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Abstract While molecular analyses have provided

insight into the phylogeny of ciliates, the few studies

assessing intraspecific variation have largely relied on just

a single locus [e.g., nuclear small subunit rDNA (nSSU-

rDNA) or mitochondrial cytochrome oxidase I]. In this

study, we characterize the diversity of several nuclear

protein-coding genes plus both nSSU-rDNA and mito-

chondrial small subunit rDNA (mtSSU-rDNA) of five

isolates of the ciliate morphospecies Chilodonella

uncinata. Although these isolates have nearly identical

nSSU-rDNA sequences, they differ by up to 8.0% in

mtSSU-rDNA. Comparative analyses of all loci, including

b-tubulin paralogs, indicate a lack of recombination

between strains, demonstrating that the morphospecies

C. uncinata consists of multiple cryptic species. Further,

there is considerable variation in substitution rates among

loci as some protein-coding domains are nearly identical

between isolates, while others differ by up to 13.2% at the

amino acid level. Combining insights on macronuclear

variation among isolates, the focus of this study, with

published data from the micronucleus of two of these

isolates, indicates that C. uncinata lineages are able to

maintain both highly divergent and highly conserved genes

within a rapidly evolving germline genome.
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Introduction

Patterns of molecular evolution among ciliates are known

to be shaped by their unusual genome architecture, namely

the presence of both germline and somatic nuclei within

each cell (McGrath et al. 2006; Zufall et al. 2006). To date,

most studies of intraspecific genetic variation in ciliates

typically rely on just a single locus, with the notable

exception of the model ciliates Paramecium tetraurelia and

Tetrahymena thermophila (e.g., Catania et al. 2009; Simon

et al. 2008). Yet analyses of several genes from the somatic

genome, coupled with data from the germline genome, are

needed to assess intraspecific patterns of molecular evo-

lution in ciliates. In light of previous data suggesting both

high and low levels of gene conservation in two geo-

graphically isolated strains of C. uncinata (Robinson and

Katz 2008) and high divergence in the germline genome of

the same two strains (Katz and Kovner 2010), we aimed to

determine the level of intraspecific variation in protein-

coding loci of additional strains. This allowed us to test the

hypotheses that the somatic macronucleus is marked by

heterogeneous patterns of molecular evolution and that

C. uncinata is composed of multiple genetically distinct

cryptic species.

L. A. Katz (&) � J. DeBerardinis � M. S. Hall � A. M. Kovner

Department of Biological Sciences, Smith College,

Northampton, MA 01063, USA

e-mail: lkatz@smith.edu

L. A. Katz � M. Dunthorn

Program in Organismic and Evolutionary Biology,

UMass-Amherst, Amherst, MA 01003, USA

Present Address:
M. Dunthorn

Department of Ecology, Technische Universität Kaiserslautern,

67653 Kaiserslautern, Germany

S. V. Muse

Department of Statistics, North Carolina State University,

Raleigh, NC 27695-7566, USA

123

J Mol Evol (2011) 73:266–272

DOI 10.1007/s00239-011-9468-x



The genetics of ciliates must be interpreted in light of

the presence of both a germline micronucleus and somatic

macronucleus within each cell. The smaller micronucleus,

which is not transcribed, resembles a typical eukaryotic

genome in that it has few large chromosomes. The trans-

criptionally active macronucleus contains chromosomes

modified from a zygotic nucleus (Juranek and Lipps 2007;

Zufall et al. 2006). Macronuclear chromosomes are gen-

erated through extensive processing that includes frag-

mentation, elimination of internal excised sequences, and

amplification (McGrath et al. 2006). Extensive processing

in some ciliate classes—Spirotrichea, Armophorea, and

Phyllopharyngea (including Chilodonella uncinata, the

focus of this study)—produces approximately 20,000,000

gene-sized chromosomes (i.e., each macronuclear chro-

mosome contains only a single gene) (Juranek and Lipps

2007; Zufall et al. 2006).

Maintenance of two dimorphic genomes allows ciliates

to explore protein space in novel ways compared to other

eukaryotes (McGrath et al. 2006; Zufall et al. 2006). For

example, ciliates have remarkably divergent histone H4

genes compared to other eukaryotes, with some lineages

having multiple paralogs that differ by up to 20% of their

amino acids (Katz et al. 2004). Moreover, ciliates with

highly processed genomes have greater variation in pro-

tein-coding gene families across multiple loci than do cil-

iates that do not extensively process their somatic genomes

(Zufall et al. 2006). These insights are based on compari-

sons among species and little is known about patterns of

protein evolution within ciliate species.

The presence of cryptic species underlying conserved

morphospecies—species identified by shared morphol-

ogy—has been found across the ciliate tree of life. Cryptic

species—defined here as morphospecies that contain mul-

tiple biological and/or genetic species—were discovered in

Tetrahymena and Paramecium as strains within morpho-

species that are reproductively isolated from one another

(Nanney 1999; Sonneborn 1937, 1957). Some cryptic

species have been shown to be ecologically distinct (e.g.,

differential prey and/or abiotic factors; Weisse and Lettner

2002; Weisse et al. 2008), indicating that elucidating

cryptic diversity is important for studies focusing on topics

such as food webs and species interactions.

Application of molecular tools has revealed extensive

genetic variation underlying morphospecies (Barth et al.

2006; Gentekaki and Lynn 2009; Katz et al. 2005; Nanney

et al. 1998; Simon et al. 2008). For example, individuals

from multiple populations of both Paramecium caudatum

and Paramecium micronucleatum have nearly identical

internal transcribed spacer regions of the rDNA locus (i.e.,

low divergence within species for this locus), but reveal

considerably more diversity based on mitochondrial enco-

ded cytochrome oxidase 1 (Barth et al. 2006). In contrast,

there are few examples of widely sampled ciliate mor-

phospecies that appear to lack underlying genetic diversity;

e.g., Laboea strobila and Pelagostrobilidium neptuni

(Doherty et al. 2010; Katz et al. 2005).

Here, we assess genetic data from five strains of the

morphospecies C. uncinata: three recently isolated strains

are morphologically identical (at least by light microscopy)

to two strains, one from the American Type Culture Col-

lection (USA-ATCC) and the other from Poland (POL),

that were identified as C. uncinata by ciliate taxonomist

Wilhelm Foissner, University of Salzburg (Robinson and

Katz 2008). We were motivated by the observation that the

strains USA-ATCC and POL have nearly identical nSSU-

rDNA, and actin sequences, and both conserved and

divergent macronuclear b-tubulin sequences (Robinson and

Katz 2008). Moreover, analyses of micronuclear sequences

from these two strains reveal that macronuclear-destined

sequences (e.g., protein-coding domains) are fragmented

(Zufall and Katz 2007) and embedded within rapidly

evolving germline-specific sequences (Katz and Kovner

2010). To test whether the patterns of molecular evolution

in macronuclear genes extend to other strains and loci, we

analyzed macronuclear sequences of mtSSU-rDNA, nSSU-

rDNA, actin, a-tubulin, and b-tubulin from all five isolates

and assessed patterns of substitution across loci.

Methods

Ciliate Culturing

Three new isolates of C. uncinata are from within the USA:

USA-WH was acquired from Woods Hole, MA, and

USA-SC1 and USA-SC2 were both collected from Lyman

Pond on the Smith College campus in Northampton, MA

(Table 1). The two isolates that had been previously char-

acterized are both available at ATCC (USA = ATCC�

50194, POL = ATCC�PRA-256), as reported in Robinson

Table 1 Origin of C. uncinata clonal isolates compared in this study

Abbreviation Detail

POL Originally derived as a contaminant in a culture of

another ciliate sent from a lab in Poland. Deposited

in 2009 as ATCC� PRA-256

USA-ATCC Originally derived from a culture of another ciliate

isolated from an undisclosed location in the USA,

deposited in 1988 as ATCC� 50194

USA-SC1 Lyman Pond (Smith College): Northampton, MA,

December, 2007: N42 1900700; W72 3802400

USA-SC2 Lyman Pond (Smith College): Northampton, MA

September, 2007: N42 1900700; W72 3802400

USA-WH Weeks Pond, Cape Cod MA, October 2007, Woods

Hole, MA: N41 3302100; W70 3605200
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and Katz (2008). All isolates were cultured at room tem-

perature in the dark, and maintained in filtered and auto-

claved water from a local pond, with a rice grain added to

maintain bacterial populations. Clonal lines were generated

for each isolate by passing a single cell through three rounds

of isolation. Lines were transferred to fresh media every

other week. To isolate DNA, cells were pelleted by spinning

at 5,000 rpm for 20 min, and DNA was extracted using

phenol–chloroform following Riley and Katz (2001).

Characterization of Mitochondrial and Nuclear Genes

All genes were amplified using Phusion Hot Start High

Fidelity DNA Polymerase (Finnzymes F 540L). Nuclear

SSU-rDNA (nSSU-rDNA), a-tubulin, b-tubulin, and actin

were amplified using primers described previously (Rob-

inson and Katz 2008), while mitochondrial SSU-rDNA

(mtSSU-rDNA) was amplified using primers described in

Dunthorn et al. (2011). Amplified products were cloned

using Zero Blunt TOPO kits (Invitrogen 42-0245), and

screened using the polymerase TaqGold. Clones were

miniprepped using Invitrogen’s 96-well format harvested-

cell method, protocol B. Several steps were taken to avoid

contamination: only one strain was worked on at any one

time; PCRs were set up in a cleaned hood; reported

sequences were generally obtained from pooled PCR

reactions; and we discarded any reactions for which a

negative control turned up positive.

As we aimed to characterize paralogs from PCRs using

degenerate primers, we sequenced multiple clones per

reaction (*8 initially, with more added, as paralogs were

discovered) in just one direction and then fully sequenced

at least two representatives of each unique sequence.

Sequences were generated using the BigDye terminator RR

mix from PE Applied Biosystems (Wellesley, MA,

4303152). Reactions were cleaned using gel filtration col-

umns from Edge Biosystems (Gaithersburg, MD) and

analyzed on a PerkinElmer ABI-3100 automated sequencer

at the Center for Molecular Biology (Smith College,

Northampton, MA). Additional sequencing reactions and

sequencing were performed at the Penn State Genomics

Core Facility (University Park, PA).

Sequence Analysis

Contigs were assembled in SeqMan (DNAStar), and

annotated using Seqbuilder (DNAStar). MacClade (Madd-

ison and Maddison 2005) and MegAlign (DNAStar) were

used to create alignments. Genealogies based on nucleotide

alignments were estimated using PhyML (Guindon and

Gascuel 2003) as implemented in Seaview v. 4.2.4 (Gouy

et al. 2010), optimizing the number of invariant sites and

using 6 rate classes. We analyzed codon bias by measuring

the effective number of codons (Nc) (Wright 1990) using

the program CodonW (Peden 2005). For the b-tubulin gene

family, we found several sequences that appeared to be PCR

recombinants in that they occurred only in single PCR

reactions. These recombinants were detected by eye and

using GARD (Kosakovsky Pond et al. 2006), and the chi-

meric sequences were removed from subsequent analyses.

Synonymous and nonsynonymous substitution rates

were estimated for the model of Muse and Gaut (1994)

using HyPhy (Kosakovsky Pond et al. 2005). Estimates for

the conserved paralogs SP1 and SP2 were compared to

corresponding estimates for the divergent P3 paralogs

across lines.

Results

Levels of conservation differ considerably between nSSU-

rDNA and mtSSU-rDNA sequences among the five iso-

lates. The isolates share nearly identical nSSU-rDNA

sequences: the two haplotypes found (one shared by POL,

USA-SC1, and USA-SC2; and the other shared by USA-

ATCC and USA-WH) differ by only four single nucleotide

polymorphisms (SNPs) across a 1 kb region (Table 3;

Fig. 1a). Unlike the nSSU-rDNA, the mtSSU-rDNA gene

is highly divergent among the five isolates, with the

sequence from USA-SC2 differing by up to 8.0% (nucle-

otide differences; Table 3; Fig. 1b). POL and USA-SC1,

which share an identical nSSU-rDNA locus, also have

identical mtSSU-rDNA genes, and USA-ATCC and USA-

WH are more similar to each other than either is to USA-

SC2 (Fig. 1b).

Actin sequences are highly similar within all five iso-

lates of C. uncinata. We examined between three and six

clones in each of the isolates characterized for this study

(SC-1, SC-2 and WH) and found that each contained a

single sequence differing from one another by \3% at the

nucleotide level (Tables 2 and 3). The two lines POL and

USA-SC1 share identical sequences and the two lines

USA-ATCC and USA-WH are very similar (Fig. 1c).

Actins from all five isolates are nearly identical at the

amino acid level (Table 3). Again, the USA-SC2 sequence

is the most divergent, differing from the other isolates by as

much as 2.3% of its nucleotides and by three amino acid

substitutions (Table 3).

Alpha-tubulin sequences are also highly conserved

across all isolates. In each of USA-SC2, USA-SC1, and

USA-WH, we identified only one sequence. These

sequences are highly similar at the nucleotide level and

identical at the amino acid level (Table 3). In a previous

study (Israel et al. 2002), we identified two a-tubulin

sequences in USA-ATCC. One of these two paralogs,
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found less frequently, was highly divergent in some regions

from the conserved sequences analyzed in this study.

Because we did not find any similar sequences in POL,

USA-SC1, USA-SC2, or USA-WH, we did not include this

previously published sequence in the analyses here.

The b-tubulin sequences in our three new isolates are

similar to those previously characterized by Robinson and

Katz (2008). The clonal lines contains a subset of five

b-tubulin paralogs: SP1, SP2, P1, P2, and P3 (Table 2;

Fig. 2), with the P3 paralogs being most divergent (up to

24% from the conserved SP1/SP2 amino acids sequences).

Genealogical analyses indicate that all the haplotypes fall

into several major clades and that the topology of each

gene family member is consistent with that of the mtSSU-

rDNA phylogeny (Fig. 2): USA-SC1 and POL share

identical sequences, USA-ATCC and USA-WH are simi-

lar, and USA-SC2 is the most divergent at the nucleotide

and amino acid levels (Figs. 1 and 2).

Patterns of Substitutions

We calculated the effective number of codons for protein-

coding genes using codonW (Wright 1990). Codon bias is

variable across protein-coding genes, with more highly

conserved haplotypes having a lower effective number of

codons (Table 3). Actin, a-tubulin, and two b-tubulin

paralogs (SP1 and SP2), use approximately 27–29 effective

codons while the b-tubulin P3 paralogs use nearly double

that with 52–54 codons.

To assess the patterns of substitutions further, we ana-

lyzed the ratios of dN/dS between the conserved SP1/SP2

b-tubulin paralogs and the more divergent P3 sequences.

The clade-based estimate of dN/dS for the SP1/SP2 is 0

while that of the P3 clade is 0.050, suggesting a difference

in selection intensity between the P3 and SP1/SP2 lineages.

We also assessed patterns along individual branches of the

b-tubulin topology, though this was not straightforward as

not all paralogs were isolated from all lines (for example,

we did not find a P3 sequence in USA-SC2). Although

variances of the rate estimates are high, estimates of both

synonymous and nonsynonymous rates for individual P3

branches are roughly an order of magnitude higher than

those for their corresponding SP1 and SP2 branches

(Table 4).

Discussion

Analyses of multiple molecular markers isolated from

macronuclear and mitochondrial genomes lead to two

Fig. 1 Genealogies of nSSU-

rDNA, mtSSU-rDNA, actin and

a-tubulin nucleotide sequences

drawn to the same scale to

highlight heterogeneity in rates

of sequence evolution. All

topologies estimated by PhyML

(Guindon and Gascuel 2003) as

implemented in Seaview (Gouy

et al. 2010)

Table 2 The number of actin, a-tubulin, and b-tubulin clones characterized for each C. uncinata isolate

Actin atub b-tubulin Reference

SP1 SP2 P1 P2 P3

POL 6 14 7 14 8 35 20 (Robinson and Katz 2008)

USA-ATCC 12 12 22 12 12 15 16 (Robinson and Katz 2008)

USA-SC1 2 21 21 1 2 This study

USA-SC2 3 16 2 16 5 This study

USA-WH 3 2 2 1 1 20 This study
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complementary insights: (1) the morphospecies C. unci-

nata is composed of multiple genetically distinct cryptic

species; and (2) these species maintain both highly con-

served and highly divergent loci in the macronucleus, while

germline-restricted (micronuclear) sequences for two of the

isolates have so many substitutions that they are unalig-

nable (Katz and Kovner 2010).

Cryptic Species of the Morphospecies C. uncinata

Several lines of evidence suggest that there are multiple

cryptic species underlying the morphospecies C. uncinata

including the high divergence among some loci and the

lack of evidence of recombination within or between loci.

Four of the five isolates of C. uncinata that we character-

ized are genetically distinct at mtSSU-rDNA and in pro-

tein-coding loci (e.g., the divergent b-tubulin P3 locus;

Table 3; Figs. 1, 2). The level of divergence among iso-

lates varies across loci, with the deepest divergence varying

from 2.2% for actin to 8.0% for mtSSU to 13.5% for

b-tubulin P3 (Table 3). Moreover, we see no evidence of

recombination within loci or independent assortment

among genes. The lack of recombination indicates that the

four genetically distinct C. uncinata—USA-ATCC,

USA-SC2, USA-WH and (POL ? USA-SC1)—are repro-

ductively isolated. Intriguingly, the most divergent line,

USA-SC2, is sympatric with a second isolate, USA-SC1,

which in turn is genetically identical to an isolate from

Poland. While we took considerable care to eliminate

contamination in PCR reactions, we recognize that the

identity between the Pol and USA-SC1 lines may still be

due to contamination of either molecular data or of the

ciliate cultures. Hence, though more collections are needed

to assess biogeographical patterns further, our data indicate

that the geographic distribution of the cryptic species is

complex, involving both sympatry and allopatry.

We propose mtSSU-rDNA as a tool for rapidly identi-

fying cryptic species underlying ciliate morphospecies.

Table 3 Highly conserved gene family members are most biased in their codon usage [low effective number of codons (Nc)], while more

divergent b-tubulin paralogs exhibit less bias

Nucleotide divergence (%) AA divergence Nc (range) Length (nuc)

nSSU-rDNA 0–0.4 N/A N/A 1,060

mtSSU-rDNA 0.1–8.0 N/A N/A 905

Actin 0–2.2 0–0.5% 27–29 584

a-tubulin 0–2.3 0 27–28 1,033

b-tubulin SP1 0–2.3 0 28–29 942

b-tubulin SP2 0–2.7 0 29 942

b-tubulin P3 0–13.5 1.0–6.2% 52–54 936

Divergence estimates represent the range of differences among strains. Effective number of codons, Nc, as estimated by Wright (1990).

Beta-tubulin gene family members P1 and P2 are not included as they are alternatively processed from overlapping micronuclear regions

(Katz and Kovner 2010)

Fig. 2 Genealogies of b-tubulin gene family members demonstrating

heterogeneity in rates of evolution among sequences as branch

lengths for P3 are greater than for other members. Scale in Fig. 1 is

1/10th of scale here. See Fig. 1 for additional notes
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Mitochondrial loci, primarily cytochrome c oxidase, have

been shown to be effective in assessing intra-morphospe-

cies variation in various ciliate clades (Barth et al. 2008;

Catania et al. 2009; Chantangsi et al. 2007; Gentekaki and

Lynn 2009; Snoke et al. 2006; Strüder-Kypke and Lynn

2010). To date, mtSSU-rDNA has only been used to assess

phylogenetic relationships for deeper nodes in the Colpo-

dea (Dunthorn et al. 2011). Yet, mtSSU-rDNA primers can

readily be used to assess the nature of diverse ciliate

morphospecies (Dunthorn et al. 2011).

Divergence Among Loci

The cryptic species of C. uncinata maintain both highly

conserved and highly divergent macronuclear coding

domains. This pattern is particularly striking as micronu-

clear-specific sequences, at least between USA-ATCC and

POL, are evolving at such a rapid rate that they can not be

aligned. For example, internal eliminated sequences in the

actin gene are more than 40% divergent (Katz and Kovner

2010), while the coding region is B2.2% divergent

(Table 3; Fig. 1c). The heterogeneity in the levels of

divergence among loci is reflected in patterns of codon

usage, with more highly conserved genes showing more

codon bias as measured by the effective numbers of codons

(Wright 1990).

Further evidence for heterogeneity in patterns of evo-

lution is seen in comparing the b-tubulin P3 paralogs to the

conserved SP1/SP2 paralogs. These sequences arose by

gene duplication within C. uncinata, yet the subsequent

patterns of substitutions have varied such that the ratio of

nonsynonymous to synonymous changes is higher for P3

sequences compared among strains (dN/dS = 0.05) as

compared to the SP1/SP2 sequences (dN/dS = 0). Yet,

even the highly divergent P3 sequences (differ by *24%

amino acids from SP1/SP2) remain under some form of

constraint, as the dN/dS for this clade is still much less than

the value of 1.0 expected for pseudogenes. Moreover, the

individual estimates of synonymous rates vary across lin-

eages, with the P3 sequence having at least 109 higher

rates of synonymous substitutions (Table 4).

Our data suggest that selection on coding domains in

ciliates can be very strong over long evolutionary times.

Even though sufficient time has elapsed for substitutions to

render germline-specific sequences unalignable (Katz and

Kovner 2010), coding domains at some loci (e.g. actin,

b-tubulin SP1/SP2) remain conserved even to the level of

eliminating most silent site mutations (Figs. 1, 2; Table 2).

Within the same genomic context, some protein-coding

genes evolve rapidly, such as b-tubulin-P3, and perhaps

take on a new function. These observations are consistent

with our hypothesis that the genome architecture of ciliates

enables these lineages to explore protein space in novel

manners (Katz and Kovner 2010; McGrath et al. 2006;

Zufall et al. 2006).

Synthesis

The observation of elevated rates of evolution of a mito-

chondrial locus compared to most nuclear loci (the

exception being the highly divergent b-tubulin paralog P3;

Table 2) among lineages of the ciliate morphospecies

C. uncinata is not surprising given elevated mutation rates

in mitochondria in many taxa (Lynch 2007). More unusual,

though, is the distinction in patterns of evolution between

germline-limited (micronuclear) and somatic (macronu-

clear) sequences. Here, we document considerable con-

servation in coding domain, even among the silent sites

within codons, while germline-limited sequences between

two of the five cryptic species are so divergent that they are

unalignable (Katz and Kovner 2010). These observations

extend the comparisons of ciliate genome processing (i.e.,

between germline and somatic genomes) to the chromo-

somal rearrangements in somatic B and T cells that gen-

erate diversity in the adaptive immune systems of some

animals (Andersson et al. 2006; Herrick 1994; Kloc and

Zagrodzinska 2001; Zufall et al. 2005). In contrast to

adaptive immunity, where chromosomal rearrangements

are associated with somatic hypermutation (Ginger et al.

2010; Zmasek and Godzik 2011), we observe conservation

in coding domains (i.e., somatic sequences) embedded

within rapidly evolving germline sequences.
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Table 4 Heterogeneity in estimates of dN and dS along branches leading to SP1/SP2 paralogs compared to P3 paralogs

Strain SP1 SP2 P3

dN dS dN dS dN dS

Pol 6.25 9 10-18 1.00 9 10-20 0 4.48 9 10-3 4.82 9 10-2 9.13 9 10-1

USA-ATCC 1.00 9 10-30 6.61 9 10-18 0 1.00 9 10-30 2.18 9 10-3 1.33 9 10-1

USA-WH – – 0 1.80 9 10-2 4.51 9 10-2 5.82 9 10-2
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