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Definition

Diatoms are unicellular or colonial photoautotrophic microalgae, eukaryotic organisms
classified as protists of the group of the Bacillariophyta. They are characterized by the
unique feature of possessing a cell wall made of silica. Diatoms form an extremely diverse
and evolutionarily successful group. They are found in all marine and freshwater habitats
and in moist terrestrial habitats, being the most diverse group of algae, the number of
species being estimated to reach between 100,000 (Mann and Vanormelingen 2013) and
200,000 (Armbrust 2009). Diatoms have an enormous ecological importance, contributing to
20-25% of the Earth’s global primary production (Field et al. 1998; Sarthou et al. 2005). Their
photosynthetic activity accounts for 40% of the marine primary production, being comparable
to the total amount fixed by all the terrestrial rain forest combined (Armbrust 2009). However,
their critical role in the functioning and biodiversity of oceanic and coastal zones, while
representing a major carbon sink and supporting important marine food webs, is threatened

by ongoing climate change, namely by ocean acidification and eutrophication.

Synonyms (optional)



Introduction. Diatoms are unicellular or colonial photoautotrophic microalgae.
Diatom cells vary between a wide range of sizes, from 5 ym to above 1 mm in diameter or
length (Sabater 2009). They are most commonly found as single cells, but can form
colonies, living in suspension in the water column or attached to substrata. Diatoms are
found in all marine and freshwater habitats and in moist terrestrial habitats, covering extreme
environments like sea ice (Arrigo 2014) or deep marine sediments well below the photic
zone of the ocean (Cahoon et al. 1994). Diatoms are a major constituent of the
phytoplankton in oceanic and coastal waters, where they often dominate over other groups
of microalgae or cyanobacteria (Armbrust 2009). They are typically the dominant group in

the microphytobenthos, the highly productive biofilm-forming communities of microalgae and

cyanobacteria that colonize intertidal flats or shallow subtidal sediments (Underwood and
Kromkamp 1999). Their ubiquity in virtually all marine habitats (Mock and Medlin 2012) and
ability to strive in extreme habitats, such as polar systems (Lyon and Mock 2014) or under
prolonged darkness (Frankenbach et al. 2019; Kennedy et al. 2019), is believed to be based
on their unique physiological and metabolic features (Wilhelm et al. 2006; Gruber and Kroth
2017).

The siliceous cell wall. The most distinctive feature of diatoms is the presence of a
silicified cell wall (‘frustule’) made of two identical pieces (‘valves’), which gave origin to the
name of the group (from the greek word ‘diatomos’, meaning ‘cut in half’). The two pieces
overlap each other like the parts of a Petri dish, with a larger one (‘epitheca’) partially
enclosing a smaller one (‘hypotheca’). Because the valves do not increase in size after being
formed, cell division implies the formation of new, smaller valves within the ones of the
parental cell, causing a gradual reduction in cell size over several generations (De Tommasi
et al. 2017). Original cell size is restored through sexual reproduction, by the production of
diploid zygotes called auxospores (Davidovich et al. 2015).

The siliceous cell wall has been thought to be a major factor explaining the adaptive
success of diatom, as it confers multiple advantages, such as the following (Pickett-Heaps
2003): i) although rigid and impermeable, it is transparent and porous, allowing light
penetration and the diffusion of carbon and nutrients, thus permitting photosynthesis; ii) silica
is an abundant element, that is available from sand and suspended silt, and only in
oligotrophic waters limits diatom growth; iii) the uptake and precipitation of silica is efficient,
being energetically cheaper than and equivalent organic wall.

Diatom cell walls are rich in complex and intricated ornamentation that result from the
deposition of siliceous material in regular patterns. Due to its enormous intricacy and
diversity, the morphology of the frustule has been the basis for traditional diatom taxonomy
and classification since the first microscopy observations (Round et al. 1990). The advent of
scanning electron microscopy, revealing with finer detail the ornamentation of the cell wall,



caused an increase in the number of diatom taxa, as compared to the previously described
on the basis of light microscopy observations (Round et al. 1990). However, phenotypical
changes in the frustule morphology may occur as responses to varying environmental
conditions, affecting their taxonomical value. Recent approaches based on molecular
sequence data are contributing to improved phylogenetic-based taxonomical classifications
(Sims et al. 2006).

Diversity and evolution. Diatoms are an extremely diverse and evolutionarily
successful group. They appeared between 190 and 250 million years ago, depending if the
estimates are based on the fossil record or on molecular-clocks (Benoiston et al. 2017).
Diatoms are the most diverse group of algae, the number of existent species being
estimated to reach above 100,000 (Mann and Vanormelingen 2013) and even up to 200,000
(Armbrust 2009). Diatoms are eukaryotic organisms, classified as protists of the group of the
Bacillariophyta. Despite long and intensive research, the phylogeny and classification of the
group is still under debate (Yu et al. 2018). Diatoms have evolved through two successive
endosymbiotic events from which originate both their secondary plastid (Dorrell and Bowler
2017) and chimeric genome harboring a unique mix of bacterial, algal and animal-like
features (Tirichine et al. 2017). The diatom plastid is thought to derive from red algae,
originally suggested by the conservation of chlorophyll ¢ and a plastid four membrane-bound
ultrastructure, and later supported by plastid gene trees (Dorrell and Bowler 2017).

There are two main groups of diatoms, the centrics and the pennates, which differ
markedly regarding key cytological, biological and ecological aspects, that include cell wall
symmetry, chloroplast number and morphology, sexual reproduction and motility (Pickett-
Heaps 2003). The most obvious difference between the two groups is cell wall symmetry.
Many centric cells show radially symmetrical valves, with radially organized patterns in valve
ornamentation (Fig. 1A). Pennate species, while showing a large variety of forms and
ornamentation complexity, typically show a well-defined main axis conferring a clearly non-
radial symmetry (Fig. 1B). Another major morphological difference regards chloroplasts, with
the centrics having a large number of small chloroplasts, and the pennates often possessing
one or two large chloroplasts per cell (Fig. 2A, B). Centric diatoms are typically planktonic,
often dominating the phytoplankton, especially in turbulent, nutrient-rich marine waters
(Malviya et al. 2016). Pennate diatoms are predominantly benthic, dominating the

microphytobenthos, the biofilm-forming communities that colonize intertidal and well-lit

subtidal sediments (Underwood and Kromkamp 1999), and sea-ice habitats (Poulin et al.
2011).

These differences in habitat preference between centrics and pennates seem to be
associated with the evolution of directed motility in the presently larger group of pennate
diatoms, the raphid pennates, enabled by the development of the ‘raphe’, a longitudinal thin



and long slit through the surface of the valve (Nakov et al. 2018). However, not all pennates
possess a raphe, for which reason the pennates are further separated between the araphids
(without raphe) and the raphids (with raphe).

Motility in pennate diatoms. The raphe and associated cell motility are relatively
recent traits in diatom evolution, having appeared during the Palaeocene, ca. 30 million
years ago (Armbrust 2009). Their appearance is hypothesized to have conferred an adaptive
advantage to colonize new niches including the sedimentary microenvironment, due to an
improved efficiency in fast responding to environmental gradients (light, nutrients) and
exploiting habitat heterogeneity (Cohn et al. 2015; Nakov et al. 2018). The evolution of
motility is thought to be a primary driver of diatom diversification, explaining the rapid and
large expansion of raphid pennate species, which are currently the most numerous group of
diatoms (Kooistra et al. 2007).

The most common form of motility in pennate diatoms is known as ‘gliding’,
consisting in directed cell movement, typically along the direction parallel to the longitudinal
axis of the cell, and when the cell is in close contact with hard surfaces (Edgar and Pickett-
Heaps 1984). Directed motility, for example towards a stimulus, is achieved by varying the
time between the reversal of direction, causing forward progression when the movement in
the direction of the stimulus lasts longer than away from it (Cohn et al. 2004; Apoya-Horton
et al. 2006). Diatom gliding is a complex process, involving the extrusion of adhesive,
mugcilaginous extracellular polymeric substances (EPS) through the raphe. According to the
widely accepted model proposed by Edgar and Pickett-Heaps (Consalvey et al. 2004; Molino
and Wetherbee 2008), diatom gliding is based on an actin-myosin mechanism, resulting in
the transient attachment of the cell to the substratum while moving. Actin filaments run the
length of the raphe in the cytoplasm immediately adjacent to the cell membrane and allows
the cell to attach and to glide over of the substratum (Poulsen et al. 1999).

Ecology. Diatoms have an enormous ecological importance. Through their
photosynthetic activity, the group contributes to a massive 20-25% of the Earth’s global
primary production, carbon fixation and oxygen release into the atmosphere (Field et al.
1998; Sarthou et al. 2005). The amount of carbon fixed by diatoms’ photosynthesis per year
represents 40% of total marine primary production, being equivalent to the total amount fixed
by all the terrestrial rain forest combined (Armbrust 2009). Diatom productivity is thus a key
source of carbon for marine, coastal and estuarine trophic webs, supporting a range of
animal populations, from small crustacean to commercially-valuable fishes, seabirds and
marine mammals (Benoiston et al. 2017). Because of the heavy siliceous frustule, planktonic
diatoms tend to sink through the water column, carrying organic carbon to the deep zones of

the ocean. There, it is used as food for deep-sea organisms, remineralized back to COx,



fueling the ocean’s carbon pump, or converted to carbonates and incorporated in deep
sediments (Tréguer et al. 2018).

The vertical migration of large centric diatoms along the water column represents a
form of ‘nutrient mining’, through which substantial amounts of nutrients are transported
upwards across the nutricline, replenishing the otherwise nutrient-depleted photic layer and
contributing to new production (Singler and Villareal 2005). Vertical migration also causes
that the photosynthetically-fixed carbon near the ocean surface is transported downwards
and respired at sub-photic layers. These processes have a large impact on the vertical
fluxes of nitrogen (and other nutrients like phosphorous), and have been estimated to
contribute to more than one quarter of the ocean surface nitrate pool (Singler and Villareal
2005). The vertical migration of centric diatoms is widespread, and has major
biogeochemical consequences, calling for the reassessment of the role of motility in marine
phytoplankton and of the predicted implications of global warming on changes in
phytoplankton diversity (Villareal et al. 2014).

Diatoms also strongly influence the carbon cycling in benthic sedimentary habitats.
Diatom gliding causes the excretion from the raphe of large amounts of carbon-rich mucilage
formed by extracellular polymeric substances (EPS) (Pickett-Heaps 2003) which represent a
major source of organic carbon fueling the growth of heterotrophic bacteria and their
remineralization activity (Bohorquez et al. 2017). A similar high excretion of EPS has been
reported for sea-ice diatoms (Underwood et al. 2013). The critical role of diatoms in the
global carbon cycle makes them major players, as well as sentinels of environmental
disturbances, in the context of global change scenarios (Raven 2017).

Due to their abundance in planktonic and benthic habitats, and to the strict
dependence of silicic acid for forming their cell walls, diatoms are main drivers of the silicate
cycle at the global scale (Tréguer and De La Rocha 2013). In the ocean, diatoms are a
major sink of silica, ultimately causing the accumulation on the sea floor of massive deposits
of cell walls from dead cells, called ‘diatomaceous earth’ or ‘diatomite’. On the other hand,
the availability of dissolved silicic acid is often a limiting factor of diatom growth, determining
the productivity and species composition of phytoplankton communities (Tréguer and De La
Rocha 2013). On estuarine tidal flats and subtidal sediments, diatom-dominated
microphytobenthic biofilms also strongly affect the fluxes of silica across the sediment-water
interface, influencing the silica concentrations in the water column (Ni Longphuirt et al. 2009;
Bondoc et al. 2016a; Welsby et al. 2016).

Reasons for success. Several factors seem to contribute to the success of diatoms,
including specific subcellular light energy distribution and allocation patterns of carbon into
macromolecules (Dorrell and Bowler 2017; Wagner et al. 2017). In comparison with other
photoautotrophs, diatoms appear as particularly efficient in coping with high and/or



fluctuating solar light intensities (Ruban et al. 2004; Wilhelm et al. 2006), which are a major
cause of photoinhibition, the light-induced damage to the photosynthetic apparatus, in many
situations a main limitation of microalgae productivity (Raven 2011). This ability has been
attributed to the efficient operation of energy-dissipation photoprotective processes of
diatoms, allowing withstanding the high light levels and rapid fluctuations in light exposure
occurring in the turbulent upper layers of the ocean’s photic zone (Lavaud and Goss 2014).
Diatoms are known to be highly efficient for thermal dissipation of excess absorbed energy
(Buck et al. 2019). One of the main mechanisms underlying this capacity for thermal
dissipation is the so-called xanthophyll cycle, a biochemical process consisting in the
reversible conversion of photosynthetic pigment under high light conditions (Goss and
Lepetit 2015). Unlike land plants, in diatoms and other microalgae group, the xanthophyll
cycle involves the conversion of the pigment diadinoxanthin into the energy-dissipating form
diatoxanthin (Lavaud et al. 2002).

Cell motility also plays a role in enhancing productivity, by allowing cells to actively
exploit spatial heterogeneities in the resource distribution. Planktonic centric species can
regulate their buoyancy and move vertically in the water column, between the surficial
nutrient-poor photic zone and the nutrient-rich deeper layers (Villareal et al. 1999).

This capacity to move vertically in the water column has been thought to represent an
adaptation to living in stratified waters, typical of warm, oligotrophic regions (Kemp and
Villareal 2013). Vertical migration confers these cells the capability for obtaining nutrients
from sub-euphotic layers and for photosynthetizing in well-lit conditions, and for avoiding
direct competition with much more abundant, non-migratory smaller phytoplankton,
overcoming the disadvantages of their larger size (Villareal et al. 2014).

In the benthos, directed vertical migration by pennate diatoms appears to have an
even more important significance in terms of exploiting environmental heterogeneity.
Directed motility allows benthic diatoms to respond behaviorally to a wide array of abiotic
and biotic factors and cues, such as visible light (intensity and spectrum) (Cohn et al. 1999),
ultra-violet radiation (Waring et al. 2007), gravity (Frankenbach et al. 2014), temperature
(Cohn et al. 2003), salinity (Sauer et al. 2002), desiccation (Coelho et al. 2009), pH (Cohn
and Disparti 1994), chemical gradients (Bondoc et al. 2016a), or pheromones (Bondoc et al.
2016b). Responses to intensity and spectral composition of light are amongst the most
important for diatoms, as they not only directly determine photosynthetic rates and growth,
but also photodamage and possibly cell death (Serddio et al. 2006). The motility response of
pennate diatoms to changes in light intensity is characterized by the avoidance of both
darkness and low light and of very high light intensities, and the preference of intermediate
irradiance levels (Serddio et al. 2006). Furthermore, due to the comparable scales of spatial

variability of resources like light or nutrients, the diatom cell size and the distances covered



through gliding, motile diatoms are able to rapidly move towards regions with more favorable
light, carbon or nutrient conditions within the sedimentary microhabitat (Cohn et al. 2015;
Bondoc et al. 2016a) or to avoid unfavorable conditions such as photoinhibitory irradiances
(Serbddio et al. 2006), or predators (Kingston 1999). Vertical movement by raphid diatoms is
partially endogenously controlled, exhibiting a self-sustained rhythm synchronized with
environmental day-night and tidal cycles (Consalvey et al. 2004). This allows the cells to
anticipate environmental periodicity, such as main periodic events including sunrise or
sunset, and tidal ebb or flood (Coelho et al. 2011).

Diatoms also have the ability to survive for prolonged periods in continuous
darkness, often while buried in anoxic sediments, and to regain photosynthetic activity and
carbon fixation upon exposure to favorable surface conditions (Wasmund 1989;
Frankenbach et al. 2019). Survival in darkness or while buried has been documented for
deep sea sediments (Wasmund 1989; Cahoon et al. 1994) and Antarctic sediments (Wulff et
al. 2008). This is enabled by the capacity to live heterotrophically, based on organic energy
sources (Lewin 1953; Tuchman et al. 2006),or by the formation of morphological unchanged
resting cells (Jewson et al. 2006) or spores (Sugie and Kuma 2008). Facultative
heterotrophy of diatoms seems more common among pennate, benthic forms (Lewin and
Hellebust, 1970; Rivkin and Putt, 1987), it was shown to also occur in centric diatoms (Kamp
et al., 2013; White, 1974). A similar ability to survive the winter polar night prolonged
darkness and rapid reactivation of photosynthetic activity has been reported in polar diatoms
(Kvernvik et al. 2018; Kennedy et al. 2019).

Applications. Diatoms have been used for a variety of applications. The inert nature
and long-lasting durability of the diatom silica wall makes it possible to use the deposits of
frustules from dead cells (known as diatomite) for industrial and commercial purposes, or for
geological and paleontological analysis of aquatic sediment (Miettinen 2018). More recently,
diatoms have been proposed as valuable sources of bioactive compounds (Lopez et al.
2005) as well of lipids and biofuels, due to their high lipid content, as an alternative to plants
or green algae (Ramachandra et al. 2009; Hess et al. 2018). The ability to build complex
three-dimensional frustules with light-interacting properties has raised considerable interest
in the fields of nanotechnology and nanophotonics (Ellegaard et al., 2016; Ragni et al.,
2017).

Addressing SDG14. Since its earliest forms, Sustainable Development Goal 14
(Conserve and sustainably use the oceans, seas and marine resources for sustainable
development) has identified the minimization of ocean acidification due to climate change
and of nutrient pollution and eutrophication as key targets (targets 14.1 and 14.3,
respectively). Diatoms display a critical role in the functioning and biodiversity of oceanic and

coastal zones. Their photosynthetic activity represents a major carbon sink, and their



productivity supports important marine food webs around the globe. However, to what extent
wthese processes will be impacted by climate change, ocean acidification and
eutrophication, or, on the other hand, may contribute to ameliorate the expected negative
impacts (e.g. rising atmospheric CO,) clearly requires more study. Efforts should thus be
directed towards understanding the impacts of ocean acidification and eutrophication,
among other processes, on diatom biology and ecology, in line with specifically DSG14
target 14.A (Increase scientific knowledge, develop research capacity and transfer marine
technology).
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Figures

Fig. 1. A, C. Scanning electron micrographs of frustrules of a centric (Thalassiosira angulata;
A) and a pennate diatom (Navicula phyllepta; C). B, D. Optical microscopy photographs of a
centric (Coscinodiscus granii; B) and a pennate diatom (Nitzchia sigma; D), showing the
differences in chloroplast number and size. A, courtesy of James M. Ehrman, Digital
Microscopy Facility, Mount Allison University. B, courtesy of NCC - Benoit Tesson,

Université de Nantes. D, courtesy of NCC-Pierre Gaudin, Université de Nantes.




