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Abstract

Microalgae are photosynthe}c organisms of great interest as they represent a promising and 
sustainable resource with a wide range of poten}al biotechnological applica}ons, such as 
nutraceu}cals, cosmeceu}cals, pharmaceu}cals, and bios}mulants. Light and nutrient 
availability are key factors in昀氀uencing the growth and produc}on of bioac}ve molecules in 
microalgae. Light quality and intensity, as well as the availability of organic carbon sources, can 
signi昀椀cantly modulate the physiology of these unicellular organisms. In par}cular, mixotrophy, a 
nutri}onal strategy that combines photosynthesis with the uptake of organic carbon compounds, 
o昀昀ers interes}ng opportuni}es to op}mize biomass produc}on and speci昀椀c high-value 
metabolites. Studying the combined e昀昀ects of light and mixotrophy is a crucial step for 
developing more e昀케cient cul}va}on strategies. 

The 昀椀rst case study, presented in Chapter 2, explored the impact of di昀昀erent cul}va}on 
condi}ons on the green microalga E琀琀lia oleoabundans on a laboratory scale. In par}cular, the 
in昀氀uences of di昀昀erent light quali}es (white and red-enriched white) and trophic modes 
(photoautotrophy and mixotrophy) on growth kine}cs and biochemical composi}on of 
microalgal biomass were inves}gated. The results showed that the combina}on of red-enriched 
white light and mixotrophic cul}va}on signi昀椀cantly promoted the accumula}on of phenolic 
compounds and polyunsaturated fa琀琀y acids (PUFAs), as well as increasing biomass yield.

The studies presented in Chapter 3 and 4, aimed to bridge the gap between laboratory-scale 
studies and industrial applica}ons, inves}ga}ng the impact of light spectrum on the growth and 
biochemical composi}on of E. oleoabundans in 70-liter photobioreactors, both in 
photoautotrophy and in mixotrophy. To overcome challenges associated with large-scale 
mixotrophic cul}va}on, a two-stage cul}va}on strategy was implemented. By ini}ally cul}va}ng 
E. oleoabundans photoautotrophically followed by a mixotrophic phase, contamina}on issues 
were mi}gated, and biomass produc}vity was enhanced. The results demonstrated that speci昀椀c 
light spectra, par}cularly those enriched in red light, can signi昀椀cantly in昀氀uence biomass 
produc}on and the accumula}on of valuable biomolecules such as proteins, carbohydrates, and 
an}oxidants. Mixotrophy can signi昀椀cantly impact the growth kine}cs and biochemical 
composi}on of the microalga, leading to increased accumula}on of valuable biomolecules. These 
昀椀ndings highlight the importance of op}mizing large-scale microalgal cul}va}on to ensure an 
e昀昀ec}ve transi}on towards industrial-scale produc}on processes. 

In the study presented in Chapter 5, the cul}va}on of E. oleoabundans was extended to 60 
days, an unusually long dura}on for this alga. This choice allowed for a thorough characteriza}on 
of biomass evolu}on and iden}昀椀ca}on of the best }me for harves}ng both biomass and 
condi}oned culture medium, which was surprisingly enriched in extracellular vesicles. The results 
showed that the early sta}onary phase is the most promising for the isola}on of extracellular 
vesicles and for obtaining biomass rich in proteins and phenolic compounds.
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To address the increasing demand for sustainable and e昀케cient agricultural prac}ces, 
microalgae-based bios}mulants have emerged as a promising alterna}ve to synthe}c chemicals. 
In Chapter 6, the poten}al of microalgae-condi}oned medium (MCM) derived from E. 
oleoabundans and Auxenochlorella protothecoides as a novel bios}mulant for strawberry plants, 
was inves}gated. Field trials demonstrated that foliar applica}on of MCM signi昀椀cantly enhanced 
plant growth, yield, and fruit quality. These 昀椀ndings highlight the poten}al of microalgae-based 
bios}mulants to promote sustainable agriculture and improve crop produc}vity.

Graphical abstract

Created with BioRender.com. Carboy and photobioreactor illustra}ons from Wood et al. 2023. 
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Lay summary

Microalgae are microscopic organisms with the poten}al to produce a wide range of valuable 
substances, such as proteins, lipids, and pigments. This research focuses on manipula}ng light, 
speci昀椀cally its intensity and spectral composi}on, to in昀氀uence the produc}on of these 
substances within microalgae. I have inves}gated how di昀昀erent light combina}ons can alter the 
growth, the morphology and the biochemical composi}on of microalgae, making them richer in 
certain compounds. This, in combina}on with the addi}on of an organic substrate (glucose). The 
experiments were conducted both on laboratory- and pilot-scale. In Chapter 5 and 6, I have also 
tested the use of the microalgal biomass or the spent medium in speci昀椀c biotechnological 
applica}ons. The results obtained open new perspec}ves for the use of microalgae in sectors 
such as health, cosme}cs, and food supplements, o昀昀ering a sustainable and innova}ve approach.
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Structure of the thesis

The present thesis is organised into chapters, each referring to a speci昀椀c research projects 
undertaken during my PhD. An ini}al introduc}on aims to provide a comprehensive 
understanding of the research conducted. 

Each chapter follows a consistent structure that includes:

▪ Aim of work
▪ Materials and Methods: detailed descrip}on of the materials used, and the 

methodologies adopted.
▪ Results: presenta}on of the collected data and the results obtained.
▪ Discussion: interpreta}on of the data, with comparison to exis}ng literature.
▪ References

The references related to the introduc}on and to each research project, are reported at the 
end of them.
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Context and signi昀椀cance of the study

In recent years, the study of microalgae has garnered signi昀椀cant a琀琀en}on due to their 
versa}le applica}ons in biotechnology. My doctoral thesis delves into this thriving 昀椀eld, focusing 
on the cul}va}on, monitoring, and characteriza}on of the green microalga E. oleoabundans. This 
research aims to provide novel insights to the scien}昀椀c community, enhancing our understanding 
of microalgae9s poten}al across various sectors. The 昀椀ndings contained in this thesis are not only 
academically enriching but also hold substan}al relevance for industries seeking to scale up 
microalgae cul}va}on. The importance of microalgae spans mul}ple 昀椀elds, where their 
applica}ons range from pharmaceu}cals to the development of new bioproducts. A par}cular 
focus of my thesis is on the applica}on of two cri}cal factors in microalgae cul}va}on: light 
(varying spectra and intensi}es) and the presence or absence of an organic substrate (glucose) 
exploi}ng mixotrophic cul}va}on mode. By elucida}ng the dynamics of microalgae growth and 
op}miza}on, this thesis contributes valuable knowledge that could drive innova}on and 
e昀케ciency in both scien}昀椀c research and industrial prac}ces.

General research objec琀椀ves

The primary objec}ves of my research are to advance the scien}昀椀c understanding of 
microalgae cul}va}on and to explore their poten}al applica}ons in various biotechnological 
昀椀elds. Speci昀椀cally, this study aims to op}mize cul}va}on techniques to enhance the produc}on 
of biomolecules by the green microalga E. oleoabundans, developing methods to ensure the most 
favourable growth condi}ons and characterizing the biochemical proper}es of the obtained 
biomass. Addi}onally, the research focuses on the biotechnological applica}on of both biomass 
and spent cul}va}on medium, that are rich in biologically ac}ve compounds or possesses 
proper}es of interest across diverse biotechnological sectors. All this while exploring di昀昀erent 
light intensi}es and spectra and u}lizing mixotrophic cul}va}on. By achieving these goals, the 
research seeks to provide valuable insights that can facilitate industrial applica}ons of microalgae 
and the development of novel bioproducts
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1.1 Microalgae: biology and metabolism

1.1.1 A Microscopic World of Biodiversity

Microalgae are eukaryo}c, unicellular, photosynthe}c microorganisms. Cyanobacteria, 
despite being photosynthe}c, are prokaryo}c and they are oven included in this group due to 
their ability to photosynthesized (Masojídek et al., 2013). Indeed, both eukaryo}c microalgae and 
cyanobacteria play a fundamental role in aqua}c ecosystems, producing oxygen, sequestering 
carbon and 昀椀xing nitrogen (Falkowski and Knoll, 2007; Paes et al., 2016). As regards eukaryo}c 
microalgae, they exhibit an extraordinary diversity of forms, ranging from the complex diatoms 
to the simpler chlorophytes (Borowitzka et al., 2016) exhibit a wide range of morphological and 
physiological adapta}ons, allowing them to thrive in di昀昀erent habitats (Borowitzka, 2018). While 
many microalgae inhabit freshwater and marine environments, others can be found in extreme 
condi}ons, such as hypersaline lakes (Anufriieva et al., 2018), deserts (Schipper and Muraikhi, 
2019), and even polar regions (Arsad et al., 2022; Lyon and Mock, 2014). Some species are free-
living, while others can form colonies or symbio}c rela}onships with other organisms, as seen in 
lichens or corals (Chan et al., 2021; Radmer, 1996). 

Es}mates suggest that there may be millions of microalgal species, far surpassing the diversity 
of higher plants. In 2024, Guiry published an ar}cle trying to answer to the ques}on <How many 
algae are there?= and upda}ng the one published eleven years earlier (Guiry, 2024, 2012). The 
results show that the Heterokontophyta phylum is the most species-rich group of microalgae. 
This phylum encompasses 23314 species, 21052 living and 2262 fossil species, and with diatoms 
being the most prevalent group (18673 species). Other signi昀椀cant microalgae groups include the 
Rhodophyceae (red algae; 7554 species, 7276 living), Chlorophyceae (green algae; 7934 species, 
6851 living) and Cyanobacteria (blue-green algae; 5723 species, 4669 living). The diversity of 
microalgae remains largely unknown and represents one of the most fascina}ng fron}ers of 
biology (Singh and Saxena, 2015). Why it is so di昀케cult to es}mate the number of microalgae 
species? Many microalgae are extremely small and share similar physical characteris}cs, making 
iden}昀椀ca}on and classi昀椀ca}on challenging (Borowitzka, 2018); they can be found in a wide range 
of environments and this vast distribu}on leads to a high degree of diversity. Many regions of 
the world, par}cularly aqua}c environments, have not been extensively studied for microalgal 
diversity and microalgae, like all living organisms, are constantly evolving, leading to the 
emergence of new species and the ex}nc}on of others (Heimann and Huerlimann, 2015). 
Nevertheless, the study and con}nuous discovery of new microalgal species is crucial for a 
deeper understanding of the ecosystems they inhabit and their contribu}on to ecosystem 
survival, as well as for gaining a be琀琀er understanding of the distribu}on and diversity of 
microalgae, enabling the development of e昀昀ec}ve conserva}on strategies and the exploita}on 
of these microorganisms for biotechnological applica}ons. New technologies, such as DNA 
barcoding, have made iden}昀椀ca}on possible or, at least, easier (Ebenezer et al., 2012; Sonmez 
et al., 2023; Zou et al., 2016). 
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1.1.2 Phylogenesis and Taxonomic Classi昀椀ca琀椀on

Despite being very simple organisms, microalgae have a complex evolu}onary history. 
Origina}ng from primary endosymbiosis of a cyanobacterium, the Archaeplas}da lineage gave 
rise to red algae, green algae and glaucophytes. Subsequently, a secondary endosymbio}c event 
involving red and green algae, led to the diversi昀椀ca}on of other algal lineages such as 
dino昀氀agellates, cryptophytes, haptophytes, diatoms, and euglenoids (Fig. 1.1) (Heimann and 
Huerlimann, 2015; Thoré et al., 2023). While photosynthesis is a de昀椀ning characteris}c of 
microalgae, it is important to note that some lineages have lost or modi昀椀ed this ability through 
evolu}onary processes. These species rely on heterotrophic or mixotrophic mode of nutri}on, 
demonstra}ng the diversity of metabolic strategies and incredible adaptability (Cecchin et al., 
2018; Heredia-Arroyo et al., 2010). The phylogene}c rela}onships among microalgae are 
complex, re昀氀ec}ng their evolu}onary history and the mul}ple endosymbio}c events that have 
shaped their diversity. Understanding these rela}onships is crucial for a comprehensive 
taxonomic classi昀椀ca}on of microalgae, which is essen}al for studying their biology, ecology, and 
poten}al applica}ons (Singh and Saxena, 2015). 

Despite the goal of stable nomenclature, the classi昀椀ca}on of microalgae is constantly evolving 
alongside scien}昀椀c advancements. New discoveries about species and their phylogene}c 
rela}onships can lead to changes in how species are de昀椀ned and grouped, necessita}ng 
reclassi昀椀ca}on and name changes. Tradi}onally, microalgal taxonomy relied heavily on limited 
morphological characters, which oven proved insu昀케cient to capture their true diversity. 
Thankfully, molecular analysis has revolu}onized the 昀椀eld by providing a wealth of new data 
beyond morphology (Cadoret et al., 2012). This deeper understanding of gene}c features allows 
for more accurate species delinea}on and clari昀椀ca}on of phylogene}c rela}onships between 
algal groups (Darienko and Pröschold, 2015; Green et al., 2023). While advancements in 
proteomics and metabolomics hold promise for further re昀椀nement, established taxonomic 
databases like AlgaeBase (h琀琀p://www.algaebase.org/; Guiry and Guiry 2024) already o昀昀er 
invaluable tools for research by providing access to both current and historical names 
(synonyms ) for speci昀椀c algal species. These resources, coupled with ongoing scien}昀椀c 
explora}on, ensure that microalgal taxonomy remains a dynamic 昀椀eld con}nually adap}ng to 
knowledge. In the present work, two green microalgae have been cul}vated and characterized, 
i.e. E琀琀lia oleoabundans and Auxenochlorella protothecoides. For this reason, the following 
sec}on is dedicated to the Chlorophyta phylum with greater detail on the two species object of 
this Thesis.

 A detailed summary of older microalgae names and the currently accepted name can be found in Borowitzka et al. 
(2016), pag. 658, Table 1
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Figure 1.1. The evolu}onary history of photosynthe}c eukaryotes, emphasizing the role of endosymbio}c events in 
the diversi昀椀ca}on of algae lineages. The diagram highlights the primary endosymbiosis of a cyanobacterium, which 
gave rise to the Archaeplas}da lineage, and subsequent secondary endosymbio}c events that led to the emergence 
of diverse algal groups such as Chromoalveolata, Excavata, and Rhizaria. The 昀椀gure also shows the evolu}onary 
rela}onships between these groups and their characteris}cs, such as the presence of primary and secondary 
plas}ds. (From: Thoré et al. 2023).

1.1.3 Chlorophyta

The lineage of Viridiplantae is a major group of oxygenic photosynthe}c eukaryotes that 
includes both green algae and land plants. Origina}ng from a common ancestor, this lineage has 
diversi昀椀ed into two primary clades: the Chlorophyta and the Streptophyta (Fig. 1.2) 
(Bierenbroodspot et al., 2024; Leliaert et al., 2012). The Chlorophyta includes the greater number 
of described species of green algae while the Streptophyta includes charophytes, a few 
freshwater algae and the land plants (Leliaert et al., 2012). Green algae primarily inhabit 
freshwater, marine and terrestrial environments, while extremophilic green algae can thrive in 
unusual condi}ons. For example, Chlamydomonas, Chloromonas and Chlorella genus are found 
in snow昀椀elds, giving colours like green and red due to their pigment composi}on (Davey et al., 
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2019). These algae are adapted to cold temperatures and can bloom in freezing waters. Green 
algae show a remarkable morphological diversity, with a variety of sizes and shapes, ranging from 
single cells to colonies and 昀椀laments (Fig. 1.3); species belonging to some genera, like 
Chlamydomonas or Chloromonas, show one or more 昀氀agella. Chlorophyta are characterized by 
dis}nct features, many of which are shared with land plants (Leliaert et al., 2012). The presence 
of chlorophyll (Chl) a and b give them their dis}nc}ve green colour, along with some accessory 
pigments like carotenoids (Car; i.e. lutein and β-carotene) and xanthophylls (i.e. astaxanthin). 
Starch (α-1.4-linked polyglucan, with α-1.6 rami昀椀ca}ons) is their primary storage product 
(Andersen, 2013). The chloroplast is the cell organelle where photosynthesis takes place and it is 
essen}ally the <powerhouse= of the algal cell, conver}ng sunlight into energy that the alga can 
use to grow and reproduce. The basic structure of chloroplasts in green microalgae is similar to 
that of higher plants. They are surrounded by a double membrane, called <envelope=, and 
contain thylakoids (Johnson, 2016). Among the Chlorophyta division, species belonging to the 
Trebouxiophyceae and Chlorophyceae class are widely used in many biotechnological 昀椀elds. For 
instance, A. protothecoides is considered as a perfect feedstock of biodiesel (Peng et al., 2020); 
Chlamydomonas sp. is widely used as model organisms for studying photosynthesis, chloroplast 
biology, cell cycle control and others (Salomé and Merchant, 2019); Haematococcus sp., 
Dunaliella sp., Chlorella sp., E琀琀lia sp., and Nannochloropsis sp., among others, are considered 
natural sources of bioac}ve compounds (Baldissero琀琀o et al., 2024; Cezare-Gomes et al., 2019; 
Chini Zi琀琀elli et al., 2023; Li et al., 2020; Zhang et al., 2019). 

For the present Thesis, studies were primarily focused on E. oleoabundans, while A. 
protothecoides was studied in compara}ve research only in Chapter 6; both algae are described 
in the following sec}ons.

Figure 1.2. Overview phylogeny of green lineage (top) and spread of green genes in other eukaryotes (bo琀琀om). 
(From Leliaert et al. 2012).
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Figure 1.3. This image collage showcases the remarkable morphological diversity found within green algae, as 
captured from micrographs obtained from the Culture Collec}on of Algae and Protozoa (CCAP, United Kingdom). 
The images reveal a stunning array of shapes, sizes, and colony arrangements among di昀昀erent species of green algae. 
From solitary, spherical cells to 昀椀lamentous colonies, this visual representa}on highlights the evolu}onary 
adapta}on that have allowed green algae to thrice in diverse environments. (A) Desmodesmus armatus (CCAP 
276/4D); (B) Dunaliella sp. (CCAP 11734); (C) Haematococcus lacustris (CCAP 34/13); (D) Pseudopediastrum 
boryanum (CCAP 291/2); (E) Raphidocelis subcapitata (CCAP 278/4); (F) S琀椀geoclonium farctum (CCAP 477/10A).

1.1.3.1 E琀琀lia oleoabundans (syn. Neochloris oleoabundans)

E琀琀lia oleoabundans (Deason et al., 1991), also known as Neochloris oleoabundans (Komárek, 
1989) is a unicellular freshwater green species that belongs to the class of Chlorophyceae (ord. 
Chlamydomonadales). This microalga was 昀椀rst isolated between 1958-1962 from the top of a 
sand dune in Rub al Khali in Saudi Arabia and referred to the genus Neochloris; only aver further 
inves}ga}ons it was re-assigned to the genus E琀琀lia, since it is uninucleate (Deason et al., 1991; 
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Komárek, 1989). E. oleoabundans is a spherical microalga typically measuring 3-6 ým in diameter 
(Fig. 1.4A, B and E), exhibits morphological plas}city in response to varying growth condi}ons, 
i.e. di昀昀erent light or trophic condi}ons (Sa昀椀 et al., 2021). Its chloroplast is usually parietal and 
cup-shaped, and embeds elongated thylakoids, grouped in three or four for the en}re length of 
the chloroplast, without grana forma}on (Giovanardi et al., 2013), and a large pyrenoid, the la琀琀er 
surrounded by a shell of starch granules (Baldissero琀琀o et al., 2014). The pyrenoid contains the 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) enzyme and it is the primary site for 
CO2 昀椀xa}on (Sa昀椀 et al., 2014). E. oleoabundans cell has a single nucleus and one or two 
mitochondria (Giovanardi et al., 2013). It reproduces asexually through zoospores or 
aplanospores (Deason et al., 1991). As men}oned above, E. oleoabundans have been isolated 
from a hyper-arid environment and, due to this, it can modulate its osmo}c balance. To do this, 
this microalga excretes salts from the cell or accumulates compa}ble solutes (Sa昀椀 et al., 2021). 
Another interes}ng strategy to counteract water loss is the forma}on of aggregates through the 
produc}on of EPS. The produc}on of EPS has been also observed in E. oleoabundans by 
numerous study (Baldissero琀琀o et al., 2024, 2023; Li et al., 2020). Freshwater or sea water media 
can be used to cul}vate E. oleoabundans, and it can grow either in mixotrophic or heterotrophic 
condi}ons (Baldissero琀琀o et al., 2016; Morales-Sánchez et al., 2013). Interes}ngly, the etymology 
of the species epithet <oleoabundans= refers to its ability to accumulate large quan}}es of lipids 
(Urreta et al., 2014). This characteris}c makes this species par}cularly interes}ng for various 
applica}ons. Ini}ally, the microalga was primarily cul}vated with the aim of producing biodiesel 
(Abu Hajar et al., 2017; Baldissero琀琀o et al., 2016; Jazzar et al., 2016; Tornabene et al., 1983). 
However, in recent years, interest has shived towards other applica}ons that aim to exploit 
secondary metabolites (Baldissero琀琀o et al., 2024, 2023; Banskota et al., 2019; Li et al., 2020; 
Morocho-Jácome et al., 2022). The ability of this microalga to be resistant and resilient under 
various growth condi}ons has also allowed its cul}va}on for wastewater treatment (Valev et al., 
2020) and in di昀昀erent media for the valorisa}on of water and industrial waste product, within a 
circular economy perspec}ve. E. oleoabundans has been successfully cul}vated in chicken 
manure (Altunoz et al., 2017), apple vinegar (Giovanardi et al., 2013), pig manure (Olguín et al., 
2015a), vinasse digestate (Olguín et al., 2015b), and pharmaceu}cal enuent (Singh et al., 2020), 
among others (Sa昀椀 et al., 2021). 

The strain used in all the studies presented in the present Thesis is E. oleoabundans UTEX 
1185 (syn. Neochloris oleoabundans UTEX 1185) and it was obtained from the Culture 
Collec}on of Algae at the University of Texas (Aus}n, TX, USA; www.utex.org).

1.1.3.2 Auxenochlorella protothecoides

A. protothecoides (Kalina, 1987), also known as Chlorella protothecoides, is a coccoid green 
microalga belonging to the class Trebouxiophyceae (ord. Chlorellales). It was 昀椀rst isolated from 
the sap of a Populus alba and is an oleaginous microalga, meaning it is capable to produces large 
quan}}es of lipids under speci昀椀c cul}va}on condi}ons, which has garnered signi昀椀cant interest 
in recent years (Arslan et al., 2021; Chen et al., 2017; Kumar et al., 2014; Ratnapuram, 2018). 
Chlorella spp. are one of the most extensively studied microalgae worldwide and were also used 

http://www.utex.org/
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as model system in early research on photosynthe}c CO2 昀椀xa}on (Bassham et al., 1950). A. 
protothecoides exhibits morphological similari}es to the well-known microalga Chlorella vulgaris, 
sharing not only the genus but also the spherical shape, reproduc}on via autospores, and the 
presence of a single chloroplast and one pyrenoid. Its size ranges from 2-10 µm and it is primarily 
found in freshwater habitats (Korozi et al., 2022) (Fig. 1.4C, D and F). A. protothecoides, and more 
generally various species belonging to the genus Chlorella, are incredibly robust microalgae 
suitable for cul}va}on under a variety of condi}ons. A. protothecoides can grow 
phototrophically, mixotrophically and heterotrophically (Chen et al., 2024; Heredia-Arroyo et al., 
2010; Markou et al., 2021). This makes it a commercially important species and it can be used for 
various applica}ons such as food source, biodiesel produc}on, and cosme}cs (Patel et al., 2018; 
Thiyagarasaiyar et al., 2020; Wells et al., 2017). Furthermore, thanks to the new technologies, 
the genome of this species has been fully sequenced (Park et al., 2022), opening up possibili}es 
for gene}c engineering.

The strain used in the study presented in Chapter 6 of the present Thesis is SAG211-8d, and it 
was obtained from the Culture Collec}on of Algae at Go琀�ngen University (Germany; 
www.sag.uni-goe琀�ngen.de).

Figure 1.4. Light and transmission electron microscope images of E. oleoabundans (A, B and E) and A. protothecoides 
(C, D and F). Bars: A-D, 10 µm; E and F, 1000 nm. 

http://www.sag.uni-goettingen.de/
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1.2 The Oxygenic Photosynthesis: a brief descrip琀椀on

Photosynthesis literally means <synthesis using light= (from the Greek words <photo-< 
meaning <light= and <synthesis=), and refers to the ability of certain organisms to capture light 
through pigments and use an electron/proton donor and CO2 to produce organic ma琀琀er (Gest, 
2005; S}rbet et al., 2020). Depending on the organism and the nature of the electron/proton 
donor (e.g., H2O, H2S, H2), two types of photosynthesis are known: oxygenic and anoxygenic 
(Junge, 2019; Kushkevych et al., 2021). Plants, algae, and some bacteria (cyanobacteria) perform 
oxygenic photosynthesis, using H2O as an electron donor, while bacteria such as green and purple 
sulphur and non-sulphur bacteria perform anoxygenic photosynthesis, using H2S or other 
compounds as electron donor (Adessi and De Philippis, 2013; Nisbet and Fowler, 2003). Referring 
only to oxygenic photosynthesis (from here onward, simply photosynthesis), it is the process by 
which photosynthe}c organisms such as plants and algae, as well as some bacteria 
(cyanobacteria), convert solar energy into chemical energy, which is essen}al in synthesis of 
biomolecules necessary for energy storage in the metabolic processes (Junge, 2019). Almost all 
life on Earth depends on this remarkable process, and it also provides food and other substances 
fundamental for our survival, thanks to the oxygen produced, which is essen}al for respira}on, 
or to the organic ma琀琀er produced, which forms the basis of the food chain (Liu, 2013; Masojídek 
et al., 2013). Photosynthesis involves Chl-type pigments and uses processes of electron transport 
driven by light (Johnson, 2016). In eukaryo}c cells, photosynthesis occurs in the chloroplasts, 
which contain an extensive system of membrane, called thylakoids, immersed in the stroma; Chls 
and other pigments, like carotenoids and phycobiliproteins, and speci昀椀c proteins are associated 
within thylakoid membranes. In higher plants, the photosynthe}c apparatus consists of strongly 
appressed thylakoid stacks called grana and plat lamellae that connect these grana stacks. The 
lumens of the thylakoids of the stroma and the grana, are con}nuous. This is necessary to ensure 
the accumula}on of the proton mo}ve force between the lumen and the stroma, that will drive 
the photosynthe}c produc}on of adenosine triphosphate (ATP) (Kirchho昀昀, 2019; Solymosi et al., 
2018). In green microalgae, thylakoids are usually elongated and grouped in two or three, 
depending on the alga (Mechela et al., 2019; Vothknecht and Westho昀昀, 2001). 

At the thylakoid membranes level, the biophysical process called light reac}ons, allow the 
synthesis of ATP and nico}namide adenine dinucleo}de phosphate (NADPH) (S}rbet et al., 2020). 
In the stroma of the chloroplast, a nonmembraneous aqueous interior part containing enzymes, 
ATP and NADPH are u}lized to assimilate the atmospheric CO2 for the synthesis of carbohydrates, 
through the Calvin-Benson cycle (dark reac琀椀ons) (Johnson, 2016; Taiz et al., 2014). The whole 
process can be divided into four dis}nct phases (Blankenship, 2002):

1. Light absorp}on and energy delivery by antenna systems
2. Primary electron transfer in reac}on centres
3. Energy stabiliza}on by secondary processes
4. Synthesis and export of stable products. 

The overall reac}on catalysed during photosynthesis is described as follows:
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6CO2 + 6H2O + light energy → C6H12O6 + 6O2
O2, ATP and NADPH are produced as result of water photolysis (S}rbet et al., 2020). The 

oxygenic photosynthesis is a process dependent by light, and pigments are fundamental for its 
capture. According to Mohr and Schopfer (1995) pigments are molecules which selec}vely 
absorb within the range 320-760 nm and are electronically excited (Pérez et al., 2006). Pigment-
protein complexes, also known as antennae or light-harves}ng complexes (LHCs), enable the 
capture of light, which is then channelled to the photochemical reac}on center (RC) of the 
photosystem I (PSI) and photosystem II (PSII) (Mirkovic et al., 2017). Chls are located in the 
chloroplast; they consist of a large aroma}c ring, the so-called porphyrin-ring or chlorin, which 
contains four pyrrole rings surrounding a central Mg ion, and a hydrocarbon tail typically a琀琀ached 
to the chlorin. The porphyrin-ring is responsible for light absorp}on. Like higher plants, green 
microalgae are characterized by the presence of Chl a, the most important pigment within the 
antenna complexes (LHCs) and the RCs of the PSs, and Chl b. These pigments have two main 
absorp}on bands: the main one near 660-665 nm (red light) and the other near 430 nm (blue 
light) (Fig. 1.5). Chl a and Chl b di昀昀er from each other only for the group bound at carbon atom 
3: in the former it is a methyl group, while the la琀琀er has a formyl group (Larkum, 2016; Mandal 
and Du琀琀a, 2020). Chl a in the RC (P700 in PSI and P680 in PSII) is the 昀椀rst electron acceptor ac}ng 
as primary donor for RC and starts the light-dependent reac}ons, thus it is the most important 
pigment for the photosynthe}c process (Johnson, 2016; Mandal and Du琀琀a, 2020). In PSI, NADPH 
is synthe}sed and is one of the main energy stores. Chl b is mostly found in PSII. Within reac}on 
centers, Chls act as both primary electron donors and acceptors in the photosynthe}c process 
but also as transporters of excita}on energy from the triplet state to photoprotec}ve carotenoids 
(Jacob-Lopes et al., 2020, chap. 1). Carotenoids consist of a single long hydrocarbon chain made 
up of eight isoprene units. Car can absorb light between 400 and 550 nm wavelengths (Fig. 1.5), 
depending upon the number of conjugated double bonds (Pérez et al., 2006). Car are found in all 
photosynthe}c organisms and, apart from their photo-protec}ve role, they also act as regulatory 
molecules (Simkin et al., 2022). Microalgal Car can be divided in primary Car (some xanthophylls 
and β-carotene), that support the photosynthe}c process, act as light collector and help 
eliminate ROS; and in secondary Car (astaxanthin, lutein, violaxanthin, antheraxanthin and 
zeaxanthin), that are accumulated in large cytoplasma}c lipid globules and block excess 
radia}on, protec}ng chlorophyll from light damage crea}ng a protec}ve layer in the cells upon 
exposure to extreme light intensi}es (Ameni et al., 2022; Liaqat et al., 2023). 
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Figure 1.5. Absorp}on range of di昀昀erent algae pigments in the photosynthe}c ac}ve radia}on (PAR) spectrum of 
visible light (From Roy et al. 2011).

Below is brie昀氀y described the oxygenic photosynthesis process (mainly light-dependent 
reac}ons). The core reac}ons of the light-dependent phase of photosynthesis occur within the 
thylakoid membranes of chloroplasts. This intricate process relies on a series of protein 
complexes, including PSII, PSI, cytochrome b6f complex (Cyt b6f), and ATP synthase (Fig. 1.6). The 
reac}on centre of PSII, along with its antenna chlorophylls, is predominantly located in the grana. 
The reac}on centre of PSI, and its associated antenna pigments, are located almost exclusively 
in the stroma}c lamellae. The PSII/PSI ra}o can vary with environmental ligh}ng condi}ons 
(Junge, 2019; S}rbet et al., 2020). Light energy is captured by pigment molecules, primarily 
chlorophyll, and transferred to the RC of PSII and PSI. Electron 昀氀ow begins by oxida}on of two 
water molecules. This process is driven by the Oxygen Evolving Complex (OEC), a protein complex 
associated with PSII and located on the inner surface of the thylakoid membrane. Four electrons 
(e-), four protons (H+), and molecular oxygen are produced by this process (oxida}on of H2O). 
Electrons are transferred to the RC of the PSII, while the four H+ are released into the lumen, 
genera}ng a proton gradient across the thylakoid membrane (Larkum, 2016). This gradient 
powers ATP synthesis through ATP synthase. PSII is a transmembrane protein complex, and at its 
core lies the RCII. RCII, besides speci昀椀c proteins, contains a pair of Chla molecules that absorb 
light at 680 nm, and for this reason is known as P680. When P680 absorbs light energy, it transfers 
an e- to a nearby pheophy}n molecule (Phaeo), the primary acceptor of RCII (Johnson, 2016; 
Larkum, 2016; Sheng et al., 2019; S}rbet et al., 2020; Taiz et al., 2014). The e- from Phaeo is now 
transferred to two plastoquinone molecule (QA and QB). Reduced cytochrome f delivers its 
electron to plastocyanin, a copper-containing protein that transports the electron to the oxidized 
P700+ in PSI (Govindjee et al., 2017). The PSI complex is a plastocyanin-ferredoxin oxidoreductase 
that primarily absorb light in the far-red region of the spectrum. It consists of RCI, LHCI, and a 
series of transporters that transfer the electron to the ferredoxin. When P700 absorbs light 
energy, it becomes excited and transfers an electron from plastocyanin to a series of electron 
carriers, including phylloquinone and FeS proteins. The 昀椀nal electron acceptor in the electron 
transport chain is ferredoxin, which then transfers the e- to NADP+ obtaining NADPH (Johnson, 
2016; Larkum, 2016). The proton gradient established across the thylakoid membrane during 
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electron transport provides the energy for ATP synthesis thanks to ATP synthase enzyme. In the 
light-independent reac}ons phase, the reduc}on of CO2 from ATP and NADPH generated in the 
light phase occurs through a set of reac}ons that integrate the Calvin-Benson-Bassham cycle 
(Johnson, 2016). 

Figure 1.6. Illustra}on of the photosynthe}c apparatus. Chl*/P680 = reac}on center chlorophyll of PS II (excited 
state); PQ = plastoquinone; Cyt = cytochrome complex; PC = plastocyanin; Chl*/P700 = reac}on center chlorophyll 
of PS I (excited state); FD = ferredoxin. (From Senge et al. 2014)

1.3 E昀昀ects of light on microalgal growth and metabolism 

Light is one of the most important factors in microalgae cul}va}on, a昀昀ec}ng the growth of 
photoautotrophic organisms. In nature, light condi}ons are highly variable and depend on 
geographical posi}on, seasonal varia}ons, water column depth, etc. All these characteris}cs 
in昀氀uence and determine the growing condi}ons of a given species, which will be adapted to a 
par}cular habitat (Maltsev et al., 2021). For large scale cul}va}on using natural light energy 
(sunlight), generally conducted in open ponds, it is important to select the right strain to 
maximise the produc}vity. In closed growth systems, such as PBRs, ar}昀椀cial ligh}ng can be 
applied. Three main sources of light are used for microalgal growth: sunlight, which has the best 
spectrum for their growth, 昀氀uorescent lamps and LEDs (Fig. 1.7). These light sources di昀昀er from 
each other in the spectrum, wavelength distribu}on, emission, and energy consump}on and cost 
(Esteves et al., 2020). LEDs have almost completely replaced 昀氀uorescent lamps for microalgal 
produc}on as they allow be琀琀er control of light and the use of di昀昀erent wavelengths.  In addi}on, 
they consume less energy than 昀氀uorescent lamps and thus reduce cul}va}on costs. 
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Figure 1.7. Light spectrum of three di昀昀erent sources of <white= light.
(From: h琀琀ps://industrialplankton.com/2021/05/15/microalgae-light-spectrum/)

1.4 Light spectrum, intensity and photoperiod

Light can drive phototrophic and mixotrophic microalgal metabolism, varying and in昀氀uencing 
growth, produc}vity, produc}on and/or accumula}on of metabolites (Ritchie and Sma-Air, 
2023). For this reason, quan}ty (light intensity and light period) and quality (wavelength, light 
sources) of light are cri}cal factors in microalgal growth and biore昀椀nery. Within the broad light 
spectrum, wavelengths visible to human eye range from approximately 390 nm (violet light) to 
780 nm (red light) (Stark, 2024) (Fig. 1.8), coinciding almost completely with the photosynthe}c 
ac}ve radia}on (PAR) range (400-700 nm) (Lehmuskero et al., 2018). PAR is de昀椀ned as 
electromagne}c radia}on over the spectral range of 400 nm to 700 nm that photosynthe}c 
organisms are able to use in the process of photosynthesis (Ashdown, 2014). In the 
photosynthe}c process, three groups of pigments par}cipate in the harvest of light: Chls, Cars 
and phycobilins. The la琀琀er are found exclusively in Rhodophyta, Glaucophyta and Cryptophyta 
(and cyanobacteria, if one would consider also prokaryo}c microalgae) and will not be further 
described as this study focuses on green microalgae, i.e. Chlorophyta. The absorp}on capacity of 
each pigment is strongly dependent on the light wavelength. Microalgae have a unique pigment 
set-up that varies between di昀昀erent organisms, so the choice of the light spectrum that best suits 
the species being grown is fundamental. The use of LEDs has also increased interest in the 
applica}on of coloured lights in microalgae cul}va}on (Baidya et al., 2021; Pagels et al., 2020; 
Yang and Weathers, 2015), with the aim of selec}ng the wavelengths to be used even more 
昀椀nely. LEDs emits monochroma}c light with highly saturated colours, useful for microalgae 
cul}va}on (Pa琀琀anaik et al., 2018). LEDs emi琀�ng white light irradiate a broader spectrum than 
coloured lights, which only emits in speci昀椀c wavelengths, allowing customised spectra for 
cul}va}on. Many studies describe the e昀昀ects of di昀昀erent wavelengths on mul}ple microalgal 
species, repor}ng results speci昀椀c to each individual cul}vated species. However, common results 
indicate that the use of red and blue lights increase the biomass produc}vity in various taxonomic 
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groups (Prates et al., 2018; Sharma et al., 2020; Shin et al., 2018; Yang and Weathers, 2015). This 
result is generally not observable with the use of green and yellow lights (Raqiba and Siba, 2019), 
with few excep}on (Baidya et al., 2021). As previously men}oned, di昀昀erent results have been 
obtained based on the species cul}vated: in green algae, the use of red LEDs light seems to 
increase fa琀琀y acid methyl ester (FAME) yield, especially oleic acid methyl esters (Kim et al., 2019); 
in C. vulgaris, an increase of eicosapentaenoic and docosahexaenoic acids (EPA and DHA, 
respec}vely) was observed during ligh}ng with yellow and green LEDs, as shown by Kim et al. 
(2019); also in C. vulgaris, Zhong and colleagues (2018) reported an increase in the produc}on of 
polyunsaturated fa琀琀y acids (PUFAs), speci昀椀cally α-linolenic acid (ALA). 

The intensity of PAR light is generally measured in photosynthe}c photon 昀氀ux density (PPFD) 
and it is measured in units of moles per square meter per second (µmol m-2 s-1) (Ashdown, 2014). 
PPFD measures the total number of photons released by a light source and the density of photons 
hi琀�ng a given surface, respec}vely. The closer the light source is to the surface, the greater the 
PPFD, the less light sca琀琀ering will be (Yamashita and Yoshimura, 2019). If the light intensity is too 
low, cell respira}on consumes the high-carbon compounds at a higher rate than what is 
produced through photosynthesis and no biomass is accumulated. On the contrary, if the light 
intensity is too high, photo-oxida}ve damage occurs due to the produc}on of reac}ve oxygen 
species (ROS) by the PSII through photoinhibi}on (Lehmuskero et al., 2018). High concentra}on 
of ROS lead to damage of cells, modi昀椀ca}on in physiological and biochemical processes (Maltsev 
et al., 2021). Microalgae grown under di昀昀erent light intensi}es show changes in biomass and 
metabolite produc}on (Virtanen et al., 2021). E. oleoabundans shows biomass produc}vity 
comparable to that of Botriococcus braunii and Scenedesmus obliquus but at a lower <light energy 
input=, making E. oleoabundans a promising biotechnological species (Krzemińska et al., 2014). 
An inverse rela}onship was found in Chl content per cell: as example, Pisal and Lele (2005) found 
that at low intensity, Chl produc}on was high in the green alga Dunaliella salina, whereas high 
intensity led to a lower produc}on of Chls.

The photoperiod indicates the light/dark regime, i.e. dura}on of ligh}ng and darkness 
(Krzemińska et al., 2014; Singh and Singh, 2015), and it is another important factor in controlling 
biomass produc}on. Like wavelengths and intensi}es, even the photoperiod varies from species 
to species, as microalgal species di昀昀er in terms of life cycles, nutri}onal, natural growth 
environment, etc. An excess of light energy, which could result from a prolonged and excessive 
light phase of the photoperiod, could cause damage to the cell (Maltsev et al., 2021). When the 
maximum rate of photosynthesis is reached, the excess light con}nues to be absorbed, leading 
to a state of satura}on of the light intended for photosynthesis, resul}ng in a decrease in 
photosynthe}c rate and microalgal growth (Nzayisenga et al., 2020). By a biotechnological point 
of view, the use of light/dark cycle can also promote a decrease in cul}va}on costs, for example 
if it is pro昀椀table to reduce the photoperiod to promote algal growth, as observed in C. vulgaris 
by A琀琀a et al. (2013). Indeed, they found that growth was maximum when using a photoperiod of 
12:12 h L:D, instead of 24:0 or 16:8 h.
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Figure 1.8. Visible spectrum of light (From Stark 2024).

1.5 Four modes of microalgae cul琀椀va琀椀on

For microalgae cul}va}on, four major modes can be adopted: photoautotrophy, 
heterotrophy, photoheterotrophy, and mixotrophy (Table 1.1). Three of them will be discussed 
in this paragraph, while a separated paragraph will be dedicated to mixotrophic cul}va}on. 

Green microalgae perform photosynthesis and are photoautotrophs, like most land-based 
plants. This means they grow 昀椀xing CO2 and absorbing water, nutrients and using light as energy 
(Simkin et al., 2022). Some species of microalgae are also capable of using organic carbon 
substrates present in the growth medium as carbon and energy sources, they therefore do not 
need light for energy and can be cul}vated heterotrophically (Perez-Garcia et al., 2011). 
Heterotrophy is an aerobic growth mode where assimila}on of organic substrates produces 
energy through oxida}ve phosphoryla}on. Mixotrophy is a growth process where microalgae 
simultaneously use inorganic CO2 and organic carbon sources in the presence of light (Girard et 
al., 2014). In these microalgae, photoautotrophy and heterotrophy occur at the same }me. 
Mixotrophy allows microalgae to perform both photosynthesis and respira}on of supplied 
organic carbon (Baldissero琀琀o et al., 2021). Several species are able to switch between 
photoautotrophy and heterotrophy, but it does not mean they are mixotrophic organisms (Wang 
et al., 2014). Photoautotrophy is the most employed cul}va}on mode, generally carried out in 
open ponds or photobioreactors (PBRs). This strategy, par}cularly when implemented for 
outdoor open pond cul}va}on systems, allows for the u}liza}on of sunlight thus enabling energy 
savings. However, the microalgae9s total dependence on light does not permit to achieve high 
yield of biomass, as light penetra}on is inversely propor}onal to cell density (self-shading), and 
this is valid for every cul}va}on system employed (Saha and Murray, 2018). Moreover, low 
biomass produc}vity and extended culture periods makes this mode e昀昀ec}ve but not a琀琀rac}ve 
for the commercial produc}on of high-value metabolites (Novoveská et al., 2023). In 
phototrophic cul}va}on systems, varia}on in wavelengths can be used to enhance the 
produc}on of speci昀椀c molecules (Zhong et al., 2018).

Some microalgae species are photoheterotrophic or strict heterotrophic. In 
photoheterotrophic species, cells can use light as an energy source while obtaining carbon from 
organic compounds rather than CO2. This is dis}nct from photoautotrophy, where organisms use 
light to synthesize organic ma琀琀er from CO2. Photoheterotrophic species can switch between 
these two growth modes, depending on the availability of nutrients and environmental 
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condi}ons (Abreu et al., 2022). Hence, because both organic carbon and light are compulsory, it 
is rarely used. In heterotrophy, microalgae can growth consuming the organic source present in 
the medium, completely in the dark. Heterotrophic cul}va}on can be carried out in fermenters, 
which o昀昀er a be琀琀er control over parameters like pH, temperature, oxygen levels and carbon 
source (Perez-Garcia et al., 2011). The same control on abio}c factors can be achieved using 
closed PBRs (Ka}yar et al., 2017). Cul}va}on in heterotrophy is more advantageous than 
photoautotrophy due to the high cell density that can be reach and the elimina}on of the risk of 
photodamage (Cas}llo et al., 2021). This cul}va}on method has also disadvantages including the 
fact that the fermenters are expensive and not speci昀椀cally designed for microalgae cul}va}on; 
moreover, microalgae do not 昀椀x CO2 as they grow, rather, they generate it, so they do not 
contribute posi}vely to the mi}ga}on of global CO2 emission (Lowrey et al., 2015; Prokop et al., 
2015).

Table 1.1. Growth modes of microalgae cul}va}on (From Prokop et al. 2015)

1.5.1 Mixotrophy

Mixotrophy is a very interes}ng cul}va}on strategy that has a琀琀racted the a琀琀en}on of many 
phycologists in recent years. According to Scopus database (www.scopus.com; accessed on 
27/08/2024), 279 studies related to mixotrophy and microalgae as keywords were published in 
the last 14 years (2010-2024), 138 only in the last four years (2020-2024) re昀氀ec}ng an increasing 
interest and a琀琀en}on on this focus. As men}oned earlier, not all microalgal species possess the 
ability to grow in mixotrophy, however, the two microalgae subject of this Thesis (E. 
oleoabundans and A. protothecoides) are capable (Baldissero琀琀o et al., 2024; Chen et al., 2024). 
Within the di昀昀erent species exhibi}ng this metabolism there are: cyanobacteria as Arthrospira 
platensis (Nur et al., 2023; Russo et al., 2024), green algae as Chlamydomonas reinhard琀椀i, 

Growth mode Energy 
source Carbon source

Light 
availability 

requirements

Metabolism 
variability

Photoautotrophic Light Inorganic Obligatory
No switch 
between 
sources

Heterotrophic Organic Organic No 
requirements

Switch 
between 
sources

Photoheterotrophic Light Organic Obligatory
Switch 

between 
sources

Mixotrophic Light and 
organic

Inorganic and 
organic No obligatory Simultaneous 

utilization

http://www.scopus.com/
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Scenedesmus acutus, E. oleoabundans, C. vulgaris (Baldissero琀琀o et al., 2023; Young et al., 2022) 
and diatoms as Phaeodactylum tricornutum and Skeletonema costatum (Villanova and Spetea, 
2021). Despite their incredible diversity and some}mes even phylogene}c distance, these 
species may have been part of the same ecological niche and thus shared the same role, 
sugges}ng the hypothesis that evolu}on may have provided them with this capacity to be琀琀er 
cope with a par}cular environment or to be琀琀er exploit the resources present. 

Mixotrophy is a trophic mode involving light supply and the addi}on of organic substrate to 
the culture medium in addi}on to inorganic carbon for growth (Lowrey et al., 2015; Pang et al., 
2019; Zhan et al., 2017). Microalgae cul}vated mixotrophically employ photosynthesis to convert 
solar energy into chemical energy by capturing light and 昀椀xing CO2; simultaneously, they absorb 
organic carbon from their environment as an extra source of carbon and energy (Pang et al., 
2019). In this speci昀椀c case, unlike heterotrophy or photoheterotrophy, no switch in metabolism 
is observed as photosynthesis and respira}on are ac}vated at the same }me (Cas}llo et al., 2021; 
Prokop et al., 2015) allowing microalgae to drive both photoautotrophy and heterotrophy. This 
results in several advantages: 

▪ a higher growth rate, a prolonged exponen}al growth phase and higher 昀椀nal biomass yield 
are achieved in mixotrophy, if compared with both photoautotrophy and heterotrophy 
(Cheirsilp and Torpee, 2012). 

▪ By being able to bene昀椀t of photosynthesis and respira}on at the same }me, the organism 
can synthesise metabolites that both qualita}vely and quan}ta}vely would not be obtainable 
in heterotrophy, i.e. some light-induced pigments like chlorophylls and carotenoids (Li et al., 
2015; Menegol et al., 2019). This therefore allows greater biomass quan}}es to be obtained 
that can be applied in various biotechnological 昀椀elds (Borowitzka et al., 2016; Cas}llo et al., 
2021). 

▪ Cul}va}on }me are almost halved with respect to autotrophy (Baldissero琀琀o et al., 2024).
▪ Light is not a limi}ng factor: growth limita}on and growth photo-inhibi}on due to low and 

high light, respec}vely, can be signi昀椀cantly reduced (Wang et al., 2014).
▪ It is possible to use industrial wastes as source of organic carbon (Baldissero琀琀o et al., 2021; 

Braun et al., 2024; Giovanardi et al., 2013; León-Vaz et al., 2019, 2019), thus promo}ng 
circular economy, reducing the use of organic chemical sources, as well as costs.

Despite its many advantages, there are also limita}ons that make this trophic cul}va}on mode 
s}ll not fully exploitable for industrial produc}on:

▪ This cul}va}on mode is based on high-cost organic carbon and energy sources. Increasing 
energy expenses and the cost of organic substrates is another important challenge that 
makes this prac}ce economically unfeasible (Dragone, 2022). The use of cheap organic C 
sources (e.g. crude glycerol, acetate from anaerobic diges}on, industrial fruit waste) can be 
a good strategy to overcome this limi}ng barrier. 

▪ Contamina}ons. In organic carbon supplied cultures, contamina}on by other heterotrophic 
microorganisms (e.g. bacteria, fungi, ro}fers, zoo昀氀agellates, etc.) can be frequent, especially 
in large-scale cul}va}on where sterility and total axenicity are very di昀케cult to control. Co-
existence with other organisms results in various e昀昀ects that can be both posi}ve and 
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nega}ve (Laezza et al., 2022; Salvatore et al., 2023). Several studies have shown posi}ve 
interac}ons between microalgae and bacteria. Zhong and colleagues (2021) demonstrated 
that the co-cul}va}on of microalgae and Pseudomonas aeruginosa enhances biomass yield 
and nutrient removal e昀케ciency, revealing an interes}ng applica}on for wastewater 
treatment. The consor}um microalgae-bacteria has shown other interes}ng applica}ons as 
biofer}lizers (Zarezadeh et al., 2019), for the development of prebio}c products (Huang et 
al., 2024), cosme}cs and pharmaceu}cals (Lemoine et al., 2020; Shchelik et al., 2020). 
Nega}ve interac}on can be also exploited for biotechnological purposes: some bacteria 
produce algicide substances, which are useful in controlling algal blooms that are harmful to 
human health (Mujtaba and Lee, 2016). Undesired contamina}on is one of the major 
limita}ons in large-scale mixotrophic cul}va}on and makes this prac}ce s}ll not fully 
exploitable.

▪ Limited number of microalgal species can grow mixotrophically.

Mixotrophy represents a promising fron}er in microalgal biotechnology, o昀昀ering sustainable 
and innova}ve solu}ons to global challenges (Wood et al., 2023). Further studies are essen}al to 
understand how to mi}gate the main limita}ons that s}ll make this prac}ce unfeasible on an 
industrial scale. 

1.6 Biotechnologically relevant compounds and their main biosynthe琀椀c pathways

As reported by Judge and Dodd (2020), metabolism consists of a series of reac}ons that take 
place within a cell and involves several interconnected pathways, with the aim of supplying the 
cell with energy to perform all vital func}ons. It enables living organisms to sustain life and 
comprises both anabolic and catabolic reac}ons. The term biosynthesis indicates a speci昀椀c part 
of metabolism, i.e. that sequence of exclusively anabolic reac}ons that lead to the forma}on of 
complex molecules within the cell. It is important to specify that all biosynthe}c pathways are 
also metabolic, but not all metabolic pathways are biosynthe}c (Agapito, 2019). A metabolite is 
the molecule resul}ng from metabolism and it can be a primary metabolite (PM) or a secondary 
metabolite (SM). PMs iden}fy all those molecules that are essen}al for growth and development 
of a living organisms and are involved in fundamental process such as energy produc}on, the 
biosynthesis of macromolecules, and cell structure. SM, on the other hand, are produced in 
response to environmental s}muli or stress and have more speci昀椀c func}ons such as defence or 
compe}}on and are therefore bene昀椀cial to the organism despite not playing a role in growth or 
reproduc}on (Kolackova et al., 2023).  The study of metabolic pathways involved in the 
produc}on of molecules of interest from microalgae is essen}al to enable the exploita}on of 
these resources and the subsequent development of usable products. The metabolites produced 
by microalgae vary signi昀椀cantly depending on the species, the condi}ons, and the growth phase 
(Liang et al., 2013; Su et al., 2013; Vello et al., 2018). As regard the la琀琀er aspect, microalgae 
grown in batch culture typically exhibit six dis}nct phases: lag, exponen}al, linear, declining, 
sta}onary, and death phases (Lee et al., 2015; Mata et al., 2010) (Fig. 1.9). Ini}ally, a lag phase 
occurs as cells acclimate to new condi}ons. Aver this, an exponen}al phase begins; it is 
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characterised by rapid cell division and a subsequent increase in the number of cells. Light and 
nutrient are not limi}ng factors during this period. At this stage, biomass accumula}on is evident 
due to rapid microalgal cell division. Cells u}lize a por}on of the available nutrients for the 
synthesis of new cellular components. The predominant metabolites observed are: (I) proteins 
and nucleic acids, essen}al for cell division and the synthesis of new organelles; (II) 
photosynthe}c pigments such as chlorophylls, produced to maximize light capture for the 
photosynthe}c process; (III) lipids, quickly used for the construc}on of cell membranes (Abdullahi 
et al., 2023; Mata et al., 2010). Thereaver, growth transi}on to a linear sta}onary phase occurs; 
in this phase, light intensity becomes restric}ve, leading to a constant biomass accumula}on 
rate, un}l nutrient deple}on or accumula}on of inhibitory compound, occur. A declining growth 
phase follows, marked by a reduced cell division rate. On the whole, growth ceases in the 
exponen}al phase as nutrients in the medium are exhausted, and storage compounds, such as 
starch and neutral lipids, accumulate in the cells. Indeed, during this growth phase, microalgae 
begin to store energy in the form of carbon skeleton, as a reserve for adverse condi}ons. During 
this 昀椀rst part of the sta}onary phase, corresponding to an early nitrogen deple}on period, starch 
is produced; subsequently, under prolonged nitrogen limita}on, the accumula}on of lipids, 
par}cularly triglycerides and fa琀琀y acids, occurs (Gifuni et al., 2018). Indeed, as also shown in 
several studies, carbohydrates and/or lipid accumula}on occurs during this phase, while protein 
synthesis is reduced due to the nitrate-limited condi}on (Abdullahi et al., 2023; Boelen et al., 
2017; Brown et al., 1993; Paes et al., 2016; Syazwina et al., 2022). Overall, the overproduc}on of 
biologically ac}ve molecules by microalgae is oven complicated, and speci昀椀c processes or 
condi}ons are not su昀케cient to obtain quan}}es that are economically viable. Increasing 
metabolite produc}on in microalgae is oven achieved through gene}c engineering, by modifying 
gene expression or the ac}vity of enzymes involved in the desired biosynthe}c pathways (Yu et 
al., 2011). However, compared to terrestrial plants, the gene}c knowledge and molecular tools 
available for microalgae are s}ll limited, hindering the development of large-scale produc}on 
strategies (Chakdar et al., 2021). Therefore, there is a need for further studies and knowledge 
advancement regarding microalgae, also based on the results obtained from higher plants, but 
in the mean}me modi昀椀ca}on of cul}va}on condi}ons is s}ll the main approach for yield 
improvement (Gissibl et al., 2019; Remmers et al., 2018). In the following paragraphs a general 
overview of the biosynthe}c pathways of the most relevant metabolites is given.
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Figure 1.9. Representa}on of the six growth phases in microalgae batch culture (solid line) and nutrient 
concentra}on (dashed line); (1) lag; (2) exponen}al; (3) linear; (4) declining growth; (5) sta}onary; (6) death (From: 
Lee et al. 2.15)

1.6.1 Lipids

Lipids from microalgae are of great interest within the scien}昀椀c community as they are 
poten}ally useful in various biotechnological 昀椀elds, from biodiesel produc}on to human and 
animal nutri}on, among others (_irin and Serdar, 2024). Lipid produc}on by microalgae is highly 
in昀氀uenced by cul}va}on condi}ons (pH, temperature, light, nutrient availability, etc.), as well as 
the intrinsic proper}es of the di昀昀erent species (Borowitzka et al., 2016). The challenge of 
commercialising these molecules remains di昀케cult, mainly due to the high cost of produc}on (H. 
Chen et al., 2015). Many ques}ons about the metabolism remain unanswered, which is why a 
thorough understanding of all the mechanisms behind the biology and the biochemistry of this 
process is of cri}cal importance. During the last decade, gene}c tools have made it possible to 
describe the pathways involved in lipid synthesis and to understand how certain genes are 
involved (Lenka et al., 2016). Triacylglycerol (TAG) is the most common lipid in cells of many 
microalgae species. TAG biosynthesis (Fig. 1.10) process consists in three independently 
regulated steps: (I) fa琀琀y acids (FAs) biosynthesis, (II) forma}on of glycerolipids, and (III) packaging 
into lipid droplets (LDs). FAs are amphipathic molecules consis}ng of a carboxylic acid group at 
one end and a hydrocarbon group at the other, with di昀昀erent length and satura}on degree. FAs 
act as <building blocks= of TAGs and use acetyl-CoA as precursor (Li-Beisson et al., 2013). The 
commi琀琀ed step in FAs synthesis involves the conversion of acetyl-CoA to malonyl CoA through 
acetyl-CoA carboxylase (Chen and Wang, 2021). In photoautotrophic cul}va}on, photosynthesis 
must be e昀케cient for controlling the 昀氀ux of this reac}on, as it is the provider of the carbon 
precursor (acetyl-CoA), energy (ATP) and reducing power (NADPH) (Lenka et al., 2016). The end-
products of de novo FA biosynthesis are palmitoyl-acyl carrier protein (ACP), a 16:0 FA, esteri昀椀ed 
to ACP, and oleoyl-ACP thioseterase (18:1 ACP). These may be then modi昀椀ed further in the 
chloroplast to form the glycerolipids of the thylakoid and envelope membranes, or alterna}vely 
they are transported out of the chloroplast to the endoplasmic re}culum for glycerolipids 
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synthesis for the rest of the cell, and for TAG produc}on (Chen and Smith, 2012). TAGs are stored 
in LDs, and they act as storage products. They are mainly accumulated in late sta}onary phase of 
growth. (Borowitzka et al., 2016; Li et al., 2014). Interes}ng recent studies have focused on LDs, 
which are the major site of neutral lipid storage in eukaryo}c cells. Also, thanks to the 
development of advanced proteomic tools which allow for the iden}昀椀ca}on of proteins present 
in LDs, these studies have highlighted the involvement of LDs in numerous cellular processes such 
as lipid homeostasis, signalling, tra昀케cking and inter-organelle communica}on (Amari et al., 2024; 
Goold et al., 2015; Kretzschmar et al., 2020; Nguyen et al., 2011). Environmental or ar}昀椀cial 
cul}va}on condi}ons play a key role in in昀氀uencing microalgal metabolic pathways, including that 
responsible for lipid synthesis. Nitrogen (N) limita}on and N starva}on are two strategies that 
most in昀氀uence cell growth and metabolism and are greatly used to increase lipid synthesis in 
microalgae (Chu et al., 2020; Maltsev et al., 2023; _irin and Serdar, 2024). When N is insu昀케cient 
for protein synthesis, excess of C deriving from photosynthesis is stored in TAGs and starch. The 
N-starva}on is a good strategy, which is easy to implement and leads to a signi昀椀cant increase in 
lipid content, however N-starva}on usually inhibit algae growth and reduce overall produc}vity 
(Chen et al., 2017). This happens because in the absence of N, microalgae enter a mode that we 
might call <survival=. N is an essen}al element for the synthesis of proteins, nucleic acids and 
other compounds essen}al for cell growth and division. When the algae are no longer able to 
grow as well as when condi}ons are op}mal, they use the C 昀椀xed during photosynthesis to store 
lipids, which will act as a reserve. Another interes}ng strategy to promote lipid synthesis and 
accumula}on is the use of mixotrophy as cul}va}on mode. Mixotrophy combines photosynthesis 
and organic carbon substrate absorp}on, so microalgae can use the la琀琀er as C source, reducing 
CO2 昀椀xa}on (Dragone, 2022). Microalgae typically contain FAs with carbon chains ranging from 
12 to 24 carbons and varying degrees of unsatura}on. These FAs can be classi昀椀ed as saturated 
(SFA; 0 double bonds), monounsaturated (MUFA; 1 double bond), or polyunsaturated (PUFA; ≥ 2 
double bonds) based on the number of double bonds in their structure. While the speci昀椀c FA 
composi}on can vary between di昀昀erent microalgae strains, FAs with an even number of carbons, 
par}cularly those with 14, 16, and 18 carbons, are generally the most abundant (Barreira et al., 
2015; Lang et al., 2011).
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Figure 1.10. Schema}c representa}on of the major TAG biosynthesis pathways in microalgal cell. Solid arrows 
indicate single reac}on steps; do琀琀ed arrows indicate mul}ple reac}on steps. ACCase, acetyl-CoA carboxylase; ACP, 
acyl carrier protein; DAG, diacylglycerol; DGAT, acyl-CoA:diacylglycerol acyltransferase; FA, fa琀琀y acid; FAS, fa琀琀y acid 
synthase; FFA, free fa琀琀y acid; G-3-P, glycerol-3-phosphate; GPAT, acyl-CoA:glycerol-3-phosphate acyltransferase; 
LDs, lipid droplets; LPA, lysophospha}dic acid; LPAAT, acyl-CoA dependent acyl-CoA:LPA acyltransferase; PA, 
phospha}dic acid; PAP, phospha}dic acid phosphatase; PC, phospha}dylcholine; PDATs, phospholipid:DAG 
acyltransferases; PEP, phosphoenolpyruvate; TAG, triacylglycerol (From Chen and Wang 2021).

1.6.2 Proteins

Proteins are macromolecules containing carbon, hydrogen, oxygen, nitrogen, and usually 
sulphur and phosphorous. Their synthesis is essen}al to cell func}on. Proteins are formed by 
amino acid chains linked to form a 3D complex structure. An amino acid is an organic compound 
containing an amino (-NH2) and a carboxyl group (-COOH). The synthesis of protein in microalgae 
is like the synthesis by other organisms (i.e. plants), and it starts with DNA transcrip}on and 
moving to mRNA transla}on, to protein matura}on, func}on and 昀椀nally degrada}on. It occurs in 
three subcellular compartments: cytoplasm, plas}ds and mitochondria (Sun, 2005). Proteins are 
located in many di昀昀erent parts, and they have to fold into their speci昀椀c 3D structure before their 
biological func}on can occur. Func}on can be metabolic or structural. In the cells, proteins can 
be metabolic enzymes (e.g. RuBisCO, ATP synthase, glucose-6-phosphate dehydrogenase), or 
enzymes involved in DNA replica}on (e.g. DNA polymerase, helicase), or enzymes involved in the 
biosynthesis of biomolecules (e.g. Chl synthase, β-carotene oxygenase). Some proteins are 
involved in the transport of substances inside and outside the cell, regula}ng the 昀氀ow of ions and 
other molecules. They can act as nitrogen reservoir, or even have a structural func}on. There can 
be hundreds of proteins and protein-complex located in di昀昀erent part of the cell (Sa昀椀 et al., 
2015). Microalgal amino acids and proteins can vary in quan}ty and quality based on the strain 
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and cul}va}on condi}ons (Amorim et al., 2021). Speci昀椀c cul}va}on strategies can be adopted to 
improve protein produc}vity in microalgae, as modula}ng light intensity or modifying the 
composi}on of the medium (Borella et al., 2021; Chen et al., 2015; Sui et al., 2019); however, 
microalgae usually show a high content of proteins under nonstress condi}ons (Amorim et al., 
2021). Protein-rich cells are oven ac}vely growing/dividing cells in the exponen}al phase of 
growth. Proteins from microalgae are another metabolite class that has become important due 
to the possibility of being used within various biotechnological 昀椀elds, such as nutraceu}cal and 
medicine (Kumar et al., 2022; Mosibo et al., 2024; Skjånes et al., 2021).

1.6.3 Carbohydrates

Carbohydrates are organic compounds derived from the primary metabolism of microalgae. 
They are mainly synthe}sed to store energy and support the cell and cell wall structures. 
Carbohydrates are produced thanks to photosynthesis and its CO2 昀椀xa}on metabolism and are 
deposited in the form of starch in the plas}ds, and cellulose and soluble polysaccharides in the 
cell wall layers (Khan et al., 2018). Sugar biosynthesis occurs in the stroma of the chloroplasts via 
the Calvin-Benson-Bassham cycle (Deviram et al., 2020), which has three basic phases toward 
carbohydrate produc}on: 昀椀xa}on of CO2 (i.e. carboxyla}on of the Ribulose 1,5-BisPhosphate, 
RuBP, thanks to the RuBisCO enzyme), reduc}on of carbon (i.e. reduc}on of 3-Phosphoglycerate 
-PGA- into Glyceraldheyde-3-Phosphate -G3P), and regenera}on of RuBP. At the end of these 
three stages, for 6 atoms of C which enter the cycle as CO2, 6 atoms of C leave the cycle in the 
form of 2 G3P molecules, then used for carbohydrate synthesis, and 10 G3P molecules are 
maintained in the cycle to regenerate RuBP, needed to re-start the cycle for a con}nuous 昀椀xa}on 
of CO2 (De Carvalho Silvello et al., 2022; Masojídek et al., 2013). The frac}on of G3P, which leave 
the cycle and is not immediately used as energy source, is converted into starch in the chloroplast 
stroma. Starch is a polymer formed by a combina}on of amylose and amylopec}n. Amylose is a 
linear chain of glucose units, linked by α-1,4-glycosidic bonds; amylopec}n has branched 
structures formed by α-1,4 and α-1,6-glycosidic bonds within them. Starch is synthe}sed and 
temporarily stored in chloroplast as insoluble granules (Ravindran and Rajauria, 2021) (Fig. 1.11). 
Besides starch, plant and microalgal cells contain other important carbohydrates at their cell wall 
level. The microalgal cell wall is mainly composed of polysaccharides (cellulose as the main 
昀椀brillar, structural component; other, like mannans or xyloglucans in the amorphous matrix) and 
interes}ngly many microalgal species have a layer of polymers covering the cell. Alongside the 
昀椀brous cellulose component deposited by cellulose synthase, the main sugars present in the 
amorphous matrix of the green microalgae cell wall are glucose, mannose, rhamnose, and 
galactose (Baudelet et al., 2017). In Chlorella, the primary neutral sugars found alongside 
glucosamine in the rigid wall are galactose and rhamnose (Babich et al., 2024; Baudelet et al., 
2017). In E. oleoabundans, rhamnose is the most abundant monosaccharide, and together with 
galactose and glucuronic acid, they cons}tute the largest por}on of the total cell wall 
carbohydrates (Rashidi and Trindade, 2018). The abovemen}oned polymers covering the cell 
wall of many microalgae can either stay in contact with the cell or be spread into the surrounding 
environment, and are iden}昀椀ed as exopolysaccharides (EPS), i.e. extracellular polysaccharides, 
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released polysaccharides and other compounds (Li et al., 2020; Zhang et al., 2019). The nature 
and presence of this layer depend on both growth condi}ons and environmental condi}ons; 
indeed, cul}va}on techniques, opera}on mode, nutrients, illumina}on, organic carbon source, 
and reactor types can in昀氀uence microalgae carbohydrate produc}on. It is believed that EPS 
protect the microalgal cell from environmental 昀氀uctua}on and predators. Depending on 
microalgal species, storage, cell wall and extracellular polysaccharides have shown biological 
proper}es in both in vitro and in vivo model systems (Pina-Pérez et al., 2019), giving these 
molecules enormous a琀琀en}on as they are poten}ally useful as a food source, for pharmaceu}cs, 
and cosme}cs (Lakatos et al., 2019; Li et al., 2020, 2020; Ravindran and Rajauria, 2021; Yarkent 
et al., 2020).

Figure 1.11. Simpli昀椀ed scheme of the metabolism of carbon assimila}on and starch genera}on in microalgae (From 
De Carvalho Silvello 2022)

1.6.4 Pigments

The pigments present in green microalgae are mainly grouped into Chls and Car. 
Geranylgeranyl pyrophosphate (GGPP) is the precursor of both Chls and Car. As previously 
men}oned, Chl a and Chl b are the pigment mainly found in Chlorophyte. Chl a is the most 
abundant form of Chl present in both LHCs and RC of almost all organism capable of oxygenic 
photosynthesis. C deriving from the photosynthe}c process is channelled toward GGPP (green-
orange pathways, Fig. 1.12), which can be then reduced to form phytyl-pyrophosphate (PPP). 
Through a dephosphoryla}on, PPP is a琀琀ached to a derivate of protoporphyrin XI, which contains 
a chelated Mg ion. This leads to Chls forma}on (green pathway, Fig. 1.12). Condensa}on of two 
molecules of GGPP, is the star}ng point for Car biosynthesis. An isomeriza}on and the 
introduc}on of four double bonds leads to the forma}on of lycopene. Here, the biosynthe}c 
pathway splits into two branches allowing the forma}on of yellow lutein and orange β-carotene, 
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respec}vely. From β-carotene produc}on, other two branches depart, lead to the genera}on of 
red astaxanthin (3,3′-dihydroxy-β-carotene-4,4′-dione) and orange zeaxanthin (3,39-dihydroxy-β-
carotene). Zeaxanthin, coupled with violaxanthin and antheraxanthin, are part of the xanthophyll 
cycle. In this cycle, zeaxanthin is turned into antheraxanthin and subsequently to violaxanthin, 
following two epoxida}on reac}ons that are induced by subsatura}ng light condi}ons. The 
reverse reac}ons are induced by oversatura}ng light condi}ons (Mulders et al., 2014). In plants 
and green algae, xanthophylls together with proteins are bound to the thylakoid membrane by 
the LHCII. LHCII binds four xanthophylls: two lutein, one violaxanthin and one neoxanthin. Lutein 
and violaxanthin transfer energy mainly to Chl a, and neoxanthin transfers energy to Chl b (Croce 
et al., 2001; Liaqat et al., 2023). Neoxanthin is also derived from β-carotene (Kolackova et al., 
2023). 

Pigments from microalgae are considered <natural= and present many remarkable proper}es 
such as an}-viral, an}microbials, an}oxidant, to men}on a few (Cezare-Gomes et al., 2019). 

Figure 1.12. Simpli昀椀ed scheme of pigment biosynthesis in green microalgae. Solid arrows represent single conversion 
steps, dashed arrows represent grouped reac}ons (based on Falkowski and Raven (2007) and Kanehisa Laboratories 
(2011)). Pigment colours are indicated as described by Je昀昀rey et al. (1997). (From Mulders et al. 2014).

1.6.5 Other relevant secondary metabolites from microalgae

1.6.5.1 Phenolic compounds

Phenolic compounds (PCs) are the largest group of secondary metabolites, and they are widely 
present in plants. PCs are characterised by a structure that ranges from simple aroma}c rings 
(phenols) to more complex molecules, like 昀氀avonoids, phenolic acids, coumarins (Del Mondo et 
al., 2022). The presence of aroma}c SM has been observed in Chlorella and Scenedesmus 
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(Strejckova et al., 2019; Wan Mahmood et al., 2019), however it has been suggested that the 
main pathway in microalgae is not the same as observed in higher plants or cyanobacteria 
(Agregán et al., 2017). Due to the limited informa}on available on PC composi}on in microalgae, 
it is currently di昀케cult to draw de昀椀ni}ve conclusions about the rela}onship between speci昀椀c 
compounds and taxonomic divisions. However, Del Mondo et al. (2022) provides valuable 
insights into the diversity and poten}al applica}ons of PCs in microalgae. They found that the 
enzymes involved in the synthesis of phenolic compounds (PCs) in algae are highly conserved 
across di昀昀erent algal divisions, sugges}ng a common origin from cyanobacteria. In their opinion, 
this suggests a ver}cal gene transfer within major algal groups. However, one notable excep}on 
is the phenylalanine ammonia lyase (PAL) enzyme, which is not universally present in all 
microalgae, sugges}ng that alterna}ve pathways may exist to ini}ate PC biosynthesis. Once the 
pathway is ini}ated, a series of mul}func}onal enzymes, such as oxidoreductases, can modify 
the core structure of PCs in various ways. This leads to a diverse range of PC products, even 
though di昀昀erent algal groups may produce di昀昀erent end products. Endosymbio}c events and 
species radia}on have further contributed to the diversity of PCs in algae, leading to the evolu}on 
of more complex structures and specialized func}ons, such as diatom 昀氀avonoids, halogenated 
PCs in seaweeds, algal anthocyanins, and algal lignins (Del Mondo et al., 2022). PCs are usually 
produced by microalgae in response to environmental changes, while in plants they do also act 
as allelochemicals against invading organisms (Imperato, 2006). In microalgae, varia}ons such as 
salinity, UV irradia}on, light, or nutrient availability strongly in昀氀uence PC content to avoid cell 
damage. For example, Limited N or P lowered the PCs produc}on in C. vulgaris (Goiris et al., 
2015). A signi昀椀cant increase in PCs synthesis was found in the green microalga Chlamydomonas 
nivalis when irradiated with UV-C (Duval et al., 1999), while in another green alga, Scenedesmus 
quadricauda, the same treatment showed a decrease in the content of some PCs (Kováčik et al., 
2010). These results suggest, once again, that each species reacts di昀昀erently to environmental 
s}muli and stresses, and diverse groups may di昀昀er in the quan}ty of a speci昀椀c product or event 
in the 昀椀nal product itself. To date, dominant PCs in microalgae are phloroglucinol and acids 
derived from hydroxybenzoic acid and hydroxycinnamic acid (Coulombier et al., 2021), and other 
important PCs found in microalgal extracts are gen}sic acid, genistein and daidzein, that show 
high an}oxidant ac}vity (Arreguin et al., 2021). In a recent review by Del Mondo and coworkers 
(2021), gallic acid, ferulic acid, ca昀昀eic acid, chlorogenic acid, synap}c acid, coumaric acid, vanillic 
acid and protocatechuic acid are the most prevalent compounds in microalgae, with the highest 
concentra}ons found in Nostoc, Arthrospira, and Scenedesums genera. The importance and 
development of blue biotechnology has given great importance to these compounds, which can 
be poten}ally useful for various applica}ons, which will be discussed below (see Paragraph 
1.7.1).

1.6.5.2 Phytohormones

Phytohormones are a class of small organic molecules ac}ng as signalling, chemical messenger 
molecules that respond to environmental 昀氀uctua}ons and play important regulatory roles in 
plant life. These metabolites have a key role in many physiological and biochemical responses, 
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and also mediate communica}on between cells (Kolackova et al., 2023). The best known 
phytohormones are abscisic acid (ABA), gibberellins (GAs), ethylene, auxins, and cytokinins (CK). 
The role and the biosynthesis of hormones in higher plants is well known, but the same cannot 
be said for microalgae (Shah et al., 2022).  Nevertheless, studies con昀椀rmed the presence of a full 
hormonal system in various algae taxonomic group, opening new prospec}ng of applica}ons 
(S}rk and Van Staden, 2020). Indole-3-ace}c acid (IAA), indole-3-butyric acid (IBA), indole-3-
propionic acid (IPK), and indole-3-acetamide (IAM) are the most representa}ve auxins, and have 
been detected in 46 microalgal species, while GAs were detected in 36 microalgal species (Han 
et al., 2018). There is evidence that highlights the presence of equivalent hormone biosynthe}c 
pathways in microalgae and plants, but not iden}cal. Indeed, it is proposed that both the role 
and the biosynthesis of phytohormones in microalgae may be similar to that in higher plants, due 
to a common origin from ancient microalgae (Kenrick and Crane, 1997; Lu and Xu, 2015; Shah et 
al., 2022), but research is s}ll in progress on these aspects. In addi}on, similar to higher plants, 
the presence of hormones in microalgae seems to be linked to abio}c stress. Abio}c stress factors 
can a昀昀ect the content of phytohormones and even their consequence in microalgae (Kolackova 
et al., 2023). A summary of this s}muli and their e昀昀ect in unicellular algae is provided in Figure 
1.13. The produc}on of phytohormones by microalgae is important from a biotechnological point 
of view, mainly for their applica}on in agriculture as bios}mulants (Colla and Rouphael, 2020; 
Ronga et al., 2019).

Figure 1.13. Summary of abio}c stress factors and their e昀昀ect on phytohormones content including their 
consequences in the microalgae (From Kolackova 2023).

1.6.5.3 Polyamines

Polyamines (PAs) are a group of linear or branched alipha}c compounds that contain amino 
acid groups. They are found in all organisms, from bacteria and microalgae to higher plants and 
animals (Kusano et al., 2008; Lin and Lin, 2018). In microalgae, they play a crucial role in cell cycle, 
photosynthesis, growth and stress adapta}on (Lin and Lin, 2018). The most common PAs in 
microalgae are putrescine (Put), spermidine (Spd) and spermine (Spm). They can be found in a 
free form (typically produced during lag phase) or conjugated to proteins and pep}des (mainly 
synthe}sed during the exponen}al phase) (Lin and Lin, 2018; Xu et al., 2021). PAs can also be 
found in the cell wall of green microalgae, like Chlorella fusca, C. vulgaris or S. obliquus (Burczyk 
et al., 2014). Previous studies suggest that microalgae have more free-type form PAs than other 
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organisms (Hamana et al., 2004a, 2004b), and Put and Spd are the dominant. The synthesis of 
PAs in microalgae generally starts with arginine, which is decarboxylated and react to produce 
Put. Put is then catalysed by Spd synthase to produce Spd, which is then catalysed by Spm 
synthase to produce Spm (Xu et al., 2021). The role of PAs in microalgae is not fully understood, 
but they seem to have a func}on in many processes (Kusano et al., 2008; Lin and Lin, 2018). In S. 
obliquus, PAs were found to have a role in photosynthesis. They were found to be associated 
with LHCII and chlorophyll proteins. PAs biosynthesis requires N, and PAs content is reduced 
under N-limited condi}ons (Park et al., 2015). The increased content of Put and Spd during the 
exponen}al growth phase of microalgae suggests that PAs may be closely related to DNA 
replica}on and cell division (Kotzabasis and Senger, 1994; Treves et al., 2017). PAs can also act 
as a free radical scavenging agent and protect against ROS-induced DNA damage. The synthesis 
of PAs induced by UV-B and the tolerance to UV-B stress suggests the poten}al use of these 
compounds to mi}gate oxida}ve stress induced by UV (Costa et al., 2021). It is known that PAs 
interact with the neuroin昀氀amma}on in the neuronal and glial compartment of human brain 
(Ghosh et al., 2020). It has been suggested that strategies such as Spd supplementa}on, 
polyamine-rich diet, polyamine rich plant extracts, can be used in future clinical trials for 
improving brain Spd level and enhance memory func}ons in older adults (Wirth et al., 2018).

1.6.5.4 Extracellular Vesicles 

Extracellular vesicles (EVs) are small par}cles delimited by a lipid bilayer, naturally released by 
cells. They do not contain a func}onal nucleus so they cannot replicate (Théry et al., 2018). EVs 
include exosomes (30-150 nm), microvesicles (0.2-1.0 µm), and apopto}c bodies (1-4 µm); these 
classes of vesicles di昀昀er in dimension, biogenesis and biophysiological proper}es (Conigliaro and 
Cicchini, 2018; Lázaro-Ibáñez et al., 2014). EVs, par}cularly exosomes, have captured the interest 
of the scien}昀椀c community as a sustainable alterna}ve for therapeu}cal and cosmeceu}cal 
ingredients, as well as drug-carriers (Adamo et al., 2024). They have been found in all kingdoms, 
from animal and higher plants (Muñoz et al., 2022; Nema} et al., 2022), to bacteria (Gerritzen et 
al., 2017; Kim et al., 2015), fungi (Bleackley et al., 2020), yeast (Oliveira et al., 2010) and other 
microorganisms, including microalgae (Fig. 1.14) (Adamo et al., 2021; Bayat et al., 2021). These 
vesicles play di昀昀erent roles, both under physiological and pathological condi}ons, and are 
considered to be <messengers= that enable cells to communicate, even between cells of diverse 
kingdom organisms (Tren}ni et al., 2024). Their ability to in昀氀uence other cells and modify their 
behaviour and responses is a琀琀ributable to their content. In fact, within them is it possible to 昀椀nd 
di昀昀erent molecules: (I) proteins, including enzymes, receptors, structural proteins and growth 
factors, which can in昀氀uence physiological processes, cell func}ons, prolifera}on and cell death; 
(II) lipids, which can modulate fusion with the membrane of the target cell; (III) nucleic acids such 
as mRNA and miRNA that modulate gene expression; (IV) pathogens, that may contribute to the 
spread of a disease (Limongi et al., 2021; Qiao et al., 2020). As already men}oned, EVs can have 
posi}ve and nega}ve roles. Regarding nega}ve func}ons, EVs have been detected in tumour 
microenvironment, and evidence suggests that they play a role in facilita}ng tumorigenesis by 
regula}ng angiogenesis, immunity, and metastasis (Conigliaro and Cicchini, 2018). However, 
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their presence can act as biomarker for early diagnosis, giving the possibility of an early care and 
treatment (Kalluri, 2016). EVs from various cell sources have therapeu}c poten}al, and this is 
one of the most interes}ng research topics regarding these par}cles.

Figure 1.14. EVs produc}on in algal cell. The extracellular vesicle includes nucleic acids, such as mRNA, microRNA 
and small RNA (sRNA), proteins, and lipids (From Bayat et al. 2021)

1.7 Industrial cul琀椀va琀椀on

Microalgal commercial applica}ons require large cul}va}ons. The full exploita}on of these 
organisms requires high amount of biomass, molecules, and bioac}ve compounds, and all these 
features require high produc}vity for an extended period of }me. For this reason, open ponds 
(OPs; open system) and photobioreactors (PBRs; closed system) have been developed (Das, 2015, 
chap. 5). In both cases, the aim is to expose the largest frac}on of cell biomass to the best possible 
growth condi}ons at a reduced cost (Hallmann and Rampelo琀琀o, 2019, chap. 1). OPs are 
structures consis}ng of tanks of di昀昀erent sizes, and among the di昀昀erent designed proposed, the 
main ones are the circular (circular ponds) and the linear ponds (raceways) (Pires, 2015). These 
tanks are characterised by a variable surface area and a depth that does not exceed 70 and 30 
cm, respec}vely, in order to ensure suitable exposure of the culture to the light and allow for 
proper mixing (Pires, 2015). In Ops, mixing is ensured by a mechanical arm or a motorised shovel, 
with the aim of avoiding biomass sedimenta}on and promo}ng gas exchange (Molina Grima et 
al., 2001). Compared to OPs, where it is not possible to control factors in昀氀uencing microalgae 
growth, even less the exposure to contaminants, PBRs are systems that allow not only the control 
but also the modula}on of fundamental growth parameters such as light, CO2, pH, etc. They can 
have di昀昀erent shapes (tubular, columnar, 昀氀at, annular), be di昀昀erently oriented and be composed 
of various materials (Plexiglass®, glass, plas}c). Each systems have pros and cons that have been 
resumed in Table 1.2 (Hallmann and Rampelo琀琀o, 2019; Molina Grima et al., 2001). There are s}ll 
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several problems associated with the scale-up of microalgae cultures, such as the possible post-
inocula}on photoinhibi}on by the more sensi}ve species, the risk of contamina}on, the di昀케culty 
of uniformity in mixing with the risk of collapse of the culture, and many others. Most of the 
published works describe cul}va}on on laboratory scale, while there is not much in the literature 
on scaling up. A signi昀椀cant collabora}ve e昀昀ort between academia, R&D, and industry is required 
to 昀椀nd e昀昀ec}ve solu}ons for the full exploita}on of this resource (Borowitzka and Vonshak, 
2017). 

Table 1.2. Comparison between open and closed systems for microalgae large-scale cul}va}on (From Hallman and 
Rampelo琀琀o, 2015; Molina et al., 2001; Khoo et al., 2016).

Parameters Open systems Closed systems

Environmental impact

Land High Low

Water High Low

CO2 uptake High Low

Biological parameters

Algal species Limited Variable

Contamination risk High Low

Productivity Low High

Biomass 
composition Variable Less variable

Operating parameters

Energy 
consumption Low High

Water 
consumption Higher Lower

WW utilization Possible Possible

Abiotic factors 
control Not possible Possible

Costs

Set up Low High

Operational Low High

Harvesting Low High
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1.8 Biotechnological poten琀椀al of microalgae

Microalgae have gained signi昀椀cant a琀琀en}on in recent years due to their poten}al for various 
biotechnological applica}ons, as they have unique proper}es such as their ability to produce a 
wide range of valuable compounds. The desire to use microalgae as sustainable and renewable 
source of biofuels has increased the interest in this 昀椀eld however, the impossibility of making this 
applica}on economically viable has refocused a琀琀en}on and e昀昀orts on obtaining biologically 
ac}ve molecules (Borowitzka and Vonshak, 2017). The possible commercializa}on of microalgae 
is an ambi}ous goal and many of the e昀昀orts from academic research are also directed toward 
this. The crea}on of a bridge between academia and industry is an essen}al building block in the 
construc}on of a path towards the conscious and sustainable use of microalgae within today9s 
society. A comprehensive knowledge of these incredible organisms and their poten}al is a 
prerequisite for achieving the goal. The use of microalgae promotes sustainability, circular 
economy and it can have an impact on reducing the carbon footprint, appor}ng advantages to 
our society, economy and environment (Khan et al., 2018).

1.8.1 Bioac琀椀ve molecules for human health and cosme琀椀c

Microalgae have enormous poten}al for human health and the cosme}cs industry due to their 
ability to produce bioac}ve molecules, like pigments, protein, lipids, phenolic compounds and 
polyamines, among others. Interest in plant-based or vegan products has increased drama}cally 
in recent years, also due to the increased frequence of side-e昀昀ects and low selec}vity of 
tradi}onal therapeu}c drugs. The use of natural products as func}onal pharmaceu}cals can help 
reduce the need for synthe}c drugs, decreasing an}bio}c resistance issues and it can facilitate 
the removal of contamina}on of ground and surface waters (Silva et al., 2022). Several studies 
report excep}onal capaci}es and proper}es of microalgae such as an}-in昀氀ammatory and 
an}oxidant (Baldissero琀琀o et al., 2024; Chiu et al., 2017), an}viral (Baldissero琀琀o et al., 2023; 
Carbone et al., 2021; Reynolds et al., 2021; Sangtani et al., 2021), an}tumoral (Casero et al., 2018) 
and an}bacterial (Lauritano et al., 2016). Studies carried out in vivo, have demonstrated the 
ability of digested phycocyanin from Arthrospira plantensis (Cyanobacteria) as a therapeu}c 
e昀昀ect on mice with type 2 diabetes. Indeed, the administra}on of phycocyanin signi昀椀cantly 
ameliorated the responses to insulin regula}on (Li et al., 2019; Ou et al., 2013). It has been 
observed that the chlorophyll-rich microalga Chlorella sp. contains vitamins, proteins, 
polysaccharides, and amino acids (de Morais et al., 2015). Chlorella sp. experimental research 
has revealed its an}cancer, an}coagulant, an}bacterial, an}oxidant, and an}hyperlipidemic 
proper}es (Reyna-Mar}nez et al., 2018; Ryu et al., 2014). Extracts from E. oleoabundans have 
demonstrated to have an}-in昀氀ammatory and an}viral ac}vi}es (Baldissero琀琀o et al., 2024, 2023).
Natural pigments, such as chlorophylls and carotenoids, can be obtained from a variety of 
microalgal strains. At the present, astaxanthin, -carotene and lutein are the major carotenoids 
of market interest (Gong and Bassi, 2016). Astaxanthin, for example, have strong an}oxidant, 
an}-cancer and an}-in昀氀ammatory proper}es (Chew et al., 1999; Fasano et al., 2014), while -
carotene prevents night blindness and liver 昀椀brosis (Dufossé et al., 2005; Shaish et al., 2006). 
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Chlorophyll deriva}ves have been suggested to have a possible medicinal applica}on because of 
their wound-healing and an}-in昀氀ammatory proper}es (Ferruzzi and Blakeslee, 2007); 
furthermore, Balder et al. (2006) suggested that the consump}on of chlorophyll decreased the 
risk of colon-rectal cancer. An interes}ng study by Zhang et al. (2019) suggests the poten}al 
applica}on of EPSs produced by Chlorella zo昀椀ngiensis and C. vulgaris as alterna}ve an}tumoral 
agents. The bene昀椀ts of PUFAs on human health were 昀椀rst described by Burr and Burr in 1930s 
(2012). They highlight the importance of PUFAs in human nutri}on, and their study marked the 
beginning of an era of studies aimed at demonstra}ng the importance of these molecules for 
humans. EPA and DHA are the two most recognised PUFAs as it has been demonstrated that 
these two important omega-3 have many bene昀椀cial e昀昀ects on human health, speci昀椀cally in 
cardiovascular, intes}nal and liver diseases, and on the nervous system (Olasehinde et al., 2017; 
Rein et al., 2013). DHA seems to play a role in brain development and func}on, enabling the 
昀氀uidity of neuronal membranes and helps regulate neurotransmi琀琀ers. Moreover, lower levels of 
PUFAs are associated with heart failure, atherosclerosis, stokes and in昀氀ammatory disease 
(Barreira et al., 2015).

Cosme}cs have always played a fundamental role in our society. They are tradi}onally 
classi昀椀ed into skin care, makeup, body and hair care, oral cosme}cs and fragrances (Alam et al., 
2020, chap. 9). The produc}on of cosme}cs is carefully regulated to ensure consumer safety 
(Panico et al., 2019). In the past centuries, the use of make-up and the use of cosme}cs in general, 
involved natural compounds. However, the cosme}c market has gradually replaced these 
ingredients with synthe}c chemical agent such as mineral oils and waxes (Petry et al., 2017). 
Despite increasingly stringent regula}ons due to possible risk to human health (Wang et al., 
2020), natural ingredients have not yet been fully implemented because synthe}c chemicals are 
economically more compe}}ve. Oleaginous microalgae are highly cited in literature for biodiesel 
produc}on, but lately the interest for these microalgae shived to the produc}on and exploita}on 
of bioac}ve molecules, even for cosme}cs (Morocho-Jácome et al., 2022). Lipids cons}tute a 
cosme}c ingredient, since they are a moisturizing agent as well as emollient and sovening agent, 
surfactant and emulsi昀椀er (De Luca et al., 2021). Hyunh and colleagues (2020) evaluated the use 
of waxes and alkenones, for lips}ck formula}on. Synthe}c waxes provide rigidity, hardness, 
stability and texture to the s}ck, but they derive from petroleum.  Euglena gracilis (Excavata 
group) is a microalga that accumulates wax-ester as a by-product in response of polysaccharides 
degrada}on (Yamada et al., 2019). These waxes can replace the synthe}c ones in cosme}cs. 
Alkanones are a unique family of lipids synthe}sed by some haptophytes, including Isochrisis sp. 
Due to their waxy nature and good mel}ng point, alkenones could represent a valid alterna}ve 
of natural ingredients useful in cosme}c and personal care applica}ons (Huynh et al., 2020). 
Besides simple cosme}cs, microalgae and their bioac}ve can be also used in cosmeceu}cals. 
Several species have been used for this purpose: for example, the brown alga Saccharina 
japonica, the red alga Gracilaria sp (López-Hortas et al., 2021). Among microalgae, Spirulina (A. 
platensis) is a well-known cyanobacterium that is highly cul}vated for cosmeceu}cal applica}ons 
thanks to its proper}es. The green microalga D. salina have been purposed for the development 
of cosmeceu}cal products due to the high an}oxidant and an}-aging poten}al deriving from the 
phenolic compounds that it can produce (P Gupta et al., 2021; Norzagaray-Valenzuela et al., 
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2017). Analogously, E. oleoabundans has been proposed as dermocosme}c ingredient for 
cosmeceu}cal prepara}ons with an}oxidant and an}-in昀氀ammatory proper}es, specially against 
erythema in昀氀amma}on (Morocho-Jácome et al., 2022). Based on these applica}ons of 
microalgae and their extracts or deriva}ves for human health and care, it is evident that 
op}mising and improving the produc}on of bioac}ve microalgae compounds is essen}al in order 
to produce <environmentally friendly= and safe products, and to bene昀椀t from them in a 
sustainable way (Yarkent et al., 2020).

1.8.2 Human and animal food source

Microalgae can be used as source of food and novel high-value products having good market 
opportuni}es. Sustainability is a key concern, especially for food. The possibility to cul}vate 
microalgae on large-scale, in small cul}va}on areas and independently from the growing season 
is a huge advantage (Colla and Rouphael, 2020). Moreover, the high biomass produc}on 
obtainable from microalgae industrial scale cul}va}on can try to improve the condi}on of 
malnutri}on from which many countries in the world s}ll su昀昀er, in addi}on to the issue of food 
insecurity (FAO et al., 2024). To date, it is di昀케cult to assess their poten}al as there is limita}on 
of reliable data and sta}s}cs of microalgae market opportunity (Alam et al., 2020, chap. 1). Japan 
has a well-established market for edible algae products mainly based on macroalgae (i.e. Nori 
from Saccharina sp. or extracts which can be used as ingredient) (Holdt and Kraan, 2011). On the 
contrary, worldwide it is s}ll recently scanty the overall consump}on of microalgae or their 
extracted compounds. The most used molecules for food and feed applica}on deriving from 
microalgae are proteins, lipids, and pigments. Much research is also focusing on other important 
metabolites such as vitamins, but there are s}ll limita}ons for market exploita}on and further 
inves}ga}on is needed also to meet strict legisla}on governing microalgae/microalgae 
compounds consump}on; in Europe, for example, EFSA (European Food Safety Authority) is 
responsible for the introduc}on and safety of microalgae-based novelty food (Del Mondo et al., 
2020). Besides security and safety issues, when added to foods, microalgae may a昀昀ect taste, 
smell, texture, and appearance; thus, these are further characteris}cs that must be taken into 
account (Olsen et al., 2024). A. plantensis (Spirulina) and Chlorella are two, most common 
microalgae species cul}vated for market purposes for their high protein content; indeed, they 
are usually sold as protein supplements (Wells et al., 2017). Spirulina is also cul}vated for its 
characteris}c blue pigments, phycocyanin, that is used as colourant in the food industry to 
replace the current synthe}c pigments (Martelli et al., 2014). It is used for items such as chewing 
gum, popsicles, candies, sov drinks, among others (Begum et al., 2016). Between the pigments 
used for food applica}ons, astaxanthin and β-carotene have a dominant role. Astaxanthin, 
commonly extracted from the green microalga Haematococcus pluvialis, is used for its bene昀椀ts 
on human health; furthermore, as reported by some authors, it has the poten}al to enhance 
an}body produc}on, an}-aging, and sun-proo昀椀ng (P Gupta et al., 2021; Ito et al., 2018; Park et 
al., 2010). As other pigments, in food industry it is also used to give colour (Chen et al., 2022). 
Dunaliella (Chlorophyta) is the most studied microalga for β-carotene produc}on. Among the 
food products added with this pigment are juices, bakery products, supplements and dietary 
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products (Rifqi et al., 2023). It is also used in pet food such as dogs, 昀椀sh, cats, birds, to make them 
more appealing (Alam et al., 2020, chap. 3). Microalgae are also cul}vated and used for the 
produc}on of food supplements containing PUFAs such as omega-3 (but also omega-6 and 9) 
(Ferreira De Oliveira and Brago琀琀o, 2022). Indeed, lipids are essen}al for all living organisms 
(Chang et al., 2009). Some essen}al lipids, like EPA and DHA, must be obtained from dietary oils 
or fats. These compounds are commonly found in 昀椀sh oil and 昀椀shmeal, but market demands are 
currently driving the search for new and more sustainable sources. In this context, much e昀昀ort is 
being directed towards the discovery of highly produc}ve oleaginous microalgae species and the 
development of cul}va}on methods (Santos-Sánchez et al., 2016).

Today, microalgae are marketed for human consump}on, being incorporated in various 
products such as pasta and snacks, and in various form like tablets, capsules and drinks as 
supplements (Camacho et al., 2019). Microalgae such as A. platensis, Chlorella, Nannochloropsis, 
Isochrysis, Thalassiosira and Chaetocheros are widely used also as animal feed and in 
aquaculture. They are rich in protein and lipids, an essen}al factor in animal feed produc}on. 
Carbohydrates are also important, speci昀椀cally the type is a key feed property (Nagappan et al., 
2021). Microalgae such as C. reinhard琀椀i and C. vulgaris have higher starch content (30-49%) than 
other microalgae (Dragone et al., 2011). Starch is a readily diges}ble carbohydrate, and, since 
microalgae lack in lignin, their consume is also preferable, due to their poten}al be琀琀er 
diges}bility rather than plants (Niccolai et al., 2019). Many studies reported a weight gain on 
di昀昀erent animal species fed with microalgae-based diet (Tham et al., 2023; Vizcaíno et al., 2018; 
Wei et al., 2021), con昀椀rming the poten}al of these organisms in aquaculture: for example, 
Sharawy and colleagues (2020) observed that dietary supplementa}on of Tetraselmis suecica to 
feed the Paci昀椀c white shrimp Litopenaeus vannamei enhanced the growth, feed u}liza}on, 
chemical composi}on and gene expression, concluding that this microalga is an excellent addi}ve 
for aquaculture use.

1.8.3 Bios琀椀mulants and Biofer琀椀lizers

Plant bios}mulants and biofer}lizers are natural product used in agriculture to improve plant 
growth and development. They emerge as cost-e昀昀ec}ve alterna}ve to reduce damages caused 
by chemical fer}lizers, which induce problems for health, soil and environment (Braun and Colla, 
2023). Plant bios}mulants and biofer}lizers are not synonymous, as they act in improving crop 
performance in di昀昀erent ways. Bios}mulants act on plants for enhanced crop produc}on, while 
biofer}lizers act on soil for enhanced crop nutri}on (Gonçalves et al., 2023). 

Bios}mulants can be de昀椀ned as <small amounts of organic or inorganic ma琀琀er that promotes 
the growth and development of plants in a way they would not be able to perform without the 
addi}on of these compounds= (Kisvarga et al., 2022). Furthermore, according to recent 
Regula}on EU-2019/1009, plant bios}mulants are de昀椀ned as <fer}lizer products with the 
func}on of s}mula}ng the plant nutri}on process, independent of the nutrient content of the 
product=. They are divided into categories, for example: humic and fulvic acids, aminoacids- and 
hormones-containing products, protein hydrolysate, botanical extracts, but also bene昀椀cial 
microorganisms, like some bacteria and fungi (Du Jardin, 2015; S Gupta et al., 2021). More 
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recently, a琀琀en}on has also focused on microalgae and microalgae compounds as bios}mulants 
(Braun and Colla, 2023; González-Pérez et al., 2022). Overall, the main func}on is to s}mulate 
the physiological processes of plants, improving their resistance to stress (salinity, high 
temperatures, drought), aiding seed germina}on, and promo}ng development, 昀氀owering and 
frui}ng (Parađiković et al., 2019). They act by modula}ng gene expression, improving nutrient 
uptake, increasing an}oxidant molecules produc}on and strengthening natural defences 
(Baltazar et al., 2021). 

Biofer}lizers are products containing living organisms or natural substances that improve soil 
chemical and biological proper}es, restoring soil fer}lity and s}mula}ng plant growth. Indeed, 
their main func}on is to provide essen}al plant nutrients, such as N, P and K. The use of 
biofer}lizers can reduce serious damages like imbalance of element ra}os in the soil, soil 
hardening, nutrient reduc}on, groundwater pollu}on, and all damages coming from the use of 
chemical fer}lizers (Alam et al., 2020, chap. 12). They are obtained from microorganisms 
(microalgae, bacteria, fungi) or organic substances (manure, compost) capable of 昀椀xing 
atmospheric nitrogen or solubilising nutrients in the soil. They mainly act by s}mula}ng microbial 
growth in the soil, improving nutrient availability and promo}ng roots development (Bello et al., 
2021; González-Pérez et al., 2022).

Why microalgae are ideal for these applica}ons? The produc}on of microalgae-based 
bios}mulants and biofer}lizers is a sustainable process and promotes circular economy. They 
bring bene昀椀ts to di昀昀erent crops, improve morphological plants characteris}cs, such as length, 
number of leaves and root length, and increase quan}}es of nutrients in the plant (Ronga et al., 
2019; Suchithra et al., 2022). Microalgae-based bios}mulants can contain valuable molecules 
such as: phytohormones (GAs, auxins, CKs, ABA and jasmonic acid) that have posi}ve e昀昀ects on 
plant development (Navarro-López et al., 2020; Tarakhovskaya et al., 2007); PAs, that promote 
growth and s}mulate protein ac}vi}es and modula}ng enzyma}c ac}vi}es (Agarwal et al., 2020; 
Mógor et al., 2018); FAs, proteins and EPS, that can also promote plant growth in addi}on to 
counteract abio}c stress (Farid et al., 2019). The e昀昀ec}veness of these products depends also on 
the applica}ons modes, including plant stage, }ming frequency, rate/dosage, etc. It is very 
important to know the stages of the crop9s growth cycle to iden}fy the best moment for 
applica}on to derive their maximum bene昀椀t. The most used modes of applica}on are foliar 
spraying, roots and foliar applica}ons, irriga}on and soaking (Gupta et al., 2021). Microalgal 
bios}mulants also have an e昀昀ec}veness on the shelf-life: Suchithra et al. (2022) observed that 
the shelf-life of tomato (Solanum lycopersicum) fruits was increased in terms of days (4 ± 0.65) 
in plants treated with foliar spray treatments of C. vulgaris. An extended shelf life increases the 
overall quality and the marketable value of fresh products (Graziani et al., 2020). The 
bios}mulant e昀昀ects of di昀昀erent levels of C. fusca CHK0059 on strawberry plants (Fragaria x 
ananassa) have been evaluated by Kim et al. (2023). In this study, the authors irrigated the plants 
with di昀昀erent applica}on rates of C. fusca and they monitored monthly, for 昀椀ve months, 
characteris}cs of fruits and plants. Their 昀椀ndings suggest many posi}ve e昀昀ects of the treatment 
both on plants and fruits. The observed improvements in fruit characteris}cs and 昀氀avour quality, 
in addi}on to an improved post-harvest storage capacity. Similar posi}ve results were obtained 
also from Žunić et al. (2024), who assessed the poten}al agricultural applica}on of three 
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microalgae (C. vulgaris, Scenedesmus vacuolatus and Colastrella sp.) on the same plant species 
(Žunić et al., 2024). Further research is needed to fully exploit microalgae-based products in 
agriculture, but the studies and the 昀椀ndings obtained in recent years are posi}ve and give 
excellent prospects. 

1.8.4 Wastewater treatment

Popula}on growth has led to an increase in wastewater (WW) produc}on, which, if not 
properly treated, can contaminate water resources and pose a serious risk to human health due 
to the presence of pathogens such as Escherichia coli, and other contaminants (Benà et al., 2024). 
Industrial WW (IWW) oven contains toxic and hazardous substances, which require speci昀椀c and 
costly treatment (Thomas et al., 2007); urban (UWW) are characterised by great variability in 
composi}on, depending on consump}on pa琀琀erns and produc}on ac}vi}es in the catchment 
area (Acién et al., 2016); agricultural (AWW) may contain high concentra}ons of nutrients (N and 
P), which can cause eutrophica}on of surface waters (Plöhn et al., 2021). Microalgae have 
emerged as a promising and sustainable approach for WW treatment; indeed, they can 
e昀昀ec}vely and e昀케ciently remove pollutants including nutrients, heavy metals, and organic 
ma琀琀er (Wollmann et al., 2019). Tradi}onal prac}ces for WW treatment include primary and 
secondary steps: primary treatment aims to remove solid par}cles, while secondary focuses at 
the decomposi}on of organic ma琀琀er via microbial processes (Abdelfa琀琀ah et al., 2023). Bene昀椀ts 
associated with this prac}ce include, in addi}on to those already men}oned, (I) a reduc}on of 
CO2 emissions, (II) a cost-e昀昀ec}ve cul}va}on of microalgae, as they do not require a the addi}on 
of chemical and freshwater for the medium, (III) high growth rates that lead to biomass 
produc}on that can be harvested and exploited for other biotechnological applica}ons 
(Baldissero琀琀o et al., 2020). The genera used for these purposes include Chlorella, Neochloris, 
Nannochloropsis, Scenedesmus, and Chlorococcus, among others (Benà et al., 2024; Silkina et al., 
2019; Wang and Lan, 2011).
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2.1 Aim of work

Light is a key factor in microalgal cul}va}on, as it is the factor that most in昀氀uences the growth 
and the produc}vity of microalgae (Maltsev et al., 2021). Microalgal species have various light 
requirements, and understanding the best light intensity and quality for each species is 
fundamental for maximizing their growth, produc}vity and bioac}ve molecules produc}on 
(Raqiba and Siba, 2019; Ritchie and Sma-Air, 2023). The choice of ligh}ng is crucial, as a light that, 
for example, emphasizes the produc}on of a speci昀椀c metabolite, could compromise the growth 
of the algae, or vice versa (Baidya et al., 2021). By studying the e昀昀ects of various light condi}ons, 
researchers can op}mize growth rates and enhance the produc}on of valuable metabolites, such 
as pigments, lipids, and proteins (Baidya et al., 2021; Esteves et al., 2020; Maltsev et al., 2021). 
This knowledge can lead to more e昀케cient and sustainable cul}va}on processes, with applica}ons 
in biofuels, nutri}on, pharmaceu}cals, cosme}cs and cosmeceu}cals (Gupta et al., 2021; 
Nzayisenga et al., 2020). Mixotrophy is a trophic mode involving light supply and the addi}on of 
organic substrate to the culture medium in addi}on to inorganic carbon for growth (Lowrey et 
al., 2015; Pang et al., 2019; Zhan et al., 2017). It was observed that mixotrophy not only results 
in increased biomass but also in昀氀uences the intricate machinery that regulates the produc}on of 
bioac}ve molecules, namely the metabolism (Cas}llo et al., 2021; Pang et al., 2019; Patel et al., 
2019).

The study presented in this Chapter focuses on the varia}ons induced by di昀昀erent light and 
by the presence of glucose, in the growth kine}cs and biochemical composi}on of the green 
microalga E琀琀lia oleoabundans. For this reason, studying the varia}ons induced by the 
combina}on of these two factors (light and trophic mode) is crucial for advancing research in this 
昀椀eld, and for increasing awareness and knowledge to 昀椀nd successful strategies for large-scale 
cul}va}on and commercializa}on of microalgae and microalgae-derived products (Markou et al., 
2021; Patel et al., 2019). By comparing di昀昀erent ligh}ng and trophic modes, and the combina}on 
of these, we aimed to iden}fy cul}va}on strategies for maximising biomass produc}on and for 
modula}ng the accumula}on of valuable biomolecules such as lipid, proteins and phenolics. 
Furthermore, this research contributes to a be琀琀er understanding of the adapta}on strategy of E. 
oleoabundans to di昀昀erent light condi}ons and cul}va}on modes, addressing knowledge gaps in 
the 昀椀eld of microalgal biotechnology. Based on the results obtained, poten}al applica}ons of the 
biomass in di昀昀erent biotechnological 昀椀elds are also proposed.

2.2 Materials and Methods

2.2.1 Algal cul琀椀va琀椀on and culture condi琀椀ons

E. oleoabundans UTEX 1185 (syn. Neochloris oleoabundans UTEX 1185) was obtained from the 
Culture Collec}on of Algae at the University of Texas (Aus}n, TX, USA; www.utex.org). The alga 
was cultured in BG11 medium (for recipe: utex.org/products/bg-11-medium) and maintained in 
a growth chamber (KW®, Siena, Italy) at 24 ± 1 °C, 30 µmol m-2 s-1 of photosynthe}cally ac}ve 
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radia}on (PAR; white LED colour temperature 4000 K; OSLON® Square LEDs)  with a light-
darkness photoperiod of 16:8 h. CO2 supply was not provided according to previous studies 
(Baldissero琀琀o et al., 2022), and sta}c condi}ons were chosen (only manual shaking, everyday). 
Once the sta}onary growth phase was reached and a cell density between 20 and 22 × 106 cells 
mL-1 was achieved, cells were inoculated at least in triplicate in 500 mL Erlenmeyer 昀氀asks (total 
volume equal to 350 mL) at a density of 0.5 ± 0.1 × 106 cells mL-1. For the experiments, cultures 
were grown at 60 µmol m-2 s-1, using two di昀昀erent ligh}ng condi}ons: white, and red-enriched 
light. For white ligh}ng condi}on (W), the LEDs were iden}cal to those described above. Red-
enriched light (from here onward only red light, R) was obtained using 30 μmol m22 s21 of red 
LEDs (peak at 660 nm; OSLON® Square LEDs) and 30 μmol m22 s21 of white LEDs. Light spectra of 
R and W are shown in Figure 2.1. These se琀�ngs were used to carry on experiments in two trophic 
modes: photoautotrophy (P) and mixotrophy (M); for the la琀琀er, each culture was added with a 
stock solu}on of sterilised glucose (50 g L-1) to achieve a 昀椀nal concentra}on of 2.5 g L-1. In total, 
four condi}ons were carried out: photoautotrophy in white light (PW), photoautotrophy in red 
light (PR), mixotrophy in white light (MW), and mixotrophy in red light (MR). Each culture 
condi}on was set up in triplicate. Mixotrophic cul}va}on was conducted for 14 days, while 
photoautotrophic cul}va}on con}nued for 28 days.

To monitor the growth and the dry microalgal biomass yield, 昀氀asks were rou}nely used for 
measurements. In detail, aliquots of culture were collected from each 昀氀ask aver 0, 3, 7, 10, and 
14 days for M cultures, and aver 0, 3, 7, 10, 14, 21, and 28 days for P cultures. Addi}onally, at 
speci昀椀c experimental points, a set volume of culture was harvested for biomass and medium 
characteriza}on, as reported in Tab. 2.1. Details on biomass and medium treatment and 
subsequent biochemical analyses, are described in the following sec}ons (see Paragraphs 2.2.2-
9).

Figure 2.1. LED light spectra used for the present study. On the lev, red LED spectrum; on the right, white LED 
spectrum. The two spectra were combined to obtain red light condi}on.
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Table 2.1. Experimental }me points at which biochemical characteriza}on of microalgal biomass was conducted, for 
each culture trophic mode (photoautotrophic, P, and mixotrophic, M). Medium was used for DNS analysis only.

Time (days) Total 
proteins

Total 
phenolics FAs Polyamines DNS 

(medium)

0 P and M P and M - - M

3 P and M P and M - - M

7 P and M P and M - - M

10 P and M P and M - - M

14 P and M P and M M M M

21 P P - - -

28 P P P P -

2.2.2 Growth parameters

Growth of algae cultures was assessed through the measurement of cell density (106 cells mL-

1) and dry biomass yield (gDW mL-1, where DW refers to the dry biomass of algae cultures). The 
cell density was es}mated coun}ng cells with a Thoma9s coun}ng chamber (HBG, Gissen, 
Germany) under the light microscope (Zeiss, model Axiophot, Carl Zeiss, Oberkochen, Germany). 
Growth rates (µ; day-1) were also evaluated using Equa}on 1 (Glenn and Doty 1992).

μ (d−1) = (lnN1 2 lnN0)(t1 2 t0) (1)

Where µ is the growth rate, N1 is the cell density at }me t1, N0 is the cell density at }me t0. The 
}me interval (days) is iden}昀椀ed with the di昀昀erence between t1 and t0. 

The DW was obtained as per Popovich et al. (2012) by adding a set volume of culture 
(depending on the cell density) to a pre-dried and pre-weight glass-昀椀ber 昀椀lter (Whatman GF/C; 
1.2 ým pore size); the 昀椀lter paper containing the microalgae was then rinsed with dis}lled water 
(dH2O) to remove excess salts, dried for 48 h at 60 °C, and weighted to determine the dry biomass 
yield per unit volume. The pH of the medium was measured using a Jenway mod. 3510 
(Sta昀昀ordshire, Stone, UK) bench pH-meter. The measurement was conducted aver separa}ng 
the medium from the biomass by centrifuga}on at 500g for 5 min.

2.2.3 Glucose consump琀椀on in mixotrophic cultures

To evaluate the consump}on of glucose by the cells in mixotrophic condi}ons, the 
concentra}on of the reducing sugar in the medium was es}mated (Sabia et al., 2015). The 
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medium was separated from the algal biomass through centrifuga}on (10000g, 10 min) and 
transferred into a clean tube. The es}ma}on of the glucose was assessed through dinitrosalicylic 
acid (DNS) method (Ghose, 1987). 

For the reac}on, 1 mL of DNS and 300 µL of sample were added into a 2 mL Eppendorf tube. 
Subsequently, the sample was placed for 10 min in a thermoblock preheated to 100 °C. Upon 
comple}on of the }me, the sample was lev to cool at RT, and the mixture's absorbance was 
measured at 540 nm. A calibra}on curve was generated using glucose, in place of the sample 
medium, in the concentra}on range of 0-5 mg mL-1. The linear equa}on (þ = �ý + ā) obtained 
from the calibra}on curve was used to quan}fy the glucose concentra}on in the sample, 
expressed as glucose residual (mg mL-1), and determined through Equa}on 9:

Glucose (mg mL−1) = A540 2 ā� (9)

where A540 is the op}cal density at 540 nm, c is the y-axis intercept and m is the gradient.

The results obtained from Equa}on 9 were then used to calculate the glucose equivalent in 
the sample, expressed as mg mL-1.

2.2.4 Light and 昀氀uorescence microscopy

Light and 昀氀uorescence microscopy were used to highlight the accumula}on of intracellular 
lipid globules and the produc}on and release of acidic exopolysaccharides (EPS) by the algae. In 
detail, samples were observed using a Zeiss Axiophot microscope equipped with conven}onal or 
昀氀uorescent a琀琀achments. 

With the aim of highligh}ng the intracellular lipid accumula}on, cells were stained with Nile 
Red (9-diethylamina-5Hbenzo[α]phenoxazine-5-one; Sigma-Aldrich, Milan, Italy) according to 
Maglie and coworkers (2021). Brie昀氀y, 10 µL Nile Red (0.5 mg dissolved in 100 mL acetone) were 
added to 1.9 mL of cell suspension with 2 × 106 cells. Aver incuba}on at 37 °C in the darkness for 
15 min, the pellet was washed twice with dH2O to remove excess dye. Cells were then observed 
with excita}on at 485 nm excita}on through an HBO 100 W pressure mercury vapour lamp (昀椀lter 
set BP485, LP520). Microscope images were obtained using the light microscope men}oned 
above and equipped with a VisiCam Pro 20C digital camera (20 megapixels).

In order to verify the produc}on of EPS by the algae, Alcian Blue staining was performed as 
described by Benà et al. (2024).  In detail, a set volume of culture, corresponding to 2 × 106 cells 
mL-1, was centrifuged at 10000g for 10 min to separate the algal pellet from the culture medium. 
Thirty µL of 1% Alcian Blue 8GX (Serva, Feinbiochemica, Heidelberg, Germany), prepared at 1% 
in 3% ace}c acid, were added to the pellet. The sample was then lev 30 min at room temperature 
(RT). Aver two washes with dH2O to remove excess dye, the algal cells were observed under the 
microscope.
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2.2.5 Photosynthe琀椀c parameters

2.2.5.1 PSII Maximum Quantum Yield

During cul}va}on, aliquots of each biological replicate were harvested by centrifuga}on at 
10000g for 5 min. The pellet was resuspended and placed as a single drop on a wet 昀椀lter paper 
(Pharma laboratory paper, myCordenons, Milan, Italy). Aver 15 min of dark adapta}on, 
昀氀uorescence measurements were done using a Junior pulse amplitude modula}on (PAM) 
昀氀uorimeter (Walz, Germany) (Ferroni et al., 2018). Samples were exposed to a satura}ng light 
pulse (0.6 s) via a 昀椀ber op}c system, and the basal (F0) and maximum (FM) 昀氀uorescence levels 
were recorded to calculate the FV/FM ra}o ((FM – F0)/ FM), i.e. the maximum quantum yield of PSII 
(Ferroni et al., 2018; Kalaji et al., 2014).

2.2.5.2 Photosynthe琀椀c pigments

Chlorophyll (Chl) a and b and total carotenoids (Car) were extracted and quan}昀椀ed as 
described in Baldissero琀琀o et al.  (2023). Brie昀氀y, the samples were centrifuged (10000g, 10 min) 
and 1 mL of pure methanol was added to the algal pellet. Subsequently, the samples were placed 
for 15 min in a thermoblock (uniBLOCHTHERM, LLG Labware) preheated to 80 °C. At the end of 
the extrac}on }me, the samples were cooled, returned to RT and then centrifuged (20000g); in 
this way, the extract was separated from the cell debris and then placed in a cuve琀琀e for 
spectrophotometric measurements. The absorbance was measured using a Pharmacia Biotech 
Ultrospec®2000 UV–vis spectrophotometer (1 nm bandwidth; Amersham Biosciences, 
Piscataway, NJ, USA) at 665 nm (Chla), 653 nm (Chlb), 470 nm (Car) and 750 nm (background 
noise). All manipula}ons were performed under dim green light to avoid photodegrada}on of 
pigments. Quan}昀椀ca}on of pigment concentra}on in the cuve琀琀e was calculated as reported in 
Equa}ons 2, 3, and 4 (Wellburn, 1994):

Chlÿ (μg mL−1) = 15.65 × (A666 2 A750) 2 7.34 × (A653 2 A750) (2)

ChlĀ (μg mL−1) = 27.05 × (A653 2 A750) 2 11.21 × (A666 2 A750) (3)

Car (μg mL−1) = 1000 × (A470 2 A750) 2 2.86 × Chlÿ 2 129.2 × ChlĀ221 (4)

where A664, A653, A480, and A750 are the op}cal densi}es at 664, 653, 480, and 750 nm, for Chla, 
Chlb, Car, and background noise respec}vely.
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Data were adjusted considering algal volume used for extrac}on (mL), dilu}on factors, algal 
DW (mg) or cell density, and then the results were expressed in micrograms per milligrams of 
algal DW (ýg mgDW-1) or micrograms per million cells (µg 10-6 cells).

Chla over Chlb (Chla/ Chlb), and total Chls over carotenoids (ChlsTOT/Car) molar ra}os were 
calculated using the molar concentra}on of pigments expressed as nmol of pigments per million 
cells. The la琀琀er was obtained by dividing the concentra}on as micrograms per million cells per 
the molecular weight of each pigment: Chla = 893.4; Chlb = 907.5; Car = 560.

2.2.6 Protein extrac琀椀on and quan琀椀昀椀ca琀椀on

For total protein evalua}ons, a set volume of culture with an op}cal density equal to 0.5 at 
750 nm, was harvested by centrifuga}on at 4000g for 10 min. The supernatant was discharged, 
and the biomass was resuspended in 2 mL of washing bu昀昀er (2 mM Na2EDTA in PBS bu昀昀er 1×; 
for 1 L of 10× PBS bu昀昀er stock solu}on: 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 × 2H2O, 2.4 g KH2PO4 
dissolved in dH2O) and centrifuged at 4000g for 10 min. Subsequently, the supernatant was 
removed, and the samples were immersed in liquid nitrogen for 1 min, and then stored at -20 °C. 
Protein extrac}on was performed as described by Baldissero琀琀o et al. (2023). The frozen sample 
was subjected to 3 freeze-thaw cycles (2 min in liquid nitrogen followed by 2 min at 80 °C, each) 
and homogenized with glass beads (0.40–0.60 μm diameter; Sartorius, Gö琀�ngen, Germany) by 
vortexing for 10 min (30 s vortexing, 30 s cooling). Aver centrifuga}on at 1500g for 10 min, the 
supernatant was collected in a clean Eppendorf. The pellet was re-extracted with 500 ýL of the 
same extrac}on bu昀昀er, vortexed for 2 min, and incubated at 60 °C for 15 min to obtain a second 
extract. These extracts were combined and 30 ýL of the 昀椀nal extract were used for quan}昀椀ca}on 
using the Lowry assay (1951) with slight modi昀椀ca}on. A calibra}on curve was prepared using 
bovine serum albumin (BSA), in place of the protein extract, in the concentra}on range of 0-5 mg 
mL-1. The linear equa}on (þ = �ý + ā) obtained from the calibra}on curve was used to quan}fy 
the protein concentra}on in the samples, expressed as BSA equivalents (BSA Eq., mg L-1), and 
determined through Equa}on 5:

BSA Eq. (mg L−1) = A600 2 ā� (5)

where A600 is the op}cal density at 600 nm, c is the y-axis intercept and m is the gradient.

The BSA equivalents were then used to calculate the protein content (%DW) as in Equa}on 6:

Protein content (%DW) = (BSA Eq.× VDW ) × 100 (6)

where BSA Eq. is the outcome from Equa}on 5, V is the extrac}on volume (mL), and DW (mg) 
is the biomass of the sample from which protein was extracted.
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2.2.7 Total phenolic compounds extrac琀椀on and quan琀椀昀椀ca琀椀on

A culture volume containing 150 × 106 cells was harvested by centrifuga}on (10000g, 10 min) 
and the pellet was stored at -20 °C un}l extrac}on. Algal extract was obtained using a modi昀椀ed 
version of the methods described in Haoujar et al. (2019) and Jerez-Martel et al. (2017). Brie昀氀y, 
600 μL of pure methanol were added to the pellet. The mixture was then subjected to mechanical 
disrup}on: con}nuous vortexing for 15 min, followed by a 30-min sonica}on bath, and 
concluding with 10 min of con}nuous vortexing. The sample was subsequently centrifuged 
(10000g, 10 mins), and the supernatant was collected for quan}昀椀ca}on of total phenolic 
compounds (PC). The Folin-Ciocalteu method was used for total PC quan}昀椀ca}on, as described 
in Haoujar et al. (2019) with minor modi昀椀ca}ons. Brie昀氀y, 100 μL of extract were mixed with 750 
μL of Folin-Ciocalteu reagent (Merck, Darmstadt, Germany; 1:10 diluted with dH2O), followed by 
the addi}on of 750 μL of sodium carbonate solu}on (Na2CO3, 60 g L21). Aver 5-min incuba}on at 
room temperature (RT), the mixture's absorbance was measured at 725 nm. A calibra}on curve 
was generated using coumaric acid, in place of the phenolic extract, in the concentra}on range 
of 0-1 mM. The linear equa}on (þ = �ý + ā) obtained from the calibra}on curve was used to 
quan}fy the phenolic concentra}on in the samples, expressed as coumaric acid equivalents 
(mM), and determined through Equa}on 7:

Coum. Ac. Eq. (mM) = A725 2 ā� (7)

where A725 is the op}cal density at 725 nm, c is the y-axis intercept and m is the gradient.

The coumaric acid equivalents were then used to calculate the total phenolic content 
(mgCoum.Ac.Eq. gDW

-1) as in Equa}on 8.

Phenolic content (mgCoum.Ac.Eq. gDW−1) = (Coum. Ac. Eq.× VDW ) × 100 (8)

Where Coum. Ac. Eq. is the outcome from Equa}on 7, V is the extrac}on volume (mL), and 
DW (mg) is the biomass of the sample from which phenolic compounds were extracted. For 
simplicity, in the text concentra}on is indicated as mg gDW-1.

2.2.8 Polyamines extrac琀椀on and quan琀椀昀椀ca琀椀on

At the end of the cul}va}on }me (28 and 14 days for P and M, respec}vely), polyamine 
content of the microalgal biomass was evaluated was performed thanks to the collabora}on with 
Dr. Annalisa Maie琀� (Department of Chemical, Pharmaceu}cal and Agricultural Sciences, 
University of Ferrara). The biomass was separated from the medium via centrifuga}on (4000g, 
10 min), and stored at -20 °C. The frozen sample was then lyophilised. The extrac}on process was 
conducted as described by Sabia et al. (2015) through the addi}on of 300 ýL of 4% perchloric 
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acid to approximately 30 mg of accurately weighted freeze-dried biomass. The mixture was lev 
on ice for 1 h and subsequently centrifuged at 10000g for 15 min. The supernatant, separated 
from the precipitate, was used for analysis following deriva}sa}on. For the HPLC separa}on (VP 
Shimatzu), a Kinetex C18 chromatographic column (Phenomenex), 150 x 4.6 mm, with core-shell 
spherical par}cles of 5 ým diameter and thermostated at 36°C, was used. The separa}on was 
performed with a 昀氀ow rate of 1 mL min-1 in a gradient star}ng with H2O 42%, acetonitrile (ACN) 
58%; in 7 minutes H2O 40% and ACN 60%; in the following 5 min reaching ACN 100%, which was 
maintained for 4 min, and 昀椀nally in 4 minutes returning to the star}ng condi}ons. For each run, 
10 ýL of deriva}sed sample was injected. The deriva}sa}on reac}on followed the Learey at al. 
(2018) method and was performed directly in the HPLC vial. To 100 ýL of sample or standard, 
250 ýL of saturated sodium carbonate and 250 ýL of dansyl chloride (DNS-Cl) were added. Aver 
shaking for 1 min, the mixture was lev at 40°C for 45 min. Then, 100 ýL of glycine was added, 
and aver 10 min, 500 ýL of ACN. Polyamine content was expressed as nmol g-1.

2.2.9 Fa琀琀y acid determina琀椀on

At the 昀椀nal day of cul}va}on (day 14 and day 28 for M and P culture, respec}vely), fa琀琀y acid 
(FA) analysis was performed thanks to the collabora}on with Dr. Annalisa Maie琀�. Lipids were 
extracted from the lyophilized dry material with CHCl3-MeOH by the Bligh and Dyer (1959) 
method, adapted to our condi}on. Aliquots of 400 µL MeOH, 200 µL CHCl3, and 40 µL H2O were 
added to 20-30 mg of lyophilized algal biomass. The mixture was vortexed, sonicated in ice for 
10 min, and centrifuged at 358g for 10 min. The supernatant was transferred, and 200 µL of 
MeOH and 200 µL CHCl3 were added to the algal pellet. The extrac}on process was repeated 
three }mes. The organic phase was evaporated, and residue was dissolved into 500 µL hexane. 
FA methyl esters (FAMEs) were prepared as described by Baldissero琀琀o et al. (2023) with minor 
modi昀椀ca}on. Transesteri昀椀ca}on with 5% of NaOH in MeOH solu}on was performed to obtain 
free FAMEs. Sample volume of 1 μL was injected into the gas chromatography-mass 
spectrometry (Varian Saturn 2100 MS/MS ion trap mass spectrometer coupled to a Varian 3900 
gas-chromatograph). The separa}on was achieved with a capillary column Zebron ZB-WAX 
(Phenomenex) (60 m, 0.25 mm i.d., 25 µm 昀椀lm thickness) supplied with helium carrier gas at 1 
mL min-1 constant 昀氀ow. The injector temperature was 260 °C and the oven temperature program 
was the following: start 100 °C for 2 min, ramp to 200 °C at 10 °C min-1 and hold for 48 min. The 
peaks were iden}昀椀ed based on their reten}on }mes, using authen}c standard FAME, and on 
their mass spectra compared with NIST library of the instrument. The amount of each FA was 
expressed rela}ve to the total FA content (semi-quan}ta}on based on area ra}o).

2.2.10   Data analysis

Sta}s}cal analysis was performed using R version 4.2.2 (R Core Team, 2022). Results were 
compared using one-way ANOVA test (α=0.05). If the assump}on of homogeneity of variance 
and normality were not sa}s昀椀ed, the data were transformed through root square or logarithm. 
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If the ANOVA test indicated p < 0.05, a Tukey9s post-hoc was conducted. When assump}ons were 
not met, even aver data transforma}on, the non-parametric Kruskal-Wallis test was conducted, 
followed by a Dunn's post-hoc. Graphs were realised with GraphPad Prism 8.4.2 (GraphPad 
Sovware, San Diego CA, USA). Image analysis was performed through ImageJ free sovware 
(Schneider et al., 2012).

2.3 Results

2.3.1 Growth parameters

Growth parameters revealed dis}nct values for the two trophic condi}ons, P and M, under 
the two ligh}ng treatments (W and R). Overall, although cell density and dry biomass started 
from similar values, the two condi}ons, P and M, exhibited di昀昀erent growth kine}cs (Fig. 2.2A). 
The highest cell density in MW cultures was observed on day 7 (42.3 × 106 cells mL-1), while in 
MR cultures it was observed at the 昀椀nal }me point (day 14) (49.4 × 106 cells mL-1). At the end of 
the cul}va}on period, the cell density observed in MR cultures was the highest overall, both 
temporally and across the di昀昀erent growth condi}ons. P cultures never a琀琀ained the cell density 
values observed for M cultures. The highest values of cell density of P cultures were observed at 
the end of the cul}va}on period (28 days), with values equal to 10.2 and 9.7 × 106 cells mL-1 in 
PW and PR, respec}vely. In general: I) both P cultures showed similar values through the 
cul}va}on period (p > 0.05), II) the two M cultures showed sta}s}cally di昀昀erent values at day 3 
and 7 of cul}va}on (p > 0.05), and III) sta}s}cally di昀昀erent values through the en}re cul}va}on 
period were obtained comparing M to P cultures (p < 0.05). For cultures PW and PR, the 
exponen}al growth phase lasted 10 days, and a stable sta}onary phase was reached between 
day 21 and 28 of cul}va}on. M cultures showed a di昀昀erent growth kine}cs. In par}cular, MW 
culture started to grow exponen}ally aver inocula}on, and it reached the sta}onary phase aver 
7 days. MR cultures started to grow exponen}ally aver day 3 of cul}va}on, reaching the 
sta}onary phase at day 10. The highest growth rate was observed in MW cultures (0.58 d-1), 
followed by MR (0.45 d-1). P cultures showed comparable growth rates, with 0.3 d-1 and 0.29 d-1 
for PW and PR, respec}vely (p > 0.05) (Fig. 2.2 B). 

As regard to dry biomass, it increased following the trend recorded for cell densi}es (Fig. 2.2C); 
for P cultures, the highest dry biomass was observed at the end of the cul}va}on (28 days; 0.19 
and 0.22 g L-1 for W and R, respec}vely) (p > 0.05). For M cultures, the highest dry biomass values 
were recorded at }me 10 for MW (1.5 g L-1) and at }me 14 for MR (1.6 g L-1), the la琀琀er showing 
the highest value of dry biomass, overall. MR dry biomass value was about 7.5 }mes higher than 
the highest value recorded for PW, and 6.3 }mes higher than the one recorder for PR. 

Concerning the pH, M cultures shared similar pH values from day 0 to day 10 (p > 0.05). At day 
14, sta}s}cally di昀昀erent values were observed between MW and MR (7.9 and 6.9, respec}vely) 
(p < 0.05). In general, M cultures showed sta}s}cally lower pH values through the cul}va}on 
}me, when compared to P cultures. P cultures showed sta}s}cally signi昀椀cant di昀昀erences 
between W and R ligh}ng condi}ons, except at days 14 and 28 (Fig. 2.2D).
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Figure 2.2. Growth parameters of E. oleoabundans P and M culture over 28 and 14 days, respec}vely. (A) Growth 
kine}cs: cell density values (106 cells mL-1) were plo琀琀ed on a base 2 logarithmic scale. (B) Rates of division per day 
(div. d-1), calculated on the exponen}al phase of growth (0-7 days); (C) Dry biomass yield (gDW L-1). (D) Trend of pH 
of the culture media. Empty circles (A and D) and white bars (C and B), photoautotrophy white light, PW; black circles 
(A and D) and grey bars (C and B), photoautotrophy red light, PR; empty triangles (A and D) and striped, white bars, 
mixotrophy white light, MW; black triangles (A and D) and striped, grey bars, mixotrophy red light, MR. Data refer 
to means ± SD (n≥3). At each experimental }me, di昀昀erent le琀琀ers indicate sta}s}cally signi昀椀cant samples (One-way 
Anova; p < 0.05).

Pictures of the cultures are reported in Figure 2.3. The changes and the di昀昀erences in colour 
were notable during the growth. At the end of the cul}va}on period (14 days), MW cultures 
showed a dense, dark green colour, while MR exhibited a lighter green colour. P cultures reported 
the same colour pa琀琀erns, but less intense, as the cultures were less dense than the M ones.
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Figure 2.3. Pictures of the E. oleoabundans cultures during experimenta}on under white (W) and red-enriched ® 
light in photoautotrophic (P) or mixotrophic (M) growth condi}ons. Lev: cultures at day 0, where the star}ng 
cultures were the same for all the four condi}ons (two representa}ve 昀氀asks are reported). Middle: mixotrophic 
cultures (W, lev; R, right) at the end of the cul}va}on, i.e. day 14. Right: photoautotrophic cultures (W, lev; R, right) 
at the end of the cul}va}on, i.e. day 28.

2.3.2 Glucose consump琀椀on

DNS method was employed to evaluate glucose concentra}ons in MW and MR media. The 
two cultures started from a similar concentra}on, at the beginning of the cul}va}on (2.5 g L-1) (p 
> 0.05). Aver day 3, glucose levels decreased rapidly in MW, and a complete deple}on of glucose 
was observed at day 10. In MR cultures, the decrease was more gradual with respect to MW, 
un}l day 7. Aver this }mepoint, glucose concentra}on rapidly decreased un}l almost complete 
deple}on, observed at day 12. Even if sta}s}cally di昀昀erences were observed between the two 
condi}ons (MW and MR) at day 7 and 10 of cul}va}on (p < 0.05), a 昀椀nal complete glucose 
consump}on was observed in both growth condi}ons (Fig. 2.4).
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Figure 2.4. Time-course varia}ons in glucose levels, in M culture media. Empty triangles, mixotrophy white light, 
MW; black triangles, mixotrophy red light, MR. Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.3.3 Cell morphology

Figures 2.5A and D show light microscope observa}ons of E. oleoabundans at the beginning 
of the cul}va}on (}me 0), while Figures 2.5E-H, show PW and PR, and MW and MR cells, 
respec}vely at 28 and 14 days (昀椀nal }me of cul}va}on). At the beginning of the cul}va}on, cells 
showed the typical round shape and morphology of the alga, and the cell dimension ranged 
between 2-5 µm. One cup-shaped greenish chloroplast occupied most of the cell volume. At the 
end of the cul}va}on, both P and M cells did not reveal evident morphological changes, when 
compared to cells at the ini}al cul}va}on stage. However, a closer look revealed a di昀昀erent 
internal composi}on of M cells, compared to P ones: M cells, indeed, exhibited a higher degree 
of granula}on (Fig. 2.5F and H). 

Figure 2.5. Light microscope images of E. oleoabundans cells under white (W) and red-enriched (R) light in 
photoautotrophic (P) or mixotrophic (M) growth condi}ons at the beginning (A-D) and at the end of the cul}va}on 
}me (day 0, and 14 and 28 days for M and P cultures, respec}vely) (E-H). Cells at the inocula}on }me: the star}ng 
condi}on was the same for all cultures. Bars: 3 µm.

This granula}on was more evident in Figures 2.6A, C, E and G, referred to M cells prepared for 
Nile Red staining but observed using conven}onal light; the lower pigment content in the cell 
due to staining treatments (i.e. hea}ng) let a be琀琀er observa}on of the granula}ons. In addi}on, 
the Nile Red staining revealed their lipidic nature (Fig. 2.6B, D, F and H). Lipid droplets were 
exclusively noted within M cells, (Fig. 2.6A-H). Lipid produc}on started at around day 7 of 
cul}va}on in cells exposed to W light, while in samples from red light cultures, the presence of 
lipids appeared later, around day 10 of cul}va}on (not shown). Furthermore, the lipid droplets 
appeared quite numerous and large within the cells of MW cultures (Figures 2.6B and D), while 
they were very numerous, but small in MR cells (Fig. 2.6F and H). Overall, the intracellular lipid 
content appeared to be higher in MW cells compared to MR cells, mainly thanks to droplets even 
larger in size.



70

Figure 2.6. Light microscope images of E. oleoabundans cells under white (W) and red-enriched (R) light in 
mixotrophic (M) growth condi}on, at the end of the cul}va}on }me (14 days). A, C, E and G represent Nile Red 
stained cells observed under white light, while B, D, F and H under 昀氀uorescent light (excita}on wavelength: 485 nm). 
Bars: 5 µm.

Figures 2.7A-D show cells stained with Alcian Blue to highlight the presence and/or release of 
EPS. EPS produc}on was observed by cells in all condi}ons, with an evident release in PR (Fig. 
2.7C). Even if a quan}昀椀ca}on of EPS was not performed in the present study, a probable higher 
produc}on of these compounds by M cells was responsible for the forma}on of large aggregates, 
not observed in P samples (Fig. 2.7B and D).

 Figure 2.7. Light microscope images of E. oleoabundans cells under white (W) and red-enriched (R) light in 
photoautotrophic (P) or mixotrophic (M) condi}ons, at the end of the cul}va}on }me (day 0, and 14 and 28 days 
for M and P cultures, respec}vely). The cells are stained with Alcian Blue to highlight the presence of EPS. (A) 
photoautotrophy in white light, PW; (B) mixotrophy in white light, MW; (C) photoautotrophy in red light, PR; (D) 
mixotrophy in red light, MR.  Bars: 3 µm.
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2.3.4 Photosynthe琀椀c parameters

2.3.4.1 PSII Maximum Quantum Yield

The e昀昀ects of the di昀昀erent ligh}ng condi}ons in P and M cultures were evaluated by PAM 
昀氀uorimetry (Fig. 2.8). At the inocula}on }me (day 0), all the cultures presented similar FV/FM 

values, ranging around 0.600-0.625 (p > 0.05). At day 3, the FV/FM ra}o was higher in MW (0.690) 
than the other condi}ons (PW, PR and MR). At the subsequent }mepoints (7, 10 and 14 days), 
higher FV/FM values were generally observed for M cultures (around 0.680) with respect to P 
samples, which always showed values between 0.550 and 0.600. A value below 0.6 was also 
observed for MR sample only at the end of the cul}va}on (14 days).
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Figure 2.8. Time-course varia}ons of PSII maximum quantum yield (FV/FM ra}o) in E. oleoabundans cells under white 
(W) and red-enriched (R) light in photoautotrophic (P) or mixotrophic (M) growth condi}ons during 28 and 14 days 
of cul}va}on for P and M cultures, respec}vely. White bars, photoautotrophy in white light, PW; grey bars, 
photoautotrophy in red light, PR; striped, white bars, mixotrophy in white light, MW; striped, grey bars, mixotrophy 
in red light, MR. Data refer to means ± SD (n≥3). At each experimental }me, di昀昀erent le琀琀ers indicate sta}s}cally 
signi昀椀cant groups (One-way Anova; p < 0.05).

2.3.4.2 Photosynthe琀椀c pigment content

Photosynthe}c pigment concentra}ons, expressed as ýg mgDW-1, are shown in Figure 2.9. At 
the inocula}on }me (day 0), all the cultures presented similar Chla, Chlb, and Car contents, 
ranging around 43.1, 19.8, and 7.7 ýg mgDW-1, respec}vely. Chla concentra}on decreased rapidly 
aver inocula}on, with sta}s}cally lower values in M cultures at day 3, 7, and 10, when compared 
to P ones (p < 0.05). Interes}ngly, at day 14, in MW cultures Chla content was higher than in the 
other cultures, sta}s}cally di昀昀erent with respect to both PR and MR samples (18.8 ýg mgDW-1 vs 

10.8 and 8.5 ýg mgDW-1, respec}vely for MW, PR and MR) (p < 0.05) but not versus PW cultures 
(13.3 ýg mgDW-1) (p > 0.05). Overall, W samples tended to show higher, even if not always in a 
signi昀椀cant way, Chla content than R samples. In P cultures, at the end of the cul}va}on period 
(28 days) Chla content remained sta}s}cally higher compared to cultures grown under red-
enriched light, with values equal to 21.2 and 13.9 ýg mgDW-1, respec}vely (p < 0.05). The same 
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pa琀琀ern was observed for Chlb content. Brie昀氀y, MW cultures, at 14 days, showed a content of 7.7 
ýg mgDW-1, the la琀琀er sta}s}cally higher than MR value (3.3 ýg mgDW-1) (p < 0.05). P cultures also 
showed sta}s}cally signi昀椀cant di昀昀erences at the end of the cul}va}on period, with values of 8.6 
and 5 ýg mgDW-1, for PW and PR, respec}vely (p < 0.05). Conversely, as regard to Car content, M 
cultures showed lower carotenoid content compared to P cultures throughout the cul}va}on 
period, except for days 7 and 14. At day 14, MW cultures showed a higher Car content, when 
compared to MR (p < 0.05), s}ll lower than PW (p < 0.05) but comparable to PR (p > 0.05). At 28 
days, PW showed a higher Car content, although not sta}s}cally di昀昀erent from PR (p > 0.05).
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Figure 2.9. Time-course varia}on of photosynthe}c pigments in E. oleoabundans cells under white (W) and red-
enriched (R) light in photoautotrophic (P) or mixotrophic (M) growth condi}ons during 28 and 14 days of cul}va}on 
for P and M cultures, respec}vely. A, Chlorophyll a (Chla) content; B, Chlorophyll b (Chlb) content; C, Car content. 
White bars, photoautotrophy in white light, PW; grey bars, photoautotrophy in red-enriched light, PR; striped, white 
bars, mixotrophy white light, MW; striped, grey bars, mixotrophy red light, MR. Please note y-axis scale varies across 
the graphs. Data refer to means ± SD (n≥3). At each experimental }me, di昀昀erent le琀琀ers indicate sta}s}cally 
signi昀椀cant groups (One-way Anova; p < 0.05).
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Despite varia}on in individual pigment concentra}on, the Chla over Chlb molar ra}o always 
ranged around 2.1 and 3.1 for the four condi}ons, while the total Chls over Cars molar ra}o 
showed more evident varia}ons. PW and PR tended to decrease during cul}va}on (max-min 
values: 5.1-3.4 and 5.1-2.7 at day 0 and 28, respec}vely for PW and PR), while M samples gave 
slightly increasing values in white condi}on (from 5.2 to 6.4), and quite stable ones in red light 
samples (around 4 from day 3 onward) (Fig. 2.10A and B).
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Figure 2.10. Time-course varia}on of photosynthe}c pigments in E. oleoabundans cells under white (W) and red-
enriched (R) light in photoautotrophic (P) or mixotrophic (M) growth condi}ons during 28 and 14 days of cul}va}on 
for P and M cultures, respec}vely. A, Chla over Chlb molar ra}o; B, total Chls over Cars molar ra}o; for calcula}on, 
nmol 106 cells were used. White bars, photoautotrophy in white light, PW; grey bars, photoautotrophy in red-
enriched light, PR; striped, white bars, mixotrophy in white light, MW; striped, grey bars, mixotrophy in red-enriched 
light, MR. Data refer to means ± SD (n≥3). At each experimental }me, di昀昀erent le琀琀ers indicate sta}s}cally signi昀椀cant 
groups (One-way Anova; p < 0.05).

2.3.5 Total protein, phenolic and polyamine contents

As reported in Figure 2.11A, protein content varied over }me, with generally higher values in 
M algae, except on day 3 when PR exhibited the highest value (47.7 %DW; p < 0.05). From day 7 
onwards, P cultures showed a protein content between 16 and 26 %DW, un}l the 昀椀nal day of 
cul}va}on (day 28), when a value of 30 %DW was observed for both W and R light condi}ons. 
Values in M cultures remained similar un}l the end of the experiment, except for a signi昀椀cant 
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increase in MW on day 14 compared to MR, with values of 48.3 and 31 %DW for MW and MR, 
respec}vely (p < 0.05). 

The results of the total PC, with sta}s}cally signi昀椀cant di昀昀erences between the four condi}ons 
(p < 0.05), excluding day 0 with about 10 mg gDW-1, ranged from: 410.5 to 25 mg gDW-1 in PW 
cultures; from 1167.3 to 25 mg gDW-1 in PR cultures; 97.2 to 0.7 mg gDW-1 in MW cultures; and 180 
to 0.4 mg gDW-1 in MR. The highest concentra}on was recorded in PR at day 3 of cul}va}on, and 
the lowest concentra}ons were observed in M cultures from day 7 onward (Fig. 2.11B). 

Polyamine content was evaluated only at the 昀椀nal }mes of cul}va}on for both P and M 
condi}ons (28 and 14 days, respec}vely). Spm and Spd concentra}ons where sta}s}cally 
di昀昀erent in all the four condi}ons examined. The highest values of Spm and Spd were observed 
in MW cultures (70.2 and 209.2 nmol g-1). As regards Put, similar values were recorded both 
between the two P cultures, PW and PR (15.1 and 20.7 nmol g-1, respec}vely) (p > 0.05), and the 
two M cultures, MW and MR (28 and 31.7 nmol g-1, respec}vely) (p > 0.05). However, in general, 
P and M values were sta}s}cally di昀昀erent, as shown in Fig. 2.12 (p < 0.05). 
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Figure 2.11. Time-course varia}on of total proteins (A) and total phenolic compounds (B) in E. oleoabundans cells 
under white (W) and red-enriched (R) light in photoautotrophic (P) or mixotrophic (M) growth condi}ons during the 
28 and 14 days of cul}va}on, for P and M cultures, respec}vely. White bars, photoautotrophy in white light, PW; 
grey bars, photoautotrophy in red-enriched light, PR; striped, white bars, mixotrophy in white light, MW; striped, 
grey bars, mixotrophy in red-enriched light, MR. Data refer to means ± SD (n=3). At each experimental }me, di昀昀erent 
le琀琀ers indicate sta}s}cally signi昀椀cant groups (One-way Anova; p < 0.05).
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Figure 2.12. Polyamine content in E. oleoabundans cells under white (W) and red-enriched (R) light in 
photoautotrophic (P) or mixotrophic (M) growth condi}ons at the end of the cul}va}on (28 and 14 days of 
cul}va}on, for P and M cultures, respec}vely). White bars, photoautotrophy in white light, PW; grey bars, 
photoautotrophy in red-enriched light, PR; striped, white bars, mixotrophy in white light, MW; striped, grey bars, 
mixotrophy in red-enriched light, MR. Data refer to means ± SD (n=3). Di昀昀erent le琀琀ers indicate sta}s}cally signi昀椀cant 
groups for each polyamine analysed (One-way Anova; p < 0.05).

2.3.6 Fa琀琀y acid pro昀椀le

The fa琀琀y acid pro昀椀les are reported in Table 2.2 and in Fig. 2.13A. FAs with various degrees of 
satura}on were detected in the four condi}ons, including saturated (SFA), mono- and 
polyunsaturated FAs (MUFAs, PUFAs). Regarding P cultures, PW showed a higher content of SFAs 
and a lower content of PUFAs (50.7 and 44.4 % of total FAs, respec}vely), while PR reported the 
opposite, i.e. a lower SFAs content and a higher PUFAs (41.6 and 53.2 % of total FAs, respec}vely). 
Concerning M cultures, a higher content of SFAs and PUFAs was observed in MR than in MW 
cultures (27.9 and 39.2 % of total FAs, respec}vely in MR, and 25.9 and 35.3 %, respec}vely, in 
MW), while higher values of MUFAs was present in MW than in MR (38.7 and 32.9%, 
respec}vely). A visual representa}on of saturated and unsaturated total FAs is reported in Figure 
2.13B. Omega-3 and omega-6 FAs, linoleic and α-linolenic acids, were detected in all the four 
condi}ons (Fig. 2.13C). The highest value of linoleic acid was observed in MW (22.6 %), while the 
greatest value of α-linolenic acid was observed in PR (18.7 %).

Table 2.2. FAs composi}on (% of total lipids) in E. oleoabundans photoautotrophic and mixotrophic biomasses grown 
under white (W) and red-enriched (R) light, at the end of the cul}va}on }me (28 and 14 days, respec}vely). 
Photoautotrophy under white light, PW; photoautotrophy under red-enriched light, PR; mixotrophy under white 
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light, MW; mixotrophy under red-enriched light, MR. Data refer to means ± SD (n=2). Di昀昀erent le琀琀ers indicate 
sta}s}cally signi昀椀cant groups (One-way Anova; p < 0.05).

FAME PW PR MW MR

C14:0 (myris}c acid) 0.4 ± 0 a 0.4 ± 0 a 0.3 ± 0 b 0.4 ± 0 a

C15:0 (pentadecanoic acid) 0.2 ± 0 ab 0.2 ± 0 a 0.1 ± 0 bc 0.1 ± 0 c

C16:0 (palmi}c acid) 30.9 ± 0.1 a 27.7 ± 0.1 a 16.3 ± 0.3 a 17.7 ± 0.1 a

C16:1 n-6 (sapienic acid) 0.8 ± 0.1 a 1.3 ± 0 b 3.0 ± 0 c 2.0 ± 0 d

C16:2 5.5 ± 0.1 a 7.3 ± 0.1 b 5.1 ± 0.1 a 4.3 ± 0.1 c

C16:3 7.1 ± 0.1 a 8.0 ± 0 b 2.6 ± 0 c 4.4 ± 0.1 d

C17:0 (margaric acid) 0.2 ± 0 a 0.2 ± 0 a 0.5 ± 0 a 0.5 ± 0 a

C18:0 (stearic acid) 19 ± 0.1 a 13.1 ± 0.2 b 8.7 ± 0 c 9.2 ± 0 d

C18:1 cis 3.0 ± 0.1 a 2.4 ± 0 a 31.2 ± 1 b 29.5 ± 0.1 b

C18:1 trans 1.2 ± 0 a 1.7 ± 0 a 4.5 ± 0.4 a 1.4 ± 0 a

C18:2 (linoleic acid) 14.7 ± 0.1 a 19.2 ± 0.1 b 22.6 ± 0.1 c 20.1 ± 0.1 d

C18:3 n-3 (linolenic acid) 17.1 ± 0 a 18.7 ± 0.1 b 5.0 ± 0 c 10.4 ± 0.1 d

∑SFA 50.7 41.6 25.9 27.9

∑MUFA 5.0 5.4 38.7 32.9

∑PUFA 44.4 53.2 35.3 39.2

Total fa琀琀y acid 100.1 100.2 99.9 100
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Figure 2.13. FAs pro昀椀les in E. oleoabundans algal biomass, in photoautotrophic and mixotrophic white- and red-light 
condi}ons, at the end of the cul}va}on }me (28 and 14 days, respec}vely). (A) FAs composi}ons (% on total lipids); 
(B) total percentage of unsaturated and saturated fa琀琀y acids; (C) percentage of total linoleic and α-linolenic acids 
on total FAs composi}on. In B, black bars refer to SFAs; white bars refer to the sum of MUFAs and PUFAs. In C: 
Photoautotrophy under white light, PW; photoautotrophy under red-enriched light, PR; mixotrophy under white 
light, MW; mixotrophy under red-enriched light, MR. Data refer to means ± SD (n=2). In C, di昀昀erent le琀琀ers indicate 
sta}s}cally signi昀椀cant groups (p < 0.05).

2.4 Discussion

In this study, the in昀氀uence of a higher propor}on of red light to white light spectrum was 
evaluated on photoautotrophic and mixotrophic cultures of E. oleoabundans, in terms of growth 
and biochemical composi}on of the biomass. Light is a pivotal factor in microalgal cul}va}on as 
it fuels photosynthesis (Ramanna et al., 2017). The quality, intensity, and dura}on of light can 
signi昀椀cantly in昀氀uence algal growth and biomass composi}on. Di昀昀erent microalgal species exhibit 
varying responses to light, making it crucial to op}mize light condi}ons for each strain (Zhong et 
al., 2018). By tes}ng various light regimes, researchers can iden}fy the light parameters that 
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maximize biomass produc}on and biomolecules content, ul}mately enhancing the economic 
viability of microalgal produc}on (Maltsev et al., 2021; Nzayisenga et al., 2020; Ritchie and Sma-
Air, 2023). Similarly, mixotrophic cul}va}on, combining photoautotrophy and heterotrophy, may 
unlock the poten}al for increased microalgal biomass and lipid yields, making it a key technology 
for commercial applica}ons due to its poten}al for higher biomass and lipid yields (Pang et al., 
2019). Numerous studies in the literature have compared photoautotrophic and mixotrophic 
growth under white light condi}ons in both E. oleoabundans and other microalgal species 
(Baldissero琀琀o et al., 2024, 2023; Das, 2011; Patel et al., 2019; Penhaul Smith et al., 2020; Sabia 
et al., 2015; Young et al., 2022). Therefore, the di昀昀erences observed between these two 
condi}ons in white light only are not discussed in detail in the present study. Di昀昀erently, the 
discussion mainly focuses on the di昀昀erences observed between photoautotrophic and 
mixotrophic cultures grown under both light condi}ons. Red light has been shown to have a 
posi}ve e昀昀ect on lipid produc}on; however, many studies in the literature focus exclusively on 
the growth, lipid produc}on and nitrogen consump}on of cultures exposed to this light regime 
(Chang et al., 2022; Chin et al., 2023; Hwang and Maier, 2019; Sharma et al., 2020). Moreover, 
red light is generally used as a single wavelength and not mixed with other components. In this 
study, the ques}ons we aimed to answer were: (I) Are there any di昀昀erences in the u}liza}on of 
white light enriched with red in P cultures? (II) And in M cultures? (III) Are the di昀昀erences 
observed between P and M cultures under white light the same as those observed between the 
same cultures under white light enriched with red? (IV) How does the biomass composi}on vary, 
considering other bioac}ve molecules and metabolites, besides lipids? Thanks to the results 
obtained, it was possible to answer these ques}ons. The analysis of pigment, protein, and 
phenolic compound content at di昀昀erent experimental }mes throughout the cul}va}on period 
allowed for a comprehensive understanding of how the produc}on of these metabolites by E. 
oleoabundans varies under the cul}va}on condi}ons used in this study. A more detailed 
characteriza}on of the biomass at the 昀椀nal cul}va}on }me also allowed for the addressing of its 
use in various biotechnological 昀椀elds.

Growth parameters were monitored in terms of cell density and DW. The cell density of PW 
and PR cultures followed a similar trend, with very similar values and a rather low 昀椀nal cell density 
(around 10 × 106 cell mL-1). Nevertheless, this result is in line with what observed by Baldissero琀琀o 
et al. (2024), where a 昀椀nal cell density of about 11 × 106 cell mL-1 at day 28 of cul}va}on in white 
light condi}ons, was observed. Regarding the cell density of M cultures, interes}ng di昀昀erences 
emerged, especially in terms of growth kine}cs. In MW cultures, an evident increase in cell 
number was observed post-inocula}on, with a complete absence of lag phase and an immediate 
exponen}al phase. The same could not be said for MR cultures, where an ini}al increase in cell 
density was observed, but not as rapid as for MW cultures: MR cultures entered the exponen}al 
growth phase on day 3 of cul}va}on. This interes}ng delay was observed also by Izadpanah et 
al. (2018) and by Chang et al. (2022). They both have run light experimenta}on on Chlorella sp., 
and, despite the di昀昀erences in culture condi}ons, they observed a temporary lag phase of the 
cultures exposed to red light irradiance. The growth rates con昀椀rmed what observed for cell 
density: MW showed the highest growth rates, followed by MR, PW and PR, respec}vely (Fig. 
2.2B). Despite the ini}al retarda}on, the slightly higher cell density observed in MR, when 
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compared to MW, at 14 days of cul}va}on could be both interpreted as a result consistent with 
the study by Chang et al. (2022), which showed that red light is more e昀昀ec}ve at promo}ng an 
increase in the algal biomass of Chlorella vulgaris cul}vated in mixotrophy, and as a re昀氀ec}on of 
di昀昀erent growth phase the two cultures were in (early sta}onary phase for MR, late sta}onary 
phase for MW). The glucose consump}on in culture media of M samples re昀氀ected the 
observa}ons above described on the growth kine}cs. The ini}al adapta}on phase observed for 
MR cultures was, indeed, also re昀氀ected in the glucose consump}on. MR cultures started to 
consume the glucose at day 3 and showed a slower rate compared to MW cultures. Despite this, 
at the end of the cul}va}on, both cultures had consumed all the glucose and reached very high 
cell densi}es. Besides glucose, culture media were evaluated in terms of pH varia}ons, too. In 
par}cular, pH was higher in P condi}ons compared to M condi}ons. This is an expected result, 
as lower pH values in M cultures can be a琀琀ributed to a high respira}on rate or, more precisely, a 
decrease in the photosynthesis rate (Benà et al., 2024), or the release of acidic substances (e.g., 
EPS), as con昀椀rmed by light microscope analyses. While respira}on has a minimal impact on pH, 
photosynthesis signi昀椀cantly in昀氀uences it by consuming protons from the medium (Zarveas et al., 
2021). pH is a factor of a relevant importance in microalgal cul}va}on, as it can in昀氀uence many 
other processes, like nutrient consump}on, growth, and metabolism (Brindhadevi et al., 2021). 
Regarding cell morphology, the most remarkable change in the cell aspect was a sort of 
<granula}on= inside the cells, as observed in Fig. 2.5F and H, and in Fig. 2.6A, C, E and G for both 
kind of M cells. This feature, also observed by Baldissero琀琀o et al. (2014) in E. oleoabundans 
cul}vated in mixotrophic condi}ons and in Chapter 4 of the present Thesis (Fig. 4.6C, D, and E), 
was due to the lipid accumula}on by the cells. In accordance with growth results, the lipid 
accumula}on was observed in MW cells earlier than in MR (around day 7 vs 10 of cul}va}on, 
respec}vely for MW and MR; data not shown). The delay in MR cells resulted in smaller 
dimension of lipid droplets observed within the cells at the end of the cul}va}on period; one 
could speculate that these small droplets could have merged into larger ones a few days later. 
Alcian Blue staining revealed the produc}on of EPS by the cells exposed to all the four 
combina}ons of ligh}ng and trophic condi}ons. In M cultures, a higher amount of cell aggregates 
was observed, concluding that more EPS were produced by M cells. Since this conclusion is based 
only on a visual es}ma}on, a speci昀椀c quan}昀椀ca}on of EPS is necessary; however, it is very likely 
that the results could be con昀椀rmed. Indeed, a higher EPS produc}on by E. oleoabundans 
cul}vated in mixotrophy, compared to glucose-free photoautotrophic controls, had already been 
observed by Li et al. (2020). Interes}ngly, they also inves}gated the e昀昀ects of EPS isolated from 
E. oleoabundans on the prolifera}on of splenic lymphocytes, obtaining promising results. 
Although research on the biomedical applica}ons of E. oleoabundans EPS is s}ll limited, the work 
by Li et al. (2020) con昀椀rms the immunoregulatory ac}vity of those compounds, providing an 
example for medical applica}ons of microalgal EPS and speci昀椀cally sugges}ng a poten}al 
applica}on of EPS from E. oleoabundans in the pharmaceu}cal 昀椀eld. Besides this, the use of EPS 
from microalgae has also been proposed in the cosme}c 昀椀eld. Indeed, EPS are considered as 
moisturizing products, because they include several biopolymers with a hight molecular weight, 
being glucuronic acid is one of these (Yarkent et al., 2020). It is reported that glucuronic acid 
helps prevent skin dryness by regula}ng its water content (Liu et al., 2016; Yarkent et al., 2020). 
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Since EPS are both trapped in the cell wall and released in the culture medium, both algal biomass 
and the cell-free medium could be evaluated as a cosme}c moisturising ingredient. 

In microalgae, FV/FM values between 0.6 and 0.8 indicate an e昀케cient use of light in the 
photosynthe}c processes (Bhola et al., 2016; Pa}l et al., 2020). However, this ra}o may not 
always provide an accurate quan}ta}ve value, as the simpli昀椀ed model used to calculate it is 
based on several assump}ons that might not be valid in all circumstances, for example under 
high light stress condi}ons (Baldissero琀琀o et al., 2014). Indeed, photoinhibitory processes can 
lead to a decrease in FV/FM values, even if the photosynthe}c machinery is s}ll rela}vely e昀케cient 
(Kalaji et al., 2017, 2014). In general, higher values of FV/FM were observed in M cultures, 
compared to P cultures. The la琀琀er exhibited a slight decrease in the FV/FM ra}o, with signi昀椀cantly 
lower values in PR compared to PW on the 3rd day of cul}va}on. This was also observed in MR 
cultures, which, on the same day, showed an FV/FM value similar to that of PR (p > 0.05), 
highligh}ng a poten}al nega}ve e昀昀ect of red-light supplementa}on in the post-inocula}on 
phase. This e昀昀ect appeared to be temporaneous for MR cultures, which showed a recover to 
higher values between 7 and 10 days of cul}va}on. Aver day 7, FV/FM tended to remain quite 
stable in both P and M cultures; only MR showed a lower FV/FM value at 14 days of cul}va}on, 
probably due to the high energe}c poten}al of red light. Overall, however, none of the cultures 
exhibited alarmingly low FV/FM values, indica}ng a good physiological status of all cultures 
throughout the cul}va}on period, par}cularly for M cultures. In mixotrophic E. oleoabundans 
cultures, higher FV/FM values than in photoautotrophic ones was linked to a combina}on of 
factors: forma}on of megacomplexes of PSII, PSI and LHCII, and downregula}on of 
chlororespira}on energy (Baldissero琀琀o et al., 2016; Ferroni et al., 2018; Giovanardi et al., 2017). 
The maintenance of good levels of FV/FM was also supported by the stable Chla/Chlb molar ra}o. 
Considering photosynthe}c pigments, Chla content, which mirrors that of Chlb due to their close 
associa}on in capturing light in the photosynthe}c process (Blankenship, 2002), generally 
remained higher in P cultures throughout the cul}va}on period. Speci昀椀cally, the values observed 
at the 昀椀nal }me points of cul}va}on (14 and 28 days for M and P, respec}vely) indicated a higher 
content of Chla and b in W cultures, compared to R cultures. A similar trend was observed in P 
cultures of Chlorella ellipsoidea exposed to monochroma}c white and red light (Baidya et al., 
2021). Red light is absorbed more e昀케ciently by chlorophylls, so algae would have to invest less 
energy in the produc}on of antenna systems and associated pigments, compared to the 
condi}on of white light alone (Simkin et al., 2022). Higher pigment contents in W than in R 
condi}ons were also seen in M cultures which, furthermore, generally maintained lower pigment 
contents compared to P cultures. This is in accordance with literature data, repor}ng that many 
microalgae, including those of the genus Neochloris, reduce the produc}on of photosynthe}c 
pigments under mixotrophic condi}ons (Baldissero琀琀o et al., 2016), because mixotrophy is a 
trophic mode in which cells are less in昀氀uenced by light availability, compared to cells cul}vated 
photoautotrophically (Cas}llo et al., 2021; Pang et al., 2019). Independent from the speci昀椀c 
biological/physiological role, pigments from microalgae are of high interest as a source of natural 
dyes. Besides their applica}on as food and pharmaceu}cal colorants (Begum et al., 2016; Sun et 
al., 2023), Ferruzzi and Blakeslee (2007) and Hayes and Ferruzzi (2020) suggested wound-healing 
and an}-in昀氀ammatory proper}es of chlorophyll compounds, and Balder et al. (2006) suggested 
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that assuming chlorophyll with the diet could decrease the risk of colon-rectal cancer. 
Furthermore, microalgae pigments can be also considered as a novel tex}le dye source, if 
compared to the most conven}onal natural colorant sources (plants, animals and minerals) 
(Mutaf-Kılıc et al., 2023). The future of algae-based dyes is very promising, and some companies 
are already using microalgae pigments on tex}les (Algaemy, Berlin, Germany; Algaeing, Beit 
Yizhak, Israel) (Mutaf-Kılıc et al., 2023). The 昀椀ndings on the temporal varia}on of chlorophyll and 
carotenoid concentra}ons in E. oleoabundans, together with the biomass produc}vity data 
obtained in the present study, are valuable for op}mizing the harvest }me of algal biomass for 
pigment extrac}on and related biotechnological applica}ons. In general, the 5-fold higher 
biomass obtained from mixotrophic cultures in half the }me could compensate for their lower 
pigment concentra}on, making both mixotrophic cultures MR and MW preferable in any case for 
obtaining both chlorophylls and carotenoids.

Regarding total proteins, interes}ng values were observed, par}cularly in MW cultures. At the 
end of the cul}va}on period (14 days), the protein content in MW samples was 48.3% DW, while 
in MR biomass it was only 31% DW (p < 0.05). Interes}ngly, this percentage was similar to that 
found in P cultures, in which the protein content at the 昀椀nal }me (28 days) was around 30% DW, 
corresponding to the average value reported by Kumar et al. (2022) for this speci昀椀c strain. In 
general, it is apparent that: (I) mixotrophic cultures tended to contain higher total proteins than 
photoautotrophic ones, and (II) cultures grown in W light showed a higher content than cultures 
grown in red-enriched light, regardless of trophic mode (M or P). Baidya et al. (2021) observed 
the same situa}on in C. ellipsoidea, namely a lower protein content in biomass from P cultures 
grown under red light, when compared to biomass from cultures grown under blue, green and 
also white light (monochroma}c lights). The Authors, indeed, found higher protein content in 
white light compared to red light, and the highest protein content in algae exposed to blue light, 
as blue light increases the incorpora}on of 14C into protein-bound amino acids, speci昀椀cally 
promo}ng protein synthesis (Payer et al., 1969). This could be one of the reasons why, in the 
present study, a higher protein content tended to be observed in W cultures; white LEDs used 
for the experimenta}on, indeed, had an evident blue light component (Fig. 2.1). Besides this 
considera}on, the results obtained for MW samples provide excellent prospects for the poten}al 
use of this microalga in the nutraceu}cal 昀椀eld, but not only. Beyond their nutri}onal value, 
microalgae proteins have been shown to exhibit various bioac}ve proper}es, including 
an}oxidant, immune-modulatory, an}-cancer, and cardio-protec}ve e昀昀ects, which could bene昀椀t 
various health condi}ons (Ejike et al., 2017; Kumar et al., 2022; Sathya et al., 2021; Skjånes et al., 
2021).

The intracellular produc}on of phenolic compounds was also examined in this study. Based 
on literature informa}on, phenolic compounds can be involved in metabolic pathways related to 
ac}ve growth or they might be produced and accumulated as secondary metabolites (Yang et al., 
2018). Based on this, they could therefore be iden}昀椀ed in the early phase of the growth curve, 
thanks to a higher presence of light and nutrients, or in the later phase, because of stress, for 
example due to nutrient de昀椀ciency. In the present study, the 昀椀rst reason seems to be shareable 
to E. oleoabundans. As observed by Di Caprio et al. (2021) in S. obliquus and Chlorella sp., also in 
our E. oleoabundans phenolic compounds were mainly produced under ac}ve growth condi}ons. 
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In the present study, in fact, the highest value of phenols was observed in PR on day 3 of 
cul}va}on (1167.31 mg gDW-1), when the highest values of phenols were observed for each 
cul}va}on condi}on. In general, in P samples, aver day 3, total phenolics tended to gradually 
decrease during cul}va}on }mes, reaching the lowest value aver day 21. Red light in P condi}ons 
tended to keep higher values than white light, except at the 昀椀nal experimental }mes. In M 
samples, phenolics always remained at negligible concentra}ons, sugges}ng that sugar addi}on 
to the culture medium inhibit their produc}on and accumula}on. A similar e昀昀ect of mixotrophic 
cul}va}on on the phenolic content was observed by Pereira and coworkers (2019), even if in a 
Cyanophycea. They observed that di昀昀erent whey concentra}on in diary wastewater induced 
variable phenolic content in Arthrospira platensis. Speci昀椀cally, a 5% of whey in the wastewater, 
used as medium, induced a higher concentra}on of PC in A. platensis, while the presence of 2.5 
and 10% of whey resulted in a lower PC content, when compared to cultures grown in absence 
of whey. Their 昀椀ndings, both combined with the results of the present study, suggest that 
mixotrophy in昀氀uence PC produc}on in microalgae, and di昀昀erent concentra}ons of organic 
substrates can lead to varia}on in PC content values. By a biotechnological point of view, phenols, 
together with carotenoids, are two of the major groups of natural compounds with potent 
an}oxidant ac}vity. The ac}ve contribu}on of phenols to the an}oxidant capacity of microalgal 
biomass has been con昀椀rmed by numerous studies (Ahmed et al., 2014; Banskota et al., 2019; 
Cichoński and Chrzanowski, 2022; Safafar et al., 2015). Phenolics by microalgae are of great 
interest in the scien}昀椀c and industrial communi}es, and the 昀椀ndings obtained in this study 
contribute greatly to enhance the knowledge on the produc}on of these molecules speci昀椀cally 
by this strain, as a }me-course analysis of phenolic compounds in E. oleoabundans was s}ll 
missing in the literature, both in photoautotrophic and mixotrophic condi}ons.

Informa}on regarding PAs in microalgae is s}ll scarce in the literature. However, based on the 
limited data available, we can hypothesize a higher content during the exponen}al growth phase, 
which was not analysed in this study. This is plausible because it has been reported that the 
concentra}on of PAs, especially Put and Spd, in microalgal cells increases during the exponen}al 
growth phase, implying that polyamines may be closely related to DNA replica}on and cell 
division (Lin and Lin, 2018). They also seem to play a role in promo}ng protein synthesis (Xu et 
al., 2021). A higher content of polyamines was observed at the 昀椀nal growth }me in M cultures. 
This is also in line with the results observed for protein content, which was higher in M cultures. 
The higher content of PAs in M cultures could also explain the faster and higher increase in cell 
density of these cultures, when compared to P cultures, as previously proposed by Sabia et al. 
(2015) for E. oleoabundans cul}vated in a brackish medium. Considering in昀氀uence due to light 
exposure, it appears that white light is more important than red light in the induc}on of PAs 
compounds in plants. Indeed, Pál et al. (2021) observed, in young wheat plants of Tri琀椀cum 
aes琀椀vum L., that red light signi昀椀cantly increased the amount of Put and Spd. The same was 
observed by Wu et al. (2022) on Anoectochilus roxoburghii plants, but they also observed that 
the combina}on of red and blue light decreased the accumula}on of PA compounds, result that 
was also observed in the present study. Overall, our results suggest that light spectral 
composi}on modi昀椀es polyamine metabolism also in microalgae, thus implica}ng that light 
quality modula}on can play a key role on PAs produc}on and accumula}on. Since there are no 
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studies combining polyamine produc}on by microalgae and in昀氀uence due to light spectrum, 
further research is needed, also if one considers the biotechnological relevance of PAs, for 
example in the UV stress tolerance of microalgae (Pothipongsa et al., 2012; Rastogi et al., 2020) 
or in the promo}on of cell division (Lin and Lin, 2018; Sabia et al., 2015).

Finally, fa琀琀y acids composi}on reported in this study shows how the composi}on of individual 
FAs varies across the four di昀昀erent growth condi}ons. In general, as previously reported by Abu 
Hajar et al. (2017), the major FAs produced by E. oleoabundans are palmi}c (C16:0), stearic 
(C18:0), oleic (C18:1), linoleic (C18:2), and α-linolenic (C18:3) acids (Tab. 2.2). Most FAs observed 
in P cultures were SFAs and PUFAs, while in M cultures, percentages were distributed more 
evenly across the three categories of SFA, MUFA, and PUFA. A higher percentage of PUFAs was 
found in cultures subjected to red light, both P and M, with the highest absolute content found 
in P cultures (53.2%). In the present study, a higher percentage of whole unsaturated FAs (MUFA 
+ PUFA) was observed in M cultures (Fig. 2.13B), independent of light spectrum. This is 
interes}ng, considering that E. oleoabundans has been mainly reported in the literature as a 
renewable lipid source for biofuel produc}on thanks to SFA and MUFAs components (Abu Hajar 
et al., 2017; Altunoz et al., 2021; Baldissero琀琀o et al., 2016; Morales-Sánchez et al., 2013); only 
recently, it has been considered for other biotechnological applica}ons, including the cosme}c 
昀椀eld (Morocho-Jácome et al., 2022). Interes}ngly, all FAs are commonly used in cosme}c 
products because of their moisturizing and sovening proper}es, as well as surfactant and 
emulsi昀椀er agents (De Luca et al., 2021). The use of E. oleoabundans as a cosme}c ingredient has 
been proposed by Morocho- Jácome et al. (2022), not only for its lipid content but also for its 
pigment content, which o昀昀ers several bene昀椀ts for the skin, for example as an}oxidants and an}-
aging (Morocho-Jácome et al., 2022, 2020; Yarkent et al., 2020).

In order to summarize the discussion above-described, a 昀椀nal Table 2.3, indica}ng the lowest 
(--) and the highest (++) concentra}on of each speci昀椀c parameter, is given.
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Table 2.3. Summary of the results obtained in the present study in terms of biomass yield and concentra}on of 
di昀昀erent metabolites analysed. –  and ++ indicate the lowest and the highest values observed, between the four 
condi}ons (Photoautotrophy under white light, PW; photoautotrophy under red-enriched light, PR; mixotrophy 
under white light, MW; mixotrophy under red-enriched light, MR.). 

Parameter PW PR MW MR

Final biomass yield -- - + ++

EPS - - + +

Chlorophyll + - ++ --

Carotenoids ++ + - --

Proteins - -- ++ +

Phenolic compounds + ++ -- --

Polyamines - -- ++ +

SFA ++ + -- -

MUFA -- - ++ +

PUFA + ++ - --

2.5 Conclusion

This study contributes to add knowledge on E. oleoabundans and its poten}al for 
biotechnological applica}ons. The synergis}c use of combina}on of two LED lights and two 
trophic strategies yields di昀昀erent results in terms of growth kine}cs and biomass composi}on. It 
is possible to conclude that an enrichment of white light with red light in昀氀uences the growth of 
cells cultured in the presence of glucose, but not cells cul}vated under photoautotrophic 
condi}ons. Indeed, PW and PR cultures did not show any di昀昀erences in growth kine}cs, cell 
density, growth rates, or biomass yield, when compared between each other. The same did not 
occur for cells cul}vated in mixotrophy (MW and MR). In addi}on, more evident di昀昀erences were 
observed among all growth condi}ons. Overall, a higher input of red light seems to have a 
par}cular in昀氀uence on the biochemical composi}on of E. oleoabundans biomass, both in 
photoautotrophy and mixotrophy. The characteriza}on of the biomass provided interes}ng 
results useful to evaluate this strain as a candidate for various biotechnological applica}ons (e.g., 
in medical, pharmaceu}cal, cosme}cal, and cosmeceu}cal 昀椀elds, besides green energy 
produc}on), enabling the selec}on of the best trophic and light condi}ons to increase the 
produc}on of speci昀椀c bioac}ve molecules. For some metabolites such as pigments, proteins, and 
phenolic compounds, a descrip}on of how their content varies over }me was given, allowing for 



85

an evalua}on of the best harves}ng }mes of the biomass in rela}on to the applica}on. The 
interes}ng results here presented, along with realis}c proposal for biomass u}liza}on, 
contribute to and strengthen the idea that E. oleoabundans can be an excellent candidate for 
many biotechnological applica}ons. We can also 昀椀nally answer the ini}al ques}ons: (I) yes, there 
are di昀昀erences in the u}lisa}on of white light enriched with red in P cultures, mainly on phenolics 
and PUFAs contents, and (II) also in M cultures, where the use of white enriched-with-red light 
enhanced the produc}vity in terms of biomass yield. (III) The di昀昀erences observed between PW 
and MW were not always the same than that observed between PR and MR, indeed, (IV) the 
biochemical composi}on of the biomass seemed to vary some}mes in rela}on to the light 
treatment, and some}mes in rela}on to the trophic mode, in rela}on to the speci昀椀c molecule 
considered.
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3.1 Aim of work

Large-scale microalgae produc}on represents a complex challenge to fully exploit the 
biotechnological poten}al of these organisms. Laboratory studies provide results that are 
fundamental for a more in-depth understanding of algal biology, growth kine}cs and 
metabolism. Moving to larger cul}va}on systems does not necessarily guarantee that results will 
translate from laboratory scale.  Transi}on of scale means that many (a)bio}c factors such as 
light quality and quan}ty, 昀氀uid dynamics (e.g., mixing, gas exchange), and increasing risk of 
contamina}on can a昀昀ect growth condi}ons, with poten}ally serious consequences such as the 
death of the culture (Wood et al., 2023). Following comprehensive lab-scale inves}ga}on, rather 
than inferring results, pilot- and large-scale cul}va}on trials and follow-on research are needed 
to demonstrate industrial feasibility, troubleshoo}ng, and increasing the technology readiness 
level.

Light is another key factor in microalgal cul}va}on (Pa琀琀anaik et al., 2018). Light quality and 
quan}ty are fundamental to the success of algal research and commercialisa}on on a biological 
and economic standpoint. Changes in wavelength can in昀氀uence cellular metabolism, leading to 
varia}ons in biomass produc}on and accumula}on of compounds of biotechnological and 
commercial interest, such as proteins, carbohydrates and pigments (Hashmi et al., 2024; Kwan 
et al., 2021). By tailoring light wavelengths, cellular func}ons and metabolism can be redirected 
toward the synthesis of desired end-products (Zhong et al., 2018). 

In this Chapter, results on growth capability and biomass composi}on of E琀琀lia oleoabundans 
cul}vated photoautotrophically in 70 L photobioreactors, and exposed to di昀昀erent light spectra, 
are presented. The experimenta}on was conducted at the Culture Collec}on of Algae and 
Protozoa (CCAP) hosted at the Sco琀�sh Associa}on for Marine Science (Oban, UK). The results 
obtained have iden}昀椀ed a promising cul}va}on method suitable for pilot-scale and possibly 
large-scale applica}on; they have also provided insights into the microalgal biomass produced 
under di昀昀erent light spectra, o昀昀ering addi}onal guidelines for species scalability. For these 
reasons, the study aims to establish a baseline, se琀�ng a star}ng point for comparisons. It tries 
to set a standard for growth, biomass produc}on, and other relevant parameters under speci昀椀c 
condi}ons. This baseline will serve as comparison for future experiments or modi昀椀ca}ons to the 
cul}va}on process on E. oleoabundans. It could indeed contribute to helping bridge the 
signi昀椀cant gap that s}ll exists between laboratory-scale experimenta}on and larger-scale 
cul}va}on; a major bo琀琀leneck hindering widespread commercializa}on of microalgae.

3.2 Materials and Methods

3.2.1 Algal maintenance

E琀琀lia oleoabundans UTEX 1185 (syn. Neochloris oleoabundans UTEX 1185) was obtained from 
the Culture Collec}on of Algae at the University of Texas (Aus}n, TX, USA). The culture volume 
was increased in several steps to produce an adequate volume of dense culture for the 
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inocula}on in PBRs. Both culture maintenance and the experiment u}lised a modi昀椀ed BG11 
medium (Allen and Stainer, 1968) (Table 3.1) – adapted for CCAP. 10L carboys were maintained 
at 20 °C, 100 ýmol m-2 s-1 (cool white, 昀氀uorescent lamp; spectrum shown in Fig. 3.2A), con}nuous 
aera}on without CO2, and a 16:8 h L:D photoperiod (Fig. 3.1A). Op}cal density (OD) and cell 
density were monitored every week, and the culture was used for trials when reached an OD600 
of 6 ± 0.2 and a cell density of 80-100 106 cell mL-1, which was generally observed aver 4 weeks 
from the carboy inocula}on.

Table 3.1. BG11 medium recipe from CCAP (h琀琀ps://www.ccap.ac.uk/catalogue/media-fabg-c). 

Stocks per 500 mL
(1) NaNO3 75.0 g

(2) K2HPO4

per 500 mL
20.0 g

(3) MgSO4 × 7H2O 37.5
(4) CaCl2 × 2H2O 18.0 g
(5) Citric acid 3.0 g
(6) Ammonium ferric 

citrate green
3.0 g

(7) Na2EDTA 0.5 g
(8) Na2CO3 10.0 g

(9) Trace elements:
H3BO3

MnCl2 × 4H2O
ZnSO4 × 7H2O
Na2MoO4 × 2H2O
CuSO4 × 5H2O
Co(NO3)2 × 6H2O

per 500 mL
1.43 g
0.91 g
0.11 g
0.2 g
0.04 g
0.03 g

Medium per litre
Stock solu}on 1 10 mL
Stock solu}ons 2-9 1 mL each

3.2.2 Photobioreactor cul琀椀va琀椀on and harves琀椀ng

s Three 70 L Phyco-Liv photobioreactors (PBRs; Fig. 3.1D) (Varicon Aqua Solu}ons Ltd., UK) 
were each inoculated with one 10 L carboy of E. oleoabundans plus BG11, to a 昀椀nal volume of 65 
L and a star}ng OD600 of 0.1. The culture was maintained at ambient temperature (19-23 °C), with 
a 16:8 h L:D photoperiod. Aera}on was 5 L min-1, without CO2. Two light spectra with di昀昀erent 
red:blue (R:B) ra}os were used: 60:40 (control, Fig. 3.2B) and 90:20 (treatment, Fig. 3.2C). PPFD 
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(400-700 nm) corresponded to 36 ± 0.7 µmol m-2 s-1 of PAR. Light spectra and PPFD were 
measured with a Growth Light PAR Meter (UPRTech®, Japan). For control experiments, PBR in-
built LEDs were supplemented with blue LEDs (5050 RGB LED strip light, 30pcs/metric, 20m; 
SHUNSHUN Gmbh, Germany), the la琀琀er removed for the treatment experimenta}on.

Samples were taken at }me 0, 3, 7, 10, and 14 for growth (See 3.2.3) and biochemical 
measurements (see 3.2.4-8). These samples were observed using light microscope (Axio Imager 
A2, Zeiss, 昀椀琀琀ed with Zen 2.6 Lite Blue edi}on sovware) to check for contamina}on. At the end 
of the cul}va}on (14 days), the biomass was concentrated using a cross昀氀ow membrane system 
(single membrane MH-1 昀椀ltra}on rig, Membranology, UK) with a ceramic membrane, pore size 
of 0.2 µm, and area of 1.6 m2. The concentrated biomass was further dewatered by centrifuga}on 
(Sorvall BIOS 16, Thermo Scien}昀椀c) at 11.627g for 15 min. The 昀椀nal pellets, obtained from each 
PBRs, were then frozen at -20 °C, lyophilised (Christ Alpha 1-4 LSCbasic), and stored at -20 °C un}l 
biochemical analysis. 

Figure 3.1. (A) 10L carboys of E. oleoabundans in prepara}on for PBRs inocula}on; (B) control (60:40 R:B light ra}o) 
PBR; (C) treatment (90:20 R:B light ra}o) PBR; (D) view of the overall set up for the experimenta}on.

A B C

Figure 3.2. Light spectra used for E. oleoabundans cul}va}on used for culture maintenance and pilot-scale 
cul}va}on in 70 L PBRs. (A) Spectrum of the 昀氀uorescent lamp used for carboys maintenance; (B) spectrum of PBR 
built-in white and red LEDs, with a 60:40 R:B ra}o (control); (C) spectrum with 90:20 R:B ra}o (treatment).
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3.2.3 Growth parameters

Growth was monitored through OD, cell density (106 cells mL-1), and dry weight (DW; g L-1) 
measurements. The OD was measured using a UV-vis spectrophotometer (NanoPhotometer 
P300, Implen) at 600 and 750 nm. Cell density was determined using a Coulter Counter 
(Mul}sizer 3, Beckman). The DW of the cultures was determined as Zhu et al. (1997), by adding a 
set volume of culture (depending on the culture density) to a pre-dried (95 °C, 24 h) and pre-
weighed Whatmann® 昀椀lter (GF/F, 0.7 µm pore size, 47 mm diameter). Aver algal culture 
昀椀ltra}on, the 昀椀lter was rinsed with an equal volume of dH2O to remove any excess of salts and 
placed back in the oven at 95 °C for 24 h. The dry 昀椀lter paper was re-weighed DW was calculated 
according to equa}on 1.

DW (g L−1) = (gross 2 tareV ) ∗ 1000 (1)

where tare is the mass of the pre-combusted 昀椀lter paper and gross is the mass of the dried 
昀椀lter paper, containing the algal sample, following 昀椀ltra}on.

The pH of the cultures was measured through a probe placed directly within the PBRs and 
monitored con}nuously.

3.2.4 Pigment extrac琀椀on and quan琀椀昀椀ca琀椀on using spectrophotometry

To quan}fy chlorophylls and carotenoids in the algal biomass, pigments were extracted using 
a method derived from that 昀椀rst described by Speziale et al. (1984). Brie昀氀y, glass beads (1.7-2.0 
mm diameter) were added to the algal pellet standardised to 100 × 106 cells mL-1, followed by 
200 µL of N, N-Dimethylformamide (DMF). The Eppendorf tubes were then placed in a Qiagen 
Tissuelyser II Homogenizer (SKU-14277), and cells were shaken vigorously for 3 min.  Aver the 
addi}on of 800 µL of DMF, the mixture was vortexed for 15 min and then centrifuged 
(Eppendorf® Centrifuge 5430R) at 10640g at 4 °C. The supernatant was removed and placed in a 
DMF-resistant cuve琀琀e. Absorbance was read spectrophotometrically at 664, 647, and 480 nm, 
and pigment concentra}ons (µg mL-1) were calculated through Equa}ons 2, 3, and 4 (Wellburn 
1994). When necessary, extracts were appropriately diluted with DMF.Chlÿ (μg mL−1) = 12.7 �664 2 2.79 �647 (2)

ChlĀ (μg mL−1) = 20.7 �647 2 4.62 �664 (3)

Car (μg mL−1) = (1000 �480 2 0.89 Chlÿ 2 52.02 ChlĀ245 ) (4)
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where A664, A647, and A480 are the op}cal densi}es at 664, 647, and 480 nm, for Chla, Chlb, and 
Car, respec}vely. 

Chla over Chlb (Chla/ Chlb), and total Chls over carotenoids (ChlsTOT/Car) molar ra}os were 
calculated using the molar concentra}on of pigments expressed as nmol of pigments per million 
cells. The la琀琀er was obtained by dividing the concentra}on as micrograms per million cells per 
the molecular weight of each pigment: Chla = 893.4; Chlb = 907.5; Car = 560.

To prepare the pigment extracts for HPLC analysis, 1 mL of extract was transferred into a 
brown HPLC vial and dried in a SP Genevac EZ-2 (Scien}昀椀c Products, UK) at 50 °C for 1-1.5 h. 
When the samples were dry, they were resuspended in 200 µL of HPLC grade methanol using a 
syringe, placed in a glass vial insert, and stored at -80 °C un}l further analysis.

3.2.5 Pigments iden琀椀昀椀ca琀椀on and quan琀椀昀椀ca琀椀on using HPLC

To analyse and quan}fy the speci昀椀c pigments, the extracts were analysed via HPLC (HPLC-UV 
DAD, Series 1260, Agilent) as described by Wood et al. (2023). The HPLC was equipped with a 
100*4.6 mm Luna® C8(2) column with a 3 µm par}cle size and a 100 Å pore size. The elu}on 
gradient consisted of 60 min, star}ng with 95% solvent A (70:30 methanol: 1 M ammonium 
acetate) and gradually decreasing to 5% solvent A while simultaneously increasing solvent B 
(methanol) to 95%. An isocra}c 昀氀ow of 5% solvent B was maintained for 12 min at the end of the 
run. The injec}on volume was 50 µL. The 昀氀ow rate was maintained at a constant 1 mL per min 
throughout the run, and the column temperature was set to 30 °C. Pigment quan}昀椀ca}on was 
performed at two speci昀椀c wavelengths: 450 nm for Car and 664 nm for Chls. All peak spectra 
were acquired from 250 to 880 nm (1260 Series, Diode Array Detector, Agilent) and ChemSta}on 
sovware (Agilent Technologies) was used to create a spectral library (Serive et al. 2017). Peaks 
were compared against standards (astaxanthin, zeaxanthin, violaxanthin, lutein, Chla, Chlb, and 
β-carotene) analysed in a concentra}on range of 0.6-10 µg mL-1. 

3.2.6 Protein extrac琀椀on and quan琀椀昀椀ca琀椀on

Total proteins (%DW) were extracted from 5 mg of lyophilised algal biomass, using the method 
described by Slocombe et al. (2013). Brie昀氀y, 200 µL of 24% (w/v) trichloroace}c acid (TCA) was 
added to each sample, which was then incubated at 95 °C (Block heater QBD2 Grant) for 15 min, 
and subsequently lev to cool to RT. The sample was then diluted to 6% (w/v) by adding 600 µL 
of dH2O and centrifuged (Sigma, 1-14 microfuge) at 16128g for 5 min. The supernatant was 
discarded, and the pellet was resuspended in 500 µL of Lowry Reagent D (see below). Samples 
were incubated in a water bath at 55 °C, overnight. The day aver, samples were cooled to RT, 
spun at 16128g for 5 min and the supernatant retained. 

Protein quan}昀椀ca}on followed the method of Lowry et al. (1951). A stock of Lowry Reagent 
D was made up in a 48:1:1 ra}o of Lowry Reagents A (2% (w/v) Na2CO3 (anhydrous) in 0.1 N 
NaOH), B (1% (w/v) C4H4KNaO6 × 4H2O) and C (0.5% (w/v) CuSO4 × 5H2O in H2O), respec}vely. A 
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stock of Lowry Reagent E (1:1 ra}o of 2 N Folin-Ciocalteu phenol reagent: dH2O) was also 
prepared. In triplicate, 25 µL of extract was added to a 1.5 mL microfuge tube, followed by 950 
µL of Lowry Reagent D. Samples were immediately mixed (by inversion), and incubated for 10 
min at RT. 0.1 mL of Lowry Reagent E were then added, samples were rapidly vortexed, and the 
absorbance of each sample was read at 600 nm aver 30 min. A calibra}on curve was generated 
using bovine serum albumin (BSA), in place of the protein extract, in the concentra}on range of 
0-5 mg mL-1. The linear equa}on (þ = �ý + ā) obtained from the calibra}on curve was used to 
quan}fy the protein concentra}on in the samples, expressed as BSA equivalents (mg L-1), and 
determined through Equa}on 5:

BSA Eq. (mg L−1) = A600 2 ā� (5)

where A600 is the op}cal density at 600 nm, c is the y-axis intercept and m is the gradient.

The BSA equivalents were then used to calculate the protein content (%DW) as in Equa}on 6:

Protein content (%DW) = (BSA Eq.× VDW ) × 100 (6)

where BSA Eq. is the outcome from Equa}on 5, V is the extrac}on volume (mL), and DW (mg) 
is the biomass of the sample from which protein was extracted.

3.2.7 Carbohydrates extrac琀椀on and quan琀椀昀椀ca琀椀on

The total carbohydrate content (%DW) was determined using the method described by DuBois 
et al. (1956) and modi昀椀ed by Fournier et al. (2001). 5 mg of lyophilised algal biomass were 
suspended in 2.5 mL 1 M H2SO4 and incubated at 121 °C for 15 min. Samples were cooled to RT 
and centrifuged at 7168g for 10 min. In triplicate, 30 µL of supernatant were gently mixed with 
0.5 mL 4% (w/v) phenol followed by 2.5 mL of concentrated H2SO4. Once cooled, absorbance was 
read at 490 and 750 nm. The carbohydrate content in the extracts was compared against a 
standard curve generated using glucose, in place of the carbohydrate extract, in the 
concentra}on range of 0-5 mg mL-1. The calibra}on curve had a linear equa}on (þ = �ý + ā) 
and carbohydrate concentra}on was expressed as glucose equivalents (G Eq.), using equa}on 7.

G Eq. (mg L−1) = A490 2 ā� (7)

where A490 is the op}cal density at 490 nm, c is the y-axis intercept and m is the gradient.

The glucose equivalents were then used to calculate total carbohydrate content (%DW) as in 
Equa}on 8:
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Carbohydrate content (%DW) = (G Eq.× VDW ) × 100 (8)

where G equiv. is the outcome from Equa}on 5, V is the extrac}on volume (mL), and DW (mg) 
is the biomass of the sample from which carbohydrates was extracted.

3.2.8 Evalua琀椀on of the an琀椀oxidant capacity

Extrac}on of an}oxidants was performed as described by Goiris et al. (2012). Speci昀椀cally, 0.5 
mL of 50% (v/v) acetonitrile in dH2O puls 0.1% (w/v) formic acid to 20 mg of lyophilised were 
added to the algal biomass. Samples were placed on a }ssue rotator (IKA Loopster basic, 
Germany) at 60 rpm for 1h. Aver centrifuga}on at 12114g for 5 min, the supernatant was 
retained and placed in clean 1.5 mL tubes. The Ferric Reducing An}oxidant Poten}al (FRAP) assay 
was conducted as per Goiris et al. (2012). The FRAP reagent was freshly made up in a 1:1:10 ra}o 
of 10 mM 2,4,6-tripyridyl-S-triazine (TPTZ) in 40 mM HCl solu}on, 20 mM FeCl3 × 6H2O solu}on 
and 0.3 M acetate bu昀昀er (pH 3.6) followed by warming in a water bath at 37 °C for at least 30 
min. In triplicate, 100 µL of extract were transferred into a clean cuve琀琀e and then 1 mL of FRAP 
reagent was added. Absorbance was read at 593 nm aver 4 min. A standard curve was generated 
by using a Fe(II)SO4 × 7H2O in the concentra}on range of 0-1 mM.  The calibra}on curve had a 
linear equa}on ( þ = �ý + ā ) and an}oxidant concentra}on was expressed as Fe(II)SO4 
equivalents (Fe(II) SO4 Eq.), using equa}on 9:

Fe(II)SO4  Eq. (mM) = A593 2 ā� (9)

where A593 is the op}cal density at 593 nm, c is the y-axis intercept and m is the gradient.

The Fe(II)SO4 equivalents were then used to calculate total an}oxidant capacity (µM 
Fe(II)SO4Eq. mgDW-1) as in Equa}on 8:

 FRAP (μM Fe(II)SO4Eq. mgDW−1) = ( Fe(II)SO4 Eq.× VDW ) × 100 (10)

where Fe(II)SO4Eq. is the outcome from Equa}on 9, V is the extrac}on volume (mL), and DW 
(mg) is the biomass of the sample from which carbohydrates was extracted.

3.2.9 Data analysis

Sta}s}cal analysis was performed using R version 4.2.2 (R Core Team, 2022). Results were 
compared using one-way ANOVA test (α=0.05). If the assump}on of homogeneity of variance 
and normality were not sa}s昀椀ed, the data were transformed through root square or logarithm. 
If the ANOVA test indicated p < 0.05, a Tukey9s post-hoc was conducted. When assump}ons were 
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not met, even aver data transforma}on, the non-parametric Kruskal-Wallis test was conducted, 
followed by a Dunn's post-hoc. The value n represents the number of biological replicates, and 
error bars denote 1 standard devia}on of mean. Graphs were realised with GraphPad Prism 8.4.2 
(GraphPad Sovware, San Diego CA, USA).

3.3 Results

3.3.1 Biomass accumula琀椀on

Over the 14 days of growth in the PBRs, the biomass OD increased from 0.1 to 1.1 (control) 
and 1.46 (treatment) absorbance units (AU), without sta}s}cally signi昀椀cant di昀昀erence between 
control and treatment OD at 14 days (p > 0.05) (Fig. 3.3A). The OD aligned with the cell density 
(Fig. 3.3B), with values corresponding to 1.4 × 106 cells mL-1 at the inoculum }me (0 days), and 
the 昀椀nal values (14 days) were 10.2 and 18 for control and treatment, respec}vely, showing 
signi昀椀cant di昀昀erences (p < 0.001). At the end of the cul}va}on control DW was almost 10 }mes 
higher than the beginning (from 0.01 to 0.14 g L-1). The treatment DW was more than 11 }mes 
higher than the star}ng DW (from 0.01 to 0.2 g L-1), but no signi昀椀cant di昀昀erences were observed 
between the two condi}ons (p > 0.05), as shown in Fig. 3.3C.
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Figure 3.3. Growth parameters of E. oleoabundans control (60:40 R:B light ra}o) and treatment (90:20 R:B light ra}o) 
cultures over 14 days of cul}va}on. (A) Op}cal density (ü=600 nm); (B) Cell density (106 cells mL-1), plo琀琀ed on a base 
2 logarithmic scale; (C) Dry biomass yield (gDW L-1). Empty circles (A and B) and white bars (C), control (C); black circles 
(A and B) and grey bars (C), treatment (T). Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3.2 Pigments

Chla, Chlb, and Car concentra}ons (mg gDW-1) are reported in Figs. 3.4A-C. Spectrophotometric 
measures indicated that all the concentra}ons varied throughout the 14 days of cul}va}on (p < 
0.001). Signi昀椀cant di昀昀erences were observed between the two experimental condi}ons aver 3 
and 10 days. Speci昀椀cally, aver 3 days Chla and Car concentra}ons were higher in the treatment 
(p < 0.05 and p < 0.01, respec}vely), compared to the control. The Chla over Chlb ra}o (Fig. 3.4D) 
ranged around 2.3 and 3.3 for both condi}ons, however it was signi昀椀cantly higher in the 
treatment on days 3 and 7 (p < 0.001). Regarding the total Chls over Car, opposite results were 
observed at day 3 of cul}va}on: control ra}os were signi昀椀cantly higher (p < 0.001) than 
treatments. The treatment ChlsTOT/Car ra}o remained stable throughout the 14 days, with a 
mean value of 5.2, while control ChlsTOT/Car ra}o varied more during the cul}va}on }me (Fig. 
3.4E). 
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Figure 3.4. Pigment concentra}ons (A-C) and molar ra}os (D and E) of E. oleoabundans control (60:40 R:B light ra}o) 
and treatment (90:20 R:B light ra}o) cultures over 14 days of cul}va}on. (A) Chlorophyll a (Chla), (B) chlorophyll b 
(Chlb), and (C) carotenoids (Car) express as mg gDW-1. (D) Chlorophyll a over chlorophyll b (Chla/Chlb) and (E) total 
chlorophyll over carotenoids (ChlsTOT/Car); White bars, control (C); grey bars, treatment (T). Values reported are 
based on spectrophotometric readings of DMF extracts. Please note y-axis scale vary across the graphs. Data refer 
to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 0.001.

As regard to the HPLC analysis, pigment concentra}ons of both condi}ons at three di昀昀erent 
}me points (day 3, 7 and 14, respec}vely), are shown in Fig. 3.5. Chla content varied during }me 
(p < 0.001), decreasing from day 3 to 7 and increasing to day 14. The same could not be said for 
Chlb and Chl-like, where slight 昀氀uctua}ons were observed (p > 0.05).  β-carotene tended to 
increase in both condi}ons but more in the treatment, and lutein were the most variable 
pigments in treatment samples: β-carotene was signi昀椀cantly higher in the treatment (p < 0.001), 



101

when compared to control (20.8 and 3 mg gDW-1, respec}vely) at 3 days of cul}va}on. The same 
results were obtained at 7 and 14 days, with the highest value observed in the treatment, at the 
end of cul}va}on (33.6 mg gDW-1). An increasing trend over }me was observed also for lutein, but 
without signi昀椀cant changes (p > 0.05). Values reported for control were 0.4 > 0.8 > 1.0 mg gDW-1; 
values reported for treatment were 0.8 > 1.1 > 1.6 mg gDW-1. No signi昀椀cant di昀昀erences between 
the two condi}ons within the three }me points, were observed (p > 0.05). Violaxanthin and 
antheraxanthin were detected un}l day 7: violaxanthin only in control samples while 
antheraxanthin only in treatment samples, with a maximum concentra}on of 0.1 mg gDW-1 and 
0.04 mg gDW-1, respec}vely, at day 7.
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Figure 3.5. Pigment (chlorophyll a (Chla), chlorophyll b (Chlb), chlorophyll-like (Chl-like), β-carotene, violaxanthin, 
xantophyll-like, lutein and anteraxanthin) concentra}ons in control (60:40 R:B light ra}o; C, white bars) and 
treatment (90:20 R:B light ra}o; T, grey bars) E. oleoabundans samples. Each graph reports the age of the biomass 
analysed (3, 7 and 14 days). Please note y-axis scale vary across the graphs. Data refer to means ± SD (n=3). * p < 
0.05; ** p < 0.01; *** p < 0.001.

3.3.3 Total proteins and carbohydrates

Generally, treatment cultures had a greater total protein and carbohydrate content (%DW). 
Varia}ons among }mes were also observed on day 7 and 10; the di昀昀erence was signi昀椀cant (p < 
0.001). Regarding proteins (Fig. 3.6A), the highest content was obtained at 7 and 10 days, and it 
was comparable with the content at the inoculum (47.6 %). Control cultures protein content 
decreased over }me, and the 昀椀nal %DW was 34.7. Even for carbohydrates (Fig. 3.6B), the best 
results were observed in treatment algal biomass: }me course varia}ons were observed (p < 
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0.05) and, regarding the light factor, signi昀椀cant di昀昀erences were observed at the 昀椀nal }me (14 
days; p < 0.01) with values of 14.9 and 21.2 %DW for control and treatment, respec}vely.

3.3.4 An琀椀oxidant capacity

An}oxidant capacity of the algal biomass was evaluated by the FRAP assay for control and 
treatment, and it was expressed as µM Fe(II)SO4Eq. mgDW-1 (Fig. 3.6C). The an}oxidant capacity 
of the two culture condi}ons showed an increasing trend, and di昀昀erences were observed among 
}me (p < 0.001). At the end of the cul}va}on, a greater an}oxidant capacity was observed for 
treatment (1.5 µM mgDW-1), that maintained higher values throughout almost all the }me. 
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Figure 3.6. Total proteins (A), total carbohydrates (B) and (C) an}oxidant capacity of the algal biomass of control 
(60:40 R:B light ra}o) and treatment (90:20 R:B light ra}o) E. oleoabundans cultures, over 14 days of cul}va}on. 
Protein and carbohydrate content is reported as %DW; an}oxidant capacity is reported as µM Fe(II)SO4Eq. mgDW-1. 
White bars, control (C); grey bars, treatment (T). Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 
0.001.

3.4 Discussion

In the present work, E. oleoabundans was cul}vated in 70 L PBRs and the spectra used as 
control and treatment were tailored based on the following considera}ons: red light is known to 
promote photosynthesis and biomass growth, while blue light is usually associated with higher 
nutrient consump}on (Schulze et al., 2016). By combining di昀昀erent light wavelengths and ra}os, 
we aimed to get the best results from each observa}on present in literature. As treatment, a 
greater propor}on of red light was used, also based on the results obtained by Esteves et al. 
(2020), who reported be琀琀er growth performance of E. oleoabundans when compared with blue 
light. The low light intensity used here (36 ± 0.7 µmol m-2 s-1) was selected as E. oleoabundans 
demonstrated similar produc}vity compared to Botryococcus braunii and Scenedesmus obliquus, 
but with less energy input (Krzemińska et al., 2014). This makes E. oleoabundans a promising 
candidate for biotechnological applica}ons. LEDs have speci昀椀c wavelength, emi琀�ng 
monochroma}c light with highly saturated colours. This characteris}c makes them suitable for 
microalgae cul}va}on, as light and wavelengths can be precisely selected. In addi}on, the use of 
LEDs has been demonstrated to improve energy e昀케ciency and reduce opera}ng cost (Baidya et 
al., 2021; Pa琀琀anaik et al., 2018). Fig. 3.2A exhibit the typical cool white light spectrum of a 
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昀氀uorescent lamp (Darvell, 2018; Elvidge et al., 2010; Ritchie and Sma-Air, 2023), which was used 
for culture maintenance before the inoculum. The spectrum with a 60:40 R:B light ra}o (Fig. 3.2B) 
was used as control due to its similarity with the spectrum of the most common white LEDs (Cope 
and Bugbee, 2013; David and Whitehead, 2018; Nguyen, 2023). Numerous studies have 
inves}gated the e昀昀ects of light quality on the growth and biochemical composi}on of various 
microalgae, including strains with a biotechnological interest, such as Chlorella, Scenedesmus, 
and Isochrysis (Baidya et al., 2021; Esteves et al., 2020; Kendirlioglu and Ce}n, 2017; Lv et al., 
2022; Raqiba and Siba, 2019; Zhong et al., 2018). For example, Zhong et al. (2018) cul}vated two 
species of Chlorella and two species of Scenedesmus using two monochroma}c light wavelengths 
(red (660 nm) and blue (460 nm) LEDs) and a white LED as an experimental control, to assess 
biomass produc}vity, pigments and FAs contents. They found that blue LED was the best light 
source for the growth of all four microalgal species, as well as for pigments and FAs. Hwang and 
Maier (2019) cul}vated E. oleoabundans under various light intensi}es and wavelengths, and 
they found that red light yielded the maximum growth rate, and they also suggested a lower 
sensi}vity to red-light photoinhibi}on by this alga. As reported, some results present in literature 
have contras}ng 昀椀ndings; this highlights the importance of evalua}ng the same condi}ons on 
di昀昀erent species and even between strains. It is evident that a single factor cannot be considered 
in complete isola}on when examining cul}va}on results, as each factor can in昀氀uence the 
outcomes. While both the Authors employed blue light, the di昀昀ering intensi}es preclude direct 
comparisons between the two treatments. The observed discrepancies may be a琀琀ributed to this 
varia}on in light intensity. This highlights the cri}cal importance of tes}ng mul}ple condi}ons 
across various microalgae species, as even a single variable can signi昀椀cantly impact results and 
scien}昀椀c understanding. 

In this study, higher growth rates were obtained in the treatment in terms of cell density, 
although the DW was not sta}s}cally di昀昀erent between the two condi}ons, at the end of the 
cul}va}on (p > 0.05). This was most likely due to the size of the cells; indeed, even if the cell 
density was higher in treatment cells, the comparable 昀椀nal DW could be due to smaller treatment 
cells and/or larger control cells. Izadpanah et al. (2018) and Esteves et al. (2020) observed that 
red light can enhance the growth rates with smaller cells, while blue light a昀昀ects gene expression 
and some metabolic pathways, inducing lower growth rates with larger cells. 

The pigment concentra}ons from the spectrophotometric analysis (Fig. 3.4) reported how the 
spectrum of light in昀氀uences the pigment concentra}on in E. oleoabundans during }me course. 
For Chla, Chlb, and Car, results showed an ini}al drop in the concentra}on due to the changes in 
spa}al condi}ons. Algae were inoculated from a 10 L carboy, maintained at 100 ýmol m-2 s-1, to 
a 70 L PBR at 36 µmol m-2 s-1. It means that algae were moved from a dense culture (10L carboy) 
to a diluted OD and in a greater volume. This change could have reduced the pigment produc}on 
as the algae have switched from having chloroplasts containing pigments that are set adapted to 
maintenance condi}ons, to a condi}on with lower light intensity. In the carboy, cells were likely 
experiencing self-shading, due to the high density of the culture, and their physiological response 
to this is an increase in the produc}on of Chla and carotenoids to capture more light energy 
(Virtanen et al., 2021). Self-shading can be a growth-limi}ng factor both at laboratory and large-
scale cul}va}on systems (Ramanna et al., 2017), and a common response to low light or, more 



104

broadly, to light limi}ng condi}ons, is to increase the number or size of light harves}ng 
complexes (LHCs), explaining the higher concentra}on of Chls (Zhong et al., 2018). The drop could 
also be explained by photoinhibi}on. Photoinhibi}on occurs when the absorbed light energy 
exceeds the capacity to u}lise it via electron transfer, photochemical quenching or non-
photochemical quenching pathways (Gururani et al., 2015). Excessive light exposure can damage 
PSII through the genera}on of reac}ve oxygen species (ROS). To mi}gate this damage, 
photosynthe}c organisms employ several protec}ve mechanisms. One strategy is to replace 
damaged PSII proteins and restore the PSII ac}vity (Chotewutmontri and Barkan, 2020; 
Nishiyama and Murata, 2014). Photoinhibi}on occurs when the rate of damage caused by 
oxida}ve stress exceeds the rate of PSII repair (Liu et al., 2019; Rochaix, 2020; Vecchi et al., 2020). 
A second mode of defence involves a decrease in PSII antenna size, which is followed by a decline 
in Chlb content and a reduc}on of LHCII expression (Friedland et al., 2019; Vecchi et al., 2020). 
The third and major mechanism involves the accumula}on of carotenoids (i.e. lutein and β-
carotene) in the vicinity of the chlorophylls of PSII and LHCII, to prevent the forma}on of harmful 
radicals (Leonelli et al., 2017; Levin et al., 2021; Murchie and Ruban, 2020). These informa}on 
help in explaining the results observed regarding pigment contents, and for a be琀琀er 
comprehension of them. The group treated with a higher R:B ra}o ini}ally showed a faster 
increase in Chla concentra}on (Fig. 3.4A), than the control group. This suggests that the 
combina}on of red and blue light in a 90:20 propor}on, s}mulates faster Chla biosynthesis in the 
early stage of growth, when compared with a 60:40 propor}on. Baidya et al. (2021) observed a 
reduc}on in Chla in Chlorella ellipsoidea under red light, and greater concentra}ons under blue 
light. In the present study, a subsequent gradual increase was then observed in both groups. This 
increase seemed to be faster in the treatment group, sugges}ng a possible long-term enhancing 
e昀昀ect of red light. Chlb (Fig. 3.4B) also showed a similar trend to Chla. This is consistent with the 
fact that Chlb is typically associated with Chla in LHCs (Blankenship, 2002). Carotenoids 
concentra}on (Fig. 3.4C) started to increase aver the main drop post-inocula}on (3 days), and 
the higher concentra}on, observed at 3 and 10 days, was sta}s}cally di昀昀erent from the control, 
indica}ng an increased need for cells to photoprotect themselves. As previously men}oned, light 
can be a limi}ng factor in microalgae cul}va}on: too low light intensi}es can lead to a greater 
respira}on rate and a higher consump}on of carbon compounds, that are therefore consumed 
at a higher rate than is produced by photosynthesis. The major consequence of this is a reduc}on 
in rate of cellular produc}on. On the contrary, light intensi}es that are too great may lead to 
photoinibi}on, produc}on of ROS and photodamage of the PSII and may even result in cell death 
(Simkin et al., 2022). Chla/Chlb ra}o can vary in response to environmental condi}ons, including 
light (Vialet-Chabrand et al., 2017). The results obtained here are consistent with the 昀椀ndings of 
Kunugi et al. (2016), who reported that Chla/Chlb ra}os ranging from 2.1 to 3.4 in freshwater 
green microalgae. Chla/Chlb ra}os are higher in the treatment, indica}ng a good acclima}on to 
the new light condi}on and an enhancement in photosynthe}c electron transport (Jin et al., 
2016) when compared to the control. This ra}o can also give informa}on about the size of 
antenna: a higher Chla/Chlb ra}o could be related to a reduc}on in the antenna size (Simkin et 
al., 2022). It is possible that a decrease in the size of antennae in the treatment algae cells has 
taken place, to avoid possible photoinhibi}on or photodamage. In this way, the microalgae were 
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s}ll able to perform, grow, and not su昀昀er stress. This is also con昀椀rmed by the ChlsTOT/Car ra}o, 
which was lower in the treatment on day 3 of cul}va}on, suggested a higher content of 
carotenoids and a good capacity of photoprotec}on to an environmental stress that probably 
occurred aver inocula}on. The high ra}os observed in the control indicate a greater propor}on 
of chlorophylls compared to carotenoids, sugges}ng a be琀琀er photosynthe}c ac}vity and a lower 
need of photoprotec}on. The results obtained by HPLC analysis (Fig. 3.5), con昀椀rmed the above-
men}oned observa}on on the spectrophotometric results. The increase in Chla at 14 days, in 
both culture condi}ons, can be associated with a higher density of the culture and consequent 
self-shading, leading to a higher produc}on of Chls. The turbulent 昀氀ow in PBRs causes the 
con}nuous movement of microalgal cells between irradiated and dark zones, with a consequent 
inhomogeneous light distribu}on. This cycle creates a 昀氀ashing light e昀昀ect which has been 
demonstrated to improve photosynthesis by securing a good balance of light harves}ng and 
photoprotec}on (Abu-Ghosh et al., 2016, 2015; Sforza et al., 2012). β-carotene was signi昀椀cantly 
higher in the treatment during the en}re cul}va}on (p < 0.001): it increased in both condi}ons 
but remained stable in the control cultures. On the contrary, it reached the maximum value in 
the treatment, at the end of cul}va}on. Similar results were observed by Tran-Nguyen et al. 
(2023) with the green microalga D. salina. Their results indicated that the microalga produced 
the highest produc}on yield of β-carotene under red LED light, but the highest content per algal 
cell was observed under blue LED light. The greatest produc}on yield was observed under a light 
intensity that was similar to the intensity used in the present study (40.5 µmol m-2 s-1). These 
results con昀椀rmed that red light has a role in s}mula}ng β-carotene produc}on. β-carotene is a 
primary carotenoid that can also act as secondary metabolite under stress condi}ons (e.g. 
salinity, high light, nutrient modi昀椀ca}ons) (Gong and Bassi, 2016). The higher concentra}on of β-
carotene (20.8 µg gDW-1), detected in the treatment at day 3 of cul}va}on compared to the 
control (3 µg gDW-1), may be related to an ini}al stress due to the greater red-light propor}on and 
light intensity. Lutein content was always higher in the treatment rather than control. Lutein is a 
primary carotenoid usually found in associa}on with LHCs and it is responsible for transferring 
energy mainly to Chla during photosynthesis (Croce et al., 2001). Lutein concentra}ons remained 
low in both control and treatment. Generally, the over-produc}on of primary carotenoids from 
microalgae is obtained by inducing stress condi}ons, such as pH varia}ons (Li et al., 2011; Wong 
et al., 2016), or by improving opera}onal strategies, as di昀昀erent trophic modes or fed-batch 
cul}va}on (Chen and Liu, 2018; Leong and Chang, 2023; Wood et al., 2023). Violaxanthin and 
antheraxanthin were detected in both control and treatment, in very low concentra}ons. These 
are primary carotenoids involved in the xanthophyll cycle. In physiological condi}ons, 
violaxanthin enhances light catch, and is mainly found in low light condi}ons as observed here. 
Antheraxanthin is an intermediate compound in the transforma}on of violaxanthin into 
zeaxanthin, which generally occurs under excess of light (Goss and Latowski, 2020; Levin et al., 
2021). It can be inferred that the presence of antheraxanthin in the treatment was due to an 
ini}al condi}on of light stress caused by the higher propor}on of red light, leading to the 
conversion of violaxanthin to antheraxanthin without proceeding through the cycle and thus 
never yielding zeaxanthin. 
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The total protein content exhibited a decline post-inocula}on, con}nuing to decrease in 
control group, but increasing in the treatment, with signi昀椀cant di昀昀erences between the two 
condi}ons at 7 and 10 days of cul}va}on (Fig. 3.6A). Observing the data, it cannot be stated that 
the treatment with a higher propor}on of red light induced an increase in the overall protein 
content, as the higher values at 7 and 10 days were equivalent to the values at }me 0. However, 
the light spectrum used for the treatment seemed to maintain a good percentage of protein 
during the exponen}al phase of growth (45-46%). At day 14, the decrease observed in both 
condi}ons could be due to the sta}onary growth phase reached by the algae, in which nutrients 
have been usually consumed and N compounds, that support protein synthesis, are substan}ally 
depleted (Abdullahi et al., 2023). Conversely, carbohydrates are predominantly synthe}sed and 
stored during the sta}onary phase of growth (Abdullahi et al., 2023; Borowitzka et al., 2016; Mata 
et al., 2010). From inocula}on, carbohydrates exhibited a decreasing trend in both condi}ons 
un}l day 10. However, a sta}s}cally signi昀椀cant di昀昀erence was observed aver 14 days, with a 
higher carbohydrates content (p < 0.001) in the treatment rather than the control. Speci昀椀cally, 
the 昀椀nal value indicated a 38% increase compared to the ini}al value at day 0, against an 8% loss 
for the control. This suggests a s}mulatory e昀昀ect of red light on carbohydrate produc}on.

Regarding the an}oxidant content, comparison with literature results can be somehow 
di昀케cult due to the several assays reported, including FRAP, Total Phenol Content, DPPH, HPLC, 
ABTS. The di昀昀erences in extrac}on methods, }mings and standards used (e.g., Trolox, Vitamin C, 
Cathechin, Fe(II)SO4) makes it even more complicated to compare results (Assunção et al., 2017; 
Goiris et al., 2012; Guedes et al., 2013; Wan Mahmood et al., 2019). As reported by Katalinic et 
al. (2006) there is a non-negligible di昀昀erence in the an}oxidant power between the men}oned 
standards (Fig. 3.7), and this is something that must be taken into account during comparisons. 
The data observed in this study showed an increasing trend (p < 0.001) in the an}oxidant capacity 
of the biomass, in both control and treatment (Fig. 3.6C), over }me. Even if an}oxidant 
compounds were not speci昀椀cally iden}昀椀ed, the achieved results could be linked to the 
progressive accumula}on of bioac}ve compounds in the cells, speci昀椀cally during the sta}onary 
phase of growth (Abdullahi et al., 2023). Pigments from microalgae have been recognised as 
remarkable molecules due to their proper}es, including an}oxidant capacity (Cezare-Gomes et 
al., 2019). The same applies to phenolic compounds that are produced in response to 
environmental varia}on of changes in abio}c factor, including light (Coulombier et al., 2021; 
Duval et al., 1999; Kováčik et al., 2010). The an}oxidant capacity of the treatment appeared to 
be greater when compared against the control, with sta}s}cally signi昀椀cance noted on day 14. 
This is expected as it is known that an applied stressor can induce oxida}ve stress and causes 
microalgae to produce secondary metabolites to defend themselves (Gauthier et al., 2020). 
These compounds are of growing commercial interest as poten}al natural health products 
(Herbert et al., 2024; Norzagaray-Valenzuela et al., 2017).  The higher an}oxidant capacity 
observed in treatment at 14 days could be due to the increase in growth rate, which can have 
enhanced the e昀昀ects, or it could be due to an e昀昀ect of greater red propor}on in the light 
spectrum, which may play a role in upregula}ng the produc}on of compounds that have an 
an}oxidant power. Further studies are needed to con昀椀rm one of these two hypotheses.
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Figure 3.7. The an}oxidant power of di昀昀erent an}oxidant standards (From Katalinic et al. 2006)

3.5 Conclusion

This study has iden}昀椀ed trends and }me-resolved changes in the growth and pigment, 
protein, carbohydrates, and an}oxidant composi}on of E. oleoabundans, cul}vated under 
di昀昀erent light spectra, on a pilot-scale. This study aims to establish a baseline from which it will 
be possible to start, doing new research aimed at posi}vely modifying the results obtained here. 
In this way, it will be possible to consider exploi}ng this microalga for various biotechnological 
applica}ons and not exclusively for the applica}on that 昀椀rst made it par}cularly a琀琀rac}ve for 
biotechnology, namely the produc}on of biodiesel (Altunoz et al., 2021; Baldissero琀琀o et al., 
2016). Assessing whether changes to cul}va}on condi}ons have posi}ve or nega}ve impact, we 
gave results that lead to a be琀琀er comprehension of the physiology and biochemical composi}on 
of E. oleoabundans, cul}vate on a scaled-up system. This study, therefore, adds to the very few 
studies in the literature that deal with pilot-scale cul}va}ons (Carneiro et al., 2022; Khoo et al., 
2016; McClure et al., 2019; Norsker et al., 2021; Wood et al., 2023; Xie et al., 2020), o昀昀ering new 
perspec}ves and insights. Moreover, while most research focuses on the e昀昀ects of light intensity 
on microalgal cul}va}on, the present work focuses on the e昀昀ects of light spectrum, as it is known 
that light quality plays a crucial role in in昀氀uencing microalgal metabolism, with wavelength 
e昀昀ects being species-speci昀椀c. The treatment of the culture with a 90:20 R:B light ra}o in the 
spectrum improves the content in proteins, carbohydrates and in the an}oxidant capacity of the 
biomass. Regarding the physiological response of the algae, the spectrum u}lised seems not to 
have a cri}cal impact on the microalgal physiology: it likely induced stress but not one which has 
an adverse impact, instead enabling even more growth and biomass to be obtained when 
compared to the control (60:40 R:B light ra}o). The observed changes in pigment concentra}on 
halfway through the experimental cul}va}on suggests that the culture treatment was induced 
to change the pigment pro昀椀le in response to the light condi}on. However, this result is not always 
observed at the end of the cul}va}on period, which corresponds to the }me of harves}ng and 
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when biomass would be u}lised for further commercial applica}ons. By monitoring changes in 
growth parameters such as OD, cell density, dry weight, and biochemical composi}on of the 
biomass through techniques such as spectrophotometry and HPLC at di昀昀erent }me points during 
the cul}va}on, it is possible to gain an overview of the e昀昀ect of light on growth and biochemical 
composi}on of the biomass through the }me. In future, it will be essen}al to conduct further 
research to observe even more changes and to try to obtain a biomass rich in bioac}ve molecules 
for biotechnological applica}ons, without inhibi}ng growth or 昀椀nal produc}vity. 

This chapter also enables the reader to make a comparison between similar cul}va}on 
condi}ons of the same microalga on a di昀昀erent scale (Chapter 2), to gain an awareness of the 
diversity of results obtainable at di昀昀erent cul}va}on scales. 
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4.1 Aim of work

Growing microalgae in mixotrophic condi}ons is a strategy that o昀昀ers several poten}al 
advantages (Baldissero琀琀o et al., 2023; Nur et al., 2023; Penhaul Smith et al., 2020; Villanova and 
Spetea, 2021). Mixotrophy, de昀椀ned as when organisms u}lise light, inorganic and organic carbon 
sources, at the same }me allows for increased growth rates and biomass produc}on compared 
to photoautotrophic cul}va}on. This could signi昀椀cantly enhance the produc}on of valuable 
compounds such as biofuels, pigments, and high-value molecules (Patel et al., 2021). However, 
while the poten}al bene昀椀ts of mixotrophic cul}va}on are clear, there are signi昀椀cant challenges 
that need to be overcome before it can be scaled up for commercial applica}on. One of the most 
pressing issues is the suscep}bility of microalgae cultures to contamina}on by bacteria, fungi, 
and other microorganisms. These contaminants can compete with microalgae for nutrients, 
produce inhibitory substances and reduce the overall produc}vity (Velea et al., 2017).

In this study, and for the 昀椀rst }me in a 70 L PBR, a two-stage pilot-scale E. oleoabundans 
cul}va}on was presented. The two-stage strategy was mainly adopted to overcome the 
contamina}on issues encountered during pilot-scale mixotrophic cul}va}on of E. oleoabundans. 
Aver several failures, the addi}on of 2.5 g L-1 glucose at various experimental }me points was 
assessed by monitoring microalgal growth. Moreover, biochemical characteriza}on of the 
microalgal biomass was conducted periodically through the cul}va}on at pilot-scale. Based on 
the results obtained in Chapter 3, which demonstrated promising outcomes in photoautotrophic 
cul}va}on using a light spectrum with a 90:20 ra}o of red to blue light, the pilot-scale experiment 
in mixotrophy was conducted in combina}on with the same light spectrum (90:20 R:B). Data 
were then compared with the phototrophic trial described in Chapter 3.

This study provides crucial insights into the challenges and opportuni}es of scaling up 
mixotrophic cul}va}on of microalgae. By demonstra}ng the e昀昀ec}veness of a two-stage 
cul}va}on strategy in mi}ga}ng contamina}on issues, this work contributes to the advancement 
of mixotrophic microalgal cul}va}on and its poten}al for commercial applica}ons, ul}mately 
leading to more sustainable and economically viable biotechnologies. Comparison with 
photoautotrophic cul}va}on highlights the well-known advantages of mixotrophic cul}va}on, 
but on a pilot scale (70 L), a condi}on not previously inves}gated in literature for this microalgal 
strain. In general, large-scale cul}va}ons are s}ll underrepresented in the literature, leaving a 
gap between laboratory scale and industrial applica}on. This study is therefore innova}ve and 
highly signi昀椀cant, o昀昀ering a perspec}ve on the challenges and opportuni}es in this 昀椀eld, with 
par}cular focus on E. oleoabundans, a promising microalga for biotechnological applica}ons in 
various 昀椀elds such as nutraceu}cals, pharmaceu}cals, and cosmeceu}cals, in addi}on to its well-
known applica}on for biofuel produc}on.
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4.2 Materials and Methods

4.2.1 Algal maintenance and scale-up

E琀琀lia oleoabundans UTEX 1185 (syn. Neochloris oleoabundans UTEX 1185) was obtained from 
the Culture Collec}on of Algae at the University of Texas (Aus}n, TX, USA). The culture volume 
was increased in several steps to produce an adequate volume of dense culture for the 
inocula}on in PBRs. Both culture maintenance and the experiment u}lised a modi昀椀ed BG11 
medium (Allen and Stainer 1968) (Table 3.1) – adapted for CCAP. 10L carboys were maintained 
as described in sec}on 3.2.1, under 100 ýmol m-2 s-1 (cool white, 昀氀uorescent lamp; Fig. 3.2A, 
Chapter 3), and used as inoculum for laboratory- and pilot-scale cul}va}ons.

4.2.2 Laboratory-scale cul琀椀va琀椀on

The culture grown in the 10L carboy for PBR inocula}ons, was also used for laboratory-scale-
mixotrophic experiments. Nine 250 mL-Erlenmeyer 昀氀asks containing BG11 media were 
inoculated with and appropriate volume of acclimated culture in order to reach a 昀椀nale volume 
of 150 mL and a star}ng OD600 of 0.1. In three 昀氀asks, 2.5 g L-1 of glucose (Fisher Scien}昀椀c, UK) 
was added at the inoculum }me (d0), in other three aver 3 days (d3) and in the last three it was 
added aver 7 days (d7), as shown in Fig. 4.1A. The 昀氀asks were maintained at the same light, 
photoperiod, and temperature of the carboy (see sec}on 3.2.1), but without aera}on. The 
cultures were grown for 16 days. Growth was assessed at }me 0, 3, 7, 10, 12, 14, 16 through cell 
counts and op}cal densi}es (OD600 and OD750).



117

Figure 4.1. (A) Schema}c representa}on of the experimental design adopted for lab-scale trial. Dark green indicates 
that glucose has been added; light green indicates that glucose has not been added so the culture is growing under 
photoautotrophic mode. The drop indicates glucose addi}on. (B) Picture of E. oleoabundans culture 昀氀asks taken 
aver 3 days of cul}va}on.

4.2.3 Cul琀椀va琀椀on in Photobioreactors (PBRs)

Three 70 L Phyco-Liv PBRs (Varicon Aqua Solu}ons Ltd., UK) were each inoculated as described 
in sec}on 3.2.2 (Chapter 3). The spectrum of light used for two-stage trial was the one used for 
the light treatment in Chapter 3, i.e. 90:20 R:B ra}o (Fig. 3.2C). For the mixotrophic cultures, the 
methods were the same as those reported for the photoautotrophic trials. In total, 3 trials were 
conducted, and in all cases the glucose was added aver the inorganic nutrient stocks for culture 
medium, and before the microalgal culture. For the 昀椀rst trial (trial 1), a concentrated glucose 
stock (50 g mL-1) was added at the }me of inocula}on to obtain a 昀椀nal concentra}on in the 
medium of 2.5 g L-1. For the following trials, glucose was added at 3 (trial 2; 3d) and 7 days aver 
inocula}on (trial 3; 7d). Trial 3 (7d) was conducted in one PBR only, to see if this strategy could 
be a success. Trial 3 (from here onward just mixotrophic) was then repeated on three biological 
replicates, for 12 days (7 days of photoautotrophy and 5 days of mixotrophy). Samples were 
taken at }me 7, 10, and 12 (day 0, 2 and 5 aver glucose addi}on) for growth and biochemical 
measurements. At harvest, the biomass was washed at con}nuous 昀氀ow rate using 10 L reverse 
osmosis (RO) water to remove excess of glucose.
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4.2.4 Growth and Biomass parameters

Op}cal and cell densi}es were measured in the same way for both lab- and pilot-scale 
cul}va}on, as described in sec}on 3.2.3. DW was only measured for pilot-scale cul}va}on, as 
described in the above-men}oned sec}on. To quan}fy pigments in the algal biomass, they were 
extracted and quan}昀椀ed both spectrophotometrically and through HPLC, as described in sec}on 
3.2.4 and 3.2.5. Total proteins and carbohydrates (%DW) were extracted from the algal biomass 
and quan}昀椀ed as described in sec}ons 3.2.6 and 3.2.7. Extrac}on of an}oxidants and evalua}on 
of an}oxidant capacity of the biomass was performed as described in sec}on 3.2.8.

4.2.5 Data analysis

Sta}s}cal analysis was performed using R version 4.2.2 (R Core Team, 2022). Results were 
compared as described in sec}on 3.2.9.

4.3 Results

4.3.1 Biomass accumula琀椀on in laboratory-scale experiment

Over the 16 days of growth, the OD increased as reported in Fig. 4.2A, and the same was 
observed in the cell density (Fig. 4.2B). From the very beginning, signi昀椀cant di昀昀erences were 
observed among the 3 culture condi}ons (p < 0.001), with the highest OD (2.3) and the highest 
cell density (23.7 106 cell mL-1) measured on d0 samples at the 昀椀nal experimental }me. Time-
course varia}ons showed sta}s}cally signi昀椀cant di昀昀erences (p < 0.001) among the 3 condi}ons 
since the early stages of growth and were maintained throughout the cul}va}on period. This was 
also evident from the colour of the cultures, which were all the denser the earlier the glucose 
was added (Fig. 4.3). 
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Figure 4.2. Time-course varia}on in op}cal (A) and cell (B) densi}es over the 16 days of cul}va}on of E. 
oleoabundans in laboratory-scale experiment. Cell density was plo琀琀ed on a base 2 logarithmic scale. In both graphs: 
empty circles, E. oleoabundans culture with glucose added at inoculum }me, d0; empty squares, E. oleoabundans 
culture with glucose added aver 3 days, d3; empty triangles, E. oleoabundans culture with glucose added aver 7 
days, d7. Di昀昀erent le琀琀ers indicate sta}s}cally signi昀椀cant di昀昀erences (One-way ANOVA, p < 0.05). 
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Figure 4.3. Picture of E. oleoabundans culture 昀氀asks aver 7 days of cul}va}on, during the two-step mixotrophic lab-
scale experimenta}on. From lev to right: d0 (glucose added at the inoculum }me), d3 (glucose added aver 3 days), 
and d7 (glucose added aver 7 days).

4.3.2 PBR cul琀椀va琀椀on and biomass accumula琀椀on

For the 昀椀rst two trials, cultures have experienced bacterial contamina}on. Culture crashes 
were observed in some or even all replicates (PBRs 1, 2, and 3). In par}cular, the colour of the 
cultures changed during the 昀椀rst few days: in trial 1 (glucose added at the inocula}on), the colour 
of the cultures changed from green to a turbid whi}sh (Fig. 4.4B and D), and in trial 2 (glucose 
added 3 days post-inocula}on) it turned into a cloudy, milky green, as shown in Fig. 4.4C, E and 
F. Biological contamina}on was con昀椀rmed by observa}on of the cultures under the light 
microscope (Fig. 4.5B and C). 
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Figure 4.4. Pictures of PBRs during the di昀昀erent mixotrophic trials. (A) A recently inoculated PBR. The culture showed 
a good and healthy green aspect. (B and C) PBR from trial 1 (glucose added at inoculum }me) aver 2 days of 
cul}va}on. The culture showed a turbid whi}sh colour due to bacterial contamina}on. (D, E and F) PBR from trial 2 
(glucose added at inoculum }me) aver 7 days of cul}va}on. The culture showed a turbid whi}sh colour due to 
bacterial contamina}on.

Figure 4.5. Light microscope images of E. oleoabundans. (A) Carboy culture; (B) bacterial contamina}on from one 
PBR of the trial 1, where glucose was added at the inoculum }me; (C) bacterial contamina}on and E. oleoabundans 
cell, from the experimenta}on where glucose was added aver 3 days (3d-TS). Scale bars: 20 µm (A) and (B); 5 µm 
(C). 

Trial 3 (glucose added 7 days post-inocula}on) was a success, and it was conducted un}l day 
12. The 昀椀nal cell density was 35.5 × 106 cell mL-1, with a 昀椀nal bright dark green colour of the 
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culture (Fig. 4.6A). The same was observed for the mixotrophic cul}va}on, as reported in Fig. 
4.6B. 

Figure 4.6. Pictures of PBRs, and light microscope images of E. oleoabundans mixotrophic cells. (A) PBR from trial 3, 
glucose added 7 days post-inocula}on. The picture was taken at the end of the cul}va}on (12 days). (B) PBR from 
the mixotrophic experiment. The picture was taken at the end of the cul}va}on (12 days). (C, D and E) E. 
oleoabundans cells from mixotrophic experiment at the end of the cul}va}on (12 days). Scale bars: 10 µm.

The results shown from this point ongoing were obtained from mixotrophic cul}va}on in PBRs 
and measurements obtained from day 0 to day 5 aver the glucose addi}on. The en}re 
experimenta}on was focused on the comparison between photoautotrophic and mixotrophic 
cul}va}on. Over the 5 days of cul}va}on the OD increased from 0.7 ± 0.1 to 1.46 ± 0.2, and from 
0.6 ± 0.1 to 4.2 ± 0.6 in photoautotrophic and mixotrophic cultures, respec}vely, with sta}s}cally 
signi昀椀cant di昀昀erences between the two condi}ons at the 昀椀nal }me (p < 0.001) (Fig. 4.7A). The 
same di昀昀erences were also observed in the 昀椀nal values of the cell density, with 18 × 106 cell mL-

1 and 46 × 106 cell mL-1 in photoautotrophy and mixotrophy, respec}vely (p < 0.001) (Fig. 4.7B). 
At the end of the cul}va}on, also DW results showed the same sta}s}cally signi昀椀cant di昀昀erence 
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(p < 0.001) with a greater amount of biomass yield obtained in mixotrophic cultures (0.7 g L-1) as 
shown in Fig. 4.7C. The pH of the mixotrophic cultures (Fig. 4.7D) dropped aver 2 days, changing 
from 8.5 to 6.9. At day 2 and 5 of cul}va}on, sta}s}cally signi昀椀cant di昀昀erences were observed in 
pH between photoautotrophy and mixotrophy cultures, with lower value observed in the la琀琀er.
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Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 0.001.

4.3.3 Pigments

Chla, Chlb and Car concentra}ons (mg gDW-1) are reported in Fig. 4.8A, B, and C. 
Spectrophotometric measures indicated that all the concentra}ons varied throughout the 5d of 
cul}va}on (p < 0.001). Sta}s}cally signi昀椀cant di昀昀erences were observed between the two 
experimental condi}ons aver 2 and 5 days. Speci昀椀cally, Chla, Chlb, and Car concentra}ons were 
higher in photoautotrophic cultures (p < 0.01), compared to the mixotrophic. The Chla over Chlb 
ra}o (Fig. 4.8D) was signi昀椀cantly higher in photoautotrophy only at the beginning of the 
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cul}va}on (p < 0.001). Regarding the total Chls over Car (Fig. 4.8E), photoautotrophic ra}os were 
signi昀椀cantly higher (p < 0.001) than mixotrophic ra}os, from mid }me ongoing.
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Figure 4.8. Pigment concentra}ons (A-C) and molar ra}os (D and E) of E. oleoabundans photoautotrophic and 
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Regarding the HPLC analysis, pigment concentra}ons of both condi}ons are shown in Fig. 4.9. 
Chla content increased during the 5 days of cul}va}on in both condi}ons, with a higher 
concentra}on of the pigment in photoautotrophic cultures at the end of cul}va}on }me (12 
days). The concentra}on of Chlb in photoautotrophic cultures increased ini}ally and then 
stabilised, with a 昀椀nal concentra}on of 9.51 ± 0.5 mg gDW-1. In mixotrophic cultures, on the other 
hand, an ini}al decrease was observed with subsequent stabilisa}on at a 昀椀nal value of 4 ± 0.7 mg 
gDW-1. β-carotene concentra}ons proved to be more variable in photoautotrophy. In mixotrophy 
β-carotene concentra}on remained rather stable over the 5-day cul}va}on period. Lutein 
generally maintained low values in both condi}ons, with the higher value observed in 
photoautotrophic cultures at day 10 (2.6 ± 1.7 mg gDW-1). Xanthophyll-like pigments also showed 
low and stable values over }me, with no sta}s}cally signi昀椀cant di昀昀erence between the two 
condi}ons (p > 0.05).
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Figure 4.9. Pigment (chlorophyll a (Chla), chlorophyll b (Chlb), chlorophyll-like (Chl-like), xanthophyll-like, lutein and 
β-carotene) concentra}ons in photoautotrophic (P; white bars) and mixotrophic (M; grey bars) E. oleoabundans 
cultures. Each graph reports the age of the biomass analysed (0, 2 and 5 days aver glucose addi}on in mixotrophic 
cultures). Please note y-axis scale vary across the graphs. Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** 
p < 0.001.

4.3.4 Total proteins and carbohydrates

Total protein content (%DW) was evaluated in both condi}ons and results are shown in Fig. 
4.10A. Protein content was assessed under both growth condi}ons. At the ini}al }me point, the 
content was similar, but a sta}s}cally signi昀椀cant di昀昀erence was observed at mid-cul}va}on, with 
a higher value in photoautotrophic cultures (46% DW). At the end of cul}va}on, protein content 
was similar in both condi}ons, with a value of 36.5 %DW. As regard to carbohydrate contents 
(Fig. 4.10B), it was higher in mixotrophic cultures aver addi}on of glucose, highligh}ng 
sta}s}cally signi昀椀cant di昀昀erences at 2 and 5 days of cul}va}on, when compared to 
photoautotrophic cultures (p < 0.001).



125

4.3.5 An琀椀oxidant capacity

An}oxidant capacity was evaluated by the FRAP assay and it was expressed as μM Fe(II)E 
mgDW-1. The an}oxidant capacity of the two culture condi}ons showed sta}s}cally signi昀椀cant 
di昀昀erences since the beginning of the cul}va}on, with a higher ferric reducing an}oxidant power 
in photoautotrophic cultures (p < 0.001). The an}oxidant power remained quite stable in 
mixotrophic cultures during the en}re cul}va}on }me, as shown in Fig. 4.10C.
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Figure 4.10. Total proteins (A), total carbohydrates (B) and (C) an}oxidant capacity of the algal biomasses. Protein 
and carbohydrate content is reported as %DW; an}oxidant capacity is reported as µM Fe(II)SO4E mgDW-1. White bars, 
photoautotrophy (P); grey bars, mixotrophy (M). Data refer to means ± SD (n=3). * p < 0.05; ** p < 0.01; *** p < 
0.001.

4.4 Discussion

The purpose of this study was to compare the performance of E. oleoabundans (UTEX-1185) 
when cul}vated either photoautotrophically or mixotrophically (2.5 g L-1 glucose added at varying 
}me points) in 70 L PBRs, as measured by growth kine}cs and chemical composi}on of biomass 
through }me. As outlined in the Introduc}on (Chapter 1, sec}ons 1.5 and 1.5.1), various 
challenges may be encountered during heterotrophic or mixotrophic cul}va}on, namely 
biological contamina}on.

For instance, it is frequently observed that in mixotrophic cul}va}on biological contaminants 
such as bacteria, fungi, and other microorganisms can compete for nutrients, produce toxic 
compounds, and alter the growth condi}ons of the desired microalgae strain. This may lead to 
decreased biomass produc}vity and yields, a reduc}on in product quality, possible implica}ons 
for biosecurity and human health, and increased opera}onal costs. Moreover, the control of 
biological contamina}on in large-scale systems can be di昀케cult and }me-consuming, requiring 
strict asep}c techniques and regular monitoring (Pleissner et al., 2020). These control measures 
are performed without guarantee of success, with cultures oven having to be disposed of and 
rigorous decontamina}on and sterilisa}on strategies subsequently employed, which have their 
own }me and cost implica}ons. To mi}gate these issues, research is being performed to 
exploring various strategies, including the use of di昀昀erent carbon source, like acetate, which is 
not favourable for bacteria (Chen et al., 2017), or the improvement of cul}va}on condi}ons 
(Deschênes et al., 2015; Wen et al., 2019). Changes in speci昀椀c environmental factors, such as 
temperature and pH, can help in controlling biological contamina}on (Galès et al., 2020; 
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Hallegrae昀昀 et al., 1997; Wang et al., 2013). These strategies depend upon the survival condi}ons 
of the target microalgae and/or contaminant. The control of biological contaminants is essen}al 
to produce high-quality biomass; for this reason, it is essen}al to improve the study of 
contaminants and their interac}on with microalgae. 

Biological contamina}on was an issue faced during this study when scaling-up cul}va}on. This 
presented a challenge which enable us to conduct various trials to iden}fy an improved strategy 
for the cul}va}on of E. oleoabundans in 70 L PBRs to mi}gate against biological contamina}on. 
During the trial 1, where glucose was added at the inocula}on, contamina}on appeared within a 
few days and subsequently proliferated. The culture became of an o昀昀-white colour, due to the 
high presence of bacteria and low number of microalgal cells (Fig. 4.4B and C). It is known that 
bacteria and other organisms may faster rates of cellular division and may outcompete microalgal 
cells for resources (nutrients, space) and reduce light availability. While some bacteria, called 
phytoplankton-ly}c bacteria, can lyse microalgal cells directly a琀琀acking them, some others can 
do it indirectly, secre}ng extracellular compounds which are harmful for microalgae (Qin et al., 
2023; Zhao et al., 2022). The simplest and most immediate strategy could be to increase the 
ini}al volume of algal inoculum, as reported for the same alga cul}vated under mixotrophic 
condi}ons in a 20L cylindrical closed PBR (Sabia et al., 2015) (Sabia et al., 2015). By introducing a 
higher number of cells, the contamina}on may s}ll develop, but perhaps without overtaking the 
algae which, being more numerous, could eventually overcome the ini}al phase. This is the 
outcome that was observed in trial 2, where glucose was added 3 days aver inocula}on. In this 
case, the cells were able to survive in the presence of bacteria, con}nuing to grow and produce 
biomass. However, the result would s}ll have involved obtaining microalgal biomass with a high 
number of bacteria, which would certainly be unusable in many biotechnological 昀椀elds such as 
nutraceu}cals, feed, and health. Moreover, the many steps and the extended }me required to 
increase the ini}al volume of algal inoculum not only could lead to a reduc}on in opera}onal 
e昀케ciency during scale-up, but also increase costs and risk of contamina}on (Borowitzka and 
Vonshak, 2017). The addi}on of glucose aver an ini}al period of photoautotrophic cul}va}on is 
a technique already experimented by some Authors on Scenedesmus obliquus, Graesiella sp. and 
Chromochloris zo昀椀ngiensis (Deschênes et al. 2015; Wen et al. 2019; Wood et al. 2023) and has 
proved to be a successful strategy also in the present study. The two-stage cul}va}on is a strategy 
also used to improve metabolite produc}on (Ma et al., 2020; Xiao et al., 2018), but in this speci昀椀c 
case it was taken into account to avoid biological contamina}on. To the best of our knowledge, 
this is the 昀椀rst }me E. oleoabundans has been cul}vated mixotrophically on such a large volume 
(70 L). In detail, glucose was added 7 days post-inocula}on, in the presence of a higher number 
of cells which were be琀琀er acclimated to the growth condi}ons within the PBR; this conferred a 
compe}}ve advantage over poten}ally present bacteria. This strategy not only allowed the 
cul}va}on to be conducted un}l comple}on of the planned experiment, but also to harvest 
biomass with a negligible number of bacteria, rarely observed under the light microscope (Fig. 
4.6C, D and E). Given the di昀케cul}es encountered in the various trials, a laboratory-scale 
experiment was conducted to verify that the contamina}on did not originate directly from the 
ini}al inoculum culture from the carboy (Fig. 4.5A). No contamina}on was observed in the 
cultures grown in 昀氀asks; thus, carboy was not contaminated. However, one should consider that 
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on small scale it is not only possible to be琀琀er control each cul}va}on parameter, but it is also 
possible to sterilise the instrumenta}on, work in a more asep}c environment, and greatly reduce 
exposure of the culture to the external environment; all these procedures become considerably 
more challenging as you progress through larger scales of cul}va}ons. 

Even if the cells did not reach the densi}es observed by other Authors who cul}vated the 
same strain in similar condi}ons (Baldissero琀琀o et al., 2024, 2023), however, it is interes}ng to 
observe the varia}ons in the growth kine}cs. Growth kine}c showed a steep exponen}al phase 
in d0 and d3 cultures. Despite the higher number of cells in d3 at the }me of inocula}on, at the 
end of the exponen}al phase (around day 7 of cul}va}on), as well as at the end of the cul}va}on 
(day 15), the number of cells was signi昀椀cantly lower compared to d0. In d7, the exponen}al phase 
was not as steep and at the end of the cul}va}on the number of cells was lower compared to 
the other two condi}ons. This result can be a琀琀ributed to various factors such as a di昀昀erent 
number of cells at the }me of glucose addi}on, a di昀昀erent availability of inorganic nutrients in 
the medium, and a di昀昀erent stage of the microalgae life cycle. Further studies are needed to 
iden}fy these results. 

The decision to harvest the cultures 5 days aver the onset of mixotrophy was driven by 
observa}ons of the PBRs and the cultures: the la琀琀er, indeed, exhibited an intense, dark green 
colour and, more signi昀椀cantly, foam produc}on was observed (Fig. 4.6A and B, top of the PBR). 
Foam forma}on must be maintained as lower as possible, because one of the main consequences 
is a reducing in light absorp}on by the algae (Kubar et al., 2022). To counteract this, an}foam 
products can be added to the microalgal culture at a concentra}on that does not a昀昀ect 
microalgae viability (Norsker et al., 2021). One of the main causes associated with foam is the 
produc}on of EPS by microalgae cells. This gela}nous and s}cky material is con}nuously excreted 
from the algal cell wall and can lead to the forma}on of cell aggregates. Cells become trapped in 
the thin bubble 昀椀lm, promo}ng the forma}on of what is known as stable foam (Chen}r et al., 
2017; Kubar et al., 2022). Li et al. (2020) evaluated the produc}on of EPS of E. oleoabundans 
under mixotrophic cul}va}on, speci昀椀cally with di昀昀erent sugars (glucose, galactose, maltose, 
lactose, and sucrose). In media containing glucose, the produc}on of EPS greatly increased 
(Baldissero琀琀o et al., 2024, 2023), sugges}ng that this sugar allows E. oleoabundans to produce 
high levels of EPS. As frequently observed in mixotrophic cul}va}on compared to 
photoautotrophic one, both at laboratory and pilot scale, OD, cell density and DW greatly 
increased (Baldissero琀琀o et al., 2024, 2023, 2016; Silva et al., 2016). At the end of the cul}va}on, 
cell density and DW were, respec}vely, 4.5 and 2.6 }mes higher in mixotrophic cul}va}on when 
compared to photoautotrophic. Even if not directly evaluated for this Thesis, increase in biomass 
yield and produc}vity could be probably mainly related to starch and lipid accumula}on by the 
algae (Cecchin et al., 2018). 

The pH of the culture medium is a cri}cal factor in昀氀uencing microalgal growth and metabolite 
produc}on. Varia}ons in the pH were observed in both condi}ons. The lower pH values observed 
in mixotrophic cul}va}on could be due to a higher respira}on rate or, more precisely, a reduc}on 
in photosynthesis (Benà et al., 2024), and to the release of substances in the medium (i.e. EPS 
and organic acids). Zarveas et al. (2021) showed that the respira}on process does not remarkably 
changes the pH of the culture, but rather photosynthesis does. During the la琀琀er, microalgae 
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absorb a large quan}ty of protons from the environment, leading to a propor}onal increase in 
pH. Based on these considera}ons, in our case pH decrease could be linked to the release of 
acidic compounds in the culture media. 

It is known that mixotrophy is a good strategy to improve carotenoid produc}on in certain 
microalgal strains, e.g. Haematococcus pulvialis and Chromochloris zo昀椀ngiensis (Orosa et al., 
2001; Wen et al., 2020; Wood et al., 2023). However, it has also been observed that, compared 
to photoautotrophic condi}ons, the presence of organic carbon source can nega}vely a昀昀ect the 
content of pigments directly related to the photosynthe}c process, i.e. chlorophylls and 
carotenoids (Patel et al., 2019; Přibyl and Cepák, 2019). The decline in chlorophyll concentra}on 
in mixotrophic cells reduces the dependence on light. Therefore, lower content of chlorophyll in 
microalgae may relieve photo-inhibi}on, that is another of the advantages of this trophic mode 
(Dragone, 2022; Yan et al., 2012). β-carotene concentra}ons were greater in control biomass at 
day 5 (p < 0.05). Pigment produc}on under mixotrophy greatly vary depending on the strain 
(Cas}llo et al., 2021; Saha and Murray, 2018). In microalgae like Nannochloropsis gaditana, 
Dunaliella salina, or the diatom Phaeodactylum tricornutum, mixotrophy is frequently employed 
to enhance carotenoid concentra}ons. Speci昀椀cally, numerous studies in the literature report 
e昀昀ec}veness of this trophic mode in increasing the biomass content of lutein, β-carotene, and 
astaxanthin (Ceron Garcia et al., 2006; Menegol et al., 2019). In this study, lutein values generally 
remained low, with greater values in photoautotrophic cul}va}on at day 2 (p < 0.05). A decrease 
in lutein content in Chlorella vulgaris cul}vated in mixotrophic condi}ons was observed by 
McClure et al. (2019). They hypothesised that, since lutein is a pigment involved in light 
harves}ng during photosynthesis, lutein concentra}on is higher during the exponen}al growth 
phase, when algae are ac}vely dividing. When nitrogen levels in the medium being to deplete 
and the growth rate decreases, the lutein content also decreases accordingly. This may explain 
what observed in the mixotrophic cultures. To resume, at the end of the cul}va}on, greater 
concentra}ons of both chlorophylls and carotenoids were observed in photoautotrophic than in 
mixotrophic condi}ons. These 昀椀ndings suggest that photoautotrophic growth condi}on remains 
the best for the above-men}oned pigment accumula}on in E. oleoabundans. Nevertheless, it 
should not be overlooked that the 昀椀nal biomass yield is signi昀椀cantly greater in mixotrophic 
cultures. Consequently, although lower speci昀椀c molecules like pigments may be produced, the 
overall yield will be substan}ally higher in mixotrophic condi}ons.

With regards to the total protein content, the pa琀琀ern showed a rela}vely modest decrease 
aver the addi}on of glucose in mixotrophic cultures. Before delving into the results observed for 
the biochemical composi}on of E. oleoabundans in this study, it is important to note that glucose 
was added 7 days aver inocula}on, meaning that mixotrophic metabolism was onset following 
an ini}al photoautotrophic cul}va}on. From the literature (Baldissero琀琀o et al., 2023) and other 
results observed in the present Thesis (Chapter 2 and 3), it is known that E. oleoabundans at day 
7, during photoautotrophic condi}ons, switches from exponen}al to sta}onary phase. This 
means that glucose was added when the culture was under a hypothe}cal condi}on of reduced 
nitrogen or an imbalance on C:P ra}o, and the growth of cells and content of primary metabolites 
such as protein and carbohydrates may have been in昀氀uenced by this. The observed decrease in 
mixotrophy could, however, be due to a change in metabolism. Despite the slightly di昀昀erent 



129

experimental condi}ons, some considera}ons can be made by comparing the results observed 
in the protein content of the biomass cul}vated at laboratory scale (Chapter 2) and that 
cul}vated at pilot scale. The protein percentage obtained at E. oleoabundans pilot-scale (36%) in 
mixotrophy and under light with a greater propor}on of red light (90:20 R:B), was even higher 
than that obtained at lab-scale (31%) at the end of the cul}va}on, sugges}ng an interes}ng 
strategy for improving protein content. This is a good result considering that the pilot scale 
operated with a lower light intensity, indica}ng an op}miza}on of the process. Moreover, we 
can also state that a be琀琀er result was obtained on pilot rather than laboratory scale. Good results 
were obtained also related to the carbohydrate content, which was signi昀椀cantly greater in 
mixotrophy than in photoautotrophy, at day 2 and 5. Several species of the Chlorophyceae (such 
as Chlorella and Scenedesmus) are reported to accumulate starch (Gifuni et al., 2018; Ho et al., 
2013; Mizuno et al., 2013). However, several (a)bio}c factors can in昀氀uence starch and 
carbohydrate content, including PBR design, light and nutrient inputs. Therefore, true 
comparability in growth and composi}on with the literature is extremely owing to the vast 
number of experimental variables. Much research has reported that starch accumula}on is 
enhanced during nitrogen deple}on (de Farias Silva and Sforza, 2016; Msanne et al., 2012), which 
may be the condi}on of the cultures at the experimental }mes of the present work, as also 
reported for E. oleoabundans cul}vated in mixotrophic condi}ons with the addi}on of an apple-
waste product (Baldissero琀琀o et al., 2014). Moreover, the increase of carbon source is reported 
to enhance carbohydrate accumula}on (de Farias Silva and Sforza, 2016), but the resul}ng e昀昀ect 
on the pH media can generate stressful condi}ons responsible for a reduced carbohydrate 
content (De Farias Silva et al., 2017; Gifuni et al., 2018). Therefore, we cannot exclude a nega}ve 
e昀昀ect of the lower pH values observed in the mixotrophic cultures on carbohydrate content. 
Further studies are required to understand how and to what extent a lower pH a昀昀ects 
carbohydrate content, and this could be achieved by recrea}ng the same condi}ons but 
controlling the pH values with CO2 injec}ons. Despite this, the 昀椀ndings obtained are encouraging, 
with a carbohydrate percentage of 48.4 at the end of the cul}va}on period in mixotrophic 
biomass. As regard to the an}oxidant capacity of the biomass, the sta}s}cally signi昀椀cant 
di昀昀erence at the beginning of the cul}va}on remains unclear. Apart from this, an increase in 
an}oxidant capacity was observed in photoautotrophic cultures, while no varia}on was observed 
over }me in mixotrophic cultures, with sta}s}cally lower values compared to the 
photoautotrophic counterpart. This is partly reasonable, especially in rela}on to the higher 
content of photosynthe}c pigments in photoautotrophic biomass, which is known to have great 
relevance as an}oxidants (Assunção et al., 2017; Banskota et al., 2019; Cichoński and 
Chrzanowski, 2022; Coulombier et al., 2021; Goiris et al., 2015). 

4.5 Conclusion

Mixotrophic cul}va}on of microalgae o昀昀ers a promising strategy for biotechnological 
applica}ons, combining the bene昀椀ts of both photoautotrophic and heterotrophic growth (Nair 
and Chakraborty, 2020). By u}lising both light and organic carbon sources, mixotrophy can 
enhance biomass produc}vity, accumulate valuable biomolecules, and poten}ally reduce 
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cul}va}on costs (Pang et al., 2019). However, the fully exploita}on of mixotrophy in large-scale-
microalgal cul}va}on is s}ll di昀케cult due to the heightened risk of biological contamina}ons. 
Foam forma}on could result in adverse e昀昀ects, such as decrease in growth, loss of volume, lower 
light penetra}on, and di昀케cult manual cleaning of the reactor. In this study, several events of 
contamina}on were reported, and an e昀昀ec}ve strategy was iden}昀椀ed and tested to enable 
mixotrophic cul}va}on on a pilot-scale, successfully preven}ng contamina}ons that could lead 
to culture collapse. Two-stage photoautotrophic-mixotrophic strategy proved to be successful, 
providing signi昀椀cant insights that could contribute to the further exploita}on of this cul}va}on 
mode on a larger scale. The results regarding growth kine}cs con昀椀rmed the poten}al of 
mixotrophic cul}va}on of E. oleoabundans. Moreover, the biochemical composi}on obtained 
from the combina}on of mixotrophy and the use of a light spectrum di昀昀erent from conven}onal 
white light (i.e. white light derived from red and blue LEDs, with a higher propor}on of red light), 
showed interes}ng results in terms of proteins (substan}ally unchanged) and carbohydrates 
(increased), sugges}ng the poten}al u}lisa}on of E. oleoabundans for nutraceu}cal and 
pharmaceu}cal related products. This can have implica}on for the use of E. oleoabundans in 
nutraceu}cal 昀椀elds. Furthermore, comparison with photoautotrophic cul}va}on allowed for an 
evalua}on of the di昀昀erences in obtaining molecules of interest for biotechnological applica}ons, 
such as pigments, proteins, and carbohydrates. This comparison is extremely useful in order to 
choose, with greater awareness, which light and trophic strategies to adopt to implement the 
produc}on of speci昀椀c metabolites, of greater interest to the producer. Addi}onally, this is the 
昀椀rst study to present a 70 L pilot-scale mixotrophic cul}va}on of E. oleoabundans. The 昀椀nding of 
a solu}on that seems to reduce the risk of bacterial contamina}on is a signi昀椀cant achievement. 
This breakthrough could have a profound impact on the scalability and sustainability of 
microalgal produc}on, making mixotrophy a more a琀琀rac}ve and feasible op}on for various 
industries. Future studies would be useful to improve what has been obtained in the present 
study, re-designing cul}va}on strategies, for example with varia}ons in the light spectrum or 
di昀昀erent trophic strategies (i.e. di昀昀erent glucose concentra}ons or varia}on in the inorganic 
carbon content in the medium), or the combina}on of both, in order to tailor biomass 
composi}on and reproducibility.
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5.1 Aim of work

Beyond biomass produc}on, the spent medium deriving from microalgae cul}va}on, also 
called <microalgae-condi}oned medium= (MCM), has emerged as a valuable resource within a 
circular economy framework; for example, it can be used as recycled water-substrate for 
microalgae cul}va}on, thus  helping in freshwater saving and reducing produc}on costs (Sabia 
et al., 2015), or as crop bios}mulant (Braun and Colla, 2023; González-Pérez et al., 2022; Kim et 
al., 2023; Žunić et al., 2024). Furthermore, MCM is a promising source of biologically ac}ve 
molecules, such as polysaccharides (Li et al., 2011, 2020) and extracellular vesicles (EVs) (Piccio琀琀o 
et al., 2022, 2021). The la琀琀er are small par}cles, released by microalgae into the medium; they 
have captured the interest of the scien}昀椀c community as a sustainable alterna}ve for 
therapeu}cal and cosmeceu}cal ingredients, as well as drug-carriers (Adamo et al., 2024). EVs 
are small, membrane-enclosed par}cles released by cells into their surrounding environment. 
These vesicles range in size from 30 to 1000 nm and are classi昀椀ed into two categories, exosomes 
(30-150 nm) and microvesicles (100-1000 nm), depending on their size and how they are formed. 
EVs carry a variety of cargo, including proteins, lipids, RNA, and other molecules, which they 
transfer to other cells, thereby in昀氀uencing numerous biological func}ons (Yáñez-Mó et al., 2015). 
They are essen}al in processes like immune modula}on, }ssue repair, and intercellular 
communica}on (Gill et al., 2019; György et al., 2015; Sall and Flaviu, 2023). Due to their ability to 
naturally deliver materials between cells, EVs are becoming a focus for therapeu}c innova}ons, 
par}cularly in drug delivery systems and regenera}ve therapies. In the literature, studies on EVs 
from microalgae, also known as 'Nanoalgosomes' or 'Algosomes', are s}ll quite scanty, and most 
of them focus on their applica}on, tes}ng their biocompa}bility and con昀椀rming their incredible 
therapeu}cal poten}al (Adamo et al., 2024, 2021; Bongiovanni et al., 2023; Piccio琀琀o et al., 2022, 
2021). However, at the best of our knowledge, no research has been conducted on the growth 
condi}ons of microalgae related to EVs produc}on and on assessing the best }me to harvest 
during algal growth.

The aim of the present study was to highlight possible rela}ons between the early and late 
sta}onary growth phase of E琀琀lia oleoabundans with the produc}on of EVs, in order to establish 
the best harves}ng strategy for both the microalgae and the corresponding MCM. In fact, it is 
reasonable to think that, for harves}ng E. oleoabundans algal biomass, early or late growth 
sta}onary phases are appropriate }mes, as they are usually correlated with higher biomass yield 
than lag and exponen}al phases, but it is also necessary to verify the biotechnological relevance 
of the algal biomass and its spent medium (Abu Hajar et al., 2017; Altunoz et al., 2017; Barten et 
al., 2022; Li et al., 2020). Thus, besides MCM harves}ng and study focussed on algal-derived EVs 
(ADEVs), the morphological and biochemical pro昀椀ling of E. oleoabundans cells during its 
cul}va}on, especially at the abovemen}oned growth phases, was inves}gated to obtain a more 
accurate assessment of the microalgal culture and to target its subsequent exploita}on.
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5.2 Materials and Methods

5.2.1 Algal cul琀椀va琀椀on and culture condi琀椀ons

E琀琀lia oleoabundans UTEX 1185 (syn. Neochloris oleoabundans UTEX 1185) was obtained from 
the Culture Collec}on of Algae at the University of Texas (Aus}n, TX, USA; www.utex.org). The 
alga was cultured in BG11 medium (for recipe: utex.org/products/bg-11-medium) and 
maintained in a growth chamber (F.lli Bertagnin, Bologna, Italy) at 24 ± 1 °C, 30 µmol m-2 s-1 of 
photosynthe}cally ac}ve radia}on (PAR; white LED LS5020E-NW, Arena Luci Design, Italy)  with 
a light-darkness photoperiod of 16:8 h. CO2 supply was not provided according to previous 
studies (Baldissero琀琀o et al., 2020), and sta}c condi}ons were chosen (only manual shaking 
two/three }mes a week). Once the sta}onary growth phase was reached and a cell density 
between 20 and 22 × 106 cells mL-1 was achieved, cells were inoculated at least in triplicate in 
500 mL Erlenmeyer 昀氀asks (total volume equal to 350 mL) at a density of 0.5 ± 0.1 × 106 cells mL-1 
and maintained at the condi}ons described above. To monitor the growth and the dry microalgal 
biomass yield increase, 3 昀氀asks were set up and rou}nely used for measurements. In detail, 
aliquots of culture were collected from each 昀氀ask aver 0, 3, 7, 10, 14, 21, 28 and 60 days of 
cul}va}on for growth measurements. Addi}onally, at 28 and 60 days of cul}va}on, microalgal 
biomass was harvested by centrifuga}on at 4000g for 10 min. The supernatant was discharged, 
and the cell pellets were frozen at -20° C un}l further biochemical analyses including protein and 
phenolic content (PC). For protein analysis, aver centrifuga}on and removal of the supernatant, 
the biomass was resuspended in 2 mL of washing bu昀昀er (2 mM Na2EDTA in PBS bu昀昀er 1×; for 1L 
of 10× PBS bu昀昀er stock solu}on: 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 × 2H2O, 2.4 g KH2PO4 dissolved 
in dis}lled water) and centrifuged at 4000g for 10 min. Subsequently, supernatant was removed, 
and the samples were immersed in liquid nitrogen for 1 min, and then stored at -20 °C.

5.2.2 MCM harves琀椀ng and ADEVs isola琀椀on

The MCM was collected at }me 28 and 60 days of cul}va}on through centrifuga}on at 300g 
for 10 min, to separate the algal biomass from the supernatant. The la琀琀er was then recollected 
in a clean tube and immediately subjected to further treatment thanks to the collabora}on with 
Prof. Barbara Zavan of the Department of Transla}onal Medicine for Emilia Romagna at the 
University of Ferrara. The MCM underwent mul}ple centrifuga}on steps to remove increasingly 
dense debris. In detail, samples were centrifuged at 650g for 10 min, followed by 3000g for 30 
min, and then at 10000g for 1 h. Aver centrifuga}on, the supernatant was passed through a 0.22 
μm vacuum 昀椀ltra}on systems (Sartorius, Gö琀�ngen, Niedersachsen, Germany) to achieve a 
higher level of purity. The 昀椀ltrate was subjected to a subsequent centrifuga}on at 15000g for 1 
h using an Ultracentrifuge Op}ma L-70, equipped with a 70 Ti rotor (Beckman Coulter Inc., CA, 
USA). Aver discarding the resul}ng pellet, the supernatant underwent a 昀椀nal ultracentrifuga}on 
step at 110000g for 1.5 h to precipitate the vesicles (Fig. 5.1). Nanopar}cle Tracking Analysis 
(NTA) was used to measure vesicles concentra}on, size and distribu}on; it u}lizes light sca琀琀ering 
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to es}mate par}cle concentra}ons in suspension and measures their size based on Brownian 
mo}on. This analysis was performed using the NanosightPro instrument (Malvern Panaly}cal, 
Worcestershire, UK). ADEV samples were diluted in 1 mL of PBS bu昀昀er (Thermo Fisher Scien}昀椀c, 
pH 7.4) to op}mize the par}cle concentra}ons for detec}on (between 1 × 106 and 1 × 109 
par}cles mL-1). The sample was introduced into a 昀氀ow chamber at a rate of 3 μL min-1, illuminated 
by a laser beam, and a camera recorded the sca琀琀ering light. Five sets of 5-min recordings were 
analysed using the Nanosight sovware, which tracks par}cle movements in the suspension. The 
system calculated par}cle concentra}on (par}cles mL-1) and size distribu}on (nm), considering 
sample temperature, viscosity, and dilu}on.

Figure 5.1. Schema}c representa}on of ADEVs isola}on from the MCM. Illustra}on created with BioRender.com.

5.2.3 Extrac琀椀on and Determina琀椀on of Polyamines from the MCM

At 28 and 60 days of cul}va}on, MCM was harvested as described in 5.2.2, and lyophilized for 
extrac}on and determina}on of polyamines thanks to the collabora}on with Dr. Annalisa Maie琀� 
(Department of Chemical, Pharmaceu}cal and Agricultural Sciences, University of Ferrara). The 
extrac}on process was conducted as described by Sabia et al. (2015) through addi}on of 300 ýL 
of 4% perchloric acid to approximately 30 mg of accurately weighted freeze-dried sample. The 
mixture was lev on ice for 1 h and subsequently centrifuged at 10000g for 15 min. The 
supernatant, separated from the precipitate, was used for analysis following deriva}sa}on. For 
the HPLC separa}on (VP Shimatzu), a Kinetex C18 chromatographic column (Phenomenex), 150 
x 4.6 mm, with core-shell spherical par}cles of 5 ým diameter and thermostated at 36°C, was 
used. The separa}on was performed with a 昀氀ow rate of 1 mL min-1 in a gradient star}ng with H2O 
42%, acetonitrile (ACN) 58%; in 7 minutes H2O 40% and ACN 60%; in the following 5 min reaching 
ACN 100%, which was maintained for 4 min, and 昀椀nally in 4 minutes returning to the star}ng 
condi}ons. For each run, 10 ýL of deriva}sed sample was injected. The deriva}sa}on reac}on 
followed the Learey at al. (2018) method and was performed directly in the HPLC vial. To 100 ýL 
of sample or standard, 250 ýL of saturated sodium carbonate and 250 ýL of dansyl chloride (DNS-
Cl) were added. Aver shaking for 1 min, the mixture was lev at 40°C for 45 min. Then, 100 ýL of 
glycine was added, and aver 10 min, 500 ýL of ACN.
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5.2.4 Analyses of E. oleoabundans cultures

5.2.4.1 Growth parameters

Growth of algae cultures was assessed through the measurement of cell density (106 cells mL-

1) and dry biomass yield (gDW mL-1, where DW refers to the dry biomass of algae cultures). The 
cell density was es}mated coun}ng cells with a Thoma9s coun}ng chamber (HBG, Gissen, 
Germany) under the light microscope (Zeiss, model Axiophot, Carl Zeiss, Oberkochen, Germany). 
Growth rates (µ; day-1) were also evaluated, using Equa}on 1 (Glenn and Doty, 1992).

μ (d−1) = (lnN1 2 lnN0)(t1 2 t0) (1)

Where µ is the growth rate, N1 is the cell density at }me t1, N0 is the cell density at }me t0. The 
}me interval (days) is iden}昀椀ed with the di昀昀erence between t1 and t0. 

The DW was obtained as per Popovich et al. (2012), by adding a set volume of culture 
(depending on the cell density) to a pre-dried and pre-weight glass-昀椀ber 昀椀lter (Whatman GF/C; 
1.2 ým pore size); the 昀椀lter paper containing the microalgae was then rinsed with dis}lled water 
(dH2O) to remove excess salts, dried for 48 h at 60 °C, and weighted to determine the dry biomass 
yield per unit volume. The pH of the medium was measured using a Jenway mod. 3510 
(Sta昀昀ordshire, Stone, UK) bench pH-meter. The measurement was conducted aver separa}ng 
the medium from the biomass by centrifuga}on at 500g for 5 min.

5.2.4.2 Morphological observa琀椀on of E. oleoabundans cells: light and 
transmission electron microscopy

To assess the morphological traits of the cells, samples were collected rou}nely. Microscope 
images were obtained using the light microscope men}oned above and equipped with a VisiCam 
Pro 20C digital camera (20 megapixels). Ultrastructure of the cells was also observed aver 
prepara}on as described in Baldissero琀琀o et al. (2023): culture samples were collected by 
centrifuga}on (600g, 10 min) and prepared as follows: glutaraldehyde (3% v/v in phosphate 
bu昀昀er 0.1 M, pH 7.2; 3 h, 4 °C) was used for 昀椀xa}on, and OsO4 (2% v/v in phosphate bu昀昀er; 1 h, 
room temperature (RT)) for post-昀椀xa}on. Thereaver, cells were dehydrated in acetone series 
and embedded in Araldite resin. Ultrathin sec}ons were 昀椀nally stained with lead citrate and 
uranyl acetate (Baldissero琀琀o et al., 2020). For observa}ons, a Talos L 120C G2 transmission 
electron microscope (Thermo Fisher Scien}昀椀c, Waltham, Massachuse琀琀s) was employed, and 
pictures were taken with a Ceta camera (16 million pixels; Thermo Fisher Scien}昀椀c), at the 
Electron Microscopy Center of the University of Ferrara.
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5.2.4.3 PSII Maximum Quantum Yield

During cul}va}on, aliquots of each biological replicate were harvested by centrifuga}on at 
10000g for 5 min. The pellet was resuspended and placed as a single drop on a wet 昀椀lter paper 
(Pharma laboratory paper, myCordenons, Milan, Italy). Aver 15 min of dark adapta}on, 
昀氀uorescence measurements were done using a Junior pulse amplitude modula}on (PAM) 
昀氀uorimeter (Walz, Germany) (Ferroni et al., 2018). Samples were exposed to a satura}ng light 
pulse (0.6 s) via a 昀椀ber op}c system, and the basal (F0) and maximum (FM) 昀氀uorescence levels 
were recorded to calculate the FV/FM ra}o ((FM – F0)/ FM), i.e. the maximum quantum yield of PSII 
(Ferroni et al., 2018; Kalaji et al., 2014).

5.2.4.4 Photosynthe琀椀c pigments

During cul}va}on, chlorophyll (Chl) a and b and total carotenoids (Car) were extracted and 
quan}昀椀ed as described by Baldissero琀琀o et al. (2023). Brie昀氀y, the samples were centrifuged 
(10000g, 10 min) and 1 mL of pure methanol was added to the algal pellet. Subsequently, the 
samples were placed for 15 min in a thermoblock (uniBLOCHTHERM, LLG Labware) preheated to 
80 °C. Once the }me was up, the samples were centrifuged (20000g), and the extract obtained 
was separated through centrifuga}on from the cell debris and then placed in a cuve琀琀e. The 
absorbance was measured spectrophotometrically using a Pharmacia Biotech Ultrospec®2000 
UV–vis spectrophotometer (1 nm bandwidth; Amersham Biosciences, Piscataway, NJ, USA) at 
665 nm (Chla), 653 nm (Chlb), 470 nm (Car) and 750 nm (background noise). All manipula}ons 
were performed under dim green light to avoid photodegrada}on of pigments. Quan}昀椀ca}on of 
pigment concentra}on in the cuve琀琀e was calculated as reported in Equa}ons 2, 3, and 4 
(Wellburn, 1994).

Chlÿ (μg mL−1) = 15.65 ∙ (A666 2 A750) 2 7.34 ∙ (A653 2 A750) (2)

ChlĀ (μg mL−1) = 27.05 ∙ (A653 2 A750) 2 11.21 ∙ (A666 2 A750) (3)

Car (μg mL−1) = 1000 ∙ (A470 2 A750) 2 2.86 Chlÿ 2 129.2 ChlĀ221 (4)

Where A664, A653, A480, and A750 are the op}cal densi}es at 664, 653, 480, and 750 nm, for Chla, 
Chlb, Car, and background noise respec}vely.

Data were adjusted considering algal volume used for extrac}on, dilu}on factors, algal DW, 
and then the results were expressed in micrograms per milligrams of algal DW (ýg mgDW-1).
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5.2.4.5 Protein extrac琀椀on and quan琀椀昀椀ca琀椀on

At 28 and 60 days, total proteins were extracted following the method described by 
Baldissero琀琀o et al. (2023). To disrupt cells, the frozen sample was subjected to 3 freeze-thaw 
cycles (2 min in liquid nitrogen followed by 2 min at 80 °C, each) and homogenized with glass 
beads (0.40–0.60 μm diameter; Sartorius, Gö琀�ngen, Germany) by vortexing for 10 min (30 s 
vortexing, 30 s cooling). Aver centrifuga}on at 1500g for 10 min, the supernatant was collected 
in a clean Eppendorf tube. The pellet was re-extracted with 500 ýL of the same extrac}on bu昀昀er, 
vortexed for 2 min, and incubated at 60 °C for 15 min to obtain a second extract. These extracts 
were combined and 30 ýL of the 昀椀nal extract were used for quan}昀椀ca}on using the Lowry assay 
(Lowry et al., 1951) with slight modi昀椀ca}on. A calibra}on curve was obtained using bovine serum 
albumin (BSA), in place of the protein extract, in the concentra}on range of 0-5 mg mL-1. The 
linear equa}on (þ = �ý + ā) obtained from the calibra}on curve was used to quan}fy the 
protein concentra}on in the samples, expressed as BSA equivalents (mg L-1), and determined 
through Equa}on 5.

BSA eq. (mg L−1) = A600 2 ā� (5)

Where A600 is the op}cal density at 600 nm, c is the y-axis intercept and m is the gradient.

The BSA equivalents were then used to calculate the protein content (%DW) as in Equa}on 6:

Protein content (%DW) = (BSA eq.× VDW ) × 100 (6)

Where BSA eq. is the outcome from Equa}on 5, V is the extrac}on volume (mL), and DW (mg) 
is the biomass of the sample from which protein was extracted.

5.2.4.6 Total phenolic compounds extrac琀椀on and quan琀椀昀椀ca琀椀on

At 28 and 60 days, a culture volume containing 150 × 106 cells was harvested by centrifuga}on 
(10000g, 10 min) and the pellet was stored at -20 °C un}l extrac}on. Algal extract was obtained 
using a modi昀椀ed version of the methods described in Haoujar et al. (2019) and Jerez-Martel et 
al. (2017). Brie昀氀y, 600 μL of pure methanol was added to the pellet. The mixture was then 
subjected to mechanical disrup}on: con}nuous vortexing for 15 min, followed by a 30-min 
sonica}on bath, and concluding with 10 min of con}nuous vortexing. Samples were subsequently 
centrifuged (10000g, 10 min), and the supernatants were collected for quan}昀椀ca}on of total 
phenolic compounds (PC). The Folin-Ciocalteu method was used for total phenolics 
quan}昀椀ca}on, as described in Haoujar et al.  (2019) with minor modi昀椀ca}ons. Brie昀氀y, 100 μL of 
extract was mixed with 750 μL of Folin-Ciocalteu reagent (Merck, Darmstadt, Germany; 1:10 
diluted with dH2O), followed by the addi}on of 750 μL of sodium carbonate solu}on (Na2CO3, 60 
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g L21). Aver a 5-min incuba}on at RT, the mixture's absorbance was measured at 725 nm. A 
calibra}on curve was generated using coumaric acid, in place of the phenolic extract, in the 
concentra}on range of 0-1 mM. The linear equa}on (þ = �ý + ā) obtained from the calibra}on 
curve was used to quan}fy the phenolic concentra}on in the samples, expressed as coumaric 
acid equivalents (mM L-1), and determined through Equa}on 7.

Coum. Ac. Eq. (mM L−1) = A725 2 ā� (7)

Where A725 is the op}cal density at 725 nm, c is the y-axis intercept and m is the gradient.

The coumaric acid equivalents were then used to calculate the phenolic content (mgCoum.Ac.Eq. 

gDW
-1) as in Equa}on 8.

Phenolic content (mgCoum.Ac.Eq. gDW−1) = (Coum. Ac. Eq.× VDW ) × 100 (8)

Where Coum. Ac. Eq. is the outcome from Equa}on 7, V is the extrac}on volume (mL), and 
DW (mg) is the biomass of the sample from which phenolic compounds were extracted.

5.2.5 Data analysis

Sta}s}cal analysis was performed using R version 4.2.2 (R Core Team, 2022). The results of 
biochemical composi}on were compared using Student9s t-test, adop}ng a signi昀椀cance level of 
95% (α=0.05), for two-groups comparisons. In cases where there were more than two groups to 
compare, a one-way ANOVA test was used (α=0.05). If the assump}on of homogeneity of 
variance and normality were not sa}s昀椀ed, the data were transformed through square root or 
logarithm. If the ANOVA test indicated p < 0.05, a Tukey9s post-hoc was conducted. If the data 
transforma}on did not ful昀椀l the assump}ons, non-parametric Kruskal-Wallis tests was 
performed. Graphs were realised with GraphPad Prism 8.4.2 (GraphPad Sovware, San Diego CA, 
USA). Image analysis was performed through ImageJ free sovware (Schneider et al., 2012).

5.3 Results

5.3.1 Growth parameters

Cell density was monitored to determine growth kine}cs (Fig. 5.2A). A typical increasing trend 
was observed during the 昀椀rst 28 days of cul}va}on. The exponen}al phase developed 
immediately aver the inocula}on within the 昀椀rst 14 days of cul}va}on, showing the highest 
growth rate (µ = 0.22 day-1) compared to those recorded for the following }me intervals, i.e. 
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between 14 and 28 days, when the cells con}nued to divide at a slower rate (µ = 0.07 day-1), and 
between days 28 and 60, when the lowest growth rate (µ = 0.02 day-1) was measured (One-way 
ANOVA, p < 0.05). Throughout the en}re cul}va}on period, the maximum cell density value of 
27.2 x 106 cells mL-1 was recorded on day 28. By the 60th day, the cell density remained almost 
unchanged, showing only a slight decrease of 3.72 x 106 cells mL-1. Analogously, the dry biomass 
yield showed an increasing trend for the 昀椀rst 14 days (Fig. 5.2B): with an ini}al value of 0.02 gDW 
L-1 and a value of 0.15 gDW L-1 on day 14, the data re昀氀ected the trend observed for cell density. 
Subsequently, the values tended to further increase to 0.29 gDW L-1 at day 21, then stabilizing to 
a yield of about 0.31 and 0.36 gDW L-1 at days 28 and 60, respec}vely. The pH of the cultures, as 
reported in Figure 5.2C, showed an immediate and rapid increase from 7.4 to 9.7 during the 昀椀rst 
10 days; aver a temporaneous further increase recorded at the 21st day (10.4) of cul}va}on, in 
the following days, i.e. from 21 to 60 days, the pH remained quite stable to values around 10.
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Figure 5.2. Growth parameters of E. oleoabundans cultures over 60 days of cul}va}on. (A) Growth kine}cs: cell 
density values (106 cells mL-1), plo琀琀ed on a base 2 logarithmic scale. (B) Dry biomass yield (gDW L-1). (C) Trend of pH 
of the culture medium. Data refer to means ± SD (n≥3).

5.3.2 Observa琀椀on of algae cell morphology

Light microscopy (LM) and transmission electron microscopy (TEM) aimed at improving 
informa}on on cell morphology and ultrastructure of E. oleoabundans at the early (28 day) and 
late (60 day) sta}onary growth phase, when samples were harvested for ADEVs extrac}on and 
quan}昀椀ca}on. Besides observa}ons at 28 and 60 days, for LM an intermediate point was added 
to check algae overall morphology: in detail, at 7 days of cul}va}on algae were mostly occupied 
by a large chloroplast and had a cell diameter usually around 4 ým (Fig. 5.3A and D; Tab. 1). 
Di昀昀erently, at day 28 cells were quite variable in size: besides cells with overall appearance 
similar to that observed for the cells at day 7, both smaller and bigger cells were present (from 3 
to 11 ým in diameter) (Fig. 5.3B, Tab. 1). Aver 60 days of cul}va}on, the cells s}ll appeared green, 
were homogeneously larger than at both day 7 and 28, but several empty cells were observed 
(Fig. 5.3C; Tab. 5.1).
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Figure 5.3. Light microscopy images of E. oleoabundans at day 7 (A and D), 28 (B and E), and 60 (C and F) of 
cul}va}on. Bars: 5 ým.

Table 5.1. Morphometric measurements of cells diameter of E. oleoabundans at 7, 28 and 60 days of cul}va}on 
(n=20).

Day of cul琀椀va琀椀on Mean diameter (ým) Minimum (ým) Maximum (ým)

7 4 ± 1 3 7

28 5 ± 2 3 11

60 6 ± 0 5 7

TEM images refer to E. oleoabundans cells at 28 (Fig. 5.4A-F) and 60 (Fig. 5.4G-K) of cul}va}on. 
At the early sta}onary phase (28 days), cells some}me showed cytoplasmic vacuolisa}on, feature 
that was not highly observed in 60 days-old cells. Both groups of cells showed the typical main 
feature of the alga: one nucleus per cell and a large, cup-shaped chloroplast containing a 
pyrenoid surrounded by starch and crossed by one or two thylakoids (Fig. 5.4F and K). 
Interes}ngly, many cells from both condi}ons showed vesicles of di昀昀erent size between the cell 
membrane and the wall, possibly ascribable to vesicle that could originate ADEVs, due to 
dimensions and features. For examples, in cells from 28 days cultures, vesicles, indicated by 
arrows in Figure 5.4B, from the top to the bo琀琀om measured 142.24 nm, 184.47 nm, 179.34 nm, 
342.46 nm, 229.76 nm and 60.20 nm in diameter, respec}vely. In vesicles pointed by arrows in 
Figure 5.4D, and zoomed in Figure 5.4E, the presence of a bilayer membrane, surrounding them, 
was evident. These two vesicles measured 99.11 nm (lev) and 100.59 nm (right). In both cases, 
the vesicles were evidently accumulated in the periplasmic space between membrane and cell 
wall. The cell wall appeared more compact in some 28-day-old cells and less so in others, as in 
Figure 5.4B and D, respec}vely. This characteris}c was also observed in the same way in 60-day-
old cells (Fig. 5.4H and J). The presence of vesicles was also observed in 60 days-old E. 
oleoabundans cells. In Figure 5.4H, from the top to the bo琀琀om, vesicles pointed by arrows 
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measured 137.38 nm, 124.71 nm, 544.537 nm, 504.68 nm, and 126.01 nm, respec}vely. In Figure 
5.4J, the vesicles appeared to detach from the membrane. Finally, Figures 5.4F and K, showed an 
overall image of the samples. Figure 5.4K shows a high concentra}on of cyst wall residues, that 
was not observed in the 28 days sample.

Figure 5.4. TEM images of E. oleoabundans cells. The two groups of images represent algae at 28 days (A-F) and at 
60 days of cul}va}on (G-K). Arrows, ADEVs; white arrowhead, pyrenoid; v, vacuolisa}on; er, endoplasmic re}culum; 
c, cyst and cell wall residues; n, nucleus; black arrowhead, membrane blebbing. Bars: A=1 ým; B, C, G, I=500 nm; D, 
H, J=200 nm; E=50 nm; F, K=2 ým.

5.3.3 ADEVs

In the context of the 28-day algae cultures, a comprehensive analysis of ADEVs revealed a 
markedly heterogeneous distribu}on, as illustrated in Figure 5.5A. Most of the isolated vesicles 
exhibited sizes predominantly ranging from 30 to 150 nm, alongside a notable presence of larger 
vesicles. In contrast, Figure 5.5B illustrates the ADEVs derived from cultures harvested at 60-days, 
showing dis}nct altera}ons in both size distribu}on and concentra}on compared to the earlier 
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}me point. Notably, the size distribu}on in this later stage was less heterogeneous, with a 
predominant presence of larger vesicles corresponding to those iden}昀椀ed in the 28-day cultures. 
Addi}onally, the overall concentra}on of ADEVs has signi昀椀cantly decreased.

Figure 5.5. Analysis of ADEVs extracted from algae cultures at 28 (lev, A) and 60 days (right, B). The 28-day cultures 
exhibit a heterogeneous distribu}on of vesicles, predominantly ranging from 30 to 150 nm, with a high 
concentra}on indica}ve of ac}ve release. In contrast, the 60-day cultures show a less heterogeneous size 
distribu}on, primarily consis}ng of larger vesicles and a signi昀椀cantly lower concentra}on, indica}ng possible 
altera}ons in vesicle produc}on and composi}on in ageing cultures.

5.3.4 Photosynthe琀椀c parameters

5.3.4.1 PSII Maximum Quantum Yield

The FV/FM ra}o values, star}ng from 0.597 at }me 0, showed a gradual increase which 
stabilized at around 0.680 between 14 and 28 days of cul}va}on (Fig. 5.6). Subsequently, a slight 
decrease in the general trend was observed, with values of 0.653 at 60 days of cul}va}on. In 
general, there was a tendency for FV/FM values to increase over }me during the 昀椀rst 28 days of 
cul}va}on, and then to decrease towards the end of experimenta}on. Sta}s}cal analysis 
indicates that there were signi昀椀cant di昀昀erences among }mes (p < 0.05).
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Figure 5.6. Time-course varia}ons of PSII maximum quantum yield (FV/FM ra}o) in E. oleoabundans cells during the 
60 days-long cul}va}on. Values are means ± SD (n=3).
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5.3.4.2 Photosynthe琀椀c pigment content

Photosynthe}c pigment concentra}ons, expressed as ýg mgDW-1, are shown in Figure 5.7. Chla 
concentra}on showed a slight, negligible decrease in the 昀椀rst days of cul}va}on, reaching a 
minimum around the 3rd-7th day. Subsequently, an increase was observed un}l a maximum peak 
was reached on the 21st day, with a value slightly over 64 ýg mgDW-1. Aver the peak, a decrease 
in concentra}on was recorded, which stabilized Chla concentra}on to values similar to that at 
the inoculum }me. Chlb followed a trend similar to that of Chla, with an ini}al decrease, then an 
increase to the maximum peak around the 21st day (25.42 ýg mgDW-1), and a decrease to stable 
values from the 28th and the 60th day of cul}va}on (ca. 14 ýg mgDW-1). Similarly, carotenoids 
tended to follow the same trend as Chls, with the maximum concentra}on on the 21st day (11.25 
ýg mgDW-1).
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Figure 5.7. Time-course varia}ons of photosynthe}c pigment concentra}ons (ýg mgDW-1) in E. oleoabundans 
biomass during the 60 days-long cul}va}on. Graphs show the concentra}on in ýg mgDW-1 of (A) Chla, (B) Chlb, and 
(C) Car. Values are means ± SD (n=3).

5.3.5 Further chemical analyses useful for the biotechnological applica琀椀on of algal 
biomass (total proteins and phenolics) and its MCM (polyamines)

The highest content of total proteins was obtained in algae at 28 days of cul}va}on with 
respect to those at 60 days (Fig. 5.8A). The values, 41% and 30% DW respec}vely, did not show 
signi昀椀cant di昀昀erences due to the high variability of 28 days samples (p > 0.05). Similarly, results 
on total phenolic compounds (Fig. 5.8B) showed that, compared to 60 days samples, algae 
harvested at the early sta}onary phase of growth had a higher concentra}on (5.53 vs 10.83 
mgCoum.Ac.Eq. gDW

-1; p < 0.05). The bar chart with results on polyamine content in the MCM showed 
the presence of three compounds: spermine (Spm), spermidine (Spd), and putrescine (Put) (Fig. 
5.8C). The y-axis represents the concentra}on of the polyamines (PAs) expressed as picomoles 
per milliliter (pmol mL-1), while the x-axis displays the di昀昀erent PAs. Data indicate that Spm and 
Spd were present in signi昀椀cantly higher concentra}ons compared to Put at both }mes, 28 and 
60 days. The level of Spd was higher in the 28 days MCM when compared to the 60 days MCM 
(18.7 vs 11.7 pmol mL-1; p < 0.01). The levels of Spm appeared to remain rela}vely stable at both 
experimental period days, while Put was only detected in the MCM collected on day 28 (6.8 pmol 
mL-1).
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Figure 5.8. Concentra}ons of (A) total protein and (B) total phenolic compounds in the algal biomass, and (C) 
polyamine content in the MCM of E. oleoabundans at }me 28 and 60 of cul}va}on. Values are means ± SD (n=3). *, 
signi昀椀cant di昀昀erences between samples (t-test, p < 0.05).

5.4 Discussion

Most of the studies present in literature related to EVs from microalgae mainly refer to their 
bioac}vity, toxicity, biocompa}bility and poten}al applica}on (Adamo et al., 2024, 2021; 
Bongiovanni et al., 2023; Piccio琀琀o et al., 2022). These studies are fundamental for the further 
development of therapeu}c and related applica}ons, but it is also crucial to know the behaviour 
and the biology of the organism, as well as the best growing condi}ons, in order to op}mise the 
produc}on and the obtainment of ADEVs. Only with these combined knowledges, it will be 
possible to develop pilot- to large-scale produc}on of ADEVs. For these reasons, the 
morphological and biochemical techniques used in the present work aimed to give more 
informa}on about the best }me, between early and late sta}onary growth phase, related to the 
highest concentra}on of EVs in the culture medium of autotrophic cul}va}on of the green 
microalga E. oleoabundans. At the same }me, a morphological and biochemical characteriza}on 
of the alga was added, in order to (I) give a most comprehensive picture of the culture at the two 
speci昀椀c }mes of growth (28 and 60 days) and (II) provide a characterisa}on of the microalgal 
biomass in order to be琀琀er de昀椀ne its biotechnological applica}ons. It is known that E. 
oleoabundans has interes}ng features and composi}on, and it has been taken into account for 
many biotechnological applica}ons (Baldissero琀琀o et al., 2024; Morocho-Jácome et al., 2022; 
Valev et al., 2020), in addi}on to biodiesel produc}on (Baldissero琀琀o et al., 2016). The opportunity 
to combine exploita}on of both biomass and MCM from the same cul}va}on represents an 
added value in case of scale up of its cul}va}on for the produc}on for the market.

EVs have been found in all domains of life (Gill et al., 2019), but it is important to evaluate 
their produc}on by as many species as possible since their composi}on could vary and the role 
of EVs themselves could di昀昀er between each organism, species and even strain. Furthermore, 
the awareness that growth phase of the culture could also in昀氀uence the produc}on of these 
special vesicles, and the lack of studies on the growth and biochemical characteriza}on of E. 



149

oleoabundans in such a late sta}onary growth phase as the 60-day phase, prompted our 
research. 

In the present work, measurements of cell density allowed to iden}fy both the growth kine}cs 
of E. oleoabundans and its maximum cell density, which is an important parameter for developing 
applica}on of microalgae. Interes}ngly, despite the low light intensity used for the study (30 
µmol m-2 s-1), the cultures reached maximum cell densi}es higher than those obtained in other 
studies on the same alga and growth medium, but under exposure to higher light (Baldissero琀琀o 
et al., 2024, 2023). For example, autotrophic cultures of E. oleoabundans under 80 µmol m-2 s-1  
showed the maximum cell density around 22 or 12 × 106 cells mL-1 at the early sta}onary phase, 
depending on algae density at the inoculum }me (Baldissero琀琀o et al., 2024, 2023), while, under 
the light intensity used in this study, a maximum cell density value of 27.2 x 106 cells mL-1 was 
es}mated at the same growth phase. The overall growth curve showed, aver 28 days, a very long 
sta}onary phase. Indeed, aver 60 days, the culture was s}ll quite stable in cell density and 
maintained a good physiological condi}on, as highlighted by the FV/FM ra}os. Values of the PSII 
maximum quantum yield below 0.6 usually refers to a condi}on of stress and ageing of cultures, 
while values up to 0.6 indicate a good <health= status (Rolton et al., 2020; Schuurmans et al., 
2015). At the inoculum }me cultures were in quite a good state and reached a higher maximum 
quantum yield of PSII already at the 7th day of cul}va}on, thus con昀椀rming not only that cells were 
not stressed, but also that the culture condi}ons were even favourable. This detail highlights 
once again that E. oleoabundans is not stressed under low light intensity condi}ons and the 
growth is not compromised. The slight decrease in FV/FM values at 60 days was probably due to 
the ageing of the culture. 

The increase of pH observed during the cul}va}on }me, mainly up to the 21st day of cul}va}on 
and then maintained, could be related to the photosynthe}c ac}vity, to microalgae metabolism, 
nutrient availability/consump}on, and the release of substances into the medium by the 
microalgae (Zerveas et al., 2021). It is recognized that pH increase could be due to the u}lisa}on 
of inorganic carbon by cells for photosynthesis: indeed, the concentra}on of carbonaceous 
species in the medium is strictly correlated to the pH, which constantly increases due to the 
decrease of inorganic carbon in the medium (Brindhadevi et al., 2021; Elisabeth et al., 2021). The 
high photosynthe}c ac}vity in terms of FV/FM further supports this considera}on. 

Cell morphology was observed both through LM and TEM. Measures of the cell diameter taken 
on cells through LM highlighted a value around 3 µm at the beginning of the experiment and a 
subsequent, gradual mean increase by }me, suppor}ng the slight increase in dry biomass yield 
at 28-60 days. However, the main morphological results derived from TEM analyses, which 
showed very interes}ng features of the intracellular and extracellular environment. Besides the 
most common characteris}cs of E. oleoabundans cells, such as the presence of a cup-shaped 
chloroplast, containing elongated thylakoids and a large pyrenoid, and the other organelles 
(nucleus, mitochondrion, and endoplasmic re}culum) (Baldissero琀琀o et al., 2024), the cells 
displayed a wide array of vesicles within them, both at 28 and 60 days of cul}va}on. These 
vesicles were mainly accumulated on one side of the cell, outside the plasma membrane (PM). 
Most of them were surrounded by a double membrane and some, par}cularly the larger ones, 
appeared to push against the cell wall or even fuse with it (Fig. 5.4H). The heterogeneous features 
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of the cell wall observed in both 28- and 60-day-old cultures could be due to the release of cell-
wall remodelling enzymes that have been found associated with vesicles in plants under basal 
condi}ons and could suggest their role in the modi昀椀ca}on of cell wall polysaccharides and 
proteins (De La Canal and Pinedo, 2018). This 昀椀nding could be extended to microalgae, E. 
oleoabundans included, sugges}ng a role of EVs content for their release through the cell wall, 
which is a very strong structure capable of preven}ng the release of materials, especially large 
ones, to the outside environment. Indeed, although it is not always possible to apply what has 
been discovered in plants to microalgae, many of the characteris}cs described in plants are 
common to green microalgae, as they share the same ancestor (Leliaert et al., 2012). Based on 
this considera}on, it is also reported that many of the cell death-related features in green 
microalgae resemble those found in plants (Durand et al., 2016). Thus, it could not be excluded 
that the observed large vesicles inside the cell were apopto}c bodies. Programmed cell death 
(PCD) in unicellular organisms has been shown to increase the 昀椀tness of other conspeci昀椀cs, and 
one of the bene昀椀ts is given by dissolved organic materials released by cells (Baldissero琀琀o et al., 
2005; Durand et al., 2011; Ferroni et al., 2007). Durand and colleagues (Durand et al., 2016) 
reviewed the PCD and its complexity in unicellular organisms, highligh}ng the di昀昀erences of PCD 
from death due to lysis or necrosis. They also reported the typical ultrastructural changes 
observed in Chlamydomonas reinhard琀椀i cells aver inducted PCD. Among these changes, in 
addi}on to cell shrinkage, vacuolisa}on and nucleolar condensa}on, membrane blebbing occurs. 
The la琀琀er was also observed in samples of 60 days (Fig. 5.4J), but the role of this change remains 
unclear. Beyond specula}on, certain characteris}cs of the vesicles might provide more precise 
indica}ons. In both 28- and 60-days samples, the size of the vesicles varied within cells. Exosomes 
are usually 30 to 150 nm in diameter, while bigger diameters, ranging from 200 to 500 nm, are 
likely associated with exocyst posi}ve organelles in higher plant cells (EXPO) (Regente et al., 
2009; Wang et al., 2011). EXPO, described by Wang et al. (Wang et al., 2011) and observed in the 
model plant Arabidopsis thaliana, are spherical, double membrane-enclosed structures that fuse 
with the PM, releasing a single membrane vesicle into the space between the PM and the cell 
wall. The Authors suggested that EXPO serve to release proteins that cannot enter the secretory 
pathway into the apoplast. As demonstrated in this study, in addi}on to vesicles highlighted 
within the cell, EVs have been found in E. oleoabundans MCM. In microalgae it is s}ll unknown 
how vesicles cross the cell wall to be released and found in the external environment as EVs, and 
even in plants the mechanism remains unclear. Plant EVs were 昀椀rstly isolated from extracellular 
昀氀uid of imbibed sun昀氀ower seeds, and they contained defence and cell wall-related proteins 
(Regente et al., 2009). EVs are 昀氀exible and elas}c, and they also par}cipate in cell wall 
remodelling in both plants and fungi (Brown et al., 2015; De La Canal and Pinedo, 2018). This, 
together with the 昀椀ndings described in Wang et al. (2011), can help explain how EVs could be 
released in thick-walled organisms (Cai et al., 2019) as E. oleoabundans is. In the alga, the 
varia}on in size, coupled with a signi昀椀cantly high concentra}on of ADEVs in MCM, suggest an 
ac}ve and robust release mechanism during the early sta}onary growth phase (Fig. 5.5A). 
Regarding the role of vesicles and EVs in E. oleoabundans, as abovemen}oned, ultrastructural 
examina}on of the cells provided insights into the structural characteris}cs of these vesicles, 
con昀椀rming the presence of a well-de昀椀ned phospholipid bilayer—an essen}al feature that 



151

underpins their func}onality and stability (Skotland et al., 2020). Addi}onally, the analysis 
highlighted the accumula}on of low electron-dense vesicles within the space between the 
plasma membrane and the cell wall (Fig. 5.4A-D and G-J), indica}ng an intricate interplay of 
vesicle dynamics within the cellular architecture. This accumula}on, along with the observed size 
distribu}on, strongly suggests that the cargo of these vesicles could be primarily enriched with 
biomolecules, including miRNAs and proteins, which are characteris}c cons}tuents of plant-
derived extracellular vesicles (Tren}ni et al., 2024, 2022). Such structural and composi}onal 
features underscore the poten}al roles of these vesicles in the media}on of cellular 
communica}on and regulatory processes, emphasizing their signi昀椀cance in the physiological 
responses of the alga. The lower concentra}on of ADEVs observed in 60-day-old samples (Fig. 
5.5B) suggested a reduc}on in vesicle produc}on or release at the late sta}onary phase of 
growth, and it may re昀氀ect a response of the algae to prolonged growth.

As regards further biochemical features useful for the biotechnological use of E. oleaobundans 
biomass and its MCM, some compounds were evaluated. The photosynthe}c pigments in the 
algal biomass were quan}昀椀ed during cul}va}on: Chls and Car contents showed a similar trend, 
with a peak at 21 days. Regardless of 21 days, the pigment content remained essen}ally 
unchanged between 28 and 60 days, indica}ng the maintenance of the biomass quality related 
to them. This is of sure biotechnological interest since chlorophyll deriva}ves are suggested in 
medicinal applica}ons because of their wound-healing and an}-in昀氀ammatory proper}es 
(Ferruzzi and Blakeslee, 2007). Together with pigments, also total proteins and phenolics were 
measured. In E. oleoabundans cultures proteins, which are the most used microalgae-derived 
molecules for food and feed applica}ons (Sa昀椀 et al., 2014) and are usually sold as supplements 
(Wells et al., 2017), showed the highest concentra}on at 28 days (around 40% DW). This result 
was expected as proteins are usually synthe}sed during the exponen}al phase of growth 
(Amorim et al., 2021), behaviour con昀椀rmed by the obtainment of a lower value in the later stages. 
Despite the lack of evidence in the present study, this result suggests a possible higher total 
protein content in the phases prior to those analysed. Regarding total PC, a peak at 7 days was 
observed (808 mg gDW

-1; data not shown), then the value tended to decrease, but with higher 
concentra}on at 28 than at 60 days of cul}va}on (10.8 and 5.5 mg gDW-1, respec}vely; Fig. 5.8B). 
In microalgae, varia}ons in light or nutrient availability, strongly in昀氀uence the PC to avoid cell 
damage (Goiris et al., 2015). This could explain the observed trend, with a high PC content aver 
7 days, probably due to the changes in the environment aver the inocula}on of algae in fresh 
medium, and a progressive decrease as the culture aged and resources diminished. Besides the 
meaning of PC inside algae during their cul}va}on, the compara}ve result between 28 and 60 
days indicates a higher quality of algal biomass at the early sta}onary phase than at the late one.  
Phenolics are indeed poten}al subs}tutes for bioac}ve agents in pharmaceu}cal and medicinal 
sec}ons to promote human health but can also play protec}ve roles against abio}c and bio}c 
stresses (Sun et al., 2023, and references therein). For example, PC are used as food preserva}ves 
against fungal and bacterial contamina}ons (Sun and Shahrajabian, 2023; Zamuz et al., 2021). 
Based on the high applicability of PC in several sectors as an}oxidants and an}-ageing agents, 
the use of algal biomass rich in PC, in place of higher plant-derived PC, has been proposed, for 
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example, for the development of cosmeceu}cal (Gupta et al., 2021; Norzagaray-Valenzuela et 
al., 2017). 

Finally, PAs content in the MCM was quan}昀椀ed, to be琀琀er evaluate the presence of bioac}ve 
compounds to be valorised in biotechnological applica}ons. MCM from the alga cul}vated in 
freshwater BG11 contained Spd, Spm and Put, which are the most common PAs in microalgae 
(Lin and Lin, 2018). This 昀椀nding is analogous to what previously observed by Sabia et al. (2015) in 
a brackish spent medium from the cul}va}on of E. oleoabundans, thus sugges}ng that the 
capability of the alga to produce PAs is not linked to salinity nor to nutrients availability in the 
culture medium but is an intrinsic poten}al of the alga. The amount of all PAs was higher at 28 
days than at 60 days of cul}va}on, probably since it is reported that PAs biosynthesis requires 
nitrate, and their concentra}on is reduced under N-limited condi}ons (Park et al., 2015), a 
situa}on that, even if not veri昀椀ed in this work, could have occurred at 60 days. PAs promote 
growth, s}mulate and modulate protein and enzyma}c ac}vi}es in microalgae (Agarwal et al., 
2020); for example, when added to the media, PAs promote growth and metabolism in Chlorella 
vulgaris (Czerpak et al., 2011). Furthermore, in Scenedesmus obliquus, PAs were found to have a 
role in photosynthesis, as they are associated with light harves}ng complex II and Chl-protein 
complexes (Dörnemann et al., 1996). Besides in microalgae, PAs also play important roles in 
plants, speci昀椀cally in morphogenesis, growth, embryogenesis, organ development, leaf 
senescence, and bio}c and abio}c stress response (Kusano et al., 2008). For this reason, among 
others, microalgae have been suggested as bios}mulants (Mógor et al., 2018). Regarding human 
health, the PAs spermidine and spermine are well recognised. For example, Spd is a well-known 
autophagy inducer that maintains cellular and neuronal homeostasis, thus it is proposed as a 
therapeu}c strategy in neurological disorders (Ghosh et al., 2020); in addi}on, dietary intake of 
both Spd and Spm is recognized to contribute to human health and longevity (Soda et al., 2021). 
The richness in Spd and Spm inside the MCM at 28 days represents a further goal in order to 
exploit the E. oleoabundans cul}va}on.

5.5 Conclusion

The 昀椀nding of ADEVs in the MCM adds a piece to a very complex puzzle, demonstra}ng the 
produc}on and release of vesicles by the green microalga E. oleoabundans with greater amount 
in the 28-day-old MCM. The obtained results suggested a higher produc}on in the early 
sta}onary phase of growth when compared with the older one. This result, combined with others 
from the literature (Adamo et al., 2021; Bongiovanni et al., 2023; Piccio琀琀o et al., 2022) and with 
the presence of both vesicles and bioac}ve molecules in the cells, highlights a great poten}al of 
this microalga, for both biotechnological applica}on of the biomass and of the MCM, and for its 
scalability (Baldissero琀琀o et al., 2024; Peng et al., 2016; Sa昀椀 et al., 2021; Valev et al., 2020). 
Behaviour and signi昀椀cance of EVs produc}on and release by E. oleoabundans (and microalgae in 
general) deserve further inves}ga}on. Thus, forthcoming studies will include a more in-depth 
characteriza}on of the ADEVs but also of the vesicles observed inside the cells, in order to 
describe their content and their poten}al roles in microalgae. However, an important gaol was 
already achieved, since the iden}昀椀ca}on of 28 days of cul}va}on as the best }me to harvest 
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ADEVs is an excellent biotechnological outcome. Indeed, at 28 days vesicles, but also bene昀椀cial 
PAs, were harvested from the MCM, opening the possibility of using the MCM for several 
applica}ons. Furthermore, together with the valorisa}on of MCM, it is also possible to consider 
the use of the algal biomass, which, at 28 days, exhibits be琀琀er biochemical characteris}cs in 
terms of protein and phenolic content, compared to 60-day cultures. Being the biomass 
separated from the MCM before the isola}on of the ADEVs, it is ensured that it remains 
unaltered, allowing it to be used in a circular economy perspec}ve, i.e. turning what is not used 
for the target process (ADEVs isola}on) into a resource (Kholssi et al., 2021; Olabi et al., 2023).
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6.1 Aim of work

The growing global popula}on, place increasing pressure on agriculture to boost produc}on, 
yield, and e昀케ciency. As arable lands and resources become scarcer, and climate changes 
in昀氀uence crop produc}vity and resistance, it's impera}ve to produce more with fewer resources. 
Tradi}onally, chemical fer}lizers and pes}cides have been employed to address these challenges 
and mi}gate bio}c and abio}c stresses (Alix and Capri, 2018). However, the indiscriminate use 
of these agrochemicals has led to long-term environmental consequences, including widespread 
non-point pollu}on, promp}ng the banning of certain substances (Gensch et al., 2024). In 
response to growing concerns about sustainability and environmental impact, the scien}昀椀c 
community is increasingly exploring natural alterna}ves to conven}onal chemical prac}ces and 
fer}lisers. In an era characterised by increasing global compe}}on for resources and rising 
environmental concerns, the transi}on to a circular economy o昀昀ers a sustainable strategy to 
meet these challenges. Plant bios}mulant (PBs), derived from natural sources, have emerged as 
a promising solu}on. According to the recent EU Regula}on 2019/1009 (Regula}on (EU) 
2019/1009 of the European Parliament and of the Council of 05 june 2019; h琀琀ps://eur-
lex.europa.eu/eli/reg/2019/1009/oj), PBs are de昀椀ned as 'fer}lising products which s}mulate 
plant nutri}on processes independently of the product's nutrient content'. In general, these 
products are used to enhance plant growth and development; this is of par}cular interest in 
agriculture, given that PBs can be used as a subs}tute for chemical products, which over }me 
can cause harm to human health, the environment, and soil (Braun and Colla, 2023; Jiang et al., 
2024). Among the various types of PBs, microalgae are also included. However, they have only 
recently started to a琀琀ract interest and s}ll represent a very small market segment compared to 
PBs based on macroalgae, fungi, bacteria, enzymes, and protein hydrolysates (Colla and 
Rouphael, 2020; Gonçalves, 2021; González-Pérez et al., 2022; Jiang et al., 2024). In fact, although 
it has long been known that microalgae produce various bioac}ve molecules useful for higher 
plants (polyphenols, amino acids, hormones), their applica}ons aimed at improving the 
performance (growth, produc}vity) of plant species are s}ll rela}vely limited (Gonçalves, 2021; 
Kim et al., 2023; Žunić et al., 2024). Fragaria x ananassa is a plant of agronomic and economic 
interest due to the pleasing 昀氀avour of its false fruits (strawberries) and their recognized value as 
reservoirs of bioac}ve compounds renowned for their an}oxidant proper}es (Van De Velde et 
al., 2019). To further enhance human health, increasing the intake of berry fruits rich in these 
bene昀椀cial compounds is a promising strategy. To achieve this goal while preserving natural 
resources and improving the nutri}onal quality of agricultural products, microalgae-based plant 
bios}mulants o昀昀er a sustainable solu}on (Žunić et al., 2024).

The study presented in this Chapter, conducted in collabora}on with Consorzio Italiano 
Vivais} (CIV; S. Giuseppe di Comacchio, Ferrara, Italy), focused on the cul}va}on of two di昀昀erent 
green microalgae, E琀琀lia oleoabundans and Auxenochlorella protothecoides, to obtain a liquid 
substrate to be tested as a PB. Field trials were conducted on strawberry (Fragaria x ananassa) 
experimental plots provided by CIV, and laboratory tests were carried out at the University of 
Ferrara. Moreover, the originality of this study lies in its novel approach of using microalgal 
condi}oned medium (MCM), free of microalgal cells, for plant treatments. To our knowledge, no 
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previous research has explored the use of MCM as a PB through foliar spray treatment, but only 
as soil applica}on and seed soaking (Chaudhary et al., 2012; Manjunath et al., 2010; Prasanna et 
al., 2013, 2008). Moreover, those studies focused on other microalgae strains, di昀昀erent from the 
ones in the present study. 

6.2 Materials and Methods

6.2.1 Algal cul琀椀va琀椀on and culture condi琀椀ons

E琀琀lia oleoabundans UTEX 1185 (syn. Neochloris oleoabundans UTEX 1185) was obtained from 
the Culture Collec}on of Algae at the University of Texas (Aus}n, TX, USA; www.utex.org), while 
A. protothecoides SAG211-8d was obtained from the Culture Collec}on of Algae at Goe琀�ngen 
University (Germany; www.sag.uni-goe琀�ngen.de). Each strain was inoculated in three 500 mL 
Erlenmeyer 昀氀asks (total volume equal to 350 mL) at a cell density of 0.5 ± 0.1 × 106 cells mL-1, in 
BG11 medium (for recipe: utex.org/products/bg-11-medium), and maintained in a growth 
chamber (F.lli Bertagnin, Bologna, Italy) at 24 ± 1 °C, 60 µmol m-2 s-1 of photosynthe}cally ac}ve 
radia}on (PAR; white LED LS5020E-NW, Arena Luci Design, Italy)  with a light-darkness 
photoperiod of 16:8 h. CO2 supply was not provided according to previous studies (Baldissero琀琀o 
et al., 2020), and the cultures were subjected to con}nuous agita}on for a period of 28 days. To 
monitor the growth and the physiological state of the algae, 昀氀asks were rou}nely used for 
measurements. In detail, aliquots of culture were collected from each 昀氀ask at day 0, 3, 7, 10, 14, 
21, and 28. At the end of the cul}va}on, cultures were harvested by centrifuga}on (4000g for 10 
min) to separate the biomass from the MCM. MCM was transferred into clean PVC bo琀琀les and 
then used to prepare the PB.

6.2.2 Cell density and PSII Maximum Quantum Yield

Growth of algae cultures was assessed through the measurement of cell density (106 cells mL-

1). The cell density was es}mated coun}ng cells with a Thoma9s coun}ng chamber (HBG, Gissen, 
Germany) under the light microscope (Zeiss, model Axiophot, Carl Zeiss, Oberkochen, Germany). 
To evaluate the PSII maximum quantum yield, aliquots of each biological replicate were 
harvested by centrifuga}on at 10000g for 5 min. The samples were prepared and measured as 
reported in Chapter 2 (sec}on 2.3.4.1) and 5 (sec}on 5.2.4.3) of this Thesis.

6.2.3 Morphological traits and Exopolysaccharides produc琀椀on by microalgal cells

For light and 昀氀uorescence microscopy, a Zeiss Axiophot microscope equipped with 
conven}onal or 昀氀uorescent a琀琀achments was used as reported in previous Chapters 2 and 5 in 
order to highlight general features of algae at the end of the cul}va}on period (28 days), when 
the MCM was harvested. To verify the produc}on of acidic exopolysaccharides (EPS) by the algae, 

http://www.utex.org/
http://www.sag.uni-goettingen.de/
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Alcian Blue staining was performed as described by Benà et al. (2024) and already reported in 
Chapter 2 (sec}on 2.2.4) of this Thesis.  

6.2.4 Experimental site

The 昀椀eld experiment was conducted at the Consorzio Italiano Vivais}, San Giuseppe di 
Comacchio, Ferrara, Italy (44°4594899 N la}tude and 12°1193099 E longitude), from August 2023 to 
June 2024 (Fig. 6.1A). The 昀椀eld and site condi}ons where the experiment was conducted can be 
seen in Fig. 6.1B. Plants were planted in a tunnel covered by a thin black mesh. The soil was 
classi昀椀ed as sandy loam (USDA system) following a chemical analysis (data not shown). 
Speci昀椀cally, the sand content was equal to 82.4%, while clay and silt contents were 8 and 9.6%, 
respec}vely. Coarse-textured soils (sands, loamy sands, and sandy loams) have large par}cles, 
few large pores, and low water-holding and nutrient-holding capaci}es. They tend to be well-
drained, dry out more quickly, and are less suscep}ble to compac}on. They are generally less 
erodible than soils with higher clay and silt contents. Organic ma琀琀er decomposes faster in 
coarse-textured soils compared to 昀椀ner soils under similar condi}ons due to higher oxygen 
availability for decomposi}on (Tarocco et al., 2015). Average, minimum, and maximum 
temperatures during the abovemen}oned period are reported in Fig. 6.2.
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Figure 6.1. (A) Map showing the localisa}on of CIV (Screenshot from Google Maps). (B) Field in which the experiment 
took place.
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6.2.5 Plant material and experimental design

Fragaria plants of the cul}var KLODIA® CIVH725* set up in an outdoor 昀椀eld at CIV, were 
selected for treatments. Klodia is a high-chill variety. This cul}var requires at least 500 chilling 
hours (hours below 7°C) to develop and produce adequately. It is suitable for cul}va}on in 
temperate and con}nental climates (h琀琀ps://civ.it/it/). Klodia is a June-bearing variety. The main 
characteris}c of June-bearing strawberry plants is that they have a single spring bloom (Samtani 
et al., 2019). In KLODIA® CIVH725*, 昀氀ower induc}on is s}mulated under short-day condi}ons, 
with a day length of less than 12 hours and temperatures below 15-16°C. At temperatures above 
30°C, 昀氀ower induc}on is not possible, and only vegeta}ve growth occur. Flower induc}on 
con}nues un}l the plant enters dormancy due to decreasing temperatures. In spring, as 
temperatures increase, vegeta}ve growth resumes, but the day length is more than 12 hours, 
which inhibits further 昀氀ower bud di昀昀eren}a}on. Therefore, 昀氀owering occur from buds that 
di昀昀eren}ated before winter (Darrow and Waldo, 1934). The 昀椀eld experiment was set up as 
follows: 96 plants were planted in August 2023, divided into six plots of 16 plants each. The 1st 
plot was used as nega}ve control (CTRL), underwent three tap water treatments. The 6th plot 
was used as posi}ve control (COMM) and it was subjected to three treatments with a 1% solu}on 
of a commercial product (CMC Plus, Nutriland, Chemia, Italy) rou}nely used by CIV. Four plots 
were exposed to 3 or 4 treatments with algae-derived MCM at 1% as follows: the 2nd plot (T1), 4 
E. oleoabundans-MCM treatments; the 3rd plot (T2), 4 A. protothecoides-MCM treatments; the 
4th plot (T3), 3 E. oleoabundans-MCM treatments; the 5th plot (T4), 3 A. protothecoides-MCM 
treatments. The experimental design is summarised in Table 6.1. Plant were all treated through 
foliar spray.  Moreover, before being planted, T1 and T2 plants were subjected to a pre-
treatment: the root apparatus was soaked into the corresponding algal PB (E. oleoabundans-
MCM and A. protothecoides-MCM for T1 and T2, respec}vely). The tap water used for CTRL 
treatment was taken from the city water network in Palazzo Turchi di Bagno, Ferrara (Italy). The 
chemical composi}on of the tap water of Ferrara is reported in Table 6.2.

Table 6.1. Experimental design of the 昀椀eld experiment. E. oleoabundans corresponds to the treatment made with E. 
oleoabundans-MCM at a concentra}on of 1%; A. protothecoides corresponds to the treatment made with A. 
protothecoides-MCM at a concentra}on of 1%; commercial prod. corresponds to the treatment made with the 
commercial product CMC Plus at a concentra}on of 1%. *, plant subjected to a pre-treatment.

Plot Treatment Number of treatments

CTRL Tap water 3

T1* E. oleoabundans 4

T2* A. protothecoides 4

T3 E. oleoabundans 3

T4 A. protothecoides 3

COMM Commercial prod. 3
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Table 6.2. Chemical composi}on of the tap water of Ferrara (2024) used for CTRL treatment. When present, the 
value reported in brackets is the maximum permissible level set by current drinking water standards 
(D.lgs.n.31/2001) by the Data from Gruppo Hera (gruppohera.it/ o昀昀erte-e-servizi/casa/acqua/che-acqua-bevi).

Chemical Concentra琀椀on

Ammonia, mg/L (0.50) < 0.02

Arsenic, µg/L (10) < 1

Calcium, mg/L 56

Free residual chlorine, mg/L 0.2

Chloride, mg/L (250) 26

Hydrogen ion concentra}on, pH (6.5-9.5) 7.7

Conduc}vity, µS/cm at 20°C (2500) 449

Hardness, °F 19

Fluoride, mg/L (1.5) < 0.1

Magnesium, mg/L 12

Manganese, µg/L (50) 6

Nitrate (NO3-), mg/L (50) 8

Nitrite (NO2-), mg/L (0.50) < 0.02

Potassium, mg/L 3

Dry residue at 180 °C, mg/L 309

Sodium, mg/L (200) 18

Sulphate, mg/L (250) 34

Treatments were carried out at various }me points throughout the experimental period, as 
detailed in Table 6.3 and in the }meline in Figure 6.3. The }ming of treatments was primarily 
determined by the plant9s life cycle. Two treatments were applied to all plants before dormancy, 
while the 3rd and 4th treatments were carried out post-dormancy and shortly before the 
produc}ve period (May 2024), respec}vely.

Table 6.3. The table reported the month in which the treatment was made on the corresponding plots.

Treatment Plot Month

First treatment All plots October 2023

Second treatment All plots November 2023

Third treatment All plots Mid-March 2024

Fourth treatment CTRL, T1, T2, COMM Mid-April 2024
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Figure 6.3. Timeline of the experiment.

The false fruit harves}ng period took place from April 30th to June 3rd, 2024. Harves}ng was 
conducted on the following dates: April 30th, May 7th, 10th, 16th, 23rd, 29th, and June 3rd, 2024.

6.2.6 Determina琀椀on of vegeta琀椀ve poten琀椀al and plant produc琀椀vity

Plant vegeta}ve poten}al was assessed by measuring plant height and evalua}ng the 
maximum quantum yield of the PSII. The la琀琀er parameter was measured as described by Colpo 
et al. (2023). Aver 30 min of dark acclima}on in the leaf clip, 昀氀uorescence emission was recorded 
using a portable HandyPEA 昀氀uorometer (Hansatech Instruments, King's Lynn, Norfolk, UK). For 
analysis, a 1-sec satura}ng pulse was applied to the sample with an intensity of 3000 µmol m-2 s-

1 (650 nm light provided by the LEDs integrated in the measuring head of the device). Based on 
the best results obtained in terms of vegeta}ve growth and produc}vity (see paragraph 6.3.3), 
whole plants of plots CTRL, T3, T4, and COMM were harvested at the end of the vegeta}ve season 
(end of June 2024). The aerial part was separated from the root apparatus, and both elements 
were dried in the over at 60 °C and weighted aver 48 h. Produc}vity per plant was calculated 
dividing the weight of fruits harvested per plant and the number of plants. 

6.2.7 Determina琀椀on of physical traits and organolep琀椀c proper琀椀es of the fruits

Fresh weight (g fruit-1), length and width (cm), were measured on 10 fruits per plots. Fruit 
shape index was determined by calcula}ng ra}o of the length and width. On these fruits, the 
hardness was also measured (kg; Fruit Texture Analyser, Güss). The fruits were then squeezed by 
hand, and the juice was collected in clean tubes. The juice was used to measure the sourness 
(g/L; TIM840 Titra}on Manager, Radiometer Analy}cal), and sugar content (Pale琀琀e digital 
refractometer, Atago, Japan). 
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6.2.8 Shelf-life evalua琀椀on

False fruits harvested on the 7th, 16th, and 23rd of May were refrigerated at 2 °C for 5 days. 
Based on standard protocols used at CIV, at the end of this storage period, a qualita}ve 
assessment of the following standard shelf-life parameters was carried out: percentage of 
damaged fruits, percentage of ro琀琀en fruits, and percentage of fruits with dried calyx. Aver this 
ini}al assessment, the samples were subjected to RT condi}ons for 24 h, aver which a second 
assessment of the abovemen}oned parameters was performed.

6.2.9 Data analysis

Sta}s}cal analysis was performed using R version 4.2.2 (R Core Team, 2022). Results were 
compared using one-way ANOVA test (α=0.05). If the assump}on of homogeneity of variance 
and normality were not sa}s昀椀ed, the data were transformed through root square or logarithm. 
If the ANOVA test indicated p < 0.05, a Tukey9s post-hoc was conducted. Graphs were realised 
with GraphPad Prism 8.4.2 (GraphPad Sovware, San Diego CA, USA). Image analysis was 
performed through ImageJ free sovware (Schneider et al., 2012).

6.3 Results

6.3.1 Growth parameters, PSII Maximum Quantum Yield and morphological main 
traits of algae samples

Figure 6.4A depicts the growth kine}cs of E. oleoabundans and A. protothecoides cultures 
used to harvest the MCM. Even if cultures started from similar ini}al cell density values, at the 
end of experiment they show some di昀昀erences in terms of cell density achieved: 21.4 and 9.2 106 
cells mL-1 for E. oleoabundans and A. protothecoides, respec}vely. In parallel, the FV/FM value 
showed an increasing trend from 0 to 10 days of cul}va}on for A. protothecoides, reaching values 
of ca. 0.685; for E. oleoabundans the FV/FM value remained almost unchanged during the en}re 
cul}va}on period (Fig. 6.4B).
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Figure 6.4. Growth parameters of E. oleoabundans and A. protothecoides cultures over 28 days of cul}va}on. (A) 
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refer to A. protothecoides. Values are means ± SD (n=3). * p < 0.05; ** p < 0.01.

At the end of cul}va}on period, algae showed the roundish shape typical of the genera. Both 
algae showed the pyrenoid inside the chloroplast, which appeared cup-shaped and red under 
昀氀uorescence light thanks to the chlorophyll auto昀氀uorescence (Fig. 6.5). Figures 6.5C and F show 
cells stained to visualise the presence of EPS. The primary di昀昀erence, clearly visible in the images, 
lies in the fact that while E. oleoabundans exhibited EPS extrusion outside the cell, A. 
protothecoides retained the material at the cell wall level. Despite this, both cultures exhibited 
ac}ve EPS produc}on by their cells.

Figure 6.5. Light microscopy view of E. oleoabundans (A-C) and A. protothecoides (D-F) cells. In B and E, 436 nm 
excita}on light was employed to highlight chlorophyll auto昀氀uorescence. The pyrenoid (arrow) is visible inside the 
chloroplast, with a typical cup-shape feature. EPS produc}on and detec}on of E. oleoabundans (C) and A. 
protothecoides (F) cells.  Bars: 10 µm.
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6.3.2 Vegeta琀椀ve growth and produc琀椀vity of Fragaria plants

The height of the plants was measured in mid-March, i.e. about 1 month aver dormancy, 
when all the plants had been treated two }mes (2 pre-dormancy treatments); in mid-April, when 
all the plants had been treated three }mes (2 pre-dormancy + 1 post-dormancy treatments); and 
at the end of May, when CRTL, T1, T2, and COMM plants had been treated three }mes, while T3 
and T4 were exposed to a fourth treatment (2 pre-dormancy + 2 post-dormancy treatments) (Fig. 
6.6). The results are reported in Figure 6.6. In mid-March, T3 and T4 plants showed a sta}s}cally 
di昀昀erent values of height when compared to CTRL and T1. No di昀昀erences were observed in the 
middle }me point (mid-April) even if a tendency of higher height of T3 and T4 plants was 
apparent if compared to all the other samples. Sta}s}cally signi昀椀cant di昀昀erences were observed 
at the end of the harves}ng period. Indeed, at the end of May, CTRL plants showed the lower 
height (23.9 cm), not sta}s}cally di昀昀erent from T1 (27 cm) (p > 0.05) but sta}s}cally lower than 
T2, T3, T4, and COMM (29.1, 30.9, 32.1, and 29.3 cm, respec}vely) (p < 0.05). At the same }me 
points, the maximum quantum yield of the PSII was evaluated, and no di昀昀erences were noted 
between the plots, within each experimental }me (p > 0.05) (Fig. 6.7).
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Figure 6.6. Histogram graphs on plant height (cm) measured at di昀昀erent }me points, reported on the top of each 
graph. CTRL, not treated; T1 and T2, 4 treatments with 1% MCM from E. oleoabundans or A. protothecoides, 
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In 昀椀gure 6.8, dry biomass values of CTRL, T3, T4, and COMM plants are reported. The results 
obtained for aerial part and roots, mirroring the di昀昀erences observed in the total dry biomass. 
The highest total dry biomass was obtained for COMM (87.8 g), followed by T4 (82.8 g) (p > 0.05). 
The lowest dry biomass was observed in CTRL (56.7 g), comparable to T3 (72.3 g) (p > 0.05). T4 
and COMM dry biomass values showed sta}s}cally signi昀椀cant di昀昀erences when compared to 
CTRL (p < 0.05). 
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Figure 6.8. Dry biomass of Fragaria plants harvested from plots CTRL, T3, T4, and COMM not treated (CTRL) or 
treated 3 }mes with 1% MCM (T3 and T4, with E. oleoabundans or A. protothecoides MCM, respec}vely) or 
commercial product (COMM). Data refer to means ± SD (n≥15). Di昀昀erent le琀琀ers indicate sta}s}cally signi昀椀cant 
groups (p < 0.05). Please note that y-axes report di昀昀erent scales.

Graph reported in Figure 6.9 showed the plant produc}vity observed for each treatment. No 
sta}s}cally signi昀椀cant di昀昀erences were observed. However, when compared to CTRL, T4 showed 
the greatest percentage increase in produc}vity (+31.2%). Similarly, the other samples, i.e. T1, 
T2 and COMM, showed an increase in produc}vity, with respect to CTRL, but lower that T4. 
Speci昀椀cally, +13.6, +13.4, +17.5, and +9.3% for T1, T2, T3, and COMM, respec}vely. 
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Figure 6.9. Total berry produc}vity (gfruits/plant) of the Fragaria plants. CTRL, not treated; T1 and T2, 4 treatments 
with 1% MCM from E. oleoabundans or A. protothecoides, respec}vely; T3 and t4, 3 treatments with 1% MCM from 
E. oleoabundans or A. protothecoides, respec}vely; COMM, 1% commercial product. Data refer to means ± SD 
(n≥15).
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Figure 6.10. Pictures of Fragaria plants taken in mid-May, during the harves}ng period. 

6.3.3 Fruit characteris琀椀cs

Fresh fruit weigh (g), fruit width and length (cm), shape index, and fruit hardness (kg) are 
reported in Fig. 6.11A, B, C, and D, respec}vely. No sta}s}cally signi昀椀cant di昀昀erences were 
reported for these parameters, between each plot. However, for fruit weight, the trend seemed 
to indicate a higher fruit weight in T3, T4 and COMM (19.7, 19.6, 19.8 g, respec}vely), compared 
to CTRL, T2, and T3 (17.2, 17.1, 16.6 g, respec}vely). The treatment with microalgae did not a昀昀ect 
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the length, the width, or the shape index of the fruit (p > 0.05). In Figure 6.12, hardness, sugar 
content, and acidity of the fruits are reported. Hardness values ranged from 0.38 to 0.46 kg. Even 
if no sta}s}cally signi昀椀cant di昀昀erences were observed (p > 0.05), the trend showed a higher sugar 
content of all treatments, when compared to CTRL. The greatest value was observed in T4, and 
it was equal to 7.8 °Brix. Moreover, the lower value of sourness observed was the value of COMM 
plot (4.5 g/L).
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Figure 6.11. MCM microalgal e昀昀ect on fruit weight and morphology. CTRL, not treated; T1 and T2, 4 treatments with 
1% MCM from E. oleoabundans or A. protothecoides, respec}vely; T3 and t4, 3 treatments with 1% MCM from E. 
oleoabundans or A. protothecoides, respec}vely; COMM, 1% commercial product. (A) fresh fruit weight (g fruit-1); 
(B) fruit width (cm); (C) fruit length (cm); (D) shape index. Data refer to means ± SD (n=10).
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Figure 6.12. Microalgal e昀昀ect on fruit hardness and organolep}c parameters. CTRL, not treated; T1 and T2, 4 
treatments with 1% MCM from E. oleoabundans or A. protothecoides, respec}vely; T3 and t4, 3 treatments with 1% 
MCM from E. oleoabundans or A. protothecoides, respec}vely; COMM, 1% commercial product (A) hardness (kg); 
(B) sugar content (°Brix); (C) sourness (g/L). Data refer to means ± SD (n=10).
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6.3.4 Shelf-life

The shelf-life of the fruits was evaluated at di昀昀erent }me points during the harvest period, 
and the percentage of diseases observed aver 5 days of refrigerator and aver 5 days of 
refrigerator + 1 day at RT, for each plot, is reported in Fig. 6.13A. Considering the 5 days of storage 
in refrigerator, the highest incidence of disease was observed in T1 (41.3%), while the lowest was 
observed in T4 (34.3%). Aver 24 h at RT, the disease incidence increased in all fruits from each 
plot, and the highest value was observed in T1 (83.78%), while the lowest was observed in CTRL 
fruits (66.7%). The percentage of fruits with dried calyx, ro琀琀en and damaged fruits, is reported 
in Fig. 6.13B. The highest percentage of damaged fruits was observed in COMM (38.7%), while 
the highest percentage of ro琀琀en fruits was observed in T4 (14.3%). Finally, the greatest 
percentage of fruits that presented a dried calyx was observed in T1 (32.4%).
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Figure 6.13. Incidence of disease (%) on false fruit subjected to shelf-life evalua}on. CTRL, not treated; T1 and T2, 4 
treatments with 1% MCM from E. oleoabundans or A. protothecoides, respec}vely; T3 and t4, 3 treatments with 1% 
MCM from E. oleoabundans or A. protothecoides, respec}vely; COMM, 1% commercial product. (A) incidence of 
disease (%) for each treatment aver 5 days of refrigera}on, and aver 5 days of refrigera}on + 1 days at RT. White 
bars, CTRL; yellow bars, T1; pink bars, T2; green bars, T3; red bars, T4; black bars, COMM. (B) incidence of 3 speci昀椀c 
disease types at the end of the shelf-life evalua}on (5 + 1 days): damaged fruits (grey bar); ro琀琀en fruits (black bar); 
fruits with dried calyx (white bar). Data refer to the sum of weighted means (n di昀昀ered among plots; always n ≥ 31).

6.4 Discussion

Considering pressing sustainability concerns within agriculture, there is an urgent need for 
renewable alterna}ves to synthe}c chemical fer}lizers. Developing novel, natural sources of 
plant growth promoters is crucial for ensuring the safe and sustainable produc}on of vegetables 
for human consump}on (Mógor et al., 2018). Microalgae have recently garnered a琀琀en}on as 
poten}al plant bios}mulants. In plants, prokaryo}c microalgae such as Nostoc and Anabena, and 
eukaryo}c microalgae such as Chlorella, act as biological control agents, abio}c stress tolerance 
enhancers (Abd El-Baky et al., 2010; Rodríguez et al., 2006), biofer}lizers that promote plant 
growth and crop yield (Barone et al., 2019; Bumandalai and Tserennadmid, 2019; Kim et al., 2023; 
Žunić et al., 2024), and an}-aging agents that delay senescence and enhance plant robustness 
(EL Arroussi et al., 2018; Lee et al., 2020; Lee and Ryu, 2021). Most of the above studies report 
interes}ng results, obtained using microalgae cultures, co-cul}va}on of algae with plants in 
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hydroponics, or molecules extracted from microalgal biomass. At the best of our knowledge, no 
study has yet tested the bios}mulant e昀昀ect of microalgal condi}oned medium (MCM) 
administered as foliar spray on plants of agronomic interest; only soil applica}on and seed 
soaking have been reported in previous studies on tomato and potato cul}va}ons (Chaudhary et 
al., 2012; Manjunath et al., 2010; Prasanna et al., 2013, 2008). In the case of Fragaria, however, 
foliar spray applica}on of plant growth regulators and promoters is the best strategy, since these 
compounds are readily absorbed through the }ssue aver spray applica}on and are translocated 
to the sink where they induce physiological responses, also regula}on of fruit parameters (Singh 
et al., 2024; Zhang et al., 2022). In the present study, we therefore tried to inves}gate the e昀昀ects 
of MCM from photoautotrophic cultures of E. oleoabundans and A. protothecoides at a 
concentra}on of 1%, through foliar spray applica}on on Fragaria x ananassa. 

Among the parameters observed, plant vegeta}ve growth is certainly the one that showed 
the most interes}ng results. It was noted that the treated plants, even with the commercial 
product (COMM), were taller than the CTRL plants; within the treatments with E. oleoabundans-
MCM and A. protothecoides-MCM, the greatest height was found in plants exposed to 3 
treatments (T3 and T4). The photosynthe}c e昀케ciency did not show signi昀椀cant di昀昀erences 
between all samples, with similar values of FV/FM (around 0.8), con昀椀rming the good physiological 
state of the plants, the greatest variability being observed in COMM. Our 昀椀ndings demonstrate 
that avoiding soaking treatments and furnishing only one treatment aver dormancy recovery, 
promote op}mal vegeta}ve growth. While sta}s}cal signi昀椀cance was not reached, the trend in 
total plant produc}vity aligned with the observed increases in vegeta}ve growth; thus, 
vegeta}ve growth and fruit produc}on did not compete each other for nutrient resource, 
di昀昀erent from what usually occurs (Rosa} et al., 2018), but vegeta}ve growth accompanied fruits 
produc}on helping to sustain their development. All microalgal-treated plants exhibited higher 
fruit produc}vity, sugges}ng enhanced fruit produc}on. The greatest increases were seen in 
plots T3 and T4, with produc}vity gains of +17.5 and +31.2%, respec}vely. The commercial 
product (COMM) also improved produc}vity but to a lesser extent than all the algal treatments 
(+9.3%). Based on the available literature, it is possible to hypothesize the role of various 
metabolites present in MCM that may have contributed to plant growth and increased 昀椀nal fruit 
produc}vity. It is known that microalgae, including green ones, can produce intracellular 
phytohormones and can even secrete them to growth media and surrounding environment 
(Pichler et al., 2020; S}rk et al., 2013). Growth hormones such as auxin, cytokinin, gibberellins, 
abscisic and jasmonic acids produced by algae, can be used as agricultural bios}mulants (Braun 
and Colla, 2023). For example, auxins are important in root forma}on and cytokinins control cell 
division (Navarro-López et al., 2020; Tarakhovskaya et al., 2007). In the development of the 昀氀eshy 
fruit of Fragaria, it is reported that gibberellic acid promotes cell expansion synergis}cally with 
auxins (Fenn and Giovannoni, 2021) and that ABA is the main regulatory phytohormone during 
ripening of non-climateric fruit, as the strawberry is. Exogenous brassinosteroids favour growth 
and enhance yield and quality of strawberry fruits, also as consequence of their role in 
interac}ons and crosstalk with other phytohormones (Ali et al., 2022). Another class of secondary 
metabolites that can enhance plant growth are polyamines (PAs). Similar to phytohormones, PAs 
can promote protein synthesis and modulate enzyma}c ac}vi}es (Mógor et al., 2018). PAs, 
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together with ABA, help in drought response (Gao et al., 2024) and interact with hormones in 
strawberry ripening (Guo et al., 2018). In strawberry plant, exogenous applica}on of Spm and 
Spd promote fruit ripening, while Put acts as inhibitor (Guo et al., 2018). The release of 
polyamines by microalgal cells and their presence in the MCM has been observed both in 
literature (Liu Q et al., 2016; Sabia et al., 2015) and in the present Thesis (Chapter 5, paragraph 
5.3.5); in addi}on, results from Chapter 5 of this Thesis showed that the MCM derived from E. 
oleoabundans contains more Spm and Spd than Put. The foliar applica}on of EPS from Dunaliella 
salina showed to have a s}mula}ng role in the growth of tomato plants, resul}ng in a plant with 
greater shoot height, dry weight, chlorophyll and protein content in plants under salt stress (EL 
Arroussi et al., 2018). In addi}on, stress indicator such as phenolic compound level, was reduced 
in treatment with microalgal EPS (EL Arroussi et al., 2018). The presence and release of EPS was 
also observed in the present study, in both E. oleoabundans and A. protothecoides cultures. 
However, despite the bene昀椀cial e昀昀ect of EPS as PBs, it is plausible that their low content in the 
1% MCM may not have produced any no}ceable e昀昀ects on the treated Fragaria plants. 
Di昀昀erently, in Chapter 5 was reported the produc}on of extracellular vesicles by E. 
oleoabundans, and their consequent release into the MCM. Algae-derived EVs (ADEVs) contain 
components origina}ng from the shedding cell as all other types of cells (Gill et al., 2019; György 
et al., 2015; Piccio琀琀o et al., 2022). EVs have an important role in intercellular communica}on, 
but they have also demonstrated to have the great ability to <transport messages= to di昀昀erent 
organisms, allowing cross-kingdom communica}on (Tren}ni et al., 2024; Zheng et al., 2022). It 
could not be excluded the poten}al role and interac}on between ADEVs and plants, adding 
another character that could play a role and explain the observed results. 

As regard to the false fruits, be琀琀er results in terms of fresh weight were reported for T3, T4 
and COMM. Due to the great variability of the observa}on, it is not possible to conclude that the 
treatment gave be琀琀er results, but the trend showed improved fresh weight of the fruits 
produced by T3, T4, and COMM plants. Hardness of the fruits was comparable between all the 
treatments, and some comments can be done also on total sugar content and acidity. The 
treatments did not signi昀椀cantly a昀昀ect the average sugar content of the strawberries, although a 
small increase was observed in the treated plants. While the control group showed 
approximately 7 °Brix, the treated plants had slightly higher values, around 7.5. This suggests 
that, while not enhanced, the quality of the strawberries remained consistent across all plants. 
This 昀椀nding is noteworthy and demonstrates that the increased vigour of the vegeta}ve 
apparatus could support both higher plant produc}vity and fruit quality, as also suggested above. 
Acidity is crucial as it is a fundamental component of a fruit's organolep}c quali}es. However, 
acidity levels must be considered in rela}on to the corresponding Brix value. High acidity levels 
are 昀椀ne when paired with a high Brix level, to maintain a balanced 昀氀avour; conversely, excessive 
acidity rela}ve to Brix is not considered desirable (Ikegaya et al., 2019). A more in-depth 
evalua}on of organic sugar and acids is necessary to add more informa}on of the taste of the 
fruits. Ikegaya (2024) reported that sweetness and sourness are signi昀椀cantly more pronounced 
as the ra}o of sucrose to total sugar and the ra}o of malic acid to total organic acid increased, 
respec}vely. 
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Shelf-life results indicate that the incidence of disease aver 5 days of refrigerator was lower 
in T4 fruits, and the second lower value was registered in T2 (34.3 and 36.8%, respec}vely). This 
indicates that the treatments with MCM-A. protothecoides seem to have a posi}ve e昀昀ect in the 
reduc}on of disease incidence. As expected, the incidence of fruit damage increased aver the 
fruits were lev at room temperature for 24 hours (Yackel et al., 1971). The COMM treatment 
demonstrated a more consistent reduc}on in all types of damage compared to the microalgae 
treatment, except for the percentage of disease of damaged fruits that was, indeed, the highest. 
As a result of the postharvest fruit storage test, the lower incidence of diseases was observed in 
CTRL and COMM, so the algae treatment did not seem to have e昀昀ects on post-harvest disease 
incidence or, at least, not a posi}ve one. Between algae treatments, T3 and T4 were the ones 
that presented the lower disease incidence (70.3 and 71.4%, respec}vely) when compared to T1 
and T2 (83.8 and 76.3%, respec}vely). The length of fruits9 commercial shelf-life is primarily based 
on decreasing metabolic ac}vity by reducing temperature combined or not with changes in the 
storage atmosphere in an a琀琀empt to slow down ripening and senescence (Brizzolara et al., 2020). 
It has been observed that treatment of strawberry plants with Chlorella fusca CHK0059 induced 
a marked an}fungal e昀昀ect on the post-harvest strawberry fruits (Kim et al., 2023). In par}cular, 
the applica}on of C. fusca improved anthocyanin content in strawberry, and it is well known that 
anthocyanin, that are responsible for the red colour in strawberries, also showed an}oxidant, 
an}-in昀氀ammatory, and an}microbial proper}es (Sun et al., 2020). Reduced suscep}bility to post-
harvest fungal pathogens, including Botry琀椀s cinerea, has been reported in other fruits enriched 
in anthocyanins like grapes, mango, and tomato (Schaefer et al., 2008; Sivankalyani et al., 2016; 
Zhang et al., 2013). Inves}gate post-harvest life of the fruits is crucial, as consumer preferences 
are mainly determined by the appearance of fruit, which is linked to visual aspects such as shape, 
size, colour, damage marks, among others (Kyriacou and Rouphael, 2018). Strawberries 
consis}ng of sov }ssue are highly suscep}ble to the a琀琀acks of pathogens (Petrasch et al., 2019), 
for this reason and it is fundamental to iden}fy strategies to mi}gate this risk and extend the 
shelf life of the fruit (Rodrigues et al., 2020). 

6.5 Conclusion

Microalgae-based bios}mulants have the poten}al to revolu}onize agriculture, but several 
challenges hinder their widespread adop}on. These challenges include high produc}on costs, 
limited product availability, insu昀케cient scien}昀椀c understanding, and low farmer awareness. By 
addressing these issues, scien}sts and industry can unlock the full poten}al of these innova}ve 
products and promote sustainable agriculture (Colla and Rouphael, 2020). This study presents 
promising results for the use of MCM derived from microalgae cultures in agriculture and its 
applica}on as a bios}mulant on agronomic interest plants, laying the groundwork for further 
inves}ga}ons. Within this perspec}ve, bioac}ve compounds and mechanisms involved in the 
promo}ng ac}on of both MCM need to be further and deeply inves}gated. Future studies could 
also involve di昀昀erent concentra}ons of MCM from cultures of E. oleoabundans and A. 
protothecoides in order to obtain signi昀椀cant results and hypothesize their actual use in 
agricultural prac}ces, with a view to a circular economy and sustainability. The 昀椀ndings showed 
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an improved vegeta}ve growth and produc}vity of the plants treated with both microalgae-
derived products and showed that this did not a昀昀ect the quality of the fruits. The collabora}on 
with the CIV has enabled 昀椀eld scale trials, simula}ng the use of microalgal bios}mulants under 
realis}c condi}ons. Future studies will involve replica}ng the experiment and conduc}ng a more 
in-depth characteriza}on of the false fruits, aiming to complement the exis}ng dataset and 
provide more speci昀椀c insights.
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Personal conclusions

At the beginning of my PhD, I had only the }tle of my research project and a li琀琀le experience 
under my belt. I had high hopes, and a great desire to embark on this journey with the curiosity 
and passion for research that have always guided and dis}nguished me. As oven happens in 
research, the few ques}ons and hypotheses I started with soon mul}plied as I progressed. New 
challenges arose that led me to delve deeper and deeper into the world of microalgae, allowing 
me to gain a solid understanding of their biology and poten}al. My PhD not only enabled me to 
expand my knowledge as a phycologist and scien}st, but also to experience 昀椀rsthand the vast 
machine that is academic research and become an integral part of it. The many opportuni}es 
that presented themselves allowed me to answer many of these ques}ons, and this Thesis is 
proof of that.

Understanding microalgae as thoroughly as possible, how they vary according to growth 
condi}ons and how we can harness them and the precious treasure they contain – bioac}ve 
molecules with poten}al applica}ons in various biotechnological 昀椀elds – is of fundamental 
importance to us and our future. It is a crucial step towards a more sustainable world.

Through my work, I have contributed a piece to the larger puzzle guiding us towards this 
transi}on. Speci昀椀cally, the results obtained con昀椀rm the promising prospects of obtaining 
biomolecules from microalgae by u}lizing speci昀椀cally tailored light spectra for the cul}va}on of 
microalgal strains, par}cularly E琀琀lia oleoabundans. The observed results indicate that this strain 
is not only suitable for biofuel produc}on but also holds promise for other applica}ons such as 
nutraceu}cals, biomedical products, and bios}mulants for agriculture. The work conducted 
during the 5 months in Scotland introduced a signi昀椀cant innova}on, namely the possibility of 
cul}va}ng E. oleoabundans on a pilot scale under mixotrophic condi}ons, with the real poten}al 
to reduce biological contamina}on, a problem that currently hinders large-scale mixotrophic 
cul}va}on. While a gap exists between academic research and the industrializa}on and 
commercializa}on of microalgae, this research, along with many others, can contribute to 
bridging it. Some of my research also aims to provide a founda}on for scaling up microalgae 
cul}va}on and, more importantly, for enhancing the produc}on of high-value molecules through 
customized light spectra and trophic modes. 

Holding my Thesis today, aver three years of dedicated research, I am excited about the 
prospect of a more sustainable future, which I hope my work has helped to bring closer.


