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Abstract: Benthic pennate diatoms are found in a wide variety of marine, freshwater and
terrestrial environments. The majority of species produce extracellular polymeric substances
(EPS, primarily polysaccharides) that coat the outside of the cell, form complex external
structures such as stalks and tubes, biofilm matrices, and are involved in gliding motility.
Diatom EPS is a significant carbon source in aquatic food webs, influencing, and being
influenced by, closely-associated heterotrophic bacterial assemblages. Diatoms produce
many different forms of EPS, varying in chemistry, properties and rates of production. EPS
production is linked to photosynthesis, but diatoms can also produce EPS in darkness,
utilising the storage product chrysolaminarin as a source of glucose. Environmental factors,
cell growth rates and nutrient stoichiometry all influence EPS production and composition,
but the mechanisms by which diatoms regulate and alter their EPS production pathways are
not known. Reprogramming of metabolic pathways involved in carbohydrate synthesis,
determined by RNA transcriptomics, results in changed EPS composition and production in
response to environmental cues in some benthic diatoms. Some key enzymes involved in
carbohydrate cycling and EPS synthesis have been identified, but the molecular machinery
for polysaccharide assembly and intracellular translocation is not understood in detail.
Rhythms of diatom behaviour in responses to light intensity, circadian controls and stress-
responses are linked to EPS production, but the controlling mechanisms and metabolic
pathways and feedbacks are not known. The development of molecular biology approaches
are providing tools that will enable researchers to understand how diatoms regulate the
production of a range of complex EPS types, the production of which are fundamental to life

of benthic diatoms.
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1.1 Ubiquity and ecological function of EPS production in diatoms

Almost all diatoms produce a diverse range of extracellular polymeric substances (EPS)
consisting of polysaccharides with additional constituents such as uronic acids, sulphated
sugars, amino-sugars and proteins [1.1] [1.5] [1.11] [1.25] [1.56] [1.103] [1.104] [1.127]
[1.27]. Production of polysaccharide-rich EPS is ubiquitous by microorganisms in many
environments; water, sediments, benign and pathogenic biofilms [1.37] [1.117], where EPS
play important roles in cell adhesion, cell signalling, ligand binding, cell protection against
resuspension and desiccation, and as a carbon source [1.51] [1.52] [1.120] [1.124]. This
chapter is focussed on EPS production by benthic diatoms, predominantly pennate diatom
taxa that live either in sediments or on surfaces, within an environment of secreted
polysaccharides that provides a matrix forming a biofilm. Production of EPS is a
characteristic feature of the diatoms that are dominant in autotrophic marine biofilms [1.15]
[1.27] [1.87] [1.88] [1.104] [1.111] [1.120] [1.127], microbial mats and microbialites [1.114]
[1.106] [1.124], and in sea ice microbial assemblages [1.8] [1.10] [1.11] [1.65] [1.69] [1.102]
[1.125]. This chapter will review the chemical composition, properties and functions of EPS
produced by benthic diatoms, the metabolic pathways for EPS production, and species-
species interactions between diatoms and bacteria that influence the production and

properties of EPS.
1.2 Types of EPS produced by benthic diatoms

Benthic diatoms produce many types of EPS [1.127]. The production of EPS by benthic
diatom biofilms is related to cell primary production, as photosynthesis is the source of the
carbohydrate components utilised in the synthesis of polysaccharides [1.11] [1.98] [1.109] .
High rates of EPS production can correspond to high rates of photosynthesis (sometimes
referred to as the “overflow hypotheses” [1.112]), but this is not a direct (obligate) pathway,
as diatoms can produce EPS in the absence of light [1.109] [1.127] and even up to 10 day
periods of darkness [1.110] [1.123].

The complex and variable nature of polysaccharide chemical composition, molecular size
and biophysical properties, and the methodological challenges in isolating EPS components,
makes definition of specific “types” of EPS problematic [1.117]. Benthic diatom EPS
exhibits a continuum of size and solubility, determined in part by chemical composition of

the molecules concerned, with aggregation and dis-aggregation between dissolved and



particulate forms influenced by factors such as salinity and ionic composition [1.35] [1.130].
Various fractionation processes based on concepts of molecular size and solubility have been
used to isolate different diatom EPS fractions, with terms such as dissolved, soluble,
colloidal, loose, bound, capsular, structural, being applied [1.1] [1.8] [1.9] [1.14] [1.138]
[1.125]. In addition to extraction approaches, differential labelling and staining techniques
[1.1] [1.71] [1.73] [1.135] [1.139], and tools such as atomic force microscopy (AFM), are
used to characterise different forms of EPS [1.39] [1.55] [1.89] [1.104] [1.135] have been
applied. The appropriateness of different methodological approaches is often constrained by
the nature of the investigation (field-based, laboratory, mixed or single species, ecological,
physiological or chemical focus, different laboratory foci). Each of these methodological
approaches reveals different characteristics of EPS molecules, and a combination of
approaches therefore provides a useful overview of the role of EPS in the physiology and

ecology of the diatom species concerned.
1.2.1 Solubility and molecular size characterisation of different EPS

A single molecule of glucose (monosaccharide) has a molecular weight of approximately
180 daltons, but polysaccharides may consist of many thousands of constituent
monosaccharide units [1.117], with molecular weights ranging into the hundreds and
thousands of kilodaltons (kDa). Molecular size fractionation by membrane filtration allows
for the separation and purification of particular size categories of diatom EPS which have
different ecological functions, but requires sufficient sample volumes for reliable filtration.
Approximately 32% of the dissolved carbohydrate present in Arctic sea ice diatom biofilms
was retained by 8 kDa dialysis membrane filtration [1.10]. This represents a polysaccharide
of approximately 40 monosaccharide units in length, which is a small molecular size
compared to the polysaccharides (containing thousands to tens of thousands of
monosaccharides) implicated in formation of gels and structures [1.56] [1.77] [1.130]. Many
diatom EPS are clearly larger than 8 kDa in size. Size fractionation (100 kDa filter) of
colloidal EPS produced in culture by the estuarine benthic diatom Nitzschia tubicola found
that 60% of the extracted colloidal EPS consisted of polymers larger than 100 kDa. The most
abundant monosaccharides were glucose, rhamnose, galactose, and mannose, collectively
contributing 77% of the monosaccharide content [1.120]. The greatest increases in
concentrations over the course of a tidal emersion period on mudflats were found in the >100

kDa and <10 kDa size classes of EPS fractions, with glucose content substantially increasing



after a period of emersion in four different EPS size classes (>100, 100-50, 50-10, <10 kDa
size classes) [1.32]. Differential molecular size filtration has also been used to isolate
different components of sea ice dissolved organic matter and EPS; a high molecular weight
(HMW) dissolved organic carbon (DOM) fraction (rich in diatom EPS) retained on a 100
kDa filter; and a lower molecular weight (LMW) EPS-rich DOM fraction retained between
10 kDa and 100 kDa filters, which differed in chemical composition [1.126]. These HMW
and LMW diatom-derived EPS fractions were preferentially utilised by a subset of sea ice
bacterial taxa, resulting in a changed community composition [1.126]. Studies on the EPS
trails deposited by moving cells of Amphora coffeaeformis (current accepted name,
Halamphora coffeaeformis (C. Agardh) Levkov 2009) found two different size groups of

adhesive proteins, one >250 kDa and a second, less than 30 KDa, in molecular size.[1.71].

Sequential extractions using different extraction media have been used to isolate different
EPS fractions from benthic diatoms, both in culture and in natural, mixed field samples [1.14]
[1.56] [1.86] [1.87] [1.88] [1.99] [1.100] [1.105] [1.113] [1.138] [1.127]. A frequently-used
approach is to extract the soluble (colloidal) polysaccharides (“colloidal EPS”, also
sometimes termed ““dissolved EPS”, but probably incorrectly, as EPS may not technically be
“dissolved” but present as colloids [1.130]) present as extracellular EPS in the media or
environmental sample (using water or saline extractions). Some of this material is truly
dissolved, and also includes mono- and oligosaccharide carbohydrates and other organic
fractions, as well as EPS [1.127]. This is followed by a hot water extraction (HW), that
primarily solubilises intracellular polysaccharide storage compounds (chrysolaminarin in
diatoms [1.26] [1.70]), though potentially including EPS from any extracellular or loosely-
bound matrix, followed by extractions in hot bicarbonate solution (HB), which solubilises
capsular, stalk and other tightly-bound (or structurally complex) EPS. A final hot alkali
extraction (HA) dissolves the silica diatom frustules and liberates EPS that are closely
associated with the silica frustule [1.1] [1.14] [1.140]. Other approaches have used either an
EDTA or Dowex resin extraction phase to isolate bound EPS [1.86] [1.99] [1.105] [1.111].

It is very important to understand that all these fractions are operationally defined by the
extraction protocol used, and within each fraction a number of different EPS components
may be present [1.123]. The solubility of polysaccharides is dependant on the chemical
structure of the polysaccharide, but also on chemical (salinity, pH, ionic composition) and
physical (temperature) conditions [1.130]. Diatoms also change the composition of the EPS



they produced, depending on their physiological state, or in response to environmental cues
(see Section 1.3). This means it is not possible to (a) identify specific cut off boundaries
between one “fraction” and another, and (b) compare different extraction approaches, unless
they have been carried out on the sample material. However, it is clear that there is a gradient
of solubilities across the spectrum of EPS produced by diatoms, and increasing the
temperature or chemistry of extraction approaches (e.g. bicarbonate, EDTA, other chelators
etc.) will solubilise the more structural or “bound” EPS from cultures or field material
[1.119]. While there is potentially significant overlap in the fractions thus obtained, these
sequential extractions do contain component elements that have significant differences in
chemical compositions and turnover times (e.g. identified using **C and *3C labelling [1.15]
[1.88] [1.109]), and different ecological dynamics under field situations [1.10] [1.96] [1.100]
[1.105] [1.120]. Itis important to characterise the system being studied using a variety of
techniques, and limit the number of changes of approach within a programme of research to

allow for intercomparisons.

The dissolved polysaccharides in aqueous solutions (termed colloidal EPS) are
routinely precipitated in 70% (v.v) alcohol-water solution at 4 °C for 24 h [1.35] [1.126]
[1.8] [1.10]. Reducing or increasing the proportion of alcohol used in this precipitation
approach can isolate “less water-soluble”, or “more water-soluble” polysaccharides
respectively, and this reveals that there can be several solubility-defined different EPS
present within a colloidal EPS extract. Cylindrotheca closterium produces a range of
different EPS within the colloidal fraction, with the EPS precipitated at 20% and 40% v/v
ethanol having differing monsaccharide and uronic acid composition profiles, compared to
EPS precipitated at 60% and 80% alcohol [1.123]. The production of these different EPS
components varied under nutrient-replete or nutrient-limited growth, and in light or darkness
[1.123]. The sea ice diatom Fragilariopsis cylindrus increases the production of more
complex and less-soluble EPS components (those EPS isolated by precipitation in 30% v/v
alcohol) when exposed to salinity stress compared to controls at normal polar seawater
conditions [1.11].

1.2.2 Chemical composition and structures of EPS

It is well established that for many benthic diatom species, the chemical composition

of EPS produced during the active growth phase differs to that of EPS produced in nutrient-



limited stationary phase [1.1] [1.8] [1.110] [1.123] [1.127]. Rheological properties of
polysaccharides (influencing gel formation) are dependent on physico-chemical, structural
(chain length, branching patterns) and environmental conditions [1.24] [1.34] [1.119] [1.130].
Altered chemical composition and different branching patterns and side groups change the
properties of the EPS. In the sea ice biofilm diatoms Fragilariopsis cylindrus and F. curta,
yields of colloidal carbohydrates (which also had a reduced glucose content) declined as cells
entered stationary phase, while the content of structural monosaccharide components (xylose,
mannose) increased; changes that could contribute to increase the gelling properties of
Fragilariopsis polysaccharides in brine channels [1.8] [1.68]. The sea ice diatom
Synedropsis sp. increased the glucose and galactose content of colloidal polysaccharides
produced in stationary phase (components low in gelling potential, [1.141] [1.45]) and
decreased the mannose content. Synedropsis sp. produced high yields of extracellular
dissolved carbohydrates compared to Fragilariopsis species, but only 20% of this material
were polysaccharides greater in size than 8 kDa. The colloidal polysaccharides of
Synedropsis sp. were mainly highly soluble EPS (precipitating in 50 to 70% alcohol) and
non-EPS carbohydrates. This contrasted to the high proportion of high molecular weight EPS
in the Fragilariopsis species; adaptations that are probably related to the different ecologies
of these three species within the sea ice environment [1.8]. Stauroneis amphyioxys produces
charged and sulphated heteropolysaccharides which change in composition between
exponential growth and stationary phase conditions [1.79]. Fragilariopsis curta produces
colloidal carbohydrates with a high proportion of amino sugars [1.8]. Amino sugars
(constituents of the chitin spines of many centric diatoms) have rarely been detected in the
soluble EPS from pennate diatom species [1.25], though gene expression for chitin synthase
was upregulated in F. cylindrus under conditions of high salinity (salinity 52) and low
temperatures (- 8 °C) [1.11], and similar genes are present in Phaeodactylum [1.140]. Amino
sugars have been detected in soluble polysaccharides produced by bacteria [1.84] [1.95] and
fungi [1.107].

Hot-water (HW) extracts from diatoms cultures and field samples are dominated by
glucose, present mainly as R-1,3 linked glucan (chrysolaminarin), the major storage
carbohydrate for many diatom species [1.127] [1.123] [1.26] [1.70] [1.8] [1.60]. Other
monosaccharides mainly galactose, mannose, xylose and rhamnose can be detected in HW
fractions. These sugars probably have an extracellular location [1.1] [1.26], co-extracted with
intracellular storage compounds [1.15] [1.125], as there are no reports of large quantities of



any intracellular carbohydrate polymers other than chrysolaminarin in diatoms [1.60] [1.70].
Declines in yield and in glucose content of HW carbohydrate fractions are associated with
lower rates of photosynthesis [1.15] [1.33] [1.50], and occur when the cells entered stationary
phase. Declines in glucan-chrysolaminarin concentrations have also been found in natural

Antarctic sea ice assemblages during nutrient limitation [1.78].

Conducting hot-bicarbonate extractions (HB) on cell pellets or environmental samples
after extraction of the colloidal and HW fractions, solubilises complex EPS structures
(mucilage pads, stalks, cell coatings etc. [1.14] [1.138], including more recalcitrant gel
material termed transparent exopolymer particles (TEP) [1.36]. HB-extracted EPS generally
has an increased content of the monosaccharides mannose, rhamnose, fucose, xylose and
arabinose, consistent with the structural role these monosaccharide moieties can play in EPS
[1.8] [1.75] [1.141]. Fragilariopsis cylindrus, F. curta and Synedropsis sp., produce
heterogenous monosaccharide profiles in HB-extracted mucilages, dominated by xylose,
mannose and galactose, similar to the HB fractions of other benthic diatom species [1.1]
[1.25] [1.27] [1.78] [1.79] [1.123]. HB-extracted EPS forms mucilage pads, stalks and gels,
that stain strongly with alcian blue in culture [1.1] [1.138], indicating a mainly acidic
polysaccharide content [1.41] and probably represent much of the particulate EPS, TEP and
‘mucilage sheets’ observed in other culture and field studies [1.2] [1.36] [1.65] [1.69] [1.79].

The hot alkali extraction approach (HA) dissolves the silica frustules of diatoms and
liberates the polysaccharides intimately associated with the frustule [1.27]. This includes the
diatotepum layer on the inner surface of the frustule, and polysaccharides and proteoglycans
within the silica matrix [1.49]. Substituted mannans with high concentrations of uronic acids
(glucuronomannans) are the most abundant polysaccharides extracted with hot alkali [1.1]
[1.27] [1.79] [1.138], and are present in the thin organic casing attached to the siliceous wall
[1.131]. Culture studies of various diatom species have found the HA- EPS fraction of
diatom cultures to be highly enriched with mannose (often glucuronomannan composites)
[1.8] [1.27] [1.138], and similar mannose-rich profiles are found in sea ice HA —extracted
carbohydrate environmental samples [1.10] and HA-extracts from sediment biofilms [1.15].
Although these EPS are frustule-associated and are therefore presumably deposited as
frustules are formed in the silica deposition vesicle during cell growth and division, the HA
fraction does exhibit changes in chemical composition during the shift into stationary phase,
including substantial increases in amino-sugars, particularly in Fragilariopsis cylindrus [1.8].
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The HA fraction of Phaeodactylum tricornutum also changes (with increased sulphate and
uronic acid content) during both phosphorus limitation and salinity stress [1.1]. The role that
amino sugars may play in EPS structural properties is unclear. Amino sugars are present in
diatom cell-wall associated polysaccharides [1.78] [1.40] and chitin is a main component

within the silica cell walls of Thalassiosira pseudonana [1.121].
1.3 Functions of EPS in benthic diatoms in relation to chemical composition

EPS capsules and biofilm matrices are important adaptations to protect cells from
desiccation and other stresses. This can be particularly important for cells living in intertidal
biofilms that are exposed to rapidly changing temperature and salinity conditions during
periods of tidal exposure [1.81] [1.98] [1.122] [1.124], and for diatoms living in sea ice,
where the environmental conditions within sea ice brine channels change over a period of
days and weeks during sea ice formation and maturation [1.69]. Physico-chemical properties
play a major role in determining the solubility and structural potential of EPS [1.24] [1.119]
[1.130]. Pennate diatoms and other microorganisms alter the rate of production and the
chemical composition of the different EPS secreted in response to inorganic nutrient
limitation, salinity and low temperature stress [1.1] [1.5] [1.8] [1.13] [1.31] [1.76] [1.85]
[1.92] [1.110] [1.123]. Nutrient limitation, either nitrogen or phosphorus generally increases
EPS production, both of material “colloidal” in the culture media (e.g. with Halamphora
luciae [1.31]), but also the production of stalks, e.g. in Licmophora [1.13]. There are clear
indications that multiple interacting environmental conditions result in changes in EPS
production, e.g. temperature and nutrients, temperature and salinity, light and salinity [1.8]
[1.10] [1.13] [1.67]. This adds further complexity in understanding which cues diatoms
detect in order to switch their EPS production pathways in response.

The benefits to a diatom cell of altering the composition and properties of EPS include
cryo-protection, production of salinity barriers [1.67] [1.8] [1.42] and creation of localised
microclimates for cells [1.68] [1.69] [1.115]. In sea ice, EPS and dissolved carbohydrates
modify the physical structure of the ice-water matrix, altering the structure of brine channels
as seawater freezes [1.65] [1.67] [1.68] [1.69]. Increases in the mannose, rhamnose, fucose,
xylose and arabinose content of EPS increases the structural diversity of EPS [1.141] [1.8]
[1.75], affording ice crystal-influencing properties [1.67] [1.69], the formation of sticky brine
channel plugs [1.65] [1.68] and protective mucilages surrounding diatom cells [1.115]. The



solubility characteristics, and monosaccharide and uronic acid composition of dissolved EPS
and HB-extracted EPS components isolated from first year arctic sea ice [1.10] corresponds
to those properties of mucilage EPS that have been shown to affect ice crystal and brine
channel formation [1.67] [1.69].

There is now good experimental, culture, and field evidence that polar diatoms change
both the quantity and composition of their EPS due to external salinity and temperature stress
[1.8] [1.10] [1.11], which corresponds to the presence of more chemically diverse EPS
(including a higher uronic acid content) at lower temperatures and higher salinities in both
Arctic and Antarctic sea ice [1.10] [1.11] [1.125]. Temperate and tropical biofilms can also
be mucilage rich, which probably serves to protect cells from desiccation due to the water-
retaining properties of an EPS gel [1.14] [1.81] [1.112] [1.72]. Compared to sea ice diatoms
[1.8], benthic temperate-zone diatoms produce lower proportions of uronic acids within their
dissolved EPS (<5 % contribution, [1.1]), with higher proportions (10 — 25 %) in their cell
associated carbohydrate fractions [1.1] [1.103], but also increase the uronic acid content
when salinity and nutrient stressed [1.1]. Phaeodactylum tricornutum and Cylindrotheca
closterium also show similar plasticity in carbohydrate and EPS physiology, producing more
carbohydrate (especially in HB and in EDTA-extracted fraction) under altered salinity
conditions, and show altered motility, increased aggregation and altered polymer chemistry
[1.1] [1.5]. Experimental approaches using additions of complex polysaccharides (xanthan
gum) show that the presence of EPS can lower the freezing point temperature, in addition to
the impact of the diatoms and their own secretions (including ice-binding proteins and other
anti-freeze components as well as polysaccharides [1.7] [1.61]. These effects expand the
temperature ‘window” wherein media remains liquid from -8 to -12 °C and from -12 to -20 °C
in 34 and 52 salinity cultures respectively [1.8]. Growth of Cylindrotheca closterium in a
xanthan gum matrix increased cell viability (determined by SYTOX-Green staining) and
resulted in increased growth rates and increased population densities (by up to 300, 2,300 and
200% for cultures grown at salinities of 50, 70 and 90, respectively), compared to cells grown
at these salinities without the presence of additional polysaccharide matrix [1.115]. Under
acute salinity shock treatments (at salinities of 17.5, 50, 70 and 90), C. closterium in a
xanthan gum matrix maintained photosynthetic capacity, Fq'/Fm’, within 4% of pre-shock
values, whereas Fq'/Fm’ in cells grown without xanthan gum declined by up to 64% with

hypersaline shock [1.115].
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Diatom EPS production is closely related to diatom motility and behaviour, with EPS
being a component of the unique gliding motility mechanisms possessed by benthic diatoms
[1.74] [1.103] [1.104]. The actual nature of the “motility polymer”, one of the EPS types
produced by diatoms, is still debated: isolation and biochemical analysis of diatom trail
material from Amphora coffeaeformis and Craspedostauros australis found a predominance
of carbohydrates over proteins (~70:30%), with the carbohydrates dominated by uronic acids
[1.103], and also different molecular sizes of EPS within trails [1.71]. This, and other work
(e.g. AFM studies to characterise properties of individual EPS, [1.55] [1.39] [1.89] reveals
there is a protein component in “motility-EPS”, with evidence for the presence of hydrophilic
amino acids in adhesive trails [1.103]. The current stage of knowledge in this area has been

reviewed by Poulsen et al. [1.104].

An important consequence of EPS production in non-cohesive and cohesive sediments
(sands, silts, muds), particularly due to the movement of diatoms through the sediment matrix
or adhesion to multiple sand grains, is the binding of sediment particles and production of a
surface matrix of extracellular material that creates a biofilm [1.112] [1.113] [1.127]. Such
biostabilisation has important consequences for sediment geomorphology [1.58], such that
diatoms are sometimes referred to “ecosystem engineers” [1.97]. This chapter will not
address this topic, but for recent reviews of this subject, and the importance of diatom
biofilms in coastal habitats, see [1.97] [1.101] [1.124] [1.58].

1.4. Metabolic pathways of EPS production and regulation in diatoms

A series of elegant cytological, microscopic and staining studies have revealed that
the main site of synthesis of EPS in diatoms is in the Golgi, where EPS is packaged in
vesicles and translocated to the cell membrane [1.12] [[1.104] [1.134]. Photosynthesis is the
primary source of the carbohydrates and other organic constituents of diatom EPS.
Investigations of carbon flow in intact estuarine diatom biofilms, using **C-bicarbonate
[1.109] and 3C-bicarbonate [1.83] pulse-chase approaches, found that up to 60% of
photoassimilated carbon was secreted as colloidal EPS within 3 to 4 h. Cook et al. [1.30]
measured a transfer of approximately 50% of microphytobenthos (MPB)-fixed carbon to
bacteria within 24 h in experimental sandy-sediment mesocosms. Bellinger et al. [1.15]
conducted an in situ *C bicarbonate-labelling experiment and found intense *3C-isotopic
labelling, with the HW fraction (extracting storage compounds, mainly glucans) having the
largest initial labelling (3 umol C g per dry weight of biofilm) at 4 h, representing ~75%
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of the total amount of **C measured in all neutral sugar fractions. Enrichment of extracellular
colloidal and HB-soluble EPS fractions with **C followed this peak. The HW, HB and
colloidal carbohydrate fractions showed large losses in *3C content between 4 h and 12 h,
with a decline to <1 umol 3C g* dry weight biofilm after 48 h, with the HB fraction
containing ~33% of the 3C measured in the neutral saccharides at this time [1.15]. The
maximum isotopic enrichment for glycosy| residues occurred at 4 h and declined dramatically
by 12 h, while the opposite was true for xylose and other monosaccharide residues, that were
more 3C-enriched at 24 h [1.15].

Benthic diatoms continue to secrete EPS when placed in darkness [1.98] [1.109]
[1.110] with #C-labelling showing that this EPS is produced by utilising intracellular
reserves of photosynthate. Glucans (chrysolaminarin) are the major intracellular storage
carbohydrate of diatoms [1.60] [1.70] [1.90] and glucan reserves are utilized when cells are
not illuminated, with rapid catabolism of glucan by exo-(B-1,3)-D-glucanase [1.70] [1.90]
[1.129]. Using a combination of 1*C-labelling and a glucan synthase inhibitor (2,6-
Dichlorobenzonitrile (DCB)) and glucanase activity inhibitor (P-nitrophenyl b-D-
glucopyranoside (PNGP)) with the diatom Cylindrotheca closterium in the light, Underwood
et al. [1.123] showed that 200 uM DCB reduced the production rates of colloidal
carbohydrate, glucan, and EPS after 3, 6, and 8 h respectively while not affecting
photosynthesis. A concentration of 10 mM PNGP inhibited glucanase activity while having
no effect on overall photosynthesis, but resulted in accumulation of **C-glucan and reduced
14C-EPS production. Phaeodactylum tricornutum possesses a single gene encoding a
putative p-1,3-glucan synthase. In experiments using genetic mutants, when the activity of
this gene was reduced, chrysolaminarin production decreased, and photoassimilates
accumulated in lipids and soluble sugars instead [1.60]. These studies indicate that there is a
set of metabolic pathways linking photosynthetic production of sugars, intracellular storage
of chrysolaminarin, and then the production and secretion of the different EPS that diatoms
secrete. While the evidence that glucans are involved in the production of EPS, especially
during periods of darkness is clear, the compositional mismatch between the intracellular
glucan fraction (consisting of 90% glucose) and EPS produced (containing a number of other
sugars and uronic acids [1.123], and also differential *C labelling patterns in natural biofilms
[1.15], indicates that though glucose from glucan may be directly incorporated into EPS,

other sugars also need to be synthesized and incorporated.
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Little is known about patterns of gene expression and activity of enzymes involved in the
biosynthesis pathway of EPS in diatoms [1.19] [1.37] [1.49] [1.60]. Differential patterns of
gene expression are part of a set of regulatory steps, including protein abundance, enzyme
activation and presence of co-factors, that result in changes to cell metabolism and will
control EPS production ([1.48] [1.63] [1.132]. Polysaccharide production pathways are
conserved across the prokaryote and eukaryote domains [1.37] [1.82], with monosaccharides
converted to nucleotide sugars and assembled into polysaccharides by the action of
glycotransferases [1.49] [1.51]. This has allowed the main pathways of photosynthesis and
carbohydrate metabolism in diatoms to be reconstructed [1.43] [1.49] [1.70]. Aslam et al.
[1.11], in a study combining RNA transcriptomics, EPS chemistry and cell physiology,
produced the first evidence for differential gene expression linked to a pathway for EPS
synthesis in Fragilariopsis cylindrus, providing a model for the production of EPS by other
diatoms (e.g. Phaeodactylum [1.140]). Fragilariopsis cylindrus responded to external
conditions (temperature and salinity) by reprogramming gene expression in metabolic
pathways that converted the primary products of photosynthesis, and storage compounds, into
different nucleotide sugars, and changed activity of glycosyl-transferases in the Golgi. These
changes corresponded to changes in the rates of EPS production and EPS chemistry under
different conditions [1.11].

In actively growing and photosynthesising F. cylindrus, the main genes upregulated
were components of the pathways for glucose and fructose activation, and conversion to the
nucleotide sugars GDP-mannose (GDP-Man) and GDP-fructose (GDP-Fru). Glucose and
fructose are products of the pentose-phosphate pathways [1.70], and are utilised for ATP
production, storage compounds (chrysolaminarin), or activated to make other sugars and
derivatives. Induction of the enzymes Fructokinase and Mannose-6 phosphate isomerase is
indicative of activation of the fructose-mannose pathway, generating Mannose-6-Phosphate
[1.43] [1.82] which is utilised to produce the nucleotide sugars GDP-Mannose and GDP-
Fucose. These changes corresponded to the inclusion of mannose and fucose in EPS
produced in those conditions, a response to colder temperatures, altering the rheological
properties of the EPS produced to provide protective cell coatings [1.8] [1.141] [1.118].
Mannose is an important constituent of diatom EPS, particular in structural EPS [1.1] [1.25].
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Lowering temperature to -4 °C for 8 d caused a significant change in the
transcriptome of F. cylindrus, with up-regulation of phosphoglucomutase and UDP-N-
acetylglucosamine diphosphorylase, leading to UDP-Glucose, and to uronic acid precursors
(UDP-glucuronic acid and UDP-galacturonic acid), and down-regulation of many
glycosyltransferases [1.11]. Glycosyltransferases play a role in the Golgi body where
polysaccharides are constructed stepwise on the endoplasmic reticulum membranes or in the
lumen of the Golgi [1.4]. Low-temperature and salinity stresses significantly reduced diatom
photosynthesis and growth [1.11], and induction of the pathway for synthesizing UDP-N-
acetylglucosamine. This compound is used for the production of glycoproteins which
contribute to folding and adhesion properties in diatom EPS [1.135], and homologs of two
genes linked to cell adhesion molecules in P. tricornutum [1.135] were upregulated in F.
cylindrus. The strong induction of almost all glycosyltransferases encoded in the F. cylindrus
genome, and several ABC transporter and flippases under the lowest temperatures and
highest salinities, may reflect the need of the cells to produce protective EPS at this time.
Increased expression of UDP-N-acetylglucosamine transferases and alpha-N-
acetylglucosaminidases as temperatures declined and salinity increased, and high gene
expression of chitin synthase indicate potential for chitin secretion in F. cylindrus EPS.
Amino-sugars are present in all the different EPS fractions produced by F. cylindrus,
including in the HA fraction, which is closely associated with the silica frustule [1.8] but their

functional role is unclear.

The diatom Thalassiosira weisflogii also alters its transcriptome to maintain rates of
carbon metabolism and growth between salinities of 21 to 35 [1.22], and increased EPS
production in response to salinity occurs in Phaeodactylum tricornutum and Cylindrotheca
closterium [1.1] [1.5]; F. cylindrus [1.8]; and to a variable extent in T. weisfloggi [1.22].
Increased transcriptional responses of genes for chryoslaminarin degradation have been
observed in Phaeodactylum tricornutum and Thalassiosira pseudonana when under P
limitation [1.19], with this effect also associated with increased sulpholipid pathway
expression. There is further evidence for diatoms reprogramming their EPS production
pathways in response to environmental conditions. Zhang et al., [1.140] showed increased
production (using colloidal, EPS, HW, HB, and HA- EPS extractions) of intra- and
extracellular carbohydrates and EPS in Phaeodactylum tricornutum grown under higher

pCO2 conditions for over 200 generations. The carbohydrate-EPS synthesis pathway (sensu
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[1.11]) was upregulated under increased pCO: conditions, with 74.0% of the genes having
up-regulated expression profiles under high pCO: conditions, including increased expression
of pathways leading to uronic acid synthesis. These changed expression patterns correlated
with the physiological and biochemical properties of the cells [1.140]. The types of NDP-
sugar synthases differentially expressed in response to high carbon conditions in
Phaeodactylum were the same as those responding to temperature and salinity stresses in
Fragilariopsis [1.11], for example, the production of the NDP-sugars GDP-Mannose, GDP-
Fucose, UDP-Glucose, UDP-Galactose, and UDP-Glucuronic Acid, as well as genes
encoding the enzymes involved in UDP-Xylose and UDP-Arabinose. These studies suggest
that the flexibility of these metabolic pathways are key adaptations allowing diatoms to
modify the chemistry and production of different EPS fractions in response to environmental

cues.

Under natural conditions, it might be expected that there would be a rhythmicity of
gene expression within EPS-production pathways, corresponding to the behavioural rhythms
of photosynthesis and motility in benthic marine diatoms that are themselves aligned to
circadian, diurnal and tidal cycles [1.52] [1.59] [1.108] [1.124]. Gene expression in the
marine benthic diatom Seminavis robusta has been found to be strongly phased with diel or
semidiurnal cycles in culture [1.16]. Genes involved in chrysolaminarin synthesis were
phased to be most active at dawn, corresponding to patterns of daylight accumulation of
chrysolaminarin and depletion of chrysolaminarin at night. Genes putatively involved in
silica frustule biosynthesis were upregulated during the middle “night” period, which would
also require the production of the frustule-associated EPS (HA fractions). Interestingly,
many genes encoding for glycosyltransferases, sulfotransferases, sugar phosphate transporters
and fasciclin-like adhesive proteins were enriched in 12-h periods, phased to early morning,
and late evening. Bilck et al., [1.16] hypothesise that such phasing could align with the semi-
diurnal phasing of natural biofilms [1.52] [1.124] influenced by tides, though the culture
conditions prevented this from being experimentally confirmed. Comparison of gene
expression patterns in algal groups from across the Archaeplastida has found that many of the

major carbohydrate metabolism genes are rhythmically expressed to an 8 h cycle [1.44].

There are still major questions concerning the nature of the chemical, conformational and
structural changes that EPS molecules undergo when excreted into the external environment

and interact with aquatic or saline conditions [1.47] [1.71]. The EPS stalks of some diatoms,
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for example Achnanthes longipes, undergo a set of self-assembly reactions outside of the
frustule wall, resulting in the formation of a structural EPS stalk [1.56] [1.133] [1.139].
Similar reactions probably take place in the formation of all EPS structures that form outside
of the frustule. The EPS used directly in motility contains protein/ proteoglycan components,
and remains in connection via the raphe slit with the intracellular force-generation machinery
(actin-myosin) within the cell [1.71] [1.104]. These EPS molecules are eventually detached
from the cell during motility, and subsequently left as EPS trails, or exchange into the
colloidal phase as cells move through their environment [1.47] [1.71] [1.104]. Various
mechanisms to prevent EPS sticking inside the raphe slit have been proposed [1.47], but this
is an area that requires further research. Other types of EPS appear to be secreted more
generally over the frustule surface, providing a protective outer capsule (e.g. HB-extracted
EPS) to the cell [1.135] [1.138] [1.139], though the exact routes of such extracellular
secretion are not well-described, nor is it understood how these different EPS interact, or do

not interact, with each other in the external environment.

1.5. Interactions between diatoms, EPS and bacteria

EPS produced by benthic diatoms provide a carbon source for heterotrophic bacteria,
and thus contributes to sediment organic carbon biogeochemistry and also sediment nutrient
cycling (see [1.91] [1.124]). The degradation of organic matter is influenced by chemical
composition, size and reactivity, and the ability of microorganisms to synthesize extracellular
enzymes for hydrolysis of larger compounds, and to take up smaller molecules into their cells
[1.6] [1.17] [1.57]. The freshly-produced lower molecular weight exudates in diatom-
dominated assemblages (colloidal carbohydrates, colloidal EPS) are labile, and support a
particular subset of the bacterial assemblages; for example major utilizers of diatom EPS in
aerobic sediments are Alphaproteobacteria, Gammaproteobacteria and Bacteriodetes, and in
anaerobic conditions Deltaproteobacteria [1.17] [1.53] [1.57] [1.80] [1.86] [1.120] [1.126].

Diatom-derived dissolved organic carbon compounds contribute up to 50% of the
total organic matter in some sediments, though the importance of this carbon source varies in
different habitats (sandy to muddy; temperate to tropical, inter- to subtidal) [1.15] [1.30]
[1.93] [1.94] [1.101]. Benthic diatom-fixed carbon has a characteristic §**C signal allowing
tracking through food webs, and studies indicate that EPS carbon is a major contribution to
the food web of coastal sediment communities [1.28]. 2*C-carbon-EPS has been tracked into
the phospholipid fatty acids (PLFA) and RNA of various bacterial groups [1.15] [1.45] [1.83]
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[1.120]. Different bacterial groups (for example Sphingobacteria and Tenacibaculum
(Bacteroidetes), two classes of Verrucomicrobia (Verrucomicrobiae and Opitutae)) grow
preferentially on labile (colloidal) and refractory (HB-extracted) diatom EPS [1.17] [1.88]
[1.120] [1.126]. Turnover rates of these different EPS fractions vary under aerobic and
anaerobic conditions, with anaerobic conditions causing the preferential breakdown of HB-
extracted EPS, with the growth of Firmicutes and sulfate-reducing Deltaproteobacteria
(Desulfobacteraceae and Desulfobulbaceae) [1.80][1.88].

Though diatoms in culture often grow well and can even be dependent on bacteria
[1.3], the presence of bacteria can also decreases the productivity of monocultures of
common benthic diatoms (Cylindrotheca closterium, Navicula phyllepta, and Seminavis
robusta) [1.66]. This effect on overall productivity was not present for diatoms grown in co-
diatom cultures but there were species-specific effects, as each diatom species developed a
bacterial community that differed in composition. Experiments on the effect of high and low
densities of bacteria on the growth and EPS production of Halamphora coffeaeformis and
Entomoneis paludosa revealed different responses by each diatom species, with enhanced
carbohydrate concentrations (per cell) present with high bacterial abundance, but induced
lower extracellular carbon (EPS fraction) per diatom cell [1.62]. Bacteria however did not
affect E. paludosa final carbon biomass and no major change was observed in both diatoms
for cellular carbohydrates, C/N ratio, and photosynthetic pigments [1.62]. The presence of a
wide range of bacteria strains from the Alphaproteobacteria, Gammaproteobacteria,
Flavobacteriia, and Actinobacteria had either negative or neutral effects on the growth of
Cylindrotheca closterium, C. fusiformis and Seminavis robusta cultures, with the most
negative impacts produced by bacteria strains unfamiliar to the diatoms in culture [1.116].

In contrast, for diatoms that are primarily stalked or live a permanently-attached
lifestyle in periphytic biofilms, EPS production and biofilm formation by the diatoms can be
enhanced by the presence of certain bacterial taxa. Bruckner et al. [1.20] found that growth of
the freshwater diatom Cymbella microcephala was enhanced in the presence of six associated
bacterial strains and soluble polysaccharide secretion was increased in the presence of
Proteobacteria in particular. All the bacterial strains could grow in C. microcephala cultures
without the addition of organic co-substrates. Alphaproteobacteria appear to utilize cell-
bound polysaccharides as in co-cultures, the content of cell-associated carbohydrates
decreased and soluble sugars started to accumulate. A strain of Bacteroidetes strongly
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stimulated the amount of bound carbohydrate secretion by the alga, via a dissolved compound
present in the culture medium. This conclusion was further supported by experiments co-
cultivating 12 different diatom strains isolated from epilithic biofilms with 4 different taxa of
bacteria, which showed that (generally, but not exclusively) both direct presence and the
presence of spent bacterial-media (containing a putative protein signal) enhanced the
production of EPS by these diatom taxa [1.21]. Bacteria have a strong impact on the biofilm
formation of the pennate diatom Achnanthidium minutissimum [1.136] [1.73]. Capsules of
insoluble EPS, mostly consisting of carbohydrate, were produced only in the presence of
bacteria. In axenic cultures of A. minutissimum, no capsules were formed, and the cells
remained suspended in the growth media, and produced large amounts of soluble
carbohydrate. This response to move to an attached growth form was achieved even when the
diatom was treated with sterile spent media, or solid phase extracts from Dyadobacter sp. 32
(Bacteroidetes) monocultures. Similar interactions have also been found with the marine
diatom Phaeodactylum tricornutum, where a marine alphaproteobacterium, Roseovarius sp.
strain 217, induced the formation of the oval phase and strong attachment [1.23]. The
production of highly glycosylated extracellular diatom proteins involved in the adhesion of
the diatoms to surfaces was dependent on the presence of bacteria or of bacterial factors
present in spent bacterial culture supernatant [1.23]. Similar responses have also been
reported for the stalk-forming freshwater diatom Didymosphenia geminata where co-
culturing with bacteria enhanced the survival, attachment and production of stalks by the

diatom compared to axenic cultures [1.18].

The strong positive role of bacteria in inducing the formation of structures (EPS
stalks, pads) is intriguing. It has long been known that periphytic diatoms will only settle and
grow on submerged surfaces after a period of bacterial conditioning and colonisation of
surfaces [1.128]. Windler et al., [1.137] proposed that A. minutissimum capsules might be
part of a mutualistic relationship between the diatom and its associated bacteria, with diatom
cells surrounded by a bacteria-free capsular space, colonised on its surface by a layer of
densely aggregated bacteria cells [1.136]. There appears to be a strong synergy between
bacteria and EPS stalk production in some diatom taxa (not for all species: the marine diatom,
Achnanthes longipes produces stalks in axenic conditions) [1.133] [1.139]. The research on
epilithic biofilms (op.cit) demonstrates that bacteria have the potential to influence diatom
growth, EPS secretion, and biofilm formation, through the involvement of a chemical signal,

with the diatoms being the source of the organic matter necessary for bacterial growth. The
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genome of one of the bacteria involved in these interactions, Dyadobacter, possesses a set of
genes enabling it to utilise diatom carbohydrates as a sole carbon source [1.38]. There does
not appear to be such strong positive interaction effects on EPS production between epipelic
benthic diatom taxa and specific bacteria. Epipelic diatoms tend not to produce EPS
structures, being continuously mobile in their environment, and perhaps this continuous
relocation prevents the formation of spatially-structured interactions? However, there are a
number of sediment-inhabiting diatoms that manufacture EPS tubes (e.g. Gyrosigma balticum
[1.64], Berkelaya spp.) where similar diatom-bacteria interactions may be occurring. Further
research into diatom and bacteria interactions and the chemical communication pathways

linked to EPS production is needed.

1.6. Future directions

The main features of production of EPS by benthic diatoms are summarized in Figure
1. Benthic diatoms produce numerous types of EPS, differing in chemical composition and
properties, and cells secrete these EPS into specific compartments either within the cell, or as
coating on the external surface of the frustule, or to produce mucilage stalks, tubes or other
structures, and in locomotion (see Section 1.2.1 and Section 1.2.2). Some of this external
material significantly alters to local microenvironment of the cells, providing a biofilm
environment which can aid cell survival (see Section 1.3). Though it is possible to isolate
some broadly defined fractions based on different extraction techniques, or other methods to
measure the location of the EPS in the cell (see section 1.2), there is still significant scope to
develop approaches for identifying and isolating particular EPS types present (particularly the
relative role of carbohydrate and glycoprotein elements within different EPS, e.g. [1.71]
[1.103], and to understand how these specific forms are recognised and transported
intracellularly [1.48]. Recent transcriptomic studies have revealed reprogramming of EPS
production pathways in response to environmental variables within a number of diatom taxa
(see Section 1.4; [1.11] [1.16] [1.140]). This discovery supports the extensive environmental
and experimental data on changes in EPS content and chemistry in population of diatoms in
biofilms in different environments (see Section 1.3). The potential role of amino-sugars in
EPS, and the presence and location of chitin production in benthic diatom EPS requires

further investigation.

The accelerating development of gene-knock out and other molecular approaches, and

the publication of further diatom genomes and transcriptomes, will allow research on the
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regulatory mechanisms controlling EPS production. Given that various external signals are
known to change EPS production (see Fig. 1.), there must be recognition and signalling
pathways located within the cells that result in the observed changes in EPS production. The
specifics of regulating controls are unknown. How EPS production is linked to the
endogenous motility behaviour of natural biofilms, and mediated by individual diatom cell
responses to light intensity and spectral quality [1.105] [1.108] [1.29] [1.124], and the
importance of circadian and other clock-systems needs further research. Continuing
developments of —omic approaches to diatom cell biology provides tools to address these
questions [1.16] [1.48] [1.60]. Are there key or conserved metabolic pathways and
regulators, or do different species, with differing ecologies, have specific abilities?
Understanding how diatoms control the formation of specific EPS types, and developing
tools and approaches to manipulate and modify diatom EPS properties and production rates

may lead to future interesting biotechnological applications.
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Figure 1. Schematic of production pathways and influences on EPS production in
benthic diatoms. Glucose (Glc) and Fructose (Fru) generated by photosynthetic activity is
phosphorylated (Glc-6-P and Fru-6-P) and undergoes various transformations to produce
NDP-sugars and NDP-uronic acid derivatives of Glc and other monosaccharides (mannose
Man, galactose Gal, arabinose Ara, xylose Xyl, rhamnose Rha and fucose Fuc). These are
transported into the Golgi. Fru-6-P can be converted to UDP-N-acetylglucosamine (UDP-
GIcNACc) which contributes to glycoprotein formation in the endoplasmic reticulum (E.R.).
UDP-GIcNACc is also a precursor to chitin synthesis. EPS is assembled into polysaccharides
by the activity of glycosyltransferases, packaged into vesicles and transported to the cell
membrane for secretion. The control mechanisms for determining EPS chemistry, transport
of constituent molecules, packaging and transport of EPS-filled vesicles to specific locations,
and the degree of extracellular assembly, are only tentatively known for some EPS. Four

extractable fractions of EPS are indicated: hot-water extracted (HW-EPS), which is primarily
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and colloidal-EPS



chrysolaminarin, produced by B-glucan synthase (BGS) located in the vacuole membrane,
and stored in the vacuole. Chrysolaminarin is utilised as a carbon source for EPS production
in the dark. Hot-alkali extracted EPS (HA-EPS) is associated with the silica frustule; hot-
bicarbonate extracted EPS (HB-EPS) is present in stalks and coating on the outside of the
frustule; and colloidal-EPS is present in the environment surrounding the cells, and also
includes motility polymers and smaller polysaccharide moieties. Light, temperature, salinity
and nutrients, photoreceptors (*), circadian regulators () and bacteria signals all influence
EPS production, but the mechanisms are unresolved. Dotted lines indicate a sequence of
transformations regulated by various enzymes (Figure based on information from [1.11]
[1.16] [1.48] [1.56] [1.60] [1.71] [1.104] [1.105] [1.123] [1.140]).
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