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The nature of Chlorella symbioses in invertebrates
and protists has attracted much interest, but the
uncertain taxonomy of the algal partner has con-
strained a deeper ecological understanding of this
symbiosis. We sequenced parts of the nuclear 18S
rDNA, the internal transcribed spacer (ITS)-1
region, and the chloroplast 16S rDNA of several
Chlorella isolated from pelagic ciliate species of dif-
ferent lakes, Paramecium bursaria symbionts, and
free-living Chlorella to elucidate phylogenetic rela-
tionships of Chlorella-like algae and to assess their
host specificity. Sequence analyses resulted in well-
resolved phylogenetic trees providing strong statisti-
cal support for a homogenous ‘zoochlorellae’
group of different ciliate species from one lake, but
clearly different Chlorella in one of those ciliate spe-
cies occurring in another lake. The two Chlorella
strains isolated from the same ciliate species, but
from lakes having a 10-fold difference in underwa-
ter UV transparency, also presented a distinct physi-
ological trait, such as the ability to synthesize UV-
absorbing substances known as mycosporine-like
amino acids (MAAs). Algal symbionts of all P. bursa-
ria strains of different origin resolved in one clade
apart from the other ciliate symbionts but split into
two distinct lineages, suggesting the existence of a
biogeographic pattern. Overall, our results suggest a
high degree of species specificity but also hint at
the importance of physiological adaptation in symbi-
otic Chlorella.

Key index words: ciliates; mixotrophy; mycosporine-
like amino acids; Paramecium; phylogeny;
symbiosis

Abbreviations: BI, Bayesian inference; GKS, Gos-
senkollesee; MAAs, mycosporine-like amino acids;
ML, maximum likelihood; MP, maximum parsi-
mony; NJ, neighbor joining; PIB, Piburger See

Mutualistic symbioses are important ecological
relationships that are generally defined as two or
more species living together and providing benefit
to each other (Margulis and Fester 1992, Douglas
1995). Several microalgal endosymbioses involving
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flatworms, cnidaria, and various protists contribute
globally to the primary productivity of aquatic eco-
systems and are important members of the trophic
food web (Caron and Swanberg 1990). In particular,
algal-bearing ciliates are a ubiquitous and abundant
component of pelagic food webs in oceanic and
freshwater systems (Dolan and Pérez 2000, Sonntag
etal. 2006) of different trophic interactions
(Berninger et al. 1986, Bienert etal. 1991). The
mixotrophic nutrition mode of algal-bearing ciliates,
combining both phagotrophy and phototrophy, is
considered to be an adaptation allowing exploita-
tion of oligotrophic environments (Dolan and Pérez
2000).

Most of our knowledge about the diversity of
endosymbiotic algae is related to marine dinoflagel-
lates in the genus Symbiodinium. These so-called zoo-
xanthellae, were assumed to belong to a single
species, Symbiodinium microadriaticum (Taylor 1974).
However, infectivity, ultrastructural, behavioral, and
more recently, molecular studies on cultured and
freshly isolated algae have demonstrated that ‘zoo-
xanthellae’ comprise a heterogeneous group of
many species and strains (Rowan and Powers 1991,
Baker 2003, Pochon et al. 2006). By contrast, little is
known about the diversity of the freshwater counter-
parts, the so-called zoochlorellae, despite that the
nature of Chlorella symbioses in invertebrates and
protists has attracted scientific interest over the past
decades (Karakashian and Karakashian 1973, Reisser
and Hader 1984). For example, Schulze (1951) in
investigating the ‘zoochlorellae’ of P. bursaria and
other ciliates described several differences, particu-
larly in their ability to infect the host. In P. bursaria,
symbiosis only occurs with Chlorella species
despite that other algae are efficiently ingested
(Karakashian and Karakashian 1973).

Two factors have mainly hindered more detailed
studies on the nature of Chlorella symbioses, namely,
the impossibility of identifying species of Chlorella-
like algae that are morphologically very similar and
the difficulty of establishing aposymbiotic algal cul-
tures (Huss et al. 1993). Indeed, molecular phyloge-
netic analyses of endosymbiotic Chlorella in ciliates
are only available for P. bursaria (Huss et al. 1989,
Nishihara etal. 1998, Hoshina etal. 2005).
However, this species is rarely dominant in natural
freshwater lakes, and consequently, information on
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endosymbiotic algal diversity of other ‘zoochlorel-
late’ ciliates is not available.

In this study, we performed phylogenetic analyses
based on the partial nuclear 18S rDNA, the ITS-1
region, and the chloroplast 16S rDNA of symbiotic
and freeliving Chlorellalike algae and tested
whether there were different algal symbionts among
ciliate species from one freshwater habitat and if
the same single ciliate species from different lakes
harbored the same Chlorella. In the latter case, we
also assessed a physiological trait of the symbiosis,
such as the presence of UV-absorbing substances
known as MAAs. Overall, these analyses indicate a
high degree of hostspecificity in Chlorella but also
suggest the importance of physiological adaptation
of the ciliate-Chlorella symbiosis to a key environ-
mental factor, such as UV radiation.

MATERIALS AND METHODS

Sources of Chlorella-bearing ciliates. We selected two moun-
tain lakes located at different altitudes and differing 10-fold in
their UV transparency (Laurion et al. 2000). Gossenkollesee
(GKS) is located in the Central Alps (47°13'N, 11°01’E;
2,417 m above sea level). The lake is ice covered from
November through June—July. The second study site was the
oligo-mesotrophic Piburger See (PIB), also located in the
Central Alps (47°11°N, 10°53’E; 913 m above sea level). The ice
cover in this lake lasts from December through April.
Information about these lakes, including UV transparency,
can be found elsewhere (Laurion et al. 2000).

Ciliate collection, species identification, and isolation. Samples
were collected in both lakes during the ice-free season in the
upper 6 m of the water column by vertical hauls with a
plankton net of 10 um mesh size (Uwitec, Mondsee, Austria).
Ciliates were identified at the species level from live and
protargol-stained (Pfister et al. 1999 and references therein)
samples following the taxonomic keys of Foissner et al.
(1999) under an Olympus microscope (model BX50, Vienna,
Austria). Chlorella-bearing ciliates were isolated from freshwater
samples with a fine glass pipette. Each individual ciliate was
consecutively transferred at least five times to drops of sterile-
filtered lake water (0.2 um pore size) to minimize contamina-
tion by phytoplankton and microscopically checked for con-
tamination (Sonntag et al. 2007).

Isolation of algal symbionts. We isolated in hospite Chlorella
from the most dominant ciliate species in terms of abun-
dance/biomass found in those lakes (Table S1 in the supple-
mentary material). For isolation, single ciliate individuals were
pipetted into microtiter-wells and starved for some days in
sterile Woods Hole MBL medium (Guillard and Lorenzen
1972) to avoid possible contamination from ingested algae.
Then, single ciliates were washed, transferred into sterile
microcentrifugation tubes, and gently sonicated for 20 s at 7 W
(Bandelin Sonoplus HD 2070; Bandelin Electronic, Berlin,
Germany). Symbiotic algae were first washed with sterile Woods
Hole MBL medium through several centrifugation steps to
exclude the rest of the host cell and then transferred into
liquid Woods Hole MBL medium for cultivation. Successfully
growing algal cultures were plated onto the same medium plus
agar for further purification. To obtain axenic Chlorella
cultures, Rifampicin (Sigma-Aldrich, Vienna, Austria) was
added to a final concentration of 100 mg - L™ to prevent
bacterial growth. After some purification steps, algal microcol-
onies were selected and inoculated into sterile Woods Hole
MBL medium for mass culture. In this way, aposymbiotic

Chlorella cultures of Askenasia chlorelligera from GKS as well as of
six pelagic ciliate species isolated from PIB, including A. chlor-
elligera were established (Table S1). We also established clonal
cultures of Chlorella isolated from two P. bursaria strains, includ-
ing one originated from PIB (strain PbPIB). Cultures were
regularly controlled microscopically for axenic conditions.

Cultivation of ciliates and Chlorella. All P. bursaria strains
were permanently cultured in Woods Hole MBL medium in
addition to 30 mg - L™ yeast extract. Uroleptus sp., Stentor
polymorphus, and Stokesia vernalis were kept in culture for several
months in Woods Hole MBL medium on a Cryptomonas sp. diet.
We were not able to establish cultures of ciliates, except for
those species mentioned above, but we kept them in the
laboratory for some days to weeks in the original sample or in
sterile-filtered lake water. Cultivation of ciliates and symbiotic
algae was performed in light/temperature controlled growth
chambers under a 16:8 light:dark (L:D) photoperiod and at
17°C-20°C. PAR was provided by five cool-white lamps
(L36/W20; Osram, Vienna, Austria) delivering 180 pumol
quanta - m?- s

DNA  extraction and sequencing. DNA sequences were
obtained from 12 symbiotic ciliate Chlorella strains and three
free-living Chlorella species (Table SI1). For DNA extraction,
amplification, and sequencingl, 30 mL. of dense Chlorella
cultures (=~ 3 X 107 cells - mL~ ) was harvested from liquid
cultures by centrifugation. Then, the algal pellet was frozen in
liquid nitrogen. Total DNA was extracted using a commercial
DNA extraction kit (DNeasy® Plant Mini Kit; Qiagen, Vienna,
Austria) according to the manufacturer’s instructions, with the
following modifications: 600 pL. cold Pl-buffer and 20 pL
RNaseA (20 mg - mL™") were added to the frozen algal pellet,
and the mixture was sonicated on ice for 3 min at 42 W to
ensure the rupture of the algal cell walls. After this step, we
followed the standard extraction protocol. We amplified both
strands of a nuclear small subunit (18S) rRNA gene segment
and a chloroplast small subunit (16S) rRNA gene using the
NS1/NS2 and CS1/CS2 primers reported by Wu et al. (2001),
respectively, and the ITS-1 of the rDNA using the follow-
ing primers cited in Huss et al. (2002): 5-GGAGAAGTCGTAA-
CAAGGTTTCCG-3 and 5-ATCCTGCAATTCACACCAAGTAT-
CG-3’. Amplification by PCR was performed on a Techne
PHC-3 Thermal Cycler (Staffordshire, UK). An initial denatur-
ation step of 94°C for 5 min was followed by 35 cycles under the
following conditions: 45 s denaturation at 94°C, 45 s annealing
at 58°C for 18S (at 46°C for 16S, 45 s at 53°C for ITS-1), and
60 s extension at 72°C, followed by a final extension step of
72°C for 5 min. To check the density of amplified DNA
fragments, 2 pL aliquots of the PCR products were separated
on a 1% Tris acetate EDTA (TAE)-agarose gel (Sigma-Aldrich)
in TAE buffer (Sigma-Aldrich) and stained with ethidium
bromide (Invitrogen, Lofer, Austria). The amplification prod-
ucts were purified with ExoSAP-IT® (USB Corporation, Stau-
fen, Germany) prior to direct sequencing with an ABI PRISM
Big Dye Terminator Cycle Sequencing Kit using an ABI 373A
and ABI 3100 DNA sequencer (Applied Biosystems, Brunn
am Gebirge, Austria), according to the manufacturer’s
instructions.

Phylogenetic analysis of Chlorella. DNA sequences were indi-
vidually checked by eye; alignment of sequences was done
using CLUSTALX (Thompson et al. 1994) and was improved
by eye for the ITS-1 region. For phylogenetic inference,
maximum-parsimony (MP; Farris 1970), neighbor-joining (NJ;
Saitou and Nei 1987), and maximum-likelihood (ML; Felsen-
stein 1985) analyses were performed using PAUP*4.0b10
(Swofford 2002). Three data sets of sequences were analyzed.
The first set comprised 558 bp gene segments of the 18S rDNA
of 29 Trebouxiophyceae taxa; the second set was the same
18S rDNA segment combined with a 412 bp gene segment
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including the ITS-1 region (total 970 bp) of 19 Chlorella taxa.
The third data set comprised 424 bp of the chloroplast 16S
rDNA of 15 Chlorella taxa. All MP trees were obtained via
stepwise addition and then swapped using the tree-bisection-
reconnection (TBR) algorithm. Sequences were unordered,
characters equally weighted, and gaps were considered as a
fifth base. MODELTEST 3.06 (Posada and Crandall 1998) was
run to determine the appropriate model of molecular evolu-
tion for ML and NJ in a likelihood ratio test framework. ML
analyses were performed with a heuristic search and random
addition of sequences as implemented in PAUP*, with a
starting tree obtained via stepwise addition of taxa, and then
swapped using the TBR algorithm. For Bayesian inference (BI),
we used the program MRBAYES V.3.0b4 (Huelsenbeck and
Ronquist 2001). Four Monte Carlo Markov chains were run for
2,000,000 generations, sampling every 100 generations; the
initial 25% of trees were discarded. The model of evolution
used in Bayesian analysis was the symmetrical model plus
gamma (SYM + G; Zharkikh 1994). Nodal support in MP, NJ,
and ML was evaluated by 1,000 bootstrap pseudo-replications
in PAUP* and by calculating posterior probabilities by prepar-
ing a 50% majority rule of the resulting trees in the Bayesian
analysis. For the chloroplast 16S segment, a minimum span-
ning network was additionally performed using the program
Network3.exe (Bandelt et al. 1999). Of the total 558 nucleotide
positions in the 18S rDNA, 50 were variable and 18 were
parsimony informative, excluding Muriella terrestris, which was
used as outgroup taxon. MP analysis resulted in four most-
parsimonious trees with the following scores: tree length = 60,
consistency index (CI) = 0.852, retention index (RI) = 0. 868,
and rescaled consistency index (RC) = 0.740. The SYM + G
model (Zharkikh 1994) was selected by MODELTEST as the
best-fitting evolutionary model with the following likelihood
parameters: substitution rate matrix R(a) [A-C] = 0.8494, R(b)
[A-G] = 1.2579, R(c) [A-T] = 0.8436, R(d) [C-G] = 1.2580,
R(e) [C-T] = 3.0363, R(f) [G-T] = 1.0000; gamma distribution
with the shape parameter (alpha) = 0.1406 with equal nucle-
otide frequencies. In the combined data set (18S
558 bp + ITS-1 412 bp), the sequence of the freeliving
C. saccharophila SAG 211-la was defined as outgroup. MP
analysis of 172 parsimony informative characters resulted in
one most-parsimonious tree with a length of 387, a CI of 0.866,
an RI of 0.933, and an RC of 0.808. MODELTEST proposed
SYM + G (Zharkikh 1994) as the bestfitting evolutionary
model with the following likelihood parameters: substitution
rate matrix R(a) [A-C] = 0.8494, R(b) [A-G] = 1.2579, R(c)
[A-T] = 0.8436, R(d) [C-G] =1.2580, R(e) [C-T] = 3.0363,
R(f) [G-T] =1.0000; gamma distribution with the shape
parameter (alpha) = 0.1406 and equal base frequencies. For
the chloroplast 16S rRNA gene, the Hasegawa—Kishino-Yano
plus gamma model (HKY + G; Hasegawa et al. 1985) was
selected by MODELTEST as the bestfitting model, with a
gamma shape correction of 0.0147; a transition/transversion
ratio of 2.7917; and base frequencies of A = 0.2667, C = 0.1982,
G =0.3152, and T = 0.2199. The number of parsimony infor-
mative sites was three. The DNA sequences are available
from GenBank under the accession numbers specified in
Table S1.

MAAs. Analyses of MAAs in A. chlorelligera isolated from PIB
and GKS were done by HPLC in aqueous methanol extractions
as described elsewhere (Sommaruga et al. 2006, Sonntag et al.
2007).

RESULTS

Only one Chlorella genotype was detected simulta-
neously in single ciliate populations. This holds true
for P. bursaria (strains KM2, PbW, and PbPIB), but

also for extracts of at least twice independently
established aposymbiotic Chlorella cultures from dif-
ferent planktonic ciliates.

The 18S rDNA sequence analyses resulted in a
phylogenetic tree with identical Chlorella symbionts
of the six pelagic ciliate species from PIB at the top
(Fig. 1). This result is perhaps not surprising,
because the analyzed first part of the 18S rDNA is
slowly evolving. However, the sequence from Chlo-
rella of A. chlorelligera isolated from GKS was differ-
ent. Chlorella of all P. bursaria strains isolated from
different regions of the world shared almost identi-
cal sequences. They clustered near the free-living
Chlorella sp. Itas 2/24S-11w, C. sorokiniana Praha
Al4, Chlorella sp. FACHB31, C. vulgaris SAG
211-11b, and ‘C. minutissima CCAP’ 211/52 (Fig. 1).
However, the latter is apparently misclassified,
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F1G. 1. Phylogenetic reconstruction of 29 Trebouxiophyceae
taxa inferred from 558 bp of the 18S rRNA gene sequences.
Neighborjoining (NJ) phylogram of 17 symbiotic and seven free-
living Chlorella taxa, four other Trebouxiophyceae taxa, and Muri-
ella terrestris used as outgroup. The four numbers at nodes corre-
spond from top to bottom to bootstrap values >50 in NJ (1,000
replicates), MP (1,000 replicates), and ML (1,000 replicates) anal-
yses, and posterior probabilities >50% in Bayesian inference (BI)
analysis. MP, maximum parsimony; ML, maximum likelihood.
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because its 18S DNA sequence has been determined
to be identical to that of C. vulgaris SAG 211-11b
(Hepperle and Schlegel 2002).

Analysis of the combined (i.e., 18S and ITS
rDNA) data set (Fig. 2) resulted in a better resolu-
tion and indicated that the Chlorella symbionts of
the ciliates from PIB were closely related, although
their sequences were not identical (mean pair-wise
distances: 0.565%). The position of the A. chlorelli-
gera symbionts from GKS was different, but next to
those from the symbionts isolated from PIB and
apart from the P. bursaria symbionts. The latter split
into two clusters, with all the ‘““European’ strains in
the first group and the ‘Japanese’” strain KM2
together with the Australian strain MRBGI1 and the
U.S. strain NC64A in the second group (mean pair-
wise distances first cluster: 0.114%; mean pair-wise
distances second cluster: 0.282%; mean pair-wise dis-
tances all P. bursaria: 3.771%). Phylogenetic analyses
of the ITS-1 region alone (data not shown) resulted
in the same tree topologies.
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Fi6. 2. Maximum-likelihood (ML) phylogram of 19 Chlorella
taxa from a combined data set of 558 bp of the 18S rRNA gene
and 412 bp including the ITS-1 region. The tree was obtained
with the SYM + G evolutionary model as explained in the Materi-
als and Methods section. The three numbers at nodes correspond
from top to bottom to bootstrap values >50 in NJ (1,000 repli-
cates) and MP (1,000 replicates) analyses, and posterior probabili-
ties >50% in Bayesian inference (BI) analyses. Nodes with
bootstrap support of 100 in all analyses are indicated with an
asterisk. MP, maximum parsimony; NJ, neighbor joining; ITS,
internal transcribed spacer.

Due to very little genetic variation in the chloro-
plast 16S rDNA data set, a minimum spanning net-
work (Network3.exe, Bandelt etal. 1999) was
performed in addition to MP, NJ, ML, and BI analy-
ses (Fig. 3). The chloroplast gene segment of all five
investigated P. bursaria symbionts was identical, and
the freeliving C. sorokiniana Praha Al4 shared the
same sequence. All six sequenced symbionts of pela-
gic ciliates from PIB had identical partial 16S
sequences. Chlorella of A. chlorelligera from GKS was
placed in the network between the P. bursaria group
including C. sorokiniana Praha Al4 and the PIB
group with only one mutational step in each direc-
tion.

The HPLC analysis of MAAs revealed the pres-
ence of seven substances in A. chlorelligera from GKS
(Fig. 4A), but none in the same ciliate species from
PIB (Fig. 4B).

DISCUSSION

Some 125 years after Brandt introduced the term
‘zoochlorella’ to describe the symbiotic algae in
freshwater hosts, including hydras, sponges, and
protists (Sapp 1994), surprisingly little is known
about the origin and diversity of these symbionts. In
this study, we identified several phylogenetic types
of in hospite Chlorella among different symbiotic cili-
ate species (Figs. 1-3).

Host specificity. Our results clearly showed the
occurrence of different Chlorella symbionts in differ-
ent hosts. Moreover, we never detected more than
one Chlorella genotype simultaneously in a single
host population. This was verified by several inde-
pendent DNA extractions from aposymbiotic algal
cultures and from symbiotic ciliate cultures, which
always resulted in identical DNA sequences. Cer-
tainly, sequences of a minimal fraction of different
symbionts could have remained undetected due to
insufficient replication numbers in PCR in our
study. However, our results are in agreement with
those reported by Lewis and Muller-Parker (2004),
where in five pooled sea anemones only one type of
‘zoochlorellae’ was detected. Studies on marine Sym-
biodinium symbioses, however, have shown that a
given host can harbor more than one genotype
simultaneously (Santos et al. 2004).

Species-specific infection in the case of P. bursaria
has been proposed in the literature (Schulze 1951,
Karakashian and Karakashian 1973). In our study,
the only ciliate in PIB, whose symbiont strain was
largely different from the other six investigated taxa
in the lake was P. bursaria. The Chlorella sequence
from this ciliate grouped within the sequences of all
other Paramecium symbionts isolated from various
habitats around the world (Table S1 and Fig. 2),
indicating a strong species-specificity in Paramecium-
Chlorella symbiosis. This specificity has also been
confirmed by several reinfection experiments (Sum-
merer et al. 2007).
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F16. 3. Minimum spanning network (left) in combination with a neighbor-joining (NJ) phylogram (right) of 15 Chlorella taxa calcu-
lated from a 424 bp chloroplast 16S rRNA gene segment. The NJ tree was calculated according to the HKY + G model (see Materials and
Methods). In the minimum spanning network, identical 16S rDNA sequences are represented by a circle whose size is proportional to the
number of taxa showing that sequence (big circle, six taxa; small circle, one taxon); numbers on each line indicate the mutational steps.
Note that the sequences of the pelagic Piburger See (PIB) taxa are identical, as well as those of the Paramecium bursaria symbionts (includ-
ing Chlorella sorokiniana). Chlorella of Askenasia chlorelligera from Gossenkollesee (GKS) lies between the two clusters with only one muta-
tional step in each direction. Micrographs of live individuals of Uroleptus sp. (A), Stokesia vernalis (B), Stentor polymorphus (E), A. chlorelligera
PIB (F), A. chlorelligera GKS (G), and protargol-stained individuals of Pelagodileptus trachelioides (C) and Teuthophrys trisulca trisulca (D).

When considering species specificity in mutualis-
tic symbioses, it is important to distinguish between
host specificity (symbiontspecific host) and symbi-
ont specificity (host-specific symbiont). In general,
hosts appear to be more specific than symbionts
(Baker 2003 and references therein). Taking into
account genetic consistencies and distances of sym-
bionts, and the congruency of host-symbiont rela-
tionships, Hoshina et al. (2005) concluded that the
types of Chlorella symbionts depend on their Parame-
cium hosts’ lineages. Margulis and Chapman (1998)
differentiated between cyclical and permanent sym-
biosis. In cyclical or open associations, the symbiosis
has to be reestablished at some stage of each gener-
ation; hence, they are much more sensitive to envi-
ronmental conditions than permanent symbioses. In
this regard, ciliate-Chlorella symbioses, at least those
of P. bursaria, appear as permanent associations with
hereditary symbionts (Siegel 1960). By contrast,
associations between reef-building corals and

Symbiodinium are typical and well-studied examples
for cyclical symbioses (Margulis and Chapman 1998
and references therein). Yet, Symbiodinium-symbioses
also show specificity and nonrandom patterns of
association (Baker 2003). Garcia-Cuetos et al. (2006)
suggested that the strong host-symbiont specificity
observed in Soritinae (foraminiferans) is a com-
bined effect of biogeographical isolation, a selective
recognition mechanism, and vertical transmission of
symbionts. The latter two mechanisms apply equally
to P. bursaria symbioses. In mutualistic Chlorella
associations, acid tolerance seems to be correlated
with their symbiotic capabilities. Thus, in contrast to
nonsymbiotic taxa, symbiotic Chlorella species are
able to grow at or below pH 3.5 (Huss et al. 1993
and references therein). Moreover, Stabell et al.
(2002) reported that the host:symbiont ratio might
be regulated by pH in perialgal vacuoles. The more
food-limited and, therefore, slowly growing the host
is, the lower the pH value becomes, and the more
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photosynthetically fixed carbon is transported to the
host until algal net growth is almost stopped com-
pletely (Stabell et al. 2002).

One important result of our study was that there
were differences among symbiont populations of
the same host species from different lakes/regions.
In our data set based on the combined 18S and ITS
rDNA, all P. bursaria ‘zoochlorellae’ were merged
into a monophyletic clade, but within this clade,
they split into two distinct lineages (Fig. 2). Kvitko
et al. (2001) proposed one Chlovella paramecii group
subdivided into two ecotypes differing by their
sensitivity to elevated temperature, surface antigens,
and sensitivity to two types of viruses. The two
Paramecium-Chlorella groups in our study were con-
gruent with the so-called northern and southern
ecotypes proposed by Kvitko et al. (2001). Thus, the
‘zoochlorellae’ of all European Paramecium strains
(Table S1) would fall within the ‘‘northern” eco-
type, and the U.S. (NC64A, Syngen 2-3), Japanese
(KM2), and Australian (MRBG1) Paramecium symbi-
onts would represent the “‘southern’ type.

Over the past years, there have been intensive dis-
cussions on the biogeography of microorganisms.
For example, Finlay (2002) has claimed that there is
no biogeography (the ‘‘everything is everywhere”
hypothesis) for free-living species smaller than
2 mm in size. He proposed that ‘protozoa’ were suf-
ficiently abundant to have worldwide distribution
and that consequently there existed no endemic
species and no biogeography at all (Finlay 2002). By
contrast, a large body of research supports the idea
that free-living microorganisms exhibit biogeograph-
ical patterns (Fierer and Jackson 2006, Hughes-
Martiny et al. 2006). Our data on Chlorella symbionts
from P. bursaria also support the existence of a bio-
geographical pattern. Moreover, biogeographic
trends have been observed among dinoflagellate
symbionts of reef-building corals (Baker 2003,
LaJeunesse etal. 2003, 2004) and foraminiferans
(Garcia-Cuetos et al. 2006).

Physiological — adaptation of the ciliate-Chlorella
symbiosis. Another interesting result of our study was
that the DNA-sequences of symbionts isolated from
the same single ciliate species (i.e., A. chlorelligera)
but isolated from two different lakes indicated dif-
ferent strains of Chlorella. Moreover, the Askenasia
symbionts from PIB were closer related to the ‘zoo-
chlorellae’ of the other five pelagic ciliate species in
the lake than to the symbionts of Askenasia in GKS.
We hypothesize that this divergence could be
related to the adaptation of this symbiosis to differ-
ent environmental conditions prevailing in these
two lakes. Although it is difficult to pinpoint one
single environmental factor, alpine lakes such as
GKS are ecosystems generally characterized by some
of the highest UV exposure conditions of any fresh-
water system. This trend is because incident UV
fluxes increase with altitude and underwater UV
transparency is high due to the low concentration
of chromophoric or colored dissolved organic mat-
ter (Sommaruga 2001). Indeed, GKS is 10 times
more UV transparent than PIB (Laurion et al.
2000).

Our understanding of the interaction between
solar UV radiation and mutualistic associations is
mainly based on studies in algal-invertebrate symbio-
sis, particularly in corals and their ‘zooxanthellae’
of the genus Symbiodinium (Shick and Dunlap 2002).
In those mutualistic associations, UV protection is
an advantage provided by the symbionts through
the synthesis of intracellular water-soluble UV-
absorbing substances known as MAAs. These natural
sunscreen substances protect important cell targets
from harmful effects of UV radiation and increase
the overall resistance of phototrophic and hetero-
trophic organisms (Shick and Dunlap 2002). The
role of MAAs in other mutualistic associations is
poorly known, but these substances have been
reported for the marine heterotrich ciliate Maristentor
dinoferus hosting Symbiodinium symbionts (Sommaruga
etal. 2006) and, recently, for several freshwater
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Chlorella-bearing ciliates (Sonntag et al. 2007). The
latter study provides the first evidence for the symbio-
tic origin of MAAs in ciliates. The positive detection
of MAAs in the Askenasia-Chlorella symbiosis from
the UV-transparent alpine lake GKS, but not in that
from the less UV-transparent PIB (Fig. 4) suggests a
physiological adaptation of this symbiosis to an
extreme environment. The existence in Chlorella-
bearing ciliates of UV protecting substances is an
important strategy that probably determined their
abilities to thrive in sunlit UV-exposed waters.

In summary, species-specific symbioses, which may
benefit from long-term optimized adaptations of
both partners, seem to be common, as can be seen in
the case of P. bursaria. Nevertheless, adaptation of
the symbiosis to different environmental conditions,
such as UV radiation, but probably also to other fac-
tors, like viral pressure on the algae (Van Etten et al.
1982), are involved in the selection of symbiotic part-
ners. Our results raise several interesting issues for
further research, among them, whether the appear-
ance of Chlorella living as symbionts was a single event
or occurred several times independently. Our data
are in line with previous studies presuming several
infection events, but perhaps within lineages of algae
that are predisposed for symbiosis (Douglas and Huss
1986, Huss et al. 1993). Moreover, which strains of
Chlorella are abundant in different aquatic environ-
ments and, therefore, which are actually available for
symbiosis needs to be assessed.
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