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Abstract

Although sex is now accepted as a ubiquitous and ancestral feature of eukaryotes, direct observation of sex is still lacking in most

unicellular eukaryotic lineages. Evidence of sex is frequently indirect and inferred from the identification of genes involved in meiosis

from whole genome data and/or the detection of recombination signatures from genetic diversity in natural populations. In haploid

unicellular eukaryotes, sex-related chromosomes are named mating-type (MTs) chromosomes and generally carry large genomic

regionswhere recombination is suppressed.These regionshavebeencharacterized inFungiandChlorophytaanddeterminegamete

compatibility and fusion. Twocandidate MTþ andMT� alleles, spanning450–650 kb,have recentlybeendescribed inOstreococcus

tauri, a marine phytoplanktonic alga from the Mamiellophyceae class, an early diverging branch in the green lineage. Here, we

investigate the architecture and evolution of these candidate MTþ and MT� alleles. We analyzed the phylogenetic profile and GC

contentofMTgenefamilies ineightdifferentgenomeswhosedivergencehasbeenpreviouslyestimatedatup to640Myr,andfound

evidence that the divergence of the two MT alleles predates speciation in the Ostreococcus genus. Phylogenetic profiles of MT trans-

specific polymorphisms in gametologs disclosed candidate MTs in two additional species, and possibly a third. These Mamiellales MT

candidates are likely to be the oldest mating-type loci described to date, which makes them fascinating models to investigate the

evolutionary mechanisms of haploid sex determination in eukaryotes.

Key words: sex-determining chromosome, recombination suppression, mating types, Chlorophyta, picoeucaryote,

Mamiellophyceae.

Significance

Direct evidence of sexual reproduction is difficult to observe in many unicellular eukaryotes, whereas indirect evidence

relies on gene content or recombination signatures. Here, we report the gene content of two candidate mating-type

loci in a unicellular phytoplanktonic eukaryote. Identification and phylogenetic analyses of the gametologs shared

between the two mating types suggest signatures of trans-specific evolution, that is, an ancient divergence, prior to

the speciation events within the Ostreococcus lineage. The divergence between gametologs can be leveraged to assign

strains from distantly related species to each of the two mating types. Thus, they are likely to be the oldest mating-type

loci described to date, which makes them fascinating models to investigate the evolutionary mechanisms of haploid

sex determination in eukaryotes.
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Introduction

Meiotic sex and its associated intra- and interchromosomal

recombination events are considered ubiquitous, ancestral

features of eukaryotes (Speijer et al. 2015). Across the eukary-

otic tree of life, meiotic sex has been reported in many algal

lineages (reviewed in Umen and Coelho 2019), such as chlor-

ophytes (Sager and Granick 1954; Suda et al. 1989; Fu�c�ıkov�a

et al. 2015), bacillariophytes (Chepurnov et al. 2004), chlor-

arachniophytes (Beutlich and Schnetter 1993), cryptophytes

(Hill and Wetherbee 1986; Kugrens and Lee 1988), cyanidio-

phytes (Malik et al. 2007), dinoflagellates (Pfiester 1989), and

euglenoids (Ebenezer et al. 2019).

There have been intense efforts to study sex-determining

mechanisms and underlying genetic make-up in multicellular

animals and plants (Bachtrog et al. [2014] for a review).

However, less is known about sex-determining mechanisms

in microbial eukaryotes. Ancestral sex-determining mecha-

nisms have evolved in unicellular eukaryotes, so that “it is

clear that the evolution of different sexes in its most basic

form is represented by the evolution of mating types”

(Hoekstra 1987). Obviously, it is less straightforward to iden-

tify morphological differences between sexes in microorgan-

isms than in macro-organisms. The term “mating type”

describes different “sexual types” in unicellular eukaryotes,

and was first coined by Tracy Sonneborn. He used this term

to indicate that only certain lines (or “stocks”) of the ciliate

Paramecium aurelia mated with each other, but never with

themselves (Sonneborn 1937). He noted that the Paramecium

mating system was “strikingly similar to the sexual differences

between gametes in some of the unicellular green alga.” He

referred to earlier work by Strehlow (1929) on “plus” and

“minus” “sexes” reported in unicellular soil and freshwater

green algae from the order Chlamydomonadales. In the

Fungal kingdom, there has been a rapidly growing experi-

mental evidence of mating types for many species (reviewed

in Billiard et al. [2012]; Wolfe and Butler [2017]), initially in the

yeasts Saccharomyces cerevisiae (Astell et al. 1981) and

Neurospora crassa (Staben and Yanofsky 1990). Mating types

were identified later in the green algal lineage, as in

Chlamydomonas reinhardtii (Ferris et al. 2002), and across

the eukaryotic tree of life (reviewed in Umen and Coelho

[2019]). Interestingly, the evolutionary link between mating

types and male and female sexes has been unambiguously

demonstrated in the volvocine green lineage (Nozaki et al.

2006; Ferris et al. 2010; Hamaji et al. 2018). However, the

origin of mating types remains unresolved. Three main hy-

potheses have been formulated for the origin and mainte-

nance of this genetic setup, which requires outcrossing.

First, it may mediate the prevention of genetic conflicts

(Hurst and Hamilton 1992); second, the prevention of haploid

selfing, that is mating among clonal cells (Billiard et al. 2011,

2012). A third proximate hypothesis is that this genetic system

has evolved from a cell signaling system for partner

recognition and pairing by producing recognition/attraction

molecules and their receptors, as initially suggested by

Hoekstra (1987) and expanded by Hadjivasiliou and

Pomiankowski (2016). Common themes of mating-type loci

were quickly noticed: they often come in two types (with

notable exceptions in fungi, e.g., Billiard et al. [2011] for a

review) with hardly any sequence conservation. Although

orthologous genes may be identified between the two

mating-type regions, gametologs, mating-type regions share

little synteny as a consequence of rearrangements and inser-

tion of repetitive DNA (Ferris and Goodenough 1997;

Lengeler et al. 2002; Ferris et al. 2010; Badouin et al. 2015;

Fontanillas et al. 2015; Hamaji et al. 2016; Geng et al. 2018).

Moreover, mating-type loci may also experience recombina-

tion suppression both in diploid sexual system, as well as in

haploid sexual systems and the UV sex chromosomes

(Bachtrog et al. 2011; Coelho et al. 2018). Recombination

suppression may be stepwise and thus generate “evolutionary

strata” of differentiation between the two mating types

(Hartmann et al. [2021] for a review in Fungi). The conse-

quence of recombination suppression are manifold

(Charlesworth and Charlesworth 2000; Charlesworth 2016)

and may include a higher probability of fixation of deleterious

mutations, massive rearrangements, which may be associated

to lower gene density (Yamamoto et al. 2021), GC composi-

tion changes, as well as differential gene expression (Ma et al.

2020). GC composition results from the balance between

mutation biases, selection, and GC-biased gene conversion

(Galtier et al. 2001), a molecular process linked to recombi-

nation. Therefore, regions with suppressed recombination are

expected to display a significant lower GC content as com-

pared with recombining regions, and a 4–10% lower GC

content over the mating-type locus has been reported in

the mating-type region of four species of volvocine algae

(Hamaji et al. 2018).

The genomic features associated to mating-type regions

may thus guide the identification of candidate mating-type

loci in lineages in which genomic data are available, whereas

the experimental conditions eliciting syngamy and meiosis

have not yet been found, precluding experimental validation.

Although there is no direct evidence of sexual reproduction in

the cosmopolitan marine picoeukaryote Ostreococcus tauri

(Mamiellophyceae, Chlorophyta) there are three lines of indi-

rect evidence for sexual reproduction (Grimsley et al. 2010).

The first line of evidence comes from screening the whole

genome sequence for genes encoding proteins involved in

meiosis. These proteins have been described in all

Mamiellophyceae species for which full genomes sequences

are available, including O. tauri (Derelle et al. 2006), O. luci-

marinus (Palenik et al. 2007), Micromonas pusilla,

Micromonas commoda (Worden et al. 2009), and in

Bathycoccus spp. metagenomes from the Arctic (Joli et al.

2017). The second line of evidence comes from population

polymorphism data that indicate inter- and intrachromosomal

Benites et al. GBE
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recombination (Grimsley et al. 2010). Indeed, when sequenc-

ing can be performed in several strains from the same popu-

lation, analyses of the polymorphism spectrum allow the

estimation of the frequency of sex in natural populations

(Tsai et al. 2008; Grimsley et al. 2010; Drott et al. 2020;

Hasan and Ness 2020; Koufopanou et al. 2020). Finally, the

third line of evidence comes from a population genomic anal-

ysis that demonstrated the existence of a candidate mating-

type loci (450 and 650 kb) in O. tauri (Grimsley et al. 2010).

Ostreococcus tauri RCC4221 was suggested to represent the

candidate “minus” mating type (hereafter MT�) together

with O. lucimarinus CCE9901, because of the presence of a

gene encoding for a plant-specific transcription factor from

the RWP-RK gene family (GF) (Worden et al. 2009). This GF

includes the “sex-determining gene” (minus dominance MID)

of minus mating-type loci in Volvocales algae (Ferris and

Goodenough 1997; Umen 2011). The candidate opposite

mating type (hereafter MTþ) was identified from the genome

analysis of 12 O. tauri strains lacking sequence homology with

O. tauri RCC4221 over the 650-kb region. These strains also

lacked a gene containing an RWP-RK domain (Blanc-Mathieu

et al. 2017). Phylogenetic analysis of five gametologs revealed

that O. tauri MT� and MTþ genes clustered with different

Ostreococcus species of the same mating type, respectively.

This suggests that mating-type differentiation predates speci-

ation within Ostreococcus, suggesting that Ostreococcus

MTþ and MT� are remarkably ancient. However, the total

number of gametologs, their synteny, and sequence conser-

vation among Mamiellales and Mamiellophyceae remains

unknown.

Here, we investigated the architecture and phylogenetic

profiles of the MTþ and MT� alleles to unfold their evolu-

tionary history. We analysed the gene set of the two candi-

date mating-type loci, and identified the complete set of

gametologs between them. This allowed us to define the

set of orthologous genes located inside each of the available

candidate MT loci in Mamiellales. This data set was then lev-

eraged: 1) to investigate the presence of evolutionary strata,

2) construct gene genealogies to search for trans-specific evo-

lution signatures, and 3) identify the opposite mating types

from additional Mamiellophyceae sequence data. This

allowed to trace back the age of the divergence of the

MTþ and MT� alleles in this early diverging branch of the

green lineage.

Results

Sorting Out GFs in O. tauri MT according to Their
Prevalence across Species

The GC content can be used as a predictor of recombination

rates in genomes undergoing GC-biased gene conversion

(Meunier and Duret 2004; Charlesworth et al. 2020), and it

was suggested that there is an inverse relationship between

chromosome length and GC content, which is consistent with

GC-biased GC conversion in Ostreococcus (Jancek et al.

2008). The genome-wide spontaneous mutation rate is GC-

>AT biased, which is consistent with a mechanism like GC-

biased gene conversion that could explain the difference be-

tween the observed 0.60 GC frequency in the genome and

the expected equilibrium 0.36 GC frequency under mutation

bias (Krasovec et al. 2017). The detection of the sharp (�9–

17%) decrease in GC content on the big outlier chromosome

was used to define MT boundaries in O. tauri RCC4221

(MT�), O. tauri RCC1115 (MTþ), and six Mamiellales

genomes (fig. 1 and supplementary table S1,

Supplementary Material online). Using OrthoFinder, we

assigned genes from the Ostreococcus spp., Bathycoccus pra-

sinos, M. commoda, and M. pusilla to GFs. Mating-type GFs

were defined as GFs with members located within the MT

region of either O. tauri RCC4221 (MT�) or O. tauri RCC1115

(MTþ). The presence/absence of the genes of these GFs in the

lineage provides important information about MTþ and MT�
specific GFs, as well as four additional distinct nonoverlapping

GF categories (table 1).

The “MT-specific” GF class contains genes that are shared

only by Ostreococcus genomes from the same MT. The MT-

specific GFs contain the smallest number of genes: six and two

genes for MT� and MTþ, respectively. These GFs are

expected to contain genes involved in sex determination and

functional control associated with each MT, as well as dispens-

able genes trapped into this locus (Wilson et al. [2019] for a

review in Ascomycetes). Functional annotation revealed that

most of these genes encode for hypothetical proteins or do

not have any predicted function. The MT� specific GFs con-

tain a gene with an RWP-RK domain (ostta02g01710), as pre-

viously reported (Worden et al. 2009), and a gene

(ostta02g00990) that encodes for an SRP-dependent cotrans-

lational protein involved in targeting proteins to the mem-

brane. Within the MTþ-specific GFs, there are only two

genes, which encode for hypothetical proteins annotated

with Gene Ontology terms linked to mismatch repair, protein

binding, and transport (supplementary table S2,

Supplementary Material online).

The “core MT” GF class contains GFs exclusively com-

posed of gametologs that are located inside the boundaries

of all candidate MT regions in all eight Mamiellales genomes

(supplementary table S1, Supplementary Material online).

There are 23 “core MT” GF, which make up less than

10% of genes of the MT (table 1) and these likely belonged

to the ancestral locus which evolved into a MT in the lineage.

Functional annotation indicates that these genes have house-

keeping functions, such as ATP and DNA binding, transcrip-

tion, glycolipid biosynthesis, protein transport, and RNA

methylation, but no obvious link to mating (supplementary

table S3, Supplementary Material online).

The largest GF class (69 GFs) regroups gametologs that are

shared by both Ostreococcus MT loci, and that can be absent

Evolutionary Genomics of Sex-Related Chromosomes GBE
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from the MT regions in some Mamiellales species (Shared MT

GFs, noncore). A fourth class of GFs contains genes located

within the O. tauri MT locus or on standard chromosomes (GF

extending outside MT), and provides evidence of transloca-

tions between standard chromosomes and the MT loci. The

remaining GFs are present in only one O. tauri MT locus and

other Mamiellales genomes, or contain genes that are too

divergent to generate phylogenies, as the alignments are

too short. Therefore, they were excluded from further analy-

ses, together with singleton genes (except the MT-specific

GFs).

Although the core and specific GFs categories should con-

tain the most ancient genes on the MT, the other GF catego-

ries likely reflect gain, loss, and translocation of genes in and

out of the MT. This prompted us to undertake synteny and

phylogenetic profiling of each GF to understand its evolution-

ary dynamics.

Genomic Architecture of O. tauri Mating-Type Regions

Syntenic regions outside the MT loci have been reported be-

tween species of the same genus: O. tauri and O. lucimarinus

(Palenik et al. 2007), M. pusilla and M. commoda (Worden et

al. 2009). Within O. tauri, regions outside the MT locus have

been shown to be perfectly syntenic and share >99% nucle-

otide identity, in sharp contrast with the MT region (O. tauri

Chromosome 2, fig. 1), which cannot be aligned at the nu-

cleotide level between MT� (RCC4221) and MTþ (RCC1115)

(Blanc-Mathieu et al. 2017). We further investigated the rel-

ative position of orthologous genes in the MTþ and MT�

FIG. 1.—Size and GC content in the candidate mating-type chromosomes (candidate mating-type locus positions as in supplementary table S1,

Supplementary Material online) in the eight Mamiellales genomes Sequences of CH02 of Ostreococcus lucimarinus and Micromonas pusilla have been

reversed complemented to take colinearity of flanking regions as described in Palenik et al. (2007) and Worden et al. (2009) into account. Node divergence

estimations are from �Slapeta et al. (2006) for Micromonas and Parfrey et al. (2011) for the basal node.

Table 1

Classification, Description, and Number of Genes and GFs in Ostreococcus tauri RCC4221 (MT�) and RCC1115 (MTþ) Strains

GF Class Features of Included Genes RCC4221 (MT�) RCC1115 (MTþ)

MT-specific GFs Present in either all Ostreococcus MT� or all

Ostreococcus MTþ
6 genes in 6 GFs 2 genes in 2 GFs

Core MT GFs Present in all Mamiellales genomes and located

only in MT region

23 genes in 23 GFs 23 genes in 23 GFs

Shared MT GFs (noncore) Present in both Ostreococcus MT loci, but not in

all Mamiellales MT regions

75 genes in 69 GFs 79 genes in 69 GFs

GFs extending outside MT Present in one Ostreococcus MT locus but with

homologous genes in other regions in the

opposite strain

28 genes in 27 GFs 8 genes in 4 GFs

GFs not retained for analysis Present in only one Ostreococcus MT locus and

Mamiellales genomes but absent from the

genomes of the opposite strains/MT; diver-

gent GFs or singletons

112 genes 128 genes

Total number of genes 244 240

Benites et al. GBE
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regions, but found no evidence for synteny in genes from

shared and core GFs between both regions (fig. 2A): MT-

specific genes do not cluster but are interspersed throughout

the MTþ and MT� loci.

Ancient inversion events are a well-known trigger for sup-

pression of recombination in genome evolution, but the rela-

tive position of orthologous genes in MT� and MTþ regions

provide no evidence of a past inversion event. Instead, visual

examination of the global pattern suggested a large translo-

cation of the [b, c] segment in 50 followed by the [a, b] seg-

ment in 30 (fig. 2A). To investigate this hypothesis, we defined

a simple statistic, Sdist, based on the relative distance between

orthologous genes on the MTþ and MT�: Sdist is equal to 0

for perfect colinearity (see Materials and Methods). Random

permutations of the gene orders enabled the estimation of

the null distribution. The observed Sdist was not significantly

different from the average Sdist for orthologous genes placed

randomly on the two MTs (10,000 permutations, P> 0.10).

However, the translocation of the 50 extremity of MT� (seg-

ment [b, c]) to the start of MT� (arrow on fig. 2A) was asso-

ciated with a significantly smaller Sdist than the random Sdist

(100,000 permutations P¼ 0.0054). This demonstrates that

Bathycoccus prasinos

Micromonas commoda

Micromonas pusilla

Ostreococcus tauri RCC4221 (MT-)

Ostreococcus lucimarinus (MT-) Ostreococcus sp. RCC809 (MT+)

Ostreococcus mediterraneus (MT+) Ostreococcus tauri RCC1115 (MT+)

Specific gene families 

Core gene families

Shared gene families
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FIG. 2.—Gene organization in the mating-type region of Ostreococcus tauri RCC4221 (MT�) and RCC1115 (MTþ) (A) Location of gene pairs from the

23 core GFs and 57 shared GFs in the mating-type region of O. tauri RCC4221 (MT�, blue rectangle) and RCC1115 (MTþ, red rectangle). Genes from core

and shared GFs are represented by bright and dark ticks, respectively, and homologous gene pairs are connected by gray lines. Genes from MTþ or MT�
specific GFs are also shown, represented by black ticks. Shared GFs having multiple copies in either O. tauri RCC4221 (MT�) and RCC1115 (MTþ) are not

depicted. (B, C) Location of homologous MT genes from GFs with copies outside of either O. tauri MT region in Mamiellales genomes, for O. tauri RCC4221

(MT�, 39 GFs, B) and RCC1115 (MTþ, 16 GFs, C). Each peripheral segment represents a chromosome or scaffold of one of eight Mamiellales genomes. The

MT genes from O. tauri RCC4221 (MT�, B) or RCC1115 (MTþ, C) are connected to their homologs by gray lines. If a homolog is located within a MT locus,

the link is colored in orange. CH, chromosome; CG, contig; UG, unitig.
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this translocation significantly improves the overall colinearity

between MTþ and MT�, supporting the idea of a past large-

scale translocation in one of the MT loci.

To track gene translocation events between the MTs and

the autosomal regions, we located the positions of 46 (MT�)

and 30 (MTþ) genes from GFs sharing genes inside and out-

side the MT regions. Genes of the same GFs as MT� genes

were located on diverse autosomes (fig. 2B). We also ob-

served a similar patchy distribution for GFs of gene members

extending outside the MTþ (fig. 2C). This provides evidence

for past gene translocations between many autosomes and

the MT regions.

To search for evidence of evolutionary strata, defined as

discrete regions containing orthologous genes with similar

substitution rates (Lahn and Page 1999), we computed the

rate of synonymous substitutions (Ks) (Tzeng et al. 2004) of

the genes belonging to the 69 shared MT GFs on MT� and

MTþ in O. tauri (shared GFs). We were able to compute the

number of nonsynonymous substitutions (KA) for only 22

gene pairs, given that for other gene pairs Ks values were

close to saturation. From these 22, 19 had a Ks<1, and

only two were adjacent on both the MTþ and the MT� (sup-

plementary table S4, Supplementary Material online). This is

consistent with a scenario of independent gene conversion

events between the two MTs, except for one event spanning

two genes. Interestingly, within these recently diverged

genes, only two pairs were adjacent in only one of the mating

types (MTþ). This suggests that the source or the destination

of the conversion events between MTs tends to span several

kb. These observations indicate an absence of evidence for

strata throughout the large MT regions of O. tauri. However,

this absence of evidence may be reconsidered in the future if

additional genome data in novel species can be informative to

infer the ancestral gene order on the mating type (Branco et

al. 2017).

Phylogenetic Insights into Evolutionary Dynamics of
Mating Types

The topology of each GF phylogenetic tree is informative

about the relative chronology of the speciation and the diver-

gence events between the MTþ and MT� alleles. We

assessed whether the topology supported either of the two

scenarios: 1) in the “mating-type allele diverged post-

speciation” scenario: mating-type alleles diverged after speci-

ation events within Ostreococcus (no mating type

alleles¼Post); or 2) in the “mating-type allele diverged ante

speciation” scenario: mating-type alleles diverged prior to the

speciation event (mating-type allele separation¼Ante). This

latter scenario has previously been coined as trans-specific

evolution resulting from long term balancing selection

(Richman 2000). Consequently, the variation within the genes

following the “Ante” scenario may be named trans-specific

polymorphisms (Devier et al. 2009). The number of GFs for

each topology is displayed in figure 3. Interestingly, this dual

phylogenetic signal (mating-type allele divergence ante vs.

postspeciation) is mirrored by a GC3 content signature of

the genes. Indeed, genes belonging to GFs that support an-

cient mating-type origin have a significantly lower GC3 con-

tent than genes whose evolutionary history is concordant

with the speciation history of the genus. For the 23 core

MT GFs (listed in supplementary table S3, Supplementary

Material online), the majority of phylogenies (21 trees, sup-

plementary fig. S1, Supplementary Material online) support

the “ancient mating-type” evolutionary scenario that mating-

type region diverged before the speciation events within

Ostreococcus, whereas only two phylogenies support the sce-

nario of a mating-type differentiation after the speciation

events.

Thus, most core and shared MT GFs support an ancient

mating-type origin (fig. 4A with mating-type separation and

4B without mating-type separation). In contrast, the phylog-

enies of most GFs containing paralogous genes outside the

MT region are consistent with the speciation tree, suggesting

their translocation inside the MT locus occurred recently.

Expanding the Number of Mamiellales Species with Two
Mating-Type Alleles

Since the core MT GFs allow MTþ and MT� delineation in the

Mamiellales, we used the sequence data to screen 33 transcrip-

tomes (MMETSP and 1KP data sets) from several

Mamiellophyceae species for homologous sequences (listed in

supplementary table S5, Supplementary Material online). The

taxonomic affiliation of each transcriptome was inferred from

18S rDNA sequences (supplementary table S6 and fig. S2,

Supplementary Material online). The phylogenetic range of

the transcriptomes spanned from the early divergent freshwater

species, such as Monomastix opisthostigma (Monomastigales),

Crustomastix, and Dolichomastix (Dolichomastigales), to early

Mamiellales, such as Mantoniella. It also included several

Micromonas strains from novel species, such as Micromonas

bravo and Micromonas polaris. In total, at least one homolo-

gous gene was recovered for each GF (with an average of 11

GFs per transcriptome) in 28 of 33 transcriptomes (fig. 5).

The most striking pattern came from O. mediterraneus

MMETSP0929 (strain RCC2572) and O. lucimarinus

MMETSP0939 (strain BCC118000) transcriptomes. Although

both data sets displayed hits for almost all core genes (17 out

of 23), the taxonomic affiliation inferred for these genes by

best BLAST hit (BBH) was not consistent with the 18S taxo-

nomic affiliation. Instead, it suggested affiliation to a different

species of the opposite mating type (supplementary fig. S3,

Supplementary Material online). In O. mediterraneus

MMETSP0929, 14 of 17 genes were affiliated to species

from the opposite MT groups (MT�), such as O. tauri and

O. lucimarinus, not to the reference genome O. mediterra-

neus RCC2590 MTþ. Likewise, 15 of 17 BBHs of O.
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lucimarinus MMETSP0939 came from MTþ genomes, and

not from the MT� O. lucimarinus reference genome. To con-

firm the taxonomic affiliation of these genes, we built maxi-

mum likelihood phylogenies, including homologs extracted

from the transcriptomes (supplementary fig. S3,

Supplementary Material online). From the 17 GFs with a

BBH, 12 passed the alignment length and identity thresholds

(see Materials and Methods). Of these, ten phylogenies in-

cluded both O. mediterraneus MMETSP0929 and O. lucimar-

inus MMETSP0939, and two phylogenies included only O.

lucimarinus MMETSP0939. From these, 11 phylogenies

were consistent with ancient MTþ and MT� divergence (ex-

ample in fig. 6A), whereas one phylogeny regrouped genes

according to species (fig. 6B).

These phylogenetic analyses confirmed the taxonomic af-

filiation inferred from amino acid sequence conservation and

support an ancient divergence of genes from two MT regions.

This led us to conclude that O. lucimarinus strain RCC2572

and O. mediterraneus strain BCC118000 (MMETSP0929 and

MMETSP0939, respectively) are of the opposite mating type

to the strains for which the reference genome is available. This

extends the evidence of the existence of two mating types in

O. tauri to two additional Ostreococcus species.

Identification of Candidate Mating Types Based on Gene

Genealogies in Micromonas commoda

Micromonas is the most represented Mamiellophyceae genus

in the available transcriptomic data sets, with 14 transcrip-

tomes. Therefore, we further examined the individual GF phy-

logenetic topologies and sequence similarities by using the

GC3 (%)

No Yes No Yes No Yes

FIG. 3.—Phylogenetic signal and GC3 content of GF members in

Ostreococcus tauri RCC4221 (MT�) and RCC1115 (MTþ) “Post” for GF

genes with mating-type separation after speciation and “Ante” for GF

genes with mating-type separation prior to speciation. Circle size is pro-

portional to the number of GF genes (numerical value within each circle),

and circle color depicts the average GC3 content from low (yellow-golden)

to high (green).
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core MT GF set (23 GFs) to search for clustering that might

suggest an ancient divergence of MTs in Micromonas. To this

end, we selected Micromonas transcriptomes with more than

one positive hit with the GFs, and the highest number of hits

in the majority of transcriptomes (nine transcriptomes), to-

gether with one outgroup from the genus (Mantoniella sp.

MMETSP1468). Finally, we built individual GF phylogenies

from these sequences and the core genes GF data set (sup-

plementary fig. S4, Supplementary Material online).

A consistent subclustering of strains within the M. com-

moda group was observed. MMETSP 1084, 1387, 1403, and

1400 clustered together in 11 of 13 phylogenies, whereas

MMETSP1404 and 1393 clustered with genes from the refer-

ence genome of M. commoda RCC299 (fig. 7A and supple-

mentary fig. S4, Supplementary Material online). In only two

phylogenies, there was no apparent subclustering (fig. 7C).

Additionally, the branch lengths of the 11 phylogenies dis-

playing subclustering were longer and similar to the branch

lengths separating M. polaris from M. bravo, or M. commoda

from M. pusilla. Consistent with this, the average pairwise

amino acid identities between M. commoda genes from the

two different subclusters ranged from 65% to 89% (supple-

mentary table S7, Supplementary Material online). For com-

parison, we built phylogenies of the actin and b-tubulin genes

(fig. 7B and D), which are highly conserved, and their phylo-

genetic topology showed a species topology signature, where

these strains did not support two subclusters. Pairwise amino

acid identity for the latter GFs between strains ranged from

98% to 99.4% (for actin and b-tubulin, respectively), as

expected for strains from the same species. This phylogenetic

signal was similar to the Ostreococcus core GF phylogenies,

consistent with an ancient mating-type separation (fig. 4A).
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Despite the low number of genes (13 genes from 23 GFs), this

subclustering suggests that there are two MTs in M. com-

moda: strains MMETSP1404, 1393, and M. commoda

RCC299 (the reference genome); and strains MMETSP

1084, 1387, 1400, and 1403, representing the opposite

MT. As Worden et al. (2009) suggested, M. commoda

RCC299 would represent the MT�, given the presence of

an RWP-RK motif gene in its candidate MT region. Thus,

the strains MMETSP 1084, 1387, 1403, and 1400 would rep-

resent the MTþ type. Taken together, phylogenetic analyses

of GFs are consistent with an ancient gene divergence of MT

gametologs in the M. commoda lineage, as expected under

recombination suppression.

Clues about Earlier Origin of Mating-Type Loci in

Mamiellophyceae

As the phylogenetic signal may be lost over time as a conse-

quence of the decay of similarity between orthologs (Jain et

al. 2019), we investigated indirect signatures of MTs. MTs

evolve without recombination, and this has been shown to

decrease GC content. We therefore investigated whether a

GC signature could be detected in homologous genes to the

core GFs outside the Mamiellales (comprising Ostreococcus,

Bathycoccus, and Micromonas). Thus, we analyzed the GC

content of the synonymous third codon position (GC3) of

core GF hits in several Mamiellophyceae species, and

compared this with the GC3 content of genes from the back-

ground genome or transcriptome. Core MT GFs have signif-

icantly lower GC3 (�20%) than genes of the background

genome (or transcriptome) in Bathycoccus, Ostreococcus,

and Micromonas (fig. 8 and supplementary table S8,

Supplementary Material online). Interestingly, we found evi-

dence of a similar difference in GC3 content between gene

hits against the core MT GFs and the background transcrip-

tome in Mantoniella squamata CCAP 1965/1 and the uncul-

tured Mamiellophyceae (uncultured eukaryote RCC2288),

with �10% and 20% differences between genes from the

GFs and genes from the background transcriptome, respec-

tively. This suggested that genes that are homologous to the

core GFs are also located in a low GC chromosome region in

these Mamiellophyceae species (fig. 8 and supplementary ta-

ble S8, Supplementary Material online). However, there is no

evidence for a GC3 content difference between homologous

genes to the core GFs and the genes from the background

transcriptome in Crustomastix or Monomastix (fig. 8).

Discussion

Direct evidence of meiosis is not available for most marine

planktonic microbial eukaryotes. This is either due to the dif-

ficulty in culturing certain species, or because experimental

studies are hampered by a lack of knowledge about sex de-

termination and the conditions required to induce a sexual
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cycle. In the case of haploid green picoalgae (cell diameter

<2mm) of the Mamiellales lineage, population genomics data

in one species allowed the identification of two candidate

mating-type alleles with suppressed recombination (Blanc-

Mathieu et al. 2017). Here, comparative genomics of seven

related species within the Mamiellales lineage unraveled dif-

ferent facets in the mode and tempo of evolution in this enig-

matic locus.

First, although no MTþ and MT� specific genes could be

identified for all seven species, MTþ and MT� specific genes

could be identified within the Ostreococcus genus. MT� spe-

cific genes may be implicated in mating-type differentiation,

such as the previously identified gene encoding an RWP-RK

domain (Worden et al. 2009). The two MTþ specific genes

that have been identified in Ostreococcus encode for un-

known proteins. One of these proteins (gm1.767_g) harbors

WD40 repeats and is predicted to bind to other proteins. The

second protein has a DNA binding domain, which is also

found in DNA mismatch repair proteins (gm1.689_g,

PF00488). A WD40 protein has been shown to regulate mat-

ing in the fungus Ustilago maydis (Wang et al. 2011).

Nevertheless, the functional range of WD40 proteins is too

wide to confidently infer a role of the Ostreococcus protein to

act as a MTþ signal protein.

Second, comparative phylogenetics of core gametologs

allowed the identification the opposite mating types in two

additional species for which transcriptomes were available:

the MT� in O. mediterraneus and the MTþ in O. lucimarinus.

This mating-type profiling is made possible by the high diver-

gence between the MTþ and MT� regions, as gametologs

cluster by MT and not by species. By screening available en-

vironmental data from the TARA Oceans project for the
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presence of these gametologs, we previously found that, in

fact, both mating types of O. lucimarinus were present at the

stations where this species had been detected (Leconte et al.

2020). Mating-type profiling was also suggested between

strains from M. commoda: phylogenies of the gametologs

suggest two clusters of strains, in contrast with phylogenies

of highly conserved housekeeping genes (actin, b-tubulin,

and 18 s rDNA) (fig. 7 and supplementary table S7 and fig.

S2, Supplementary Material online).

Third, analyzing additional transcriptome data from early

diverging branches of the Mamiellophyceae class, we could

detect orthologous genes to the Mamiellales gametologs in

eight additional transcriptomes. However, we could not de-

tect any significant difference in GC3 signatures in the earliest

Mamiellophyceae, as would be expected under suppressed

recombination; on the contrary, GC3 values appear to be

higher in homologous genes in Dolichomastigales. This sug-

gests the Mamiellales gametologs are not part of a lower GC

region in earlier branching Mamiellophyceae. The conserva-

tion of 23 gametologs within the Mamiellales lineage

prompted us to investigate the dynamic of these genes. The

additional gametologs within the Ostreococcus lineage sup-

port an ancient large translocation event. Inversions have

been previously suggested to trigger recombination suppres-

sion and have been recently reported in the origin of a young

sex-determining chromosome (Natri et al. 2019). However,

translocations are also expected to disrupt recombination

(McKim et al. 1988).

One intriguing feature of sex-determining chromosomes is

their organization as multiple discrete regions, where genes

can be clustered by genetic divergence (measured by the rate

of nonsynonyms substitutions), defined as “evolutionary stra-

ta.” In humans, strata were first described by Lahn and Page

(1999), who suggested that suppression of recombination

was initiated in one region (stratum) and later expanded in

discrete steps, by strata. This could happen through additional

chromosomal inversions, which are known to suppress re-

combination in mammalian chromosomes. Only a few X–Y

sequence similarities persist, and these alleles are orderly strat-

ified by age in the X chromosome and scrambled in the Y.

Although strata have been observed in several vertebrates,

plants, and fungi (Bachtrog et al. 2014; Badouin et al.

2015; Coelho et al. 2018), they do not appear to be a com-

mon feature of algal mating types and sex chromosomes.

Indeed, we found no evidence of evolutionary strata in

Ostreococcus MTs, as neither ancient nor recent genes cluster
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squamata, Mantoniella squamata strain CCMP1436—MMETSP1468; Mantoniella squamata, Mantoniella squamata strain CCCAP 1965/1—QXSZ;

Mantoniella antarctica, M. antarctica strain SL-175—MMETSP1106; Uncult. Mamiellophyceae, Uncultured eukaryote RCC2288—MMETSP1326;

Crustomastix, C. stigmatica CCMP3273—MMETSP0803; Dolichomastix, D. tenuilepis CCMP3274—MMETSP0033; D. tenuilepis, D. tenuilepis strain

M1680—XOAL; Monomastix, Monomastix opisthostigma CCAC 0206—BTFM.
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in any of the MTs This may be due to their ancient divergence,

associated with a limited more recent expansion dynamic, as

suggested in the UV chromosomes of the brown algae

Ectocarpus (Ahmed et al. 2014). Alternatively, it could also

be due to the lack of information about the ancestral gene

order on the mating type (Branco et al. 2017).

To counteract the effects of reduced recombination inside

MTs, gene conversion between mating types has been sug-

gested to act as a homogenizing force in Chlamydomonas (De

Hoff et al. 2013). In fungal mating types, the suppression of

recombination maintains linkage of mating-type genes within

each locus, which is required for correct mating-type deter-

mination (Kües 2000; Branco et al. 2017). However, gene

flow between mating-type loci and gene conversion events

has recently been reported in several species (Sun et al. 2012;

Hartmann et al. 2020). This suggests an important difference

in the evolutionary processes of haploid sex-determining sys-

tems versus diploid sex-determining systems, where gene

flow between sex-determining regions is rare (Hartmann et

al. 2020).

The diversification within Mamiellales is estimated to have

occurred between 330 and 640 Ma (Lang et al. 2010; Parfrey

et al. 2011; Blank 2013), much earlier than the diversification

within Volvocales where deep homology of mating-type loci

has been reported (Ferris et al. 2010), and with a higher upper

limit to the estimated 370 Myr divergence of the STE3-like

pheromone receptors from basidiomycete fungi (Devier et al.

2009). Therefore, our data suggest the Mamiellales mating-

type sex-determining region to be among the oldest mating

type locus reported.

In conclusion, we analyzed the phylogenetic profiles of the

GFs within the Ostreococcus mating types, and gained

insights into the evolutionary history of this sex-determining

region in one of the earliest diverging orders of Chlorophytes.

The identification of strains from the two opposite mating

types in three species will guide future experimental

approaches for mating and strain crossing, since a highly ef-

ficient transformation protocol is now available in

Ostreococcus (Sanchez et al. 2019). Complete genome

sequences in additional Mamiellophyceae are now essential

to investigate the early dynamics of the sex-determining

regions in the green lineage.

Materials and Methods

Mating-Type GF Definition

The full set of predicted genes from eight Mamelliales

genomes (supplementary table S1, Supplementary Material

online) was loaded into a custom version of the pico-PLAZA

framework (Proost et al. 2009; Vandepoele et al. 2013) to

define and analyze GFs. Following an “all-against-all” protein

sequence similarity search, performed with BLASTP (version

2.6.0þ, maximum E-value threshold 1e-4, keeping up to

2,500 hits), we delineated GFs using OrthoFinder version

2.1.2 (Emms and Kelly 2015).

The boundaries of the mating-type (MT) region of

Ostreococcus tauri RCC4221 (Blanc-Mathieu et al. 2014)

and RCC1115 (Blanc-Mathieu et al. 2017) served as a starting

point for defining candidate MT GFs (supplementary table S1,

Supplementary Material online). All genes located within ei-

ther MT region were extracted, based on the coordinates of

their coding sequence (CDS). For each gene included in these

two gene sets, the GF they were assigned to was subse-

quently retrieved, consisting of a validated homologous group

of ortholog and paralog genes in eight available genomes.

Based on the location of the GF members (chromosome or

scaffold and coordinates), a “MT signal” value was then com-

puted for every genome in which the GF was represented.

This value corresponds to the fraction of members located

within the MT region (for the given genome-GF combination),

and was used to filter and classify the list of candidate GFs.

The complete list of MT GFs is reported in supplementary

table S9, Supplementary Material online.

For every retained GF, protein sequences were aligned us-

ing MAFFT version 7.187 (Katoh and Standley 2013) with the

L-INS-i alignment method and a maximum of 1,000 iterative

refinements. We edited the multiple sequence alignments

(MSAs) using several filters on both sequences and positions,

implemented in the PLAZA framework and described by

Proost (Proost et al. 2009). Briefly, highly divergent and partial

sequences were filtered out, and positions containing gaps in

minimum 10% of the sequences or containing potentially

misaligned amino acids removed. We also applied a minimum

length cut-off to the edited MSA: the edited MSA had to be

50 amino acid long at least, otherwise we ignored it. In case

the original unedited MSA was shorter, we used this length as

a cut-off value instead. Finally, we retained only MSAs that

showed at least 50% alignment of amino acid identity in half

of the sequences of the MSA. The circular plots depicting the

location of homologous genes from GFs having copies outside

of the O. tauri MT loci (fig. 2B and C) were generated with the

circlize package in R (Gu et al. 2014; https://r-project.org/).

To test different gene order rearrangement scenarios be-

tween the MTþ and MT� regions, we defined Sdist, which is

the absolute value of the difference of the position of orthol-

ogous genes on the MTþ and MT� regions. If there are n

orthologous genes between the two loci with pi� the position

(in rank) of gene i on MT� and piþ the position of its ortholog

on MTþ, Sdist ¼
Pn

i¼1 pi� � piþ. Sdist¼0 if all orthologs are

perfectly collinear. The expected Sdist under random position

of orthologous genes in the two mating types was assessed

by simulations. If there has been an inversion of gene order

between the two regions, Sdist is maximal, Sdist¼z(2n�2z),

with z¼ n/2 if n is even, and z ¼ (n�1)/2 if z is odd.
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GF Clustering and Phylogeny

For each GF MSA that passed our filtering criteria, we built an

ML phylogenetic tree using IQ-TREE version 1.6.5 (Nguyen et

al. 2015). Trees were built under the best-fitting substitution

model selected by ModelFinder (Kalyaanamoorthy et al.

2017), chosen among commonly used models (JTT, LG,

WAG, Blosum62, VT, and Dayhoff). Empirical amino acid fre-

quencies were calculated from the data, the FreeRate model

(Yang 1995; Soubrier et al. 2012) was used to account for

rate heterogeneity across sites, and branch supports were

assessed using ultrafast bootstrap approximation (UFBoot)

(Soubrier et al. 2012) with 1,000 bootstrap replicates.

We used similar alignment, MSA editing, and phylogenetic

tree building procedures when considering sequences from

external sources (e.g., transcripts from MMETSP samples). The

divergent gene removal criterion was based on the results of

the all-against-all protein sequence similarity search per-

formed using data from the eight reference genomes only

(supplementary table S1, Supplementary Material online).

Therefore, it was not used to filter out these sequences

from the MSAs. Phylogenetic trees were built for full align-

ments in case the editing was deemed too stringent, for in-

stance discarding transcripts flagged as partial sequences.

Finally, when investigating the molecular phylogeny of the

18S rDNA genes, we used IQ-TREE’s ModelFinder Plus param-

eter to select the best DNA substitution model.

GF Phylogenetic Tree Classification

We visualized and inspected the MT GF trees using FigTree

version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). We

examined ultrafast bootstrap support values and topology

type, and counted the number of times genes clustered by

mating type or according to their taxonomic classification (by

species).

Searching for Homologs in Publicly Available
Transcriptomes

We used sequences of core MT GF members as queries to

search for homologs in Mamiellophyceae transcriptomes (33

transcriptomes in total, listed in supplementary table S5,

Supplementary Material online). Transcriptomes were re-

trieved from the MMETSP (Keeling et al. 2014; Johnson

et al. 2019) and 1KP data sets (Matasci et al. 2014).

Reassembled MMETSP transcriptomes were downloaded

from https://doi.org/10.5281/zenodo.251828 (version 1;

January 2017) and 1KP transcriptomes via 1KP’s R interface

(https://github.com/ropensci/onekp). CDS from each

Mamiellophyceae MMETSP transcriptome were predicted

using TransDecoder (Haas et al. 2013) with default param-

eters. Sequence similarity searches were performed using

TBLASTX (maximum E-value threshold 1e-4) and results

were filtered to retain hits with alignment length >50 and

amino acid identity >60%. In-depth phylogenetic analyses

of individual hits from O. mediterraneus strain RCC2572

(MMETSP0929), O. lucimarinus strain BCC118000

(MMETSP0939), Micromonas MMETSP transcriptomes

(1084, 1327, 1387, 1393, 1400, 1401, 1402, 1403,

1404), and Mantoniella MMETSP transcriptomes (1106,

1468) were performed as previously described for the refer-

ence genomes. The presence/absence matrix of each infor-

mative orthologous group against the transcriptomes was

generated using the ggplot2 package in R (Wickham 2011).

To validate and elucidate each MMETSP transcriptome’s

taxonomic affiliation, we downloaded Mamiellophyceae

18S rDNA sequences from reference genomes in GenBank,

the SILVA database (Quast et al. 2013), and Micromonas spp.

sequences provided in Simon et al. (2017) (supplementary

table S6, Supplementary Material online). Transcripts match-

ing selected 18S sequences were extracted with BLASTN

(maximum E-value 1e-5) and 18S rDNA sequences were sub-

sequently predicted using RNammer (Lagesen et al. 2007). A

ML phylogenetic tree was built using IQ-TREE and following

each clustering of this Mamiellophyceae reference tree

(rooted in Monomastix spp.), transcriptomes were tentatively

classified according to a species clustering (supplementary fig.

S2, Supplementary Material online). Phylogeny indicated that

MMETSP transcriptomes matched their species classification,

and transcriptomes from novel Micromonas species as M.

polaris and M. bravo were designated using the data and

new classification of Simon et al. (2017).

Compositional Analysis (GC3) of GFs in Mamiellophyceae

To evaluate compositional differences between third codon

positions (GC3) of GF members and CDS from the overall

genome or transcriptome (supplementary table S8,

Supplementary Material online), we used a custom python

script to perform GC3 calculations. We subsequently evalu-

ated the results using Student’s t-test as implemented in R.

Synonymous and Nonsynonymous Divergence of Shared
MT GFs

We used homologous pairs of the 69 shared MT GFs to cal-

culate sequence genetic divergence with the seqinr package

v3.4-5 (kaks function) using (Li 1993) method (LWL85) in R.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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