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Abstract 

In present oceans, diatoms are abundant and diverse primary producers surrounded by silica shells 

called frustules; since they account for almost 20% of the total primary production on Earth, 

diatoms sustain the global food web. Although molecular clocks suggest that diatoms arose as much 

as 250 million years ago (Ma), the earliest known diatom fossils date from 190 Ma, leading to the 

suggestion that early diatoms were at best lightly silicified. By the Cretaceous Period, large 

spherical diatoms with highly silicified frustules thrived in surface oceans, only later to be joined by 

species with elongated and thinner frustules, with lower SiO2 content. But how has the synergic 

action of selective pressure acted on the evolution of morphologically different frustules? The 

importance of diatoms in Global Carbon and Silicon cycles combined with frustule promising 

exploitation as emerging biomaterial drives the studies on the topic, in the perspective of future 

oceanic predictions and research on new bio-based materials. Furthermore, our purpose was to 

deepen the knowledge on the biological functions of the frustules, often deduced from studies on 

few centric species, limiting the huge potential of diatoms diversity. To achieve these purposes, two 

major selective pressures (Si concentration through geologic eras and the interaction with 

competitors and predators) and their involvement in diatoms radiation were investigated. The 

physiological response of morphologically distinct diatoms to these selective pressures was 

evaluated; in particular, cells were acclimated to reconstructed paleoenvironments mimicking 

Mesozoic/Cenozoic concentration of nutrients (N, Fe, Zn, Mo) in the presence of different Si 

regimes; the quantity of Si present in the frustule, organic composition, carbon and nitrogen stable 

isotopic fractionation, photosynthetic performance, frustule structure were assessed. Mono- and 

mixed cultures of diatoms were exposed to the presence of Temora longicornis, a calanoid copepod, 

to assess if size and shape were primary drivers in avoiding predation. Data confirmed that both 

selective pressures act on the evolution of different frustule morphologies. Pennate diatoms were 

favoured as compared to centric species; they showed an acclimatory response to different Si 
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regimes, modulating Si use efficiency and elongated shape benefited cells in escaping from 

predators also when facing competition for resources. Evolution led to more competitive shapes. 

The assessment of the adaptative roles of frustules included defence against predators, competition 

for resource uptake and sinking. All these roles were related to frustule shape, size and silicification 

in a role specific manner. Sinking capacity of diatom species was related to frustule density and not 

to cellular shape and size. A species – specific relation between light and silicification was found, 

and a direct relation between sinking capacity and growing light intensity was observed, 

independently from silicification, suggesting an energy dependent buoyancy control at cellular 

level. Finally, the characterization of frustules to exploit silica biomaterial and the Life Cycle 

Assessment of the most suitable way to obtain cleaned frustules were carried out. Chaetoceros 

muelleri was found as a promising species for frustule exploitation due to its small size, 

silicification plasticity in response to light intensity, high surface area and relative high presence of 

basic sites, important for subsequent functionalization. Furthermore, its fast growth rate is a key 

feature for frustule productivity on an industrial scale. The acidic removal of the organic matter was 

a more sustainable option to obtain frustules with 4 kg of equivalent CO2 released compared to 20 

kg released with the oxidation method.  
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1. General introduction 
 

1.1 Success and diversity of diatoms in modern ocean: an ecophysiological 

point of view   
 

Diatoms are a greatly diversified group of eukaryotic phytoplankton (Bacillariophyceae) belonging 

to the supergroup Stramenopiles (Bowler et al., 2010). They were firstly observed in 1703 (Round 

et al., 1990) and, since then, they have caught the attention of a wide community of scientists, 

attracting all kind of expertise, from taxonomist, oceanographers, geologists, to more recently 

engineers and chemists. These photoautotrophic unicellular microorganisms are ubiquitous and can 

be found not only in aquatic environments, but also in sea ice, soils, lichens, biofilms and airborne, 

denoting their deep adaptative features (Lohman 1960). 

The most fascinating morphological characteristic of diatoms is given by their ability to exploit 

silicic acid and to build a siliceous shell called frustule. Frustule provides diatoms huge advantages 

in terms of fitness as compared to other microorganisms (Martin – Jézéquel et al., 2000) since their 

biological functions are multiple, some of them poorly understood (discussed later). Generally, 

frustule morphological traits are used with taxonomic value and, since 1990, Round and co-authors 

have divided the species in two groups based on cellular symmetry: centric diatoms, with a radial 

symmetry, and pennate diatoms, with an elongated and bilateral symmetry.  

Diatoms are thought to be secondary endosymbionts (Gentil et al., 2017, Morozov and Galachyants, 

2019), meaning that their precursor was a eukaryote that phagocytized another eukaryote (which 

became an organelle), resulting in chloroplasts surrounded by 4 membranes. The earliest known 

fossil of diatoms (Figure 1.1) was dated from the Early Jurassic (185 Ma), but molecular clock and 

sedimentary evidence suggested an earlier origin, when a greater availability of niches occurred 

during the Permian Mass Extintion (250 Ma). The gap in fossil records during this period has been 

hypothesized to relate to unsilicified diatoms (Armbrust 2009) or lightly silicified. The radial 
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centric group of diatoms is the oldest and evolved in different lineages such as bipolar and 

multipolar centrics, araphid pennates and raphid pennates; the latter are the youngest group and by 

far the most diversified in terms of species (Armbrust 2009). 

 

Figure 1.1: Diatom evolution through geologic eras (Modified from Armbrust 2009) 

 

The secrets for diatom success in modern oceans can be listed as follows:  

(I) Large central vacuoles to storage nutrients for later use. Thus, diatoms adapt easily to 

environments where nutrients are available in short pulses (e.g., sea ice) (Hansen et 

Visser, 2019, Behrenfeld et al., 2021). 

(II) Very efficient nutrient acquisition pathways: highly efficient uptake and internal recycle 

of N and P; a high affinity Fe uptake system and lower trace metal requirements as 

compared to other algal groups. Recent advances in Si uptake studies showed that 

diatoms can cope with a very low concentration of external silicic acid (Allen et al., 

2011, Hockin et al., 2012, Thamatrakoln, 2021). 

(III) Presence of enzymes for a complete urea cycle never found in other photoautotrophs; 

urea could be exploited as osmolyte, N storage, intermediate molecule for the synthesis 

of proteins involved in frustule formation, defence against pathogens (Allen et al., 2011). 
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(IV) Buoyancy control achieved not only thanks to the dense siliceous frustule but also to the 

formation of spores that can be used to sink out from adverse conditions; some 

Thalassiosira species increase their drag extruding chitin fibers from pores in the 

frustule (Brunner et al., 2009, Mayzel et al., 2021). 

(V) Excretion of exopolysaccharides (EPS) from the raphe of raphid pennates allowing to 

adhere and move on a mucilaginous surface. Motility gives diatoms the possibility to 

optimize light conditions, to search for nutrients and therefore to colonize new habitats 

and niches, also to approach partners for sexual reproduction, to attain vertical migration 

and escape from predators (Lind et al., 1997, Wang et al., 2013). 

(VI) Production of bioactive-unsaturated aldehydes (PUAs) as a good chemical defence 

against predators (Ianora et al., 2004, Leflaive and Ten-Hage 2009, Ianora and Miralto, 

2010, Amato et al., 2018, Barreiro et al., 2011).  

(VII) Frustule strength and plasticity as a powerful mechanical protection against predators. It 

has been observed that silicification is a phenotypically plastic trait modulated by the 

presence of grazers (Pondaven et al., 2007, Pančić et al., 2019, Petrucciani et al., 2022) 

 

The advances in molecular biology and marine studies are quite recent, therefore the first complete 

sequenced genome of a diatom was published in 2004 for the centric Thalassiosira pseudonana 

(Armbrust et al., 2004) followed by the genome of Phaeodactylum tricornutum (Bowler et al., 

2008). From a genetic perspective, there are more differences between these two species than 

between men and fish, although diatoms diverged more recently, another proof of the extraordinary 

diversity of diatoms (Montsant et al., 2005). Currently, less than 10 diatom genomes are available. 

Broadening knowledge on diatoms is deeply breaking commonly accepted paradigms: many 

deviations from simplified concepts can occur after field observations.  
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(I) Diatoms are considered “large species” (>20 µm) and classified in 

“microphytoplankton” size class together with dinoflagellates (Vidussi et al., 2001). 

However, from field observations during oceanographic cruises, pico and 

nanoplanktonic sized diatoms of the genus Minidiscus (1 µm diameter) appeared to be 

the most represented during spring blooms (Leblanc et al., 2018). Furthermore, 

Minidiscus genus is among the top 20 diatoms encountered during Tara – Oceans 

expedition (Malviya et al., 2016), suggesting how this genus was underestimated in past 

representations of the group.  

(II) The paradigm of Legendre & Lefèvre (1989) clearly separates the function of large 

phytoplankton, involved in the bloom formation (in energetic and nutrient rich 

environments) and export of C and Si, and the function of small phytoplankton, involved 

in the nutrient recycling through microbial loop. After the discovery of Minidiscus role, 

diatoms are also potentially part of the microbial loop. They are also found in nutrient 

poor – highly stable environments where significantly contribute to C export: even if 

very small, they can efficiently sink out and bury in less than 14 days (Leblanc et al., 

2018).  

(III) Margaleff mandala (1978) is a globally accepted succession of coastal oceans which 

states the success of diatoms in high nutrient and high turbulent environments. Margaleff 

mandala became an oversimplified rule of diatom distribution. On this basis, it is widely 

predicted that diatom productivity and efficiency in biological carbon pump (C pump) 

will decrease with climate change, that is driving towards increased stratification of the 

oceans. On the contrary, diatom productivity in highly oligotrophic stratified systems is 

significant (Brun et al., 2015, Kemp et al., 2018).  
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Trying to describe diatom role in planetary biogeochemical cycles and aquatic food webs it would 

be misleading considering them as a single, functional group since they are deeply diverse 

(genetically, in number of species and life strategies, morphologically and so on). 
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1.2 Role of diatoms in ecosystems 
 

Diatoms are key primary producers in nowadays oceans and their ability to adapt to different even 

extreme environmental conditions allow them to grow and thrive, overcoming other 

phytoplanktonic groups during blooms. Their importance could be assessed as 1% of Earth 

photosynthetic organic biomass, 40% of marine primary production, 20-25% of global Earth 

primary production (Field et al.,1998, Falkowski et al., 2004). 

 

Figure 1.2: A common representation of marine microbial food webs (Worden et al., 2015) 

 

From Figure 1.2 the different roles of the phytoplanktonic compartment in marine food webs are 

described. When diatoms bloom:  

(I) Diatoms can generate O2 which is delivered in the atmosphere;  

(II) Diatoms are involved in the recycling of nutrients; 

(III) Diatoms are key source of food and energy for other organisms in the aquatic 

environment; 

(IV) Diatoms could be involved in controlling global warming reducing the CO2 content in 

atmosphere, sequestering it during high-rate photosynthetic process; 



General Introduction 
 

22 
 

(V) Diatoms have a crucial role in the Biological C pump. 

The term Biological C Pump means all the processes contributing to the export of C in layers deep 

enough to be isolated from the atmosphere for a certain amount of time (at least 100 years): this 

could be achieved if C is transported below 1000 meters (Passow and Carlson 2012). 

 

Figure 1.3: Key processes influencing the contribution of diatoms to C export/transfer efficiency 

potential (Treguér et al., 2018) 

 

Diatoms contribute on average to 20-40% of the C export (Jin et al., 2006): the possibility to form 

larger particles (aggregates) and the dense frustule improve their sinking capacity. By sinking they 

rapidly export organic matter to the bottom of the aquatic basin and the organic matter is then 

sequestered in sedimentary rocks over geological time, constituting fossil fuel deposits. As 

discussed above, Leblanc and co-authors (2018) found also small diatoms being key players in 

exporting biomass to the bottom of the sea, therefore it becomes even more crucial to assess how 

diatom huge diversity and its response to a changing world impact the biological C pump (Figure 
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1.3, Tréguer et al., 2018).  As diatoms belong to silicifiers organisms, their metabolism couples C 

and Si cycles, deeper investigated in the next session.  

1.2.1 Global Silicon Cycle  

Si is not only a crucial nutrient in diatoms’ life cycle but also the second most abundant element in 

the Earth’s crust (Sutton et al., 2018). Therefore, to perceive the global importance of diatoms in 

our ecosystem it is necessary to understand the role of these organisms in the Global Si Cycle. The 

latter is deeply studied since its implication in maintaining climatic stability on geological time 

scale (Siever 1992, Frings et al., 2016, Conley et al., 2017) and in regulating primary productivity in 

oceans and in continents (Sutton et al., 2018).  

In order to study the geochemical cycle of an element, it is necessary to understand: 

• The reservoirs (storages of the element), 

• Sources, sinks and internal cycles, 

• The spatial scale, 

• The temporal scale. 
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Figure 1.4: Schematic representation of the modern day Global Si Cycle (Sutton et al., 2018). In the 

upper part of the figure the magnitude of the fluxes (Tmol/yr) is indicated, in the middle their 

associated δ30 Si values, and in the lower part the size of the reservoirs 

 

Looking at Figure 1.4, it is possible to identify four categories of reservoirs: continents, rivers and 

lakes, oceans and seafloor. Then, according to the Si transfer (flux) source reservoirs are those from 

which Si is transferred to another reservoir, and sink reservoirs are those that take up Si from 

another part of the cycle.  

Focusing on diatoms, the size of the reservoir is about 71.4 Tmol Si/year, a quite tiny pool if 

compared to the terrestrial correspondent (Vegetation biogenic Si, 8250 Tmol Si/year, Laruelle et 

al., 2009). Nevertheless, Si fluxes involving diatoms are impressive, suggesting their struggle role 

in Si recycling. In particular, they are the sink of 240 Tmol Si/year from surface dissolved Si (DSi), 

such value overcomes all the other global fluxes (Figure 1.4). Furthermore, diatoms are the source 

of 78.8 Tmol Si/year for the sediment and 26.2 TmolSi/year for deep sea, two of the greatest Si 

reservoirs. 
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Since the importance of diatoms in Si recycling, factors controlling their growth (light, temperature, 

biology, nutrients availability) are also deeply involved in controlling the global spatial distribution 

of Si (Tréguer et al., 2018). The temporal scale of Global Si Cycle is illustrated in the next session. 

1.2.2 Biogeochemical Silicon Cycle in paleo oceans 

Given the interconnection between environmental conditions and biota, the reconstruction of paleo-

oceanic conditions is crucial to assess evolutive trajectories in organisms and to speculate on their 

behaviour in future oceans. New powerful tools allow to reconstruct Si cycle through geologic eras 

(Conley and Carey, 2015, Conley et al., 2017, Figure 1.5). In particular, the presence of physical, 

biological, geochemical proxies (i.e. assemblage analysis, Si stable isotopes) and the development 

of always more sophisticated models are used to understand Si fluctuation through time, their 

causes and consequences on living organisms.  
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Figure 1.5: Change of the oceanic Si concentration in geologic records (Conley et al., 2017). 

During the first part of Earth history (Proterozoic), the oceanic Si cycle was controlled by inorganic 

and abiotic reactions (Siever et al., 1992, Conley et al., 2017), therefore the total DSi input fluxes 

were not balanced by consistent outputs, leading to a great concentration of seawater DSi (600 µM).  

 

Phanerozoic ecosystems (541 – 66 Ma) were moulded by the appearance of new living groups 

(Knoll and Follows, 2016) known to have molecular Si transporters and to exploit DSi, such as 

sponges, radiolarians, dinoflagellates, coccolithophorid, haptophytes, chrysophytes and diatoms 

(Marron et al., 2016). The radiation of these groups has been considered the main cause of a 

drawdown of available silicic acid concentration in surface waters which became also less available 

for organisms (Conley et al., 2017). Conley and co-authors (2017) discussed that DSi decline could 
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be also associated to periodic changes in hydrothermal fluxes and continental weathering (Frings et 

al., 2016). 

Trying to assess when the drawdown happened in geological history, the appearance of sponges and 

radiolarians initially lead to a concentration of 500 µM during Palezoic (Conley et al., 2017); later 

one, it is globally accepted that a second big drawdown strictly correlated to the increased diversity 

of diatoms, over the last 100 million years, leading to a modern concentration of about 10 µM DSi 

(Lazarus et al., 2014, Cermeño et al., 2015, Marron et al., 2016, Conley et al., 2017). Consequently, 

Si use efficiency was a crucial point in species expansion, and it was demonstrated that diatoms 

diversification of Si specialized transporters (SIT) made them the dominant marine DSi utilizers in 

Cenozoic Oceans (Durkin et al., 2016; Fontorbe et al., 2017). The geological period called Eocene – 

Oligocene transition (EOT) was characterized by a long – term cooling, coincident with a drop in 

atmospheric CO2 concentration (Zachos et al., 2008) and marks the point of maximum explosion of 

diatoms. These climate changes altered ocean mixing and likely impacted on diatom growth (Finkel 

et al., 2005) by stirring up deep waters rich of nutrients and supplying more DSi to surface oceans. 

Geochemical evidence for a change in DSi circulation at the EOT is also reported: Egan and co-

authors (2013) recorded an increase in DSi supply to the surface and an increased uptake or 

utilisation of DSi, explaining the drawdown of atmospheric CO2. In addition, a higher supply of 

DSi from land to ocean (Frings e al., 2016): this could be explained by (i) the expansion of 

grasslands producing silica phytoliths which are readily soluble, and by (ii) the increase in chemical 

weathering of silicate rocks due to orogeny or glaciation. Finally, the rising of diatoms could be also 

favoured by the competition with other silicifying organisms: less efficient competitors for DSi 

experienced a decline in their diversity and radiation, for example radiolarians and sponges (Harper 

and Knoll, 1975, Maldonado et al., 1999), enhancing diatoms explosion. Reef building siliceous 

sponges decreased at Cretaceous-Tertiary boundary; these animals are assumed not to thrive at low 

silicic acid concentration (Kidder and Tomescu, 2016) and their spicules became progressively less 
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robust (Maldonado et al 1999). Furthermore, DSi depletion contributed to the radiation of sponges 

with alternative skeletons which were not dependent on the availability of this nutrient.  

From what described diatoms played a key role in ecosystems also in past oceans and moulded 

species dynamics. 

Even though all the evidence and the studies on geochemical archives seemed to tell a clear story 

about past Si cycle in oceans, new investigations on modern marine biosilicifiers and their Si 

isotopic fractionation, as well as new mathematical models suggested that what was stated needed 

to be re-discussed. For example, Alvarez et co-authors in 2017 found massive sponge reefs in areas 

of modern oceans at relatively low DSi concentration, suggesting these animals are not so 

susceptible to DSi depletion which is not the only explanation to this shift in sponge lineages. They 

indeed suggested that the expansion of a less silicified sponge lineage during Cenozoic was more 

likely a consequence of a greater availability of suitable ecological niches after the collapse of 

calcareous invertebrates in Cenozoic (Alvarez et al., 2017). Another study published in 2021 by 

Trower and co-authors shed light on a new hypothesis of a silica depleted Palaeozoic Ocean, before 

diatoms flourished (Trower et al., 2021). Therefore, much more efforts are needed to achieve a clear 

knowledge on past Si cycle and on related biota evolution. 

1.2.3 Biogeochemical Silicon Cycle in modern oceans 

 

As we learnt how important the Si concentration is to understand the ecological relations among 

marine organisms in past oceans (Harper and Knoll, 1975, Maldonado et al., 1999, Marron et al., 

2016) and the connection of Si cycle with the biological C pump, we shall now focus on Si cycle in 

modern oceans. 
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Figure 1.6: Si cycle in the modern ocean at steady state (Modified from Tréguer et al., 2021). All 

fluxes are in teramoles (1012) of silicon per year (TmolSiyr-1). Green arrows = output flux, orange 

arrows = input flux, blue arrows = biological flux 

 

In Figure 1.6 the Tmol of Si transferred every year in global oceans are represented (Tréguer et al., 

2021) and, thanks to new research in this filed, values are much higher than previous estimates.  

It is hypothesised that modern ocean Si cycle is at steady state with inputs and outputs. The major 

input is represented by Si particles transferred by rivers, followed by submarine groundwater 

discharge and the chemical weathering of siliceous material from sediments and subpolar glaciers. 

Another important continental input is the release of DSi from high and low temperature 

hydrothermal submarine activity or the particulate lithogenic silica brought by dust and dissolved in 

oceans at different rates. All these inputs are balanced by the sequestration of DSi from long – lived 

sponges, formation of new autogenic material (clays, reverse weathering) and long-term burial of 

planktonic biogenic silica in sediments.  

As DSi requirement is crucial for the growth of diatoms, changes in these input and output fluxes 

need to be considered as potential factors controlling diatoms distribution and abundance. On the 

other hand, diatoms, as the most efficient DSi users, largely contribute to the 255 Tmol Si year 
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recycled in the oceans and participate to the 9.2 Tmol Si that are buried every year, so all the other 

factors affecting these organisms’ proliferation would impact oceanic Si cycle.  
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1.3 Silicification Process in Diatoms 
 

Diatoms are considered the most efficient silicifying organisms, but what does it mean? 

Bio-silicification is the process by which living organisms take up DSi from the environment and 

process it into a solidified form (amorphous silica, randomly arranged atoms of tetrahedra 

composed by Si binding Oxygen, Grotzinger and Jordan, 2014) for structure formation. According 

to Marron et al., 2016 this process is widespread even if poorly understood in the major eukaryotic 

supergroups (Brzezinski et al., 2017, Ikeda 2021) (Figure 1.7). 

 

 

Figure 1.7: Si biomineralization across the Eukaryotes. Taxa highlighted names contain one or 

more biosilicifying species (Marron et al., 2016).  

 

In humans, Si is essential for proper bone and connective formation, as well as for normal growth 

and development (Jugdaohsingh, 2007) and collagen synthesis. Si is acquired through various 

dietary sources (Farooq and Dietz, 2015). Although multiple benefits provided by Si, its 

requirement and how Si is processed into our bodies are not clearly understood.  
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Plants take up Si in the form of mono-silicic acid through their roots (abundant in the soil after the 

weathering of silicate mineral-containing rocks). It precipitates due to supersaturation (> 2mM) of 

amorphous silica during transpiration process in the aerial part of the plant: the biogenic opal 

formed is called phytoliths (a mineral form of silicate found in the plants, Opfergelt et al., 2006, 

Cornelis et al., 2010, Kumar et al., 2021). Si has some positive impacts on plants (resumed in 

Figure 1.8) even though this is not considered as an essential element; not all the plants present 

phytoliths. Plants have evolved multiple mechanisms for Si uptake: Exley and co-authors (2015) 

proposed a passive mode of uptake through facilitated or carrier mediated diffusion while Kumar 

and co-authors (2017) argued for an active mechanism through energy dependent specific 

transporters. Two kinds of Si transporter are found in rice: LSi1, a passive channel like aquaporins, 

and LSi2, an active transporter that uses the driving force of a proton gradient to move Si out of the 

plant cell (Ma et al., 2006). 

 

Figure 1.8: Benefits of silicic acid precipitation in plants (Modified from Silica School, S. 

Opfergelt 2021) 
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Nevertheless, the most extensive use of Si on the planet occurs in oceans, mostly in diatoms to build 

their cell wall, but the process it is still poorly understood (Figure 1.9).  

 

Figure 1.9: Si metabolism in diatoms (Modified from Silica School, Thamatrokoln 2021)  

 

1.3.1 Silicic acid uptake 

Extracellular silicic acid is taken up through membrane bound protein transporters called SITs 

(Hildebrand et al., 1998, Javaheri et al., 2014, Shrestha and Hildebrand, 2015). The average 

concentration of silicic acid in modern oceans is about 10 M while a content of soluble Si of 19-

340 mM has been measured in diatoms (Kumar et al., 2020), suggesting that the internalization of 

Si is against the concentration gradient. To achieve it, SITs work as sodium symporters, using the 

driving force of an inward facing sodium gradient and transporting silicic acid and Na+ in a 1:1 

ratio. However, as silicic acid is a small, uncharged molecule, it has been observed that under 

environmentally relevant concentrations it can freely diffuse across membranes and diffusion can be 

the major mode of uptake (Thamatrakoln and Hildebrand, 2008, Hildebrand et al., 2018); while 

SITs are important at low external Si concentrations (< 30 M, Thamatrakoln and Hildebrand, 

2008, Durkin et al., 2016). SITs consist of 10 transmembrane segments divided into two 
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symmetrical single 5-TM domains and recently it has been discovered a family of SIT – like 

transporters consisting of a single 10-TM domain. As in Si saturated oceans the active transport was 

unnecessary, the ancestral SIT has likely evolved to efflux Si and to prevent toxicity and consisted 

of a single 5-TM; then, after an internal gene duplication or fusion of two 5-TM domains, a 10-TM 

domain was formed giving modern diatoms the ability to both uptake and efflux Si (Thamatrakoln 

and Hildebrand, 2008). The hydroxyl group of silicic acid would bind to the carbonyl group of the 

glutamine belonging to a conserved “GXQ” motif in the SIT proteins, the bond causes a 

conformational change that would allow silicic acid to pass through the membrane (Knight et al., 

2016). Silicic acid uptake takes place during specific stages of the cell cycle: during G1, to allow 

cell expansion through new girdle bands and during G2+M, to allow valve formation (Claquin et al. 

2002). Most diatoms species are unable to store Si intracellularly and data suggest that the rate of 

incorporation into the cell wall controls the rate of uptake (Conway et al., 1976; Conway and 

Harrison, 1977; Hildebrand 2003). 

1.3.2 Silica polymerization  

Once inside the cell binding components (ligand or proteins, still unidentified) are hypothesized to 

maintain silicic acid in solution and to prevent autopolymerisation (known to occur at concentration 

>2 mM) (Martin – Jézéquel et al., 2000). The polymerization process and cell wall synthesis occur 

within specialized silica deposition vesicles (SDVs), surrounded by a membrane called silicalemma: 

these vesicles have been visualized using transmission electron microscopy but never biochemically 

isolated (Hildebrand and Lerch, 2015, Hildebrand et al., 2018). The environment inside the SDVs is 

slightly acidic in order to promote silicic acid polymerization into silica as a gel network (Iler 

1979). 

1.3.3 Micromorphogenesis 

Valve formation occurs in distinct phases. The base layer on the proximal surface must be formed 

first and used as a blueprint for structure formation. Deposition of silica follows on the rim of the 
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valve producing a more rigid structure in this zone and a lack of extensive silicification in the 

centre. Lastly, the valve gets thicker in the z-axis toward the distal valve surface (Hildebrand et al., 

2018). 

1.3.4 Organic components involved in silicification 

Valve formation in diatoms is mediated by cytoskeleton and other organic components recently 

identified. 

Silaffins: small, lysine and serine reach peptides which catalyse the polymerization of silica. It has 

been observed that the morphology of the resulting silica depends on the concentration and mixture 

of silaffins (Kroger et al., 1999, Kroger et al., 2002). 

Long-chain polyamines (LCPAs): known to catalyse silica polymerization in presence of 

polyanions. 

Silacidins: proteins rich in serine and acidic amino acids which catalyse silica formation in presence 

of LCPAs (Wenzl et al., 2008). 

If these three groups of proteins have low molecular weight, they catalyse the formation of silica 

structures lacking higher order structure. 

Cingulins: proteins rich in tryptophan and tyrosine; targeted to the girdle bands. 

AFIM (ammonium fluoride insoluble proteins): proteins embedded in the silica hypothesized to be 

the pattern forming base layer (Si Matrix proteins and silaffins). 

SAPs (silicalemma associated proteins): proteins which probably serve as an intermediary between 

cytoskeleton and SDV (Silicanin – 1, Tesson et al., 2017, Kotzsch et al., 2017, Gorlich et al., 2019). 

1.3.5 Si efflux 

Probably due to the scarce availability of oceanic silicic acid nowadays, Si uptake is considered the 

crucial part of frustule formation in diatoms. Few authors (Milligan et al. in 2004) focused on an 



General Introduction 
 

36 
 

important but overlooked aspect of Si transport: the efflux of Si from the cell. The importance of 

efflux in cells’ balance is to prevent the over accumulation of intracellular soluble Si that could 

auto- polymerize and be detrimental to cell function. It has been proposed that efflux may occur 

through a mechanism similar to that of the influx but working in the opposite way, even if the role 

of sodium in efflux is unclear (Thamatrakolin et al., 2006). A homolog to a plant Si efflux transport 

protein, LSi2, has been identified in diatoms, but there is no empirical data to support its role in Si 

efflux. 

1.3.6 Si dissolution  

Si dissolution is the process through which silica return in water in the form of silicic acid; it occurs 

because of concentration gradient (seawater is undersaturated in silicic acid, Tréguer et al., 2021) 

and basic environmental pH, that is corrosive to the amorphous silica. Si dissolution is not a 

favourable process for cells because frustules need to be passed to daughter cells, therefore, to 

prevent Si dissolution frustules are covered by an organic coating (Desikachary and Dweltz, 1961). 

The rate of dissolution depends on: 

(I) Bacterial activity, degrading the organic coating and leading silica accessible to water 

(Tamburini et al., 2006, Roubeix et al., 2008,), 

(II) Environmental temperature, pH, salinity, and silicic acid concentration (Loucaides et al., 

2012), 

(III) Frustule characteristics (specific surface area, number of active sites, Al content, Van 

Bennekom et al., 1991, B. Moriceau 2021, silica school), 

(IV) Cell aggregation: slower dissolution if diatoms are embedded together (Moriceau et al., 

2007). 

Recent evidence demonstrate that the dissolution of biogenic silica occurs in two phases: a rapid 

dissolving phase is followed by a slow dissolving phase (Truesdale et al., 2011).  
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1.3.7 Factors affecting silicification  

Many factors seem to influence the silicification process: 

(I) Lower temperature leads to increased silicification (Durbin et al., 1977); 

(II) Silicification is inversely correlated to growth rate in nonlimiting Si conditions (Flynn 

and Martin-Jézéquel 2000). Therefore, all other factors limiting growth control 

silicification of frustules (levels of Fe2+/3+, Zn2+, Martin – Jézéquel et al., 2000 and 

references therein);  

(III) Si deposition depends on Si availability: DSi limiting growth results in reduced levels of 

silicification (Brzezinski et al., 1990, Shrestha et al., 2012); 

(IV) Light alters silicification even though its role is still unclear; increasing silicification is 

observed at both very low (15µmol photons·m-2·s-1, Xu et al., 2021b) and higher (300 

µmol photons·m-2·s-1, Su et al., 2018a) light intensities;  

(V) Salinity affects silicification (Vrieling et al., 2007); 

(VI) Silicification is affected by pH (Hervé et al., 2012); 

(VII) Increased silicification is observed in presence of predators (Pondaven et al., 2007).  
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 1.4 Frustules as potential biomaterials 

1.4.1 Silica shell characterization  

As discussed above, the most fascinating morphological characteristic of diatoms is their outer 

silica shell, the frustule. Frustule is a highly intricate ornamented and porous structure, with a 

species-specific pattern. Beside radial or bilateral symmetry, all frustules present an hypotheca 

inserted in a bigger epitheca connected with systems of girdle bands, like a Petri-dish, surrounding 

the living cell; the two valves show differently porous layers.  

Frustules are basically composed by hydrated amorphous silica (SiO2·nH20) with Si - OH (silanol) 

and Si - H groups on the surface (Qin et al., 2008, De Tommasi et al., 2017). Thanks to FTIR 

spectroscopy analysis also organic residual was found in the silica matrix (mainly C - H bounds but 

also S composites, Kammer et al., 2010, De Tommasi et al., 2016). Frustules are surrounded by 

extracellular polymers (organic coating mentioned before) involved in sessile adhesion, gliding, 

formation of biofilm and colonies, protection against drying and silica dissolution (Svetlicic et al., 

2013, De Tommasi et al., 2017). Their structural properties can be divided into: 

• Mechanical properties: Several studies on the response of frustules after mechanical 

solicitation were carried out, making use of both Finite Element Method (FEM, numerical 

simulations performed on rendered frustules) or nanoindentation (direct measurements of 

frustule breaking point) (Hamm et al., 2003, Moreno et al., 2015, Aitken et al., 2016, Xu et 

al., 2021). What emerged is that frustules provide great Hardness value, ranging from 0.5 to 

36 GPa, combined with Elasticity ranging from 1 to more than 20 GPa (Aitken et al., 2016, 

De Tommasi et al., 2017, Xu et al., 2021). Values depends not only on different species 

(Hamm et al., 2003), but also on different silicification degree (Xu et al., 2021) and pore 

size (Moreno et al., 2015, Lu et al., 2015). This incredible strength (much higher than other 

natural biomaterial, Aitken et al., 2016) provides frustules the possibility to resist to predator 

mandibles and to be exploited for multiple purposes (see next paragraph). 
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• Fluid dynamics properties: the external surface of frustules (consisting in porous layers) 

interacts with different particles in solution (nutrients, bacteria, viruses); it was 

demonstrated that surface microtopographies control the diffusion and advection of these 

particles across the surfaces (Hale and Mitchell 2001, 2002), constituting a way to sort them 

according to their size (De Tommasi et al., 2017).  

Frustules are certainly also contributing to cell sinking rate (Raven and Waite, 2004, 

Miklasz and Denny, 2010). As frustules cannot be approximated to spheres, Stoke’s law 

could not accurately describe diatoms sinking capacity, therefore new models describing 

diatom sinking were formulated, due to the great importance of diatoms in C and Si cycles 

(Miklasz and Denny, 2010). Even direct measurements of frustule buoyancy control are still 

limited to few recent studies (Gemmell et al. 2016, Lavoie et al., 2016, Du Clos et al., 2019, 

Du Clos et al., 2021). 

• Optical properties: frustules can be ascribed to photonic crystals, due to their periodic 

architecture and distribution of refractive index which can block the propagation of light in 

specific wavelength ranges. The interaction with light consists in three documented 

phenomena: light confinement (De Stefano et al., 2007), selective transmission (Noyes et 

al., 2008, Ferrara et al., 2014), photoluminescence (emit blue radiation if irradiated with 

UVB light, Qin et al., 2008).  

Diatoms evolved and have maintained these structures because the mentioned properties have 

provided them advantages in term of fitness. Advantages are listed as follows: 

(I) Protection against predators thanks to high mechanical strength (Hamm et al., 2003), 

(II) Enhancement of nutrient uptake and filtration of harmful agents (Hale and Mitchell 

2001, 2002), 

(III) Controlled movement in water environments (Raven and Waite, 2004), 
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(IV) Enhancement of the optical scattering properties for light and energy harvesting. In 

particular, pores can act as light channels and focus, helping to collect and transmit more 

light in photoreceptors and, therefore, increasing the photosynthetic rate (Medarevic et 

al., 2016) and simultaneously protecting the nucleus from photodamages, 

(V) Proton buffer capacity (Milligan & Morel 2002). 

From the huge diversity of frustules, the question rises whether all of them provide the same 

advantages and if all can guarantee the listed functions, as these are still poorly analysed and 

understood. 

1.4.2 State of art on frustules exploitation 

The global demand for smaller and smaller structures in electronic, optical, chemical, and 

biomedical devices combined with the need to reduce the requirements for high temperatures and 

aggressive chemicals to manipulate materials pushed the studies to find new suitable biomaterials. 

Nature has optimized, through frustules, a hard, elastic, highly complex, new material requiring 

only basic nutrients and sunlight. The cheap cultivation of diatoms (it only requires CO2, water, 

salts and light, Lopez et al., 2005) not competing with crops for the arable land (Gordon and Polle, 

2007) could be considered as a promising source of biomaterials. 

Biomimetic engineering is the global trend to try and get ideas from natural organisms with 

complex architecture and unique properties. Diatom’s frustules in the last 30 years were largely 

used as nanostructured materials for several applications (Henstock et al., 2015, Maher et al., 2018), 

due to their (i) hierarchical layers of porous membranes, providing high surface area; (ii) structural 

architecture for ion transport. Diatom based silica can be obtained also by the exploitation of 

fossilized diatoms called diatomaceous earth. Possible uses are listed here: 
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(I) Use of diatomite/diatomaceous earth in toothpaste, facial scrubs, water filtration, thermal 

insulation, building material, insecticide, soil amendment, abrasive material, food 

additives.  

(II) Functionalized diatom silica for biomedical application: 

a. nanoparticles used as vectors in drug delivery, 

b. frustules applied in bone repair (Reid et al., 2021). 

(III) Exploitation of frustules physical properties: 

a. Used as micro lenses, 

b. Squeeze light under diffraction limits. 

(IV) Frustule efficient interaction with light led to: 

a. Bio-inspired solar cells, 

b. Bio-based UV filter, 

c. Nanostructured substrates in plasmonic, 

d. Exploitation of frustules photoluminescence for optical sensors and biosensors. 

(V) Exploitation of frustules as scatterers in random lasers. 

(VI) Applications after frustule modification. Indeed, the high resistivity of diatoms silica 

which prevent their use for energy conversion and storage could be overcome 

transforming silica in other materials while preserving diatom’s structure (metabolic 

insertion of germanium or titania): 

a. Nanostructured semiconducting devices for optoelectronics,  

b. Light trappers in dye sensitized solar cells, 

c. Structured photocatalysts of toxic chemicals. 

Given the biotechnological potential, it is crucial to characterize more morphologies of frustules; 

indeed, most of the studies are focused on few big centric diatoms (Coscinodiscus sp. or 

Thalassiosira sp.) missing physical characterization of other species, with other morphologies, even 
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less silicified frustules but species with higher growth rates and more promising for a future 

industrial scale up (Vona et al., 2021).  

To obtain biosilica from diatoms it is crucial to totally remove the organic matter adhered on their 

surface, preserving frustule shape, and avoiding its erosion (Sardo et al., 2021). Three ways are 

mostly used to obtain frustules: (i) oxidative washing protocols using hydrogen peroxide solutions, 

(the most commonly used) (ii) chemical treatments with acids, and (iii) baking frustules at high 

temperatures, the simplest and least expensive method but able to alter frustule architecture 

(Umemura et al., 2010, Sardo et al., 2021 and reference therein). It seems urgent to understand 

which of them is more affordable in terms of environmental sustainability, with the perspective to 

exploit this extraordinary natural material.  
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1.5 Aim of the thesis 
 

Given the impact of diatoms on the global C and Si cycles and the emerging exploitation of 

frustules as bio-based materials, the general introduction pictured the multidisciplinary state of art 

about these photosynthetic organisms and highlighted the gaps in knowledge which this thesis shall 

try to fill. In particular, the main question was how the synergic action of selective pressures has 

acted on the evolution of morphologically different diatoms. Furthermore, the biological functions 

of the frustules, often deduced from studies on few centric species, were investigated and shed light 

on the characterization of biotechnologically suitable silica scaffolds.  

This thesis is organized in four different research topics: the first two topics focused on major 

selective pressures (e.g. Si decline through geologic eras and the interaction of diatoms with 

competitors and predators) and their involvement in diatom radiation. The physiological response of 

morphologically different diatoms to these selective pressures was evaluated. A third topic had the 

scope to investigate sinking behaviour of morphologically different diatoms, trying to understand 

the adaptative role of frustules in controlling buoyancy. Finally, the last topic addressed in the thesis 

was a preliminary study on the characterization of frustules with the perspective of a possible 

exploitation as silica biomaterial; in the view of an industrial scale up, the environmental impact of 

different cleaning procedures compared by LCA methodology was estimated.
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2. Si decline and diatom evolution: 

insights from physiological experiments   

2.1 Introduction 

In the modern ocean, diatoms are abundant and diverse primary producers, distinguished by their 

silica shells, or frustules. Accounting for some 20% of primary production on Earth, diatoms sustain 

the global food web while being responsible for 240 Tmol of biogenic silica precipitation annually 

(Loucaides et al., 2012, Vallina et al., 2014, Malviya et al., 2016, Sutton et al., 2018, Vincent and 

Bowler, 2020, Trèguer et al., 2021).  The oldest known diatom fossils occur in Late Jurassic (ca. 

165 million years old, Ma) amber (Girard et al., 2020), and since that time, diatoms have diversified 

to play a crucial role in ocean ecology (Ambrust 2009); indeed, their radiation has moulded marine 

ecosystems through time (Finkel and Kotrc 2010, Knoll and Kotrc 2015, Cermeño et al., 2015, 

Medlin 2015, Benoiston et al., 2017, Knoll and Follows 2016,), affecting both the carbon and silica 

cycles (Siever et al., 1992, Ragueneau et al., 2006, Renaudie 2016, Conley et al., 2017, Trèguer et 

al., 2018).   

 In Precambrian oceans, before the evolution of organisms with biomineralized skeletons, the 

concentration of dissolved silica (DSi) in seawater must have been much higher than today (Siever, 

1992; Conley and Carey, 2015, Conley et al., 2017).  The Ediacaran/Cambrian radiations of 

siliceous sponges and radiolarians established biology as a major component of the silica cycle, 

demonstrably changing the depositional dynamics of silica in the oceans (Maliva et al., 1989, 

Kidder and Tomescu, 2016) and probably decreasing seawater DSi concentration (Conley et al., 

2017).  New biological influences emerged during the Mesozoic Era, as multiple clades of silica 

biomineralizing protists spread through the oceans (Knoll and Kotrc, 2015; Marron et al., 2016).  

Diatoms, in particular, are thought to have further drawn down DSi in surface seawater, leading to 

the low concentration (< 30 µM) observed today (Racki and Cordey, 2000, Conley et al., 2017).  

Changes in hydrothermal fluxes and continental weathering can also have influenced DSi through 
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time (Frings et al., 2016, Conley et al., 2017), but independent perspectives on orogenesis and 

seafloor spreading suggest that Mesozoic-Cenozoic DSi decline was largely mediated by biology.  

Within diatoms, the diversification of specialized transporters (Silicon Transporters, SIT) helped to 

make them the dominant marine DSi utilizers in Cenozoic oceans (Durkin et al., 2016; Fontorbe et 

al., 2017), and as a consequence, competitors for this resource, principally radiolarians and sponges, 

show declines in test mass and/or environmental distribution (Harper and Knoll, 1975, Maldonado 

et al., 1999, Lazarus et al., 2009; Hendry et al., 2018). Diatoms themselves show a change in 

skeletal morphology through time, with a trend toward smaller, more elongated and less highly 

silicified frustules toward the present (Finkel et al, 2005; Armbrust 2009, Finkel and Kotrc 2010).   

It is worth noting that factors other than DSi availability may have influenced the evolution of 

silicifiers (e.g., Finkel et al., 2005; Hendry et al., 2018) and that changing selectivity of preservation 

may also influence the observed record (Westacott et al., 2021). In order to gain further perspective 

on diatom growth and physiology under changing conditions of DSi availability, four 

morphologically distinct modern diatoms (Chaetoceros muelleri, Conticribra weissflogii, 

Phaeodactylum tricornutum, Cylindrotheca fusiformis) were acclimated to paleo-reconstructed 

environments according to Ratti et al. (2011), modified to mimic Mesozoic to modern changes in 

DSi concentration. As nutrient limitation is known to affect silica deposition and dissolution in 

diatoms (Takeda 1998, Hutchins and Bruland 1998, Boyle 1998, De la Rocha et al., 2000, Mosseri 

et al., 2008, Finkel et al., 2010, Bucciarelli et al., 2010, Cohen et al., 2017, Meyerink et al., 2017, 

Panagiotopoulos et al., 2020), experiments using reconstructed seawater that include interpreted 

variation in the bioavailability of N, Fe, Zn, and Mo (Ratti et al., 2011, Giordano et al., 2018) better 

approximate ancient marine environments and their interactions with organisms. Growth, 

photosynthetic efficiency, organic and inorganic composition, and frustule morphology were 

assessed.  
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2.2 Material and Methods 

2.2.1 Algal cultures 

Two centric diatom species, Chaetoceros muelleri (CCAP 1010/3, https://www.ccap.ac.uk/) and 

Conticribra weissflogii (DCG 0320, https://bccm.belspo.be/about-us/bccm-dcg), and two raphid 

pennate diatoms more recently evolved and characterized by their thin frustules, Cylindrotheca 

fusiformis (NEPCC417) and Phaeodactylum tricornutum (DCG 0981), were acclimated for at least 

ten generations to three newly designed growth media combining the Mesozoic/Cenozoic 

concentration of nutrients (as already published by Ratti et al., 2011; Table 2.1) and the presence of 

different Si regimes (Table 2.2). 

There are varying estimates for DSi levels in ancient oceans. Siever (1992) proposed that diatom 

evolution gradually reduced seawater DSi from some 1000 µM to its present level of < 30 µM in 

most surface waters.  In contrast, Conley et al. (2017) estimated that DSi concentrations of 500 µM 

in pre-diatom oceans fell rapidly to near-modern levels as diatoms began their radiation. Most 

recently Trower et al. (2021) used Si isotope ratios to argue that DSi levels could have been as low 

as 150 µM in Paleozoic oceans. Regardless of starting point, all conclude that diatom radiation 

reduced DSi concentrations in surface seawater. The DSi values used in our experiments were 

chosen to explore this range of estimated changes through time. 

Table 2.1: Mesozoic/Cenozoic concentration of nutrients. Ratti et al., 2011 

Nutrient Final Concentration 

NaNO3 10 μM 

FeCl3· 6H2O 50 nM 

ZnSO4· 7H2O 100 nM 

Na2MoO4· 2H2O 105 nM 

 

  

http://bccm.belspo.be/about-us/bccm-dcg
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Table 2.2: Silicic acid concentrations added to the Mesozoic/Cenozoic medium and mimicking the 

progressive DSi depletion through geologic eras  

 

Treatment Si concentration  

Pre- to Early Diatoms 500 µM 

Intermediate 205 µM 

Modern 25 µM 

 

Cultures were established in 500 mL flasks filled with 200 mL of medium and maintained in a 

culture chamber at 18 °C, illuminated with cool white fluorescent lamps at 60 µmol m-2 s-1 and 

12:12 h light-dark cycles. 

 

2.2.2 Specific growth rate and cell volume 

Cell number was measured using a CASY TT cell counter (Innovatis AG, Reutlingen, Germany). 

Aliquots of 100 μL of culture were diluted in 10 mL of an electrolyte solution (CASY TON; 

Innovatis AG). Cells were pumped into the cell counter through a 150 µm capillary at a constant 

flow and the number of cells was determined through the enumeration of events measured as 

change of conductivity. The electrical current was assessed by two platinum electrodes, between 

which a pulsed low voltage of 1 MHz was generated. The same instrument was also used to 

measure the cellular size as the volume of electrolyte solution displaced by the passage of cells 

through a measuring pore (Palmucci et al., 2011). All determinations were carried out on samples 

from three distinct cultures. Specific growth rates, μ (2.1), were derived from daily counts of 

exponentially growing cells, carried out on a minimum of three distinct cultures for each treatment. 

(2.1) 𝜇 =
𝑙𝑛(𝑁𝑡 𝑁0⁄ )

𝑡
  (Monod 1949) 
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2.2.3 Pigments quantification and photosynthetic efficiency 

Algae were centrifuged at 3000 g for 5 min. Then, pigments were extracted from the pellet in 2 mL 

of 100% (v/v) methanol (Ritchie et al., 2006); the extracts were stored in the dark, at -20°C 

overnight. Colorless pellet was then separated from the supernatant by centrifugation 13000 g for 5 

min. The absorbance of the supernatant was evaluated spectrophotometrically (Beckman DU 640 

Spectrophotometer, Beckman Coulter) in a range from 750nm to 350nm (scan speed 0.5nm). 

Wavelengths of 664, 630 and 470 nm were used for pigment quantification of chlorophyll a, 

chlorophyll c1 + c2 and carotenoids, respectively. Methanol absorbance was used as blank and 

absorbance at 730 nm was subtracted to all measurements. 

Chlorophyll concentrations were calculated according to Ritchie 2006 equations: 

(2.2) Chl a (µg·mL-1) = 13.2654·Abs664nm – 2.6839·Abs630nm 

(2.3) Chl c (µg·mL-1) = 28.8191·Abs630nm – 6.0138·Abs630nm 

(2.4) Total Chl (µg·mL-1) = Chl a + Chl c 

Carotenoids’ concentrations were calculated according to Wellburn 1994 equations: 

(2.5) Total carotenoids (µg·mL-1) = (1000·Abs470nm – 1.63·Chla – 104.96·Chlc)/221 

All results were expressed as pg of pigment per cell. 

In vivo variable fluorescence of photosystem II (PSII) chlorophyll a (P680) was analyzed by DUAL 

PAM 100 fluorimeter (Heinz Walz GmbH, Effeltrich, Germany). Samples of 107 cells were 

collected by centrifugation at 3000 g for 5 min, re-suspended in 2 mL of growth medium and dark-

adapted for 10 min. Subsequently, samples were transferred into a glass cuvette for the PAM 

analysis under continuous stirring. The measuring light (40 µmol photons m-2 s-1) was turned on to 

determine the F0 value, the minimum value for chlorophyll fluorescence. Then, a saturation pulse 



Si decline and diatom evolution  

51 
 

(10000 µmol photons m-2 s-1, 600 ms) was applied to saturate all centers and allowed to measure the 

Fm value, the maximum value of fluorescence. Maximum quantum efficiency of PSII, Fv/Fm, was 

then calculated as follows (2.6):  

(2.6)  
𝐹𝑉

𝐹𝑚
=  

(𝐹𝑚 − 𝐹0)

𝐹𝑚
 

Fv/Fm represents a robust indicator of the maximum quantum yield of PSII photochemistry (Misra et 

al., 2012). All parameters were obtained using the Dual PAM v1.8 software (Walz GmbH, 

Effeltrich, Germany). 

 

2.2.4 Elemental composition  

Cellular C and N abundances were determined using an elemental analyser (ECS 4010, Costech 

Italy) from 0.1 – 1 mg of dry cells washed twice with an ammonium formate solution isosmotic to 

the culturing media and dried at 80°C. Sulfanilamide (C:N:S = 6:2:1) was used in a standard curve 

for quantification. Data acquisition and analysis were performed with the software EAS- Clarity 

(Costech Analytical Technologies Inc., Milano, ItalyOrganic composition). All measurements were 

carried out on 3 biological replicas.  

Similarly prepared samples (0.5 – 1 mg of dry weight) were analysed by an elemental analyser 

(ECS 4010, Costech Italy) connected to the ID Micro EA isotope ratio mass spectrometer (Compact 

Science Systems, LymedaleBusiness Centre, Newcastle-Under-Lyme, United Kingdom) to obtain 

carbon and nitrogen stable isotopes (δ13C and δ15N) ratios. Urea was the isotopic standard reference 

showing δ13C = −36.6‰ and δ15N = 2.2‰; its replicates were used to normalize isotopic values of 

algal biomass. Two blank samples (empty aluminium capsules) were analysed at the start of each 

analysis to verify CO2 and N2 backgrounds were low, and urea standards were also analysed after 

every 6 samples to monitor instrument performance. Data acquisition and analysis were performed 
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with the software EA IsoDelta (Compact Science Systems, LymedaleBusiness Centre, Newcastle-

Under-Lyme, United Kingdom). All the measurements were carried out on 3 biological replicas.  

The absolute abundance of the other elements than C and N and included Silicon was measured 

using a Total Reflectance X – ray Fluorescence spectrometer (S2 Picofox, Bruker AXS 

Microanalysis GmbH, Berlin, Germany). Sampled diatoms were washed twice with an ammonium 

formate solution isosmotic to the culturing media and resuspended in 250 µl of dH2O. A solution of 

0.1 g L-1 Ga (Sigma Aldrich, St. Luis, MO, USA) in 5% HNO3 was added as internal standard to a 

final concentration of 0.5 μL·L-1. The suspension was carefully vortexed and an aliquot of 10µl was 

deposed on a plastic sample holder, dried on a heating plate and measured for 1000 seconds. 

Spectral deconvolution and quantification of elemental abundances were performed by the 

SPECTRA 6.1 software (Bruker AXS Microanalysis GmbH, Berlin, Germany).  

 

2.2.5 Organic composition 

Diatoms collected during exponential phase were washed twice with a 0.5 M solution of ammonium 

formate and used to prepare samples for analysis of FTIR spectroscopy. Aliquots of 50 µl of cell 

suspension were transferred to a silicon window and dried at 80°C (Domenighini and Giordano 

2009). FTIR spectra were acquired with a Tensor 27 FTIR spectrometer (Bruker Optics, Ettlingen, 

Germany). Bands were assigned to cellular pools as described by Giordano et al., 2001 and the 

relative abundances of lipids, carbohydrates, proteins and silica were calculated via band integrals 

of deconvolved spectra, with OPUS 6.5 software (Bruker Optik GmbH, Ettlingen, Germany). 

Considering that silica absorbance (⁓1075 cm-1) masks some of the typical carbohydrate bands in 

diatoms, only the integrated value at ⁓1150 cm-1 was used as proxy for carbohydrates. Semi-

quantification of carbohydrates and lipids was obtained by comparing the total protein content 

measured by a quantitative method (see below) with the FTIR absorbance ratio between the pool of 

interest and that of proteins according to Palmucci et al., 2011; the three macromolecular pools 

expressed in arbitrary units are normalized to the corresponding at 500 µM Si pool.  
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Protein content was measured according to the Lowry method described by Peterson (1977) on 

diatoms collected by centrifugation (13000 g for 5 min) during exponential phase. A volume of 500 

µl 1% Sodium Dodecyl Sulphate (SDS) and 0.1 mol·L-1 of NaOH was added to the pellet to 

facilitate membrane disruption and solubilization of proteins. The tubes were vortexed and then 

incubated at room temperature for 10 min. A volume of 500 µl of reagent A (25% H2O, 25% SDS 

10%, 25% NaOH 0.8M, 25% CTC reagent) was added, the samples were vortexed and let sit at 

room temperature for 10 min. A volume of 250 µl of the reagent B (83.3% H2O, 16.7 % Folin & 

Cicalteau’s phenol reagent) was then added and samples were immediately vortexed vigorously; 

finally, they were incubated in the dark for 30 min. Afterwards, the sample absorbance was 

measured in a Beckman DU 640 Spectrophotometer (Beckamn Coulter) at 750 nm. Protein contents 

were calculated by interpolating absorbance data in a standard curve constructed with known 

concentrations of Bovine Serum Albumine (BSA). All the measurements were carried out on 3 

biological replicas and results were expressed as pg of proteins per cell. 

 

2.2.6 Frustules characterization through Scanning Electron Microscopy  

Diatom frustules were obtained through oxidation of the organic material using hydrogen peroxide, 

H2O2 (modified from BCCM/DCG protocol). The salts of the culture medium were washed out 

from the cells for 3 times with deionized water, then 30% H2O2 was added to the cell suspension to 

a final concentration of about 15%. Samples were dried in oven at 60 °C for 1 day (less silicified 

species, P. tricornutum and C. fusiformis) or 3 days (more silicified species, C. muelleri and C. 

weissflogii). Finally, the material was washed 4 times with deionized water to carefully remove 

H2O2. Drops of cleaned material were then poured on a cellulose acetate and cellulose nitrate 

mixture filter (MF-Millipore™, mesh size 0,45 µm) fixed on the conductive carbon adhesive discs 

pasted on the stub and left to dry completely at 50°C. The stub was then sputter-coated with a thin 

layer of gold-palladium in a Balzer Union evaporator and analysed by SEM (High Resolution 



Si decline and diatom evolution  

54 
 

ZEISS – SUPRA 40). Pictures were taken with different order of magnitude to obtain also 

morphometrical measurements of frustule details (raphe and fibulae in C. fusiformis, Reiman et 

Lewin 1965; setae and punctae in C. muelleri, Reinke 1984). 

 

2.2.7 Statistical Analysis 

Significant differences among the means of dependent variables in different paleoenvironments 

(independent variable) were tested with a one – way analysis of variance (ANOVA), followed by 

Tukey’s post-hoc test. Macromolecular pools as dependent variables in response to 

paleoenvironments and according to diatom species (independent variables) were analysed by two – 

way ANOVA, followed by Tukey’s post-hoc test. Comparison of treatment pairs (morphological 

parameters at 500 and 25 µM Si, Table S2) was achieved with a two-tailed t-test. The level of 

significance was set at 0.05. GraphPad prism 8.0.2.263 was used to carry out the tests (GraphPad 

Software, San Diego, CA, USA).  
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2.3 Results 

2.3.1 Growth, cell volume and photosynthetic efficiency 

The four diatom populations were acclimated to reconstructed paleoenvironments. Growth of the 

smaller species C. muelleri and P. tricornutum was deeply affected by Si availability in the medium 

(Figure 2.1); specifically, the higher the DSi concentration, the lower the growth rate (Table 2.3). 

In fact, C. muelleri cells grew very slowly in when DSi was 500 µM. The decrease in growth rate of 

these species was accompanied by an increase in cell volume (Table 2.3). On the other hand, 

growth rates of the larger species C. weissflogii and C. fusiformis were similar among the three DSi 

treatments.  

Table 2.3: Average ± SD of specific growth rate (μ) and cell volume in the four diatoms acclimated 

to different paleoenvironments (n ≥ 3). Different letters indicate significant differences among 

conditions in the same species (p > 0.05).  

  500 µM Si 205 µM Si 25 µM Si 

 C.muelleri 0.13±0.04a 0.48±0.08b 0.54±0.08b 

Specific Growth Rate (μ, day-1) C.weissflogii 0.28±0.03 0.28±0.01 0.25±0.03 

 P.tricornutum 0.29±0.01a 0.36±0.02a 0.58±0.04b 

 C. fusiformis 0.41±0.09 0.52±0.05 0.47±0.15 

 C.muelleri 581±93a 470±55ab 439±56b 

Cell volume (μm3) C.weissflogii 1352±229a 1713±209b 1459±160ab 

 P.tricornutum 266±50a 143±20b 134±50b 

 C. fusiformis 474±64a 363±28b 381±75b 
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Figure 2.1: Growth curves of the four diatoms acclimated to different paleoenvironments. Data are 

means of 3 biological replicas. Error bars show SD 

 

2.3.2 Photosynthetic efficiency and pigment quantification  

The supply of a high concentration of silicic acid mimicking the Mesozoic regime resulted in a 

lower maximum PSII Quantum Yield in dark adapted cells, Fv/Fm, of C. muelleri, P. tricornutum 

and C. fusiformis while C. weissflogii did not show any change in the photosynthetic efficiency 

(Figure 2.2).  



Si decline and diatom evolution  

57 
 

In the presence of a higher Si availability C. muelleri and C. fusiformis also showed a lower 

concentration of pigments (both chlorophylls and carotenoids, Figure 2.3 A, C). On the other hand, 

the Chla to Chlc1+c2 ratio was the same among the conditions in all species except for P. tricornutum 

(Figure 2.3 B).  

 

Figure 2.2: PSII Quantum Yield of the four diatoms acclimated to different paleoenvironments. 

Data are means of 3 biological replicas. Error bars show SD. Asterisks represent significant 

differences among conditions in the same species (p<0.001).  
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Figure 2.3: Cell contents of pigments in the four diatoms acclimated to different 

paleoenvironments: (A) total chlorophylls, (B) Chl a to Chl c1+c2 ratio (C) carotenoids. Data are 

means of 3 biological replicas. Error bars show SD. Letters represent significant differences among 

conditions in the same species (p<0.05). 

A 

C 

B 
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2.3.3 Elemental composition  

When cells were subjected to different Si regimes during growth, all diatoms grown in the 

Mesozoic condition except for C. weissflogii accumulated more Silicon per volume unit (Figure 

2.4). The deepest variation was observed in pennate diatoms, C. fusiformis and P. tricornutum, 

showing twice the content when the concentration of external silicic acid reached 500 µM as 

compared to contents in the other conditions. The same was true when Si content was expressed on 

a per cell basis (Table 2.4). 

The P cell quota had a similar trend to that of Si cell quota (Table 2.4). Only P. tricornutum also 

showed significantly higher C, N and Fe contents in the highest DSi condition. In particular, when 

calculating stoichiometry of elements in cells, results highlight a C:N:P:S:Si ratio inversely related 

to the concentration of silicic acid in the growth medium: lower amounts of assimilated C, N, P and 

S per unit of cell Si with higher DSi availability (Table 2.5). On the other hand, Fe:Si was constant 

in cells of P. tricornutum acclimated to different Si treatments (Table 2.5). 

 

Figure 2.4: Si content per volume (fg·µm-3) in the four diatoms acclimated to different 

paleoenvironments. Data are means of 3 biological replicas. Error bars show SD. Letters represent 

significant differences among conditions in the same species (p<0.05).  
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Table 2.4: Cell quotas of elements (pg·cell-1) in the four diatoms acclimated to different 

paleoenvironments. Data are means of 3 biological replicas. Error bars show SD. Letters represent 

significant differences among conditions in the same species (p<0.05) 

  
500 µM Si 205 µM Si 25 µM Si 

 
C.muelleri 33.75±9.08 11.35±2.38 21.41±7.05 

Carbon C. weissflogii 16.85±13.00 7.79±3.03 7.79±4.08 

pg·cell-1 P. tricornutum 20.27±5.69a 7.41±0.97b 6.00±0.27b 

 
C. fusiformis 17.52±3.23 22.83±0.89 10.61±3.08 

 
C.muelleri 6.52±2.07 2.48±0.58 4.37±1.66 

Nitrogen C. weissflogii 3.89±3.34 1.21±0.58 0.92±0.46 

pg·cell-1 P. tricornutum 4.27±0.6a 1.14±0.08b 0.83±0.04b 

 
C. fusiformis 3.34±0.58 4.35±0.22 1.33±0.32 

 
C.muelleri 2.51 ± 0.66a 1.02 ± 0.25b 1.35 ± 0.1b  

Silicon C. weissflogii 5.33±2.04 6.28±0.43 8.16±2.55 

pg·cell-1 P. tricornutum 0.98 ± 0.14a 0.10 ± 0.03b 0.06 ± 0.008b 

 
C. fusiformis 5.27±1.29a 2.53±0.33b 2.02±0.25b 

 
C.muelleri 1.45±0.34a 0.46±0.009b 0.37±0.2b 

Phosporous C. weissflogii 0.09±0.04 0.13±0.001 0.06±0.02 

pg·cell-1 P. tricornutum 0.49±0.005a 0.26±0.04b 0.22±0.03b 

 
C. fusiformis 0.83±0.1a 0.38±0.05b 0.29±0.03b 

 
C.muelleri 0.64±0.16a 0.33±0.04b 0.25±0.07b 

Sulfur C. weissflogii 0.31±0.21 0.38±0.08 0.40±0.21 

pg·cell-1 P. tricornutum 0.41±0.03 0.31±0.08 0.27±0.01 

 
C. fusiformis 0.56±0.1 0.28±0.03 0.67±0.5 

 
C.muelleri 0.02±0.004 0.03±0.02 0.013±0.004 

Potassium C. weissflogii 0.008±0.002 0.08±0.02 0.009±0.01 

pg·cell-1 P. tricornutum 0.01±.0.006 0.007±0.003 0.003±0.0003 

 
C. fusiformis 0.02±0.002 0.01±0.002 0.015±0.004 

 
C.muelleri 0.15±0.1 0.08±0.01 0.05±0.02 

Calcium C. weissflogii 0.03±0.008 0.18±0.07 0.03±0.01 

pg·cell-1 P. tricornutum 0.05±0.01 0.10±0.07 0.09±0.1 

 
C. fusiformis 0.1±0.02 0.05±0.03 6.14±5.03 

 
C.muelleri 0.06±0.02 0.14±0.1 0.02±0.008 

Iron C. weissflogii 0.01±0.008 0.03±0.01 0.02±0.01 

pg·cell-1 P. tricornutum 0.07±0.008a 0.008±0.002b 0.005±0.0003b 

 
C. fusiformis 0.093±0.09 0.01±0.001 0.067±0.01 
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Table 2.5: Cell stoichiometry in relation to Si content (pg·cell-1) of the four diatoms acclimated to 

different paleoenvironments. Data are means of 3 replicates ± SD. Different letters indicate 

significant differences among conditions in the same species (p > 0.05, One – way ANOVA 

followed by Tukey’s post hoc test) 

  C:Si N:Si P:Si S:Si Fe:Si 

 500 µM Si 13.56 ± 3.14 2.66 ± 0.97 0.58 ± 0.03 0.18 ± 0.07 0.02 ± 0.007 

C. muelleri 205 µM Si 11.23 ± 1.90 2.44 ± 0.39 0.47 ± 0.13 0.33 ± 0.09 0.14 ± 0.09 

 25 µM Si 16.13 ± 6.65 3.30 ± 1.52 0.28 ± 0.17 0.26 ± 0.07 0.02 ± 0.003 

 500 µM Si 2.38 ± 1.90 0.58 ± 0.57 0.01 ± 0.002 0.035 ± 0.01 0.001 ± 0.001 

C. weissflogii 205 µM Si 1.22 ± 0.38 0.19 ± 0.08 0.02 ± 0.001 0.062 ± 0.02 0.006 ± 0.002 

 25 µM Si 1.60 ± 0.84 0.19 ± 0.09 0.01 ± 0.007 0.096 ± 0.09 0.004 ± 0.001 

 500 µM Si 20.90 ± 7.26a 4.34 ± 0.54a 0.50 ± 0.07a 0.42 ± 0.06a 0.08 ± 0.006 

P. tricornutum 205 µM Si 78.01 ± 31.42b 11.94 ± 4.36b 2.67 ± 0.53b 3.01 ± 0.42b 0.07 ± 0.01 

 25 µM Si 93.7 ± 14b 12.93 ± 2.19b 3.47 ± 0.62b 4.27 ± 0.73c 0.08 ± 0.01 

 500 µM Si 3.57 ± 1.60a 0.68 ± 0.29a 0.16 ± 0.02 0.11 ± 0.08 0.02 ± 0.01a 

C. fusiformis 205 µM Si 9.13 ± 1.09b 1.74 ± 0.23b 0.15 ± 0.006 0.11 ± 0.004 0.005 ± 0.0009ab 

 25 µM Si 5.29 ± 1.66ab 0.66 ± 0.16ab 0.15 ± 0.03 0.35 ± 0.29 0.03 ± 0.009a 

 

Interestingly, our centric and pennate diatoms show divergent trends in carbon isotopic 

fractionation across treatments (Figure 2.5). Centric diatoms significantly increased observed 

fractionation (more negative δ13C) as DSi decreased, just the opposite of observed trends in our 

pennate species. Also, a strong correlation (Pearson r = -0.99 in P. tricornutum and -0.96 in C. 

fusiformis, Figure 2.6) between the δ13C and intracellular Si content was observed in pennate cells, 

but in our centric species.  
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Figure 2.5: δ13C values in the four diatoms acclimated to different paleoenvironments. Data are 

means of 3 biological replicas. Error bars show SD. Letters represent significant differences among 

conditions in the same species (p<0.05).  

 

 

Figure 2.6: Correlation between Si content (fg·µm-3) and δ13C in the two pennate diatoms 

acclimated to different paleoenvironments. Data are means of 3 biological replicas. Error bars show 

SD. Asterisks indicate significant difference (p<0.01). 
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2.3.4 Organic composition 

In cells of C. muelleri, C. fusiformis and P. tricornutum proteins were more abundant in response to 

a higher silicic acid concentration in the growth medium (Figure 2.7). In pennate diatoms the same 

trend was observed for the carbohydrate pool. Save for C. weissflogii, all diatoms did not 

significantly change the lipid pool in response to DSi treatment. Regarding macromolecular ratios 

the cellular carbohydrate/lipid ratio showed C reallocation in all species (Table 2.6). In centric 

diatoms the protein to carbohydrate ratio was not affected while the protein to lipid ratio was 

significantly higher in response to higher DSi availability (Table 2.6).  

 

Figure 2.7: Protein content in the four diatoms acclimated to different paleoenvironments. Data are 

means of 3 biological replicas. Error bars show SD. Different letters represent significant 

differences among conditions in the same species (p<0.05) 
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Figure 2.8: Protein, Carbohydrates and Lipid pools in the four diatoms acclimated to different 

paleoenvironments. Data are means of 3 replicates. Error bars show SD. Different letters represent 

significant differences among conditions in the same species (p<0.05, Two – way ANOVA 

followed by Tukey’s post hoc test) 
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Table 2.6: Macromolecular pool ratios (arbitrary unit) for the four diatoms acclimated to different 

paleoenvironments. Data are means of 3 replicates±SD. Letters represent significant differences 

among conditions in the same species (p<0.05, One – way ANOVA followed by Tukey’s post hoc 

test) 

  500 µM Si 205 µM Si 25 µM Si 

 C. muelleri 0.9±0.1 0.98±0.22 0.72±0.24 

Proteins/Carbohydrates C.weissflogii 0.31 ± 0.03 0.34 ± 0.08 0.34 ± 0.02 

 P. tricornutum 0.79±0.14a 1.84±0.66ab 2.18±0.65b 

 C. fusiformis 0.51±0.11a 1.79±0.07ab 2.24±1.18b 

 C. muelleri 13.4±2.46a 12.57±1.61a 5.50±2.60b 

Proteins/Lipids C.weissflogii 51.17 ± 11.46a 6.80 ± 0.44b 6.09 ± 0.26b 

 P. tricornutum 9.37±1.7 12.83±3.83 7.88±2.25 

 C. fusiformis 6.63±0.61a 8.73±1.81a 231±72b 

 C. muelleri 14.96±3a 13.21±1.36a 7.45±0.96b 

Carbohydrates/Lipids C.weissflogii 169 ± 57 36.77±23.97 18.04±1.47 

 P. tricornutum 11.92±0.13a 7.79±3.67ab 3.63±0.05b 

 C. fusiformis 13.26±1.72a 5.01±0.99a 57.12±47b 

 

2.3.5 Frustules evaluation through Scanning Electron Microscopy  

No evident change in the frustule structure of C. muelleri could be visible except for an increased 

width of the setae (Figure 2.9 C, D, Table 2.7) even if not statistically significant. C. weissflogii 

did not show a different arrangement of silica deposition in frustules (Figure 2.9 B). On the other 

hand, pennate diatoms appeared the most variable in terms of frustule morphology in response to 

environmental silicic acid concentration (Figure 2.10, Table 2.7). P. tricornutum highlighted a 

significant major width of the frustule combined with a greater thickness of the raphe in Mesozoic 

condition (Figure 2.10 A, C, D and Table 2.7) meanwhile C. fusiformis showed a larger width of 

the raphe (Figure 2.10 B, E, F and Table 2.7). 
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Figure 2.9: SEM images of centric diatoms (C. muelleri A, C. weissflogii B) frustules acclimated to 

500 µM Si (left images) and Present (right images) conditions. Details of C. muelleri setae in 

Mesozoic condition (C) and Present condition (D) are shown. 
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Figure 2.9: SEM images of frustules belonging to the pennate diatoms P. tricornutum (A) and C. 

fusiformis (B) acclimated to 500 µM Si  (left images) and 25 µM Si (right images) conditions. 

Details of P. tricornutum and C. fusiformis raphae at 500 µM Si  (C and E respectively) and 25 µM 

Si (D and F respectively) are shown 

Table 2.7: Frustule morphological characterization of C. muelleri, P. tricornutum and C. fusiformis 

acclimated to different paleoenvironments. Data are means of 10 measures ± SD on frustules from 3 

biological replicas. Asterisks represent significant differences between condition in the same 

species (* p<0.05; **** p<0.0001)   

  
500 µM Si   25 µM 

C. muelleri  Width of setae (nm) 427.7±57.9 388.6±57.8 

 Width of puntae (nm)  41.9±7.8 36.4±9.7 

P. tricornutum  Lenght of frustule (µm) 6.48±0.06 6.15±0.55 

 Width of frustule (µm) 1.59±0.12* 1.12±0.20 

C. fusiformis Lenght of raphe (µm) 29.3±1.1 29.3±1.5 

 Width of raphe (nm) 248.9±21.3**** 215.3±10.9 

 Thickness of fibulae (nm) 87.1±9.9 86.1±12.1 

A

  

B

  

C

  

D

  

E  

F  
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2.4 Discussion 

Paleontological and geochemical data support the hypothesis that diatom radiation drove a decline 

in the DSi of surface seawater, with consequences for both diatoms and other organisms that form 

skeletons of silica (Finkel et al., 2005, Rabosky and Sorhannus 2009, Conley et al., 2017, Hendry et 

al., 2018). At the same time, other factors, including climate change, orogenesis, and predation 

pressure may have influenced both observed paleontological patterns and inferred temporal 

variation in seawater composition (Falkowski et al., 2004, Zachos et al., 2008, Ratti et al., 2013, 

Lazarus et al., 2014, Conley et al., 2017, Giordano et al., 2018, Petrucciani et al., 2022). The 

experiments reported here confirm that whatever other factors inform our understanding of 

Mesozoic-Cenozoic diatom evolution, declining DSi had a direct influence on diatom growth, 

physiology, and morphogenesis.  Even with our small sample size, it becomes clear that diatom 

responses to changing silica bioavailability are commonly individualistic; that is, there may be few 

parameters for which diatoms universally respond in the same way. At the same time, the centric 

and pennate species in our experiments commonly responded in different ways or to different 

degrees, suggesting that centrics and pennates may show broad and consistent differences in their 

physiological responses to changing DSi levels.  

Growth in reconstructed paleoenvironments: facing high [DSi] - Perhaps counterintuitively, our 

experimental species did not grow better at high DSi concentrations; indeed, just the opposite 

occurred. All the diatoms in our experiments thrived at the low concentrations of N, Fe, Zn, Mo and 

Si characteristic of modern oceans (Table 2.3, Figure 2.1). In modern oceans, regional and 

seasonal Si limitation (i.e., in the Southern Ocean) is known to downregulate Si uptake and 

silicification in DSi users, including diatoms (Pinkerton et al. 2021). Nevertheless, diatoms 

maintain nearly maximal division rates (Olsen and Paasche 1986). Our data underscore that 

different species show distinct responses to Si availability. On the other hand, growth of the two 

smaller species, C. muelleri and P. tricornutum, was significantly lower at high DSi concentration 
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(500 µM) (Figure 2.1, Table 2.3). The drastic reduction in photosynthetic efficiency was consistent 

with growth limitation (Figure 2.2). Indeed, acclimation to 500 M DSi concentration of the small 

species C. muelleri was strongly hampered (Figure 2.1, 2.2, Table 2.3).  It has been suggested that 

a high silicic acid concentration in the external medium can lead to cytotoxic effects (Marron et al., 

2016) through auto-polymerization of intracellular soluble Si which then over- accumulates 

(Milligan et al., 2004). 

Why a high external concentration of DSi should result in higher intracellular Si concentration is 

unclear. It is known that Si influx makes use of i) energy dependent transporters for Si uptake (SIT), 

which have acquired the influx function in response to the scarce availability of Si in oceans, and ii) 

diffusion (Thamatrakoln et al., 2006, Thamatrakoln and Hildebrand, 2008, Hildebrand et al., 2018). 

On the other hand, Si efflux is an overlooked and poorly understood process in diatom metabolism. 

It has been hypothesised this originally utilized ancestral SITs, requiring energy, as do currently 

utilized SITs (Martin-Jezequel et al., 2000, Milligan et al., 2004, Thamatrakoln and Hildebrand, 

2008, Shrestha and Hildebrand, 2015, Hildebrand et al., 2018). Our data likely indicate that efficient 

DSi uptake was not turned off by algal cells and/or was counterbalanced by an efficient efflux 

mechanism. The effect could be observed in less silicified and smaller species characterized by a 

higher S/V ratio and thus incurring more cost for energy dependent transport (Figure 2.1, Table 

2.3). It is worth noting that in P. tricornutum cells acclimated to different DSi the Fe:Si ratio is the 

only one unaffected by growth treatment (Table 2.5); this result is consistent with the hypothesis 

that Fe is directly required for Si transport, with Fe serving as a CO-factor for silicic acid transport 

molecules, postulated by De la Rocha and co-authors in 2000.  

The densely silicified and larger (hence, lower S/V ratio, Table 2.3, Figure 2.4) cells of C. 

weissflogii had a different fate when grown under high DSi conditions (Figure 2.1, Table 2.3). In 

the presence of higher environmental DSi concentration, diffusion of silicic acid across membranes 

is supposed to make a bigger contribution to the Si uptake than it does in lower DSi growth 
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conditions. This could explain why energy is saved and reallocated into C. weissflogii growth, 

assuming DSi influx trough SITs is less relevant can be downregulated and the efflux is not needed 

due to the high Si requirement for thicker C. weissflogii frustules. Only in this species did the 

photosynthetic efficiency remain unchanged by varying DSi level (Figure 2.2).  

Cell composition in reconstructed paleoenvironments: facing high [DSi] – Cell composition in 

terms of macromolecular pools varied among treatments and in a shape dependent manner. At high 

[DSi], cells of pennate diatoms were most costly (in terms of energy investment associated to the 

observed organic composition; Gerotto et al. 2020) and palatable (Palmucci et al., 2011, Ratti et al., 

2013), preferentially allocating fixed C into carbohydrates and proteins ((Figure 2.7, Figure 2.8, 

Table 2.6).  

Data suggest that over geologic times DSi availability has affected the overall C allocation pattern 

of diatoms (in particular pennates) and, therefore, predation pressure via its influence on palatability 

for predators. Lastly, DSi decline has favoured the evolution of energy-saving, less palatable cells, 

which are more competitive in intraspecific and interspecific interactions (Petrucciani et al., 2022).  

Interestingly, Si availability also affected C isotopic fractionation: when DSi concentration was 

higher, pennate diatoms increased C fractionation (more negative 13C) (Figure 2.5). This could be 

explained by a change in availability of intracellular inorganic carbon among growth regimes: in 

fact, a lower contribution of inorganic C mobilized from HCO3
- to the fixed C in pennates grown in 

high Dsi conditions results in increased discrimination against 13CO2 (Korb et al., 1996, Keller and 

Morel, 1999, Vuorio et al., 2006). This may well reflect to a downregulation in pennates of CCM 

(Riebesell et al., 2000) in favour of other mandatory energy dependent mechanisms such as Si 

deposition or Si efflux under high DSi conditions (Giordano et al., 2005, Giordano et al., 2017).  

Therefore, lower photosynthetic efficiencies were reported (Figure 2.2). In any event the 

correlation between silicon content and C fractionation observed in these species underscores the 
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deep interaction between the two elements as well as between biomineralization and C fixation 

(Figure 2.6). This is somewhat unexpected since in centric diatoms the uncoupling of silicon 

compared with carbon and nitrogen metabolisms was reported (Claquin et al., 2002, Suroy et al., 

2015). The observed variations in isotopic fractionation also add further nuance to physiological 

and paleoenvironmental interpretation of organic carbon isotopes in Mesozoic and Cenozoic marine 

sediments (Hayes et al., 1999). 

Greater availability of DSi was associated, as well, with a greater accumulation of Si in both cells 

(Table 2.3) and frustules (Figures 2.9 and 2.10) as also evident in the literature compilation of 

Finkel and coauthors (2010). The high Si content was not simply a function of greater cell volume 

since Si content expressed on a per volume basis was also higher in the 500 µM Si treatment 

(Figure 2.4). In addition, a higher Si quota per cell in diatoms is known to be induced by a slower 

growth rate (Brzezinski et al., 1990, Friedrichs et al., 2013). Both factors (high DSi and low growth 

rate) were present when C. muelleri and P. tricornutum showed the highest Si content (Figure 2.1, 

Table 2.3). The change in Si quota was striking in pennate diatoms (Figure 2.4, Table 2.4) as 

shown by raphe thickening in P. tricornutum frustules (Figure 2.9 A, B). The entire cellular 

stoichiometry was overturned (Table 2.5). C. fusiformis showed a similar trend, suggesting that the 

pennate diatoms acclimated to changing growth conditions by modulating Si use efficiency: the 

higher the available DSi in the environment and lower the efficiency in its use (Table 2.5). In 

contrast, centric diatoms had a homeostatic behaviour regarding their elemental stoichiometry: such 

strategy did not allow growth in C. muelleri and limited maximal cell density in C. weissflogii 

(Table 2.5, Figure 2.1). 

While we cannot discount climate change and changing preservational selectivity as influences on 

the observed fossil record of diatoms, the experiments reported here bolster the case that decreasing 

[DSi] played an important role in shaping diatom morphology through time. In particular, the 
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observed physiological responses of pennate species may have helped to drive their differential 

diversification, governing reduced size and silica usage in diatoms as a group. 
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 3. Interaction of diatoms with 

competitors and predators 

3.1 Introduction 

Diatoms are important oceans’ primary producers, which strongly affect global food webs. From a 

biological perspective, the world of diatoms has been moulded by the competitive interactions with 

other phytoplankton groups, resulting in the spatial patterns of marine primary production observed 

today (Armbrust 2009, Vallina et al., 2014, Burson et al., 2018, Vincent & Bowler 2020), and by 

the co-evolution with copepods and other micro-predators that have influenced radiation trajectories 

from higher levels of food webs (Turner 2004, Hamm and Smetacek, 2007; Giordano et al., 2018, 

Lürling 2021). Evolution led to an explosion of morphological varieties of diatom cells, from a 

radial to an elongated geometry, with a significant change in the frustule silicification (Finkel & 

Kotrc 2010, Kotrc & Knoll 2015). This change in silicification is consistent with a decreasing 

availability of silicic acid in oceans through geologic eras (Maliva et al., 1989, Lazarus et al., 2009, 

Finkel et al., 2010, Finkel & Kotrc 2010, Lazarus et al., 2014, Conley et al., 2017), so the more 

recently evolved pennate diatoms developed thinner, thus less silicified frustules. The 

morphological shift is still in progress and probably linked to a continuous balance between an 

effective response to different selective pressures including predation and the cost of shell 

thickening (Martin – Jézéquel et al., 2000, Hildebrand et al., 2018, Gronning & Kiørboe 2020). 

Phytoplankton has evolved multiple strategies to avoid predation (Pančić & Kiørboe 2018, Lürling 

2020), those may involve not only morphological defences (e.g. colony formation, thick silica shell) 

but also behavioural defences (e.g. motility) or physiological defences (e.g. toxicity). In particular, 

pennate diatoms with a thinner frustule have adopted new chemical ways to avoid predation as 

compared to centric diatoms, i.e. they may produce apo-fucoxanthinoids or domoic acid, known to 

be toxic for predators (Shaw et al., 1994, Shaw et al., 1995a, Shaw et al., 1995b, Shaw et al., 1997, 

Tammilehto et al., 2014). Beside the macroevolutionary morphological changes, increasing 
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silicification of diatoms has also been observed as a rapid response to a sudden exposure to 

predators (Pondaven et al., 2007; Pančić et al., 2019). In fact, as already reported (Friedrichs et al., 

2013, Liu et al., 2016, Zhang et al., 2017, Xu et al., 2021), silicon deposition in the diatom cell wall 

is adopted as selective criterion by predators to choose suitable preys since higher silicification 

provides a stronger armour against predation, decreasing diatoms palatability. However, cited 

studies only report exposure to predators of a single algal species at the time. So, for a deeper 

comprehension of the frustule role in shaping evolution, our purpose was to verify if lower silicified 

pennate diatoms were selected by copepods when strongly shielded centric diatoms where in the 

same culture. Furthermore, the role of diatom morphology in predator-prey relation is not 

independent from the role played in the competition for resources: both cell size and shape are 

crucial in phytoplankton light harvesting, nutrient uptake, and buoyancy (Pahlow et al., 1997, Key 

et al., 2010, Naselli – Flores & Barone, 2011, Naselli-Flores et al., 2021). Culturing differently 

sized and shaped diatoms allowed us to introduce interspecies competition for growth-related 

resources next to the predation pressure, mimicking more natural dynamics. Therefore, two centric 

diatoms Thalassiosira pseudonana and Conticribra weissflogii, and two pennate diatoms 

Cylindrotheca closterium and Phaeodactylum tricornutum were exposed to Temora longicornis for 

up to 7 days. Analysis of cellular morphology, Si content and elemental composition were carried 

out at different timepoints during the exposure to grazers and compared to the corresponding values 

obtained in cultures without grazing pressure.  Finally, it was possible to accurately study predator-

prey interactions as well as interspecies competition on cultures of diatom species mixed together 

due to the single cell approach of Imaging Flow Cytometry, which allowed to analyse in detail cell 

populations of different diatom species in a mix (Figure 3.1) 
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.  

Figure 3.1: Samples of mixed diatoms analysed through Imaging Flow Cytometer  
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3.2 Material and Methods 

3.2.1 Cultures 

Two centric diatom species, Thalassiosira pseudonana (CCAP 1085/12, https://www.ccap.ac.uk/) 

and Conticribra weissflogii (DCG 0320), and two raphid pennate diatoms characterized by their 

pronounced elongated shape and thin frustules, Cylindrotheca closterium (DCG 0685) and 

Phaeodactylum tricornutum (DCG 0981) (Figure 3.2), were cultured using f/2 medium (Guillard 

1975) in a controlled-environment room at 18 °C, illuminated with cool white fluorescent lamps at 

60 µmol photons·m-2·s-1 and 12:12 h light-dark cycles. These species were selected because of their 

contrasting shapes and difference in cell size, ranging from 2 µm to 45 µm. The DCG strains were 

acquired from the BCCM/DCG Diatoms Collection (https://bccm.belspo.be/about-us/bccm-dcg).  

 

Figure 3.2: Images of the four morphologically different diatoms (Thalassiosira pseudonana, 

Conticribra weissflogii, Phaeodactylum tricornutum, Cylindrotheca closterium) chosen for the 

experiments. Images were obtained by ImageStream®X Mark II, (Amnis Corp., Seattle, WA), 

merging the bright field, collected in channel 1, and red chloroplast autofluorescence in channel 5 

(Details in the section Morphological features by IFC analysis of material and methods) 

https://www.ccap.ac.uk/
http://bccm.belspo.be/about-us/bccm-dcg
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Predators were caught offshore in the Belgian North Sea (51°18.088 Lat., 2°39.667 Long., Figure 

3.3) while on board of the Flanders Marine Institute vessel RV Simon Stevin. Sampling was 

performed using a WP2 vertical planktonic net (total length: 2,6 m, mesh width: 200 µm).  

  

Figure 3.3: Sampling map of calanoid copepods in the Belgian North Sea 

 

Zooplankton was collected through light attraction and the copepod species Temora longicornis was 

isolated and identified using a stereomicroscope and subsequently caught with a pipette and put in a 

separate tank (Figure 3.4). This species was chosen as diatoms feeder due to its known capacity to 

break differently sized frustules (Miller et al., 1990, Jansen 2008, Pančić et al., 2019). The copepods 

were maintained in natural seawater in climate chambers with aerators, illuminated with cool white 

fluorescent lamps at 60 µmol photons·m-2·s-1and 12:12 h light-dark cycles. 
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Figure 3.4: (1) Zooplankton sorting through light attraction (2) isolation of the calanoid copepod T. 

longicornis using a stereomicroscope (3) light microscope image of T. longicornis 

 

Monospecific diatom cultures were established in 175 mL plastic flasks (VWR Tissue Culture 

Flask, treated, vented cap, sterile. Manufactured for VWR International, LLC Radnor Corporate 

Center, 100 Matsonford Rd. Radnor, PA USA 19087) filled with 50 mL of f/2 medium. The density 

of the inoculated diatom cells was determined to obtain a ratio of 1 copepod to 0,2-0,7 mg algal C 

(Ratti et al., 2013): 8*105 cells/ml of T. pseudonana and P. tricornutum were exposed to 2 

copepods, 4*105 cells/ml of C. closterium to 1 copepod and 8*104 cells/ml of C. weissflogii to 2 

copepods. Copepods were washed and kept for 3 hours in f/2 medium in a controlled-environment 

room at 18 °C, illuminated with cool white fluorescent lamps at 60 µmol photons·m-2·s-1and 12:12 

h light-dark cycles before being transferred to the diatom cultures. Cultures in three replicas were 

checked daily and each dead copepod was replaced with a new living individual; diatom cultures 

without copepods were maintained as controls under the same growth conditions. Diatoms were 

sampled and analysed before (day 0 in tables, T0 in text and graphs) and after 1, 3, and 7 days (day 

1, 3, 7 in tables, T1, T3, T7 in text and graphs) of copepods exposure. Copepods and fecal pellets 

were removed with a 0.45 mm filter prior to each analysis.  

Next to the monospecific tests, three mixed diatom cultures were established (Table 3.1, Figure 

3.5), with and without copepods to evaluate grazing pressure during interspecies diatom 

competition, each of them in three replicas. The initial inoculum was calculated considering the C 
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ratio of algae to copepods as described before but applying a dilution factor of 10 (1 Copepod – 

0,02-0,07 algal C) to avoid dense algal cultures and hence to limit possible self-shading, transient 

O2 inhibition and nutrient shortage. The experimental sampling was conducted as described above 

for monospecific culture tests. 

Table 3.1: Composition of the 3 mixed diatom cultures: algal species, number of algal cells and 

copepods added to 50 ml of cultures 

  Diatoms 
Initial inoculum  

(total amount of cells) 

Copepods  

(n) 

Centric mix  C. weissflogii 1.86*105 3 

 T. pseudonana 1.51*106  

Mix without P. tricornutum T. pseudonana 1.0*106 3 

 C. weissflogii 1.24*105  

 C. closterium,  1.26*106  

Mix T. pseudonana 7.55*105 3 

 C. weissflogii 9.32*104  

 C. closterium 9.44*105  

  P. tricornutum 6.82*105   

 

 
Figure 3.5: Experimental design of monospecific and mixed cultures 
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3.2.2 Morphological features by IFC analysis 

Diatoms were analysed using the Imaging Flow Cytometer (IFC) ImageStream®X Mark II, (Amnis 

Corp., Seattle, WA) using the INSPIRE software package (Amnis Corp.) to determine cell density 

and morphometric characteristics. For each analysis, a volume of 2,5 mL diatom culture was 

sampled and centrifuged (Centrifuge Sigma 4K15) for 5 minutes at 3500 rpm. The supernatant fluid 

was removed, the cell pellet resuspended in 30 µl of f/2 medium and subsequently stored at 4°C. 

All IFC samples were analysed within 24 hours after sampling. IFC data of all objects present in the 

30 µl were saved. Details and settings of the IFC technique were as follows: 10 µm core size 

diameter, 66 mm/s speed, 40x magnification; bright field data were collected in channel 1 (LED 

intensity 34.63 mW) and chloroplast autofluorescence in channel 5 (642 nm, laser 0.5 mW). Post – 

acquisition data analysis was performed using the IDEAS software package. Specific masks, 

separating the pixels occupied by the diatoms from the background, for both brightfield and 

autofluorescence images were created for each diatom species (Figure 3.6). All objects lacking 

chloroplast autofluorescence, as determined by the Intensity feature of the IDEAS software, were 

considered debris or dead diatoms and, consequently, excluded from cell counting and all other 

metrics. Among the living cells, only single and well-focused diatoms were gated to obtain 

morphological parameters.  

 

Figure 3.6: Example of masks creation on C. weissflogii cells by IDEAS software for Imaging 

Flow Cytometer 

 

The morphological features considered for the analysis were Height, Width, Length, Elongatedness 

(height/width), Thickness max, Area, Circularity (IDEAS User Manual, version 6.0, March 2013). 

Given numbers refer to at least 1000 cells for each biological replica. 
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Height and Width were used to calculate the biovolume of cells using the equation [V= π/4·d2·h] 

for C. weissflogii and T. pseudonana (cylinder, Hillebrand et al., 1999) and [V= π/6·d2·h] for C. 

closterium and P. tricornutum (prolate spheroid, Hillebrand et al.,1999). 

3.2.3 Algal growth 

Cell density was determined as described before by IFC analysis or by Burker hemocytometer 

counts (depth 0.1 mm, MARIENFELD Superior, Germany) for the monospecific control cultures. 

Diatom growth rates, µ (3.1), were derived from cell samples taken at the abovementioned 4 time 

points (day 0, 1, 3, 7). To estimate grazer feeding rate for the monospecific culture tests, the rate of 

growth of the different diatom species cultured with and without copepods was compared. In mixed 

cultures plus copepods, the growth rate of each species was compared to the ones of other diatoms 

in the mix and to the one of the same species in the mix without copepods. 

(3.1) 𝜇 =
𝑙𝑛(𝑁𝑡 𝑁0⁄ )

𝑡
  (Monod 1949) 

3.2.4 Elemental composition  

Cellular C and N quotas were determined by elemental analyser (ECS 4010, Costech Italy) on 0.1 – 

1 mg DW of cells which were previously washed twice in ammonium formate solution isosmotic to 

the culturing media (0.5 M) and dried at 80°C (Ratti et al.,2011). Elemental quantification used 

sulfanilamide (C:N:S = 6:2:1) for the standard curve. Data acquisition and analysis were performed 

using the software EAS- Clarity (Costech Analytical Technologies Inc., Milano, ItalyOrganic 

composition). All measurements were performed on 3 biological replicas of samples collected on 

day 0 and day 7 of monospecific cultures.  

The amount of P, S, K, Ca, Fe, Si per cell was measured by Total Reflectance X – ray Fluorescence 

spectrometer (S2 Picofox, Bruker AXS Microanalysis GmbH, Berlin, Germany). Sampled diatoms 

were washed twice with an ammonium formate solution isosmotic to the culture media and 

resuspended in 250 µl of dH2O. A solution of 0.1 g L-1 Ga (Sigma Aldrich, St. Luis, MO, USA) in 
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5% HNO3 was added as an internal standard to a final concentration of 0.5 μL L-1. The suspension 

was carefully vortexed and an aliquot of 10 µl was deposed on a plastic sample holder, dried on a 

heating plate and measured for 1000 seconds (Ratti et al., 2013). Spectral deconvolution and 

quantification of elemental abundances were performed by the SPECTRA 6.1 software (Bruker 

AXS Microanalysis GmbH, Berlin, Germany). All measurements were performed in both 

monospecific and mixed cultures on day 0, 1, 3 and 7.  

3.2.5 Statistical analysis 

Significant differences among the means of Si content per volume (dependent variable) over time 

(independent variable) were tested with a one-way analysis of variance (ANOVA), followed by 

Tukey’s post-hoc test. Comparison of growth dependent variables (growth rate and maximum cell 

density) between cells exposed or not to copepods (independent variable) was carried out with a 

two-tailed t-test. Significant differences among the means of growth dependent variables (cell 

density and growth rate) in different species (independent variable) growing in the presence or in 

the absence of copepods (independent variable) were tested with a two-way analysis of variance 

(ANOVA), followed by Tukey’s post-hoc test. The level of significance was set at 0.05. GraphPad 

prism 8.0.2.263 was used to perform the aforementioned tests (GraphPad Software, San Diego, CA, 

USA). 

Principal Component Analysis (PCA) was done using PAST 4.03 (Hammer et al., 2001. PAST: 

Paleontological statistics software package for education and data analysis). PCA was performed on 

different morphological features (e.g. Height, Width, Length, Elongatedness (height/width), 

Thickness max, Area, Circularity) obtained through Imaging Flow Cytometer analysis as dependent 

variables along the time course of the experiment (independent variable) and in different species 

(independent variable) exposed or not to copepods (independent variable). Data were normalized 

using z-values ((n-mean)/SD).  
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3.3 Results 

3.3.1 Monospecific cultures 

The presence of copepods strongly affected the growth rate of both centric diatoms (Figure 3.7 D). 

In particular, T. pseudonana showed a negative growth rate as well as a maximum cell density that 

was half when grazers were present. In C. weissflogii growth rate was significantly lower when 

cells were exposed to copepods (p = 0.04, supplemental material), but no difference in maximum 

cell density was observed. A statistically significant increase in Si content per cell volume was 

observed on day 1 compared to days 0, 3 and 7 in C. weissflogii (F (3, 7) = 40.59, p<0.0001, Figure 

3.7 B). Moreover, on day 1, C. weissflogii was the only species showing a decrease in cell density. 

In T. pseudonana, the highest Si concentration per volume on day 7 occurred when the cell number 

was lowest (F (3, 7) = 8.806, p = 0.0090). It is worth mentioning that the peak in Si concentration 

was always present together with a higher concentration of C, N, P, S, K, Ca, Fe elemental quotas 

per volume (Table S1). 

Morphological observations of centric diatoms (Circularity, Thickness, Width, Height, Figure 3.7 

C) were presented through PCA. PC1 and PC2 explained 97.94% of the total variation present in 

the data matrix with PC1 accounting for 65.06% and PC2 for 32.88%. Loading values (eigenvalues 

in Table S3, means values Table S4,) differentiated days 0 and 7 of copepod exposure from days 1 

and 3 according to PC2, indicating an increase in circularity when the stress was present. 

Furthermore, there is a separation between T. pseudonana T0 and T7 according to PC1, recording 

the reduction in size after grazing pressure.  
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Figure 3.7: (A, B) Si content (fg·µm-3; dashed line) and cell density (cell ml-1; solid line) in the two 

centric diatom species under copepods exposure. Data are means of 3 biological replicas. Error bars 

show SD while asterisks indicate significant differences in Si content of each species among days 

(One - way ANOVA with Tukey’s post hoc test, p<0,05). (C) PCA analysis on morphological 

characteristics of centric diatoms (T. pseudonana and C. weissflogii) in monospecifc cultures. 

Different symbols indicate different time points during the experiment: T0 ○●; T1 □■, T3∆▲, T7 

◊♦, while different colours indicate different species: black for T. pseudonana white for C. 

weissflogii. (D) . Comparison of growth rates (d-1) and maximum cell densities (cells·mL-1) for each 

of the two diatom species between cultures with and without (CONTROL) copepods. The values 

are means of 3 biological replicas ± SD. For each species, asterisks indicate when growth rate or 

max cell density were statistically different between diatoms exposed or not (CONTROL) to 

copepods (unpaired t test, p<0,05). 

 

Regarding the pennate species, neither growth rate nor maximum number of cells were significantly 

affected by the presence of copepods (Figure 3.8 D). Except for the higher Si content per cell 

volume of C. closterium at day 1 as compared to the other time points (F (3, 8) 11.73, p = 0.0027), 
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also observed in the response of C. weissflogii, in both the pennate diatoms there was not a 

statistically significant change in Si content (Figure 3.8 A, B). The morphological characterization 

of pennate diatoms through PCA (Elongatedness, Length, Thickness, Width, Figure 3.8 C) 

explained 94.68% of the total variance (PC1 plus PC2), where the weight of PC1 was 60.36% while 

PC2 34.32%. It showed a net division between T0 and T7 according to PC2, but the two species on 

day 7 were separated according to PC1. Indeed, both underwent a reduction in width after 7 days of 

copepods pressure, but P. tricornutum increased the elongatdness while C. closterium reduced its 

length.   
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Figure 3.8. (A, B) Si content (fg·µm-3; dashed line) and cell density (cell ml-1; solid line) in the two 

pennate diatom species under copepods exposure. Data are means of 3 biological replicas. Error 

bars show SD while asterisks indicate significant differences in Si content of each species among 

days (One-way ANOVA with Tukey’s post hoc test, p<0,05). (C) PCA analysis on morphological 

characteristics of pennate diatoms (C. closterium and P.tricornutum) in monospecifc cultures. 

Different symbols indicate different time points during the experiment: T0 ○●; T1 □■, T3∆▲, T7 

◊♦, while different colours indicate different species: black for P. tricornutum, white for C. 

closterium. (D) Comparison of growth rates (d-1) and maximum cell densities (cells·mL-1) for each 

of the two diatom species between cultures with and without (CONTROL) copepods. The values 

are means of 3 biological replicas ± SD. For each species, asterisks indicate when growth rate or 

max cell density were statistically different between diatoms exposed or not (CONTROL) to 

copepods (unpaired t test, p<0,05). 

 

3.3.2 Mixed cultures 

For the centric mix, according to the growth curves (Figure 3.9) and the growth rate values (Figure 

S1), T. pseudonana was growing significantly faster than C. weissflogii in both the presence (F = 



Interaction with competitors and predators 

 

89 
 

27.04, p < 0.0001) and the absence of copepods (F = 89.36, p < 0.0001,. Whereas C. weissflogii was 

negatively affected by grazers only on day 7 (Figure 3.9 A). 

 

Figure 3.9: Comparison between growth curves of the centric diatom mix exposed (A) or not (B) to 

copepods. The data are means of 3 biological replicas. Error bars show SD while letters indicate 

significant difference (Two – way ANOVA and Tukey’s post hoc test, p<0,05) 

 

Morphological features for centric mixed diatoms (Circularity, Area, Width, Height) were 

represented with PCA in Figure 3.10. PC1 + PC2 accounted for 99.9% (91.3% + 8.6%) and 98.3% 

(60.3% + 38.0%) of the total variation present in T. pseudonana and C. weissflogii, respectively 

(Figure 3.10 A and B, eigenvalues in Table S5, means values Table S6). In both centic diatoms, 

PCA differentiated day 0 from day 7 according to PC1, recording a change in cells’ circularity, in T. 

pseudonana also for PC2 adding a decrease in size during the experiment. Interestingly, C. 
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weissflogii showed separation according to PC2 in the different condition analysed (exposure or not 

to copepods) at day 7, highlighting an increase in Area only when copepods were absent. 

 

Figure 3.10: PCA analysis on morphological characteristics in T. pseudonana (A) and C. 

weissflogii (B) when mixed together. Different symbols indicate different time during the 

experiment: T0 ○●; T1 □■, T3∆▲, T7 ◊♦; white symbols indicate copepods exposure while black 

symbols indicate absence of copepods and interspecies competition (IC) only 

 

In the mix with the two centric diatoms and the pennate C. closterium, growth of T. pseudonana 

had a positive trend under grazing pressure (Figure 3.11 A) while in the absence of copepods cell 

density declined after reaching the maximum value on day 1, without further recovery (Figure 3.11 

B). Cell density of C. weissflogii showed a peak on day 1 and then decreased until day 7, 

independently from copepods pressure (Figure 3.11 A, B). After initial cell decline (days 1 and 3), 

C. closterium grew on day 7, reaching a similar cell density of T. pseudonana (Figure 3.11 A) 

when exposed to copepods. In the absence of grazers, C. closterium had the highest cell density 

among the species after 7 days (Figure 3.11 B). Overall, data resumed in Figure 3.11 showed that 

in the presence of copepods T. pseudonana and C. closterium managed to grow even if not from the 
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first day; in both cases, species grew better than in the absence of copepods (see also Figure S1B). 

Conversely, C. weissflogii growth had the same negative behaviour in both the analysed conditions. 

 

Figure 3.11: Comparison between growth curves of the diatom mix without P. tricornutum exposed 

(A) or not (B) to copepods. The data are means of 3 biological replicas. Error bars show SD while 

letters indicate significant difference (Two – way ANOVA and Tukey’s post hoc test, p<0,05) 

 

Morphological features for centric diatoms (Circularity, Area, Width, Height) and pennate diatoms 

(Elongatedness, Length, Height, Width) were represented with PCA in Figure 3.12. Considering 

the mixed culture of the two centric diatoms and C. closterium, in Figure 3.12 A and B, PC1 + PC2 

accounted for respectively 98.8% (86.2% + 12.6%) and 78.7% (48.6% + 31.1%), of the total 

variation in T. pseudonana and C. weissflogii. Day 0 and 7 were again separated according to PC1 

and PC2 (eigenvalues in Table S7, means values Table S8). T. pseudonana showed, independently 

from copepods pressure, a reduced area combined with an increased circularity. C. weissflogii had a 



Interaction with competitors and predators 

 

92 
 

different morphological behaviour depending on the presence of grazers: they reduced area and 

circularity when copepods were in the culture, contrarily they increased area and circularity when 

copepods were absent. PCA in C. closterium (Figure 3.12 C, eigenvalues in Table S7, means 

values Table S8) explained 99.7% of the total variance (PC1 and PC2 being 53.4% and 46.3%). 

Here, PC1 differentiated all the experimental days, recording a significant fluctuation in cell length 

and height during the experiment in both conditions (copepods exposure and interspecies 

competition). Furthermore, in days 1 and 3, interspecies competition and grazing pressure data were 

separated according to PC2, indicating that copepods presence increased diatoms width (Table S8). 

 

Figure 3.12: PCA analysis on morphological characteristics in T. pseudonana (A), C. weissflogii 

(B) and C. closterium (C) when mixed together. Different symbols indicate different time during 

the experiment: T0 ○●; T1 □■, T3∆▲, T7 ◊♦; white symbols indicate copepods exposure while 

black symbols indicate absence of copepods and interspecies competition (IC) only 

 

In the mixed culture of the four diatom species exposed to copepods (Figure 3.13 A), after initial 

growth, T. pseudonana showed no further variation in the next days, whereas in the absence of 

grazers (Figure 3.13 B) showed a decline at day 7. C. weissflogii in both the situations (Figure 3.13 

A, B), never succeeded in growing at day 7, as occurred in the previously described mix (i.e., two 

centric diatoms and C. closterium, see also Figure 3.11). In the presence of grazers (Figure 3.13 

A), both pennate diatoms had a decline in growth at day 3, but they succeeded in increasing cell 

density at day 7, while in the absence of copepods (Figure 3.13 B) C. closterium was the only one 
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which managed to grow at day 7. In conclusion, C. closterium was the only diatom showing a 

positive trend of growth independently of the presence of grazers (Figure S1B and S2C).  

 

Figure 3.13: Comparison between growth curves of the diatom mix containing all the species 

exposed (A) or not (B) to copepods. The data are means of 3 biological replicas. Error bars show 

SD; no significant difference is observed (p<0,05) 

 

In Figure 3.14, the PCA pictured increasing complexity due to 4 mixed diatom species in a single 

culture; it accounted for 99.5% (PC1 + PC2 being 78.8% + 20.7%, Figure 3.14 A), 93.4% (PC1 + 

PC2 being 59.7% + 33.9%, Figure 3.14 B), 97% (PC1 + PC2 being 92.1% + 4.9%. Figure 3.14 C) 

and 99.4% (PC1 + PC2 being 86.4% + 13.0%, Figure 3.14 D) of the overall variation in T. 

pseudonana, C. weissflogii, P. tricornutum, and C. closterium respectively (eigenvalues in Table 

S9, means values Table S10). Conversely from what observed in the other mixes (Figure 3.10 and 

3.12), the two centric diatoms T. pseudonana (Figure 3.14 A) and C. weissflogii (Figure 3.14 B) 
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did not show a regular trend in morphological changes during the experiment. In C. closterium 

(Figure 3.14 D), different days of exposure were separated according to PC1; as occurred in the 

previous mix (see also Figure 3.12 C), length and height fluctuations during the experiment were 

recorded. P. tricornutum (Figure 3.14 C) was not characterized by consistent shape evolution 

during the experiment.  

 

Figure 3.14: PCA analysis on morphological characteristics in T. pseudonana (A), C. weissflogii 

(B) P. tricornutum (C) and C. closterium (D) when mixed together. Different symbols indicate 

different time during the experiment: T0 ○●; T1 □■, T3∆▲, T7 ◊♦; white symbols indicate 

copepods exposure while black symbols indicate absence of copepods and interspecies competition 

(IC) only 
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3.4 Discussion 

Monospecific cultures 

Of the four monospecific cultured diatoms, T. pseudonana was the most affected by predation and 

showed a population decline when grown together with copepods compared to cultures maintained 

without these predators (Figure 3.7 A). The initial size (161±3 µm3, Table S2) and the shape 

characteristics of T. pseudonana were clearly fit to feed the adult copepods. Although cells of T. 

pseudonana exposed to copepods changed in morphology and elemental composition (Figure 3.7 

A, C, Table S1, S2, S4), these alterations were insufficient to counter the decrease of the predated 

populations. In diatoms, increasing Si content is a known strategy to rise mechanical strength and to 

reduce predation pressure (Pančić et al., 2019, Gronning & Kiørboe 2020). However, a higher Si 

deposition corresponds to a higher cost of shell thickening (Friedrichs et al., 2013, Pančić et al., 

2019, Gronning & Kiørboe 2020) and thus, this extra cost may also have contributed to the lower 

growth rate shown in Figure 3.7 A, D for T. pseudonana. 

Unlike T. pseudonana, Si shell thickening occurred in C. weissflogii already after 24 hours of 

exposure to the predators (Figure 3.7 B), confirming a similar trend described in the literature 

(Pondaven et al., 2007, Pančić et al., 2019). A temporary growth decline was observed while this 

extra Si accumulation happened (Figure 3.7 B), this could be explained by the extra cost associated 

with the shell thickening process as discussed above. 

Considering the observed maximum cell density (Figure 3.7 B, D), a higher mechanical resilience 

successfully acted as feeding deterrent against predators in C. weissflogii but not in T. pseudonana. 

Our data suggested size may play a major role, as the studied C. weissflogii is c. 30 times bigger 

than the examined T. pseudonana (Table S2). Moreover, bigger size and higher silicification play 

an important role in sinking, driving vertical movements in the water column, steering prey away 

from certain predators (Raven & Waite, 2004, Gemmell et al., 2016). The response of C. weissflogii 
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to the studied predators allowed to overcome predation by copepods as it represented the best 

compromise between minimizing the cost of adjusting to the new condition and growth rate 

maximization (Giordano 2013). 

Copepods also fed on cultured pennate diatoms (as proved by the presence of fecal pellets, data not 

shown) but algal growth rates and maximum cell densities were unaltered compared to the values in 

unexposed cells (Figure 3.8 D). Such response was already observed in Synechococcus sp. cultures 

under similar predation pressure and discussed in Ratti et al. (2011), where these authors stipulated 

that microalgal growth is being stimulated in presence of predators.  

The P. tricornutum we studied did not present any change in Si content per biovolume (Figure 3.8 

A) suggesting that these small, spindle shaped, and very poorly silicified cells do not rely on Si 

shell thickness for their defence against predators. On the other hand, becoming more elongated in 

shape (Figure 3.12 C, Table S4) likely provided a better buoyancy (Durante et al., 2019). Shape 

dependent predator-prey interaction likely caused the evolution of new defence strategies (i.e. 

vertical movements) in these elongated organisms (Pančić & Kiørboe, 2018). Among possible 

strategies P. tricornutum is known to produce apo-fucoxanthinoids as feeding deterrents (Shaw et 

al., 1995a, Shaw et al., 1995b, Shaw et al., 1997, Tammilehto et al., 2014). The production of an 

anti-predation substance could be a valid explanation for the high number of dead copepods (and 

needed to be replaced) in cultures of P. tricornutum (Figure S2 A). 

Mixed cultures 

When growing populations of different diatom species in one culture, the study of predator-prey 

interactions from an ecophysiological point of view also involves interspecies competition (e.g., for 

resources, algal interactions) (Armbrust 2009, Vallina et al., 2014, Vincent & Bowler 2020) and to 

the best of our knowledge there are no detailed studies available combining predation pressure and 

interspecies competition involving several species of diatoms exposed to copepods. For instance, 
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competition among species was observed in our mixed cultures where diatoms showed lower 

growth rates (Figure S1 A) compared to their control ones (Figure 3.7 D, Figure 3.8 D).  

Moreover, the small diatom T. pseudonana had higher growth rates than the bigger C. weissflogii 

(Figure 3.9, Figure S1 A), this most probably due to a larger surface-to-volume (S/V) ratio in T. 

pseudonana, which allowed a more efficient resource uptake, especially when algal growth reduced 

the availability of nutrients and light in the mixed culture (Reynolds 2006, Ryabov et al., 2021). 

The interspecies competition brought out a striking difference between the growth rates of the C. 

weissflogii populations in the co-cultured centrics with and without copepods (Figure 3.9, Figure 

S1 A) suggesting that copepods preferred bigger diatoms.  

Although this behaviour did not support the selection of smaller preys to prevent C loss according 

to the ‘sloppy feeding’ theory (Roy et al. 1989, Moller and Nielsen 2001, Moller 2004), it has 

already been observed that T. longicornis came up with extraordinary ways to avoid inefficient 

nutrient uptake (Jansen 2008) optimizing feeding tools (e.g. mouth appendages) to capture and 

break even large diatom frustules without losing cell organic matter (Smetacek 2001). The energetic 

convenience of feeding on larger cells is likely due to the lower number of bites performed to 

acquire a higher amount of nutrients per cell (Friedrichs et al., 2013) as shown by our results (Table 

S1 and S2).  

When culturing C. weissflogii and T. pseudonana populations together, from our findings 

morphological changes in the latter did not depend on predation pressure but rather on competition 

for resources since reducing surface area (Figure 3.10, Table S6) improves the S/V ratio. Contrary, 

cells of C. weissflogii increased their area and reduced circularity (Figure 3.10, Table S6) 

becoming bigger due to the growth limitation independently from predation pressure. This can be 

explained by the general trend in diatoms to accumulate fixed C in macromolecular storage pools 

(i.e. lipids, carbohydrates) and thus enlarging their cell volume (Palmucci et al., 2011, Giordano et 
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al., 2017) when resource availability decreases. Thus, according to our data, interspecies 

competition disadvantaged bigger species (cells) when co-cultured with a smaller species (cells), 

even more so when copepods are added to the mix because the increasing size, due to resource 

limitation, made the larger diatoms even more susceptible to predation. When the pennate diatom C. 

closterium was co-cultured with the centric diatoms, in our setup including copepods, T. 

pseudonana growth was still favoured (Figure 3.11, Figure 3.13, Figure S1 B, C) compared to the 

two bigger species (Table S2), at least for the first 3 days (when resources were likely still 

plentiful), again proving the size dependent prey selection by predators. Conversely, in the setup 

without copepods, where big cells were not selectively eaten, cells of T. pseudonana stopped 

growing after the first day while the pennate diatom species showed the highest cell density after 

day 3 (Figure 3.13 B). Overall, C. closterium seemed to be the best performing in terms of growth 

with or without copepods (Figure 3.11, Figure 3.13, Figure S1 B, C). A similar trend was 

observed when the 2 centric diatoms were cultured together with both pennate species (Figure 3.11 

A, Figure 3.13 A). The morphological response followed growth behaviour, this is particularly 

visible in cells of C. closterium where the elongated shape which characterized this diatom at the 

start (day 0) was attenuated at time 1 and 3, when a reduction in length and an increase in width 

were observed (Table S8 and S10). Remarkably, the elongated shape observed on day 0 was then 

restored on day 7 (Figure 3.12 C, Figure 3.14 D). In general, our data show that, in the presence of 

copepods, small diatoms increase growth performance compared to the bigger diatoms in the same 

culture, but when predation is absent and interspecies competition acts as the only stress factor, an 

elongated shaped diatom is more efficient in resource acquisition than a radial shaped one (Pahlow 

et al., 1997, Key et al., 2010, Naselli – Flores & Barone, 2011, Naselli-Flores et al., 2020, Ryabov 

et al., 2021). Under predation pressure, although frustules of pennate diatoms are in general less 

thick (silicified) compared to centric ones (Finkel & Kotrc 2010, Kotrc & Knoll 2015) and 

copepods may theoretically spend less energy by processing them, the pennate shape per se benefits 

cells in escaping from predators. Indeed, elongated diatoms have lower sinking rates (Durante et al., 
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2019), therefore better buoyancy and stability in the water column allowing active substrate 

adhesion and gliding motion thanks to raphe (Cohn and Disparti, 1994) as a response to many 

external factors such as light (Cohn et al., 2015), monosaccharides (Cooksey & Cooksey, 1988), 

dissolved silicate (Bondoc et al., 2016a) and pheromone (Bondoc et al., 2016b, Bondoc et al., 

2019a, Bondoc et al., 2019b). Since the pennate diatoms used in this study were raphid, we could 

not rule out that adhesion and gliding motion were involved to actively migrate away from 

microcurrents generated by copepods appendix to convey algae near to their mouth (Sengupta et al., 

2017). Moreover, as already discussed for monospecific cultures, the higher number of dead 

copepods replaced in mixed cultures where P. tricornutum was present (Figure S2 B) could mark 

the presence of toxic metabolites (Pančić & Kiørboe 2018) which were most likely produced by P. 

tricornutum as a response to the predation pressure (Shaw et al., 1995a, Shaw et al., 1995b, Shaw et 

al., 1997, Tammilehto et al., 2014). Cell size, robustness, shape and behaviour are therefore crucial 

in moulding phytoplanktonic communities, as the aforementioned characteristics are not only 

involved in actively or passively avoiding predators, but also in nutrient uptake, photosynthetic 

efficiency and buoyancy.  
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3.5 Supplemental Material 
 

 

Figure S1: Growth rate of mixed diatom species exposed or not to copepods: (A) mix of centric 

diatoms, (B) diatom mix without P. tricornutum, (C) diatom mix containing all the species. The 

data are means of 3 biological replicas. Error bars show SD and letters indicate significant 

difference (Two-way ANOVA followed by Tukey’s post - hoc test, p<0.05) 

 

Figure S2: Number of dead copepods replaced with new living individuals during the 7 days 

grazing trial: (A) Monospecific cultures of the four diatoms; (B) Mixed cultures. Letters indicate 

significant differences (p<0.05)   
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Table S1: Elemental composition of the four diatom species studied in monospecific cultures during the exposure to copepods. The values (pg·µm-

3) are means of 3 biological replicas ± SD. Letters indicate significant differences (p<0,05) among days in each species 

 

  

  C N P S K Ca Fe 

T. pseudonana Day 0 15.65±4.24 a 2.83±0.68 a 1.25±0.79a 3.78±2.13a 0.82±0.69a 0.39±0.30a 1.81±0.65a 

 Day 1   2.60±2.26a 10.64±3.42a 1.43±1.63a 1.66±0.24a 1.46±0.32a 

 Day 3  11.69±7.04a  71.29±9.33a 4.25±2.99a 6.84±4.96a 4.20±3.37a 

 Day 7 431.77±127.80 b 53.39±6.54 b 45.42±14.78b 258.37±109.89b 31.88±12.39b 46.60±14.25b 32.41±16.08b 

C. weissflogii Day 0 6.82±1.41 a 1.26±0.23 a 1.19±0.85a 0.78±0.56 0.76±0.67a 0.23±0.21a 0.14±0.10a 

 Day 1   17.31±6.22b 48.09±32.59 25.19±1.68b 5.14±0.24b 2.42±0.14b 

 Day 3  1.65±0.59a 2.74±1.37 1.35±0.71a 0.86±0.49a 0.39±0.25a 

 Day 7 22.40±8.05 b 3.89±1.51 b 0.44±0.23a 3.14±12.41 0.17±0.09a 0.39±0.26a 0.15±0.07a 

C. closterium Day 0 5.38±1.66 a 1.51±0.99 a 0.69±0.51a 0.89±0.81a 0.09±0.07a 0.15±0.07a 1.12±1.34a 

 Day 1   42.92±16.86b 95.71±14.20b 4.56±2.87b 9.21±5.08b 25.92±0.13b 

 Day 3  6.21±1.48a 7.67±0.91a 1.14±0.51a 1.58±0.59a 3.64±1.22a 

 Day 7 32.01±5.77 b 5.01±0.49 b 2.03±1.77a 2.98±1.53a 0.25±0.24a 0.41±0.32a 1.47±1.02a 

P. tricornutum Day 0 29.39±11.68 5.37±2.08 0.43±0.29a 0.85±0.11a 0.03±0.04 0.04±0.04a 0.24±0.06a 

 Day 1   1.83±0.72ab 2.59±0.64ab 0.28±0.16 0.22±0.02a 1.09±0.33ab 

 Day 3  12.19±5.94b 26.07±14.61b 3.28±1.72 2.33±1.09b 3.37±1.41b 

 Day 7 5.38±5.18 0.84±0.83 0.67±0.33a 3.83±1.92ab 0.24±0.15 0.40±0.17ab 0.55±0.10a 
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Table S2: Volume (in µm3) of the four diatom species examined in monospecific cultures during the exposure to copepods. The values are means of 

3 biological replicas ± SD. Letters indicate significant differences (p<0.05) among days in each species 

 

 T. pseudonana C. weissflogii P. tricornutum C. closterium 

Day 0 161±3 4322±488 722±123 1278±35 

Day 1 152±1c 4173±1089 471±17 1253±250 

Day 3 155±2ac 4442±1073 540±165 1208±273 

Day 7 143±4b 4760±1079 493±76 897±43 
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Table S3: PCA eigenvalues of the morphological features studied for the monospecific centric and pennate diatom cultures exposed to copepods 

 

Centric diatoms    Pennate diatoms 

PC Eigenvalue   PC Eigenvalue 

1 2.49   1 2.31 

2 1.26   2 1.31 

3 0.07   3 0.17 

4 0.01   4 0.03 
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Table S4: Values (mean±SD) of the morphological characteristics (in µm) used in the PCA analysis for the four monospecific diatom species 

exposed to copepods  

 

  Height Thickness Width Circularity Length Elongatedness 

T. pseudonana Day 0 6.80±0.03 5.85±0.09 5.48±0.05 8.10±0.28   

 Day 1 6.51±0.01 5.89±0.007 5.45±0.01 9.02±0.05   

 Day 3 6.53±0.06 5.95±0.005 5.50±0.03 9.09±0.22   

 Day 7 6.42±0.21 5.70±0.04 5.32±0.01 8.97±0.57   

C. weissflogii Day 0 19.94±0.98 16.11±0.47 16.59±0.57 12.37±1.30   

 Day 1 19.01±1.89 16.66±1.46 16.58±1.45 15.90±0.56   

 Day 3 19.65±1.82 16.78±1.38 16.85±1.37 14.52±0.46   

 Day 7 20.65±1.61 16.76±1.29 17.03±1.31 12.60±1.13   

C. closterium Day 0  6.84±0.08 7.33±0.07  45.45±1.31 6.56±0.25 

 Day 1  6.87±0.38 7.25±0.67  45.20±1.45 6.56±0.47 

 Day 3  6.75±0.52 7.12±0.91  45.17±2.10 6.63±0.85 

 Day 7  6.62±0.34 7.51±0.35  30.54±3.70 4.42±0.70 

P. tricornutum Day 0  6.20±0.19 6.89±0.32  28.85±2.24 4.28±0.10 

 Day 1  6.09±0.21 6.24±0.29  23.18±1.45 4.09±0.35 

 Day 3  5.91±0.33 6.18±0.61  26.61±3.91 4.49±0.61 

 Day 7  5.57±0.11 5.82±0.29  27.68±1.80 4.92±0.18 
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Table S5:  PCA eigenvalues of the morphological features studied for the mixed culture of both centric diatoms, T. pseudonana and C. weissflogii, 

which were grown with (interspecies competition and copepod predation) and without (interspecies competition only) copepods  

 

 

 

  

T. pseudonana   C. weissflogii 

PC Eigenvalue   PC Eigenvalue 

1 3.78   1 2.41 

2 0.36   2 1.52 

3 0.002   3 0.05 

4 0.0007   4 0.01 
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Table S6: Values (mean±SD) of the morphological characteristics (in µm) for the mixed culture of both centric diatoms, T. pseudonana and C. 

weissflogii, which were grown with (interspecies competition and copepod predation) and without (interspecies competition only) copepods  

   Copepods     Interspecies Competition 

  Height Area Circularity Width  Height Area Circularity Width 

T. pseudonana Day 0 8.70±0.08 51.27±0.20 7.20±0.19 7.36±0.004  8.70±0.08 51.27±0.20 7.20±0.19 7.36±0.004 

 Day 1 9.15±0.08 56.12±0.60 7.10±0.12 7.68±0.04  8.17±0.07 45.98±0.94 7.86±0.10 7.07±0.05 

 Day 3 7.89±0.12 43.42±1.30 8.08±0.07 6.92±0.10  7.97±0.06 44.25±0.42 8.03±0.17 6.95±0.05 

 Day 7 7.89±0.12 43.70±1.02 8.61±0.06 7.007±0.08  8.45±0.11 48.95±1.22 8.31±0.02 7.34±0.09 

C. weissflogii Day 0 18.73±0.44 224.36±5.19 10.55±0.69 15.86±0.24  18.73±0.44 224.36±5.19 10.55±0.69 15.86±0.24 

 Day 1 19.39±0.27 233.77±5.70 9.37±0.04 16.11±0.17  19.52±0.12 237.26±0.04 9.59±0.43 16.33±0.01 

 Day 3 19.30±0.40 237.10±3.95 9.99±0.75 16.19±0.18  19.15±0.13 243.21±1.44 11.72±0.89 16.26±0.06 

 Day 7 20.01±0.33 225.77±2.41 6.40±0.68 16.31±0.22  19.85±0.05 239.97±4.41 8.63±0.60 16.51±0.11 
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Table S7: PCA eigenvalues of the morphological features studied for the mixed culture of both centric diatoms (T. pseudonana and C. weissflogii) 

and C. closterium, which were grown with (interspecies competition and copepod predation) and without (interspecies competition only) copepods    

T. pseudonana   C. weissflogii   C. closterium 

PC Eigenvalue   PC Eigenvalue   PC Eigenvalue 

1 3.45   1 1.94   1 2.13 

2 0.51   2 1.25   2 1.85 

3 0.03   3 0.77   3 0.001 

4 0.01   4 0.04   4 0.0002 
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Table S8: Values (mean±SD) of the morphological characteristics (in µm) for the mixed culture of both centric diatoms (T. pseudonana and C. 

weissflogii) and C. closterium, which were grown with (interspecies competition and copepod predation) and without (interspecies competition 

only) copepods 

   Copepods     Interspecies Competition 

  Height Area Circularity Width  Height Area Circularity Width 

T. pseudonana Day 0 8.73±0.20 51.31±1.44 7.26±0.15 5.22±0.10  8.73±0.20 51.31±1.44 7.26±0.15 5.22±0.10 

 Day 1 8.79±0.13 52.64±1.81 7.32±0.03 5.27±0.10  8.47±0.25 49.38±2.53 7.58±0.17 5.19±0.14 

 Day 3 7.73±0.05 41.95±0.60 8.21±0.15 4.81±0.03  8.44±0.10 49.46±1.44 7.72±0.03 5.11±0.05 

 Day 7 8.17±0.49 46.07±3.88 8.98±0.09 5.04±0.24  8.26±0.08 46.67±0.21 8.12±0.14 4.97±0.04 

C. weissflogii Day 0 19.01±0.31 226.03±1.61 9.37±1.18 6.50±0.13  19.01±0.31 226.03±1.61 9.37±1.18 6.50±0.13 

 Day 1 19.04±0.20 232.43±3.51 10.92±0.58 6.55±0.13  19.14±0.22 237.30±6.61 10.68±0.51 6.46±0.17 

 Day 3 18.96±0.02 234.49±0.52 11.13±0.07 5.99±0.05  19.05±0.11 241.47±3.96 11.64±0.14 6.34±0.07 

 Day 7 19.26±0.76 208.00±13.74 7.65±0.93 6.29±0.32  19.82±0.10 250.65±2.75 10.51±0.21 6.21±0.06 

  Height Length Elongatedness Width  Height Length Elongatedness Width 

C closterium Day 0 49.87±0.32 48.44±0.41 7.41±0.07 7.52±0.10  49.87±0.32 48.44±0.41 7.41±0.07 7.52±0.10 

 Day 1 46.58±0.83 45.77±0.62 5.35±0.53 9.46±0.45  44.67±2.55 43.24±2.52 6.43±0.54 7.37±0.54 

 Day 3 45.99±0.81 44.88±0.95 5.69±0.60 8.84±0.72  46.30±1.04 44.99±1.00 5.67±0.89 8.70±1.12 

 Day 7 52.48±0.18 51.31±0.22 7.54±0.17 8.03±0.18  52.21±0.2 50.80±0.22 7.65±0.06 7.83±0.09 
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Table S9: PCA eigenvalues of the morphological features studied for the mixed culture of both centric diatoms (T. pseudonana and C. weissflogii) 

and both pennate diatoms (P. tricornutum and C. closterium), which were grown with (interspecies competition and copepod predation) and without 

(interspecies competition only) copepods  

 

T. pseudonana   C. weissflogii   P. tricornutum   C. closterium 

PC Eigenvalue   PC Eigenvalue   PC Eigenvalue   PC Eigenvalue 

1 3.15   1 2.38   1 3.69   1 3.46 

2 0.83   2 1.35   2 0.2   2 0.52 

3 0.01   3 0.24   3 0.09   3 0.02 

4 0.003   4 0.02   4 0.02   4 0.004 

 

  



Interaction with competitors and predators 

 

110 
 

Table S10: Values (mean±SD) of the morphological characteristics (in µm) for the mixed culture of both centric diatoms (T. pseudonana and C. 

weissflogii) and both pennate diatoms (P. tricornutum and C. closterium), which were grown with (interspecies competition and copepod predation) 

and without (interspecies competition only) copepods  

 

 
 

   Copepods     Interspecies Competition 

  Height Area Circularity Width  Height Area Circularity Width 

T. pseudonana Day 0 8.71± 0.38 51.16±4.09 7.32±0.14 7.39±0.30  8.71± 0.40 51.16±4.09 7.32±0.14 7.40±0.30 

 Day 1 9.31± 0.28 57.31±3.22 7.01±0.22 7.78±0.22  9.04±0.47 55.26±4.52 7.42±0.50 7.68±0.31 

 Day 3 8.88± 0.86 53.65±7.56 7.08±0.78 7.50±0.50  9.18±0.09 56.27±1.32 6.82±0.27 7.67±0.08 

 Day 7 8.47± 0.83 47.76±8.10 7.81±1.16 7.15±0.42  8.17±1.41 44.78±14.74 6.85±0.82 6.82±1.11 

C. weissflogii Day 0 19.55± 0.18 236.04±4.82 9.36±0.43 16.36±0.11  19.55± 0.18 236.04±4.82 9.36±0.43 16.36±0.11 

 Day 1 19.81±0.79 232.06±5.32 8.46±2.94 16.41±0.17  19.87±0.54 236.80±3.43 9.01±1.44 16.39±0.21 

 Day 3 19.79±0.53 237.72±2.98 8.69±2.32 16.44±0.17  19.89±0.51 235.28±2.53 8.18±1.09 16.43±0.29 

 Day 7 20.81±1.09 238.78±8.79 7.18±1.89 16.90±0.29  20.86±1.12 270.08±41.45 10.98±1.29 17.42±1.66 

  Height Length Elongatedness Width  Height Length Elongatedness Width 

C closterium Day 0 54.51±0.45 53.33±0.65 7.91±0.22 8.07±0.41  54.51±0.45 53.33±0.65 7.91±0.22 8.07±0.41 

 Day 1 51.59±0.42 49.30±0.74 6.02±0.98 9.65±1.55  53.38±0.12 51.79±0.05 7.31±0.15 8.39±0.25 

 Day 3 51.89±0.35 49.71±0.92 6.19±0.44 9.64±0.66  52.14±1.32 50.43±0.86 7.25±1.18 8.32±1.46 

 Day 7 54.95±0.14 53.71±0.05 8.11±0.30 7.90±0.29  54.77±0.03 53.65±0.13 8.11±0.25 7.85±0.29 

P.tricornutum Day 0 28.44±1.10 25.19±1.29 4.59±0.57 9.64±0.65  28.44±1.10 25.19±1.29 4.59±0.57 7.89±0.29 

 Day 1 25.80±4.66 24.77±1.65 3.70±1.22 8.32±1.46  29.39±1.26 26.75±1.46 4.69±0.51 7.85±0.29 

 Day 3 24.28±1.27 21.72±1.02 2.90±0.18 9.85±0.21  27.28±1.72 24.33±1.83 4.17±0.49 6.75±0.41 

 Day 7 29.88±0.42 26.35±1.09 4.90±0.48 7.88±0.45  30.40±1.05 25.92±0.94 4.77±0.22 6.74±0.23 
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4. Light and Silicification – implications on 

diatom vertical movements 
 

4.1 Introduction 

The ability to incorporate Si in frustules is a dominant feature in diatoms; its original role is still 

controversial, but a frustule more than a cellulosic or carbonate cell wall increases cell density and, 

therefore, it is known to contribute to diatom faster sinking as compared to that of other 

phytoplanktonic groups (Raven and Waite, 2004). Consequently, diatoms become good players not 

only in Si precipitation to the bottom of the ocean (Moriceau et al., 2007) but also in the biological 

C pump (Tréguer et al., 2018). In nature, frustules are diverse in terms of morphology and 

silicification; therefore, frustule traits indirectly control sinking capacity by changing cell density. 

In particular, Si deposition showed a phenotypical response to different external factors (i.e. 

grazers, nutrient availability and light intensity) (Pondaven et al., 2007, Su et al., 2018, Xu et al., 

2021, Petrucciani et al., 2022). Among them, light is a crucial driver on the distribution of 

phytoplankton through the water column not only affecting their photosynthetic performance but 

also influencing the silicification process. Nevertheless, direct findings assessing the light role on 

diatom Si deposition are still controversial: according to some authors light deficiency enhanced Si 

deposition in frustules (Xu et al., 2021) while other authors suggested the latter was directly related 

to the increase in light intensity (Su et al., 2018). 

New insights into the fascinating diversity of diatoms confirmed that also very small and scarcely 

silicified diatoms (Minidiscus sp., Leblanc et al., 2018) are able to rapidly sink out: their impact on 

Si and C exports to the bottom of the oceans is significant even though their small size and 

biomineralization do not classify them as good sinkers. These new observations open a lot of 

questions on the relation between the huge diatom diversity in size and silicification and their 

contribution to the C and Si cycles (Tréguer et al., 2018).  
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Sinking is an important determinant of diatom spatial distribution, enhancing their access to light 

and nutrients (Smayda 1970, Margalef 1978). Numerous findings verified the presence of cellular 

mechanisms to control buoyancy in diatoms (Waite et al., 1992, Lavoie et al., 2016, Lavoie and 

Raven, 2020) but new insights revealed also the existence of an unsteady sinking behaviour in 

which cells vary the sinking speed over more than an order of magnitude repeatedly within tens of 

seconds in response to physiological and environmental conditions (Gemmell et al. 2016, Du Clos 

et al., 2019, Du Clos et al., 2021). Controlling buoyancy over short time scales may allow diatoms 

to take advantage of patchy distributions of nutrients or to escape from predators (Raven and Waite 

2004, Du Clos et al., 2021).  

The aim of this work was to investigate diatom sinking capacity and the implication of silicification 

processes on such frustule adaptative role. To achieve this purpose four different diatoms in terms 

of size, shape and silicification (Chaetoceros muelleri, Conticribra weissflogii, Pheodactylum 

tricornutum, Cylindrotheca fusiformis) were acclimated to different light conditions (15, 60, 180 

µmol photons·m-2s-1) in order to manipulate their Si deposition. Dynamic Light Scattering (DLS), a 

physical technique used to determine the size distribution profile of nanoparticles in solution, was 

here applied as an innovative tool in ecophysiological studies to directly assess the sinking capacity 

of diatoms. Lastly diatoms physiological performance in terms of growth, change in morphology, 

photosynthetic efficiency, inorganic composition was investigated.  

It was hypothesized that the sinking capacity was dependent on cell morphology and silicification 

and it was asked whether light and silicification influence each other in ways that govern growth 

and buoyancy, addressing the integrative effects of factors commonly treated in isolation.  

Resulting considerations will help to elucidate also the crucial role of diatoms in ocean ecosystems, 

biological C pump and Si cycle.  
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4.2 Material and Methods 

4.2.1 Algal cultures 

Two centric species of diatom, Chaetoceros muelleri (CCAP 1010/3, https://www.ccap.ac.uk/) and 

Conticribra weissflogii (DCG 0320, https://bccm.belspo.be/about-us/bccm-dcg), and two raphid 

pennate diatoms, Cylindrotheca fusiformis (NEPCC417) and Phaeodactylum tricornutum (DCG 

0981), were acclimated for at least four generations to three different light intensities (15, 60, 180 

µmol photons·m-2s-1). Cultures were established in 250 mL flasks filled with 100 mL of AMCONA 

medium (Fanesi et al., 2014) and maintained in a culture chamber at 18 °C, illuminated with cool 

white fluorescent lamps at 12:12 h light-dark cycles. 

 

4.2.2 Specific growth rate, cell volume and dry weight 

Cell number was measured using a CASY TT cell counter (Innovatis AG, Reutlingen, Germany). 

Aliquots of 100 μL culture were diluted in 10 mL of an electrolyte solution (CASY TON; Innovatis 

AG). In the cell counter, cells were pumped into a 150 µm capillary at a constant flow and the 

number of cells was determined through the enumeration of events measured as change of 

conductivity. The electrical current was assessed by two platinum electrodes, between which a 

pulsed low voltage of 1 MHz was generated. Specific growth rates, μ (Eq. 4.1), were derived from 

daily counts of exponentially growing cells, carried out on a minimum of three distinct cultures for 

each treatment. 

(4.1) 𝜇 =
𝑙𝑛(𝑁𝑡 𝑁0⁄ )

𝑡
  (Monod 1949) 

The same instrument was also used to measure the cellular size as the volume of electrolyte solution 

displaced by the passage of cells through a measuring pore (Palmucci et al., 2011). Diatoms 

collected during exponential phase were put in pre-weighted tubes and dried at 80°C till obtaining 

the cellular dry weight. All measurements were carried out on samples from three distinct cultures. 

http://bccm.belspo.be/about-us/bccm-dcg
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4.2.3 Quantification of Silicon  

The abundance of elements, included Si, was measured using a Total Reflectance X – ray 

Fluorescence spectrometer (S2 Picofox, Bruker AXS Microanalysis GmbH, Berlin, Germany). 

Sampled diatoms were washed twice with an ammonium formate solution isosmotic to the culturing 

media and resuspended in 250 µl of dH2O. A solution of 0.1 g L-1 Ga (Sigma Aldrich, St. Luis, MO, 

USA) in 5% HNO3 was added as internal standard to a final concentration of 0.5 μL L-1. The 

suspension was carefully vortexed and an aliquot of 10 µl was deposed on a plastic sample holder, 

dried on a heating plate and measured for 1000 seconds. Spectral deconvolution and quantification 

of elemental abundances were performed by the SPECTRA 6.1 software (Bruker AXS 

Microanalysis GmbH, Berlin, Germany).  

 

4.2.4 Sinking Capacity  

Dynamic Light Scattering measurements were carried out using a Malvern Zetasizer PRO system, 

at room temperature, with a fixed angle of 173° and with fixed attenuator in order to fulfil the 

desired measurement. For all measured samples, data represented the average of at least five 

different autocorrelation functions.  

Cells were sampled during the exponential phase, diluted to obtain 5·105 cells in 1 ml of culturing 

medium and loaded into the system.  

The data relating to the photon counts on the detector (Figure 4.1), obtained as a function of time, 

were averaged, and reported in graphs as exponential function describing diatoms sedimentation 

(Eq. 4.2). The obtained τ values indicated diatom sedimentation rates, obtained for 3 biological 

replicas.  
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Figure 4.1: Example of DLS analysis on diatoms: photons count as function of time of living cells 

in their growth medium 

(4.2) 𝐼(𝑡) = 𝐼(0)𝑒(−
𝑡

𝜏
) + 𝑏 

The τ value indicates diatom sedimentation rates and were obtained from 3 biological replicas.  

 

4.2.5 Pigments quantification and photosynthetic efficiency 

Algae were centrifuged at 3000 x g for 5 min, then, pigments were extracted from the pellet in 2 mL 

of 100% (v/v) methanol (Ritchie et al., 2006); the extracts were stored in the dark, at -20°C 

overnight. A colorless pellet was then separated from the supernatant by centrifugation at 13000 x g 

for 5 min. The absorbance of the supernatant was evaluated spectrophotometrically (Beckman DU 

640 Spectrophotometer, Beckman Coulter) in a range from 750nm to 350nm (scan speed 0.5nm). 

Chlorophyll concentrations were calculated according to equations by Ritchie 2006 (Eqs. 4.3-4.5): 

(4.3) Chl a (µg·mL-1) = 13.2654·Abs664nm – 2.6839·Abs630nm 

(4.4) Chl c (µg·mL-1) = 28.8191·Abs630nm – 6.0138·Abs630nm 
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(4.5) Total Chl (µg·mL-1) = Chl a + Chl c 

Carotenoid concentrations were calculated according to Wellburn (1994) following the equation 

(Eq. 4.6): 

(4.6) Total carotenoids (µg·mL-1) = (1000·Abs470nm – 1.63·Chla – 104.96·Chlc)/221 

Methanol absorbance was used as blank and absorbance at 730 nm was subtracted from all 

measurements to avoid background noise. All results were expressed as pg of pigment per cell. 

In vivo variable fluorescence of photosystem II (PSII) chlorophyll a (P680) was analyzed with 

DUAL PAM 100 fluorimeter (Heinz Walz GmbH, Effeltrich, Germany). A sample of 107 cells was 

collected by centrifugation at 3000 x g for 5 min, re-suspended in 2 mL of growth medium, and 

dark-adapted for 10 min. Subsequently, samples were transferred into a glass cuvette for the PAM 

analysis under continuous stirring. The measuring light (40 µmol photons m-2 s-1) was turned on to 

determine F0, the minimum value for chlorophyll fluorescence. Then, a saturation pulse (10000 

µmol photons m-2 s-1, 600 ms) was applied to saturate all reaction centers and allow to obtain Fm 

(the maximum value of fluorescence). From Fm and F0, the maximum quantum efficiency of PSII, 

Fv/Fm, was calculated as follows (Eq. 4.7): 

(4.7)      
𝐹𝑉

𝐹𝑚
=  

(𝐹𝑚−𝐹0)

𝐹𝑚
 

Fv/Fm represents a robust indicator of the maximum quantum yield of PSII photochemistry (Misra et 

al., 2012). All parameters were obtained through the Dual PAM v1.8 software (Walz GmbH, 

Effeltrich, Germany). 
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4.2.6 Morphological characterization   

Diatoms collected during exponential phase were analysed with the Imaging Flow Cytometer (IFC) 

FlowSight® (Amnis Corp., Seattle, WA) using the INSPIRE software package (Amnis Corp.) to 

determine morphometric characteristics. For each analysis, a volume of 10 mL was analysed within 

24 hours after sampling. IFC data of more than 50000 objects present in the samples were saved. 

Details and settings of the IFC technique were as follows: 10 µm core size diameter, 132 mm/s 

speed, 20x magnification; bright field data were collected in channel 1 (LED intensity 35.46 mW) 

and chloroplast autofluorescence in channel (642 nm, laser 2 mW). Post – acquisition data analysis 

was performed using the IDEAS software package. For each diatom species - specific masks, 

separating the pixels occupied by the diatoms from the background, were created for both 

brightfield and autofluorescence images. All objects lacking chloroplast autofluorescence, as 

determined by the Intensity feature of the IDEAS software, were considered debris or dead diatoms 

and, consequently, excluded from metrics. Among the living cells, only single and well-focused 

diatoms were gated to obtain morphological parameters. The morphological features considered for 

the analysis were Height, Width, Length, Elongatedness (height/width), Perimeter, Diameter, 

Compactness, Area, Circularity (IDEAS User Manual, version 6.0, March 2013). Given numbers 

refer to at least 1000 cells for each biological replica. 

 

4.2.7 Frustules characterization   

Diatom’s frustules of the centric diatoms (C. muelleri and C. weissflogii) were obtained through 

oxidation of the organic material using HCl-KMnO4 (modified from Friedrichs et al., 2012). The 

salts of the culture medium were washed 4 times with deionized water, then 1.5 ml of a 

supersaturated solution of KMnO4 was added to the cell suspension and let overnight at room 

temperature. A volume of 3 ml of HCl was added slowly to the suspension, then samples were 

moved to a warming bath at 100 °C for 40 minutes. Finally, the material was washed 4 times with 
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deionized water to carefully remove the acidic solution. Drops of cleaned material were then poured 

on a MF-Millipore™ mixtures of cellulose acetate and cellulose nitrate filter (mesh size 0,45 µm) 

fixed on the conductive carbon adhesive discs pasted on the stub and left to dry completely at 50 

°C. The stub was then sputter-coated with a thin layer of gold-palladium in a Balzer Union 

evaporator and analysed by SEM (High Resolution ZEISS – SUPRA 40). Pictures were taken with 

different order of magnitude in order to obtain also morphometrical measurements of frustule 

details (setae and punctae in C. muelleri, Reinke 1984). 

 

4.2.8 C and N analysis   

Cellular C and N content were determined using an elemental analyser (ECS 4010, Costech Italy) 

connected to the ID Micro EA isotope ratio mass spectrometer (Compact Science Systems, 

LymedaleBusiness Centre, Newcastle-Under-Lyme, United Kingdom) to obtain C and N stable 

isotopes (δ13C and δ15N) ratios. A dry weight of 0.5 – 1 mg of cells previously washed twice with 

an ammonium formate solution and dried at 80°C, was analysed. Replicate analyses of isotopic 

standard reference materials Urea (δ13C = −36.6‰; δ15N = 2.2‰) were performed and used to 

normalize isotopic values of algal biomass. Two blank samples were analysed before each sample 

run to verify backgrounds and urea standards were also analysed after every 6 samples to monitor 

instrument performance. Data acquisition and analysis were performed with the software EA 

IsoDelta (Compact Science Systems, LymedaleBusiness Centre, Newcastle-Under-Lyme, United 

Kingdom). All the measurements were carried out on 3 biological replicas.  

 

4.2.9 Statistical analysis 

Data were expressed as mean ± standard deviation (SD). Significant differences among the means 

were tested with a one – way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. 
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When there were more than one variable, Two-way ANOVA followed by Tukey’s post-hoc test 

was performed. Comparison of treatment pairs was achieved with a two-tailed t-test. The level of 

significance was set at 0.05. GraphPad prism 8.0.2.263 was used to carry out the tests (GraphPad 

Software, San Diego, CA, USA).  

Principal Component Analysis (PCA) was done using PAST 4.03 (Hammer et al.,2001. PAST: 

Paleontological statistics software package for education and data analysis). PCA was performed on 

different morphological features (e.g., Height, Width, Length, Elongatedness (height/width), 

Perimeter, Diameter, Compactness, Area, Circularity) obtained through Imaging Flow Cytometer 

analysis as dependent variables in different species (independent variable) acclimated to different 

light intensities (independent variable). Data were normalized using z-values ((n-mean)/SD).  
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4.3 Results 

4.3.1 Growth analysis  

Figure 4.2 and Table 4.1 represent growth of the four diatoms acclimated to increasing light 

intensities (15, 60, 180 μmol photons⋅m-2⋅s-1). Growth of C. muelleri and P. tricornutum was 

significantly limited by the lowest light intensity (15 μmol photons⋅m-2⋅s-1, Table 4.1). On the other 

hand, growth rate of C. weissflogii and C. fusiformis was stable among the conditions, even though 

the number of cells reached by C. fusiformis grown at 15 μmol photons⋅m-2⋅s-1 was half the density 

in the other two conditions (Figure 4.2). 

Table 4.1: Mean ± SD of specific growth rate (μ) in the four diatoms acclimated to different light 

intensities (n ≥ 3). Letters indicate significant difference among conditions in the same species (p > 

0.05)  

  
15 μmol photons⋅m-2⋅s-1 60 μmol photons⋅m-2⋅s-1 180 μmol photons⋅m-2⋅s-1 

 
C.muelleri 0.43±0.01a 0.50±0.01b 0.51±0.03b 

Specific Growth rate 

(μ, day-1) 
C.weissflogii 0.29±0.04 0.21±0.01 0.33±0.07 

 
P.tricornutum 0.30±0.01a 0.46±0.02b 0.42±0.03b 

 
C. fusiformis 0.26±0.05a 0.23±0.02ab 0.16±0.01b 
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Figure 4.2: Growth curves of the four diatoms acclimated to different light intensities. Data are 

means of 3 biological replicas. Error bars show SD.  
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4.3.2 Silicon quantification 

Si content per biovolume in the four morphologically different diatoms acclimated to different light 

intensities is pictured in Figure 4.3: in pennate diatoms (P. tricornutum and C. fusiformis) Si quota 

was significantly lower when the availability of light was scarce. On the other hand, centric diatoms 

showed a deeply different behaviour: in C. muelleri the Si content was lowest at 60 μmol 

photons⋅m-2⋅s-1 while in C. weissflogii it did not change. 

 

Figure 4.3: Si content per volume unit (fg·µm-3) in the four diatoms acclimated to different light 

intensities. Data are means of at least 3 biological replicas. Error bars show SD. Letters represent 

significant differences among conditions in the same species (p<0.05) 
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4.3.3 Sinking capacity 

Sinking behaviour was assessed in diatoms through DLS technique highlighting a direct relation 

between the light intensity used to grow diatoms and buoyancy: in particular, the sedimentation rate 

(τ) was significantly higher when the light was lower in all the species, the difference was more 

evident in centric ones (Figure 4.4).  

 

Figure 4.4: τ values representing sedimentation rate (min) in the four diatoms acclimated to 

different light intensities. Data are means of at least 3 biological replicas. Error bars show SD. 

Asterisks represent significant differences between conditions in the same species (* p<0.05, ** 

p<0.001, **** p<0.00001) 
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4.3.4 Pigments quantification and photosynthetic efficiency 

A statistically significant decrease in photosynthetic efficiency was recorded only in C. weissflogii 

cells acclimated to higher light intensity (Figure 4.5), while other species did not show changes in 

the photosynthetic apparatus. A higher accumulation of chlorophylls was observed in diatoms 

acclimated to a lower light intensity (Figure 4.6). C. fusiformis underwent the greatest change in 

pigmental pattern, also showing a change in chlorophylls ratio and in carotenoid content.  

 

Figure 4.5: PSII Quantum Yield of the four diatoms acclimated to different light intensities. Data 

are means of 3 biological replicas. Error bars show SD. Asterisks represent significant differences 

among conditions in the same species (* p<0.05, ** p< 0.001). 
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Figure 4.6: Pigments analysis of the four diatoms acclimated to different light intensities: (A) 

chlorophylls quantification, (B) Chla/Chlc1+c2 ratio and (C) carotenoids quantification. Data are 

means of 3 biological replicas. Error bars show SD. Asterisks represent significant differences 

among conditions in the same species (* p<0.05, ** p< 0.001). 

 

  

A 

C 

B 
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4.3.5 Morphological characterization   

Morphological features of centric diatoms (Circularity, Area, Width, Height, Perimeter, Diameter, 

Compactness) were presented through PCA (Figure 4.7). In C. muelleri, PC1 + PC2 explained 

91.96% of the total variation contained in the data matrix with PC1 accounting for 66.57% and PC2 

for 25.38%. Cells acclimated to different light intensities were differentiated according to PC1, 

indicating a change in width and perimeter. In C. weissflogii, PCA explained 88.99% of the total 

variation (65.04% + 23.94%, PC1 + PC2) and highlighted a slight change in height according to 

PC1 in cells acclimated to different light intensities.  

 

Figure 4.7: PCA analysis on morphological characteristics of centric diatoms (C. muelleri and C. 

weissflogii). Different symbols indicate different growth lights: □ 60 µmol photons·m-2·s-1 ● 180 

µmol photons·m-2·s-1. Images representing cells acclimated to different light intensities were 

obtained by FlowSight® (Amnis Corp., Seattle, WA), merging the bright field, collected in channel 

1, and red chloroplast autofluorescence in channel 5 (Details in the section Morphological 

characterization by IFC analysis of material and methods).  

 

Frustules of centric diatoms were also characterized by Scanning Electron Microscopy. No 

significant changes were observed in frustules acclimated to different light intensities (Figure 4.8).  
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G 60 µmol photons·m-2·s-1 180 µmol photons·m-2·s-1 

Lenght of setae (µm) 38.10 ± 11.02 36.17 ± 7.10 

Dimension of puntae (nm)  47.07 ± 7.08 46.70 ± 6.91 

 

Figure 4.8: SEM images of centric diatoms (C. muelleri A, B; C. weissflogii E, F) frustules 

acclimated to 60 µmol photons·m-2·s-1 (left images) and 180 µmol photons·m-2·s-1 (right images) 

conditions. Details of C. muelleri setae at 60 µmol photons·m-2·s-1 (C) and 180 µmol photons·m-2·s-

1 (D) are shown and mean values ± SD (n>10) are presented in the Table G.  

 

Morphological characterization of pennate diatoms through PCA (Elongatedness, Area, Width, 

Height, Perimeter, Length, Compactness) is pictured in Figure 4.9. In P. tricornutum 95.43% of the 

total variance was explained by PC1 + PC2; the weight of PC1 was 64.72% while PC2 30.71%. 

PCA did not show a net division between cells acclimated to different lights. In C. fusiformis PCA 

explained 92.17% of the total variance, being PC1 74.65% and PC2 17.52%. Cells acclimated to 
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different light intensities were separeted according to both PC1 and PC2, indicating a change in 

width and area.  

 

Figure 4.9: PCA analysis on morphological characteristics of pennate diatoms (P. tricornutum and 

C. fusiformis). Different symbols indicate different growing light: ∆ 60 µmol photons·m-2·s-1 ▲ 180 

µmol photons·m-2·s-1. Images representing cells acclimated to different light intensities were 

obtained by FlowSight® (Amnis Corp., Seattle, WA), merging the bright field, collected in channel 

1, and red chloroplast autofluorescence in channel 5 (Details in the section Morphological 

characterization by IFC analysis of material and methods).  

 

Cellular volume and dry weight of the four diatoms indicated that no significant changes were 

observed in response to different light intensities (Table 4.2).  
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Table 4.2: Mean ± SD of Cell volume (μm3) and Dry weight (pg) in the four diatoms acclimated to 

different light intensities (n ≥ 3). Asterisks indicate significant difference between conditions in the 

same species (p > 0.05) 

  
60 µmol photons·m-2·s-1 180 µmol photons·m-2·s-1 

 
C. muelleri 262 ± 11 244 ± 23 

Cell volume (µm3) C. weissflogii 2418 ± 290 2384 ± 158 

 
P. tricornutum 60.67 ± 5.87 72.33 ± 10.97 

 
C. fusiformis  464 ± 26 428 ± 43 

 
C. muelleri 8.77 ± 0.88 10.63 ± 1.64 

Dry weight (pg) C. weissflogii 281 ± 15 269 ± 21 

 
P. tricornutum* 5.49 ± 0.92 1.14 ± 1.08 

 
C. fusiformis  98 ± 7 118 ± 49 

 

 

4.3.6 C and N   

The analysis of the elemental composition in the four diatoms acclimated to different light 

intensities (Table 4.3) revealed that no significant changes were observed in terms of %C and %N, 

while C. weissflogii highlighted a decreased C/N ratio when grown at lower light intensity. Despite 

no changes in % of the two elements were recorded, significant differences were observed in N and 

C Stable Isotopic fractionation (Figure 4.10); centric diatoms showed an increased δ13C and δ15N 

when acclimated to higher light intensity and in C. muelleri this difference is greater. Nevertheless, 

in pennate diatoms this increase was observed only in δ15N of C. fusiformis.   
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Table 4.3: Elemental composition (% of C and N on dry weight, and C/N) of the four diatoms 

acclimated to different light intensities. Data are means of 3 biological replicas ± SD. Asterisks 

represent significant differences between conditions in the same species (p<0.05). 

  
60 µmol photons·m-2·s-1 180 µmol photons·m-2·s-1 

 
C. muelleri  37.55 ± 0.84 36.46 ± 2.47 

% Carbon C. weissflogii 46.47 ± 1.11 42.98 ± 3.72 

 
P. tricornutum 54.27 ± 1.76 54.88 ± 0.57 

 
C. fusiformis  51.88 ± 2.06 52.58 ± 1.94 

 
C. muelleri  5.05 ± 0.61 5.84 ± 0.41 

% Nitrogen C. weissflogii 6.39 ± 0.49 6.80 ± 0.30 

 
P. tricornutum 6.94 ± 0.22 6.85 ± 0.09 

 
C. fusiformis  7.47 ± 0.23 7.21 ± 0.39 

 
C. muelleri  6.44 ± 0.33 7.26 ± 0.64 

C/N C. weissflogii* 6.32 ± 0.30 7.29 ± 0.37 

 
P. tricornutum 7.82 ± 0.14 8.01 ± 0.12 

 
C. fusiformis  6.94 ± 0.18 7.29 ± 0.24 

 



   Diatom vertical movements 

 

133 
 

 
Figure 4.10: δ13C and δ15N values in the four diatoms acclimated to different light intensities. Data 

are means of 3 biological replicas. Error bars show SD. Asterisks represent significant differences 

between conditions in the same species (* p<0.05, *** p<0.0001, **** p<0.00001)  
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4.4 Discussion 

Considering the tremendous biodiversity of diatoms and their key role in aquatic environments, 

considering silica shell is able to modify diatom density, a question arose whether the adaptative 

role of frustule on buoyancy is dependent on diatom morphology and silicification. Buoyancy and 

buoyancy control are indeed crucial to vertical movements not only allowing a rapid escape from 

predators, but also providing a way to retrieval essential resources such as light and nutrients 

(Raven and Waite 2004, Gemmel et al., 2016, Raven and Levoie, 2020, Du Clos et al., 2021, 

Petrucciani et al., 2022).  

Morphology and Silicification affecting sinking capacity 

According to results, silicification was the major driver affecting buoyancy as compared to size, 

shape and weight: indeed, frustule density expressed as silicification per volume was inversely 

related to the capacity of sinking out in the water column expressed as sedimentation rate (Figure 

4.11). C. fusiformis was the most silicified species per unit volume (Figure 4.3) among the 

experimental ones, and it was the fastest to sink out even though not the biggest or the heaviest. 

Moreover, this species is known to secrete extracellular polymeric substances (EPS) to assist in 

surface attachment, providing adhesion and aggregation among cells (Tong and Derek 2021). 

Lavoie and co-authors also highlight that enhanced polysaccharide synthesis results in increased 

density favouring rapid sinking rate as observed here (Lavoie et al., 2016). 

Conversely from what proposed by Durante and co-authors in 2019, no shape dependent pattern 

was observed in sedimentation rate. Pennate cells showed different sinking capacity even if similar 

in shape. On the other hand, morphologically different centric diatoms (i.e. presence/absence of 

setae, hierarchical porous ultrastructure) showed a similar sedimentation rate. Data confirmed that 

there is no obligate correlation between cell morphology and sinking rate for metabolically active 

cells (Waite et al., 1997, Gemmel et al., 2016).  
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Figure 4.11: Sedimentation rates of the four diatoms related to their shape, size and silicification. 

 

Direct observation of sinking capacity in diatoms was carried out for the first time through DLS 

analysis, allowing a continuous record of cells disappearance from the top section without 

perturbing the water column. Given the importance to direct assess sinking capacity in 

phytoplankton, numerous efforts were made to figure out a suitable method (Holland and Walsby 
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2005 and reference therein, Gemmel et al., 2016, Bannonn and Campbell 2017, Hamano et al., 

2021); this study confirms the feasibility of using DLS physical technique to achieve this purpose.  

Light and Si deposition 

Light is an abiotic factor known to affect silicification (Su et al., 2018, Xu et al., 2021, Ryderheim 

et al., 2022). In this study a variation in light intensity not always led to a change in Si content 

(Figure 4.3) as opposed to previous literature. Data suggested that there is a species – specific 

relation between light intensity and Si deposition. Furthermore, even different strains could show a 

different response to light in terms of silicification: in fact, Xu and co-authors (2021) as well as 

Ryderheim and co-authors (2022) reported a higher Si content in cells of C. weissflogii grown at the 

lower light of 15 µmol photons·m-2s-1 which was not confirmed by this study where the strain DCG 

0320 showed a homeostatic behaviour (Figure 4.3). Moreover, a lower growth limiting light did not 

always correspond to a higher frustule thickness (expressed as Si content per volume) since P. 

tricornutum showed less Si content per volume when grown at 15 µmol photons·m-2s-1 (Figure 

4.3). 

Better understanding the silicification process will help to predict the effect of external factors on 

frustule dynamics, thus facilitating frustule manipulation in a view of biotechnological applications 

(Sardo et al., 2021).  

Light dependent buoyancy control 

Light was chosen as a tool to investigate diatom strategy in controlling buoyancy by manipulating 

Si content in the experimental diatoms (Figure 4.3).  

For each species the different sinking rates were not consistent with a change in silicification due to 

light exposure, suggesting that buoyancy control was not regulated by the frustule density at a 

cellular level (Figure 4.3 and 4.4). In C. muelleri a lower sinking rate was observed despite a higher 
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frustule thickness. Indeed, a significant increase of the sedimentation rate (slower sinking) was 

observed any time diatoms were acclimated to a higher light intensity independently from their Si 

content (Figure 4.4). Among the factors regulating cell density light availability could either 

increase or decrease diatom sinking rate (Bienfang 1981, Bienfang et al., 1983, Gemmel et al., 

2016). In this study, the two light conditions applied in the sinking experiments (60 and 180 mol 

photons·m-2s-1) were not limiting growth (Figure 4.2, Table 4.1): in fact, growth was limited at 15 

mol photons m-2s-1. In addition, the highest experimental light was not photo – damaging diatoms 

since growth rate and photosynthetic efficiency of cells acclimated to 180 mol·photons m-2s-1 were 

similar to those of cells acclimated to 60 mol·photons m-2s-1 (Conn et al., 2004, Figure 4.5 and 

4.6). Therefore, sinking as a way to escape from excess irradiance which damages the 

photosynthetic apparatus as a first target (Raven and Waite, 2004), was not adopted by diatoms in 

this experimental set up.  

A higher light availability enhancing diatom floating (Figure 4.4) means a higher energy 

availability to cells which can be converted into metabolic energy and activate energy dependent 

mechanisms (Waite et al., 1997, Raven and Lavoie, 2020, Du Clos et al., 2021).  

Cell growth, C and N quotas, cellular volume of all the species were not affected by the light 

variation (Table 4.3). Overall, it was not recorded a drastic morphological change that could 

explain a change in sedimentation rate (Figure 4.7 and 4.9). Also, frustules did not show significant 

changes in ultrastructure (Figure 4.8). None of these parameters would thus help in elucidating 

which mechanisms could be involved in buoyancy control except for isotopic fractionation in 

centric diatoms. In fact, δ13C (and δ15N) values were affected by light in centric diatoms which 

showed a higher difference in τ values in response to light intensities (Figure 4.10). A change in C 

fractionation could be due to a shift in inorganic C source (Vuorio et al., 2006); in particular higher 

light intensity led to decreased fractionation and therefore an increased use of HCO3
- during 
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photosynthesis, suggesting the possible activation of energy dependent mechanisms such as CO2 

concentrating mechanisms when more energy was available (Riebesell et al., 2000). The presence 

of an active CCM enhances photosynthesis and reduces photorespiration in algae (Giordano et al., 

2005), thus providing more metabolic energy to reduce sinking rate (Waite et al., 1992). 

What energy dependent mechanisms are active in pennate diatoms to control buoyancy were not 

evident from the data set, but both in pennate and centric diatoms they were possibly including 

modulation of vacuolar solution density and the fraction of cell volume occupied by the vacuole 

(Lavoie and Raven 2020 and references therein). The density of the frustules in diatoms is indeed 

countered by the presence of vacuoles, whose density is supposed to be rapidly modulated in three 

ways: (i) high-frequency modulation of Na+ and K+ permeability by selective ion transport, as 

occurs in action potentials with transmembrane ion exchange; (ii) metabolism interconverting low-

density organic cations and higher density cations; and (iii) fast cyclical changes in the cell 

expansion rate (i.e. active water transport, cytoskeletal motors). The last one is the most 

energetically convenient (Lavoie and Raven, 2020), as confirmed by our data which did not record 

a change in K+ cell content between cells acclimated to low and high intensities (Table 4.4).  

Table 4.4: K content (pg·cell-1) in the four diatoms acclimated to different light intensities. Data are 

means of 3 biological replicas ± SD. 

 60 µmol photons·m-2·s-1 180 µmol photons·m-2·s-1 

C. muelleri 0.12 ± 0.02 0.21 ± 0.11 

C. weissflogii 0.14 ± 0.04 0.17 ± 0.04 

P. tricornutum 0.002 ± 0.00001 0.002 ± 0.001 

C. fusiformis 0.03 ± 0.01 0.03 ± 0.006 

 



    

 

139 
 



    

 

140 
 

 

 

 

 

 

 

 

 

 

 

Chapter five: Frustule 

potential exploitation of a 

Silica bearing biomaterial 

 

 

 
 

 

 

In collaboration with Mr D. Linsalata, Prof. A. Dibenedetto,  

Prof. M. Aresta, Dr. A. Amato



Frustule exploitation 

 

141 
 

5. Frustule: potential exploitation of a 

Silica bearing biomaterial 

5.1 Frustule structural characterization of morphologically different 

diatoms 

5.1.1 Introduction 

The most fascinating morphological characteristic of diatoms is their outer silica shell called 

frustule. Frustule is a highly intricate ornamented and porous scaffold which can show greatly 

different micro and nanoscale structures (i.e. holes, setae, elevations) and presents different shapes 

and sizes grounding to the overall extraordinary diatom diversity.  

In nature frustules have been selected to provide different adaptative functions: (i) frustules are 

strong armour against predators (Hamm et al., 2003), (ii) they enhance the acquisition of growth-

limiting resources (i.e. light, nutrients and CO2, Finkel and Kotrc 2010), (iii) they can control 

buoyancy by changing cell density (Raven and Waite, 2004), (iv) they can act as proton buffer 

(Milligan and Morel 2002), (v) they can modulate light within the cells, both screening out UV 

radiation (Aguirre et al., 2018, Ellegaard et al., 2018, De Tommasi et al., 2018) and focusing 

incident light inside the cell (De Stefano et al., 2007, Toster et al., 2013, Romann et al., 2015).  

Moreover, human society has been more and more demanding new materials for micro-scale 

technological purposes and pushing more studies on diatom frustules which are cheap promising 

ultrastructures suitable for multiple applications (i.e. biomedical, chemical, physical) (Sardo et al., 

2021). These materials can indeed exhibit different physicochemical properties than their analogues 

on a normal scale, for example greater chemical reactivity due to a larger surface area.  

Therefore, a structural, chemical and mechanical characterization of frustules shall allow not only a 

better comprehension of the relationship between diatom morphology and its selective radiation but 

also unravel new bio-based scaffolds (De Tommasi et al., 2017). Among frustule properties surface 
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area and presence of basic sites are crucial for subsequent functionalization (De Tommasi et al., 

2017, Terracciano et al., 2018, Rogato and De Tommasi, 2020, Sardo et al., 2021). 

The characterization of structurally different centric frustules was carried out; in particular, 

Chaetoceros muelleri, with four long and porous silica spines called setae, and Conticribra 

weissflogii, with hierarchical layers of porous membranes. The acclimation of cells to different light 

intensity was used as a tool to manipulate chemical and structural characteristics of frustules.  
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5.1.2 Material and Methods 

5.1.2.1 Algal growth and frustule preparation  

Two centric diatoms, Chaetoceros muelleri (CCAP 1010/3, https://www.ccap.ac.uk/) and 

Conticribra weissflogii (DCG 0320, https://bccm.belspo.be/about-us/bccm-dcg), were acclimated 

for at least four generation to two different light intensities (60 and 180 µmol photons·m-2s-1). 

Cultures were established in 250 mL flasks filled with 100 mL of AMCONA medium (Fanesi et al., 

2014) and maintained in a culture chamber at 18 °C, illuminated with cool white fluorescent lamps 

at 12:12 h light-dark cycles.  

For BET analysis 3L flasks filled with 2L of AMCONA medium were established. Frustules were 

achieved after chemical removal of the organic matter (modified from Friedrichs et al., 2012) from 

cells collected during exponential phase. Cells were washed in deionized water 3 times (centrifuge 

set at 3000 rpm for 10 minutes), then the pellet was resuspended in 1.5 mL deionized water, 

charged with 1.5 mL of a saturated solution of KMnO4 and left at ambient temperature for 24 h. 

Subsequently, 3mL of HCl (37%) was added and heated in boiling water until the solution became 

colourless (1 hour approximately). Finally, cleaned frustules were washed 4 times with deionized 

water and stored at 4°C until further processing. 

 

5.1.2.2 Elemental composition of frustules 

The abundance of elements, included Si, was measured using a Total Reflectance X – ray 

Fluorescence spectrometer (S2 Picofox, Bruker AXS Microanalysis GmbH, Berlin, Germany) and 

expressed as pg per frustule calculated on the base of the corresponding number of cells. Frustules 

obtained as described before were resuspended in 250 µl of dH2O. A solution of 0.1 g L-1 Ga 

(Sigma Aldrich, St. Luis, MO, USA) in 5% HNO3 was added as internal standard to a final 

concentration of 0.5 μL L-1. The suspension was carefully vortexed and an aliquot of 10 µl was 

deposed on a plastic sample holder, dried on a heating plate and measured for 1000 seconds. 

https://bccm.belspo.be/about-us/bccm-dcg
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Spectral deconvolution and quantification of elemental abundances were performed by the 

SPECTRA 6.1 software (Bruker AXS Microanalysis GmbH, Berlin, Germany).  

 

5.1.2.3 Inorganic stoichiometry of frustules   

Frustules obtained as described before were used to prepare samples for FTIR analysis. A volume 

of 50 µl of frustules suspension was transferred to a silicon window and dried in oven at 80°C 

overnight (Domenighini and Giordano 2009). FTIR spectra were acquired with a Tensor 27 FTIR 

spectrometer (Bruker Optics, Ettlingen, Germany). Bands were attributed to silicon species as 

described by Artega - Larios and co-authors (2014) and the ratio of SiO/SiOH was calculated 

through band integrals at 800 and 950 cm-1 respectively, with OPUS 6.5 software (Bruker Optik 

GmbH, Ettlingen, Germany).  

 

5.1.2.4 UV absorption    

Frustules obtained as described before were used for spectrophotometric assessment of UV 

absorption. The absorbance of the suspension of frustules in dH2O was evaluated with a 

spectrophotometer in a range from 200 nm to 400 nm (scan speed 0.5nm). dH2O absorbance was 

used as blank and was subtracted to all measurements. Data were normalized on the frustule number 

within each species and not among species (5·105 cell ml-1 were used in C. weissflogii samples and 

3·106 cell ml-1 in C. muelleri samples). 

 

5.1.2.5 Proton buffer capacity of frustules  

According to Milligan and Morel, 2002, exponentially growing cells of C. muelleri and C. 

weissflogii acclimated to 60 and 180 µmol photons·m-2·s-1 were put in 8 ml of buffer-free 

AMCONA growth medium (Fanesi et al., 2014). A final Si concentration of 3 mM in each sample 
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was used for the measurements and cell number varied accordingly to the Si cell content. Titration 

curves were obtained adding 0.1M NaOH to the cell suspension starting from a pH of 7 and 

reaching a pH of 9. The same was done using cleaned frustules instead of cells in the same 

conditions; cleaning procedure was described in 5.1.2.1. 

 

5.1.2.6 Frustule surface characterization  

A quantity of 30 mg of cleaned and dried frustules derived from C. muelleri cells (as described 

above) was used to characterize silica surface. All the analysis were performed using a 

Micromeritics ChemiSorb 2750. Surface area was determined using a single point Brunauer, 

Emmett and Teller (BET) method with a 30 % N2/70 % He gas mixture. CO2 chemisorption tests 

were carried out using Rivoira 99,9999 % CO2 and a loop with nominal volume equal to 0,1 µL 

(calibrated). The flow was set to 20 mL/min during the chemisorption process and increased up to 

25 mL/min for TPD analysis. TPD profiles were recorded using a 15°C/min ramp. All the samples 

were dried in oven at 80 °C for 24 hours before the analysis. Both BET and chemisorption analysis 

required pre-treatment of the sample at temperatures up to 500°C. In order to prevent irreversible 

modification of the frustules structure samples were analysed with pre-treatment at 2 different 

temperatures, 350 and 500°C. By increasing the temperature organic matter was removed from the 

frustules and a carbonization process was observed in absence of oxygen (He flow). Samples turned 

brownish at 350°C and black at 500°C.  

 

5.1.2.7 Statistical analysis 

Data were expressed as mean ± SD. Significant differences among the means were tested with a one 

– way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. When there were more 

than one variable, Two-way ANOVA followed by Tukey’s post-hoc test was performed. 

Comparison of treatment pairs was achieved with a two-tailed t-test. The level of significance was 
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set at 0.05. GraphPad prism 8.0.2.263 was used to carry out the tests (GraphPad Software, San 

Diego, CA, USA).   
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5.1.3 Results 

5.1.3.1 Elemental composition of frustules 

Larger cells of C. weissflogii showed higher content of Si in frustules as compared to C. muelleri 

(Figure 5.1); on the other hand, less silicified frustules of C. muelleri significantly increased their 

Si content in response to a higher energy availability (180 µmol photons m-2·s-1), while C. 

weissflogii did not modulate Si content when acclimated to different light intensities. According to 

Table 5.1, no significant change in elemental quotas was observed in response to different light 

intensities in both the analysed species; interestingly, the content of Zn, Br and Sr was the same in 

both the species despite their difference in size. 

 

Figure 5.1: Si content per cleaned frustule (pg·frustule-1) in the two diatoms acclimated to different 

light intensities. Data are means of 3 biological replicas. Error bars show SD. Asterisks represent 

significant differences between conditions in the same species (* p<0.05, ** p<0.001, **** 

p<0.00001)  
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Table 5.1: Quotas of elements per cleaned frustule (pg·frustule-1) in the two diatoms acclimated to 

different light intensities. Data are means of 3 biological replicas. Error bars show SD. Asterisks 

represent significant differences between conditions in the same species (* p<0.05, ** p<0.001, 

**** p<0.00001) 

 

    60 µmol photons·m-2·s-1 180 µmol photons·m-2·s-1 

Sulfur  C. muelleri 0.07 ± 0.05 0.09 ± 0.03 

 C. weissflogii 0.93 ± 0.82 1.70 ± 0.80 

Zinc C. muelleri 0.001 ± 0.0009 0.002 ± 0.001 

 C. weissflogii 0.007 ± 0.0007 0.006 ± 0.001 

Bromine C. muelleri 0.002 ± 0.0009 0.003 ± 0.0007 

 C. weissflogii 0.04 ± 0.009 0.04 ± 0.008 

Strontium C. muelleri 0.0005 ± 0.0004 0.0004 ± 0.0001 

 C. weissflogii 0.009 ± 0.004 0.01 ± 0.005 

 

 

5.1.3.2 Inorganic stoichiometry of frustules   

All FTIR spectra (Figure 5.2 and 5.3) showed the characteristic Si species stretching mode band (i) 

Si – O – Si at 1095 cm-1 (ii) Si – O at 460 – 470 and 789 – 802 cm-1 (iii) Si – OH (silanol group) at 

950 cm-1. Considering C. muelleri frustules (Figure 5.2 and Figure 5.4), different light intensities 

influence the Si receptor sites available for trapping O2 at the surface, i.e. Si atoms ready to react 

with adsorbing O atoms or OH radicals; indeed significant change were observed in SiO/SiOH ratio 

when cells were acclimated at lower light intensity (Figure 5.3). On the other hand, C. weissflogii 

frustules did not show any significant changes SiO/SiOH (Figure 5.3 and Figure 5.4). 
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Figure 5.2: FT IR spectra (400 – 1800 nm) of C. muelleri frustules derived from cells acclimated to 

different light intensities. Spectra are average of three distinct biological replicas. 

 

 

Figure 5.3: FT IR spectra (400 – 1800 nm) of C. weissflogii frustules derived from cells acclimated 

to different light intensities. Spectra are average of three distinct biological replicas. 
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Figure 5.4: Comparison between C.muelleri and C. weissflogii SiO/SiOH ratio in frustules derived 

from cells acclimated to different light intensities. Data are means of three biological replicas ± SD. 

Letters indicate significant difference between the two species. 

 

5.1.3.3 UV absorption  

The relation between frustules and UV radiation is pictured in Figure 5.5. In general, frustules 

derived from cells acclimated to lower light intensities showed a higher capacity to absorb UV 

radiation at 275 nm (Figure 5.5). 

 

Figure 5.5: Comparison between C. muelleri and C. weissflogii absorbance in frustules derived 

from cells acclimated to different light intensities. Data are means of three biological replicas. 
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5.1.3.4 Assessment of frustules proton buffer capacity  

Titration curves on whole cells and cleaned frustules were carried out and presented in Figure 5.6; 

sample were normalized on the Si content. Results showed that buffer capacity of frustules reflected 

buffer capacity of whole cells: indeed, the highest buffer capacity was observed in frustules and 

cells of C. muelleri acclimated to the lower light intensity. Moreover, while C. muelleri modulated 

its buffer capacity, C. weissflogii did not show any change in response to light intensity (Figure 

5.6). 

 

Figure 5.6: Comparison between C.muelleri and C. weissflogii proton buffer capacity in frustules 

derived from cells acclimated to different light intensities (left graph) and in entire cells acclimated 

to different light intensities (right graph) . Data are means of three biological replicas ± SD.  

 

5.1.3.5 Surface characterization  

BET analysis was carried out on frustules of C. muelleri cells acclimated to different light 

intensities (Figure 5.7). Calculated surface area was the same at both the light intensities (about 90 

m2g-1) and was maintained also when the analysis was performed at higher temperature (500°C 
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instead of 350°C). On the other hand, as shown in the Figure 5.7, frustules lost their basic sites 

already after a thermal treatment at 350°C, resulting in a small CO2 uptake flux (roughly 200 l 

absorbed CO2 g
-1 of frustule). 

 

Figure 5.7: Assessment of Surface area at two different temperatures (left graph) and CO2 uptake at 

350°C (right graph) in C. muelleri frustules derived from cells acclimated to different light 

intensities and in entire cells acclimated to different light intensities. Data are means of at least two 

biological replicas ± SD.  
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5.1.4 Discussion 

The role of frustules in light absorption and waveguide is poorly understood; it has been 

documented that structure-based optics of centric frustules allow modulation of the in vivo incident 

radiation to support photosynthesis after UV screening (Aguirre et al., 2018, Ellegaard et al., 2018, 

De Tommasi et al., 2018). Indeed, centric diatoms comprising mainly planktonic forms, live 

suspended in the water column and are characterized by a noticeable UVR tolerance even though 

they accumulate low concentration of UV-absorbing compounds (i. e. mycosporyne-like amino 

acids, carotenoids, De Tommasi et al., 2018, Aguirre et al., 2018, Ellegaard et al., 2018). Frustules 

are known to screen UV B damaging light, operating through different mechanisms: (1) absorption 

by amorphous silica, as confirmed by this data, (2) diffraction-based redistribution of transmitted 

intensity through the ordered pattern of micro- and nano-pores, (3) efficient conversion of UV in 

PAR radiation by photoluminescence (Quin et al., 2008, Goswami et al., 2011, Artega – Larios et 

al., 2014, De Tommasi et al., 2018). In this study, both centric species showed an increased UV B 

absorption when cells were acclimated to lower light intensities (Figure 5.5). The modulation of 

light thanks to the optical properties in centric frustules belonging to low light acclimated cells to 

support photosynthesis could be an explanation. This effect was already observed in Coscinodiscus 

granii where the photonic structure of the frustule allowed a facilitated light redistribution and 

efficient photosynthesis in cell regions distant from the directly illuminated area (Goessling et al., 

2018). 

The ability to screen UV is due to the radiation interacting with electrons of Si-O bonds and with 

point defects such as -OH groups, Si-Si bonds and strained Si-O-Si bonds of the hydrated, porous, 

amorphous silica and with the possible presence of impurities (i.e. S compounds involved in silica 

precipitation, biosilica synthesis and frustule formation) (De Tommasi et al., 2018). Nevertheless, 

frustules of C. muelleri here analysed did not change the amount of S accumulated (Table 5.1) but 

decreased the SiO/SiOH ratio in response to lower light intensity (Figure 5.4) indicating an 
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increased amount of O2 adsorbed to these frustules and a higher concentration of silanol groups. 

This change in silanol groups resulted also in a better proton buffer capacity in C. muelleri frustules 

acclimated to lower light intensity (Figure 5.6), likely enhancing CCM activity (Milligan and 

Morel, 2002) without changing diatom surface area (Figure 5.7). 

C. muelleri also showed a better plasticity in terms of Si deposition in response to light, allowing a 

decreased Si content in frustules when less energy was available (Figure 5.1). On the other hand, 

bigger frustules of C. weissflogii showed a more homeostatic behaviour in terms of Si content 

(Figure 5.1), SiO/SiOH ratio (Figure 5.4) and proton buffer capacity (Figure 5.6) when cells were 

acclimated to different light intensities.  

Beside the possible evolutionary advantages associated with the plasticity of frustules in response to 

light observed in C. muelleri cells (protecting from UV radiation, enhancing CCMs), this study 

contributed to unveil an easy way to manipulate frustule biosilica in a view of multiple and novel 

applications. The common strategy to develop engineering devices with diatoms and the potential to 

form functionalised bio-materials is based on a chemical modification by targeting free reactive 

silanol (SiOH) groups, thus improving drug loading/release properties and adding other reactive 

groups (−NH2, −COOH, −SH, and−CHO), which can be useful for the conjugation of biomolecules 

(e.g. enzymes, proteins, antibodies, peptides, DNA, aptamers) (Terracciano et al., 2018, Li et al., 

2019). A simple change in the growth light of cells could increase the number of silanol groups, 

improving the potential frustule functionalization, and could increase UV absorption, useful for UV 

filtering production (i.e. biocompatible sun lotions for skin pro-tection under light exposure) (De 

Tommasi et al., 2018). 

Thus, the structural, chemical, and mechanical characterization of C. muelleri and C. weissflogii 

frustules highlighted that the smaller C. muelleri cells resulted more suitable for biotechnological 

application in the microscale.  
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5.2 Potential scale up of frustule exploitation  

5.2.1 Introduction 

Beside the key role in ocean ecosystems, diatoms are deeply investigated for several 

biotechnological applications. Microalgae in general show a great potential for the cheap production 

of important metabolites exploited as cosmetic ingredients (Mourelle et al., 2017), food or feed 

supplements (Dineshbabu et al., 2019, Lamminen et al., 2019, Pudney et al., 2019, Cui et al., 2020, 

Amorim et al., 2021), fertilizers (Li et al., 2018), accumulators for the bioremediation of aquatic 

environments (Hedayatkhah et al., 2018, Mojiri et al., 2020) and biofuels production (Hildebrand et 

al., 2012, D’Ippolito et al., 2015). The characteristic that gives diatoms a further quality is their 

natural reservoir of biosilica, with high surface area that can be exploited as biomaterial for 

different purposes: (i) biomedical applications, (ii) metal removal from aquatic environments, (iii) 

catalyst support or (iv) optical devices and other kinds of applications (Terracciano et al., 2018, 

Sardo et al., 2021). Biosilica obtained from diatoms can be considered a cheaper and more attractive 

alternative as compared to synthetic materials, because of the reduced requirements for high 

temperatures and aggressive chemicals to gain a small, hard, elastic, with high degree of complexity 

material (Maher et al., 2015, De Tommasi et al., 2017). Understood the potentiality of frustules as 

silica nanomaterials and their possible exploitation, it is crucial to point out (i) which frustule 

among a huge diversity is more promising in terms of productivity and (ii) which way to obtain 

frustules is more sustainable and affordable in a view of a larger scale production. As discussed 

before, the physical and chemical characterization of frustules is limited to few species despite their 

huge diversity and the better exploitation of fast-growing cells (producing more frustules in less 

time). Therefore, a comparison between two species for frustule use was carried out to understand 

which species maximizes frustule production. To obtain biosilica from diatoms it is crucial to 

totally remove the organic matter adhered on their surface, preserving frustule shape, and avoiding 

its erosion (Saad et al., 2020, Sardo et al., 2021). Three ways are mainly used to obtain frustules: (i) 
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oxidative washing protocols using H2O2 solutions, the most commonly used, (ii) chemical 

treatments with acids and (iii) baking frustules at high temperatures, the simplest and least 

expensive method more aggressive and altering frustule architecture (Umemura et al., 2010, 

Gulturk and Guden 2011, Arasuna and Okuno, 2018, Sardo et al., 2021 and reference therein,). In a 

world moving towards sustainability and looking for always more eco-compatible processes, our 

purpose was to assess which cleaning procedure has less impact on our planet, comparing through 

Life Cycle Assessment two procedures, one based on oxidative washing and the other on chemical 

treatment with acids.  
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5.2.2 Material and Methods 

5.2.2.1 Algal growth   

Cultures of two centric diatom species, Chaetoceros muelleri (CCAP 1010/3, 

https://www.ccap.ac.uk/) and Conticribra weissflogii (DCG 0320, https://bccm.belspo.be/about-

us/bccm-dcg) were established in 1L flasks filled with 400 mL of AMCONA medium (Fanesi et al., 

2014) and maintained in a culture chamber at 18 °C, illuminated with cool white fluorescent lamps 

at 60 µmol photons·m-2s-112:12 h light-dark cycles. Cell number and cell volume were measured 

using a CASY TT cell counter (Innovatis AG, Reutlingen, Germany as described in chapter 1.2.2 

All determinations were carried out on samples from four distinct cultures. Specific growth rates, μ 

(Eq. 5.1), were derived from daily counts of exponentially growing cells, carried out on a minimum 

of four distinct cultures for each treatment. 

(5.1) 𝜇 =
𝑙𝑛(𝑁𝑡 𝑁0⁄ )

𝑡
  (Monod 1949) 

After 7 days cells were collected and washed to obtain cleaned frustules using the protocol by 

Friedrichs et al. (2012) as described in chapter 5.1.2.1. Frustules were then put in pre-weighted 

tubes and dried at 80°C till obtaining the frustule dry weight. 

 

5.2.2.2 Cleaning procedures and functionality of two cleaning procedures 

Chaetoceros muelleri (CCAP 1010/3, https://www.ccap.ac.uk/) cells were washed using two 

different procedures to obtain cleaned frustules. The first was based on the oxidation of the organic 

matter using H2O2 (modified from BCCM/DCG protocol). The salts of the culture medium were 

washed out from the cells for 3 times with deionized water (centrifuge set at 3000 rpm for 10 

minutes), then 30% H2O2 was added to the cell suspension to a final concentration of about 15%. 

Samples were dried in oven at 60 °for 3 days. Finally, the material was washed 4 times with 

deionized water to carefully remove H2O2. The second methods relied on a chemical treatment with 

https://bccm.belspo.be/about-us/bccm-dcg
https://bccm.belspo.be/about-us/bccm-dcg
https://www.ccap.ac.uk/
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acids (modified from Friedrichs et al., 2012). Cells were washed in deionized water 3 times 

(centrifuge set at 3000 rpm for 10 minutes), then the pellet was resuspended in 1.5 mL deionized 

water, charged with 1.5 mL of a saturated solution of KMnO4 and left at ambient temperature for 24 

h. Subsequently, 3mL of HCl (37%) was added and heated in boiling water until the solution 

became colourless (1 hour approximately). Finally, cleaned frustules were washed 4 times with 

deionized to carefully remove acids. Drops of cleaned material obtained with the two methods were 

mounted on stubs and analysed by SEM (High Resolution ZEISS – SUPRA 40) to assess if the 

cleaning procedures completely remove the organic matter without affecting frustules ultrastructure. 

 

5.2.2.3 Assessment of the Carbon footprint through LCA  

The assessment of the carbon footprint quantified the impact of the two processes on the Climate 

Change category (expressed as kg CO2-equiv.), allowing to figure out which is the more sustainable 

option to obtain cleaning frustules from living cells of diatoms. The choice of this impact category 

was due to its relevance considering the current decarbonisation target worldwide. In Figure 5.8 the 

system boundaries selected for the analysis are reported and algal cultivation was excluded since it 

was common for both the processes. The process considered then include algal collection and 

washing, the removal of the organic matter through two different scenarios, and the final frustule 

washing. Scenario 1 considered the oxidation method through H2O2 as way to remove organic 

matter from frustules, while Scenario 2 used an acid treatment procedure (details of the methods are 

described in 5.2.2.2). The analysis assessed the impact connected to energy and raw material 

consumed in order to obtain 150 mg of cleaned frustules, chosen as functional unit. In Table 5.2 the 

considered input and output flows involved in the two scenarios are resumed. The thinkstep GaBi 

software and the Database for Life Cycle Engineering (software 9.2.1, Sphera, Chicago, IL, USA) 

were employed for the production processes of energy and raw materials and the assessment of the 

carbon footprint related to the two scenarios. 
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Figure 5.8: System boundaries considered for the carbon footprint assessment. 

 

Table 5.2: Input and output flows considered for the carbon footprint assessment of the 2 scenarios 

(Functional unit: 150mg of cleaned frustules). 

 
 Input Flow 

 
Output Flow  

 

Scenario 1 Electricity  33.36 kWh Municipal wastewater 120Kg 

 
Deionized Water  116.73 Kg Hazardous Wastewater  15Kg 

 
H2O2  3.26 Kg 

  

Scenario 2 Electricity 7.73 kWh Municipal wastewater  62.7Kg 

 
Deionized Water  48.90 Kg Hazardous Wastewater  1.8Kg 

 
HCl  0.60 Kg 

  

 
KMnO4  0.01 Kg 
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5.2.3 Results 

5.2.3.1 Comparison between promising species for frustules exploitation    

In Table 5.3 the comparison between two diatoms frustules obtained from C. muelleri and C. 

weissflogii is presented. C. muelleri cells were 10 times smaller and their growth was two time 

faster than C. weissflogii, leading to a 10-time higher productivity in terms of grams of frustules 

produced per L of culture per day. Therefore, C. muelleri was selected for further studies. 

 

Table 5.3: Mean ± SD of growth rate (d-1), cell volume (µm3
) the corresponding frustules obtained 

(g) in the two diatoms C. muelleri and C.weissflogii derived from 0.4 liter of culture. Average ± SD 

of the calculated productivity as grams of frustules per liter of culture per day (n=4). 

 C. muelleri  C. weissflogii  

Cellular volume (µm3) 262 ± 11 2383 ± 158 

Growth rate (d-1) 0.50 ± 0.01 0.21 ± 0.01 

Number of cells  5.5 *108 1.5*108 

Volume of culture (L) 0.4 0.4 

Frustules weight (g) 0.008 ± 0.001 0.012 ± 0.0006 

Productivity Max (g frustules·L-1·d-1) 0.01 ± 0.002 0.006 ± 0.0003 

 

 

5.2.3.2 Functionality of the two methods 

Figure 5.9 presents SEM images of frustules of C. muelleri cells obtained with oxidation cleaning 

procedure using H2O2 (A, C) and through acids treatment (modified from Friedrichs et al., 2012, B, 

D). Images highlighted that both the methods lead to the complete removal of the organic matter 

coating frustule surface (more evident in the detail figures of setae, C and D) without damaging the 

ultrastructure of frustules. 
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Figure 5.9: SEM images of frustules of the centric diatom C. muelleri obtained through oxidation 

method (A, C) and acidic treatment (B, D). Details of C. muelleri setae (C, D) after both cleaning 

procedures are shown. 

 

5.2.3.3 Assessment of the Carbon footprint through LCA  

Results of the carbon footprint assessment showed in Figure 5.10 highlighted that scenario 1 had a 

greater impact (20 Kg CO2 eq.) as compared to the Scenario 2 (5 Kg CO2 eq.). In detail, in Scenario 

2 not only eco-friendlier reagents were used (Figure 5.10 and 5.11 A), but water and energy were 

saved (Figure 5.11 A, B) and a lower environmental burden due to hazardous waste was produced 

(Figure 5.11 C). It was clear from the results (Figure 5.10 and 5.11 A) that H2O2 had a greater 

impact as compared to HCl and KMnO4 in the removal of organic matter from frustules. The reason 

is the high impact production process of H2O2, known as anthraquinone process. Although, scenario 

2 required about 3 times less energy as compared to scenario 1 (Figure 5.11 B), energy used for the 
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thermic treatment (oven in scenario 1 and thermostatic bath in scenario 2) had the highest 

contribution to the total carbon footprint (Figure 5.12). 

 

 

Figure 5.10:  Evaluation of the carbon footprint of the 2 considered scenarios: (1) oxidation 

cleaning procedure through H2O2 (2) acid treatment cleaning procedure. 
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Figure 5.11  Details of the evaluation of the carbon footprint of the 2 considered scenarios. (A) 

impact of the reagents used during cleaning procedures (B) impact of energy (C) impact of wastes. 
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Figure 5.12:  Percentage distribution of impacts derived from input and output flows in the 2 

considered scenarios.   
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5.2.4 Discussion 

Considering the increasing interest for frustule as biomaterial for biotechnological application, this 

study demonstrated that C. muelleri has the highest potential for future industrial exploitations. 

Indeed, the small size of this species not only led to a higher surface to volume ratio, allowing a 

better chemical modification of the frustule and subsequent functionalization (Townley et al., 

2008), but also allowed a faster growth as compared to that of C. weissflogii (Table 5.3). The faster 

growth rate of C. muelleri is indeed crucial for maximizing frustule productivity; in the industrial 

view of continuous production cultivation and harvesting of diatoms, the quantity of frustules 

produced by this species per unit of time would be ten time higher than the quantity produced by C. 

weissflogii (Table 5.3).  

Acidic treatment proved to be a sustainable option to clean frustules of C. muelleri in a future 

perspective of industrial scale up (Figure 5.10 and 5.11). Indeed, the robustness of C. muelleri 

frustules allowed the cleaning with less quantity of the more environmentally sustainable reagents 

(HCl and KMnO4) and for less time. Such treatment did not affect frustule ultrastructure (Figure 

5.9) while the same treatment is not applicable to frustules of other species (Sardo et al., 2021). The 

assessment of the carbon footprint highlighted that Friedrichs method using acids is the most 

sustainable option with an estimated environmental burden of 4kg of equivalent CO2 compared to 

20 kg resulting from the oxidation method; acidic cleaning procedure allows to save electricity, use 

more sustainable reagents, and produce less wastewater to obtain 150 mg of cleaned C. muelleri 

frustules (Figures 5.10, 5.11, 5.12). This treatment is more advantageous due to its lower 

requirement of energy; indeed, the process is shorter (one hour in boiling water instead of three 

days in the oven) therefore more suitable for industrial application. The lower requirement of 

chemical reagent allowed to produce lower wastewater flows with the consequent reduction of 

impact due to their management. Considering all these aspects, the use of C. muelleri frustules 

washed with acidic treatment was the most sustainable approach applicable at industrial level. 
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Main conclusions of the thesis 

 

✓ The selective pressures, Si decline through geologic eras and interaction of diatoms with 

competitors and predators, have driven the evolution of different frustule morphologies. 

Diatoms with elongated shapes were favoured as compared to centric species since they 

acclimated to different Si regimes modulating Si use efficiency and escaped from predators 

also when facing competition for resources. Evolution led to a more competitive 

morphology. 

✓ Regarding the adaptative roles of frustules, defence against predators, competition for 

resource uptake and sinking were related to frustule shape, size and silicification in a role 

specific manner. In particular, sinking was related to frustule density through its 

silicification even though neither silicification nor cellular shape and size were involved in 

buoyancy control at cellular level.  

✓ In the view of potential frustule exploitation as silica biomaterial, in C. muelleri silica shell 

showed interesting properties: its small size, silicification plasticity in response to light 

intensity, high surface area and relative high presence of basic sites (important for 

subsequent functionalization). Furthermore, its fast growth rate could be useful for high 

frustule productivity under an industrial point of view. 

✓ In the frustule production chain, acidic removal of the organic matter to clean biosilica 

resulted a more environmentally sustainable option releasing 4 kg of equivalent CO2 

compared to 20 kg of equivalent CO2 released by the oxidation method. 
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Attached Material  
 

Training Courses 

1. Agouron Advanced Geobiology Field School  

 

 

 

2. 26 – 27 November 2019 –Training of INSPIRE software package (Amnis Corp.) for Imaging 

Cytofluorimeter FlowSight®  
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3. Small Private Online Course ‘Silica School: from stardust to the living world’ (2021) 60 hours of 

online coursework (held by University of Brest) 
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Involvement in Third Mission actions 

Elaboration of the idea of an informative video on risk communication entitled “Dove comincia il 

mare?”. Progetto Regionale PANDORA “AggregAzione 3a edizione”. 
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Period spent abroad 

Assemble Transnational Access at Ghent University and Flanders Marine Institute, Belgium 

Project Leader of Grant 730984, Assemble Plus 3rd call  
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Contributions to conferences 

1. 12 November 2021 – Catania - Riunione Scientifica annuale del Gruppo di lavoro per l’Algologia della 

società botanica italiana 

Oral presentation entitled “Luce e Silicizzazione: la luce è coinvolta nella deposizione di Si nel frustulo e 

nella capacità di affondamento di diatomee con diversa morfologia?” 

2. 12 – 15 October 2021 – SILICAMICS 3 – Biogeochemistry and genomics of silicifications and silicifiers  

Oral presentation entitled:” Light and Silicification: is light affecting Si deposition and sinking capacity in 

morphologically different diatoms?” 

Contribution to the oral presentation entitled “The potential role of Si decline in diatoms radiation: 

physiological response of morphologically different diatoms to reconstructed paleoenvironments” 
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3. 12 – 14 July 2021 – Molecular life of diatoms 

E-poster entitled: “The evolution of morphology in diatoms: assessment of grazing pressure in long-term speciation” 

4. 29 – 30 April 2021 – XVII PhD day of CIRCC (interuniversity consortium of chemical reactivity and catalysis)  

Oral presentation entitled: “Biosilica from diatoms: factors influencing Si deposition in frustules” 
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5. 22 – 26 March 2021 – International Phycological Congress  

Oral presentation entitled: “The evolution of morphology in diatoms: assessment of selective pressure that have shaped their long-term speciation”. 
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Conferences attended 
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Publications on international journals 
 

1. Petrucciani A., Chaerle P., Norici A. (2022) " Diatoms versus copepods: could frustule traits 

have a role in avoiding predation?" Frontiers in Marine Science 

(doi.org/10.3389/fmars.2021.804960) 

 
2. Petrucciani A., Knoll A. H., Norici A. (in revision) " Si decline and diatom evolution: insights 

from physiological experiments”, Invited contribution to Biogeochemistry and Genomics of 

Silicification and Silicifiers, Frontiers in Marine Science, Marine Biogeochemistry. 
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Teaching 
1. 2018 – 2021: Tutor in Plant Physiology (Bachelor course) and Algal Ecophysiology (Master 

course 

Università Politecnica delle Marche - Dipartimento di Scienze della Vita e dell'Ambiente, Ancona 

(Italy) 

2. 2020 – 2021: Co-supervisor of Master Student thesis in Marine Biology 

Università Politecnica delle Marche - Dipartimento di Scienze della Vita e dell'Ambiente, Ancona 

(Italy). Thesis entitled “Microalgal Communication” 
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