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Abstract

The Paramecium aurelia complex, a group of morphologically similar but sexually incompatible sibling species, is a uniqueexample of

the evolutionary plasticity of mating-type systems. Each species has two mating types, O (Odd) and E (Even). Although O and E types

are homologous in all species, three different modes of determination and inheritance have been described: genetic determination

by Mendelian alleles, stochastic developmental determination, and maternally inherited developmental determination. Previous

work in three species of the latter kind has revealed the key roles of the E-specific transmembrane protein mtA and its highly specific

transcription factor mtB: type O clones are produced by maternally inherited genome rearrangements that inactivate either mtA or

mtB during development. Here we show, through transcriptome analyses in five additional species representing the three determi-

nation systems, that mtA expression specifies type E in all cases. We further show that the Mendelian system depends on functional

and nonfunctional mtA alleles, and identify novel developmental rearrangements in mtA and mtB which now explain all cases of

maternally inheritedmating-typedetermination. Epistasis between thesegenes likely evolved from less specific interactionsbetween

paralogs in the P. aurelia common ancestor, after a whole-genome duplication, but the mtB gene was subsequently lost in three

P. aurelia specieswhichappear tohave returned toanancestral regulationmechanism. These results suggest a model accounting for

evolutionary transitions between determination systems, and highlight the diversity of molecular solutions explored among sibling

species to maintain an essential mating-type polymorphism in cell populations.

Key words: self-incompatibility systems, programmed genome rearrangements, evolutionary genomics, ciliates.

Significance

Sibling species of the Paramecium aurelia complex have long

been known to use one of three different systems to deter-

mine the two complementary mating types (genetic, stochas-

tic, or maternally inherited determination), but the

mechanisms involved have been elucidated only for three spe-

cies of the latter kind. This study shows that expression or

nonexpression of the transmembrane protein mtA specifies

mating types in all three systems, and identifies five different

molecular switches that turn off mtA expression in one of the

mating types. The evolutionary history of the genes involved

illustrates the fascinating diversity of molecular solutions ex-

plored among sibling species to maintain an essential poly-

morphism in cell populations.

Introduction

Sex, defined by meiosis and fertilization and the alternation of

haploid and diploid phases of the life cycle, is an ancient evo-

lutionary innovation that facilitates the evolution of eukaryotic

genomes through the shuffling of alleles within populations.

Likely present in the last common ancestor of all eukaryotes, it
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is almost universally conserved across phyla. In contrast, self-

incompatibility systems, such as male/female sexual dimor-

phism or mating types are thought to have evolved multiple

times independently, possibly to limit inbreeding though other

ideas have been proposed (Billiard et al. 2011; Perrin 2012;

Heitman 2015; Hadjivasiliou and Pomiankowski 2016; Umen

and Coelho 2019). The mechanisms of sex or mating-type

determination, and the genes involved, are highly diverse

and appear to be continuously diversifying, even among re-

lated species.

The Paramecium aurelia complex, a group of morpholog-

ically indistinguishable but sexually isolated sibling species,

offers an interesting example of this evolutionary lability

(Phadke and Zufall 2009). The complex was initially described

as a single species containing 14 different “varieties” num-

bered from 1 to 14, each possessing two mating types called I

and II for variety 1, III and IV for variety 2, etc.; but as gene

flow appeared to be impossible between varieties, they were

recognized as distinct species and received binomial names

reflecting the variety numbers, Paramecium primaurelia

through Paramecium quadecaurelia (reviewed in Sonneborn

1975a). Paramecium sonneborni was later admitted as a 15th

member of the P. aurelia complex (Aufderheide et al. 1983;

Przybo�s et al. 2015), and the newly described Paramecium

quindecaurelia is a 16th (Potekhin and May�en-Estrada

2020). Despite being closely related to P. sonneborni, four

other species were not included because of differences in

nuclear morphology: Paramecium jenningsi (Diller and Earl

1958), Paramecium schewiakoffi (Fokin et al. 2004), and

two groups of strains initially assigned to P. jenningsi but later

shown to be distinct species (Sonneborn 1958; Przybo�s and

Tarcz 2016; Przybo�s and Tarcz 2019). As argued in supple-

mentary figure S1, Supplementary Material online, however,

molecular phylogenies suggest that all 20 species should now

be considered bona fide members of the P. aurelia complex.

As in all ciliates, nuclear dimorphism underlies the separa-

tion of germline and somatic functions (Cheng et al. 2020;

see Sonneborn 1975b for this and other general features of

nuclear organization and life cycle in P. aurelia species). Each

cell contains diploid germline micronuclei (MICs) that only

serve during sexual events, undergoing meiosis to produce

gametic nuclei, and a highly polyploid somatic macronucleus

(MAC) which is responsible for all gene expression but is not

passed on to sexual progeny. In each generation, both types

of nuclei develop from mitotic products of the diploid zygotic

nucleus formed by karyogamy. Sexual genetic exchange

occurs by conjugation, the reciprocal fertilization of cells of

different mating types. When mildly starved, young vegeta-

tive clones become sexually reactive, a physiological state in

which cells of different mating types will adhere to each other

through antero-ventral cilia upon contact, resulting in the ag-

glutination of many cells in large clumps within minutes after

the mixing of mating types. After 60–90 min, individual pairs

of cells form “holdfast unions,” that is, pairs firmly united at

the antero-ventral surface after local resorption of cilia

(Watanabe 1978). These pairs are then set loose from the

clumps, and the two conjugants proceed with meiosis and

cross-fertilization.

The two mating types of each P. aurelia species were

renamed O (Odd) and E (Even) so that these would be homol-

ogous across the entire complex. Identification of homolo-

gous O and E types was based in part on interspecies

agglutination reactions that can be observed between some

species, often closely related ones (fig. 1), but only between

type O of one species and type E of another (Sonneborn

1975a). In some cases, this results in the formation of holdfast

unions and successful fertilization can even yield viable F1

hybrids, but these are usually sterile and thus cannot mediate

gene flow between species. Identification of O and E types

also relied on a fundamental asymmetry uncovered by genetic

analyses. Mutagenesis screens only yielded recessive muta-

tions restricting homozygotes to the expression of mating

type O, but never to type E, indicating that O is a “default”

state and that expression of E requires additional genetic

functions (Butzel 1955; Taub 1963; Sonneborn 1977). In

the most thoroughly studied species Paramecium tetraurelia,

complementation tests defined three unlinked loci (mtA, mtB,

and mtC) that are specifically required for E expression: mu-

tant homozygotes at any of these loci always express type O

(Byrne 1973). Similarly, a few natural isolates were found in

several species to be genetically restricted to one type, and in

all cases this was O (Butzel 1955; Sonneborn 1977). The fact

that no mutant was ever found to be restricted to the expres-

sion of type E suggests that no gene is specifically required for

type O expression. In other words, all of the genes involved in

type O expression may also be involved in type E expression;

the phenotype that would be expected for mutations in such

genes is a complete lack of sexual reactivity. In species with no

reported mating-type mutant or cross-reaction with other

species, the asymmetrical phenomenon called “phenomic

lag” (Sonneborn 1975b, 1977), in essence a dominance

test in cells containing several macronuclei or macronuclear

fragments determined for opposite mating types, was also

used to define E as the “dominant” type.

The recent identification of the mtA, mtB, and mtC genes

in P. tetraurelia provided molecular insight into an E-specific

biochemical pathway (reviewed in Orias et al. 2017). mtA was

shown to encode a transmembrane protein that is specifically

expressed in sexually reactive cells of type E and localizes to

cilia of the antero-ventral surface, whereas mtB and mtC en-

code factors that are required for mtA transcription in E reac-

tive cells (Singh et al. 2014). Importantly, RNA-seq of a null

mtB mutant revealed that mtA is the only gene that requires

mtB for transcription during sexual reactivity (Singh et al.

2014). These genes are conserved in the sibling species

Paramecium septaurelia, where mtB-dependent mtA tran-

scription also characterizes type E; cross-species transforma-

tion experiments provided evidence that the mtA protein is
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directly involved in the species-specific recognition of O reac-

tive cells (Singh et al. 2014).

Despite the apparent conservation of a basic biochemical

pathway with “on” and “off” states corresponding to E and

O phenotypes, respectively, three different systems of mating-

type determination have been described among P. aurelia

species (reviewed in Sonneborn 1975b, 1977). The simplest

of these systems, Mendelian determination, is represented by

a single species, Paramecium tredecaurelia. In that species,

mating types are genetically determined in the MIC (and in

the derived MAC) by a pair of alleles at a single locus named

mt, with a dominant allele Mt specifying type E and a recessive

allele mt determining type O (Sonneborn 1975b). Mating

types thus simply follow Mendelian inheritance after conjuga-

tion or after autogamy, an alternative sexual process through

which single cells of P. aurelia species can fertilize themselves.

In all other species examined, mating types are not genet-

ically determined in the germline MIC, which is totipotent;

instead, mating type becomes irreversibly fixed as O or E in

each new MAC as it develops, and thereafter remains

unchanged during vegetative divisions of the resulting clone.

Species with nongenetic mating-type determination can be

further subdivided into two groups.

In seven of them (figs. 1A and 2), developmental deter-

mination of the new MAC for O or E is not random but con-

trolled through the cytoplasm (Sonneborn 1947) by the

parental MAC (Sonneborn 1954; Nanney 1957), still present

at that stage in the form of transcriptionally active fragments,

so that the zygotic MAC usually becomes determined for the

same mating type. Because little cytoplasm is exchanged be-

tween the two mates during conjugation, this determination

system results in the maternal inheritance of mating types:

each F1 progeny acquires the mating type of its cytoplasmic

parent in 90–99% of cases, depending on the species and

strain (Taub 1963; Brygoo et al. 1980). Such transgenerational

epigenetic inheritance is even stronger after autogamy, and

sexual progeny become determined for the same mating type

as the parental clone in the vast majority of cases. In

P. tetraurelia strain d4-2 for instance, <1/1,000 postautoga-

mous progeny switch to the other type (Brygoo 1977).

FIG. 1.—Phylogeny of the 14 classical Paramecium aurelia species and interspecies mating reactions. (A) COII phylogeny. The phylogenetic tree of the

mitochondrial COII gene identifies groups of closely related species among the 14 “classical” species (also identified by the original “variety” numbers after

binomial names). Bootstrap support values are shown only when�50%; these nodes are confirmed in the multi-gene tree of sequenced species shown in

supplementary figure S1, Supplementary Material online. Together with the mtA gene tree in figure 2 and the mtB gene tree in supplementary file S1,

Supplementary Material online the COII tree clarifies the correct phylogenetic position of Paramecium septaurelia, which was erroneous in many previous

publications due to wrong species assignments (see Extended Data figs. 6–8 in Singh et al. 2014). The strains used are: Paramecium primaurelia AZ9-3,

Paramecium biaurelia V1-4, Paramecium triaurelia 325, Paramecium tetraurelia 51, Paramecium pentaurelia 87, Paramecium sexaurelia AZ8-4, Paramecium

septaurelia 227, Paramecium octaurelia 138, Paramecium novaurelia TE, Paramecium decaurelia 223, Paramecium undecaurelia 219, Paramecium dodec-

aurelia 274, Paramecium tredecaurelia 321, Paramecium quadecaurelia N1A. Color shadings indicate the mechanism of mating-type determination in each

species: orange, maternal inheritance; blue, stochastic determination; green, Mendelian. (B) Mating reactions between species. The 14 species are

designated by numbers, as in (A). The diagonal (red) represents intraspecies reactions between O and E clones, where both agglutination and pair formation

show the best efficiency. The table reports the efficiency of all observed interspecies agglutination reactions, always between opposite mating types:þþþ
(orange),�90–95% of cells in clumps;þþ (yellow),�40% of cells in clumps;þ (green), only a few % of cells in clumps;þ/– (blue), brief and weak contacts

one pair at a time; ? (gray), dubious. Whenever observed, the formation of conjugating pairs is also quantified: C3,�90% of clumped cells; C2, 40–50% of

clumped cells; C1, a few % of clumped cells. The data are from Sonneborn (1975a).
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In six other species (figs. 1A and 2), there is no influence of

the maternal MAC and each new MAC develops as O or E in a

stochastic manner, whether the zygote is formed by conjuga-

tion or by autogamy; as in the similar stochastic system ob-

served in some distantly related Tetrahymena species (Orias

et al. 2017), the probability of each mating type can be influ-

enced by environmental factors, such as temperature

(Sonneborn 1977). The distribution of these three determina-

tion systems (Mendelian, maternal inheritance, stochastic) in

the P. aurelia phylogenetic tree implies multiple changes from

one system to another during the evolution of these species

(figs. 1A and 2, and supplementary fig. S1, Supplementary

Material online).

So far, mating-type determination mechanisms have been

elucidated for three of the species showing maternal inheri-

tance (Singh et al. 2014). They rely on the programmed ge-

nome rearrangements that occur during MAC development

(reviewed in B�etermier and Duharcourt 2014; Rzeszutek et al.

2020), a process which probably evolved to remove

Transposable Elements (TEs) from the expressed somatic ge-

nome (Coyne et al. 2012; Dubois et al. 2012), but here

appears to have been co-opted to inactivate E-specific genes

in type O clones (Singh et al. 2014). In P. aurelia species,

rearrangements include the excision of numerous single-

copy Internal Eliminated Sequences (IESs), which are thought

to be the degenerate relics of ancient TE insertions and must

be precisely excised from coding sequences to reconstitute

functional genes in the MAC (Arnaiz et al. 2012; B�etermier

and Duharcourt 2014; Sellis et al. 2020). IESs are invariably

bounded by two TA dinucleotides that are required for cleav-

age by the endonuclease Pgm (Baudry et al. 2009); a single TA

is left at the MAC junction after excision and repair by the Non

Homologous End Joining pathway (Marmignon et al. 2014;

Abello et al. 2020). Despite the frequent occurrence of a short

degenerate consensus at IES ends (Arnaiz et al. 2012), the

excision machinery appears to have little additional sequence

specificity, and its targeting to the correct sites often depends

on epigenetic marks (Lhuillier-Akakpo et al. 2014; Frapporti

et al. 2019).

In P. tetraurelia, type O clones are produced by excision of

the mtA promoter during MAC development, which prevents

mtA expression during sexual reactivity (Singh et al. 2014).

This excision event depends on the IES excision machinery and

is regulated by scnRNAs (Singh et al. 2014), a class of piRNA-

like small RNAs that is essential for elimination of TEs and of a

fraction of IESs. Produced from the entire MIC genome during

meiosis, scnRNAs are thought to mediate a genomic subtrac-

tion with the maternal MAC genome which selects the

scnRNAs corresponding to MIC-specific sequences and

licenses them to later target, in the developing MAC, the

elimination of the same sequences (reviewed in Duharcourt

et al. 2009; Chalker et al. 2013; B�etermier and Duharcourt

2014; Rzeszutek et al. 2020). The mechanism thus enables

the zygotic MAC to reproduce the deletion of any germline

sequence that had been eliminated in the MAC of the previ-

ous generation, explaining the maternal inheritance of mtA

promoter excision or retention as well as that of many other

alternative rearrangements unrelated to mating types (Meyer

and Garnier 2002; Garnier et al. 2004).

This determination system was shown to be entirely con-

served in the closely related Paramecium octaurelia (Singh

et al. 2014). In P. septaurelia, a more divergent species which

also shows maternal inheritance but groups with stochastic-

determination species (figs. 1A and 2), mtA is always rear-

ranged into a functional MAC form and type O clones are

produced by inactivation of mtB through the excision of part

of its coding sequence, which similarly prevents mtA expres-

sion (Singh et al. 2014). Thus similar switches have evolved

independently in different genes to control the “on” and

“off” states of the same pathway.

In this study, we have examined the conservation, expres-

sion and developmental rearrangements of mating-type

genes in additional species of the P. aurelia complex. The

results support the hypothesis that type E is specified by

mtA expression in all species. Novel polymorphisms and rear-

rangements are uncovered in mtA and mtB, which together

explain all cases of genetic and maternally inherited mating-

type determination.

Materials and Methods

Paramecium Strains and Cultivation

Unless otherwise stated, all experiments were carried out with

entirely homozygous strains from the strain collection of the

Institute of Systematics and Evolution of Animals, Polish

Academy of Sciences, Cracow, or from the RC CCM strain

collection of Saint Petersburg State University, St Petersburg.

Cultivation and autogamy were carried out at 27 �C as de-

scribed in Beisson et al. (2010a, 2010b). Cells were grown in

wheat grass powder (WGP, Pines International, USA) medium

bacterized the day before with Klebsiella pneumoniae and

supplemented with 0.8 mg/l b-sitosterol (Merck, Germany).

Mating-Type Tests

For species with genetic or maternally inherited determina-

tion, testers were prepared from cell lines of known mating

types by refeeding �1,000 autogamous cells in tubes with

4 ml of 0.2� WGP medium bacterized with K. pneumoniae

(standard medium) and incubating overnight at 27 �C. The

next day, tubes were refed with 8 ml of standard medium

and again incubated overnight at 27 �C. The following day,

reactive cells concentrated near the top of the tube were

collected (�1.5 ml per tube), checked by mixing aliquots

with reactive cells of the complementary type, and used in

mating-type tests. Mass postautogamous progenies to be

tested were made reactive in the same way. For species

with stochastic determination or to test individual clones,
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single karyonides (out of autogamy or conjugation) were iso-

lated in 250ll of standard medium and incubated until

starved. They were then refed with 250ll and tested the

next day.

DNA and RNA Extraction

Small-scale DNA samples were prepared from around 1,000

Paramecium cells in 1-ml cultures using the NucleoSpin Tissue

kit (Macherey-Nagel, Germany) according to manufacturer’s

instructions (protocol for blood, buffy coat or body fluids).

Large-scale DNA samples were prepared from 800 ml of ex-

ponentially growing cultures at 1000–1500 cell/ml as de-

scribed in (Baudry et al. 2009). RNA extraction was

performed from 400-ml reactive cell cultures using TRI

Reagent (MRC, USA).

RNA-Seq Analysis

Illumina libraries were prepared by the “mRNA stranded”

protocol and sequenced (paired-end, 2� 80 nt) using the

NextSeq 500/550 High Output Kit v2. Reads were mapped

on Paramecium references (supplementary tables S1 and S2,

Supplementary Material online) with Tophat (v2.1.1 –min-in-

tron-length 15 –max-intron-length 100 –coverage-search –

read-mismatches 1 –library-type fr-firststrand) (Kim et al.

2013). The number of fragments mapped on each gene

were then normalized by the total number of fragments

mapped on all genes (Million) and by the length of the coding

sequence (kb) to express results in FPKMs, using Cufflinks

(v2.2.1 –min-intron-length 15) (Trapnell et al. 2010).

PCR and Sequencing

PCR and agarose gel electrophoresis were carried out using

standard procedures. A list of the PCR primers used in this

study is given in supplementary table S3, Supplementary

Material online.

Phylogeny of Paramecium Species

To reconstruct the species phylogeny shown in supplementary

figure S1, Supplementary Material online, we searched for

single-copy gene families in Paramecium genomes. We se-

lected 19 species (15 Paramecium and four Tetrahymena spe-

cies, to be used as outgroups) for which genome sequences

and annotations are available (supplementary table S1,

Supplementary Material online). All protein sequences were

compared with each other with diamond (Buchfink et al.

2015). The diamond output was then processed with SiLiX

(Miele et al. 2011) to cluster homologous proteins sharing at

least 35% identity over 80% of their length. We selected all

FIG. 2.—Conservation of mating-type genes in the P. aurelia complex. Check marks in the mtA, mtB, and mtC columns on the right indicate the

presence of a potentially functional gene in the 16 species examined; red crosses indicate that the gene is absent or present as a pseudogene. The

phylogenetic tree of mtA proteins, fully consistent with the multi-gene tree of sequenced species in supplementary figure S1, Supplementary Material online,

is used to show the most parsimonious scenario for evolutionary changes in the three genes. The blue triangle in the P. aurelia common ancestor branch

indicates the appearance of mtB and mtC and the insertion of a T in the mtA promoter motif; red triangles indicate the most likely branches where mtB was

lost or pseudogenized and where the mtA promoter insertion was reversed; the orange triangles indicate the most likely branches where mtC was lost. The

strains used for mtA protein alignment are the same as in figure 1A for the 14 classical species, strain 30995 (ATCC) for Paramecium sonneborni, strain M for

Paramecium jenningsi (later renamed Paramecium trijenningsi, see supplementary fig. S1, Supplementary Material online; mating-type determination system

is unclear), and strain MO3c4 of Paramecium multimicronucleatum. Color shadings indicate the mechanism of mating-type determination in each species:

orange, maternal inheritance; blue, stochastic determination; green, Mendelian.
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families with a single member in each of the 15 Paramecium

species (N¼ 473 single-copy genes, presumably orthologous).

Prior to alignment, we applied PREQUAL (Whelan et al. 2018)

on protein sequences to mask nonhomologous segments.

Protein sequences were aligned with ClustalOmega (Sievers

and Higgins 2018); multiple alignments included a total of

305,634 sites. We then used IQTREE (Nguyen et al. 2015)

(version 2.0.5 for Linux 64-bit built May 15, 2020) to calculate

a species tree using each protein alignment as a partition

(“LG” model with substitution rate heterogeneity among sites

following a discrete gamma model with four parameters and

invariable sites). Branch support values were calculated with

SH-aLRT and ultrafast bootstrap with a value of 5,000.

iqtree2 -redo -nt 10 -m LGþIþG -bb 5000 -alrt 5000 -p

partition.nexus

Links:

diamond: https://github.com/bbuchfink/diamond

SiLiX: http://lbbe.univ-lyon1.fr/SiLiX

PREQUAL: https://github.com/simonwhelan/prequal

ClustalOmega: http://www.clustal.org/omega/

IQ-TREE: http://www.iqtree.org/

Other Phylogenetic Analyses

Sequences were aligned using MAFFT at https://mafft.cbrc.jp/

alignment/server/ (Katoh et al. 2019) and phylogenetic trees

were computed using the Phylogeny.fr server (Dereeper et al.

2008), by the bootstrapping procedure for the trees shown in

figures 1 and 2 (500 bootstraps), or by the approximate like-

lihood ratio test method PhyML 3.1/3.0 aLRT with default

parameters for the trees shown in supplementary figures S2

and S3, Supplementary Material online and in supplementary

files S1 and S2, Supplementary Material online.

Plasmids Used

The plasmid containing the mtB227 gene has been described

(Singh et al. 2014). The mtA223 plasmid contains the entire

gene as well as 329 bp of sequences upstream of the ATG

translation initiation codon and 191 bp of sequences down-

stream of the TGA stop codon (complete sequence available

upon request).

Microinjection

Paramecium cells were microinjected as described in Beisson

et al. (2010c). Briefly, cells were microinjected in Dryl’s solu-

tion or Volvic water (France) containing 0.2% bovine serum

albumin, under paraffin oil, whereas they were visualized with

a phase-contrast inverted microscope.

Results

Conservation of Mating-Type Genes and Paralogs in
P. aurelia Species and Outgroups

The search for mtA, mtB, and mtC orthologs and paralogs

was facilitated by high synteny conservation in the MAC

genomes of the 13 P. aurelia species sequenced so far, and

to a lesser extent in the two outgroup species Paramecium

multimicronucleatum and Paramecium caudatum (supple-

mentary table S1, Supplementary Material online) (Aury

et al. 2006; McGrath, Gout, Johri, et al. 2014; McGrath,

Gout, Doak, et al. 2014; Gout et al. 2019; Sellis et al.

2020). PCR primers based on multiple alignments further

allowed us to sequence orthologous genes in the three unse-

quenced species Paramecium undecaurelia, Paramecium tri-

aurelia, and Paramecium septaurelia. In P. tetraurelia, mtA and

mtB both belong to small multigene families, albeit with dif-

ferent evolutionary histories. Four genes (mtAL1–mtAL4) en-

code transmembrane proteins that are structurally similar to

mtA (and to the MTA and MTB proteins involved in conjuga-

tion in Tetrahymena, Cervantes et al. 2013; Orias et al. 2017):

five C-terminal transmembrane helices, a couple of cysteine-

rich, furin-like repeats, a large N-terminal domain exposed

outside the membrane), though they share only limited se-

quence similarity. None of these five genes was found to re-

tain any duplicate (ohnolog) from the two successive Whole-

Genome Duplications (WGDs) thought to have occurred in a

common ancestor of P. aurelia species, after its divergence

from outgroup species (Aury et al. 2006; McGrath, Gout,

Johri, et al. 2014; McGrath, Gout, Doak, et al. 2014; Yi

et al. 2014; Johri et al. 2017; Gout et al. 2019; Sellis et al.

2020). All five are conserved in all examined P. aurelia species

as well as in the pre-WGD outgroups (supplementary fig. S2,

Supplementary Material online), with the possible exceptions

of mtAL3 in P. quadecaurelia, mtAL1 and mtAL2 in

P. jenningsi, and mtA in P. caudatum, which could not be

found in the current MAC genome assemblies. The mtA-like

gene family thus probably results from very ancient segmental

duplications.

In contrast, at least three of the five mtB-like genes in

P. tetraurelia are more recent WGD duplicates. Although

mtB is missing its ohnolog from the last WGD, the two

most similar genes, mtBL1 and mtBL2, were identified as its

ohnologs from the previous WGD. Consistently, only a single

homolog of this group is present in pre-WGD outgroup spe-

cies (supplementary fig. S3, Supplementary Material online).

Thus mtB itself only occurs in the P. aurelia complex, and it is

present in all but threee of the 16 species examined (fig. 2): in

P. jenningsi and P. tredecaurelia it has decayed into a non-

functional pseudogene (supplementary file S1,

Supplementary Material online), whereas in P. sexaurelia it is

completely absent from the homologous locus. Given the
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phylogenetic tree of P. aurelia species (supplementary fig. S1,

Supplementary Material online), the most parsimonious hy-

pothesis is that mtB was lost on three independent occasions,

after each speciation event (fig. 2). The alternative hypothesis

that mtB did not exist in the last common ancestor of the

Paramecium sexaurelia/Paramecium sonneborni/P. jenningsi

subclade but only appeared in the other subclade, and was

later horizontally transferred to P. sonneborni, is not consis-

tent with 1) the hypothesis that the last two WGDs preceded

any P. aurelia speciation, 2) the presence of a recognizable

mtB pseudogene in P. jenningsi, and 3) the phylogeny of mtB

genes, where the P. sonneborni gene and P. jenningsi pseu-

dogene form a sister clade to other P. aurelia species (supple-

mentary file S1, Supplementary Material online), like the rest

of their genomes (supplementary fig. S1, Supplementary

Material online).

Like P. tetraurelia, all sequenced species have lost the mtB

ohnolog from the last WGD. They all have two homologs of

the mtBL1/2 type, except for P. jenningsi where none could be

found (supplementary fig. S3, Supplementary Material on-

line). The two more distant mtB-like members, mtBL3 and

mtBL4, have no identified ohnolog in P. tetraurelia; each

has one or two homologs in other P. aurelia species. In pre-

WGD outgroups, a single homolog branches off before the

mtBL3/mtBL4 divergence (supplementary fig. S3,

Supplementary Material online), suggesting these two genes

may be ohnologs from the previous WGD that escaped de-

tection in the P. tetraurelia analysis.

Like mtB, mtC is found only in P. aurelia species, but it does

not have any close homolog or reported ohnolog. It is missing

in P. sexaurelia and has become a pseudogene in P. jenningsi

(supplementary file S2, Supplementary Material online), but is

present in all other species including P. tredecaurelia (fig. 2).

Phylogenetic analyses place the P. sonneborni mtC and

P. jenningsi pseudogene in a sister clade to all other

P. aurelia species (supplementary file S2, Supplementary

Material online), indicating that a functional gene was present

in the last common ancestor of the P. sexaurelia/P. sonne-

borni/P. jenningsi subclade and was then lost twice

independently.

Expression of Mating-Type Genes and Paralogs in
P. tetraurelia

Previous RNA-Seq studies have determined relative expression

levels of P. tetraurelia genes at different stages of the life cycle

(Arnaiz et al. 2017; Singh et al. 2014). Most of the mtA-like

genes (mtA and mtAL1/2/3) are silent in exponentially grow-

ing vegetative cells and are turned on specifically in sexually

reactive cells, at similar and relatively high levels (supplemen-

tary fig. S4, Supplementary Material online). The only differ-

ence is that mtA cannot be expressed in mating type O cells,

where its promoter is excised, whereas mtAL1/2/3 are

expressed in both mating types. However, unlike mtA the

transcription of mtAL1/2/3 requires neither mtB nor mtC, im-

plying a different regulation mechanism. The last mtA-like

gene, mtAL4, is unique in that it is not expressed in sexually

reactive cells, but at an early autogamy stage which best

coincides with meiosis (supplementary fig. S4,

Supplementary Material online).

As previously reported, mtB and mtC are expressed

throughout the life cycle, though at very low levels that

make read counts quite variable (supplementary figs. S5

and S6, Supplementary Material online). The four mtB-like

genes are expressed at much higher levels, and show one

of two distinct profiles: expression of mtBL1 and mtBL3 is

limited to meiosis, like that of mtAL4, whereas mtBL2 and

mtBL4 resemble mtAL1/2/3 in being expressed almost exclu-

sively in sexually reactive cells of both mating types (supple-

mentary fig. S5, Supplementary Material online).

mtA Expression Specifies Mating Type E in Other P. aurelia
Species

To test whether mating type E is associated with mtA expres-

sion in other species, we carried out RNA-Seq analyses of

sexually reactive cells of both mating types for five additional

species, representing the three determination systems (sup-

plementary table S2, Supplementary Material online). For the

“Mendelian” species P. tredecaurelia, we used strains 209

(type O) and 321 (type E). Random-determination species in-

cluded Paramecium pentaurelia (strain 87), P. sonneborni

(ATCC 30995), and P. undecaurelia (strain 219). In all four

cases, mtA was expressed in sexually reactive cells of one

mating type, but not of the other (supplementary figs. S7

and S8, Supplementary Material online). We also analyzed

two different strains of the maternal-inheritance species

P. sexaurelia (AZ8-4 and 159), and in each of them we found

that mtA is transcribed in both mating types. However, in one

of the mating types (the same in both strains, as determined

by cross-testing) the transcripts do not include the last 372 bp

of the coding sequence and therefore cannot produce the

wild-type mtA protein (supplementary fig. S7,

Supplementary Material online). We also quantified RNA-

Seq reads mapping to mtA-like genes mtAL1–3 in these spe-

cies, except for P. undecaurelia where their sequence is un-

known. As in P. tetraurelia, these genes are expressed in

sexually reactive cells, but no significant difference in relative

expression levels is observed between the two mating types

(supplementary fig. S7, Supplementary Material online); the

mapping of reads also did not reveal any difference in mRNA

structure.

Thus in all five tested species, only one of the two mating

types expresses full-length mtA mRNAs during sexual reactiv-

ity. That type is known to be E in P. tredecaurelia, where strain

321 is homozygous for the E-determining allele Mt

(Sonneborn 1975b), and it can also be formally identified as

E in P. pentaurelia, where analyzed clones could be typed
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using cross-reactions with strain P of P. primaurelia, a natural

mutant genetically restricted to type O (Butzel 1955).

Although genetically fixed tester strains were not available

for the other three species, the mtA-expressing type can be

identified as E in all cases, based on the more general defini-

tion of mating type E as the type requiring the expression of

additional genes.

mtA Alleles Determine Mating Types in P. tredecaurelia

We then looked for genomic polymorphisms that may explain

mating-type determination in different species by resequenc-

ing the mtA, mtB, and mtC genes in MACs of both mating

types. Starting with the search for the O and E mt alleles in

P. tredecaurelia, we found that the mtA alleles of strains 209

and 321 are 100% identical over the coding sequence,

introns, and downstream intergenic region, and only differ

by three point mutations in the upstream intergenic region:

a 1-bp deletion located 69 bp upstream of the ATG initiation

codon, and two substitutions 417 and 515 bp upstream. The

point deletion falls in a 10-bp motif (GGTTGAAAAA) that is

highly conserved among P. aurelia species (supplementary fig.

S9, Supplementary Material online), within the �200-bp seg-

ment that was shown to contain essential elements of the

mtA promoter in P. tetraurelia, and could thus conceivably

affect mtA transcription. Resequencing of the mtB genomic

region showed that strains 209 and 321 have exactly the

same allele of the mtB pseudogene, which therefore cannot

be the mt locus. As for mtC, the 209 and 321 alleles differ by a

single substitution resulting in an Asp/His amino acid change

outside of the protein’s zinc finger, which may or may not

affect function.

To test whether the mtA or mtC genetic differences might

determine mating types in P. tredecaurelia, we analyzed the

cosegregation of 209 and 321 alleles with mating types in a

cross between these two strains. After conjugation, F1 clones

were confirmed to be true heterozygotes by testing their mat-

ing types (expected to be E for both heterozygous exconju-

gants from a single pair) and resequencing the mtA promoter,

and then allowed to undergo autogamy. This self-fertilization

process always results in entirely homozygous F2 progeny

clones, which have a 50% chance to inherit either of the

parental F1 alleles. As previously reported for

P. tredecaurelia crosses (Sonneborn 1975b; Przybo�s et al.

2013; Przybo�s and Tarcz 2018), F2 lethality was very high:

out of 180 independent F2 clones, only 13 survived and only

one was healthy enough to be tested for mating types and

genotyped. Although such F2 lethality precluded segregation

analysis, the healthy clone, which was type E, was homozy-

gous for the 321 allele of mtA and for the 209 allele of mtC,

indicating that the latter does not prevent mating type E ex-

pression. That clone was back-crossed to the 209 strain and

the procedure was repeated, resulting in a much lower lethal-

ity rate among second-round F2s. A total of 23 F2 clones

could be tested for mating types and genotyped for the

mtA allele: 14 were E and had the 321 allele, and nine

were O and had the 209 allele. The perfect cosegregation

demonstrates that the mt locus is mtA, or closely linked to it.

Thus the 209 allele of mtA, which is not expressed during

sexual reactivity, appears to be intrinsically nonfunctional in

P. tredecaurelia. It may seem surprising that this is the allele in

which the ancestral 10-bp promoter motif is conserved,

whereas the functional 321 allele shows the derived 9-bp

variant GGTGAAAAA. However, this is not inconsistent with

the possibility that the 10-bp ancestral motif is the mtB bind-

ing site in other species, since mtA transcription obviously

does not depend on mtB in P. tredecaurelia. Furthermore,

the same 9-bp variant (GGTGAAAAA) is also observed in

P. sexaurelia and P. jenningsi, the other two species that

lack the mtB gene. Like the loss of mtB, the point deletion

in the mtA promoter motif appears to have occurred three

times independently in these species, after their speciation

(fig. 2). This suggests that the 9-bp variant may be required,

in the absence of the mtB gene, for mtA transcription to be

driven by some other factor. Interestingly, similar motifs are

found in the promoter regions of mtAL1, mtAL2, and mtAL3

(supplementary figs. S10–S12, Supplementary Material on-

line), which in P. tetraurelia are expressed during sexual reac-

tivity of both mating types in an mtB-independent manner,

but not in that of mtAL4 (supplementary fig. S13,

Supplementary Material online), which has a distinct expres-

sion profile. These motifs are all found at similar distances

from the ATG initiation codons and share the common core

GTGAAA, which can be extended to the degenerate consen-

sus RGTGAAAWWWG (supplementary fig. S14,

Supplementary Material online). This raises the possibility

that mtA expression may be regulated, in the three species

lacking mtB, by the same factor as mtAL1–3.

The above observations suggest that the only reason why

the 209 allele of mtA is not expressed in P. tredecaurelia is the

lack of a functional mtB. The previous demonstration (Singh

et al. 2014) that the mtA promoter of one species

(P. septaurelia) can be activated by the mtB factor of another

(P. tetraurelia) prompted us to directly test this point by micro-

injecting the functional mtB gene from P. septaurelia strain

227 into the MAC of P. tredecaurelia strain 209 cells.

Transformed clones were identified by a plasmid-specific

PCR, and all clones were mildly starved to induce sexual re-

activity. Mating type tests revealed that three of four trans-

formed clones expressed mating type E (one was not reactive

and could not be tested), whereas nontransformed clones

that could be tested remained mating type O (fig. 3). Thus

strain 209 is indeed restricted to mating type O by the loss of

mtB, and mating type E expression appears to be rescued in

strain 321 by the point deletion in the mtA promoter.

Paramecium tredecaurelia is a rare species and for a long

time only strains 209 (France, 1953) and 321 (Mexico, 1956)

were known, raising the question of the generality of the
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genetic mating-type determinant in that species. We rese-

quenced the mtA promoter in three recently described natural

isolates from different continents (supplementary fig. S9,

Supplementary Material online); all three alleles differ from

both 209 and 321 by at least one substitution. Strain WO

from southern Ural (Potekhin A and Lanzoni O, unpublished

data) conjugates with strain 321 but not with strain 209, in-

dicating it is mating type O, and shows the ancestral 10-bp

motif. Strains ET-3a from Ethiopia (Przybo�s and Tarcz 2018)

and TaB from Thailand (Przybo�s et al. 2013) (Note that

P. tredecaurelia mating types were inverted in that study

due to the swapping of 209 and 321 testers.) have the 9-

bp derived variant and 10-bp ancestral motif, respectively.

Although these strains could not be retested with 209 and

321, they could conjugate together and are therefore of op-

posite mating types. Thus at least two different

P. tredecaurelia alleles show the 9-bp derived variant, and

the available evidence suggests that mating type determina-

tion by this genetic polymorphism may be general in that

species.

Paramecium decaurelia and P. dodecaurelia Share the P.
tetraurelia/octaurelia Mechanism

Among species with maternal inheritance of mating types,

P. tetraurelia (strain 51) and P. octaurelia (strains 138 and

GFg-1) were previously shown to share a common determi-

nation mechanism, based on excision or retention of the mtA

promoter. We first looked at the two closest species

P. decaurelia (strain 223) and P. dodecaurelia (strains 274

and J4), which form a specific subclade with the former

two (fig. 2). By resequencing the mtA promoter region in

clones of both mating types, we found that in both species

the mtA promoter was similarly retained in type E MACs but

excised in type O MACs (as determined by cross-reactions

with P. tetraurelia testers), with precisely the same excision

boundaries (supplementary fig. S9, Supplementary Material

online). To test whether this deletion actually determines type

O, we microinjected the promoter-containing, E form of the

MAC mtA gene from P. decaurelia strain 223 into the MAC of

O cells of the same strain. Transformed clones were identified

by a plasmid-specific PCR, and all clones were mildly starved

to induce sexual reactivity. Mating type tests revealed that

three of five transformed clones expressed mating type E

(two were not reactive and could not be tested), whereas

nontransformed clones remained type O (fig. 4). Thus, as in

P. tetraurelia, excision of the mtA promoter is the only feature

in the MAC genome of O cells that prevents them to express

type E specificity. We conclude that this determination system

was inherited from the common ancestor of the four species.

Paramecium biaurelia: An mtB-Based Mechanism, Distinct
from That of P. septaurelia

We then turned to P. biaurelia (strain Rieff), a maternal-

inheritance species not closely related to any other (fig. 2

and supplementary fig. S1, Supplementary Material online).

Resequencing the mtA and mtC MAC genes did not reveal

any difference between the two mating types, but the MAC

mtB gene was found to be rearranged differently: one mating

type shows a 168-bp deletion in the coding sequence,

whereas the other has a full-length, functional gene. The lat-

ter can be identified as E, according to the general definition

of mating type E as the type requiring the expression of ad-

ditional genes. Like the previously documented mtB deletion

in type O of P. septaurelia, the deletion occurs between two

TA dinucleotides flanked by good matches to the IES end

consensus sequence (Arnaiz et al. 2012; Swart et al. 2014),

although it affects a different part of the gene (fig. 5A). To

complement the mtB deficiency, we microinjected the func-

tional mtB gene from P. septaurelia into the MACs of type O

cells. Transformed clones were identified by PCR, and mating

type tests revealed that they expressed type E, whereas non-

transformed clones remained type O (fig. 5B). Thus the pres-

ence or absence of a functional mtB gene in the MAC is what

determines mating types in that species, as in P. septaurelia;

here again, successful mtB complementation excludes the

possibility that any additional feature of the MACs of O cells

prevents type E expression. However, the excised mtB seg-

ments are distinct in these two species and appear to be de-

termined in each ortholog solely by the position of sites that

happen to be possible substrates for the IES excision machin-

ery, indicating that the two systems evolved independently.

To test whether the same alternative rearrangement occurs

in other strains of P. biaurelia, individual cells from 10 different

natural isolates were grown and taken through autogamy.

Because mating types are maternally inherited, most of the

postautogamous progenies should be determined for the

same mating type as their parental clone. Mass progenies

FIG. 3.—Transformation of Paramecium tredecaurelia strain 209 with

mtB227 results in mating type E expression. Lanes 1–8: eight type O cells

from strain 209 were microinjected with a plasmid containing the mtB227

gene from Paramecium septaurelia. Successfully transformed clones were

identified by a plasmid-specific PCR and tested for mating types with type

O (strain 209) and type E (strain 321) testers. The number ofþ signs below

the lanes indicates the strength of the agglutination reaction; – sign, no

reaction. Clones 5 and 7 were not sexually reactive and their mating types

could therefore not be determined. Lane c1, noninjected control clone

(strain 209); lane c2, positive PCR control on the mtB227 plasmid.
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(�1,000 cells) were grown, made sexually reactive and tested

against each other to identify opposite mating types, and the

structure of the MAC mtB gene was tested by PCR. Four cell

populations showed the deleted form and were of the same

mating type (O), and two had the full-length form and were

the other type (E). The remaining four populations contained

both forms and showed selfing (S), that is, intrapopulation

conjugation (supplementary fig. S15A, Supplementary

Material online). Sequencing of the PCR product from each

strain revealed low allelic diversity (three SNPs defining at least

four different alleles), and showed that the coding-sequence

deletion had the same boundaries in all cases (supplementary

fig. S15B, Supplementary Material online). Further support

was provided by the mapping of whole-genome sequencing

reads from nine additional P. biaurelia strains (Johri et al.

2017): four of them showed precisely the same deletion,

suggesting these genomes were sequenced from type O

clones (supplementary fig. S16, Supplementary Material on-

line). We conclude that this excision event is widely used

among P. biaurelia strains to determine mating type O.

Paramecium sexaurelia: A Novel mtA-Based Mechanism

Not Affecting Transcription

The last maternal-inheritance species, P. sexaurelia, does not

contain the mtB and mtC genes. We probed the structure of

the MAC mtA gene in two different strains, AZ8-4 and 159,

which happened to be of opposite mating types in our stocks.

Consistent with the transcriptome data indicating that mtA is

transcribed in both mating types, its promoter was found to

be retained in both strains. We then checked the maternal

inheritance of mating types in a cross between these strains.

After conjugation, the two F1 exconjugants were checked for

heterozygosity by resequencing SNPs, and the maternal (cy-

toplasmic) origin of each was ascertained by typing a mito-

chondrial polymorphism. F1s were then tested for mating

types; each of them was indeed of the same mating type as

its maternal parent. F1 samples were used to test the structure

of the complete mtA gene by PCR, which revealed a deletion

at the 30 end of the gene in one of the mating types (fig. 6A).

FIG. 4.—Transformation of type O cells from Paramecium decaurelia

strain 223 with full-length mtA223 results in mating type E expression.

Lanes 1–7: seven type O cells from strain 223 were microinjected with a

plasmid containing the full-length mtA223 gene. Successfully transformed

clones were identified by a plasmid-specific PCR and tested for mating

types with type O and type E testers from strain 223. The number of þ
signs below the lanes indicates the strength of the agglutination reaction;

– sign, no reaction. Clones 5 and 7 were not sexually reactive and their

mating types could therefore not be determined. Lane c1, noninjected

control clone (strain 223); lane c2, positive PCR control on the mtA223

plasmid.

FIG. 5.—mtB rearrangements determine mating types in Paramecium

biaurelia. (A) Structure of the mtB gene in the MIC and MAC genomes of

Paramecium septaurelia and P. biaurelia. In both species the MIC gene (top

drawing) contains two IESs (black boxes) that are precisely excised in the

MACs of type E clones (second drawing). In the MACs of P. septaurelia

(strain 227) type O clones (third drawing), two alternative deletions further

remove parts of the coding sequence. Red bars indicate the two left

boundaries and the common right boundary. The local sequences are

given below, together with the homologous sequences from P. biaurelia

(strain Rieff); the IES-like end sequences are shown in red, and the TAs

used for recombination are boxed (data from Singh et al. 2014). In the

MACs of P. biaurelia (strain Rieff) type O clones (fourth drawing), a differ-

ent part of the coding sequence is excised, again between IES-like bound-

aries that are conserved in other strains (supplementary figs. S15 and S16,

Supplementary Material online). (B) Transformation of type O cells from

P. biaurelia strain Rieff with mtB227 results in mating type E expression.

Lanes 1–6: six type O cells were microinjected with a plasmid containing

the mtB227 gene from P. septaurelia. Successfully transformed clones were

identified by a plasmid-specific PCR and tested for mating types with type

O and type E testers from strain Rieff. The number of þ signs below the

lanes indicates the strength of the agglutination reaction; – sign, no reac-

tion. Lane c1, noninjected control clone; lane c2, positive PCR control on

the mtB227 plasmid.
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To determine whether this deletion correlates with mating

types in each of the homozygous parental strains, we first

sought to establish clones of both mating types for each of

them, by screening large-scale mass postautogamous proge-

nies for rare mating-type revertants that would form pairs

with nonrevertants upon sexual reactivity. Pairs were isolated

and allowed to proceed with conjugation; the two F1 excon-

jugants were then grown separately and tested for mating

types. Revertants can be expected to transmit the new mating

type to their cytoplasmic progeny, and in 11 out of 15 F1 pairs

(both strains) the two homozygous F1s were indeed of oppo-

site mating types. One such pair was then tested by PCR for

each strain: for both AZ8-4 and 159, one mating type (the

same in both strains, as determined by cross-testing) was as-

sociated with a deletion at the 30 end of mtA, but not the

other.

Sequencing of the PCR products showed that the deletions

were precisely the same in the two strains, and revealed their

developmental origin. In one of the mating types, a 939-bp

IES located 23 bp downstream of the mtA stop codon appears

to be excised using alternative excision boundaries further

apart in the flanking sequences. On the 50 side these alterna-

tive boundaries are located within the coding sequence, 197

and 372 bp upstream of the stop codon (fig. 6B). As a result,

the end of the coding sequence is absent from the MAC

genome, explaining the defective mtA transcripts observed

in that mating type. If translated, these transcripts would pro-

duce a protein lacking the last two transmembrane helices,

which may be essential for function given their complete con-

servation in mtA and mtA-like proteins; that mating type is

therefore most likely O. The O-specific alternative excision

boundaries all coincide with TA dinucleotides flanked by

good matches to the IES end consensus (Arnaiz et al. 2012;

Swart et al. 2014). These TAs are conserved in the recently

sequenced MAC genomes of additional P. sexaurelia strains

(Johri et al. 2017) and appear to be used to remove the 30 end

of the mtA gene in seven out of 13 of these genomes (sup-

plementary fig. S17, Supplementary Material online), presum-

ably reflecting the mating type of the particular clone

sequenced for each strain. Thus, this alternative rearrange-

ment appears to be widely used among P. sexaurelia strains

to determine type O by preventing production of the full-

length mtA protein.

Discussion

A previous study of P. tetraurelia and P. septaurelia concluded

that the key difference between mating types is the expres-

sion of the transmembrane protein mtA in type E, but not

type O, reactive cells. The transcriptome analyses presented in

this work show that in five additional P. aurelia species repre-

senting the three determination systems, full-length mtA

mRNAs are produced in only one of the mating types, which

by definition must be type E. In four of these species

(P. tredecaurelia, P. pentaurelia, P. sonneborni,

P. undecaurelia), mtA transcription appears to be abolished

in O cells, whereas in P. sexaurelia, one of the earliest diverg-

ing species, mtA is transcribed in both mating types but full-

length transcripts are only observed in type E. Thus expression

of the full-length mtA protein may well be what specifies

mating type E in all P. aurelia species. That ciliary protein

was previously shown to be directly involved in the recogni-

tion of conspecific O cells, but the nature of the putative mtA

receptor remains unknown; the available evidence suggests

that it may be produced in both mating types, but made

capable of binding mtA only in O cells (i.e., in the absence

of endogenous mtA) through posttranslational processes

(Singh et al. 2014; Orias et al. 2017).

A functional mtB gene was shown to be required for mtA

transcription during sexual reactivity in P. tetraurelia and

P. septaurelia (Singh et al. 2014). Although this point was

not directly tested here in any other species, we showed

FIG. 6.—Novel mtA rearrangements determine mating types in

Paramecium sexaurelia. (A) The 30 end of mtA differs between mating

types. PCR amplification of the 30 end of mtA on three pairs of heterozy-

gous F1s (1–3) from the AZ8-4 � 159 cross; in each pair the type E F1

derives from the AZ8-4 parent, and the type O F1 from the 159 parent.

The faster-migrating band in type O F1s is in fact a poorly resolved doublet.

The positions of PCR primers are indicated in (B). (B) Structure of the mtA

gene in the MIC and MAC genomes. The MIC mtA gene in P. sexaurelia

strain AZ8-4 (middle drawing) has two IESs (black boxes) inserted within

the coding sequence, and a third one 23bp downstream of the stop

codon. All three IESs are precisely excised in type E MACs, resulting in a

functional gene (top drawing). The black flags indicate the positions of the

PCR primers used in (A). In type O MACs, the third IES is excised using

alternative boundaries (red bars) located outside of the correct ones, result-

ing in the deletion of the 30 end of the coding sequence. The same two

alternative left boundaries and common right boundary are used in strain

159 and other P. sexaurelia strains (supplementary fig. S17,

Supplementary Material online); local sequences around the TAs used

for recombination are indicated below.
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that the full-length mtB gene is required in P. biaurelia for

expression of mating type E in sexually reactive cells.

Because mating type E is specified by mtA expression in all

seven of the other species tested, this strongly suggests that

mtB is required for mtA transcription in P. biaurelia as well.

Similar indirect evidence is provided in P. primaurelia by the

finding that strain P, a natural mutant unable to express type E

(Butzel 1955), has a nonfunctional mtB allele: a mutation of

the 30 splice site of the first intron is predicted to prevent

splicing and cause a frameshift (supplementary file S1,

Supplementary Material online), suggesting that mtA tran-

scription may also depend on mtB in that species. However,

this cannot be true of all P. aurelia species, since a functional

mtB gene is missing in three of them: P. tredecaurelia,

P. jenningsi, and P. sexaurelia. The phylogenetic tree suggests

mtB was present in the last common ancestor of all P. aurelia

species, and then was lost three times independently (fig. 2).

Consistent with this conclusion, mtB owes its evolutionary

origin to the duplication of an mtB-like gene during a WGD

thought to have occurred in the P. aurelia ancestor, before its

radiation into extant species but after its divergence from

outgroups P. caudatum and P. multimicronucleatum (Aury

et al. 2006; McGrath, Gout, Johri, et al. 2014; McGrath,

Gout, Doak, et al. 2014; Yi et al. 2014; Johri et al. 2017;

Gout et al. 2019; Sellis et al. 2020). Thus the mtA orthologs

of outgroup species, like the three P. aurelia species that later

lost the mtB function, must be regulated by some other tran-

scription factor.

After its emergence in the P. aurelia ancestor, mtB appears

to have taken up the exclusive role of driving transcription

from the mtA promoter. In P. tetraurelia at least, transcrip-

tome analyses showed that mtA is the only gene whose tran-

scription is affected by the null mutation mtBO (Singh et al.

2014). This may be true in all species with a functional mtB, as

suggested by the fact that P. septaurelia and P. biaurelia use

mtB inactivation to determine type O (mating types are not

known to differ in any other phenotype). Transcription of the

mtA-like genes mtAL1–3, which are expressed during sexual

reactivity in both mating types, would then be driven by an-

other factor in all P. aurelia species. A candidate regulatory

motif, GTGAAA, was found to be conserved upstream of the

coding sequences in mtAL1–3, but not in mtAL4 which has a

distinct expression profile.

At a similar distance upstream of the mtA coding se-

quence, a similar motif, GTTGAAA, appears to result from

the insertion of a T in most P. aurelia species. Strikingly, the

only exceptions are the three species that have lost the mtB

function, suggesting that GTTGAAA may be the mtB binding

site (supplementary fig. S14, Supplementary Material online).

These three species show the GTGAAA motif instead, though

this does not appear to reflect continuous conservation of the

ancestral motif found in outgroup species (supplementary fig.

S14, Supplementary Material online). Rather, the most parsi-

monious hypothesis is here again that the T insertion occurred

in the P. aurelia common ancestor, and was later reversed

independently in the three species. Among them,

P. tredecaurelia is a special case in that both variants are

found, depending on the mtA allele in each strain; our results

indicate that GTGAAA alleles determine mating type E, and

GTTGAAA alleles type O. We further showed that transform-

ing the type O strain 209 with a functional mtB gene from

another species results in type E expression, consistent with

the idea that GTTGAAA may be the mtB binding site.

Together these results suggest a possible evolutionary sce-

nario in which an ancestral mtB-like factor was responsible for

the co-induction of mtA and mtAL1–3 during sexual reactiv-

ity, through the binding of a common GTGAAA motif in their

promoters. This P. aurelia ancestor could have produced type

O clones through genetic or developmental inactivation of the

mtA gene; like all extant species, it was probably equipped

with all of the factors known to be involved in IES excision and

in the scnRNA-based mechanism for epigenetic inheritance of

alternative rearrangements (Chalker et al. 2013; B�etermier

and Duharcourt 2014; Rzeszutek et al. 2020), but it is impos-

sible to guess which determination system it may have used.

After the first WGD, one of the mtB-like duplicates became

free to evolve randomly into a variant recognizing GTTGAAA,

that is, mtB. This would allow a second random mutation to

modify the motif in the mtA promoter and enable its activa-

tion by the mtB variant, in effect disconnecting the regulation

of mtA from that of mtAL1–3. That step may also have in-

volved the appearance of the P. aurelia-specific mtC factor,

although its essential role in mtA transcription was only dem-

onstrated in P. tetraurelia. What selective pressures (if any)

may have led to the fixation of these mutations in the popu-

lation is not obvious, but the high specificity of the new mtB-

mtA interaction would make mtB a second possible target for

developmental rearrangements that prevent mtA expression

in type O clones, as observed in P. septaurelia and P. biaurelia.

In this scenario, reversion of the new GTTGAAA motif in

the mtA promoter to the original GTGAAA would be toler-

ated, because this would still allow mtA transcription to be

properly induced by the other mtB-like duplicate (or after the

second WGD, by at least one of its two descendants, mtBL1

and mtBL2). This would make mtB useless and set the stage

for its decay and eventual disappearance, here shown to have

occurred in three species. mtC might also have become dis-

pensable since it was jointly lost in two of these species.

Paramecium tredecaurelia would represent a stage where

mtB is no longer functional but the two variants of the mtA

promoter motif still coexist in the population, making it the

only extant species known to use genetic determination of

mating types. P. sexaurelia and P. jenningsi would represent

more advanced stages in which reversion of the mtA pro-

moter motif to GTGAAA has become fixed; the lack of func-

tional mtB and mtC genes would restrict possible type O

determination mechanisms to developmental rearrangements

inactivating mtA (or unidentified genes that may be required
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for mtA transcription), which could be either retained from

the ancestor or newly evolved.

This model makes a number of predictions that remain to

be tested, such as the putative roles of mtB-like paralogs in the

regulation of mtA-like genes, and, in species lacking mtB, of

mtA itself. Further work will also be required to assess the

possible roles of mtA-like genes in sexual reactivity, to identify

the putative mtA receptor in type O cells, and to unravel the

mechanisms of stochastic mating-type determination in other

P. aurelia species. Nevertheless the present work has eluci-

dated the various mechanisms at work in all P. aurelia species

with genetic or maternally inherited determination (fig. 7),

illustrating the fascinating diversity of the molecular solutions

that can evolve among closely related sibling species to regu-

late a single conserved gene and maintain mating-type poly-

morphism in cell populations.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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