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RIASSUNTO

Le diatomee (Bacillariophyceae) sono una delle piu importanti classi di

microalghe fotosintetiche eucariotiche di ambiente marino e di acqua dolce responsabili
del 20-25% della produzione primaria totale e di circa il 40% della produzione annuale
di biomassa marina e responsabili di una larga frazione di sequestro di carbonio
atmosferico (Bhattacharjya et al., 2020).
Uno degli aspetti piu interessanti ¢ la loro diversita inter- e intraspecifica, sia da un punto
di vista morfologico che funzionale. Le diatomee infatti, presentano una parete cellulare
(frustulo) costituita da silice amorfa biomineralizzata, con micro- € nano- ornamentazioni
(strie, coste, pori, alveoli) di elevata importanza tassonomica e funzionale (De Meo et al.,
2014). Negli ultimi anni questa classe di microalghe ¢ diventata un’attraente risorsa per
la produzione di fitocomposti, essendo capaci di sintetizzare varie sostanze
biologicamente attive (proteine, lipidi, acidi grassi polinsaturi, vitamine, pigmenti) ed
anche di aumentare rapidamente la loro biomassa e adattarsi fisiologicamente a diverse
condizioni di crescita (Lauritano et al., 2018; de Jesus-Campos et al., 2020; Cutignano et
al., 2022).

In tale contesto, il mio progetto di dottorato ha esplorato la possibilita di usare
alcune specie/ceppi di diatomee per la produzione di composti di interesse, quali la
fucoxantina, per una eventuale applicabilita a livello industriale. Sempre a scopo
applicativo, ho valutato la possibilita di criopreservare i ceppi di interesse come metodo
alternativo per la conservazione a lungo termine.

Nello specifico, oggetto di studio per la produzione di fucoxantina ¢ stata la
diatomea marina Thalassiosira rotula, specie abbondante del Mar Tirreno gia nota per la
produzione di diversi bio-composti come prostaglandine, acidi grassi polinsaturi,
xantofille (Dimier et al., 2007; Di Dato et al., 2019; Matas et al. 2023). Al fine di
aumentare la resa in biomassa ¢ il contenuto di fucoxantina in coltura, sono stati valutati
due diversi ceppi di 7. rotula e applicati diversi approcci, quali I’impiego di pre-inoculi
con diversi volumi e diverse condizioni di coltura (arricchimento di azoto nel mezzo di
coltura e/o bassa intensita luminosa). In seguito ai diversi trattamenti, oltre al contenuto
di fucoxantina, sono stati valutate le variazioni morfofisiologiche, il contenuto dei
pigmenti fotosintetici e la modulazione dei geni chiave coinvolti nel pathway di biosintesi

della fucoxantina.
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Considerando le potenziali applicazioni di 7. rotula, e piu in generale delle
diatomee, in ambito biotecnologico 1’altro focus di questo progetto di dottorato ¢ stato
quello di testare metodiche di criopreservazione su diverse specie/ceppi di diatomee. E
noto, infatti, come i metodi classici di mantenimento delle colture presentano alcune
problematiche legate alla potenziale perdita o alterazione delle caratteristiche della specie
nel tempo, eventuali mutazioni genetiche con possibile variazione della fisiologia della
specie e perdita dell’eventuale tratto di interesse biotecnologico e, non di secondaria
importanza, il verificarsi contaminazioni dovute alle ripetute manipolazioni (Godhe &
Rynearson, 2017; Bulankova et al., 2021). In questo contesto, metodi alternativi alle
subculture, come la criopreservazione, stanno diventando sempre piu diffusi nelle
collezioni di colture algali (Stock et al., 2018). Al contempo, sebbene siano sperimentate
alcune tecniche di criopreservazione di microalghe, non esiste un protocollo universale
(Day, 2007; Tanniou et al., 2012; Buhmann et al., 2013; Kumari et al., 2016). Cio ¢
strettamente legato alla variabilita inter — intraspecifica di questi organismi ed ai diversi
meccanismi di risposta agli stress che si innescano durante la criopreservazione. Durante
il periodo di stage svolto presso I’Universita di Gent -Laboratorio di Protistologia ed
Ecologia Acquatica (PAE) e presso la BCCM Diatom Culture Collection (BCCM/DCQ),
ho condotto sperimentazioni relative a all’applicabilita di criopreservazione in alcune
specie/ceppi di diatomee. Considerando la variabilita nel successo delle tecniche di
criopreservazione, ho sperimentato I’applicabilita di criopreservazione in diatomee
diverse per taglia, ecologia, potenziale biotecnologico e/o stadio biologico (cellule

vegetative vs stadi di resistenza).
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ABSTRACT

Diatoms (Bacillariophyceae) are photosynthetic eukaryotic microalgae that play
a key role in ecosystems, accounting for 20-25% of global primary production,
approximately 40% of annual marine biomass production (Bhattacharjya et al., 2020).
One of their most intriguing aspects is their inter- and intraspecific diversity, both
morphological and functional.

In recent years, this class of microalgae has emerged as an attractive resource for
producing high-value compounds due to their ability to synthesize various bioactive
substances (proteins, lipids, polyunsaturated fatty acids, vitamins, pigments, etc.), but
also to rapidly increase their biomass, and physiologically adapt to diverse growth
conditions (Lauritano et al., 2018; de Jesus-Campos et al., 2020; Cutignano et al.,
2022).

In this context, the aim of this Ph. D project was to investigate the use of novel
diatom species for the production of industrially high-value compounds, such as
fucoxanthin, while also evaluating various conditions and techniques for their long-term
cryopreservation.

One of the aims of this work focused on the study for fucoxanthin production in
Thalassiosira rotula, abundant species in the Tyrrhenian Sea with high levels of
bioactive compounds (prostaglandins, polyunsaturated fatty acids, xanthophylls). To
enhance biomass yield and fucoxanthin content in cultures, two different strains of 7.
rotula were assessed, and various approaches were applied, including the use of pre-
inocula with varying volumes and abiotic treatments (low light intensity and increased
nitrate concentration in the culture medium). Furthermore, through an omics approach
in collaboration with the Zoological Station “Anton Dohrn” of Naples, several aspects
of treated and untreated cultures were analysed, including morphophysiological
variations, photosynthetic pigment content, and the modulation of key genes involved in
the fucoxanthin biosynthesis pathway.

Considering the potential biotechnological applications of 7. rotula, and in
general of diatoms, another focus of this project was to test cryopreservation methods

on different diatom species.
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In this context, traditional culture maintenance methods are known to present
challenges, such as potential loss or alteration of species characteristics over time,
genetic mutations leading to physiological changes and reduced biotechnological
relevance, and, importantly, contamination due to repeated handling (Godhe &
Rynearson, 2017; Bulankova et al., 2021). In light of this, alternative methods such as
cryopreservation are becoming increasingly prevalent in algal culture collections (Stock
et al., 2018). However, despite experimental efforts in microalgal cryopreservation, no
universal protocol exists (Day, 2007; Tanniou et al., 2012; Buhmann et al., 2013;
Kumari ef al., 2016). This is closely linked to the inter- and intraspecific variability of
these organisms and the diverse stress response mechanisms triggered during
cryopreservation, which remain poorly understood.

Given the high specificity required for successful cryopreservation techniques,
this work evaluated and optimized several parameters, such as incubation time in the
cryoprotective agent and freezing methods (rapid freezing or slow cooling freezing),
across five different diatom species characterized by size, environmental adaptation,
biotechnological potential, and cell cycle stage. Part of the research activities focused on
cryopreservation techniques was conducted at Ghent University, within the Protistology
and Aquatic Ecology (PAE) laboratories and the BCCM Diatom Culture Collection
(BCCM/DCQ).
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Premise

This thesis describes the research work conducted in my Ph. D, structured in four main

chapters: the introduction in the Chapter I, followed by two chapters (Chapters II and

IIT) detailing the experimental methodologies and results, and concludes with a final

chapter (Chapter IV) summarizing the findings and proposing future directions.

In detail:

Chapter I: explores the potential biotechnological applications of diatoms,
focusing on their key morphological traits, life cycle, ecological roles, and the
challenges related to their long-term preservation.

Chapter II investigates two strains of Thalassiosira rotula for fucoxanthin
production. This includes developing a simple and efficient method for
quantifying fucoxanthin content in this species and analysing the impact of
environmental factors on fucoxanthin production. Additionally, it examines the
expression of key genes involved in the fucoxanthin biosynthesis pathway under
different treatment conditions.

Chapter III addresses the challenges associated with two cryopreservation
techniques—two-step freezing and snap-freezing—across various diatom
species and strains. These species/strains differ in ecological traits and growth
stages (vegetative cells versus resting stages). The study also evaluates the
effects of different exposure times to dimethyl sulfoxide (DMSO), a commonly
used cryoprotectant, assessing variations in responses to freezing, thawing, and

post-thaw recovery processes.

The findings contribute to identifying and optimizing critical factors that enhance

fucoxanthin production in 7. rotula as a promising resource. Furthermore, they

underscore the feasibility and efficacy of cryopreservation techniques for certain diatom

species and strains, particularly resting spores, offering an alternative growth stage for

species preservation.
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Chapter I

Introduction and thesis outline

1.1 Principal Characteristics of Diatoms

Diatoms are unicellular, photosynthetic microalgae belonging to the class
Bacillariophyceae within the group Ochrophyta (Stramenopiles). These organisms are
ubiquitous, colonizing diverse aquatic environments, including freshwater, marine, and
brackish ecosystems, as well as soil and other moist terrestrial habitats (Round et al.,
1990).

Diatoms play a pivotal role in global carbon and silica cycles, contributing
significantly to primary production and biogeochemical processes (Falkowski et al.,
1998; Hockin et al., 2012). Their unique structural and functional characteristics make
them essential for research in ecology, palacontology, and environmental monitoring.

Diatoms exhibit highly distinctive structural and morphological features that set
them apart from other microorganisms. The primary characteristic of diatoms is their
silica-based cell wall, known as frustule, which is intricately patterned and species-
specific. The frustule comprises two overlapping valves, the epitheca (larger, upper half)
and the hypotheca (smaller, lower half), fitting together like a petri dish (Round ef al.,
1990). These valves are held together by a girdle band, which allows for expansion and
maintenance of the frustule's integrity (Fig. 1). Moreover, the surface of the frustule is
perforated with pores and openings, collectively known as areolae, which facilitate the
exchange of gases and nutrients. Species-specific patterns of pores, ridges, and spines
give the frustules their remarkable diversity (Hustedt, 1930), and this arrangement and
patterning are critical for species identification. In addition, these structures, that protect
the cell, play ecological and functional roles such as deterring predators, aiding in
buoyancy, enhancing light capture for photosynthesis (Mann & Droop, 1996).
Internally, diatoms possess chloroplasts containing chlorophyll a, ¢, and the accessory
pigment fucoxanthin, which gives them a golden-brown colour. Their chloroplasts are

derived from secondary endosymbiosis, reflecting their evolutionary history.

10
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Figure 1. lllustration and microscopic images of diatoms, highlighting their intricate silica-based frustules. Left:
Historical artistic representation of diatom diversity (Haeckel, 1904); Center: Light microscopy showing live diatoms
in their natural habitat (Western English Channel. Credit Claire Widdicombe, PML); Right: Scanning Electron
Microscopy (SEM) revealing the complex and varied architectures of diatom shells, emphasizing their ecological and
biological significance (https://nextnature.org/en/magazine/story/2012/nanotech-diatoms).

Life cycle

Diatoms exhibit a diplontic life cycle, with most of their life cycle spent in the
vegetative state as diploid cells, primarily reproduce through mitosis. During this process,
each daughter cell inherits one of the two valves of the parent cell (epitheca or hypotheca)
and constructs a new hypotheca. Over successive generations, this results in a gradual
reduction in cell size for one lineage of daughter cells, as each new hypotheca is slightly
smaller than the epitheca to which it pairs (Round et al., 1990).

When diatoms reach a critical size threshold (the species-specific minimum size) they
undergo sexual reproduction to restore their maximal size. In the centric diatoms sexual
reproduction is oogamous, producing non-motile eggs, while the smaller cell produces
motile sperm (Mann, 1993); in the pennate diatoms sexual reproduction is typically
isogamous, in which gametes of similar size are produced by each cell, and fertilization
occurs through direct pairing and fusion of gametes (Mann, 1993).

In addition to this life cycle, diatoms have evolved strategies to survive under
unfavourable environmental conditions, such as nutrient depletion, temperature extremes,
or salinity changes, forming resting stages and/or resting spores. The spores are
morphologically different from vegetative cells, while the resting cells are apparently

identical to vegetative cells (McQuoid & Hobson 1996).

11
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These resting stage, characterized by thickened frustules that provide resistance to
desiccation and other stressors, are metabolically dormant with high content of storage
material, low photosynthetic rates, a high carbon:chlorophyll ratio and a low respiration
rate (Hargraves & French, 1983; Ishii et al., 2011, Chamnansinp et al., 2013; Montresor
etal.,2013). Spores have been reported in several centric diatoms, but they are extremely
rare in pennate species (McQuoid & Hobson 1996). Spores and resting cells play an
important role in population dynamics of neritic diatoms. Resting spores settle to the
sediment in aquatic environments, where they can remain viable for years and germinate
when environmental conditions become favourable, resuming vegetative growth and
contributing to seasonal blooms in diatom populations (Hargraves & French, 1983;
Hérnstrom et al., 2011; Limoges et al., 2018). This strategy is especially common in
marine planktonic diatoms, where nutrient fluctuations are pronounced (Round et al.,
1990; Ishi et al., 2011; Montresor et al., 2013).

The diatom life cycle, including both reproduction and resting cells/spore formation, is
intricately linked to their ecological success. The ability to alternate between asexual
reproduction, sexual reproduction, and spore formation ensures rapid colonization during
favourable conditions and resilience during environmental stress. Moreover, sexual
reproduction improves the genetic variability, highlighting how in the diatom group, the

genetic variability is not only related to the species but also to the level of strains.

Evolutionary history of diatoms

Diatoms (Bacillariophycae) are a highly diverse group of microalgae that hold a
distinct position within the evolutionary tree of photosynthetic eukaryotes (Fig. 2).
They are part of the Stramenopiles, a broad lineage that includes both photosynthetic
organisms (like golden algae and brown algae) and non-photosynthetic protists (such as

water moulds).

12
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Figure 2. Schematic representation of the eukaryotic tree of life. The red circle highlights the diatom's position on the
tree. The image has been taken and adapted by Fernandez et al., 2016.

Their phylogenetic isolation is due to their unique adaptations, diverging from
other photosynthetic eukaryotes for unique features such as their silica-based cell walls
(frustules), secondary endosymbiotic origin of their chloroplasts, and their specialized life
cycles, which have allowed them to dominate marine and freshwater ecosystems for over
200 million years. More in detail, the siliceous cell wall of diatoms is a key evolutionary
innovation that sets them apart from all other eukaryotes. The frustule is not unique in
structure but is also crucial in protecting cells from predators and helping with buoyancy
regulation. This trait underscores the evolutionary distinctiveness of diatoms.

Moreover, the chloroplasts of diatoms are derived from a secondary
endosymbiotic event involving a red alga (Fig. 3). This event provided diatoms with
pigments such as fircoxanthin, which give them their characteristic golden-brown colour
and distinct spectral photosynthetic efficiency compared to other phytoplankton groups
(Fig. 3) (Falkowski et al., 2004).

13
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Fig. 3. The picture shows the plastid evolution in eukaryotic phytoplankton: ancestral cyanobacteria became primary
symbiotic plastids, leading to three clades: green algae, red algae, and glaucophytes. Secondary symbiosis transferred
green plastids to eukaryotic hosts, forming Euglenophytes, Chlorarachnophytes, and "green" dinoflagellates, while red
plastids were incorporated into cryptophytes, haptophytes, heterokonts (e.g., diatoms), and peridinin-containing
dinoflagellates, the most abundant today. Tertiary symbiosis occurred when heterotrophic dinoflagellates engulfed
secondary photosynthetic symbionts like cryptophytes, haptophytes, or diatoms. The image has been taken and adapted
by Falkowski et al., 2004.

The first recorded observations of diatoms were made by Antonie van Leeuwenhoek in
the late 17th century, describing microorganisms in water, including what are now
recognized as diatoms. The systematic study of diatoms began with the pioneering work
of Christian Gottfried Ehrenberg in the early 19th century, recognizing the siliceous
nature of diatom frustules and their widespread occurrence in both fossil and modern

sediments (Khan, 1995).
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After this, in the mid-19th century, Kiitzing described numerous genera and species of
diatoms, emphasizing their intricate silica frustules, advancing also in their classification.
The development of electron microscopy in the 20th century revolutionized diatom
research by revealing previously unseen ultrastructural details of frustules (Sullivan,
1977).

Species identification in diatoms relies on a combination of morphological, molecular,
and ecological traits: historically, the primary method of diatom identification has been
through the analysis of their silica frustules, including frustule symmetry, ornamentation
and raphe system (Medlin et al.,1996; Cox & Williams,2006; Cox, 2011). In some cases,
the morphology of resting spores and auxospores provides additional clues for species-
level identification (Piredda et al., 2017).

With the advent of molecular biology, DNA sequencing has provided new insights into
the evolutionary relationships among diatom taxa, challenging traditional morphology-
based classifications (Medlin et al., 1996, 2000). Molecular markers, such as ribosomal
RNA genes and plastid genes, have been instrumental in resolving ambiguities in diatom
phylogeny and in identifying cryptic species (Amato et al., 2007).

Advancements in computational tools and imaging technologies have enhanced the
accuracy of diatom identification. Automated image analysis and machine learning
algorithms now allow for high-throughput analysis of diatom samples, reducing the
reliance on manual microscopy (Finkel ef al., 2005). Techniques such as metabarcoding
and environmental DNA (eDNA) analysis have further streamlined the detection and

monitoring of diatom communities in environmental samples (Zimmermann ef al., 2011).

Approximately 200,000 species are identified, showcasing a wide range of sizes and

shapes (Round et al., 1990; Drum & Gordon, 2003; Kooistra et al., 2007).
Ecological role
The genetic and phenotypic variability of diatoms play a multifaceted role in

ecological systems, making diatoms essential contributors to the health and functioning

of aquatic environments. The main roles played by diatoms are listed below.
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o Primary Production

Diatoms are primary producers in aquatic ecosystems contributing to approximately 20-
25% of global photosynthesis and sustaining a vast range of marine and freshwater
organisms, from microscopic zooplankton to larger fish and marine mammals (Field et

al., 1998; Mann, 1999);

% Carbon Sequestration and Climate Regulation
Diatoms are players in the biological pump, fixing atmospheric carbon dioxide, which
becomes part of their biomass, and, when they die, their dense silica frustules promote

sinking, transporting organic carbon to the ocean floor (Smetacek, 1999);

% Silica Cycling

As the primary users of biogenic silica in aquatic ecosystems, diatoms play a central role
in the global silica cycle, taking up dissolved silica from water to construct their frustules
and influencing the distribution and availability of silica in the environment (Tréguer et

al., 1995);

¢ Habitat Formation
Diatoms contribute to the formation of microhabitats within aquatic environments.
These biofilms also stabilize sediments, reducing erosion in estuarine and coastal areas

(Underwood & Paterson, 2003);

¢ Bioindicators of Environmental Change

Diatoms are widely used as bioindicators due to their sensitivity to environmental
conditions, including nutrient availability, pH, temperature, and pollution levels. Specific
diatom species thrive in particular ecological niches, making shifts in their community

composition indicative of environmental changes (Smol & Stoermer, 2010);

o Contribution to Food Web Dynamics
Beyond their role as primary producers, diatoms influence food web dynamics through

their high nutritional quality (Goldenberg ef al., 2024);
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% Harmful Algal Blooms
Species can form harmful algal blooms (HABs), producing toxins, such as domoic acid

from Pseudo-nitzschia species, which accumulate in marine organisms and pose risks to

wildlife and human health (Bates ez al., 2018).

1.2 Diatoms in the biotechnologies field: challenges and new frontiers

Diatoms have great potential for biotechnological applications due to their
biochemical composition, ability to thrive in various water conditions, and high biomass
production rates. Their characteristics are valuable for producing bioactive compounds
and satisfying the demand for natural, health-promoting products (Fig. 4) (Baldisserotto
et al.,2019; Dhaouadi et al., 2020; Marella et al., 2020; Sardo et al., 2021; Sharma et al.,
2021).
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Figure 4. Overview of potential applications of diatoms in different biotechnological fields. Image modified from
Dhaouadi et al., 2020.

Moreover, these organisms offer numerous benefits compared to other sources for
the production of high-value compounds: they grow quickly, produce a lot of biomass
and survive in different environments, adapting themselves to various stresses such as
variations in nutrient levels, temperatures, oxygenation, type and intensity of light (Jin

and Agusti, 2018; Fu et al., 2022).
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As in other organisms, carbohydrates and lipids are vital energy storage metabolites in
diatoms, but with changes in the type and the amount. For instance, diatoms are great
producers of lipids, including polyunsaturated fatty acids like omega-3, known for their
bioactive properties and role in promoting human health, triacylglycerides (TAGs), which
are direct precursors for biodiesels, and also steroids and oxylipins (Lauritano et al., 2016;
Baldisserotto et al., 2019). Recently, prostaglandins (Pgs), oxygenated natural products
derived from the oxidation of PUFAs, similarly to oxylipins, have been identified in some
species of marine microalgae, particularly in diatoms (Barbarinaldi et al., 2024; Di
Costanzo et al., 2019).

Many studies indicated diatom strains rich in omega fatty acids as an alternative to the
dependence on fish, reducing the problems associated with seasonal variations and ocean
pollution (Martins et al., 2013). Additionally, species such as Nitzschia laevis, Nitzschia
inconspicua, Navicula saprophila, and Phaeodactylum tricornutum extracts have a
noticeable amount of EPA and DHA that can be used as a nutritional feed in human diet
and animal feed (Kitano et al., 1997, Wen and Chen, 2001; Wah et al., 2015;
Baldisserotto et al., 2019). Environmental stressors have a significant impact on the
biosynthesis and production of these compounds. According to Li et al. (2014), a
deficiency of phosphorus in the growth of Phaeodactylum tricornutum causes an increase
in TAGs levels in the senescence. Moreover, the growth and accumulation of secondary
metabolites in microalgae, such as fatty acids and carotenoids, are influenced by the type
and intensity of light, which is considered a crucial environmental factor in the marine
ecosystem (Duarte et al., 2021).

Additionally, different types of marine diatoms are being explored for the industrial
synthesis of antioxidant pigments like fucoxanthin and other carotenoids (Xia et al., 2013;
Kuczynska et al., 2015). Fucoxanthin, in particular, is recognized for its numerous
benefits and possible applications in pharmaceuticals, nutraceuticals, as well as the food

and cosmetics sectors (Fu er al. 2015; Miyashita and Hosokawa 2018).
In this contest, growing diatoms on a large scale for industrial purposes is challenging

due to the need to ensure consistent growth conditions, avoid contamination, and optimize

the provision of light and nutrients to achieve the highest productivity possible.
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However, a significant challenge to their increased use is the maintenance and protection
of diatom cultures, especially in large-scale industrial settings.

Keeping diatoms in a continuous culture requires supervision and regulation of their
culture’s parameters, which can be expensive and impractical for long-term preservation.
Hence, the development of effective cryopreservation techniques is a key area of research,
offering a possible solution to these problems by enabling diatom strains to be kept for
longer periods without compromising their viability and functional integrity. Traditional
methods such as serial subculturing may come with high costs, size reduction, sexual
reproduction, and genetic mutations over time, leading to changes in their physiology and
potentially causing the loss of key characteristics for biotechnological purposes (Godhe

& Rynearson, 2017; Bulankova et al., 2021).

Therefore, this led to a demand for alternative methods of subculturing, such as
cryopreservation, which are becoming increasingly important in algal culture collections
(Stock et al., 2018).

In this view, cryopreservation methods for the long-term storage and the long-lasting
health and stability of microalgae are needed, but at the same time, there is no universal
protocol (Day, 2007).

Despite these important characteristics of diatoms, many questions remain and need to be
investigated.

The objectives of this thesis are aimed at the biotechnological uses of diatoms and for this
reason I focused on two aspects: 1) enhancing fucoxanthin production; ii) applicability of

cryopreservation on some diatom species/strains.
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1.3 Thesis outline

A general overview of the title and the goal of each data chapter is highlighted

below.

Chapter 2. Bioprospecting for fucoxanthin from marine diatoms:

exploring its improvement and its biosynthetic pathway

In this chapter two different strains of Thalassiosira rotula, a centric diatom well
described in the Mediterranean Sea, were selected for fucoxanthin production. One of the
first aims of this work was to assess an easy and rapid method to evaluate the fucoxanthin
content in my species. Based on the spectrophotometric method, edited by Wang et al.
(2018), and with appropriate modifications, I identify a formula species-specific for 7.
rotula.

After testing the influence of pre-inocula volumes in the growth kinetics and
biomass production, the fucoxanthin content was evaluated by spectrophotometric
method in 7. rotula Na90A1 strain. I experimented with the influence of environmental
factors, such as light intensity and nutrient availability (nitrate) on biomass and
fucoxanthin production, linked with morphophysiological analysis. In addition, to
validate the spectrophotometric method and to confirm the applicability of this quick
method at an industrial scale, I quantify the content of photosynthetic pigments of 7.
rotula, grown in all conditions tested, through HPLC analysis.

The goal was, from one side, to identify the optimal combination of culture conditions
for maximizing fucoxanthin yields and on the other side the applicability of the
spectrophotometric method.

Furthermore, I investigated the expression levels of the key genes involved in the
fucoxanthin biosynthesis pathway and their changes in the expression level in response
to the different growth phases and culture conditions.

Altogether, the results obtained contributed to: 1) support an alternative low-cost and fast
method such as spectrophotometry for the fucoxanthin quantification; ii) identify and
optimize key factors that can significantly enhance fucoxanthin productivity in a potential

source as 7. rotula; iii) define the expression level of key genes involved in fucoxanthin
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biosynthesis pathway which could contribute to potentially apply bioengineering methods

for increasing the sustainable and cost-effective use of diatoms in commercial carotenoid

production.

Chapter 3. Improving cryopreservation techniques for diatoms:
overcoming the challenges of viability and recovery in marine diatoms

species

A recurring problem in the use of diatoms in biotechnological fields is the long-
term availability and stability of the high-performing strains. In chapter 3, I aimed to
address the significant challenges associated with the cryopreservation of some diatom
species/strains, which could exhibit variability in their response to freezing, thawing,
post-thawing processes. I assessed the recovery of the cultures after thawing and the
physiological health of the cells. I compared two freezing techniques -two-step freezing
and snap-freezing- as cryopreservation method on some species/strains of diatoms
differing in ecological traits and in different growth stages (vegetative cells vs resting
stages) and considering different exposure times to dimethyl sulfoxide, DMSO (the most
common cryoprotective agents used).

The results show the applicability and success of cryopreservation techniques
for some diatom species and strains of the resting spores as an alternative growth stage
for the species preservation. The successful cryopreservation of these life stages could
support the sustainable storage and accessibility of high-performing diatom strains for

ongoing and future biotechnological applications.
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Chapter 11

Bioprospecting for fucoxanthin from marine diatoms: exploring

its improvement and its biosynthetic pathway

Abstract

Diatoms showed a distinctive pigment profile that is crucial for both efficient light
capture and photoprotection, contributing to the ecological success of these microalgae
in different environments.

Among these pigments, including chlorophylls and various carotenoids, fucoxanthin
stands out due to its unique chemical structure, which plays a key role in light absorption.
Additionally, fucoxanthin shows significant application in the biotechnology field,
especially in the nutraceutical, pharmaceutical, and cosmetic sectors, due to its strong
antioxidant, anti-cancer, and anti-inflammatory properties.
This chapter aims to find the optimal conditions for enhancing fucoxanthin production in
the diatom Thalassiosira rotula, a promising species for biorefinery products.

Two selected treatments’ conditions (low-intensity light and nutrient enrichment) were
applied to improve fucoxanthin production. Under these treatments also biomass,
morphophysiological characters and lipid content were evaluated.

Moreover, another key point was to apply a rapid and efficient method for quantifying
fucoxanthin content. A spectrophotometric approach tuned on 7. rotula was carried out
and the results compared with the HPLC methodology.

Lastly, an important aspect of this research was also to explore the role of specific key
genes of the fucoxanthin biosynthetic pathway, linking their expression level to different

growth stages and culture conditions.
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2.1 Introduction

2.1.1 Chlorophylls and carotenoids in diatoms: key pigments for photosynthesis

and photoprotection

Diatoms are well adapted to their habitats through efficient photon accumulation
and CO; uptake, as well as a fast response to strong light. However, the pigment
composition of diatoms differs significantly from that observed in plants and certain
algae.

The first group of pigments are chlorophylls that capture light energy to use in the process
of photosynthesis (Jeffrey et al., 2005; Kuczynska et al., 2015; da Silva & Lombardi,
2020). Chlorophylls have a mostly unchanging structure in terms of chemistry, except for
chlorophyll ¢ (Chl c) found in diatoms, where the phytyl chain is missing in most Chl ¢
pigments. Moreover, Chl ¢ presents mostly in two distinct forms, Chl ¢; and ¢z, within
diatoms among diverse types (Kuczynska et al., 2015; da Silva & Lombardi, 2020) (Fig.
1). Generally, chls’ absorption spectra include two bands: one in the blue range (Soret
band) and the other in the red range (Qx and Qy bands), corresponding to SO-S2 and S0O-
S1 transitions, respectively (Bjorn et al., 2009; Chen, 2014). Chlorophylls also play a role
in electron transfer, with Chl c acting as an antenna pigment, like chlorophyll b in higher

plants.
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Figure 1. Chemical structure of chlorophyll in diatoms. Image adapted from MetaCYC

The second group of pigments, the carotenoids, are primarily involved in
photoprotection. Around 700 types of carotenoids were identified and classically divided
in carotenes (hydrocarbons) and xanthophylls, their oxygenated derivatives (Britton et
al., 2004). Inside these groups, among the most known pigments are -carotene (p-car)
as carotene, and fucoxanthin (Fx) diadinoxanthin (Ddx), and diatoxanthin (Dtx),
violaxanthin (Vx), antheraxanthin (Ax), and zeaxanthin (Zx), as examples of
xanthophylls (Fig. 2). This pigment profile is responsible for the ecological success of
diatoms by aiding in effective light harvesting.

In addition, the Chl a and Chl c together with Fx are arranged in the fucoxanthin-
chlorophyll protein (FCP) complexes, similar to light-harvesting complexes (LHC) in
plants, to perform the light-harvesting function (Premvardhan et al., 2009; Gelzinis et al.,
2015; Zhou et al., 2024). Furthermore, B-car, Ddx, and Dtx play a crucial part in
photoprotection, as Vx, Ax, and Zx may also contribute due to their prevalent all-trans-

1Somers.
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Figure 2. Chemical structure of principal carotenoids in diatom. Image adapted from MetaCYc

2.1.2 Carotenoids in diatoms: biosynthetic pathway and photoprotective

mechanisms in xanthophyll cycles

In plants, extensive research has been conducted on the biosynthetic pathways of
chlorophylls and carotenoids, providing most of the information about these processes.
This knowledge gives numerous possibilities for research on genetic modification and for
in vitro methods with recombinant proteins.

However, in microalgae, including diatoms, many steps involved in this biosynthetic
pathway are still unknown. Most of the genes encoding for enzymes involved in this

pathway were studied through genome alignment, yet they remain unidentified.
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In this view, the complete genetic sequences of two diatom species, Phaeodactylum
tricornutum (Bowler et al., 2008) and Thalassiosira pseudonana (Armbrust et al., 2004)
were analysed and few analogues found in plants were also found in diatoms. It’s known
that both the two main pathways, methylerythritol phosphate (MEP) and mevalonate
(MEV), are involved in the initial steps for the carotenoid biosynthesis and some studies
indicate that its regulation is correlated with the taxon or growth rate (Seth et al., 2021).
Nevertheless, the results of each pathway are dimethylallyl diphosphate (DMAPP) and
its isomer, isopentenyl pyrophosphate (IPP) (Frommbholt et al., 2008): DMAPP is
converted into geranylgeranyl pyrophosphate (GGPP) using GGPP synthase and
transformed it into phytoene with phytoene synthase (PSY). After that, desaturation and
isomerization of phytoene form the linear all-trans lycopene in a multistep reaction, is
catalyzed by different enzymes: phytoene desaturases (PDS), 15-cis-(-carotene isomerase
(ZIS0), C-carotene desaturases (ZDS), and carotenoid isomerase (CRTISO) (Sandmann
2002; Breitenbach and Sandmann 2005; Li ez al. 2007; Coesel et al., 2008). The last steps
determine cyclization by lycopene-f-cyclase (LcyB) to obtain B-carotene (Seth et al.,

2021) (Fig. 3).
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Figure 3. The carotenoid biosynthesis pathway found in almost all plants. GGDP, Geranylgeranyl diphosphate is
derived from the plastidial MEP (methylerythritol phosphate) pathway; Abbreviation: PSY, Phytoene synthase; PDS,
Phytoene desaturase; ZDS, zeta carotene desaturase; CRITSO, Carotenoid isomerase; LCY-b, Lycopene b-cyclase;
Image adapted from Badejo, 2018.

34



La borsa di dottorato ¢ stata cofinanziata con risorse del
Programma Operativo Nazionale Ricerca e Innovazione 2014-202 (CCI 2014IT16M20OP005)
Fondo Sociale Europeo, Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale”

Other steps are classified in the xanthophyll cycle, the diadinoxanthin (Ddx) and
the violaxanthin (Vaz) cycles, which play an important photo-protective mechanism
preventing high irradiance of light that may lead to photo-inhibition, photo-damage by
ROS, and deactivation of photosystems. The xanthophyll cycle involves the
transformation of epoxidized carotenoids to de-epoxidized carotenoids and is strongly
regulated by light type and intensity (Fig. 4) (Seth et al., 2021). Concerning the Vaz cycle,
recent studies proposed that zeaxanthin, via antheraxanthin, was converted into
violaxanthin, a reaction regulated by stromal zeaxanthin epoxidase (ZEP) and activated
under low light or in the dark (Eilers et al., 2016; Seth et al., 2021). On the contrary,
under high light intensity and in the presence of ascorbate and mild acidic conditions in
the thylakoid lumen, violaxanthin de-epoxidase (VDE) converts the violaxanthin to
zeaxanthin (Eilers et al., 2016). In the model organisms, 7. pseudonana and P.
tricornutum, different forms of VDEs and ZEPs were identified: two isoforms in 7.
pseudonana, while three isoforms in P. tricornutum, respectively (Frommbholt et al.
2008).

Moreover, the Ddx cycle is identified as the most important short-term
photoprotective mechanism in diatoms; otherwise, it’s observed to have a relation with
the Vaz cycle. Most probably, Vx is converted in trans-neoxanthin, a precursor of Ddx.
Based on the type and intensity of light, mono-epoxy diadinoxanthin is changed to epoxy-
free diatoxanthin by the enzyme diadinoxanthin de-epoxidase (DDE), and the back
response is catalysed by a diatoxanthin epoxidase (DEP). Indeed, many studies showed
that increasing light intensity induces the conversion of Ddx in Dtx for self-protection,

reducing fucoxanthin biosynthesis (Fig. 4).
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Figure 4. Violaxanthin and diadinoxanthin cycle in diatoms in response to intensity of light. Image adapted from Maoka

etal., 2019.

Moreover, the last steps of Fx biosynthesis are still unclear. Lohr and Wilhelm
(2001) proposed a via in which Vx is converted in Ddx and then in Fx. The other model
proposed the synthesis of neoxanthin (Nx), considered the most likely precursor, from
catalyzation of Vx by violaxanthin de-epoxidase—like (VDL) (Dambek et al, 2012;
Dautermann et al., 2020). Nonetheless, the synthesis of Fx involves two changes: the
ketolation of Nx and the acetylation of an intermediate, fucoxanthinol (Fig. 5) (Bai et al.,
2022).

Until now, it’s still unknown the enzymes involved in these steps, considering that
not all plants and seawater organisms showed this pathway.

Identifying the entire xanthophyll biosynthetic pathway is crucial due to the numerous
research possibilities it offers, as well as the potential to develop transgenic organisms

with elevated xanthophyll levels (Bai ef al., 2022).
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Figure 5. Proposed pathways of fucoxanthin biosynthesis in diatoms. Red arrows with dashes indicate high activity of
the xanthophyll cycle induced by light, while blue arrows with dots indicate reverse reactions catalyzed in low light.
Abbreviations: VDE, violaxanthin de-epoxidase; VDL, violaxanthin de-epoxidase-like; ZEP, zeaxanthin epoxidase.
Image modified from Bai et al., 2022.

2.1.3 Fucoxanthin: a sustainable resource in the biotechnological field and

strategies to enhance their biosynthesis

The high attention to fucoxanthin biosynthesis is also correlated with its structure
and role: the molecular structure of this pigment gives diatoms special characteristics in
absorbing light across a wide range, from blue to green/yellow lights, between 460 and
570 nm, and is involved in crucial biological function for the growth (Wilhelm et al.,

2006; Lavaud et al., 2012).
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In the photosynthesis process, Fx plays a key role in enhancing light capture efficiency
by chlorophylls and protecting against oxidative damage from intense light (Rochaix,
2014). However, different studies showed the highest biotechnological potential as a
significant market player in nutraceutical, medicine, and cosmetic fields due to its various
health benefits and properties such as being anti-oxidant, anti-cancer, and anti-diabetes
(Lee & Nam, 2020; Miyashita et al., 2020; Chen et al., 2021; Pajot et al., 2022). Despite
its unique chemical structure, fucoxanthin cannot be chemically synthesized, making it
an eco-friendly natural alternative as bio-compound.
The global Fucoxanthin market was valued at US$ 34.6 million in 2023 and is anticipated
to reach US$ 44.8 million by 2030, witnessing a CAGR of 3.8% during the forecast period
2024-2030 (Global Fucoxanthin market, 2023, https://reports.valuates.com/market-
reports/QYRE-Auto-2709355/global-fucoxanthin).
Currently, the main sources of fucoxanthin for food are macro-algae like
Laminaria sp., Sargassum sp., Fucus sp., Undaria pinnatifida and Hijka fusiformis, but
their low concentration makes extraction expensive and supply restricted (Xia et al.,
2013; Bayu et al., 2020). Nevertheless, the marine diatom Phaeodactylum tricornutum
showed more than 100 times the amount of Fx found in brown algae, making it a potential
valuable commercial source (Fig. 6).
Other microalgae showed high concentrations of fucoxanthin ranging from 0.2 to 2.08
mg/g in fresh samples and 2.24 to 59.2 mg/g in dried samples (McClure et al., 2018) (Fig.
6). For example, Isochrysis aff. galbana has significant levels of Fx 18.23 mg/g DW)
and could represent a highly promising source for commercial applications (Kim et al.,
2012).

However, the amount of fucoxanthin in microalgae is correlated with the
laboratory setting and changes in seasons in the field. In general, microalgae have the
potential to be a cheaper and more plentiful source of fucoxanthin than brown macroalgae
(Fung et al., 2013; Nomura et al., 2013; Fernandes et al., 2016). Globally, diatoms are
easy to cultivate, producing a high biomass in a short time.

The most notable diatoms like P. tricornutum and Thalassosira weissflogii can
reach, for instance, in different types of photobioreactors, a biomass productivity of 1500
mg-L!-day ! and 538 mg-L!-day " respectively (Gomez-Loredo ef al., 2016; Marella
& Tiwari, 2020).
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Figure 6. Fucoxanthin content in microalgal cell factories. Microalgae are listed in a phylogenetic tree based on 18S
rDNA gene sequences of the representative (image modified from Wang et al., 2021).

Different studies were conducted to identify the best abiotic conditions to improve

the production of Fx in various species. It’s known that light conditions regulate pigment

levels, leading to rapid conversions without changes in gene expression, although long-

term acclimation can alter gene transcript levels. Recent studies showed that blue light

has a significant impact on diatoms, increasing cell growth and Fx content and

eicosapentaenoic acid (EPA) production (Marella and Tiwari, 2020), whereas red light

(RL) was more suitable for cell growth and Fx accumulation than blue light (BL) and

white light (Zhang et al., 2022).
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In addition to light, nitrogen is an important factor in Fx production. It is a crucial
nutrient for the growth and development of microalgae due to its presence in nucleic acids
and proteins and affects pigment content because porphyrins, including chlorophylls,
contain nitrogen (Zarrinmehr et al., 2020).

Various studies have used various methods, such as different nitrogen sources and
concentrations, to enhance Fx production from cultivating microalgae (Wang et al.,
2018), demonstrating a strong correlation between nitrate concentration and the reliance
on fucoxanthin in different types of microalgae (Gao et al., 2017; Xia et al., 2018).
Another interesting aspect to consider is that, although microalgae, like diatoms and
Haptophytes, can produce fucoxanthin in large quantities, a standardized extraction
method has not yet been established. Obtaining fucoxanthin economically, requires

simple, fast, and low-cost technology methods, which has become a significant challenge.

This chapter explores the diatom 7Thalassiosira rotula as a promising candidate
for producing fucoxanthin.

The primary focus was on finding the optimal conditions for enhancing both
biomass and fucoxanthin biosynthesis. At this aim, low light intensity and the addition of
nitrate in the culture medium were tested to stimulate an over-production of Fx in
laboratory conditions. Another key focus of this study involves 7. rotula and a quick,
low-cost extraction technique to measure the amount of Fx present, on the basis of
previous research by Wang et al. (2018) who explored the possible use of a
spectrophotometric technique to determine the Fx content comparing the values with
those form HPLC analysis.

Moreover, the expression analysis of some key genes of the Fx biosynthetic
pathway was conducted. This aspect provides insight in the perspective of
biotechnological applications as engineering some steps of the biosynthesis pathway that

should result in a high-yield production strain for fucoxanthin.
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2.2 Material and methods

2.2.1 Sample Collection and Strains Culturing

Two different strains of the centric diatom Thalassiosira rotula, Dircal and
Na90A1, were provided by Culture Collection of Zoological Station “Anton Dorn”
(Naples-Italy). Dircal was isolated from resting cells germinated from sediments
collected in the frame of the project “EMOBON”; Na904I was isolated from a
phytoplankton sample collected at the LTER-MC site in the Gulf of Naples (Tyrrhenian
Sea, Mediterranean Sea).

The genotype of the strains was identified and classified as 7. rotula species by
sequencing the D1-D3 region of the nuclear-encoded large subunit ribosomal DNA
(partial 28S rDNA) (Gaonkar et al., 2017). Cultures were maintained in sterile filtered
oligotrophic seawater at 36 ppt supplemented with /2 nutrients (Guillard, 1975). The
cultures were grown in a 50 ml Erlenmeyer flask with a constant temperature of 19 °C
under fluorescent lamp illumination (80 umol m 2s™!) with light: dark cycles of 12 h:12.
Preliminary, in order to improve cell growth, two different pre-inocula volumes (Vi) were
tested (Tab.1). A cell density of 1*10° cell/ml was inoculated in pre-inocula #1 (15 ml)
and #2 (250 ml) volume in the basal medium (f/2) respectively (Tab. 1) and the growth

was monitored.

Table 1. Culture condition to optimize the growth of the two strains of T. rotula

Culture parameter

Stock Vi Cells Density Inoculated
Pre-inoculum #1 15 ml 1 x 10° cell/ml
Pre-inoculum #2 250 ml 1 x 10° cell/ml

At the exponential phase, the best pre-inoculum was transferred into an Erlenmeyer flask

of 2L (Vf 1.5 L), provided by mixing and aeration by bubbling air.
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2.2.2 Growth dynamic and morphometric features

Every two days, culture subsamples were fixed in Lugol’s iodine solution. Cell
density was obtained by counting the cells in 1 ml of samples using the Sedgewick Rafter
chamber under a Leica DMi microscope (Leica, Milan, Italy) at 100x magnification. The

specific growth rate was determined as:

u=(In N1) - In (N0) / (t] — 10)

where N1 and NO represent the cell densities (cells/ml) at t0 and tl the time points
considered (day). The maximum growth rate (Umax) Was calculated from t0 as the
beginning of the exponential phase to the end of the exponential phase (t1) when In(N)
versus time was linear.

For morphometric features images of the two strains, at exponential (Exp) and late
exponential (Late exp) phases, were taken under a Leica DMRB microscope equipped
with a digital camera Leica DFC320 (Leica, Milan, Italy) at 400x magnification.

As morphometric parameters, the pervalvar and apical axes were measured using Fiji
software (https://imagej.net/software/fiji/) and biovolume was calculated as reported by

Sun and Liu (2003):

Vzg-bz-a

where a and b represent the height and the radius, respectively.

2.2.3 Spectrophotometry assay

For detecting the concentration of fucoxanthin in 7. rotula using
spectrophotometry, I referred to the work of Wang et al. (2018) with some modifications.
Specifically, 50 ml of cultures at the exponential phase were collected and centrifuged at
4700 x g for 15 min. The pellet was resuspended in a basal medium (defined as Algal
Suspension Culture - ASC) and the absorbance was measured at 750 nm, after dilution
with basal medium (the absorbance value at 750 nm needed to be between 0.1 to 0.8). In

parallel, the process was repeated, but the pellet was resuspended in an equal volume of
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ethanol (Algal Suspension Ethanol- ASE) and the absorbance was measured at 445 nm e
663 nm, after dilution with ethanol (the absorbance value at 445 nm and 663 nm needed
to be between 0.2 to 1).
Three biological replicates and three independent readings were carried out within 5

minutes. The concentration of fucoxanthin (Fx) was initially calculated by applying

Equation (1) (Wang et al., 2018):

[Fx] (mg/L) =6.39 x (A445 —n;) —5.18 x (A663 —n2) (eq. 1)

where [Fx] is the concentration of fucoxanthin in mg/L and n; and n2 represent the
correction for interference from other pigments and /or cell debris, calculated by a
regression line obtained with the absorbance values of the residue pigment mixture (ASE)
and cell debris (ASC) measured at 445 nm and 663 nm, vs absorption data at 750 nm as

ordinate, respectively.

[Fx] (mg/L) = 6.39 x A445 —5.18 x A663 +0.312 x A750 — 527  (eq.2)

In my culture system, I re-calculated n; and n, and I used the eq. 1 modified for 7. rotula

(eq. 3)

[Fx]” (mg/L) = 6.39 x A445 - 5.18 x A663 -3.56 x A750 -0.068  (eq. 3)

2.2.4 Improvement of Fx production

Growth condition

To improve cell growth/and or Fx production, different culture conditions were
tested: 1) high nitrate supplementation in the medium (HN, High Nitrate, 882 uM NaNO3)
(Afonso et al., 2022); ii) low light intensity treatment (LL, Low Light, 30 pmol photons
m 2 s ') (Wang et al., 2018); iii) low light intensity and high nitrate supplementation (LL
HN).
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As control, the culture was grown in standard condition (Ctrl in /2 medium at 80 umol

m 2 s !). The experimental set-up is detailed in Tab. 2.

Table 2. Growth condition of T. rotula Na90A1

Culture parameter

Cells Density
Final
Inoculated Light intensity Medium
volume (L)
(cells/ml)
80 pmol photons m >
Ctrl 2 x 10° cells/ml 1.5L . f/2
s
80 pmol photons m > /2 modified (882
HN 2 x 10° cells/ml I.5L
s ! uM NaNO:s)
30 pumol photons m >
LL 2 x 10° cells/ml 15L B f/2
s
30 pumol photons m > /2 modified (882
LLHN = 2x10°cells/ml 15L

s ! uM NaNO:s)

Morphophysiological analyses

Total biomass as dry weight (DW) was determined at the exponential (Exp) and
late exponential (Late exp) phases, for all the cultures. Briefly, 100 ml of cultures were
filtered using the Whatman GF/C filter and dried at 80°C for 24 h. The biomass was
expressed as dry weight per milliliter (DW mg/ml).

Furthermore, at Exp and Late exp phases, the morphometric features of all samples were
detected as above reported (sec. 2.2.2). Further, an in vivo analysis to detect the
intracellular neutral-lipids was conducted by staining the samples with Nile Red (NR, 9-
diethylamino-5Hbenzo[a]phenoxazine-5-one)  (Sigma-Aldrich) (Aleman-Nava et
al.,2016). Preliminarily, various concentrations of NR were tested to determine the
efficiency of staining in 7. rotula and finally a working solution of 50 pg/ml diluted in
DMSO was used. NL fluorescence was measured by a Confocal Scanning Laser
Microscope (Leica TCS SP8 inverted) equipped with a 20x dry objective and using

excitation and emission wavelengths of 485-530 nm and 575-580 nm respectively. The
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autofluorescence of chlorophylls (Ex: 405 nm; Em: 650-750 nm) and NR signal

intensities were detected and their content correlated to the pixel cell fluorescence

intensity measured using Fiji software.

Determination of Photosynthetic Pigment Contents: spectrophotometric assay

and HPLC profile

The Fx content of all samples was quantified by the spectrophotometric method
as reported above. Further, the chlorophylls a and c contents were estimate by
spectrophotometric according to the following Ritchie’s equations (2008), with

absorbance values recorded at wavelengths of 665 nm and 632 nm:

Chl a (pg/ml) = 13.2654 x 4665nm — 2.6839 x 4632nm
Chl ¢ (ng/ml) = 28.8191 x 4632nm — 6.0138 x 4665nm

For pigment content using HPLC, T. rotula cultures at exponential (Exp) and late
exponential (Late exp) phases, were filtered on Glass Fiber Filter (G/FF) and frozen in
liquid nitrogen. For pigment extraction, 3 mL methanol 100% were added to freeze-dried
filters. The pigment solution was filtered through a 0.22 um nylon syringe filter (VWR,
Radnor, PA, USA). Samples were protected from light exposure. The collected pigment
solutions were analysed at 440 nm using a Hewlett Packard photodiode array detector
model DAD series 1100 (HPLC - DAD) which gives the 400-700 nm spectrum for each
detected pigment. A fluorometer (Hewlett Packard standard FLD cell series 1100) with
excitation at 407 nm and emission at 665 nm allowed the detection of fluorescent
molecules (chlorophylls and their degraded products). The reversed-phase column
corresponded to an apolar stationary phase composed of silica beads possessing aliphatic
chains of 8 carbon atoms (2.6 mm diameter C8 Kinetex column; 50 mm x 4.6 mm;
Phenomenex®, USA). The mobile phase was composed of two solvents mixture: A,
methanol: aqueous ammonium acetate (1M) (70:30, v/v) and B, absolute methanol.
During the 12-minute elution, the gradient between the solvents was programmed: 75%

A (0 min), 50% A (1 min), 0% A (8 min), 0% A (11 min), and 75% A (12 min).
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The samples were analysed to identify pigments based on retention time, absorption
spectra, and co-chromatography through the pigment standards purchased from DHI

(Horsholm, Denmark).

The content of pigments in all samples was calculated using the following formula:

pg/ul = (Area * Coeff. * V. Extr.)/(V.Iniet. * V.Filtr. * 0.5/0.75) * 1000

In which:

Area= area of picks (DAD);

Coeff. = coefficient of pigment;

V. extr., iniet., filtr. = volume of samples extracted, injected and filtered respectively.

2.2.5 RNA isolation and quantitative Real-time PCR (RT-qPCR)

For RNA extraction, culture pellets at exponential and late exponential phase of
growth were collected using a centrifuge 14000 rpm x 30 min. Total RNA was extracted
following the RNA Isolation Mini Kit (Agilent Technologies, Santa Clara, CA, USA)
protocol. Additional steps, after the addition of extraction buffer and vortexing, were
introduced to remove proteins: supernatant obtained after a centrifugation at full speed
(13,000 rpm x 5 min), were transferred to a clean Eppendorf and an equal volume of
chloroform: isoamyl alcohol (24:1) was added, vortexing vigorously again, and then
finally centrifuged at full speed (13,000 rpm x 15 min). Each RNA sample was treated
with RNAse- free DNAse (Qiagen, Hilden, Germany), to further purify the solution. The
RNA extracted was assessed for purity and concentration using a NanoDrop (ND-1000
UV-VIS spectrophotometer; NanoDrop Technologies, Wilmington, DE, USA). RNA
samples were converted into cDNA through reverse transcription using the SuperScript
III First-Strand Synthesis System for RT-PCR (Invitrogen), following the manufacturer’s

guidelines.
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Quantitative Real-time PCR (RT-qPCR)

Gene expression analyses were performed using specific primer pairs for selected
genes designed using Primer3 (Koressaar and Remm 2007; Untergasser et al. 2012;
Koressaar et al. 2018) (Tab. 3). PCR and gel electrophoresis were utilized to find primer
pairs that specifically amplified the target without forming dimers. The efficiency of the
primers was determined by analysing a standard curve, where the -1/slope efficiency was
substituted with newly designed primers and subsequently re-evaluated.
GADPH and TUBa were chosen as endogenous controls, as stated by Di Dato et al.
(2019) (Tab. 3). Gene expression was relatively quantified using the ACT method as

described by Schmittgen and Livak (2008).

Table 3. Sequence of primers used for RT-gPCR

List of primers

tested
Phytoene Synthase
(PSY1)
Phytoene Synthase
(PSY2)
Phytoene Desaturase
(PDS1)
Phytoene Desaturase
(PDS2)
Zeta Carotene

Desaturase (ZDS)
Zeta Carotene
Isomerase (ZCIS)
Lycopene Beta
Cyclase (LCYB)
Lycopene Beta
Cyclase (LCYB)
Zeaxanthin Epoxidase

(ZEP1)

SEQUENCE 5°-3’
Forward
ATTGTAAGGTGAAGT
ATCCCGC
TGAAGAGCAGCCAA
TCGGAC
GTGTGTTCCAGTCCC
GTGATG
GATGCTTACGCTGGG
TGAGAAA
GGCGTGACCGTGAAT
CTCTC
CCGTTCCAGGCTATT
TGAGGC
CTGGATTCTTGGCGG
GATGGA
GCCTCCTGCTCCCTC
GCC
CCCGTAGCATTGTGT
GGCGA

SEQUENCE 5°-3’
Reverse
GGTCCCAGCCACACGA
TAAC
ACATCATCCGTTATTTC
GTCCA
CTGGGTTGGTATGAGG
CGTTTG
CACCTCCTCGTTGATTC
TCTCG
GGCAGCACCTTCTTGA
TTCCG
CCACCAGCATTCAACC
CCGA
GTATCAGGCTCTCCCA
ACAATG
GTATCGGACCAATGCG
TATCG
CGAATGACACGAACAC
GGGAA

Amplification

166 bp

185 bp

150 bp

151 bp

170 bp

166 bp

205 bp

200 bp

170 bp
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Zeaxanthin Epoxidase | CGTGAAGCGGCGGG & GAACTCCCTCCAACTC 170
(ZEP2) ACCTAT TCGTC P
Zeaxanthin Epoxidase = GTCTCCTCCTTCTCG = AAGCGTTTGTTCGGAT 213 b
(ZEP3) CCATCA GATTGTG P
Violaxanthin De-
GGCTAAGGCAGGGT | ATACTCGCCACGCCAT
Epoxidase like 181 bp
TGGACT CCTG
(VDLI)
Violaxanthin De-
GCGGACTGGTGGAT | TCCCCTCCCAGCGATTC
Epoxidase like 155 bp
GAAGCG CC
(VDL2)
Violaxanthin De-
CAATGGTGGTGTTGG @ CTTGTCCTGGGTCATTC
Epoxidase like 205 bp
GGAGAA TCGC
(VDL3)
Diadinoxanthin De- GATACGGAGGTGCG | AATCGCCATCTTCCCC 194 b
Y
Epoxidase (DDE) GTGGTC GCAAA
Carotenoid isomerase | GAGCGGCAAGGCAG @ GCCTTGACCCCGAGAT 237h
Y
(CRTISOI) TGGGA GCA
Carotenoid isomerase . GATTGCGGGATGGC = CATTCCCGCAGTCAAC 1581
(CRTISO 2) GTCGTC GCCAC P
Carotenoid isomerase | GCTCGCCTTTGACCC @ CTCCACTCAACGCCAC 165
Y
(CRTISO 3) ACGC AGCA
GTATCGCCAGCTCTA | GTGGCGTGGAAGATGA
Tubulina alfa (TUBa) 176 bp
CCATCC GGAATC
Glyceraldehyde-3-
phosphate CTGCGAAGGTCCATC CCACAAGGAGTACGAG 72h
Y
dehydrogenase CACCGTC AACAGC
(GAPDH)

* in red primers that didn’t give any amplification

Identification of Violaxanthin de-epoxidase like and phylogenetic analysis

The three isoforms of predicted Violaxanthin de-epoxidase like were identified

using Unipro UGENE 51.0 software (http://ugene.net) and the NCBI BLAST database

tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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These 3 genes were also analysed with the most similar VDL of different diatoms using
for the alignments using the MUSCLE algorithm inbuilt in Unipro UGENE 51.0 software
(http://ugene.net). The aligned sequences were used to construct a Maximum likelihood

tree with the Bootstrap method (1000 bootstrap) through MEGA11 (Molecular

Evolutionary Genetics Analysis).

2.2.6 Two-phase culturing system in a short time

In a later experiment, a two-phase culture approach was investigated to promote
biomass and Fx production by light shift for a short time. My two-phase system was
applied using in the first phase the optimal wavelength (80 um m™2 s7!), and after three
days of grown, the cultures (T0) were transferred to low light condition (LL 30 um m™2
s 1) for two days (T1). For these treatments, the cell’s biovolume and the total biomass as
dry weight (DW mg/ml) were determined. To evaluate the pigment content,
spectrophotometry and HPLC analysis were performed as above reported. The expression

of the key genes of the Fx biosynthetic pathway was also assessed.

2.2.7 Statistical analysis

For each condition, three Erlenmeyer flasks were employed as biological
replicates, and for morphometric analysis, a minimum of 70 cells were measured. All data
are expressed as mean * standard error of biological replicates. Statistical analyses,
including one-way and two-way analysis of variance (ANOVA), followed by Tukey’s
test, were performed using the statistical software GraphPad PRISM 9 (GraphPad
Software Inc., San Diego, CA, USA). Statistical significance differences were considered

atp <0.05 or p <0.01.
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2.3 Results

2.3.1 Growth dynamics of Thalassiosira rotula strains

To improve the growth kinetic and the biomass of the cultures I tested for the two
strains of Thalassiosira rotula, Dircal and Na90A 1, two different volumes as pre-inocula
in basal medium (f/2), namely pre-inocula #1 (15 ml) and #2 (250 ml). As shown in Fig.
1, the pre-inocula growth curves were different in both the two strains. Dircal pre-inocula
#1 showed a longer lag phase (Fig. 7 A), while in pre-inocula #2, the exponential phase
peaked around 6 days (Fig. 7 B). In contrast, Na90A4 1 pre-inocula #1 grew quickly in the
first 3 days (Fig. 7 C), while the pre-inoculum #2 showed a slow exponential growth with
a trend similar to Dircal (Fig. 7 D).

According to the growth curves, the maximum growth rate (U max) showed relevant
differences between both the strains as well as the pre-inocula: the pre-inocula #2 showed
higher values respect to pre-inocula#1 with the highest value for Dircal (Fig. 7 B). As
for biomass, Dircal pre-inocula#2 reached a maximum cell density of 7 x 10* cell/ml at

a late exponential phase respect to Na90A41 that reached 1.2 x 10* cell/ml (Fig. 7 B, D).

50



La borsa di dottorato ¢ stata cofinanziata con risorse del
Programma Operativo Nazionale Ricerca e Innovazione 2014-202 (CCI 2014IT16M20OP005)
Fondo Sociale Europeo, Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale”

Pre-inoculum #1 Pre-inoculum #2
Dircal
B =773 £ 0.1 1 na=8.58 £0.3
8x10%
8x10% - —
6x10%
6x10% - I
T _]_ _ - —
_ 1 T E [ ]
E I = 4x1074
= 4x10%- ) g
@
Q
T 2,104_
2x10% 3
1
0= T T T T 1 0 I I I I 1
0O 2 4 6 8 10 o 2 4 6 8 10
Day Day
Na90A1
C) D)
B wa=4.58 + 0,03 1 oma=5.44 £ 0.23
1.8x10%= 1.8x10%
4 T 4
_1.2x10° T z 1.2x10% | T .
E /I 3 (1
8 - 1 T ° B
6.0x103 T  — 6.0x10%
L bl T
1
G-Cll‘l'l'l'l'l U-0='I'|'|'|'|
0 2 4 6 8 10 2 4 6 8 10

Day Day

Figure 7. Growth curves of the two strains of Thalassiosira rotula grown in the basal medium in two different pre-
inocula volumes. Dircal pre-inocula #1 (4) and #2 (B); Na90A1 pre-inocula #1 (C) and #2 (D), respectively. For each
strain and inocula, the values of maximum growth rate (umax) were reported on the graph.

By evidence that pre-inocula #2 showed a higher pmax, as well as a higher cell density,
the pre-inocula #2, at the exponential phase, were transferred to a final volume of 1.5 L

in a fresh f/2 medium and the growth curves were monitored for both strains (Fig. 8).

The growth curve showed that Dircal reached the pick of exponential growth at 7 days
(Fig. 8 A), while Na90A41 grew faster with the peak of exponential phase at 5 days (Fig.

8 B); despite that, no significant differences in pmax between the two strains were

observed, showing values of about 9.0.
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Figure 8. Growth curve and maximum growth rate (umax) of Thalassiosira rotula Dircal (4) and Na90A1 (B) strains
after transferring pre-inocula #2 in a final volume of 1.5 L of fresh basal medium. The value of the maximum growth

rate (umax) was marked on the graph. Values are the means + standard error.

Furthermore, the Dircal strain reached, at the peak of the exponential phase, a
higher cell density than Na90A41 (2.3 x 10° cell/ml vs 6 x 10 cell/ml); nonetheless, as
highlighted also in the Fig. 9, Na90A1 showed a higher size and biovolume more than 5

times than Dircal (Tab.4).

Na9041

B)

A) Dircal

Fig. 9. Representative images of cells of Thalassiosira rotula Dircal (4) and Na90A1 (B). Scale bar 10 pum.
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Table 4. Apical and perivalvar axes and biovolume of Thalassiosira rotula Dircal and Na90A1 strains measured at
late exponential phase. Values are the means * standard error.

Dircal Na90A41
Apical axis (um) 14.05+ 0.8 45.12+1.2
Pervalval axis (um) 2097+ 1.1 8.33+0.7
Biovolume (um?) 3078.18 £ 211 215;2'540 *

2.3.2 Rapid spectrophotometric assay to determine Fx content in the two strains

of Thalassiosira rotula

The preliminary evaluation of Fx content in both two 7. rotula strains grown in
basal medium was carried out by a spectrophotometric rapid test. I chose the late
exponential phase (Late exp) for these experiments considering the peak of cell density
and biomass at this stage (Fig. 8) (Tab. 4).

Based on Wang et al. (2018), eq. 1 was usable for different species of diatoms, including

one species in the genus Thalassiosira (i.e. T. pseudonana).

[Fx] (mg/L) =6.39 x (A445 —n1) =5.18 x (A663 — ) (eq.1)

where [Fx] is the concentration of fucoxanthin expressed as mg/L and n; and n> represent
the correction for interference from other pigments and /or cell debris, determined by a
regression line obtained with the absorbance value of the residue pigment mixture (ASE)
measured at 445 nm and 663 nm as abscissa, vs absorption data of cell debris (ASC) at
750 nm as ordinate.

Replacing n; and n, with the value reported by Wang et al. (2018), eq. 1 results in eq. 2

[Fx] (mg/L) = 6.39 x A445 —5.18 x A663 +0.312 x A750 — 527  (eq.2)

Using eq. 2, the content of Fx both in Dircal and Na90A1 resulted in negative values
(Tab. 5).
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Table 5. Fx content, expressed both as mg/L and ug/mg, in the two strains of Thalassiosira rotula, Dircal and Na90A1,
using the spectrophotometric equation reported by Wang et al., 2018. Values are the averages + standard error.

[Fx] mg/L ug/mg
Dircal -6.7+0.8 -33+1.2
Na90A1 -6.97=+1.1 -3.5+0.7

These results suggested that the equation used by Wang et al. (2018) cannot accurately
predict the level of Fx in 7. rotula. Considering that the “background noise” is a function
of the number and the type of cells used to make the measurements, I thought it was
appropriate to recalculate n; and nz in eq. 1. As reported by Wang et al., (2018), the
correlation between the density of cells (ASC) and other pigments (Chl c, and
carotenoids) was demonstrated by the coefficients n; and nz, excluding Chl a and Fx. So,
I measured different culture dilutions in triplicate at A750 nm (ASC) and then extracted
other pigments in absolute ethanol (ASE) (see Mat & Met section) and measured at 445
nm and 663 nm. By plotting the absorption values of ASE at 445 nm and 663 nm as the
x-axis, and ASC measured at 750 nm represented on the y-axis, I obtained the regression

lines (Fig. 10).

1.5- —1.0
-0 A445

_ 0.8 » y=1.26 + 0,045
£ g R?=0.98

1.0- o
# 0.6 S
< 3
m —
§ 0.4 1

« a’ A

£ 05 2 663
w =
o
< 02 3

0.0 T . . 0.0

0.0 0.2 0.4 0.6 0.8

Absorbance (A=750 nm)

Figure 10. The absorbance value of the residue pigment mixture and cell debris at 445 nm and 663 nm. The abscissa
displayed the absorbance of cell culture at 750 nm. The blue circle represents A445 in the mixture; the brown square
represents A663. The fit curve of the data was shown in blue and brown lines at different wavelengths.
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The equations for the regression lines, shown in Fig. 10, represented the “background
noise” interfering at 445 nm (y =1.26+0.045) and 663 nm (y=1+0.01), respectively.
As reported in Wang et al., (2018), n; and n; correspond to the equation of the regression

line. So, for T. rotula, n; and n, were as follows:

n1 (A445°) = 1.26 x A750 + 0.045
n2 (A663°) = 1.00 x A750 + 0.01

At last, n; and n> were substituted in the previous eq. 1,

[Fx](mg/L) = 6.39 x (A445 —n;) —5.18 x (A663 — ny) (eq. 1)

resulting in the final eq. 3 suitable for estimation of Fx in 7. rotula:

[Fx]” (mg/L) = 6.39 x A445 - 5.18 x A663 - 2.87 x A750 - 0.24 (eq. 3)

Applying eq. 3 the amounts of Fx calculated in the two 7. rotula strains and
expressed as pg/mg DW, were shown in table 6. The results showed that the Fx content
was significantly higher in Na90A1 with respect to Dircal (3.3 + 0.3 ng/mg vs 0.8 + 0.3
png/mg). Table 6 also resumes the other parameters relating to cell density, biomass and
biovolume, from which Na90A1 appears more suitable than Dircal, overall, for Fx

content, so Na90A41 strain was chosen for the successive experiments.

Table 6. Summary of the parameters measured in the two strains of Thalassiosira rotula.

Dircal Na90A41
Cell density (cells/ml) 2.3%10° 6*10*
Biomass DW (mg/ml) 0.19 + 0.06 0.2+0.06
Biovolume (um?) 3078.18 £ 211 21522?0 *
Fx content (ug/mg) 0.8+0.3 3303
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2.3.3. Improvement of Fx content in 7. rotula Na90A41
Growth kinetics and morphophysiological analyses

In order to enhance Fx content in my strain, was experimented the effect of High
Nitrate supplementation in the medium (HN) and Low Light conditions (LL) and also the
combined condition (LL HN).

T. rotula Na90A1, grown in these different culture conditions for 7 days, reached
the peak of the exponential phase (Late exp) at day 5, in all the culture conditions (Fig.
11). The HN supplementation significantly enhanced the cell density respect with the
control as with the other LL and LL HN treatments (Fig. 11). In addition, the highest
pmax resulted for HN treatment (Fig. 11).
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Figure 11. Growth curves of Thalassiosira rotula Na90A1 in the control condition (Ctrl), in nitrate enrichment of the
medium (HN), in low light condition (LL), and in a combination of both (LL HN); umax was also reported on the graph.

In line with this result, the biomass concentration (DW mg/ml) was significantly
increased in HN condition compared to the Ctrl, both in Exponential (Exp) as Late
exponential (Late exp); on the other hand, LL and LL HN treatment induced a rise of
biomass in the in Exp phase (Fig. 12 A, B), notwithstanding the cell densities were low

(Fig. 12).

56



La borsa di dottorato ¢ stata cofinanziata con risorse del
Programma Operativo Nazionale Ricerca e Innovazione 2014-202 (CCI 2014IT16M20OP005)
Fondo Sociale Europeo, Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale”

Exp Late Exp
A) B)
* Ak
0.11 4 0.20 —
* ' *
= =
E 0.10- E 0.15-
= T S +
E I I E
£ 0.094 { £ o104 T
= (=] ' -
> N
g g ! ¥
E 0.08 4 - g 0.05 -
1
0.07 T T T T 0.00 T T T T
Ctrl HN LL LLHN Ctrl HN LL LLHN

Figure 12. Dry weight (DW mg/ml) of Thalassiosira rotula Na90A1 in the control condition (Ctrl), nitrate enrichment
of the medium (HN), low light condition (LL), and combination of both (LL HN). (A) at Exp and (B) Late exp phases.

Averages + standard error were represented. Statistical analyses were performed using one-way ANOVA and Tukey’s
range test. “*” (p < 0.05); “**” (p < 0.01).

Both at Exp as Late exp phases, morphometric analyses were carried out to assess related
changes. As shown in Fig. 13, at the Exp phase, all the treatments enhanced the cell
biovolume: in particular, LL and LL HN improved cell size and biovolume (Fig. 13 A,
C). At the Late exp, HN also induced an increase of biovolume with values comparable

to the LL and LL HN treatments (Fig. 13 B, D).
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Figure 13. Representative images of cells of Thalassiosira rotula Na90Alin Exp (A) and Late exp (B) phases, in control
(Ctrl) condition, high nitrate (HN) medium, low light condition (LL), and in a combination of both conditions (HN LL).
Scale bar 25 um. Cell biovolume (um3) at Exp (C), and Late Exp (D) under the same treatments. Averages + standard
error were represented. Statistical analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p <
0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).

Moreover, to assess some physiological variations, an in vivo analysis was
performed estimating the neutral lipids content using the Nile Red (NR) staining.
By confocal laser scanning microscope, the NR fluorescence was used to assess in situ
neutral lipid amounts; an in sifu evaluation of chlorophyll content was also performed by
estimating the chlorophyll autofluorescence. As shown in Fig. 14 (A - H) no neutral lipids
were observed in Exp and Late Exp phases, whereas the cells appeared red in colour due

to the Chls autofluorescence (Fig. 14 A - H).
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The estimation of Chls content by measuring fluorescence intensity showed a high
content in the Late exp phase overall in the Ctrl condition and LL condition (Fig. 14 M,
N). Otherwise, at senescence phase (Sen) several lipid droplets as yellow colour, both in
the Ctrl as HN cultures were detected, but few in LL and HN LL treatments (Fig. 14 I -

L). According to these observations, the NR fluorescence intensity indicated the highest

content of both neutral lipids in Ctrl medium followed by HN treatment (Fig. 14 O).

Exp

Late
Exp

Sen

M) N) r— 1 0)
Ratd Rdind il
. 407 404 — 40+ 1
F] ok 2 R =3 * *
2z z — Ed T‘ lq—l = ol
E 30 . £ 301 g o —= = = HN
2 e g § |- QN
= [ £ E
g 20 3 20+ 20+ B LLHN
: : |
2 104 g 10 g 10+
2 E H
™S ™S w
0- 0- o
Lipid chl Lipid chi Lipid chi
Exp Late Exp Sen

Figure 14. Confocal laser images of Thalassiosira rotula Na90A1 stained with Nile Red in control condition (Ctrl),
high nitrate (HN) medium, low light condition (LL), and in a combination of both conditions (LL HN) at Exp (4, B, C,
D), Late exp (E,F,G,H) and Sen (I.J,K,L) phases. Scale bar 10 um. M), N), O): fluorescence intensity, expressed as
arbitrary units (AU) of Nile Red and Chlorophylls at the same growth phases and upon the same treatments. The
vertical bars represent averages + standard error. Statistical analyses were performed using two-way ANOVA and
Tukey's range test. “*” (p <0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).
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Photosynthetic Pigment Contents by spectrophotometric method and HPLC

profile: effect of nitrate supplementation and low light condition

The visible spectrum scan of the total extracted pigments in 7. rotula Na90A41
strain at late exponential (Late exp) phase after culturing in control (Ctrl) condition, high
nitrate concentrations (HN), low light condition (LL) and both (LL HN) showed a broad
peak centred at 445 nm and a sharper peak centred at 663 nm (Fig. 15). It was noted that
HN and LL treatments induced an increase not only in the height but also in the width of

the peaks (Fig. 15).
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Figure 15. The visible spectrum scan of pigments in Thalassiosira rotula Na90A1 grown in Ctrl condition and treated
with high nitrate concentrated medium (HN), low light (LL), and in combination of both conditions (LL HN).

On the same samples, Fx content was determined using the equation from Wang
et al. (2018) as modified specifically for 7. rotula in this work (see section 2.3.2).
Chlorophylls concentrations were also calculated using the equation from Ritchie et al.
(20006).
The results showed that Fx content increased under the LL treatment reaching a value of

10.8 = 0.9 ng/mg, about twice the amount of Ctrl (Fig. 16 A).
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In addition, the chlorophyll a (Chl a) content is shown to increase in response to HN and
LL treatment, while under LL treatment a significant rise of Chlorophyll ¢ (Chl c¢) content

vs Ctrl was found (Fig. 16 B, C).

A)
15 *

=)

E

g 104

i

G

€

o 5+

£ 1

Q

0 T
Ctrl HN LL LLHN
B) 0
— 8
25+
* . *
_ — =2 1
Ed =
© 15— e
5 10 2
15 _ s ,| LT
& 54 s
s} [&]
0 T 0 I
Ctrl HN LL LLHN Ctrl HN LL LLHN

Figure 16. Fucoxanthin (4), Chlorophyll a (B), and Chlorophyll ¢ (C) content measured through the
spectrophotometric method in Thalassiosira rotula Na90A1 grown in Ctrl condition and treated with high nitrate
concentrated medium (HN), low light (LL) and combining these two conditions (LL HN). The vertical bars represent
averages + standard error. Statistical analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p
<0.05); “**” (p < 0.01).

To validate the spectrophotometric measures and to profile the different pigments
and their variation under the different culture conditions, HPLC analyses were performed
both at the Exp and Late exp phases. As shown in Fig. 17 A, in the Exp phase the
treatments induced a decrease in Chl a content, while in the Late exp a significant rise

was seen in the LL condition compared to the others (Fig. 17 B).
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On the other hand, in the Exp phase a higher content of Chl ¢ was observed in the Ctrl
and HN conditions compared to LL conditions; Chl ¢ content was instead stable in the

Late exp across all the treatments (Fig. 17 D).
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Figure 17. Chlorophylls content(ug/mg) of Thalassiosira rotula Na90A1l strain measured by HPLC method in
exponential (Exp A, C) and in late exponential (Late exp B, D) under basal medium (Ctrl), high nitrate medium (HN),
low light condition (LL) and in a combination of both conditions (LL HN). The vertical bars represent averages +
standard error. Statistical analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05);
“EET (< 0.01).

Significant variations were also observed in the carotenoid content, from B-carotene to

fucoxanthin and intermediates of its biosynthesis (Fig. 18, 19).
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Figure 18. Schematic representation of fucoxanthin biosynthetic pathways and precursors

As seen in Fig. 19, Ctrl condition showed the highest in B-carotene (Bcar) content, while

in the Late exp phase LL condition induced a significant enhancement of this pigment

(0.12 £ 0.09 pg/mg).
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Figure 19. f3-carotene (icar) content of Thalassiosira rotula Na90A1 measured using HPLC method in Exp (4) and
Late exp (B) phases. Cultures were grown under standard medium (Ctrl), high nitrate medium (HN), low light condition
(LL), and in a combination of both conditions (LL HN). The vertical bars represent averages + standard error.
Statistical analyses were performed using two-way ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <0.01);
CAREET (0 <0.001); “FEEET (p <0.0001).

Moreover, important variations were observed in the Violaxanthin (Vx) and

Diadinoxanthin (Ddx) cycles (Fig. 18).
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Regarding the Vx content, the Ctrl condition at the Exp phase exhibited the highest level
(0.025 + 0.01pg/mg) followed by HN, which in the Late Exp showed a noteworthy
increase (Fig. 20 A, B). Additionally, the Ddx content showed the highest level both in
Ctrl and HN conditions (both in Exp as Late exp phase) (Fig. 20 C, D). On the other hand,
I have seen a most variable trend of Diatoxanthin (Dtx) content: in the Exp phase, the

highest content was observed in the LL condition, while at the Late exp phase, Ctrl and

HN conditions showed a significant rise (Fig. 20 E, F).
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Figure 20. Violaxanthin (Vx), Diadinoxanthin (Ddx), and Diatoxanthin (Dtx) content (ug/mg) of Thalassiosira rotula
Na90A1 strain measured using the HPLC method in Exp (A, C, E) and Late exp (B, D, F) phases. Cultures were grown
under standard medium (Ctrl), high nitrate medium (HN), low light condition (LL), and in a combination of both
conditions (LL HN). The vertical bars represent averages * standard error. Statistical analyses were performed using
one-way ANOVA and Tukey’s range test. “*” (p<0.05); “**” (p <0.01).
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Regarding fucoxanthin (Fx) content, in the Exp phase, the highest value was in Ctrl
condition (4.7 + 0.4 pg/mg); in the Late exp phase, the Fx amount rise to 5.2 + 0.8 pg/mg

in LL condition (Fig. 21); otherwise, HN treatment maintained stable the Fx content (3.4

+ 0.3 pg/mg) in both the growth phases (Fig. 21).
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Figure 21. Fucoxanthin (Fx) content (ug/mg) in Thalassiosira rotula Na90A1 strain measured using HPLC method in
Exp (4) and Late exp (B) phases. Cultures were grown under standard medium (Ctrl), high nitrate medium (HN), low
light condition (LL), and in a combination of both conditions (LL HN). The vertical bars represent averages + standard
error. Statistical analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <
0.01); “***” (p <0.001); “****” (p <0.0001).

Content of Fucoxanthin and Chlorophylls under different culture conditions:

comparison of spectrophotometric vs HPLC method

In this work, I used a rapid and easy method to evaluate the content of Fx in
Na90A1. To verify the correctness of eq. 3 (see Materials and Methods section), |
compared the spectrophotometric values with those HPLC ones. Globally, the values
resulting from the two different methods showed significant differences in the treated
samples (HN, LL, LL HN). The spectrophotometric method overestimates both Fx as
well as Chl a and Chl ¢ content when compared with HPLC ones (Fig. 22).
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Figure 22. Comparison of spectrophotometric (spectro) vs HPLC method. Content of Fx (A) Chl a (B), Chl c (C), in
Thalassiosira rotula Na90A1 grown in Ctrl condition and treated with high nitrate concentrated medium (HN), low
light (LL), and combining these two conditions (LL HN). The vertical bars represent averages + standard error.
Statistical analyses were performed using two-way ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <0.01);
HREE” (0 <0.001).

2.3.4 Fucoxanthin biosynthesis pathway: identification of key genes and

modulation of their expression

Considering the variation of the most photosynthetic pigments under different
culture conditions, I performed the RT-qPCR analysis of some key genes involved in the
carotenoid pathway.

In particular, about the final biosynthetic step, although the biosynthesis pathway of Fx
has not been fully elucidated yet, several enzymes involved in steps from violaxanthin to

Fx have been identified in Phaeodactylum tricornutum (Fig. 23).
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Figure 23. Genes involved in fucoxanthin biosynthesis in Phaecodactylum tricornutum (from Li et al., 2024). The red
asterisks mark the genes investigated in this work.

The genes investigated in this work are marked in Fig. 23.

Globally, my results showed that the key investigated genes have remarkable
varying degrees of level expression (Fig. 24- 29). More in detail, the expression of the
two PSY isoforms (PSY1 and PYS2) involved in the synthesis of phytoene in the first step
of the biosynthesis of carotenoid pathway, showed for PSY/ a high expression level in
the Ctrl and HN condition with a significant increase in Late exp phase in HN and LL
conditions (Fig. 24 A, B); while PYS2 level increased only in Late exp in HN condition
(Fig. 24 C, D). The PDSI (codifying for a phytoene desaturase) showed the highest
expression in Late exp LL condition (Fig. 24 F) as the other isoform PDS2 (Fig. 24 H);
on the other hand, in Exp phase, PDS2 level was higher in HN than other treatments (Fig.
24 G).
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Figure 24. Relative mRNA expression level of key genes involved in the carotenoid biosynthesis pathway in
Thalassiosira rotula Na90A1 in Exp (4, C, E, G) and Late exp (B, D, F, H) phases. Cultures were grown under standard
medium (Ctrl), high nitrate medium (HN), low light condition (LL), and in a combination of both conditions (LL HN).
Abbreviations: PSY, phytoene synthase; PDS, phytoene desaturase. The vertical bars represent averages + standard
error. Statistical analyses were performed using two-way ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <
0.01); “***” (p <0.001); “****” (p <0.0001).
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In the next step of the biosynthetic pathway, the expression levels of ZCIS gene (codifying
for a 15-cis-C-carotene isomerase desaturases) showed a high expression in the Exp phase
in HN condition, while in the Late exp it was globally low expressed except in LL HN
condition (Fig. 25 A, B). In contrast, ZDS ({-carotene desaturases) were mostly expressed
in LL condition (Fig. 25 C, D). Moreover, two isoforms of CRTISO genes (codifying for
the carotenoid isomerase) were investigated. CRTISO1 showed a relative high expression
in the Exp phase in all culture conditions except for the LL, while in Late Exp, the HN
treatment induced a significant rise (Fig. 25 E, F); on the other hand, CRTISO3 showed a
peak of level expression in HN treatment in both the growth phases (Fig. 25 G, H).
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Figure 25. Relative expression level of key genes involved in the carotenoid biosynthesis pathway in Thalassiosira
rotula Na90A1 in Exp (4, C, E, G) and Late exp (B, D, F, H) phases. Cultures were grown under standard medium
(Ctrl), high nitrate medium (HN), low light condition (LL), and in a combination of both conditions (LL HN).
Abbreviations: ZCIS, 15-cis-(-carotene isomerase desaturases;, ZDS, (-carotene desaturases;, CRTISO, carotenoid
isomerase. The vertical bars represent averages * standard error. Statistical analyses were performed using two-way
ANOVA and Tukey’s range test. “*” (p<0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).
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I focused the attention on the genes involved in the xanthophyll cycle, ZEP (zeaxanthin
epoxidase) and VDL (violaxanthin de-epoxidase-like) respectively. The expression level
of an isoforms of ZEP found in 7. rotula, ZEPI, showed a high expression level in HN
and LL HN treatments in both growth phase (Fig. 26 A, B); ZEP?2 level in Exp phase, was
high in all conditions, except for HN; in Late Exp phase, the highest expression of this
gene was noted in LL treatment (Fig. 26 C, D).
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Figure 26. Relative expression level of key genes involved in the xanthophyll cycle in Thalassiosira rotula Na90A1 in
Exp (4, C) and Late exp (B, D) phases. Cultures were grown under standard medium (Ctrl), high nitrate medium (HN),
low light condition (LL), and in a combination of both conditions (LL HN). Abbreviations: ZEP, zeaxanthin epoxidase.
The vertical bars represent averages + standard error. Statistical analyses were performed using two-way ANOVA and
Tukey’s range test. “*” (p< 0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).

As far as the violaxanthin de-epoxidase (VDE) genes, 1 investigated three different
isoforms. The comparative analysis of these sequences with the recent annotation of the
genes involved in the final steps of Fx biosynthesis, reveal that my genes are VDL, genes

catalysing for the final steps (Fig. 27).
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The phylogenetic tree showed that VDL of T rotula was close to VDL of T. pseudonana
and P. tricorunutum; VDL2 and VDL3 were both close to VDL?2 of T. pseudonana and P.

tricornutum (Fig. 27).
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Figure 27. Phylogenetic tree of Violaxanthin de-epoxidase like genes (VDL). The tree was created by Muscle multiple
alignment packages and maximum likelihood method. The predicted VDLs of Thalassiosira rotula were highlighted
with a red circle.
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The expression analysis showed that DL/ had a high expression in the Exp phase both

in HN as LL HN treatments whereas in Late exp only in HN condition (Fig. 28 A, B).

VDL?2 level significantly increased in Late exp both in HN as LL condition (Fig. 28 C, D)

whereas VDL3 showed the highest level in the Late exp phase in HN condition (Fig. 28

E, F).
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Figure 28. Relative expression level of key genes involved in the xanthophyll cycle in Thalassiosira rotula Na90A1 in
Exp (4, C, E) and Late exp (B, D, F) phases. Cultures were grown under standard medium (Ctrl), high nitrate medium
(HN), low light condition (LL), and in a combination of both conditions (LL HN). Abbreviation: VDL, violaxanthin de-
epoxidase like. The vertical bars represent averages + standard error. Statistical analyses were performed using two-
way ANOVA and Tukey’s range test. “*” (p<0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).
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Finally, in 7. rotula only one isoform was found for DDE (diadinoxanthin de-epoxidase),
a gene involved in the Diadinoxanthin (Ddx) cycle (Fig 29). This gene showed the highest

expression in Ctrl condition at Exp phase, whereas in the Late exp, LL and LL HN

treatments induced an increase (Fig. 29).
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Figure 28. Relative expression level of key genes involved in the diadinoxanthin cycle in Thalassiosira rotula Na90A1
in Exp (A) and Late exp (B) phases. Abbreviation: DDE, diadinoxanthin de-epoxidase. Cultures were grown under
standard medium (Ctrl), high nitrate medium (HN), low light condition (LL), and in a combination of both conditions
(LL HN). The vertical bars represent averages + standard error. Statistical analyses were performed using two-way
ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).
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2.3.5 Two-phase culturing system in short time

Based on my results, the LL condition seems to improve Fx content in 7. rotula

Na90A1. However, the LL condition induced a reduction of cell density (Tab. 7).

Table 7. Cellular parameters and Fx content of Thalassiosira rotula Na90A1 grown in standard medium (Ctrl), high
nitrate medium (HN), low light condition (LL), and in a combination of both conditions (LL HN).

F tent F tent
Cell density Biomass Biovolume X conren x cotren
(cells/ml) (DW mg/ml)  (um)  Spectroassay  HPLC
(ng/mg) (hg/mg)
20547.8 +
Ctrl 5.8x10% cells/ml ~ 0.1+0.05 052 8708 48+0.5 3.6+0.2
22021.6 +
HN 6.2 x10*cells/ml  0.13 £ 0.05 027 06 9.4+0.6 3.0+03
21905.5+
LL 1.8 x10% cells/ml ~ 0.05 + 0.02 92()(;555 10.7+0.5 5.02+0.4
21201.7+
LLHN  23x10%cells/ml  0.06 +0.02 230 58+0.6 29+0.3

In a wider application perspective, to obtain a good increase of cell density in combination
with the LL condition, I experimented with a two-phase short time culturing system. I
applied the optimal light intensity (80 um m™2 s™!) for first 3 day to obtain a high cell
density and then transferring the cultures to low light intensity (LL 30 ym m2 s!)
condition for only 2 days, to improve the Fx synthesis. The results showed that the growth

curve revealed a constant increase also after the transfer to LL condition (Fig. 30).
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Figure 30. Thalassiosira rotula Na90A1 grown in the two-phase short culturing system and transferred in low light
(LL) condition. Brown circles indicate the culture growth until three days, while red circles indicate the growth after
transfer. Averages + standard errors were represented.

In addition, a significant increase of the cell biovolume was observed after the transfer to
LL (TT1) (Fig. 31 A), while no significant differences were reported in the biomass (Fig.
31 B).
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Figure 31. Biovolume (4) and dry weight (DW mg/ml) (B). T0, three days in optimal light intensity; T1, two days after
transfer to low light intensity (LL) Averages + standard errors were represented. Statistical analyses were performed
using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

The pigment content assessed by the rapid spectrophotometric method resulted

in a significant increase in Fx content as Chl a and Chl ¢ (Fig. 32).
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Figure 32. Pigments content (ug/mg) in Thalassiosira rotula Na90A1 cultures grown in a two-phase short system. T0,
three days in optimal light intensity; T1, two days after transfer to low light intensity (LL). The vertical bars
represent averages =+ standard error. Statistical analyses were performed using one-way ANOVA and Tukey’s range
test. “*” (p < 0.05); “**” (p < 0.01).

The HPLC results of the same samples showed no significant differences in the levels of
Chl a and Chl ¢ (Fig. 33 A, B). Regarding carotenoids amount, Bcar was not affected by
the treatments (Fig. 33 C), while a significant decrease was shown in Vx and Ddx contents
after the transferring in LL condition (Fig. 33 D, E), otherwise, Fx levels remained stable

(Fig. 33 G).
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Figure 33. The content of chlorophylls and carotenoids in Thalassiosira rotula Na90A1 cultures grown in a short time
two-phase system. T0, three days in optimal light intensity; T1, two days after transfer to low light intensity (LL). The
vertical bars represent averages + standard error. Statistical analyses were performed using one-way ANOVA and

Tukey’s range test. “*” (p<0.05); “**” (p <0.01).
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Finally, by comparing spectrophotometric values with HPLC ones, the
spectrophotometric method overestimates also in this two-phase short system, the content

of all the pigments in LL condition, whereas the values at TO (optimal light intensity)

resulted comparable (Fig. 34 A-C).
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Figure 34. Comparison of spectrophotometric method (spectro) vs HPLC method. Content of Fx (4) Chl a (B), Chl c
(C), in Thalassiosira rotula Na90A1 grown in a short time two-phase system. T0, three days in optimal light intensity;
T1, two days after transfer to low light intensity (LL). The vertical bars represent averages + standard error. Statistical
analyses were performed using two-way ANOVA and Tukey’s range test. “*” (p< 0.05); “**” (p <0.01).

Concerning the expression levels of key genes of the Fx biosynthesis, significant
differences were observed in expression levels between TO and T1. Globally, all the
analysed genes showed an increase in their expression level in T1 (after transferring for

2 days in LL condition) (Fig. 35).
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Figure 35. Relative expression level of key genes involved in the carotenoid biosynthesis pathway in Thalassiosira
rotula Na90A1 grown in a short time two-phase system. T0, three days in optimal light intensity; T1, two days after
transfer to low light intensity (LL). Abbreviations: PSY, phytoene synthase; PDS, phytoene desaturase; ZCIS, 15-cis-
(-carotene isomerase desaturases, ZDS, (-carotene desaturases; CRTISO, carotenoid isomerase. The vertical bars
represent averages + standard error. Statistical analyses were performed using two-way ANOVA and Tukey’s range
test. “*” (p<0.05); “**¥7 (p <0.01); “FF*7 (p <0.001); “FFFE" (p <0.0001).
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In particular, the expression level of the genes involved in the Violaxanthin and
Diadinoxanthin cycle (ZEP1, ZEP2 and VDLI, VDL2, VDL3 and DDE) showed a higher
level after the transfer to LL condition (Fig. 36).
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Figure 36. Relative expression level of key genes involved in xanthophyll cycle in Thalassiosira rotula Na90A1 grown
in a short time two-phase system. T0, three days in optimal light intensity; TI, two days after transfer to low light
intensity (LL). Abbreviations: ZEP, zeaxanthin epoxidase; VDL, violaxanthin de-epoxidase like, DDE, diadinoxanthin
de-epoxidase. The vertical bars represent averages + standard error. Statistical analyses were performed using two-
way ANOVA and Tukey’s range test. “*” (p<0.05); “**” (p <0.01); “***” (p <0.001); “****” (p <0.0001).
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2.4 Discussion

This PhD project was focused on the characterization of Thalassiosira rotula as a
potential producer of fucoxanthin (Fx), a carotenoid known for its significant ecological
role and health benefits.

In this study, two strains of 7. rotula, Dircal and Na90A1, isolated respectively
from sediments and phytoplankton sampled in the Tyrrhenian Sea, were evaluated.
These were cultivated in laboratory conditions and in a specific climate cell set to
guarantee good growth. Considering that growth and biomass are critical steps in
biotechnological applications, to optimize growth kinetics and biomass yield I examined
the impact of pre-inoculum volumes as it is known that the optimal initial size of inoculum
depends on the strains and it could play a key role in the growth (Minggat ef al., 2021;
Bastos et al., 2022).

In my study, among the two different pre-inoculum volumes used, 15 mL (#1) and 250
mL (#2) respectively, at the same cell density of 1x10° cell/ml, the pre-inocula #2 resulted
in a shortening of the lag phase and an increase of cell density. These data align with
Wang and Seibert (2017) who affirm that increased pre-inoculum volumes can result in
a quick and high biomass establishment, which improves nutrient uptake and increases
competition for resources among the cells. On the other hand, I noticed slow growth,
especially in Dircal pre-inocula #1, showing that a smaller inoculum can lead to a delay
in the growth since cells need time to adjust to the culture medium before growing rapidly
(Matsumoto et al., 2017; Syed et al., 2018). Likewise, studies on the diatoms Skeletonema
costatum and Chaetoceros calcitrans have shown different growth responses depending
on inoculum volume, with optimal growth observed at specific volumes that balance
nutrient availability and light penetration (Minggat et al., 2021; Bastos et al., 2022).
Based on the best performance of the pre-inocula #2, it was chosen to be scaled up to a
larger volume of 1.5 L.

Despite the rapid growth observed in both strains, significant differences were noted in
cell density between the two strains: Dircal reached a higher cell density than Na90A41,
although no significant differences were observed in their maximum growth rates.

This difference in cell density can be attributed to the cell size and biovolume, measured

during the exponential phase; according to this, I observed that Na9041 showed a higher
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biovolume than Dircal, which influenced the growth and density of the cultures. As Passy
(2008) reported, cell density is inversely related to biovolume and body size, and my
results reflect this trend, with larger cell sizes corresponding to lower cell densities in my

strains.

Following the successful growth and biomass production of the two 7. rotula
strains, [ initially evaluated the fucoxanthin (Fx) content in both cultures grown in basal
medium (f/2), using a spectrophotometric method as a rapid screening for Fx estimation.
The Fx is a carotenoid that showed a very wide absorption spectrum, including, overall,
in the range of 400-500 nm, where absorption peaks of other pigments, as chlorophyll a

and c, B-carotene and diadinoxanthin, are overlapping (Fig. 37).
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Figure 37. The absorption spectrum of photosynthetic pigment (from Bricaud et al. 2004 and modified by Kraus et al.
2021). The thick brown line showed the wide flat absorption spectra of fucoxanthin, with a peak around 500 nm.

Considering the challenges involved in extracting, isolating, and specifically
identifying Fx, establishing a rapid and simple method to estimate the Fx content in
cultures is crucial for every biotechnological application.

In this context, the recent study conducted by Wang et al. (2018) developed a
spectrophotometric method to measure Fx levels that has been applied to several diatom

species, including Phaeodactylum tricornutum, Thalassiosira pseudonana, and more
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recently to Craspedostauros ineffabilis and Craspedostauros zucchellii (Afonso et al.,
2022; Li et al., 2024, Trentin et al., 2024).
The work of Wang et al. (2018) outlined a method involving several critical steps:
extraction of the pigment from diatom biomass, measurement of absorbance at specific
wavelengths and the application of some corrections for the interference from other
pigments and/or cell debris, representing the “background noise”. However, applying the
equation reported in Wang ef al. (2018) to my strains of 7. rotula, the values of Fx content
resulted negative (Tab. 5), suggesting that it was necessary to improve the formula. Since
the “background noise”, defined by Wang et al. (2018) as correction factors n; and np,
depends on the type of cells as well as their density and other pigments (Chl ¢, and
carotenoids), it was essential to recalculate n; and n» specifically for 7. rotula. Thus, in
this work, I modified the formula of Wang et al. (2018) for 7. rotula resulting in a new
equation that works well for both the strains, despite variations in cell density and
biovolume.
My results showed a higher Fx content in Na90A41 strain compared to Dircal. These
different Fx contents in different strains within the same species, have been also shown
in other species of diatoms, like P. tricornutum, and also of green microalgae like
Chlorella vulgaris (Wu et al., 2015; Derwenskus et al., 2018), as well as in Haptophytes
as Isochrysis sp. and Pavlova sp. (Kim et al., 2012; Crupi et al., 2013; Kanamoto et al.,
2021), where strains from different geographic regions exhibited significant variation in
fucoxanthin concentrations, suggesting that both local environmental conditions and
genetic diversity contribute to these differences.
Considering that Na90A1 strain exhibited a faster growth, a greater biovolume and a
higher Fx content compared to Dircal, I selected Na90A1 strain as a promising candidate
for fucoxanthin production.
In general, many studies have investigated different growth conditions in diatoms to
increase Fx production, showing that the regime of light and the amount of nutrients,
particularly nitrogen, are key factors in Fx biosynthesis (Wu et al., 2015; Goémez-Loredo
etal.,2015; Guo et al., 2016; Lu et al., 2018; McClure et al., 2018).
Several studies showed that in Nitzschia spp. (from 12 to 32.8 mg/g), P. tricornutum (Fx
content ranges from 8.5 to 59.2 mg/g), but also in microalgae belonging to the Haptophyta
group, like Isochrysis spp. (Fx content ranges from 7.5 to 23.3 mg/g), Tisochrysis lutea
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(Fx content ranges from 2.1 to 9.4 mg/g), have increased their growth rate and Fx content
under various culture conditions, as intensity and type of light, but also nutrient
concentration (Gomez-Loredo et al., 2015; Guo et al., 2016; Lu et al., 2018; McClure et
al. 2018; Luetal.,2019; Gao et al.,2021; Mohamadnia et al., 2022; Erdogan et al., 2023).
It’s well known that nitrogen supplementation in diatoms is a key factor in enhancing Fx
biosynthesis. Research has shown that nitrogen supports growth, metabolic activities and
the synthesis of chlorophyll and other carotenoids (Guo et al., 2016; Nur et al., 2018; Rui
et al., 2023; Truong et al., 2024). Moreover, studies have shown that also low light
treatment increase Fx levels in different species, such as Phaeodactylum tricornutum,
Cyclotella cryptica, and Nitzschia laevis (Frick, 2023; Guo et al., 2016; Erdogan ef al.,
2023). This enhancement is closely related to the presence of a Light-Harvesting
Complexes, specifically Fucoxanthin-Chlorophyll a/c binding Proteins (FCPs), to
improve the photosynthetic efficacy (Yang & Dong, 2020; Duarte et al., 2021; Truong et
al., 2023). This adaptive mechanism leads to the upregulation of genes associated with
FCPs, further increasing Fx production under low light conditions (Yang & Dong, 2020;
Truong et al., 2024; Chinnappan et al., 2024).
Based on this evidence, I also examined how the interaction between nitrogen availability
and low light conditions affected the production of fucoxanthin. Many studies have
shown that nitrate supplementation in low light environments increased fucoxanthin
production (Guo et al., 2016; Nur et al., 2018; Wang et al., 2018; Truong, 2024). For
instance, as reported by Yang and Dong (2020) it was shown that combining nitrogen
supplementation with appropriate light intensity can significantly enhance fucoxanthin
production in P. tricornutum, leading to yields of 16.28 mg/g.
In agreement with other studies, my results showed that the HN treatment significantly
enhanced the growth and biomass of my strain, while in the LL condition a low cell
density was noted, as reported in literature (Guo et al., 2016; Lu et al., 2018; Derwenskus
et al., 2020; Afonso et al., 2022). Conversely, whereas I expected a positive effect
combining these two conditions, LL. HN resulted similarly to LL in cell density and
biomass.
The impact of these different culture condition on the size and biovolume (at exponential
and late exponential phases) showed that HN improved the cell biovolume of 7. rotula,

as also reported for P. tricornutum grown in nitrogen-enriched media (Zhang et al., 2012).
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Furthermore, also the LL treatment showed a rise in cell biovolume, despite the low
density, explaining also the high biomass noted in these culture conditions.

In order to consider if the increase of the size would be correlated with the increase of
other metabolites of potential biotechnological use besides Fx, I estimated, by a
fluorescent in vivo analysis by Nile Red (NR) staining, the neutral lipids content.

In T. rotula the treatments did not induce an increase in lipid content but lipid droplets
were only observed at the final stage of the growth curve (senescence phase). It’s known
that rather than nitrogen supplementation it is the nitrogen starvation that triggers
enhanced lipid accumulation (Longworth et al., 2016; Curcuraci et al., 2022; Murison et
al., 2023). In my case, the beneficial impact of high-nitrogen treatment is overall on the
growth and biomass increase rather than lipid biosynthesis, which instead seem to

increase with senescence overall in the control conditions.

The application of the quick and simple spectrophotometric method that I optimized for
T. rotula for Fx measurements, using could represent a potential benefit for companies to
reduce costs with respect to other methods and also to obtain fast results. So, the pigments
extracted from the cells at late exponential phases were analysed by spectrophotometric
as well as by HPLC method in order to compare the Fx content and finally validate the
spectrophotometric rapid method. Clearly, HPLC analyses also allowed to profile the
other pigments and Fx precursors.

Spectrophotometric results showed an increase of Fx as well as chlorophyll a and ¢
content in response to HN and LL conditions. Several studies reported that high nitrate
supplementation and low light induced an improvement of the Fx production in P.
tricornutum (Cvjetinovic et al. 2020; Afonso et al. 2022; Truong et al. 2023). As reported
by Kuczynska et al. (2015), diatoms can adapt their pigment composition in response to
varying nutrient conditions; in addition, Cvjetinovic et al. (2020) highlighted that
chlorophyll a and c, along with carotenoids, are crucial for the light-harvesting processes
in diatoms, which are particularly efficient in nutrient-rich environments.

The pigments content estimated through HPLC analysis confirm that the treatments
impact on their concentration. Firstly, a significant increase was observed in chlorophyll
aand c content in LL treatment, according to their crucial role for capturing energy during
light-harvesting and may be linked to the energy transfer pathways of the fucoxanthin—
chlorophyll protein (FCP) complex in 7. rotula (Yi et al., 2019; Chinnappan et al., 2024).
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Inside the carotenoids, B-carotene also plays a key role in photosynthesis under low light
conditions (Chinnappan et al., 2024), explaining why its levels increased in LL and LL
HN (Fig. 19). Regarding the other carotenoids, the regulation of the xanthophyll cycle
with nitrate addition is a significant research topic. Various studies have highlighted the
importance of nitrogen in carotenoid synthesis, such as Jauffrais et al. (2016) which
showed that nitrate supplementation can enhance pigment production, while the absence
of these nutrients can trigger a different adaptive response. My results, in line with Guo
et al. (2016) and Xia et al. (2018), which reported a rise of biomass and carotenoids
production in C. cryptica and O. aurita under nitrogen supplementation, have shown a
wide improvement of carotenoid content in response to HN, with the highest value,
excluding B-car, observed for Diadinoxanthin (Fig. 20). This trend is in agreement with
other studies that reported a strong correlation of Ddx with the last step of fucoxanthin
biosynthesis (Lavaud ef al., 2003; Xia et al., 2018; Yi et al., 2019).
Concerning my pigment of interest, the Fx, my results showed a high concentration yet
in the Ctrl in the Exp phase (4.7 ng/mg DW).
Based on the data of Fx content in microalgae reported in the other works, I found that
the amount in 7. rotula is higher than other microalgae as Skeletonema costatum (0.36
png/mg), Odontella sinesis (1.18 png/mg), Nitzschia laevis (1.68 ng/mg), Chaetoceros
gracilis and C. calcitrans (2.24 and 2.33 pg/mg respectively); however, the Fx content
detected in my 7. rotula is relative lower than commercially used microalgae as
Cylindrotheca closterium (5.24 pg/mg), Isochrysis galbana (6.04 ug/mg), P. tricornutum
(8.55 pg/mg) and O. aurita (9.41 ng/mg) (Pasquet et al., 2011; Goiris et al., 2012; Kim
etal.,2012; Song et al., 2013; Foo et al., 2017; Sun et al., 2019; Zhang et al., 2022). As
it’s well known, several parameters are involved and influence the pigment content, so
it’s need to highlight that most of these higher concentrations were obtained by culturing
in photobioreactors and modifying the abiotic conditions to improve the production of
Fx.
Considering also this aspect, my results obtained in the laboratory conditions, showed a
significant rise in the LL condition, in line with Gémez-Loredo et al. (2015), McClure et
al. (2018), and Chinnappan et al. (2024) who reported an enhancement of this pigment in

P. tricornutum and Cyclotella meneghiniana.
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Nevertheless, in my system, the Fx level achieved through the HN treatment was not the
highest. Although it was reported that increasing nutrient levels of nitrogen there was a
graded enhancement of fucoxanthin % DW in the culture of P. tricornutum, and T.
weissflogii (McClure et al., 2018; Marella and Tiwari, 2020), in 7. rotula probably the
nitrate enrichment only helped my culture to maintain a high content of Fx during the
time.

About the HPLC findings, the comparison with the spectrophotometric analysis revealed
a comparable Fx quantification in the Ctrl condition, but significant differences were
noted in the Fx amount especially in the HN and LL conditions. Indeed, the
spectrophotometer overestimates the Fx contents in the cells after the treatments. To
explain this, I have to consider the visible absorption spectrum scan of the total extracted
pigments which showed an increase not only in the height but also in the width of the
peaks after HN and LL treatments. Thus, I might hypothesize that the Fx absorption
spectrum ranging from 400 to 500 nm, overlaps with the total pigments and also with Fx
precursors; furthermore, I can hypothesize that my treatments, which actually influence
total pigments, could influence Fx biosynthesis pathways and so its precursor, leading a
total Fx overestimation by spectrophotometric methods.

These results show that enhancing Fx production is a complex and fine-tuned process
influenced by various factors such as precursor formation and its impact on gene
expression.

Due to the health benefits and economic importance of Fx, its biosynthetic pathway has
been extensively studied, particularly in diatoms (Seth et al., 2021; Truong et al., 2023;
Seo et al., 2024), but not entirely explained yet and many key enzymes remain to be
isolate and identify.

Since the Fx biosynthesis pathway is still unknown, I investigated the main genes
involved. Dambek et al. (2012) firstly described this process in P. tricornutum: the first
step in the Fx biosynthesis is the condensation of Geranylgeranyl diphosphate (GGPP)
catalysed by phytoene synthase (PSY), followed by the activity of phytoene desaturases
(PDS), carotenoid isomerase (CRTISO), (-carotene desaturases (ZDS), lycopene [-
cyclase (LYCDb). Furthermore, the roles of genes PSY, PDS and ZDS in carotenoid and Fx
accumulation have been revealed (Dambek et al., 2012; Kadono et al., 2015; Cen et al.,

2022; Li et al., 2024).
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In my work, I studied the expression levels of these key genes during both the Exp and
Late Exp phases in all culture conditions.
Firstly, the expression of key regulatory genes as PSY (PSY! and PSY2) and PDS (PDS1
and PDS?2) has shown high levels in response to HN and LL conditions compared to the
control. My results suggested that globally in the Exp phase, PSY and PDS2 were up-
regulated in the HN condition. In the Late Exp all PSY isoforms showed high expression
level in response to HN, while PDS showed high levels in LL condition (Fig. 24). Among
the genes regulated under nitrate supplementation, it’s described the upregulation of PSY
and PDS, highlighting that this modulation is essential for diatoms to enhance their
carotenoid production (Kadono et al., 2015; Hao et al., 2021; Truong et al., 2023 and
2024). For instance, studies conducted to silence PDS resulted in the downregulation of
genes involved in subsequent steps of carotenogenesis and significantly decreased
carotenoid content (Kadono et al., 2015; Velmurugan and Muthukaliannan, 2022). Also,
the effect of nitrogen availability on carotenogenesis could have a regulatory mechanism
of Fx biosynthesis (Truong et al., 2024). Specifically, the overexpression of PSY
increased the FX content up to 1.8 folds in P. tricornutum (Eilers et al., 2016).
Although the last steps of Fx synthesis are not completely clear, it’s well-known that a
key role is mediated by the violaxanthin cycle, starting with the formation of zeaxanthin
from B-car (Fig. 23). The zeaxanthin epoxidase (ZEP) converts zeaxanthin in violaxanthin
through the intermediate antheraxanthin and this regulation is mediated by light intensity,
functioning as a light protection strategy not only in diatoms but also in green algae and
plants (Coesel et al., 2008; Wang et al., 2021). In addition, the violaxanthin produced is
converted to neoxanthin and the last studies proposed that violaxanthin de-epoxidase-like
(VDL) protein 1 (VDL1) catalyses this reaction, while VDL2 catalyses the conversion of
diadinoxanthin (Ddx) to allenoxanthin.
In my study, I identified in 7. rotula two isoforms of ZEP (ZEPI and ZEP2), similarly as
reported in 7. pseduonana, whereas three isoforms were found in P. tricornutum (Seth et
al., 2021). In addition, multiple violaxanthin de-epoxidase-like (VDL) genes were
identified in 7. rotula (Fig. 27). The results of the expression level of the different
isoforms have shown that ZEPI was up-regulated by HN and LL HN in both phases,
confirming an interesting role of this gene in the regulation of the final biosynthesis

pigments; on the other hand, ZEP2 showed high levels in response to the LL condition,
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although the values of gene expression are much lower than ZEPI. The role of these
different isoforms is not completely clear, but a recent study has recently found that in P.
tricornutum ZEPI encodes an enzyme essential for the synthesis of Fx, whereas ZEP?2
and/or ZEP3 are candidate genes for encoding the epoxidase converting Dtx to Ddx
(Coesel et al., 2008; Eilers et al., 2016; Bai et al., 2022).

Moreover, whereas genes involved in the last steps of the Fx biosynthetic pathway are
not completely identified, many studies validate the role of VDE, VDL, and ZEP using
their overexpression in P. tricornutum, revealing their ability to enhance the FX
accumulation (Kadono et al. 2015; Eilers et al. 2016; Manfellotto et al., 2020).

In my study, the VDL isoforms showed a different expression related to the growth
conditions: in Exp phase, the VDL isoforms showed the highest expression level in
response to the different treatments vs Ctrl (HN, LL and LL. HN); nonetheless, in the Late
exp the highest expression levels were observed only in HN, except for VDL?2 for which
a high level was also present in LL condition. This different expression could be related
with the different role of the isoforms: as reported by Seo et al., (2024), VDL catalyses
the conversion of violaxanthin to neoxanthin, the early product of Fx biosynthesis, while
VDL2 converts diadinoxanthin to allenoxanthin (Seo et al., 2024). This modulated
expression highlights the key role that interplays these genes and the growth condition as
nitrate supplementation and the low light, also shown in the studies performed on P.

tricornutum by Truong et al. (2024) and Chinnappan et al. (2024).

Based on the previous results, the LL condition has been shown to induce the
greatest enhancement of Fx, modulating also the biosynthetic pathway. However, this
condition led to a significantly reduced biomass, marking a critical step for the
biotechnological yield. To overcome this, I evaluated a short time two-phase culturing
system over a brief period of five days. Lu et al. (2018) have noted that cultivation
techniques as two-stage method, can significantly enhance fucoxanthin production in
diatoms such as Nitzschia laevis. This approach is successful in reaching high growth
rates and promoting pigment accumulation.

During my experiment, the first stage of growth occurred under optimal medium and light
conditions, followed by a shift to low light conditions. Firstly, the estimate of Fx content
in the cells cultured in this short time two-phase culturing system, confirmed the

discrepancy between the two methods in the treated sample (in this case LL).
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As reported in my previous experiment, spectrophotometric measurements tended to
overestimate fucoxanthin levels in the treated samples. In contrast, HPLC analysis
showed no significant difference in the chlorophylls and primary carotenoid, except for
Vx and Ddx. Interestingly, gene expression analysis showed a significant increase in the
expression levels of all genes investigated, except for ZCIS, following the transition to
low-light conditions. These results suggest an early modulation of the biosynthetic
pathway due to the treatment: the genes involved in the violaxanthin and diadinoxanthin
cycle showed the highest expression levels after the shift in LL condition. These support
that in the short time two-phase culturing systems, the treatment induced changes in the
biosynthetic pathway but probably a longer period might be needed to enhance

fucoxanthin production effectively.
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2.5 Conclusions

The results from this PhD research underscore the potential of Thalassiosira
rotula as a promising candidate for scaling up in bioreactors and industrial settings
applications. This species shows noteworthy capacity for fucoxanthin (Fx) production,
even without any special treatment under typical laboratory conditions. Compared with
other species such as Skeletonema costatum, Odontella sinesis, Nitzschia laevis,
Chaetoceros gracilis and C. calcitrans, my strain of 7. rotula, growth in a relative small
culture system (1.5 L), showed the highest content of Fx, suggesting her potential use in
commercially field. Moreover, my results show that high nitrogen (HN) treatment led to
an enhancement in both biomass and morphophysiological characteristics of 7. rotula,
with its primary benefit being the stabilization of Fx content throughout the growth
period. This stability in fucoxanthin levels is crucial for industrial applications where
consistent product quality is essential. Additionally, the study also examined how low
light (LL) impacts the production of Fx, finding that it increases significantly, although
this comes at the expense of reduced cell density and biomass. This balance between
challenges and opportunities in optimizing production processes emphasizes the
importance of carefully managing growth conditions to enhance pigment yields without
compromising overall biomass. Moreover, this research highlights the critical role of key
genes involved in the biosynthetic pathway for fucoxanthin. The identification and
analysis of these genes opens the door for potential genetic engineering of 7. rotula,
which could enhance its efficiency as a biofactory for producing this valuable carotenoid.
By targeting these genes for manipulation, future research could reveal their specific
functions and how they adapt to varying environmental conditions, leading to improved
strategies for enhancing Fx production.

In conclusion, the results from this research illustrate the potential for 7. rotula in
biotechnological applications. Eventually the application of an “omics” approach and/or
genome manipulation could give significant opportunities for advancing my
understanding of gene functions and improving fucoxanthin yields under diverse
conditions. So, this work provides knowledge advancement in the field of microalgal
biotechnology and also sets the stage for future investigations that could maximize the

productivity of 7. rotula as a bioresource.
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Chapter III

Improving cryopreservation techniques for diatoms: overcoming

the challenges of viability and recovery in marine diatoms species

Abstract

This chapter investigates the applicability and success of cryopreservation
techniques for some diatom species and strains, focusing on the potential of the resting
spores as an alternative growth stage for the species preservation. Resting spores and
resting cells, essential for species resilience and biogeochemical cycles, exhibit diverse
physiological and morphological adaptations to stress.

Even today, cryopreservation showed limits in the successful and long-term storage of
different diatoms due to their high morphological and genetic variability. In this study, I
examined two freezing techniques - two-step freezing and snap-freezing - as
cryopreservation methods on some species/strains of diatoms differing in ecological traits
and in different growth stages (vegetative cells vs resting stages). In particular, the
preservation of resting stages represents a new and valid strategy reducing the limits of
cryopreservation techniques.

To verify the applicability and success of the cryopreservation, post-thaw viability,
growth recovery and cryoinjury effects were evaluated.

My results emphasize that the successful cryopreservation methods are species/strain-
dependent, and strains belonging to the same genus can have different requirements.
Moreover, I experimented for the first time the cryopreservation of the resting stage as

spores and their possible application in scientific and/or industrial fields.
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3.1 Introduction

3.1.1 Importance of Diatoms and their long-term preservation

Diatoms, considered one of the most diverse and ecologically important
phytoplanktonic groups, contribute around 20% of global primary productivity (Field et
al., 1998; Falkowski et al., 1998) and are believed to be of great importance in the
functioning of aquatic food webs as in biogeochemical cycles (Falkowski, 2002).
Diatoms are objects of interest across several research fields such as ecology, climate
science, aquatic biology, and biotechnology, providing an ongoing source of genetic
material and physiological diversity for various applications. Preserving diatom
biodiversity is not only vital for maintaining ecosystem balance but also for understanding
and mitigating the impacts of climate change.

Research on diatom physiology, genetics, and responses to environmental stressors can
inform conservation strategies, reveal adaptation mechanisms, and improve resilience
(Falkowski and Oliver, 2007; Bowler et al., 2010; Falciatore et al., 2020; Litchman, E.
2022; Morozov et al., 2024).

As a natural mechanism to survive for long periods and in unfavourable conditions,
diatoms present a stage in their life cycle as producing a resting stage (Ellegaard and
Ribeiro, 2018). In several species, resting stage has been reported at the end of the bloom
period: as nutrients become exhausted, the vegetative cells convert into resting stage,
which facilitates rapid sinking and contributes to the vertical export of organic material
in marine ecosystems (Romero et al., 2015). This process not only aids in the survival of
the species but also plays a significant role in biogeochemical cycles, particularly in
carbon export to deeper ocean layers (Romero et al., 2015; Rembauville et al., 2016).
Diatom resting stages can be divided into two different types: resting spores and resting
cells. The resting spores exhibit a morphology that is markedly distinct from typical
vegetative cells, characterized by highly specialized, dense, and heavily silicified walls
(Fig. 1). The thickened silica walls serve as a robust protective barrier, shielding the cell’s
internal components from physical damage, microbial decay, and various environmental
stressors, including fluctuations in pressure and temperature (Hargraves & French, 1983;

McQuoid & Hobson, 1996). In contrast, the resting cells are morphologically similar to
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the vegetative cells; however, they show physiological and cytoplasmic differences
relative to vegetative cells, i.e. a higher lipid content as an internal energy reserve,

enabling them to survive prolonged periods of nutrient scarcity (Sicko-Goad et al., 1986;

McQuoid & Hobson, 1996).

Figure 1. Resting spores of different Chaetoceros spp: Chaetoceros socialis (4, B, C), C. lauderi (D, E, F), C. curvisetus
(G), and C. costatus (H, I). Pictures from Ishii et al. 2011, Chamnansinp et al. 2013.

In some diatom species, both spores and resting cells store carbohydrates as an
additional energy reserve, representing a key adaptation for long-term survival under
challenging conditions (French & Hargraves, 1980). Moreover, in this resting stage,
diatoms reduce oxidative stress and cellular repair needs, by slowing or stopping their
metabolism and conserving essential resources (Oku & Kamatani, 1995; Sugie & Kuma,
2008). The decrease of cellular metabolism is crucial for cells surviving in stress
conditions such as in low-light, nutrient-deprived, and oxygen-free conditions, where
there is minimal energy production from photosynthesis or respiration. Furthermore, the
accumulation of antioxidants and stress-protective proteins helps maintain cellular
integrity by reducing oxidative damage while dormant and promoting recovery during
favourable conditions (Kuwata et al., 1993).

However, the development of resting spores in diatoms serves not only as a survival
strategy but also as a response to environmental signals indicating unfavourable growth
conditions.

Studies conducted on wild populations have shown that the formation of spores and
resting cells is frequently linked to nutrient depletion, particularly nitrogen, which plays

a key role in triggering this transition.
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Studies on Chaetoceros socialis and Thalassiosira nordenskioeldii, have shown that a
low nitrogen availability triggers the formation of spores (Oku & Kamatani, 1995;
Kuwata & Takahashi, 1999; Pelusi et al., 2019).
Moreover, recent studies highlight that both abiotic and biotic factors can induce spore
formation. In the case of the Chaetoceros genus, viral infections have been shown to
stimulate the transformation of vegetative cells into spores, acting as a defence
mechanism to prevent viral propagation (Pelusi et al., 2020).
The stage of spores and/or resting cells have the ability to remain dormant on the ocean
sediments reactivating and resuming vegetative growth in response to environmental
changes such as nutrient influx, temperature variations, or light exposure (McQuoid &
Hobson, 1996; Sugie & Kuma, 2008; Montresor et al., 2013).
The ability of diatom spores and resting cells to persist in sediments for extended periods
has profound ecological implications. These stages in the diatom life cycle constitute a
“seed bank” in marine sediments, preserving genetic diversity and enhancing the
resilience of diatom populations (Sanyal ez al., 2021). This seed bank supports ecosystem
stability and ensures the continuity of diatom blooms across seasons and in the face of
environmental disturbances (Hargraves & French, 1983).

Hence, the diatom’s resting stages have great ecological importance as defensive
mechanisms enable it to survive in stressful environments and allow it to preserve the
species. Also, in the context of a conservation strategy such as Culture Collections
technique (that satisfies a multitude of purposes as a service in support of biodiversity
and a tool for commercial sustainable species/strain exploitation as well), the
conservation of these resting stages would be very useful.

With this object, in this work I was interested in applying for the first time, techniques of
long-term preservation, such as cryopreservation, not only to diatom vegetative cells but
also to resting stages such as the spores. Therefore, cryopreservation may offer a long-
term method for conserving algal cultures and diatom's genetic diversity, and it also

allows the conservation of species/strains of biotechnological interest.
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3.1.2 Cryopreservation techniques

Traditional approaches to maintaining diatom cultures, such as continuous
subculturing and preserving live culture collections, include many risks as genetic drift
and contamination, as well as the considerable amount of resources needed for their long-
term maintenance (Godhe & Rynearson, 2017; Bulankova ef al., 2021).

In contrast to natural environments, where selection pressures promote a wide variety of
traits and genotypes, in diatom collections, repeated subculturing, can reduce genetic
diversity within the population. Another substantial challenge in maintaining live diatom
cultures is the risk of contamination by other microorganisms, such as bacteria, fungi, or
other algal species. In some cases, contamination can result in the loss of rare or sensitive
diatom strains, thereby reducing the genetic and phenotypic diversity within culture
collections (Taylor & Fletcher, 1998). This evidence highlights the need for alternative
long-term culture maintenance to preservation methods.

Given these challenges, cryopreservation has emerged as a promising alternative for
preserving diatom cultures, offering a way to maintain genetic and phenotypic stability
over extended periods (Day, 2007; Hipkin et al., 2014; Day et al., 2017; Stock et al.,
2018). Cryopreservation is a technique used to preserve biological material at ultra-low
temperatures, typically around -196°C, often in liquid nitrogen and specialized
containers. At these temperatures, cellular metabolic processes are completely arrested,
suspending all biological activities such as growth, reproduction, and cellular
degradation. This method has been successfully applied to preserve various organisms,
including animals, plants, microorganisms, and some diatoms (Tsuru, 1973; Day et al.,
2005; Rhodes et al., 2006, Matsumura et al., 2013; Stock et al., 2018).

In the case of diatoms, cryopreservation offers an opportunity to store strains that
have unique characteristics, whether for ecological research or biotechnological
applications such as biofuel production, nanotechnology, and pharmaceuticals.

Despite its significant potential, cryopreservation shows notable challenges: the success
varies among diatom species, as it depends on factors such as cell structure, membrane
composition, cell size, and freezing tolerance, considering cell vulnerability to physical

damage from ice crystal formation during the freezing process (Taylor & Fletcher, 1999).
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Several studies identified key parameters as fundamental to the success of
cryopreservation techniques. First of all, the addition of cryoprotectants is necessary to
prevent the formation of ice crystals. The cryoprotectant agents (CPA), such as dimethyl
sulfoxide (DMSO) and glycerol, help to permeate the cells and reduce the freezing point
of the solution, thereby preventing ice formation within the cells (McLellan, 1989;
Canavate et al., 1995; Zhang et al., 2009; Elliot et al., 2017).

Dimethyl sulfoxide (DMSO) is widely recognized as a potent CPA, minimizing the ice
crystal formation during the freezing process, a crucial step for maintaining cell viability
post-thaw. Additionally, research indicates that concentrations in the range of 10%-15%
of DMSO are optimal for the cryopreservation of diatoms, such as Skeletonema marinoi,
leading to improved survival rates compared to other CPAs (Day et al., 2017). However,
DMSO can induce cellular toxicity, particularly if cells are exposed for prolonged periods
and/or at high concentrations (Zhou et al., 2014; Yi et al., 2017). Therefore, optimization
of incubation times and concentrations is essential to mitigate these toxic effects while
maximizing cryoprotection (Whaley et al., 2021).

Based on these, the equilibration time, indicating the incubation time of cells in
cryoprotectants before freezing, is a critical factor influencing diatom cryopreservation.

Lastly, another key parameter to minimize cellular damage during the
cryopreservation process is the freezing rate. In this context, different methods are
employed but the two currently used protocols are the two-step freezing and the direct
freezing or snap-freezing (Morris, 1978; Bodas et al., 1995; Canavate et al., 1995; Day
etal.,1997). The two-step freezing method uses a controlled and gradual cooling process,
until - 40 °C before the storage, which can help cells to adapt to the low temperatures,
reducing the risk of mechanical damage from ice crystals; in the snap-freezing, the sample
is plunged directly in liquid nitrogen, and this it is known to increase the risks of cellular
injuries due to intracellular ice formation (Morris, 1978; Canavate et al., 1995; Day et al.,
2017).

Nevertheless, these different techniques assess how to cryopreserve microalgae and
diatoms, it’s known that showed a species-specific response, with some diatoms surviving
cryopreservation with near-perfect recovery rates, while others fail to recover completely

or show diminished growth post-thaw.
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Overall, some studies showed that strains particularly adapted to extreme environments,
such as cold water or high-salinity conditions, may have cellular adaptations that confer
increased resistance to cryopreservation stress; in contrast, strains from temperate or
warm aquatic environments might be more vulnerable to the damage caused by freezing
and thawing. For instance, species such as Opephora guenter-grassii and Pinnularia
borealis, like have been reported to exhibit relatively high survival rates after
cryopreservation (Souffreau et al., 2013; Hejdukova et al., 2017; Stock et al., 2018),
while others, such as Skeletonema marinoi, show reduced viability (Day et al., 2017).
This highlights that individualized protocols may be necessary to achieve optimal

preservation outcomes for different strains.

This chapter will explore the challenges of cryopreservation of different
species/strains of diatoms, characterized by different sizes, ecological features, and
tolerance to various stresses. Despite significant advancements in cryopreservation
techniques, challenges remain in improving the post-thaw viability of diatoms. For this
reason, I tested two different cryopreservation approaches (two-step freezing vs snap-
freezing) on vegetative cells and spores, after inducing the culture to produce them. The
post-thaw viability was evaluated and the resume of the growth was monitored.
Moreover, further morphophysiological parameters were detected, with the aim to

investigate the mechanisms of cryoinjury and their effect on post-thaw recovery.
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3.2 Material and Methods

3.2.1 Species Studied

The diatom species/strains and the stage used for cryopreservation experiments
are reported in Table 1. All the cultures were established from spore germination during
incubation of sediments collected at station LTER-MC in the Gulf of Naples (Tyrrhenian
Sea, Mediterranean Sea) except for Chaetoceros socialis ZUIBI and Thalassiosira rotula
FES80, isolated from phytoplankton sample collected respectively in the North Sea and
LTER-MC station. Genotyping of all strains was performed by sequencing the D1-D3
region of the nuclear-encoded large subunit ribosomal DNA (partial 28S rDNA) as the
methodology outlined in Gaonkar et al. (2017).

All cultures were maintained in sterile filtered oligotrophic seawater at 36 ppt
supplemented with /2 nutrients (Guillard, 1975), and incubated at a constant temperature
of 19 °C under a 12:12 h light: dark cycle, with a photon flux of 100 umol m? s™! (Pelusi
etal.,2019).

In the case of C. costatus, during the standard maintenance protocol, a conspicuous
vegetative enlargement (VE) (Kaczmarska et al., 2022) was observed and the large cell
size (from 35 to 45 pm) made it unsuitable for cryopreservation, for this reason, I tested

only the cryopreservation of spores.

Table 1. Species and strains used for the cryopreservation experiments

Species/strains Stage used for cryopreservation
Chaetoceros socialis APC12 Vegetative cells and spores
Chaetoceros socialis ZUIBI Vegetative cells and spores

Chaetoceros costatus Spores
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Chaetoceros lauderi Spores
Chaetoceros didymus Vegetative cells
Thalassiosira rotula FES0 Vegetative cells

3.2.2 Induction of Spore Formation

To induce spore formation, a modified f/2 medium, precisely a nitrogen-depleted
medium (N-depleted), with a low nitrate concentration (23 uM) but with a high silicon
concentration (300 pM) to prevent silicon limitation, were experimented (Pelusi et al.,
2020). I used, together with the N-depleted medium, a low cell density inocula (500
cells/ml). Each species was inoculated into culture flasks containing 150 ml of culture
medium and the growth was monitored over 8 days for C. socialis and up to 35 days for
the other species. Every two days, culture subsamples were fixed in Lugol’s iodine
solution. Cell density was obtained by counting the cells in 1 ml of samples using the
Sedgewick Rafter chamber under a Leica DMi microscope (Leica, Milan, Italy) at 100x

magnification.

3.2.3 Cryopreservation methodology

Cryopreservation experiments were conducted within the facilities of the
BCCM/DCG diatom culture collection at Ghent University. A solution of 10% dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) was used as the cryoprotective agent (CPA)
according to Stock et al. (2018).

At this CPA concentration, I selected three equilibration times (ET) precisely 15 min, 30

min, and 45 min respectively.
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The chloroplast integrity was chosen as a marker of cell viability (Anchordoguy ef al.,
1992) and I evaluated the DMSO toxicity by monitoring chloroplast integrity every 15
minutes for 2 hours, by an inverted light microscopy Zeiss Axiovert 40 C (Géttingen,
Germany).

For the cryopreservation technique, the cultures in the late exponential growth
phase (Late exp) were initially placed in darkness overnight; for all the species I selected
the same cell density of 5*10* cell/ml. Subsequently, cell suspensions were treated with
10% (v/v) DMSO as a cryoprotective agent (CPA) and divided into three cryovials (3 ml)
for each ETs, resulting in three technical replicates per treatment. Two different
cryopreservation methods were assessed: 1) a “two-step freezing” (T-F), involving initial
storage at —80 °C for 2 hours followed by transfer to liquid nitrogen; ii) a “snap freezing”
(S-F), a procedure that bypassed the initial —80 °C storage step.

All procedures were conducted under subdued light conditions (+ 2 umol m2s™!). After

15 days in cryostorage, the samples were reactivated as follows.

Thawing and reinoculation

For the two different freezing protocols (T-F vs S-F), the same thawing
procedure was employed as follows. Cryovials containing the frozen cell samples were
removed from cryotanks and placed in a 37 °C water bath until all ice crystals had
dissolved (approximately 2 minutes); then, equal aliquots of thawed cultures were added
to 50 ml of fresh growth medium in culture flasks without CPA. To acclimatize the cells
to standard culture conditions, flasks were incubated in darkness for 24 hours, followed
by incubation under low-intensity light at 19°C for 7 days. Then, the cultures were
transferred to standard growth conditions (at 19°C under a 12:12 h light: dark cycle, with
a photon flux of 100 umol m % s™!) and the samples were analyzed for post-thaw viability

assessment and growth monitoring.
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3.2.4 Post-thaw assessments: Recovery — Viability — Re-growth

Post-thaw assessment was monitored for 35 days. Subsamples were fixed every
7 days in 1% glutaraldehyde (v/v%), Sigma-Aldrich, Saint-Louis, Missouri, USA).
Preliminarily, cell morphology and bacterial growth as potential contaminants were
evaluated.
The microscopic observation of cultures was performed by a Zeiss Axiovert 40 C inverted
light microscope (Gottingen, Germany).
Meanwhile, after staining with SYBR Green I (1X) (Thermo Fisher Scientific) to bind
DNA, the subsamples were analysed by Imaging Flow Cytometry (Amnis ®
ImagestreamX Mark II, iFCM) (Luminex Corporation, Austin, Texas, USA) and the
images, at a 40xmagnification (0.5 pm/pixel), were acquired in channel 01 (brightfield,
LED; collecting filter 457/45 nm), channel 02 (SYBR Green I (1X) signal of DNA, 494
nm laser; collecting filter 480/560 nm), channel 09 (brightfield, LED; collecting filter
582/25 nm), and channel 11 (autofluorescence of pigments, 642 nm; collecting filter
702/85 nm). The images for at least 10,000 events, gated for an intensity of min. 2500,
max. 10,000,000 in channel 02 and an intensity in channel 11 of min. 1500 and max.
10,000,000, were acquired using the INSPIRE software (Luminex Corporation, Austin,
Texas, USA) (Fig. 2). Next, the obtained Raw Image Files (*.rif files) were analysed
using IDEAS software version 6.2.187.0 (Luminex Corporation, Austin, TX, USA).
Following the time point, the data of iFCM has been correlated to autofluorescence of
chlorophyll and the DNA staining and, showing a different distribution of the cells in the
plot (Adler et al., 2007; Hildebrand et al., 2016).
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Figure 2. The distribution of plotted cells, correlating the intensity of Channel 02 (SYBR Green I staining) and Channel
11 (autofluorescence of pigments) using the Imaging Flow Cytometry.

In order to compare the two different cryopreservation methods and/or the three different
ETs, the following post-thaw parameters were analysed.

Cell recovery (%), calculated at 7 days after thawing, as the ratio of healthy cells (R1) to

the number of cells before cryopreservation (Garrido-Cardenas et al., 2019; Murray and

Gibson, 2020).

RCCOVery (%) = (CCHS healthy * cells before cryopreservation) x 100
Cell viability (%), calculated as the ratio of healthy cells to the number of cells
inactive/dying in the earlier growth phase. In my work, I used to count the dot-plot on R1
(active/healthy cells) out of the total number of cells (R1+R2) and express the results as

a percentage.

Cell viability (%) = cells r1)* cells ri1+r2) % 100
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The re-growth curves were assessed until 35 days and the growth rate (i) was calculated

until the exponential phase, as followed reported:

u= (In N1) — In (NO) / (t1 — t0)

in which N1 and NO were the cell density (cells/ml) at time t0 and t1, respectively (day).
The maximum growth rate (umax) was calculated from t0 as the beginning of the
exponential phase to the end of the exponential phase (t1) when In(N) versus time was
linear.

Finally, the recovery time (RT) was taken as the time required by the culture to reach half

of the exponential growth phase and the maximum growth rate (Lmax) (Stock et al., 2018).

3.2.5 Morphophysiological analyses after post-cryopreservation

Morphophysiological analyses, before and after post-cryopreservation, were
performed based on the iFCM data. The organization of cells in solitary form and/or
colonies was identified by analysing the active cells plotted in the R1 region by iFCM; in
addition, also the size of cells and/or colonies was detected.

Moreover, the correlation of channel 11 (autofluorescence of pigments) with the cell
surface of active cells were used to measure the relative Chlorophyll content intensity and

expressed as Chl/area ratio.

3.2.6 Statistical Analysis

All experiments were conducted in triplicate. All data are expressed as mean +
standard error of biological replicates. Statistical analyses, including one-way and two-
way analysis of variance (ANOVA), followed by Tukey’s test, and the heatmaps were
performed using the statistical software GraphPad PRISM 9 (GraphPad Software Inc.,
San Diego, CA, USA). Statistical significance differences were considered at p < 0.05 or

p<0.01.

120



La borsa di dottorato ¢ stata cofinanziata con risorse del
Programma Operativo Nazionale Ricerca e Innovazione 2014-202 (CCI 2014IT16M20OP005)
Fondo Sociale Europeo, Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale”

3.3 Results

3.3.1 Induction of spore formation

Cultures of Chaetoceros socialis, C. costatus, and C. lauderi, growing until the
exponential phase, were inoculated in a nitrogen-depletion medium (N-depletion) and an
induction of spore formation was seen (Fig. 3).

C. socialis showed a fast spore formation both in Ctrl as N-depleted medium,
although the highest percentage of spores (97%) was obtained in the N-depletion medium
after 8 days of growth curve (Fig. 3 A).
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Figure 3. Dynamic of spore formation in Chaetoceros socialis in control condition (Ctrl) and in nitrogen-depleted
medium (N-depletion) (A). Data shown as mean + SD. Pictures of spores of C. socialis in colonial form taken in light
microscopy (B). Scale bar 5 um.

On the other side, in C. costatus and C. lauderi, 1 observed a delay in the formation
of the spores that started after 20 days of growth in the N-depletion medium and reached
the highest spore percentage at 35 days, with values of 97% and 98%, respectively (Fig.
4 A, C).
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Figure 4. Dynamics of spore formation in Chaetoceros costatus (4) and Chaetoceros lauderi (C) in control condition
(Ctrl) and in nitrogen-depleted medium (N-depletion) (4). Data shown as mean + SD. Pictures of spores of C. costatus
(B) and C. lauderi (D) taken in the light microscopy. Scale bar 5 um.

The N-depletion condition was also tested to induce spore formation in C.
didymus and resting cells in 7. rotula. These culture conditions did not induce the resting
stage for both these species so, for successive cryopreservation experiments, only the

vegetative cells were used.

3.3.2 Post-thaw Assessments: Recovery, Viability and Re-growth

The cryopreservation processes and thawing were described in section 3.2.3.
Briefly, the DMSO was selected as a cryoprotective agent (CPA) and three equilibration
times (ET) were tested (15, 30°, and 45 respectively); to cryopreserve spores and/or
vegetative cells two methods were tested: two-step freezing (T-F) and snap-freezing (S-

F).
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To evaluate the status of cultures after thawing, the subsamples were analysed by Imaging
Flow Cytometry, dividing the cells into different regions: in region R1 the active/healthy
cells were plotted (Fig. 5 A), in R2 the inactive/dying cells (Fig. 5 B) and lastly in the

region R3, bacteria were plotted (Fig. 5 C).

Ch01/Ch11/Ch02

A) R1 : ' ~

B) R2

C) R3

Figure 5. Pictures show cells detected in the different channels and plotted in different regions: Channell 01,
brightfield;, Channel 02, SYBR Green I staining; Channel 09, brightfield; Channel 11, autofluorescence of pigments,
and images of merged channels. R1, active/healthy cells (4); R2, inactive/ dormant cells (B); R3, bacteria (C). Scale
bar 10 um.

Globally, the results of post-thaw assessments, summarized in Tab 2, showed a clear
success in cryogenic storage for C. socialis and C. costatus (Tab. 2). In particular, for C.
socialis, both the strain APCI2 and ZUIBI showed a good performance in most
cryopreservation conditions used, in which the spores showed the best success (Tab. 2).
In addition, good results were observed also for the spore of C. costatus but when
cryopreserved at ET 45° and using the snap-freezing method (S-F) (Tab. 2). For the other

species tested in this work, the cryopreservation techniques showed variable results.
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Table 2. Experimental results of diatom species/strains cryopreserved. Post-thaw assessment: “+” indicates moderate
success;, “++" indicates high success; “-” indicates unsuccess, Freezing techniques: T-F: two-step; S-F: snap-
freezing; “*” indicates bacteria growth.

‘ _ Equilibration Post-thaw
Species/Strain Stage ]
Times (ETs) assessments

15 min + &5

Vegetative 30 min + 6P

C. socialis 45 min -

APCI2

15 min ++ &

Spore 30 min ++ P

45 min ++ &H

15 min + &H

Vegetative 30 min -

C. socialis 45 min -

ZUIBI

15 min + &H

Spore 30 min -

45 min -

15 min -

C. costatus Spore 30 min _

45 min ++ 6B

15 min -

C. lauderi Spore 30 min -

45 min -

15 min -

C. didymus Vegetative 30 min -

45 min -

15 min -

T. rotula Vegetative 30 min -

45 min -
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Recovery

La borsa di dottorato ¢ stata cofinanziata con risorse del

To investigate the effects of cryopreservation and the ability of cells to survive,

the recovery percentage (ratio of healthy cells after thawing to the number of cells before

cryopreservation) at the different equilibration times (ETs) and cryopreservation methods

(T-F vs S-F) were calculated at 7 days post thawing for the different species/strains (Tab.

3-5). For C. socialis APC12, only the cryopreservation through the snap-freezing method

(S-F) showed good results, both for spores as vegetative cells (Tab. 3). The best recovery

value was seen for the spores cryopreserved by the S-F method with an ET 45°, showing

a recovery of 47% (Tab. 3), whereas the vegetative cells showed low recovery with the

highest value through the S-F method too, but at ET 30’ (9%) (Tab.3).

Table 3. Recovery percentage of Chaetoceros socialis APC12 at 7 days post-thawing. ET, equilibration time (minutes);
T-F, two-step freezing, S-F, snap-freezing.

ET

15°

30

45’

Vegetative cells

T-F

0%

0%

0%

S-F

3%

9%

2%

T-F

0%

0%

0%

Spores

S-F

17%

29%

47%

C. socialis ZUIBI showed a different response to the cryopreservation process. As shown

in Tab. 3, the recovery values were very low, with a maximum of 2% for the spores using

the S-F protocols at ET 30’ (Tab.4).

Table 4. Recovery percentage of Chaetoceros socialis ZU1B1 at 7 days post-thawing. ET, equilibration time (minutes);
T-F, two-step freezing, S-F, snap-freezing.

ET

15°

30

45’

Vegetative cells

T-F

0%

0%

0%

S-F

1%

0%

0%

T-F

1%

0%

0%

Spores

S-F

1%

2%

1%
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Otherwise, after cryopreservation, C. costatus spores showed a recovery of 31% in the S-

F method at ET 45° (Tab. 5).

Table 5. The recovery percentage of Chaetoceros costatus at 7 days post-thawing. ET, equilibration time (minutes); T-
F, two-step freezing; S-F, snap-freezing.

Spores
ET T-F S-F
15’ 0% 0%
30° 0% 0%
45’ 0% 31%

The spores of C. lauderi after thawing showed no recovery. The monitoring for the
successive three weeks revealed an overgrowth of bacteria which covered and killed all
spores, causing a colour change of the culture from transparent to purple colour (Fig. 6).

The presence of bacteria was confirmed by their autofluorescence (Fig. 6 B).

A)

Cho2 Ch11

Figure 6. Chaetoceros lauderi spore culture at 7 days post-thawing (A). Picture of spores and cyanobacteria analysed
under Imaging Flow Cytometry: Channell 01, brightfield; Channel 02, SYBR Green I staining; Channel 09, brightfield,
Channel 11, autofluorescence of pigments (B). Scale bar 10 um.

Finally, the vegetative cells of both C. didymus as well as T. rotula exhibit no recovery

after thawing.
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Viability

Cell viability (%) was calculated as the ratio of active cells to the number of cells
inactive/dormant in the earlier growth phase, by using Imaging Flow Cytometry (see Mat
& Met section). I calculated the viability at 7 days (T1) and 14 days (T2) after post-
thawing.

The viability of C. socialis APC12 was globally low at T1 with the highest value
(5%) for the spores in S-F related to the ETs of 30” and 45°; whereas at T2 a clear increase,
for the spores, was noted (Tab 6). In particular, the spores cryopreserved through the S-F
method exhibited the highest percentage of viability in all ETs, reaching a viability of 96
% both in ET 30’ and 45°.

On the other hand, a rise of viability was observed also in vegetative cells in S-F condition
at ET of 15° and 30’ (from 15% to 20%), while, for the same vegetative cryopreserved

cells, low values in the T-F method were reported (Tab. 6).

Table 6. Viability percentage of Chaetoceros socialis APC12 vegetative cells and spores at Tl (7 days post-thawing)
and T2 (14 days post-thawing). ET, equilibration time (minutes); T-F, two-step freezing, S-F, snap freezing.

Tl T2
Vegetative cells Spore Vegetative cells Spore
ET T-F S-F T-F S-F T-F S-F T-F S-F
15 0% 0% 0% 5% 0% 15% 27% 90%
30° 0% 2% 0% 0% 3% 20% 33% 96%
45 4% 0% 2% 5% 4% 2% 35% 96%
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Concerning C. socialis ZUIB1, at 7 days after thawing, the vegetative cells showed very

low viability only at ET 15’ using S-F method, whereas the spores showed a little better

value in S-F methods (range from 1% to 5 %) (Tab. 7).

At T2, the viability values remained globally constant with a slight increase in the

vegetative cells in S-F method at ET 15°, while the values were low (Tab. 7).

Table 7. Viability percentage of Chaetoceros socialis ZU1B1 vegetative cells and spores at Tl (7 days post-thawing)
and T2 (14 days post-thawing). ET, equilibration time (minutes); T-F, two-step freezing; S-F, snap-freezing.

Tl T2
Vegetative cells Spore Vegetative cells Spore
ET T-F S-F T-F S-F T-F S-F T-F S-F
15° 0% 1% 1% 3% 0% 3% 1% 1%
30° 0% 0% 0% 5% 0% 1% 0% 2%
45° 0% 0% 0% 1% 0% 0% 0% 1%

Lastly, C. costatus spore showed viable cells only at ET 30’ using the S-F method at T1

(Tab. 8); however, at T2, the same cultures showed a decrease of viability in ET 30’ and

a significant rise in ET 45’ (Tab. 8).

Table 8. Viability percentage of Chaetoceros costatus spores at T1 (7 days post-thawing) and T2 (14 days post-thawing).
ET, equilibration time (minutes); T-F, two-step freezing; S-F, snap freezing.

Tl T2
ET T-F S-F T-F S-F
15° 0% 0% 0% 0%
30° 0% 6% 0% 1%
45° 0% 0% 0% 66%
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Re-growth

The viable cells (both vegetative cells and that derived from germination of
spores) were grown (re-growth) and monitored until 35 days. The growth curves and the
maximum growth rate (1max) were reported in Fig. 7 - 9.

The re-growth of vegetative cells of C. socialis APC12 cryopreserved using the
T-F method, showed no growth (Fig. 7 A); on the other hand, the vegetative cells
cryopreserved using the S-F method, exhibited a clear resume growth after 21 days for
all ETs used (Fig. 7 B). The highest cell density was obtained at ET 30°, reaching a peak
at 35 days with the highest pimax (10.5 = 0.4) followed by ET 15’ (Fig. 7 B).

The cryopreserved spores of the same strain showed a different trend.

Applying the T-F technique, a good growth rate was seen in all ETs, although the cell
density was low, with the peak at 14 days for ET 15” as 45°, and at 21 days for ET 30’
(Fig. 7 C). Instead, in the S-F method a quick recovery was detected in all ETs when the
exponential phase started from 7 days (Fig. 7 D). In particular ETs 15° and 30’ exhibited
comparable patterns of growth with a long exponential phase, from 7 to 21 days, but ET
15 reached the highest cell density (1.8 x 10° + 0.5 cell/ml), while in ET 30’ the cells
density was 1.2 x 10% + 0.5 cell/ml and with the highest umax (13.2 £ 0.5) (Fig. 7 D). On
the other hand, ET 45’ reached the pick of exponential phase after 18 days with a cell
density of 8.5 x 10°+ 0.4 cell/ml and a maximum growth rate of 12.2 + 0.5 (Fig. 7 D).
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Figure 7. Growth curve of vegetative cells (A, B) and spores (C, D) of Chaetoceros socialis APC12 cryopreserved
through two-step method (4, C) and snap-freezing method (B, D), different symbols indicate different equilibration
time (ET minutes); Data shown as mean + SD and the maximum growth rate was reported in the graph.

Concerning the cryopreserved vegetative cells of C. socialis ZUIBI, in line with the
recovery and viability data, they showed very low growth after both T-F and S-F methods
(Fig. 8 A, B).

A similar trend was noted also in the culture of ZUIB1 spores where a very low growth
was reported in the cultures cryopreserved through the T-F method (Fig. 8 C). Despite
this, a good result was obtained using the S-F approach. As shown in Fig. 8§ D, despite
the low cell density in all ETs, the growth curve showed the peak of the exponential phase
at 14 days for ET 30°, while ET 15’ showed a long lag phase and the peak of the
exponential phase at 21 days (Fig. 8 D).
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Figure 8. Growth curve of vegetative cells (A, B) and spores (C, D) of Chaetoceros socialis ZU1B1 cryopreserved

through two-step and snap-freezing method. Different symbols indicate different equilibration times (ET, minutes).
Data shown as mean + SD and the maximum growth rate was reported in the graph.

Lastly, for the cryopreserved C. costatus spores, using the T-F method, they didn’t exhibit
a regrowth after the thawing in all conditions (Fig. 9 A); the best result was obtained after
the S-F method at ET 45’ when the growth curve showed an exponential phase starting
from 14 days with a first peak at 21 days (Fig. 9 B). Then, there was a decrease in cellular
vitality with a minimum of density at 28 days, after that a renewed growth appeared,

reaching a cell density of 9 x 10°+ 0.3 cell/ml (Fig. 9 B).
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Figure 9. The growth curve of cells germinated from Chaetoceros costatus spores cryopreserved through two-step (4)
and snap-freezing method (B). Different symbols indicate different equilibration times (ET, minutes). Data shown as
mean + SD and the maximum growth rate was reported in the graph.

Finally, considering the differences in the recovery and re-growth of cultures, I compared
the recovery time (RT) calculated as the time needed to reach the mid-exponential phase
(Fig. 10). As shown in Fig. 10, spores need less time to recover compared with the
vegetative cells in both strains of C. socialis, while, as seen also in the growth curve, C.

costatus showed a recovery only at ET 45’ using S-F method.
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Figure 10. Recovery time of the diatoms cryopreserved through two-step and snap-freezing methods. Boxplots showing
the time until the culture reaches mid exponential phase after cryopreservation for the different species. The different
colours indicate different equilibration times (minutes). Cultures not recovered are indicated with an asterisk.
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3.3.3 Post-cryopreservation culture viability and morphophysiological changes

To evaluate in detail the post-cryopreservation viability and the
morphophysiological changes of the cultures after post-thawing due to the freezing
events, I assessed, by Imaging Flow Cytometry (iIFCM), the following parameters:

1) Percentage of active (healthy) cells vs inactive (not healthy) cells and/or dormant cells;
i1) Morphological organization of active cells (single cells vs colonies) and their size;
ii1) Basal fluorescence intensity of chlorophyll.

All the parameters were detected before cryopreservation (b. ¢) and after cryopreservation
(a. c) at 7 days (T1), 14 days (T2), and until the peak of exponential phase (T3).

For each species/strain culture, the results are below reported.

Active cells vs cell inactive and/or dormant cells in cultures of Chaetoceros socialis

APC12 deriving from cryopreserved vegetative cells vs cryopreserved spores

The cultures deriving from cryopreserved vegetative cells C. socialis APCI2
showed the highest percentage of active cells (80%) at T3 and ET 15° using the T-F
method (Fig. 11 A), while in the S-F method, a gradual rise of active cells was observed
from T1 to T3 (Fig. 11 A). At ET 30’ a very low percentage of active cells was observed
after the T-F method, while in S-F the active cells rose from T2 to T3, reaching 95% (Fig.
11 B). On the other hand, at ET 45’ in the T-F method, the total cells were inactive and/or
dormant, and only in the S-F method some active cells were detected at T3 (30 %) (Fig.
11 C).
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Figure 11. The average proportion of physiological status of Chaetoceros socialis APCI12 cultures derived from
cryopreserved vegetative cells. Two-step freezing (T-F), snap-freezing (S-F) before cryopreservation (b. c), after
cryopreservation (a. c) at 7 days (T1), 14 days (T2) and 21 days (T3) after thawing. Equilibration time 15’ (4), 30° (B)
and 45’ (C) minutes.

In the culture deriving from cryopreserved spores, the highest value of active
cells was at ET 15’ using the T-F method at T2, followed by a decrease of percentage at
T3 (Fig. 12 A); also, for the S-F condition I have seen an increase in the active cells in
the cultures, with the highest percentage in T2 (96%) (Fig. 12 A). A similar trend was
reported for other ETs, 30’ and 45° (Fig. 12 B, C).
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Figure 12. The average proportion of physiological status of Chaetoceros socialis APCI12 cultures derived from
cryopreserved spores. Two-step freezing (T-F), snap-freezing (S-F) before cryopreservation (b. c), after
cryopreservation (a. c) at 7 days (T1), 14 days (T2) and 21 days (T3) after thawing. Equilibration time 15’ (A), 30° (B)
and 45’ (C) minutes.
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Morphological organization in cultures of Chaetoceros socialis APCI12 deriving from

cryopreserved vegetative cells vs cryopreserved spores

I evaluated the tendency of the active cells to remain as a single or colonial form
post-thawing and re-growth.
In the culture deriving from cryopreserved vegetative cells both the cryopreservation
techniques as ETs affected the morphological organization. In particular the cells in the
culture ET 15° showed the tendency to stay as a single cell (Fig. 13 A); whereas in ET
30’ under the T-F method, all the cells were organized in colonies at T2; in the S-F
method, colonies organization were found at T1 while at T2 and T3, a shift to single-cell
organization was seen (Fig. 13 B). In ET 45’ after the T-F method, a prevalent colony
organization at T3 was observed, as in S-F at T2 (Fig. 13 C).
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Figure 13. Average proportion of unicellular vs colonial form of active cells of Chaetoceros socialis APC12 cultures
derived from cryopreserved vegetative cells. Two-step freezing (T-F), snap-freezing (S-F) before cryopreservation (b.
¢), after cryopreservation (a. c) at 7 days (T1), 14 days (T2), and 21 days (T3). Equilibration time 15° (4), 30" (B) and
45’ (C) minutes.

When I considered the size of the single cells, I detected a significant reduction at T3 in
the T-F method after cryopreservation with respect to the size before cryopreservation (b.

¢), while no differences were noted in the S-F condition (Tab. 9).
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Table 9. Size of active single cells of Chaetoceros socialis APC12 cultures derived from cryopreserved vegetative cells.
Two-step freezing (T-F),; snap-freezing (S-F); before cryopreservation (b.c); after cryopreservation (a.c) at 7 days (T1),
14 days (T2), and 21 days (T3). Equilibration time 15°, 30" and 45° minutes. Data show the average + S.D. Statistical
analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Single cell
15° 30° 45’ 15’ 30° 45°
b.c 7.5€1.2 7.5+1.2 7.5+1.2 75+12 7.5+1.2 75+1.2
T1 0 0 0 0 0 0
Size (um)
T2 0 0 0 6.8+1.1 6.5+1.3 0
T3 64+12" 0 52+09" 6.9+1.1 6.8+0.9 0

On the other hand, the size of the colonies showed a rise in all ETs in the T-F condition,
except for the ET 15°; in the S-F method, the size remained stable in T1 and T2, whereas

at ET 45’ a conspicuous size increase at T2 was observed (Tab. 10).

Table 10. Size of colonies of Chaetoceros socialis APC12 cultures derived from cryopreserved vegetative cells. Two-
step freezing (T-F), snap freezing (S-F) before cryopreservation (b. c) after cryopreservation (a. c) at 7 days (T1), 14
days (T2) and 21 days (T3). Equilibration time 15°, 30 and 45° minutes. Data show the average + S.D. Statistical
analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Colonies
15° 30’ 45° 15° 30’ 45°
b.c 142+ 2.4 142+ 2.4 142+ 2.4 142+ 2.4 142+ 2.4 142+ 2.4
T1 0 0 39.5+£29™ 0 15.9+2.3 0
Size (um)
T2 0 23.75+34" 25+34™ 155+2.1 11.9+1.9 34.543.2™
T3 11+£2.2 0 0 124+ 1.8 13.5+1.7 0
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Regarding the cells germinated from APC12 spores, in ET 15 after the T-F method, in
the culture the cells showed the tendency to stay as solitary form until the T2, followed
by a shift in colonies organization at T3 (Fig. 14 A); on the other hand, in S-F, mostly
single cells were found in all phases of the regrowth (Fig. 14 A).

A different trend was noted in ETs 30’ and 45°. More in detail, in ET 30’ globally, the
single cell was prevalent in all the ETs (Fig. 14 B), otherwise in ET 45’ after the T-F
method an increase of colonies was seen at T2 while in the S-F method, the cultures

showed a prevalent distribution in single-cell (Fig. 14 C).
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Figure 14. Average proportion of unicellular vs colonial form of active cells of Chaetoceros socialis APC12 cultures
derived from cryopreserved spores. Two-step freezing (T-F),; snap-freezing (S-F), before cryopreservation (b. c), after
cryopreservation (a. c) at 7 days (T1), 14 days (12) and 21 days (T3). Equilibration time 15’ (4), 30" (B) and 45 (C)
minutes.
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Regarding the cell size, I observed a slight increase in the cell size after spore

germination, in all the different protocols, though small values were maintained (Tab.

11).

Table 11. Size of active single cells of Chaetoceros socialis APC12 cultures derived from cryopreserved spores. Two-
step freezing (T-F), snap-freezing (S-F) before cryopreservation (b. c), after cryopreservation (a .c) at 7 days (T1), 14
days (T2) and 21 days (T3). Equilibration time 15°, 30" and 45° minutes. Data show the average + S.D. Statistical
analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

Single cell

T1

Size (um) T2

T3

15

6+0.9

84+09°

T-F
30 45’
0 7.5+0.3

6.7+0.5 7+03

72+1.1 7+03

15

6.5+0.7

6.9+1.1

6.6+1.2

S-F

30°

6.9+0.8

73+£0.7

45’

8+0.7"

72+0.6

72+0.6

A similar trend was observed also for the colonies, showing a size rise from T2 to T3

after both cryopreservation methods (Tab. 12).

Table 12. Size of colonies of Chaetoceros socialis APC12 cultures derived from cryopreserved spores. Two-step
freezing (T-F), snap-freezing (S-F) before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14 days
(T2) and 21 days (T3). Equilibration time 15°, 30° and 45° minutes. Data show the average + S.D. Statistical analyses
were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

Colonies
b.c
Tl
Size (um)
T2
T3

15

12.5+2.1

24

20.5+2.2

T-F

30 45’

125+2.1 12.5+2.1

25.75+34" 23.6+34"

1533+14 21.5+2.1"

15°

125+2.1

16.4 +1.3"

172+1.4

S-F

30°

125+2.1

162+1.3"

183+1.4"

45’

12.5+2.1

13614

16.7+14"
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Basal fluorescence intensity of chlorophyll in cultures of Chaetoceros socialis APCI12

deriving from cryopreserved vegetative cells vs cryopreserved spores

By the iFCM method, I correlated chlorophyll intensity with cell surface
(Chl/area ratio) as a feature in determining the activity of cells. The results showed that
the Chl/area ratio after the T-F method exhibited a recovery exclusively in T3 for all ETs,
both for the single cells as colonies (Fig. 15). Otherwise, in the single cells after the S-F
method, a rise in Chl/area was observed in T2 and T3 but only for ET 15 and 30°, while
the colonies showed globally a low Chl/area ratio (Fig. 15).
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Figure 15. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of cell surface (Chl/area)
in Chaetoceros socialis APC12 cultures derived from cryopreserved vegetative cells. A) single cells, B) colonies. Two-

T-Fbc

T-FacT1
T-FacT2

T-Fa.cT3

S-F b.cH

S-FacTl
S-Fa.cT2+

S-Fa.cT3-

1% 30’ 45

step freezing (T-F); snap-freezing (S-F),; before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1),
(T2), and 21 days (T3). Equilibration time 15°, 30°, and 45 minutes.

Regarding the cells germinated from spores, each treatment showed an increase in the
Chl/area ratio compared with the status before cryopreservation in the single cells at ET
30’ and 45’ (Fig. 16 A) and for the colonies after the T-F cryopreservation method (Fig.
16 B). A similar trend was observed in the S-F treatment, whereas, as shown in Fig. 16
(A), the single cells organization rise their Chl/area ratio in all ETs during the growth; in
contrast, colonies showed a low intensity correlated also with the low percentage of

colonies cells (Fig. 16 B, Fig. 14).
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Figure 16. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of cell surface (Chl/area)
in Chaetoceros socialis APC12 cultures derived from cryopreserved spore. A) single cells, B) colonies. Two-step
freezing (T-F), snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14 days
(T2), and 21 days (T3). Equilibration time 15°, 30°, and 45 minutes.

Active cells vs cell inactive and/or dormant cells in cultures of Chaetoceros socialis

ZUIBI deriving from cryopreserved vegetative cells vs cryopreserved spore

In C. socialis ZUIBI, T-F treatment induced a high percentage of
inactive/dormant cells in all ETs (Fig. 17). In contrast, the S-F method induced a slight
increase in the percentage of active cells at T3 for all ETs (Fig. 17 A) when the active

cells in average were about 18% (Fig. 17).
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Figure 17. Average proportion of physiological status of Chaetoceros socialis ZUIBI1 cultures derived from
cryopreserved vegetative cells. Two-step freezing (T-F); snap freezing (S-F),; before cryopreservation (b. c), after
cryopreservation (a. ¢) at 7 days (T1), 14 days (T2), and 21 days (T3). Equilibration time 15’ (4), 30’ (B) and 45’ (C)
minutes.
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A relatively better response was observed in the cryopreserved spores than cryopreserved
vegetative cells: in ET 15’ using the T-F method, a rise of active cells was seen at T2 and

T3 (Fig. 18 A) while using the S-F method, an increase of the active cells was shown

especially at ET 45° with the highest percentage at T3 (55%) (Fig. 18 C).
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Figure 18. Average proportion of physiological status of Chaetoceros socialis ZU1B1 cultures derived from
cryopreserved spores. Two-step freezing (T-F), snap-freezing (S-F), before cryopreservation (b. c), after
cryopreservation (a. ¢) at 7 days (T1), 14 days (T2) and 21 days (T3) after thawing. Equilibration time 15’ (4), 30’ (B)
and 45’ (C) minutes.

Morphological organization in cultures of Chaetoceros socialis ZUIBI deriving from

cryopreserved vegetative cells vs cryopreserved spore

Considering that only in the S-F treatment I have seen active cells, I observed a

high percentage of single/unicellular organization despite the tendency to form colonies

before the cryopreservation in all the ETs (Fig. 19).
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Figure 19. Average proportion of unicellular vs colonial form of active cells of Chaetoceros socialis ZU1B1 cultures
derived from cryopreserved vegetative cells. Two-step freezing (T-F); snap-freezing (S-F); before cryopreservation
(b. c), after cryopreservation (a. c) at 7 days (T1), 14 days (T2), and 21 days (T3). Equilibration time 15’ (4), 30° (B)
and 45’ (C) minutes.

In addition, no significant differences were observed in the size of single cells. (Tab.

13).

Table 13. Size of single cells of Chaetoceros socialis ZU1BI1 cultures derived from cryopreserved vegetative cells. Two-
step freezing (T-F), snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14
days (T2), and 21 days (T3). Equilibration time 15°, 30" and 45’ minutes. Data show the average + S.D. Statistical
analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Single cell
15° 30° 45’ 15’ 30 45°
b.c 84+0.7 84+0.7 8.4+0.7 8.4+0.7 84+0.7 84+0.7
T1 0 0 0 0 0 0
Size (um)
T2 0 0 0 7.4+£0.5 6.8+0.9 72+0.7
T3 0 0 0 7.5£0.5 7.2+0.7 73+0.6
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As is shown in Table 14, a significant decrease was noted in the colony's size in the S-F

in all ETs.

Table 14. Size of colony cells of Chaetoceros socialis ZU1B1 cultures derived from cryopreserved vegetative cells.
Two-step freezing (T-F), snap-freezing (S-F); before cryopreservation (b. ¢), after cryopreservation (a. ¢) at 7 days
(T1), 14 days (T2), and 21 days (T3). Equilibration time 15°, 30’ and 45’ minutes. Data show the average + S.D.
Statistical analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Colonies
15 30 45 15 30 45
b.c 33.5+2.1 33.5+2.1 33.5+2.1 33.5+2.1 33.5+2.1 33.5+2.1
T1 0 0 0 0 0 0
Size (um)
T2 0 0 0 26.4+13" 254+14" 232+1.6"
T3 0 0 0 271+£12" 263+1.5" 27.1x12°

Similarly, during the regrowth of the cryopreserved ZUIBI spores, the germinated cells
showed the tendency to organize as a single form both in T-F as well as S-F method,
while an increase of colonies was observed during the time. In particular, at T3 in all

ETs, the percentage of colony organization increased (Fig. 20).

A) 15 B) . C) 45
T-Fb.c T-Fbc T-Fb.c
T-FacTi T-FacTil T-FacTi
T-FacT2 T-FacT2 T-FacT2
T-FacT3 T-FacT3 TFacT3
S-Fbc S-Fbc S-Fbe
S-FacT1 SFacT1 S-FacTi
S-FacT2 S-FacT2 S-FacT2
S-FacT3 S-FacT3 S-FacT3
r T T T T 1 T T T T T 1 T T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
% cells % cells % cells
I single
I colonies

Figure 20. Average proportion of unicellular vs colonial form of active cells of Chaetoceros socialis ZU1B1 cultures
derived from cryopreserved spore. Two-step freezing (1-F); snap-freezing (S-F), before cryopreservation (b. c), after
cryopreservation (a. ¢) at 7 days (T1), 14 days (T2), and 21 days (T3). Equilibration time 15° (4), 30’ (B) and 45’ (C)
minutes.
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Moreover, as reported in Table 15, I have seen that T-F and S-F treatment did not induce

any alteration in the size of single cells germinated from the cryopreserved ZU1B]1 spores.

Table 15. Size of single cells of Chaetoceros socialis ZU1B1 cultures derived from cryopreserved spore. Two-step
freezing (T-F), snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14 days
(T2), and 21 days (T3). Equilibration time 15°, 30 and 45’ minutes. Data show the average + S.D. Statistical analyses
were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Single cell
15’ 30° 45’ 15’ 30 45°
b.c 6.7+0.8 6.7+0.8 6.7+0.8 6.7£0.8 6.7+0.8 6.7+0.8
T1 6.2+0.8 0 0 6.3+0.9 6.4+£0.8 6.1+£0.7
Size (um)
T2 6.5+0.8 0 0 6.8+ 0.6 6.9+0.6 6.5+0.7
T3 724+0.8 7.1£0.7 0 7.5+0.5 7.5+0.6 7.6+£0.9

Otherwise, a significant reduction was observed in the size of colonies for all treatments

(Tab. 16).

Table 16. Size of colonies of Chaetoceros socialis ZU1BI cultures derived from cryopreserved spore. Two-step freezing
(T-F), snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14 days (T2),
and 21 days (T3). Equilibration time 15°, 30" and 45 minutes. Data show the average + S.D. Statistical analyses were
performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Colonies
15’ 30’ 45’ 15’ 30’ 45’
b.c 38.5£1.9 38.5+1.9 385+ 1.9 38.5£1.9 38.5£1.9 385+ 1.9
T1 21.5+1.17 0 0 23.5+ 1.7 28.5+1.8" 22.5+1.6"
Size (um)
T2 28.5+£1.9 0 0 264+13" 254+14" 22.2+1.4"
T3 33.5+ 1.6 24+ 1.8" 0 27.1+12" 263+1.5" 21.1+ 1.7
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Basal fluorescence intensity of chlorophyll in Cultures of Chaetoceros socialis ZUIBI

deriving from cryopreserved vegetative cells vs cryopreserved spores

Similarly to C. socialis APC12, the Chl/area ratio of vegetative cells deriving
from cryopreserved vegetative cells of C. socialis ZU1B1 exhibited very low values in T-
F, both in single as in colonies organization (Fig. 21). On the contrary, in the S-F method,
a rise in intensity was observed in single forms in T2 and T3 in all ETs (Fig. 21 A), while

colonies forms showed globally low levels in T2 and T3 in all ETs (Fig. 21 B).
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Figure 21. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of cell surface (Chl/area)
in Chaetoceros socialis ZU1BI1 cultures derived from cryopreserved vegetative cells. A) single cells, B) colonies. Two-
step freezing (T-F); snap-freezing (S-F), before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14
days (T2), and 21 days (T3). Equilibration time 15°, 30" and 45" minutes.

Regarding cells germinated from spores, a low increase in Chl/area ratio was reported in
the T-F treatment both in singles and colonies at ET 15’ (from T1 to T3), while at ET 30’
an increase was seen only at T3 (Fig. 22).

On the contrary, after the S-F treatment, both single cells and colonies form showed a rise
of the values in all ETs during the growth (from T1 to T3). Globally, Chl/area ratio values

remained much higher before cryopreservation compared with after freezing (Fig. 22).
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Figure 22. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of the cell surface
(Chl/area) in Chaetoceros socialis ZU1BI1 cultures derived from cryopreserved spore. A) single cells, B) colonies. Two-
step freezing (T-F), snap-freezing (S-F), before cryopreservation (b. ¢), after cryopreservation (a. ¢) at 7 days (T1), 14
days (T2), and 21 days (T3). Equilibration time 15°, 30’ and 45° minutes.

Active cells vs cell inactive and/or dormant cells in cultures of Chaetoceros costatus

deriving from cryopreserved spores

The growth curve of the cultures derived from cryopreserved spores of C. costatus
was monitored successfully for up to 35 days (T4 and T5). In C. costatus, a very low
percentage of active cells was obtained in both cryopreservation methods. Although at
ET 30’ using the T-F method a very low percentage of active cells were noted at T1 (Fig,
23 B), the best results were obtained at ET 45’ using S-F (Fig. 23 C).
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Figure 23. Average proportion of physiological status of Chaetoceros costatus cultures derived from cryopreserved
spores. Two-step freezing (T-F); snap-freezing (S-F), before cryopreservation (b. c), after cryopreservation (a. c) at 7
days (T1), 14 days (T2), 21 days (T3), 28 days (T4) and 35 days (T5) after thawing. Equilibration time 15’ (4), 30° (B)
and 45’ (C) minutes.

Morphological organization in cultures of Chaetoceros costatus deriving from

cryopreserved spores

Considering ET 45’ from T3 to TS in both methods a predominant presence of

single cells vs colonies was observed, in contrast with the condition in b. ¢ (Fig. 24 C).
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Figure 24. Average proportion of unicellular vs colonial form of active cells of Chaetoceros costatus cultures derived
from cryopreserved spore. Two-step freezing (T-F); snap-freezing (S-F); before cryopreservation (b. c), after
cryopreservation (a. c) at 7 days (T1), 14 days (T2), 21 days (T3), 28 days (T4) and 35 days (T5). Equilibration time
15" (A), 30° (B) and 45° (C) minutes.
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Moreover, changes were also observed in cell size as single cells and colonies showed a

significant reduction after the cryopreservation from T1 to T3 (Tab. 17).

Table 17. Size of single and colony’s form of Chaetoceros costatus cultures derived from cryopreserved spore using
snap-freezing (S-F) at ET 45°. Before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14 days (T2),
21 days (T3), 28 days (T4), and 35 days (T5). Data show the average + S.D. Statistical analyses were performed using
one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

Size (um)
Single Colonies

b. c. 1435+23 114.6 8 £22.4
a.cTl - -
a.cT2 1225+ 1.3 65.51+12.3"
a.cT3 13.69+ 1.8 76.51 +£11.2"
a.c T4 13.59+1.2 49.66 + 13.6™
a.cT5 1701+ 1.5 5032+ 164 ™

Basal fluorescence intensity of chlorophyll in cultures of Chaetoceros costatus deriving

from cryopreserved spores

The Chl/area ratio showed a good increase both in single as in colonies
organization during the time (Fig. 25).
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Figure 25. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of the cell surface
(Chl/area) in Chaetoceros costatus cultures derived from cryopreserved spores. A) single cells, B) colonies. Two-step
freezing (T-F); snap-freezing (S-F),; before cryopreservation (b. c), after cryopreservation (a. ¢) at 7 days (T1), 14 days
(T2), 21 days (T3), 28 days (T4) and 35 days (T5). Equilibration time 15°, 30°, and 45 minutes.
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Active cells vs cell inactive and/or dormant cells in cultures of Thalassiosira rotula

deriving from cryopreserved vegetative cells

Although the T. rotula culture after cryopreservation didn’t show recovery,
considering its biotechnological potential investigated in the first part of this PhD project,
a deep analysis of the parameters involved in the unsuccessful cryopreservation became
interesting.

As shown in Fig. 26, culture of 7. rotula globally remains in the inactive/dormant state,
and only with the S-F method at 15 ET, a very low percentage of active were seen at T2

(2 - 4%).
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S-Fb.c o | | S-Fb.c 1 S-Fb.ec
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S-FacT2 S-FacT2 S-FacT2
S5FacT3 S-FacT3 S-FacT3
1 1 1 1 1 1 T T T T T 1 I T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
% cells % cells % cells

B active cells
B inactive/dormant cells

Figure 26. Average proportion of physiological status of Thalassiosira rotula cultures derived from cryopreserved
spores. Two-step freezing (T-F); snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7
days (T1), 14 days (12), 21 days (T3) after thawing. Equilibration time 15’ (4), 30° (B) and 45’ (C) minutes.

Morphological organization in cultures of Thalassiosira rotula deriving from

cryopreserved vegetative cells
Notwithstanding this very low rate of active cells, after the thawing the single

form was prevalent respect with the colonial organization visible before

cryopreservation (Fig. 27).
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Figure 27. Average proportion of physiological status of Thalassiosira rotula cultures derived from cryopreserved
spores. Two-step freezing (T-F); snap-freezing (S-F), before cryopreservation (b. c), after cryopreservation (a. c) at 7
days (T1), 14 days (12), 21 days (T3) after thawing. Equilibration time 15’ (4), 30° (B) and 45’ (C) minutes.

Considering the size, whereas in the single cells no significant differences were observed
after cryopreservation (Tab. 18) on the contrary, the size of colonies, which resulted very
high before the cryopreservation, showed a significant reduction after the thawing (Table
19).

Table 18. Size of single cells of Thalassiosira rotula cultures derived from cryopreserved vegetative cells. Two-step
freezing (T-F), snap-freezing (S-F); before cryopreservation (b.c), after cryopreservation (a.c) at 7 days (T1), 14 days

(T2), and 21 days (T3). Equilibration time 15°, 30’and 45° minutes. Data show the average + S.D. Statistical analyses
were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Single cell

15’ 30° 45’ 15’ 30° 45’
b.c 15.6 £0.6 15.6+£0.6 15.6+0.6 15.6 0.6 156+0.6 15.6+0.6
T1 0 0 0 0 0 0

Size (um)

T2 0 0 0 14.32+0.8 0 152+£0.8
T3 0 0 0 0 0 0
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Table 19. Size of colonies of Thalassiosira rotula cultures derived from cryopreserved vegetative cells. Two-step
freezing (T-F), snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days (T1), 14
days (T2), and 21 days (T3). Equilibration time 15°, 30 and 45° minutes. Data show the average + S.D. Statistical
analyses were performed using one-way ANOVA and Tukey’s range test. “*” (p < 0.05); “**” (p < 0.01).

T-F S-F
Colonies
15° 30° 45° 15° 30° 45’
b.c 437+ 1.9 437+ 1.9 437+ 1.9 437+1.9 437+1.9 437+ 1.9
T1 0 0 0 0 0 0
Size (um)

T2 0 0 0 146 £ 1.7 0 141+ 1.6™
T3 0 0 0 0 0 0

Basal fluorescence intensity of chlorophyll in cultures of Thalassiosira rotula deriving

from cryopreserved vegetative cells

Globally, Chl/area ratio values remained much higher before cryopreservation

compared with after freezing (Fig. 28).
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Figure 25. The Heat maps indicate the trend of the intensity of chlorophyll related to the area of the cell surface
(Chl/area) in Thalassiosira rotula cultures derived from cryopreserved vegetative cells. A) single cells, B) colonies.
Two-step freezing (T-F); snap-freezing (S-F); before cryopreservation (b. c), after cryopreservation (a. c) at 7 days
(T1), 14 days (T2), 21 days (T3), 28 days (T4) and 35 days (T5). Equilibration time 15°, 30°, and 45 minutes.
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3.4 Discussion

In this chapter, I discuss the results on the applicability and/or success of the
cryopreservation technique for some species/strains of diatoms and in particular for the
resting spores. Because of the increasing interest in diatoms, both within fundamental and
applied research, it’s crucial to improve current cryopreservation protocols (Taylor and
Fletcher, 1998; Boroda et al., 2014).

Several parameters have been described as determinants for successful
cryopreservation of microalgae, such as species, strain, cell size and form (Day and
DeVille, 1995), growth phase and rate (Piasecki et al., 2009) cooling rate, storage
temperature, and duration of storage, thawing and post thawing manipulation (McLellan,
1989; Day and McLellan 1995; Day 1998; Tanniou et al., 2012; Buhman et al., 2013;
Day et al., 2017; Stock et al., 2018).

Although diatom tolerance to freezing is relatively limited, I tested different
protocols and cryopreservation conditions with the aim to maintain the structural and
functional integrity of species/strains of diatoms investigated. In particular, I tested the
cryopreservation technique on both vegetative cells as well as resting stages (spores or
resting cells). Among the diatom species/strains focused on in this study, different
features, such as sizes (range from 6.5 to 40 pm) and ecological features (sampling site
and/or tolerance to various stresses) have been taken into account. More in detail,
Chaetoceros socialis, Chaetoceros costatus, and Chaetoceros lauderi are abundant
species in the Mediterranean Sea, playing a crucial role in the Gulf of Naples’ warm
temperate coastal ecosystem and noted for the abundant presence of spores in surface
sediments (Zingone et al., 1990, 1995, 2010; Montresor et al., 2013; Piredda et al., 2017).
In particular, C. socialis, a colony-forming centric diatom, showed a significant diversity
and global distribution, being present from the frigid Arctic and North Atlantic to the
much warmer Mediterranean Sea and Gulf of California, blooming in a temperature range
of -2 to 29°C in various oceanic regions (Degerlund et al., 2010; Booth et al., 2022). For
these reasons, I tested two strains of C. socialis, isolated in different ecological areas:
APC]2 strain, derived from spore germination of sediments by the Gulf of Naples, and
ZUIB1 strain isolated by phytoplankton samples of the North Sea.
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The other species, C. costatus and C. didymus, were investigated especially for their
mechanism to tolerance of various stresses: C. costatus showed a high antioxidant
potential, denoted when cultured were placed in a nitrogen-deprived medium
characterized by a high content of loliolide, pheophorbide a, pheophytin b, known with
an antioxidant activity (Frleta Matas et al., 2024); while C. didymus was defined as a
“resistant” species, producing proteases and oxylipins potentially involved in the
resistance to lysis by Kordia algicida, an algicidal bacterium (Paul and Pohnert, 2011;
Meyer et al., 2018). Meanwhile, C. lauderi is a species characterized by a very large size
(range 28-50 pum), with a global distribution and seasonal occurrence, also noted as
producers of endogenous spore, which the morphological aspects are well described (Ishi
et al.,2011; Montresor et al., 2013).

Lastly, the centric diatom Thalassiosira rotula was tested in my study not only because
it is a cosmopolitan species and it is very abundant in the Mediterranean Sea, both in
phytoplankton and/or sediment samples, but also for its potential application in the
biotechnological field. As reported by several studies, 7. rotula is a potential sustainable
source of lipids, pigments, PUFA, and other bioactive compounds (Di Dato et al., 2019;
Matas et al., 2023). For instance, as described in Cutignano et al., (2022), extract of 7.
rotula showed an enrichment in cytotoxic molecules like the phytosterol 24-methylene
cholesterol (24-MChol) with an anticancer activity. Moreover, Thalassiosira spp. are a
potential candidate in biorefinery, nanotechnology, and biomedicine field, not only to
naturally produce high-value biomolecules but also to reach high densities even in mass
culture (Kusumaningtyas et al., 2017; Marella and Tiwari, 2020; Mishra et al., 2020). For
this reason, 7. rotula was also investigated in the first part of this PhD research project as
a potential producer of fucoxanthin. Finally, it has been found that some Thalassiosira
species, including 7. rotula, develop resting cells which, unlike the spores, are
morphologically similar to vegetative cells (McQuoid and Hobson, 1996) and probably
more suitable for cryopreservation.

My main focus was to assess the potential use of spores in cryopreservation and testing
for the first time this technique in this growth stage, as well as to allow cryopreservation

in species that are typically challenging to preserve.
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The induction of spore formation, their cryopreservation, and finally their revival, could
represent a valid alternative for the long-term maintenance of species/strains to avoid
phenotypic and genotypic modification that may arise in culture conditions.
To this aim, firstly I tried to induce spore formation in my species. The spore formation
is largely studied, but the mechanism that induces this stage is not completely clear for
many diatoms (McQuoid and Hobson 1996; Sugi and Kuma, 2008; Pelusi et al., 2019).
Several studies have shown that, in natural populations, nutrient depletion, particularly
nitrogen, is the most effective trigger inducing this life cycle transition (Kuwata et al.,
1993; McQuoid and Hobson 1996; Kudo et al., 2000; Michel et al., 2002; Pelusi et al.,
2019). Pelusi et al. (2019) reported that in C. socialis, in laboratory conditions, the cell
density also plays a role in inducing spore formation.
Based on this, I conducted experiments to obtain resting spores in my diatom species
using low nitrate concentration (N-depletion) together with a low cell density inocula in
the basal medium. In my experiments, the treatment of nitrogen depletion induced spores’
formation in both C. socialis strains as well as in C. costatus and C. lauderi; on the other
hand, the same conditions did not induce resting stages (i.e spore in C. didymus and
resting cells in 7. rotula).
As reported by McQuoid and Hobson (1996) and Sugie and Kuma (2008), nitrogen is one
of the factors involved in spore formation but not for all the species and other elements,
such as silicate availability, temperature fluctuations, darkness, and other environmental
stressors could play a role in spore formation. Then, with the perspective of the possible
difficulty of producing spores, I compared cryopreservation success on the vegetative
cells vs spores for some strains. Interestingly, the spores of C. lauderi, as for the small
size (range 12-15 um) resulted particularly suitable for cryopreservation; unfortunately,
the cryopreserved spores showed, during the post-thaw monitoring, high growth of
cyanobacteria that inhibited further recovery. On the other hand, C. lauderi vegetative
cells showed a large size (30-45 pm) that negatively influenced the success of
cryopreservation.
Indeed, as reported by Whaley et al. (2021), smaller diatoms may allow for more efficient
penetration of CPA, enhancing the protective effects of the cryoprotectant and leading to
improved survival rates post-cryopreservation; in contrast, larger diatoms showed a very

low percentage of successful of cryopreservation (Whaley et al., 2021).
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In thus study, I evaluated different cryopreservation protocols changing also two key
parameters: the equilibration times (ETs), like the incubation time in DMSO, and the
freezing techniques (Rhodes et al., 2005; Day et al., 2017; Stock et al., 2018; Yee and
Yang, 2023). Preliminary tests using DMSO (10%) allowed us to select three different
equilibration times (15, 30, and 45 minutes, respectively). Studies highlight that optimal
equilibration times vary across species, with a range from 5 to 30 minutes often effective
for small diatom strains, whereas larger species may benefit from slightly extended times
(Imelda et al., 2000; Buhmann et al., 2013; Stock et al., 2018).
My results showed that ETs even longer, i.e. up to 45', had good results for the
cryopreservation of spores of C. socialis (strain APC12).
Furthermore, the freezing technique is another important key to the success of
cryopreservation for microalgae, and two methods were reported as more successful: the
slow controlled cooling rates, commonly defined as the two-step freezing method (T-F)
and a rapid-freezing technique, as snap-freezing (S-F). Variations in these two freezing
methods have been explored to further minimize cell damage during cryopreservation
(Morris, 1978; Canavate and Lubian, 1997; Mitbavkar and Anil, 2006; Day et al., 2017,
Stock et al., 2018).
Overall, my results suggest rapid freezing (S-F) as a successful method for my species
and a high tolerance to cryopreservation has been observed in the spores of C. socialis
and C. costatus. Some studies suggest that diatoms have better survival rates with two-
step freezing due to reduction of intracellular ice formation. In contrast, snap-freezing
(and/or insufficient cryoprotectant exposure) often results in low survival rates, indicating
diatoms are sensitive to freezing-induced osmotic stress (Day et al., 1997; Bui et al.,
2013; Koh et al., 2014). In this study in the post-thawing monitoring, the highest viability
was observed in spores of C. socialis APC12 (90-96 %) and also of C. costatus (66 %)
using the snap-freezing method, in line with the study of Morschett et al. (2016), in which
for Chlorella vulgaris, S-F determined high post-thawing viability (63 %). Probably, the
small size of my Chaetoceros species, could benefit the rapid freezing method as in the
cooling of smaller cells (with high surface area: volume ratio) the water is lost more
effectively during thawing than larger cells (with low surface area: volume ratio), where
the rapid freezing induces ice formation, hence slower cooling rates (T-F) should be

selected in order to prevent this (McLellan, 1989).
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In the post-thaw re-growth, I have seen different responses strongly correlated not only
with the technique but also with the strains and stage of cells cryopreserved.
In particular, in both strains of C. socialis | have seen different regrowth curves, including
different peaks of cell density, correlated to the ETs used, with the highest value in C.
socialis APCI2 spores at ET 15’ vs C. socialis APCI2 vegetative cells at ET 30°.
Otherwise, the spore cryopreserved with the S-F method in the strain ZU/B1, showed a
low increase of cell density in ETs 15° and 30°. These results are in line with Day et al.
(2017) in which 38 strains of Skeletonema marinoi were tested with different
cryopreservation techniques but approximately 35% of the strains tested survived,
highlighting that the cryopreservation is not only species-specific but also strains-
specific. Moreover, I noted that ETs influenced not only the health of cells but also their
metabolism and physiological function, such as reproduction. These differences are in
line with Chong et al. (2006) and Stock et al. (2018), in which suggested that longer
equilibration times can improve the viability of cells after thawing, as they allow for better
distribution of the cryoprotectant and minimize osmotic shock during the freezing process
(Stock et al., 2018). Besides, Leiva and Dupré (2011) indicated that different exposure
times to the cryoprotectant DMSO influenced the viability of Chaetoceros calcitrans,
with optimal times yielding the highest survival rates.
In line with the results obtained in C. socialis, I have seen a similar response also in the
spores of C. costatus but only related to the ET 45°, highlighting the role of equilibration
time and the high species-specificity.
Another surprising evidence was that the cells germinated from C. costatus spore showed
a biphasic re-growth curve, without any change in culture conditions nor adding new
medium. This result could suggest a different germination timing of the spores: in the first
21 days the cultures reached a first peak and then a fall as a consequence of senescence
and /or a decrease in the light amount; then a second recovery and growth was observed.
Therefore, I might suppose an intrinsic spore germination asynchrony, that from a
biotechnological view, could be interesting, providing a post-thawing “seed cells” with
different germination capability.
Also considering the very low recovery percentage and re-growth of C. socialis ZUIBI

spores which remain dormant for over 35 days and/or reaching low density, support this
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hypothesis: for C. socialis ZUIBI, a strain isolated from the North Sea, probably a long
storage at low temperature as cryopreservation, could be a well-adapted genotypic trait.
Moreover, I expected a similar trend also for the C. lauderi cryopreserved spores:
unfortunately, an overgrowth of cyanobacteria was assessed after the thawing, although
before the cryopreservation, the same cultures didn’t show such contamination. Based on
my results, these outline multiple factors that are involved in cryopreservation success,
such as the role of bacteria and the relation with the CPA. Generally, DMSO is not known
to benefit bacterial growth. Stock ef al. (2018) experimented that adding antibiotics
immediately after thawing, can substantially improve post-thaw recovery in some species.
The study has shown that in the diatom Seminavis robusta the positive effect of antibiotics
increased with decreasing CPA concentrations suggesting that, when the initial number
of viable cells was low (as a consequence of low CPA concentrations), antibiotics
suppressed bacterial growth long enough for the surviving cells to recover and start
dividing; while in the absence of antibiotics, fast bacterial growth appears to prevent
recovery of the relatively few surviving algal cells. However, the effect of the antibiotic
treatment was highly species-specific. The same authors showed that the addition of
antibiotics did not have any effect on the recovery of Thalassiosira weissflogii,
concluding that some species might benefit from bacterially derived compounds thus
exhibiting lower growth when bacteria are suppressed.

Lastly, I have seen an unsuccess of my cryopreservation protocols also in the vegetative
cultures of 7. rotula which showed after thawing and over the time, a very high number
of dormant/inactive cells. In the case of 7. rotula the failure may be explained by the
different compositions and properties of the algal cell walls that may be a reason for
differences in freezing injury; also, the peculiarities in the cell wall composition, i.e. high
content of silica and/or the shape/morphology of these cells, could be implicated. Then,
the relatively high size of vegetative cells of 7. rotula and/or their main organization in
colonial form before cryopreservation, could have influenced the success of the freezing
technique. In fact, large unicellular and colony forming marine microalgal species,
especially those containing large vacuoles, have been difficult to cryopreserve (Rhodes
et al., 2006, Boroda et al., 2013).

Large vacuole cells have a higher water content than small vacuole cells, and during

freezing this may lead to the formation of large intracellular ice crystals that damage the
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cell membranes because the cryoprotectants (CPAs) may fail to equilibrate the cells
properly. Therefore, the cell size of microalgae can affect their success rate during
cryopreservation.

Thus, also my results suggest that for each diatom species, the protocol for
cryopreservation needs to be optimized and could be species-specific.

Considering the changes after the cryopreservation technique, the imaging Flow
Cytometry (iIFCM), allowed us to perform a multiparametric characterization as
morphophysiological features. My results have shown that cryopreservation can also
change the population organization (% of single cells vs colonies). In fact, I have seen
that my cultures showed a different distribution in single cells or forming colonies before
and after the cryopreservation. Interestingly, I noted that the culture organized in colonies
showed low survival and tended to change their organization in a solitary form during the
time. As reported above, C. socialis is a colony-forming diatom, whereas I observed a
global organization in single form after the cryopreservation both in cultures derived from
vegetative cells as that derived from spore. In addition, the high percentage of single cells
could be also related to the small size that could be more resilient during the
cryopreservation process and facilitate post-thaw recovery (Fleck et al., 2006). As just
before reported, 7. rotula showed an organization in colony before cryopreservation with
a large size (437+ 1.9 um), explaining probably the unsuccess of cryopreservation: large
diatoms or colonies may show slower metabolic rates, potentially leading to increased
susceptibility to cryoinjury (Day et al., 2000; Bui et al., 2013). This suggests that under
unfavourable conditions i.e. cryoinjury stress, the solitary forms have an advantage.
Despite the low rate of active cells in the post-thawing of 7. rotula, 1 observed no
alteration in the size of active cells in solitary form, while the colonies showed a consistent
size reduction. As reported by Svensson et al. (2014), also in the natural environment,
abiotic factors such as temperature and light levels, may affect the morphology, namely
if solitary or colony-forming species dominate in diatom populations.

All these evidences could be also particularly relevant for diatoms and other microalgae
used in biotechnological applications, suggesting that cryopreservation could select
specific phenotypic traits that are more resistant to freezing and thawing stresses (Rohdes

et al., 2006; Passy, 2007; Stock et al., 2018).
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To have additional indicators of the algal functional activity after freezing, I evaluated
the intensity of chlorophyll fluorescence related to the cell surface (Chl/area ratio). After
cryopreservation, the data highlighted the highest values of Chl/area ratio for single cell
respect with colony organization, to support a good photosynthetic performance,
especially for the single cells. However, sometime in the first period of re-growth, a low
value of Chl/area ratio in the culture was observed, but with a rise during the time. These
results are in line with many studies in which was noted that thawed diatom cells may
show decreased chlorophyll fluorescence, possibly due to damage in chloroplast
membranes or other cellular processes, potentially due to ice formation or osmotic stress
during freezing (Buhmann et al., 2013; Stock et al., 2018), where then promptly a
recovery of the culture was established; otherwise, algal pigments tend to decrease as the
cells adapt to stress and /or changes in pigment content may depend on the cell division

cycle, which is connected with the light/dark cycle in algae (Sournia 1974).

Globally, my results help to confirm that cryopreservation success is not only
highly specie-specific but also depends on strains and the cells characteristics, like cell
wall properties, size, length of colonies, ecological features and physiological state (i.e
vegetative cells vs resting stage) (Rhodes et al., 2006; Bui et al., 2013; Stock et al., 2028;
Paredes et al. 2021). Moreover, my study highlighted that spore showed a higher
tolerance to freezing, resulting in a fast resume of growth and also in the recovery of the
metabolic activity after thawing. Finally, an important key result is related to the shift of
cell diatom organization as cryopreservation seems to select solitary cells vs colonies

form that could be more resilient to cryopreservation injuries.
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3.5 Conclusion

This study advances knowledge of diatom cryopreservation, offering critical
insights into how structural, physiological, and environmental factors influence post-thaw
survival and regrowth. By examining cryopreservation in five diatom species with
varying ecological and morphophysiological features, I explored the preservation
potential of both vegetative cells and spores. My results underscore the importance of
optimized cryopreservation protocols based on species-specific characteristics, including
equilibration times, freezing methods, and cell stage. My results showed that the spores
of C. socialis and C. costatus exhibited higher tolerance to cryopreservation stress than
vegetative cells, highlighting the unique resilience of these spore stages and their potential
to facilitate broader application in biotechnological and ecological contexts. This work
also identified key morphological and metabolic traits that contribute to diatom resilience,
such as smaller cell size and high chlorophyll fluorescence intensity, which were
correlated with improved cryopreservation outcomes. Through the iFCM, I quantified the
effects of cryopreservation on cell organization, colony formation, and intensity of
chlorophyll related to surface, revealing that single-cell forms are more adapted to
cryopreservation stress than colony-forming cells. These observations provide valuable
insights into the mechanisms governing cryopreservation success, suggesting that smaller
diatoms and spore stages possess inherent characteristics that promote metabolic activity
and resilience post-thaw. Lastly, further studies need to clarify the role of the bacteria

associated with the culture which could play a role in the recovery.

Globally, the obtained results of this part of PhD project, contribute to the bioprospecting
of the cryopreservation technique for some diatom species. The development of
cryopreservation strategies would be useful both in biotechnological applications as well

as in ecological fields such as germplasm conservation also in light of climate changes.
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CHAPTER IV

Conclusions and future perspectives

This Ph.D. thesis underscores the multifaceted potential of diatoms as a biotechnological
resource and provides critical insights into their utilization for high-value compound
production and long-term preservation. The research investigated two interlinked
objectives: enhancing fucoxanthin production in Thalassiosira rotula and optimizing

cryopreservation methods for diverse diatom species.

Notably, Thalassiosira rotula as a candidate for industrial-scale applications and
bioreactor production, was related to the significant ability in the fucoxanthin (Fx)
production. Compared to other species such as Skeletonema costatum, Odontella sinensis,
Nitzschia laevis, Chaetoceros gracilis and calcitrans, the T. rotula strain investigated in
this work, exhibited the highest fucoxanthin content, indicating its strong potential for
commercial applications.

This results further show that high nitrogen (HN) treatments significantly enhanced both
the biomass and morphophysiological traits of 7. rotula, with the key advantage being
the stabilization of fucoxanthin content throughout the growth cycle, crucial for industrial
processes in product quality view.

Moreover, Low light (LL) conditions also played a significant role, leading to a notable
increase in fucoxanthin production. However, this was associated with a decrease in cell
density and biomass, highlighting the need to balance pigment yield optimization with
biomass productivity. These findings underscore the importance of carefully managing
cultivation parameters to maximize pigment output without compromising overall

biomass.

Additionally, this research investigated on the critical role of specific genes involved in
the biosynthetic pathway of fucoxanthin. Identifying and analysing these genes provides
knowledge for potential genetic engineering strategies aimed at improving 7. rotula's

efficiency as a biofactory for fucoxanthin production.
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Future studies targeting these genes could elucidate their precise functions and
adaptability to environmental changes, paving the way for advanced methods to enhance
pigment yields.
The results obtained in this study underscore the promise of 7. rotula in biotechnological
applications, but also highlights the critical role of standard cultivation methods in
maximizing its value.
In light of this, this research advances understanding of diatom cryopreservation,
highlighting the influence of structural, physiological, and environmental factors on post-
thaw survival and regrowth. In collaborations with Ghent University and the BCCM
Diatom Culture Collection, the exploration of innovative techniques extended the scope
of this research.
By examining five diatom species with diverse ecological and morphophysiological
traits, the study emphasizes the importance of species-specific cryopreservation
protocols, including equilibration times, freezing methods, and cell stages. Spores of
Chaetoceros socialis and C. costatus revealed greater tolerance to cryopreservation stress
compared to vegetative cells, showcasing their resilience and potential for broader
biotechnological and ecological applications. Key findings identified traits such as
smaller cell size and high chlorophyll fluorescence intensity as contributors to improved
cryopreservation outcomes. Using imaging flow cytometry (iIFCM), this study revealed
that single-cell diatoms adapt better to cryopreservation stress than colony-forming cells.
These observations underline the inherent metabolic activity and resilience of smaller
diatoms and spore stages post-thaw.
The research also notes the potential role of bacteria associated with diatom cultures in
recovery, warranting further investigation. Overall, the findings contribute to advancing
cryopreservation techniques for diatom species, with implications for biotechnological

applications and ecological germplasm conservation in the context of climate change.
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APPENDIX

In these three years of my research, I had the opportunity to contribute in several ongoing
projects within my laboratory, resulting in the publications on various topics. One major focus
in my research group was investigating the effects of the different compounds, particularly the
heavy metal cadmium (Cd), on the Root Apical Meristem (RAM) and Root System (RS)
(Manuscripts 1, 2).

1. Araniti, F.*, Talarico, E.*, Madeo, M. L., Greco, E., Minervino, M., Alvarez-
Rodriguez, S., Muto, A., Ferrari, M., Chiappetta, A., Bruno, L. 2023. Short-term
exposition to acute cadmium toxicity induces the loss of root gravitropic stimuli
perception through PIN2-mediated auxin redistribution in Arabidopsis thaliana (L.)
Heynh. Plant Science, 332, 111726.

a. *Equally contributed

2. Lopez-Gonzalez, D., Bruno, L., Diaz-Tielas, C., Lupini, A., Aci, M.M., Talarico, E.,
Madeo, ML.L., Muto, A., Sanchez-Moreiras, A.M., Araniti, F. 2023. Short-term effects

of trans-cinnamic acid on the metabolism of Zea mays L. Roots. Plants, 12, 189.

In Manuscript 1 (Araniti et al., 2023) I evaluated the impact of a short-term acute
cadmium exposure on Arabidopsis thaliana seedlings, using medium supplemented
with 100 pM and 150 uM Cd and in different time points. Various analyses, including
morpho-histological, molecular, pharmacological, and metabolomics studies, were
conducted. Using marker lines with GFP-tagged constructs, it was observed that Cd
exposure induced early cell differentiation, marked by a reduction in the transition zone
and increased Reactive Oxygen Species (ROS) production, such as hydrogen peroxide
(H203). Cd affected microtubule orientation, cell expansion in the transition zone, and
altered auxin distribution by impacting the PINFORMED (PIN) family, particularly
PIN2. In this paper, I contributed to the in vitro culture, morpho-histological and

confocal microscopy experiments.
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In Manuscript 2 (Lopez-Gonzalez et al., 2023), trans-cinnamic acid, a phenolic compound, was
added to the hydroponic culture of maize to evaluate its impact on the vascular bundle elements
and metabolic processes in the roots. Following a brief exposure (6 to 24 hours) at a high
concentration (103 uM), a decrease in several amino acids' levels was noted, likely resulting
from modified nitrogen absorption. Following 48 hours of exposure, trans-cinnamic acid
appeared to trigger an alteration in lignin and galactose metabolism. My contribution is related

to the in vitro culture and confocal microscopy analysis.

Additionally, research carried on in my group is related to the fruit quality (FRUITY)
project aims to enhance the understanding of post-harvest storage conditions of fruit, to improve

sensorial and internal quality of fruit throughout the supply chain.

3. Franzoni, G.*, Muto, A.*, Bruno, L., Madeo, M. L., Sirangelo, T. M., Ceverista
Chiappetta, A. A., Bitonti, M. B., Miiller, C. T., Ferrante, A., Rogers, H. J., & Spadafora,
N. D. (2024). Identification of potential molecular markers for detection of lengthy
chilled storage of Prunus persica L. Fruit. Heliyon, 10(24), e40992.

a. *Equally contributed

In Manuscript 3 (Franzoni ef al., 2024), I aimed to identify candidate genes for
developing an antibody-based marker system to monitor chilled storage in peach fruit.
In our work, I examined two cultivars: 'Sagittaria', an early-ripening peach, and 'Big
Top', a mid-season nectarine known for delayed softening and resistance to supply-
chain conditions. Both were subjected to storage at 1 °C and 5 °C for varying durations
to simulate typical supply-chain conditions. Gene expression analysis on fruit from a
subsequent year assessed the expression of five candidate genes during storage at both

temperatures. My contribution to this paper was molecular and statistical analysis.
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Lastly, I had the opportunity to have oral communications at three congresses, as

reported below:

Madeo M. L., Ferrari M., Greca T., Bruno L., Chaerle P., Chepurnova
0., Vyverman W., Montresor M., Romano G., Cozza R. “Preliminary
study of Mediterranean diatoms species to improve the production of
fucoxanthin and the challenge to their long-term preservation”. Riunione
Scientifica Annuale dei gruppi di lavoro SBI, Biologia Cellulare e
Molecolare — Biotecnologie e differenziamento, Universita Politecnica

delle Marche (AN), 21-23 Giugno 2023 (oral presentation as speaker);

Madeo M. L., Chaerle P., Chepurnova O., Vyverman W., Montresor M.,
Ferrari M., Greca T., Bruno L., Romano G., Cozza R. “Exploring
cryopreservation techniques for the long-term storage of Chaetoceros
socialis at different life cycle stages”. Riunione Scientifica Annuale del
Gruppo di Algologia, Stazione Zoologica Anton Dohrn di Napoli, 27-28

ottobre 2023 (oral presentation as speaker);

Madeo M. L., Orefice 1., Ferrari M., Greca T., Bruno L., Romano G.,
Cozza R. “Exploring fucoxanthin biosynthesis in Thalassiosira rotula:
stress responses and regulatory genes”. Riunione Scientifica Annuale dei
gruppi di lavoro SBI, Biologia Cellulare e Molecolare — Biotecnologie e
differenziamento, Universita di Verona (VN), 12-14 Giugno 2024 (oral

presentation as speaker).
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