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Résumé

L’évolution des chromosomes sexuels constitue un sujet d’étude important de-
puis pres de 100 ans. Chez 'Homme, il a pu étre démontré que les chromosomes X
et Y étaient a I’origine une paire d’autosomes. Apres 1’acquisition du gene du déter-
minisme sexuel Sry, les chromosomes X et Y ont arrété de recombiner sur une partie
de leur longueur, ce qui a rendu 'évolution de leurs séquences indépendante. Ils
se sont alors différenciés en deux chromosomes tres différents. Le Y étant toujours
seul dans le génome, il s’est arrété de recombiner depuis 'arrét de recombinaison.
La sélection a alors dfi agir sur I'ensemble de ses génes comme un bloc ce qui I'a
rendu beaucoup moins efficace par effets dits “Hill-Robertson”. Ceci a causé entre
autres une grande perte de génes et une accumulation d’éléments transposables.
Le Y a donc dégénéré de plus en plus au cours du temps, ce qui a mené certains
auteurs a penser qu’il était amené a disparaitre. Le X, au contraire, a pu conserver
une sélection efficace puisqu’il recombine chez les femelles (XX) deux-tiers de son
temps. Il a alors été considéré comme le chromosome sexuel immuable, qui n’aurait
pas changé depuis qu'il était encore un autosome.

Cette vision dualiste des chromosomes sexuels n’est cependant pas tout a fait
vraie. En effet, la dégénérescence du Y n’est pas un processus linéaire dans le temps :
certains génes sont tres bien conservés méme dans de “vieux” chromosomes (~180
millions d’années chez les mammiferes). Le X, quant a lui, s’est adapté a la grande
perte de geénes du Y, en mettant en place une compensation de dosage pour évi-
ter que les males ne subissent des effets déléteres suite a la diminution de leur
expression des genes X. Certains auteurs ont aussi supposé qu'une forme de re-
combinaison qui persiste entre les genes homologues du X et du Y, la conversion
génique X-Y, pourrait contribuer a limiter la dégénérescence du Y. Le X peut donc
étre vu comme un “sauveur”, venant a la rescousse de son compagnon le chro-
mosome Y dans ses difficultés liées a leur arrét de recombinaison (du moins par
crossing-overs).

Un premier pan de ma these concerne ces deux différents mécanimes de sauve-
tage du Y par le X. Premierement, j’ai participé a une controverse sur la compen-
sation de dosage chez les mammiferes. Une hypothese avait été proposée dans les
années 60 par Susumo Ohno, proposant un mécanisme de compensation en deux
temps. Chez les maéles, la perte de nombreux geénes sur le Y entraine un déséqui-
libre de dosage car ces genes qui étaient précédemment présents en deux copies
sont devenus unicopie, soit une division d’expression par deux. Selon I'hypothese
d’Ohno, chez les mammiféres en réponse a cela le X aurait doublé son expression,
mais dans les deux sexes menant ainsi & une expression trop élevée chez les fe-
melles. Ce deuxiéme probléeme de dosage aurait alors été résolu par la mise en
place d’une inactivation aléatoire de I'un des deux X chez les femelles. Tandis que
la deuxiéme partie de I'hypothése d’Ohno, I'inactivation du X, a été tres étudiée,



la premiere partie est restée spéculative jusqu’aux années 2000. En étudiant des
données d’expression du X humain j’ai pu montrer, de maniére concomitante avec
d’autres auteurs, que la premiére partie de 'hypothése d’Ohno n’est pas totale-
ment vraie car seule une partie des genes sont sur-exprimés. ]ai ensuite participé a
I"écriture d'une revue visant a donner une explication alternative a la compensation
de dosage pour I’évolution de l'inactivation du X chez les femelles mammiferes.
Deuxiémement, j’ai étudié la présence de conversion génique X-Y dans plusieurs
geénes, au sein de nombreuses espéces de primates. Mes travaux me menent a dis-
cuter le fait que ce type d’événement soit effectivement favorisé par la sélection.
Je pose I'hypothése que ces conversions géniques ont été maintenues de maniere
neutre. Ces deux travaux ne vont pas dans le sens d’'un chromosome X sauvant le
Y avec beaucoup de zele.

Dans un dernier temps, m’éloignant des espéces modeéles, j’ai étudié les chro-
mosomes sexuels particuliers d'une algue brune : Ectocarpus siliculosus. Cela m’a
permis de vérifier si le scénario évolutif actuel des chromosomes sexuels est tou-
jours valide dans un groupe d’eucaryotes séparé des animaux depuis plus d'un
milliard d’années.

Mots-clés : évolution moléculaire, chromosomes sexuels, mammiferes, algues
brunes.



Abstract

Sex chromosome evolution has been an important subject of study for almost
100 years. In humans, it has been proved that the X and Y chromosomes were
initially a pair of autosomes. After the acquisition of the sex-determining gene Sry,
the X and Y stopped recombining on part of their length, their sequence evolution
thus becoming independent. They then differentiated into two very different chro-
mosomes. The Y, which is always alone in the genome, stopped recombining after
this recombination arrest with the X. Selection then acted on all of its genes as a
block, which made it a lot less efficient by “Hill-Robertson” effects. This caused a
high gene loss and tranposable elements accumulation, among others. The Y thus
became more and more degenerated along time, which led some authors to think
the Y was doomed to disappear. The X, on the contrary, maintained an efficient
selection as it recombines in females (XX) two-third of its time. This chromosome
has thus been considered as the stable sex chromosome, which has not changed
since when it was still an autosome.

This dualistic vision of sex chromosomes is however not exactly true. The Y
degeneration is indeed not a linear process through time: some genes are well
conserved even in “old” chromosomes (~180 million years in mammals). The X,
meanwhile, adapted to the Y high gene loss by establishing a dosage compensation
mechanism, in order to avoid that males suffer from the deleterious effects due to
their X-linked genes decrease in expression. Some authors also suggested that X-Y
gene conversion, a type of recombination persisting between X and Y homologous
genes, could help limiting the Y degeneration. The X chromosome can thus be seen
as a “savior” helping his fellow the Y in its difficulties caused by their recombination
arrest (by crossing-overs at least).

The first part of my thesis concerns these two different mechanisms of the Y being
rescued by the X. Firstly, I contributed to a controversy on mammalian dosage
compensation. During the 60s Susumo Ohno hypothesized a two-step dosage
compensation mechanism. In males, the high loss of Y-linked genes led to a dosage
imbalance: these genes were previously present in two allelic copies and became
unicopy, meaning that their expression has been halved. According to Ohno’s
hypothesis, in response to this imbalance the mammalian X would have doubled
its expression in the two sexes, resulting in a to high expression in females. This
second dosage imbalance would have been resolved by the random inactivation
of one of the two Xs in females. Whereas the second part of Ohno’s hypothesis,
the X-chromosome inactivation, has been well studied, the first part remained
speculative until the 2000s. I studied human X-linked expression data and was able
to show, concomitantly with other authors, that the first part of Ohno’s hypothesis
is not totally true as only some of the X-linked genes are hyperexpressed. I later
participated in the writing of a review aiming to give an alternative hypothesis for



the evolution of X-chromosome inactivation in mammalian females than dosage
compensation. Secondly, I studied signatures of X-Y gene conversion in several
genes within numerous primate species. My results led me to discuss if these events
were indeed selected for. I hypothesize that these gene conversion events occurred
in a neutral manner. These two different studies suggest that the X chromosome
may not be as much a help for the Y as has been suggested.

Lastly, moving away from model species, I studied the peculiar sex chromo-
somes of a brown alga: Ectocarpus siliculosus. This work allowed me to test if the
current hypotheses on sex chromosome evolution still hold in a eukaryotic group
that diverged from animals more than one billion years ago.

Keywords: molecular evolution, sex chromosomes, mammals, brown algae.
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Introduction

Diversity of sex determination mechanisms in eukaryotes

In the Eukaryota domain, one of the three domains of life, a large number of species have
separate sexes where males and females have different reproductive strategies. Why
would have sex evolved and, more importantly, why has it been conserved by selection,
is a very debated question. Without coming into the details, we can say here that sex
is hypothesized to have been selected for in eukaryotes because it forces individuals to
mate with one another, thus increasing the genetic diversity in the population. Indeed,
genetic exchange by recombination between two homologous chromosomes will form
a chromosome containing a different combination of alleles, which might be new in the
whole population, when the genome is not inbred.

In a species with two separate sexes a way is needed to determine, for each embryo,
if its gonads will develop as testes or ovaries. An extreme variety of sex determination
mechanisms exists in nature. First, sex can be determined either by the environment
or genetically. In an environmental determination, the conditions in which the embryo
grows will influence the gonad development, thus determining the future sex of the
individual. For example, in reptiles a variation in the temperature during development
will determine the sex (reviewed in [1]). Second, genetic sex determination can be
divided into three types: 1) By a single gene, such as the Hymenopteran Csd (comple-
mentary sex determiner) gene: being heterozygous for this gene will produce a female
while being homozygous or single copy will make a male (reviewed in [2]). 2) By an
active sex chromosome: for instance in mammals, having a Y will determine the sex

as a male, because of the master sex-determining gene Sry [3]. 3) By the number of

15



sex chromosomes compared to autosomes (X/A or Z/A): in Drosophila melanogaster, the
presence of a unique X chromosome (with or without a Y) produces a male, whereas
females have two X chromosomes (having an extra Y or not) [4]. Third, sex chromo-
somes are separated into three types (reviewed in [5]): 1) Sex chromosomes are called
XY when the heterogametic sex (sex harboring the two different sex chromosomes) is
the male, as in mammals. 2) In systems where the heterogametic sex is the female on
the contrary, sex chromosomes are named ZW, as for example in birds. 3) In organisms
where the sex is determined at the haploid phase, so that all diploids are heterogametic,
the sex chromosomes are denoted UV. We can find this system for instance in brown
algae or Bryophytes [5].

Almost all model species used in biological sciences harbor sex chromosomes: mam-
mals, the fruit fly Drosophila melanogaster, the nematode Caenorhabditis elegans. We will
thus focus from now on on this best known system of sex determination by sex chro-
mosomes. For simplification purposes, in the rest of this introduction we will focus on
XY systems unless otherwise stated.

Differenciation of X and Y chromosomes

Sex chromosomes are most of the times former autosomes that became proto-sex chro-
mosomes when one of them (the proto-Y) acquired one or several sex-determining genes
[6]. When several sex-determining genes are involved and/or when the sex-determining
gene locus is close to sexually-antagonistic genes (beneficial to one sex, detrimental to
the other) on the proto-Y chromosome, then a recombination arrest between the X and
Y chromosomes will be selected for [7, 8, 9]. Indeed, if the different genes responsible
for the sexual dimorphisms between males and females in a species are mixed, then
less fit individuals will be produced. This region of recombination arrest between the
proto-sex chromosomes can be small, and is indeed often small in species harboring
recently evolved sex chromosomes, as is the case for instance in many dioecious plants
(see e.g. [10]). The part of the proto-sex chromosomes that is still recombining is called
a pseudo-autosomal region (PAR). See Figure 1A-C.

However, the current view is that most of the time the older the acquisition of the
sex-determining gene is, the bigger the non-recombining region is found. This is ex-
plained by successive recombination stops following the first one, ponctually during
the evolution of the sex chromosomes [11]. Again, the explanation commonly accepted
for these secondary recombination arrests is a selection for a linkage between the chro-

mosome specific to one sex and the sexually-antagonistic genes advantaging the same
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sex [8]. For example, if the Y chromosome acquires in its PAR a gene (e.g. by mutation
or transposition) that is beneficial to males but detrimental to females, then selection
will favor the fixation of events (e.g. inversions or mutations stopping recombination)
in the population that genetically link this gene to the already non-recombining region
of the Y. Without recombination, this sexually-antagonistic gene will not be transposed
nor copied on the X chromosome and will thus never be in a female individual. See
Figure 1D.

Whenever a region stops recombining between the X and the Y, its two allelic forms
(one on the X and one on the Y) become independent from each other and start to diverge.
We can then trace back the moment when they stopped sharing their evolutionary
history by looking at their divergence level. One way to do this is by studying dS, the
average number of neutral substitutions per site between two coding sequences. These
successive recombination arrests have been shown to concern a whole region of the sex
chromosomes at a time, the resulting regions of uniform divergence have thus been
called “evolutionary strata” [11]. In humans, 5 strata have been described: the first
two strata are ~180 million years old (myo), stratum 3 is ~100 myo, stratum 4 ~40 myo
and stratum 5 ~30 myo [11, 12]. This accepted number of strata is however probably
a underestimation, as recent papers tend to partition them (especially the oldest ones)
[13, 14].

Effects of the absence of recombination on the Y chromosome

Because of successive recombination arrests, sex chromosomes mostly do not recombine
between each other, except for the PARs (~5% of the human Y according to Ensembl
assembly GRCh37) that are very often maintained. Several reasons can explain their
maintenance, one of them being the proper segregation of sex chromosomes during
males meiosis (reviewed in [15]). Yet, sex chromosomes enable us to study the effects
of recombination on the genome, precisely because the Y chromosome is one of the
most striking parts of the genome that is never recombining (the X, on the contrary, still
recombines two third of the time in homogametic females). Asthe Xand Y chromosomes
were nearly identical before becoming sex chromosomes, by comparing them we can
see the effects of an absence of recombination. For this we have to make the assumption
that the X chromosome did not change since it became a sex chromosome, which is not
completely true (see section on X changes). Still, it has been shown that the synteny of
X chromosomes is well conserved both within mammals and between mammals and

birds (in which another pair of sex chromosomes evolved, thus the mammalian X is
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autosomal in birds) [12, 16].

Selection is less efficient on a non-recombining region comprising several loci, be-
cause of the numerous Hill-Robertson effects (reviewed in [17]). For example, when
one site undergoes a highly advantageous mutation and another in the same region
acquires a slightly deleterious one, if both loci are genetically linked selection will favor
both mutations at a time. Thus, by “selective sweep” (one of the Hill-Robertson effects),
this non-recombining region will accumulate slightly deleterious mutations [17].

Deprived of recombination for a long time, the male-specific part of the Y chro-
mosome is highly degenerated [18, 12], due to all the different processes called Hill-
Robertson effects [17]. Indeed, deleterious mutations accumulated causing pseudog-
enization (the human Y has lost ~97% of its gene content [18]), reduced expression
of the remaining genes and less frequent optimal codons usage (studied in Drosophila:
[19, 20]). Other types of events than mutations are also less efficiently removed from
the Y chromosomes: it accumulates repeated and transposable elements (TEs) [21, 22],
and some of the inversions that led to the formation of secondary strata may have not
been selected for but simply not purged from the population. See Figure 1C-E.

Gene conversion on the Y chromosome

Despite all this degeneration, which led scientists to suppose for long that the Y chro-
mosome is a desolate chromosome, this sex chromosome is generally not lost from
the genome and it does retain some of its gene content during evolution. This consti-
tuted a puzzle, until a certain type of recombination was discovered to occur on the
Y chromosome: gene conversion [23, 18]. Gene conversion is a type of recombination
happening during both crossing over (CO) and non-CO events, where a non-reciprocal
transfer of genetic information occurs: a “donor” copies its sequence on the homologous
“receptor” after this latter underwent a double-strand break (see e.g. [24]).

Intra-Y chromosome (Y-Y) gene conversion happens in the so-called ampliconic
regions [25, 18]. In these regions, multicopy genes are present, that share homology
with an X-linked gene but have a testis-specific expression [18]. Non-CO events can
occur between these different copies of a same Y-linked gene. After a double-strand
break occurs in one copy, due to the presence of other copies of this gene in the vicinity,
the recombination machinery will repair the break by copying one of these copies on
the damaged locus. As Y-Y gene conversion between copies is a form of recombination,
it slows down Muller’s ratchet and thus improves the efficacy of selection [17]. This

mechanism is thus probably responsible for the maintenance of essential Y-linked genes.
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However the human and chimpanzee Ys do not share all of their amplicons [26], thus
these genes may have been conserved by other means earlier during evolution.

Gene conversion has also been shown to occur between the X and Y gametologs
(homologs that were allelic when the sex chromosomes where still autosomes) [23,
27, 28]. Despite having been less studied, this X-Y gene conversion has been also
hypothesized to help maintaining Y-linked genes [23, 29, 28]. This time, the template
used to repair a double strand break on a Y-linked gene will be its X gametolog, on
which selection has always been efficient.

Evolutionary changes on the X chromosome

During sex chromosome evolution, the X and Y chromosomes diverge, mainly because
the Y chromosome degenerates. But the X chromosome is not an impassive witness of
its partner degeneration: despite its strong conservation in terms of gene content, the
X chromosome acquired specific features [30, 31, 32]. For instance, the mammalian X
chromosome got enriched in genes involved in both brain developpment and sexual
dimorphism [12]. Yet the most impressive X specialization is probably dosage compen-
sation. Dosage compensation is hypothesized to be the response of the X chromosome
to the differentiation of its partner (e.g. by gene loss). When sex chromosomes were still
autosomes, they had two allelic copies of a same gene, as is the case for all autosomes
in a diploid genome. But for each Y-linked gene that has been lost, or that differentiated
into something different (either in terms of proteic function or of tissues expression), the
corresponding X-linked gene became single copy. This led to a problem of gene dosage
in XY males.

X dosage compensation mechanisms have been found to be very different between
the studied species. In Drosophila melanogaster, epigenetic signals double the expression
of most of the X-linked genes specifically in males ([33] and references therein). This
mechanism allows to resolve the dose problem directly in the only sex that needs it:
the males. In mammals, no evidence for a doubling of expression has been provided
for a long time, meaning that contrarily to Drosophila there is no sex-specific global
expression change. However, the inactivation of one of the two X chromosomes in
females was discovered independently by Susumu Ohno and Mary Lyon [34, 35]. This
X-chromosome inactivation (XCI) is a global mechanism that affects gene expression,
thus it has been interpreted as dosage compensation. However, the evolution of XCI
was difficult to explain: rather than solving the expression problem in males it seems to

extend it to females. Ohno proposed that dosage compensation in mammals evolved asa
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two-step mechanism with 1) a two-fold expression increase of the X chromosome in both
sexes, which solves the gene dose imbalance problem in males, and 2) inactivation of
one of the two X chromosomes by XClI to restore optimal dosage in females [6]. Lacking
genomic technologies allowing a proper estimation of gene expression, this hypothesis
remained for long untested though widely accepted in the scientific community. See
Figure 1D-E.

Unresolved questions

The major hypotheses on sex chromosome evolution described above have been devel-
opped since the 60s, by using genetic data [6, 36, 37]. With the help of genomic data,
these hypotheses were confirmed and extended in the 2000s [11, 18, 12]. One of the
major challenges of the field is to test these hypotheses further, by using the current
incredibly fast production of genomic data.

During my thesis, I focused on different questions on sex chromosome evolution.
First, I studied how the Y chromosome is rescued by the X, i.e. what mechanisms does
the X establish as a response to Y degeneration. I made two different studies:

(1) As said above, the first part of Ohno’s hypothesis, i.e. the putative doubling of
expression of all X-linked genes in both sexes, was never tested until the 2000s. In
2006, two studies used microarray data and found evidence for this two-fold expression
increase [38, 39], thus validating Ohno’s hypothesis. But in 2010, using RNAseq data
which are more accurate to study differences in expression between genes of a same
cell, Xiong and collaborators claimed that Ohno’s hypothesis was wrong: they did not
find any expression increase on the X compared to the autosomes [40]. An avalanche
of papers followed, from either proponents or opponents of Ohno’s hypothesis. My
results show that Ohno was not completely right, as the arguments used by Ohno’s
proponents to prove there is a global X hyperexpression exhibit some caveats. Nor was
he completely wrong, as some X-linked genes indeed display the hypothesized two-fold
expression increase. As the situation was very confused with this controversy about
Ohno’s hypothesis, and also because my results and others called for a revision of the
link between global XCI and local (gene-by-gene) X hyperexpression, I participated in
the writing of a review on the evolution of dosage compensation in mammals.

(2) During the last decade, some authors hypothesized that the X might help maintain-
ing Y-linked genes by gene conversion [23, 29, 28], as explained above. However, X-Y
gene conversion has only been studied in very few loci and by comparing few species.
Using data produced by my collaborators in Toulouse, I studied X-Y gene conversion in
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five gametologs spanning three different human evolutionary strata, in a set of species
distributed in the Simian phylogeny. My results suggest that there is no strong evidence
for X-Y gene conversion acting against Y degeneration, and that its maintenance in pri-
mates might be neutral.

Second, as the models of sex chromosome evolution exposed above are based on the
study of very few model species, it is necessary to test them in non-model species. More-
over, of the three types of sex chromosomes introduced above, the haploid UV system
is the least studied. In this system, sex is determined during the haploid phase: males
are V, females are U (sexes being determined by the size of the gametes produced), and
diploids are all UV. There is thus no homogametic sex: both the V and U chromosomes
are alone when the sex is expressed. This leads to several expectations on the evolu-
tion of this type of sex chromosome, different from the ones for XY and ZW systems
[41, 5]. As a member of a consortium, I studied the brown alga Ectocarpus siliculosus
which possesses UV sex chromosomes and, worth noticing, is from a eukaryotic su-
pergroup distantly related to that of the well studied sex chromosomes of animals and
plants (>1 billion years of divergence). This species also displays little differentiated
sexes (in between isogamy and oogamy), allowing us to test if the general rules of sex
chromosome evolution found in animals still hold for species having little sexual dimor-
phism. Our results show that the general scheme of sex chromosome evolution applies
in this species as well: both sex-specific regions are very probably former autosomes
that stopped recombining, accumulated TEs, probably underwent gene loss (as gene
density is significantly lower than on the autosomes), and conserved some gametologs.
We were able to estimate the age of this sex chromosome system between 100 and 200
million years old. Yet, these U and V chromosomes are quite homomorphic as the
sex-specific regions represent one fifth of their length. This questions the common view
that old sex chromosomes (either XY, ZW or UV) have to be heteromorphic (together
with studies on ratite birds [42]).
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Rescuing from the X: the
evolution of dosage
compensation in mammals

Before the beginning of my PhD, Gabriel Marais developped a project on studying
dosage compensation in humans focusing on dosage-sensitive genes. A part of the
project was about identifying the genes underlying X-aneuploidy syndromes. The
XCl-escapees are the only X-linked genes affected by changes in dosage due to X-
aneuploidies and presumably the dosage-sensitive ones among those are the best can-
didates. Gabriel contacted Aoife McLysaght who had recently published a paper on an
approach for identifying dosage-senstive genes (dosage-balanced ohnologs, DBOs) in
humans and showed that DBOs on the human chromosome 21 were most probably the
genes underlying the Down syndrome (Makino & McLysaght PNAS 2010).

I started the analysis with receiving data on DBOs and protein-complexes in humans
from Takashi Makino and Aoife McLysaght. In December 2010, the publication of
a paper in Nature Genetics by Xiong et al. challenging Ohno’s hypothesis made us
explore the possiblity that only dosage-sensitive genes were hyperexpressed on the
X chromosome. Computing the X:AA expression ratio of X-linked DBOs resulted in
values around 0.5, meaning they are not globally twice more expressed on the X than on
autosomes. Thus, rather than comparing X-linked and autosomal DBOs as a whole, we
decided to study another type of dosage-sensitive genes: members of proteic complexes.

This allowed us to compare X:AA ratios inside clusters of genes whose expressions are

27



supposed to be constrained together.

I presented a poster of the obtained results in three different international confer-

ences:

e “Genetics, Epigenetics and Evolution of Sex chromosomes”, French Society of

Genetics. Paris, June 2011.

e “Theoretical and empirical advances in evolutionary genomics”, Jacques Monod
Conference. Roscoff, April 2012.

e SMBE Annual meeting. Dublin, June 2012.

This paper was sent to PNAS for review on the 13 of October 2011, accepted on the
3" of February 2012, and published “from the cover” on the 3" of April 2012.
A commentary from Alison Wright and Judith Mank was published on the same PNAS

issue.
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How and why female somatic X-chromosome inactivation (XCI)
evolved in mammals remains poorly understood. It has been
proposed that XCl is a dosage-compensation mechanism that
evolved to equalize expression levels of X-linked genes in females
(2X) and males (1X), with a prior twofold increase in expression of
X-linked genes in both sexes (“Ohno’s hypothesis”). Whereas the
parity of X chromosome expression between the sexes has been
clearly demonstrated, tests for the doubling of expression levels
globally along the X chromosome have returned contradictory
results. However, changes in gene dosage during sex-chromosome
evolution are not expected to impact on all genes equally, and
should have greater consequences for dosage-sensitive genes.
We show that, for genes encoding components of large protein
complexes (> 7 members)—a class of genes that is expected to be
dosage-sensitive—expression of X-linked genes is similar to that
of autosomal genes within the complex. These data support
Ohno’s hypothesis that XCl acts as a dosage-compensation mech-
anism, and allow us to refine Ohno’s model of XCI evolution. We
also explore the contribution of dosage-sensitive genes to X an-
euploidy phenotypes in humans, such as Turner (X0) and Klinefel-
ter (XXY) syndromes. X aneuploidy in humans is common and is
known to have mild effects because most of the supernumerary X
genes are inactivated and not affected by aneuploidy. Only genes
escaping XCl experience dosage changes in X-aneuploidy patients.
We combined data on dosage sensitivity and XCl to compute a list
of candidate genes for X-aneuploidy syndromes.

Y degeneration | sex-linked gene expression | balance hypothesis

he sex chromosomes of therian mammals (placentals and

marsupials) originated from a pair of autosomes about 150
million years ago (1-5). The X and Y chromosomes gradually
diverged after several events of recombination suppression,
probably inversions on the Y chromosome (3, 6, 7). With the
exception of two very small pseudoautosomal regions (PARs), the
Y chromosome never recombines. Because of its nonrecombining
nature, the Y chromosome has degenerated and lost most of its
genes (reviewed in ref. 8). In contrast, during therian evolution
the recombining X chromosome has retained many ancestral
genes (6), gained new genes, and evolved new expression patterns
for some genes (4, 9, 10).

Early in the differentiation of the sex chromosomes, most
ancestral genes were present on both X and Y and the imbalance
of gene products between males and females would have been
small. As the attrition of Y chromosome genes progressed, an
increasing number of loci were uniquely present on the X
chromosome, implying a twofold reduction of their expression in
males (XY) compared with females (XX). X chromosome in-
activation (XCI) in females makes expression of X-linked genes
similar in males and females (11). However, instead of solving
the problem of dosage imbalance between autosomal and X
genes, XCI seemed to expand it to females. Ohno proposed that
the global expression of the X chromosome must have doubled
in both sexes during evolution, solving the X:autosome
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imbalance in males, and suggested that XCI had evolved sub-
sequently to reduce the output of X-linked genes back to the
ancestral levels in females (1). Both steps are required to call
XCI a dosage-compensation mechanism.

Consistent with Ohno’s hypothesis, microarray data suggested
that the mammalian X chromosome global expression level was
similar to that of autosomes (12-14). However, analysis of RNA-seq
data, which yield much more precise expression-level estimates than
microarray data, indicated that X chromosome global expression
level in humans and mice was half that of autosomes in both sexes
(15). This analysis suggested that the first step in Ohno’s scenario
was missing and raised doubt about XCI as a dosage-compensation
mechanism (16). It was recently shown that this conclusion was
strongly affected by the inclusion of testis-specific X genes in the
analysis (17) (see also refs. 18-22 about the controversy regarding
dosage compensation in mammals). However, even though ex-
cluding these genes with no expression in somatic tissues brings X
chromosome global expression closer to that of autosomes, it is still
significantly lower, suggesting that the true nature of X dosage
compensation may differ from these “all or nothing” scenarios.

In zebra finch, chicken, and crow, partial dosage compensation
has been observed on the avian Z chromosome (23-26), with
only some Z-linked genes being dosage-compensated (27, 28).
Partial Z chromosome dosage compensation has also been ob-
served in silkworm (29, 30) and in the parasite Schistosoma mansoni
(31). Studies on the platypus indicate incomplete X chromosome
dosage compensation in monotremes (32, 33). Data from stick-
lebacks show that the X is more strongly expressed in females than
in males (34), consistent with a lack of global sex-chromosome
dosage compensation in this fish. All this work suggests that global
dosage compensation might not be a general feature of sex chro-
mosomes (35).

Changes in gene dosage during sex-chromosome evolution are
only expected to affect dosage-sensitive genes (35), which could
explain why partial dosage compensation has been observed when
analyzing all X/Z genes combined together. In this study, we fo-
cused on dosage-sensitive genes in the human genome and tested
for dosage compensation of these genes only. Early experiments
comparing polyploids and aneuploids in plants have shown that
imbalanced expression of dosage-sensitive genes can strongly
impact the phenotype (36). It was later shown that in yeast, most
dosage-sensitive genes are involved in protein complexes (37).
Using experimental data from strains heterozygous for single-
gene knockouts, Papp et al. (37) could indeed show that a strong
decline in fitness is only observed for genes encoding proteins
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involved in complexes (hereafter named protein-complex genes),
such as the ribosome. They also found that proteins from the
same complexes tend to be coexpressed at very similar levels and
tend to have the same number of copies. All these lines of evi-
dence, and others, suggest that there are strong constraints on the
stoichiometry of the members of a complex and that an imbalance
in such stoichiometry can be deleterious (37).

This “balance hypothesis” has become very popular and has
been repeatedly used to explain patterns of duplicate gene evo-
lution in yeast, Arabidopsis, rice, composites, and Paramecium
(reviewed in refs. 38 and 39). In these organisms, most duplicate
genes maintained after whole-genome duplication (WGD)
events over large evolutionary periods are involved in protein
complexes (40-45). In contrast, protein-complex genes are un-
derrepresented in duplicates from segmental duplications (46,
47). These patterns of gene duplicability are fully predicted by
the balance hypothesis because WGD events will not affect the
stoichiometry of the components of a complex (but subsequent
loss of a single component will be counter-selected), whereas
segmental duplications will disrupt the stoichiometry.

It has been suggested that in multicellular organisms, selection
for balanced dosage may be weaker than in unicellular organisms
because selection is reduced in such organisms with small ef-
fective population size (48, 49). Additionally, genes involved in
regulatory networks (such as transcription factors) are also
expected to be dosage-sensitive, and in multicellulars these genes
are probably numerous (39). However, in multicellulars, many
dosage-sensitive genes are likely to be protein-complex genes.
This idea was explored in humans and dosage-sensitive genes
were identified as genes maintained after WGD events and re-
sistant to segmental duplications and copy-number variations,
and called dosage-balanced ohnologs (DBOs) (50). Protein-
complex genes were found overrepresented among these DBO
genes. Strikingly, 75% of the Down syndrome (trisomy 21)
candidate genes are DBOs and a highly significant excess of
DBOs was found in the Down syndrome critical region, which is
known as a major determinant of the features of this syndrome.
This finding is consistent with the observation that many hap-
loinsufficient genetic diseases in humans are caused by protein-
complex genes (51).

Here we focused on protein-complex genes in humans to test
for the evolution of dosage compensation in dosage-sensitive X-
linked genes. We used a list of protein-complex genes inferred
from experimental data and expression-level estimates from
RNA-seq data in humans. Based on these results we built a list of
genes of interest for X aneuploidy syndromes, our rationale
being that dosage-sensitive genes that escape X inactivation
could be a cause of the phenotypes observed in these syndromes.

Results and Discussion

Expression Analysis of Dosage-Sensitive X Genes and Evidence for
Dosage Compensation in Humans. Assuming global autosomal ex-
pression level has not changed since the X and Y chromosomes
originated, and if XCI has evolved to make autosomal and X
expression equal (dosage compensation), as in Ohno’s scenario,
then the X/A mean expression ratio should be 1 in both males
and females. A value of 0.5 in males is expected if X expression
has remained constant along XY chromosome evolution, be-
cause males only have one copy of the X chromosome. In this
case, a value of 0.5 is also expected in females because one of the
two X chromosomes is inactivated and not transcribed. An X/A
expression ratio of 0.5 would mean that XCI does not act as
a dosage-compensation mechanism and its role is equivocal. Our
independent analysis of data from 12 male and female tissues
from ref. 15 found, as did the authors of the original analysis of
that dataset, that X chromosome global expression is about half
the expression of autosomes in both male and female (Fig. 14).
We checked whether differences in dataset/raw read processing
could explain differences in conclusions found in Xiong et al.
(15) and Deng et al. (17), but found expression-level estimates
from both studies to be strongly correlated (Materials and
Methods). Using data from Xiong et al. (15), we found that the
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Fig. 1. X/A expression ratio. (A) In this analysis, 734 X genes and 19,066
autosomal genes are included (Materials and Methods). Expression of X
genes is normalized by the median of autosomal gene expression. The me-
dian of X/A ratios and associated 95% confidence interval are shown for
each tissue. Results for both all genes (black, as in ref. 15) and excluding
nonexpressed genes (gray, as in ref. 17) are shown. (B) Here only genes in-
volved in protein complexes are included. For each complex, we computed
the median of X gene expression over that of autosomal gene expression.
We prepared three groups with similar sample size with increasing protein-
complex size in number of proteins: small (2-3 proteins, yellow), medium
(4-6 proteins, orange), large (7-120 proteins, brown). For each tissue and
complex size category, the median of within-complex X/A ratios and asso-
ciated 95% confidence interval are shown. In both panels we show the
results for a pool of eight tissues (see text). The two green dashed lines in-
dicate expectations with dosage compensation (X/A = 1) and without dosage
compensation (X/A = 0.5).

X/A expression ratio significantly increases when the nonex-
pressed genes are removed, as in Deng et al. (17): it is now close
to 0.7 for most of the tissues (Fig. 14). Such an increase is
explained by a higher fraction of nonexpressed genes on the X
chromosome than on the autosomes; indeed, the X chromosome
includes many testis-specific genes not expressed in somatic tis-
sues in both humans and mice (17, 19, 22). Taken together, these
data suggest that our work is not affected by differences in
datasets or procedure for data-analysis, as we are able to make
the same observations as in refs. 15 and 17 using different filters.

Deng et al. (17) inferred that there is a global up-regulation of
X gene expression in humans (see also ref. 19). For most tissues,
however, the X/A expression ratio is close to 0.7 and is not 1, the
expected value for global X up-regulation (Fig. 14). Deng et al.
(17) suggested that this is because RNA-seq data are noisy: genes
with RNA-seq—estimated low expression levels can actually be
nonexpressed genes (see also ref. 19). As these genes are com-
paratively more numerous on the X than on the autosomes, an
X/A expression ratio smaller than 1 is expected from noisy RNA-
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seq data. Using brain as an example, Deng et al. (17) argued that
when the expression-level distributions from X and autosomes
are compared, they seem to be similar, which supports global X
up-regulation (see figure 14 in ref. 17). However, many tissues
do show nonoverlapping X and autosomal distributions (see
supplementary figure 1 in ref. 17). Instead, we interpret these
data as suggestive that the X chromosome includes a mixture of
up-regulated and nonup-regulated genes, the combined analysis
of which returns a “mixed” X/A expression ratio between 0.5 (no
dosage compensation) and 1 (full dosage compensation).

To refine the analysis we examined genes involved in protein
complexes from the Human Protein Reference Database
(HPRD) list (Materials and Methods) because these genes are
likely to be dosage-sensitive and should be the main target for
dosage compensation. This list includes 207 human protein
complexes with proteins from both X and autosomal genes. We
computed the X/A expression ratio within each complex and we
obtained the median of this ratio among all complexes present in
a given tissue, as well as pooled for all tissues excluding “re-
productive” organs (testis, breast) and brain/nervous system tis-
sues, because X-linked genes are known to be overrepresented
and overexpressed in these tissues (6, 15) (Fig. 1). A preliminary
analysis showed that complex size is a strong determinant of the
X/A expression ratio within protein complexes, as revealed by
a multiple regression analysis, including complex size, whole-
complex gene expression, and percentage of X proteins in
a complex [effects on X/A from strongest to weakest: complex
size, P value = 0.0007; percentage of X proteins, P value = 0.03;
global complex expression, nonsignificant]. In Fig. 1B, we
therefore showed the results for three protein-complex size
categories, each containing the same number of complexes. This
analysis clearly shows that the X/A expression ratio increases
with protein-complex size. For large protein complexes (=7
proteins), the X/A expression ratio is significantly higher than 0.5
for 11 of 12 tissues, as well as in the pooled expression data. For
most tissues (10 + pooled expression data), the X/A expression
ratio is not significantly different from 1, the value expected in
case of dosage compensation. Our observation suggests that
dosage-sensitivity is stronger for genes involved in large protein
complexes than for genes involved in small protein complexes,
which makes dosage compensation required more often for the
former. Complex size has also been found to have some in-
fluence on dosage sensitivity in yeast, because the fitness effect of
dosage imbalance in heterozygous knockout mutants is corre-
lated to protein-complex size (37). Several explanations could
account for this finding. First, if imbalance leads to incomplete
(and nonfunctional) complexes that are destroyed by the cell, the
bigger the complex, the bigger the metabolic cost for the cells.
Second, subunits forming a bridge between parts of the complex
can inhibit complex assembly if present in excess. This problem
should increase with the number of subunits in a complex.

Importantly, our results are unaffected by inclusion or exclu-
sion of nonexpressed genes (the patterns shown in Fig. 1B re-
main exactly the same after removal of nonexpressed genes)
(Fig. S1). Deng et al. (17) showed that the X/A expression ratio
increased from 0.5 to 1, also increasing the minimum expression-
level threshold required for a gene to be included in the analysis
(see figure 1D in ref. 17; see also ref. 19). These authors sug-
gested this finding was because of noise in the RNA-seq data
affecting lowly expressed genes (see above) and concluded that
the X chromosome was probably up-regulated as a whole. Using
a similar test, we found that when the X/A expression ratio
reaches 1, only a small fraction of X genes (159; i.e., 21% of the
initial set of X genes) are still being analyzed, which weakens the
idea of global up-regulation on the X chromosome (Fig. S2). We
also found that the fraction of protein-complex genes increases
when applying different thresholds for gene expression and
moving the X/A expression ratio from 0.5 to 1. Importantly, this
pattern is stronger for large complexes than for other complexes
(P value = 0.034, Fisher’s exact test with two categories for ex-
pression level using data from ref. 15: < 0.05 and > 0.05), which
suggests highly expressed genes include more dosage-sensitive
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genes, a trend that has been noted before (52). When excluding
lowly expressed genes from the dataset, we may be getting rid of
noisy data but we also seem to be enriching the dataset in dos-
age-sensitive genes, which could help getting an X/A expression
ratio of 1 in agreement with up-regulation of the X chromosome
affecting mostly dosage-sensitive X genes.

A balanced X/A expression ratio for a given complex could
result from a twofold increase of X gene expression (as in Ohno’s
scenario) to match autosomal gene expression, or a twofold re-
duction of autosomal gene expression to match X gene expres-
sion. To distinguish these possibilities, we split our dataset in two
categories: large complexes (> 7 proteins; L) and other com-
plexes (< 7 proteins; O) and computed the ratio of the expres-
sion in large complexes and in other complexes separately for X
genes (X1 /Xo ratio) and for autosomal genes (A; /Ao ratio). We
found that the A; /Ao ratio is close to 1 for all tissues (Fig. 2 and
Fig. S1). This result indicates that expression of autosomal genes
does not differ significantly between large and other complexes,
so the dosage changes we observed (Fig. 1B) are not a general
feature of high expression levels of large complexes; rather, this
feature is restricted to the X chromosome. Only about 100 X
genes are included in the computation of X;/Xq ratio (Fig. 2
legend) and, as expected for such a small dataset, the error bars
are large. Nevertheless, the X;/Xo ratio is significantly higher
than 1 for 9 of 12 tissues (P value = 4.9 x 10~*, Wilcoxon paired
test) and in seven cases, this ratio is close to two, suggestive of
a doubling of expression levels in agreement with dosage com-
pensation. This doubling could be explained by an enrichment of
RNA polymerase II in 5" of the X genes compared with auto-
somal genes (17, 22) mediated by active histone marks (22).

We thus find evidence that the scenario put forward by Ohno
of a twofold increase of X gene expression in both sexes plus
inactivation of one X in female as a way of compensating for Y
gene loss is valid for dosage-sensitive genes in humans. Our
analysis focused on protein-complex genes, which are considered
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Fig. 2. X expression and autosomal expression in large protein complexes
versus others. For each tissue, we computed the ratio of the median of X
gene expression of large complexes (> 7 proteins, n = 59) and the median of
X gene expression of other protein complexes (< 7 proteins, n = 52), which
we called the X;/Xo ratio (red). Both categories have been defined from
results presented in Fig. 1B. The ratio of the median of autosomal gene
expression of large complexes (n = 696) and the median of autosomal gene
expression of other protein complexes (n = 151)—the A /Ao ratio (blue)—
was computed similarly. Error bars have been obtained by bootstrapping
protein complexes and computing both ratios and represent 95% bootstrap
confidence interval. We pooled the data for eight tissues (see text) and
computed the median and confidence interval the same way. The two green
dashed lines indicate expectations with a twofold increase of expression
(ratio of 2) and without any change in expression (ratio of 1).
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the main source of dosage-sensitive genes in yeast (37). In
multicellulars, genes involved in regulatory networks may be
another major source of dosage-sensitive genes (39). We know
that the dosage of some X genes escaping XCI can modulate
autosomal gene expression, although the effect is small (53). This
finding suggests that many dosage-sensitive regulatory X genes
may be compensated, and it would be interesting to test for dosage
compensation in these genes.

Dosage-Sensitive XCl Escapees as Candidate Genes for X Aneuploidy
Syndromes. Most autosomal aneuploidies are nonviable, with the
notable exception of chromosome 21. Interestingly, chromosome
21 is the human chromosome with the lowest number of dosage-
sensitive genes, which suggests dosage-sensitive genes are key
elements of aneuploidy phenotypes (50). The X aneuploidy in
humans is known to have only mild effects, which at first sight
may be surprising given the size and the number of genes of the
X chromosome; aneuploidies of autosomes of equivalent size are
all lethal. Sex-chromosome aneuploidies have a very high prev-
alence in humans, with Klinefleter (XXY) being the most com-
mon aneuploidy in men (1/500-600), Triple-X (XXX) being the
most common in females (1/1,000), and Turner (X0) being quite
common in females (1/2,000-2,500). This finding is explained by
X-inactivation of all of the supernumerary X chromosomes,
which means that in case of loss of one X or the presence of extra
X chromosomes, only one X chromosome will be active, as in
XX females (54, 55). Some genes, however, escape XCI and it
has been proposed long ago that these genes could underlie
Turner, Klinefelter, and other X aneuploidy syndromes (56-60).
About 100 XCI escapees are currently known in humans from
experiments on about 600 X genes (these are two-thirds of the X
genes), which means that maybe about 150 X genes could escape
XCI in total (58). This small number of genes could explain why
X aneuploidies have an even milder effect than chromosome 21
trisomy (there are 223 genes on chromosome 21). Interestingly,
in mice only 3% of X genes escape XCI, compared with 15% in
humans, and X monosomy in mice has smaller phenotypic effects
than in human, which is consistent with XCI escapees underlying
X aneuploidy syndromes (61).

Dosage is clearly central in Klinefelter syndrome, as the
neurodevelopmental and psychological features of patients be-
come more severe as the number of supernumerary X chromo-
somes increases, for example in XXXY and XXXXY males (60).
Very few candidate genes are known for any X aneuploidy syn-
drome. One well-established candidate gene is SHOX, a gene
from PART1 that is involved in small stature in Turner syndrome
(62, 63). SHOX is haploinsufficient in Turner patients. In Kli-
nefelter patients, SHOX escapes XCI and is overdosed and the
prototypic Klinefelter patient is tall, which is consistent with
SHOX being a Klinefelter gene (59, 60). The case of SHOX
suggests that the same genes could underlie Klinefelter, Turner,
and other X aneuploidy syndromes, which would make sense as
these syndromes often relate to the same traits (e.g., stature,
cognition). Another somewhat equivocal candidate for Turner
syndrome is RPS4 (57, 63). RPS4 escapes XCI, has a functional
Y homolog, and is located in Xq. This gene encodes a ribosomal
protein and clearly falls in our dosage-sensitive gene category.
Interestingly, it has been shown that 46,X,i(Xq) karyotype (i.e.,
isochromosome Xq) cannot be differentiated phenotypically
from 45,X Turner syndrome patients (64). This finding was ini-
tially considered evidence that Turner syndrome genes are on Xp
because Xp is missing in 46,X,i(Xq) patients. However, the 46,X,
i(Xq) patients carry three copies of the RPS4X gene and the
above-mentioned results are also consistent with overdosage of
RPS4 being as deleterious as half-dosage, which fits well with the
dosage-balance hypothesis. The case of RPS4 shows that dosage-
sensitive genes may have similar phenotypic effects in Turner,
Klinefelter, and other X aneuploidy syndromes, but other genes,
such as SHOX, may have opposed phenotypic effects depending
on gene dosage.

Our results on X chromosome protein-complex genes suggest
that among the XCI escapees, those that are dosage-sensitive
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genes might have the strongest impact on the phenotype of X0,
XXY, and XXX individuals. Importantly, these genes should
impact X0, XXY, and XXX individuals in a similar way, as
haploinsufficiency or doubled-dosage of protein-complex genes
are expected to yield improper stoichiometry in both cases and
be deleterious (37). We used the list of protein-complex genes on
the X chromosome and identified those escaping XCI (Materials
and Methods) as likely candidates for X aneuploidy syndromes
(Table 1). This list includes the already known RPS4 Turner
candidate gene. The most interesting candidates are probably
those involved in large complexes because our results suggest
that constraints on dosage are stronger for these. The persistence
of a Y homolog also suggests strong constraints on dosage (65)
and candidates with a Y homolog and involved in large com-
plexes are in boldface in Table 1. This should not be considered
an exhaustive list because the data on X-inactivation and pro-
tein-complex genes (and dosage-sensitive genes in general) are
known to be partial.

Klinefelter syndrome is characterized by high stature, sparse
body hair, gynecomastia, infertility, small testes, decreased verbal
intelligence, and increased risks for autoimmune diseases (60).
Features of Triple-X syndrome include tall stature, epicanthal
folds, hypotonia, clinodactyly, seizures, renal and genitourinary
abnormalities, premature ovarian failure, motor and speech
delays, and increased risks of cognitive deficits and learning
disabilities (59). Turner syndrome is characterized by short
stature, premature ovarian failure, and a variety of anatomic
abnormalities, including webbing of the neck, lymphedema,
aortic coarctation, autoimmune diseases, and characteristic
neurocognitive deficits (impaired visual-spatial and visual-per-
ceptual abilities, motor function, nonverbal memory, executive
function and attentional abilities; see ref. 63). Interestingly, some
of the candidate genes have annotations reminiscent of these X
aneuploidy features, although the syndromes are not explicitly
cited (Table S1). In addition, three of the four best candidates
(in large complexes and with a Y homolog; in boldface in Table
1) are involved in the ubiquitin pathway, which relates to protein
degradation and addressing in the cell. Ubiquitination occurs
in a wide range of cellular processes, such as differentiation and
development, immune response and inflammation, neural and mus-
cular degeneration, morphogenesis of neural networks, and ribo-
some biogenesis.

Conclusions

Our results open perspectives for finding candidate genes for X
aneuploidy syndromes. Such syndromes are very common (up to
1 in 500 male births for Klinefelter) and, although the pheno-
typic consequences are mild and vary a lot among individuals,
with some individuals being asymptomatic, many practicians call
for efficient diagnosis because many X aneuploidy individuals
can experience health, fertility, and cognitive difficulties if not
treated (59, 60, 63). Surprisingly for such common diseases, very
little is known about the genotype-phenotype relationships. We
suggest dosage-sensitive genes that escape XCI should be tested,
for example in animal models (66), as they seem to be good
candidate genes for X aneuploidy syndromes.

Our results also show that Ohno’s idea of a two-step dosage-
compensation mechanism (twofold increase of X expression in
both sexes plus an XCI in females) is valid for dosage-sensitive
genes (i.e., protein-complex genes). How this two-step dosage-
compensation mechanism evolved still needs to be understood.
In Ohno’s logic, the doubling step should come first and then the
halving one (through XCI). However, we know that XCI is very
old because the Xist locus is located within the earliest diverging
segment of the sex chromosomes (stratum 1; see ref. 3) and XCI
is found in both marsupials and placentals, which suggests XCI
may have evolved first. As the range of XClI silencing crept along
the chromosome, then X-linked dosage-sensitive genes (but not
other genes) would have experienced selection for doubling of
expression. However, in this case, the reason why XCI would
evolve first is not clear. In marsupials and in some tissues (pla-
centa, brain) of some placentals, XCI always affects the paternal
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Table 1. List of candidate genes for X aneuploidy syndromes

Gene name* Y homology Max complex size® Function annotation®

PPP2R3B Y homolog 3 Serine/threonine-protein phosphatase 2A regulatory subunit B

TBL1X Y homolog 7 F-box-like protein involved in the recruitment of the ubiquitin/19S
proteasome complex to nuclear receptor-regulated transcription units

RBBP7 - 16 Core histone-binding subunit, Component of several complexes which
regulate chromatin metabolism

EIF1AX Y homolog 3 Eukaryotic translation initiation factor 1A

SH3KBP1 - 7 SH3 domain-containing kinase-binding protein 1

USP9X Y homolog 20 Ubiquitin-specific-processing protease FAF-X.

MED14 Y pseudogene 29 Mediator complex, a coactivator involved in the regulated transcription
of nearly all RNA polymerase ll-dependent genes

UBA1 Y homolog 40 Ubiquitin-activating enzyme E1

WAS - 12 Effector protein for Rho-type GTPases. Regulates actin filament
reorganization via its interaction with the Arp2/3 complex.

SMC1A - 9 Central component of cohesin complex, required for the cohesion of sister
chromatids after DNA replication.

RPS4 Y homolog 40 40S ribosomal protein S4, structural constituent of ribosome

MAGEE1 - 4 Hepatocellular carcinoma-associated protein 1

CHM - 3 Rab proteins geranylgeranyltransferase component A 1

MORF4L2 - 27 Component of the NuA4 histone acetyltransferase complex

TRPC5 - 5 Transient receptor potential Ca2+ channel

PLS3 - 3 Actin-bundling protein

CcuL4B - 7 Core component of multiple cullin-RING-based E3 ubiquitin-protein
ligase complexes

HCFC1 - 13 Host cell factor 1

*The best candidates (members of large complexes and with a Y homolog) are shown in bold.
"Most of the genes are involved in several complexes in the list from HPRD (see Material and Methods), only the size of the largest complex is indicated

here.

*From NextProt, the new database on human proteins developed by Swissprot (www.nextprot.org). Ubiquitin related genes are in bold.

X (67-71). Some authors suggested that XCI may have originally
been a form of genomic imprinting related to parental conflicts
(72, 73). Further work is needed to distinguish these two alter-
natives, but in any case, our work establishes the role of XCI in
balancing expression between X and autosomal genes that
are dosage-sensitive.

Materials and Methods

Expression Data. We used gene-expression levels obtained from RNA-Seq data
of 19,800 human genes (19,066 autosomal and 734 X) in 12 male and female
tissues compiled by Xiong et al. (15). Sources of RNA-Seq data and methods
are described in ref. 15 but, briefly, only reads uniquely mapped to exons
were considered valid hits and expression level of a gene was defined by the
number of valid hits to the gene divided by the effective length of the gene.
For comparisons between tissues or developmental stages, expression levels
were normalized by dividing the total number of valid hits in the sample.
Genes with effective length smaller than 100 were discarded, resulting in
19,800 genes.

We cross-linked ref. 15 and ref. 17 datasets using gene names (as no other
identifier was available in the latter). We could keep 9,835 genes, which
revealed that expression estimates from both studies are strongly correlated:
lung (Spearman p = 0.87), adipose (p = 0.91), brain (p = 0.92), colon (p = 0.88),
heart (p = 0.94), liver (p = 0.94), lymph node (p = 0.90), muscle (p = 0.94),
testes (p = 0.85), kidney (p = 0.89), breast (p = 0.88); all with a P value < 10-5.

Protein-Complex Data. We obtained a list of members of human protein
complex from HPRD release 9 (www.hprd.org). This list includes 1,521 an-
notated (and experimentally confirmed) protein complexes (74). Human
genes and their chromosomal locations (X, autosomal) as described in
Ensembl release 52 (www.ensembl.org) were assigned to the members of
protein complexes using Ensembl IDs in HPRD. Using protein-complex IDs,
we counted the number of the members for each complex to get the pro-
tein-complex size. Members without any Ensembl gene IDs were excluded,
as well as complexes including only X or autosomal genes. This process led to
a dataset of 207 complexes with proteins from 235 X and 1,381 autosomal
genes and 89 X and 800 autosomal unique genes, as some genes are in-
volved in several complexes.
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X-Inactivation Data. We used data on XCI from ref. 58. These data were
obtained constructing nine different rodent/human somatic cell hybrids that
retained an inactivated human X. National Center for Biotechnology In-
formation (NCBI) build 34.3 annotations of X genes was used to design
primers to amplify mRNAs and quantify X-inactivation of human X genes
(58). Using these data, we classified as “inactivated” the genes that were
significantly expressed only in two cells or less, as “escaping” the ones for
which at least seven cells with a significant expression was observed, and as
“heterogeneous” all other genes.

We checked all of the primers by blasting them on the updated X chro-
mosome sequence from Ensembl release 60 (www.biomart.org). From the
original 634 genes studied by Carrel and Willard (58), only 495 had both
primers that matched both opposite strands and were separated by less than
100 Kb on the Ensembl release 60 X chromosome sequence. In some cases,
several genes fell in the interval amplified by the same pair of primers; 69
genes were concerned. We excluded pseudogenes and selected the same
gene as in ref. 58 when possible, and picked a gene at random in the interval
otherwise. We also checked if primers matched on human autosomal chro-
mosomes or on mouse X chromosome. Five genes had both primers that
matched on human autosomes (EIF253, TIMMSA, SEDL, DDX3X, GLUDT) and
four genes on the mouse X chromosome (DUSP21, HNRPH2, PHF16, ABCB7?),
and all were withdrawn to avoid false-positives of the RT-PCR experiment.
We finally obtained a list of 392 genes. Among these, 55 are escapees, 304
are X-inactivated, and 33 are heterogeneous.

Statistical Analysis. About 15% of X genes are known to escape XCl (58); we
did not exclude these genes from the dataset as in ref. 15. Details on analysis
are found in the figure legends. All statistical analyses were done using R.
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Fig. S1. Protein-complex analysis without nonexpressed genes. (A) See Fig. 1B legend. (B) See Fig. 2 legend. This figure was prepared excluding non-
expressed genes.
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expectations with dosage compensation (X/A = 1) and without dosage compensation (X/A = 0.5).

1. Xiong Y, et al. (2010) RNA sequencing shows no dosage compensation of the active X-chromosome. Nat Genet 42:1043-1047.
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Table S1. List and description of candidate genes for X aneuploidy syndromes

Gene Max complex

name’ X regions X-inactivation# Y homology size® Medical annotation? Function annotation

PPP2R3B PAR1 Escaping Y homolog 3 - Serine/threonine-protein phosphatase
2A regulatory subunit B

TBL1X Xp22.2 Escaping Y homolog 7 Deafness F-box-like protein involved in the
recruitment of the ubiquitin/
19S proteasome complex to
nuclear receptor-regulated
transcription units

RBBP7 Xp22.2 Escaping - 16 - Core histone-binding subunit,
Component of several complexes
which regulate chromatin
metabolism

EIF1AX Xp22.12 Escaping Y homolog 3 - Eukaryotic translation initiation
factor 1A

SH3KBP1 Xp22.12 Heterogeneous - 7 - SH3 domain-containing kinase-
binding protein 1

USP9X Xp11.4 Escaping Y homolog 20 - Ubiquitin-specific-processing protease
FAF-X.

MED14 Xp11.4 Escaping Y pseudogene 29 - Mediator complex, a coactivator
involved in the regulated
transcription of nearly all RNA
polymerase Il-dependent genes

UBA1 Xp11.23 Escaping Y homolog 40 Spinal muscular atrophy X-linked Ubiquitin-activating enzyme E1
type 2 (hypotonia, areflexia, and
multiple congenital contractures)*

WAS Xp11.23 Heterogeneous - 12 Wiskott-Aldrich syndrome (X-linked Effector protein for Rho-type
recessive immunodeficiency GTPases. Regulates actin filament
characterized by eczema, reorganization via its interaction
thrombocytopenia, recurrent with the Arp2/3 complex.
infections, and bloody diarrhea)*

SMC1A Xp11.22 Escaping - 9 Cornelia de Lange syndrome X-linked Central component of cohesin
(developmental disorder associated complex, required for the cohesion
with facial dysmorphisms, abnormal of sister chromatids after DNA
hands and feet, growth delay, replication.
cognitive retardation and various
other malformations including
gastroesophageal dysfunction and
cardiac, ophthalmologic and
genitourinary anomalies)*

RPS4 Xqg13.1 Escaping Y homolog 40 Turner syndrome candidate 40S ribosomal protein S4, structural

constituent of ribosome

MAGEE1 Xq13.3 Heterogeneous - 4 - Hepatocellular carcinoma-associated
protein 1

CHM Xqg21.2 Escaping - 3 X-linked Choroideremia (blindness) Rab proteins geranylgeranyltransferase
component A 1

MORF4L2 Xqg22.2 Heterogeneous - 27 - Component of the NuA4 histone
acetyltransferase complex

TRPC5 Xqg23 Heterogeneous - 5 - Transient receptor potential Ca2+
channel

PLS3 Xqg23 Heterogeneous - 3 - Actin-bundling protein

cuL4B Xqg24 Heterogeneous - 7 Mental retardation syndromic X-linked Core component of multiple
Cabezas type (severe intellectual cullin-RING-based E3 ubiquitin-
deficit associated with short stature, protein ligase complexes
craniofacial dysmorphism, small
testes, muscle wasting in lower legs,
kyphosis, joint hyperextensibility, pes
cavus, small feet, and abnormalities
of the toes. Additional neurologic
manifestations include speech delay
and impairment, tremor, seizures,
gait ataxia, hyperactivity and
decreased attention span)*

HCFC1 Xq28 Escaping - 13 - Host cell factor 1

"The best candidates (members of large complexes and with a Y homolog) are shown in bold.
*Escaping, gene always escaping X-inactivation; heterogeneous, gene escaping X-inactivation in some cells (see Material and Methods).

SMost of the genes are involved in several complexes in the list from HPRD (see Material and Methods), only the size of the largest complex is indicated here.
YMedical annotation is mainly from NextProt, the new database on human proteins developed by Swissprot (www.nextprot.org). An asterisk denotes when the
annotation shares keywords with Turner, Klinefelter, or Triple-X syndromes.

lIFunction annotation is also from NextProt. Ubiquitin related genes are highlighted in red.

Pessia et al. www.pnas.org/cgi/content/short/1116763109
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After the publication of the above article, Cellular and Molecular Life Sciences (CMLS)
journal invited Gabriel Marais to write a review on the evolution of dosage compensa-
tion in mammals. Gabriel asked me to join him, and we agreed to include two different
parts in this review.

First, in order to clarify the controversy between Ohno’s hypothesis followers and
opponents, we made a summary of their different results and of the possible reasons
for their disagreements. I had a significant contribution to this part.

Second, a more speculative part is included, where we developped an hypothesis
on how selection for XCI may have occurred independently of dosage compensation
needs. I helped in conceiving this hypothesis, but most of this part of the review was
done by Gabriel Marais and Jan Engelstadter.

This paper was sent to CMLS for review on the 31" of July 2013, accepted on the
14" of October 2013, and is currently in press.
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The evolution of X chromosome inactivation in mammals: the

demise of Ohno’s hypothesis?

Eugénie Pessia! - Jan Engelstidter? - Gabriel AB Marais!:

1 Laboratoire de Biométrie et Biologie Evolutive, Université Lyon 1, Centre National de la Recherche Scientifique, Villeurbanne
F-69622 cedex, France; 2 School of Biological Sciences, The University of Queensland, Brisbane QLD 4072, Australia; 3 Instituto

Gulbenkian de Ciéncia, P-2780-156 Oeiras, Portugal

Abstract Ohno’s hypothesis states that dosage com-
pensation in mammals evolved in two steps: a two-fold
hyperactivation of the X chromosome in both sexes to
compensate for gene losses on the Y chromosome, and
silencing of one X (X-chromosome inactivation, XCI) in
females to restore optimal dosage. Recent tests of this
hypothesis have returned contradictory results. In this
review, we explain this ongoing controversy and argue
that a novel view on dosage compensation evolution in
mammals is starting to emerge. Ohno’s hypothesis may
be true for a few, dosage-sensitive genes only. If so few
genes are compensated, then why has XCI evolved as a
chromosome-wide mechanism? This and several other
questions raised by the new data in mammals are dis-
cussed, and future research directions are proposed.

Keywords Sex chromosomes - Sex determination -
Dosage Compensation - Dosage-sensitive genes -
Parental antagonism model - RNAseq data

Non-standard abbreviations

XCI X-chromosome inactivation

PAR pseudoautosomal region

rXCI random X-chromosome inactivation
pXCI paternal X-chromosome inactivation
Xi inactivated X chromosome

PolIT RNA polymerase 11

ZGA zygote genome activation

NGS next-generation sequencing

Ne effective population size

PAM Parental antagonism model

XIC X-inactivation center

Introduction

Since its origin ~180 MY ago [1,2] the human Y chro-
mosome has lost ~97% of the genes originally present

* Corresponding author: gabriel.marais@Quniv-lyonl.fr

on that chromosome [3] (Figure 1A). This massive gene
loss on the Y resulted in an imbalance of X-linked gene
dose in males with their single X chromosome compared
to females with two Xs (Figure 1B). Such dosage im-
balance was probably deleterious as in humans, dosage
imbalance caused by chromosomal aneuploidies (e.g.
monosomy, trisomy) of autosomes the size of the X chro-
mosome are lethal. Specific mechanisms have evolved
in animals to compensate for this gene dose problem in
males, and the solution found in mammals appears to
be a complicated one. After Susumu Ohno and Mary
Lyon discovered independently female X-chromosome
inactivation (XCI) in mammals [4,5], Ohno proposed
that dosage compensation in mammals evolved as a
two-step mechanism with (1) a two-fold expression in-
crease of the X chromosome in both sexes, which solves
the gene dose imbalance problem in males, and (2) in-
activation of one of the two X chromosomes by XCI in
females to restore optimal dosage [6] (Figure 1B).

XCI has been widely studied both at the mechanis-
tic and evolutionary level (reviewed in e.g. [12,13,14,15,
16,17,18,19,20]). In placental mammals, the silencing
of the inactivated X (Xi) is established through epige-
netic signals involving a long non-coding RNA called
Xist and a number of cis and trans factors affecting its
transcription. In particular, this involves Rnf12 (main
activator of Xist), and Rex! (main inhibitor of Xist)
[21]. RNF12 is an E3 ubiquitin ligase that binds REX1,
which triggers its degradation by the ubiquitin pathway.
This results in Xist being activated or not depending
on RNF12 dose, which differs between male and female
as Rnf12 is a X-linked gene [21]. XCI is initialized in a
particular region of the X chromosome (called the X in-
activation center, XIC) where the Xist gene is located.
It then spreads across the X with Xist being trans-
ferred directly from XIC to distal sites across the X
chromosome that are defined not by specific sequences
but by their spatial proximity in the nucleus to XIC [22,
23]. XCI is established early during development but
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Fig. 1 Sex chromosome and dosage compensation evolution in mammals. (A) Sex chromosome evolution in mam-
mals. Sry, the male-determining gene, initiated the evolution of the sex chromosomes from a pair of autosomes. The proto-X
and proto-Y stopped recombining at a region including Sry and probably other genes, thus forming X- and Y-specific regions.
These regions grew larger during evolution through additional recombination suppression events (probably inversions on the
Y chromosomes), and gradually diverged. Pseudo-autosomal regions (PARs) are remnant of the autosomal ancestry of the sex
chromosomes. In its non-recombining male-specific region the Y has lost most of its genes because of degenerative processes
collectively known as Hill-Robertson effects [7,8] (B) The evolution of dosage compensation in mammals, as hypothesized
by Ohno [6], formalized later by Charlesworth [9,10] and explicitly modelled by [11]. The gene loss on the Y implies dosage
imbalance between the sex chromosomes and the autosomes in males. In the first step of Ohno’s hypothesis, expression of
the X chromosome is doubled in both sexes; proper dosage is restored in males, but is now twice the dosage of autosomes in
females. In the second step, the inactivation of one of the two Xs in females evolves in order to get the dosage of the X back
to autosomal level. The predicted values of both the expression ratios X:AA and X:XX (see Box 1 and text for more details)
are shown at the bottom of panel B. Expression on the autosomes may have changed during evolution, hence the less precise

prediction for the X:AA ratio than for X:XX one (Box 1), as emphasized by the ’~’ symbol.

there are substantial mechanistic and timing differences
among species [18,19]. XCI has evolved region by region
on the X chromosome, starting with the region where
recombination between X and Y ceased and Y degener-
ation started first, and encompassing more and more of
the X chromosome as recombination suppression pro-
gressed [24]. XCI is considered a chromosome-wide phe-
nomenon, but interestingly, 10-15% of the genes on the
human X chromosome escape XCI. This includes not
only the genes in the still- recombining portion of the
sex chromosomes (“pseudoautosomal” regions, PARs),
but also blocks of genes in the X-specific region includ-
ing X-linked genes with a still active Y homolog [24,
16,25]. XCT has probably evolved early in the evolu-
tion of the mammalian sex chromosomes, even though
Xist has emerged only in the placental lineage from a
protein-coding gene called Lnz3 [26].

For a long time, data on the two-fold expression
increase on the X chromosome was lacking. Thus, the
first step in Ohno’s hypothesis has remained very spec-
ulative, but at the same time was widely accepted in
the scientific community. Only when chromosome-wide
analysis of gene expression became possible has Ohno’s
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hypothesis started to be tested. The first studies us-
ing microarray seemed to support Ohno’s idea of X ex-
pression doubling in both sexes [27,28,29,30,31]. How-
ever, the first study using RNAseq, a next-generation
sequencing technology (NGS) to study gene expression,
found no evidence for Ohno’s hypothesized first step
[32]. An avalanche of papers followed, some support-
ing Ohno and others contradicting him [33,34,35, 36,
37,38,39,40]. The aim of this review is to explain this
ongoing controversy, to show that despite the contro-
versy a novel view on dosage compensation evolution
in mammals is starting to emerge and to highlight the
fundamental questions that remain to be answered.

The controversy about testing Ohno’s hypothe-
sis

In mammals, an early study found some support for
Ohno’s hypothesized X expression doubling by show-
ing that an autosomal gene in laboratory mouse strains
exhibited a doubling of its expression following translo-
cation to the X chromosome in Mus spretus [42]. How-
ever, it was only later with the advance of the microar-
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Table 1 Summary of recent studies testing for Ohno’s hypothesis

Human X:AA Mouse X:AA | Study concluded to | Expression data Dataset filtering References
global hypertran-
scription
0.9 1 Yes Microarray sokok [27]
- 1 Yes Microarray okok (28]
0.5 0.2 No RNAseq *  excluding same | [32]
proportion of lowly
and highly expressed
genes from A and X
0.9 (0.6) 0.8 (0.5) No if process for fil- | Microarray *xx (same propor- | [41]
tering changed tion of genes from
A and X)
0.9 0.9 Yes RNAseq and Polll oc- | s#xx [33]
cupancy
0.5 - No RNAseq sx% grouped by ex- | [34]
pression levels
0.9 0.8 Yes RNAseq ok [35]
1 Yes Microarray *x [36]
- 0.8 Yes RNAseq and Polll oc- | *x [40]
cupancy
0.7 (0.9) - No, except for com- | RNAseq xx (from complexes | [37]
plexes > 7 proteins > 7 proteins)
0.5 / 0.5% 0.4 / 0.5% No, except hypotran- | RNAseq x% conserved in all | [38]
scription for some amniotes
interaction networks
proteins
0.5/ 0.5% (0.97%) | 0.3/ 0.4% No, except for com- | RNAseq * (from complexes | [39]
plexes > 7 proteins > 7 proteins)

() Values given in brackets and in bold correspond to data subset indicated in the Dataset filtering column (also in bold)

#  X:XX ratio
* All genes
s+ Expressed Genes (FPKM > 0)

xxx  Actively Expressed Genes (FPKM > 1 or FPKM > 3 or detected in > 95% of microarray samples)

ray technology that Ohno’s hypothesis could be tested
with many genes (Table 1). This was done by compar-
ing the global expression on the X chromosome to that
on the autosomes and computing the X:AA expression
ratio (Box 1). In accord with Ohno’s hypothesis, a mean
X:AA expression ratio close to one in male as well as fe-
male tissues from several mammalian species including
human, macaque, mouse and rat was obtained [27,28].
Moreover, similar X expression in both sexes was found
in human and mouse. Several other microarray studies
were conducted and they all supported Ohno’s hypoth-
esis. However, the accuracy of the expression level es-
timates from microarray data was later criticized (Box
1).

In 2010, the first study using RNAseq, a NGS tech-
nology supposed to give much better estimates (Box
1), reported a median X:AA ratio close to 0.5 in a va-
riety of human tissues (both from male and female)
and an even lower ratio in mice, challenging Ohno’s hy-
pothesis [32]. A year later, several other studies using
more RNAseq data were published (Table 1). The 2010
study was criticized for having included genes with no

or very low (probably noisy) expression in their anal-
ysis. The X chromosome includes more tissue-specific
(mostly testis-specific) genes than the autosomes. This
means that for instance in liver tissue, many testis-
specific genes on the X have no expression and because
the X has more of these genes than the autosomes, the
X:AA ratio is reduced. When only the genes expressed
in one tissue were included to compute the X:AA ra-
tio of that tissue, X:AA ratios were much closer than
1 in both humans and mice [33]. Moreover, ChIP-chip
data in mice showed a relatively higher occupancy of
an active form of RNA polymerase II (PolII) for highly
expressed X-linked genes compared to highly expressed
autosomal genes, giving more support to the idea of
X hyperexpression proposed by Ohno [33]. Quite strik-
ingly, the same issue of Nature Genetics included a to-
tal of five articles reporting tests of Ohno’s hypothesis,
some reporting a X:AA close to 1 [33,35], another re-
analyzing microarray data and confirming a X:AA of 1
[36]. A paper published in another journal also reported
higher Polll occupancy and more active histone marks
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Box 1 Testing Ohno’s hypothesis with expression
data.

Ohno’s hypothesis has been tested by comparing the expres-
sion of the X chromosome to that of the autosomes taken
together, the X:AA ratio.

Microarray versus RNAseq data Initially, microarray
data have been used for this test [27,28,29,30,31]. Microar-
ray may give less precise estimates of expression levels [32].
Moreover, microarray data have to be filtered prior to anal-
ysis. The procedures for data filtering rely on arbitrary
thresholds, which applied similarly to the X and autosomes
remove many lowly expressed X-linked genes and generate
an artifactual X:AA of 1 [41]. RNAseq data are supposed
to give more precise estimates of expression levels. However,
there is also some noise in RNAseq data due to unspecific
mapping of RNAseq reads onto the genome, and how this
noise is removed can also affect the results [43]. Remov-
ing this noise is at the heart of the controversy between
the different studies using RNAseq [32,33,34,35,40]. As the
threshold for considering a given expression level different
from O increases, the X:AA ratio increases and reaches a
plateau at 1 [33]. It is clear, however, that when using con-
servative thresholds, the number of X-linked genes analyzed
becomes small, and one cannot conclude from this about a
“global” X hyperactivation [37].

X:AA, X:XX and other expression ratios Using X:AA
expression relies on the assumption that expression were
similar between the proto-sex chromosomes and the auto-
somes (XX:AA = 1). Using the present-day and ancestral
expression of the X chromosome, the X:XX ratio, is thus a
more direct way to test for Ohno’s hypothesis. Computing
the X:XX ratio in mammals has implied finding an outgroup
where the 1-to-1 orthologs of the X-linked genes are autoso-
mal, namely birds [38]. This guarantees that only genes that
were originally on the sex chromosomes before they diverged
are analysed, which is what should be done as dosage com-
pensation is expected for these genes only. The new genes
that evolved (e.g. through intra-X duplication or translo-
cation to the X) after X and Y stopped recombining and
diverged should not be included in studies on dosage com-
pensation, are correctly excluded of the X:XX analysis but
not in the X:AA ones. However, finding 1-to-1 orthologs be-
tween distantly related species may be difficult and result
in a small number of genes being analysed. Moreover, all
these chromosome-wide comparisons may be problematic
as different selective forces (dosage compensation, sexual
selection) may affect expression levels [44,45]. A more pre-
cise way of testing Ohno’s hypothesis is to study X-linked
and autosomal genes that are expected to interact in some
ways and for which equal dosage may be required. Consider-
ing genes from the same network is one possibility [38], and
considering genes belonging to protein complexes is another

37].

on the active X chromosome than on the autosomes
[40]. Ohno’s hypothesis seemed to regain support.

However, in their reply to these papers, the 2010 pa-
per authors criticized excluding genes with no expres-
sion as being arbitrary [34]. They noticed that testing
Ohno’s hypothesis using X:AA ratios will work only
if global expression of the proto-X and the autosomes
was initially the same —an assumption that was never
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tested. As global expression varies even among auto-
somes, it is possible that the expression of the proto-
X differed from that of the other chromosomes even
before Y gene loss had started. If this were the case,
the present-day X:AA is not expected to be one even
if Ohno’s hypothesis is correct and expression doubling
took place during evolution. A much better way of test-
ing Ohno’s hypothesis is to compare the present-day
expression of the X chromosome to its ancestral ex-
pression, the X:XX ratio (Box 1). This has recently
been done by focusing on the genes that have 1:1 or-
thologs between chicken and humans using an amniote-
wide RNAseq dataset [46,38]. Importantly, these “old”
genes were initially present on the proto-X chromosome
and are those that should show patterns of dosage com-
pensation. By contrast, such patterns are not expected
for the many “young” genes gained late in the evolution
of the X chromosome [47]. The ancestral expression of
the “old” genes was estimated using the expression of
their autosomal orthologs in chicken, and the X:XX was
found to be 0.5 for placental species including human,
chimpanzee, bonobo, gorilla, orangutan, macaque and
mouse. In marsupials (opossum), however, the X:XX
expression ratio was found to be one. Interestingly, this
study also showed that the assumption that expression
was similar in the proto-X and the autosomes under-
lying all the studies using X:AA was actually correct
(XX:AA ~ 1 and AA:AA =~ 1). Even measuring the
X:AA ratio for the “old” genes returned a value of 0.5
as noted previously [34]. Including or excluding the
tissue-specific genes did not change anything in this
pattern (as tissue-specific genes are mostly “young”
genes). This was later confirmed by an independent
analysis of the same dataset, which found a X:XX of
0.5 for all placentals and also marsupials tested [39].
For unknown reasons, the results for marsupials differ
in both studies. Importantly, X:AA ratios of 0.5 were
confirmed using protein abundance, which suggests that
the observed patterns are robust to the method of mea-
suring expression [32,39)].

Dosage compensation of a minority of dosage-
sensitive genes

The latest tests of Ohno’s hypothesis using ancestral
X expression seem thus to reject it (Figure 2A), and
even the tests using X:AA expression ratio do not fully
agree with Ohno’s hypothesis (in [33,35,39] X:AA ra-
tios are lower than one when including poorly to mod-
erately as well as highly expressed genes in the anal-
ysis, as noted in [37]). Are the sex chromosomes left
with dosage problems in mammals? In humans, remov-
ing one chromosome is usually lethal. Y degeneration
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Fig. 2 Dosage compensation of a minority of human X-linked genes. (A) X:AA and X:XX ratios for humans are
shown (find more details about these ratios in the text and in Box 1). Results are shown for (1) all human genes or including
only genes with a minimum expression level of FPKM >1 (All genes), (2) 1:1 orthologs between human and chicken, for which
ancestral expression could be computed using expression data in chicken (Box 1), considering all of them or only those with a
minimum expression level of FPKM >1 (1:1 orthologs with chicken), and (3) genes involved in large protein complexes (with 7
or more proteins) that are likely dosage-sensitive (Dosage-sensitive genes). Boxplots of the X:AA or X:XX medians for different
tissues are shown. Extreme outliers can be seen for “Expressed genes” (“All genes” category), they correspond to Brain (highest
ratio) and lung (lowest ratio). Data for preparing the “All genes” part and the X:AA of “Dosage-sensitive genes” part are from
[37] and are based on 12 tissues. All the other boxplots were obtained from 10 tissues in [39]. The blue dashed lines indicate
the expected ratios with global dosage compensation (1), and without any dosage compensation (0.5), see text and Figure
1B for more details. (B) Sketch summing up the differences in dosage compensation status and mechanisms among the genes
on the X chromosome. Most of the genes on the Xi are inactivated, except for the PARs and some XCl-escapees, and XCI is
thus a global process. The hyperexpression, on the contrary, appears to be a local process affecting only the dosage-sensitive
genes. Dosage compensation through hyperexpression and XCI as envisioned by Ohno thus only affects dosage-sensitive genes
[37]. Some dosage-sensitive genes are compensated through another mechanism, namely down-regulation of their autosomal
partners, as shown for some genes involved in protein-protein interaction networks [38].

however took millions of years and was gradual, and the
dosage problems may not be as severe as in an instan-
taneous loss of a chromosome. Also, buffering mecha-
nisms that can partially compensate for the loss of a
chromosome do exist [48]. Another possibility is that
dosage compensation in mammals is a “half-full, half-
empty glass” problem, with some genes being compen-
sated but not all [49]. Looking at all the genes at the
same time returns a X:AA ratio between 0.5 and 1,
which some consider consistent with Ohno’s hypothesis
(half-full glass) and others inconsistent with the same
hypothesis (half-empty glass).

Many genes are known to be haplosufficient or dosa-
ge-insensitive [50], i.e. it is not lethal to lose one func-
tional copy of those genes. For instance, it has been
recently shown using a theoretical approach that X-
linked genes involved in metabolic networks can easily
lose a copy without a significant effect on the flux of
the network and on fitness, especially for networks with

many steps [51]. Dosage compensation should evolve
for haploinsufficient or dosage-sensitive genes only [45,
49]. No exhaustive list of mammalian dosage-sensitive
genes is available, but there are some known good can-
didates. The genes encoding proteins involved in com-
plexes (protein-complex genes) are among those can-
didates. Stoichiometry of the components of a com-
plex is required for its proper folding and function-
ing [50]. Using human RNAseq data, two of us studied
the X:AA expression ratio within complexes, and found
that the X:AA for large complexes (seven or more pro-
teins) is around one [37]. Also, it was shown that X
expression increase (and not autosomal expression de-
crease) explains this result by comparing X and autoso-
mal expression among large and small complexes, and
finding similar autosomal expression and increased X
expression in large versus small complexes [37]. This
was later confirmed by using ancestral expression lev-
els and looking at each complex’s X:XX and AA:AA
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ratio [39]. Other dosage-sensitive candidates are genes
involved in protein-protein interaction networks. Julien
et al. (2012) studied those genes and found that in
some cases, autosomal genes have evolved reduced ex-
pression following their X-linked partners, another way
of achieving dosage compensation [38]. Dosage-sensitive
genes on the X chromosome are thus dosage- compen-
sated, some showing the hyperexpression proposed by
Ohno [52] (Figure 2, Table 1). However, these genes rep-
resent a minority of the X-linked genes (even though
there are probably some unidentified ones on the X
[53]), which explains the “half-full, half-empty glass”
problem when studying Ohno’s hypothesis with all X-
linked genes.

The mechanisms ensuring dosage-sensitive genes to
match the expression of their autosomal partners in
complexes or in protein networks are unknown. In some
cases, expression of the X-linked genes was increased
[37,39], in other cases expression of the autosomal genes
was decreased [38], which suggests that these mecha-
nisms evolved on a gene-by-gene basis. Using ChIP-chip
or ChIP-seq in mice, a higher RNA Polymerase II oc-
cupancy was found on the X chromosome than on the
autosomes [33,40]. More epigenetic marks characteris-
tic of actively transcribed genes were found on the X
chromosome compared to autosomes [40]. Interestingly,
these trends were only found for highly expressed genes
(also noted in [49]), of which dosage-sensitive genes may
represent a substantial fraction [54,55,37]. However, it
would be important to explicitly compare epigenetic
patterns of dosage-sensitive versus other genes in order
to gain a better understanding of the different mecha-
nisms of adjusting expression of dosage-sensitive genes.

The origin of XCI and the early steps of dosage
compensation evolution

Only a minority of genes show clear evidence of dosage
compensation in mammals. If XCI initially evolved to
counteract hyperactivation of the X chromosome in fe-
males as proposed by Ohno, it is not clear why XCI is
global and affects the majority of the X-linked genes
when hyperactivation is local and affects only a few
genes. Of course, XCI may be global for unknown mech-
anistic reasons and its effect on many haplosufficient /
dosage-insensitive X-linked genes may simply be neu-
tral. It is also possible that XCI evolved for a completely
different reason in the first place, and was only later in
evolution recruited for dosage compensation (Figure 3).
This idea is somewhat supported by a population ge-
netic modelling that has shown that XCI can evolve
under Ohno’s hypothesis under quite restricted condi-
tions only [11].
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Fig. 3 Steps in the evolution of XCI. Major events the
evolution of XCI in placentals and marsupials are shown in
the tree of amniotes. XCI, probably pXCI (shown in green),
evolved early in the evolution of XY chromosomes, as shown
here. However, independent XCI evolution in placental and
marsupial lineages cannot be ruled out (see Text). Also shown
is how the mechanism of XCI was later refined independently
in placentals with the evolution of the IncRNA Xist (from
the protein-coding gene Lnz3) and Rex! and became rXCI
(shown in brown), and in marsupials with the evolution of the
IncRNA with Xist-like properties Rsz (which has not evolved
from Lnz3). In some placentals, pXCI is found as well (in
early embryo and extra-embryonic tissues); it is not known
whether pXCI has re-evolved or has been conserved, hence
the question marks. Two major players in the evolution of
XCI, Lnz3 (parent of Xist) and Rnf12, were probably close
to Soz3 (parent of Sry) in the proto-X, and the same small
region has apparently been involved in both the evolution of
sex determination and XCI (see Text). Birds and monotremes
sex chromosome systems evolved independently from that in
therians, and serve as outgroups here.

Such an alternative theory for the evolution of XCI
was proposed by Haig [56,57]. According to his “parental
antagonism model”, XCI initially evolved not as a means
of dosage compensation, but as a silencing mechanism
of growth-inhibiting genes on the X chromosome during
embryonic growth (see Box 2 for details). The premise
of this hypothesis is the theoretical expectation that the
X chromosome is enriched for growth inhibiting genes
[58]. Whether or not this premise holds is still unknown,
but several lines of evidence are consistent with this
idea. It has been shown that the number of X chro-
mosomes affect the speed of early development before
XCl is established, with X0 and XY mouse embryos de-
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veloping faster than XX embryos (reviewed in [20]). In
marsupials, H19X, a long coding RNA involved in reg-
ulating placenta growth has been found next to Rsz,
the long coding RNA mediating XCI, which suggests
a possible link between imprinting, placenta and XCI
[59]. More work is needed but it is possible that the
imprinted region was initially large enough for a mech-
anism such as XCI affecting several neighbour genes
at once to evolve, paving the way for global XCI as
we know it today. Another attractive feature of Haig’s
hypothesis is that it predicts imprinted paternal X in-
activation (pXCI) rather than random X inactivation
(rXCI) to be the primary form of XCI. pXCI is found
in marsupials, and also in extra-embryonic tissues and
the early developing embryo of some placentals [12,18].
Overall the observations fit with the idea that pXCI was
ancestral to rXCI (see next section for more details).
However, parallel evolution of pXCI in marsupials and
some placentals cannot be ruled out at this point. The
parental antagonism model also predicts that XCI should
have evolved in groups where parental conflicts about
maternal resource allocation to embryonic growth are
strong. This is indeed the case in placental and marsu-
pial mammals. Recent data suggest that chromosome
inactivation might also affect the bird Z chromosome
and the monotreme X chromosomes where parental con-
flicts may be weaker [60], but this observation needs
to be confirmed before taken as evidence against the
parental antagonism model.

Another possibility is that the origin of XCI is con-
nected to sex determination [17]. Soz3, the gene that
gave rise to Sry, induces the development of testis when
overexpressed, which suggests that evolving appropri-
ate dosage of Sor3 may have been a crucial point in
establishing sex determination through the Soz3/Sry
gene pair in mammals [17]. The initial function of XCI
may have been to reinforce differences in dosage of
Sox3/Sry of XX and XY individuals and ensure that
they develop into females and males, respectively. In-
triguingly, two key genes for the evolution of XCI, Rnf12
and Lnz3, were probably physically close to Soz3 in the
proto-X chromosome ~180 MYA, as suggested by the
analysis of the location of these genes in mammals and
birds [17]. Both the evolution of sex determination and
XCI apparently involved the same relatively small re-
gion on the proto-sex chromosomes. The mechanism of
XCI at the time must have been different from what
it is today, as some key players such as Xist and Rex1
evolved later in the placental lineage [26,21]. However,
Lnz8 is involved in the ubiquitin pathway as is Rnf12
(see Introduction), which suggests that this pathway
may have had a critical role in the early evolution of
XCI. This hypothesis predicts that if XCI has evolved

Box 2 The parental antagonism model of X chro-
mosome inactivation.

The parental antagonism model (PAM) for the evolution of
XCI was proposed by Haig [56,57]. It is embedded within
the general evolutionary theory of parental investment in
offspring [61] and closely related to the kinship theory of
genomic imprinting [56,62]. The argument can be presented
in a number of steps.

Step 0 A prerequisite for PAM to work is that offspring are
provisioned with an adjustable amount of resources from
their mother following fertilization. This is indeed the case
in therians where resources are provided through the pla-
centa during embryonic development.

Step 1 At the core of PAM is the expectation that there
will be an evolutionary conflict between maternally and pa-
ternally derived genes within a developing organism with
respect to the amount of resources provided by the mother
of that individual. Both genes derived from the mother and
from the father will be selected to induce the mother to pro-
vide resources. However, the optimal amount of resources
provided may be greater for paternally than for maternally
derived genes. This is because when females mate with mul-
tiple males during their lifetimes, paternal interests will be
limited to the current offspring whereas maternal interests
extend to all future offspring that a mother will have.
Step 2 The X chromosome is two thirds of the time inher-
ited from the mother but only one third of the time from
the father (simply because females have two Xs and males
just one). As a consequence, genes on the X chromosome
are expected to reflect maternal interests more than pater-
nal ones. In particular, it is expected that genes coding for
embryonic growth inhibitors will accumulate on the X chro-
mosome, whereas growth enhancers will be scarce [58].
Step 3 As an evolutionary response to this accumulation
of growth inhibitor genes on the X chromosome, there will
be selection on paternally inherited genes on the X chromo-
some to inactivate these genes in embryos, thereby increas-
ing embryo growth. This inactivation may then also spread
to other genes on the paternally derived X, either for mech-
anistic reasons or for dosage compensation. The resulting
state of inactivation of the paternally derived X (pXCI) is
found in marsupials.

Step 4 pXClI entails that an organism becomes function-
ally haploid, so that recessive deleterious mutations on the
maternally derived X chromosome will be expressed and re-
duce fitness. This may create selection pressure for random
XCI (rXCI), alleviating this burden because half of the cells
will then express the functional gene copy [57]. This transi-
tion from pXCI to rXCI does not involve parental conflict
because the choice of which X chromosome is inactivated
does not affect gene dosage.

Step 5 Nevertheless, parental conflict over which of the X
chromosomes is inactivated may persist or re-emerge. This is
because there may still be imprinted growth inhibitor genes
on the X chromosome that are silenced when paternally in-
herited, so that the maternally derived X chromosome will
be under selection to remain the active X. As a consequence,
pXCI can re-evolve from rXCI, which may explain pXCI in
mouse trophoblast tissues.
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to silence Soz3 in females, Sox3 must be among the
X-inactivated genes, which indeed appears to be the
case in mice [63,64]. At this point, this hypothesis is
very speculative, but it has an interesting implication.
Theory predicts that the early suppression of recom-
bination between proto-X and proto-Y chromosomes
must involve either at least two sex-determining genes
[65], or a sex-determining gene and at least one sexu-
ally antagonistic (beneficial for one sex, harmful for the
other) gene [8]. Selection will then favour suppressed
recombination between sex-determining genes so that
the male-determining alleles remain linked on the Y,
and the female-determining alleles remain linked on the
X. When a male-beneficial-female-detrimental gene ap-
pears on the sex chromosomes, selection will also favour
it to be genetically linked to the male-determining lo-
cus [66]. In mammals, only one sex-determining gene,
Sry, has been described, and it has been suggested that
sexually antagonistic mutations may have accumulated
in the vicinity of Sry very early in the evolution of the
mammalian sex chromosomes, driving suppression of
recombination between the X and Y [8]. If genes other
than Sry were involved in the early evolution of sex de-
termination of mammals as we suggest, this might be
sufficient to explain early suppression of X-Y recom-
bination, and sexually antagonistic genes might only
have had a role in later in further suppressing recombi-
nation along the sex chromosomes [67]. However, more
work is needed to test this hypothesis of multiple sex-
determining genes in mammals.

The evolution of random XCI

XCI is found both in placentals and marsupials, con-
sistent with an early evolution of this mechanism soon
after the therian sex chromosomes originated ~180 MY
ago. However, the mechanisms of XCI are different in
both lineages [12,13,14]. The coating of the future in-
activated X is mediated by a long non-coding RNA in
both placentals and marsupials, but in placentals this
RNA is coded by Xist (a gene that evolved specif-
ically in the placental lineage from a protein coding
gene; [26]) whereas in marsupials this RNA is coded by
the non-orthologous gene Rsx [68]. This may indicate a
parallel refinement of the mechanism for XCI indepen-
dently in both lineages, or simply that XCI originated
twice. Moreover, in placentals, XCI is random (rXCI),
i.e. one of the two Xs is randomly inactivated in dif-
ferent cells during development (stage E.4.5 in mice
when cells start to differentiate), which results in a mo-
saic of cells with differently inactivated Xs in somatic
tissues. In marsupials, XCI always affects the X chro-
mosome transmitted by the father, and is called pa-
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ternal XCI (pXCI) [69]. In placentals, pXCI has been
reported in extraembryonic tissues, and in embryonic
tissue early in development prior to rXCI (reviewed in
[18,19,20]). There are differences however among pla-
centals. In mouse and cattle, pXCI has been observed in
trophoblast tissues [18]. In other placentals studied thus
far, no pXCI in has been reported in the extraembryonic
tissues (human: [70], rhesus macaque: [71], rabbit: [70],
and horse: [72]). A biased inactivation (inactivation of
the paternal X was found more frequent than that of the
maternal X) has also been reported in neonatal brain
in mice, but the bias was small and interpreted as a
residual of pXCI [73].

Explaining these differences in XCI between species
is challenging. The current view is that pXCI is the an-
cestral form (Figure 3; see also above), but why pXCI
would have evolved first is not clear. One reason could
be that evolving pXCI is easier from a mechanistic
point of view. In line with this, pXCI appears to require
fewer cis and trans factors than rXCI (a 250 Kb Xist-
transgene is enough to recapitulate pXCI, where rXCI
requires a 460 Kb one [20]). In particular, rXCI requires
a counting mechanism to inactivate only one X and not
both Xs, which is mediated by Rnf12/Rex1 [21]. pXCI
does not require a counting mechanism as it is always
the X from the father that is inactivated [12], and con-
sistently Rex! is absent in marsupials [21]. As argued in
the previous section, according to the parental antago-
nism model of XCI there are also evolutionary reasons
why pXCI is expected to evolve first.

Understanding why rXCI would evolve to super-
sede pXCI is also challenging. With pXCI, females are
effectively haploid for the X chromosome and reces-
sive deleterious mutations on the X will be expressed.
rXCI will generate tissues made of mosaics of cells in
which, overall, both alleles will be expressed. An ob-
vious consequence of rXCI is thus restoring partially
diploidy for the X chromosome. The typical example is
red-green colour blindness in humans. Red-green colour
blindness is due to a recessive deleterious mutation on
a X-linked opsin gene. This condition affects mostly
males as they will always express the deleterious mu-
tation if present on their single X chromosome. Only
females homozygous for this deleterious mutation in
the X- linked opsin gene will be in a similar situa-
tion. In heterozygous females, the X-linked opsin gene
is randomly X-inactivated. A sufficient number of cone
cells express the functional allele and can sense colour
so that most heterozygous female will not be colour-
blind, which explains why red-green colour blindness is
much more common in men than women. Recent the-
oretical work has explored the conditions under which
rXCI and pXCI may evolve [74]. If the alleles delete-
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rious for female fitness are mostly recessive then rXCI
is expected to evolve. If many sexually antagonistic al-
leles (beneficial for one sex, harmful for the other) are
segregating in the population, rXCI is not expected to
evolve [74]. For instance, alleles beneficial for males and
deleterious for females will generate selection for pXCI
[74]. However, it is not clear why paternal XCI should
evolve rather than maternal XCI. A higher mutation
rate in male than in females (male-biased mutation)
would imply that paternally-inherited X chromosome
will carry more deleterious mutations, and pXCI should
be selected in that case [74], although the effect might
be too weak and needs to be studied in more details.
A stronger sexual selection in males will also favour
pXCI, as the paternally-inherited X chromosome will
tend to include sexually-antagonistic genes harmful to
females [74]. Connallon & Clark claimed that sexual
dimorphism and potentially sexual selection might be
overall stronger in marsupials than in placentals, which
this may explain why pXCI has been maintained in
former ([74] and references therein). However, if the
strength of sexual selection is the only driver of the
transition from pXCI to rXCI, it is difficult to under-
stand why it has not evolved in strongly sexually di-
morphic placental species, such as cervids, pinnipeds
and some primates. Alternatively, the parental antag-
onism model states that pXCI in some placentals may
have been conserved or re-evolved as this tissue directly
mediates demand from the offspring to the mother [57].
The intensity of parental conflicts for offspring demand
may explain why some species have pXCI and others
do not but this is purely speculative [57]. Differences
in the timing of zygote genome activation (ZGA), the
process by which the genome of the zygote starts being
expressed, may also explain why pXCI is found in some
placentals and not others. In mice, ZGA occurs early
and may require a fast way of achieving XCI, hence the
presence of pXCI in early mouse development. In other
placentals (e.g. humans, rabbits), ZGA occurs later and
there is sufficient time for rXCI to be established [70].
However, the timing of ZGA does not correlate very
well with the presence/absence of pXCI in placentals,
although XCI has been studied in only a few placentals
thus far [18].

Concluding remarks and future directions

During the last fifty years, Ohno’s hypothesis was taken
for granted as it was difficult to see how XCI would have
evolved otherwise. NGS data have completely changed
our view of the evolution of XCI and dosage compen-
sation in mammals, although the situation may again
change when more data become available. Global dosage

compensation that was once thought to be a paradigm
seems now an exception rather than a rule, as many
cases of partial dosage compensation have been reported
in birds, fish, and some invertebrates (reviewed in [45]).
Global dosage compensation is only confirmed for a
handful of species such as Drosophila and C. elegans.
If the evolution of dosage compensation is driven by
dosage-sensitive genes as suggested by the results in
mammals, we expect it to be partial and affect only a
few genes on the X or Z chromosomes. The number of
dosage-sensitive genes may also vary from one organ-
ism to another, and in species with many such genes
on the sex chromosomes, a global dosage compensation
mechanism may evolve. In species with large effective
population size (Ne) such as Drosophila and C. elegans,
selection is very efficient so that the number of genes
in the genome that are effectively dosage-sensitive is
increased. Such a relationship between Ne and the ex-
tent of dosage compensation remains to be investigated.
Also, identifying dosage-sensitive genes in many species
will be crucial to test many of the ideas outlined here.
Mammalian species with new sex chromosome pairs (as
in some rodents, see [75] and references therein) may
be particularly interesting as they raise the question of
how the dosage-sensitive genes on the former X cope
without XCI, if they indeed lose XCI. Understanding
why XCI has evolved in the first place is still a great
challenge, as testing the different available hypotheses
is not easy. Theoretical work is certainly needed to ex-
plore further the different hypotheses. In particular, the
parental antagonism model has not been modelled for-
mally yet. Understanding the transition from pXCI to
rXCI will probably require systemic surveys of XCI in
mammals, as only a few species have been studied thus
far. Approaches using NGS may facilitate this task and
provide a broad picture of the evolution of XCI in mam-
mals in the near future.
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Another help from the X? The
evolution of X-Y gene conversion
In primates

Just before my PhD, a collaboration between my lab in Lyon and the lab of Brigitte
Crouau-Roy in Toulouse (France) was initiated. For two years, Toulouse designed lots
of primers allowing to sequence five X-linked genes and their five Y-linked gametologs
in as many primate species as possible. I received their final set of sequences in March
2013. I then performed the analyses presented below.

I presented part of these results with a poster at the Jacques Monod Conference
“Recent advances on the evolution of sex and genetic systems”, in Roscoff in May 2013.

A paper is in preparation. We plan to complete the work mentionned in the Per-

spectives below, before submitting a manuscript.

49



Evidence for frequent X-Y gene conversion events in primates

in three evolutionary strata

Eugénie Pessia! - Laurent Guéguen!

- Victor Colomina

2 .

Brigitte Crouau-Roy? - Emilie Lecompte®* - Gabriel AB Marais'*

1 Laboratoire de Biométrie et Biologie Evolutive, Université Lyon 1, Centre National de la Recherche Scientifique, Villeurbanne
F-69622 cedex, France; 2 Université de Toulouse, CNRS, UPS, EDB (Laboratoire Evolution et Diversité Biologique), 118 route

de Narbonne, F-31062 Toulouse, France

Abstract The mammalian Y chromosome has long been
considered a no recombination’s land, this absence of
recombination being responsible for the observed pro-
found Y degeneration. Challenging this view, reports
of both Y-Y and X-Y gene conversion have been made
during the last decade. While Y-Y gene conversion has
been studied in details in human, chimpanzee and maca-
que, studies of X-Y gene conversion have included few
species and/or few genes. Here we present a detailed
study of X-Y gene conversion between five gametologs
belonging to the three most recent evolutionary strata
in many primate species. Unexpectedly, we found at
least one gene conversion event in each of these genes.
In three of the genes (Amel, Nign4, Prk), the small
detected regions undoubtedly underwent multiple gene
conversion events during primate evolution. We discuss
several interpretations of this phenomenon: a beneficial
role of X-Y gene conversion for the maintenance of Y-
linked genes, or the possibility that this mechanism has
been conserved neutrally.

Introduction

The mammalian X and Y sex chromosomes are very dif-
ferent between each other in terms of length and struc-
ture (see e.g. [1]). Yet, in the ancestor of all mammals
210 million years ago (mya) they were a pair of au-
tosomes [2,3], thus being nearly identical. When the
therians (marsupials and placentals) ancestor acquired
the male-determining gene Sry ~180 mya, it is hypoth-
esized that selection for recombination arrest in the
Sry area took place in order to prevent genetic ex-
change by crossing overs (COs) between these proto-X
and proto-Y chromosomes [4]. In the area where no ge-
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netic exchange happened anymore between both chro-
mosomes, they started to diverge from each other and
the Y-specific regions underwent degeneration by Hill-
Robertson effects because of the absence of recombina-
tion (reviewed in [5]). This first recombination arrest
was followed by others, gradually enlarging the sex-
specific parts of both chromosomes and thus shortening
the “pseudo-autosomal regions” (PARs). In humans,
five different “evolutionary strata” have been identified,
the oldest being stratum 1 close to PAR2 (Xq), and the
youngest stratum 5 close to PAR1 (Xp) [6,7] (but see
[8,9] for possible additionnal strata in human). In the
non-recombining part of the sex chromosomes, genes
that were formely allelic are called “gametologs”, their
sequence evolution being now supposedly independent.

The view that the Y-specific part of the Y chromo-
some is non-recombining has been challenged by the dis-
covery of ampliconic regions (highly repeated regions)
on the human, chimpanzee and macaque Y chromo-
somes, where ongoing Y-Y gene conversion occurs at el-
evated rates [10,11,12]. Gene conversion is a type of re-
combination happening in both CO and non-CO events
where a non-reciprocal transfer of genetic information
occurs, i.e. a “donor” sequence copies itself on a homol-
ogous “receptor” sequence after this latter underwent
a double-strand break (see e.g. [13]). The formation of
these amplicons has been hypothesized to be selected
for, as Y-Y gene conversion between copies is a form of
recombination thus slowing down Muller’s ratchet and
improving selection efficacy [10]. Theoretical studies in-
deed showed that it would be the case under high rates
of Y-Y gene conversion [14,15].

Another type of gene conversion, where one X-linked
gene recombines with its Y gametolog, has been re-
ported several times in the last decade or so [20,16,21,
17,19,22,23,24]. One of the first genes in which X-Y
gene conversion was found is Amel [25]. These authors
attributed their results as the footprint of an ancient
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Fig. 1 Regions with gene conversion in five gametologs encompassing three evolutionary strata. Representation
of the alignments of the five gametologs studied: Amel and Tbll in human stratum 3 (purple), Sts and Nignj in stratum 4
(yellow), and Prk in stratum 5 (red). The positions of the exons and introns, and of the segments that probably underwent
gene conversion (green) as well as the segments that probably did not undergo gene conversion (black) are shown to scale. Note
that these positions do not correspond to real positions in any species as they are the positions in the alignments (available in
Supplementary Materials). Stars were put when evidence for X-Y gene conversion was already known from previous work: in
the same segment as us (green star [16]) or elsewhere in the gene (black stars [17,18,19]) The ’//’ symbol highlights parts of

introns that were not sequenced in this study.

pseudo-autosomal boundary inside this gene [25]. But
it was later shown that the 3’ region of Amel under-
went gene conversion while the 5’ region did not [16], al-
though Amel was probably close to the ancient bound-
ary between the PAR and stratum 3 [22]. An adaptive
role for X-Y gene conversion events was hypothesized
by some authors [20,17,19], as the X-linked genes could
help slowing down the degradation of their Y game-
tologs by X-to-Y gene conversion. However, no theoret-
ical study has been done to support this idea.

Evidence for ancient X-Y gene conversion events
have been found by exploring the phylogeny of small re-
gions having detectably low X-Y divergence (using the
“p-distance”) at the scale of eutherians [16], primates
[23] and felidae [20]. Indeed, if one pair of gametologs is
located on a stratum created before the divergence be-
tween species A and B, then we expect the phylogeny to
group separately X and Y copies from both species, i.e.
the tree will be of the form: (A_X,B_X),(A_Y,B_Y). But
for X-Y gene converted regions, species-specific gene
conversion happened at some point in evolution and
erased past divergence between X and Y sequences. The

present-time tree obtained is thus: (A_X,A_Y),(BX,B_Y).

Other studies used SNP data and found signatures of
very recent gene conversion events in human popula-
tions [17,19,24]. In all these studies, only few gene con-
version events were analyzed, in a limited number of
species (except in [23], but they had only two repre-
sentatives of New-World Monkeys and one Old-World
Monkey). Our goal here was to search for X-Y gene
conversion regions at different loci along the X chro-
mosome. For this, we sequenced five gametologs (Amel,
Tbl1, Sts, Nlgnj, Prk) spanning the three most recent
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evolutionary strata, in a large number of primate species.
We found strong evidence for X-Y gene conversion events
in all of these five genes, several of these having under-

gone both recent and ancient gene conversion events,

as well as events occuring in both X-to-Y and Y-to-X

directions. Our results strongly support the view that

the so-called non-recombining region of the Y chromo-

some (NRY) has actually recombined regularly during

its evolution, by non-CO non-reciprocal events. We dis-

cuss the possibility that these gene conversion events

were not selected for to slow down the degeneration of

essential Y-linked genes: they might have occurred in a

neutral manner during Y chromosome evolution.

Results

In order to study gene conversion between primates X
and Y chromosomes along time, we sequenced five genes
located on different evolutionary strata. We focused on
strata 3 to 5, as the first two strata are very ancient,
they contain few gametologs and all of them have dS
values >1 (both stratum 1 and stratum 2 are shared
between all therians (~180 myo) [6,3]). We thus se-
quenced Amel and Tbl1 on stratum 3 which was formed
before the eutherian radiation (~100 myo) [6], Sts (pseu-
dogenized in human Y) and Nign/ on stratum 4 formed
in Simians (~40 myo, although some authors exclude
New-World Monkeys [1]), and Prk on stratum 5 re-
cently formed in Catarrhini (~30 myo) [7,12] (Figure
1). These five genes were chosen based on the crite-
ria that they are not part of human, chimpanzee nor
macaque amplicons [21,11,12]. When available we used
sequences from public databases, and we obtained the



X-Y gene conversion in primates

rest of the sequences by PCR amplification (see Ma-
terials and Methods). Briefly, we designed our primers
based on the known sequences from sequenced primates
(fully assembled chromosomes, contigs or BACs). Thus,
for species belonging to clades where few sequences are
publicly available we were less likely to amplify some-
thing. We were not able to amplify any Y-linked se-
quence and only few X-linked sequences in Prosimians,
as expected. Strata 4 and 5 identified in human are in-
deed still part of the PAR in Prosimians (lemurs at
least, see [26]) so only one sequence is expected for
those genes, and for stratum 3 few Prosimian BACs
were available for primer designing. We thus focus on
Simian X-Y gene conversion. The characteristics of the
sequences obtained are listed in Table S1. The align-
ments obtained are shown in Figure 1. Fewer Y than X
chromosome primers amplified, as no Y chromosome is
sequenced except for three very closely related species:
human, chimpanzee and macaque [21,11,12]. In all five
genes, we were able to obtain enough X and Y sequences
to look for gene conversion events.

Using Geneconv [27], we were able to find signals
of X-Y gene conversion in all the gametologous pairs
studied (Figure 1) (see Materials and Methods). These
results, together with the existing litterature, show that
X-Y gene conversion is not an unfrequent phenomenon
and has had a strong influence on X- and Y-linked gene
evolution by wiping out their divergence accumulated
since their evolutionary stratum was formed.

In order to further analyse the events that happened
at each identified site, we computed the ML trees of the
combined regions showing no footprint of gene conver-
sion (NCR) and of the regions where gene conversion
was detected (CR) (Figure 2). The trees of the NCRs
follow remarkably well the species tree for the X and Y
sequences separately, given the relatively small size of
the regions under study. It confirms that these five ga-
metologs do not have an evolutionary history different
from what is expected in their respective evolutionary
strata. The trees of the CRs, on the contrary and as
expected, do not follow the normal phylogeny of their
stratum. The different events deduced, and their di-
rection when possible to determine, are summarized in
Figure 3. The bootstrap values of the branches sup-
porting these events are remarkably high, again given
the small size of the studied regions (length without
gaps in human: Amel 315 nt, Thl1 98 and 53, Sts 371
and 3600, Nign4 554 and 708, Prk 65). The number of
events inferred is large, and it is probably an under-
estimation. First, we do not know if only one event or
multiple events are responsible for each dot on Figure 3.
Second, human gene conversion tracts are typically 200
bp to 1 kb long [28], and one of the CRs we detected,

the second CR in Sts, is notably longer than that (4922
nt). Thus, probably more events than the two we in-
ferred happened in this region. Third, for some genes
(Tbl1, Sts) the number of species representing each pri-
mate clade is small, thus when we have inferred an
event at one branch it might represent multiple events
of gene conversion. Moreover, the fewer representatives
of a primate clade we have, the fewer number of events
will be possible to infer in this clade. These two genes
are indeed the ones were the least events could be in-
ferred. For Amel, Nignj and Prk, on the contrary, X-Y
gene conversion events are widely spread along the pri-
mate phylogeny, showing that they underwent multiple
events of gene conversion.

Discussion

Several previous studies on X-Y gene conversion con-
cluded that this type of recombination may have been
adaptive [20,17,19] and may have promoted the “re-
pair” of essential Y-linked genes by their X-linked ga-
metolog. However, our results do not strongly support
this hypothesis, because our gene conversion boundaries
are remarkably clear-cut and the other segments follow
perfectly the phylogeny expected with an absence of X-
Y gene conversion. It appears difficult to explain the
presence of gene conversion in some exons only while
conservation of the whole gene is probably needed. But
stronger constrains on some exons may explain this
pattern. Moreover, two events we detected might be
in contradiction with this theory: 1) one gene conver-
sion was from the Y to the X chromosome (in Nign4,
Figure 3), however the direction of our detected gene
conversion events is strongly biased toward X-to-Y; 2)
one CR is entirely located in an intron (in Sts, Figure
1), but there may be a functional element strongly se-
lected in this intron. Finally, theoretical papers showed
that Y-Y gene conversion can interfere with degener-
ation only at elevated rates [14,15]. X-Y gene conver-
sion rates are probably not this high as otherwise the
phylogenies of the CRs would cluster the X and Y ga-
metologs of every species. Indeed, estimated Y-Y gene
conversion rates are ~ 2.2 x 107* per base per genera-
tion [10] and the average base mutation rate on the Y is
~ 2.3 x 1078 [31]. The available estimates of X-Y gene
conversion rates are lower than the ones of Y-Y events
(lower bound: 3.8 x 10~%, upper bound: 8.2 x 1076 [18,
32]).

We hypothesize that there is at least one region of
frequent X-Y gene conversion events in almost all ga-
metologs simply by chance. In human autosomes, there
might be one gene conversion hotspot every ~600 bp
[33,34]. Recent papers have shown that recombination
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Fig. 2 Phylogenetic trees of the NCR and CR. Maximum-likelihood trees obtained for the NCRs (regions where no X-Y
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mechanisms are highly different in the PAR and in au-
tosomes in mice (reviewed in [35]). But we can hy-
pothesize that before the formation of a stratum when
the X and Y regions are still pseudo-autosomal, X-Y
gene conversion probably occurs at several hotspots all
along this region. After the stratum formation, X and
Y regions start to diverge. In genes, that are under pu-
rifying selection (despite this selection being lowered
by the absence of recombination [5]), these gene con-
version hotspots might be maintained neutrally, allow-
ing for X and Y pairing after a double-strand break
(DSB). Alternatively, if there was no prior gene con-
version hotspot, a gene conversion event might have
happened by chance at a random location when the X
and Y sequences where not too much diverged to pair,
then after a time this region will be the only one prone
to future gene conversion events, the rest of the gene
being too diverged (usually >95% homology between
the interacting sequences of a gene conversion event
[28]). The location of this first gene conversion event
could be non-random, and favored by an element such
as transposable elements (TEs) or PRDM9 sequence
motif [36] (but see [37] showing COs are independent
of PRDM9 in the mouse PAR). Iwase and collaborators
indeed found a LINE insertion at the proximal end of
their CR in KAL and suspected it to be responsible for
the gene conversion events [23]. However, it has been
shown that Alu and L1 TEs can be inserted in pre-
existing DSBs [38], meaning that the LINE insertion
found by [23] may have been the consequence and not
the cause of these gene conversion events.

The fact that more X-to-Y than Y-to-X events were
observed, in this study and others, could be seen as an
argument in favor of X-Y gene conversion being adap-
tive. However, several types of biases could lead to an

apparent excess of X-to-Y gene conversion events, when
there is in fact no selection for a “repair” of Y copies
by their X homologs. First, our sequence data is bi-
ased toward X sequences, because of several technical
difficulties in designing Y-specific primers (see Materi-
als and Methods). Second, the Y chromosome may be
more prone to DSBs than the X, thus favoring X-to-Y
gene conversion. 1) This could be due to a fragility of
the Y chromosome during replication, for example be-
cause of its high heterochromatinization or of its high
TE density. 2) DSBs can be caused by transposon in-
sertions (P-element in Drosophila [39]), thus leading to
gene conversion events. The same amount of TE inser-
tions occurs between the X and the Y, but because of
reduced selection on the Y [5] insertions on this chromo-
some are less often removed from the population than
the ones on the X. This means that TE insertion events
on the X, possibly leading to a Y-to-X gene conver-
sion, will be often removed from the population while
the events possibly leading to X-to-Y gene conversion
will not. This may explain why we see almost only X-
to-Y gene conversion events. Third, hypothesizing that
there is no selection for X-to-Y gene conversion does
not imply that there is no counter-selection for Y-to-X
events. As selection is more efficient on the X chromo-
some, whenever a Y-to-X gene conversion that copies
a deleterious mutation occurs it will be selectively re-
moved from the population, thus creating a bias in the
fixed events of gene conversion.

If X-Y gene conversion can occur in gametologs, we
expect the genes present in the same stratum, despite
having stopped recombining (by COs) at the same time,
to present a variation in their X-Y dS. This could ex-
plain why human strata 4 and 5 have very different
dS despite their estimated age differing by only 10 my
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(stratum 4 is 40 myo, stratum 5 is 30 myo). Stratum
4 gametologs are indeed two-times more diverged than
stratum 5 ones (~10% vs ~5%) [7]. Hughes and collab-
orators hypothesized a difference in the mutation rates
between these two strata to explain this two-fold dS
difference [12], but we suggest that they are rather due
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to more recent gene conversion events in the last stra-
tum, where some intergenic gene conversion may still
be occurring, than in older strata. In the unique gene
in stratum 5 that we analyzed, Prk, less gene conversion
events were inferred than in e.g. Nlgn/ (three vs nine,
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Figure 3). This may be an underestimation, as the tree
of the CR presents multiple polytomies (see Figure 2).

Perspectives

Future studies on X-Y gene conversion will consist in
the caracterisation of the impact of X-Y gene conversion
at the molecular evolution level. Gene conversion is ac-
tually biased in mammals ([40] and references therein).
The BGC (Biased Gene Conversion) locally increases
the GC* (GC% that a sequence will reach at equilib-
rium) [41,42]. We thus expect a higher GC* in the
CRs compared to other regions of gametologs. Using
maximum-likelihood methods such as in the BppML
software [43], it would thus be interesting to compute
the GC* values of CRs and NCRs in order to estimate
the rate of X-Y gene conversion events. A study found
no footprint of BGC on the human sex chromosomes
(outside PARs) compared to autosomes [44], but these
authors used a large-scale approach which probably did
not allow to detect very localized gene-converted re-
gions. They did find an elevated rate of X-Y “biased
clustered substitutions” close to PAR1 [44], i.e. in the
most recent stratum. Second, one could study the ef-
fects of X-Y gene conversion on the intensity of se-
lection affecting these gametologs. Indeed, if the GC%
increases because of BGC, dN/dS values will increase
as well because non-synonymous AT—GC mutations
can be fixed, thus mimicking a positive selection pro-
cess even if those mutations are deleterious [45]. This
means that X-Y gene conversion could not only have
no selected role in the “repair” of Y-linked genes, but
could also increase Y-linked genes degeneration by fix-
ing deleterious AT—GC mutations. However, the num-
ber of gene conversion events during evolution might be
too low for this effect to be important. But theoretical
work is needed in order to study the effect of X-Y gene
conversion on Y evolution.

Materials and Methods
DNA sampling and sequences alignment

DNA materials have very variable origins: 1) from pub-
lic databases, for species where the X-linked and/or Y-
linked copies have been sequenced; 2) from faeces of
individuals in the wild; 3) from hairs, blood or biopsies
(ear) of individuals from zoos.

For the sequences that were not available in public
databases, primers were designed for PCR amplifica-
tions. Primer design was based on the available data in

other species: either fully assembled chromosomes, con-
tigs or BACs. For some sequences, especially Y-linked
genes, a great number of primers had to tested before
being able to amplify any material, and sometimes am-
plification was never obtained. This is due to several
reasons: 1) Very few Y chromosomes are fully sequenced
and these are very closely related to each other (human,
chimpanzee and macaque [21,11,12]). Moreover, due to
both male-biased mutation rates [46] and weakened se-
lection [5], the Y chromosome evolve faster than the X
and autosomes. Thus, designing primers was difficult
for Y-linked copies outside of Apes. 2) Because of the
bias in the available data towards X-linked sequences,
in non-Ape species it was difficult to design primers
specific to Y-linked sequences. We sometimes amplified
the X-linked copy of the gametologous pair. 3) Four
of our five genes are not pseudogenized in human (Y-
linked Stsp! is a human pseudogene), but they may be
pseudogenized in some primates and thus impossible to
amplify.

The sequences obtained for each gene were aligned
using Sequencer with the Muscle software [47], and
these alignments were double-checked visually.

Conversion tracts detection and trees construction

The nucleotidic sites that possibly underwent gene con-
version were determined using Geneconv v1.81 [27]. The
species for which much fewer nucleotides had been se-
quenced were removed from the alignments, as Geneconv
removes from its analysis every site in which at least one
sequence has a gap. The gscale argument was set to 2
in order to allow a reasonable amount of mismatches
in the alignments. The nucleotidic model was used for
the whole alignments (exons plus introns). Geneconv
was run using the group option, specifying each species
for which both an X and a Y sequences were available:
these species were the ones in which Geneconv had to
look for gene conversion. Whenever Geneconv found a
segment of gene conversion in one pair of X and Y se-
quences, this segment was considered as a possible gene
conversion region (CR) for all the species of the align-
ment. When several segments were found for a same
gene, either in the same species or in different pairs
of X-Y sequences, we considered them as independent
CRs if their borders did not overlap and were distant,
otherwise we took the smallest common segment as a
probable CR and considered the rest of the sites de-
tected by Geneconv as equivocal. All the nucleotides
that are not in a CR nor in an equivocal segment are
put together to form a region showing no conversion
(NCR). See Figure 1 for the CRs and NCRs bound-
aries obtained for each of the five genes.
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The phylogenetic trees shown in Figure 2 were com-
puted using PhyML in Seaview with default param-
eters (model: GTR, invariable sites: none, across rate
variation: optimized, tree searching operations: NNI,
starting tree: BioNJ optimizing tree topology), on CRs
and NCRs separately, as defined above. Boostraping
was performed in Seaview using an alLTR method. The
NCR trees were made using all the NCRs of one gene
combined together. The CR trees, on the contrary, were
computed for each CR separately. For each tree, only
the sequences containing few enough gaps in the con-
cerned region to construct the ML-tree were used, thus
the used sequences can differ between trees of a same
gene.
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Supporting Information

Table S1 List of primates sequenced for each gene

Gene name Evol. strata® Chromosome Species Regions sequenced”  Length
AMEL 3 X Homo sapiens exon4 to intron6 959
X Pan troglodytes exon4 to intron6 959
X Gorilla gorilla exon4 to intron6 959
X Pongo pygmaeus exon4 to intron6 959
X Hylobates lar exon5 to exon6 721
X Nomascus exon4 to intron6 959
leucogenys
Colobus guereza exon4 to intron6 928
Semnopithecus entel- exon5 to exon6 736
lus
X Allenopithecus exon4 to intron6 904
nigroviridus
X Erythrocebus patas exon4 to intron6 905
X Cercopithecus diana  intron5 to exon6 641
X Chlorocebus tantalus  exon4 to intron6 909
X Papio papio exon4 to intron6 943
X Mandrillus sphinx exon4 to intron6 861
X Cercocebus atys exon4 to intron6 918
X Macaca mulatta exon4 to intron6 959
X Pithecia pithecia intron4 to exon6 737
X Callicebus cupreus exon4 to intron6 901
X Alouatta macconnelli intron4 to intron6 843
X Saguinus midas intron4 to intron6 878
X Callithrix geoftroyi exon4 to intron6 964
X Cebus apella intron4 to intron6 879
X Saimiri sciureus exon4 to intron6 963
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Table S1 (continued)

Gene name Evol. strata® Chromosome Species Regions sequenced”  Length
Y Homo sapiens exon4 to intron6 961
Y Pan troglodytes exon4 to intron6 961
Y Gorilla gorilla intron5 to exon6 693
Y Pongo pygmaeus exonS to intron6 745
Y Hylobates lar exon$ to intron6 738
Y Nomascus gabriellae  exon5 to intron6 734
Y Cercopithecus camp- intron5 to exon6 631

belli
Y Cercopithecus  ne- exon5 to exon6 679
glectus
Y Cercopithecus nicti- exon5 to intron6 723
tans
Y Mandrillus sphinx exon$ to intron6 730
Y Cercocebus atys intron5 to exon6 642
Y Macaca mulatta exon4 to intron6 952
Y Pithecia pithecia intron4 to exon6 779
Y Alouatta macconnelli  intron4 to intron6 839
Y Ateles paniscus intron4 to intron6 900
Y Cebus apella intron4 to exon6 782
Y Saimiri sciureus intron4 to exon6 728
TBL1 3 X Homo sapiens intron7 to intron10 4,256
X Pan troglodytes intron7 to intron8 and 3,438
exonlO to intron10
X Gorilla gorilla intron7 to intron10 3,995
X Pongo pygmaeus intron? to intron10 4,219
X Nomascus gabriellae  intron7 to intron10 3,923
X Papio papio intron? to intron10 4,321
X Macaca mulatta intron7 to intron10 4,140
X Callithrix geoffroyi intron7 to intron10 3,272
X Saimiri sciureus intron7 to intron10 3,392
Y Homo sapiens intron7 to intron10 3,920
Y Pan troglodytes intron7 to intron10 4,062
Y Gorilla gorilla intron? to intron10 1,351
Y Pongo pygmaeus intron7 to intron10 1,339
Y Colobus guereza intron7 to intron10 1,218
Y Papio papio intron8 to intron10 725
Y Macaca mulatta intron7 to intron10 2,673
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Table S1 (continued)

Gene name Evol. strata® Chromosome Species Regions sequenced”  Length
STS 4 X Homo sapiens intronl to intron5 11,778
X Pan troglodytes intronl to intron5 11,578
X Gorilla gorilla intron] to intron5 11,665
X Pongo pygmaeus intronl to intron5 12,513
X Hylobates lar intron2 to exon5 993
X Nomascus intron] to intron5 11,785
leucogenys
X Nomascus gabriellae  intron2 to exonS 1,215
X Colobus guereza intron2 to exon4 659
X Presbytis cristatus intron2 to exon4 659
X Cercopithecus asca- intron2 to exon4 659
nius
X Cercopithecus diana  intron2 to intron5 1,212
X Papio papio intron] to intron5 10,654
X Mandrillus sphinx intron2 to exonS 998
X Macaca mulatta intronl to intron5 10,615
X Pithecia pithecia intron4 to intron5 629
X Lagothrix sp intron4 to exon5 560
X Callithrix geoffroyi intronl to intron5 11,501
X Saimiri sciureus intron] to intron5 11,156
Y Homo sapiens intronl to intron5 9,436
Y Pan troglodytes intron] to intron5 8,917
Y Hylobates lar intron4 to exonS 325
Y Nomascus intron2 to exon4 624
leucogenys
Y Macaca mulatta intron1 to intron2 1,907
NLGN4 4 X Homo sapiens exon7 to intron9 8,234
X Pan troglodytes exon7 to intron9 8,118
X Gorilla gorilla intron8 to intron9 1,864
X Pongo pygmaeus exon7 to intron9 4,406
X Nomascus exon7 to intron9 8,397
leucogenys
X Papio papio exon7 to intron9 7,760
X Mandrillus sphinx intron7 to intron§ 892
X Macaca mulatta exon? to intron9 8,276
X Alouatta macconnelli  intron7 to intron8 881
X Callithrix geoftroyi exon7 to intron9 6,993
X Saimiri sciureus exon?7 to intron9 8,206
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Table S1 (continued)

Gene name Evol. strata® Chromosome Species Regions sequenced”  Length
Y Homo sapiens exon7 to intron9 8,369
Y Pan troglodytes exon? to intron9 7,626
Y Gorilla gorilla exon7 and exon8 to 2,107
intron9

Y Pongo pygmaeus intron7 to intron9 2,014

Y Hylobates lar intron? to intron9 2,047

Y Nomascus gabriellae  intron7 to intron9 2,018

Y Cercopithecus diana  intron7 to intron8 933

Y Mandrillus sphinx intron7 to intron§ 913

Y Macaca mulatta exon7 to intron9 8,015

Y Callithrix geoffroyi exon7 to intron9 19,322

PRK 5 X Homo sapiens exon?2 and intron2 to 1,035
intron3

X Pan troglodytes exon2 and intron2 to 660
intron3

X Gorilla gorilla exon2 and intron2 to 1,035
intron3

X Pongo pygmaeus exon2 and intron2 to 1,165
intron3

X Hylobates lar exon2 and intron2 to 651
intron3

X Nomascus gabriellae  exon2 and intron2 to 713
intron3

X Nomascus exon2 and intron2 to 950
leucogenys intron3

X Colobus angolensis intron?2 to intron3 573

X Colobus guereza intron2 to intron3 573

X Allenopithecus exon2 169

nigroviridus

X Erythrocebus patas intron2 to intron3 536

X Cercopithecus diana  intron2 to intron3 517

X Chlorocebus tantalus  intron2 to intron3 437

X Papio hamadryas exon2 and intron2 to 839
intron3

X Papio papio intron?2 to intron3 563

X Mandrillus sphinx exon2 and intron2 to 615
intron3

X Macaca mulatta exon2 and intron2 to 943

intron3
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Table S1 (continued)

Gene name Evol. strata® Chromosome Species Regions sequenced”  Length

Y Homo sapiens exon?2 and intron2 to 1,320
intron3

Y Pan troglodytes exon2 and intron2 to 1,321
intron3

Y Gorilla gorilla exon2 and intron2 to 1,001
intron3

Y Nomascus gabriellae  exon2 169

Y Allenopithecus intron2 to intron3 644

nigroviridus

Y Cercopithecus diana  intron2 to intron3 766

Y Papio papio intron?2 to intron3 628

Y Mandrillus sphinx intron2 to intron3 710

Y Macaca mulatta exon2 and intron2 to 1,215
intron3

¢ as described in [7]

b exons and introns numbers are indicated using human genes as a reference. Entire introns have not been se-
quenced in this study, we restrained ourselves to the parts close to exons. For example, exon2 to intron3 means
that we sequenced both the 3’ and 5’ ends of the intron number 2, and only the 5’ part of intron 3.
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Sex chromosomes of a third kind:
UV system evolution in a
billion-year-distant brown alga,
Ectocarpus siliculosus

A team of molecular developmental biologists working on a brown alga, Ectocarpus
siliculosus, contacted Gabriel Marais four years ago for his expertise in molecular evo-
lution of sex chromosomes. This group from Roscoff (Britany) had already sequenced
the genome of a haploid male individual of Ectocarpus [Cock et al. Nature 2010]. They
wanted to study the sex chromosomes of a UV type in this species. Together with
Gabriel and other teams, they initiated a common project where:

e the Genoscope (Evry, France) sequenced by NGS a female haploid genome and
performed its assembly.

e Ghent (Belgium) annotated this genome.

e Roscoff determined the sex-specific region boundaries by comparing the male and
female haploid genomes, and confirmed them by PCRs and genetic maps. They
sequenced the transcriptome by NGS at different phases of the life cycle. They

also produced triploid and tetraploid mutants by cell culture.

e Lyon made the molecular evolution analyses: TE accumulation, codon usage bias
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analyses, estimation of the sex chromosome age by dS analyses.

Being interested in the evolution of sex chromosomes in non-model organisms, I
asked to be part of this project. I made a significant contribution on all the molecular
evolution analyses, allowing me to be one of the three co-first authors of the resulting

paper.

I gave a selected talk on the molecular evolution results of this project at the SMBE
annual meeting, at Chicago in July 2013.

After being submitted to several journals, this paper was submitted to Current Biology

on the 11" of October 2013 and is currently under review.
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Abstract Background: A common feature of most ge-
netic sex-determination systems studied so far is that
they are regulated by either non-recombining chromo-
somal regions or by sex chromosomes, both of which
have evolved independently and repeatedly across di-
verse species. A number of such sex-determining regions
(SDR) have been studied in animals, plants and fungi,
but very little is known about the evolution of sexes in
other eukaryotic lineages.

Results: We report here the sequencing and genomic
analysis of the sex chromosomes of Ectocarpus, a brown
alga that has been evolving independently from plants,
animals and fungi for over a billion years. In Ectocarpus,
sex is expressed during the haploid phase of the life cy-
cle, and both the female (U) and the male (V) sex chro-
mosomes contain non-recombining regions. The U and
V of this species have been diverging for more than 100
My, yet gene degeneration has been modest, the SDR
has remained relatively small with no evidence for evo-
lutionary strata. These features may be explained by
the occurrence of strong purifying selection during the
haploid phase of the life cycle and the low level of sexual
dimorphism. V was dominant over U, suggesting that
femaleness is the default state, adopted when the male
haplotype is absent.

Conclusions: The FEctocarpus UV system has clearly
had a distinct evolutionary trajectory not only to the
well-studied XY and ZW systems, but also to the UV
systems described so far. Nonetheless, some striking
similarities exist, indicating remarkable universality of

§ Equal contribution
* Corresponding author: coelho@sb-roscoff.fr
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the underlying processes shaping sex chromosome evo-
lution across distant lineages.

Highlights

— FEctocarpus U and V sex chromosomes evolved more
than 100 MY ago

— The non-recombining region in the U and V is small
and degeneration has been modest

— U and V are structurally similar but V is dominant
over U

— Haploid selection and low sexual dimorphism may
explain the sex chromosome structure

Introduction

Genetic determination of sex is mediated by extensive
sex-determining regions (SDRs) or by sex chromosomes
in a broad range of eukaryotes. Sex chromosomes have
arisen independently and repeatedly across the eukary-
otic tree and comparative analysis of different sex-deter-
mination systems has provided insights into how these
systems originate and evolve. A typical sex chromo-
some pair is thought to derive from a pair of auto-
somes through the acquisition of genes involved in sex
determination. If more than one locus involved in sex
determination is located on the chromosome, recom-
bination between loci is expected to be suppressed to
avoid the production of mal-adapted individuals with
a combination of male and female alleles of the sex-
determining genes. This leads to the establishment of
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a non-recombining region on the nascent sex chromo-
some, with important consequences for the evolution of
this region of the genome [1]. For example, as a result of
the suppression of recombination within the SDR repet-
itive junk DNA accumulates, leading to an increase in
SDR size and degeneration of genes within the non-
recombining region. At a later stage, deletion of non-
functional DNA from within the SDR may lead to a
decrease in the physical size of the SDR.

There is also evidence that the non-recombining re-
gion can progressively encroach on the flanking regions
of the chromosome, so that it encompasses an increas-
ingly greater proportion of the sex chromosome. This
process is thought to be driven by the recruitment of
genes with differential selective benefits to the two sexes
(sexually antagonistic genes) into the SDR [2] (but see
[3]). Extension of the SDR in this manner can lead to
the creation of “strata” within the SDR corresponding
to regions that have become non-recombining at differ-
ent points in evolutionary time [4,5,6,7].

The genetic mechanism of sex determination also
influences how the sex chromosomes evolve. In organ-
isms where sex is expressed in the diploid phase, such as
most animals and land plants, one sex is heterogametic
(XY or ZW) whilst the other is homogametic (XX or
Z7). In these systems only the Y or W contain non-
recombining regions because the X and 7 recombine
in the homogametic sex. In some algae and bryophytes
the male and female sexes are genetically determined
after meiosis, during the haploid phase of the life cycle
[8]. This type of sexual system, termed UV to distin-
guish it from the XY and ZW systems described above
[9], exhibits novel evolutionary and genetic properties
that have no exact equivalent in diploid systems. In UV
systems, the female and male SDR haplotypes function
in independent, haploid individuals and consequently,
there is no heterozygous sex comparable to XY males or
ZW females. This difference between UV and XY /ZW
systems should have important implications for SDR
evolution [8]. In particular, neither the female U nor the
male V SDRs recombine but degeneration of these re-
gions is expected to be minimal provided that both con-
tain genes that are essential during the haploid phase.
Moreover, the U and the V SDR haplotypes should have
similar characteristics because they function indepen-
dently in two different individuals, and are therefore
under similar evolutionary pressures [8]. Some asym-
metry may be expected between the U and V, however,
if sexual selection is stronger in males [10] or if one of
the chromosomes plays a more active role in sex deter-
mination.

These verbal predictions of the characteristics of UV
systems have been lacking empirical support. Although

eukaryotic species with UV systems may be as com-
mon as those with XY and ZW systems, very few of
the former have been characterised, with detailed se-
quence data being available for only two members of
the Archeaplastidea lineage: the liverwort Marchantia
(which has a fully sequenced V but an unidentified U
chromosome) [11] and a UV pair of unknown age in the
green alga Volvox [12], together with more fragmentary
information recently obtained for the moss Ceratodon
[13]. Clearly, additional detailed sequence information
is required to fully test the predictions that have been
made with respect to UV sex-determination systems
and to evaluate the generality of these predictions in a
broad phylogenetic context.

We report here the identification and the genetic
and genomic characterisation of the U and V chro-
mosomes of the brown algal model Ectocarpus [14,15].
Brown algae belong to the Stramenopiles, a lineage very
distantly related to animals, fungi and green plants
(the common ancestors dating back more than a bil-
lion years). The brown algae are considered to pos-
sess sex chromosomes rather than mating-type chro-
mosomes [16,17,18] for a number of reasons: 1) there
is a strict correlation between gamete size and sex in
anisogamous species, 2) most sexual brown algal species
exhibit some form of sexual dimorphism, [19,20] and
3) heteromorphic sex chromosomes have been identi-
fied [21,22]. Previous work has shown that sex is deter-
mined by a single, Mendelian locus in Ectocarpus [23].
During the haploid-diploid life cycle of this organism,
meio-spores, produced by the sporophyte generation,
develop into dioecious (separate male and female) ga-
metophytes, which then produce either male or female
gametes (Figure 1A).

We show here that the Ectocarpus UV has features
typical of sex chromosomes in other systems such as low
gene density and a large amount of repeated DNA. The
male and female sex-determining regions (SDRs) are
extremely diverged, reflecting a long independent evo-
lutionary history, which we estimated at approximately
100-200 million years. Despite its age, the SDR has re-
mained relatively small, constituting only a fifth of the
sex chromosome. A possible explanation for this ob-
servation was provided by comparative transcriptomic
analysis, which suggested that the number of sex-biased
genes in Fctocarpus may be insufficient to drive SDR
expansion, providing support for the sex antagonistic
theory for SDR expansion. Both the male and female
SDR haplotypes showed signs of degeneration despite
the action of purifying selection during the haploid phase
of the life cycle. Expression analysis data suggested
that the genes that have escaped degeneration func-
tion preferentially during the haploid phase. Interest-

68



Sex chromosome evolution in a distant eukaryote 3

immature .
A meiosis @ gametophyte
Diploid mature ™ %@ Haploid
sporophyte /) gametophyte/ \ partheno-
\ sporophyte *

sexual cycle ()7,

A e W
W D @
2 ' g{ \ Q/

.

o N o ok’ 5’ A A RS S Y YN RS RS R % o o @ o v’
g 8 g 88 § 58 Fi§87 8085 § g 88 5 F
é? §§§ 4 éy & & § ¢ & 5§ & s & & ¥

X Y ¥ Y R Y ¥ Y Yy VY ¢V ¢§I¥ X Y ¥y Y Y ¥ z
& & g && @ & g & &Ly E g ygg e @ g && @ €

Fig. 1 The UV sex-determination system of the brown alga Ectocarpus. (A) Life cycle of Ectocarpus in culture.
The sexual cycle (left side of panel) involves an alternation between the diploid sporophyte and haploid, dioecious (male and
female) gametophytes. The sporophyte produces meio-spores through meiosis in the unilocular sporangia. The meio-spores
are released and develop as gametophytes (each containing either a U or a V sex chromosome), which then produce gametes
in plurilocular gametangia. Fusion of male and female gametes produces a zygote (containing both the U and the V sex
chromosomes), which develops as a diploid sporophyte, completing the sexual cycle. Unfertilised gametes can enter an asexual
parthenogenetic cycle by germinating without fusion to produce a partheno-sporophyte (right side of panel). The partheno-
sporophyte produces spores in unilocular sporangia and these develop as gametophytes, completing the parthenogenetic cycle.
Note that the haploid partheno-sporophytes and the diploid sporophytes do not express sex. The parthenogenetic cycle is only
shown for a female but male gametes can also develop parthenogenetically. Life cycle stages used for the RT-QPCR analysis
of SDR gene expression are marked with an asterisk. (B) Overview of the Ectocarpus male and female SDR haplotypes.
Genes are indicated by arrows, the lighter colours corresponding to gametologues. Gene names (LocusIDs) are indicated, with
pseudogenes in grey type and putative transposon remnants in grey italic. The relative sizes of the male and female SDR genes
are indicated but they are not drawn to the same scale as the underlying scaffolds indicated by the dotted line and the scale
bar. Asterisks indicate two clusters of genes that exhibited peak transcript abundance in sexually mature male gametophytes.
Scaffolds are separated by double diagonal lines indicating that the relative positions of scaffolds within the SDR are unknown.
Double-headed arrows indicate the sizes of the SDR haplotypes. The grey bars indicate the sex chromosomes. See also Figure
S1.
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Table 1 Statistics for several features of the male and female Ectocarpus SDR compared with the PAR and

genome

‘ Male SDR  Female SDR  PAR  Genome

Total sequence (Mbp) 0.92 0.86 4.08 205.27
Genes (incl. pseudogenes) 23 24 239 16,015
Average gene length (bp) 20,021 13,987 7,189 6,828
Average CDS length (bp) 1,014 898 1,079 1,575
Average 3’UTR length (bp) 513 760 725 672
Average 5’UTR length (bp) 105 199 157 132
Average intron length (bp) 3,337 3,570 1,005 697
Average n. introns/gene 4.91 4.66 5.71 7.01
Gene density (genes/Mbp) 25.04 27.90 58.64  78.02
GC% 51.09 51.09 52.67 54.46
Alternative transcripts per gene | 2.00 1.38 2.51 2.28

ingly, the male SDR haplotype was dominant over the
female haplotype, even when the latter was present in
two copies, suggesting that the V chromosome deter-
mines maleness, with femaleness being the default state
when this chromosome is absent. A male-specific high
mobility group (HMG) domain gene, which was most
highly expressed during male fertility, was identified as
a candidate male sex-determining gene. Analysis of the
Ectocarpus SDR has underlined the universality of sex
chromosome evolution across the eukaryotes and has
provided important insights into sex chromosome evo-
lution in UV sexual systems.

Results

Identification and characterisation of the FEctocarpus
SDR

The Ectocarpus SDR was localised to linkage group 30
of the genetic map [24] by identifying scaffolds that
showed male-specific hybridisation patterns in compar-
ative genome hybridisation experiments [25]. These scaf-
folds were then located on the genetic map by genotyp-
ing the segregating population that was used to gener-
ate the map [24] with markers from the SDR scaffolds
(Figure S1A, Table STA-C). To confirm cosegregation of
the SDR with sexual phenotype, 34 strains of known sex
were genotyped with several sex locus markers, corre-
sponding to both the male and female SDR haplotypes
(Table S1D). In all cases the SDR genotype correlated
with sexual phenotype confirming that this region is the
sex-determining locus in Ectocarpus.

Further analysis of the segregation patterns of ge-
netic markers corresponding to SDR scaffolds in a sin-
gle family of 2000 siblings detected no recombination
events (Figure S1B). The SDR therefore behaved as a
discrete, non-recombining haplotype. This genetic anal-

ysis indicated that the male SDR extended over a region
of approximately 920 kbp (Figure 1B, Table 1).

To characterise the female haplotype of the sex lo-
cus, we sequenced the genome of a female Ectocarpus
strain that is closely related to the male sequenced
strain (Figure S1A) [15]. Several strategies were used
to identify candidate female SDR scaffolds (Supplemen-
tal Material, Tables S1E-G) and sex linkage was veri-
fied by genetic mapping (Table S1H). The cumulative
size of the sex-linked scaffolds was 860 kbp, indicating
that the male and female SDR haplotypes are of sim-
ilar size (Figure 1B, Table 1). The SDR is flanked by
two, large chromosomal domains corresponding to the
pseudoautosomal region (PAR). Analysis of molecular
marker segregation [24] indicated that the PAR, unlike
the SDR, undergoes recombination during meiosis. For
several parameters (gene density, intron length, percent
GC content) the PAR had values that were intermedi-
ate between those of the autosomes and the SDR (Table

1).

Both the male and female SDR haplotypes are rich
in transposable element sequences (Figure 2A) and gene
poor compared to the autosomes (Table 1), features
typical of non-recombining regions [1]. With only one
exception (LTR transposons in the female SDR), all
TE classes were more abundant in the SDR and the
PAR than in autosomes, with the differences being par-
ticularly marked for both SDR haplotypes. Therefore,
although the sex chromosome contains a higher per-
centage of transposon sequence throughout its length,
there was clear evidence that diverse classes of trans-
poson had accumulated to particularly high levels in
the SDR. When individual classes of transposable el-
ements were considered, retrotransposons (which rep-
resent the least abundant transposon class in the FEc-
tocarpus genome as a whole) showed the most marked
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Fig. 2 Comparison of genomic features of the SDR,
PAR and autosomes. (A) Percentage of DNA correspond-
ing to different classes of transposable element (TE) in differ-
ent genomic fractions. All comparisons were significantly dif-
ferent (P<0.0001). (B) Median frequency of optimal codons
in coding regions of autosomal, PAR and male and female
SDR genes. Error bars indicate 95% confidence intervals
around the median. (C) Mean transcript abundance in sex-
ually mature, male and female gametophytes for genes in
different genome fractions, determined by RNAseq and ex-
pressed as fragments per kb of transcript per million frag-
ments (FPKM) mapped. Error bars indicate 95% confidence
intervals around the mean (1000 replications). See also Figure
S2.

proportional enrichment in the SDR, haplotypes com-
pared to the autosomes (Figure S2A).

Sequences displaying intra chromosomal identities
of 99.9% represent a large and distinct subset (30%)
of the euchromatin of the human male-specific region
of the Y-chromosome and this has been taken as evi-
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dence for a high level of gene conversion [5,26]. It was
further suggested that gene conversion might “substi-
tute” for inter-chromosomal recombination to some ex-
tent, counteracting the degenerative effects of reduced
recombination within the SDR. In contrast, very lit-
tle intra-haplotype sequence similarity was identified
within either the male or the female FEctocarpus SDR
haplotypes (Figures S2B and S2C). The total lengths of
the repeated regions within the male and female SDR
were only 1.14% and 2.16%, respectively. These low val-
ues suggest that intra-haplotype gene conversion has
not been an important mechanism in the evolution of
this SDR.

The male SDR haplotype contains 22 protein coding
genes and one pseudogene, whereas 17 protein-coding
genes and seven pseudogenes were found in the female
haplotype (Figure 1B, Table S2). Eight of the female
protein coding genes and three of the pseudogenes are
homologous to male SDR sequences (“gametologues”),
confirming a common autosomal origin for these two ge-
nomic regions. The classification of these genes as game-
tologues was supported by expression analysis, which
showed that transcript abundances for gametologue pairs
were strongly correlated (Figure S2D), and by their con-
served intron/exon structures (Figure 3). The genes and
pseudogenes that were only found in one (male or fe-
male) haplotype may have either been acquired since
the divergence of the U and V regions or been lost by
the counterpart haplotype. Seventeen of the male and
female genes/pseudogenes that were found in only one
haplotype had homologues outside the SDR (including,
in two cases, genes on linkage group 30; Figure S3, Ta-
ble S2). The presence of these autosomal homologues
was consistent with a process of gene gain (i.e. via gene
duplication events). The remaining five genes that were
found in only one haplotype may represent cases of gene
loss in the other haplotype, but they could also have re-
sulted from gene relocation to the SDR. Testing these
hypotheses will require comparison with a homologous
gene from an outgroup species.

Genomic degeneration of the SDR region

Suppression of recombination across the SDR is ex-
pected to lead to genetic degeneration unless there is
strong selection on gene function to counteract this ef-
fect. There are several indications that genetic degra-
dation has occurred, at least to some degree, in the Fc-
tocarpus SDR. We identified a set of optimal codons for
Ectocarpus (Figure S2E and S2F). Selection on codon
usage is known to be of weak intensity and particularly
sensitive to loss of recombination [27,28]. The coding
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Fig. 3 Exon-by-exon analysis of synonymous site substitutions between gametologues. Male gametologues are
shown in blue, female gametologues in red. Numbers in plain type indicate synonymous site substitution (dS) values between
exons; numbers in italics indicate non-synonymous site substitution (dN) values. dS values in green indicate possible gene
conversion events. See also Figure S3.
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sequences of SDR genes exhibited a significant under-
representation of optimal codons, suggesting maladapted
codon usage (Figure 2B). Moreover, transcripts of SDR
genes were less abundant on average than transcripts
of non-SDR genes, which may reflect degradation of
the promoter and cis-regulatory sequences of the SDR
genes (Figure 2C). SDR genes were found to be much
longer on average than genes elsewhere in the genome,
due principally to the presence of longer introns (Table
1). This difference was partly explained by the pres-
ence of a larger amount of inserted transposable ele-
ment DNA (Figures 2A and S2G), which is typical of
non-recombining regions (although a direct role of TE
insertions in degeneration still remains to be proven).
Although these analyses detected genomic degeneration
in the SDR, the overall degree of degeneration was mod-
est compared to previously characterised systems [29],
perhaps because both the U and V SDR haplotypes
have essential functions during the haploid phase and
are constantly exposed to selection (in contrast to Y or
W chromosome genes which are always in an heterozy-
gous context). An analysis of SDR gene expression sup-
ported this hypothesis: transcripts of SDR genes were
consistently more abundant during the haploid com-
pared with the diploid phase of the life cycle (Figure
4A, 4B, S4A-C). Another potential explanation for the
limited degree of degeneration is that the SDR is small
compared to most previously characterised systems and
this may have limited the potential for Hill-Robertson
interference among selected sites [30].

Predicted functions of SDR genes

Of the 11 genes that were found in the male but not the
female SDR haplotype, one was of particular interest
because it was predicted to encode a HMG domain pro-
tein (Figure S4D, Table S4A). This family of proteins
has been implicated in sex or mating type determina-
tion in both vertebrates and fungi [31,32]. The SDR of
the green alga Volvoz also contains a HMG gene [12]. In
addition, several of the genes that were found in both
the male and female SDR haplotypes (gametologues)
were predicted to encode potential signal transduction
proteins (including a Ste20-like kinase, a casein kinase,
a GTPase, a RING zinc finger protein and a MEMO
domain protein; Table S2) and could potentially be in-
volved in the regulation of sex determination.

An ancient sex-determining region

At the sequence level, the male and female haplotypes
are extremely divergent (Figure 5A). No large blocks
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Fig. 4 SDR gene transcript abundance during the
diploid and haploid phases of the Ectocarpus life
cycle. Box plots showing the distributions of abundances
of female (A) and male (B) SDR gene transcripts dur-
ing the diploid (sporophyte) and haploid (gametophyte and
partheno-sporophyte) phases of the FEctocarpus life cycle.
%%k P < 0.001 and *: P < 0.05. At least three independent
biological replicates were used for each of the stages tested.
See also Figure S4.

of sequence similarity were found and the only regions
with a high level of similarity corresponded to gameto-
logue exons (Figure 3). Most of the female haplotype
scaffolds contained only one gametologue but in the sin-
gle case where a scaffold contained two adjacent game-
tologues (FeVd4scaf25_1 and FeV4scaf25_3) these genes
were not contiguous on the male haplotype (68_27 and
68_68), suggesting that gene order is not conserved be-
tween the two haplotypes (Figure 1B and Table S2).
This divergence suggests that the male and female hap-
lotypes have been evolving independently over a long
period. Two phylogenetic trees were constructed based
on sequences of either an SDR or an autosomal gene
from three Ectocarpus lineages and Sphaerotrichia di-
varicata, a distantly related brown algal species. The
topology of the phylogenetic tree based on the autoso-
mal gene was consistent with sequential speciation, with
sequences from male and female strains of the same lin-
eage grouping together (Figure 5B). In contrast, in the
phylogenetic tree based on the SDR gene, sequences
grouped together according to gender (Figure 5C). The
presence of corresponding male and female sequences
in Ectocarpus and S. divaricata suggests that the SDR
stopped recombining at least 70 MYa [34]. The rate
of synonymous substitution (dS) in the coding regions
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Fig. 5 The male and female SDR haplotypes are
highly divergent. (A) Dotplot comparison of the Ectocar-
pus U and V chromosomes. The order and orientation of the
SDR scaffolds is arbitrary. Note that the matches between
corresponding exon regions of gametologues are not visible
at this scale of analysis. (B) Unrooted neighbour-joining tree
created in MEGA [33] using coding sequence data amplified

of the 11 male and female gametologue pairs (Figure
5D) was used to independently evaluate the age of the
SDR. The dS values for these gene pairs were compared
with values for orthologous, autosomal gene pairs across
eleven brown algal and diatom species for which diver-
gence times had been estimated (Supplemental Mate-
rial). The dS values for the SDR genes were remarkably
high (mean value of 1.7, with most genes having dS ;1)
and comparisons with values obtained for the pairs of
autosomal orthologues indicated that the male and fe-
male haplotypes of the SDR stopped recombining about
100-200 My ago (Figure S5). These analyses suggests
that the Ectocarpus UV SDR is an old system compa-
rable to the Drosophila (60 MY) [29] and mammalian
(180 MY) [35,36] XY systems. Gametologue gene pair
dS values were similar, with some exceptions, and it is
possible that a single recombination suppression event
gave rise to the Fctocarpus SDR.

When dS values were calculated on an exon-by-exon
basis, individual exons with a markedly lower dS value
than those of the other exons within the gametologue
gene pair were identified for three of the 11 gametologue
pairs (Figure 3). The presence of these rare variant exon
pairs suggests that gene conversion events affecting in-
dividual exons or small gene regions have occurred since
the divergence of the male and female SDR haplotypes.

Limited expansion of the Ectocarpus SDR

Given its age, and the prediction that an SDR should
progressively enlarge over time to encompass a large
part of its chromosome [1,37], it is remarkable that
the Fctocarpus SDR has remained relatively small, ac-
counting for only about one fifth of linkage group 30
and extending over less than a Mbp. It is possible that

from an autosomal gene. Distinct lineages are indicated by
different colours. Samples correspond to three different Ec-
tocarpus lineages and the related species, Sphaerotrichia di-
varicate. Lineage names and sex are indicated at the branch
tips. Strains used are described in Table S1A. (C) Equiva-
lent tree to that shown in (B) but for one gametologue pair.
Pink and blue indicate sequences from male and female in-
dividuals respectively. (D) Plot of dS values of gametologue
and PAR homologous pairs against gene distance, with gene
order according to the male physical map. Blue and purple
lozenges represent genes on the two male SDR scaffolds,
sctg_68 and sctg_285and439, respectively. Green triangles
at each end of the x-axis represent two flanking PAR genes.
One-sided standard error bars represent half the standard
error of the estimation. Double diagonal bars indicate that
the orientation of the locus relative to the flanking PAR
is not known. Dotted lines indicate mean levels of synony-
mous site divergence between Ectocarpus autosomal genes
and autosomal genes of the species from the brown algal
groups indicated. See also Figure S5.
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the relatively small size of the SDR is related to the low
level of sexual dimorphism in Ectocarpus as the recruit-
ment of sexually antagonistic genes is believed to be an
important driver of SDR expansion [1,37]. Moreover,
sexually antagonistic polymorphisms are predicted to
be less stable in haploid systems than in diploid sys-
tems because dominance effects in XX (or ZZ) individ-
uals are expected to favour allele maintenance in the
latter [38,39]. This effect may also limit expansion of
the SDR by reducing the number of genes with sexu-
ally antagonistic polymorphisms available for recruit-
ment into the SDR. Consistent with these hypotheses,
comparison of the transcriptomes of male and female
gametophytes indicated that only about 4% of Ecto-
carpus genes showed sex-biased expression (compared
with 50-75% in Drosophila for example; [40,41]; Table
S4B).

SDR gene expression and dominance

Quantitative PCR was used to measure the abundance
of SDR gene transcripts in near-isogenic male and fe-
male strains (Figure S4A and S4B) at different stages
of the life cycle (Figure 1A). While no clear pattern was
observed for the female SDR genes (Figure S4B), tran-
scripts of two thirds of the male SDR genes that were
analysed were most abundant in mature gametophytes
(Figure S4A) suggesting that these genes have a role
in fertility. Interestingly, these putative fertility-related
genes are organised into two clusters within the male
SDR (Figure 1B). The first cluster includes the HMG
domain gene, whose transcript was more than ten-fold
more abundant in mature gametophytes than at the
other stages assayed (Figure 6). The other fertility-
induced genes included both additional male-specific
genes (encoding conserved unknown proteins) and sev-
eral gametologue pairs (predicted to encode a GTPase,
a MEMO-like domain protein, a nucleotide transferase
and a homoaconitate hydratase, for example) (Table
S2).

Diploid gametophytes bearing both the male and
the female SDR haplotypes (UV) can be generated ar-
tificially, and these individuals are always phenotypi-
cally male, indicating that the male haplotype is dom-
inant [23,42]. This dominance relationship would be
consistent with the existence of a male master sex-
determining gene. To determine whether the dominance
of the male haplotype is dose dependent, we used the
life cycle mutant ouroboros [42] to construct seven in-
dependent triploid (UUV) gametophytes (Figure S1A,
Table S1I). All seven triploids produced male gametes
(as determined by genetic crosses with tester lines).
Measurements of transcript abundances for 11 female
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Fig. 6 The transcript of the HMG gene in the male
SDR was most abundant in mature gametophytes.
Transcript abundance determined by quantitative RT-PCR
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SDR genes did not detect a marked down-regulation of
these genes in diploid heterozygous gametophytes com-
pared to haploid gametophytes (Figure S4E and S4F).
This suggests that the male haplotype does not silence
female gene expression in this heterozygous context, al-
though it was not possible to rule out that the expres-
sion of specific female haplotype genes was suppressed.
It is possible, therefore, that gametophytes adopt the fe-
male developmental program by default, when the male
SDR haplotype is absent.

Discussion

This study has demonstrated that sex is determined
during the haploid phase of the brown alga Ectocarpus
by a non-recombining region on linkage group 30 that
extends over almost 1 Mbp. The male and female hap-
lotypes of the SDR were of similar size but were highly
diverged, the only detectable similarity being the pres-
ence of 11 gametologues, three of which were predicted
to be pseudogenes in the female. Based on comparisons
of these shared genes across diverse brown algal species,
the SDR was estimated to be approximately 100-200
million years old. Compared with previously charac-
terised systems [43], the Ectocarpus UV chromosomes
can clearly be classed as an ancient (as opposed to a
recently evolved) sex-determining system.

The brown algae belong to the Stramenopiles, which
diverged from the lineages that led to green plants and
animals more than a billion years ago [44]. This study
therefore confirms that SDRs from diverse eukaryote
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groups share a number of fundamental features such as
stable maintenance of pairs of functional alleles (game-
tologues) over long periods of evolutionary time, sup-
pressed recombination within the SDR, low gene den-
sity and accumulation of transposable elements. The
presence of 11 gametologue pairs provided unambigu-
ous evidence that the Ectocarpus UV pair is derived
from an ancestral pair of autosomes, as has been ob-
served for XY and ZW systems in animals and plants
[1,37,7].

Analysis of the Fctocarpus SDR has also allowed
a number of predictions that specifically concern UV
sexual systems [8] to be tested. UV systems are not ex-
pected to exhibit the asymmetrical degeneracy of the
sexual chromosomes (degeneracy of the Y and W chro-
mosomes) observed in XY and ZW systems [29] and
this supposition is supported by the similar sizes of the
male and female SDR haplotypes in Fctocarpus. Gene
degeneration was also observed to be modest within the
Ectocarpus SDR and SDR gene transcripts tended to
be more abundant during the haploid stages of the life
cycle. These observations are consistent with purifying
selection acting to maintain gene functionality during
the haploid phase, when the U and V chromosomes are
found in separate, male and female, organisms. Selec-
tion is indeed expected to be stronger during the hap-
loid phase and to limit degeneration, as suggested for
the relatively gene-dense V chromosome of Marchantia
[11], another UV system, and by the low dN/dS ratios
observed for sex-linked pollen-expressed genes in Silene
latifolia, a plant with XY chromosomes [45]. The detec-
tion of modest levels of gene degeneration indicates that
UV SDRs are nonetheless subject to the degenerating
effects of suppressed recombination to some degree.

We cannot entirely rule out the possibility that the
low gene content of the Ectocarpus U and V SDR hap-
lotypes is a result of gene loss (as appears to be the case
for the human Y chromosome, for example [29]), imply-
ing that the extant SDR is a remnant of a previously
larger gene-rich region. However, gene loss is expected
to be limited in UV systems because, assuming that this
process will affect the two chromosomes symmetrically,
each haplotype can only loose at most 50% of its essen-
tial genes. Gene losses of more than 50% would imply
a significant proportion of non-essential genes in the
nascent SDR and/or relocation of genes to other sites
in the genome [8]. Future analysis of outgroup species
in which the equivalent of the Ectocarpus sex chromo-
some has remained autosomal may help address this
question.

Despite being ancient, the Ectocarpus SDR has re-
mained relatively small, accounting for only about a
fifth of the sex chromosome. Given the low level of sex-

ual dimorphism in Fctocarpus and the small number of
genes that show sex-biased expression, the small size of
the SDR is consistent with the view that SDR expan-
sion is driven by the evolution of genes with sexually
antagonistic effects [1,46]. In a number of sex chromo-
some systems, the expansion of the non-recombining re-
gion of the Y (or W) has been shown to have proceeded
through several events of recombination suppression,
which have formed regions with different degrees of X-
Y (or Z-W) divergence (evolutionary strata) [4,47] (re-
viewed in [1,43]). Although strata may be more difficult
to detect in haploid systems (as both U and V can ac-
cumulate rearrangements), the lack of detectable strata
is consistent both with this small SDR having arisen as
the result of a single recombination suppressing event
and with the conclusion that this region has experi-
enced limited expansion. This does not mean that UV
systems cannot acquire evolutionary strata, as recent
evidence suggests the possible existence of at least two
strata in the UV system of the bryophyte Ceratodon
[13]. Note also that the Ectocarpus system provides in-
dependent evidence that the age of an SDR does not
necessarily correlate perfectly either with its size or
with the degree of heteromorphy (e.g. [48,49]).

In Ectocarpus, the male SDR haplotype was domi-
nant over the female haplotype, even when two copies of
the female haplotype were present. It is therefore pos-
sible that femaleness may simply be the default state,
adopted when the male haplotype is absent. This situ-
ation is comparable to that observed in diverse animal,
fungal and land plant sex-determination systems but
differs from that observed with the UV systems of some
mosses. In the latter, the male and female factors are
co-dominant, leading to monoecy when both the male
and female SDR haplotypes are present in the same ga-
metophyte [33]. Functional differences can therefore be
observed between different sex determination systems
independent of the genetic nature of the system (XY,
ZW or UV).

The male-specific HMG gene is a good candidate for
the gene that determines maleness in Ectocarpus. If this
can be confirmed experimentally it will raise important
questions about the evolution of sex-determination gene
networks across the eukaryote tree, suggesting shared
or convergent mechanisms in brown algae, fungi and
animals.

Experimental procedures
The raw sequence data generated in this study (Supple-

mentary Information) have been submitted to Genbank
with the accession number ERA209450.
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Ectocarpus culture

Ectocarpus strains were cultured as described [50].

RNAseq transcriptome data

RNA-seq analysis was carried out to compare the abun-
dances of gene transcripts in male and female mature
gametophytes. Synchronous cultures of gametophytes
of the near-isogenic male and female lines Ec603 and
Ec602 (see Table S1A, Figure S1) were prepared un-
der standard conditions [50] and frozen at maturity.
Total RNA was extracted from 2 bulks of 400 male
individuals and 2 bulks of 400 female individuals (2 bi-
ological replicates for each sex) using the Qiagen Mini
kit (http://www.qiagen.com) as previously described
[42]. For each replicate, RNAs were quantified, cDNAs
for transcriptome analysis were dT primed, fragmented,
cloned, and sequenced by Fasteris (CH-1228 Plan-les-
Ouates, Switzerland). We used both de novo assembly
(Trinity) (r2012-01-25) [51] and TopHat (v2.0.3) [52,
53] and Cufflinks (v2.0.2) [53,54] algorithms. Statisti-
cal testing for sex biased gene expression was performed
using DEseq [55].

Identification and mapping of the male SDR

A comparative genome hybridisation approach [25] iden-
tified several regions of the genome exhibiting poly-
morphisms between male (Ec32) and female (Ec568)
strains. Primers were developed for these putative sex-
linked regions and mapping was performed by genotyp-
ing the 60 individuals of the mapping population [24].
Details of the PCR conditions are given in the Supple-
mental Information. The approaches used to improve
the assembly of the male SDR and the verification of
the completeness of the male SDR using an RNA-seq
based method are explained in detail in the Supplemen-
tal Information section.

Recombination analysis

Recombination between sex locus markers was analysed
using a large segregating family of 2000 meiotic individ-
uals (Figure S1) derived from a cross between the male
line Ec494 [42] and the female outcrossing line Ec568
[24].
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Sequencing of a female strain and identification and
assembly of the female SDR

The genome of the female strain Ec597 (Table S1A,
Figure S1A) was sequenced using a whole genome shot-
gun strategy that involved the implementation of both
Illumina HiSeq 2000 technology and Roche 454 pyrose-
quencing. Velvet (version 1.1.05) was used to run sev-
eral assemblies during the sequencing process, including
the V3 assembly (which used all the pair-end (PE) reads
and reads from one of the mate-pair libraries) and the fi-
nal V4 assembly with the complete read dataset (Table
S1E). An independent de novo assembly was also car-
ried out with the CLC assembler (http://www.clcbio.
com/products/clc-assembly-cell) using only the PE
Mlumina data.

Female SDR scaffolds were identified using two dif-
ferent approaches. First the deduced protein sequences
of male SDR genes (all annotated genes on the two
male SDR scaffolds sctg 68 and sctg_285and439) were
blasted against the female genome assembly. Fourteen
candidate female SDR scaffolds were identified in the
V4 assembly using this approach. The second approach
employed RNA-seq transcriptome data. All putative fe-
male specific scaffolds were verified by PCR using be-
tween eight and 57 individuals. Several approaches were
used to improve the assembly of the female SDR. De-
tails are given in the Supplemental Information section.

Annotation of SDR scaffolds

The male SDR scaffolds had been annotated as part
of the Ectocarpus genome project [15] but the gene
models were considerably improved by integrating tran-
script information derived from the RNA-seq analysis
carried out as part of this study and using compar-
isons of male and female gametologue gene models.
The updated gene models can be accessed at the Or-
cAE database (http://bioinformatics.psb.ugent.
be/orcae/overview/Ectsi) [56]. The female SDR scaf-
folds were annotated de novo by running the gene pre-
diction program EuGeéne [57], which incorporated the
signal prediction program SpliceMachine [58], using
the optimised Markov models and SpliceMachine splice
site predictions derived previously for the male genome
sequence [15]. Gene prediction incorporated extrinsic
information from mapping of the RNA-seq data onto
the female-specific scaffolds. Both male and female SDR.
gene models were manually curated using the raw, map-
ped RNA-seq data, Cufflinks and Trinity transcript
predictions and comparisons between the male and fe-
male haplotypes.
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Pseudogenes were identified manually by comparing
SDR sequences with genes in the public databases. An
additional screen for pseudogenes was carried out by
blasting male protein sequences against the genomic
sequence of the female SDR and vice versa. All se-
quences that had been annotated as “gene” or “TE”
were excluded from this latter analysis using Maskseq
and RepeatMasker respectively.

Homologous genes present in both the male and fe-
male haplotypes of the SDR were considered to be ga-
metologues if they were detected as matches in a recip-
rocal Blastp search against the SDR scaffolds (E value
cutoff: 1e~*). The same criterion was used to identify
homologues of SDR genes located outside the SDR (Ta-
ble S2).

Identification of transposons and other repeated sequen-
ces in the SDR

An Ectocarpus-specific TE-library (described in [15]),
which had been compiled with Repet [59], was used to
annotate SDR transposons. TEs were also annotated
by running the de novo annotation software Repclass
[60] with default parameters. See the Supplemental in-
formation section for details.

Intra-haplotype sequence similarity

Analyses of sequence similarity within the male and fe-
male SDR haplotypes were performed using a custom
Perl code [5]. By default, the threshold for sequence
identity was fixed to 97%. When the threshold was re-
duced to 50%, the same result was obtained.

Quantitative reverse transcriptase PCR analysis of SDR
gene transcript abundances during the Fctocarpus life
cycle

The abundance of male and female SDR gene tran-
scripts during the Ectocarpus life cycle was assessed
by RT-QPCR. Primer pairs were designed to amplify
regions of the 3'UTR or the most 3’ exon of the gene
to be analysed (Table S4C). In silico virtual PCR am-
plifications were carried out using the e-PCR program
[61] and both the male and female genome sequences to
check the specificity of oligonucleotide pairs. RT-QPCR
analysis was carried out for 13 male SDR genes and 11
female SDR genes (Figure S4A and S4B). The remain-
ing SDR genes could not be analysed either because
they had very small exons, which posed a problem for
primer design, or it was not possible to obtain a single

amplification product. RNA extraction and RT-QPCR
were performed as previously [42].

Construction of phylogenetic trees for an SDR and an
autosomal gene

Exon sequences from an SDR and an autosomal gene

were amplified from three FEctocarpus lineages (order

Ectocarpales) and a related brown alga Sphaerotrichia

divaricata (C. Agardh) Kylin. For the SDR gene, an

exon region was amplified for the gametologue pair Esi68
_0003 (male) and FeV4scafl5_1 (female). Sequence data

from the ITS2 nuclear autosomal region was obtained

for the same samples. Sequences were edited using the

Codon Code sequence aligner and aligned with Muscle

in the program Seaview [62]. Evolutionary history was

inferred using both the Neighbour-joining (Figure 5C)

and PhyML method implemented in MEGA5 [63] with

the same topology resolved by both methods. The strains
and lineages used are described in Table S1A and the

primers are described in Table S3.

Synonymous divergence

Alignments of protein sequences between gametologous
gene pairs were performed in Seaview using Muscle
with default parameters. Regions with poor alignments
were further analysed with Gblocks [64]. The aligned
protein sequences were then back-translated to coding
sequence and synonymous divergence (dS) was calcu-
lated using Codeml within the suite of programs in PAML
version 4 [65].

Estimating the age of the Ectocarpus SDR

Coding sequence data from 65 stramenopile species in-
cluding two diatoms were obtained from the Hogenom
database version 6 and from Genbank [66]. Homologous
genes were identified using a clustering approach. Or-
thologous sequences were identified and checked using
phylogenetic information (described in Supporting In-
formation). Coding sequences from other Phaeophyceae
species were added to the cluster data and further data
cleaning was carried out so that only orthologous se-
quences were retained, as described in Supporting Infor-
mation. A pairwise alignment of the Fctocarpus genes
with all of the identified orthologous genes from each
cluster was then carried out using Prank [67], and align-
ments were improved using Gblocks [64,65]. The pro-
grams Codeml and Yn00 from PAML version 4 [65] were
then run on each gene pair in order to calculate pairwise
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dS values. The resulting dS values were plotted against
the divergence times estimated by Silberfeld et al. [34]
and Brown and Sorhannus [68].

Codon usage analysis

A set of 27 optimal codons was identified by comparing
the codon usage of highly expressed genes (ribosomal
genes) with the rest of the genome using the multivari-
ate approach described in Charif et al. [69]. Fop values
were correlated with RNA-seq expression levels (Figure
S2E and S2F).

Sex-determination in strains carrying different numbers
of U and V chromosomes

Polyploid gametophytes were constructed using the ouro-
boros mutant [42] (Figure S1A). Details of genetic crosses
and ploidy verification are given in Supporting Informa-
tion.
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Supporting Information

Supplementary methods

Ectocarpus strains and culture

Table S1A lists the strains used in this study. See also Figure S1A showing the pedigree of the strains
used. The female strain used for genome sequencing, Ec597, was derived by crossing the ouroboros
mutant Ec494 [1] with a female strain Ec419 (itself derived from a cross between a female strain Ec25
and the immediate upright mutant Ec137). Ec25, Ec137 and the male genome sequenced strain Ec32
[2] are all meiotic offspring of a field sporophyte, Ec17, collected in 1988 in San Juan de Marcona, Peru
[3]. Ec494 is a UV-mutagenised descendant of Ec32. Two near-isogenic male and female inbred lines
Ec601 and Ec602 were derived by repeated crossing of male and female progeny of Ec25 and Ec137 for
eight generations. Ec569 was derived by crossing the male genome sequenced strain Ec32 with a female
outcrossing line Ec568 from Arica in northern Chile [4]. Ec702 was derived by crossing the ouroboros
mutant Ec494 with Ec568. Ectocarpus strains were cultured as described [5].

Generation of RNAseq transcriptome data for male and female gametophytes

RNAseq analysis was carried out as described in the main text. All material was checked under
both a binocular microscope and at higher magnification to confirm fertility (presence of plurilocular
gametangia) prior to total RNA extraction. RNAseq reads (100 bp read length, between 21 and 32
million reads per replicate) were trimmed and filtered with the FASTX toolkit (v0.0.13) using a quality
threshold of 25 (base calling) and a minimal size limit of 60 nucleotides. We only retained reads in which
more than 75% of nucleotides had a minimal quality threshold of 20.

Two assembly methods were used: de novo assembly using Trinity (r2012-01-25) [6] and reference-
based assembly using the male genome sequence (Ec32) and a combination of the TopHat (v2.0.3) [7, 8]
and Cufflinks (v2.0.2) [8, 9] algorithms. Each of the four datasets (duplicate male and female samples)
was treated separately. Based on the Cufflinks analysis and statistical testing using DEseq [10], only
about 4% of the genes expressed during this stage of the life cycle exhibited statistically significant sex-
biased expression (Table S4B). The RNAseq data was also exploited to identify sex- linked genomic
scaffolds (see below). Further details about the RNAseq analysis will be published elsewhere.

Identification and mapping of the male SDR

An Ectocarpus gene expression microarray based on EST sequences from the genome-sequenced
strain (Ec32) has been used to carry out comparative genome hybridizations for several Ectocarpus
strains [11]. This procedure identified regions of the genome that exhibited significant differences be-
tween the Ec32 (male) and Ec568 (female) strains, including two scaffolds that were highly polymorphic
along their entire lengths (sctg_68 and sctg_439) and several scaffolds that exhibited polymorphism along
only part of their length (sctg_15, sctg 285, sctg 474, sctg_595 and sctg_598).

PCR markers (Table S1C) were designed for each polymorphic scaffold using Primer3 [12] and in sil-
ico virtual PCR amplifications were carried out using the e-PCR program [13] to identify oligonucleotide
pairs that were predicted to amplify a single region of the male genome. Sex linkage was initially tested
using genomic DNA from four male and four female Ectocarpus strains (whose phenotypic sex had been
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determined by crosses with reference strains). Markers that exhibited sex linkage in this preliminary
test were then located on the Ectocarpus genetic map by genotyping the 60 individuals of the mapping
population [4]. Markers were added to the genetic map using MAPMAKER [14]. Marker amplification
PCRs were performed using the Promega PCR kit GoTaq® Flexi DNA Polymerase in a total volume of
20 pL containing 2 pL. of 1:10 diluted DNA, primers at 100 nM, buffer at 1X, MgCl2 at 2mM, dNTPs at
200 uM and 0.5 units of Tag DNA Polymerase. The thermal profile included an initial denaturation step
at 95°C for two minutes followed by 30 cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for
30 seconds. A final polymerisation step was carried out at 72°C for two minutes. For each PCR, we mul-
tiplexed an internal positive control (R26S) [15] to verify the efficiency of the PCR amplification. Using
this approach, sctg_68, sctg_285 and sctg_439 were mapped to the Ectocarpus SDR. Scaffolds sctg_15,
sctg_474, sctg_595 and sctg_598 were not sex linked.

RNAseq-based search for additional male SDR scaffolds

The RNAseq transcriptome data for male and female gametophytes was used to assess completeness
of the male SDR. First, all scaffolds that encoded transcripts with sex-biased expression (FPKM>1 in
male samples and FPKM<1 in female samples) were identified. These could have corresponded either to
male SDR scaffolds or to scaffolds from other regions of the genome that carried genes with male-biased
expression patterns. To eliminate the latter, we examined the context of the genes exhibiting male-
biased expression and eliminated cases where these genes were surrounded by non-sex-biased genes.
This approach yielded nine new candidate sex locus scaffolds (i.e. in addition to sctg_68, sctg_285 and
sctg_439) but comparisons with the female genome revealed that eight of these scaffolds exhibited no
significant polymorphism between sexes and genetic mapping of the remaining scaffold showed that it
was not sex linked. The results of this analysis therefore suggested that the reconstruction of the male
haplotype of the SDR was essentially complete.

Approaches used to improve the assembly of the male SDR haplotype

Although efforts to produce a large insert BAC library for Ectocarpus have been unsuccessful, a
library of mini-BACs with an insert size of about 15 kbp has been generated [2]. Using BAC end
sequence data, this library was screened in silico for BACs that spanned two of the three male SDR
scaffolds. One BAC was detected (KYOFIPA75YNO02) that matched ends of both sctg 285 and sctg_439,
allowing these two scaffolds to be fused into a single scaffold (Table S1C). No BACs were detected that
linked sctg 68 to either sctg 285 or sctg_439. The colinearity of sctg 285 and sctg_439 was confirmed
independently by amplification of cDNA corresponding to the gene Esi0285_0001, which spans the
two scaffolds, using oligonucleotide primers that corresponded to exons at the two adjacent ends of the
scaffolds. The scaffold formed by assembling sctg 285 and sctg 439 is referred to as sctg_285and439.

Recombination analysis

Recombination between four sex locus markers corresponding to scaffolds sctg_68 and sctg_285and439
(Table S1B) was analysed using a large segregating family of 2000 meiotic individuals (Figure S1A)
derived from a cross between the male line Ec494 [1] and the female outcrossing line Ec568 [4]. Be-
tween 200 and 1500 ng/uL. of DNA was extracted from 100 mg of tissue (fresh weight) from each
individual in the population using the Nucleospin® Multi-96 plant kit (Macherey-Nagel) according to
the manufacturer’s protocol and diluted 1:10. PCR reactions were performed using the Promega PCR
kit GoTag® Flexi DNA Polymerase in a total volume of 20 ul. containing 2 uL of 1:10 diluted DNA,
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oligonucleotides at 100 nM, buffer at 1X, MgCl2 at 2mM, dNTPs at 200 M and 0.5 units of Tag DNA
Polymerase. The thermal profile included an initial denaturation step at 95°C for two minutes followed
by 30 cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds. A final polymerisa-
tion step was carried out at 72°C for two minutes. An internal positive control (R26S) [15] was used to
verify the efficiency of PCR amplification. No recombination was detected between any of the markers
located within the male SDR (Figure S2).

Sequencing of a female genome

The genome of the female strain Ec597 (Table S1A, Figure S1) was sequenced using a whole genome
shotgun strategy using both Illumina HiSeq 2000 technology and Roche 454 pyrosequencing. One
paired-end (PE) library with fragment sizes of about 180 bp, and two mate-pair (MP) libraries with
insert sizes of 10 kbp were constructed for the Illumina sequencing. In total 18.1 Gbp data of paired-end
reads of 104 bp and 9.9 Gbp of mate-pair reads of 51 bp were generated from these libraries.

Velvet (version 1.1.05) was used to run several assemblies during the sequencing process, including
the V3 assembly (which used all the PE reads and reads from one of the MP libraries) and the final
V4 assembly with the complete read dataset (Table S1E). The V3 assembly is the raw Velvet output,
launched with a kmer value of 45. The V4 assembly was generated using Velvet with a kmer value of 51
follow by a step of gap closing using the tools provided with the SOAP de novo assembler (GapCloser).
An independent de novo assembly was also carried out with the CLC assembler (http://www.clcbio.
com/products/clc-assembly-cell) using only the paired end Illumina data.

Identification of scaffolds corresponding to the female haplotype of the SDR

Female SDR scaffolds were identified using two different approaches. First the deduced protein se-
quences of male SDR genes (all annotated genes on the two male SDR scaffolds sctg_68 and sctg_285and439)
were blasted against both the V3 and V4 versions of the female genome assembly to detect scaffolds car-
rying female alleles (gametologues) of the male SDR genes. Fourteen candidate female SDR scaffolds
were identified in the V4 assembly using this approach. The second approach employed the RNAseq
transcriptome data. The two sets of female transcripts constructed by Trinity using the replicate female
RNAseq datasets were independently compared with the male and female genome assemblies by local
alignment using Blast. Transcripts that aligned with the female genome but not with the male genome
were retained (E value cut-off: 1.e™#). The two sets of female-specific transcripts from the two replicates
were then clustered and the local alignment with the female genome repeated to generate a list of puta-
tive female-specific scaffolds. Ninety-seven candidate female SDR scaffolds were identified in the V4
assembly using this approach.

PCR markers were developed for all candidate female SDR scaffolds using Primer 3 [12] and in silico
virtual PCR amplifications were carried out using the e-PCR program [13] to identify oligonucleotide
pairs that were predicted to amplify a single region of the female genome but not to amplify from the male
genome (Table S1G). Each marker was then tested on genomic DNA of between eight and 57 individuals
(at least 18 individuals if the scaffold did not carry a gametologue) of known sex to determine whether
the candidate scaffolds were genetically linked to the sex locus (Table STH). PCR reactions were carried
out as described above but in a final volume of 10 uL. The presence or absence of single sex-specific
bands was resolved by electrophoresis on 1.5% agarose gels.
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Approaches used to improve the assembly of the female SDR

Sex-determining regions are extremely difficult to assemble because they exhibit a high density of
repeats. Several strategies were used to improve the assembly of the female SDR (Table S1G). These
strategies were applied in parallel with the genetic mapping tests (see above) and focused on scaffolds
that had been shown to be sex-linked by these tests. Scaffold structure differed significantly between the
V3 and V4 assemblies of the female genome and iterative reciprocal Blasts between the two assemblies
allowed many of the putative female SDR scaffolds to be manually extended and linked together. Ad-
ditional evidence for links between scaffolds were obtained by 1) mapping of raw mate-pair sequence
data (using Bowtie) [16] looking for matches to male SDR genes that spanned scaffolds and 2) using
scaffold-spanning transcripts predicted by Trinity based on the female RNAseq data. The CLC assembly
(Table S1E) also confirmed several links between scaffolds (Table S1F). When a transcript linking two
scaffolds was predicted based either on RNAseq data or similarity with a male gametologue, the tran-
script was verified experimentally by reverse transcriptase PCR amplification from cDNA of between
four and eight females using oligonucleotides corresponding to the exons at the two ends of the linked
scaffolds (Table S1H). RNA was extracted using the Qiagen Mini kit (http://www.qiagen.com) as
previously described [1]. RT-PCR reactions were performed using the RT-PCR OneStep kit (QIAGEN,
Courtaboeuf, France) following the manufacturers specifications except that we added 5 ng of template
RNA and the final reaction volume was 10 uL rather than 50 uL. Thermal cycles were performed as
follows: A single cycle for reverse transcription at 50°C for 30 min then an initial denaturing / PCR
activation step at 95°C for 15 min followed immediately by 35 cycles of denaturation at 94°C for 30 sec-
onds, annealing at 57°C for 30 seconds, extension at 72°C, and a single final extension step at 72°C for
10 minutes. Single bands were resolved by electrophoresis on a 10 cm long 2% agarose gel. The appli-
cation of these various approaches allowed the total number of female SDR scaffolds to be reduced to
26.

Annotation of SDR scaffolds

Previously annotated scaffolds from the Ectocarpus genome project [2] were considerably improved
by integrating transcript information derived from the RNAseq analysis carried out as part of this study
and using comparisons of male and female gametologue gene models. The updated gene models can
be accessed at the OrcAE database (http://bioinformatics.psb.ugent.be/orcae/overview/
Ectsi).

The female SDR scaffolds were annotated de novo by running the gene prediction program EuGene
[17], which incorporated the signal prediction program SpliceMachine [18], using the optimised Markov
models and SpliceMachine splice site predictions derived previously for the male genome sequence [2].
Gene prediction incorporated extrinsic information from mapping of the RNAseq data onto the female-
specific scaffolds. Both male and female SDR gene models were manually curated using the raw, mapped
RNAseq data, Cuffdiff and Trinity transcript predictions and comparisons between the male and female
haplotypes.

The female SDR scaffolds were added to the complete male genome scaffolds to produce a “hybrid
genome”, which served as the basis for further reference-based analyses. Assembly of the mature ga-
metophyte RNAseq data using this hybrid reference genome as a template was carried out using TopHat
(v2.0.3) [7, 8] and Cufflinks (v2.0.2) [8, 9]. For TopHat, the maximum value for multihits per read was
set at 40. For both TopHat and Cufflinks the maximum intron size was set at 26,000 bp and annotations
were used to guide mapping and transcript assembly against the “hybrid genome”.
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A first reference assembly of the mature gametophyte RNAseq data, using only the male annotations,
was performed with this “hybrid genome”. Results of this first assembly were used to confirm automatic
gene predictions and attempt to identify new genes. New genes specific to the female were annotated
and an annotation file was created. A second assembly was then carried out using the “hybrid genome”
reference with both the male and the new female annotation files to compute the abundance of female
genes (FPKM) with more accuracy.

Pseudogenes were identified manually by comparing SDR sequences with genes in the public databases.
An additional screen for pseudogenes was carried out by blasting male protein sequences against the ge-
nomic sequence of the female SDR and vice versa. All sequences that had been annotated as “gene” or
“TE” were excluded from this latter analysis using Maskseq and RepeatMasker respectively. We defined
a pseudogene operationally as a fragment of nucleotide sequence that resembled a protein sequence in
the public databases but was truncated due to the presence of stop codons or frameshifts.

Figure S6 provides a schematic overview of the numbers of loci annotated in the male and female
SDR haplotypes, together with information about homology relationships between SDR loci and with
autosomal genes. The male SDR haplotype contains 22 protein coding genes and one pseudogene, the
female 17 protein-coding genes and seven pseudogenes. Three of the pseudogenes are probably remnants
of transposable elements, despite being single copy in the genome, because they share homology with
typical transposon proteins such as transposases. The putative transposon remnants were excluded from
the analysis of synonymous site divergence (Figure 5SD) but were included in gene counts and other
statistics (Table 1).

Homologous genes present in both the male and female haplotypes of the SDR were considered to be
gametologues (i.e. male and female alleles of the same ancestral gene) if they were detected as matches
in a reciprocal Blastp search against the SDR scaffolds (E value cutoff: 1.e™*). The same criterion was
used to identify homologues of SDR genes located outside the SDR (Table S2).

Identification of transposons and other repeated sequences in the SDR

An Ectocarpus-specific TE-library (described in [2]), compiled with REPET [19], was used to anno-
tate SDR transposons. TEs were further annotated by running the de novo annotation software Repclass
[20] with default parameters. The annotation data from REPET and Repclass were then merged using
a custom script. The script retained the REPET annotation when there was a conflict. The autosomes,
the PAR and the male and female SDR haplotypes were screened for TEs by running RepeatMasker on
each of these genomic compartments using the TE library described above. A custom script was used
to parse the RepeatMasker output and to count the total sequence length of each TE category in each
genomic compartment. This value was divided by the total length of each compartment (excluding Ns)
to calculate the percentage of each region that corresponded to TE sequence.

Intra-haplotype sequence similarity

Sequence similarities within the male and female SDR haplotypes were analysed using a custom
Perl code [21]. This code used BLAST (http://blast.wustl.edu) and a moving window system to
compare 5 kbp sequence segments, in steps of 2 kbp, with the rest of the SDR sequence to detect repeated
regions within either the male or the female SDR haplotype (i.e. the analysis was carried out separately
for the male and female haplotypes). The sliding window Blast analysis was performed on sequences in
which the transposable elements had been masked. By default, the threshold for sequence identity was
fixed to 97%. When the threshold was reduced to 50%, the same result was obtained.
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Global expression of autosomal versus SDR genes

Transcript abundances, calculated using the male and female mature gametophyte RNAseq data and
expressed as FPKM, were compared between autosomal genes and male and female SDR genes. Genes
with FPKM values that were greater than twice the standard deviation or equal to zero were removed,
and male and female data were pooled. The 95% bootstrap intervals for the means of the two groups did
not overlap, indicating that the means were significantly different.

Quantitative reverse transcriptase PCR analysis of SDR gene transcript abundances during the Ectocar-
pus life cycle

The abundance of male and female SDR gene transcripts during the Ectocarpus life cycle was as-
sessed by RT-QPCR. Primer pairs were designed to amplify regions of the 3’UTR or the most 3’ exon
of the gene to be analysed (Table S4C). In silico virtual PCR amplifications were carried out using
the e-PCR program [13] and both the male and female genome sequences to check the specificity of
oligonucleotide pairs. RT-QPCR analysis was carried out for 13 male SDR genes and 11 female SDR
genes (Figures S4). The remaining SDR genes could not be analysed either because they had very small
exons, which posed a problem for primer design, or it was not possible to obtain a single amplification
product.

For the RT-QPCR analysis, total RNA was extracted using the Plant RNeasy extraction kit (Qiagen,
Courtaboeuf, France) from at least three biological replicates for each of four stages of the life cycle:
immature gametophyte, mature gametophyte, partheno-sporophyte and diploid heterozygous sporophyte
(Figure 1A). The RNA was treated with RNAse-free DNAse-I according to the manufacturer’s instruc-
tions (Qiagen) to remove any contaminating DNA and stored at -80°C. The concentration and integrity of
the RNA was checked using a NanoDrop 2000 spectrophotometer (ThermoScientific) and by agarose gel
electrophoresis. A control PCR without reverse transcriptase was performed to ensure absence of con-
taminating DNA. For each sample, up to 1 ug of RNA was reverse-transcribed to cDNA using oligo-dT
and the Superscript II RT kit (Life Technologies, Gaithersburg, MD, USA) according to the manufac-
turer’s instructions and the cDNA was diluted with water to 1.2 ng equivalent RNA uL~".

RT-QPCR was carried out using the ABsolute™ QPCR SYBR® Green ROX Mix (ThermoScientific)
in a Chromo4™ thermocycler (BioRad Laboratories) and data were analysed with the Opticon monitor
3 software (BioRad Laboratories) or a LightCycler® 480 multiwell plate 384, on a LightCycler® 480
Real- Time PCR System (Roche Diagnostics, Mannheim, Germany), using the LightCycler® 480 SYBR
Green Master mix (Roche Diagnostics, Mannheim, Germany).

For each gene, amplification efficiency (always between 80% and 110%) was tested using a dilution
series of male or female Ectocarpus genomic DNA (15 ng to 0.006 ng), each dilution being tested
in duplicate. Using these genomic DNA dilutions, a standard curve was established for each gene,
allowing quantification. Amplification specificity was tested with a dissociation curve. The housekeeping
gene ELONGATION FACTOR 1« (EFla) [3] was used to normalise transcript abundance values. The
normalized data correspond to means +S.E. from three to four independent biological replicates, each of
which was calculated from three technical replicates.

To test for the difference in gene expression between the different life cycle stages (immature and
mature gametophyte, partheno-sporophyte and sporophyte), a one-way analysis of variance (ANOVA)
was performed for the 13 male and 11 female SDR genes. All ANOVAs were conducted using the
one way ANOVA procedure implemented in MINITAB (version 13.2 MiniTab Inc. 1994, State College
USA). Data were log-transformed in order to meet the normality and homoscedasticity requirement of
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ANOVA and multiple comparisons of means were performed using the Fisher method (for the gene
FeV4Scaf35_1, as log-transformed data did not meet the homoscedasticity requirement, the Mood non-
parametric was performed).

In order to compare the global level of expression of SDR genes in diploid (sporophyte) and in
haploid stages (gametophytes and partheno-sporophyte), expression values for each SDR gene were
normalized by their mean expression across all stages. To meet the normality and homoscedasticity,
male data were boxcox transformed. Normality was tested using the D’ Agostino and Pearson omnibus
test and homoscedasticity using the Fisher-Snedecor test (F-test). The difference in transcript abundance
between diploid and haploid stages was tested using the t-test for the male data and a Welch modified
t-test for the female data. All statistical tests were performed using the GraphPad Prism software (http:
//www.graphpad.com). The difference between haploid and diploid stages was significant in male
(p<0.0001) and female (P<0.0015) samples.

The differences in gene expression between sexes (male and female), between ploidy levels (SP
and mGa) and their interactions were also tested by a two-way ANOVA using the Glm procedure of
MINITAB (version 13.2 MiniTab Inc. 1994, State College USA). Data were boxcox transformed in
order to meet the normality and homoscedasticity requirement of ANOVA. No significant difference was
detected between the two sexes (p=0.11), but transcripts of SDR genes were significantly more abundant
in haploid mGA than in diploid SP (P< 107#). This difference was mainly due to increased SDR gene
transcript abundance in male gametophytes.

Construction of phylogenetic trees for an SDR and an autosomal gene

Coding sequences from a single exon of two genes making the gametologue pair (Esi68_0003 (male)
and FeV4scafl5_1 (female)) were amplified in three Ectocarpus lineages and a related brown alga
Sphaerotrichia divaricata (C. Agardh) Kylin. The Ectocarpus strains described as lineages probably
represent separate species based on sequence divergence of autosomal genes, morphology and on sexual
crossing experiments. We retain the term lineage since only three Ecfocarpus species currently have
species status [22]. Two of the recognised species, Ectocarpus siliculosus (lineage 1a) and Ectocarpus
croaniorum (lineage 2b) were included in the analysis, and we also used the sequenced strain Ec32 that
belongs to lineage 1c. The autosomal tree was constructed using sequences amplified from the same
samples using ITS2 nuclear DNA primers. The strains and lineages used are described in Table S1 and
the primers are described in Table S3. The PCR conditions were as described above in the “Identification
and mapping of the male and female SDR haplotypes” section, but with a final volume of 20 L to allow
for DNA sequencing. Single bands were directly sequenced in the forward and reverse direction. Se-
quences were edited using Codon Code sequence aligner and the evolutionary history was inferred using
both the neighbour-joining method and PhyML in MEGAS [23] to ensure that both approaches resulted
in the same topology. The resulting phylogenetic trees are shown in Figure 5B and 5C.

Synonymous divergence

To estimate synonymous divergence rates the coding sequences of gametologue pairs were translated
to protein sequence, and an alignment was performed in the program Seaview [24] using the default Mus-
cle parameters. Alignments were further confirmed using Prank [25] for verification. Those alignments
with large regions that were poorly aligned were further analysed using Gblocks [26] in order to elim-
inate these sections. The aligned protein sequences were then back-translated to coding sequence and
synonymous divergence (dS) between gametologous gene pairs was calculated using Codeml in PAML
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version 4 [27]. The resulting values were plotted against the gene coordinates the male V chromosome
in order to visualise the spread of the data according to gene position and detect whether their positions
were organised in relation to the degree of divergence from their female counterpart. Analyses of the
data using Kmeans in the program Rv3.0.1 was able to resolve both K of one and two. A Mann-Whitney
U test of the resolution K2 was not significant therefore the null hypothesis that the data are formed from
a single population was retained. This implies an absence of gene strata on the male V chromosome.

To search for potential gene conversion events dS values were calculated on an exon-by-exon basis
(Figure 3). Potential gene conversion events could then be identified by looking for marked variations in
dS along the length of each gene.

Estimating the age of the Ectocarpus SDR

The complete nuclear coding sequences of Phaeodactylum tricornutum, Thalassiosira pseudonana
and Ectocarpus siliculosus (autosomes) were obtained from the Hogenom database version 6 [28], to-
gether with coding sequence data from a further 63 Stramenopile species (following those used in Sil-
berfeld et al. [29] and Brown and Sorhannus [30]), which were downloaded from Genbank (http:
//www.ncbi.nlm.nih.gov/genbank/). Clusters of potentially orthologous genes were identified us-
ing the program Silix [31] and deduced protein sequences derived from the above sequences. Alignments
of the potential orthologues were then created using Muscle and the topology of the resulting sequence
clusters were reconstructed using Phyml under a GTR model with an estimated value for gamma and with
five different classes [32]. These clusters were then analysed using the program TPMS [33], which can
identify the sub-clusters with potential orthologues and hence facilitates the elimination of paralogues.
Clusters that contained at least one gene from Ectocarpus and one gene from each of the two diatom
species, Phaeodactylum and Thalassiosira, were retained for further analysis.

A blastx search of the Ectocarpus genes retained in the clusters was performed against RNA-Seq and
Sanger EST data from nine phacophyceae species and significant matches (E-value 1¢~'°) were added to
the cluster data. The phylogenies of the gene clusters were further verified manually and those that did
not correspond to the species phylogeny were eliminated. In total, 54 clusters of genes from Ectocarpus,
the two diatoms and 8 phaeophyceae species were obtained, making up 183 pairs. The orthology of
the Ectocarpus and both diatom sequences was further checked for each of the 54 clusters using the
information available in the gene family database Hogenom 6, which includes most the fully sequenced
eukaryotic genomes. We searched the phylogenetic trees of the 54 Ectocarpus genes in Hogenom 6 and
checked whether the diatom sequences that we identified as orthologous were actually the most closely
related to the Ectocarpus sequence in the those trees. Orthology of the Ectocarpus and both diatom
sequences was confirmed for 27 clusters, partly confirmed or possible for 10, and not confirmed for the
remaining clusters. Only the diatom sequences with confirmed or possible orthology were retained for
the subsequent steps of the analysis (i.e. 147 sequence pairs).

A pairwise alignment of the Ectocarpus genes with all of the identified orthologous genes from each
cluster was then carried out using Prank [25], and alignments were cleaned using Gblocks with highly
stringent parameters (maximum number of contiguous non-conserved sites = 2) as we found that less
stringent parameters returned less reliable dS values [26, 27]. The programs Codeml and YnOO from
PAML version 4 [27] were then run on each gene pair in order to calculate pairwise dS values. Pairs with
aberrant dS-yn00 values (i.e. 99) were excluded, as well as pairs with very high dS-ML values (>20) as
these high values probably resulted from convergence problems with divergent sequences in the case of
codeml, or to the presence of hidden paralogy among the brown algal sequences. A total of 137 pairs
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were available for further analysis. The resulting dS values were plotted against the divergence times
(Figure S5) estimated by Silberfeld et al. [29] and Brown and Sorhannus [30][30].

Codon usage analysis

Optimal codons were identified by comparing the codon usage of highly expressed genes (ribosomal
genes) with the rest of the genome using the multivariate approach described in Charif ef al. [34] (see
alsohttp://pbil.univ-1lyonl.fr/members/lobry/repro/bioinfo04/). A conservative set of 10
optimal codons was identified, together with two additional, less conservative sets of 14 and 27 optimal
codons (Figure S2E andS2F). A custom script was used to estimate the frequency of these optimal codons
(Fop) in Ectocarpus coding sequences. The Fop values were correlated with RNAseq expression levels
(Figure S2E). We retained the set of 27 optimal codons for the analysis of the SDR genes as it gave the
highest Spearman rho values. The Fop values in each compartment (autosomes, PAR and SDR) for the
three sets of codons are shown in Figure S2F.

Sex-determination in strains carrying different numbers of U and V chromosomes

Diploid gametophytes carrying both the U and the V chromosome can be constructed artificially
using the ouroboros (oro) mutant, and these strains are phenotypically male [1]. To determine whether
the dominance of the male haplotype was dose dependent, we constructed triploid (UUV) gametophytes,
again using oro mutant strains (Figure S1). We isolated 10 independent UV diploid strains (Ec581 to
Ec591) and seven independent UUYV triploid strains (Ec761 to Ec767) using zygote isolation methods
described in Coelho et al. [35]. The ploidy of one representative each of the haploid, diploid and triploid
Ectocarpus strains was verified using a FACSort flow cytometer (http://www.bsbiosciences.com;
Table S1I). Nuclei were isolated by cutting the filaments with a razor blade and adding nuclei buffer
[30 mM MgCl, 120 mM trisodium citrate, 120 mM sorbitol, 55 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) pH 8, 5 mM EDTA supplemented with 0.1% (v/v) Triton X-100 and 5 mM
sodium bisulphite], and DNA content was measured immediately by flow cytometry. Between 600 and
13,200 nuclei were analyzed for each sample. Gametophytes from the male Ec32 strain were used as an
internal reference [36, 37]. The nucleic acid-specific stain SYBR Green I (http://www.invitrogen.
com) was used at a final dilution of 1:10,000. All UV and UUYV strains were phenotypically male indi-
cating that the dominance of the male haplotype over the female haplotype is not dose dependent.

HMG-domain genes present in the Ectocarpus genome

A survey for HMG-domain genes identified a total of 13 genes in the Ectocarpus genome including
the male-specific gene Esi0068_0016, which is the only HMG-domain gene inside the SDR (Table S4A,
Figure S4D). Based on the gametophyte RNAseq data, none of the 12 autosomal HMG-domain genes
exhibited differential expression in male versus female Ectocarpus.
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Figure S1 Ectocarpus strain pedigree and SDR recombination analysis. Related to Figure 1. (A)
Pedigree of the Ectocarpus strains used in this study. SP, diploid sporophyte; m, male; f, female; i,
immediate upright mutant; ii, homozygous immediate upright diploid; o, ouroboros mutant; 0o, 000,
diploid and triploid homozygous ouroboros mutants; (U), presence of one U sex chromosome; (V), pres-
ence of one V sex chromosome. The genomes of strains indicated in red have been sequenced. (B)
Diagram indicating the extent of recombination between markers located inside the SDR. The number of
individuals used to assay for recombination between each pair of markers and the percentage of recom-
bination detected are indicated. See Table S3 for the coordinate position of each marker on its respective

scaffold.
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Figure S2 Analysis of Ectocarpus SDR, PAR and autosomal genes. Related to Figure 2. (A) Over-
representation of DNA corresponding to different transposable element classes in sex chromosome do-
mains compared to autosomes. Histogram showing percent of transposable element DNA per kilobase
for six different classes of transposable element expressed as a ratio with respect to the value calculated
for the autosomes. The data used were the same as for Figure 2C: cumulative length of DNA correspond-
ing to each class of transposable element in each genomic compartment divided by the length (excluding
Ns) of the compartment. Values greater than one indicate an increased abundance of the corresponding
class of transposon in the sex chromosome domain compared to the autosomes. (B) Intra-haplotype se-
quence similarity within the female SDR. Black vertical bars indicate regions that are similar (100%).
The scaffold coordinates are indicated in italics and the scaffold number in pink. Note that the order of
the female scaffolds is arbitrary. (C) Intra-haplotype sequence similarity within the male SDR. Black
vertical bars indicate regions that are similar. The supercontig coordinates are indicated in italics and
the supercontig number in blue. Note that the orientation of sctg_68 with respect to sctg_439and285
is arbitrary. (D) Correlation between the expression of male and female gametologues (FPKM). Lin-
ear regression is shown (R>=0.8354). (E) Codon usage in Ectocarpus. 3 sets of optimal codons were
obtained from a multivariate analysis: a conservative set of 10 optimal codons (red), a permissive set
of 27 optimal codons (blue), and an intermediate set of 14 optimal codons (green), see Supplementary
notes for details. Correlation between each gene’s Frequency of Optimal Codons (Fop) and its log10-
transformed expression (in FPKM) in mature male gametophytes. Spearman’s rho values for each set
of optimal codons and their corresponding p-values are indicated on the right. The optimal codons are
indicated. (F) Median Fop in coding regions of autosomes, PAR, male and female SDR haplotypes for
each set of optimal codons. Error bars indicate 95% confidence intervals around medians. (G) Percent of
TE sequence in intronic and intergenic regions in Ectocarpus autosomes and in the male SDR haplotype
(bootstrap r=1000).
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Figure S3 Schematic diagram showing homology relationships between male and female SDR
genes and autosomal genes. Related with Figure 3 and Figure 1. Autosomal genes are shown in green,
male and female SDR genes are shown in pink and blue respectively, with putative functional genes in
dark blue or dark pink and pseudogenes in light blue or light pink. Putative transposon remnants are
shown in grey. A green box indicates the existence of at least one homologue in the PAR or on an
autosome (i.e. outside the SDR). The existence of an autosomal or PAR homologue is indicated only
for genes that do not have a gametologue. All homology relationships were defined as corresponding to
a Blastp e-value of less than 10™* when sequences were blasted against the complete set of Ectocarpus
predicted proteins. Note that the order of the genes is not intended to correspond to their locations in the
genome.
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Figure S4 SDR gene expression during the life cycle. Related to Figure 4. (A) Female SDR gene
expression during the life cycle of Ectocarpus. SP, diploid heterozygous sporophyte; iGA, immature
gametophyte; mGA, mature gametophyte; pSP, partheno-sporophyte. Bars with different letters indicate
statistical significance (P<0.05). (B) Male SDR gene expression during the life cycle of Ectocarpus.
SP, diploid heterozygous sporophyte; iGA, immature gametophyte; mGA, mature gametophyte; pSP,
partheno-sporophyte. Bars with different letters are statistically different (P<0.05). (C) Differences in
male and female SDR gene expression in the diploid sporophyte (SP) and haploid mature gametophyte
(mGA). Identical letters above the error bars indicate that mean values are not significantly different.
(D) HMG domain alignment. Multiple alignment of the HMG domains of all the HMG domain pro-
teins encoded by the Ectocarpus genome together with HMG domains from human and fungal pro-
teins. The human sequences are Sex-determining region Y (HsSRY, CAA37790.1), Sex-determining
region Y- box2 (HsSOX2, CAA83435.1) and Nucleolar transcription factor 1 (HsSNTF1, 1608205A).
The fungal sequences are Phycomyces blakesleeanus Sex+ (PbSex+, ABX27912.1) and Sex- (PbSex-
, ABX27909.1), and Schizosaccharomcyes pombe Stell (SpSTE11, CAA77507.1). The Ectocarpus
Esi0068_0016 gene is located in the SDR. The Ectocarpus proteins Esi0032_0053 and Esi0177_0010
are predicted to have two homeodomains (a and b). (E) Ratio of the abundance of female SDR gene
transcripts in diploid gametophytes (genotypically UV and phenotypically male) compared with mature
haploid female gametophytes (genotypically U and phenotypically female). Transcript abundance was
measured by quantitative RT-PCR. (F) Ratio of the abundance of male SDR gene transcripts in diploid
gametophytes (genotypically UV and phenotypically male) compared with mature haploid male gameto-
phytes (genotypically V and phenotypically male). Transcript abundance was measured by quantitative
RT-PCR.
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Figure S5 Estimation of the age of the Ectocarpus SDR. Related to Figure 5 Box and whisker plot
showing calculated dS values for Ectocarpus-Stramenopile pairs against literature divergence times
(from Silberfeld et al., 2010; Brown & Sorhannus, 2010). Blue boxes show dS values calculated us-
ing codeml, red boxes show dS values calculated using yn00. The respective linear regressions through
the origin are shown as solid lines, with 99% confidence intervals drawn in dotted lines. The green
dashed lines show the lowest and highest 99% confidence ages from Codeml and yn0O0, representing an
estimate of the age of Ectocarpus SDR at around 95-215 My. The ages where the codeml and yn0O
estimates overlap are approximately 170-190 My. Please note that for clarity the y-axis is limited to 15
(two data points are not represented).
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Supplementary tables

Table S1 Ectocarpus strains, sequencing and mapping of the SDRs

Table S1A Ectocarpus strains used in this study

Strain Details Use in this study Sex Reference
Ec32 Male genome se- Male reference male [2]
quenced strain strain (genome
sequence, qPCR)
Ec597 Female genome se- Female reference female this study
quenced strain strain (genome
sequence, qPCR)
Ec603 Male inbred line (8 RNA-seq and sex- male this study
generations) ual dimorphism
analyses
Ec602 Female inbred line RNA-seq and sex- female this study
(8 generations) ual dimorphism
analyses
Ec87 Sister of Ec32 RT-QPCR female this study
Progeny of Ec569 60 strains used for Genetic mapping of n/a [4]
the genetic map the SDR
Progeny of Ec702 2000 strains seg- Recombination n/a this study
regating population analysis
produced from the
heterozygous strain
Ec702
Ec568 Outcrossing line Comparative female [4]
genome hybridisa-
tion
Ec 581-591 Diploid homozy- Dominance of male Genotypically UV, [1]

gous oro mutant
gametophytes

haplotype over fe-
male

phenotypically
male
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Table S1A (continued)

Ec761-767 Triploid homozy- Dominance of male Genotypically this study
gous oro mutant haplotype over fe- UUV; phenotypi-
gametophyte male cally male
(oro,0ro,oro)

Rbl Field collected ga- 1la strain (Esil Male this study
metophyte la_male) used in

Figure 3

Dal Field collected ga- 1la strain (Esil Female this study

metophyte la_female) used in
Figure 3

Has08-5-3 Field collected ga- 2b  (Ecrou_male) Male this study

metophyte strain used in Figure
3

Ec499 Field collected ga- 2b (Ecrou female) Female this study

metophyte strain used in Figure
3

Sdiv_male Field collected ga- Male Male this study

metophyte Sphaerotrichia
divaricata (C.
Agardh) Kylin
strain  used in
Figure 3

Sdiv_female Field collected ga- Female Female this study
metophyte Sphaerotrichia

divaricata (C.
Agardh) Kylin

strain  used in
Figure 3
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Table S1C Evidence used to link male scaffolds

N° Scaffold 1 Scaffold 1 Scaffold 2 Scaffold 2 Scaffolds
orientation orientation linked by a
miniBAC
1 sctg_439 antisense sctg_285 sense KYOAFIP
A75YNO2
Gametologue Scaffold Scaffold RT-PCR RT-PCR RT-PCR RT-PCR
spanning spanning primer 1 primer 1 primer 2 primer 2
gene cDNA de- sequence sequence
tected by
RT-PCR
FeV4scaf04_1 Esi0285_0001 yes 439-285aF  CGATG 439-285aR  AGGTT
GCGAA GGAAA
ATAAA TTGTG
AGTGG CTTGG
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Table S1D List of strains of known phenotypic sex (determined by crosses with reference strains)
that were used to verify sex linkage of male and female SDR scaffolds

Strain Species Lineage Phenotypic sex Genotypic sex Marker used

Ecsil Nap EA1f  Esil la f f 68_27ex4,
68_35ex2, 07238,
Fe6_15ex5

Ec sil Nap D-A2 f Esil la f f 68_27ex4,
68_35ex2, 07238,
Fe6_15ex5

Ecsil Na 108 f Esil la f f 68 _27ex4,
68_35ex2, 07238,
Fe6_15ex5

Ec597 Esp Ic f f 68 _27ex4,
68_35ex2, 07238

Ec25 Esp Ic f f 68 _27ex4,
68_35ex2, 07238

Ec568 Esp lc f f 68 _27ex4,
68_35ex2, 07238

Ec87 Esp Ic f f 68 _27ex4,
68_35ex2, 07238

ec 467-U15-2 Esp 1lc f f 68-4, 43901,
scaffold14696

ec 467-ul3-5 Esp 1c f f 68-4, 439_01,
scaffold14696

ec 467-ul4-2 Esp lc f f 68-4 , 43901,
scaffold14696

ec 467-ul9-5 Esp 1c f f 68-4 , 43901,
scaffold14696

EcPHI11 85 Ecro 2c f f 68_27ex4,
68_35ex2, 07238

EcPHI11 113 Ecro 2¢ f f 68_27ex4,
68_35ex2, 07238

Ec32 Esp Ic m m 68 _27ex4,
68_35ex2, 07238

ec 467-ul8-4 Esp 1lc m m 68-4 , 43901,
scaffold14696

ec 467-u9-1 Esp Ic m m 68-4 , 43901,
scaffold14696
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Table S1D (continued)

ec 467-ul6-5 Esp Ic m m 68-4, 439_01, scaf-
fold14696

EcPHI11 106 Ecro 2¢ m m 68_27ex4,
68_35ex2, 07238

EcPHI11 112 Ecro 2¢ m m 68_27ex4,

68_35ex2, 07238

Tam18b Esp 2d m m 68_35ex2; 07238
Bft15b Esp 2d m m 68_35ex2, 07238
temp19c Esp 2d m m 68_35ex2; 07238
Tam12b Esp 2d m m 68_35ex2;07238
tam?2b Esp 2d m m 68_35ex2; 07238
EcsilNapR-BIm  Esil la m m 68_27ex4,
68_35ex2, 07238
Ecsil Na 70 m Esil la m m 68_27ex4,
68_35ex2, 07238
Ecsil Na 166 m Esil la m m 68_27ex4,
68_35ex2, 07238
Ec sil Nap EA2 m Esii la m m 68_27ex4,
68_35ex2, 07238
PHI11-138-1 Esil la m m 68_27ex4,
68_35ex2, 07238
PH11-138-6 Esil la m m 68_27ex4,
68_35ex2, 07238
PHI11-133-1 Esil la m m 68_27ex4,
68_35ex2, 07238
PH11-s#2A-38U1-1 Esil la m m 68_27ex4,
68_35ex2, 07238
PHI11-s#2A-38U1-7 Esil la m m 68_27ex4,
68_35ex2, 07238
PH11-s#2A-38U1-3 Esil la m m 68_27ex4,

68_35ex2, 07238

Esil, Ectocarpus siliculosus; Ecro, Ectocarpus crouanorium; Esp, Ectocarpus sp. (no species name attributed); f,
female; m, male. Strain lineages are based on Stache-Crain et al. [38].
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Table S1E Assembly statistics for the genome sequence of the female Ectocarpus strain Ec597

V3 assembly V4 assembly CLC assembly
Assembler Velvet Velvet + Gap- CLC
Closer

Sequence data 454 + paired ends

+ one mate pair

454 + paired ends
+ both mate pair

Paired end data +
454

library libraries
Number 67,301 33,071 98,137
. Avg size (bp) 2,373 4,648 2,025

Contigs (>2005p) N5 Gize (bp) 3,706 7,075 5,052

Cumulative size 159,686,990 153,699,260 198,775,585

(bp)

Number 44,110 18,835 n/a

Avg size (bp) 5,402 12,107 n/a
Scaffolds (>200 ) N5 G (bp) 16,323 25,114 n/a

Cumulative size 238,264,795 228,041,014 n/a

(bp)

Data is provided for the intermediate V3 assembly, the final V4 assembly and an assembly carried out with the

CLC assembler using only 454 and paired-end Illumina data.
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Table S1G List of female SDR scaffolds showing their sizes in base pairs and the number of
individuals used to map each scaffold to the sex locus

Scaffold name length  Carries a Annotated gene Size of mapping

gametologue? on scaffold? population
FeV4ScafO1 98133  yes yes 17
FeV4Scat02 17680  yes yes 25
FeV4Scaf03 51021  yes yes 17
FeV4Scaf04and20 78753  yes yes 23
FeV4Scaf06and15 45363  yes yes 15
FeV4Scaf07and26 57992  yes yes 15
FeV4Scaf08and09 41097  yes yes 8
FeV4Scaf10 14559  yes yes 8
FeV4Scafll 25512 no no 28
FeV4Scaf12 6590 no no 57
FeV4Scafl7 16002  no no 55
FeVA4Scaf18and30 33261  yes yes 28
FeV4Scaf19 19637  no yes 57
FeV4Scaf22 16900  yes but fragment yes 28
FeV4Scaf24and23 37411 no yes 55
FeV4Scaf25 63333  yes yes 18
FeV4Scaf27 52265 no yes 55
FeV4Scaf28and57 66706  yes yes 16
FeV4Scaf29 11350  no no 55
FeV4Scaf31 11604  no no 55
FeV4Scaf34 2875 no no 55
FeV4Scaf35 3359 no yes 18
FeV4Scaf50 3460 no no 55
FeV4Scaf52 24537  no yes 55
FeV4Scaf53 18312  no no 55
FeV4Scaf58 42520 no yes 55
Total 860232
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Table S11I Ploidy of Ectocarpus strains determined by flow cytometry

Ectocarpus strain  Average fluorescence intensity Number of cells analysed Ploidy
(arbitrary units)

Ec32 57 3,111 n

Ec560 52 1,037 n

Ec581 127 868 2n

Ec761 163 1,066 3n

Ec32, haploid wild type gametophytes; Ec560, haploid oro mutant strain; Ec581, homozygous, diploid oro mutant
strain; Ec761, triploid oro mutant strain.
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Table S4B Differential gene expression in male and female mature gametophytes, obtained by
RNAseq analysis

Sex Total number of ex- Number of genes % sex-biased genes
pressed genes showing statistically
significant sex-biased
expression (DESeq)
Male 14192 354 2.5%
Female 14239 234 1.6%
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Conclusion

Studies of sex chromosome evolution date back to the beginning of the twentiest cen-
tury, when Mendel’s followers studied the X-linked recessive mode of inheritance of
human traits. During the early times of sex chromosome research, the study of a few
model species have resulted in hypotheses that could not be thoroughly tested until
the advances in large-scale sequencing data in the 2000s (e.g. the sequencing of the
human X and Y chromosomes [1, 2], and transcriptomic data thanks to next-generation
sequencing (NGS)).

My PhD focused on the human XY system, where most of the data on sex chromo-
somes are available. I studied how the Y chomosome is rescued by the X. I contributed to
an ongoing controversy about Ohno’s hypothesis and suggested that there is no global
doubling of expression on the X, but dosage-sensitive genes seem to have adapted their
expression on a gene-by-gene basis. My results, and that of others [3, 4], raise the ques-
tion of why X-chromosome inactivation (XCI) is global where dosage compensation
requirements are local. In a recent review I proposed explanations for XCI evolution
other than dosage compensation of the unicopy X-linked genes. I also looked for evi-
dence of X-Y gene conversion during primate evolution. I was able to find regions of
X-Y gene conversion with clear-cut boundaries inside several gametologs, which led
me to discuss the evolutionary meaning of these gene conversion events. These two
studies suggest that the X chromosome may not be as much a help for the Y as has been
suggested.

In a second project, I used an alternative model for studies on sex chromosome

evolution: the UV sex chromosomes in the brown alga Ectocarpus siliculosus, a species
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from a eukaryotic supergroup very distantly related to that of animals (>1 billion years
of divergence). This study confirmed that an arrest of recombination and a degeneration
of the heterogametic / haploid sex chromosome(s) often happen during sex chromosome
evolution. These results are also consistent with the hypothesis that evolutionary strata
successively form in a sex chromosome system because of the presence of sexually-
antagonistic genes, as Ectocarpus displays little sexual dimorphism and relatively small
sex-specific regions. Finally, this study also raised doubts on the view that the age of
the sex-specific region correlates with its size (together with ratite birds studies [5]), as
we found it to be very ancient in Ectocarpus: 100-200 million years old.

We are currently living a very stimulating era where more and more genomic data
are produced everyday, allowing us: 1) to study more profoundly the sex chromo-
some evolution mechanisms in the well-known model species, and 2) to compare these
mechanisms between very different organisms. This accumulating data will allow us
to address questions yet unresolved such as: Are the current and past rates of Y de-
generation different between species? How fast and why do ampliconic regions change
between Y chromosomes? What is the precise location of the pseudo-autosomal bound-
ary between species, and how is its position determined? What are the proportions of
XY, ZW and UV systems in the eukaryotic tree? Why do certain organisms keep the
same sex chromosomes for long while others have a high turnover?

However, using NGS to get more sex-linked sequences is likely to be a major method-
ological challenge: Y chromosomes are full of repeated elements and highly heterochro-
matinized, and are very difficult to assemble with short NGS reads. Consistent with
this idea, D. Page’s lab is working on a more accessible version of their BAC approach
to sequence Y chromosomes (SHIMS, see [6]), and if the announced third-generation
single molecule sequencing technology finally comes out, fascinating discoveries will
be made in the field of sex chromosome evolution.
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ANNEX: The evolution of
GC-biased gene conversion in
eukaryotes

During my first year of master degree, I made a four months internship supervised by
Gabriel Marais and Laurent Duret. I studied the possible presence of GC-biased Gene
Conversion (gBGC) along the eukaryotic tree, using 36 completely sequenced genomes.
I'looked for signatures that gBGC can leave in genomes, but this does not constitute by
itself an evidence for active gBGC in these genomes, rather trails for future studies.
This work was completed during my first year of PhD, and Alexandra Popa helped
me with the genetic maps analyses. We then wrote the manuscript of our results during

my second year of PhD.

After a first submission to MBE, this paper was sent to GBE for review on the 1
of November 2011, accepted on the 17 of May 2012 and published on the 23" of May
2012.
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Abstract

GC-biased gene conversion (gBGC)is a process that tends to increase the GC content of recombining DNA over evolutionary time and
is thought to explain the evolution of GC contentin mammals and yeasts. Evidence for ggGC outside these two groups is growing but
is still limited. Here, we analyzed 36 completely sequenced genomes representing four of the five major groups in eukaryotes
(Unikonts, Excavates, Chromalveolates and Plantae). gBGC was investigated by directly comparing GC content and recombination
ratesin species where recombination data are available, that s, half of them. To study all species of our dataset, we used chromosome
size as a proxy for recombination rate and compared it with GC content. Among the 17 species showing a significant relationship
between GC content and chromosome size, 15 are consistent with the predictions of the gBGC model. Importantly, the species
showing a pattern consistent with gBGC are found in all the four major groups of eukaryotes studied, which suggests that gBGC may

be widespread in eukaryotes.

Key words: GC-biased gene conversion, recombination, GC content, chromosome size.

During meiotic recombination, parental chromosomes un-
dergo not only large-scale genetic exchanges by crossover
but also small-scale exchanges by gene conversion. These
events of gene conversion can be biased. In particular, there
is evidence that in some species gene conversion affecting
G/C:A/T heterozygous sites yields more frequently to G/C
than to A/T alleles, a phenomenon called GC-biased gene
conversion (gBGC) (Eyre-Walker 1993; Galtier et al. 2001;
Marais 2003; Duret and Galtier 2009a). gBGC is expected
to increase the GC content of recombining DNA over evo-
lutionary time and is considered a major contributor to the
variation in GC content within and between genomes
(Eyre-Walker 1993; Galtier et al. 2001; Marais 2003; Duret
and Galtier 2009a). gBGC has caught a lot of attention
because it affects the probability of fixation of GC alleles
and looks like selection for increasing GC, which can mis-
lead several tests designed to detect positive selection
(Galtier and Duret 2007; Berglund et al. 2009; Duret and
Galtier 2009b; Galtier et al. 2009; Ratnakumar et al. 2010;

Webster and Hurst 2012). It has been demonstrated that
gBGC occurs during meiosis in budding yeast (Birdsell 2002;
Mancera et al. 2008), and there is strong indirect evidence
that this process also affects mammals, where clear-cut re-
lationships between local GC content and recombination
rates and many other observations consistent with gBGC
have been reported (Galtier 2003; Montoya-Burgos et al.
2003; Spencer et al. 2006; Duret and Arndt 2008;
Romiguier et al. 2010). Other studies have investigated
gBGC in several organisms such as opossum, chicken,
sticklebacks,  Drosophila,  honeybees,  Caenorhabdlitis
elegans, Arabidopsis, wheat, rice, the marine unicellular
algae  Ostreococcus, and the ciliate  Paramecium
(Marais et al. 2001, 2003; International Chicken Genome
Sequencing Consortium 2004; Marais et al. 2004; Beye
et al. 2006; Galtier et al. 2006; Mikkelsen et al. 2007;
Duret et al. 2008; Haudry et al. 2008; Jancek et al. 2008;
Escobar et al. 2010; Capra and Pollard 2011; Muyle et al.
2011; Nabholz et al. 2011). However, most of the currently

© The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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available data comes from animals and plants, and we lack
a global picture on gBGC in eukaryotes.

Here we wanted to investigate whether gBGC has affected
genome evolution in other eukaryotic groups. One typical sig-
nature of gBGC is that, on the long term, this process leads to
a positive correlation between local GC content and recom-
bination rates (reviewed in Marais 2003; Duret and Galtier
2009a). We thus looked for such a relationship in eukaryotic
species for which the genome was entirely sequenced. We
focused our analyses on taxa for which the genome sequence
was assembled and anchored on chromosomes. We included
all species available, except for metazoans, which are clearly
over-represented in genomic sequence databases, and for
which we only selected a representative sample. Our dataset
includes 36 species from four of the five major eukaryotic
groups: Unikonts, Excavates, Stramenopiles and Plantae
([Keeling et al. 2005], see fig. 1). Recombination data are
available for 17 of these species, mostly Metazoan
(Unikonts) and Plantae (see table 1). Among these 17 species,
6 show a significant correlation between chromosome-
averaged recombination rate and GC content (table 1).
Interestingly, out of these six correlations, five are positive.
Thus, when a significant correlation is detected, it is in most
cases consistent with gBGC. Moreover, the mean correlation
coefficient is significantly >0 (0.31, P=0.0015), again consis-
tent with gBGC.

To investigate gBGC in a larger sample of species, including
those without recombination data, we used chromosome size
as a proxy for recombination rates. It has been shown that
chromosome size and recombination rates are inversely cor-
related in many eukaryotes (e.g., Kaback 1996; Copenhaver
et al. 1998; Kaback et al. 1999). This pattern reflects the fact
that in many species, the proper segregation of chromosomes
during meiosis requires having at least one crossover per chro-
mosome, and that the occurrence of a crossover on a given
chromosome decreases the probability of having a second one
on the same chromosome (a process termed “crossover inter-
ference"”). These constraints lead to a lower crossover rate (per
Mb) in large chromosomes compared with small ones (Kaback
1996; Copenhaver et al. 1998; Kaback et al. 1999). Among
species for which genetic maps are available, we found that in
most cases (14/17) chromosome size indeed correlates nega-
tively with recombination rates (table 1), and all significant
correlations are negative (7/7). The gBGC model therefore
predicts a negative correlation between chromosome size
and GC content (although other explanations are possible,
see Discussion below). Accordingly, this expected correlation
has been found in yeast—for which there is direct evidence of
gBGC—and mammals—for which there is strong indirect ev-
idence of gBGC (Bradnam et al. 1999; Meunier and Duret
2004). Table 2 shows that among the 36 eukaryotic species
studied, 13 show a significant correlation between chromo-
some size and chromosome-wide GC content (12 after cor-
rection for multiple testing, see table 2). Out of these 13

correlations, 12 are consistent with gBGC—that is, negative.
The single exception is Trypanosoma brucei, which shows a
significant positive correlation between chromosome size and
GC content. Figure 2 shows three examples illustrating the
different types of situations that we observed: Leishmania
major (significant negative correlation), T. brucei (significant
positive correlation) and Guillardia theta (no significant
correlation).

The evolution of chromosomal GC content can be driven
by various processes: point substitutions, deletions, or inser-
tions (including repeated sequences). Interestingly, we ob-
served similar correlations when using GC at third codon
position (GC3) instead of total GC content (table 2). Given
that third codon positions can only evolve by base replace-
ment, this shows that the observed correlation is due to
variation in the pattern of point substitutions, and not to var-
iation in DNA repeat content across chromosomes (table 2).
In several cases, the statistical significance of the correlation
changed from the total GC content analysis to the GC3 one,
but the total number of species showing data consistent with
gBGC is similar (significant negative correlation: 13/36, signif-
icant positive correlation: 1/36). Both analyses gave qualita-
tively the same results, with—as expected—changes in
statistical significance caused by slight changes of the coeffi-
cients of correlation in case of species with low chromosome
number (i.e., Dictyostelium discoideum, Sorghum bicolor,
T. brucei, Cryptococcus neoformans, Micromonas pusilla).
Thalassiosira pseudonana and Phaeodactylum tricornutum,
two diatoms with a relatively large number of chromosomes,
show results consistent with gBGC only for GC3, which raises
the possibility of different mutation patterns affecting coding
and noncoding regions in these species.

The fact that about half of the species shows the footprint
of gBGC (i.e., a significant negative correlation) may indicate
gBGC is absent in the other half. It may also indicate that our
approach fails to detect gBGC in many species. Indeed, the
statistical significance of the correlations strongly depends on
the number of chromosomes. For species with few chromo-
somes, our ability to detect the signature of gBGC is limited.
For instance, G. theta shows a strong negative correlation
between chromosome size and GC content (fig. 2¢), but
with only three chromosomes, the P value is obviously non-
significant. We thus performed a statistical power analysis
using human as a reference (see Materials and Methods).
Table 2 shows the statistical power (from 0 to 100%,) for all
species of our dataset. Most species have too few chromo-
somes to detect any significant correlation between GC con-
tent and chromosome size. Among the 19 species for which
the estimated power of our test is >50%, 14 (74%) show a
significant correlation with total or third position GC content,
and in all cases the correlation is consistent with gBGC.
Similarly, another power analysis using a more conservative
reference (yeast) revealed that 14 out of the 28 species with a
power of >50% show results consistent with gBGC.
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Fic. 1.—Phylogenetic tree of the 36 species studied. Major groups in eukaryotes (see Keeling et al. 2005) are indicated. Green circles indicate significant
positive correlations between GC content (total GC content and/or GC3) and recombination rates (measured directly or using chromosome size as a proxy),
consistent with gBGC (this work and others). Red circles indicate significant negative correlations between GC content and recombination rates, not
consistent with gBGC. Filled circles indicate new observations from the present study. The “?" indicates when results using direct or indirect measures of

recombination rates are not fully consistent.

Moreover, the combined analysis of all species indicated a
strong significant negative correlation (for total GC content
and chromosomes size: P value = 10~>°, for GC3 and chro-
mosome size: P value = 107%3). However, focusing only on
the species that show individually nonsignificant correlations,
the combined analysis is not significant. There is thus no clear
trend emerging from this subset of species.

Given that chromosomal size is only a rough proxy for re-
combination rate, this result is most likely an underestimate of
how widespread this pattern is in our set of species. For ex-
ample, Mus musculus and Apis mellifera, which contain a high
number of chromosomes, show no significant correlation be-
tween chromosome size and GC content (table 2). Yet, in
both species, studies using recombination data inferred from
genetic maps showed a significant positive correlation be-
tween local GC content and crossover rates (Beye et al.
2006; Khelifi et al. 2006; see table 1). In M. musculus,
the absence of significant correlation between chromosome
size and GC content can be explained by the lack of vari-
ance in chromosome size in that species (Meunier and Duret

2004). In A. mellifera, as in several other eukaryotes (e.g.,
Schizosaccharomyces pombe), chromosomes experience
little or no crossover interference, and their mean recombina-
tion rate is therefore not correlated to their size, which ex-
plains that we do not observe any correlation between
chromosome size and GC content in these species. Finally, it
should be noted that the evolution of GC content is a slow
process. If a genome has undergone recent chromosomal
rearrangements, it might not show any significant correlation
between chromosome size and GC content, simply because
there was not enough time to establish the pattern (Duret and
Arndt 2008). Given all these limitations of our test, it is re-
markable that a majority of species (50-74% of all species
with statistical power >50%) show correlations consistent
with the predictions of the gBGC model.

Several species, however, do not fit into this general
pattern: Ciona instestinalis, C. neoformans, S. bicolor and
T. brucei. Cryptococcus neoformans is a species with evidence
for gBGC from table 2 but not (or incompletely) from table 1.
This can look surprising at first sight since we use
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Table 1

Correlation between Recombination Rates and GC Content among Eukaryotes

Genetic mapb Total GC/rec rates® Chrom size/rec rates®

Species Eukaryotic groups? Chromosome number
Saccharomyces cerevisiae Unikonts 16
Cryptococcus neoformans Unikonts 13
Monodelphis domestica Unikonts 8
Mus musculus Unikonts 19
Homo sapiens Unikonts 22
Gallus gallus Unikonts 27
Ciona intestinalis Unikonts 13
Caenorhabditis elegans Unikonts 5
Drosophila melanogaster Unikonts 4d
Apis mellifera Unikonts 16
Trypanosoma brucei Excavates 1
Plasmodium falciparum Chromal 14
Arabidopsis thaliana Plantae 5
Populus trichocarpa Plantae 19
Vitis vinifera Plantae 19
Oryza sativa Plantae 12
Sorghum bicolor Plantae 10

861 0.62* (*) —0.6* (*)
285 0.04ns (ns) —0.14ns (ns)
150 0.29ns (ns) —0.05ns (ns)
10195 0.68* (*) —0.5* (ns)
28121 0.75%** (**) —0.87%** (**%)
9268 0.89%** (***) _(0.97%** (***)
276 —0.59* (ns) 0.21ns (ns)
780 0.5ns (ns) —1* (%)
67 0.8ns (ns) —0.4ns (ns)
2008 0.74*% (*) —0.35ns (ns)
119 0.14ns (ns) —0.09ns (ns)
3438 0.37ns (ns) —0.54* (ns)
676 0ns (ns) —0.2ns (ns)
540 0.06 ns (ns) —0.28ns (ns)
515 —0.33ns (ns) —0.56* (*)
1202 —0.18ns (ns) 0.53ns (ns)
2029 0.5ns (ns) 0.21ns (ns)

*The eukaryotic groups relate to those shown in figure 1. Chromal, Chromalveolates.

PNumber of markers in genetic maps.

%Values are Spearman correlation coefficients, then come P values: ns, nonsignificant, * <0.05, ** <1073, *** <10™* and q values (from FDR corrections for multiple

tests) are indicated in parentheses.

9Here is indicated the number of chromosome arms instead of the number of chromosomes.

recombination data in table 1, which is a more direct way of
testing for gBGC. However, this assumption is correct if re-
combination data are of high quality, which might not be the
case for most of the species in table 1 with a small number of
markers. Too few markers will tend to shorten genetic maps,
underestimating recombination rates (other important param-
eters are the number of meioses analyzed, the distribution of
markers along chromosomes). Cryptococcus neoformans and
other species in table 1 may be in this situation. It is possible
that in such species, chromosome length gives a better idea of
the average chromosome-wide recombination rates, which
could explain why we report comparatively more species
showing evidence of gBGC in table 2 than in table 1. In C
neoformans, the use of two different strains for the available
genetic map and the complete genome could be an additional
problem for correlating GC content and recombination rates
reliably. The conflicting results in Ciona intestinalis may also
come from the poor-quality map found in this species (only
276 markers, see table 1). Using two genetic maps in
Plasmodium falciparum, one from 1999 with 900 markers
(Su et al. 1999) and a more recent one with 3,438 markers
(Jiang et al. 2011), we found very different results (GC/recom-
bination: —0.31 nonsignificant with the 1999 version map,
0.34 nonsignificant with the 2011 version map,
Chromosome  size/recombination: 0.23 nonsignificant with
the 1999 version map, —0.54, P < 0.05 with the 2011 version
map), which confirms that the quality of recombination data is
critical. Trypanosoma brucei shows a significant positive cor-
relation between chromosome size and GC content (fig. 2b).

However, it turns out that, for an unknown reason, chromo-
some size is not a good proxy for recombination rate in this
species: the two parameters are not correlated (p =—0.09;
P=0.797, see table 1). Table 1 reveals that GC content cor-
relates positively with recombination rates in T. brucei
(p=0.14), although not significantly (P=0.694). It thus ap-
pears that T. brucei is not an exception to the general pattern
consistent with gBGC. Again, a better map in this species
would help understand more clearly the relationships between
GC content, chromosome size and recombination rates (there
are only 119 markers in this species, see table 1). In S. bicolor,
GC3 correlates strongly with chromosome size in a positive
manner (table 2). We do not have explanations for this signif-
icant correlation, which is not in agreement with gBGC.
Sorghum bicolor seems therefore to represent a true excep-
tion to the general pattern.

In conclusion, we found 17 species with a significant cor-
relation between chromosome-wide GC content and chromo-
some size, as a rough proxy for recombination rate. Most of
them (15/17) showed a negative correlation, consistent with
the gBGC model. Our results were unaltered when consider-
ing GC3, which rules out the insertion of transposable ele-
ments as a general explanation for the observed pattern.
Other explanations are of course possible (mutational biases,
selection on GC content). In species where these various
hypotheses have been tested, gBGC has always come out
as the most likely explanation (reviewed in Marais 2003;
Duret and Galtier 2009a). More work will be needed, how-
ever, to test these alternative explanations and firmly establish
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Table 2
Correlation between Chromosome Size and GC Content among Eukaryotes

Species Eukaryotic groups® Chromosome Mean GC Statistical GC total/chrom size® GC3/chrom size®
number content (%) powerb (%)

Encephalitozoon cuniculi Unikonts 11 47 41 0.3ns (ns) 0.06 ns (ns)
Schizosaccharomyces pombe Unikonts 3 36 0 —0.5ns (ns) —0.5ns (ns)
Saccharomyces cerevisiae Unikonts 16 38 70 —0.83*** (**) —0.87*** (**%)
Candida glabrata Unikonts 13 39 52 —0.69* (*) —0.71* (*)
Pichia stipitis Unikonts 8 41 25 0.24ns (ns) 0.71ns (ns)
Yarrowia lipolytica Unikonts 6 49 14 0.77 ns (ns) —0.09ns (ns)
Aspergillus fumigatus Unikonts 8 50 25 0.71ns (ns) 0.26 ns (ns)
Magnaporthe grisea Unikonts 7 52 22 —0.11ns (ns) 0.07 ns (ns)
Gibberella zeae Unikonts 4 48 0 0.4ns (ns) 0.4ns (ns)
Ustilago maydis Unikonts 23 54 100 —0.46* (ns) —0.47* (*)
Cryptococcus neoformans Unikonts 14 49 58 —0.33ns (ns) —0.72% (*)
Coprinopsis cinerea Unikonts 13 52 52 —0.91%** (**%) —0.68* (*)
Monodelphis domestica Unikonts 9 38 28 —0.1ns (ns) —0.07 ns (ns)
Mus musculus Unikonts 20 42 99 —0.28ns (ns) —0.26ns (ns)
Homo sapiens Unikonts 23 41 100 —0.57* (*) —0.54* (*)
Gallus gallus Unikonts 29 4 100 —0.93*** (**%) —0.97%** (**%)
Ciona intestinalis Unikonts 13 36 52 0.2ns (ns) 0.29ns (ns)
Caenorhabditis elegans Unikonts 35 14 —0.54ns (ns) —0.26ns (ns)
Drosophila melanogaster Unikonts 5d 42 7 —0.3ns (ns) —0.5ns (ns)
Apis mellifera Unikonts 16 35 70 —0.03ns (ns) —0.16ns (ns)
Dictyostelium discoideum Unikonts 6 22 14 —0.94* (*) —0.6ns (ns)
Trypanosoma brucei Excavates 11 46 41 0.73* (*) 0.48ns (ns)
Leishmania major Excavates 36 60 100 —0.85%** (**%) —0.82%** (¥*¥)
Guillardia theta Chromal 3 26 0 —1ns (ns) —1ns (ns)
Paramecium tetraurelia Chromal 114 28 100 —0.84%** (**%) —0.89%** (**%)
Plasmodium falciparum Chromal 14 19 58 —0.8%* (*) —0.77* (*)
Cryptosporidium parvum Chromal 8 30 25 0.1ns (ns) —0.1ns (ns)
Thalassiosira pseudonana Chromal 23 47 100 —0.06ns (ns) —0.87*** (**%)
Phaeodactylum tricornutum Chromal 33 49 100 —0.18ns (ns) —0.46* (*)
Ostreococcus lucimarinus Plantae 19 60 94 —0.72*%* (*) —0.66* (*)
Micromonas pusilla Plantae 15 64 63 —0.83%** (**) —0.42ns (ns)
Arabidopsis thaliana Plantae 5 36 7 —0.2ns (ns) —0.3ns (ns)
Vitis vinifera Plantae 19 34 94 0.37ns (ns) —0.31ns (ns)
Populus trichocarpa Plantae 19 33 94 0.22ns (ns) 0.36ns (ns)
Oryza sativa Plantae 12 a4 46 0.47 ns (ns) 0.48ns (ns)
Sorghum bicolor Plantae 10 44 36 0.3ns (ns) 0.68* (*)

®The eukaryotic groups relate to those shown in figure 1. Chromal, Chromalveolates.

bStatistical power for chromosome number >23 is set to 100%.

“Values are Spearman correlation coefficients, then come P values: ns, nonsignificant, * <0.05,** <1073*** <10~% and q values (from FDR corrections for multiple

tests) are indicated in parentheses.

9Here is indicated the number of chromosome arms instead of the number of chromosomes.

gBGC in the species where we report data consistent with
gBGC for the first time. Figure 1 shows, in our set of 36 eu-
karyotes, the species with a positive correlation between GC
content and recombination rates (measured directly or using
chromosome size as a proxy), consistent with gBGC.
Remarkably, this correlation is found in all four major eukary-
otic groups studied, which suggests gBGC is widespread in
eukaryotes. This is in agreement with a recent study using GC
content of ribosomal DNA as a proxy for gBGC, in which
gBGC was inferred in several distantly related eukaryotes
(Escobar et al. 2011). Firm evidence for gBGC is only available

for a handful of species (yeasts and mammals) and our work
suggests that gBGC should be further studied in many more
species, where it could have important effects on genome
evolution.

Materials and Methods

Genome Data

We selected species for which a complete genome assembly,
anchored on chromosomes, was available. Animal species are
clearly over-represented in public databases. As gBGC is
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already established in animals, we only selected a subset of
species representing the main animal groups. Genome data
were extracted from Hogenom version 3 (17 species [Penel
et al. 2009]), the NCBI website (15 species, http:/Avww.ncbi
.nlm.nih.gov/), and the JGI website (4 species, http:/Avww jgi
.doe.gov/). For the Paramecium genome, we selected the scaf-
folds that were at least chromosomal arms (Gout J-F, personal
communications). The relationship between chromosome size
and recombination rate only stands for recombining chromo-
somes and we therefore removed all the nonrecombining
chromosomes (chromosomes 4 from Drosophila melanoga-
ster, 2 and 18 from Ostreococcus lucimarinus, 1 and 17
from M. pusilla, Y and W chromosomes from mammals and
chicken, respectively). For our 36 species, we thus had chro-
mosome sizes and sequences to estimate the GC content.

Recombination Data

We got recombination data for C. elegans directly from
MareyMap (Rezvoy et al. 2007), D. melanogaster from
Flybase (http:/flybase.org) and Saccharomyces cerevisiae
from http://www.yeastgenome.org/pgMaps/pgl.shtml. Re-
combination data for other species was obtained from spe-
cific papers: M. musculus (Cox et al. 2009), Homo sapiens
(Matise et al. 2007), Gallus gallus (Groenen et al. 2009),
Monodelphis domestica (Samollow et al. 2007), A. mellifera
(Beye et al. 2006), T. brucei (Cooper et al. 2008), P. falcipa-
rum (Jiang et al. 2011), Arabidopsis thaliana (Singer et al.
2006), C. intestinalis (Kano et al. 2006), S. bicolor (Mace
et al. 2009), Populus trichocarpa (Yin et al. 2004), Vitis vi-
nifera (Doligez et al. 2006), Oryza sativa (Muyle et al. 2011),
and C. neoformans (Marra et al. 2004). The number of
chromosomes indicated in table 1 may differ from the
true chromosome number: the X and Z chromosomes
were excluded from this analysis because they recombine
only in one sex, and recombination patterns are thus

different from those in the autosomes, and the recombina-
tion data are not available for some chromosomes (for in-
stance, chromosome 10 for C neoformans). The
recombination rates were computed by dividing the genetic
map length of each chromosome by its physical size (in bp),
and are thus chromosomal-averaged estimates.

GC Content Analysis

The total GC content was computed using whole-
chromosome sequences. The GC content at third codon po-
sition (GC3) was computed by collecting all the available CDS
from a genome (extracting CDS from Hogenom or Ensembl,
or using CDS files from JGI or Broad Institute). For both total
GC content and GC3 estimates, ambiguous nucleotides were
excluded. Chromosome-averaged GC values were then com-
puted. R was used to obtain bilateral Spearman coefficients of
correlation, P values, and g values (P values corrected for mul-
tiple testing using the false discovery rate method). The com-
bined analysis was performed by first getting the P values (P)
from unilateral tests on Spearman coefficients in order to test
for a general trend for a negative correlation between GC
content and chromosome size (null hypothesis: GC content
and chromosome size are not correlated negatively). The sum
of the —2 * log (P) for all species follows a chi-squared distri-
bution with 2n degrees of freedom, n being the number of
species, which gave the P value of the combined analysis
(Sokal and Rohlf 2012).

Statistical Power Analysis

To estimate the power of our approach according to the
number of chromosomes (N) in a given genome, we per-
formed the following test: we took the human genome (for
which there is clear evidence of gBGC and which shows a
significant negative correlation between chromosome size
and GC content) and we asked what would be the probability
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to detect a significant correlation if this genome only con-
tained N chromosomes. We thus randomly sampled N
human chromosomes, computed the Spearman coefficient
between their size and GC content, repeated this for all the
possible combinations (up to 50,000 samples) and measured
the fraction of significant Spearman correlations in the simu-
lated data using R. We took this fraction as the statistical
power of our test for a given number of chromosomes N.
The same was done using S. cerevisiae as a reference.
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