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3.2. Paramecium bursaria and the Five Syngens

The phylogenetic inference of Paramecium species based on SSU rRNA gene sequences (Figure 3)
recovers the expected topology and composition of the five subgenera of this genus. All here obtained
sequences cluster within the monophyletic and maximal supported subgenus Chloroparamecium.
Subgroups within the P. bursaria clade can be observed (Figure 3), but the achieved resolution does
not allow unambiguous identification of syngen affiliations. In order to discriminate between the
five syngens of P. bursaria, we analysed the ITS1-5.85-1TS2-5'LSU region alone (Figure 4). While the
here characterized sequences span from SSU till the beginning of the LSU (except for strain Ard10),
the majority of publicly available sequences of P. bursaria strains with known syngen affiliation are
limited to the ITS region. Sequences obtained here cluster either with (Figure 4) P. bursaria syngen R1
(Old-Pf and Scot), R2 (Bob2, Ek, Frieds, and RanNy), R3 (JPN and Tue2015), or R4 (Ard10). A potential
correlation between the host’s syngen affiliation and the present algal symbiont can be observed.
Strains affiliated to syngens R3, R4, and R5 harbour Chl. variabilis while those assigned to syngen R2
contain M. conductrix. Only in case of syngen R1 both algae have been described as symbionts.

Figure 3. Molecular phylogeny of the genus Paramecium based on SSU rRNA gene sequences.
Maximum likelihood tree based on 1493 aligned positions. GTR+I+G was used as evolutionary
model. The respective subgenera are highlighted. Other members of Peniculida were used as outgroup.
Bootstrap values above 70% and Bayesian Interference values above 0.95 are indicated. Asterisks
indicate maximum support in both analyses. Numbers in brackets represent the number of sequences
included in collapsed groups. Sequences marked in bold were obtained in this study.
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Endosymbionts Syngen
RanNy (MT460150) M. conductrix

Frieds (MT460149) M. conductrix & Chor. parasitica
Paramecium bursaria PKO (JF708923) &
Paramecium bursaria Hg5g (JF708939) o
Paramecium bursaria Obv (JF708937) &
Paramecium bursaria AZ17-5 (JF708929) + R2
Ek (MT576702) M. conductrix +
89/- Bob2 (MT576703) M. conductrix g
Paramecium bursaria Bob1 (JF708938) +
Paramecium bursaria Hg24g (JF708940) &
Old-Pf (MT459459) M. conductrix
Paramecium bursaria PB19 (MT231330) Chl. variabilis
Scot (MT460148) M. conductrix
Paramecium bursaria PB1 (JF708920) + R1
80y. | Paramecium bursaria PB3 (JF708922) +
96/1.0 Paramecium bursaria PB2 (JF708921) +
94/1.0 | Paramecium bursaria AZ20-1 (JF708930) &
Paramecium bursaria CIL-22 (MT231348) Chl. variabilis R5
Paramecium bursaria CIL-16 (MT231347) Chl. variabilis
Ard10 (MT576704) Chl. variabilis i R4
Paramecium bursaria PB-1 (MT231346)
Paramecium bursaria YAD1g (JF708927) +
Paramecium bursaria PB-2 (MT231338) Chl. variabilis
Paramecium bursaria SKS4-5 (JF708926) &
Paramecium bursaria T316 (JF708925) +
7o/ |JPN (MT460147) Chl. variabilis
96/1.0 Paramecium bursaria CIL-20 (MT231338) Chl. variabilis
Tue2015 (MT460146) Chl. variabilis R3
Paramecium bursaria Prk157-2 (JF708935) +
Paramecium bursaria HZ126-6 (JF708934) +
82/- | Paramecium bursaria CIL-23 (MT231344) Chl. variabilis
Paramecium bursaria Hb51-1 (JF708932) +
0.10

Figure 4. Syngen affiliation of Paramecium bursaria strains based on the internal transcribed spacer (ITS)
region spanning ITS1-5.85-ITS2. Unrooted Maximum likelihood tree based on 506 aligned positions is
shown. GTR+I was used as evolutionary model. Bootstrap values above 70 % and Bayesian Inference
values above 0.95 are indicated. The five syngens are highlighted as R1 to R5, a plus marks a strain
whose mating behaviour was previously experimentally determined. The identity of the algal symbiont
if known is provided. Sequences marked in bold were obtained in this study.

3.3. Chlorella variabilis, Micractinium conductrix, and Choricystis parasitica as Paramecium’s Endosymbionts

Phylogenetic inference of the intracellular microalgae of P. bursaria based on sequences spanning
the SSU-ITS1-5.85-ITS2 region (Figure 5) reveals the genera Chlorella and Micractinium as two distinct
monophyletic clades. The intracellular microalgal strains JPN and Tue2015 cluster with other
Chl. variabilis strains with maximum support in the phylogenetic analyses. Frieds, Old-Pf, and Scot
affiliate with sequences belonging to M. conductrix with maximum support.

Comparing the conserved regions of ITS2 helices I-III of Chl. variabilis (barcode CVAR, [50]) to
that of strains JPN and Tue2015, respectively M. conductrix (barcode MCON, [50]) to strains Frieds,
Old-Pf, and Scot, no differences were observed (data not shown).

The sequence of the second intracellular alga detected in strain Frieds clusters with other
sequences of the genus Choricystis as monophyletic sister group to the Elliptochloris clade with high
support in both analyses (Figure 6). The obtained sequence is identical to that of several other
Chor. parasitica strains.
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Chlorella vulgaris (FM205832)

Chlorella pituita (FM205856)

Chlorella lobophora (FM205833)

Chlorella variabilis (FM205849)

Chiorella variabilis (AB162917)

Chlorella variabilis (AB162914)

endosymbiont of Tue2015 (MT460235)

endosymbiont of JPN (MT460236)

Chlorella variabilis (AB206550)

Chiorella chlorelloides (HQ111432)

Chilorella coloniales (FM205862) Gl

Chlorella pulchelloides (FM205857)

Chlorella singularis (HQ111435)

Chlorella heliozoae (FM205850) [

Chlorella rotunda (HQ111433)

Chlorella lewinii (FM205861)

Chlorella sorokiniana (FM205859)

Chlorella volutis (HQ111434)

Chlorella elongata (FM205858)

88/0.99/88 Micractinium tetrahymenae (MT359915) o

Micractinium pusiflum (FM205836)

Micractinium inernum (AB731604)

Micractinium simplicissimum (MN414470)

Micractinium singulare (MN414469)

Micractinium variabile (MN414468)

Micractinium conductrix (FM205851)

Micractinium conductrix (AB506071)

Micractinium conductrix (AB506070)

endosymbiont of Old-Pf (MT460234)

endosymbiont of Scot (MT460237)

endosymbiont of Frieds (MT460238)
-10.95/- Micractinium belenophorum (FM205879)

87/0.98/92 ——— Carolibrandtia ciliaticola (LC228604)

99/1.0100 — Didymogenes anomala (FM205839)

: T Didymogenes palatina (FM205840)

Didymogenes sphaerica (AB731603)

Meyerella planktonica (AY543045)

Hegewaldia parvula (FM205843)

Hegewaldia sp. (FM205844)

Heynigia dictyosphaerioides (GQ487221) Chlorella clade

Heynigia riparia (GQ487225)

Hindakia tetrachotoma (GQ487233)

Hindakia fallax (GQ487223)

86/1.0/-— Actinastrum hantzschii (FM205841)

4[': Actinastrum hantzschii (FM205882)
99/1.0100L Actinastrum hantzschii (FM205884)

-/0.95/100 o Ctlosterlb;;sis('aztl\:;‘lczlggg‘s‘ fg=M205847)
icioster acuatus
4| *_,_— Parachiorella bejjerinckil (FM205845) Farachlorella clade
Parachlorella kessleri (FM205846)

— 0.01 substitutions/site

-/0.95/78

97/1.0/99
Micractinium

Figure 5. Molecular identification of microalgal endosymbionts. Phylogeny of members of the
Chlorellaceae based on sequences covering the SSU rRNA gene and the internal transcribed spacer
region spanning ITS1-5.85-1TS2. The shown tree was inferred by the Neighbour Joining method based
on 2224 aligned positions. GTR+I+G was used as evolutionary model. Bootstrap values above 70 %
and Bayesian Interference values above 0.95 are indicated (ML/BI/NJ). Asterisks indicate maximum
support in all analyses. Members of the Parachlorella clade were selected as outgroup. Black circles
indicate species capable of living in symbiosis. The sequences marked in bold were obtained in
this study.

3.4. Establishment of Symbioses

We followed the fate of isolated algae after their uptake and differentiated between digestion,
expulsion, and endosymbiotic maintenance by aposymbiotic P. bursaria cells via fluorescence
microscopy. Within five days after exposure of aposymbiotic P. bursaria cells (Figure 7A,D), digestive
vacuoles were observed in all paramecia predominantly occurring in the central part of the Paramecium
cell with more than one enclosed alga regardless of the supplied species. Multiple perialgal vacuoles
enclosing single algal cells were observed throughout the entire host cytoplasm. After 12 to 15 days
p-i., numerous perialgal vacuoles were localized in the cytoplasm near the host’s cell cortex in each
examined Paramecium cell (Figure 7B,E). Successful re-establishment of symbiosis was achieved for
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all tested combinations (Supplementary Table S4) regardless of host background (former Chlorella or
Micractinium host), syngen affiliation, and algal identity (Chl. variabilis, M. conductrix, or Chor. parasitica).
Thus, we observed no differences between re- versus cross-infection and no preference of certain
P. bursaria syngens for specific algae. After four months of cultivation, infected P. bursaria cells harbour
numerous (200-500) intracellular algal symbionts. The observed symbiotic conditions are comparable
to the natural state (Figure 7C,F). These cultures are stable since over five months and are maintained
to date in the laboratory.

«| Asterochloris erici (AB080310)
| Asterochioris magna (KP318691)
Myrmecia astigmatica (Z47208)
81/0.99) Myrmecia biatorellae (Z28971)
Trebouxia arboricola (Z68705)
Trebouxia asymmetrica (Z21553)
Trebouxia impressa (Z21551)
79/- | Lobosphaera incisa (AY762602)
«| | Lobosphaera tirolensis (AB006051) Lobosphaera clade
‘Myrmecia’ bisecta (Z47209)
8710 Viridiella fridericiana (FM958481)
74/- — Chloroidium ellipsoideum (FM946012)
Chloroidium engadinense (FM946011)
Chloroidium saccharophilum (FM946000)
Watanabea reniformis (FM958480)
Coccomyxa simplex (FN298927)
94/1.0 E Coccomyxa subellipsoidea (HG972978)
Coccomyxa dispar (HG972998)
100/- | Elliptochloris antarctica (LT560355) Elliptochloris clade
Elliptochloris reniformis (HQ317305)
Elliptochloris bilobata (HG972969)
Elliptochloris perforata (LT560342)
Choricystis parasitica (FN298929)
Choricystis parasitica (KX139548)
Choricystis sp. (AB488585)
symbiont of Frieds (MT459641)
97/1.0| Choricystis parasitica (KX139549)
70/- Choricystis parasitica (FN298930) . )
Choricystis sp. (AY197629) Choricystis clade
Choricystis sp. (X81965)
99~ Choricystis sp. (AY195970)
«|' Choricystis sp. (AY195972)
Choricystis parasitica (AY762605)
86/1.0! Choricystis sp. (AB488587)
Leptochlorella corticola (HE984579)
85/1.0 Xylochloris irregularis (EU105209) .
ﬂmﬁs s, (JQ988942) Xylochloris clade
« | Microthamnion kuetzingianum (Z28974)
L Fusochloris perforata (M62999)

Trebouxia clade

Watanabea clade

91/1.0

96/1.0

Parietochloris alveolaris (EU878373)

Parietochloris pseudoalveolaris (EU105209)
Prasiola crispa (AJ416106)

Stichococcus bacillaris (AJ416107)

Microthamnion clade

Pseudochlorella pyrenoidosa (LT560358) ® Prasiola clade
Edaphochlorella mirabilis (LT560369)
Neocystis brevis (KM020044) :
99/10.98L Neocystis mucosa (JQ920366) Neocystis clade

0.10

Figure 6. Molecular phylogeny of Choricystis parasitica and closely related members of the Chlorellaceae
based on partial SSU gene sequences. Maximum likelihood tree based on 948 aligned positions.
GTR+I+G was used as evolutionary model. Bootstrap values above 70 % and Bayesian Inference
values above 0.95 are indicated. Asterisks indicate maximum support in both analyses. Dark circles
indicate species capable of living in symbiosis, in case of Choricystis the symbiotic strains are highlighted.
Species belonging to the Prasiola and Neocystis clades were chosen as outgroup. The obtained sequence
is marked in bold.
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-
-
Figure 7. Establishment of symbiosis between aposymbiotic Paramecium bursaria and intracellular
algae. Re-establishment of symbiosis between aposymbiotic P. bursaria RanNy with Micractinium
conductrix obtained from strain Scot; (A—C) and aposymbiotic P. bursaria JPN with Choricystis parasitica
(D-F). Aposymbiotic Paramecium cells (A,D) obtained after treatment with cycloheximide. The white
outline corresponds to the ciliate’s cell shape based on bright field microscopy (not shown). Symbiotic
status of P. bursaria after four to seven days (B,E). Successfully established symbiosis after two (C) to

four (F) weeks. Representative examples are shown. Arrows indicate digestive vacuoles. Scale bars:
20 um.

4. Discussion

4.1. Symbiotic Relationships and Specificity of Paramecium bursaria and Its Green Algal Endosymbionts

Previous studies showed that aposymbiotic P. bursaria are able to re-establish symbiosis with their
intracellular microalgae [19,72]. After uptake via phagocytosis, most of the algae are incorporated
in digestive vacuoles. Some manage to escape the host’s lysosomal fusion by ‘budding off” into the
cytoplasm being enclosed in perialgal vacuoles. Subsequently, those horizontally transmitted algae are
distributed throughout the host cell as well as beneath the cell cortex [73]. Based on the characterization
of natural P. bursaria-algae symbioses, it was speculated that the occurrence of certain intracellular algae
species might depend on the geographic origin of P. bursaria. The observed endosymbionts separated
into two groups [10,12,13,74-76], i.e., the “American/Southern” (later on described as Chl. variabilis)
and the “European/Northern” (M. conductrix) group. Thus, a correlation between endosymbiont and
host population was assumed. Another recent study presents contradicting results reporting the first
Chl. variabilis from European P. bursaria [50].

Actual testing the specificity of symbiotic partners accepted by P. bursaria ([77], this study) revealed
that all tested intracellular algae derived from this ciliate were accepted as endosymbionts. On the other
hand, free-living algae and those obtained from Hydra were digested [77]. A competition experiment
revealed a clear preference of the aposymbiotic P. bursaria strain for its native Chlorella strain [77].
In the here conducted re- and cross-infection experiments without of a competitive setting, algae-free
P. bursaria did not show a preference for their original symbiont or symbiont species. Aposymbiotic
strains formerly harbouring Chl. variabilis maintained M. conductrix as endosymbiont, and vice versa.
The picoalga Chor. parasitica, naturally sharing the cytoplasm of its host with M. conductrix, was able to
form a stable symbiosis independently of co-occurring microalgae and with cells naturally harbouring
Chl. variabilis. Even though P. bursaria establishes an intimate and long-term stable symbiotic association
with Chor. parasitica, the role of the picoalga for P. bursaria remains unclear. An evaluation of
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the symbiotic relationship between P. bursaria and the intracellular picoalga Chor. parasitica awaits
further detailed analyses as current findings do not allow a placement of this interaction on the
mutualism-parasitism continuum.

4.2. Molecular Characterization of Paramecium bursaria and Its Green Algal Endosymbionts

Unsurprisingly, the novel isolates of ‘green’ ciliates were unambiguously confirmed as P. bursaria.
The phylogenetic tree inferred from SSU sequences is in overall good agreement with those previously
published [5,42,44]. It already indicates intraspecific diversity, which becomes obvious in the analysis
of the ITS region whose results reflect previous findings [47,50]. The analysis of the currently available
ITS data might be interpreted that certain P. bursaria syngens harbour preferentially certain algal
symbiont species. On the other hand, the number of symbiotic systems with both partners fully
characterized is small, therefore this result should be considered very cautiously. It is likely that the
picture will change with an increased amount of characterized strains. A revision of the P. bursaria
species complex and conclusions about the suitability of certain syngens as hosts for specific algae
await future studies.

The here characterized algal symbionts Chl. variabilis and M. conductrix are morphologically
nearly identical [50]. However, they clearly differ in size from the additional algal symbiont detected
in strain Frieds. The observed sizes in case of the microalgae were at the minimal range described
for M. conductrix (5.0-12.0 um, [10]) and in the typical size range for intracellular Chor. parasitica
(1.5-3.0 um) in case of the picoalgae. In the phylogenetic inference based on SSU-ITS sequences,
the genera Chlorella and Micractinium were recovered as monophyletic and maximum support was
obtained for the associations of the here studied microalgae with either Chl. variabilis or M. conductrix.
The tree topology is nearly identical to that of previous studies [62,68] except for small differences
lacking support in each analysis. The recovery of both algal species as endosymbiont of P. bursaria
was not surprising, the detection of picoalgae in strain Frieds and their identification as Chor. parasitica
more so. This is the first report of these picoalgae co-occurring with M. conductrix in the cytoplasm
of P. bursaria and only the third report of Chor. parasitica as potential endosymbiont of P. bursaria.
In previous observations the co-occuring primary symbiont was identified as Chlorella [31,40].

5. Conclusions

Paramecium bursaria is well adapted to harbour green algae as symbionts. Almost exclusively,
either Chl. variabilis or M. conductrix are found in high abundances in the cytoplasm of this ciliate.
One route to address the specificity of these associations is the molecular characterizations of host and
symbionts. This approach provides information which symbioses are ecologically and evolutionary
successful in the studied habitat. It is important to stress that therefore host and symbiont should be
characterized in parallel, which is not always the case. Molecular approaches need to be combined with
microscopical observations to ensure that indeed all partners are accounted for and none is overlooked
or dismissed as environmental contamination. This might easily happen with minor symbionts in
multiple infections or with much smaller and intracellularly less abundant picoalgae. Experiments to
test the ability for symbiosis formation provide an additional perspective to the observed occurrence
of associations in the environment. Infection assays can examine which interactions can be formed at
e.g., species or genotype level. Thus, they provide insights into the genetic broadness of potentially
realizable symbioses under constant laboratory conditions and allow to entangle the impact of
additional biotic or abiotic factors shaping the formation and occurrence of symbioses. The present
work can serve as a roadmap how such analyses can be conducted in regard to molecular as well as
physiological characterization.

Supplementary Materials: The following are available online at http: / /www.mdpi.com /1424-2818/12/8 /287 /s1,
Table S1: Primer combinations and their PCR program specifications. Table S2: General PCR program to amplify
the SSU rRNA gene. Table S3: Model parameters as defined by PAUP. Table S4: Combinations of aposymbiotic
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P. bursaria strains and algae used in the re- and cross-infection experiments in this study. Figure S1: Diagnostic
PCR for identification of Micractinium conductrix.
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Abstract: Mixotrophic ciliate assemblages often prevail in summer in the surface layers of lakes.
During this time, they are potentially exposed to damaging levels of incident solar ultraviolet radiation
(UVR) and need efficient photoprotective mechanisms to minimize the damage. Herein, we tested
the algal-bearing species of Pelagodileptus trachelioides, Stokesia vernalis, and Vorticella chlorellata for
how they handled stress under exposure to the artificial sunlight spectrum (i.e., UV treatment),
just photosynthetically active radiation (PAR), or in the dark (ie., control). In addition to
measurements of their survival, changes in behavior, shape, and whether dark or photoenzymatic
repair (PER) mechanisms are present, we measured the concentration of UV-absorbing compounds
(i.e., mycosporine-like amino acids). In contrast to the response in the PAR and dark treatments,
sublethal effects were observed in all species when exposed to UVR. A wavelength-specific test for
P. trachelioides revealed that UV-B was especially lethal. These results suggest that the photoprotective
mechanisms found in these ciliates are not sufficient to allow for their survival directly at the surface
and that, accordingly, they need to shift their position further down in the water column.

Keywords: algal-ciliate symbiosis; mycosporine-like amino acids; Pelagodileptus trachelioides;
planktonic freshwater ciliates; Stokesia vernalis; Vorticella chlorellata

1. Introduction

It is well documented for many groups of organisms that exposure to solar radiation might
cause severe direct and indirect negative effects [1,2]. Planktonic species are exposed, to a different
extent, to solar ultraviolet radiation (UVR) which penetrates the water column. In subalpine lakes (i.e.,
located below the treeline), UVR is attenuated within the uppermost meters because chromophoric
dissolved organic matter and phytoplankton absorb these short wavelengths [3,4]. To escape high UVR
levels at the lake surface, some organisms such as zooplankton perform diel vertical migrations [5].
This adaptation is unknown for ciliates, and the species assemblage is believed to move along the water
column and over the season according to food availability or water temperature [6-8]. Characteristically,
during summer/autumn, mixotrophic ciliates that live in symbiosis with algal endosymbionts can be
detected in the epilimnion of temperate lakes [6,9,10]. Such a mutualistic relationship between green
algae and a ciliate host has different advantages for both partners, namely, the ciliate receives nutrients
from its partners and the algae are transported into sunlit areas, ensuring a positive photosynthetic
balance. In addition, the algae receive shelter from chloroviruses [11-13]. Another putative advantage
of the algal—ciliate relationship, but less known, is photoprotection against UVR [14-16].

The short wavelengths of the sunlight spectrum in the ultraviolet range (280-400 nm) potentially
cause damage to the DNA and other cell targets. In particular, the absorption of ultraviolet-B (UV-B;
280-315nm) and of ultraviolet-A (UV-A;315-400 nm) radiation by DNA can damage its structure and can
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cause both mutagenic and lethal effects [17]. Consequently, organisms have evolved a variety of response
mechanisms to prevent or repair damage from UVR, including physical avoidance by regulating
their position in the water column, accumulation or synthesis of sunscreens (e.g., carotenoids and
mycosporine-like amino acids), or repair of DNA damage (e.g., photoenzymatic repair and nucleotide
excision repair [2,18-20]). Thus, UVR may not only have negative effects on organisms, but longer
UV-A wavelengths and photosynthetically active radiation (PAR) can upregulate photoenzymatic
repair (PER), where DNA damage is repaired with the enzyme photolyase. Alternatively, organisms
may have a nucleotide excision repair mechanism (“dark repair”), where the damaged part of the
DNA is removed and resynthesized [17,21]. PER and dark repair appear to be widespread among
taxonomically diverse organisms and have been also identified in protists [17,22-24]. When all of
these mechanisms are inefficient, diverse negative effects are observed. In protists, damage by UVR is
known to lead to reduced motility and retarded division as well as a reduction in growth rates [25-29].
However, from the few studies available, for example, on ciliates, it is known that both damage
by UVR and the presence of photoprotective mechanisms are species-specific [10,14-16,22,23,30-35].
For example, in laboratory experiments, Glaucoma sp. and Parauronema acutum recovered under
photoreactive radiation or in the dark, whereas a Cyclidium species did not [22,23]. In some mixotrophic
ciliates, two photoprotective mechanisms provided by the algal symbionts have been identified,
namely, the synthesis of sunscreen compounds (i.e., mycosporine-like amino acids (MAAs)) and the
self-shading effect given by the formation of dense algal layers inside the cell that prevent UVR from
reaching the sensitive nuclear material [14-16]. Generally, MAAs are detected in a variety of organisms
and they efficiently absorb UVR in the UV-B and the UV-A ranges between 309 and 362 nm [36,37].
These secondary metabolites are considered efficient sunscreen compounds, and some of them also
have antioxidant capacities as UVR is a source of oxidative stress [37]. In contrast to pigments, MAAs
are colorless, water-soluble compounds and they are probably evenly distributed within the cytoplasm
of an organism [38]. The biochemical pathways of their synthesis are still not yet fully identified in
all taxa [39,40]. Therefore, it remains unclear if ciliates themselves are able to produce sunscreens or
if they can only acquire them from an algal partner or can only extract them from their diet [14,34].
The internal shading of the nuclear material in ciliates through dense symbiotic algal layers seems
to be an additional effective photoprotective mechanism [10,15,16]. This is important because not all
ciliate species contain MAAs, but a well-directed internal allocation of algal symbionts regulates the
photoprotective efficiency in non-planktonic ciliates such as Paramecium bursaria [15,16].

Our hypothesis in this study is that, in the UVR-flooded zone of a lake, mixotrophic ciliates are
well-adapted to this natural stress factor. Thus, we tested three representative species of the planktonic
ciliate assemblage, i.e., Pelagodileptus trachelioides, Stokesia vernalis, and Vorticella chlorellata, for their
photoprotective and recovery strategies. In experiments with freshly collected individuals, we ran
a series of laboratory experiments under artificial radiation. We first assessed the ciliates” general
survival under exposure to the full solar radiation spectrum and to PAR only against a dark control
(experiment 1). Second and only for P. trachelioides, we identified the wavelengths responsible for
potential damage and/or mortality and exposed the ciliates to UVR by the exclusion of certain UV-B
and UV-A wavelengths with a set of long-pass cutoff filters (experiment 2). Third, we tested the
availability of recovery strategies from UVR-induced impairments of the ciliates, including dark repair
(all species) and PER (P. trachelioides) (experiment 3). Finally, we tested the survival of these ciliate
species under extended UV exposure (experiment 1).

2. Materials and Methods

2.1. Ciliate Sampling

Ciliates were collected in Piburgersee (PIB), an oligo-mesotrophic lake located in the Austrian
Central Alps (47°11" N 10°53” E). The lake is situated at 913 m above sea level and has a maximum
depth of 24.6 m. The lake is usually ice-covered from December through March/April. In PIB, UV-B
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radiation is completely attenuated after a depth of 3 m and UV-A is attenuated after a depth of ca.
7 m [10]. More information on UV transparency in PIB is given elsewhere [3].

From a previous study focused on PIB, we knew when the mixotrophic ciliate assemblage prevailed
and the test species could be found [10]. Living ciliates for the experiments were collected by net tows
in the uppermost 10 m of the water column with a 10-um plankton net (Uwitec, Mondsee, Austria) on
31 August and 26 September 2011 for P. trachelioides, S. vernalis, and V. chlorellata, on 24 September
2012 for P. trachelioides, and on 1 and 17 October 2013 for P. trachelioides, S. vernalis, and V. chlorellata.
Predatory zooplankton was excluded using a 250-pum plankton net before the water was poured into
1-L plastic bottles. After being transported to the laboratory, the ciliate samples were kept at ambient
lake water temperatures that were measured along a depth profile with a thermometer attached inside
a 5-L Schindler-Patalas sampler (16-17 °C on average in depths of 0-10 m).

2.2. Ciliate Handling Prior to Experiments

We screened the concentrated plankton using a stereomicroscope (Olympus SZ 40, Vienna, Austria),
and individuals were identified morphologically (Olympus BX50 microscope, Vienna, Austria) under
differential interference contrast following the key literature of [41]. The three mixotrophic ciliate species
under study could not be successfully kept and enriched in earlier long-term cultures. Consequently,
the experiments were carried out with freshly collected specimens. For acclimation, single ciliates were
transferred with drawn glass pipettes and placed into 12-well plates (Bio-One, Greiner, Kremsmiinster,
Austria) containing 0.2-pum-filtered lake water (Minisart, Sartorius, Vienna, Austria). The experiments
started the day after.

2.3. Experimental Design

2.3.1. General Experimental Setup

All experiments were run in a temperature-controlled walk-in chamber at 16-17 °C in well plates
without lids. As an irradiation source, we used four A-340 Q-Panel lamps (8.60 W m~2 UV-A and
2.47 W m~2 UV-B; Q-Lab, Saarbriicken, Germany) and two Osram Cool White lamps NL-T8 36W/640-1
(72 pmol m~2 57! PAR; Osram, Vienna, Austria). This setup maintained over 4 h is able to simulate
the daily UVR dose received at the lake’s surface (air-water interface) in June at this latitude [29].
The ciliates were exposed (1) to the full spectrum of the two types of lamps (i.e., UV treatment),
(2) to photosynthetically active radiation only (i.e., PAR treatment) by excluding the UVR with an
Ultraphan-395 foil (UV-Opak, Digefra, Munich, Germany), and (3) to the dark (i.e., control) by wrapping
the vessels with two layers of aluminum foil. The lamp spectrum weighted for the DNA Setlow action
spectrum is given in [29].

Throughout all experiments, the ciliates were checked consecutively by eye under the
stereomicroscope at 30-90 min intervals to record changes in numbers, shape, and movement.
The number of individuals in the experimental wells was intentionally kept low, namely, five per
well (P. trachelioides and S. vernalis) to be able to recognize any possible sublethal effects. As the
epiplanktonic V. chlorellata was attached to colonies of Botryococcus braunii and it was not possible to
successfully detach an adequate number from the algae, experiments were made to test only changes
in shape and movement.

This general setup accompanied all three specific experiments (see below).

2.3.2. Experiment 1 (exp 1) to Test the Ciliates” Overall Resistance to UVR

Here, we tested the species-specific response to UVR and PAR, both against a dark control.
Individual ciliates were monitored over an irradiation period of 4 h (i.e., the natural daily dose at
the surface for this geographical location) and of 7.5 h (i.e., an increased dose). This experiment
was repeated twice each with V. chlorellata and S. vernalis (in 2011 and 2013) and five times with
P. trachelioides (in 2011, 2012, and 2013) as well as in four replicates containing five individuals each
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(except for V. chlorellata; see explanation above). To test for variability under the different exposure
conditions, in 2011, we once quantified the MAAs for S. vernalis and P. trachelioides following the
protocol of [14]. For V. chlorellata, MAAs could not be determined because the ciliates could not be
separated from their algal attachment sites (that probably also contained MAAs).

2.3.3. Experiment 2 (exp 2) to Identify the UVR Wavelength-Specific Response of P. trachelioides

To identify changes in the survival, movement, and shape of P. trachelioides at specific wavelengths,
we exposed the ciliates under a series of long-pass cutoff quartz-glass filters (Andover Corporation,
Salem, NH). The filters let UV-B and UV-A pass above specific wavelengths, i.e., 280, 295, 305, 320, 335,
345, and 360 nm. Due to their size of 50 X 50 mm and their 3 mm thickness, one filter covered four
wells of a 12-well plate at once (i.e., four replicates at five individuals each). To keep offside irradiation
during experiments, the rest of each plate was covered with black foil. Exp 2 was carried out three
times with individuals from 2011 (once) and 2012 (twice) and ran over 7.5 h in total. We calculated the
transmission of each cutoff filter from the measured UV spectrum and integrated the dose rate over
time for the UV-B and UV-A wavelength-specific ranges (Table S1).

2.3.4. Experiment 3 (exp 3) to Test for the Ciliates’ Recovery Potential by “Dark Repair” (All Species)
and PER (P. trachelioides)

In exp 3, we aimed to identify the recovery processes for curing the sublethal effects caused by
previous exposure (exp 1 and exp 2). We recorded survival, behavioral, and morphological changes
and symbiont dislocation.

To test for dark repair, survivors from exp 1 and exp 2 were kept at ambient temperatures
in the dark for 12 h, and subsequently, they were maintained under light/dark conditions (16:8 h;
80 mmol m~2 57! PAR, 0.10 W m~2 UV-A). The dark repair approach subsequently followed exp 1 and
exp 2 with any of the three species involved.

To test for PER, individuals of P. trachelioides were exposed to UVR (two parallel sets at once)
and one dark control similar to exp 1 with the following modifications: after 4 h of exposure, one UV
set was covered with Ultraphan-395 foil to cut off the UVR wavelengths (hereafter, UVR_4h) and the
second set was covered after 6 h (hereafter, UVR_6h). After the respective UV treatments (i.e., UVR_4 h
or UVRL_6 h) the ciliates were exposed to photo-repairing light, i.e., 3.5 and 5.5 h, accordingly. The PER
exp 3 was done twice (i.e., in 2011 in triplicates with nine individuals each and in 2012 in 12 replicates
with five individuals each).

2.4. Statistical Analyses

To test for significant differences between the UV and PAR treatments against the control in exp
1-3 at a 95% significance level, we applied a nonparametric one-way ANOVA on Ranks (Kruskal-Wallis
test) with Dunn’s post hoc test. All analyses were conducted with the program SigmaPlot version 12.5.
Data of the same experiment and ciliate were pooled.

3. Results

For the three ciliates tested, we identified species-specific responses regarding their photoprotection
strategies as described in detail below (Figure 1).

3.1. Stokesia Vernalis

No significant mortality occurred in any of the three treatments, neither over 4 h (i.e., natural
daily dose) nor over 7.5 hin exp 1 (p > 0.05). Moreover, no abnormal swimming behavior, changes
in shape, or symbiont disarrangement were detected (B.S. personal observation). After 48 h (exp 3),
about 20% of survivors were left over after the UV treatment (p < 0.05) in contrast to PAR and the
control (p > 0.05; Figure 2). After exposure (exp 1), the concentration of MAAs was highest in the UV
treatment, followed by PAR and then the control. Shinorine was the dominant MAA (99% of the total
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amount of MAAs) after all three experimental treatments, and asterina-330, palythene, and usujirene
were only found in traces (Table 1).

Figure 1. Living individuals of Vorticella chlorellata (a—c), Stokesia vernalis (d), and Pelagodileptus
trachelioides (e f): (a) Overall view of an intact stalked individual after photosynthetically active
radiation (PAR) (experiment (exp) 1); (b) unusual globular appearance of the cell 48 h after the UV
treatment (exp 3), with the distorted myoneme (stalk protein) visible (arrow); (c) V. chlorellata attached
to colonies of Botryococcus braunii (d), showing the right lateral view, where the arrows point out to the
unique “packages” of algal symbionts; (e) total view, showing the prominent proboscis and trunk; and
(f) left lateral view of an individual without proboscis after 6.5 h under ultraviolet radiation (UVR) (exp
1), where the arrow points to the stump of the proboscis left over, the symbionts were accumulated in
the posterior cell portion. A, algal symbionts; B.b., colonies of Botryococcus braunii; M, myoneme of the
stalk; P, proboscis; T, trunk, V.c., individual of V. chlorellata. Scale bars: 50 um (a—e) and 10 um (f).

Table 1. Concentrations of mycosporine-like amino acids (10~ ug ug ™! ciliate dry weight) in individuals
of Stokesia vernalis (n = 14-16) and Pelagodileptus trachelioides (n = 48-54) collected after exposure to UVR
and PAR and in the control (exp 1). Traces: concentrations <1% of the total. Percentages in brackets =
% of the concentration of a specific mycosporine-like amino acid (MAA) in the total concentration of

MAAs detected.
Ciliate Species Sample Total Shinorine Palythine  Asterina-330 Palythene  Usujirene
S. vernalis UVR 1.86 1.86 (99%) ! - - Traces Traces
PAR 1.60 1.60 (99%) ! - Traces Traces Traces
Control 1.00 1.00 (99%) ! - - Traces -
P. trachelioides UVR 3.16 2.89 (91%) ! 0.27 (9%) 2 Traces Traces
PAR 2.49 2.22 (89%) ! 0.27 (11%) 2 Traces Traces
Control 2.58 2.38 (92%) 0.20 (8%) - Traces Traces

! Mainly shinorine with proportions of porphyra-334 (peaks in chromatogram not distinctly separated). 2 Peaks in
chromatogram not distinctly separated in either palythine or asterina-330.
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Figure 2. Surviving individuals (% = std) of Stokesia vernalis after 48 h after exp 3 (follow-up on exp 2):
n = 4 replicate wells containing five individuals each; * indicates a significant difference between the
UV treatment and the control (p < 0.05).

3.2. Vorticella Chlorellata

In the PAR treatment and in the control, no changes in the ciliates” appearance and behavior were
recorded (exp 1; Figure 1a). During UV exposure, some individuals had broken myonemes (i.e., stalk
proteins) from 6 h onward (Figure 1b). After 48 h, their stalks did not contract any more, the adoral
membranelles did not filter anymore, and finally, the ciliates died.

3.3. Pelagodileptus trachelioides

All individuals tested survived 7.5 h of exposure in any treatment as well as in the control (exp 1;
p > 0.05). After the dark repair period (exp 3), significant mortalities were observed in individuals
from the UV treatment and at 280, 295, and 305 nm (p < 0.001) in contrast to 320, 335, 345, and 360 nm,
PAR, and the control (p > 0.05; Figure 3a). Individuals already moved slower than usual after 2.5 h
in the UV treatment and 280 nm, after 3.5 h in 295 and 305 nm, and after 5.5 h in 320 nm but not
in the other treatments (B.S. personal observation). Morphological alterations, such as a spherical
appearance with a reduced trunk and a reduction in proboscis length (Figure 1f), were observed in the
UV treatment and at 280, 295, and 305 nm after 7.5 h in approximately 10% of the individuals but not
in all other treatments (i.e., exp 1 and exp 2). A symbiont accumulation in the posterior cell portion of
P. trachelioides was observed after 4.5 h and later only in the UV-B treatments (i.e., exp 1 and exp 2).

In the PER exp 3, all ciliates survived the exposure over 4 h (UVR_4h), the PER period (5.5 h), and
the dark period (12.5 h; p > 0.05; Figure 3b and Figure S1). Approximately 15-20% of the individuals
survived three weeks. In the UVR_6h treatment, survival significantly decreased after the dark period
(12.5 h; p £0.001; Figure 3b), accompanied by decreased swimming activity and dislocated symbionts,
seen after 9.5 h in 24% of the survivors (B.S. personal observation). No individual from the UVR_6h
treatment was sustained 48 h after exposure.

Among the MAAs detected, shinorine was the dominant one (approximately 90%) in all three
treatments, followed by palythine and asterina-330, and then traces of palythene and usujirene (Table 1).
The concentration of MAAs decreased from the UV treatment to the dark control.
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Figure 3. (a) Mortality (% + std) of Pelagodileptus trachelioides 24 h after TO (exp 1 and 2): The
experimental treatments were UVR, 280, 295, 305, 320, 335, 345, and 360 nm, PAR, and control (Cont).
Data of three individual experiments were pooled (1 = 60 for all treatments, except for 280 and 295 nm
with n = 40). * indicates significant mortality against the control (p < 0.001). (b) Means of the surviving
individuals (% =+ std) of P. trachelioides after experimental exposure to UVR_4h (without UVR after 4 h)
and UVR_6h (without UVR after 6 h) and in the control (exp 3). X-axis: duration (h) of the UVR +
PAR period, the photoenzymatic repair (PER) period (without UVR), and the dark period. a, b, and ¢
indicate significant mortality (p < 0.05) between treatments.
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4. Discussion

Autecological data on planktonic ciliate species are scarce, and almost nothing is known about
their strategies to cope with potentially damaging UVR (see the review in [41]). The ciliates tested here
commonly occur in subalpine lakes, and they are members of the mixotrophic assemblage found in
Piburgersee [10,41,42]. Considering that, in this lake, UV-B radiation is completely attenuated after
3 m and UV-A after approximately 7 m, effective photoprotective strategies appear to be essential for
the survival of plankton [10]. Interestingly, the ciliates tested here were obviously not as tolerant to
solar radiation conditions as we assumed, and the effectiveness of the UV photoprotective strategies
tested was unexpectedly low.

Certainly, under the experimental conditions tested here, an escape reaction away from UVR
was not possible because the ciliates were “trapped” in the shallow wells. Therefore, our approach
does not necessarily reflect the in situ situation but, instead, tested how different species reacted to
the same controlled experimental manipulation. In fact, the results from a one-year seasonal study in
Piburgersee showed that P. trachelioides, V. chlorellata, and S. vernalis dwell in the uppermost meters
during summer (Figure S2).

In a previous study on the overall resistance to UVR of the ciliate summer community from
Piburgersee, V. chlorellata was the only ciliate species that survived exposure under UVR [10].
The authors concluded that, probably because of the high MAA concentrations and the presence of
densely packed algal symbionts, UVR was hindered from reaching sensitive cell targets such as the
nuclei [10]. In the present experiments, V. chlorellata again first appeared to be resistant to UVR but,
finally, all individuals died. The possible sublethal effects were probably masked in the previous
study, where the ciliates were preserved right at the end of the experiment [10]. Another factor that
probably allows V. chlorellata to live directly at the surface of Piburgersee is its association with B. braunii
(Figure 1c). These planktonic algae form large colonies that can even be recognized by the naked eye.
As the algal colonies serve as attachment sites for V. chlorellata, we argue that shading from incident
solar radiation by the (probably mutualistic) algal partner is important.

For S. vernalis, physical shading of the nuclei through algal symbionts is unlikely because they
are uniquely arranged in a variable number of “packages” and because aposymbiotic individuals
naturally occur (Figure 1d; [41,43]). Accordingly, the UV-screening efficiency by self-shading is
expected to be significantly lower in S. vernalis than in other mixotrophic species, such as V. chlorellata
or P. bursaria [10,15,16]. MAA analyses of S. vernalis from PIB revealed that these compounds were
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only detected in very low concentrations when they were there (Table 1; [14]). The synthesis of MAAs
per se is energetically costly, and the concentrations required for individual photoprotection were
probably too low to tolerate the UVR dose tested here. Although MAAs are considered efficient
sunscreen compounds, it remains unknown what concentration is needed to provide an efficient
protection in ciliates, although in general, the larger the cell diameter, the higher the potential sunscreen
efficiency [38]. Therefore, we can only speculate that the MAA concentrations might have either been
too low for efficient UVR screening or that they may have different functions other than photoprotection.

Out of the three species tested here, P. trachelioides was the most sensitive to UVR, especially to
UV-B (Figure 1f, Figure 3a,b and Figure S1). This was unexpected because, in this large dileptid ciliate
of up to >1 mm in length, we found the highest concentration of MAAs among the three tested species
(Table 1) as well as the existence of numerous algal symbionts [14]. Nevertheless, the existence of a
PER in P. trachelioides indicates the potential to counteract UVR damage (Figure 3b). Our results add to
previous reports of the existence of PER in the ciliates Glaucoma sp. and P. acutum as a major strategy in
UV-B tolerance [22,23].

Physical damage, including the easy loss of the prominent proboscis of P. trachelioides through
mechanical disturbance (e.g., by a pipette), has been observed earlier [44,45], and here, we found that
UVR contributed to significant length reductions (Figure 1f and Figure S1). The proboscis is necessary
for feeding and swimming and can be regenerated within several hours to almost double the trunk
length, especially when the ciliates remained undisturbed (Figure 1e; [44,45]). Although several studies
on the regeneration of surgically amputated mouthparts in dileptids and stentorids have been done
in the past, unfortunately, none of them ever mentioned a reason behind losing and regenerating a
proboscis or trunk [46-51].

Algal symbiont accumulation in the posterior cell region has been reported for P. trachelioides,
though from the scientific literature, it is unclear what caused the dislocation (Figure 1f; [45,52,53]).
Some authors observed this phenomenon before cytolysis, for instance, Krainer [53] and Butkay [45]
found such individuals already in their original habitats. Butkay [45] assumed that increasing water
temperature and/or an escape reaction away from an irradiation source may have been the reasons.
Symbiont dislocation into the posterior cell region only attains efficient photoprotection when this
cell region is simultaneously directed toward the radiation source, providing a kind of “umbrella”
that actively shades the nuclei. This phenomenon has been observed in P. bursaria, and it is reversible
depending on the level of UV exposure. Thus, when UVR is excluded, the symbionts are immediately
evenly distributed inside the cell again [15,16]. Although it is unknown what exactly triggers the
dislocation in P. trachelioides, our observations suggest that UVR is involved. Because all three species
were obviously stressed by UVR, the photoprotective role of the symbionts is called into question.
However, the symbionts themselves might also have been negatively impacted by UVR, although this
was not tested here.

5. Conclusions

The three ciliate species tested here for their photoprotective strategies are common members of a
mixotrophic assemblage that frequently occur in temperate lakes in summer/autumn. These planktonic
ciliates were equipped with MAAs and numerous algal symbionts that suggest efficient protection
from UVR. However, none of the ciliates survived under simulated UVR conditions similar to natural
doses found at the lake surface. Considering that UVR is rapidly attenuated in the water column,
the photoprotection level that these species have is probably enough for survival. However, an
acclimation to higher doses does not seem feasible and is energetically too costly in the short term.
Based on our results, we argue that the ciliates tested here need to actively shift their position along
the depth (UV) gradient and to rely on vertical migration in the water column to escape the highest
incident solar radiation levels around solar noon. Future studies on the photoprotective strategies
of other mixotrophic ciliate species will shed more light on the role of MAAs and shading by algal
symbionts under in situ conditions.

106



Diversity 2020, 12, 252
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Table S1: UV-A and UV-B doses (k] m~2) over the experimental period, Figure S1: Scheme of the morphological
changes of Pelagodileptus trachelioides observed under irradiation conditions in the photoenzymatic repair
experiment, Figure 52: Seasonal and spatial occurrence of Pelagodileptus trachelioides, Vorticella chlorellata, and
Stokesia vernalis in Piburgersee in 2004-2005 [54].
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