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Abstract

We report a summary of the symposium “Stress and Protists: No life without stress”, which was held in September 2015 on
the VII European Congress of Protistology in partnership with the International Society of Protistologists (Seville, Spain). We
present an overview on general comments and concepts on cellular stress which can be also applied to any protist. Generally,
various environmental stressors may induce similar cell responses in very different protists. Two main topics are reported in this
manuscript: (i) metallic nanoparticles as environmental pollutants and stressors for aquatic protists, and (ii) ultraviolet radiation
— induced stress and photoprotective strategies in ciliates. Model protists such as Chlamydomonas reinhardtii and Tetrahymena
thermophila were used to assess stress caused by nanoparticles while stress caused by ultraviolet radiation was tested with
free living planktonic ciliates as well as with the symbiont-bearing model ciliate Paramecium bursaria. For future studies, we
suggest more intensive analyses on protist stress responses to specific environmental abiotic and/or biotic stressors at molecular
and genetic levels up to ecological consequences and food web dynamics.

© 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

All living beings may have been under some kind of
stress throughout their life. In fact, the existence of dif-
ferent environmental stress forms has been a key piece of
the evolutionary machinery. Stress and life are closely con-
nected. In general, the concept of “stress” can be considered

Abbreviations: ENM, engineered nanomaterial; ENPs, engineered
nanoparticles; miRNA, microRNA; MOPS, 3-(N-morpholino) propanesul-
fonic acid; NPs, nanoparticles; OS, oxidative stress; PAR, photosynthetically
active radiation; PER, photoenzymatic repair; QDs, quantum dots; ROS,
reactive oxygen species; UVR, ultraviolet radiation.
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as any harmful environmental factor that induces cellu-
lar physiological changes, disturbing the homeostasis of an
organism. Therefore, it has a negative connotation because it
induces damage or homeostatic disturbance on the living sys-
tem. However, the initial negative connotation of stress can
become a positive one after cellular acclimatization (recover-
ing the cell homeostasis) and later selection of acclimatized
cells, or in other words; “what does not kill it can make it
stronger”. If acclimatization fails and homeostasis cannot
be recovered, cells die (unregulated cell death) or undergo
suicide (regulated cell death or apoptosis) (Galluzzi et al.
2016).

From a biological point of view, we can distinguish
two types of stresses; abiotic and biotic ones (Fig. 1).
Abiotic stress includes all exogenous physicochemical
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Fig. 1. Schematic representation of the main environmental abiotic and biotic stressors on an organism (big circle). Small circle represents

any parasite (living stressor). For details see text.
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Fig. 2. Schematic representation of the different strategies involved
in the cellular stress response.

environmental factors that may trigger a damage to any liv-
ing organism, for instance; pH, temperature, osmotic stress,
(solar) radiation, inorganic (metals, metalloids, metallic
nanoparticles) and organic (xenobiotic) compounds, starva-
tion, drought, etc. On the other hand, biotic stress involves
the presence of whole cells or organisms acting as the stress
source, and the interaction between the living stressor and
the living receptor is the real cause of the stress, and, as they
are living beings, both can be stressed. Some examples of
biotic stresses are parasitical interactions (virus-, bacteria-
, or protist-host), predator—prey interactions, or symbiotic
interactions (Schwartzman and Ruby 2016). These types of
stresses have convergent points in the signaling networks and
overlapping gene clusters (Fujita et al. 2006) (Fig. 2). The
generation of reactive oxygen species (ROS) has been con-
sidered as a key process present in both abiotic and biotic
stress (Apel and Hirt 2004). Likewise, MAP-kinase cascades

are another convergence point involved in the signaling net-
work of abiotic and biotic stresses (Nakagami et al. 2005;
Swiecilo 2016).

Cell mechanisms to respond to environmental changes
are universal, so, in general, they are present in all living
beings (including protists). The continuous or regular expo-
sure to a specific stressor involves a cell acclimatization to
that environmental stressor. This adaptive change can be
reversible returning to the non-acclimatized cellular stage
after the stressor is removed or disappears from the environ-
ment. When the stressor agent appears in the environment,
a cell recognition mechanism carries out a chemical trans-
duction by specific or unspecific receptors, indicating the
cell the presence of that stressor. From this point, a com-
plex signaling network connects the initial receptor with the
molecular mechanism involved in the cell response against
that specific stressor (Fig. 2). The cell response can be spe-
cific to only one stressor or general (common response) to
several different stressors. In general, both cellular responses
can co-exist, because cross-protection exists among differ-
ent environmental stressors (Swiecilo 2016). Depending on
the nature of stressor, cell adaptive responses may consistin a
readjustment of metabolism or induction of new gene expres-
sion (Ruis 1997). In some cases, the new gene expression
involves a cell differentiation process inducing a stressor-
resistant cellular stage. All these cell alterations are focused
to maintain cell survival under the stress conditions.

Both abiotic and biotic environmental stressors can modify
gene activities via epigenetic mechanisms, so representing
a connection between environmental change and genome
response. In fact, several epigenetic control events (open-
ing or closing gene expression) have been reported in
organisms undergoing environmental stress (Meyer 2015).
Three main epigenetic mechanisms seem to be involved
in environmental stress acclimatization; DNA methyla-
tion, histone modifications (acetylation or methylation) and
non-coding microRNAs (miRNAs). Before transcription ini-
tiation the gene expression can be regulated by the chemical
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modification of DNA or associate histone proteins; unmethy-
lated DNA or acetylated histones promote the gene
expression, while methylated DNA or deacetylated histones
block the gene expression. Likewise, after gene transcription
the expression of mRNAs can be regulated by miRNAs, by
blocking or inducing the transduction (Nolte-’t Hoen et al.
2015). Several examples of epigenetic processes connected
to environmental stresses are: down-regulation of methyl-
transferase enzymes and reduction of DNA methylation
by cadmium stress (Bishak et al. 2015), different miRNAs
involved in the regulation of heat stress in plants (Liu et al.
2015), or those involved in metal stresses, such as; miR398
which is essential to maintain the Cu homeostasis, or miR393
and miR717 which play an important role in the Cd stress
response in plant cells (Ding and Zhu 2009). Oxidative stress
(OS), hypoxia, cold stress or starvation (Hudder and Novak
2008) and stress by radiation (Josson et al. 2008) seem to be
also related with post-transcriptional regulation by miRNAs.
To the best of our knowledge, there are no studies involving
protists, environmental stress and epigenetics.

In protists, several types of stress responses to differ-
ent environmental factors have been studied, for instance;
ultraviolet radiation stress in ciliates (see the section “stress
responses and photoprotective strategies of ciliates exposed
to ultraviolet radiation”, below), starvation stress inducing
cell differentiation (encystment) in ciliates (Gutierrez and
Martin-Gonzalez, 2002; Gutierrez et al. 2001), cell stress
induced by metal(loid)s (Dondero et al. 2004; Ferro et al.
2015; Gutierrez et al. 2008, 2011; Kim et al. 2014; Martin-
Gonzalez et al. 2005; Mendoza-Cédzatl et al. 2005; Rico
et al. 2009), stress by metal-containing nanoparticles (sec-
tion “Engineered nanomaterials as environmental stressors
and effects on aquatic protists”, below) (Gonzalo et al. 2014;
Mortimer et al. 2014b; Navarro et al. 2015; Zou et al. 2013),
and OS by xenobiotics (Diaz et al. 2016; Prado et al. 2012;
Trielli et al. 2006), among others. Although, in the last years
the study of cellular stress using different model-protists
(mainly Tetrahymena thermophila, Paramecium spp., Dic-
tyostelium discoideum or Chlamydomonas reinhardtii) has
been increased, there is still much to learn about the stress
response of these eukaryotic microorganisms against both
abiotic and biotic stresses. Mainly, molecular and genetic (or
epigenetic) studies on this topic are still in their infancy, and
greater efforts are needed to cover these gaps.

The present manuscript is based on two contributions pre-
sented in the symposium “Stress and Protists: No life without
stress” held in September 2015 on the VII European Congress
of Protistology (ECOP) in partnership with the International
Society of Protistologists (ISOP) (Seville, Spain).

Engineered nanomaterials as environmental
stressors and effects on aquatic protists

Engineered nanomaterial (ENM) use in numerous applica-
tions is rapidly rising and their concomitant release into the

environment is inevitable and therefore could bear important
environmental implications (Nowack et al. 2012). ENM are
being produced at industrial volumes with significant releases
into the aquatic environment already occurring and likely to
increase further. Among them the material based on inor-
ganic nanoparticles such as metals, metal composites and
metal oxides, represent about one third of all the nanomate-
rials (OECD 2015). The properties of ENMs that make them
useful in manufacturing may also make them potentially bio-
logically disruptive and of risk for the environment if they
are in contact with biota. Therefore, ENMs can be considered
as emerging stressors of anthropogenic origin with a poten-
tial to persist and to induce the detrimental alterations in the
environment (Peijnenburg et al. 2015; von Moos et al. 2014).
Although the increasing efforts to assess and classify the alter-
ation potential of ENMs in the aquatic environment, the major
drivers and underlaying mechanisms still need to be explored
(Ivask et al. 2014). Here, we focus on the impact of ENMs on
two representative aquatic protists: the photosynthetic plant-
like (autotrophic) protist Chlamydomonas reinhardtii, and
the ingestive animal-like (phagotrophic) protist Tetrahymena
thermophyla. More specifically, the processes governing the
impact of the metal containing ENMs on these protists are
discussed first, and the applicability of the OS paradigm to
assess the alteration potential in environmental settings and
modifying factors is then illustrated with examples of metal
containing nanoparticles.

To interact with the biota (e.g. protists) and thus to induce
an effect, the ENMs suspended in the water column have to
reach (1, Fig. 3) the vicinity of the microorganism. In the
ambient medium, ENMs can interact with different organic
and inorganic components, agglomerate and release metal
ions (2, Fig. 3). As a result, the biota is in contact with a
complex mixture containing different ENM forms includ-
ing agglomerates, free/complexed dissolved and partially
dissolved ENM species. Once in the vicinity of the microor-
ganism, different ENM forms react with sensitive receptor
sites (adsorption, 3, Fig. 3) on the biological membrane, and
then (but not necessarily) can diffuse through the membrane
(internalization, 4, Fig. 3). Once inside the cell, ENMs can
interact with different intracellular components and affect
cellular processes; ENMs can be transformed or excreted (5,
Fig. 3). There is a consensus that three major phenomena
drive the biological effects of the ENMs (Ivask et al. 2014):
(1) their dissolution, (ii) organism dependent cellular uptake
of ENPs and (iii) induction of OS and consequent cellular
damages.

The above general concept of ENM — microorganism inter-
actions 1is illustrated with the example of the green alga
C. reinhardtii and the ciliated protist 7. thermophyla. We
may anticipate that ENMs with a tendency to agglomer-
ate will have lower biological availability to C. reinhardtii
and thus reduced toxic potential, while the ENMs with a
tendency to dissolve, both the dissolved and particulate frac-
tions would contribute to the bioavailability. Additionally,
ENMs and their agglomerates are expected to be taken up by
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Fig. 3. Conceptual presentation of the key processes involved at the interface protists-medium, which govern ENMs interactions with plant-like
(autotrophic) protists such as Chlamydomonas reinhardtii and particle-ingestive (phagotrophic) protists such as Tetrahymena thermophyla.

For details see text.

T. thermophyla if they are within the phagocytosable size
range. Thus knowing the cell burden of ENMs that depend
on both uptake and excretion would be necessary for
the prediction of bioaccumulation and possible trophic
transfer of ENMs. Indeed, exposure to increasing nanomo-
lar concentrations of carboxylic groups polymer coated
CdSe/ZnS quantum dots (QDs) resulted in a significant
and concentration-dependent increase of the percentage of
fluorescent protozoa (i.e., protozoa associated with QDs)
determined by flow cytometry and fluorescence microscopy
(Mortimer et al. 2014a). However, the proportion of 7. ther-
mophyla exhibiting QD fluorescence was lower after 24 h
exposure compared to 2 h exposure, suggesting QD clearance
after longer exposure time. For example, approximately 60%
of cells exposed to QDs for 2 h cleared their food vacuoles in
20h, while in the 24 h exposed population only 30% of the
protozoa secreted QDs from their vacuoles (Mortimer et al.

2014a). To get further insights into the QDs uptake mech-
anisms, T. thermophyla was pretreated with cytochalasin B
and colchicine inhibitors or their mixture and then exposed
to QDs. Cytochalasin B is a phagocytosis inhibitor, while
colchicine is an aclathrin-mediated endocytosis inhibitor.
Treatment with these inhibitors reduced significantly the per-
centage of the fluorescent protozoa (Mortimer et al. 2014a).
However, a combination of colchicine and cytochalasin B
inhibited the food vacuole formation, while the protozoan
cells were still associated with QDs and exhibited QD-
specific fluorescence. These results suggest that QDs can
associate with or enter 7. thermophila by alternative uptake
pathways to phagocytosis and clathrin-mediated endocytosis
(Mortimer et al. 2014a). Clearance of the food vacuoles in
QD-free medium was incomplete even after 20 h, which may
render them bioavailable to organisms at higher trophic lev-
els. Similarly to QDs, other metal containing nanoparticles
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such as Ag, Au, CuO-NPs and TiO,-NPs, accumulated in 7.
thermophyla by different uptake pathways (Mortimer et al.
2014b). The ENMs agglomerates are found in food vacuoles
and the cytoplasm, but the accumulation varied according
to the ENM concentration and exposure time. Indeed, the
amount of accumulated ENMs was higher after 2 h of expo-
sure than at 24 h, and at higher concentrations. Moreover,
the studied ENMs induced increased intracellular ROS and
lipid peroxidation in protozoa as revealed by flow cytome-
try and staining with CellROX® Green and BODIPY ®381/591
C11. Nonetheless, no quantitative relationship between ENM
uptake by 7. thermophila and OS and damage was found
(Mortimer et al. 2014b). Therefore, the contribution of the
dissolved metal fraction from NPs and the release of Ag
ions form the ENMs into food vacuoles have to be taken
into account. The above observations are consistent with the
limited literature demonstrating higher toxicity of the dis-
solved species to T. thermophyla as compared with Ag-NPs
(Bondarenko et al. 2013; Burkart et al. 2015) and CuO-
NPs (Bondarenko et al. 2013; Mortimer et al. 2010, 2011).
Furthermore, in case of TiO,-NPs exposure the level of
intracellular ROS generation in Tetrahymena pyriformis was
dependent on the light-illumination conditions (Zou et al.
2013).

Most of the microalgae do not exhibit cellular mechanisms
such as endocytosis, for the transport of ENPs (Moore 2006),
thus the role of the cell wall is significant in the modulation
of their interactions with ENMs. Indeed, a comparison of the
wild type of C. reinhardtii and wall-less mutant revealed a cell
wall-dependent association of QDs demonstrating the impor-
tant role of the cell wall as a protective barrier (Slaveykova
and Startchev 2009; Worms et al. 2012).

Among different biological responses used to evaluate the
potential effects of ENMs on biota, the generation of the
highly ROS, disturbing the pro- and antioxidant equilib-
rium and thus inducing OS is currently the best-accepted
paradigm to assess and compare the toxicity of different
ENMs in the environment (Burello and Worth 2011; von
Moos and Slaveykova 2014). Although nonspecific for a
given stressor, the OS paradigm provides insights into the
toxic relevance of different ENMs and is a useful paradigm
for their ranking and development of the structure-reactivity
and dose-response relationships. The OS (and toxicity of
ENMs, in general) is aresult of a complex interplay of the spe-
cific features of the target organism (e.g., particle ingesting
vs. non-ingesting), the specific characteristics of the ENMs
(e.g., composition, size, surface coating and function, solu-
bility) and environmental factors (e.g., pH, water hardness,
salinity, presence of organic molecules and dissolved organic
matter, ultraviolet radiation, etc.) (von Moos and Slaveykova
2014; von Moos et al. 2014). Here, the influence of the ambi-
ent medium composition and a combined exposure to ENMs
and other environmental stressors such as ultraviolet radi-
ation (UVR) illustrated below are shown exemplarily for
the microalga C. reinhardtii exposed to CuO nanoparticles
(CuO-NPs). CuO-NPs are widely-used biocides (Ingle et al.

2014; Shi et al. 2012), however, they are more toxic to non-
targeted than to targeted species (Bondarenko et al. 2013;
Ivask et al. 2014). The influence of the media composition
on the potential of CuO-NPs to induce OS and damage was
explored at 2h and 24h in 3-(N-morpholino) propanesul-
fonic acid (MOPS) Good’s buffer, standard testing OECD
medium and Lake Geneva water (von Moos et al. 2015).
Oxidative stress occurred in all tested media but after 24 h
exposure in OECD medium the percentage of the stressed
cells increased 50 times with respect to the non-exposed con-
trols, while in MOPS and lake water this increase was only
5 and 3 times, respectively. The medium composition mod-
ified the CuO-NPs and thus (sub)-toxic effects altering their
dissolution, surface charge and aggregation, as well as their
potential to generate ROS appeared. Indeed, the dissolved
fraction in the 10 mg L~! CuO-NP suspension increased from
about 5% in MOPS to about 80% in OECD medium and lake
water 24 h after NP suspension (von Moos et al. 2015). This
observation shows the importance of the medium composi-
tion in CuO-NPs dissolution and the significant contribution
of the dissolved Cu to the OS response of the algae in OECD
medium and lake water. Furthermore, OS occurred also after
exposure to dissolved Cu only but the response was less
important in OECD medium and lake water, suggesting that
CuO-NPs exerted a particle-specific effect and/or modified
the bioavailability of dissolved Cu, e.g., by complexation
with dissolved organic matter present in lake water (von Moos
et al. 2015).

In the environment, biota are exposed to a combination
of interacting stressors. For example, the interplay between
solar radiation and ENMs could affect the protists by: (i) alter-
ing the ENMs dissolution, aggregation and ROS generation;
(i1) modifying the chemical speciation of the released metal
ions; and (iii) affecting the vital cellular functions of protists.
To explore the combined effect of two stressors — ENMs and
UVR, C. reinhardtii was exposed to 800 pg L~! CuO-NPs
(concentration inducing 50% effect) and to simulated solar
radiation with altered PAR/UVR ratio (Cheloni et al. 2016).
Synergistic interactions between the two stressors with higher
OS in combined than in individual treatments were found
(Cheloni et al. 2016). The above examples illustrated that
the potential of CuO-NPs to induce OS was also modulated
by the test medium composition (von Moos et al. 2015), as
well as the interactions with other varying environmental
factors, including solar radiation (Cheloni and Slaveykova,
2013; Cheloni et al. 2016).

Overall, no ENPs uptake by C. reinhardtii was observed
and no clear relationship between ENP concentration and
OS response was found. By contrast, all studied nanoparticles
(Ag, Au, CuO, TiO, and QDs) accumulated in 7. thermophyla
by different uptake pathways. The ENPs aggregates were
found in food vacuoles and in the cytoplasm, but the accumu-
lation varied according to concentration and exposure time.
The OS and damage in aquatic protists induced by metal-
based NPs can be triggered directly, promoted by particle
properties at the nanoscale, or indirectly by dissolved, toxic
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metal ions from NPs. Therefore, both the oxidative potential
and NP dissolution have to be taken into consideration when
evaluating the toxicity potential of ENMs.

Stress responses and photoprotective
strategies of ciliates exposed to ultraviolet
radiation

Solar radiation is a daily stress factor for almost
any free-living organism in the world. The biologically
active radiation reaching the Earth’s surface comprises not
only PAR (400-700nm) that stimulates live processes but
includes also the potentially harmful ultraviolet wavelengths
(280-400 nm). Generally, we expect negative implications
of UVR on an organism and many studies indeed showed
that these short wavelengths can easily pass cell membranes
and cause severe direct damages to nucleic acids and pro-
teins. In protists, after the impact of UVR, modified shapes,
reduced movements and retarded growth rates are observed.
Such direct effects may indirectly affect aquatic microbial
food webs; for instance, when a predator dies off the former
prey can rise. Other indirect effects under the exposure to
UVR are the production of ROS and consequently OS may
burden an organism. Though, UVR can also have positive
effects on an organism, e.g., such as longer wavelengths of
UV-A radiation (315-400 nm) as well as of PAR can induce
photorepair mechanisms (Sinha and Héder 2002).

Almost nothing is known about the reactions and strate-
gies of free-living protists how they cope with UVR as an
environmental stress factor. Ciliated protists, in general, play
a key role in the microbial food webs of oceans and lakes
because they are one of the major consumers of phyto-
plankton and bacteria and hence an essential link to higher
trophic levels (e.g., Azam et al. 1983; Sommer et al. 2012).
Their abundance and diversity in freshwater plankton ranges
between 2.0 and 130 ind. mL~!, comprising either a few
or wide more than 100 morphospecies (e.g., Miiller et al.
1991; Sonntag et al. 2006, 201 1a; Van Wichelen et al. 2013;
Wille et al. 1999). Moreover, recent phylogenetic investiga-
tions revealed a generally high genetic protist diversity in
lakes (Kammerlander et al. 2015; Stoeck et al. 2014; Triad6-
Margarit and Casamajor 2012).

Taken into consideration the available studies so far, we see
that effects of UVR on protists reveal species-specific reac-
tions and strategies. Difficulties in studying natural protist
communities from lakes arise because virtually no cultivated
species are available in public culture collections to per-
form relevant experiments in the laboratory. This lack of, for
example, limnetic planktonic species of the common genera
Balanion, Rimostrombidium, Urotricha or Askenasia force
scientists to cultivate the desired species in their laborato-
ries often including multitudinous approaches to optimize
growing conditions in terms of medium, food and tempera-
ture; alternatively, commercially available (model) species

such as Paramecium or Tetrahymena are used in experi-
ments. As these model ciliates derive from other habitats
than the pelagic, different stress responses and photoprotec-
tive mechanisms can be expected from UVR experiments.
How different the impact of UVR on varying ciliate species
can be is elucidated in the following examples on Parame-
cium bursaria and investigations on free-living planktonic
communities (Fig. 4).

Paramecium bursaria has a mixotrophic lifestyle, i.e. the
species lives in symbiosis with autotrophic green algae and
also grazes phagotrophically on bacteria and other smaller
protists. Paramecium bursaria is wide-spread and found
in the littoral zone of lakes or in stagnant waters such as
ponds where it commonly lives attached to surfaces such
as submersed leaves and stones. This species is a suitable
model ciliate because it can be relatively easily maintained
in the laboratory, symbiont-free cell lines can be established,
and many populations and strains from all over the world
are available. To test for the stress responses of P. bur-
saria to UVR, the ciliates were exposed under an artificial
UVR and PAR source in laboratory experiments. In contrast
to their aposymbiotic (algal-free) counterparts, symbiont-
bearing individuals of P. bursaria were more resistant to
UVR and PAR, and also (photo-) oxidative stress was lower
(Hortnagl and Sommaruga 2007; Summerer et al. 2007,
2009). Apparently, the algal symbionts are somehow involved
in the photoprotection of the species. In a second approach,
two interesting phenomena emerged: under UVR and PAR
individual ciliates accumulated to dense green spots that were
even visible to the naked eye and formed a kind of ‘collec-
tive shield” (Sommaruga and Sonntag 2009). When taking
a closer look onto these aggregated individuals, the algal
symbionts within the cells were dislocated to the posterior
cell end. The assumption was that the individuals adjusted
their rear end that was densely stuffed with algae against
the irradiation source and that the ciliates’ nuclear material
was effectively shaded from harmful UVR (Summerer et al.
2009). The fact that several algal layers significantly reduce
the transmission of UVR at 320 nm can be calculated with
an optical model developed by Garcia-Pichel (1994). Taken
together, the algal symbionts obviously play a major role in
the stress balance of these mixotrophic ciliates when they are
exposed to UVR and PAR. Though, several questions remain
unsolved as it is still unknown what triggers the rapid disloca-
tion of the algae within the host under exposure to UVR and
PAR. Besides, the phenomenon is reversible within minutes
as soon as P. bursaria is not exposed to the irradiation source
any more. Another question is how the individual ciliates
manage their spot aggregation under the irradiation source. A
photosensitive area in P. bursaria might be involved somehow
(Nakaoka 1989).

Commonly, another stress factor is accelerated by UVR
and PAR, which is (photo-)oxidative stress by inducing the
formation of ROS. Photo-oxidative stress is defined as the
production and accumulation of ROS beyond the capacity
of an organism to quench them (Lesser 2006). All respiring
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cells and especially photosynthetically active cells such
as mixotrophic ciliates are in principle susceptible to OS.
Symbiotic algae produce singlet oxygen, superoxide and
hydrogen peroxide. As hydrogen peroxide is uncharged it
can easily diffuse across biological membranes, as is the case
here from the algal symbiont into the host cell where again
ROS are produced (Kawano et al. 2004). Interestingly, the
photo-oxidative stress in symbiotic P. bursaria was lower
in comparison to their aposymbiotic counterparts (Hortnagl
and Sommaruga 2007). Hortnagl and Sommaruga (2007) fur-
ther screened both symbiotic and aposymbiotic P. bursaria
for their antioxidant defenses by measuring the activity of
the enzymes catalase, superoxide dismutase and glutathione
reductase. These antioxidants are known to quench the harm-
ful effects of ROS. After exposure to UVR, ROS levels were
highest in the aposymbiotic individuals although superox-
ide dismutase activity was increased. The catalase activity
was strongly decreased in both symbiotic and aposymbi-
otic individuals and glutathione reductase was undetectable.
Hortnagl and Sommaruga (2007) proposed that not only the

high UVR screening capacity of the symbionts were responsi-
ble for this result but also the activity of antioxidant enzymes
originating from the algae. Overall, these results suggest that
in this ciliate symbiosis, the presence of symbionts mini-
mizes photo-oxidative stress in P. bursaria. The effective
physical shading strategies of P. bursaria were suggested
to be responsible not only for low photo-oxidative stress
but also for an overall photoprotection: (i) by compact sym-
biont layers (consisting of dislocated algae within the ciliate
cell) that significantly reduce the transition of UVR reaching
the sensitive nuclear material and (ii) the accumulation into
tight assemblages forming a kind of ‘collective shield’ in
dense cultures (>500ind. mL~"). Considering aggregation,
this strategy might not be relevant for planktonic ciliates of
oligo- or mesotrophic lakes as the natural density of a ciliate
species is simply too low.

Living in the plankton of clear lakes evidently implies
a permanent exposure to UVR without any possibility of
physical shading. Moreover, in the catchment of remote habi-
tats over the tree line, only scarce vegetation exists and
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consequently the input of dissolved chromophoric organic
matter attenuating UVR is low and UVR transparency is
high. As studies on P. bursaria showed, a mutualistic rela-
tionship with symbionts obviously provided an advantage
for ciliates when exposed to UVR. Though, irrespective of a
mixotrophic or heterotrophic lifestyle results from a ‘trans-
plantation’ study where the ciliate assemblage of a less UV
transparent lake was exposed in a highly UV transparent
high mountain lake revealed that mortality under different
UVR intensities was species-specific (Sonntag et al. 201 1b).
Consequently, not only single cells are affected under UVR
exposure but also whole food webs (Mostajir et al. 1999;
Sommaruga et al. 1999; Wickham and Carstens 1998). Fol-
lowing the exposure to (elevated) UVR, generally lower
division and growth rates, retarded swimming or cell death
have been observed (e.g., Giese et al. 1963; Sanders et al.
2005).

Life under daily UVR exposure as it is the case for
planktonic organisms in lakes or oceans certainly leads to
enormous stress and demands for effective photoprotection
and -repair strategies. For example, phyto- and zooplankton
in clear alpine lakes perform vertical downward migrations
around noontime (e.g., Tilzer 1973; Alonso et al. 2004). Inter-
estingly, this kind of UV avoidance strategy was not observed
for the (only) three ciliate species colonizing such an extreme
environment in summer (Sonntag et al. 201 1a). The UV sensi-
tive Balanion planctonicum persisted in the deepest area near
the sediment whereas the algal-bearing mixotrophic Askena-
sia chlorelligera thrived all over the water column and was
obviously well protected by specific sunscreen compounds
(mycosporine-like amino acids; MAAs) synthesized by its
symbionts. Besides, in an A. chlorelligera population from
a less UV transparent lake, none of these photoprotective
compounds were detected (Summerer et al. 2008). MAAs, in
general, are water-soluble, colorless sunscreens that absorb
UVR between 309 and 362 nm (Carreto and Carignan 2011).
Biochemical pathways involved in MAAs synthesis have
been recently identified but are unknown for ciliates (Balskus
and Walsh 2010; Osborn et al. 2015; Singh et al. 2010).
The MAAs detected in several algal-bearing freshwater cil-
iates originated from the synthesis by the symbionts but
the uptake from algal food was also demonstrated in a het-
erotrophic species (Sonntag et al. 2007; Summerer et al.
2008; Sonntag unpubl.). Sunscreen compounds (MAAs and
mycosporine—glutaminol-glucoside) were neither synthe-
sized by the algal symbionts of P. bursaria nor accumulated
in aposymbiotic individuals from food (Pérez et al. 2006;
Summerer et al. 2009). Preliminary experiments with B.
planctonicum also showed that this heterotrophic species was
not able to accumulate MAAs from offered MA A-rich algal
food (Sonntag and Poll unpubl.).

Other efficient mechanisms to cope with stress caused by
UVR are DNA-repair strategies including photoenzymatic
repair (PER) and nucleotide excision repair (‘dark repair’)
that can be stimulated by UV-A and PAR (e.g., Karentz
et al. 1991; Mitchell and Karentz 1993). Both strategies are

widespread and found in bacteria, phyto- and zooplankton
and in ciliated protists (Buma et al. 1997; Joux et al. 1999;
Malloy et al. 1997; Sanders et al. 2005). For example, two cil-
iates from an oligotrophic lake responded differently to UVR
exposure: Glaucoma sp. was able to recover under photore-
active radiation whereas Cyclidium sp. was not. Moreover,
the efficiency of PER in Glaucoma sp. was temperature-
dependent and significantly reduced at low temperatures
(Sanders et al. 2005). Yet, only some few ciliate species were
tested for the presence of PER. Future studies will have to
elucidate which DNA-repair strategies are generally present
in (planktonic) ciliates.

Concluding remarks

From the foregoing, we can highlight some important gen-
eral points. Oxidative stress (from the production of excessive
ROS) seems to be a general cellular response to manifold
environmental stressors (UVR or inorganic nanoparticles,
among others) in very diverse protists. Therefore, an increase
in ROS can be considered as a key process found in dif-
ferent types of stress. A general updated view from studies
related to “environmental stress and protists™ leads us to sev-
eral conclusions: (i) the scarcity of stress-related studies, (ii)
the absence of molecular approaches and genetic analyses
and (iii) the necessity to increase physiological analyses. Still
many open questions on how ciliates cope with UVR as an
environmental stressor remain and future investigations from
single species up to food webs are needed. Model protists
such as Chlamydomonas reinhardtii (among photosynthetic
protists), Tetrahymena thermophila or Paramecium species
(among free living phagotrophic protists) are up to now
the most manageable and well known protists (with already
sequenced genomes). Although they are very good candidates
to carry out analyses on environmental stress-protist interac-
tions, studies have to consider other common protist species
that are relevant for example in lake food web studies (see
also Weisse et al. 2016). Overall, we would like to encourage
scientists to use protists as eukaryotic model organisms more
often for investigating the cellular responses to environmental
stress at any level.
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