content only to carbon, the assessment of species behavior with respect to its availability
represents a very interesting aspect to face while investigating optimal growth conditions. This
is especially relevant for the cultivation of nitrogen-fixing microorganisms, which can grow
by consuming molecular dinitrogen or reactive forms of nitrogen, as nitrate or ammonium.
From the process perspective, it is important to investigate if the nitrogen source has an effect
and which is the microorganism kinetic based on such nutrient. A detailed explanation
concerning the operational setup adopted is described in section §2.2.1.2.

The results can be discussed on several levels: the resulted behavior may not be only analyzed
with respect to the harvested biomass concentration, but the discussion can be deepened
moving to potential variations in the internal production of valuable compounds that can be

potentially extracted and used for various purposes, as presented in §Chapter 1.

5.3.1 Biomass production
The experimental results collected according to such rationale are presented in figure 5.9. More
in detail, along with the overall biomass concentration, the trends are articulated with respect

to both vegetative and heterocystous cells.
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Figure 5.9. Nostoc PCC 7120 cells experimental behavior with respect to the nitrogen concentration available
within the culture medium under diazotrophic (a) and non-diazotrophic (b) conditions. Means that do not share

a letter are significantly different. Lines are just eye guides.

The biomass concentration with respect to the availability of nitrogen in solution can be
described in accordance with the classical trend provided by Monod kinetics (Monod, 1942).
Starting from the lower tested nitrogen concentration, approximately 5.3 mg LI, a limiting
condition arises, which compromises species performances and thus the derived harvested
concentration. Such experimental evidence is also in line with what stated in the work of
Barbera et al. (2022), in which a 33% reduction in Auxenochlorella protothecoides 33.80
biomass concentration was observed when the inlet nitrogen concentration decreased from 117
mg L' to 40 mg L. The progressive increase in nutrient concentration allows then to provide,
at least at the beginning, an asymptotical response: indeed, till an available nitrogen
concentration of 133 mg L™, it is possible to continuously produce biomass characterized, on
average, by a concentration of 1.04 + 0.13 g L''. Obviously, this aspect opens the door to
considerations regarding process sustainability, aimed at assessing which would be the most
convenient operative condition, also in optics of a larger scale production. About that, the
exploitation of the cyanobacterium nitrogen fixation process may be considered as the most
suitable, thanks to the lack of additional reactive nitrogen source needed within the medium,

which can lead to reduced process capital costs without compromising harvested biomass
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concentration. Along with the increase in costs, it is important to point out another potential
disadvantage related to a further increase in available nitrogen. Indeed, instead of making the
environment favorable for microorganisms growth, higher concentrations can provide an
inhibiting effect, which in turn can reduce the obtained biomass concentration. Recalling the
beginning of the paragraph, accounting for the latter effect can be mathematically done by a
modified Monod model, provided by Andrews and Noack (Andrews, 1968). Moreover, the
theory is also sustained by experimental evidence in this regard: indeed, for Nodularia sp.
strains, a mineral nitrogen concentration approximately equal to 350 mg L' resulted to be
sufficient to trigger a considerable growth inhibition phenomenon (Sanz-Alférez & del Campo,
1994).

Considering the peculiar cyanobacterial cells differentiation process, the experimental trends
for vegetative cells and heterocysts can be discussed. Without dwelling too much on the first,
as their behavior resembles the overall biomass trend, some interesting considerations can be
depicted instead for heterocysts. The dependency of heterocysts with respect to nitrogen fixing
and non-nitrogen fixing conditions is well known: since their differentiation is favored under
nitrogen depletion conditions, as also reported in section §/.2, an external addition of nitrogen
reactive sources can inhibit their presence (Garcia-Pichel, 2009; K. Kumar et al., 2010).
Deepening in the discussion, this work explores such phenomenon by considering the effect of
modulations in nitrogen availability, both under nitrogen fixing conditions and not. According
to the literature, the presence of nitrogen in the form of nitrate can reduce the differentiation
process, and this inhibiting effect becoming more evident as nitrate concentration increases, as
also reported in the corresponding plot in figure 5.9. In addition, while working under nitrogen
fixing conditions, similar conclusions can be traced. Starting from the maximum allowable
nutrient concentration, namely 13.3 mg L' due to equilibrium between air and liquid medium,
a maximum in heterocysts concentration should be visible. After that, a progressive reduction
should be evident, as the gaseous dinitrogen is diluted through argon. With respect to the
experimental data reported in figure 5.9, the consequent statistical analysis enters in conflicts
with the description just provided, probably due to the lack of precision characterizing the
direct method used for heterocysts count. Straddling between the experiments conducted in
nitrogen fixation and not, namely the one at 13.3 mg L! with air enriched in CO and the one

at 133 mg L' by adding NaNO; in a modified BG11, the statistics does not show any
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significant variation in heterocysts concentrations. According to the previous discussion, this
may seem counterintuitive, as the presence of an additional nitrogen reactive source should
produce a significant effect on the available heterocysts. This could be due to the supportive
phenomenon offered by the still undergoing nitrogen fixation, capable of overwhelming the
little inhibitory effect furnished by this amount of nitrate.

Considering species performance with respect to nitrogen source and availability, the behavior
of internal quota should also be discussed, starting from the experimental trend shown in figure
5.10. In this case, since the nutrient under investigation is assumed within biomass through
different metabolic paths depending on the available source, the discussion is made separately

with respect to diazotrophic and non-diazotrophic conditions.
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Figure 5.10. Nostoc PCC 7120 nitrogen quota with respect to the nitrogen concentration available within the
culture medium under diazotrophic (a) and non-diazotrophic (b) conditions. Means that do not share a letter

are significantly different. Lines are just eye guides.

By considering the experimental data collected under nitrogen fixing conditions, it is possible
to see an increase in the amount of nitrogen that can be stocked within biomass, with a
maximum obtained at condition 4*. A potential limitation in nitrogen concentration provided
with the gaseous phase, as shown in the left-hand side of the plot, lowers the allowable nitrogen
quota. Interestingly, the statistical analysis does not reveal any difference between the two

limiting conditions, showing similar biomass performances in terms of embedded nitrogen
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content. However, for the same experiments, a net variation in heterocysts concentration was
derived, with the one at 5.3 mg L™! of dissolved nitrogen characterized by a higher value with
respect to the one at 6.7 mg L', Such experimental evidence seems in contrast with the species
biological behavior since an analogous trend is expected for both variables. Therefore, this
problem can be addressed by comparing the reliability of the methods adopted for such
variables identification; as the heterocysts counting method is intrinsically affected by greater
error with respect to the one used for the nitrogen quota assessment, the latter derived trend
results to be the more reliable. Accounting for this, it is possible to assume an overestimation
for the ¢y value at 5.3 mg L', In general, this trend is also in line with the literature: about it,
it is possible to make reference to the work of Barbera et al., 2022, in which a sharp decrease
in Auxenochlorella protothecoides 33.80 internal nitrogen quota was highlighted as the result
of a nutrient limitation condition.

On the contrary, moving to the internal quota behavior under non-diazotrophic conditions, the
statistical analysis showed no significant differences between the collected data. This may be
due to the intrinsic species behavior with respect to the presence of reactive nitrogen sources
in medium: as reported in Cejudo & Paneque (1986), nitrate tends to have an inhibitory effect
on this metabolic process, since it is not necessary to acquire gaseous dinitrogen. According to
what stated so far, working under diazotrophic conditions represents a suitable option, as it is
characterized by the highest performance in terms of nitrogen acquisition, and consequentially,
of nitrogen-based valuable compounds production, as proteins.

To conclude, table 5.6 sums up all the results discussed so far.
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Table 5.6. Results for Nostoc PCC 7120 in response to different nitrogen sources and concentrations. Light
orange rows refers to diazotrophic conditions, while light blue ones to non-diazotrophic. Means that do not

share a letter are significantly different. The conditions marked with an asterisk refers to the work of Vedana,

2022.
Biomass Vegetative cells Heterocysts Nitrogen quota
Available concentration concentration concentration in biomass
Tested
nitrogen [gx L] [gv L] [gn L] [g~ gx]
condition
[mg L1 Std. Std. Std. Std.
Mean Mean Mean Mean
dev dev dev dev
6 53 0.710°  0.061 0.544F  0.099 0.166° 0.038 0.065’ 0.002
5 6.7 0.871B¢ 0.065 0.780FF 0.078 0.091H" 0.012 0.065’ 0.003
4* 13.3 1.058%8  0.022 0.796FF 0.108 0.217¢ 0.027 0.093% 0.004
3 59.7 1.075%8  0.071 0.889PF 0.111 0.186¢ 0.040 0.071% 0.004
2 133.5 1.1734  0.124 1.066° 0.166 0.1077 0.042 0.081% 0.005
1 442.2 0.932B  0.129 0.895PF 0.147 0.037" 0.018 0.071% 0.010

The identification of the most suitable working conditions comprises also the evaluation of
those providing the optimal productivity. From a practical perspective, since the experimental
residence time along all the tested conditions was set approximately equal to 1 day, derived
productivities and biomass concentration values are almost identical, and so the corresponding
graphical trends.

In light of this, maximum productivities are achieved within the interval 13.3+133.5 mg L' of
dissolved nitrogen, reaching approximately 1.04 + 0.13 g L'! d"! on average. However, it must
be remembered that within such interval nitrogen fixing and non-nitrogen fixing conditions are
exploited; thus, the preference cannot fail to go to the first one, in virtue of the capital costs
reduction derived by the lack of external nitrogen source within the cultivation medium

adopted.

5.3.3 Valuable compounds production
The effect of nitrogen source and availability have been investigated also regarding the
production of valuable compounds from Nostoc PCC 7120 biomass. More specifically, this

work focuses on the food and feed exploitation of microalgal biomass, thus analyzing internal
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production of pigments and phycobiliproteins. Notice that such discussion is divided in two
parts, based on the experimental data collected. This is aimed at observing whether a potential

correlation between nitrogen fixation process and valuable compounds production can be

found or not.

5.3.3.1 Diazotrophic conditions

The experimental results concerning pigments production with respect to the different

concentration of nitrogen available under nitrogen fixing conditions are reported in figure 5.11

and table 5.7.
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Figure 5.11. Nostoc PCC 7120 pigments content with respect to the available nitrogen concentration. Means

that do not share a letter are significantly different.

Table 5.7. Nostoc PCC 7120 pigments content with respect to the available nitrogen concentration. Means that
do not share a letter are significantly different. The conditions denoted with an asterisk refer to the work of

Vedana, 2022.

Chlorophyll a Carotenoids Total
Available
Tested content content content
nitrogen
condition s [mg gx'] [mg gx”'] [mg gx”']
[mg L]
Mean Std. dev.  Mean Std. dev Mean Std. dev
6 53 11.64 0.6 2.7¢ 0.1 14.3P 0.6
5% 6.7 13.148 2.8 3.1¢ 0.4 16.2 PE 2.9

4% 133 1528 0.9 3.3€ 0.3 18.6F 0.9
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In general terms, considering the results provided by the statistical analysis, a slight increase
in the overall pigments content can be spotted as a response to a greater nitrogen availability,
mainly due to the chlorophyll a content. In addition, the fact that a concrete nutrient limitation
condition may not have been reached with such experiments yet, does not lead to concrete
outcomes and trends, such as an expected reduction in carotenoids. This assumption is also
sustained by the fact that nitrogen limitation and starvation conditions can significantly
decrease microalgal photosynthetic activity, and so pigments production (Pancha et al., 2014).
Clearly, that conclusion was derived for microalgal species Scenedesmus sp. CCNM 1077, not
capable of performing nitrogen fixation; thus, the resulting outcomes for Nostoc PCC 7120
may differ.

Moving then to phycobiliproteins, the results are shown in figure 5.12 and table 5.8 below.
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Figure 5.12. Nostoc PCC 7120 phycobiliproteins content with respect to the available nitrogen concentration.

Means that do not share a letter are significantly different.



Experimental and computational results for Nostoc PCC 7120 species 97

Table 5.8. Nostoc PCC 7120 phycobiliproteins content with respect to the available nitrogen concentration.
Means that do not share a letter are significantly different. The conditions marked with an asterisk refer to the

work of Vedana, 2022.

Phycocyanin Allophycocyanin  Phycoerythrin Total
Available
Tested content content content content
nitrogen
condition 8 [mg gx”'] [mg gx”'] [mg gx”'] [mg gx”']
[mg L]
Mean Std.dev. Mean Std.devn Mean Std.dev Mean  Std. dev
6 53 4174 1.1 10.7P 2.0 2.67 0.1 55.0¢ 23
5* 6.7 7228 6.8 29.5F 2.0 57K 0.6 107.4M 7.1
4* 13.3 89.9¢ 7.8 37.3F 4.8 6.7% 1.0 133.6! 9.2

In this case, the statistical analysis provides a clear correlation between phycobiliproteins
content and available nitrogen concentration under nitrogen fixing conditions. Indeed, as the
latter decreases from 13.3 mg L' to 5.3 mg L', the total amount is reduced by almost 60%,
from 133.6 £ 9.2 mg gx ' to 55.0 £ 2.3 mg gx!, respectively. Deepening into this phenomenon,
the major contribution is furnished by the phycocyanin content, namely the most abundant
typology in such cyanobacterium: as the nitrogen availability diminishes, it progressively
decreases, till becoming less than half the starting value obtained in condition 4*. On the other
hand, even if condition 6 shows a clear overall reduction with respect to the others,
allophycocyanin and phycoerythrin content seem not to be significantly affected by available
nitrogen variations. From a biological perspective, this may be explained by the intrinsic
placement of the different types of phycobiliproteins within the light-harvesting system
(Assungdo et al., 2022). Indeed, as allophycocyanin represents the core of such antenna system,
the consequent dismantle to recover nitrogen in contrast to a potential limiting condition may
be more difficult than doing it with phycocyanin, namely the elongations of phycobilisomes
(Assuncao et al., 2022). This assumption is also supported by the theory according to which
under nitrogen depletion conditions phycobiliproteins can be degraded to be used as nitrogen

sources (Allen & Smith, 1969).
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5.3.3.2 Non-diazotrophic conditions

While assessing reactive nitrogen availability in the form of sodium nitrate within the culture
medium, the obtained results concerning valuable compounds production are grouped in this
section.

The results for pigments content are presented in figure 5.13 and table 5.9.
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Figure 5.13. Nostoc PCC 7120 pigments content with respect to the available nitrogen concentration (provided
in the form of NaNO3). Means that do not share a letter are significantly different.

As reported by the statistical analysis, there is no significant differences in pigments production
with respect to the amount of sodium nitrate provided within the culture medium, with an
averaged value of 16.7 + 1.2 mg gx! in terms of total pigments content in biomass. It is also
important to underline that such result is lined with the ones reported in the work of Rosales
Loaiza et al. (2016), in which the effects of different nitrate concentrations provided in culture
medium were assessed with respect to pigments production in four strains of Nosfoc and
Anabaena.

Moreover, if compared to the values obtained in the previous section §5.3.4.1, it is possible to
clearly ascertain a different trend in pigments content with respect to the availability of nitrogen
within cultivation medium. According to this, moving to an incipient limiting condition,
namely for the data collected under diazotrophic behavior, a negative effect on such
compounds can be highlighted, while larger nitrogen concentrations does not bring any

significant effect.
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Table 5.9. Nostoc PCC 7120 pigments content with respect to the available nitrogen concentration (provided
as NaNQO3). Means that do not share a letter are significantly different.

Chlorophyll a Carotenoids Total
Available
Tested content content content
nitrogen
condition & [mg gx'] [mg gx'] [mg gx']
[mg L]
Mean Std. dev Mean Std. dev Mean Std. dev
3 59.7 14.04 0.7 3.28B 0.4 17.2°€ 0.8
2 133.5 12.54 0.7 2.8B 0.1 153°€ 0.7
1 4422 14.54 1.9 298 0.5 17.4¢ 1.9

Similar conclusions can be made discussing sodium nitrate impact on phycobiliproteins

production, as presented in figure 5.14 and table 5.10.
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Figure 5.14. Nostoc PCC 7120 phycobiliproteins content with respect to the available nitrogen concentration
(provided in the form of NaNO3). Means that do not share a letter are significantly different.

Apart from a slight variation in phycoerythrin content, dropping to zero as a result of a
reduction in nitrate supply in medium, phycobiliproteins profile remains quite steady with
respect to the available nitrogen concentration, with a corresponding averaged value of 83.7 £
8.2 mg gx . Interestingly, if compared to diazotrophic conditions values reported in section
§3.3.4.1, a clear change of pace can be spotted, with a general higher production of these
compounds in the latter case, except for condition 6. Indeed, the maximum production of
phycobiliproteins can be spotted in condition 4*, with a value of 133.6 £ 9.2 mg gx''. Along

with that, such consideration can be then transposed to all the different individual
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phycobiliproteins typologies. This peculiar species characteristic was already pointed out in a
previous work, assessing specifically the production of phycocyanin in Nostoc (Lee et al.,
2017); even if the analysis was performed in bottle-type PBRs under batch operations, also in
this case a 5% increment in phycocyanin content in BG11o was obtained with respect to a
cultivation in BG11, as it can be shown in this work. To confirm this, with references to table
5.10, phycocyanin content under non-diazotrophic conditions is 58.2 £ 9.1 mg gx™! on average,

while the maximum is 89.9 + 7.8 mg gx !, as derived from diazotrophic condition 4*.

Table 5.10. Nostoc PCC 7120 phycobiliproteins content with respect to the available nitrogen concentration
(provided in the form of NaNO3). Means that do not share a letter are significantly different.

Phycocyanin Allophycocyanin  Phycoerythrin

Available Total content
Tested content content content .
nitrogen y y y [mg gx~']
condition [mg gx'] [mg gx'] [mg gx']
[mg L]
Mean Std.devn Mean Std.dev Mean Std.dev Mean Std. dev
3 59.7 4994 1.8 25.8€ 1.9 0.0P 0.1 75.7F 2.6
2 133.5 68.08 8.0 23.3€ 8.2 0.7F 0.8 92.0F 11.5
1 4422 56.8 4B 10.7 21.8€ 3.1 48F 0.6 83.3F 11.1

Again, in line with the previous discussion regarding pigments production, working under
diazotrophic conditions seems to be the best option, as it can reduce capital costs related to

nutrients purchase while optimizing valuable compounds production.

5.4 Batchwise cultivation results

As stated in section §2.2.2, Nostoc PCC 7120 behavior was also assessed under batch
conditions in a 275-L pilot reactor. This was done to check species performances in a larger
scale cultivation, with a view towards a potential process upscale. For that purpose, data
regarding overall biomass, as well as vegetative cells and heterocysts cells were collected, as

reported in figure 5.15.
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Figure 5.15. Nostoc PCC 7120 growth curves under batch conditions.

Specifically for the overall biomass concentration, the experimental trend thus reported
resembles the theoretical batch growth curve already presented in section §7.5.2. It is possible
to identify an initial lag phase (day 1-2), where biomass at 0.07 g L™! is adapting to the growth
environment, the exponential phase (day 2-12), with a rapid biomass build up, and a final
stationary-death phase (day 12-14), where the species stops growing and then undergoes a
progressive reduction in concentration. The experiment finished after 14 days, with a final
biomass concentration equal to 1.56 g L. Moreover, a maximum in overall biomass
concentration was achieved on day 12, namely at 1.71 g L', This result seems to be aligned
with the final value of biomass concentration for Nostoc PCC 7120 under batch conditions
reported in a previous master thesis work (Piazza, 2021), namely 1.80 + 0.30 g L', The data
previously presented can be then manipulated in order to retrieve two performance indicators,
specific for the assessed species in such system, namely its productivity Py and maximum

specific growth rate p,,,,. For the first one, the value can be derived through equation (5.4):

p, = Cx finat :l Cx,initial (5.4)

where the terms at the numerator refer to the initial and final biomass concentration within the

cultivation system, while the n at the denominator represents the number of assessed days.
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According to this formula, a biomass productivity equal to 106.6 mg L™ d™! was retrieved,
value in accordance with the resulted productivity coming from the work of Piazza (2021).
Concerning the maximum specific growth rate, the corresponding value can be derived through
linear interpolation of biomass logarithmic trend within the exponential phase, with 4, as
the resulting slope, with a retrieved value equal to 0.27 d™!. Also in this case, it is possible to
identify the similarity with the corresponding value reported in the work of Piazza, 2021,
namely 0.42 £ 0.14 d!.

In general terms, apart from a slight difference in terms of light intensity and available
phosphorus concentration in medium, the resemblance between the cultivation performances
reported from these two compared works becomes even more interesting if the different
adopted cultivation scales are taken into account, since the values taken as comparison were
obtained in 200 mL Quickfit® Drechsel bottles (Piazza, 2021). This allows to confirm the
possibility of implementing Nostoc PCC 7120 in larger cultivation systems, in order to
intensify biomass production, as well as consequent valuable extractable compounds.

With respect to the latter subject, also the investigation of valuable products stored in biomass
represents a relevant aspect to tackle while tracking species growth performances. In this case,
pigments and phycobiliproteins content was daily evaluated during the entire duration of the

experiment, as illustrated in the following figures and tables.
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Figure 5.16. Nostoc PCC 7120 pigments content in batch cultivation system. Means that do not share a letter

are significantly different.
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Table 5.11. Nostoc PCC 7120 pigments content in batch cultivation system. Means that do not share a letter

are significantly different.

Chlorophyll a Carotenoids Total
Time content content content
[d] [mg gx'] [mg gx'] [mg gx]
Mean Std. dev Mean Std. dev Mean Std. dev

1 4.47 0.5 0.1F 0.2 4.6 0.7
2 7.38 1.0 0.1F 0.1 747 1.0
5 10.3€P 0.3 3.06H 0.1 13.4 KL 0.5
6 9.6P 0.2 2.7F6 0.1 12.4KL 0.3
7 10.7¢€P 0.7 2.9FaH 0.2 13.6 KL 0.9
8 9.0 8P 0.7 2.5F 0.2 11.5K 0.9
9 9.6 P 0.2 2.7F6 0.0 12.4 Kt 0.2
12 9.1 BCP 0.1 2.7F6 0.0 11.9% 0.2
13 9.6<P 0.3 2.9FG 0.1 12.4 K- 0.4
14 11.1¢ 0.1 3.4H 0.0 144" 0.1

Specifically for the overall pigments content in biomass, the initial increase in biomass
provides a subsequent increment, which then tends to settle around 12.7 + 1.0 mg gx' on
average. Moving then to the specific pigments typologies, namely chlorophyll a and
carotenoids, similar trends can be highlighted, with an asymptote respectively at 9.9 £ 0.7 mg
gx'and 2.9 £ 0.3 mg gx'!. In addition, a fairly constant ratio between the two can be spotted,

equal to 3.5 £0.1.

Moving then to phycobiliproteins content, the results are presented in figure 5.17 and table
5.12. The presence of a maximum in overall phycobiliproteins content in biomass can be
perceived, between day 5 and 8 approximately, at around 9% of DW. After that, in conjunction
with the last stages of a batch cultivation system, the overall content tends to progressively
decrease. From a biological perspective, this can be explained by the occurrence of
photoinhibition processes; indeed, as biomass tends to increase in concentration, the average
amount of light available to the culture tends to diminish, thus reducing the necessity of having

well developed phycobilisomes. Moreover, it is also possible to point out the peculiar trend of
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phycoerythrin content, showing a maximum in the same time slot as the one previously

discussed.
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Figure 5.17. Nostoc PCC 7120 phycobiliproteins content in batch cultivation system. Means that do not share a

letter are significantly different.

Table 5.12. Nostoc PCC 7120 phycobiliproteins content in batch cultivation system. Means that do not share a
letter are significantly different.

Phycocyanin Allophycocyanin Phycoerythrin Total
Time content content content content
[d] [mg gx] [mg gx] [mg gx'] [mg gx']
Mean Std. dev Mean Std.dev.  Mean  Std. dev Mean Std. dev
1 8.54 0.2 0.4F 0.4 1.97% 0.8 10.9M 1.1
2 16.8 8 1.2 2.9FF 2.6 437 0.5 24.0MN 43
5 44.6 <P 1.6 2641 24 11.3°F 0.4 82.40PQ 4.4
6 56.7¢ 0.1 27.6! 2.7 10.0" 0.3 94.2° 2.5
7 57.7¢ 6.6 27.8! 4.7 10.3F 0.9 95.89 12.2
8 51.0¢P 4.7 24,3 GHI 3.0 9.0t 1.0 84.27Q 8.8
9 35.1° 8.0 13.8F6 34 2.0°% 0.5 50.9NO 11.9
12 48.2¢P 1.3 17.1 6t 0.9 2.67 0.5 67.9 OPQ 2.7
13 43.7¢P 0.6 14.6 F6H 1.2 0.0% 0.0 58.30F 1.8

14 53.7¢P 10.2 19.5 GHI 5.6 0.0% 0.0 73.30PQ 15.8
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Based on what has been discussed so far, the time span between day 7 and 8 may represent the
optimal one for collecting biomass out of the cultivation equipment. Indeed, the optimal
condition should be the result of a compromise between harvested concentration and embedded
valuable compounds content, aimed at maximizing as much as possible these aspects. From a
processing point of view, being able to reach such condition does not simply provide higher
productions, but also allows to boost economic feasibility of the latter. As a matter of example,
by applying such rationale, capital and operation costs needed for downstream extraction and

purification processes would result to be lower.






Conclusions

The aim of this thesis was to deepen the discussion about filamentous heterocystic nitrogen-
fixing cyanobacteria, and more specifically about the potential exploitation of that peculiar
metabolic process for the subsequent production of valuable compounds for the food and feed
industry. Since the several advantages of a continuous CSTR configuration with respect to a
batchwise one are widely known, especially in terms of biomass productivity steadiness, the
investigation was first conducted in lab-scale (200 mL) chemostat photobioreactors. According
to the selected configuration, a residence time equal to 1 day was fixed for all the tested
conditions. In detail, the choice made allowed to assess the influence of certain operating
parameters on Nostoc PCC 7120 cultures, such enlightenment conditions, and nutrients
availability. With respect to the first aspect, the effect of light intensity provided to the culture
was investigated. Based on the derived results, an optimal light intensity value was found,
equal to 550 pmol m™s™!, as the best compromise between culture performances and embedded
valuable extractable products.

So, keeping the light intensity at the optimal value, the investigation then moved to the second
operating parameter, namely the nitrogen concentration in solution, and the reason is related
to the nitrogen fixation process performed by the cyanobacterial species under study. Since the
literature sustains that atmospheric dinitrogen should be enough for sustaining biomass growth,
the analysis was aimed at understanding the effects of its availability. First of all, under
diazotrophic conditions, by diluting the air enriched in CO; inlet stream with argon, a
progressive limitation condition was reached, with a subsequent reduction in terms of biomass
concentration and corresponding stored compounds. For the same purpose, Nostoc PCC 7120
was also cultivated in media enriched in nitrogen, which was provided in different
concentrations in form of sodium nitrate. In this case, an inhibitory effect was highlighted at
higher nitrogen concentration (442.2 mg L), providing an overall decrease in cultivation
performances. In light of this, the advantage of working under conventional diazotrophic
conditions was confirmed. From a cultivation perspective, this is due to the possibility of
reaching a maximum not only in terms of biomass concentration and productivity but also in

terms of obtainable compounds. Indeed, under an incident light intensity of 550 pmol m2s!
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combined with 13.3 mg L™! of dissolved nitrogen in medium, a biomass concentration equal to
1.058 = 0.022 g L' with an overall productivity of 0.991 + 0.020 g L' d' was obtained,
characterized at the same time by a satisfying content of internal compounds, such as pigments
and phycobiliproteins. With respect to pigments, an overall content equal to 18.6 + 0.9 mg gx
!'can be achieved, including chlorophyll a and carotenoids, respectively at 15.2 = 0.9 and 3.3
+ 0.3 mg gx''. Concerning phycobiliproteins then, a maximum content equal to 133.6 9.2 mg
gx ! was reached, mainly associated with a maximum production in phycocyanin, reaching an
internal content of around 89.9 + 7.8 mg gx™'. Besides cultivation performances, focusing on
possible future industrial application, the possibility of exploiting only atmospheric dinitrogen
seems to be advantageous from an economic point of view, as it would imply a significant
capital costs reduction related to nitrogen-based nutrient supplying.

The last part of this experimental campaign was oriented to batch cultivation, in order to derive
the main growth performance indicator of such species, namely the specific maximum growth
rate [nqy, 10 a pilot scale system. For the purpose, a 275-L tubular photobioreactor was used,
in order to assess the cyanobacterium behavior in cultivation scales more similar to the
industrial ones. The results show the species capability of optimally adapting to a different
culture environment, as for example the derived p,,4, value, namely 0.270 d!, is comparable
to the one derived in smaller scales cultivation.

To complete the discussion, a predictive mathematical model was assessed, in order to
accurately describe the behavior of such microalgal category and the corresponding continuous
cultivation outcomes. The major model peculiarity is represented by the possibility of
describing the species growth through both typologies of cells, namely vegetative cells and
heterocysts, by simultaneously characterizing the way in which nitrogen, as the limiting
nutrient, is fixed within biomass. From a mathematical perspective, this step was accomplished
by the introduction of the concept of nitrogen quota, implemented in the Droop kinetics for
describing microbial behavior. This kind of model was already known in the literature, but
only at a theoretical level, without any successful practical application. In this work, such
model has been taken up and appropriately modified to adapt it to the experimental behavior
of nitrogen-fixing cyanobacteria, as reported from previous experimental campaigns. From an
operative perspective, one of the major bottlenecks of its theoretical version regards the values

of the deriving additional model parameters: if previously these were retrieved by rough
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estimations and sensitivity analyses, now their derivation must follow another rationale, in
order to find values that match the biological behavior of the species under assessment. For the
purpose, the experimental data were used to fit such additional model unknown parameters for
two cyanobacterial species, namely Anabaena PCC 7122 and Nostoc PCC 7120. Although the
model seems to work reasonably well, a more detailed investigation would be required, aimed
at evaluating its predictive capabilities with respect to operating variables other than residence
time. In this respect, further experimental analyses would be required, either to state potential
correlations between biomass behavior and other operating variables, or to refine some of the

model parameters involved.
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