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Abstract Silica-scaled chrysophytes are a unique
group of protists representing a major component
of numerous aquatic habitats where they can sig-
nificantly contribute to human well-being in many
ways. In the present review, altogether 14 ecosystem
services provided by silica-scaled chrysophytes were
identified highlighting their importance and roles in
aquatic ecosystems. The most important supporting
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services are related to primary production, nutrient-
and biogeochemical cycling, as well as sediment for-
mation. Additionally, they are involved in the regula-
tion of climate, maintenance of air quality, biological
control and water purification processes (as regulat-
ing services). The most relevant provisioning services
include their usefulness in environmental monitoring
(paleolimnology, ecological status assessment and
climate modelling), production of biochemicals and
provision of genetic resources. Cultural services are
associated with aesthetic values, inspiration source
and knowledge system as well. Although silica-scaled
chrysophytes are one of the least studied groups of
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algae, here they are shown to provide important ben-
efits and to have many further powerful opportuni-
ties for humans, thus their detailed research in the
future is emphasised as an important key for human
well-being.

Keywords Cultural services - Provision services -
Regulation services - Silica-scaled chrysophytes -
Stomatocysts - Supporting services

Introduction

Chrysophytes (belonging to Eukaryota (superking-
dom), Stramenopiles (clade), Ochrophyta (phylum),
Chrysophyceae (class), Kristiansen & Skaloud, 2017;
Schoch et al., 2020) are known mainly as unicellular
or colonial golden-brown algae, which may be flag-
ellated, but there are also some multicellular spe-
cies (van den Hoek et al., 1995). Chrysophyte algae
have many genetically and morphologically dis-
tinct lineages, and among this large group there are
many species with siliceous coverage. These sili-
ceous structures place them among the silicifiers, a
very important group of aquatic organisms (Preisig,
1994). Silicifiers use dissolved Si (dSi) to precipitate
biogenic silica (bSi; SiO,) as internal- and/or exter-
nal structures (Moriceau et al., 2019). Phototrophic
silicifiers play an important role in the sequestration
of atmospheric CO, in the ocean, and therefore in
long term global climate regulation (webl). Biogeo-
chemically, traditionally and ecologically, diatoms are
believed to be the most important silicifiers in modern
marine ecosystems, along with radiolarians, silico-
flagellates and siliceous sponges (Sutton et al., 2018)
while some less-known groups like Bolidophyceae
(<1% in marine phytoplankton) and chrysophytes
should also be considered for completeness. The ori-
gin, early evolution and key processes for the acquisi-
tion of the silica cell wall have not been fully under-
stood and these small groups could play a key role in
enhance our understanding of the Si-cycle, silicifica-
tion processes and the role of silicifiers in ecosystems
(Moriceau et al., 2019). For instance, bolidophytes
have a hypothetical life cycle that switches between
silicified non-flagellated and naked flagellate stages
(Kuwata et al., 2018). Despite the hypothetical fac-
ultative siliceous skeleton usage in several silifiers,
in this review we focus on the scaled chrysophytes,
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because their silica ultrastructure enabled scientists to
elaborate and the best-developed taxonomic system
for species differentiation among protists, moreover
because their studies are the most consistent and reli-
able compared to other microalgae within chryso-
phytes (Kristiansen, 2005; Skaloud et al., 2013a).
Classification of silica-scaled chrysophytes has
undergone many changes since 1878 to present
(reviewed by Skaloud et al., 2013a). Currently they
are a part of the class Chrysophyceae including
Chrysosphaerella, Lepidochromonas, Mallomonas,
Neotessella, Paraphysomonas, Polylepidomonas,
Spiniferomonas and Synura (Kristiansen & Pre-
isig, 2007; Kristiansen & gkaloud, 2016; Kapustin
& Guiry, 2019; Guiry & Guiry, 2022) (Fig. 1). As a
group, silica-scaled chrysophytes display a great vari-
ability in their features: their size varies from nano-
to micrometers; they can have unicellar or colonial
forms; usually they bear biogenic silica structures
(scale, spine, bristle) in different numbers and have
flagella. They are nutritionally opportunistic (auto-
trophic, mixotrophic and heterotrophic, Table 1) and
they have no enzymes for the utilisation of bicarbo-
nate and produce only acid phosphatases (Sandgren,
1988; Sandgren et al., 1995; Kristiansen & §kaloud,
2017). Approximately 350 taxa of silica-scaled
chrysophytes are described (Guiry & Guiry, 2022),
which is highly variably distributed among the genera
(Table 1). However, the above number certainly does
not reflect their real species richness, which has been,
at all probability, underestimated. Despite their best-
developed taxonomic system among protists, their
differentiation at species level carries difficulties. For
instance, the diversity issues based only on morphol-
ogy are problematic due to their various morphotypes
with significant genetic variation that requires exten-
sive molecular support (see also Gusev et al., 2018;
Siver et al., 2018), which exist only for the section
Petersenianae of Synura (ékaloud et al., 2014; Jo
et al., 2016), some clades of Mallomonas (Jo et al.,
2013; Certnerova et al., 2019), and Paraphysomonas
(Scoble & Cavalier-Smith, 2014). Next-generation
sequencing (NGS) technologies have the potential
to reveal their diversity and ecosystem dynamics in
a more precise way (e.g. Bock et al., 2014; Skaloud
et al., 2020). However, their estimated species num-
ber is continuously changing year by year due to the
newly described species from both recent and fossil
samples (e.g. Barreto, 2001; Wujek et al., 2003; Kim
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Fig. 1 Transmission electron microscope (TEM) microphoto-
graph of some of the characteristic silica-scaled chrysophytes
found in forest lakes (Hungary). Silica scale of Mallomonas
intermedia Kisselev (a), M. insignis Penard (b), M. formosa S.
Barreto (c), scale (d) and bristle (e) of M. heterospina J. W.
G. Lund, M. tubulosa S. Barreto (f), Chrysosphaerella bre-
vispina Korshikov (g), Synura echinulata Korshikov (h), S.

& Soon Kim, 2008; Némcova et al., 2011; Némcova
& Kreidlova, 2013; Gusev et al., 2016; Gusev &
Siver, 2017; Siver, 2018; Kapustin & Gusev, 2019;
Némcova et al., 2022).

spinosa Korshikov (i), S. uvella Ehrenberg (j), Neotessella lap-
ponica (Skuja) B. Y. Jo, J. I. Kim, W. Shin, P. Skaloud & P. A.
Siver (k), Spiniferomonas trioralis E. Takahashi (1), Lepidoch-
romonas eiffelii (H. A. Thomsen) Kapustin & Guiry (m), Para-
physomonas vestita (A. Stokes) De Saedeleer (n). Microscale
bar: 5 um (a-k, n) and 2 pm (I-m)

The acceleration of aquatic ecosystem degrada-
tion along with a rapid and continuous decline in the
Earth’s biodiversity (Lampert & Sommer, 2007; Irfan
& Alatawi, 2019) initiated a cascade of other environ-
mental changes among them reduction in ecosystem
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Table 1 Genus diversity

Genera Taxon number Trophic mode References
(expressed by the taxon
number and the number in Chrysosphaerella 15 (1) Mixotrophic Sandgren et al. (1995)
the bracket indicates the . . . .
o Lepidochromonas 31(0) Heterotrophic, phagotrophic Scoble & Cavalier-
further number of entities .

. . Smith (2014), Kapus-
with lower taxonomic rank, tin & Guiry (2019)
Guiry & Guiry, 2022), and mn uiry (
trophic mode of the silica- Mallomonas 205 (65) Photoautotrophic Sandgren et al. 1995)
scaled chrysophytes Neotessella 2(0) Photoautotrophic Kristiansen & Skaloud,

(2017)
Paraphysomonas 31 (15) Heterotrophic, phagotrophic Sandgren et al.

(1 9V95), Kristiansen

& Skaloud (2017)
Polylepidomonas 1(0) Mixotrophic Olsen et al. (1999)
Spiniferomonas 14 (1) Mixotrophic Olsen et al. (1999)
Synura 47 (8) Photoautotrophic Sandgren et al. (1995)

services and functions (e.g. Schlipfer & Schmid,
1999; Loreau et al., 2001). Since biodiversity can sta-
bilise ecosystem functions and services (e.g. Worm
et al., 2006; Hooper et al., 2012), its investigation and
maintenance is a primary and urgent task for our pre-
sent and future (Irfan & Alatawi, 2019). Despite the
fact that many aquatic habitats are among the most
endangered ecosystems in the world and play sig-
nificant role in global context (Tréguer et al., 2018),
the study of aquatic organisms and freshwater bio-
diversity hotspots has received much less attention
than that of terrestrial or marine ecosystems (Myers
et al., 2000). Regional species richness of silica-
scaled chrysophytes varies widely in different habitats

from a very few species (<20 taxa, Karjalainen et al.,
1996; Gusev, 2013) through diverse communities
(e.g. 80-90 taxa, Némcova et al., 2016; Bessudova
et al., 2021) up to extraordinary cases, which are con-
sidered as chrysophytes hotspots (Aquitaine, Baikal
Region, Northern Vietnam, Scandinavia, Tfeboiisko,
Rezadova & Neustupa, 2007; Némcova et al., 2011;
Korkonen et al., 2020; Olefeld et al., 2020; Gusev
et al., 2021). However, it must be noted that the num-
ber of registered species in individual habitats is
highly dependent on the intensity of floristic surveys,
sampling strategy and the motivation/knowledge of
experts.

Table 2 The ecosystem services (MEA 2003, 2005) provided by silica-scaled chrysophytes and their benefits for humans

Main category

Ecosystem services

Benefits

Supporting services

Regulating services

Provisioning services

Cultural services

Primary production
Nutrient cycling
Biogeochemical cycling
Sediment formation

Air quality maintenance
Climate regulation
Biological control
Water purification
Environmental monitoring
Biochemicals

Genetic resources
Aesthetic

Inspiration

Knowledge system

Production of biomass; Photosynthesis

Recycling of elements through food web and microbial loop
Contribution to Si-cycle

Sedimentation and diagenesis

Sequestration of CO,; Produce of O, by photosynthesis
Sequestration of CO, via Si cycle

Release of VOCs; Preventing of toxic blooms; Allelophatic interactions
Bioremedation of pollutions

Indication of water quality, pollution and community integrity
Usefulness in biotechnology and nanotechnology

Genetic information for bio- and nanotechnology

Making colouration and odour

Base of arts

On-line database

@ Springer



Hydrobiologia (2023) 850:2735-2756

2739

Silica-scaled chrysophytes represent a pretty
much neglected algal group compared to others
(e.g. diatoms). Still, they are unique organisms and
their contribution to many ecosystem services (sup-
porting, regulating, provisioning, cultural, MEA,
2003, 2005), can be great. These are reviewed and
summarised in the present paper (Table 2) empha-
sising their importance and highlighting the need
for their detailed research in the future.

Supporting services
Primary production

Chrysophytes are important components of phyto-
plankton biomass (usually around 10-75% of the
total biomass) in small oligotrophic or dystrophic
ecosystems (with low conductivity and nutrient lev-
els, neutral or slightly acidic pH, low to moderate
dissolved humic substances, Sandgren, 1988; Kris-
tiansen, 2005; Fig. 2), but many silica-scaled species
are able to develop substantial population contribut-
ing even more than 85% of the total phytoplankton
biomass (e.g. Synura uvella Ehrenberg, Kalinowska
& Grabowska, 2016; Mallomonas caudata (Iwanoff)
Ivanov, Hoffmann & Wille, 1992). These algae have
been also described from mesotrophic and eutrophic
lakes (with~5-20% contribution to total biomass

Sandgren, 1988) and temporary ditches (Péterfi et al.,
1998). Though most of them are freshwater species,
some of them are marine (Jeong et al., 2019) or capa-
ble of surviving in brackish environments (Némcova
et al., 2016). They are not obligatory planktic algae;
several taxa are abundant in benthic habitats, espe-
cially in mires and bogs (Douglas & Smol, 1995).

Many silica-scaled chrysophytes are alternatively
photoautotrophic, mixotrophic or heterotrophic
(Table 1), whilst only Mallomonas, Neotessella and
Synura are considered to be strict photoautotrophs
(Andersen, 1987; Bhatti & Colman, 2005). The pho-
tosynthetic activity of phytoplankton has significant
contribution to the global net primary production
and atmospheric oxygen (reviewed by Naselli-Flores
& Padisék, 2022). In comparison with the photosyn-
thetic rate of the total phytoplankton communities
(920-1866 umol O, mg Chl™' h™! or 45-1575 pmol
C mg Chl! h™!, Martinez, 1980; Vincent, 1983; Wil-
liams et al., 1983; Guildford et al., 2007), photoauto-
trophic silica-scaled chrysophytes alone can have sig-
nificant photosynthetic evolution rate (see examples
in Table 3).

A remarkable feature of silica-scaled chryso-
phytes is their seasonality: some species appear in
high amounts in the cold season (e.g. oxbow lakes,
Kiss & Kristiansen, 1994; Péterfi et al., 2001) when
photosynthesis of other algal groups is quite lim-
ited thus maintaining sufficient oxygen supply at

Fig. 2 Typical habitats of silica-scaled chrysophytes situated in Hungary (a, forest lake in Pilis mountain) and in Romania (b, moun-

tain lakes in South Carpathians)

@ Springer
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Table 3 The
photosynthetic evolution
rate of some silica-scaled
chrysophyte species

measured in laboratory
experiments

Species Photosynthetic evolution rate References

umol C mg umol O, mg

Chl~' h™! ChI™'h™!
Mallomonas caudata ~127 - Maberly et al. (2009)
Iwanoff [Ivanov]
Mallomonas papillosa - ~307 Bhatti & Colman (2005)
K. Harris & D. E. Bradley
Synura petersenii ~89 ~120 Bhatti & Colman
Korshikov (2008), Maberly et al.

(2009)

Synura uvella - ~130 Bhatti & Colman (2008)
Ehrenberg
Neotessella volvocina - ~110 Bhatti & Colman (2011)

(Playfair 1915) B. Y. Jo, J.I. Kim, W.

Shin, P. Skaloud & P. Siver

ecosystem level. Since global ecosystem models pre-
dict a decline in the dissolved oxygen inventory lead-
ing to serious consequences (Schmidtko et al., 2017),
the autotrophic and mixotrophic silica-scaled species
with their photosynthetic activity may also have an
important role in supporting ecosystem services.

Nutrient cycle

As primary producers, silica-scaled chrysophytes
serve as fuel for food webs. Depending on the trophic
state of the aquatic ecosystem (Carney, 1990), the
main groups of zooplankton (rotifers, copepods, cla-
docerans) feeding on chrysophytes, and planktivo-
rous fishes may also indirectly affect their abundance
(reviewed by Sandgren et al., 1995). Furthermore,
heterotrophic nanoflagellates, such as Paraphyso-
monas may serve as prey for larger protists and meta-
zoa (e.g. Sieburth & Davies, 1982; Sherr & Sherr,
1994). Despite silica-scaled chrysophytes have some
physiological strategies in order diminishing grazing
pressure (e.g. large size, colony forming, extruding
spines, bristles, recruitment from the sediment; Sand-
gren et al., 1995; Hansson & Tranvik, 1996), Daph-
nia, Bosmina, Pseudoboechella, Boeckella especially
prefer them (Lehman & Sandgren, 1985; Sandgren
et al.,, 1995; Hansson & Tranvik, 1996; Karjalainen
et al., 1996; Arvola & Salonen, 2001; Taipale et al.,
2019), which can alter ecosystem properties such as
primary productivity and nutrient cycling (Carpen-
ter et al., 1985). For instance, Mallomonas species
can be very important primary producers, since they
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can account for 27% assimilated resources of Daph-
nia (Taipale et al., 2019). Thus, silica-scaled chrys-
ophytes can contribute to the cycle of micro- and
macronutrients through the food web. However, their
biomass and composition, consequently their roles in
ecosystem services, will be changed by altered top-
down control, due to a shift to smaller zooplankton
sizes (Moore et al., 1996; Strecker et al., 2004) and
altered grazing dynamics induced by global warming.

Besides the pelagic food web, the microbial loop
also has an important role in ecosystem productiv-
ity (Sandgren et al., 1995), as well as in the bioge-
ochemical cycles, since under some environmen-
tal scenarios the 40-60% of the carbon fixed by the
phytoplankton is considered to flux through the het-
erotrophic bacterial community (Cole et al., 1988).
Chrysophytes are also known to be major elements
of the microbial loop in many aquatic ecosystems
(Scoble & Cavalier-Smith, 2013) and their roles
could be multifaceted due to their diverse nutrition
types. For instance, extracellular release of dissolved
organic carbon compounds by silica-scaled chryso-
phytes such as Mallomonas caudata can temporar-
ily function as an important nutrient source for the
heterotrophic bacterial community (Blaauboer et al.,
1982). Apparently, bacteria can utilise algal excretion
products, whilst zooplankton feeding on bacteria fuel
a considerable amount of carbon flow. Furthermore,
the colourless phagotrophic species (Paraphyso-
monas imperforata Takahashi) can feed on bacteria
as well as on other phytoplankton species resulting in
the complication of the food web, loss of energy and
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organic matter (Goldman & Caron, 1985; Goldman
& Dennett, 1990). Paraphysomonas may play a key
role in transferring essential compounds (such as fatty
acids, sterols) upgrading the food quality and improv-
ing carbon transfer efficiency as intermediary protists
from primary producers to metazoan consumers (Park
et al., 2003; Bec et al., 2006, 2010), moreover in the
regeneration of nitrogen (Goldman & Caron, 1985;
Dolan, 1997) and phosphorus (Andersen et al., 1986;
Dolan, 1997). Finally, mixotrophic chrysophytes (e.g.
Chrysosphaerella) have a competitive advantage in
nutrient-poor and low-light environments (Cen et al.,
2020) contributing more than 50% of the total phy-
toplankton biomass (Olrik, 1998), which is likely
to advance under climate change (Vad et al., 2020).
Their advantages are based on the fact that they can
photosynthesize and also ingest bacteria or elements
of phytoplankton for fulfilling their carbon, nitro-
gen and phosphorus demands (Goldman & Dennett,
1992; Unrein et al., 2007; Charvet et al., 2012; Ter-
rado et al., 2017). Their phagotrophy might be sup-
ported by the flagella of the cells to move towards the
prey (Sandgren et al., 1995).

As a closely related subject to mixotrophy, food-
web studies involving chrysophytes are one of the
most inspiring headings, both in freshwater and
marine environments (Kristiansen & §kaloud, 2017;
Vad et al., 2021; Cormier et al., 2022). Moreover, as
an exciting supplement of nutrition mode studies, the
molecular basis of nutritional diversification, accom-
panying pathway reduction and degradation of plastid
structures help to understand the evolution of hetero-
trophy in chrysophytes (Beisser et al., 2017; Graupner
et al., 2018; Kim et al., 2020).

Biogeochemical cycles

The most biotically widespread biomineral is silica
(Si0,-nH,0), being present in all eukaryotic super-
groups (Marron et al., 2016; Hendry et al., 2018). This
trait (silicon biomineralization) of algae can be found in
Chrysophyceae, Dictyochophyceae, Bacillariophyceae,
Bolidophyceae and Xanthophyceae among some others
(Hoek et al., 1995; Graham et al., 2000; Kuwata et al.,
2018). Their extensive use of Si (Marron et al., 2016)
in aquatic ecosystems is a key driver of the global Si-
cycle, but each clade can have different contributions
to it (e.g. Sandgren et al., 1995). Despite the fact that
the ancient gene of silicic acid transport protein in

chrysophycean algae have already been developed long
before diatoms appeared (Likhoshway et al., 2008),
chrysophytes seem to play only a minor part in the
global silica cycle, contrary to diatoms (Sandgren et al.,
1995). This is attributable to several reasons: (i) silica-
scaled chrysophytes have lower silicon content per
cell and per unit surface than diatoms (Sandgren et al.,
1995), and (ii) macroevolution of their morphology
depends on the cost and benefits of silicification since
scale formation can be achieved with minimal use of
silica, and some silica-scaled chrysophytes (e.g. Synura
and Paraphysomonas) can produce even completely
scale-less, naked cells (Sandgren et al., 1995). Despite
biogenic silica production is provided mainly by dia-
toms and the contribution of chrysophytes is minimal in
the marine environments, they can be locally important
sources of biogenic silica procession (Reid et al., 1991;
Sandgren et al., 1995; Simpson & Volcani, 2012), and
their contribution can be higher in freshwaters than in
the sea (Officer & Ryther, 1980; Sandgren et al., 1995;
Street-Perrott & Barker, 2008). In the future, climate
change is predicted to influence marine phytoplankton
(Riebesell, 2004), even to enhance the abundance of
chrysophytes (Feng et al., 2009), which consequently
may affect their role in the global Si-cycling.

Sediment formation

The Si coverage is characteristic for vegetative cells,
but silica-scaled flagellates also form siliceous stomato-
cysts as resting stages (Sandgren et al., 1995). The silica
structures of chrysophytes can dissolve in the water col-
umn leading to the re-cycling of silicon. In marine envi-
ronments, the dissolution of silica structures is almost
complete, and only 2% or less can reach the sediment
surface where it can be preserved in fossil deposits and
may become lithified to form rocks. In freshwaters,
this percentage could be higher (Leadbeater, 1986),
but it depends on a number of environmental variables
(reviewed by Sandgren et al., 1995). Furthermore, silica
particles can be grazed by zooplankton which can also
accelerate descent to the benthos through the faecal pel-
lets (Sandgren et al., 1995). Chrysophytes remains can
be deposited in great abundance and preserve well in
certain types of lacustrine sediments where they con-
tribute significantly to sedimentary biosilica content
(Fig. 3). Chrysopel is the name of the sediment type
that is extremely rich in Chrysophytes microfossils.
Furthermore, stomatocysts can act as a microreactor in
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Fig. 3 Chrysopel: lacustrine sediment where chrysophytes
were deposited in a great amount (C: cysts, D: diatoms). Lake
Gales (South Carpathians, Romania, 178 cm depth in Gales3
core, Buczko et al., 2018)

which the conditions favour fossil pyritization leading
to the formation of iron sulphides (Bogush et al., 2013;
Zhang et al., 2016).

Regulating services
Air quality maintenance

Phytoplankton is known to contribute significantly to
the absorption of global annual CO, emission (about
20-35%, Khatiwala et al., 2009; Naselli-Flores &
Padisak, 2022). Autotrophic silica-scaled chryso-
phytes have special physiological characteristics, such
as lacking CO, concentrating mechanisms (CCM)
and external carbonic anhydrase (CA). These fea-
tures make them successful in from oligo- to slightly
eutrophic ecosystems associated with low pH where
they can be typical elements of phytoplankton and
even may dominate. In such ecosystems, they have
an important role in the global absorption process by
passive diffusion of CO, (Saxby-Rouen et al., 1998;
Bhatti & Colman, 2005, 2008; Maberly et al., 2009).
Though the oxygen exchange between air and
water surface is a slow process and depends on many
parameters (e.g. temperature, partial pressures; Wet-
zel, 2001), silica-scaled chrysophytes can contribute
to the oxygen content of the air by the production of
significant-amount oxygen as a result of their photo-
synthetic activity (see details in supporting services).

@ Springer

Climate regulation

Chrysophytes can take part directly in climate regu-
lation via Si-cycle. Silicon is considered as a bioes-
sential element, and the silica cycle plays an impor-
tant role in the sequestration of carbon by the ocean’s
biological pump, and in long term global climate
regulation (Tréguer et al., 2021). The global oceanic
Si-cycle has evolved through geologic time primar-
ily due to the uptake of dissolved Si and subsequent
biomineralization by silicifiers. Biogeochemically,
traditionally and ecologically, diatoms are considered
to be the most important silicifiers in contemporal
marine ecosystems along with radiolarians, silico-
flagellates and siliceous sponges (Sutton et al., 2018),
whilst some less-known group like Bolidophyceae
(<1% in marine phytoplankton) and chrysophytes
must also be taken into consideration.

Biological control

None of the silica-scaled chrysophyte species are con-
sidered as toxin-producing or HAB (Harmful Algal
Bloom) species, but they can produce and release
metabolites affecting many ecosystem services. First
to mention are volatile organic compounds (VOCs),
which are considered to be beneficial or essential to
many food web processes (Arts et al., 2001). VOCs
can pose negative effects on grazers resulting in
modification of food web dynamics (Jiittner, 2001)
and the consequent nutrient cycling. They may have
allelopathic effects on other algal species or anti-
microbial and/or fungicidal activities (reviewed by
Watson et al., 2001b). Further and deeper research
of these allelopathic effects may be a critical step
in the field of water management, since the natural
algicides and biomaterials provide good alternatives
of chemical treatments (e.g. Lee et al., 2017). Such
allelopathic interaction was shown for Synura, which
inhibited Chrysochromulina and prevented its toxic
blooms (Sandgren et al., 1995). Synura uvella pro-
duces a large number of excreted compounds (e.g.
alcohols, ketones, aldehydes, and non-carotenoids,
Jiittner, 1981) some of which can influence growth
of other algae like Dolichospermum, Synechococ-
cus, Nannochloris and Cyanidium (Jiittner, 1979).
Furthermore, heterotrophic nanoflagellates, such as
Paraphysomonas, have an important role in control-
ling the populations of toxic Microcystis aeruginosa
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(Kiitzing) Kiitzing by its effective grazing (Yan et al.,
2009).

However, vica versa, there are also a number of
known cases that algicides were shown to be effec-
tive against silica-scaled chrysophytes. For example,
the dinoflagellate Peridinium aciculiferum Lem-
mermann, barley (Hordeum vulgare Linné) and rice
straw extract negatively impacted Synura petersenii
(Ferrier et al., 2005; Rengefors & Legrand, 2007;
Rajabi Islami, 2010). These interspecific interactions
offer a good method for mitigating water supply prob-
lems caused by chrysophytes, such as taste and odour
events (see more details in the chapter of cultural
services).

Water purification

Algae provide powerful techniques for bioremedia-
tion purposes (Kaplan et al., 1988; Sen et al., 2013).
Among silica-scaled chrysophytes, Synura is shown
to produce exopolysaccharide compounds that com-
plex copper and lead thus reducing their availability
and toxicity for other aquatic organisms (Lombardi
& Vieira, 1998). Paraphysomonas can be effective
in the biologically mediated regeneration and recy-
cling process of Fe, Zn, Th and Mn playing a role in
their biogeochemical cycles (Hutchins & Bruland,
1994; Barbeau et al., 2001). Synura petersenii and
Mallomonas caudata have high capacity for removal
of nitrogen and phosphorus, which can be useful in
water treatment management (Stev¢ic et al., 2019).

Seas, oceans and coastal zones are highly sus-
ceptible to pollution by crude oil (such as petro-
leum), which represents a serious threat for the biota
(McGenity et al., 2012). The biodegradation of crude
oil to carbon dioxide and water is the major process in
the remediation of the polluted environments, which
can be significantly affected by silica-scaled chryso-
phytes. The dynamics of phagotrophic chrysophytes,
such as Paraphysomonas foraminifera 1.A.N. Lucas,
should be taken into account, since it can effectively
grow and graze on hydrocarbonoclastic bacterial cells
in crude-oil polluted environments (Kormas et al.,
2007; Dalby et al., 2008). This relation can have
an effect on the biodegradation of oil pollution, but
future works are highly needed to identify the real
role of these eukaryotes in bioremediation processes
and their usage in water management practices.

Provisioning services
Environmental monitoring

Though environmental monitoring as ecosystem
service is not mentioned by the MEA (2003, 2005),
silica-scaled chrysophytes can be directly used to
indicate environmental conditions, which could be a
very useful and important feature. Therefore, environ-
mental monitoring was additionally considered here
as a further possible provisioning service such as it
was concluded and used by others, too (e.g. Vaughn,
2018; Thomaz, 2021; B-Béres et al., 2022).
Micro-organisms are suggested to have distribu-
tional patterns similar to found for higher plants or
animals: local/regional, ecological (climatic), histori-
cal conditions (Foissner, 2006). Regarding the local/
regional patterns, a variety of environmental vari-
ables can be driving factors in the development and
distribution of silica-scaled chrysophytes, such as
geographical distance, anthropogenic pollutants (e.g.
petroleum products, surfactants), pH, conductivity,
trophic state, temperature, transparency, colour, con-
centration of carbon dioxide, magnesium ions and
total iron (e.g. Sandgren et al., 1995; Kristiansen,
2005; Bessudova et al., 2021). Many silica-scaled
chrysophytes have characteristic occurrence ranges or
narrow ecological demand and are sensitive to a vari-
ety of environmental factors (Siver & Hamer, 1992;
Siver & Smol, 1993; Siver, 2012), which make them
excellent bioindicators for monitoring ecological sta-
tus of freshwaters (Sandgren et al., 1995; Sagova-
Mareckova et al., 2021). Thus, on the basis of the
compositional changes of their assemblages the eco-
logical status and its changes can be deduced (Sand-
gren et al., 1995; Némcova et al., 2016), but even the
appearance/disappearance of one species alone can
have indicator value (Hickel & Maass, 1989; Sand-
gren et al.,, 1995; Gensemer & Playle, 1999; Kris-
tiansen, 2005). They can also be ideal organisms
for evaluating the effects of different environmental
stressors, like industrial pollutants (e.g. aluminium
or silver ions from everyday consumer products, anti-
bacterial medical applications, herbicides), which
enter the aquatic food-webs, effect its architecture by
bioaccumulation, and consequently the stability of
the ecosystem (Dixit et al., 1989; Bock et al., 2014).
For instance, Mallomonas sp. was found to be nega-
tively affected by high concentrations of atrazine and
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the seasonal bloom of this taxon can be prevented this
way (Jiittner et al., 1995), but the effect on biological
interactions cannot be ignored in this context since
they may lead to controversial results (DeNoyelles
et al., 1982).

Geographic distribution of silica-scaled flagellates
also provides an option for bioindication due the cor-
rect knowledge of their silica ultrastructure (Kris-
tiansen, 2005). As regard of their global distribution,
the moderate endemic model was confirmed (Gusev
& Martynenko, 2022), and many species have well
defined geographic distribution types Kristiansen &
Vigna, 1996; Kristiansen, 2001a, b), such as bipolar
(e.g. M. transsylvanica Péterfi et Momeu), cosmopol-
itan (e.g. Synura petersenii), pantropic (e.g. M. bang-
ladeshica (E. Takahashi & T. Hayakawa) Siver & A.
P. Wolfe), endemic (app. 1/3 of Mallomonas species,
Kristiansen, 2002), etc. However, the distribution
type of a species can be changed due to increasing
amount of available floristic data (e.g. in Kristian-
sen, 2005; Ma et al., 2012) or revealing of hidden
cryptic diversity by molecular investigations (Kim
et al., 2007; Boo et al., 2010; Kynclova et al., 2010;
Skaloud et al., 2013a).

Although the distribution of silica-scaled chryso-
phytes was shown to be a space-driven pattern (Siver
& Lott, 2012) the process of their dispersal remained
poorly understood (Boo et al, 2010). Historical con-
ditions (e.g. glaciations, continent movements, Boo
et al., 2010; Bessudova et al., 2021), age of the spe-
cies (Foissner, 2006) are favoured as explanations
for dispersal. Cysts are also assumed to serve as dis-
persal vehicles, but their different properties (such
as the ability to production of cysts or their viabil-
ity, Kristiansen, 2005; Foissner, 2006) and historical
conditions (e.g. lack of glaciation) can highly deter-
mine the geographical distribution of species. For
example, higher frequency of endemics can be found
in tropical than temperate regions (Foissner, 2006).
Regarding further dispersal vectors suggested for
protists (reviewed by Foissner, 2006), wind and ani-
mals seemed to be ineffective colonisation vectors in
case of some Synura lineage (Boo et al., 2010) and
cysts (Kristiansen, 2005). However, chrysophytes
can reflect efficient dispersal especially by long-dis-
tance avian vectors (Padisdk et al., 2016), and the
distributional patterns of some species were tried to
be explained by migration routes of birds (e.g. Wee
et al., 1994; Péterfi & Momeu, 1996; Kristiansen &
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Vigna, 1996). In the discussion of dispersal mecha-
nisms, the role of human activities have been largely
ignored (Foissner, 2006) despite some explored
examples (e.g. ballast water, Nicholls, 2001; plankton
nets, Wejnerowski et al, 2022).

The changes in the distribution patterns of silica-
scaled chrysophyte species may indicate climate
change processes. For instance, the tropical influence
on the northeast freshwater environments of Argen-
tina has already been confirmed (Vigna & Siver,
2003). As a further example, pantropic species (e.g.
M. bangladeshica, M. stellata Croberg, M. pero-
noides (K. Harris) Momeu & Péterfi) found in sedi-
ment cores at higher latitudes allow for reconstruc-
tion of community changes during historical climate
warming periods (Siver & Wolfe, 2009) since most
climate models predict shifts towards higher latitudes
for these species. However, such a monitoring would
need checking the silica-scaled chrysophyte flora with
a frequency of a few years.

Despite being good bioindicators, silica-scaled
chrysophytes are rarely used in the routine or spo-
radic monitoring programs where the light micros-
copy is the currently most widely applied equipment,
whilst their accurate identification requests genetic
tools or electron microscopy (transmission [TEM]
and scanning electron [SEM]) analyses (Kristiansen,
2005). In contrast, chrysophytes cysts, despite their
precise taxonomic affiliations have not been resolved,
are among the most important and widely used bio-
logical proxies in paleolimnology along with diatoms,
ostracods, Cladocera and chironomids. All chryso-
phytes are believed to produce siliceous resting stages
(Duff et al., 1995), which are also known as stomato-
cysts or simply cysts. The number of their described
morphotypes is over 800. Cysts are more resistant to
dissolution than chrysophyte scales and spines, pre-
serve well in sediments, therefore, they have high
paleolimnological potential in environmental recon-
struction (e.g. Duff et al.,, 1995; Vorobyova et al.,
1996; Kamenik et al., 2001; Pla, 2001; Wilkinson
et al., 2001; Kamenik & Schmidt, 2005; Pla & Cata-
lan, 2005; Huber et al., 2009; Simmatis et al., 2022).
Stomatocyst assemblages provide a sensitive biotic
proxy of pH and salinity (Facher & Schmidt, 1996;
Pla et al., 2003; Pla & Anderson, 2005), and particu-
larly, they have been used to reconstruct cold-season
climate variability (e.g. Huber et al., 2009; de Jong &
Kamenik, 2011; Pla-Rabés & Catalan, 2011; de Jong
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et al., 2013). Chrysophycean stomatocysts are proven
to be a useful and unique proxy for assessing the ice
cover changes, lake mixing (Kamenik & Schmidt,
2005) and seasonality linked to lake stratification pat-
terns (Pla-Rabés & Catalan, 2011). In Alpine lakes,
for example, variations in stomatocyst assemblages
have been found to co-vary with the time of spring
thaw (Kamenik & Schmidt, 2005). In lakes in south-
west Greenland, chrysophytes cysts show a strong
relationship with some geographic and conductiv-
ity gradients (Pla & Anderson, 2005). Their unique
potential is that stomatocysts as proxy are among
the few biological proxies, which provide a basis for
reconstructing former winter temperatures (de Jong
& Kamenik, 2011). Moreover, they also appear to be
influenced by seasonal changes in lake temperature
(Pla-Rabés & Catalan, 2011, 2018). Cysts proved to
be a key proxy for monitoring the response of lake
systems to the ongoing global warming (e.g. Betts-
Piper et al., 2004; Buczké et al., 2018). The rela-
tionships between chrysophyte cysts and changes in
meteorological conditions was tested and validated by
Szczerba et al. (2021). But we must bear in mind dur-
ing the evaluation of results that not only silica-scaled
chrysophytes produce stomatocytes, but also chryso-
phytes belonging to non-scaled lineage (Bazhenova &
Igoshkina 2020).

Due to their simplicity, an index of chrysophyte
stomatocysts relative to diatom frustules is often used
as a proxy in paleolimnology. The ratio of cysts and
diatoms is expressed as a percentage, C:D% (Smol,
1985; Zeeb & Smol, 2002). A decrease in this ratio
has been reported in some studies to accompany
increased levels of metal contamination (Cattaneo
et al., 2011; Chen et al., 2014), and it is a sensitive
climate proxy (Soréczki-Pintér et al., 2014). For the
accuracy it must be mentioned that chrysophytes can
be represented in a sedimentary record by not only of
their cysts, but also as “disarticulated” scales, bris-
tles and spines produced by members of the Synu-
rales and some Chrysophyceae, but their use as biotic
proxy was proved less effective than application of
cysts (Duff et al., 1995).

Biochemicals

Microalgae are an important resource of biotechnol-
ogy and nanotechnology in many ways (e.g. Khalid,

2020) as they are valuable and eco-friendly sources of
a variety of bioactive compounds (e.g. vitamins, pro-
teins, lipids, carbohydrates, fatty acids, sterols, pho-
tosynthetic pigments, etc.). These compounds have a
wide range of applications by humans including food
supplements, cosmetics, and pharmaceuticals (Kainz
et al., 2009; Sathasivam & Ki, 2018). The practical
use of silica-scaled chrysophytes is mainly restricted
to the laboratory despite there is plenty of potential
industrial opportunities.

Chrysophytes in aquacultures can serve as food
for bivalves with high estimated market value (Bene-
mann et al., 1987). Mallomonas spp. and Paraphyso-
monas spp. produce important bioactive compounds,
such as PUFAs (polyunsaturated fatty acids), which
increase their nutritional value (Cranwell et al., 1988)
and consequently provide a good food source for zoo-
plankton both in quantity and the quality (Bec et al.,
2010; Strandberg et al., 2015).

Synura petersenii produces sterols (p-sitosterol and
cholesterol, Collins & Kalnins, 1969), as well as Par-
aphysomonas can also synthesise such compounds de
novo (Bec et al. 2006), which can serve as food for
grazers, precursors for vitamin D and a multitude of
naturally occurring steroid hormones (Kainz et al.,
2009). The polysaccharide produced by Synura con-
sists of neutral sugars such as mannose, xylose, and
rhamnose (up to 50% of the total polysaccharide com-
position), and it has a relatively high protein content
(Lombardi & Vieira, 1998). Additionally, chryso-
phyte biomass provides high amounts of hydrocar-
bons. A significant lipid content was shown in Mal-
lomonas splendens (G.S.West) Playfair (Cooper et al.,
2010), hence suitable bio-oil extraction to produce
liquid fuels (Yang et al., 2014).

Carotenoids can be used for improving food qual-
ity and their demand in the global market increased
from ~ 1.24 billion USD in 2016 to~1.53 billion USD
in 2021 (web2). In general, the major types of carot-
enoids used commercially in the global market are
astaxanthin, p-carotene, lutein, canthaxanthin, lyco-
pene, and zeaxanthin (Sathasivam & Ki, 2018). Mal-
lomonas sp. can produce fucoxanthin in significant
amounts (26.6 mg g~ dry weight), which have anti-
obesity and anti-oxidant property making fucoxan-
thin to be very promising compound for commercial
production (Petrushkina et al., 2017). Furthermore,
Mallomonas sp. could also be an important source of
B-carotene (Péterfi & Momeu, 2009) with potential

@ Springer



2746

Hydrobiologia (2023) 850:2735-2756

use in the human healthcare and cosmetics industry
(Bogacz-Radomska & Harasym, 2018).

Paraphysomonas vestita (A.Stokes) De Saedeleer
have MGDGs (monogalactosyldiacylglycerols), SQD
(sulfoquinovosyldiacylglycerols), whilst Synurales
have only MGDG genes. These compounds have
important biological properties: MGDGs in anti-
inflammatory and anti-cancer activities, SQDGs in
immunostimulatory activities and inhibition of the
enzyme glutaminyl cyclase involved in Alzheimer
disease (Riccio et al., 2020). These species can pro-
vide possible biotechnological applications to pro-
duce bioactive lipids.

Chrysophytes are among the “cold algae” as most
species dominate in cold, even extremely cold regions
(Arctic, Antarctic, mountainous regions, Varshney
et al.,, 2015) or they can bloom in low temperature
periods (Cen et al., 2020). Their cold resistance could
be affiliated with their polyunsaturated fatty acid
production (PUFA) such as it was found in case of
marine chryptophytes (Peltomaa et al., 2018). PUFA
is generally known to have antifreeze properties
(Alcaino et al., 2015) and ensures the fluidity of the
cell membranes lowering its melting point (Brunton
& Collins, 2007). This special extremophile feature is
a further potential in biotechnology (Varshney et al.,
2015), e.g. as ingredients for nutraceuticals (Peltomaa
et al., 2018).

Biosilica also provides inspiration in biologi-
cal materials science (Wysokowski et al., 2018).
Despite the silica scales of chrysophytes are made
of an identical chemical compound as the frustules
of diatoms and have high application potential, their
use in nanotechnologies has been in the early stages
of research and far behind that of diatoms’ (reviewed
by KratoSova et al., 2013). Two studies showed the
extensive potential of Mallomonas kalinae Rezatova
for metal nanoparticle biosynthesis with possible
utilisation in a multitude of applications (KratoSova
et al., 2013; HoliSova et al., 2019). Biominerals of
Synura petersenii and Mallomonas caudata and their
subsequent conversion into elemental silicon via
magnesiothermic conversion route (Petrack et al.,
2014) is of potential interest for catalytic, biochemi-
cal, electronic and thermal applications, as well as the
use in lithium batteries (Sandhage et al., 2002; Xing
et al., 2013).
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Genetic resources

Since the first study focusing on DNA sequences of
silica-scaled chrysophytes was published only in the
early 1990s (Ariztia et al., 1991), molecular-based
research of silica-scaled chrysophytes has started
to develop only recently. These investigations are
based on nuclear and plastid gene sequencing tech-
niques and are targeted recently on phylogenetic and
evolutionary relationships (e.g. Andersen, 2007; Jo
et al., 2013; Skaloud et al., 2013a; Bock et al., 2017;
Certnerovi et al., 2019). Regarding practical applica-
tion the small subunit (SSU) rRNA gene was used
and proved to be appropriate for measuring abun-
dance of Paraphysomonas with fluorescent oligonu-
cleotide rDNA probes (Lim et al., 1999; Rice et al.,
1997). Furthermore, understanding the mechanisms
that silica-scaled chrysophytes utilise to produce their
silica structures may also provide a good opportunity
for their nanotechnological applicability. In this area,
Schultz et al. (2001) detected an SP41 protein and its
encoding cDNA, which plays a role in morphogenesis
and/or silicification of Mallomonas splendens.

Our genetic information about silica-scaled chrys-
ophytes has been poor since many genera remained
uncharacterized (e.g. Spiniferomonas). The pub-
lished sequences are related to only a small portion
of species (Skaloud et al., 2013a), and only five spe-
cies (Mallomonas splendens, Neotessella volvocina,
Synura petersenii, S. sphagnicola (Korshikov) Kor-
shikov, S. uvella) have their complete plastid genome
sequences explored (Kim et al., 2019) and only one
detailed transcriptomic analysis was performed
investigating the trophic mode of one Synura species
(Beisser et al., 2017).

Cultural services
Aesthetic

Silica-scaled chrysophyte species can develop signifi-
cant amounts of biomass in many ecosystems, even
under ice-cover. These blooms sometimes can mani-
fest in extraordinary appearance (visible coloration)
or make unpleasant conditions (Sandgren et al., 1995;
Watson et al., 2001a, b), which particular aesthetic fea-
tures may attract tourists. Synura uvella bloom causes
brown, whilst Mallomonas acaroids Perty yellow
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discolouration (Jiittner, 1981; Kristiansen et al., 1995;
Kalinowska & Grabowska, 2016). Besides the visual
effects, chrysophytes produce diverse and significant
amount of volatile organic compounds (VOCs) caus-
ing taste-odour events (Watson et al., 2001b; Watson,
2003; Nicholls & Wujek, 2015; Lee et al., 2017), even
causing problems in drinking water supplies and pro-
cessed food products (Sandgren et al., 1995). Though
single species have no known unique chemical finger-
prints (Watson, 2003), yet some silica-scaled chryso-
phyte species can be responsible for some characteris-
tic odour problems:

— Synura petersenii and Mallomonas papillosa
K.Harris & D.E.Bradley for rancid/fishy-smell
(Nicholls & Gerrath, 1985; Wee et al., 1994;
Rashash et al., 1995; Watson et al., 2001b);

— Synura petersenii for cucumber odour (Hayes
& Burch, 1989; Wee et al., 1994; Rashash et al.,
1995);

— Synura uvella for cod-liver oil- (Jiittner, 1981) and
fishy odorants (Liu et al., 2019);

— Synura ssp. for violets/fruity/ester-like/green/plas-
tic odours (reviewed by Lee et al., 2017). These
chemical fingerprints can be useful even for water
management (e.g. development or choice of the
most effective treatment techniques to minimise
or eliminate the aesthetically unpleasant effects,
Hayes & Burch, 1989; Watson et al., 2001a, b; Lee
et al., 2017).

Inspiration

Silica-scaled chrysophytes (their scales, whole cells,
and cysts) have extraordinarily beautiful appear-
ance (e.g. structures of scales, colony form), which
can provide inspiration for artists in many areas,
whether at an amateur or artistic level. These algae
are involved (among many others) in

— drawings (dragon, covered by Synura scales,
web3),

— paintings (Mallomonas sp., web4),

— photographs (cysts, Mallomonas sp., Synura sp.,
web5, web6),

— designs of face masks (web7),

— jewellery (web8) and even

— puzzles (Synura uvella, web9).

Knowledge system

Only one on-line database (https://chrysophytes.
eu/) was established in order to collect records deal-
ing with the European silica-scaled chrysophytes
(gkaloud et al., 2013b). The database consists of geo-
graphical coordinates, distribution map, distribution
frequencies (along temperature, pH and conductivity
gradients), references, as well as microphotographs
(TEM, SEM, light microscope [LM]). At the moment,
based on more than 7500 entries, the database pro-
vides information on 204 species and intraspecific
taxa, which significantly contribute to our knowledge.

No available world-wide database has exist about
the distribution of silica-scaled chrysophytes, but the
AlgaeBase system (Guiry & Guiry, 2022) can provide
information about the whole group of algae, includ-
ing “Detailed distribution with sources” and “Key
references” as their slogan signs: “Listing the World’s
Algae”.

Summary and conclusions

Due to the required special identification facilities
(high quality LM, SEM, TEM) silica-scaled chryso-
phytes have been a poorly studied group of algae in
many fields of research. Despite these difficulties, the
existing information highlights their great ecologi-
cal value. They are involved altogether in 14 ecosys-
tem services (13 defined by MEA 2003, 2005; and
another one), and can also have further powerful
opportunities. The deficiency roots in the fact that
very little information is available from a major part
of the group, which is restricted almost exclusively to
floristic data (e.g. Chrysosphaerella, Spiniferomonas,
Polylepidomonas). Their detailed research would
mainly need physiological tests, but they are difficult
to grow in culture due to their trophic requirements
or special needs for growth conditions (Bhatti & Col-
man 2005; Kristiansen & §kaloud, 2017). However,
there are a few species that have been better studied
and used as model species (e.g. Paraphysomonas ves-
tita, P. imperforata, Synura petersenii). So far, not
all of silica-scaled species, even genera, have been
investigated in detail at molecular level resulting only
in a few available genomic and transcriptomic infor-
mation. However, silica-scaled chrysophytes can be
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considered important genetic resources, since they
can produce many important bioactive compounds
(e.g. silica structures, carotenoids, allelopathic
VOCs), thus their detailed investigation will be very
useful, for instance, for genetic engineering studies,
increasingly evolving nanotechnology and “green”
water management technology.
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