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MODEL



1 2 3 4 Research in Microbiology xx (2011) 1e11 www.elsevier.com/locate/resmic 5 6 7 8 9 10 11 a,b, 12 13 a Centre de Ge´ne´tique Mole´culaire, CNRS UPR3404, Avenue de la Terrasse, 91198 Gif-sur-Yvette, France 14 b Universite´ Paris-Sud Orsay, 91045 Orsay, France 15 16 Received 12 January 2011; accepted 17 February 2011 17 18 19 20 21 Abstract 22 23 Paramecium and other ciliates are the only unicellular eukaryotes that separate germinal and somatic functions. A germline micronucleus 24 transmits the genetic information to sexual progeny, while a somatic macronucleus expresses the genetic information during vegetative growth to 25 determine the phenotype. At each sexual generation, a new macronucleus develops from the zygotic nucleus through programmed rearrange26 ments of the germline genome. Paramecium tetraurelia somatic genome sequencing, reviewed here, has provided insight into the organization 27 and evolution of the genome. A series of at least 3 whole genome duplications was detected in the Paramecium lineage and selective pressures 28 that determine the fate of the gene duplicates analyzed. Variability in the somatic DNA was characterized and could be attributed to the genome 29 rearrangement processes. Since, in Paramecium, alternative genome rearrangement patterns can be inherited across sexual generations by 30 homology-dependent epigenetic mechanisms and can affect phenotype, I discuss the possibility that ciliate nuclear dimorphism buffers genetic 31 variation hidden in the germline. 32 Ó 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved. 33 34 Q2 Keywords: Whole genome duplication; Polyploidization; Epigenetics; Evolution; Genome rearrangements; Speciation; Small-RNA; Adaptation 35 36 37 38 39 40 The pioneering work of T.M. Sonneborn established Para1. Introduction 41 mecium as a model for studies of cell physiology and heredity in 42 the first half of the 20th century. The large (100e200 mm) size of Paramecium belongs to the ciliate phylum of complex 43 the cells facilitated observation of a variety of phenotypes. The unicellular organisms, a major radiation within the chro44 discovery of mating types (Sonneborn, 1937) led to standard malveolate clade (Cavalier-Smith, 1998). Paramecium and 45 methods for genetic analysis. Genetic crosses revealed that other ciliates are unique among unicellular organisms in that 46 Paramecium aurelia is in fact a complex of sibling species they dissociate the germinal and somatic functions of chromo47 48 (Sonneborn, 1975), of wide geographic distribution, among somes, a situation that prefigures the separation of germen and 49 which P. tetraurelia is particularly well suited to genetic analysis. soma in metazoans. Each unicellular individual harbors 2 kinds 50 Intriguingly, Sonneborn realized that many traits followed of nuclei with distinct organization, composition and function. 51 a cytoplasmic, rather than a Mendelian, pattern of inheritance A germline micronucleus (MIC) undergoes meiosis and fertil52 (reviewed by Meyer and Beisson, 2005). Sonneborn devoted ization to transmit the genetic information to the next sexual 53 the rest of his career to cytoplasmic inheritance (Preer, 2006). generation. A highly polyploid somatic macronucleus (MAC) 54 We now know that a number of independent mechanisms are contains a rearranged version of the germline genome stream55 56 responsible for Paramecium cytoplasmic inheritance. Some lined for gene expression that determines the phenotype of the 57 traits turned out to involve cytoplasmic particles (bacterial individual. The complex cellular organization of Paramecium 58 endosymbionts, mitochondria). Cytoplasmic heredity of and its life cycle are illustrated in Figs. 1 and 2. 59 cortical pattern is now recognized as prion-related structural 60 Q1 * Corresponding author. Centre de Ge´ne´tique Mole´culaire, CNRS UPR3404, inheritance (reviewed by Beisson, 2008). Other traits are 61 Avenue de la Terrasse, 91198 Gif-sur-Yvette, France. Tel.: þ33 1 69 82 32 09. determined by the maternal macronucleus (reviewed by 62 E-mail address: [email protected]. 63 64 0923-2508/$ - see front matter Ó 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved. 65 doi:10.1016/j.resmic.2011.02.012



Remembrance of things past retrieved from the Paramecium genome Linda Sperling



*



Please cite this article in press as: Sperling, L., Remembrance of things past retrieved from the Paramecium genome, Research in Microbiology (2011), doi:10.1016/j.resmic.2011.02.012



66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130



RESMIC2973_proof ■ 18 March 2011 ■ 2/11



2 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 Q3 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195



L. Sperling / Research in Microbiology xx (2011) 1e11



Fig. 1. Organization of the cell. A) Immunofluorescence image of a Paramecium cell. Staining of ciliary basal bodies (green), anchored at the cell cortex where they nucleate cilia and the cortical cytoskeleton, illustrates the polarity and asymmetry of the cell. The ventral cell cortex is marked by the brightly stained oral apparatus (OA), densely lined with cilia that sweep food particles into the cell. The large ovoid MAC and the two much smaller MICs are shown in blue (DAPI staining). The cell is ∼120 mm in length (scale bar 10 mm). B) Schematic drawing of longitudinal sections of interphase (left) and dividing (right) cells, anteriorposterior and dorsal-ventral polarities as indicated; MAC, light blue, MICs, dark blue. Tubulin-containing structures have been drawn: basal bodies, cilia, internal microtubule arrays, contractile vacuole pores (CVP) and associated microtubules, and for the dividing cell, the MIC separation spindles and the cytospindle that assembles at the cortex during cell division. See (Beisson et al., 2010) for a recent overview of Paramecium biology, experimental tools and current protocols. Immunofluorescence image courtesy of F. Ruiz; drawings courtesy of J. Beisson.



Sonneborn, 1977). Understanding the molecular basis of macronuclear heredity had to await the recent discovery of homology-dependent epigenetic mechanisms mediated by non-coding RNA (reviewed by Duharcourt et al., 2009). The objective of the present review is to confront current knowledge of the Paramecium genome with non-Mendelian heredity to suggest that the nuclear dimorphism found in ciliates provides a mean for both generating and perpetuating a variety of somatic cell types. An overview of the programmed genome rearrangements that occur during development of the MAC at each sexual cycle provides background and vocabulary necessary to appreciate the challenges of sequencing the genome. The Paramecium genome project, which has so far provided a somatic genome sequence, is presented and insights gained concerning genome organization and evolution reviewed. In the last section, characters that present non-Mendelian inheritance and their molecular basis are described with reference to the germline genome. The underlying homology-dependent mechanisms of non-Mendelian inheritance involve small-RNA (sRNA) pathways whose principle components are conserved from protists to man, so implications for evolution and adaptation to the environment drawn from Paramecium may also be relevant for multicellular eukaryotes. 2. Programmed genome rearrangements When paramecia exhaust their nutrient source, sexual processes are triggered (Fig. 2). In the P. aurelia group of



sibling species there are two sexual processes, conjugation between cells of opposite mating type and autofertilization, known as autogamy. The development of a new MAC during either conjugation or autogamy involves two kinds of reproducible DNA elimination events, reviewed by Be´termier (2004) and schematized in Fig. 3. First, tens of thousands of short (26 bp to ∼1 kb, the majority being shorter than 100 bp), unique copy elements known as internal eliminated sequences (IES), that interrupt both coding and non-coding DNA, are precisely excised reconstituting functional genes. The IESs have an invariant flanking 50 -TA-30 dinucleotide, one copy of which remains in the MAC chromosome after excision. A degenerate, short inverted repeat consensus (50 -TAYAGYNR-30 ) is also found at the ends of IESs. This consensus bears some resemblance to the inverted repeats of Tc1/mariner family transposons, although the IESs do not contain open reading frames. It was therefore suggested that (i) IESs are the eroded relics of transposons that invaded the genome and (ii) the transposase activity necessary for their excision is now conferred by a cellular gene (Klobutcher and Herrick, 1995). Support for this scenario was furnished after Paramecium somatic genome sequencing. A transposase domesticated from a piggyBac transposon (Sarkar et al., 2003), now called piggyMac, was identified in the genome sequence. Functional studies (Baudry et al., 2009) revealed that piggyMac is required for IES excision, and is implicated in the staggered double-strand breaks (DSBs), centered on each flanking TA, that initiate IES excision (Gratias and Be´termier, 2003). There is now good evidence that



Please cite this article in press as: Sperling, L., Remembrance of things past retrieved from the Paramecium genome, Research in Microbiology (2011), doi:10.1016/j.resmic.2011.02.012



196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260



RESMIC2973_proof ■ 18 March 2011 ■ 3/11



L. Sperling / Research in Microbiology xx (2011) 1e11 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321 322 323 324 325



Fig. 2. Sexual cycle. A) Schema of autogamy. The MAC is in blue, the MICs are in red and the mitotic separation spindles are in green. 0) Vegetative cell. At the onset of the sexual cycle, the MAC appears to unwind and ultimately breaks up into around 35 distinct fragments, which are lost from the sexual progeny by dilution during the first few vegetative cell divisions. MAC DNA is no longer replicated; however, gene expression continues from the fragments of the maternal MAC. It is in the presence of the maternal MAC that the following events occur. 1) The 2 MICs undergo meiosis to yield 8 haploid nuclei per cell; 2) one of the 8 haploid nuclei migrates to the paroral cone, a differentiation of the cortex that forms after regression of the oral apparatus. In conjugating cells, the paroral cone allows migration of nuclei between cells. The same remodeling of the cortex occurs in a single autogamous cell. 3) The haploid gametic nucleus at the paroral cone copies itself by mitosis. The 7 other haploid nuclei undergo pycnotic degradation. 4) The two haploid gametic nuclei fuse to form a 100% homozygous zygotic nucleus. In conjugating cells, reciprocal fertilization occurs: the “male” haploid nucleus migrates to the conjugation partner via the paroral cone while the “female” haploid nucleus remains stationary, followed by karyogamy to yield two genetically identical zygotic nuclei, one in each conjugating cell. 5) First postzygotic divison, the zygotic nucleus copies itself by mitosis. Conjugating cells separate between the first and the second post-zygotic divisions, approximately 5 h after the beginning of conjugation. After separation, the oral apparatus is regenerated. 6) At the end of the 2nd post-zygotic division, two of the nuclei are positioned toward the cell anterior and two at the cell posterior. The cell decreases transiently in size by about 30%, an event that is closely correlated with the determination of the nuclei that have reached the anterior pole to be
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the non-homologous end-joining (NHEJ) DNA repair pathway is involved in repair of the DSBs to rejoin MAC chromosomes (Kapusta et al., submitted for publication). Since tens of thou- Q4 sands of synchronous recombination/repair events can be triggered by controlling growth conditions, Paramecium has become an attractive model for studying the evolution and molecular mechanisms involved in programmed genome rearrangement pathways, such as that used for V(D)J recombination of immunoglobulin genes in vertebrate lymphocytes, which also involves NHEJ and a domesticated recombinase (Dudley et al., 2005; Kapitonov and Jurka, 2005). The second kind of rearrangement that occurs during MAC development is the reproducible elimination of a few hundred regions in the genome that contain repeated sequences (transposable elements, minisatellites). The outcome of this elimination is usually chromosome fragmentation, the ends being healed by the de novo addition of telomeric repeats (T2G4 and T3G3 hexanucleotides). Sometimes the elimination is resolved by end-joining to produce an internal deletion. The piggyMac-domesticated transposase is required for the DSBs that initiate elimination of at least some transposable elements (Baudry et al., 2009), but it is not currently known whether the NHEJ repair pathway is also involved. Although the elimination of repeated sequences is highly reproducible, this process does generate heterogeneity. Multiple telomere addition sites are often found, over tens of kilobases (Forney and Blackburn, 1988) and internal deletions have heterogeneous boundaries, though recombination always occurs between TA dinucleotides (Le Moue¨l et al., 2003). Since a few rounds of endoreplication precede the beginning of DNA elimination (Be´termier et al., 2000), alternative outcomes of the elimination of repeated sequences can result in a given region of the germline genome being found on multiple MAC chromosomes of different sizes (Forney and Blackburn, 1988; Caron, 1992). Finally, the DNA is amplified by endoreplication to about 800 haploid copies (Berger and Schmidt, 1978) to generate the highly polyploid MAC. 3. A somatic genome sequence The objective of the Paramecium genome project is to obtain a sequence and annotations for the germline genome, in order to discover not only the gene content of the organism, but also the germline-limited portion of the genome, important MICs and the nuclei located closer to the posterior pole to become new MACs (Grandchamp and Beisson, 1981) 7) over a period of about 12 h, the programmed genome rearrangements occur as the new MACs develop. 8) The last step in the sexual cycle is caryonidal cell division, during which the 2 new MICs divide by mitosis but the 2 new MACs, which have not yet attained their final DNA content, are segregated without division to the daughter cells. B) Merged DAPI (blue) and PiggyMac-GFP (green) images of an autogamous cell during development. MIC, yellow arrowhead. Developing new MACs (red arrows) display bright speckles of PiggyMac-GFP fluorescence. The PiggyMac protein is involved in DNA elimination (see text) and is specifically expressed during development. The maternal MAC fragments appear in dark blue. Images courtesy of M. Be´termier; cf. Baudry et al. (2009) for details. The white scale bar represents 8 mm.
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Fig. 3. Programmed DNA rearrangements. Cartoon depicting the reproducible rearrangements that occur during development of the new MAC. From left to right: amplification of the DNA to about 800 haploid copies; elimination of repeated sequences such as transposable elements and minisatellite from a few hundred regions, by a reproducible but imprecise mechanism leading to chromosome fragmentation and de novo telomere addition (striped red boxes) or internal deletions; precise elimination of tens of thousands of short, single copy IESs from both coding and non-coding sequences.



for chromosome biology and genome evolution, consisting of transposable elements, minisatellites, IESs, sequences that function as centromeres and perhaps other as yet undiscovered genetic elements. It was necessary to begin by sequencing and annotating a somatic MAC genome for two reasons. First, it would have been impossible to annotate the MIC genome without prior knowledge of the MAC genome. Most genes are interrupted by IESs in the germline DNA, and there is not enough information in the IES end consensus for sequence-based recognition. Paramecium itself determines sequences to be eliminated during MAC development in part by comparing the genome of the maternal MAC with the genome of the MIC using the homologydependent epigenetic mechanism of genome scanning (Nowacki et al., 2005; Lepe`re et al., 2008, 2009; Duharcourt et al., 2009; Bouhouche et al., 2011). The second, practical reason, is that the two genetically identical MICs represent less than 0.5% of the total genomic DNA in the cell. It was impossible to isolate MIC DNA in the quantity and large size necessary for the whole genome shotgun (WGS) library construction and Sanger sequencing methods available a decade ago. WGS sequencing and assembly of P. tetraurelia MAC DNA was carried out at the Genoscope French National Sequencing Center to 13 coverage (Aury et al., 2006). Almost all of the 72 Mb assembly is contained in 188 scaffolds larger than 45 kb. The largest scaffolds are close to 1 Mb in size, and the size distribution of the scaffolds is in good agreement with the size distribution of MAC chromosomes determined by pulsed-field gel electrophoresis of MAC DNA. Remapping of telomeric repeats (masked for assembly) confirmed that a majority of the scaffolds correspond to complete telomere-capped MAC chromosomes and led to an estimate of ∼150 MAC chromosomes per haploid genome. The assembly was annotated by combining ab initio predictions, a large collection of ESTs and homology to known genes. As had already been established by sequencing the largest, “megabase” chromosome during a pilot project (Zagulski et al., 2004), MAC chromosomes are AT-rich (72%) and very compact, with ∼78% coding sequences and short or even overlapping 50 and 30 regulatory regions. Paramecium



genes are intron-rich (∼2.3 introns/gene) and the introns are very small: nearly all of the ∼90,000 annotated introns are 20e34 nt in size. No evidence for alternative splicing (exonskipping) was found. A handful of “large” introns (90e100 nt) have been identified and appear to contain non-coding RNAs such as snoRNA (Chen et al., 2009). 3.1. Intron splicing is under translational control An unexpected result of Paramecium genome sequencing was the observation of a striking deficit in introns with lengths that are a multiple of 3 (3n introns). This observation did not arise from annotation errors, since the same deficit was found using a smaller set of around 15,000 introns from gene models completely validated by ESTs. Moreover, a deficit in 3n introns that lack a stop codon in-phase with the upstream exon e almost always the case in Paramecium because of short intron size and the fact that TGA is the only stop codon e is characteristic not only of the Paramecium genome, but of all intron-rich genomes, including those of humans (Jaillon et al., 2008). Thus, introns that do not lead to a premature stop codon if retained have been counter selected during evolution. This may be explained by the fact that intron splicing is inherently error-prone in intron-rich genomes because of weak cis-acting consensus sequences. The nonsense-mediated mRNA decay pathway (NMD), triggered by premature stop codons, assures quality control by testing whether an mRNA can be translated before it becomes engaged in the costly process of translation, thus avoiding production of potentially toxic proteins. Biochemical evidence was obtained that NMD is indeed involved in the degradation of mRNAs with incorrectly spliced introns in Paramecium (Jaillon et al., 2008). Interestingly, Paramecium 3n introns that lack an in-phase stop codon have relatively strong 50 and 30 splice site consensus sequences, perhaps explaining why they are tolerated. 3.2. Whole genome duplications A second unexpected result of the sequencing project was the discovery of a series of whole genome duplications
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(WGDs) in the Paramecium lineage. DNA alignment of the MAC scaffolds with each other first revealed a recent WGD. All of the scaffolds could be paired by multiple segments sharing greater than 82% nucleotide identity (Duret et al., 2008). These alignments also revealed a very low rate of large-scale genome rearrangement since the WGD event, with only 6 simple translocations and 1 double translocation (Fig. 4). The search for older WGDs began as soon as the annotation pipeline identified nearly 40,000 protein-coding genes, twice as many genes as human, making Paramecium the most generich organism known at the time (Aury et al., 2006). Internal comparison of the proteins and best reciprocal hit (BRH) protein alignments were used to define syntenic blocks which were merged to form “paralogons” that more or less covered the scaffolds. Once the recent whole genome duplication had been characterized in this way, preduplication chromosomes could be reconstituted. The procedure was then repeated to reveal an intermediate WGD and then an old WGD. Evidence for even older duplications was obtained, but as only a fraction of the genome was covered, they were termed “ancient duplications”. Paralogs related by WGD are hereafter termed “ohnologs”, as proposed by Wolfe (2001) to honor Susumu Ohno’s pioneering ideas about genome duplication (Ohno,
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1970). An example of relationships between ohnologs of the recent and intermediate WGDs and the method of reconstitution of an ancestral chromosome are shown in Fig. 5. WGDs had previously been found in plants, animals and fungi. The Paramecium genome provided the first evidence that these rare events e which are resolved over evolutionary time by the loss of one duplicate for the vast majority of genes e also occur in protists. The recent WGD, with 51% of preduplication genes still in 2 copies, is more recent than WGDs characterized in other model organisms such as the yeast Saccharomyces cerevisiae or the plant Arabidopsis thaliana. The ancient WGD, with 8% of preduplication genes still in 2 copies, is comparable to the WGD found in yeast (Wolfe and Shields, 1997). The reconstitution of a series of 3 WGDs, greatly facilitated by the low rate of large-scale genome rearrangement in the lineage, provided a large number of ohnologs of different ages: 12,026 pairs of ohnologs for the recent WGD (51% retention of preduplication genes), 3998 pairs of ohnologs for the intermediate WGD (24% retention) and 765 pairs of ohnologs for the old WGD (8% retention). Paramecium is now recognized as an important model for analysis of the evolutionary consequences of WGD (Jaillon et al., 2009; Sankoff et al., 2010).



Fig. 4. Clusters of MAC chromosomes related by the recent WGD. Examples of the clusters obtained by nucleotide comparison of scaffolds (cf. Duret et al., 2008 for details). Horizontal black lines, scaffolds; blue polygons, segments of >82% nucleotide identity; pink polygons, inverted segments of >82% nucleotide identity; vertical maroon lines are proportional in height to the number of remapped reads that contain telomere repeats (i.e., at least three repeats of CCC[CA]AA with no more than one mismatch); turquoise boxes, surface antigen genes. The majority of clusters show pairs of complete MAC chromosomes as in A and D. The cluster in B corresponds to two complete MAC chromosomes, but one of them consists of three scaffolds separated by two sequencing gaps. The cluster in C illustrates possible assemblies of three polymorphic chromosomes that cover a single region; scaffold 68 is a consensus of two shorter chromosomes and one long one, resulting from fragmentation or internal deletion upon DNA elimination, while scaffolds 178 and 163 represent chromosomes created by fragmentation. The cluster in E shows a translocation that has occurred since the recent WGD. Note that scaffold 51 contains two internal sites with remapped telomeric repeats. The leftmost site corresponds to the MIC elimination region that was sequenced in P. primaurelia (Le Moue¨l et al., 2003). Adapted from Duret et al. (2008) with permission from Cold Spring Harbor Laboratory Press. Please cite this article in press as: Sperling, L., Remembrance of things past retrieved from the Paramecium genome, Research in Microbiology (2011), doi:10.1016/j.resmic.2011.02.012
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Fig. 5. Synteny after WGD. A) A small region around the single copy PIGGYMAC (PGM) gene on scaffold_49, bearing the gene, is shown along with syntenic regions of other scaffolds related by the recent and intermediate WGDs (scaffold_17 related by the recent WGD; scaffold_35 and scaffold_37 related by the intermediate WGD). Neither genes nor intergenic regions are to scale; only their order and WGD relationships are depicted. Genes are colored in red or blue if single copy, gray if the recent WGD ohnolog has been retained, and yellow if intermediate WGD ohnolog(s) have been retained. B). Simplified schema of the reconstruction of pre-WGD ancestral chromosomes. Best reciprocal hit (BRH) matches between proteins identified by genomewide internal comparison of all proteins are indicated by red lines, and nonBRH matches by blue lines. The order of genes not retained in 2 copies can be arbitrary (gray circle). See Aury et al. (2006) for the parameters used at each stage of construction of paralogons and for the detailed method of ancestral chromosome reconstruction. The ParameciumDB Genome Browser at http:// paramecium.cgm.cnrs-gif.fr/cgi-bin/gbrowse2/ptetraurelia/ can be used to explore the MAC scaffolds and visualize many gene properties including ohnologs of each WGD.



Initial characterization of the WGDs sought to determine the constraints on duplicate gene loss in order to test different models. One model suggests that gene duplicates can become fixed in the population either because one duplicate has evolved a beneficial new function (neofunctionalization, Lynch and Conery, 2000) or because the ancestral function has been partitioned between the duplicated genes (subfunctionalization, Force et al., 1999). Neofunctionalization involves positive selection and is only expected to occur in species with a large population size as is usually the case for microorganisms. Large effective population size has been shown for Paramecium based on high intraspecific polymorphism at several loci (Snoke et al., 2006). Subfunctionalization is a neutral process compatible with the small population sizes found for multicellular organisms. The equilibrium model, a non-mutually-exclusive alternative, suggests that genes are retained in 2 copies to maintain gene dosage balance (Papp et al., 2003; Veitia, 2005). The whole of the analysis in Paramecium favored the equilibrium model since, especially at short times after WGD, gene dosage balance constraints prevail: highly expressed genes (e.g. encoding histones, ribosomal proteins) and genes whose products are found in multiprotein complexes are preferentially retained in 2 copies. However, especially at longer times, functional changes do occur (Aury et al., 2006). Delta- and eta-tubulins, ohnologs of the old WGD, provide an example of neofunctionalization. Delta-tubulin has a conserved function in basal body/centriole assembly in all eukaryotes that have centriolar structures (Garreau de



Loubresse et al., 2001). Eta-tubulin, found only in ciliates, is required for basal body duplication (Ruiz et al., 2000). Genome-wide expression studies using a custom NimbleGen microarray platform provided further strong evidence for the importance of gene expression as a determinant of the evolution of gene dosage (Gout et al., 2010). The microarray studies were also in good agreement with a low rate of functional divergence, as judged by gene expression patterns of ohnologs (Arnaiz et al., 2010). The expression data and ongoing curation of the genome indicate that many ohnologs of the recent WGD initially annotated as protein-coding genes are, in fact, in different stages of pseudogenization (Arnaiz et al., 2010), in agreement with the original estimate that 1500 annotated genes are in early stages of pseudogenization (Aury et al., 2006). The probability that Paramecium is still in a rapid phase of resolution of the recent WGD (Sankoff et al., 2010) raises a paradox, since the duplicates of the recent WGD are characterized by a ratio of non-synonymous to synonymous nucleotide substitution that is very small (Ka/Ks 
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