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Studies that assess intraspecific genetic variation in ciliates are few and quite recent. Consequently, knowledge
of the subject and understanding of the processes that underlie it are limited. We sought to assess the degree of
intraspecific genetic variation in Carchesium polypinum (Ciliophora: Peritrichia), a cosmopolitan, freshwater ciliate.
We isolated colonies of C. polypinum from locations in the Grand River basin in Southwestern Ontario, Canada. We
then used the nuclear markers—ITS1, ITS2, and the hypervariable regions of the large subunit rRNA—and an
819-bp fragment of the mitochondrial cytochrome ¢ oxidase I gene (cox-1) to investigate the intraspecific genetic
variation of C. polypinum and the degree of resolution of the above-mentioned markers at the population level. We
also sought to determine whether the organism demonstrated any population structure that mapped onto the
geography of the region. Our study shows that there is a high degree of genetic diversity at the isolate level, revealed
by the mitochondrial markers but not the nuclear markers. Furthermore, our results indicate that C. polypinum is

likely not a single morphospecies as previously thought.

Studies of intraspecific genetic variation in macroorganisms
have provided insights into microevolutionary processes and
speciation in these organisms. However, our understanding of
the intraspecific genetic diversity of microbial eukaryotes and
its temporal and spatial distribution is neither deep nor broad
due to the limited number of studies that deal with these topics
(2,5,7,31).

Many of the studies assessing within-species genetic varia-
tion and its distribution have used random amplified polymor-
phic DNA (RAPD) fingerprinting. Typically, the amount of
genetic variation is very low within a species (35, 36, 56), with
some exceptions (20, 57). However, there are several problems
arising from the use of RAPDs as the sole source of data,
including reproducibility and scoring concerns (54).

Sequences of the internal transcribed spacers (ITS), namely,
ITS1 and ITS2, of the rRNA region have also been used to
study the genetic diversity and population structure of protists
(2, 6, 44). In several instances, the ITS sequences of popula-
tions of ciliates from across the globe have been nearly iden-
tical, indicating very low genetic variation (4, 13, 59, 62). On
the other hand, the hypervariable regions of the large subunit
(LSU) rRNA have revealed moderate genetic diversity in cil-
iates at the population level (15, 51).

Mitochondrial DNA (mtDNA) has been employed only
sparingly in population studies of protists, even though it is
routinely used in similar studies of metazoans (3, 7, 8). Of the
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mitochondrial genes, the apocytochrome b gene (cob) and the
cytochrome c oxidase I (cox-1) gene (cox-1) have been used for
population-level analyses of ciliates. Estimation of intraspecific
nucleotide diversity of the cob gene from three species of the
prostome ciliate Coleps showed only minor differences (5). On
the other hand, the cox-1 gene revealed genetic diversity that
nuclear markers failed to detect in members of the genera
Paramecium and Tetrahymena. However, the implications and
the extent of this diversity were not examined in detail, since
the data sets used in these studies were small (4, 42). Finally,
cox-1 uncovered a modest degree of genetic diversity in mem-
bers of the Paramecium aurelia sibling species complex (11).
To broaden our understanding of population-level processes
in ciliates, we sought to assess the level of intraspecific genetic
diversity within the morphologically cosmopolitan, freshwater
peritrich ciliate Carchesium polypinum. A Canadian river sys-
tem, the Grand River drainage basin, was intensively sampled.
We developed primers for the cox-1 gene of C. polypinum to
assess the degree of genetic variation of this organism. Fur-
thermore, we compared the resolving power of this gene at the
population level to that of the ITS regions and the LSU rRNA
hypervariable region. Our study demonstrates the efficacy of
cox-1 in identifying genetic diversity in C. polypinum and im-
plies that it can be applied in other ciliate species as well.

MATERIALS AND METHODS

Sample collection, culturing, and DNA extraction. Colonies of C. polypinum
were collected from localities throughout the Grand River basin in Southwestern
Ontario. This river basin consists of the main river (Grand River) and four
tributaries, the Conestogo and Nith rivers on the west and Eramosa and Speed
rivers on the east. Exact collection localities are indicated in Table S1 in the
supplemental material. Plastic petri dishes were left in the river for 1 week and
were subsequently retrieved and transported to the laboratory. Individual peri-
trich colonies were scraped from the bottom of the dish, washed several times in
Canadian Springs (Grenville, QC, Canada) mineral water, and placed in a clean
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glass petri dish with mineral water, barley grains, and 20 pl of Cerophyl (Cero-
phyl Laboratories Inc., Kansas city, MI), which had been inoculated with Entero-
bacter aerogenes at least 24 h previously. The colonies were confirmed as C.
polypinum with live microscopy and silver staining.

After a few days of growth and replication, colonies were picked and DNA was
isolated from a minimum of 30 cells using the MasterPure DNA purification kit
(Epicentre, Madison, WI).

Amplification and sequencing. (i) ITS and LSU rRNA regions. The 3" end of
the small subunit rRNA, the full ITS region containing the 5.8S rRNA gene, and
part of the LSU rRNA containing the hypervariable region were amplified using
the 300 forward (5'-AGGGTTCGATTCCGGAG-3') and reverse C primers
(5'-TGGTCCGTGTTTCAAGACG-3") (30). Each PCR contained 4 ul of DNA,
1 uM of each primer, 2 mM of MgCl, 1 uM of each deoxynucleoside triphos-
phate, 1X PCR buffer, and 2.5 U of Diamond Taqg DNA polymerase (Medicorp,
Montreal, QC, Canada) for a total volume of 25 ul. The PCR amplification was
performed in a Perkin-Elmer GeneAmp 2400 thermal cycler (PE Applied Bio-
systems, Mississauga, ON, Canada) with the amplification conditions for this
fragment as follows: initial denaturation at 94°C for 4 min, 35 amplification cycles
(94°C for 60 s, 55°C for 120 s, and 72°C for 150 s), and a final extension step at
72°C for 10 min.

(i) cox-1 gene region. Initially, the cox-1 sequences of Tetrahymena ther-
mophila and Paramecium tetraurelia were aligned, and degenerate primers were
designed based on highly conserved protein domains. The resulting PCR product
was sequenced, and a nested forward primer (coxFper [5'-GTTGGAAGTAAA
GATGTTGC-3']) was designed, while the reverse primer (339R [5'-ATAGGA
TCACCTCCGTAAGC-3']) was maintained. The resulting fragment of the cox-1
gene was 819 bp long. The PCR mix was identical to the one used for amplifi-
cation of the ITS region. The PCR amplification was performed in a Perkin-
Elmer GeneAmp 2400 thermal cycler (PE Applied Biosystems, Mississauga, ON,
Canada) with the amplification conditions for this fragment as follows: initial
denaturation at 94°C for 4 min, 35 amplification cycles (5 cycles at 94°C for 30's,
45°C for 60 s, and 72°C for 105 s and 30 cycles at 94°C for 30 s, 55°C for 60 s, and
72°C for 105 s), and a final extension step at 72°C for 10 min.

(iii) Sequencing. The resulting amplicons for the rRNA region and cox-1 were
purified with the Qiagen MinElute gel extraction kit (Qiagen, Mississauga, ON,
Canada). The amplification primer reverse C and the internal forward primer
1055F (5'-GGTGGTGCATGGCCG-3") were used for sequencing the rRNA
region in both directions with a 3730 DNA analyzer (Applied Biosystems Inc.,
Foster City, CA), an ABI Prism BigDye Terminator (version 3.1), and a cycle
sequencing ready reaction kit. coxFper and 339R were used for sequencing of the
cox-1 gene fragment.

Phylogenetic analyses. The sequence fragments were imported into the Se-
quencher software program, version 4.0.5 (Gene Codes Corp.) and assembled
into contigs. Subsequently, the sequences of the ITS regions were uploaded to
our DCSE (dedicated comparative sequence editor [14]) database and aligned
against existing peritrich sequences. The alignment was further refined by eye.

The sequences of cox-1 were aligned using the MEGA software program,
version 4.0, which uses the CLUSTALW algorithm (34).

The 3’ end of the small subunit rRNA, 5.8S rRNA, the two ITS regions, and
the hypervariable region of the LSU rRNA of 55 colonies of C. polypinum were
sequenced for this study, but only the last three regions were used for analysis.
Three separate files were constructed for phylogenetic analysis of the nuclear
sequences: the ITS1 region, the ITS2 region, and the hypervariable region of the
LSU rRNA. The files consisted of 128, 183, and 407 nucleotides, respectively.
The 5.8S gene was omitted from the analysis due to its high degree of conser-
vation. An 819-bp fragment of cox-1 of 42 colonies of C. polypinum was also
sequenced, along with one of Epistylis plicatilis (the organism was generously
provided by Chris Lobban, University of Guam [39]) and one of an Epistylis sp.,
as well as a Vorticella sp.

The DNADIST software program in PHYLIP, version 3.65b (J. Felsenstein,
Department of Genetics, University of Washington, Seattle) was used to calcu-
late genetic distances with the Kimura two-parameter model. Subsequently, a
neighbor-joining (NJ) tree was inferred. Using the SEQBOOT software pro-
gram, the data were bootstrap resampled 1,000 times, and the CONSENSE
program was subsequently used to construct a consensus tree. For the Bayesian-
inference (BI) and maximum-likelihood (ML) analyses, missing nucleotides were
treated as missing and the gaps as a fifth character state. To determine the model
of DNA substitution that best fit the data for the ML and BI calculations, the
Modeltest software program (50) was used. The most suitable models for the
ITS1, ITS2, and LSU rRNA data sets were Felsenstein 81 (F81), Jukes-Cantor,
and the F81 model with gamma distribution and an estimate of invariable sites
(F81+I+T), respectively, while for the cox-1 data set, the general time reversible
model with gamma distribution (GTR +1I") was used. The models were applied in
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TABLE 1. Mean percent nucleotide sequence divergence of an
819-bp fragment of the cox-1 gene between the five clades
of the peritrich ciliate C. polypinum®

% Nucleotide sequence divergence

Grouping
Clade 1 Clade 2 Clade 3 Clade 4 Clade 5
Clade 1 12 16 18 18
Clade 2 15 18 16
Clade 3 18 11
Clade 4 17
Clade 5
“ See Fig. 4.

the MrBayes software program, version 3.1.1 (28, 53), and the corresponding
phylogenetic trees were inferred. In all cases, the hierarchical likelihood ratio
test criterion of Modeltest was used. However, the data sets were also analyzed
employing the Akaike information criterion proposed models (F81+1, GTR+T,
and the Tamura Nei model with gamma distribution and an estimate of invari-
able sites, respectively), and the tree topologies were identical. The models were
also applied in the PHYML software program for ML analysis (23, 24), and the
data were bootstrap resampled 500 times.

Genetic structure analysis. The genetic structure of C. polypinum was inves-
tigated using the software program ARLEQUIN 3.0 (S. Schneider, D. Roessli,
and L. Excoffier, Genetics and Biometry Laboratory, University of Geneva,
Geneva, Switzerland). An analysis of molecular variance (AMOVA) was em-
ployed to investigate the genetic structure within and between populations using
the cox-1 gene sequences. The sequences were grouped first by tributary and
then by clade as defined in the phylogenetic analysis of the cox-I data set.

Nucleotide sequence accession numbers. All sequences are available through
GenBank. For the cox-1 data set, the accession numbers are FJ810309 to
FJ810353. For the nuclear marker data set, the corresponding numbers are
FJ810354 to FJ810408.

RESULTS

Sequence analysis of nuclear data sets. The beginning and
the end of ITS1, 5.8S rRNA, and ITS2 were determined by
taking into consideration the master alignment available in our
laboratory, which contains data from species across the differ-
ent classes and subclasses of ciliates. The lengths of ITS1, 5.8S
rRNA, and ITS2 for C. polypinum were 112, 142, and 162
nucleotides, respectively. A detailed analysis of the data set is
available from the author upon request.

Sequence analysis of the cox-1 data set. Five distinct amino
acid sequences were identified for mitochondrial cox-1. These
correspond to the clades described below (see “Phylogenetic
analyses of the cox-I data set”). The intraclade nucleotide
sequence divergences within all the clades that contained more
than one individual were <1.0%. The interclade genetic dis-
tances as calculated from the nucleotide sequences ranged
from 11 to 18% (Table 1).

There was a total of 243 polymorphisms noted: 67% were at
the third nucleotide position, 10% at the second, and 23% at
the first position. Of all the substitutions, 18% were nonsyn-
onymous, resulting in an amino acid change, while the rest
Were synonymous.

Phylogenetic analyses of the nuclear data sets. The tree
topologies for ITS1, ITS2, and the 5" end of the LSU rRNA
were similar, with some notable differences (see below) (Fig. 1,
2, and 3). In addition, for the individual markers, the topolo-
gies of NJ, ML, and BI analyses were nearly identical. Based
on these trees, no pattern of geographic distribution was ap-
parent: individual genotypes collected from the five rivers were
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FIG. 1. ML tree of the ITS1 region of environmental isolates of the peritrich ciliate Carchesium polypinum computed with PHYML, based on
the F81 model, determined by Modeltest. The first and second values at the nodes represent bootstrap values for NJ and ML analyses, respectively,
while the third value represents the posterior probability of the BI analysis. The scale bar represents 5 changes per 100 positions. Asterisks denote
nodes that were not recovered in BI analysis. The sequences of Meseres corlissi and Tetrahymena mimbres were used to root the tree. Only bootstrap

values above 40 are shown.

distributed throughout the tree rather than forming distinct
monophyletic clades.

In the ITSI tree (Fig. 1), four clades were immediately
obvious. All clades were weakly to moderately supported.
Clade 2 and clade 3 were not completely recovered when BI
analysis was employed.

In the ITS2 tree (Fig. 2), there are three clades. All three
clades were recovered with all the methods used. The support
values for the clades of the ITS2 tree were higher than those of
the ITS1 tree but still weak to moderate. The exception was
clade 1, which was now strongly supported.

For the LSU rRNA tree (Fig. 3), five clades were recovered.
Clades 2 and 3 were not completely recovered when BI analysis
was employed and were very weakly supported when NJ and
ML were employed (bootstrap values below 60%; not shown).
The other three clades, however, were strongly supported.

Phylogenetic analyses of the cox-1 data set. For the cox-1
tree, the tree topologies were identical for NJ, ML, and BI
analyses (Fig. 4). For this data set, five clades were identified.
Clades 3 and 4 were identified with very strong support in all
three analyses, as were three putative clades (clades 1, 2, and
5). All clades were deeply diverging. Clades 1 and 2 consisted
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FIG. 2. ML tree of the ITS2 region of environmental isolates of the peritrich ciliate Carchesium polypinum computed with PHYML, based on
the Jukes-Cantor model, determined by Modeltest. The first and second values at the nodes represent bootstrap values for NJ and ML analyses,
respectively, while the third value represents the posterior probability of the BI analysis. The scale bar represents 5 changes per 100 positions. The
sequences of Meseres corlissi and Tetrahymena mimbres were used to root the tree. Only bootstrap values above 40 are shown.

of individuals that belonged to clade 1 of the nuclear data sets.
The rest of the individuals in Clade 1 of the nuclear data sets
and all the individuals from clade 2 formed the strongly sup-
ported cox-1 clade 3. Clades 4 and 5 of the cox-1 data set were
identical to clades 3 and 4 of both the ITS1 and LSU data sets.

In similarity to the nuclear trees, the clades did not corre-

spond to the collection localities; rather, individual genotypes
collected from various localities were distributed throughout
the clades.

Population structure analysis. Analysis of the cox-1 data set
revealed 26 haplotypes. The sequences of C. polypinum were
partitioned in two ways; initially a population was defined and
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FIG. 3. ML tree of the 5" end of the hypervariable region of the large subunit rRNA of environmental isolates of the peritrich ciliate
Carchesium polypinum computed with PHYML, based on the F81+1+1" model, determined by Modeltest. The first and second values at the
nodes represent bootstrap values for NJ and ML analyses, respectively, while the third value represents the posterior probability of the BI
analysis. The scale bar represents 5 changes per 100 positions. The sequence of Meseres corlissi was used to root the tree. Only bootstrap
values above 80 are shown.
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FIG. 4. ML tree of an 819-bp fragment of the cytochrome ¢ oxidase I gene of environmental isolates of the peritrich ciliate Carchesium
polypinum computed with PHYML, based on the GTR+I" model, determined by Modeltest. The first and second values at the nodes represent
bootstrap values for NJ and ML analyses, respectively, while the third value represents the posterior probability of the BI analysis. The scale bar
represents 5 changes per 100 positions. The sequences of Tetrahymena thermophila, Colpidium campylum, and Glaucoma chattoni were used to root

the tree.

partitioned as the individuals collected from each tributary.
The AMOVA analysis based on the cox-I data set indicated
that 71.2% of the genetic variation observed was within pop-
ulations and 28.9% between populations (Table 2). The pair-
wise Fgr values (statistic comparing genetic variations within
and between populations) were for the most part not signifi-

cant (data not shown). Similarly, when the sequences were
grouped by clade, as defined in the phylogenetic analysis of the
cox-1 data set, 71.15% of the variation was within populations
and 28.85% among populations. However, the pairwise Fgr
values were high and statistically significant, indicating a deep
divergence in clades 2, 3, and 4 (Table 3). When the analysis
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TABLE 2. AMOVA analysis of an 819-bp fragment of the cox-1
gene of the peritrich ciliate C. polypinum*

Analysis of variation

Comparison Degrees of Sum of % of
freedom squares variation

Among populations 4 4523 28.9

Within populations 36 947.2 71.2

“ Percentages of genetic variation within and among populations collected
from different localities, as defined by the tributaries in the Grand River basin,
southwestern Ontario, Canada (see Table S1 in the supplemental material).

was performed separately for the densely sampled clades
(clades 3 and 4), the corresponding Fgr values were not sig-
nificant (data not shown).

DISCUSSION

Marker resolution. When assessing intraspecific genetic
variation, it is important to establish the appropriate markers
for the organisms under investigation. In metazoan popula-
tions, such investigations involve the use of mtDNA markers,
with the cox-1 gene being one of the most popular due to its
higher rate of evolution (25, 29). Alternatively, ITS2 of the
rRNA region is commonly used for plants (43). Traditionally,
for ciliates, studies of intraspecific genetic variation are based
on RAPDs (20, 35). Over the past few years, the focus has
shifted from RAPDs to the use of nuclear and mitochondrial
sequences (4, 5, 15, 44). Despite this, there are very few studies
of intraspecific variation of ciliates, and so it is still unclear
which marker is the most suitable for studying their genetic
diversity. For ciliates, ITS1, ITS2, and the hypervariable re-
gions of the LSU rRNA have been used most commonly.
However, there has never been an attempt to compare all three
nuclear markers on one ciliate species at the sequence level. In
this study, we used all three nuclear markers in addition to one
mitochondrial marker in order to compare and contrast the
resolution and suitability of these molecules at the intraspecific
level. We picked the cox-1 gene as the mitochondrial marker of
choice for C. polypinum. The use of cox-1 in analysis of in-
traspecific genetic variation in ciliates is extremely limited (4).
This is likely due to the fact that the only available sequences
of cox-1 in ciliates are those from species of the genera
Paramecium and Tetrahymena. To date, only six complete
ciliate mtDNA genomes are available: for Tetrahymena ther-
mophila, Tetrahymena pyriformis, Tetrahymena paravorax,
Tetrahymena malaccensis, Tetrahymena pigmentosa, and P.
aurelia (9, 10, 46, 52).

Tetrahymena and Paramecium belong to the class Oligohy-
menophorea but different subclasses—the subclasses Peniculia
and Hymenostomatia, respectively (41). Despite this, the per-
cent divergence of cox-1 is so high that it was not possible to
align the sequences with the default settings of the Sequencher
alignment software program (E. Gentekaki, personal observa-
tion). Thus, it has been extremely difficult to design primers for
the cox-1 gene of other groups of ciliates. After considerable
experimentation, we developed a set of primers that amplifies
an 819-bp fragment of cox-1 in C. polypinum.

In our study, the best resolution was obtained with the cox-1
gene, as assessed by the resulting clades being deeply divergent
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TABLE 3. Pairwise Fg values based on AMOVA analysis and
uncorrected P values using an 819-bp fragment of the cox-1 gene
of five clades of the peritrich ciliate Carchesium polypinum®

Fgr or P value for cox-1 gene fragment

Grouping

Clade 1 Clade 2 Clade 3 Clade 4 Clade 5
Clade 1 0.377 0.046 0.085 0.999
Clade 2 0.988 0.005 0.008 0.999
Clade 3 0.980* 0.978* 0.000 0.999
Clade 4 0.930 0.934* 0.961* 0.999
Clade 5 1.000 0.991 0.981 0.879

“ See Fig. 4. Numbers in the lower diagonal are pairwise Fgr values, while
those in the upper diagonal are the uncorrected P values. Asterisks denote values
of statistical significance (P = 0.05).

and robustly and strongly supported. The nuclear gene that
matched cox-/ the most closely in terms of separation of
clades, evolutionary distances, robustness, and support was
that of the 5" end of the LSU rRNA. This is likely because the
regions chosen for the analysis are among the most highly
variable in the LSU rRNA and therefore are suitable for anal-
ysis below the morphospecies level (1). The analysis of the
ITS1 and ITS2 regions gave somewhat similar topologies, but
the resulting clades were not strongly supported. Our study is
in agreement with the work of Barth et al. (4), who found that
the cox-1 gene provided better separation of Paramecium spe-
cies than the corresponding ITS markers. Since ITS regions
contain signals used for processing of the rRNA transcript (27,
38), these spacers are constrained to evolve more slowly. Con-
sequently, they did not have adequate time to accumulate
polymorphisms that would be useful for an intraspecies-level
analysis. Alternatively, the high degree of variation and fast
evolutionary rates in the mtDNA genome versus those of the
nuclear genome are well documented for metazoans, and this
seems to also be the case for protists (22). Unlike the case for
metazoans, the mutation rate of mtDNA in protists is un-
known. It has been speculated that it is 10% per million years
(5), which would make mtDNA genes good candidates for
assessing intraspecific variation.

Intraspecific genetic variation within Carchesium polypinum.
Studies of intraspecific genetic diversity of ciliates have yielded
varying results. On the one hand, low genetic diversity was
revealed for T. thermophila (32), Stentor coeruleus (35), and
Euplotes daidaleos (36). On the other hand, high genetic diver-
sity was evident in others, including Paramecium multimicro-
nucleatum and Paramecium caudatum (4), Halteria grandinella
(31), Cyclidium glaucoma (15), Coleps spetai (5), and Coleps
hirtus hirtus (5). It is worth noting, however, that all the studies
that used mitochondrial markers revealed a high intraspecific
genetic diversity (4, 5). In agreement with results of these
studies, ours also indicated a high genetic diversity of C. polypi-
num populations, particularly in the case of cox-1. Moreover,
the degree of variation revealed when analyzing the cox-1 data
set indicated that the majority of the variation was at the
isolate level rather than among populations. A similar degree
of genetic variation within populations of C. polypinum was
also found when intersimple sequence analysis was employed
(63). The authors of that report suggested that the high genetic
diversity of C. polypinum at the isolate level was due to high
gene flow and the ability of telotrochs, the dispersal stage, to
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range over large distances, resulting in a large panmictic pop-
ulation.

Phylogeography. It has been a longstanding debate whether
or not protists form uniform global populations or if, at least in
the case of some, they form distinct endemic populations (16,
17, 18, 19, 45, 60). So far the debate remains inconclusive due
to the very small number of studies that deal with the spatial
and temporal distribution of protists (7). For instance, no geo-
graphic isolation of populations was observed for the hetero-
trich Stentor or the hypotrich Euplotes (35, 37). Alternatively,
when RAPDs were assessed along with morphological features
for the hypotrich Gonostomum affine, a rudimentary popula-
tion structure was revealed (20). Use of the ITS1 region, a
nuclear marker, has yielded conflicting results. On the one
hand, Miao et al. (44) demonstrated distinct population struc-
tures in populations of C. polypinum in China, represented by
two distinct clades that mapped onto the geography of the
region. Similarly, H. grandinella showed variation among geo-
graphic isolates (31). Conversely, there was no geographic
structure for populations of Meseres corlissi, Isotricha prostoma,
and P. caudatum, despite the fact that some individuals from
all of these species were from across the globe (4, 59, 62). In
agreement with results in the latter studies, we did not detect
any pattern that maps to the geography of the Grand River
basin when we used any of the four markers. In the case of the
mitochondrial marker, we obtained deeply divergent clades,
but those were not geographically partitioned. The absence of
population structure could be due to a high effective popula-
tion size and a high gene flow or a combination of both (3). It
has been argued that effective population size is inversely pro-
portional to body size: as body size decreases, the effective
population size increases (40). Effective population size esti-
mates of ciliates are extremely limited and are restricted to
members of the genera Paramecium and Tetrahymena (32, 55).
These analyses have indicated that the effective population of
T. thermophila is small but that of Paramecium is large. How-
ever, recent studies of the protein evolution of ciliates suggest
an elevated rate of substitutions that might make analysis of
their effective population sizes difficult to determine (64). At
present, we do not know the effective population size of C.
polypinum.

Morphospecies and cryptic species. Over the past couple of
decades, the advent of molecular techniques has uncovered a
large degree of genetic diversity. Several species that were
once considered cosmopolitan are now considered cryptic; in
fact, discovery of cryptic species has grown exponentially (21,
26, 33, 49, 61). The most common current method of identi-
fying cryptic species is based on the amount of genetic diver-
gence as defined by genetic distances. Analyses of our mito-
chondrial data set show that at least three genetically distinct
and deeply divergent groups of C. polypinum occur in sympatry
in the Grand River basin. The minimum genetic distance be-
tween the groups was 11%, while the maximum was 18%.
Given this amount of genetic divergence, C. polypinum is very
likely a cryptic species complex compared to genetic diver-
gences of this gene for known biological species of Tetrahy-
mena and Paramecium.

Currently it is speculated that the concept of morphospecies
might be too conservative for assessing protist diversity (58) or
that their morphological and molecular evolution might be
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decoupled (19). Previous research has shown that the amount
of genetic divergence differs between groups. For instance, a
10% divergence in the cox-1 gene of Tetrahymena would be
enough to designate a new species, while this value is higher
for Paramecium (4, 12). Since there are very few studies of such
nature with ciliates, we cannot be sure what percentage of
variation constitutes a new species or a cryptic species of C.
polypinum.

If the uncovered diversity is indeed an indication of cryptic
species of C. polypinum, then how did seemingly sympatric
species occur in a continuous system like a river, where there
are no barriers to disrupt gene flow long enough for isolation
to occur? Lately there have been speculations that sympatric
speciation might be more common than initially thought (48).
However, studies that make a strong case for this are very few
(47). Alternatively, the observed genetic diversity could be due
to the transfer of a few founder cells from other bodies of
water. While we currently have no way to determine which of
the two processes accounts for the observed variation, it seems
that there is a lot more underlying genetic diversity in protists
than initially thought.
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