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Abstract

Meiotic recombination plays several critical roles in molecular evolution. First, recombina-
tion represents a key step in the production and transmission of gametes during meiosis.
Second, recombination facilitates the impact of natural selection by shuffling genomic
sequences. Furthermore, the action of certain repair mechanisms during recombination
affects the frequencies of alleles in populations via biased gene conversion. Lately, the
numerous advancements in the study of recombination have unraveled the complexity of
this process regarding both its mechanisms and evolution.

The main aim of this thesis is to analyze the relationships between the different causes,
characteristics, and effects of recombination from an evolutionary perspective. First,
we developed a model based on the control mechanisms of meiosis and inter-crossover
interference. We further used this model to compare the recombination strategies in
multiple vertebrates and invertebrates, as well as between sexes. Second, we studied the
impact of the sex-specific localization of recombination hotspots on the evolution of the GC
content for several vertebrates. Last, we built a population genetics model to analyze the
impact of recombination on the frequency of deleterious mutation in the human population.

Résumé

La recombinaison méiotique joue un double réle de moteur évolutif en participant a la
création d’'une diversité génétique soumise a la sélection naturelle et de contrdle dans la
fabrication des gametes lors de la méiose. De plus, en association avec certains mécanismes
de réparation, la recombinaison, au travers de la conversion génique biaisée manipule les
fréquences alléliques au sein des populations. Les connaissances sur le fonctionnement
meéme de ce processus ont considérablement augmenté ces dernieres années faisant découvrir
un processus complexe, autant dans son fonctionnement que dans son évolution.

Le theme général de la these est 'analyse, dans un contexte évolutif, des relations entre
les différents roles et caractéristiques fonctionnelles de la recombinaison. Un modele de
la recombinaison prenant en compte des contraintes liées au controle de la méiose et le
phénomene d’interférence a permis une comparaison entre especes au sein des vertébrés
et des non-vertébrés de méme qu’une comparaison entre sexes. Par ailleurs, nous avons
montré I'impact de la localisation spécifique aux sexes des points chauds de recombinaison
sur 1’évolution du contenu en GC des génomes de plusieurs vertébrés. Finalement, nous
proposons un modele a 1’échelle de la génétique des populations, permettant d’analyser
I'impact de la recombinaison sur la fréquences de mutations déléteres dans les populations
humaines. Cette these, nous 'espérons, apportera sa pierre a ’étude interdisciplinaire
de la recombinaison, a la fois au sein de la biologie et par ses relations au travers de la
modélisation avec l'informatique et les mathématiques.
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Notations

General abbreviations

A

bp

C
CpG
DNA
G
Gb
kb

CE

cM
CO
COI
COR
dHJ
DSB
DSBh
DSBR
dsDNA
F1

F2
F/M
HapMapl, 2, and 3
HJ

HR

Adenine

base pair

Cytosine

A dinucleotide CG, p standing for a phosphate link.
Deoxyribonucleic acid

Guanine

Giga base

kilo base

Mega base

Million years

effective population size

single nucleotide polymorphism
Thymine

Transcription Start Site

Meiosis and recombination-related abbreviations

Central Element (referring to the SC)

centimorgan

Crossover

CO Interference

Crossover Rate

double Holliday Junction

Double-Strand Break

Double-Strand Break hotspot

Double-Strand Break Repair model

double stranded DNA

First generation of offspring in a crossing experiment
Second generation of offspring in a crossing experiment
Female/Male ratio

the 1st, 2nd, and 3rd respective phases of HapMap Project
Holliday Junction

Homologous Recombination

1X
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HS
LD
LE
NAHR
NCO
NCOR
NE
NHEJ
pPC
rDNA
RI
SC
SDSA
SEI
ssDNA
TF

Heterogeneous Stock (for mouse populations)
Linkage Disequilibrium

Lateral Element (referring to the SC)
Nonallelic Homologous Recombination
Non-crossover

Non-crossover Rate

Nuclear Envelope

Nonhomologous End Joining

Pairing Centres

ribosomal DNA

Recombinant Inbred lines (in a crossing experiment)
Synaptonemal Complex

Synthesis-Dependent Strand-Annealing model
Single End Invasion

single stranded DNA

Transverse Filaments (referring to the SC)

Mathematical symbols

C
Cs
D/

~

Sl

o O

< 3

N> < S

coefficient of coincidence

Three-point coefficient of coincidence.

the difference between the frequency of a two locus haplotype
and the product of the component alleles, divided by the most
extreme possible value, given the marginal allele frequencies,
measure of LD

genetic distance

Identity matrix

In the counting models, m stands for the number of NCO
events that separate two consecutive COs. It is a measure of
the strength of interference

Physical length (Mb) of an interval or chromosome

The fraction of COs that are not subject to interference under
the two-pathway model Housworth and Stahl (2003).

the substitution matrix along a branch of a phylogenetic tree
frequency of recombinants among the offspring

correlation of alleles at different loci, measure of LD

The mean number of DSB events in the counting model of
Foss et al. (1993).

Number

Chi-square distribution

Gamma distribution

The rate parameter for I'

The shape parameter for I'



tel-00840809, version 1 - 3 Jul 2013

0o

x1

Uniform basal tensile stress in the mechanical stress model of

Kleckner et al. (2004).
Tensor product of matrices

BGC abbreviations

BGC
BER
gBGC
GC*
MMR

Biased Gene Conversion
base excision repair
GC Biased Gene Conversion

equilibrium or stationary GC-content

mismatch repair

Other abbreviations

AIC
BIC
CEPH
CI
DAF
DT
HGMD
H-W test
L

LCR
LDT
LINE
LOD
MHC
PAR
PCR
RE
SINE
TE

Akaike Information Criterion
Bayesian Information Criterion

Centre d’Etude du Polymorphism Humain

Confidence Interval

Derived Allele Frequency

Distance to Telomeres

Human Gene Mutation Database
Hotteling-William’s t-test
Likelihood

Low Copy Repeat

Log Distance to Telomeres

Long interspersed nuclear element
Logarithm of Odds

Major Histocompatibility Complex
Pseudoautosomal Region
Polymerase Chain Reaction
Repetitive Element

Short Interspersed Nuclear Element
Transposable Element
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Definitions

Information assembled from Stumpf and McVean (2003); Arnheim et al. (2007);
Lynch (2007); Paigen and Petkov (2010); DB-NCBI

Allele One of the variant forms of a DNA sequence at a particular locus, or location, on
a chromosome.

Backcross Crossing experiment in which individuals in the first generation are crossed
back with one or both their parents to obtain the second generation of offspring.

Bouquet formation The clustering of telomeres together on the nuclear membrane
early in meiosis.

Centimorgan Unit of genetic distance between markers that lie close enough to one
another so that 1% of the meiotic products will exhibit a crossover between them (in a
single generation)

Chiasmata A chiasma (plural chiasmata) is the cytologically visible physical connection
between homologous chromatids during meiosis that corresponds to the sites of genetic
crossing over.

Chromatid The product of chromosome replication in meiosis I. Chromatids are
distinguished from chromosomes by the fact that the two daughter chromatids of one
chromosome remain attached at their centromeres through meiosis I cell division.

Crossover (CO) Recombination product consisting of a reciprocal exchange of DNA
sequences, usually between a pair of homologous chromosomes

Cytokinesis The division of the cytoplasm between two daughter cells following nuclear
division.

Diploid Having two gene copies at a genetic locus; as in virtually all animals and land
plants.

Double-strand break (DSB) Cleavage of both strands of a DNA molecule at a specific
site.

xl1il
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Effective Population Size (Ne) Represents the size of an ideal population (identical
individuals, random mating, no overlapping generations) accounting for realistic
demographic and structure features. It determines the rate of change in the composition
of a population caused by genetic drift.

Bottleneck A temporary marked reduction in population size.

equilibrium GC-content (GC*) A statistic resuming the matrix of substitutions.

It is the GC-content reached by a sequence under a constant substitution pattern.

_ AT—GC
GC* = 7566160 AT

F2 intercrosses Crossing experiment in which the F2 mapping population is produced
by intercrossing F1 individuals.

Four-gamete test If all four possible gametes are observed for two bi-allelic loci then
this test infers that a recombination event must have occurred between them (under an
infinite sites mutation model).

Gene conversion The process by which one participant in a recombination event
is converted to the sequence of the partner participant; occurs during almost all
recombination events, but not necessarily associated with cross-over

Genetic distance Distance between DNA markers on a chromosome measured as the
amount of crossover between them. A genetic map is an ordered list of markers along the
chromosome and the intermarker genetic distances.

Genetic drift The change in the frequency of a gene variant (allele) in a population due
to random sampling.

Genetic interference The presence of a recombinational event in one region that affects
the occurrence of recombinational events in adjacent regions. Positive interference, which
is seen in eukaryotes, reduces the probability of using nearby hotspots in the same meiosis
and causes a more even spacing of crossover than would occur by chance.

Genotyping The process by which DNA is analyzed to determine which genetic variant
(allele) is present for a certain marker.

haploid Having a single gene copy at a genetic locus; as in all prokaryotes, germ cells,
and some unicellular eukaryotes.

Haplotype A set of genetic markers that are present on a single chromosome and that
show complete or nearly complete linkage disequilibrium - that is, they are inherited
through generations without being changed by crossing over or other recombination
mechanisms.

Hardy-Weinberg equilibrium Both allele and genotype frequencies in a randomly-
mating population remain constant across generations, unless specific disturbing influences
are introduced.
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Holliday junction The point at which the strands of the two dsDNA molecules
exchange partners as an intermediate step in crossing over.

Infinite sites mutation model A model that assumes that there are an infinite number
of nucleotide sites and consequently that each new mutation occurs at a different locus.

Linkage disequilibrium (LD) The nonrandom association of alleles at two or more
loci.

Mutational load Represents a reduction of the mean fitness of a population subsequent
to mutations accumulation.

Non-crossover (NCO) Recombination product consisting in the swap of small DNA
segment

Panmixia Random mating.

Physical distance Distance between DNA markers on a chromosome measured in the
number of nucleotide base pairs. A physical map is an ordered list of markers along a
chromosome and the inter-marker physical distances

Polymerase chain reaction (PCR) PCR is a technique that amplifies a specific
region of DNA as defined by two primer sequences. It is a very useful technique as it
generates many copies of one specific genetic material, and thus uses very small amounts
of DNA as starting material. PCR is a three stage process: DNA is denaturated (made
single stranded), then the primers bind or anneal to their complementary sequence, and in
the end, the primers are extended by the addition of nucleotides complementary to that
on the template sequences. This process is repeated multiple times. The end result is
amplification of the sequence between and including the primer sequence.

Positive selection A process by which natural selection favors a single beneficial
genotype over other genotypes and may drive this genotype to a high frequency in a
population.

Pseudoautosomal A region on a sex chromosome that is homologous between the X
and Y chromosomes. Successful meiosis in males requires a crossover in this region.

Recombinant inbred (RI) lines Crossing experiment in which inbred recombinant
lines are obtained from an F1 generation resulting from a cross between parents
homozygous at every locus.

Recombination Exchange of DNA sequence information within or between chromo-
somes.

Recombination nodules The early, visible manifestations of sites of chiasmata and
crossovers. They are recognized by immunochemical staining, typically for the proteins of
late recombination nodules.

Single-nucleotide polymorphism (SNPs) SNPs distinguish the chromosomes of two
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individuals or strains. There are millions of SNPs in mammalian genomes, and they have
become the preferred markers for genetic studies.

Synaptonemal complex A linear protein complex that forms the backbone of each
chromatid during prophase I of meiosis and promotes genetic recombination. The DNA of
the chromatid is attached to the complex in long loops. The name is derived from the
word synapsis, which has been used to describe chromatid pairing.

Three-point coefficient of coincidence (C5) The coefficient of coincidence calculated
in a pair of adjacent intervals.

Zinc finger A protein loop in which cysteine or cysteine-histidine residues coordinate a
zinc ion to form the base of the loop. Three of the amino acids in the loop cooperate
to recognize three base pairs of DNA, and a tandem array of zinc fingers can show
considerable DNA-binding specificity.
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Préambule

Des le passage a l'agriculture et a 'élevage des animaux, les hommes ont entamé les
premieres expériences génétiques, en étudiant et manipulant la transmission des caracteres
a la descendance. Mais ce n’est qu’au 19eme siecle qu'un support génétique a été identifié
pour les caracteres, support que Gregor Mendel a nommé “facteurs héréditaires”. 11 a
découvert que 'expression d’un caractere chez un individu est régulée par une paire de
facteurs, un provenant du pere et le deuxieme de la mere. Une des lois énoncée par Mendel
affirme que les différents caracteres sont hérités indépendamment les uns des autres. Des
expériences ultérieures ont remis en question la disjonction indépendante des caracteres.
Ces patrons héréditaires inhabituels, quand certains caracteres ségregent ensemble plus
souvent qu’attendu, a donné la définition de la liaison génétique. Thomas Morgan a
associé la liaison entre les facteurs a leur appartenance a un méme chromosome et a
rapporté la force de cette liaison a la distance qui sépare les facteurs. Toutefois, certains
facteurs montrent des niveaux différents de liaison : entre ségrégation indépendante et
liaison complete. Morgan a suggéré que la liaison entre des facteurs appartenant a un
méme chromosome peut étre brisée par la recombinaison lors de la méiose, a travers les
chiasmata. Les chiasmata sont les sites visibles de ’échange de matériel génétique entre
les chromosomes des deux parents, nommé crossover (CO).

En brisant la liaison génétique entre les genes, les COs remanient le matériel génétique
et génerent, ainsi, des nouvelles combinaisons entre les différents variants des genes. La
recombinaison fait donc partie des quatre forces fondamentales qui influencent 1’évolution
des especes. La sélection explique 'adaptation des especes au fils des générations par
la propagation des traits favorisant la survie et la reproduction. La mutation constitue
la principale source de variation sur laquelle la sélection agit. La recombinaison trie la
variation génétique et constitue une importante source d’innovation. La dérive génétique
garantit la déviation des fréquences des alleles dans une population, indépendamment des
autres forces évolutives.

“Fvolution is a population genetic process governed by four fundamental forces,
which jointly dictate the relative abilities of genotypic variants to expand throughout
a species. Darwin articulated a clear but informal description of one of those forces,
selection (including natural and sexual selection), whose central role in the evolution of
complex phenotypic traits is universally accepted, and for which an elaborate formal
theory in terms of change in genotypic frequencies now exists. The remaining three
evolutionary forces, however, are non-adaptive in the sense that they are not a function of
the fitness properties of individuals : mutation (broadly including insertions, deletions,
and duplications) is the fundamental source of variation on which natural selection acts ;
recombination (including crossing-over and gene conversion) assorts variation within
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and among chromosomes; and random genetic drift ensures that gene frequencies
will deviate a bit from generation to generation independently of other forces. Given the
century of theoretical and empirical work devoted to the study of evolution, the only logical
conclusion s that these four broad classes of mechanisms are, in fact, the only fundamental
forces of evolution. Their relative intensity, directionality, and variation over time define
the way in which evolution proceeds in a particular context.”(Lynch, 2007)

Objectifs et plan de la these

Cette these a pour objectif 'analyse, dans un contexte évolutif, des mécanismes de la
recombinaison et leur impact sur les génomes. La problématique de la quantification des
différences liées a la recombinaison entre especes y est abordée, des bases moléculaires du
phénomene jusqu’a une estimation plus générale d’'un modele. L'impact de la recombinaison
sur le patron des substitutions nucléotidiques et la fréquence des alleles dans la population
est aussi étudié.

La these est structurée en deux grandes parties. La premiere partie, composée des
chapitres I et II, passe en revue les techniques et approches existantes pour I’étude de la
recombinaison et la conversion génique biaisée. La seconde partie, chapitres III, IV, et
V, présente des approches nouvelles ayant pour but d’améliorer notre compréhension des
mécanismes évolutifs de la recombinaison et des structures génomiques.

Premiere partie

Dans le premier chapitre, section 1.1, nous présentons les mécanismes moléculaires
méiotiques a la base de la recombinaison. Lors de la méiose, les chromosomes homo-
logues s’apparient sur leur longueur. Cet appariement est indépendant de la recombinaison
dans certaines especes comme C. elegans ou D. melanogaster (Gerton and Hawley, 2005;
Zickler, 2006). Toutefois, pour la majorité des especes, 'union compléte des homologues
nécessite la formation des cassures double-brin (revue dans Joyce and McKim (2007)). Les
cassures double-brin ont été identifiées comme étant les précurseurs des événements de
recombinaison (Szostak et al., 1983). Plusieurs modeles ont été proposés pour expliquer
le passage entre les cassures double-brin et leur réparation en crossovers (COs) ou non-
crossovers (NCOs) (Szostak et al., 1983; Allers and Lichten, 2001b; Constantinou et al.,
2002; Wu and Hickson, 2003). La section 1.2 offre une vue d’ensemble des facteurs géno-
miques controlant la production des événements de recombinaison et plus particulierement
des COs. L’émergence des techniques a haute résolution dans I’étude de la recombinaison
a permis 'analyse de la distribution de ces événements le long des chromosomes dans
quelques especes modeles, comme 'homme et la levure. Nous savons maintenant que
la recombinaison a lieu dans des régions restreintes (quelques kb) du génome appelées
points chauds de recombinaison (Jeffreys et al., 2004; Myers et al., 2005). De plus,
la recombinaison n’est pas répartie aléatoirement le long des chromosomes a cause de
I'interférence tant entre les cassures double-brin (Anderson et al., 2001; de Boer et al.,
2006) qu’entre les événements de recombinaison (Bishop and Zickler, 2004). Au niveau
des régions chromosomiques, la recombinaison est localisée principalement a proximité
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des telomeres et est reduite dans les genes et a coté du centromere (Myers et al., 2005;
Mancera et al., 2008; Paigen et al., 2008). Récemment, le géne Prdm9, un déterminant
majeur des points chauds de recombinaison a été identifié chez ’homme et la souris (Myers
et al., 2009; Baudat et al., 2009). Chez '’homme, la protéine a doigts de zinc produite par
ce gene se lie a un motif dégénéré de 13 nucléotides qui est spécifique de 40% des points
chauds de recombinaison chez cette espece (Myers et al., 2008).

Tandis que d’importantes avancées ont été faites dans notre compréhension des méca-
nismes de la recombinaison, ces études dans quelques especes modeles ont mis en évidence
d’importantes différences dans ce processus, non seulement entre les especes, mais aussi
entre les sexes et les individus d’'une méme population. Ainsi, le caryotype (nombre et
longueur des chromosomes), ainsi que I’histoire démographique et 1’évolution des protéines
liées a la recombinaison, semblent des facteurs importants pour expliquer les différences
entre especes (section 1.2.4.1). La différence de recombinaison entre les sexes, nommée
hétérochiasmie, affecte non seulement le nombre des COs mais aussi leur distribution le
long des chromosomes (Shifman et al., 2006; Broman et al., 1998; Kong et al., 2002; Paigen
et al., 2008; Wong et al., 2010) (table 1.3). La variabilité inter-individus, quant a elle,
semble intimement liée aux alleles du gene Prdm9 porté par ceux-ci (Cheung et al., 2007;
Baudat et al., 2009; Berg et al., 2010).

Les expériences réalisées depuis les travaux de Morgan montrent un role double de la
recombinaison. Premierement, la recombinaison a un role essentiel dans la progression
de la méiose, en assurant la bonne ségrégation des homologues, entrainant ainsi sa
forte régulation. Deuxiemement, la recombinaison est un processus qui évolue rapidement
conduisant a de fortes différences au sein méme d’une population. Un autre role évolutif de
la recombinaison consiste a fagonner le paysage génomique au niveau des nucléotides.
Dans la section 1.3, nous présentons comment la recombinaison influence la production et
I’évolution des isochores (longues régions du génome caractérisées par un contenu homogene
en GC) a travers la conversion génique biaisée (pour revue, voir Duret and Galtier
(2009)). Les particularités des isochores ainsi que leur association a d’autres caractéristiques
génomiques sont présentées dans ce chapitre.

Toutes ces avancées dans I'étude de la recombinaison ont été possibles grace a des
progres technologiques majeurs. Ces percées technologiques ont facilité 1’acquisition de
nombreuses données a forte résolution. Dans le chapitre II, section II.1, nous décrivons les
principales techniques pour mesurer la recombinaison : cartes génétiques et de déséquilibre
de liaison et ’analyse par sperm-typing. Les cartes génétiques représentent 1’outil le plus
ancien pour I’étude de la recombinaison, depuis leur premiere mise en place par Sturtevant
(1913). Elles se basent sur le dépistage de la transmission des marqueurs génétiques au
sein des familles. Les cartes génétiques constituent, pour le moment, le seul moyen de
quantifier les COs a ’échelle des génomes dans les deux sexes (Lynn et al., 2004; Cheung
et al., 2007). Toutefois, elles sont dépendantes de la taille de la famille étudiée, ainsi que du
nombre de méioses représentatives qui résultent souvent dans des cartes a faible résolution,
particulierement chez les eucaryotes (Arnheim et al., 2003).

L’étude du déséquilibre de liaison a I'intérieur d'une population a permis I’'étude des
événements historiques de recombinaison (Lewontin and Kojima, 1960). Malgré les limites
de cette technique pour I’étude de I'hétérochiasmie, le nombre important d’individus
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étudiés assure une forte résolution des COs a ’échelle du génome (Myers et al., 2005). Le
déséquilibre de liaison sert de guide pour l'identification, localement, des potentiels points
chauds de recombinaison qui peuvent ensuite étre étudiés a tres haute résolution dans la
lignée germinale male, grace au sperm-typing (Li et al., 1988).

L’acquisition des données de recombinaison ne représente que le premier pas dans 1’étude
de ces mécanismes. Dans la section I1.2 nous décrivons quelques uns des modeles principaux
pour ’étude de la distribution des COs. Ces modeles se concentrent principalement sur la
modélisation des distances entre les COs. Le premier modele, counting model, considere
que deux COs vont étre séparés par un certain nombre de NCOs (Foss et al., 1993). La
distance entre deux COs suit donc une loi de I" dont le parametre, estimé sur la longueur
génétique des chromosomes, décrit la force d’interférence. Le modele mechanical stress
model, quant a lui, modélise I'apparition des COs en prenant en compte des phénomenes
physiques qui génerent des tensions au niveau des chromosomes lors de la méiose (Kleckner
et al., 2004).

La derniere section de ce chapitre, I1.3, présente des modeles développés pour l'inférence
des patrons de substitutions sous I'influence de la recombinaison a travers la conversion
génique biaisée. Arndt et al. (2003) a utilisé les méthodes de maximum de vraisemblance
pour inférer le patron de substitution dans une espece en se basant soit sur un triple
alignement entre des especes proches, soit sur ’alignement entre la séquence actuelle et
son équivalent ancestral. En utilisant ce valeurs de substitution dans les séquences neutres
du génome humain, Duret and Arndt (2008) proposent un modele quantifiant U'effet de la
conversion génique biaisée sur ce patron. A la fin de ce chapitre 11.3.3, nous présentons
nos résultats de simulation de 'effet de la conversion génique biaisée sur la fréquence des
alleles déléteres dans la population humaine (Necgulea et al., 2011). Nous montrons que
la conversion génique biaisée peut contrecarrer la sélection et engendrer le maintien des
mutations déléteres a de hautes fréquences dans les populations.

Deuxieme partie

Comme mentionné précédemment, la recombinaison est un processus tres dynamique
conduisant a de multiples différences entre especes, sexes, et individus. Dans le but de
caractériser les différences inter-especes dans la recombinaison, nous avons développé un
nouveau modele basé sur les cartes génétiques, détaillé dans le chapitre III. Ce
modele met en relation la longueur génétique totale des chromosomes (representant le
nombre total de COs) et leur longueur physique. Des notions biologiques importantes
sur le processus de la recombinaison sont prises en compte pour la construction de ce
modele : la nécessité d'un CO obligatoire par paire d’homologues pour assurer leur bonne
ségrégation et la force d’interférence entre COs. L’ajustement de ce modele aux données
donne l'estimation de deux parametres de la recombinaison : le taux de production
de COs supplémentaires par Mb et la force moyenne d’interférence par espece,
définie comme la distance physique entre des COs consécutifs. Puisque le modele implique
une analyse au niveau global du caryotype, il peut étre ajusté méme sur des cartes
génétiques de faible résolution, permettant ainsi I’étude de nombreuses especes. Dans le
chapitre I1I, nous montrons que ce modele s’ajuste bien sur les 24 vertébrés et non-vertébrés
analysés, méme dans les cas qui ne peuvent pas étre expliqués par un modele linéaire
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simple.

L’étude des distances inter-COs n’ayant été menée que chez quelques especes. Les
estimations de nos parametres d’interférence dans ces especes sont en accord avec les
valeurs obtenues par ces études montrant le grand potentiel de notre modele a étudier
I'interférence. Les estimations obtenues pour de nouvelles especes fournissent des données
originales sur la distribution des COs. En outre, nous avons utilisé les valeurs prédites
du taux de CO par Mb pour comparer les especes entre elles et déterminer celles qui se
ressemblent. Les especes avec des parametres similaires peuvent aussi partager un processus
et des complexes protéiques de la recombinaison similaires.

Dans le but d’étudier I'hétérochiasmie, nous avons ajusté le modele sur les cartes
génétiques male et femelle appartenant a 6 vertébrés. Comme attendu, le sexe ayant la
plus petite distance inter-CO présente également plus de COs, qui en outre, sont distribués
plus uniformément. Pour 4 des 6 vértébrés, ces tendances engendrent également un taux
de production des COs par Mb plus important. En revanche, pour 'opossum, les deux
parametres sont plus élevés chez la femelle que chez le male. Est-ce que cela résulte de la
faible résolution de la carte génétique pour cette espece, ou traduit un comportement a
part chez la femelle ? Cela mérite une analyse plus approfondie. Nos résultats, ainsi que des
nouvelles données (Elferink et al., 2010), remettent en question le manque d’héterochiasmie
précédemment consentie chez le poulet.

L’analyse des causes de I’héterochiasmie a motivé notre deuxieme étude, présentée dans
le chapitre IV. La présence et le sens de 1’héterochiasmie varient entre les especes.
De plus, nous savons que la recombinaison a un impact important sur les séquences
nucléotidiques a travers la conversion génique biaisée. Jusqu’a maintenant, des études chez
I’homme ont montré que la recombinaison male était le facteur principal dans 1’évolution
du contenu en GC (Webster et al., 2005; Duret and Arndt, 2008). Dans le chapitre IV, nous
analysons la question de I'impact du sexe sur la relation GC/recombinaison chez 5
vertébrés. Nos résultats montrent que l'effet plus fort du male n’est pas valable pour toutes
les especes. Méme chez ’homme, cet effet est principalement engendré par des régions
proches des teloméres, qui contiennent principalement des points chauds de recombinaison
male. Ces résultats montrent un impact important des forts taux de recombinaison sur la
composition en nucléotides, indépendamment du sexe. La différence entre les sexes dans
la localisation et l'intensité des points chauds de recombinaison est le facteur important
de I'impact différentiel du sexe sur la relation GC/recombinaison selon la localisation
chromosomique.

En outre, nous avons étudié I'impact du patron de substitution sur 1’évolution du
contenu en GC. Pour des échelles de temps faibles, la divergence homme-chimpanzé, le GC
actuel des séquences est tres différent du GC attendu a I’équilibre (Meunier and Duret,
2004; Duret and Arndt, 2008). Dans le chapitre IV, nous montrons que pour des échelles
de temps plus longues, le contenu en GC des régions neutres, soumises a la mutation,
a la conversion génique biaisée, et a la dérive génétique, est proche de I’équilibre. Nous
proposons une hypothese pour ces résultats apparemment contradictoires. Tout d’abord,
les points chauds de recombinaison sont tres dynamiques, comme 'indique ’absence de
conservation entre des especes proches comme I'homme et le chimpanzé (Ptak et al., 2005;
Winckler et al., 2005). Ensuite, certaines régions chromosomiques comme celles proches
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des teloméres conservent une haute densité en points chauds de recombinaison chez une
majorité des especes. Ces observations indiquent que, méme si le contenu en GC oscille
sous la pression des biais mutationnels et de la conversion génique, a long terme les deux
biais s’atténuent réciproquement.

Les résultats présentés dans cette these amenent des éléments nouveaux pour la com-
préhension de I'influence réciproque entre caryotype, sexe, recombinaison, et composition
en nucléotides. Cependant, comme le titre de la section d’ou provient la citation précédente
I'indique : “Nothing in evolution makes sense except in the light of population genetics”
(L’évolution ne fait sens qu’a la lumiere de la génétique des populations) (Lynch, 2007). En
accord avec ce principe, le travail présenté dans cette these s’inscrit dans un projet plus
important qui vise a intégrer les nouvelles informations sur le processus de recombinaison

dans un modele décrivant son impact évolutif dans les populations.
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Introduction

When humankind first started practicing agriculture and animal breeding, it also initiated
the first genetic experiments, by studying and influencing the transmission of traits to the
offspring. It was not until the 1800s that the traits were found to have a discrete material
support, which Gregor Mendel called “factors”. It was Mendel that discovered that factors
for one trait come in pairs, one from the father and one from the mother. One of the
laws stated by Mendel is that different factors are passed on to the offspring separately
from one another. Subsequent experiments have emphasized important deviations from
this law of independent assortment. The notion of linkage arose when unusual patterns
of inheritance were observed between certain factors, when certain traits were found to
segregate together more often than not. Thomas Morgan associated the linkage between
factors to their belonging on the same chromosome, and related the strength of this linkage
to the distance separating them. However, despite a localization on the same chromosome
and short physical distances, the transmission of certain factors showed incomplete linkage.
It was Morgan who suggested that breaks in the linkage between factors on the same
chromosome were the consequence of recombination, through chiasmata observed during
meiosis. Chiasmata are the visible sites of the exchange of genetic material between the
chromosomes from the two parents, also termed crossover.

By breaking the linkage between genes, crossovers mix the genetic material and thus,
create new combinations of gene variants. Hence, recombination is creating variation and
represents a powerful source of innovation. In chapter I, section 1.1, we offer a detailed
description of the molecular mechanisms leading to the advent of recombination. Section
[.2 provides our latest understanding of the genomic features generating and controlling
recombination, and particularly crossovers. High-resolution studies in a few organisms,
such as human and yeast, have provided valuable information on the distribution of
recombination events along chromosomes. However, important differences have been
observed in their localization and frequency, not only between species, but also between
sexes and individuals of the same species. The results obtained since the work of Morgan
describe a dual role of recombination. First, recombination plays an essential role in the
progress of meiosis, and thus, it is highly regulated. Second, recombination is perceived as
a highly dynamic process. Another important evolutionary role of recombination consists
in influencing the genomic sequences at the nucleotide level. In section 1.3, we describe how
recombination can generate isochore structures (long regions of relatively homogeneous
GC-content) through the mechanism of biased gene conversion. The characteristics of
these structures as well as their correlation to other genomic features are also provided in
this section.

However, all these advancements have been possible thanks to a major technological

7
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progress. These technological breakthroughs have facilitated the acquisition of large
amount of high-quality data. In chapter II, section II.1, we present the main genetic
methods that have led to the study of recombination: linkage and LD maps, as well as
sperm-typing results. As the data on recombination increased considerably, a new need
emerged: the necessity of models to describe them. Section I1.2 describes some main
modeling techniques of the distribution of crossovers. These models are mainly focusing
on the distance separating two consecutive crossovers, as these events are not distributed
randomly, but interfere with each other. The last section of this chapter, I1.3, deals with
the models for the analysis and quantification of the impact of recombination on the
nucleotide changes, through the influence of the substitution pattern. Also in this section
I1.3.3 we present our analysis of the influence of biased gene conversion on the frequencies
of alleles in a population. Notably, we focus on the modeling of the role played by biased
gene conversion in the maintenance of deleterious alleles in a population.

As previously mentioned, recombination is a highly dynamic process, as multiple
differences can be observed between species and sexes. However, these differences could be
analyzed only in a few species, and the models describing the distribution of crossovers
characterize only a subset of these species. In order to understand the evolutionary role of
recombination, it is important to describe its mechanism at a much larger scale. In chapter
ITI, we make use of the availability of low-resolution genetic maps in a wide variety of
species to model the distribution of crossovers. The model we propose takes into account
the constraint of one obligatory crossover per pair of homologs in order to ensure their
correct segregation. This model is characterized by two parameters, which represent the
rate with which supplementary crossovers are produced and the strength of interference.
The estimation of these parameters in 24 vertebrates and non-vertebrates yields important
information on their role in creating differences among species and sexes.

The differences in recombination between sexes (heterochiasmy) have been found
to account for a differential impact of sex on the nucleotide composition. Thus, in
human, the male, rather than female, recombination seems to correlate better with the
GC-content of sequences. In chapter IV, we investigate this relation in four additional
vertebrates. We compare the heterochiasmy differential impact with the localization along
the chromosomes. This analysis allows us to understand the role played by sex on the
relation between recombination and nucleotide composition, under biased gene conversion.

A summary of all our results is provided in chapter V. In view of the results presented
in this thesis, we further discuss the future leads they offer to improving our understanding
of the evolution of recombination and its impact on the nucleotide landscape of genomes.
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Chapter 1

Mbolecular mechanisms of
recombination

This chapter provides the necessary basis to understand the molecular mechanisms of
recombination and its impact on the genome. The first section summarily describes the
phases of meiosis, with a detailed presentation of the recombination mechanism in the
second section. The third section characterizes the process of biased gene conversion and
its implications on the isochore structures.

1.1 Meiosis

Most sexually-reproducing species have diploid cells, e.g. they have two copies of each
chromosome, one from each parent. When, in turn, such an individual reproduces, it
transmits only half of its genetic material to the offspring, through specialized cells termed
gametes. An essential step in the sexual reproduction of species is the generation of haploid
gametes from diploid cells, which prevents the doubling in genetic material with each
generation. The reduction in ploidy is achieved through a special type of cellular division,
called meiosis.

The specialized diploid cells in ovaries and testis (germinal cells) contain two copies of
each chromosome (paternal and maternal), also known as homologs. A preceding step
to meiosis consists in the replication of DNA in germinal cells, with the duplication of
chromosomes. At the end of this phase each chromosome consists of two sister chromatids
linked at the level of the centromere. Two cell divisions follow, which halve the number of
chromosomes in the gametes, thus resulting in four haploid cells.

I.1.1 The phases of meiosis

The first meiotic division is particularly long, representing more than 90% of the total
time of meiosis. It is also known as reductional division since it produces two haploid
cells. The passage from a diploid number of chromosomes to a haploid stage is done in
four phases: prophase, metaphase, anaphase and telophase as in figure I.1. Two important
events, specific to meiosis, take place during prophase I: the synapsis of homologous
chromosomes and recombination. In turn, prophase I is divided into five phases: leptotene,
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zygotene, pachytene, diplotene, diakinezis. Of the wide range of proteins acting during
prophase I, some are mentioned here after and a detailed description can be found in
the additional table A. At metaphase I, the paired chromosomes become attached to
the meiotic spindle and line up. The chromosomes are condensed at their maximum and
the chiasmata (the points of contact between homologs) are visible. The resolution of
the chiasmata takes place during anaphase I, when the two replicated homologs (each
still consisting of two sister chromatids) separate and are pulled to opposite poles. The
chromosomes reach the poles of the meiotic spindle during the telophase I and the cell
divides resulting in two sister cells, each inheriting two copies of either the maternal
or the paternal homolog of each pair. Each daughter cell contains half the number of
chromosomes, which consists of a pair of sister chromatids, closely attached at the level of
the centromere.

The actual formation of gametes is taking place during the second meiotic division, also
known as equational division. The transition between the two meiotic divisions takes place
rapidly, during a short interphase period, with no DNA replication. The nuclear envelope
(NE) of each daughter cell breaks down in prophase II, and a new meiotic spindle forms.
In metaphase II, single condensed chromosomes, as opposed to homologous pairs of
chromosomes in metaphase I, line up on the spindle. The two sister chromatids making up
each chromosome are separated at the centromere during anaphase II. They segregate
to opposites poles of the cell, thus generating two haploid nuclei, each containing a single
chromatid. At telophase II, the nuclear envelope of each one of the four cells is formed,
producing four gametes, each with a haploid set of chromosomes.

I.1.2 Pairing and synapsis of homologs during prophase I

The pairing of chromosomes starts at leptotene, as the homologs overcome spatial separation
from complete dissociation to co-alignment. In order to achieve this long-range alignments,
homologous chromosomes must find and recognize each other. In a few organisms, the
establishment of a physical contact between homologs may occur prior to meiosis (reviewed
in McKee (2004); Zickler (2006)). This phenomenon is encountered in Dipterans, as it is
especially necessary for the initiation of meiotic association in Drosophila males which lack
both recombination and a synaptonemal complex (SC) (Vazquez et al., 2002). The spatial
association of homologs has also been reported in somatic cells during mitotic interphase,
when chromosomes occupy distinct territories according to their length and gene-density,
but this association is infrequent and seems to occur randomly (Cremer and Cremer, 2001;
Mora et al., 2006). However, the premeiotic interactions are far from being an universal
feature. Even when these type of interactions are present, it is difficult to assess their
influence on the pairing of chromosomes during meiosis.

Prior to pairing, chromosome ends are linked to the cytoskeleton network through the
inner and outer nuclear membrane complex proteins SUN/KASH (Tzur et al., 2006). Figure
.2 depicts the attachment between the microtubules in the cytoplasm and the chromosomes
inside the nucleus through specific nuclear envelope (NE) proteins. These NE bridges allow
cytoplasmic forces to induce chromosome movement inside the nucleus (Penkner et al.,
2009). The motion of chromosomes is supposed to help the pairing of homologs by creating
the opportunity of encounter, but most importantly by disrupting the nonhomologous
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Figure 1.1: The representation of the two meiotic divisions: Meiosis I and II. Each
meiotic division is further classified into four phases: prophase, metaphase, anaphase
and telophase. At the end of meiosis, four gametes are produced each with a haploid
set of chromosomes. Prophase I is characterized by the exchange of genetic material
between homologous chromosomes, also known as crossovers (CO). During metaphase,
chromosomes attach to the spindle formed between centrosomes. The genetic material,
homologs for Meiosis I and sister chromatids for Meiosis 11, segregate at opposite poles
during anaphase. The telophase results in the reconstruction of the NE around each
homologous chromosome or sister chromatid for the first and second meiotic divisions
respectively. Cytokinesis results in the division of the cytoplasm in order to form two
daughter cells.

associations (reviewed in Koszul and Kleckner (2009)). At late leptotene the chromosomes
migrate into a specific meiotic organization called the “bouquet” arrangement (Zickler and
Kleckner, 1998; Scherthan, 2001). The “chromosomal bouquet” is a conserved feature of
eukaryotes, characterized by the telomeres being anchored to the NE and the chromosomes
being clustered within a delimited volume of the nucleus (Zickler, 2006). Although the role
of the “bouquet” configuration in the pairing between homologs is not well defined, it has
been suggested that the clustering of chromosomes in a limited area, as well as their rapid
movement in and out of the “bouquet” are essential for the resolution of entanglements of
chromosomes as well as the prevention of nonhomologous contacts (Zickler, 2006).

The chromosome dynamics during meiosis is indeed an essential step in their synapsis,
but the question still remains as to how homologs recognize each other at very long
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Figure 1.2: Attachment to the nuclear envelope promotes chromosome movements and
homologous attachments.(a) A SUN/KASH domain complez bridges the nuclear envelope
(NE) connecting with dynein on the cytoplasmic face. Chromosomes attach via telomeres
or specialized pairing center sequences to the NE complex. In C. elegans, Sun-1 phosphory-
lation (black circle on SUN protein with attached chromosome) early in zygotene is required
for subsequent events. (b) The SUN/KASH/chromosomal foci cluster together and mature
into large patches, as additional phosphorylation of Sun-1 is observed. In patches, dynein-
mediated forces stress chromosomes, leading to detachment of non-homologous attachments
and synapsis and homologous ones. (c¢) As homologs fully synapse and execute DSB repair,
SUN-1 phosphorylation status again changes, leading to dispersal of chromosomes into
pachytene morphology. From Yanowitz (2010).

distances. Recombinases (such as Rad51) are known to facilitate the homology recognition,
but at a local scale, when the interacting molecules are already aligned (Rao et al.,
1995; Barzel and Kupiec, 2008). Moreover, in many organisms the homologous pairing
is independent of recombination (Gerton and Hawley, 2005; Zickler, 2006). Multiple
recombination-independent mechanisms for homology search have been proposed. The
clustering of chromosomes could be attained through specific cis-acting pairing centres
(PC). In C. elegans, homologue-recognition regions (HRR) have been found to localize along
each chromosome, and are essential to the local stabilizing of pairing and the initiation
of SC polymerization (McKim et al., 1988; MacQueen et al., 2005). Highly transcribed
ribosomal DNA (rDNA) regions in D. melanogaster also play a role as PC between the X
and Y chromosomes (McKee, 1996). The pericentric heterochromatic regions too, could
act as pairing sites between chromosomes, in S. cerevisiae and D. melanogaster (Kemp
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et al., 2004; Dernburg et al., 1996). Another mechanism for long-range pairing is based
on the observation that during meiosis, chromosomes pair only when transcriptionally
active (Cook, 1997). DNA regions that are under active transcription form loops attached
to specialized transcription factories. Multiple homologous loops may share the same
transcription factory allowing for a transient binding between DNA sequences, and the
subsequent paring of homologs (Xu and Cook, 2008). Even if considered less probable,
the model of DNA-DNA direct contacts is based on long-range attractive interactions
between double-stranded DNA (Danilowicz et al., 2009). These interactions result from
the spatial modulation of charge distribution in DNA helices (Kornyshev and Wynveen,
2009), even in protein-free conditions.

I.1.3 Double strand break (DSB) dependent pairing and the
Synaptonemal Complex (SC)

For the majority of species, full homologous pairing seems to be intimately linked to the
initiation of recombination via double-strand breaks (DSB) (reviewed in Joyce and McKim
(2007)). However, knock-out mutants for the proteins responsible for DSB formation in
Caenorhabditis elegans and females of Drosophila can still build a synaptonemal complex
(SC) structure and establish inter-homologs synapsis (Dernburg et al., 1998; McKim et al.,
1998). SC is a well-conserved tripartite proteinaceous structure consists of two lateral
elements (LE) and a central element (CE), connected together by transverse filaments
(TF), with the two homologous chromatides disposed in loops around the corresponding
LE (Schmekel and Daneholt, 1995) (figure 1.3). The chromosome axes begin to assemble
in short fragments, at leptotene, as a result of the incorporation of cohesin (e.g Rec8)
and axial proteins, such as SCP2 and SCP3 in mammals (Eijpe et al., 2003). The bits
will then fuse and form full-length LE as part of the SC (Schalk et al., 1998). Also at
leptotene, DSBs are induced on the chromatin loops through the action of the evolutionary
conserved endonuclease Spoll (Keeney et al., 1997; Blat et al., 2002; Keeney and Neale,
2006). The Mrell complex of proteins further removes Spoll from the DNA ends and
continues to degrade the DSBs from the 5’ to the 3’ end (Borde and Cobb, 2009). Even if
DSBs may occur on chromatin loop, it has been proposed that the sequence containing
the DSB and the chromosome axis will become spatially associated via DNA /protein
recombination complexes (Blat et al., 2002) (figure 1.4). It has been observed that the sites
of DSBs form 400 nanometers (nm) local bridges between the homologous chromosome
axes (Tessé et al., 2003). The exact mechanism of DSB-mediated alignment is not fully
understood, nevertheless a complex of proteins has been identified as being involved in
the interaxis bridges assembly (Storlazzi et al., 2010). Strand exchange proteins, such as
Rad51 and Dmcl, will form nucleoprotein filaments, binding the resulting single stranded
DNA (ssDNA) and catalyzing homologous strand invasion (Shinohara et al., 1992; Kagawa
and Kurumizaka, 2010).

At zygotene, a small subset of the DSB bridges, the ones that have matured into axial
associations, and that later will form crossovers (CO), are also developing sites for the
SC (Page and Hawley, 2004). An overview of the recombination and SC processes is
pictured in figure 1.5. Contemporary to the initiation of the CE in SC, the 3" ssDNA
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Figure 1.3: Model of the synaptonemal complex structure. The lateral element (LE) com-
prises cohesins (Rec8/C(2)M/SYN1, STAG3/Rec11, SMC1-3 and SMC3) (blue ovals), the
structural proteins SCP2 and SCP3 and the HORMA-domain proteins Hop1/HIMS3/Asyl
(all other LE proteins - green ovals). The transverse filaments (TF) are formed by the
proteins Zipl /SCP1/C(3)G/SYP1 (shown also at the bottom). Adapted from Castro and
Lorea (2005), originally adapted from Page and Hawley (2004).

invades the homologous double strand DNA (dsDNA), through a process called single-end
invasion (SEI) (Hunter and Kleckner, 2001). Homology is recognized between the two
sequences through sequential cycles of binding, sampling and release of the dsDNA (Neale
and Keeney, 2006). The proteins responsible for the CE nucleation (SCP1 protein, in
mammals and ZMM proteins, in yeast) polymerize along homologs leading to the full
assembly of the SC at mid-pachytene (Meuwissen et al., 1997; Zickler, 2006). The stable
connection between homologs via the SC is called synapsis (Zickler and Kleckner, 1998).

1.1.4 Molecular mechanisms of recombination

Spontaneous DSBs arise frequently, and without a correct repair mechanism, they would
be highly deleterious leading to chromosome mis-segregation, rearrangements or apoptosis.
The repair of the DNA break can proceed either by non-homologous end joining (NHEJ)
or by homologous recombination (HR), using a DNA template (Haber, 2000). NHEJ is
widely used in mammalian mitotic cells and consists of directly ligating the broken ends
of the DNA (Weterings and van Gent, 2004). The process itself needs no or very little
homology and is very prone to errors (Lieber et al., 2003). The repair of DSBs generated
during meiosis exhibits low levels of NHEJ in mammals, and is mainly performed through
HR (Goedecke et al., 1999; Haber, 2000). HR uses a template DNA sequence, that can be
either the sister chromatid, the homologous chromosome or an ectopic sequence, in order
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Figure 1.4: Possible architecture of the DNA /protein recombination complexes mediating
homolog pairing. (1) One DSB end (lower red arrowhead) interacts with a homologous
chromatin loop, thereby initiating the assembly of a protein complex containing at least four
post-DSB recombination proteins (for details of the proteins see Storlazzi et al. (2010)).
The other DSB end (upper red arrowhead) associates with the azis of the DSB “donor”
chromosome. (1) The complex formed with the partner chromosome in (I) becomes axis-
associated, thereby bringing donor and recipient chromosomes into closer proximaity, with
asymmetric evolution of the recipient chromosome complex. (III) The chromosome azes
are separated by a distance of 400 nm. From Storlazzi et al. (2010).

to rebuild the missing DNA. The use of the homologous chromosome as a template is
preferred during meisois as it is essential for the accurate segregation of homologs at the end
of meiosis I (Schwacha and Kleckner, 1997). Hereafter, HR will refer to the recombination
process that takes place between homologous chromatids during meiosis. The repair
through HR yields two types of final products: crossovers (CO) and non-crossovers (NCO).
While a CO supposes the reciprocal exchange of large portions of genetic material between
the homologous chromosomes, a NCO is a non-reciprocal, highly local event which results
in the swap of only a small DNA segment.

The mechanisms leading to these two recombination products are not yet fully under-
stood, but all the models for HR are based on the formation of a single-end invasions
(SEI) intermediate. One of the first models to account for the production of both COs and
NCOs, the double-strand break repair (DSBR) model (Szostak et al., 1983), is based on the
resolution of a cross-stranded structure, the Holliday junction (HJ) (Holliday, 1964) (figure
[.6). Following the SEI, the loop (also called D-loop) formed by the coming apart of the
homologous dsDNA, is enlarged through new DNA synthesis and captures the opposing
free 5’ end. Ligation of the two ends as well as gap repair of the missing DNA on the sister
chromatid completes the formation of a second recombination intermediate, the double
HJ (dHJ). Endonucleases resolve the dHJ by introducing symmetric nicks in the strands
with the same polarity, which are then ligated. If, like in figure 1.6, the cuts (arrows)
are made on the two sides of the dHJ, thus affecting all four strands, a CO is produced.
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Figure 1.5: Model of the parallel between recombination and synaptonemal complex
(SC) formation and timing in yeast. At the beginning of leptotene, DSBs appear on the
chromatin loops along the chromosomes. At zygotene, bridges are formed between the
axes of the two homologous chromosomes at the sites of DSBs by single-end invasion
(SEI) and the formation of D-loops. DSBs can be solved either as crossovers (CO) or
non-crossovers (NCO). The sites of future CO resolution will recruit proteins such as Zip1,
which is a component of the central element (CE) constituting the SC. At mid-pachytene,
the polymerization of Zip1 results in the full assembly of the SC. The resolution of the
recombination intermediates, double Holliday junctions (dHJ) yields CO recombination
products. From Shinohara et al. (2008).
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Two cuts on the same side of the dHJ, affecting only two homologous strands out of the
four, produce a NCO. Many predictions of the DSBR model have come true, starting
with the observation of the dHJ intermediates deduced from 2D gel analysis (Schwacha
and Kleckner, 1995; Allers and Lichten, 2001a). Recently, two long-awaited eukaryotic
resolvases of the dHJ have been identified: GEN1/Yenl (Sharples, 2001; Ip et al., 2008;
Bailly et al., 2010) and SLX4/BTBD12/MUS312/Him-18 complex (Fekairi et al., 2009;
Saito et al., 2009; Svendsen et al., 2009).
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Figure 1.6: Homologous recombination. Summary of our current understanding of
recombination pathways that are initiated by a DNA double-strand break (DSB) and which
lead to gene conversion with or without crossover. First, the ends of the DSB are cut,
producing single stranded DNA that recruits the recombination protein RADS1. The
assembly of a RADS51 nucleoprotein filament leads to interactions with homologous duplex
DNA and strand invasion. This process is known as single-end invasion (SEI). In some
pathways for recombination (centre), SEI is followed by the capture of the second DNA end.
This intermediate can proceed to form double Holliday junctions, and any remaining gaps
might be filled by new DNA synthesis. The resulting Holliday junctions might then serve
as the substrate for a classic Holliday-junction-resolution reaction or be dissociated by the
combined actions of BLM (Bloom’s syndrome protein) and topoisomerase Illoe (Topo III).
The BLM-Topo-III reaction primarily leads to the formation of non-crossover products, as
mutations in BLM cause an increase in crossover formation. Recombinants can also form
by a MUS81-dependent pathway that does not involve Holliday-junction formation (right).
Similarly, DSBs can be repaired by synthesis-dependent strand annealing (SDSA) (left) to
produce non-crossovers. Adapted from Liu and West (2004).
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Despite the advantage of offering an integrated view of the process generating CO and
NCO, the DSBR model does not account for all the biological observations, especially
regarding the production of NCOs (reviewed in McMabhill et al. (2007)). The resolution
of the dHJ as a NCO is expected to generate a heteroduplex DNA to the left of the
DSB in one of the chromatids and to the right in the other chromatid. However, several
studies have found that in the majority of cases the heteroduplex is present only in one of
the chromatids, and even in cases of two tracts of heteroduplex, they were localized on
the same chromatid (Allers and Lichten, 2001a; Merker et al., 2003; Jessop et al., 2005).
Additionally, knock-out mutants for proteins involved in CO production reduce drastically
their number, but yield no influence on the production of NCOs (reviewed in Bishop
and Zickler (2004)). The current hypothesis seems to be that the majority of physically
observed HJ are processed into COs (Allers and Lichten, 2001a). These observations as
well as the discovery of additional protein complexes involved in CO/NCO production have
led to the description of alternative pathways as represented in figure 1.6. An alternative
pathway of dHJ resolution involves the helicase BLM. BLM together with RMI1 and
TOPIII form a protein complex (BLM*) which catalyzes the dissolution of the dHJ and
generates NCOs as the final products by preventing the exchange of flanking sequences
(Wu and Hickson, 2003, 2006).

Another pathway acting on the HJ and leading to the exclusive production of COs,
involves the Mus81-Emel protein complex (Mus81*) (Constantinou et al., 2002). In
Schizosaccharomyces pombe, the majority, if not all COs, are dependent on this pathway
(Boddy et al., 2001). It was first thought that Mus81-null mutants, in mouse, were viable,
but it was recently demonstrated that they are also subject to severe meiotic defects
(Holloway et al., 2008). Studies in S. cerevisae and Arabidopsis thaliana have pointed
to the particularity of Mus81 in generating interference-independent COs (de los Santos
et al., 2003; Berchowitz et al., 2007). Although the mechanism involving Mus81* is not yet
clear, the preferred hypothesis consists in a HJ cleavage activity, which has been observed
in vitro (Cromie et al., 2006; Taylor and McGowan, 2008). It has been suggested that
Mus81* acts on the D-loops before their full maturation into dHJs, by making two cuts on
the opposing strands of the homologous chromatid, transforming the four-way branched
structure into two linear products (Gaillard et al., 2003; Osman et al., 2003). The linear
products are further resolved by DNA synthesis and ligation, resulting in final COs.

Additional to DSBR and BLM* models, most NCOs result from synthesis-dependent
strand-annealing (SDSA) without the formation of a HJ (Allers and Lichten, 2001b).
Following the SEI and the extension of the invading end past the site of the DSB, the
D-loop is disrupted. The displaced DNA strand will further anneal with its complementary
ssDNA on the other side of the DSB. DNA synthesis and nick ligation will complete the
process, resulting in a NCO (McMabhill et al., 2007). Intermediates of the SDSA pathway
have been detected in S. cerevisae meiotic cells (McMahill et al., 2007).

The current view is that multiple pathways may be used for the formation of recombi-
nation products. Moreover, these pathways are not completely independent as there is
evidence of cross-talk among them. SLX4 and Mus81 interact, and it has been proposed
that the SLX1-SLX4 may be part of the Mus81* pathway as well, with SLX1 making
the initial nick of the HJ and Mus81 cutting the nicked HJ generated by the second end
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capture (Svendsen and Harper, 2010). Also, BLM is known to interact with Mus81 in
somatic cells and with MLH1, representing a possible bridge between the DSBR and Mus81
pathways (Holloway et al., 2008, 2010).

1.1.5 Postsynaptic phase

By mid-late pachytene, the mature CO products are observed cytologically at chiasmata
sites (Hunter and Kleckner, 2001; Guillon et al., 2005). From late pachytene to diplotene,
the SC is disassembled as its CE proteins dissociate from the chromosome arms (Tsubouchi
and Roeder, 2005). Following the dissociation of the SC, chiasmata become visible. The
homologous chromosomes still attached at the centromere as well as at chiasmata sites,
prepare to attach the meiotic spindle upon the entry in metaphase I (Zickler and Kleckner,
1999; Zickler, 2006).

Review articles for this sub-chapter: Liu and West (2004); Zickler (2006); Ding et al.
(2010); Storlazzi et al. (2010); Székvilgyi and Nicolas (2010); Yanowitz (2010)

1.2 Recombination

1.2.1 Distribution of recombination events
1.2.1.1 DSB distribution

Are the recombination events: DSBs, COs and NCOs, evenly distributed along the
chromosomes? What makes a genomic region likely to host some of these products?
These open questions have lately benefited from advances in microarray and cytological
technologies, especially in yeast. Thus, DSBs have been found to cluster in small regions,
called DSB hotspots (DSBh) separated by long regions with few or no DSB events
(de Massy et al., 1995; Lichten and Goldman, 1995; Baudat and Nicolas, 1997; Petes, 2001).
Hotspots are regions having a higher fraction of events compared to their surrounding
environment. In §. cerevisae, DSBs may occur at many sites within regions of a few
hundred base pairs (bp) (de Massy et al., 1995; Liu et al., 1995; Xu and Kleckner, 1995).
Mutations at the putative DNA-binding surface of Spoll have been shown to affect the
distribution of DSBs, but the effect is weak and no specific motif has been found at the
sequence level to explain the existence of DSBh (Liu et al., 1995; Murakami and Nicolas,
2009). Despite a lack of specificity in the binding of Spoll, some epigenetic features have
been found to correlate with the distribution of DSBhs. DSBs are preferentially initiated in
the chromatin loops rather than the chromatin bound to chromosome axes (Blat et al.,
2002). But not all chromatin loops contain a DSB, the distance between DSBs exceeding
the average size of the DNA loops (Gerton et al., 2000). Local chromatin accessibility
is another important factor in the initiation of DSBs, since DSBh are preferentially located
in nuclease-hypersensitive regions (Ohta et al., 1994; Wu and Lichten, 1994; Berchowitz
et al., 2009). Histone modifications, especially H3 lysine 4 trimethylation, associated with
active chromatin, are also marks of recombination initiation sites in S. cerevisae (Borde
et al., 2009) and mouse (Buard et al., 2009).
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In S. cerevisae, two chromosomal landmarks are considered cold DSB regions: the
chromosome ends (also known as telomeres) (Su et al., 2000; Blitzblau et al., 2007;
Buhler et al., 2007) and ribosomal DNA (rDNA) (Petes and Botstein, 1977; Blitzblau
et al., 2007) in S. cerevisae. It was postulated that DSB initiation sites avoid highly
repetitive DNA, as it could lead to nonhomologous interactions between chromosomes and
loss of rDNA repeats (Barton et al., 2003). Despite the first 20 kb of the chromosome ends
in S. cerevisae being cold, the following 30 Kb are hot, suggesting that telomeres act
as promoters for a strong recombination activity in adjacent regions (Blitzblau
et al., 2007; Buhler et al., 2007; Barton et al., 2008). At first, centromeric regions were
also considered cold regions (Gerton et al., 2000; Borde et al., 2004). However, important
DSB hotspots have been found in the pericentromeric region of S. cerevisae (Blitzblau
et al., 2007; Buhler et al., 2007). Interestingly, pericentromeric sequences have also an
open chromatin structure (Berchowitz et al., 2009).

At the sequence level, DSBs form preferentially in intergenic regions (Baudat and
Nicolas, 1997; Gerton et al., 2000; Cromie et al., 2007). In S. cerevisae, most recombination
initiation sites occur in the vicinity of transcription promoters (Baudat and Nicolas, 1997;
Gerton et al., 2000). Some DSB hotspots have been found to require the presence of
transcription factors, however the level of transcription doesn’t seem to affect the frequency
of DSB events (Gerton et al., 2000). In S. pombe, an association has been reported between
recombination hotspots and long non-coding RNA loci, which was proposed to result
from the role of these RNA loci in binding factors, such as transcription factors, and thus
remodeling the chromatin (Wahls et al., 2008).

The existence of hot and cold DSB regions results in the non-random distribution of DSB
events. This distribution is related to the observed phenomenon of interference between the
recombination initiation sites. Positive interference (simply termed interference hereafter)
supposes the existence of an inhibition zone around events, preventing the formation of
additional recombination occurrences. Even if DSB interference is detected in the studies
mentioned previously, it is certainly underestimated, as the DSB mapping techniques
account for the combined results of thousands of independent meioses (Berchowitz and
Copenhaver, 2010). Cytological evidence of DSB interference includes the observation
of distances between early recombination nodules (structures associated to the SC), in
plants (Anderson et al., 2001), as well as between early MSH4 foci in mouse (de Boer
et al., 2006). Both early nodules and MSH4 foci are associated with Rad51/Dmcl, and
are considered representative of the DSB sites (Zickler and Kleckner, 1999). Another
indication of competition between DSBs has been observed by deleting DSB hotspots,
which stimulated the formation of DSBs at adjacent sites (Wu and Lichten, 1995). Also,
insertion of a DSB hotspot results in the reduction of DSB activity in the neighboring
hotspots (Wu and Lichten, 1995; Fan et al., 1997; Robine et al., 2007). The existence of
interference suggests that even if the distribution of DSBs is variable from one meiosis
to another, their number is subject to little variability, as for example in yeast, it varies
between 150 and 170 events per meiosis (Buhler et al., 2007; Robine et al., 2007).

1.2.1.2 CO and NCO distribution

Figure 1.7 depicts the distribution of DSB and recombination rates along chromosome III
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in yeast. Additional to the hotspot organization of DSBs, the recombination products,
COs and NCOs, are also subject to a non random distribution. Moreover, some DSBh
seem more favorable to NCOs while other host preferentially COs, suggesting higher levels
of interference (Mancera et al., 2008) (figure 1.8). Techniques such as genetic mapping,
linkage disequilibrium and sperm-typing (see chapter II.1 for details), have permitted the
extensive study of CO distribution in a wide variety of species. In humans, a majority
of CO events (60%) are part of a known CO hotspots (COh) (Coop et al., 2008), and
60-70% of these known COh are hosted within 10% of the genome (Myers et al., 2005).
A CO hotspot is a region 1-2 kb wide (Jeffreys et al., 2004), surrounded by CO-depleted
regions, on average 50-100 Kb long (Myers et al., 2005). Despite an evolutionary conserved
length (Mancera et al., 2008; Wu et al., 2010), COh display a wide variety of intensities
(Arnheim et al., 2007; Wu et al., 2010). The CO frequency associated with COh, in mouse,
ranges from 0.0027% to 1.1%(Wu et al., 2010), for an average CO rate (COR) of 0.5
cM/Mb per genome (Cox et al., 2009). In human too, the high resolution characterization
of recombination hotspots through sperm-typing (additional table B) indicates a wide
variety in COh intensity, for a genome-wide average COR of 1.1 ¢cM/Mb (Kong et al.,
2002).
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Figure 1.7: Comparison of DSB and recombination rates along chromosome III in yeast.
DSB smoothed fluorescence ratios in a SK1 strain (dmclD, grey) are compared with
recombination event counts in a S288c/YJM7189 hybrid strain (blue), after adjusting the
latter for varying intermarker interval size. Peak locations largely agree despite distinct
strain backgrounds, although some fine-scale differences exist. Previously known hotspots
are indicated by red segments. From Mancera et al. (2008).

The CO frequency in the centromeric and pericentromeric regions is very
low, both in human and yeast, (Myers et al., 2005; Chen et al., 2008; Mancera et al.,
2008). Experiments in yeast suggest that this reduction might be the consequence of a low
number of recombination initiation events in this region (Gerton et al., 2000; Borde et al.,
2004). However, as previously mentioned, the pericentromeric regions are not completely
devoid of DSBh. A reason for the reduction in recombination may be that COs close to
centromeres can interfere with meiotic chromosome segregation (Rockmill et al., 2006). It
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Figure 1.8: Crossover and non-crossover rates along chromosome I in yeast. Crossover
(CO, blue) and non-crossover (NCO, green) counts, adjusted for varying intermarker
interval size. The black circle represents the centromere. From Mancera et al. (2008).

has been postulated that the CO pathway is inhibited, and repair might favor the sister
rather than the homologous chromatin, which results in a reduction of the number of COs
in this region (Blitzblau et al., 2007; Chen et al., 2008). This inhibition is not due to a
more compact chromatin configuration, as the chromatin structure in the pericentromeric
area has been found to be open (Berchowitz et al., 2009). Moreover, recent studies in the
genome of maize have shown the existence of NCO events at centromere (Shi et al., 2010).

The distribution of CO and NCO events at telomeres is more ambiguous. It has been
suggested that the recombination events are depleted at telomeres as they could generated
high rates of non-homologous recombination, due to the high density of repeat elements
in this region (Barton et al., 2003). However, the ambiguity may also simply result from
the difficulty of studying repetititve sequences (Mancera et al., 2008). In mammals, the
recombination rates are highly increased in the regions adjacent to chromosome ends
(Myers et al., 2005; Paigen et al., 2008), while in S. cerevisae the landscape is patchy, with
some chromosomes having no event long before the telomeres, while others show a strong
activity near telomeres (Mancera et al., 2008).

Although DSBs in S. cerevisae are associated with promoter regions, only 25% of the
CO hotspots overlap a promoter (Mancera et al., 2008). In humans too, CORs are low
near the transcription start site (T'SS), but start increasing 10 Kb away from the TSS
(Coop et al., 2008). A lower COR near genes seems to be a general feature of mammals
and plants (Drouaud et al., 2006; Kauppi et al., 2007; Paigen et al., 2008; Wu et al.,
2010). Moreover, the use of 3.1 million human single nucleotide polymorphisms (SNPs) has
revealed an asymmetry in the distribution of recombination around genes, as illustrated
in figure 1.9, with regions 3’ of transcribed domains having more CO activity than the 5’
regions (International HapMap Consortium, 2007).

A degenerated 13-mer sequence motif (CCNCCNTNNCCNC) has been identified
in association with human CO hotspots (Myers et al., 2008) (figure 1.10). LD studies,
as well as sperm-typing analyses (Webb et al., 2008), have located the presence of the
motif in 40% of the CO hotspots. The function of this motif in humans has been
associated with the binding of the zinc-finger protein PRDM9 (figure 1.10) (Myers et al.,
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2009). The binding sequence of PRDMS is an exact match of the 13-mer motif, with a
degeneracy at positions 3, 6, 8, 9, and 12 and no degeneracy at the remaining 8 positions.
An independent study (Baudat et al., 2009) of the recombination activity in mouse found
that the gene coding for PRDM9 was located at the double-strand break control 1 (Dsbcl)
genetic locus which controls for the activity and distribution of recombination hotspots in
this species (Grey et al., 2009). Additional to the zinc fingers, PRDM9 also contains a
SET-methyltransferase domain, involved in the tri-methylation of the 4th lysine in histone
3 (H3K4me3) (Baudat et al., 2009). The H3K4me3 is associated with the initiation of
recombination in both S. cerevisae and mouse (Borde et al., 2009; Buard et al., 2009).
Despite the association between PRDM9 and hotspot activity, the exact mechanism of this
interaction is not yet understood. Both in mouse and human, the sequencing of the Prdm9
gene has revealed the existence of multiple alleles in a population, resulting in variants with
variable number of Zn fingers (Parvanov et al., 2009; Berg et al., 2010). The CO activity
and hotspot distribution is highly dependent on the type of Prdm9 alleles carried by
individuals. In humans, the allele associated with the 13-mer motif is termed A. It controls
the motif association to recombination hotspots in different genetic backgrounds: repeat
and nonrepeat DNA, male and female, as well as for generating ectopic recombination
(Myers et al., 2008). While the PRDM9 variant coded by allele A is responsible for the
recognition of the 13-mer motif, it has been found to trigger recombination even at hotspots
depleted of the motif (Berg et al., 2010). On the other hand, other PRDM9 variants, not
recognizing the motif, generate high levels of recombination at hotspots containing the
motif (Berg et al., 2010). These results imply that PRDM9 might explain more than the
40% of the hotspots containing the motif (McVean and Myers, 2010). It may be that
PRDMS9 binds even diverged motifs, while additional flanking sequences stabilize the bond
(Myers et al., 2008). Additionally, the H3K4me3 activity of PRDM9 might allow the
recruitement of the recombination protein complex containing Spoll (Baudat et al., 2010).

Finally, the comparison of Prdm9 sequences in multiple metazoans has revealed that
Prdm9 is under an accelerated evolution (Oliver et al., 2009). A particularly high divergence
rate characterizes this gene between human and chimpanzee. Given this rapid evolution,
it is not puzzling that the binding sequence of the chimpanzee PRDM9 differs from the
13-mer CO hotspot motif found in humans (Myers et al., 2009; Oliver et al., 2009). If
PRDMY is indeed an attribute of CO hotspots in all species, its species-specific analysis
would reveal different sequence motifs associated with hotspot activity.

I.2.2 Non-allelic homologous recombination (NAHR)

Recombination can also take place between non-allelic sequences situated at different
genomic locations. This non-allelic homologous recombination (NAHR) (a.k.a ectopic
recombination) occurs mainly between repeats. Low copy repeats (LCRs), resulting
from the duplication of a few hundred kb long sequences, that display high sequence
similarity, represent preferred NAHR sites (Bailey and Eichler, 2006). Studies of LCR have
demonstrated that both allelic recombination and NAHR are similar processes (reviewed
in Sasaki et al. (2010)). NAHR is initiated by DSBs and is localized in hotspots 1-2 Kb
inside the LCRs. The 13-mer degenerated motif associated with allelic recombination is
also indicative of NAHR hotspots (Myers et al., 2008).
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Figure 1.9: The recombination rate around genes in human. The blue line indicates the
mean. Grey lines indicate the quartiles of the distribution. Values were calculated separately
5’ from the transcription start site (the first dotted line) and 3’ from the transcription end
site (third dotted line) and were joined at the median midpoint position of the transcription
unit (central dotted line). Note the sharp drop in recombination rate within the transcription
unit, the local increase around the transcription start site and the broad decrease away
from the 3’ end of genes. Adapted from International HapMap Consortium (2007).
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GAACACCAGACGACGAAGAAGAACCGCCGT AACCACCGAT

Figure 1.10: The extended 39-bp human hotspot motif. This extended motif contains the
estimated degeneracy of the human 13-bp hotspot motif (relative letter height proportional
to estimated probability of hotspot activity, total letter height determined by degree of base
specificity). In silico prediction of the binding consensus for PRDMY, aligned with the
13-mer, with more influential positions (P<0.01) shown in red. Underlined is an additional
8-bp matching sequence. The logo shows predicted degeneracy within this consensus. Below
the text is the human sequence of four predicted DNA-contacting amino acids for the 13
successive human PRDM9 zinc fingers (1 oval per finger, differing colors for differing
fingers, separated finger is gapped N-terminal from others), and their predicted base contacts
within the motif. Adapted from Myers et al. (2009).
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Recombination between non-allelic sequences results in genomic rearrangements, such
as deletions, duplications, inversions or isodicentric chromosome formation (reviewed in
Sasaki et al. (2010)) (figure I.11). These rearrangements can induce genomic disorders.
In human, two such disorders have been found to contain the degenerated CO hotspot
motif (Berg et al., 2010). The study of the effect of Prdm9 alleles on the frequency of
rearrangements in these regions has revealed that this allelic associated recombination
gene is also characteristic of NAHR hotspots (Berg et al., 2010).

1.2.3 Interference between recombination products

Keeping homologs together during the reductional division of meiosis is essential for
their correct segregation (figure 1.1). This role is fulfilled by COs as they first initiate
the formation of the SC and keep the homologous chromosomes connected during their
migration to the poles (Roeder, 1997). Thus, it has been observed that the majority of
species have at least one CO per pair of homologs, also known as the obligate CO (de Villena
and Sapienza, 2001). A control mechanism, known as CO homeostasis, promotes the
formation of CO events at the expense of NCOs, in order to assure the obligate CO (Martini
et al., 2006). Moreover, the distribution of COs is not random along the chromosomes.
Instead they are subject to interference, thus ensuring a more uniform distribution and
reducing the risks of non-disjunction (Bishop and Zickler, 2004).

The construction of the first genetic map in Drosophila allowed the first observation of
the interference phenomenon between adjacent COs (Sturtevant, 1913). Despite the
validation of CO interference (COI) in a vast majority of species (table 1.1), the genetic
mechanisms underlying this phenomenon are poorly understood. At first, it was thought
that polymerization around the initiation sites of the SC prevented CO formation in
adjacent regions (Maguires, 1988). However, the sites of SC initiation, some of which
are also the sites of future COs, exhibit interference long before the assembly of the SC
(Fung et al., 2004). Moreover, mutants for the spol6 gene in S. cerevisae, which show
defects in the extension of the SC, exhibit normal distribution of interference (Shinohara
et al., 2008). Cells with a defective SC in mouse are also having normal interference levels
(de Boer et al., 2006).

The modern view on COI is that it is not dependent on the formation of the SC, and is
probably established very close to the transition between DSBs and SEI formation (Hunter
and Kleckner, 2001; Bishop and Zickler, 2004). Recent studies support the idea that
interference takes place at the time when Msh4-Msh5 complexes stabilize SEI (Shinohara
et al., 2008) (figure 1.5). In S. cerevisae, mutants of tid! gene, coding for the Tid1 protein,
involved in the regulation of strand invasion, have normal levels of COs, but the interference
is greatly decreased (Shinohara et al., 2003). Dissociation of the strand invasion events,
regulated by RTEL1, promotes COI by preventing adjacent DSBs to be repaired through
the DSBR pathway, and generating NCOs, possibly through SDSA (Barber et al., 2008;
Youds et al., 2010).

The study of COI is further complicated by the existence of two types of COs: interfering
and non-interfering. The first type is generated through the DSBR pathway (Msh4-Msh5
COs), while the other uses the Mus81 pathway, as described in section 1.1.4. The
distribution of these two kinds of COs varies widely between species, from S. pombe and
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Figure 1.11: Genome rearrangement by non-allelic homologous recombination. Crossover
recombination between repeated DNA sequences at mon-allelic positions can generate a
deletion, a duplication, an inversion or an isodicentric chromosome. Depicted here are six
chromosomal outcomes of non-allelic homologous recombination (NAHR) between repeats
located on the same chromosome, with two orientations of repeats relative to one another
(direct or inverted) for each of three types of interactions (between homologues, between
sister chromatids or in the same chromatid). Homologous chromosomes are shown in blue
and red, and sister chromatids are depicted in the same colour (homologous chromosomes
are not shown in the schematics depicting inter-sister chromatid or intrachromatid ex-
changes for simplicity). Low-copy repeats (LCRs) are shown as white and black arrowheads.
From Sasaki et al. (2010).

Aspergillus nidulans with no interference, to C. elegans with complete interference (table
[.1). While models have been proposed and proteins have been identified for the two
pathways, the mechanisms creating interference in one but not the other type of CO are
still unknown. Two hypotheses have been advanced regarding the difference between the
interfering and non-interfering COs (reviewed in Berchowitz and Copenhaver (2010)). The
“toolbox hypothesis” postulates that Mus81-Emel and Msh4-Msh5 protein complexes are
both recruited at all the DSB sites (Berchowitz and Copenhaver, 2010). The majority of
DSBs is then repaired through the DSBR pathway, and only a subset of recombination
intermediates (aberrant ones) will be later resolved by the Mus81-Emel protein complex.
The idea of a recruitment for both protein complexes at the recombination initiation sites
comes from the observation of co-localization of AtMUS81 with AtRAD51 and AtMSH4
foci at leptotene, in A. thaliana (Higgins et al., 2008). Moreover, mutants of the mus81
gene in S. cerevisae show an accumulation of aberrant recombination intermediates (single
HJ, intersister and multichromatid molecules) which prevent the correct segregation of
homologs and fail to divide nuclei (Jessop and Lichten, 2008; Oh et al., 2008).
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The “two-phase hypothesis”, proposed by (Getz et al., 2008), supposes that COs
are specialized, with one class of COs contributing to “pairing” of homologs, while the
other assures their “disjunction”. The “pairing” COs occur early during meiosis and are
non-interfering as shown by the ndjl mutants, which have a delay in pairing and also a
decrease in interference (Conrad et al., 1997). Additionally, the lack of non-interfering,
“pairing”, COs in C. elegans and Drosophila might have been responsible for alternative,
CO independent pairing mechanisms between homologs (table I.1). However, if the “pairing”
COs are the ones dependent on MUSS81, a few inconsistencies arise: why hasn’t any pairing
defect been observed in mus81 mutants? and how about the timing of MUS81, which has
been reported to act late on the recombination intermediates (Jessop and Lichten, 2008;
Oh et al., 2008)? It is possible that the “pairing” COs represent a new pathway of DSB
repair, independent of both Mus81 and Msh4-Msh5. This possibility is supported by the
existence of an average 0.85 chiasmata per cell that is not explained by either AtMSH4 or
AtMUSS81, in A. thaliana (Higgins et al., 2008). The “disjunction” COs are supposed to
occur late during meiosis and be subject to interference, being dependent on MSH4.

NCO events, not associated to COs, don’t seem to interfere with one another in S.
cerevisae (Malkova et al., 2004; Mancera et al., 2008). However, the influence between COs
and adjacent NCOs is more ambiguous. If interference between COs is generated by the
adjacent recombination intermediates being resolved as NCOs, a negative interference is
expected between the two recombination products. Biological observations of the CO-NCO
distances have yielded contradictory results. While studies of discrete intervals, associated
with precise loci, have found no or negative interference between COs and NCOs (Malkova
et al., 2004; Getz et al., 2008), the genome wide study of recombination products, in
S. cerevisae, found that this same distance is 13.1 Kb larger than expected by chance
(Mancera et al., 2008). This might imply, that at the genome scale, NCOs inhibit the
formation of COs in their vicinity. Moreover, (Berchowitz and Copenhaver, 2010) proposes
that the discordance between the two types of biological results, might reflect the existence
of two classes of NCOs, as for the COs, interfering and non-interfering with the single
locus studies having found only the non-interfering class.

Review articles for this sub-chapter: Berchowitz and Copenhaver (2010); Martinez-Perez
and Colaidcovo (2009); Yanowitz (2010); Székvdlgyi and Nicolas (2010)

1.2.4 Differences in recombination

The particular distribution of recombination events and the constraint of an obligate
CO suggest that recombination is subject to a strong control. Misplaced or too few
recombination products can generate gametes and offspring with an abnormal number of
chromosomes (aneuploidy) (Baker et al., 1976; Hunt and Hassold, 2002; Petronczki et al.,
2003). Furthermore, recombination plays an important adaptive role by breaking up and
reshuffling chromosome segments, thus producing novel multilocus haplotypes that serve as
potential selective alternatives for adaptive evolution (Otto and Lenormand, 2002; Marais
and Charlesworth, 2003). However, recombination rates display high levels of variation
among individuals and species. Unraveling the mechanisms generating this variation is
fundamental for the understanding of genome evolution.



Chapter 1. Molecular mechanisms of recombination

28

Organism N SC? | Interf.? Msh4- | Mus81* | COs / References
Msh5 | COs? meiosis
COs?
Saccharomyces cerevisiae 16 Yes | Yes Yes Yes 90 de los Santos et al. (2003); Argueso et al. (2004); Buhler et al. (2007);
Mancera et al. (2008)
Schizosaccharomyces pombe 3 No No No Yes 38 Munz (1994); Hollingsworth and Brill (2004); Cromie et al. (2006)
Neurospora crassa 7 Yes Yes n.d.! n.d. 20 Perkins (1962); Foss et al. (1993)
Aspergillus nidulans 8 No No n.d n.d. n.d. Strickland (1958); Egel-Mitani et al. (1982)
Caenorhabditis elegans 6 Yes | Yes Yes No 6 Tsai et al. (2008)
Arabidopsis thaliana 5 Yes | Yes Yes Yes 10 Copenhaver et al. (2002); Higgins et al. (2004); Drouaud et al. (2007);
Higgins et al. (2008)
Solanum lycopersicum 12 Yes | Yes Likely | Likely? 21 Sherman and Stack (1995); Anderson et al. (2001); Lhuissier et al. (2007)
Zea mays 20 Yes | Yes n.d. n.d.? 20 Anderson et al. (2003); Li et al. (2007); Falque et al. (2009)
Drosophila melanogaster 4 Yes | Yes No No* 6 Carpenter (1975); Foss et al. (1993)
Danio rerio 25 Yes | Yes n.d. n.d. 25-40 Moens (2006); Kochakpour and Moens (2008)
Mus musculus 20 Yes Yes Yes Yes 22-28 de Boer et al. (2006); Baudat and de Massy (2007); de Boer et al. (2007);
Holloway et al. (2008)
Homo sapiens 23 Yes | Yes Yes Likely 50-70 Lynn et al. (2002); Tease et al. (2006); Vallente et al. (2006); Baudat and
de Massy (2007); Holloway et al. (2008)

Table 1.1: CO interference comparisons across model genetic organisms. Haploid chromosome number (N) and presence or absence of the
synaptonemal complex (SC) or CO interference is noted. Also shown are presence or absence of Msh4-Mshs (interference-sensitive) and Mus81-Emel
(interference-insensitive) mediated CO pathways. Adapted from Berchowitz and Copenhaver (2010)
!'n.d. - not defined
2 The distribution of MIh1 foci (characteristic of CO sites) suggests the existence of two types of COs: interfering and non-interfering (Lhuissier et al., 2007). The
presence of Mus81-Emel like proteins has not been studied yet for this species.
3 (Falque et al., 2009) applied mathematical models on the distribution of late nodules of recombination (indicative of CO products) and found that the data was
explained by the existence of two types of COs: interfering and non-interfering.
4 MEI-9 is a protein similar to MUSS81 in Drosophila, and it has been associated with the CO production, possibly involving HJ intermediates (Yildiz et al., 2002).
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1.2.4.1 Differences among species

The availability of genetic maps in a large panel of species has demonstrated that, at a
large genomic scale, taxa are subject to different CO rates (COR) (table 1.2). Under the
condition of an obligated CO per pair of homologs, the number of chromosomes should
predict the total number of COs. However, in most species, there are far more COs than the
number of chromosomes. In mammals, it has been found that the number of chromosome
arms is a better predictor of the total number of COs (de Villena and Sapienza, 2001;
Coop and Przeworski, 2007) (figure 1.12). Previous cytological observations supported this
view, as, except for the acrocentric chromosomes (with the centromere near the end of the
chromosome), at least one chiasmata was observed on each chromosome arm, in human
(Hassold et al., 2004). It has been proposed that especially for metacentric chromosomes
(centromere near the middle of the chromosome), one CO per chromosome may not be
sufficient for the correct segregation of homologs (de Villena and Sapienza, 2001; Coop
and Przeworski, 2007). Nevertheless, recent studies on human pedigree data have shown
that proper disjunction does not require the presence of COs on each chromosome arm,
and instead the obligated CO condition applies to the whole chromosome (Fledel-Alon
et al., 2009).
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Figure 1.12: Genetic maps in vertebrates and non-vertebrates. The y-azis shows an
estimate of the total sex averaged genetic-map length of autosomes. The x-axis shows the
total number of autosomes arms in each species, excluding the small arms of telocentric
and acrocentric chromosomes. Also shown is the line of best fit. Adapted from Coop and
Przeworski (2007) with information from table 1.2.

If the karyotype can partially explain differences in the total number of chiasmata
between species, additional factors are involved in the ample variation observed at a
local scale. Comparison of syntenic blocks, 5 and 10 Mb long, across human, rat and



tel-00840809, version 1 - 3 Jul 2013

30 Chapterl. Molecular mechanisms of recombination

mouse found only very small positive correlation between the corresponding CORs (Jensen-
Seaman et al., 2004). The intervals with different CORs between two very close mouse
subspecies (< 1% sequence divergence), Mus musculus castaneus and Mus musculus
musculus, cover more than 19% of the mouse genome (Dumont et al., 2010). Likewise,
the analysis of the linkage disequilibrium pattern in a 14 Mb region homologous between
human and chimpanzee showed no similarity between the two species in the distribution
of recombination hotspots (Ptak et al., 2005). An independent study comparing the
recombination rates among human and chimpanzee has confirmed that, despite the high
similarity at the DNA sequence, the two species don’t share the same hotspots (Winckler
et al., 2005). The 13-mer degenerated motif, previously found to co-localize with CO
hotspots in human, is present in higher number copies in the chimpanzee (Myers et al.,
2009). However, it is inactive in all the 22 loci investigated for containing the motif in
chimpanzee (Myers et al., 2009). Moreover, PRDM9, the zinc-finger protein that binds
the motif, has a highly different binding sequence in chimpanzees compared with humans
(Myers et al., 2009). A comparison of the prdm9 gene between human and chimpanzee has
shown a divergence level 5-fold higher than the genome-wide average (Oliver et al., 2009).
This same study found a rapid evolution in the prdm9 gene among different taxa. This
rapid evolution is responsible for the fast-evolving binding sequences of the DNA motif
associated with recombination hotspots (Myers et al., 2009; Oliver et al., 2009).

1.2.4.2 Differences among sexes and age classes

Linkage analyses in D. melanogaster have revealed for the first time sex-differences in
recombination between autosomes (Morgan, 1912; Sturtevant, 1913; Morgan, 1914). The
lack of DSB-mediated recombination in one sex compared to the other is termed achiasmy.
This phenomenon has been observed for males Drosophila and some Scorpionidae, for
females of some Lepidoptera (Miao et al., 2005; Yamamoto et al., 2006), some Trichoptera,
and some Crustacea, as well as for isolated species of molluscs, water-mites, grasshoppers,
and alderflies (Bell, 1982). The phylogenetic distribution of achiasmy observations indicates
that this phenomenon has originated independently in at least 20 metazoan lineages (Bell,
1982; Burt et al., 1991).

More often both sexes have recombination, but one sex exhibits more recombination
than the other (heterochiasmy). For most known heterochiasmy cases, the female has
more COs than the male (table 1.3). However, the majority of marsupials investigated
(Smithopsis crasicaudata, Macropus eugenii, Monodelphis domestica) show the opposite
pattern, with recombination occurring more frequently in male than female meiosis. So far,
only one marsupial species has been found to deviate from this tendency, with Bettongia
penicillata showing no significant difference in the number of chiasmata between the
sexes (Hayman et al., 1990). Male-biased heterochiasmy has been reported in two more
vertebrates, a mammal, the sheep (Ovis aries) and a bird, the flycatcher (Ficedula albicolis),
as well as for Arabidopsis thaliana (Drouaud et al., 2007). The male bias in domestic sheep
is not a characteristic of the Ovis genus, as linkage-based studies in bighorn sheep (Quvis
canadensis), a wild relative, show a F/M ratio >1. The overall genetic map of flycatchers
is longer than female, but there are also individual linkage intervals in which the female
recombination is higher (Backstrom et al., 2008). Nevertheless, pronounced heterochiasmy
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is not an universal feature of all species as the cow (Barendse et al., 1997) and several
galliform birds display no or very small differences in recombination between sexes (Reed
et al., 2005; Groenen et al., 2009).

Heterochiasmy is also present at a local level, with differential CO distribution along
the chromosomes. In mouse and human, male COR is higher near telomeres, while in
the rest of the genome the F/M COR is > 1, especially near centromeres (Shifman et al.,
2006; Broman et al., 1998; Kong et al., 2002; Paigen et al., 2008; Wong et al., 2010) (figure
[.13). It has been suggested that the higher male COR near telomeres in these species is a
consequence of the necessity to form the bouquet configuration in a shorter period of time
in this sex (reviewed in Paigen and Petkov (2010)). Cytological observations of chiasma
distribution suggest that in opossum (Monodelphis domestica) the pattern is reversed, with
female COs being concentrated near telomeres as opposed to a more uniform distribution
in males (Sharp and Hayman, 1988). On the other hand, in most linkage intervals COR
are similar among the sexes in domestic sheep, but male COR is highly increased in both
subtelomeric and pericentric regions (Poissant et al., 2010). The new human genetic
map (deCode 2010) has revealed that high COR regions correspond to intergenic
sequences in female, and genic sequences in male (Kong et al., 2010).

No universal explanation has been found to describe the particularities of heterochiasmy
in different species. Nevertheless, several hypotheses have been formulated. Based on the
observation that in the vast majority of achiasmate species, the sex devoid of recombination
is also the heterogametic one, Haldane and, later, Huxley (reviewed in Lenormand and
Dutheil (2005)) proposed that achiasmy is linked to the suppression of recombination
between the sex chromosomes. However, the study of sex differences in an extensive dataset
yielded no link between heterochiasmy and the type of sex chromosomes (Lenormand and
Dutheil, 2005). The authors propose an explanation of heterochiasmy based on differences
in selection between the two sexes. This difference in selection is mainly generated by
situations in which a haploid locus, rather than diploid alleles, generates phenotypic
heritable traits. For example, in eutherian mammals, the female, as opossed to male,
meiosis is taking place close to fertilization and the time spend in haploid phase is very
restrained. This has led to the hypothesis that the sex experiencing more selection at
the haploid stage (the male in eutherian mammals) will have a reduced COR in order
to minimize the recombination load (mean reduction in fitness due to recombination)
induced by the shuffling of previously defined combinations of genes (Lenormand and
Dutheil, 2005). The extent to which haploid selection can explain such great differences
between sexes is still unclear, since in mouse at most 3.3% of the genome may be under
haploid selection (Joseph and Kirkpatrick, 2004). Following the same line of thought,
sex-differential expression of epistatically interacting genes during meiosis might explain
the local variability in the distribution of COs between sexes (Lenormand, 2003). Factors
influencing the sex-differential CORs in humans include an inversion on chromosome 17
which results in an increase in female recombination activity in hotspots (Stefansson et al.,
2005) and the RNF gene on chromosome 4, which, depending on its polymorphic variants,
influences the total CO events in male and female (Kong et al., 2008). Whatever the
biological explanation of heterochiasmy, the differences in COR between sexes have been
found to correlate with differences in the formation of the synaptonemal complex (SC)
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Figure 1.13: Sex specificity of mouse recombination. A. Sex-specific recombination map
of chromosome 1. Red line, female recombination rates; blue line, male recombination
rates. B. Female:male ratio along the chromosome. Dark blue line - female:male ratio;
purple line - sex-averaged recombination rate over the entire chromosome 1. Chromosome
1 in mouse, as all other chromosomes of this species, is acrocentric. At the far left part of
the graph is the centromere and at the right part, the telomere. From Paigen et al. (2008).

(section I.1.2). In humans and mice, the SC is longer in females than in males (Lynn
et al., 2002; Tease and Hultén, 2004), with the average pm distance between COs being
the same for the two sexes. This results in a smaller Mb interference distance in females,
giving rise to more COs and a higher overall COR (Petkov et al., 2007; Paigen et al., 2008).

The examination of CO hotspots in human and mouse has revealed that a majority
of hotspots are active in both sexes but used with different intensities (Coop et al., 2008;
Paigen et al., 2008). A recent high density genetic map in humans has revealed that 15%
of hotspots are sex-specific (Kong et al., 2010). However, even if a hotspot is specific of one
sex, the COR of the other sex is also higher relative to the local COR. Thus, it seems that
in these two mammals, females use more frequently low and medium intensity hotspots,
while males prefer to use intensly a smaller subset of hotspots (Paigen et al., 2008).

Another variable affecting recombination in humans is the age of women. The age
factor has been identified following the positive correlation between maternal age and
the rate of aneuploidy (Hassold and Hunt, 2001). The age effect does not seem to result
from fewer recombination events, but rather from multiple errors during the two phases of
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meiosis (Lamb et al., 2005; Coop and Przeworski, 2007; Hunt and Hassold, 2008). Indeed,
pedigree studies in humans have demonstrated that the percentage of correct segregation
of chromosome 21 in the absence of COs is frequent (Fledel-Alon et al., 2009). The causes
for aneuploidy during maternal meiosis are multiple, as errors at different stages of oocyte
development can result in bad disjunction of chromosomes (Hunt and Hassold, 2008).
Thus, it seems that not the number but failure of the maternal check-point mechanisms
of meiosis, which in turn may be age-dependent, might be responsible for outcomes such
as trisomies (Hunt and Hassold, 2008; Fledel-Alon et al., 2009). In view of these results,
the observation that mothers over 35 years old have a COR on average 3.1 higher than
mothers under 35 years old suggests that there is selection on the number of COs in order
to balance the decrease in meiotic efficiency linked to maternal age (Kong et al., 2004;
Coop et al., 2008). In all these studies, the nondisjunction errors are associated only with
maternal, and not paternal, age (Kong et al., 2004; Coop et al., 2008; Allen et al., 2009).

1.2.4.3 Differences among individuals of the same species

Cytogenetic methods for labeling meiotic proteins such as MLH1, have identified significant
variation in the number of total exchanges per cell between human males (reviewed in
Lynn et al. (2004)). The use of linkage-based analyses in human families have also revealed
inter-individual differences (Broman et al., 1998; Kong et al., 2002; Cheung et al., 2007).
In initial studies, the small number of individuals and/or meiosis per individual tested,
have suggested that the differences in recombination number and activity concerned only
females (Broman et al., 1998; Kong et al., 2002). However, this result was contradicted by
recent linkage studies which showed that even if there is more variability among women,
both men and women show inter-individual recombination variation (Cheung et al., 2007).
These differences do not concern only the total number of events but also variations in COR
along chromosomes. Furthermore, another linkage-based study in a Hutterite population,
showed that individuals (either male or female) have differential use of LD-based hotspots,
and this preferential usage is heritable (Coop et al., 2008).

Sperm-typing techniques allow the investigation of recombination activity in individual
hotspots among different male individuals. A region containing the major histocompatibility
complex (MHC) shows a 2-fold difference in COR among 5 men (Yu et al., 1996). The
human NID1 hotspot of recombination exhibits individual polymorphism in the rates of both
COs and NCOs (Jeffreys and Neumann, 2005). The analysis of two other recombination
hotspots, MSTM1a and MSTM1b, described for the first time the existence of a hotspot,
MSTM1a, which was active in only a few men and completely inactive in the rest (Neumann
and Jeffreys, 2006). Multiple PRDM9 alleles have been identified in humans, accounting
for the differential hotspot usage among individuals (Baudat et al., 2009). Moreover,
PRDM9 alleles explain the polymorphism in recombination even in the absence of the
specific 13-mer motif, suggesting a more global role of this protein in the creation of
hotspots (Berg et al., 2010) (figure 1.14).

Review articles for this sub-chapter: Lynn et al. (2004); Arnheim et al. (2007); Coop
and Przeworski (2007); Paigen and Petkov (2010).
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Figure 1.14: PRDM9 variants and CO hotspot activity in human sperm. The allele
A of Prdm9 gene generates the PRDMY9 variant associated with the 13-mer motif of
human hotspots. The other alleles are termed N. Three type of individuals have been
sequenced: individuals with two A alleles (A/A, shown in black), only one A allele
(A/N, shown in blue), and two non-A alleles (N/N, shown in red). Upper part: the
examination of 5 recombination hotspots, containing a central 13-mer motif. For each
hotspot, the recombination frequency has been estimated in multiple individuals. The
confidence intervals for each estimate of recombination frequency are shown, and median
recombination frequencies within each group are indicated by dotted lines. The significance
of differences between the A/A group and the A/N or N/N groups, for the Mann-Whitney
test, are given at the top right (ns, not significant, P > 0.05; *xP < 0.05; * x P < 0.01;
«x %P < 0.001). Lower part: corresponding analyses for five hotspots laking the 13-mer
motif. Adapted from Berg et al. (2010).

1.3 Biased gene conversion (BGC)

1.3.1 Meiotic drive

So far, 32 996 putative hotspots of recombination have been identified from LD maps
(International HapMap Consortium, 2007), 72% of which overlap with COs observed in
pedigree-based studies in the Hutterite population (Coop et al., 2008). Another pedigree
study in humans, involving diverse populations, has identified a total of 6 938 CO hotspots
(Kong et al., 2010). However, only 46 recombination hotspots have been studied in detail in
humans and only in males, using sperm-typing techniques (additional table B). By typing
the exact chromosome sequence at the CO junction in many individuals for each one of
the 46 CO hotspots, a striking observation emerged: for some hotspots the transmission
of alleles was not symmetric (Jeffreys and Neumann, 2002; Arnheim et al., 2007). This
asymmetry affects both the segregation ratio of alleles as well as the position of the CO
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junction. A graphical illustration of such an asymmetric CO is represented in figure I.15.
The junction position is not the same in all individuals, as it is displaced by a few to a
few hundred bp in different individuals. This displacement is due to one allele initiating
preferentially the DSB (the red allele in figure 1.15), and thus being systematically replaced
by the other allele. As many as 11 out of the 46 human COs described by sperm-typing are
asymmetric (additional table B). As illustrated in figure 1.15, the asymmetry results in the
differential transmission of alleles at one or multiple polymorphic sites. For example, the
segregation distortion at DNA2 hotspot is affected by two polymorphic sites, FG11G/A
and FGHAT (Jeffreys et al., 2001; Jeffreys and Neumann, 2002). For the FG11 and FG5
sites respectively, 93% and 81% of the COs, carried alleles FG11G and FG5A instead
of FG11A and FG5T (Jeffreys and Neumann, 2002). This results in a mean distortion
of 87:13. Asymmetric profiles are also present in mouse and with an apparent higher
frequency than in humans (reviewed in Wu et al. (2010)). Moreover, the variation in the
transmission of alleles at one site can be inherited (Jeffreys and Neumann, 2009).

50-© © € 0 O e 6 06 0 O

% transmission
to crossover progeny
[}
[}

Figure 1.15: FEzxample of reciprocal crossover asymmetry and meiotic drive in a re-
combination hotspot. Asymmetry arises if reciprocal exchanges between the blue and red
haplotypes occur at the same rate but show exchange points mapping to different locations.
If blue exchanges are displaced relative to red exchanges, then crossover progeny will show
non-Mendelian over-transmission of alleles from the blue haplotype for markers closest to
the center of the hotspot, as indicated in the lower part of the graph. In this part of the
graph, blue circles represent blue alleles that deviate from the 50% segregation ratio, while
black circles represent alleles with a 50% transmission rate. Adapted from Jeffreys et al.

(2004).

This preferential transmission of one allele over the other during recombination has
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been termed meiotic drive or biased gene conversion (BGC). The choice of the haplotype
for initiating recombination can generate the deviation from 50: 50 in the transmission
of alleles during gene conversion (Jeffreys and Neumann, 2002). Moreover, this bias
has an effect at larger scales as the main mismatch repair (MMR) mechanism during
recombination involves the degradation of long patches of DNA and re-synthesis, leading
to the loss of information on the strand containing the DSB (Surtees et al., 2004). This can
lead to asymmetric COs (Duret and Galtier, 2009). Important implications result from the
initiation bias, since in hotspots under segregation distortion, the initiating allele is going
to be replaced in the population. If no other trans-factor controls the hotspot activity,
this replacement will result in the reduction of CO activity and the eventual loss of the
hotspot. This phenomenon is known as the hotspot-paradox, thus explaining the death of
recombination hotspots (Boulton et al., 1997; Coop and Przeworski, 2007) and their lack of
conservation between closely related species, such as human and chimpanzee (Ptak et al.,
2005; Winckler et al., 2005). New insights in the birth of recombination hotspots have been
provided by the recent studies of the Prdm9 gene, which is associated with recombination
activity. The variants of Prdm9 link sequence motifs that mark recombination hotspots.
The rapid evolution of this gene leads to changes in the motifs linked to hotspot, thus,
generating new hotspots along the sequences and offering a solution to the hotspot-paradox
(Baudat et al., 2010).

I.3.2 The molecular mechanism of GC biased gene conversion

Another bias that can result in the uneven transmission of alleles acts on the repair of single
base mismatches during recombination. The repair of DSBs results in the juxtaposition of
homologous chromatids, thus generating heteroduplex DNA, during both CO and NCO
formation. Holliday observed that these heteroduplexes contain mismatches (Holliday,
1964). Indeed, if the pairing region between homologs contains a polymorphic site, this
site will be interpreted as a mismatch. Even before the discovery of proteins involved in
mismatch repair, Holliday proposed that the repair of these mismatches might explain the
nonreciprocal transmission of genetic information during gene conversion (Holliday, 1964;
Liu and West, 2004). Experimental studies in simian and human mitotic cells have revealed
that the repair of single-base mismatches is biased towards Guanine (G) and Cytosine
(C), rather than Adenine (A) and Thymine (T) (Brown and Jiricny, 1989), leading to GC
biased gene conversion (gBGC) (Duret and Galtier, 2009) (figure 1.16). A GC bias repair is
also affecting G/T and C/A mismatches in Chinese hamster ovary cells (Bill et al., 1998).
In yeast, the analysis of mitotic, as well as meiotic heteroduplex mismatch repair, is also
indicative of a GC bias (Birdsell, 2002). Transfections of single mismatch containing DNA,
in somatic or germ cells revealed that the bias in repair mechanisms is widespread among
yeast, Xenopus and mammals (reviewed in Marais (2003)). Moreover, the genome-wide
analysis of CO and NCO sequences in yeast showed that both recombination products are
associated with an increase in the GC-content of the converted sequences (Mancera et al.,
2008).

In mitotic cells, it has been suggested that the bias is associated with the base excision
repair (BER) mechanism (Brown and Jiricny, 1989). BER involves the use of DNA
glycosylases, which remove nucleotides from damaged DNA sites (Krokan et al., 2000).
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Figure 1.16: The model of gBGC. In this example, recombination is initiated through a
DSB on the maternal (red) chromatid. The repair of the DSB leads to the invasion of
the homologous, paternal (blue) chromatid. A heteroduplex is formed. This heteroduplex
may cover a polymorphic site, an A on the maternal and a C on the paternal chromatids
respectively. This polymorphism is going to be interpreted as a mismatch and repaired
preferentially towards G and C rather than A and T.

The gap is then re-filled by a DNA polymerase using the undamaged base. If during
BER, the base that is removed is more often an A or T rather than C or G, this can lead
to a GC bias. Since in a majority of organisms DNA glycosylases have a specificity for
deaminated bases, some theories argue that the GC bias in BER has a counteracting effect
for the deamination of methylated cytosines to thymines, which induce a high AT biased
mutation rate (Brown and Jiricny, 1987; Birdsell, 2002; Fryxell and Zuckerkandl, 2000).
However, even if BER associated enzymes are active in human and rat germ cells (Olsen
et al., 2001), the extent to which BER is involved in the repair of heteroduplex associated
mismatches during meiotic recombination is still unknown (Duret and Galtier, 2009).

1.3.3 Genomic evidence for gBGC

Under the model of gBGC, GC substitutions are favored, leading to an increase in the local
GC-content of sequences, thus resulting in a strong correlation between the recombination
rate and the GC-content (Meunier and Duret, 2004). Several genomic analyses favor
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this prediction. Studies of single nucleotide polymorphism (SNP) in human populations
reveal that AT—GC mutations segregate at a higher frequency than GC—AT in human
noncoding regions, consistent with an explanation involving gBGC or selection (Lercher
et al., 2002). Furthermore, the association between SNPs and recombination is indicative of
an increase in G and C frequencies close to CO hotspots (Spencer et al., 2006). Comparison
of human and chimpanzee sequences demonstrate that AT—GC substitutions tend to
cluster in regions close to telomeres, characterized by high COR (Dreszer et al., 2007).
The pattern of substitutions in 1 Mb noncoding windows along the human genome is
also indicative of a GC bias linked to high recombination rates (Duret and Arndt, 2008).
Moreover, strong correlations have been found between COR and GC-content in mammals,
birds, turtle, nematode, Drosophila, paramecium, green alga and plants (reviewed in Duret
and Galtier (2009)). Figure I.17 illustrates the strong correlations between these variables
in human and chicken.
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Figure 1.17: Correlations between chromosome length, crossover rate and GC-content
in human and chicken autosomes. The stationary GC-content (GC*), is the GC-content
that would be reached by a sequence under a constant substitution pattern. It is a statistics
summarizing the matriz of substitution. Chromosome length and crossover rates are plotted
in Log scale. Regression lines and Pearson’s correlation coefficients (R2) are indicated.
From Duret and Galtier (2009).

The GC bias in gBGC is also affected by non-allelic homologous recombination (NAHR)
(section 1.2.2). In mouse and human, multigene histone families which undergo frequent
non-allelic recombination have also an increased GC-content compared to single gene
families which probably do not experience NAHR (Galtier, 2003). This result holds true
for the Hsp70 gene family in human and mouse (Kudla et al., 2004), the multicopies
gene HINTW in birds (Backstrom et al., 2005) and the Bex gene family in mammals
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(Zhang, 2008). An interesting example of the impact of recombination on the nucleotide
composition comes from the Fry gene (Galtier and Duret, 2007) (figure 1.18). This gene
is situated in the X-specific region in human, rat and Mus spretus. But in mouse, Mus
musculus, it has been recently (less than 3 million years (Myr)) translocated such that it
partially overlaps the pseudosomal region (PAR) on chromosome X. PAR is characterized
by a high rate of recombination (Soriano et al., 1987), which has led to a rapid increase
in the GC-content of the Fzy portion overlapping it. As hypothesized by the gBGC
model, such an increase is the result of a high substitution rate, with all 28 amino acid
substitutions in M. musculus being caused by AT—GC nucleotide substitutions.

80+

0

5 60

[

>

5 4

2

S 404 2/ 1/0

E ]

g

= 20

0/3 ‘ 0/0 Amino acid substitutions
0- 1/1 0/28
e
Homo Rattus M. spretus M. musculus

12/20 2/0 1/163 Synonymous substitutions

Figure 1.18: Fvolutionary history of Fxy in mammals. The Fry gene, 667 amino acids
long, was translocated into M. musculus from an X-linked position to a new position, in
which it overlaps the pseudoautosomal boundary (inset boxes). The time scale is given in
millions of years. For each branch, the numbers of amino acid changes that have occurred
in the 5" and 3’ ends of the gene, respectively, are given. A strong increase in amino acid
substitution rate occurred in the M. musculus lineage for the translocated fragment only.
For comparison, the estimated numbers of synonymous substitutions in the Rattus, M.
spretus and M. musculus branches are 12, 2 and 1 (respectively) for the 5 end of the gene,
and 20, 0 and 163 (respectively) for the 3’ end. From Galtier and Duret (2007).

In agreement with a relation between recombination and nucleotide composition, differ-
ences in COR reflect differences in the GC-content. The length of chromosomes has been
found to explain differences in COR among species (section 1.2.4.1). Under the obligate
CO condition, the COR is inversely proportional to the length of the chromosome. In
chicken and zebra finch, species with a large panel of chromosome sizes, microchromosomes
have high COR and are GC-rich, while longer chromosomes have lower COR, correspond-
ing to a decrease in the GC-content (figure 1.17) (Chicken Genome Sequencing Project
Consortium, 2004; Groenen et al., 2009; Backstrom et al., 2010). At the other extreme, the
opossum has only 8 very long chromosomes, with a very small COR and low GC-content
(Mikkelsen et al., 2007). Heterochiasmy has also an impact on the relation between COR
and nucleotide composition. In humans, the females have more COs than males, however,
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the male, rather than the female, COR is a better predictor of the GC content (Webster
et al., 2005; Duret and Arndt, 2008). This puzzling result will be discussed in view of our
results in chapter IV.

Despite such large amount of evidence in favor of gBGC, several observations con-
stitute exceptions to this model. COR correlates negatively with the GC-content along
chromosome 4 in Arabidopsis (Drouaud et al., 2006). A set of Y-linked, non-recombining
genes have elevated values of GC (Eyre-Walker and Hurst, 2001). A strong correlation
between recombination rates and GC-content is also found in yeast (Marsolier-Kergoat
and Yeramian, 2009). However, in this species, the AT—GC substitution pattern is not
correlated with recombination. This result has been interpreted in favor of the hypothesis
that it is the high GC-content of sequences that promotes recombination, such as GC-rich
regions might represent sites that favor a chromatin structure that is open to the recombi-
nation machinery (Gerton et al., 2000; Petes, 2001; Blat et al., 2002; Petes and Merker,
2002).

1.3.4 Impact of gBGC on the genomic landscape: isochores

The mechanism of gBGC has emerged, alongside mutation, selection and genetic drift,
as an important evolutionary force in shaping the structure of genomes. Genomes are
characterized by a strong variability in base composition. Density gradient centrifugation
techniques allow the separation of DNA fragments according to their GC-content (Macaya
et al., 1976; Bernardi et al., 1985). These techniques have led to the discovery of isochores
in mammals. Isochores were defined as long (>300 kb), well-delimited (Bernardi et al., 1985;
Fukagawa et al., 1995), DNA sequences, with a relatively homogeneous base composition
(homogeneous GC-content). While their length, degree of homogeneity and boundaries
have been redefined according to the new available genomic analyses in different species,
proofs of their existence have emerged in mammals (reviewed(Costantini et al., 2009)),
birds (Costantini et al., 2007b), but also reptiles, amphibians (reviewed in Costantini et al.
(2009)), fishes (Costantini et al., 2007a; Melodelima and Gautier, 2008) and non-vertebrates
(Cammarano et al., 2009).

According to their GC-content, families of isochores have been defined, ranging from
low- to high-GC. In humans, the average GC-content in isochores ranges from 33% to
60%, leading to the definition of 5 isochore classes (L1, L2, H1, H2 and H3) (Bernardi
et al., 1985). The isochore organization reflects differences in genomic features. Thus,
GC-rich isochores correspond to high gene density regions (Mouchiroud et al., 1991; Zoubak
et al., 1996), compact genes enriched in short introns (Duret et al., 1995; Dunham et al.,
2003), high Alu and low LINE insertions (Soriano et al., 1983; Smit, 1999; International
Human Genome Sequencing Consortium, 2001), early DNA replication timing (Federico
et al., 1998; Watanabe et al., 2002), and high CORs (Eyre-Walker, 1993; Fullerton et al.,
2001; Meunier and Duret, 2004). In view of these correlations, the molecular mechanisms
responsible for the origin of isochores are important for understanding genome evolution.

While similar isochore structures seem conserved in eutherian mammals and birds
(Costantini et al., 2009, 2007b), fish and amphibian genomes are more homogeneous. This
has led to the interpretation that compositional heterogeneity evolved in the ancestor of
amniotes (Hughes et al., 1999) and that GC-rich isochores are specific of warm-blooded
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species, such as mammals and birds (Bernardi, 1993). This interpretation is based on the
hypothesis that RNA and proteins benefit from a higher thermo-stability in a GC-rich
context (Bernardi, 2007). However, the sequencing of ectothermic species has revealed
that these genomes are also subject to heterogeneities (Hughes et al., 1999). Even among
mammals, the isochore structures as highly different, with mouse and opossum having a
lower, more homogeneous genomic GC-content than other mammals (Mouchiroud et al.,
1988; Gregory et al., 2002; Mikkelsen et al., 2007). Moreover, no empirical evidence has
been found in support of this hypothesis and it fails to explain the GC-enrichment in
non-coding regions which are not under selective pressures (reviewed in Duret and Galtier
(2009)). Another possible explanation was a differential bias in the mutation pattern along
the genome (Wolfe et al., 1989). However, it is the bias in the fixation of mutations and
not their type that is associated with genomic GC heterogeneities (Eyre-Walker and Hurst,
2001). Thus, the gBGC hypothesis has emerged as the most probable explanation for the
apparition of isochores (Holmquist, 1992; Eyre-Walker, 1993; Duret and Galtier, 2009).

The rapid evolution of recombination rates along genomes has been proposed to mirror
the evolution of GC heterogeneity (Duret and Galtier, 2009). Indeed, isochores are also
dynamic structures as the GC-content of rich isochores has been found to decrease, leading
to the hypothesis of “erosion” in some mammals (Duret et al., 2002). This “erosion” could
be explained by multiple rearrangements events, such in the muridae lineage, that will
affect the rates of recombination and thus, decrease the impact of gBGC (Mouchiroud
et al., 1988; Rat Genome Sequencing Project Consortium, 2004; Duret and Galtier, 2009).
Furthermore, fusions, such as those having occured in the opossum branch, lead to an
increase in chromosome size and consequently may account for a decrease in COR and
gBGC (Mikkelsen et al., 2007; Samollow et al., 2007). A recent study involving 33 species
of mammals has confirmed the “erosion” of isochores in primates and muridae, however,
this process seems to affect only the 20% most GC-rich genes (Romiguier et al., 2010). In
other species, such as tenrec, shrew, microbat, and rabbit, even GC-rich genes show an
increase in their GC-content, suggesting that the “erosion” of isochores is not an universal
phenomenon.

In addition to the large-scale genomic impact of gBGC, this neutral molecular pro-
cess also affects functional sequences. Thus, recombination hotspots have been named
metaphorically the Achilee’s heel of our genome, as they can promote the fixation of
slightly deleterious AT—GC mutations (Galtier and Duret, 2007). In primates, there is
evidence that gBGC is driving the fixation of deleterious mutations in proteins (Galtier
et al., 2009). This same result was observed in some grass species (Glémin et al., 2006).
A model in population genetics theoretically validates the role of gBGC in maintaining
recessive deleterious mutations for long periods of time (Glémin, 2010). A study of the
impact of gBGC on functional sequences is detailed in chapter V.

Review articles for this sub-chapter: Marais (2003); Galtier and Duret (2008); Duret
and Galtier (2009).
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1.4 Conclusion

Since the experiments of Gregor Mendel in the 19th century, our understanding of the
molecular processes controlling the transmission of characters to the offspring has vastly
progressed. It is now known that in sexually reproducing species, the choice of the genetic
material that will be inherited by the descendants is made during meiosis. Each new
individual possesses a diploid number of chromosomes, half of which come from the father
and half from the mother. When, in turn, this new individual produces offspring of its own,
it transmits only half of its chromosomes. The simple solution as to which chromosomes
to transmit would be a random choice. However, the process is more complicated, as the
homologs inter-exchange genetic material. This exchange is the result of recombination
and ensures the correct segregation of homologous chromosomes.

Recombination is initiated in the early phases of meiosis through double-strand breaks
(DSB). DSBs are positioned preferentially in hotspots. These hotspots are not distributed
randomly along the chromosomes. Certain chromosome regions such as telomeres and
ribosomal DNA are inhibitory for DSB formation. While no sequence specificity has yet
been associated with DSB hotspots, features such as open chromatin structure, binding
sites for transcription factor, intergenic or promoter regions have a certain influence on
their positioning.

Multiple pathways have been proposed to explain the repair of DSBs. However, all
these pathways result in one or both recombination products, which are crossovers (COs)
and non-crossovers (NCOs). Apart from the mechanisms and proteins leading to their
production, COs and NCOs differ in the quantity of genetic material exchanged between
homologs. COs result in the transfer of long homologous sequences and they are the most
easily observed and studied among the two recombination products. Similar to DSBs, COs
also cluster in hotspots and are influenced by certain genomic features. In human, part
of the CO hotspots are characterized by the presence of a 13-mer degenerated nucleotide
motif. Recently, this motif has been found to be the binding site of the PRDM9 zinc finger
protein. The structure as well as the evolution of the Prdm9 gene represent key elements
in the study of CO production and distribution.

Recombination plays a major role in the shaping of the nucleotide landscape of genomes.
First, by shuffling the pre-existing combination of alleles, it facilitates the action of natural
selection. Second, it impacts on the nucleotide composition of sequences, by promoting
GC biased gene conversion (gBGC), thus leading to an increase in GC content. gBGC
represents one of the main processes leading to the organization of genomes in isochores.
Isochores are long regions of relatively homogeneous GC-content, which correlated with
multiple genomic features, such as gene density, gene length, repeat element insertion, and
replication timing.

Understanding the evolution of recombination is thus essential for the study of genome
evolution. In particular, differences in recombination between species, sexes, and individu-
als, are interesting in view of their differential impact on the genomic structures. We will
present in detail in the following chapter some of the methods developed for the study of
recombination products and the relation between recombination and GC-content.
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Chapter 11

Methods for studying recombination

This chapter describes in detail the methods developed for the study of recombination
and its role in biased gene conversion. Section II.1 presents the state-of-art in genetic
map construction, their use and limitations. Section I1.2 offers an insight into the models
proposed to describe the distribution of recombination events along the chromosomes.
Finally, section I1.3 provides some insights into the mathematical tools used for the study
of biased gene conversion. In section I1.3.3 we present the model we developed for the
study of the impact of biased gene conversion on the frequency of deleterious alleles in
human population.

II.1 Detecting and measuring recombination

Mendel’s principle of independent assortment states that allele pairs separate independently
during the formation of gametes. At the beginning of the 20th century, experiments
conducted on sweet peas by William Bateson, Edith Rebecca Saunders, and Reginald
Punnet seemed to contradict this principle, as described in figure I1.1. The two traits they
were examining, flower color and the shape of pollen grains, were transmitted together.
The observed deviation from the independent assortment was termed “coupling® or linkage.
But it was not until the work of Morgan and his students studies on fruit fly, Drosophila
melanogaster, that the role of genetic linkage was fully understood (Morgan, 1911). By
quantifying how much traits on the same chromosome were linked (the frequency of
crossover (CO) between linked traits), the order and relative distance between factors
could be mapped. This observation led to the first linkage map of six sex-linked factors, in
D. melanogaster, by one of Morgan’s students, Alfred Sturtevant (Sturtevant, 1913).
Proceeding from these early works, the accepted measure of recombination rate was
defined as the expected number of recombination events between two loci per generation.
In honor of T. Morgan, John Burdon Sanderson Haldane defined the unit of this measure a
morgan (Haldane, 1919). When recombination leads to the separation of two loci with an
expected frequency of 1%, the loci are said to be 1 centimorgan (cM) apart. The presence
of a recombination event can be detected by comparing the position of a set of polymorphic
markers between loci, in different meioses. While COs act on large genomic regions,
resulting in the exchange of markers flanking a recombination hotspot, non-crossovers
(NCOs) have a small-scale impact, affecting only markers within the hotspot (Hellenthal

47
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Figure 11.1: The cross shown here was carried out by Bateson, Saunders and Punnett
i 1905 with sweet peas. The parental cross gives a typical dihybrid result, with all the
F1 plants displaying the same phenotype, indicating that the dominant alleles are purple
flowers and long pollen grains. The F1 cross gives unexpected results as the progeny show
neither a 9: 3: 3: 1 ratio (expected for genes on different chromosomes) nor a 3: 1 ratio
(expected if the genes are completely linked). An unusual ratio is typical of partial linkage.
From Brown (2002).

and Stephens, 2006). As markers are widely spaced along the genomes, it is difficult to
detect NCO events and thus, the main focus of recombination rates estimations is on the

computation of crossover rates (COR). The estimation of non-crossover rates (NCOR) will
be described in Chapter 11.1.5.

I1.1.1 Genetic markers

A critical stage while studying the linkage patterns, resides in identifying markers along
chromosomes. A genetic marker is a DNA locus occupying a definite position in the
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genome and that is subject to inter-individual variability. Ideally, any genetic marker
should be heritable in a simple Mendelian fashion, easily traceable, display high levels of
polymorphism (a high number of variants generates a high proportion of heterozygotes),
have only a low mutation frequency, be in Hardy-Weinberg equilibrium (selection, mutation,
genetic drift, meiotic drive, etc. do not influence the allele and genotype frequencies),
the alleles follow a co-dominant mode of inheritance (all genotypes, homozygous and
heterozygous, can be ascertained) (Ziegler et al., 2010). The first markers for linkage
studies were genes that generated different phenotypes and could thus be visually examined.
However, the number, distribution, and degree of polymorphism of genes along the genomes
generate low-resolution genetic maps (Brown, 2002). New types of DNA markers have
since emerged as more suitable candidates for linkage mapping. They are classified in
different categories according to the type of polymorphism they display, in length (i.e.
microsatellites) or sequence (i.e. single nucleotide polymorphism).

Microsatellites are tandem repeats of short motif sequences (1-6 bp). For instance,
(CA),, is a 2 bp motif repeated n times. Shortly after their discovery in the 1980s (Hamada
and Kakunaga, 1982), microsatellites have become one of the most used genetic markers,
especially due to their high variability in length and wide distribution in eukaryotic
genomes (Hamada et al., 1982; International Human Genome Sequencing Consortium,
2001; Ellegren, 2004). Microsatellites can be uniquely amplified along the genome through
polymerase chain reaction (PCR), which uses specific primers for the unique sequences
flanking the marker. The alleles at a particular microsatellite locus are further identified
by assessing their length through agarose gel electrophoresis (Feingold J., 1998).

Recently, due to novel, cost-effective genotyping platforms, single nucleotide poly-
morphism (SNP) has emerged as the favored marker for linkage studies. A SNP is a
stable variation of the DNA sequence, involving a single base at a genomic position in
multiple individuals, with alleles displaying relatively high frequencies in a population. For
example, agtActt and agtTctt could correspond to two sequences at the same locus, in two
individuals, the polymorphism being A/T. For such a variation to be considered a SNP,
both alleles should reach frequencies > 1% in a population (HapMap). SNPs occur every
100 to 300 bases along the more than 3 billion bases of the human genome, and, thus,
their number is estimated to be 10-30 million (HapMap). As for microsatellites, the DNA
sequences are amplified by PCR, but the genotyping results either from the hybridization
to an array containing anchored oligonucleotides or direct sequencing.

Several techniques have been developed in order to study the distribution of recom-
bination rates along chromosomes. Since the first linkage map developed by Sturtevant
(1913), crosses and pedigree studies have led to the building of genetic maps in different
organisms ranging from viruses to mammals. Lack of recombination can result in tight as-
sociations of alleles at multiple loci leading to their segregation in blocks, which are known
as haplotypes and are subject to strong linkage disequilibrium (LD). Recombination
hotspots can be inferred by analyzing the LD patterns in population genetic data. Another
technique consists in the direct quantification of recombination intensities in sperm cells,
through the molecular experiments of sperm typing.
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II.1.2 (Genetic maps

Genetic maps are the oldest and most widespread tool for studying the meiotic behavior
of chromosomes. Their construction relies on genotyping and tracking the transmission
of polymorphic markers in a large number of individuals in families. This step requires
the identification of the parental origin of each allele for a certain marker in the progeny.
The transmission of markers during meiosis can be followed by analyzing the genotypes
of the resulting gametes. Figure I1.2 depicts the genotypes of the four gametes at two
biallelic loci depending on the existence and/or position of CO(s). However, the majority
of experiments in eukaryotes are not focused on the direct examination of gametes, but
instead infer the inheritance of parental gametes in the diploid offspring. In organisms
that can be manipulated genetically and that have sufficiently short generation times to be
tractable, the most common experimental procedure to genetic map building are crosses
(figure 11.3). Parental lines are usually chosen from highly divergent inbred populations.
Individuals in the first generation (F1) can then be crossed with their parents in order
to produce the F2 generation (backcross). If the F2 mapping population is obtained
by intercrossing F1 individuals, the experiment is termed F2 intercrosses. Another
approach consists in producing recombinant inbred lines (RIL). This technique starts
with inbred parental lines, homozygous at every locus and continues by inbreeding each of
the resulting heterozygous F1 individuals until recombinant inbred lines are obtained.
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Figure 11.2: Transmission of two markers in the offspring. Two parents, mother (red
chromosome) and father (blue chromosome), produce four type of gametes. Both mother
and father are homozygous at two consecutive markers, AABB for the mother and aabb
for the father. I. There is complete linkage between the two loci, leading to four non-
recombinant gametes, identical to each one of the parents. II. A CO event takes place
before the A/a locus. In the situation when no other markers are defined prior to the A/a
locus, this recombination will not be detected in the offspring. III. A CO event takes place
inside the A/a - B/b interval and will be observed in the form of recombinant gametes. IV.
Two COs have occurred in the A/a - B/b interval. The two events cancel each other and
no recombinant genotype is observed if no additional marker is present in this interval.

In natural populations for which it is not possible to create inbred lines or in the case of
crosses being constrained for ethical reasons or long generation times, pedigree studies
can be employed for map building. Such is the case in humans, in which recombination
frequencies are calculated by examining the genotypes of individuals in a family for several
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Figure 11.3: Crossing experiments. I. In a backcross experiment, each individual in the
F1 generation is crossed with one of its parents, generating the F2 generation. II. An
intercross results from the mating of F1 individuals among themselves. III. Recombinant
inbred lines result from repeated sibling mating of the individuals in F1 resulting in genomes
that are mosaics of the original parental genomes, homozygous at every locus.

successive generations. An example of a two-generation family is given in figure I1.4.

I1.1.2.1 Ordering markers

Once genetic markers have been defined along the genome, the following step consists
in assessing their physical linkage and order by analyzing their segregation in pedigrees.
This can be achieved by analyzing the fraction of recombinants (R) observed in the
offspring. Given two markers segregating at two distinct loci, if they are subject to
complete linkage, the parental combination of alleles will be transmitted as a whole
to the offspring. As in figure I1.2 1., the alleles of the two markers (A/a and B/b) are
always transmitted according to their parental association (AB and ab). Independent
segregation can result from the two markers being separated, either because of localization
on different chromosomes or because of systematic COs between the two markers (figure
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Figure 11.4: The pedigree analysis at two biallelic loci of a family with 9 children. The
mother (circle) is homozygous and the father (rectangle) has a known heterozygous genotype.
The haplotypes of the 9 children are inferred from the known haplotypes of the parents. For
these two loci, 7 out of the 9 children have Non Recombinant (NR) haplotypes, while the
other 2 are Recombinants (R). Furthermore, in this example, given the parental haplotypes,
the recombination event can be attributed to the paternal line. Adapted from Backstrom
(2009).

I1.2 II.). In this case, the parental/recombinant chromosomes are inherited in a 50/50
ratio. Depending on the frequency with which COs disrupt the association between these
markers, deviations are expected to be observed from the 50% ratio. The example in
figure 11.4 represents a cross between two parents with two distinctive loci, A/a and B/b
(Backstrom, 2009). In this example, the mother is homozygous (AB - AB) at the two loci,
while the father is heterozygous (AB - ab). Among the 9 offspring, 2 carry recombinant
chromosomes (R). Thus, the frequency of recombinants in this dataset is R = % =0.22,
implying a genetic distance (g) between the two markers of 22 ¢cM and a deviation from
the 50% independent segregation.

However, in real linkage experiments, family sizes are small and it is often unknwow how
the alleles are joined in the heterozygous parent (AB - ab or Ab - aB). These limitations
complicate the detection of recombinant and non-recombinant chromosomes in the offspring
(Backstrom, 2009). In order to test if two markers are linked, a maximum likelihood
log (base 10) score (a.k.a LOD for logarithm of odds) is calculated. It represents the
ratio between the likelihood of the two alternative hypotheses, linkage and independent
segregation, as a function of the observed R (Equation II.1):

L(R) _
LOD(R) = logo (m) = logio (R"R(l — R)"T ”RZ”T) (IL.1)

where L is the likelihood and is defined as the probability of the observed genotypes



tel-00840809, version 1 - 3 Jul 2013

I1.1.  Detecting and measuring recombination 53

LOD Score

T T T

0.0 0.1 0.2 0.3 0.4 0.5
Recombination fraction

Figure I1.5: The LOD score curve as function of the recombination rate (R) for a total
number of 9 children. The maximum of the curve is reached for an R close to 0.1.

given R, ng is the number of offspring with a recombinant genome and ny the total number
of offspring. By convention, a LOD score > 3 is indicative of a linkage between the two
markers with R recombination frequency. The threshold of 3 represents a 1000 to 1 odds
that the linkage observed did not occur by chance. A LOD< —2 is evidence, with at least
100 to 1 odds, against linkage. In between these threshold values, the pedigree information
is not conclusive to distinguish among the two hypotheses. In agreement with this last
case, in the example from figure I1.4, the LOD score is 0.64.

The next step in building a genetic map consists in ordering the markers. For example,
for 3 markers A, B, and C, there are three possible orders ABC, ACB, BAC (reverse
combinations are equivalent). If the recombinant frequencies between pairs of markers
are Ryp = 0.15, Rac = 0.10, and Rgc = 0.07, ACB is the "best” order. The lack of
additivity between recombination frequencies will be discussed hereafter. There are two
major difficulties raised by this approach: 1) the definition of "best” order is complex; 2)
its generalization for a large number of markers is impossible.

In order to determine the “best” order, all possible marker combinations should be
compared by calculating their individual likelihood (the distance between all markers
given the data) (for example using algorithms such as CRI-MAP (Matise et al., 1995) or
MAP-O-MAT (Kong and Matise, 2005)). As the number of possible orders for n markers
is %!, the above procedure becomes tedious, even for computer algorithms. In order to
overcome the problem of multiple testing, the first step consists in assigning markers
to linkage groups, ideally equal to the haploid chromosomes number. Two markers are
assigned to the same linkage group if their LOD score is higher than a threshold value.
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The order inside a linkage group is established by starting with a small number of markers
and gradually adding new markers one by one. As each new marker is added the maximum
likelihood of the orders is computed progressively. This procedure is repeated a number of
times by seeding with different groups of starting markers. For species with an assembled
genomic sequence, the order of the markers is also given by the physical map.

11.1.2.2 Calculating genetic distances

The recombination fraction quantifies the linkage between markers. This measure is
appropriate for small genetic intervals. However, as two loci are further apart, the
probability of two CO events very close to each other (double CO events) increases.
The existence of such events means that R values of adjacent intervals are not additive.
A classical modelisation of the relation between recombination frequencies in adjacent
segments is given by equation II.2:

Ryry = Ry + R, — 2CR,R, (I1.2)

where C' is the coefficient of coincidence defined as the ratio between the observed and
expected number of double COs. The interference strength between COs is 1-C. Defined
between 0 and 1, a C of 1 stands for no interference, while C' = 0 when the two intervals
show complete interference (no CO separates them). Figure I1.2 IV. illustrates the outcome
of a double CO between two consecutive markers. If the two COs occur between the same
two markers their effect will cancel each other out and no recombinant chromatids will be
observed, leading to an underestimation of the recombination fraction if not accounted for.

Another measure of the linkage between markers is the genetic distance (g), measured
in ¢cM, which is the expected number of COs per meiosis. By definition the genetic distance
is additive. In the case of small intervals (less than 10 cM) the recombination frequency
and the genetic distance are equivalent (Kosambi, 1944). The functions linking R and g
integrate the probability of multiple CO events per interval. Thus, the expected proportion
of single chromosomes having £ COs in an interval is noted px. In order to account for

these events, the recombination frequency is defined as R = Z Pk, since even number of

k=odd
COs in the same interval cancel each other (figure I11.2.1V). One method considers that

: kg.gk and that CO events are independent of one

another (Haldane, 1919). The resulting relation (equation II1.3) is called Haldane’s map

i follows a Poisson distribution p, =

function:

1 1
R=3 (1-e™)eg= —§ln(1 —2R) (I1.3)

The map function from equation I1.3 considers C' = 1. However, the availability of
large sets of genetic markers has proven that this hypothesis is incorrect, as interference
is a widespread phenomenon (Chapter 1.2.3). Kosambi (1944) set C' = 2R, as when
R = 0.5, C' =1 and there is no interference as in Haldane’s map function. Integrating
interference levels, for C' = 2R, a new mapping function has been established (Kosambi,
1944) (equation I1.4):
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I1.1.2.3 Sex-averaged and sex-specific genetic maps

Like physical maps, genetic maps provide information on the order and distance between
genetic loci along chromosomes. Given this common trait, the two maps are often compared
in order to confirm the position of markers in the genome. However, of the two, only
genetic maps quantify the number and distribution of CO events during meiosis. In figure
I1.6, the two types of map, physical and genetic are shown in parallel. The combined
information of these two sources enables the estimation of recombination rates per physical
distance, expressed in cM/Mb.

The most common type of genetic maps is sex-averaged, the genetic distance of an
interval corresponding to the expected number of COs in both sexes. But maps specific
to male or female meiosis can also be built. One approach consists in directly measuring
the recombination intensity in the male and female germline. Such experiments, as the
sperm-typing technique described in Chapter 11.1.4, provide a high resolution description
of local recombination events. On the other hand, pedigree linkage studies generate
genome-wide sex-specific genetic maps as in figure I1.6.

In human, by comparing the haplotype of mother, father and children, the position
of parental COs can be inferred. A recent example of such an approach is the study of
Hutterite related individuals (Coop et al., 2008). The procedure consists in identifying
“informative” markers along the chromosomes. A marker is informative for the mother if
it is heterozygous for the mother and homozygous for the father. Markers informative
for the father show the reverse pattern. The next step consists in detecting the type of
alleles inherited by the children. An example of the identification of CO events between 10
consecutive markers in a family with 4 children is shown in figure I1.7. In order to identify
a CO event in the paternal line, the type of alleles inherited from the father are compared
in pairs of siblings. If the father is AT and the mother AA, and both genotypes of two of
their children are AT or AA at this locus, they have both inherited the same paternal allele.
Instead, if one of the siblings is AT and the other AA, they have different paternal alleles.
If in a pair of siblings, there is a switch between two paternal consecutive markers in same
paternal alleles and different paternal alleles states, then a recombination event has taken
place in the paternal line (Chowdhury et al., 2009). A detailed explanation of CO inference
in figure I1.7 is given in table II.1. Based on a similar methodology, sex-specific maps can
be computed in three-generation pedigrees, by analyzing informative markers that are
shared between grandparent and grandchild, thus identifying CO events occurring in the
parents (Cheung et al., 2007).

In the case of large pedigrees, accounting for multiple meioses, and with numerous
markers distributed along chromosomes, the resulting genetic maps are a valuable tool for
identifying recent CO events with a fairly good resolution. Moreover, linkage mapping is
the only technique that allows the genome-wide analysis of female and male recombinations
separately. Given major heterochiasmy levels in some species (table 1.3), sex-specific genetic
maps seem the most pertinent tool for studying meiotic recombination (Lynn et al., 2004;
Cheung et al., 2007). However, the resolution of a genetic map depends on the number
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Figure 11.6: The mapping of markers along the physical map and sex-averaged, female,
and male genetic maps of the dog chromosome 35. From http: //www. vgl. ucdavis.
edu/ dogmap/ .
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Figure I1.7: Identification of recombination events. Genotypes at 10 consecutive SNPs
for two parents and their four children in this pedigree are provided. Informative makers
are marked in red and blue for the mother and father, respectively. Recombination events
are shown by color switches (for example from dark to light red), or, if regions are large,
they are shown in gray. From Chowdhury et al. (2009).

of COs that can be inferred, and in eukaryotes, the size of the pedigree and the small
number of meioses are a limiting factor for linkage mapping, leading to low resolution
maps (Arnheim et al., 2003).

I1.1.3 Linkage Disequilibrium
I1.1.3.1 Quantifying LD and recombination

The resolution problem of genetic maps, raised by a limited number of individuals in a
family, can be solved by inferring historical CO rates from samples of population data.
Thus, the detection of recombination events is based on the study of disruptions in the
associations of alleles at two loci, in unrelated individuals. The deviation from random
segregation of alleles at two loci has been termed linkage disequilibrium (LD) (Lewontin
and Kojima, 1960), and recombination results in the reduction of LD.

There are two statistics widely used for the quantification of LD: D’ and r2. Both |D’|
and r? take values between 0 and 1, 0 for no LD and 1 for complete LD. Given two bi-allelic
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Table I1.1: The inference of recombination events in the paternal and maternal line from
the genotypes in figure I1.7. The reference child is C1. For each pair of siblings between
C1 and the other three children, the informative markers for the father are colored blue
and for the mother in red. A symbol of equality (=) stands for the two children in a pair
sharing the same parental allele, and # for different alleles. If a switch between the two
symbols is observed between two consecutive informative markers, a CO events has taken
place. If such a switch has taken place between C1 and only one other child, the CO has
occurred in the sibling. If instead, the majority of sibling pairs show switches between two
markers, the CO is assigned to C1.

loci, A/a and B/b respectively, fap is the frequency of the haplotype with A at the first
locus and B at the second, and f4, f., fg, and f;, are the frequencies of alleles A, a, B,
and b respectively. In the case of linkage equilibrium, the frequency of each gametic type
is equal to the product of the respective allele frequencies (i. e. fap = fafp) (Lewontin
and Kojima, 1960). The deviation from equilibrium is noted D and is defined in equation
I1.5. In the case D = 0, there is linkage equilibrium, meaning a random association of
alleles. However, this measure is sensitive to allele frequencies, leading to the definition of
the D’ statistics (equation 11.6), where D4, is the maximum value of the deviation of
the actual gametic frequencies from LD, defined as D, = min(fafy, fofs) if D >0 or
Doz = min(fafs, fofy) if D <0 (Lewontin, 1964).

D= fap — fafs (IL.5)

D

D' =
Dmaz

(IL.6)
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The other measure of LD between loci is r? (Hill and Robertson, 1968), defined in
equation I1.7. It represents the correlation of alleles in a pair of loci. The r? statistics, by
contrast with D’, is robust to biased allele frequency and small sample sizes, making it the
measure of choice for LD mapping (Backstrom, 2009).

2 _ D?
fafsfafe
LD is expected to decrease from one generation to the other (Slatkin, 2008). Both

r (IL.7)

recombination and recurrent mutation can result in reduced levels of LD between loci.
The relation between the decrease in LD and the recombination frequency is formulated in
equation I1.8, where ¢ is time in generations (reviewed in (Slatkin, 2008)). One method
used to identify the impact of recombination on the patterns of LD is the four-gamete
test (Hudson and Kaplan, 1985). In order to distinguish the effect of recombination
and mutation, the test supposes that mutations are not recurrent, meaning that once a
mutation has affected a site, no new mutations will occur at this site. This hypothesis,
also known as the infinite sites model (Kimura, 1969), is valid in populations such as
humans, with large genomes and small mutation rates. The four-gamete test considers
that if in a population, all four possible haplotypes are present for two biallelic loci, then
no recombination event has taken place and |D’| = 1. Otherwise, recombination must have
broken down the LD between the two loci and D’ = 0. Relative |D’| values, different from
0 and 1, are difficult to translate into recombination rates as there is no linear relation
between the two variables. Moreover, by affecting only the values 0 and 1 to the statistics
|D'|, the four-gamete test misses many recombination events (Myers and Griffiths, 2003).
Other more sophisticated and powerful methods have been developed in order to infer the
minimum recombination events that explain the evolution of an observed set of haplotypes
in a population sample (reviewed in (Stumpf and McVean, 2003)). In figure I1.8.b the
LD pattern in a region of the human MHC allows the identification of two potential CO
hotspots (vertical arrows) between two LD blocks.

D(t+1)=(1-R)D(t) (IL.8)

I1.1.3.2 HapMap Project

Another very important role for linkage mapping is the detection of alleles and combination
of alleles responsible for complex diseases. The analysis of a large amount of SNPs in case-
control samples leads to the identification of variants associated with disease-risk (Clark
et al., 2010). For this purpose, the HapMap project aims at finding the subset of SNPs
that describes at best the human genetic variation (International HapMap Consortium,
2005). The initial aim of HapMap was to achieve the resolution of one SNP every
5 kb. The first phase (HapMap1) resulted in the genotyping of more than one million
SNPs in 269 individuals from 4 different geographic regions: 30 parents-child trios from
Yoruba in Ibadan, Nigeria; 30 parents-child trios from Utah USA, with a northern and
western european ancestry; 45 unrelated Han Chinese individuals from Beijing; and 44
unrelated Japanese individuals from Tokyo. The SNPs were evenly distributed along
non-repetitive portions of autosomes and the X chromosome, with on average 1 SNP every
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Figure 11.8: Graphical presentation of linkage-disequilibrium data. a. Linkage disequilib-
rium (LD) in a hypothetical genomic region. In this example, there are 6 SNPs, numbered
1-6 (labeled below and to the left of the plot). LD is calculated for each pair of SNPs from
genotypes of a panel of individuals. Fach pairwise comparison is plotted as a rectangle
centred on each SNP, and extending half way to adjacent markers. The |D'| values are
plotted by colour code (see key) below the diagonal. The statistical significance of each
|D'| value can be deduced from the LIKELIHOOD RATIO (LR) versus free association,
which is shown above the diagonal. In this example, |D’| = 1 between markers 1 and 2,
indicating complete LD. This value is supported by a high (>10,000) LR. By contrast, the
|D'| value between markers 3 and 5 is 0.4-0.6, but this value is accompanied by poor odds
(LR versus free association <20). A region of LD breakdown is apparent between markers 2
and 4 (arrow). b. LD in a portion of the human major histocompatibility complex (MHC).
Patterns of LD near the DMB gene are shown. Only SNPs with a minor allele frequency
> 0.15 have been included. LD blocks are identified visually and are shown as orange boxes.
There are two regions of LD breakdown (vertical arrows). From Kauppi et al. (2004).

5 kb (International HapMap Consortium, 2005). HapMap]1 offered a detailed description of
the LD patterns along human genomes, organized in LD blocks 7 to 16 kb long, interrupted
by hotspots of recombination hotspots (Kauppi et al., 2007).

Phase IT of HapMap Project (HapMap2) resulted in the final genotyping of 3.1
million SNPs, distributed on average 1 SNP per kb (International HapMap Consortium,
2007). Additional to its role in the identification of disease-associated markers, HapMap2
data has provided a high-resolution LD map that led to the identification of more than
25 000 hotspots of recombination along the human genome (Myers et al., 2006). Wavelet
analysis of the genomic features linked to the presence of these hotspots, latter led to the
identification of the 13-mer degenerate motif responsible for recruiting more than 40% of
the previously identified recombination hotspots (Myers et al., 2008).

Recently, the Phase III HapMap (HapMap3) data has been published (International
HapMap 3 Consortium et al., 2010). While HapMap1 was focused on the genotyping of
SNPs with minor allele frequencies > 5% in order to avoid genotyping errors, HapMap3
contains both common and rare alleles. In order to identify these rare alleles, 1.6
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million SNPs have been genotyped in a total of 1 184 individuals from 11 populations
world-wide. This new type of data will further improve our understanding of the evolution
of recombination rates at local level.

I1.1.3.3 Potential biases in estimating recombination with LD

During the establishment of inbred laboratory strains, only a small number of meioses
subject to CO events are generated, leading to the detection of relatively few COs (Kauppi
et al., 2007). The study of LD patterns in such inbred lines in mouse and rat, has generated
longer LD blocks than those found in humans (Guryev et al., 2006). However, linkage
data between inbred strains (Kauppi et al., 2007) or in wild population mice (Laurie
et al., 2007), have revealed linkage decays comparable with those observed in humans,
and have resulted in the identification of additional recombination hotspots in this species
(Kauppi et al., 2007). Other species, for which LD patterns have been analyzed include:
cow (Gautier et al., 2007), sheep (McRae et al., 2002), pig (Nsengimana et al., 2004),
dog (Sutter et al., 2004; Lindblad-Toh et al., 2005), zebra finch (Stapley et al., 2010)...
However, none of these species has yet reached the resolution of linkage studies achieved
in humans.

While, LD and genetic maps are very well correlated at 1 Mb level, LD analysis offers
a far increased resolution, at the kb level, for the study of recombination rates (Myers
et al., 2005). Furthermore, sperm-typing studies together with LD data have led to the
characterization of recombination hotspots. However, CO rate (COR) estimated from
LD data can not distinguish heterochiasmatic behavior as they are sex-averaged (Myers
et al., 2005). While genetic maps describe recent recombination events taking place in the
individuals of a family, LD patterns reflect long evolutionary history (Arnheim et al., 2003).
At this time-scale, LD patterns are influenced by multiple factors, such as the structure
and demographic history of a population, as well as natural selection and genetic drift
(reviewed in (Slatkin, 2008)). Levels of LD are expected to increase both with the level of
subdivision in a population and with the existence of bottlenecks. Mixture of individuals
from sub-populations with different allele frequencies create LD. An extreme example is
when one sub-population is fixed for alleles A and B and another for a and b. Any mixture
between these two sub-populations will generate only the AB and ab haplotypes, which
are interpreted as perfect linkage. Moreover, bottlenecks result in a LD increase because
of a rapid loss of haplotyes. An example of the effect of bottleneck on linkage patterns
is illustrated by two species: domestic dog (Canis familiaris) and Norway spruce (Picea
abies) (Backstrom, 2009). While the dog has been through at least two bottlenecks in
the past 10 000 years and presents extensive LD (Sutter et al., 2004), the LD is decaying
rapidly between close loci in Norway spruce in agreement with a large population size
conserved for a long period of time (Heuertz et al., 2006). In cases of very strong selective
pressures, beneficial alleles can become fixed in a population, along with physically linked
loci and thus account for LD patterns (McVean, 2007). To some extent, genetic drift can
also generate LD between loci as it can lead to the loss or fixation of some haplotypes by
chance alone (Slatkin, 2008).
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I1.1.4 Sperm-typing

Both genetic and LD maps contain information on the distribution of CO events along
the genomes. However, the sperm typing technique monitors the transmission of recom-
binant sequences in the sperm of one individual (Li et al., 1988). Thus, it results in the
characterization of CO hotspots at a very local level, both in position and intensity. Figure
I1.9 illustrates in detail the two sperm typing techniques. The single sperm typing method
consists in genotyping each allele in each sperm cell, and thus, finds the position of COs
between markers, by comparing the allelic state of each marker to the alleles in the diploid
male sperm donor (reviewed in (Arnheim et al., 2003)). The sperm pool typing method
identifies only recombinant sequences by using specific primers that amplify only one CO
type from a pool of sequences (Jeffreys et al., 1998). In order to design the primers, the
sperm-typing technology needs first to identify in advance the position of putative COs.
Such positions are inferred from LD maps. Coupled with LD studies and using SNPs as
genetic markers, the sperm pool typing method has led to the detailed characterization of
46 recombination hotspots (additional table B). LD patterns, as in figure I1.8, can guide
the identification of potential recombination hotspots, that can be thoroughly analyzed
through sperm typing.

Sperm typing offers the best resolution for identifying recombination as it consists in
the study of numerous meioses in individuals. However, the present lack of an automatic
process linked to this method, makes such studies technically difficult and prevents their
adaptation to the genome scale (Coop et al., 2008). Another drawback is that it can only
be applied in males.

I1.1.5 Gene conversion rates

NCOs have usually been ignored when studying the distribution of recombination events
given that the resolution needed for their detection was lacking. The sperm-typing
technique is one of the few genetic methods with sufficient resolution to identify these
events. The sperm-typing analysis of some human recombination hotspots has revealed
that NCOs occur 4 to 15 times as frequently as COs, with conversion tracts ranging from
50 to 2 000 bp (Jeffreys and May, 2004). In addition to their evolutionary role, gene
conversion events also affect the estimation of CO rates from linkage (Mancera et al., 2008)
and LD studies (Pritchard and Przeworski, 2001). Recently, thanks to the large quantity
of genetic markers and the new genotyping methods developed, more attention has been
given to the characterization of NCOs.

NCOs affect the LD pattern by causing a decrease in LD at small scales. In humans,
over short genomic intervals there is less LD than expected based on the patterns of COs
alone (Pritchard and Przeworski, 2001). However, NCOs are highly localized affecting only
markers within a recombination hotspot, and thus, are more difficult to detect individually
(Hellenthal and Stephens, 2006). The rates of recombination inferred from population
data represent the combined effects of COs and NCOs (International HapMap Consortium,
2005; Myers et al., 2005). Although statistical models have been developed that perform
the joint estimation of CO and NCO rates from population data (Gay et al., 2007; Yin
et al., 2009), such estimations are still difficult to implement at a genome-wide level.
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Figure I1.9: Two different approaches for sperm typing. (a) Individual sperm cells are
isolated in different wells. All sperm, including one that is recombinant (red ), are lysed
and each one is amplified at each locus through techniques such as PCR. Primers flanking
the SNP region of the single target molecule produce amplicons that can be genotyped to
determine the allelic state of that molecule. If the diploid male sperm donor is ABC on one
chromosome and abc on the other (ABC/abc), then typed sperm could be either ABC or
abe (nonrecombinants, NR) or Abc, aBC, ABc, abC (recombinants, R). In the example, a
single-sperm (haploid) molecule typed as abC (R1) must have been produced by a crossover
between the B/b and C/c loci. The reciprocal crossover product can also be identified (ABc,
not shown), as will crossovers in the A/a-B/b interval (Abc and aBC, also not shown).
(b) Typing of total sperm DNA pools is achieved by having a selective PCR that only
amplifies one of the crossover types. Usually required are two informative SNPs flanking
each side of the interval and sperm from a donor that is heterozygous at all four SNP sites
(AB-CD/ab-cd). Crossovers within the interval will recombine these two groups of flanking
polymorphisms, thereby distinguishing the two recombinants genetically, not only from one
another (AB-cd and ab-CD), but also from both nonrecombinants (AB-CD and ab-cd).
For example, to amplify the AB-cd recombinant, the first round of PCR employs a primer
that perfectly matches A (and is mismatched with SNPa and a second primer that matches
d (gray arrow). The second round (applied to a small amount of first round product)
uses primers (black arrows) that match B and c. Using these allele-specific primers, only
product from wells containing the recombinant (AB-cd) will render a visible PCR product
on a gel. From Arnheim et al. (2007).
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The most conclusive studies of NCO events so far results from sperm-typing
studies. Human recombination hotspots DNA3 (Jeffreys and May, 2004) and NID1
(Jeffreys and Neumann, 2005) CO hotspots have been found to host NCO events as well.
The presence and frequency of such events differ between hotspots (NCOs are only a
quarter of COs in NID1 and in DNA3, gene conversion occurs 4 to 15 times more often
than COs). In the majority of cases, NCO tracts were shorter and the conversion activity
was centered on the hotspot center (Jeffreys and May, 2004).

As previously mentioned, genetic maps lack the resolution to detect all CO events and
even more NCOs. However, in yeast, a high-resolution map was obtained by genotyping ~
52 000 markers in the four viable spores of 51 meioses (Mancera et al., 2008). Due to this
high density of markers, a majority of recombination hotspots contain multiple markers
within. A recombination event was detected when there was a switch in the genotype of
two nearby loci. If the switch was observed in different spores, a CO was inferred, if it
took place in the same spore, a NCO must have occurred. This study has resulted in the
estimation of an average of 90.5 COs and 46.2 NCOs per meiosis, the number of NCOs
being probably underestimated.

Review articles: (Feingold J., 1998; Stumpf and McVean, 2003; Arnheim et al., 2007;
Clark et al., 2010), dissertations: (Auton, 2007; Backstrom, 2009; Wahlberg, 2009), and
books: (Samollow, 2010; Ziegler et al., 2010) for this sub-chapter.

I1.2 Modeling the distribution of recombination

events

The comparison of physical and genetic lengths between markers has revealed that their
respective lengths are not linearly related. This discrepancy is generated by a non-uniform
distribution of recombination events along chromosomes. As detailed in chapter 1.2.1,
different regions of the chromosomes (telomeric, interstitial or centromeric) present different
affinities for the recombination machinery. Recombination takes place mainly in restricted
regions, called hotspots. Furthermore, COs undergo interference, with a CO discouraging
the presence of other COs in its vicinity. We describe in this chapter some of the models
developed to answer the questions on the number and distribution of COs.

I1.2.1 Counting model

Map functions such as Haldane’s and Kosambi’s, in equations I1.3 and 11.4, respectively,
describe the relationship between the frequency of recombinants and the genetic length of
chromosomes. However, following the advancements in our understanding of the molecular
process of meiosis, mathematical models have emerged that address the double-strand
break (DSB) process directly.

Counting models consider that DSBs are distributed randomly along chromosomes
and their number follows a Poisson distribution of parameter y (the mean number of
events). The impact of interference is measured by considering that any two consecutive
COs should be separated on average by m NCOs (Foss et al., 1993) (figure I1.10). In this
class of models, interference depends on the genetic rather than physical length. While the
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strength of interference is indeed controlled by the density of CO events (genetic map), it
can take a wide range of values at the physical scale, in different organisms (Foss et al.,
1993; Berchowitz and Copenhaver, 2010). In the model from Foss et al. (1993) the genetic
sizes of all intervals are constant.

MECHANICAL STRESS MODEL POLYMERIZATION MODEL COUNTING MODEL
(Kleckner et al. PNAS. 2004) (King & Mortimer Genetics. 1990) (Foss & Stahl Genetics. 1995)
Beam Film Flaw
axis) fiber) precursor) ar _
J. Nco
L
_ " i =D
% Stress applied to beam results in film stress O
»
&
3
£ =
= d
+ Beam location i O
Flaw — Crack = NCO
(Crossover) co co
We)
S
—_— —_—
5 Stress relieved bi-directionally from crack
2
2
ﬁ T > O
B o=
5 . NG
w
Beam location ‘
l "’O = NCO
co
e
_Flaws proximal to cracks are less likely to form subsequent cracks h L”_ g O
g U U
»
8
3
£
w
Beam location

Figure 11.10: Interference Models. The left panel depicts the beam-film demonstration of
the mechanical stress model proposed by Kleckner et al. (2004). The beam (chromoso-
mal azis; green), film (chromatin fiber; gray), flaws (CO precursors; black dots). Diagrams
depicting the stress level are shown under each beam in which the x axis represents beam
position and stress level on the y. The center panel depicts the polymerization model
proposed by King and Mortimer (1990). Chromatids are shown in green (parent 1) and
yellow (parent 2). Small light blue circles represent recombination precursors and CO
designates are shown as larger circles marked with 'CO’. The interference polymer is shown
as a large arrow emanating from CO sites, and CO precursors removed by the polymer
are shown to the right accompanied with a dashed arrow. The right panel depicts the
counting model proposed by Foss et al. (1993). Chromatids are shown in green (parent
1) and yellow (parent 2). Small light blue circles represent recombination precursors and
CO designates are shown as larger circles marked with CO’. In this diagram, m = 3 and
intervening NCOs between COs are outlined in a red box. From Berchowitz and Copenhaver
(2010).

The counting model can also generate map functions. The general definition of the
recombination frequency is the probability that half the number of chromatids contain
at least 1 CO, R = %P(#CO > 1). The number k, of DSB events in an interval, has the

k=m

Poisson probability P(#psp = k,y) = yk]jry and P(#psp >m) =1— Z P(#psp =k, y).
k=0
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The probability of 1 CO given the number of DSBs and m is:

t_ifk<m
P(#co = 1,#psp = k,m) = ¢ ™! - (I1.9)
1, otherwise

Thus, the formula for recombination frequency given the parameter m is defined as:

R=2Y"P(#pss =k,y) + P(#psp > m)
k=0

:1—eyzy—k L (I1.10)
k! m+ 1 '

k=0

1
2

In an interval of map length g Morgans, the mean number of DSB events, y per tetrad
is y = 2(m + 1)g (Foss and Stahl, 1995). By replacing the expression in equation I1.10 a
relation is established between R and g, leading to a new map function.

In addition to providing a mapping function, the counting model can also quantify
interference along chromosomes. It is also called the chi-square model, as the inter CO
distance follows a x? distribution with 2(m + 1) degrees of freedom (Broman and Weber,
2000). The x? distribution is a member of the I' distribution family. The I" distribution
has two parameters: shape (v) and rate (A). In the case of the counting model, the shape
parameter is the number of Poisson events (DSBs) needed to ensure a CO, m + 1. The
rate parameter is twice this same number, to account for tetrads 2(m + 1). The density
and cumulative distribution functions of inter CO distances are:

flzh=2(m+1),v=_(m+1)) = lxuflem

['(v)
_ _ N e )t
Fz]A=2(m+1),r=(m+1)= > e o (IL.11)

When applied to data from Drosophila and Neurospora, with parameter m taking
values 4 and 2 respectively, the model adjusts well to the data (Foss et al., 1993). However,
in budding yeast many intervals separating successive COs were extremly short leading to
incorrect estimations of m (Foss and Stahl, 1995). In many organisms, two types of COs
have been identified: interfering and non-interfering (table I.1). The counting model was
thus adapted to account for the two types of COs. This has resulted in the two-pathway
model (Housworth and Stahl, 2003).

The two-pathway model considers that a fraction p, of COs are not subject to interfer-
ence (m = 0). The inter CO distances for the interfering type is given by the I' distribution
as in equation II.11, with parameter A = 2(1 — p)(m + 1) and v = m + 1. Given the series
of inter CO distances g, ¢1, ..., g, along a chromosome (where gy and g,, are the distances
between the start of the chromosome to the first CO, and from the last CO to the end of
the chromosome, respectively), the algorithm considers all 2" possibilities to assign the n
COs into the two types. The distributions of gy and g,, are calculated separately under
the assumption of stationarity (the start and end of the chromosome do not influence
the positions of the first and respectively last COs). The inter CO distances are further
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divided in two sets: yo, y1, ..., y; for non-interfering, and 2o, 21, ..., z; for interfering COs.
‘ k

n J
The relation between g;, y;, and z; is Zgi = Zyi = Z z; = G, where G is the total

i=0 i=0 i=0

genetic length of the chromosome. The probability of the inter CO distances for the two
types of COs is calculated separately and their sum over all 2" possible divisions gives the
probability of the observed g; sequence under the two-pathway model:

P(QOJ gi, - gn|p7 m) = Z P(yo: Y1y ey yj|p7 O)P(Z(]? Zly weey Zk|1_p7 m)
(Y05 Y15 -5 Y5) (205 215 ooy 2k)

(I1.12)

The product of the above probabilities for a collection of meiotic products generates
the likelihood of the model parameters, p and m, given the data. By maximizing the
likelihood function, parameters have been estimated in S. cerevisiae (Stahl et al., 2004),
A. thaliana (Copenhaver et al., 2002; Lam et al., 2005), maize (Falque et al., 2009), and
humans (Housworth and Stahl, 2003; Fledel-Alon et al., 2009).

Another improvement to the counting model consists in considering that m, the number
of NCOs between successive COs, is not constant (Lange et al., 1997). For the Poisson-
skip model, the random number of NCOs is chosen according to a Poisson distribution,
s,. The number of skipped events is random at each run. The x? model is a special case
of the Poisson-skip model, with s,, = 1. The inter CO distribution for the Poisson-skip

model has a cumulative distribution of: Z Sm Z e_)‘xﬂ

X which for s,, = 1 gives
m=0 k=m+1 )

the relation in equation II.11.

Given the small number of parameters to be estimated, counting models have been
widely used to assess the strength of interference at the chromosome level. A recent model
based on the x? model of (Foss et al., 1993) was proposed that integrates the condition
of one obligated CO per chromosome (Falque et al., 2007). The forced initial CO
(FIC) model starts by choosing the position of the first obligatory CO from an uniform
distribution. Additional COs are generated towards each end of the chromosome according
to the counting model. Data from mouse have been fitted by the FIC model, and proved to
yield better estimates for the number of COs per chromosome than the standard counting
model.

Counting models have the advantage of relying on easy to implement mathematical
functions with few parameters. However, from a biological perspective, the model predicts
an overall reduction in the number of COs and NCOs following a reduction in the number
of DSBs (Berchowitz and Copenhaver, 2010). This is not the case for real data, as CO
homeostasis ensures that CO rates are kept at high levels despite a decrease of DSB
frequencies (Martini et al., 2006).

I1.2.2 Mechanical Stress Model

Another model for the distribution of COs is the mechanical stress model (Kleckner
et al., 2004). The chromosome is represented in this model as a beam covered by a film
(the chromatin fiber) (figure 11.10). A uniform basal tensile stress oy is present all along
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the film. This stress will increase monotonically, as meiotic chromosomes compress and
expand, until a crack will appear in the film. The crack corresponds to a CO. As the
chromosome is under stress, the obligatory CO is always ensured. For a film of length G,
a parameter of the model is NV, the number of DSBs (also termed “flaws” in the model).
Once a CO has taken place, it will result in the relief of the stress on either side of the
crack, over a distance [. A CO at position g will result in a new distribution of stress o(g).
The next step consists in placing a new CO at a locus having reached a critical stress
value, usually outside the stress relief domain of previous COs. At each step the stress
function is recalculated until the overall stress value oy reaches a limit (0¢)mqa.. Special
conditions are applied for the stress distribution at the ends of the chromosomes.

While the break induced by DSBs can account for a reduction in the stress along
the chromosomes, the role played by COs in the stress-relief process is more ambiguous
(Berchowitz and Copenhaver, 2010). Moreover, the mechanical view of CO distribution can
not explain the existence of non-interfering COs. Although based on a physical phenomenon,
the mechanical forces generating the COs are not easy to quantify. Simulations of the
model in Drosophila and Chorthippus brunneus have led to the estimation of the number
and inter CO distances (Kleckner et al., 2004). Recently, Falque et al. (2009) developed a
method to measure the goodness of fit of the mechanical stress model on the data, and
thus find the best estimators for the parameters. This method calculates a projected
likelihood score (PLS), which is defined as:

P(k) if k € [0,1]
PLS = i (I1.13)
P(k) Zpk(gi) ifk>1
i=1
where k is the number of COs predicted by bivalent, P(k) the probability of k
COs/bivalent, p; the probability density of inter-CO distances for a bivalent with k
COs, and g; the genetic distance between CO ¢ and ¢ + 1. Both the counting and the
mechanical stress models have been implemented in a software package, named CODA
(CrossOver Distribution Analyzer), that estimates the parameters of the two models
(Gauthier et al., 2011).

11.2.3 Polymerization model

The polymerization model has been proposed as a mechanistic explanation of interfer-
ence propagation along the chromosomes, through the synaptonemal complex (King and
Mortimer, 1990). The model starts by placing randomly early nodules (EN), thought to
correspond to DSB sites, along a chromosome arm. The number of EN has a Poisson
distribution of mean 2 times the observed number of COs. As in figure I1.10, at each time
step, each EN site has a probability of becoming a CO and initiating polymerization. The
bidirectional polymerization at one such CO sites has two consequences: it prevents the
binding of other EN and it ejects the previously bound ENs from the SC. The polymeriza-
tion initiated by a CO has a certain probability of being terminated, or ends once it has
reached the polymerization from another CO, a telomere or centromere. Simulations of
the polymerization algorithm have been performed in budding yeast and Drosophila (King
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and Mortimer, 1990).

This model has the advantage of offering a biological representation of the interference
model along the SC in um, at which level the interference distances are more similar
between species, than at the Mb scale (Berchowitz and Copenhaver, 2010). However, no
such polymer has been observed during meiosis and the role of SC in promoting interference
has been refuted by experimental data (Fung et al., 2004; de Boer et al., 2006; Shinohara
et al., 2008).

1I.2.4 Recombination and karyotype

The previous models are all focused on the local distribution of CO events according to
the genetic length. Another type of model, that is especially treated in this thesis, tries to
model the wide variability in COR between species but also among sexes and chromosomes.
At the species level, COR are greatly influenced by the number and lengths of chromosomes
(Chapter 1.2.4.1). At a local level, COR can be defined as the ratio between genetic (G
measured in cM) and physical (P measured in Mb) lengths. However, at the scale of the
chromosome, this relation is inappropriate as a strong constraint of at least one CO per
chromosome (de Villena and Sapienza, 2001) ensures that even very small chromosomes
have a basal G of 50 cM.

A two-parameter model has been developed to describe the relation between G and P
at the level of chromosomes (Li and Freudenberg, 2009):

G =G+ kP (I1.14)

where G is the minimum genetic length and £ is the COR. The parameters of the
model are estimated by applying a linear regression on the data. The authors compare the
goodness-of-fit of the linear model with (equation I1.14) and without an intercept (e.g.
G0=0), through the Akaike and Bayesian information criterions, AIC and BIC respectively:

AIC =2p —log(L) = 2p + nlog (R—SS)
n

BIC = log(n)p — 2log(L) = log(n)p + nlog (R_SS)
n

(I1.15)

where p is the number of parameters in the model, L the maximum likelihood estimated
from the data and n, the number of samples used to calculate the likelihood. These criteria
compare the accuracy of a given model at the same time, penalizing models with many
parameters. L is calculated with respect to the variance of the model errors, RSS. RSS

n
is defined as Z €2, with & representing the residual between the model and data point

i. € equals ((Z}’Z 1— Go — kPF;) or (G; — kP;) for the models with and without interference.
Depending on the sign of the criterion difference between the two models, the better model
can be defined. For example, AICs_,orameter — AIC)_parameter < 0 is indicative of a better
two-parameter model. The fitting of the two parameter model in seven species, human,
mouse, rat, chicken, honey-bee, yeast, and worm, yields better estimates in the majority
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of cases emphasizing the important role played by the obligatory CO in defining the COR
(Li and Freudenberg, 2009).

Figure I1.11 provides a representation of a the two-parameter regression on the genetic
and physical lengths of chromosomes and chromosomes arms for female, sex-averaged and
male human data. These regressions indicate that in humans, heterochiasmy is mainly due
to higher COR in female than in males, while the intercept is very similar among sexes.
While in the case of human and yeast GGo values are close to 50 ¢M, in the other species
these values are much smaller than 50 ¢cM and even negative (in the case of honey-bee and
worm) despite a valid condition of an obligate CO. Thus, the G, parameter is difficult to
interpret from a biological point of view.

(A) chromosome female

300
|

sex—ave

18/14/17/15

genetic length(cM)
200
I
16

100
1

\

genetic length(cM)
100 150 200

\50
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Figure I1.11: Two-parameter regression of human genetic length over physical length.
(A) Analysis at the chromosome scale. Female (red), male (blue), and sex-averaged (black)
genetic length of each chromosome (in cM) is plotted against its physical length (in Mb).
The least-square regression lines are: G = 54.2 + 1.02P (female), G = 42.0 + 0.52P
(male), G = 48.1 + 0.78P (sez-average). (B) Analysis of metacentric chromosome at
the chromosome-arm scale. The best fit regression lines are: G = 29.0 + 1.05P (female),
G = 27.1 4+ 0.48P (male), G = 28.0 + 0.77P (sex-average). From Li and Freudenberg
(2009).

There is still an unresolved debate if the condition of one obligatory CO applies to the
whole chromosome or to each chromosome arm independently. In figure I1.11, the data
from the two chromosomal lengths are compared. The two-parameter model has been
further applied to distinguish between these two hypotheses of one obligatory CO per
chromosome (Gy = 50 ¢M) or per arm (Go = 100 ¢cM) (Li et al., 2010). The AIC criterion
(equation II.15) finds that the model of 1 CO per chromosome is consistently better in
human.

Review articles for this sub-chapter: (Drouaud et al., 2007; Mézard et al., 2007;
Berchowitz and Copenhaver, 2010).
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II.3 The impact of biased gene conversion on the nu-
cleotide composition

11.3.1 Equilibrium GC-content

When studying the relation between COR and the GC-content of sequences, it is important
to consider that these two variables do not evolve at the same time scales. Hotspots of
recombination vary in position and intensity even among individuals of the same species
(chapter 1.2.4.3), while the genomic sequence is highly conserved between closely related
species (Chimpanzee Sequencing and Analysis Consortium, 2005). One approach to this
problem consists in estimating the current substitution pattern of DNA sequences, and
deducing the equilibrium GC-content reached by sequences evolving with that substitution
pattern. Thus, the GC content reached by a sequence, also termed equilibrium GC-
content (GC*), is indicative of the current processes affecting the evolution of the
genome, such as COR (Meunier and Duret, 2004). Under a simple model of nucleotide
substitution, with no neighbor-dependence, GC* is calculated as the percentage of AT—GC
substitutions among all AT—GC and GC—AT substitutions (Sueoka, 1962):

GOx = — 1AT=6C (1L.16)
TATGC + TGO AT

A simple method to compute the substitution frequencies is through parsimony
(Meunier and Duret, 2004). The principle of parsimony consists in minimizing the number
of changes that can occur on the branches of a given phylogenetic tree. Moreover, in
parsimony all the substitutions have the same probability of occurrence. Figure I1.12
illustrates a three species tree. If at a site, the bases C, A, and C are observed in species 1,
2, and 3 respectively, the most parsimonious scenario would be that the ancestral sequences
4 and 0 contain also a C. A substitution C' — A is inferred on the branch from 4 to 2.
However, as divergence levels increase, the power to detect substitutions by parsimony
decreases.

I1.3.1.1 Maximume-likelihood GC* estimation on a tree with N branches

A more reliable methodology for substitution estimations is the maximum-likelihood
approach (Arndt et al., 2003; Duret and Arndt, 2008). This method allows the estimation
of a different substitution matrix along each branch of a phylogenetic tree. Assuming the
phylogenetic tree of three species, illustrated in figure I1.12, the evolutionary dynamics
can be summed up along each branch through a substitution matrix, @), for which r,_,z
stands for the substitution rate from « to 8 on that branch:

raa Tc—=A TG—A TT—A
Q= Ta-c Tcc TGg—c Tr—=C (H. 17)
Ta-g Tc—G Tac Tr—a
TA-T TC—=T TG>T TTT

A general substitution matrix considers all 12 possible rates of substitution between
nucleotides. By definition, the diagonal elements are constrained by the requirement that
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Figure I1.12: A phylogenetic tree of three species. The tree has 3 leaves corresponding to
the 3 species 1-3, one internal node 4 and a root 0. Q);; stands for the substitution matriz
along the branch that joins i to j.

Symbol Definition

a, 3 Nucleotides at a site in the sequence

(N Substitution rate from « to

Q Substitution matrix

t Time

pp(t) The probability of nucleotide § at a certain position, at time ¢
P(t) Probability matrix of occurence for all possible substitutions

during a period of time ¢

N The number of current day sequences in the phylogenetic tree
M The number of internal nodes in the tree

S The gap-free length of the alignment between sequences

a The sequence of length S corresponding to the leaf ¢ in the tree
p(o)(ﬁo) The probability to have a0 as the ancestral sequence

P ap@iai Substitution probabilities of sequences along the branch (,j)

~

Likelihood to observe the current day sequences on the leaf

nodes under a given phylogeny

Table I1.2: Parameters of the mazimum-likelihood approach for the inference of substitu-
tion patterns along branches in a tree.

all the elements of a column should sum to 0. Moreover, a simplifying hypothesis about
the matrix II.17 consists in ignoring multiple substitutions at a given site. This could be
true under the infinite site model in the case of small branch lengths. Along any branch,
the substitution rates are constant, and the model is termed homogeneous.

Given the double-stranded nature of the DNA molecule, nucleotides are paired between
the two complementary strands, A - T and C - G. For neutrally evolving sites, under
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no mutation or repair strand bias, the rates of substitution are not strand-dependent.
The strand complement symmetry property of the matrix I1.17 reduces the number of
parameters from 12 to 6 (i.e. ro4 = ra_r).

The probabilities of occurrence of all possible substitutions during a period of time
t are then derived. For a small increment time At, at a certain position in a sequence,
the change in frequency of a nucleotide (8 is dependent on the probability of £ at time ¢,
minus the substitutions from 3, plus the substitutions towards g in the interval At:

pﬂ(t + At) = pﬁ<t> — P (t)r,@—%At + Zpa(t>ra—>ﬁAt
a#p

The relation between the evolution of the probability P and the substitution matrices () is:
P(t+ At) = P(t) + QP(t)At
9 Pt = 3" Quabalt)

P(t) = e (I1.18)

For the model described above, evolution is assumed to proceed independently at
each nucleotide site. The model from Arndt and Hwa (2005) considers the existence of
a second type of substitutions which are site-dependent. Some mutation processes, such
as the deamination of cytosines to thymine are highly influenced by the genomic context.
In mammals, the substitution rate of C and G nucleotides is increased 10-fold for CG
dinucleotides (termed CpG dinucleotides, where p stands for a phosphate bond) than for
the rest of the dinucleotides (Hess et al., 1994). Hypermutations of CpG dinucleotides
leads to their depletion and an excess of TpG and CpA. Any dinucleotide dependence can
be modeled with a substitution matrix, by comparing the type of dinucleotides on the
ancestral sequence, a3, with the corresponding pair on the present sequence, o/f":

TC G—CpA/TpG lf QB:CG and QIIB/:CA or O[B:CG and a,ﬁ/:TG
P pA/Tp
CpG _
Qa%’aﬁ = —2rcpa—cpayrpa if(af = CG and /' = CG)
0 otherwise
(11.19)

In practice, the model addresses the CpG dinucleotides hypermutability by examining
the substitutions in sets of three consecutive nucleotides. The 43 x 43 substitution matrix
is defined in this case as:

Q=QIRI+IRQIVI+IRI2Q+Q" I+ Q" (11.20)

where I is the identity matrix and the operator ® represents the tensor product of

matrices defined as:
CLHB tee alnB

A® B = : : (I1.21)
amB - am.B

As in equation II.18, the time evolution of the probability matrix for any consecutive
tri-nucleotides (803 is:
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0
apﬁﬁzﬁg(t) = Z QB1 825010203 Parasas (t) (I1.22)

Q1203

11.3.1.2 [Estimating parameters

In order to estimate the equilibrium GC-content towards which the sequences are evolving,
one needs to infer the nucleotide substitution rates, knowing the genomic sequences of
present day species. This amounts to estimating the parameters of the evolutionary models
described above. A simple, widely-used model, consists in affecting the same () matrix to
all branches in a tree. This is a simplifying model, and in reality the evolutionary forces -
such as mutation and selection - need not be the same on each branch of the phylogenetic
tree. Nevertheless, a trade-off has to be found between the number of parameters to
estimate and the biological reality of the model.

The data consists of gap-free alignment between N current day sequences (E”), of equal
length S, and a phylogenetic tree with M internal nodes. The likelihood of the observed
sequences knowing the phylogeny is the sum over all the internal nodes representing the
ancestral unknown sequences:

— —j| =i
L= > PO (@) HPTi,j(af\ at) (11.23)
2¥)

WO, AN+ .. GN+M

For a three species tree, equation I1.23 becomes:

L= Y pO@)Poa(@ Q") Pos (@ Q%) P (a*[ Q") Paa(@*[@?) (1124
o, a4

The estimation of the substitution frequencies proceeds from the maximization of
the likelihood functions obtained by varying all the substitution parameters along each
branch of the tree. Under the assumption of independence between sites in a sequence,
the likelihood of the alignment is the product of the likelihoods at each single site. The
likelihood function at a site is defined as the sum of all possible internal unknown states
starting from the root (Squartini, 2010). In the case of independent sites, the likelihood of a
tree can be easily computed by algorithms such as the pruning algorithm (Felsenstein, 1981).
This algorithm consists in storing and using the conditional probabilities at intermediary
nodes to compute the likelihoods of superior levels towards the root. After the pruning,
equation I1.24 becomes:

L=Y pO(@)Pos(@[@*) Pos(@0) @) Y Paa(@ @) Prua(@@?)  (11.25)
=0

o4

where Z Par (@Y @YY Pz (a0 a?) is the conditional probability at internal node 4.
o4
If the substitution matrices are different along each branch, the number of parameters to
be estimated for each site is 6(N + M) and 3 additional free parameters for the frequencies
of nucleotides (A, C, G, T) in the ancestral sequence. The maximization of the likelihood
functions for each parameter yields estimates of the substitution frequencies.
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In the case of neighbor dependent substitutions, the likelihood of a tree is no longer the
product of the likelihoods at all sites. Ls are computed using a Monte-Carlo Maximum-
Likelihood approach (Arndt and Hwa, 2005). The sequences at all the internal nodes are
set as being the consensus of the descendant sequences or one random descendant sequence
if no consensus can be built. For each branch the substitution frequencies between ancestral
and present-day sequences are then estimated using a maximum-likelihood approach (Arndt
et al., 2003). Given these substitution frequencies, each sequence at the internal nodes is
re-estimated. A nucleotide in a triplet of sites is replaced by the one with the maximum
likelihood, given the substitution matrix and the neighboring nucleotides. The algorithm is
repetead multiple times until the convergence of tri-nucleotide distribution in the sequence
at the root node.

The implementation of this model has led to the estimation of the GC* in human
(Arndt et al., 2003; Webster et al., 2005; Duret and Arndt, 2008). These estimations were
also performed along a three species tree, human, chimpanzee, macaque, or from alignments
between the ancestral (consensus) and the current day sequences of transposable elements
(TEs) (Arndt et al., 2003; Webster et al., 2005, 2006).

I1.3.1.3 Maximume-likelihood GC* estimation on transposable elements

When GC* is estimated from the alignment of transposable elements (TEs) to their
consensus sequences (Arndt et al., 2003), the model is simplified as the ancestral sequence
of each TE subfamily is supposed to be known. Each TE subfamily is considered to evolve
under a substitution matrix ). For each position along the alignment of a TE to its
corresponding ancestral sequence, the number of occurrences of o; — [3; knowing the
adjacent bases, ;1 and a1, are counted. The total number of observed substitutions
in such an alignment is C(5|ay, a, ag). The set of all counts for a given TE subfamily
is noted {C'}. The set of substitutions that best explains these counts is obtained by
maximizing the following likelihood:

LECHQ) = [ PGB *la,a,ap;@)CPlemeen) (11.26)

B,ar,,aR

where P (%0 x |ar, o, ag; @) is the probability that the ancestral sequence ay, or, g will
result, under the substitution model ), in the o« — [ substitution.

Review articles and dissertations for this sub-chapter: (Arndt et al., 2003; Arndt and
Huwa, 2005; Duret and Arndt, 2008; Squartini, 2010).

11.3.2 Theoretical gBGC model

Meunier and Duret (2004) have shown that COR is a better predictor of the GC* than of
the current GC-content. This result is the consequence of the evolution at different time
scales of recombination and nucleotide composition. Recombination affects the substitution
pattern through GC biased gene conversion (gBGC) (chapter 1.3). However, recombination
hotspots are short lived (chapter 1.2.4). At such short time scales the bias in substitution
rates doesn’t generate extensive changes in the GC-content of genomic sequences in a
population. Moreover, the extent of this impact was questioned by the low density of
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Symbol Definition

S Nucleotide of type C or G

W Nucleotide of type A or T

f Fraction of the genomic regions involved in a hotspot

HS—w Mutation rate from S to W

MW -5 Mutation rate from W to S

N Effective population size

rS_w Substitution rate from S to W

TW 9 Substitution rate from W to S

S Strength of gBGC

P(s) Probability of a mutation under gBGC to get fixed in a population

P(0) Probability of a mutation without gBGC to get fixed by genetic
drift

1 Recombination rate

k Constant depending on hotspot length and bias in gBGC repair

Table 11.3: Parameters of model for the gBGC impact on the substitution frequencies
(Duret and Arndt, 2008).

recombination hotspots in the human genome (only 3% of the genome) (Myers et al., 2005;
Spencer et al., 2006). Duret and Arndt (2008) proposed a theoretical model, with realistic
parameters, for the role of gBGC on the substitution pattern and subsequently on the
GC-content of sequences.

The model considers that gBGC is active only in the f% of the genomic region
corresponding to recombination hotspots. The mutation process is considered identical
within the hotspots and outside of them. The rates of substitution in neutrally evolving
genomic regions are:

rwos = (1= f)2Npw—sP(0) + 2N pw_sP(s)
rssw — (1 - f)2N/LS_>Wp(0) + fQN,uS_WVP(—s) (1127)

where the parameters are explained in table I1.3 and P(0) = 5. The parameter s is
proportional to the intensity of recombination hotspots, s = k x i, with different k values
estimated from (Spencer et al., 2006). The probability of fixation for a mutation subject
to s is: ) o
P(s) = ﬁ (11.28)
Two applications of this model at a 1 Mb scale, termed M1 and M2, have been explored.
The M1 approach considers that the density of hotspots, f, in a 1 Mb window varies
between 0.05% and 10.7%. For the M2 approach, ¢ varies from 0.66 to 157 cM/Mb. The
correlation of the GC* predicted by the model 11.27, under M1 and M2, to the COR is very
close with the GC* inferred on real data using the maximum-likelihood method described
in chapter I1.3.1. No significant difference has been found between the predictions of the
two models (Duret and Arndt, 2008). The model of (Duret and Arndt, 2008) explains the
relation between COR and GC* observed in humans. It further quantifies the impact of

gBGC at the nucleotide level, concluding that indeed the current strength of gBGC is not
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sufficient to maintain the isochore structure observed in this species. This is consistent
with the phenomenon of isochore erosion (Duret et al., 2002).

I1.3.3 Owur model on the effect of gBGC on the frequency of
deleterious mutations in human populations

Studying the impact of recombination on the level of polymorphism in different genomes
is important in view of the dual role of this mechanism. First, recombination is thought to
affect local effective population size along the genome, and consequently polymorphism
levels (Otto and Barton, 1997). The effective population size (N.) is a measure of the
total population size that overcomes difficulties raised by complex mating systems, spatial
structure, and overlapping generations by considering an ideal population representative
of the real one. In regions of low recombination, the linkage between genes is high, and
selective sweep of advantageous mutations (Smith and Haigh, 1974) or elimination of
deleterious alleles (the so-called background selection) (Charlesworth et al., 1993) are
expected to reduce diversity at linked loci. Positive correlations between recombination
rate and genomic diversity have been reported in multiple organisms (Stephan and Langley,
1989; Nachman et al., 1998; Charlesworth, 2009). Second, loci subject to recombination
and gBGC should experiment a reduction in polymorphism, due to the bias favoring the
fixation of G and C alleles.

In 1982, Lamb and Helmi have proposed a first model of the joint effects of selection,
mutation and biased gene conversion in an infinite population (Lamb and Helmi, 1982).
A model of this same mechanism, in a finite population has been developed by Nagylaki
(Nagylaki, 1983a,b) for a subset of cases (the dominance aspects were not treated). The
conclusion of these studies was that BGC is acting as directional selection. Based on
these results, Duret and Arndt (2008) have modeled the impact of gBGC and mutation
on neutrally evolving sequences, in human. Given realistic parameters for the intensity
and density of recombination hotspots, the model predicts very well the observed relation
between recombination and substitution pattern. Thus, it represents a quantitative proof
of the important role played by gBGC in shaping the isochore landscape of the human
genome. Additionally, gBGC has also been found to affect sequences under selection. A
first line of evidence in this sense came from the study of the substitution pattern in
regulatory elements, which were found to have an important GC bias (Galtier and Duret,
2007). More recently, this type of bias was also observed in human protein-coding exons
(Berglund et al., 2009; Galtier et al., 2009). It follows that even in functional sequences,
gBGC can sometimes counteract the effect of selection and lead to the accumulation of
deleterious mutations. This has led to the recombination hotspots being named ’Achilles’
heel’ of our genome (Galtier and Duret, 2007).

In collaboration with Laurent Duret, Anamaria Necsulea, David Cooper, and Peter
Stenson, we have started to work on the quantification of the part played by gBGC in the
maintenance of deleterious alleles in the human population (Necgulea et al., 2011). Our
approach was based on simulations of the impact of gBGC on the frequencies of alleles in a
finite size population. We considered that sites are independent, and subject to mutation,
selection, and gBGC. For simplification considerations, the initial population is considered
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homozygous, subject to random mating, and following a Fisher-Wright probabilistic model
with multinomial sampling, ensuring a constant population size over time. Simulations
were run for over 20 000 generations, for a population of effective size: 10* individuals
(Yu et al., 2004), with a mutation rate of 10~® mutations per base-pair per individual per
generation (Nachman and Crowell, 2000).

The alleles that can segregate at each locus belong to one of two classes: S(trong) (G
and C) or W(eak) (A and T). The action of selection was modeled through the fitness
coefficients wgg, wsy and wyw for the individuals SS, SW and WW,| respectively. These
coefficients lie within the interval [0, 1] (w = 1 for neutrally evolving loci, and w < 1 for
loci under negative selection). The mean fitness value is @:

W = zZgswss + zswwsw + 2wwwww

where z denotes the zygotic frequencies.

For individuals that were heterozygous at a given locus (SW), we termed u the
probability of conversion S — W and v the probability of conversion W — S. The gene
conversion bias at this site is measured through 0 = v — u and has positive values when
GC-biased gene conversion occurs. We termed the frequency of the S allele p and hence
the frequency of allele W is 1 — p. The model describes the transition from one generation,
n, to the next, n + 1, admitting panmixia, with the following equations:

adults n : fss =y fws = 2pa(1 = pa) 3 fww = (1 —pa)?
gametes n+1: gs=p, + (p, —P2)0; gw =1—gs

zygotes n+ 1 : zgs = g5 ; zsw = 2959w ; 2ww = gy

. _w . . w . _w
adults n+1: fgq =255 [T = "“Tzsw; [Myww = “Lr2ww

alleles n+1: p,1 = ffgg+ %f*sw

where f represents the frequency of individuals at generation n, g the frequency of
gametes at generation n 4 1, f* the frequency of individuals at generation n + 1 and p,, 11
the frequency of the S allele at generation n + 1.

Here we have only analyzed mutations that were both deleterious and recessive. We
termed s the selection coefficient, so that the fitness of individuals homozygous for the
mutant allele is w = 1 — s. Thus, for the simulations of the fate of a newly-arisen W — S
mutation in a WW population, we have wgs = w, wsw = 1 — (1 —w)h and wyw = 1. For
the simulations of the fate of a newly-arisen S — W mutation in an SS population, the
fitness coefficients are wgs = 1, wgy =1 — (1 — w)h and wyw = w.

Combinations with the following parameters values have been simulated :

e N, the effective population size, 10*.

e /i, the mutation rate per bp, per individual, per generation, is 1078,



tel-00840809, version 1 - 3 Jul 2013

I1.3.  The impact of biased gene conversion on the nucleotide composition 79

e J, the coefficient of biased gene conversion. Three values were tested: 0 (no BGC,
only selection), 0.00013 (a mild hotspot of recombination - 40¢4) and 0.0013 (a
strong hotspot of recombination - 400%). The population scaled gBGC coefficient
(Ngd) in the human genome was estimated by Spencer et al. (2006) by analyzing
the DAF spectra of noncoding SNPs. In genomic regions of high recombination,
their estimate was N.0 = 0.325. Given that, in the human genome, the average
COR of recombination hotspots is 40 cM/Mb Myers et al. (2006), it is expected
that the gBGC coefficient should be about 16 times higher in these hotspots. We
therefore considered two values of the population-scale gBGC coefficient: N0 = 1.3
and N.0 = 13.

e w, the fitness coefficient of the homozygous derived allele, can take the following
values : 1 (neutral), 1 — 10™* (recessive and slightly deleterious), 1 — 1073 (recessive
and mildly deleterious), 1 — 1072 (recessive and fairly deleterious) and 1 — 107!
(recessive and highly deleterious).

e h, the fitness coefficient of the heterozygous allele takes the values 0 and 0.3.

The results of these simulations, for different parameter values, are given in figure
I1.13. These results show that due to gBGC, AT — GC substitutions segregate at higher
frequency than GC' — AT one. This effect is detected for nearly neutral (|N.s| = 1) and
mildly deleterious (|/Ves| = 10) mutations. In the case of intense recombination hotspots,
the impact of gBGC could be detected even for highly deleterious mutations (| N.s| = 100).
The same trends are observed when the heterozygous is also negatively selected (h = 0.3),
the main difference being that the recessive alleles are very quickly eliminated from the
population and only a few could attain non-null frequencies.

The conclusions of our simulations are in agreement with observations from real data.
In the article by Necsulea et al. (2011), the relation between the substitution pattern and
recombination rate is studied for three types of genomic regions: intergenic, synonymous,
and non-synonymous. SNPs are retrieved from HapMap Project phase III (International
HapMap Consortium, 2007). The non-synonymous sites are further classified according to
their association to diseases as predicted by PolyPhen (Sunyaev et al., 2001) and human
gene mutation (HGMD) database (Stenson et al., 2009). Figure I1.14 represents the DAF
of AT — GC and GC' — AT mutations in regions of high recombination. For all classes
of mutations considered, the AT — GC' mutations segregate at higher frequencies than
the GC' — AT mutations. This result holds true even for non-synonymous sites associated
with human disease. This analysis confirms the impact of gBGC on functional sites, and
quantifies for the first time that gBGC is responsible for the maintenance of deleterious
mutations at high frequencies in human population.

These results have been recently confirmed through a theoretical study of the effect of
mutation, selection, drift, and gBGC on the fate of deleterious mutations (Glémin, 2010).
Furthermore, the population genetics model developed by Glémin (2010) characterizes the
effect of gBGC on the mutational load. The mutational load results from an accumulation
of mutations leading to a reduction in the mean fitness of a population. BGC was previously
reported to increase the mutational load (Bengtsson, 1990), up to an estimated values of
10% in human (Glémin, 2010).
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Figure I1.13: Derived allele frequencies spectrum obtained through simulations with
different parameter sets. Represented in light gray are the distributions of derived allele
frequencies for GC — AT alleles, and in dark gray, those of AT — GC' alleles. The
population-scaled selection coefficient (Nes) and the population-scaled biased gene conver-
sion parameter (N ) are indicated for each graph. For this graph the deleterious allele is
completely recessive (h =0). From Necsulea et al. (2011).
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Figure 11.14: Derived allele frequency spectra for the HapMap YRI sample, for different
genomic regions and classes of nonsynonymous SNPs. The data presented here relate only
to the high recombination class. Dark gray: AT — GC mutations, light gray: GC' — AT
mutations. The left column represents the DAF of HapMap SNPs classified according to
their genomic class. The right column contains the DAFs of non-synonymous SNPs related
to disease-association. “Probably damaging sites” are predicted by PolyPhen. “HGMD
sites” are all the sites described in HGMD database. “DM sites” is a subset of the “HGMD
sites” representing only those mutations regarded as being a direct cause of disease. From
Necsulea et al. (2011).
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II.4 Conclusion

This chapter presents some of the major models and approaches that have been used to
identify, quantify, and characterize recombination rates and the evolution of nucleotide
composition. The main experimental methods for the localization of recombination
events are described in the first section of this chapter. These include linkage and linkage
disequilibrium (LD) mapping as well as sperm-typing techniques. Each one of these methods
presents advantages and disadvantages. Linkage mapping offer low-resolution but sex-
specific, genomes wide information about CO distribution. LD studies characterize CO
production with a high-resolution, but this information is sex- and time-averaged. The
higher resolution of recombination hotspots, indicative of both CO and NCO events, is
attained through sperm-typing techniques, however, this approach is very regional and
indicative only of male meiosis.

The data generated by such methods are then used to model the distribution of
CO events along chromosomes in order to better understand the variations we observe
in terms of localization and intensity. Four models are presented in detail. The first
three models study the distribution of CO events and strength of interference. The
counting model (Foss et al., 1993) considers that the inter-CO distance follows a x?
distribution with a parameter representing the average number of NCOs separating two
consecutive COs. The mechanical stress model (Kleckner et al., 2004) represents COs
as cracks in the chromatin fiber generated by the tension of chromosome condensation.
The polymerization model (King and Mortimer, 1990) considers that COs initiate the
polymerization along the synaptonemal complex. As polymerization extends from a CO it
will prevent the formation of additional COs. While these three models of interference
are based on the local distribution of CO events along chromosomes, the fourth model
described in this section focuses on the relation between the total number of COs on
a chromosome and its physical length (Li and Freudenberg, 2009). A linear relation is
established between these two variables.

The last section of this chapter is focused on the relation between COR and the
nucleotide composition of sequences. It is important, when analyzing this relation, to
understand that these two variables are not acting at the same time scale. A maximum-
likelihood model is presented that calculates the GC* of sequences under a constant
substitution pattern. The second model quantifies the impact of COR on GC*. In order
to understand the molecular mechanisms of biological processes such as recombination
and gBGC, it is essential to put forward hypotheses. Models have proven an useful tool
for validating hypotheses, especially given the availability of ever growing experimental
data. We also present here our simulations of the impact of gBGC on the maintenance
of deleterious mutations in the human population. Our results agree with the real
data showing that even at non-synonymous sites, AT—GC disease-associated mutations
segregate at a higher frequency than the GC—AT ones.
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Karyotype and recombination
pattern

In this chapter we detail the mathematical model we built in order to describe the influence
of the karyotype on the rate and distribution of crossovers. Section III.1 contains a brief
introduction of the models already existent in the literature, which were largely detailed in
chapter 11.2, as well as the motivation for a new model. Section I1I.2 specifies our model
between the genetic and physical length of chromosomes. The data and mathematical
tools used for testing the fitting of the model are also presented in this section. The last
section II1.3, presents the results we obtained by applying the model to vertebrate and
invertebrate data.

II1.1 Introduction

As we have thoroughly emphasized in chapter I, recombination is an essential process for
the segregation of homologous chromosomes and for the evolution of genomes. Our current
understanding of the molecular mechanisms of recombination results from experiments in
a few model organisms. These experiments consist in the observation of recombination
frequency and distribution, through two main types of methods : cytological and genetic.
Cytological and immunofluorescent observations consist in directly examining and mea-
suring the number and distribution of chiasma foci along chromosomes. Genetic studies,
as described in chapter I1.1, involve crossing, pedigree, linkage disequilibrium (LD), and
sperm-typing experiments. However, the ideal data for the study of recombination would
imply a genome-wide, sex-specific, high-resolution analysis, that provide information on
both crossovers (CO) and non-crossovers (NCO). Unfortunately, few are the species for
which the data that could be produced meet all or even some of these criteria. Recently, the
first high-resolution (a few tens of bp) map of meiotic recombination (both COs and NCOs)
covering the whole genome has been produced for Saccharomyces cerevisiae (Mancera
et al., 2008). Although at lower resolutions (from a few ten kb to 1 Mb), the construction
of human sex-specific CO maps has shed light on the important features of recombination
in vertebrates (Coop et al., 2008; Kong et al., 2010). Such maps (~200 kb resolution) were
also constructed for chromosome 1 in Mus musculus (Paigen et al., 2008) and chromosome
4 in Arabidopsis thaliana (Drouaud et al., 2007). A deeper analysis of several vertebrate

33
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recombination hotspots has been achieved through fine-scale sperm-typing experiments,
covering a few kb, in human and mouse (Jeffreys et al., 2001; Yauk et al., 2003; Jeffreys
et al., 2005; Kauppi et al., 2007; Webb et al., 2008; Wu et al., 2010).

Many conserved features of recombination, such as hotspot length, CO distribution,
protein complexes involved, have been described in these model species (chapter I). However,
experiments even in this limited number of species have uncovered multiple important
evolutionary differences in the process of recombination. At the molecular level,
the major known determinant of recombination hotspots, the Prdm9 gene, has known a
rapid evolution in different taxa (Oliver et al., 2009). At a more global level, differences
in karyotype underline important inter-species variations in CO rate (COR) (chapter I).
The karyotype of a species is characterized both by the number of chromosomes and their
respective length. The number of chromosomes is intimately linked to the number of COs
in a species through the requirement of at least one CO per chromosome (or chromosome
arm) to ensure the proper segregation of homologs during meiosis (de Villena and Sapienza,
2001) (figure 1.12). However, this relation is further complicated by the existence of
multiple COs along some chromosomes. It is expected that the longer a chromosome is,
the higher the number of COs that it can host. Nevertheless, the interference phenomenon
demonstrates the existence of strong constraints on the distribution of recombination
events (Bishop and Zickler, 2004). The molecular mechanisms responsible for interference
ensure that consecutive COs do not form too close to each other. Figure II1.1 illustrates the
relation between the COR and the physical length of chromosomes in 13 vertebrates. As
the physical size of chromosomes increases, the COR decreases until it reaches a “plateau”
with a constant COR value (figure I11.1). This plateau is generated by the strength of
interference which limits the number of possible COs. There is a strong variability of this
phenomenon not only among species, but also among chromosomes of the same species
(Lian et al., 2008). Moreover, two types of COs exist, interfering and non-interfering
(reviewed in Mézard (2006)). These differences in interference indicate that the relation
between the number of chromosomes, the chromosomes sizes, and the number of COs is
not straightforward.

In chapter I1.2 we give an overview of the different models of the impact of interference-
related mechanisms on the distribution of COs along the length of chromosomes. When
measuring recombination rates, three distinct aspects of chromosome length are relevant:
the genetic, physical, and synaptonemal complex (SC) lengths. The genetic length of a
chromosome, expressed in ¢cM, represents the average number of COs. The physical length,
expressed in Mb, is a measure of the number of nucleotides making up the chromosome.
The mitotic and SC lengths, both expressed in um, by comparison with the Mb length,
indicate the degree of chromosome condensation as cytologically observed at the mitotic
or meiotic stage respectively.

The major models quantifying the strength of interference (counting and mechanical
stress models) are adjusted on the genetic length of chromosomes (chapter I11.2) and
thus provide information on the expected number of NCOs separating consecutive COs.
Cytological observations of the distribution of MLHI foci (characteristic of CO sites) in
mouse indicated that the distance between consecutive foci was approximately 70% of the
SC length (Froenicke et al., 2002). However, different chromosomes have different levels of
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Figure III.1: Representation of the relation between the CO rate (¢cM/Mb) and the
physical length of chromosomes (Mb) for 13 vertebrates. The colors of the points are
associated with the phylogenetic groups described hereafter in table I11.1. The shape of
the points differentiates between species inside each phylogenetic group. The y-axis is
represented on a log-scale.

condensation (Codina-Pascual et al., 2006; Froenicke et al., 2002) and thus, the inter-CO
distance expressed in absolute SC length (um) is variable from one chromosome to another
(Froenicke et al., 2002).

While both the genetic and SC length are important determinants of CO interference,
these studies were performed in a few model organisms with a fair resolution of the observed
CO maps. However, low-resolution genetic maps, informative at the whole chromosome
level, are available for a wide range of species. An inter-species comparison of these
low-resolution maps could provide a better insight in the conserved and divergent features
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of recombination. Li and Freudenberg (2009) have analyzed the relationship between the
genetic and the physical length of chromosomes, with a linear regression model (figure
I1.11). The slope of the regression line corresponds to the estimated COR and the intercept
represents the inferred recombination rate for infinitely small chromosomes. Despite a
good fit on the data, the intercept of the linear model is generally smaller than the 50 ¢M
expected under the obligatory CO condition. It is thus difficult to interpret this parameter
biologically. Moreover, as shown in figure I11.2, the model does not fit well the data for
the chicken, which is particular in that it has a number of very small chromosomes.

Chicken genome
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Figure I11.2: The genetic length (in cM) vs. physical length (in Mb) plot for chicken
genome (Gallus gallus) in log-log scale. Data from two genetic maps are shown: Interna-

tional Chicken Genome Sequencing Consortium (2004) (black circles) and Groenen et al.
(2009) (red “z“). From Li and Freudenberg (2009).

The focus of our work, as for Li and Freudenberg (2009), is the modelisation of the
link between the genetic and the physical length of chromosomes, at the global
level of a species. The motivation behind this model is to capture the relation between CO
production and karyotype in a wide variety of species. As opposed to the previous models
from the literature, our model is non-linear. It is defined by two parameters: the mean
rate of additional COs accumulation and the average interference strength. We apply our
model to 13 vertebrate and 14 invertebrate species. For 10 out of the 13 vertebrate species,
for which sex-specific genetic maps where available, we applied the model separately for the
male and female recombination. The estimation of these parameters yields new insights in
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the evolution of recombination differences in CO number and distribution between species,
but also on differences between sexes.

II1.2 Methods and data

I11.2.1 Modeling the influence of karyotype on the recombina-
tion pattern

For a given species, let P be the total physical length (Mb) of a chromosome. We define
f(P) a function that links P to G, the total genetic length (cM) of the same chromosome.
Considering the molecular mechanism of recombination, f(P) is subject to different
constraints. First, an obligatory CO per chromosome results in f(P) > Go = 50, for all
P. Second, given an average length per species between two consecutive COs (hereafter
termed interference length), P, all chromosomes of this species with P < P; can have
one and only one CO, f(P) = 50 cM. This is equivalent with the first derivative of f(P),
f'(P), becoming 0 as P tends to 0: f'(P) — 0. Third, we make the hypothesis that for
long chromosomes the relation between the genetic and physical lengths is linear and the
slope of the linear relationship (r) equals the average rate with which additional COs are
produced per chromosome: f'(c0) — 7.
Under these assumptions, the non-linear model is:

G =f(P) =50 +rin(1 +e" ")
oP—Pr

F(P)=r— (IIL.1)

_rl—l-eP—PI

Parameter r represents the increase in the COR, expressed in ¢cM/Mb, subsequent to
the obligatory CO per chromosome. Parameter P; is the average estimate for a species of
the physical interference length, accounting for both interfering and non-interfering COs
as well as intra- and inter-chromosome variation.

The values in 0 and oo of the first derivative in equation III.1 are:

1
/ E—
f1(0) = g

f'(o0)=r (II1.2)
The function and its derivative in equation III.1 are drawn in figure II1.3 for different

parameter values. The parameter P; represents the “plateau” before the linear part of the
model, and r the slope of this linear domain.

II1.2.2 Fitting models

I11.2.2.1 Linear and non-linear least squares

Given a set of n data points, (P;,G1), (P2,G2), ..., (Pn,Gy), corresponding to the total
physical and genetic lengths of n chromosomes, and a model f(P, ), where 6 represents
the set of parameters, we want to find the best fitting curve. For this purpose, a score
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Figure II1.3: The model in equation III.1 and its derivative, for parameter values:
Py =10, r =2 in orange, Py = 10, r = 1 in red and Py = 50, r = 1 in green.

function is needed to compute the goodness of fit of f(P,0) to the dataset. One of the most
commonly used score functions is the least-squares. For each pair (Py,Gy), the residuals of
a fit are Ry, = Gy — f(P, 0). The least-squares method consists in minimizing the residual
sum of squares (.5):

S=> R (II1.3)

Finding the minimum values of S is equivalent to finding the zero-values of its first
derivative with respect to each parameter. In the case where f(P, ) depends linearly on
0 (a.k.a linear least-squares), the minimization is achievable in one step and yields an
analytical solution. In the case of non-linear least squares problems, the minimization
procedure is implemented iteratively, resulting in an heuristic solution. This further implies
that starting values need to be provided to start the iterations.

An important step when fitting a non-linear least squares is the choice of starting
parameter values. In order to avoid convergence towards local minima, for each of the two
parameters we tested starting values ranging from 0.5 to 200. For the majority of starting
values, the algorithm converged toward the 6 values. For simplicity and time considerations,
we decided to use the following starting values for each species in our dataset: for r the
slope of the linear model of Li and Freudenberg (2009) that we previously fitted on the
data; and for P; the minimum value of physical chromosome length. The linear model of
Li and Freudenberg (2009) is described in equation II.14. All the mathematical analyses
were performed in @.

I11.2.2.2 Confidence interval

The outcome of model fitting yields estimates of the parameter values. As for any
statistical inference, it is important to measure the uncertainty of these estimates by
defining confidence intervals (CI). However, for the non-linear estimations CIs can
be only approximated, and are usually asymmetric (Bates and Watts, 1988). In
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order to find the approximate CIs for the parameters, we use a likelihood profile method
(Bates and Watts, 1988). A profile consists in systematically fixing one parameter in the
model at a specific value while varying the remaining parameters, identifying the best fit,
and comparing it to the original model fit. For a given parameter (), the extremes of a CI
are estimated by attributing 6 a series of values (61, ..., 6, ) above and below its estimated
value (é) For each one of these values, a statistic 7 is calculated, which represents the
signed root square of the ratio between the change in the residual sum of squares and the

residual standard error (s?):

7(0;) = sign(0; — 0) S(6) —S(0) (IIL.4)

52

n
where 52 = Z b , with p the number of parameters of the model.
n—p
k=1

All 7(6;) are then interpolated and the endpoints of the CI are found by comparing the
7 and t-distributions. For all the species, except the methaterian Monodelphis domestica
the CI is calculated with a p-value of 0.95. For M. domestica, the lack of data in the
horizontal part of the model (50 ¢cM) and the limited number of values in the linear part
(only 8 chromosomes) complicate the adjustment of parameters. In order to infer the CI
for this type of species, we release the constraints on the parameters and consider the CI
for a corresponding p-value of 0.75. The same p-value was used for Sus scrofa, Arabidopsis
thaliana, Sorghum bicolor, and Zea mays.

I11.2.2.3 Comparing and grouping species

The purpose of estimating parameters r» and P; is to compare them between species in
order to find resemblances, but also to better understand differences in the recombination
mechanism. Given that for the majority of species, chromosomes lie mainly in the linear
part of the model, the scarcity of data points on the 50 ¢M plateau results in big CIs for the
parameter P;. These Cls are frequently overlapping between species, thus, rendering their
comparison difficult. When comparing species, we focused on the parameter r, indicative
of an average per species rate of CO production additional to the obligatory CO. When
the ClIs of r values between two species overlap, the two species are considered similar in
their average COR.

I11.2.3 Data

For each species, we fit the model on the total physical and genetic length of all autosomes.
Sexual chromosomes were excluded from this analysis, given their particular selective
constraints, recombination activity, and data availability as opposed to autosomes.

II1.2.3.1 Sex-averaged maps

We have acquired the sex-averaged genetic or linkage disequilibrium maps of 13 vertebrates
and 14 non-vertebrates. The species are distributed according to different phylogenetic
groups as detailed in table II1.1. They have been chosen according to the availability of the
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information on CO number, karyotype, and sequence assembly. The above classification
does not account for the same level of variety inside each class. The group of Primata has
a maximum divergence time of approximately 25 Million years (Myr) (Rhesus Macaque
Genome Sequencing and Analysis Consortium, 2007), while that of Teleostei contains
species having diverged ~323 Myr ago (Kasahara et al., 2007). Nevertheless, this division
is only qualitative and even though conclusions might be valid for one group, all analyses
are performed individually for each species.

Phylogeny Latin name Common | References
name
Primata Homo sapiens Human (Matise et al., 2007)
Primata Macaca mulatta Rhesus (Rogers et al., 2006)
Monkey
Rodentia Mus musculus Mouse (Cox et al., 2009)
Rodentia Rattus norvegicus Rat (Jensen-Seaman et al.,
2004)
Laurasiatheria | Fquus caballus Horse (Swinburne et al., 2006)
Laurasiatheria | Canis familiaris Dog (Wong et al., 2010;
DB-DogMap)
Laurasiatheria | Bos taurus Cow (Arias et al., 2009)
Laurasiatheria | Ovis aries Sheep (Poissant et al., 2010)
Laurasiatheria | Sus scrofa Pig (Vingborg et al., 2009)
Metatheria Monodelphis domestica Opossum (Samollow et al., 2007)
Aves Gallus gallus Chicken (Groenen et al., 2009)
Teleostei Danio rerio Zebrafish MGH map (DB-ZFIN)
Teleostei Oryzias latipes Medaka (Ahsan et al., 2008;
DB-MedakaMap)
Insecta Apis mellifera Bee (Beye et al., 2006)
Insecta Drosophila melanogaster | Fruitfly (DB-FlyBase)
Metazoa Ciona intestinalis Sea Vase (Kano et al., 2006)
Metazoa Caenorhabditis elegans Round (DB-AceDB)
Worm
Fungi Saccharomyces cerevisiae | Baker’s (DB-SGD)
Yeast
Fungi Cryptococcus neoformans | N.A. (Marra et al., 2004)
Protista Trypanosoma brucei N.A. (MacLeod et al., 2005)
Protista Plasmodium falciparum Malaria (Su et al., 1999)
Parasite
Plantae Populus trichocarpa Western (DB-NCBI)
Balsam
Poplar
Plantae Vitis vinifera Grape Vine | (Doligez et al., 2006)
Plantae Arabidopsis thaliana Mouse-car | (Singer et al., 2006)
Cress
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(Harushima et al., 1998,;
DB-NCBI)

(DB-NCBI)

(Kim et al., 2005)

Table II1.1: Information on the sex-averaged genetic maps of the 27 vertebrates and non-
vertebrates used in this study. Additional information about these species has previously
been provided in table I.2.

I11.2.3.2 Sex-specific vertebrate genetic maps

In order to compare parameters between sexes, we fit the model separately for male and
female genetic maps. The sex-specific genetic maps are available for the following 10
species: Homo sapiens, Mus musculus, Canis familiaris, Ovis aries, Bos taurus, Sus scrofa,
Monodelphis domestica, Gallus gallus, Danio rerio, Oryzias latipes. The sex-specific maps
for Bos taurus are based on Barendse et al. (1997). The female map of Danio rerio is the
Heat Shock (HS) map from DB-ZFIN. The sex-specific maps for Oryzias latipes are based
on Kimura et al. (2005). For the rest of the species, the source of the sex-specific genetic
maps is the same as the above sex-averaged maps.

All the species will be referred in the rest of this manuscript, according to the initial
of their genus name followed by the species name (i.e Homo sapiens is referred to as H.
sapiens).

II1.3 Inter-species differences in CO number and dis-
tribution

I11.3.1 Estimates of the sex-averaged CO interference length
and rate of COs

I1I1.3.1.1 Vertebrate parameter values

We have fitted both the linear model of Li and Freudenberg (2009) (equation I1.14) and
our non-linear model (equation III.1) to the set of 13 vertebrates described in section
I11.2.3. Figure I11.4 shows the data as well as the adjustment of the two models. For
the majority of species, the two models result in similar interpolations of the data points
(figure I11.4). However, for species such as C.familiaris the interest of our non-linear model,
which accounts for the plateau at 50 cM, is straightforward. For each vertebrate, our
non-linear model infers the length of the plateau at 50 cM, representing the
interference length. Given the strong heterogeneity of the genetic maps (the number,
as well as the physical and the genetic lengths of chromosomes), the interference length
is highly variable (figure I11.4). Despite a general good fit of the models, the data of the
mammal S.scrofa in figure I11.4 seem to be poorly explained by both models. This might
very well be an artifact of the quality of the genetic map. The genetic map of S.scrofa
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has only 462 markers which are not distributed along the entire lengths of chromosomes
(Vingborg et al., 2009).

In table II1.2 we estimate the parameters for the linear and non-linear models. For the
majority of species, the genetic maps are characterized by data points with a linear trend
(figure II1.4). This results in estimates of the slope of the linear model and the
parameter r of our non-linear model being very similar (i.e. their corresponding
CIs overlap) (table II1.2). In these cases, the two parameters are both estimators of the
average COR per species. However, the genetic map of C. familiaris is characterized by
many chromosomes having a genetic length of approximately 50 ¢cM (figure I11.4). In this
case, the linear model cannot predict their behavior. On the other hand, our non-linear
model describes well the plateau at 50 cM (figure I11.4). This results in differences among
the estimates of the slope (0.341 ¢cM/Mb) and r (0.482 cM/Mb) parameters, for the linear
and non-linear models respectively (table I11.2). A plateau at 50 cM for G. gallus has
been previously observed by Li and Freudenberg (2009) (figure II1.2). However, since the
plateau region is not very wide for this species, the difference between the slope and the r
estimates is not very strong (table I11.2). Our model estimates an average COR of 0.448
cM/Mb for the M. musculus species, which is considerably stronger than the 0.398 ¢cM/Mb
estimated by the linear model (table II1.2). The difference between the two estimates is
mainly influenced by one data value, corresponding to the chromosome with the smallest
physical length. This chromosome is also the only one in M.musculus to represent the 50
cM plateau (figure I11.4). The same trend is also observed for R. norvegicus. A particularly
marked difference characterizes the fish O. latipes, with the linear model predicting an
average COR of 1.91 ¢M/Mb, smaller than our prediction of 2.57 ¢cM/Mb (table I11.2). For
these last two species, the discrepancy between the linear and non-linear models comes
mainly from the chromosomes with a genetic length smaller than 50 cM (figure I11.4). All
these species (M. musculus, R.norvegicus, C. familiaris, G. gallus, and O. latipes) have
estimates of the parameter r similar but with higher values than the slope estimates of the
linear model. One species shows the opposite trend. For E. caballus, r (0.886 ¢cM/Mb) is
slightly smaller than the slope (0.894 cM/Mb) (table II1.2). By eliminating chromosomes
1 and 14, that show the highest dispersion (figure II1.4), the two estimates become equal.
The non-linear model seems thus more robust to potential ”outliers*.

Except for H. sapiens and D. rerio, the intercept of the linear model is smaller than
50 ¢M or even null (table II1.2). However, the values of the total genetic length per
chromosome indicate that all these vertebrates are subject to the obligatory CO condition
(figure TI1.4). Tt is thus difficult to interpret the biological significance of this parameter.

One major improvement of the non-linear model over the previous models
is that it yields estimates of the interference parameter, P;, which measures
the length of the 50 cM plateau (figure I11.4). Considering that many species have
mainly chromosomes with genetic lengths superior to 50 cM, the estimates of this
parameter are error-prone. In some cases, like H. sapiens, M. mulatta, S. scrofa, and
D. rerio, P; cannot be considered statistically different from zero, as its corresponding
CI contains the null value (table III.2). In order to improve the estimates of P; for H.
sapiens and D. rerio, the arms of metacentric chromosomes are considered separately.
This approach is based on the observation in humans, that the obligatory CO constraint
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Species Linear model Non-linear model

Intercept Slope Py r
H. sapiens - entire chromosomes | 43.44+6.14* | 0.916+0.043* 7.16 € [-7.49 ; 19.4] 0.916 € [0.827 ; 1.01]
H. sapiens - metacentric arms 28.5+4.93% | 0.981+0.0414* | 21.9 € [12.6 ; 30.3] 0.981 € [0.896 ; 1.07]
M. mulatta 17+19.1 0.630.134* 52.3 € [19.9; 110] | 0.63 € [0.349 ; 1.23]
M. musculus 23.9+6.19* 0.398+0.0462* 80.4 € [63.4 ; 92.2] 0.448 € [0.347 ; 0.55]
R. norvegicus 18.7+7.13*% | 0.439+0.0507* | 79.6 € [54.2 ; 96.4] 0.479 € [0.358 ; 0.596]
E. caballus 23.8+6.98* 0.894+0.0863* 28.8 € [15.28 ; 43.6] 0.886 € [0.712 ; 1.13]
C. familiaris 34.1£2.60% | 0.341+0.0402% | 56.6 € [47.4; 62.7] | 0.482 € [0.346 ; 0.616]
B. taurus 34.9+6.13* 0.819+0.0658* 18.4 € [3.62 ; 29.3] 0.819 € [0.684 ; 0.954]
O. aries 7.7£8.15 1.03£0.0673% | 41 € [27.7; 53.1] 1.03 € [0.892 ; 1.17]
S. scrofa 39.4420.8 0.469+0.16* 22.6 € [-49.0 ; 55.8] 0.469 € [0.297 ; 0.66]
M. domestica 1.50£16.8 | 0.248+0.0367F | 196 € [133 ; 242] 0.248 € [0.201 ; 0.294]
G. gallus 34.1+3.37* 2.04+0.056* 10.5 € [6.69 ; 14.7] 2.09 € [1.97; 2.21]
D. rerio - entire chromosomes 59.7+19.6% | 0.59240.356 -16.3 € [-59.1 ; 26.4] 0.592 € [0.237 ; 0.948]
D. rerio - metacentric arms 23.1+13.4 1.2340.258* 20.5 € [12.2; 28.8] 1.19 € [0.892 ; 1.48]
O. latipes 2.16£11.4 1.91+0.375* 27.1 € [23.2; 29.3] 2.57 € [1.48 ; 3.85]

Table II1.2: Values of the parameters for the linear and non-linear models. In the case of the linear model, the standard deviation of each
parameter is given and the * stands for parameters which are statistically different from 0. For the non-linear model, the confidence interval
of each parameter is shown, through the minimum and maximum values. For H. sapiens and D. rerio, two sets of data values were used: the
“entire chromosomes® data, like for the rest of the species, are made up of entire lengths of chromosomes; the "metacentric arms® data contain
also the entire lengths of chromosomes, except for the metacentric, which arms are considered independently.

€TO0Z INC € - T UOISIaA ‘60807800-19}
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is regulated per chromosome arm for large metacentric chromosomes (de Villena and
Sapienza, 2001; Fledel-Alon et al., 2009) (chapter 1.2.4.1). This procedure is applied to
metacentric chromosomes 1, 2, 16, 19, and 20 in H. sapiens, and metacentric chromosomes
6 and 7 in D. rerio. Centromere physical positions are retrieved from (DB-Ensembl) for H.
sapiens. These centromere positions were subsequently reported on the genetic maps of
the chromosomes and the genetic length per chromosome arm is inferred (Matise et al.,
2007). For D. rerio, the centromere-linked markers Z6767 and Z20932 for chromosome
6 (Mohideen et al., 2000) and 73412 for chromosome 11 (Phillips et al., 2006) give the
genetic and physical position of centromeres on the MGH genetic map (DB-ZFIN). For
both species the predicted values for P; become different from zero. For M. mulatta and
S. scrofa, the low resolution of the genetic maps does not allow the inference of physical
and genetic lengths per chromosome arm.

I11.3.1.2 Invertebrate parameter values

We have further tested our model on the data from 14 non-vertebrates, spanning different
phylogenetic groups (table II1.1). Figure IIL5 illustrates the fitting of the linear and
non-linear model on these genetic maps. Similar to vertebrates (figure I111.4), the non-linear
model adjusts very well on the data. However, neither model explains the data from the
fruitfly (D. melanogaster) and the nematode (C. elegans) (figure I111.5). Only the females of
D. melanogaster undergo recombination (reviewed in Zickler (2006)). The recombination
landscape of C. elegans is singular, as all its five chromosomes have one and only one
CO, suggesting that complete interference is present (Hammarlund et al., 2005). The
particularities of these species together with their reduced number of chromosomes lead to
a poor fitting of the two models studied here (figure II1.5).

Except for these two species and Z. mays, the r parameter is very high in non-
vertebrates compared to vertebrates, ranging from 2.04 ¢cM/Mb in V. wvinifera to
286 cM/Mb in S. cerevisiae (table II1.3). The chromosomes of these species have small
physical lengths, from a few ten Mb for A. mellifera, plants, and C. elegans to an order of
hundreds or a few kb for the remaining species (table 1.2). Combined with the obligatory
CO condition per chromosome, these characteristics result in high COR values. Z. mays is
the only invertebrate among the 14 in this study that has very long chromosomes, with an
average physical length greater than H. sapiens (table 1.2). It follows that the r parameter
is much smaller for this species compared with the rest of non-vertebrates (table II1.3).

Six species out of the fourteen have P; values with corresponding Cls containing zero:
D. melanogaster, C. elegans, S. cerevisiae, C. neoformans, V. vinifera, and Z. mays (table
I11.3). The results for D. melanogaster and C. elegans have been discussed above. However,
null estimates of P; don’t necessarily imply that these species lack interference. For both
C. neoformans and V. vinifera, data values of the genetic maps are diffuse, due mainly
to a low number of markers, 301 for 14 chromosomes (Marra et al., 2004) and 515 for 19
chromosomes (Doligez et al., 2006), respectively. A higher number of markers, assuring a
better coverage of chromosome lengths, could lead to better adjustments of the models.
Nevertheless, the density of markers is not an argument for S. cerevisiae and Z. mays
for which COs are known to undergo interference (Mancera et al., 2008; Falque et al.,
2009). The failure of the non-linear model to estimate correctly the inter-CO distance is
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Figure II1.5: Representation of the relationship between the per chromosome physical and sex-averaged genetic lengths for the 14 non-
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intrinsic to its own definition. In order to ensure the obligatory CO condition, we force a
minimum length of 50 ¢cM per chromosome (equation III.1). However, the distribution of
data points in S. cerevisiae and Z. mays is so that the smallest genetic lengths are 116
and 134.4 cM respectively. The misrepresentation of points close to the 50 ¢cM plateau
leads to estimations of the P; parameter that are not significantly different from zero.

I11.3.1.3 Examining the interference parameter

Previous studies in a few species with a high resolution of CO events resulted in the
estimation of the inter-CO distance (table I11.4). For H. sapiens, the inter-CO distance
was estimated for male and female separately, using the two-pathway model (described
in chapter 11.2.1) (Fledel-Alon et al., 2009). The parameter of the gamma model (the
number of NCOs between consecutive COs) is 6.96 for females and 9.17 for males, with
a proportion of non-interfering COs of 0.06 and 0.08 respectively (table I11.4). The P
estimate of our non-linear model is 7.16 Mb (table I11.2). It is difficult to compare directly
our estimates of the interference strength (parameter P; in Mb) with these values as they
are expressed in different units of measure.

Species Inter-CO 7% n-on-lnter- References
distance fering COs
. (Fledel-Alon et al.,
. - 96 N
H. sapiens - Q 6.96 NCOs 6 2009)
Fledel-Alon et al.
H. sapiens - & 9.17 NCOs 8 éOOZ)e or et at,
M. musculus - (Froenicke et al., 2002;
70% of SC 10 ’ '
sex-average o de Boer et al., 2006)
(Petkov et al., 2007;
. - 102 Mb 1
M. musculus - 9 0 0 de Boer et al., 2006)
(Petkov et al., 2007;
M. -d 122 Mb 1
musculus 0 de Boer et al., 2006)
C. familiaris - & 60% of SC (first 7 NA (Basheva et al., 2008)
chromosomes)
A. mellifera 2.70 NCOs NA (Solignac et al., 2007)
. (Mézard et al., 2007;
. 072 M
S. cerevisiae 0.072 Mb 30 Mancera et al., 2008)
(Drouaud et al., 2006;
44.1 cM 1
¢ g Mézard et al., 2007)
~33 cM NA (Drouaud et al., 2007)
~44.8 cM NA (Drouaud et al., 2007)
~6 NCOs ~15 (Falque et al., 2009)
<50 cM NA (Bowers et al., 2003)

Table II1.4: The experimental values of the interference distance in different species. This
distance is expressed in different units: ¢cM, % of SC, Mb, number of NCOs predicted by
the two-pathway model (chapter 11.2.1). When available, the proportion of non-interfering
COs is also provided. NA stands for Not Available.

While M. mulatta has a similar karyotype to H. sapiens, involving only 4 major inter-
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chromosomal rearrangements (fusions and fissions) (Rhesus Macaque Genome Sequencing
and Analysis Consortium, 2007), the predicted r value (0.63 ¢cM/Mb) is smaller (although
not significantly different) than the one for H. sapiens (0.9 cM/Mb) (table II1.2). This
result is consistent with the cytological observation of a smaller number of MLH1 foci in
this species, for the male sex (Hassold et al., 2009). Estimates of the P parameter suggest
that this reduction in the number of COs, could be explained by an increased interference
length in M. mulatta (52.3 Mb) compared to H. sapiens (7.16 Mb) (table II1.2).

For M. musculus the fitting of the non-linear model, yields an estimate of the interference
parameter of 80.4 Mb (table II1.2). At the um scale, the interference length has been
predicted to represent 70 % of the total M. musculus SC length (Froenicke et al., 2002)
(table II1.4). Relating this value to the average physical chromosome length, 129.6 Mb
(table 1.2), results in a mean interference length of 90.72 Mb. Moreover, 10% of the COs
in M. musculus are not subject to interference (de Boer et al., 2006) (table I11.4). Thus,
our predicted value of P; is in accordance with the experimental estimates.

The first 7 chromosomes of male C. familiaris are characterized by a mean inter-COs
distance of 60% of their SC length (Basheva et al., 2008) (table I11.4). Given an average
physical length of these chromosomes of 93.83 Mb (table 1.2), the equivalent of this inter-
CO distance would be 56.3 Mb, which is very close to the estimated value of 56.6 Mb for
the interference parameter P; (table II1.2).

The high resolution data of S. cerevisiae has allowed the detailed investigation of both
CO and NCO distributions (Mancera et al., 2008). Thus, the mean distance between
consecutive COs is 71.8 kb (table II1.4). Our non-linear model evaluates the parameter Py
at 2.3 kb (table II1.3). However, as discussed above, our model can’t estimate correctly
this parameter. This is also the case for Z. mays.

We have access to the experimental estimates of inter-CO distances for three other
species: A. mellifera, S. bicolor, and A. thaliana (table I11.4). In A. mellifera, the fitting of
a gamma distribution (counting model (Foss et al., 1993)) on the distances between double
COs yielded an interference length of 2.7 NCOs (table I11.4). We infer a P; value of 2.29
Mb (table II1.3). For S. bicolor, a depletion of double COs has been observed for intervals
less than 50 ¢M (table II1.4), which represents the same magnitude as the interference
value of 36.3 Mb estimated by our non-linear model (table II1.3). The interference strength
has been estimated at a high resolution on the chromosome 4 of A. thaliana, both for
the sex-averaged and the sex-specific genetic maps (Drouaud et al., 2006, 2007). On this
particular chromosome, the predicted values of the interference strength is approximately
44 cM (table II1.4). Our non-linear model results in an estimate of inter-CO distance
of 12.6 Mb (table II1.3). It is difficult to compare these values directly, as one is an
estimate for one chromosome, expressed in ¢cM, while the other is an average value per all
chromosomes, expressed in Mb.

The estimations of the interference parameter P; for both vertebrates and non-
vertebrates are directly proportional to the physical length of chromosomes (tables I11.2,
II1.3, and 1.2). We have modeled this relation in figure I11.6. Indeed, we observe a very
strong correlation (R? = 0.89) between these variables (figure I11.6). This result implies
that the interference phenomenon is intimately linked to the physical length
of chromosomes. Furthermore, the equation of the regression in figure I111.6 is:
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Figure I11.6: Relation between the non-null values of the interference parameter Pr of
our non-linear model (tables I11.2 and I11.3) and the mean physical length of chromosomes
(table 1.2). Both azes are in log scale. The R? coefficient of this regression is also provided.

P; = 0.80877 4 0.45303 x P (IIL.5)

where P represents the mean physical length of all the chromosomes of a species (Mb).
Equation IIL.5 represents a new tool for inferring the interference strength
even for species for which genetic maps are not available yet.

II1.3.1.4 Resemblance among species

In order to understand the mutual evolution of recombination and karyotype, it is important
to identify species with similar recombination patterns. For this purpose, we analyze
the variability of the parameter r, which represents the rate of additional CO
production. In figure IT1.7, we observe that this variability is greatly explained (R* = 0.91)
by the total genome size (Mb) of species. A similar negative trend between the total CO
rate (defined as the ratio between genetic and physical lengths of chromosomes) and the
genome size was previously reported (Lynch, 2006). This trend is mainly explained by
the lack of correlation between the number of chromosomes and the size of the genome
(Lynch, 2006). Coupled with a limited number of COs per chromosome and the obligatory
CO, it results that species with a smaller genome size will have a higher CO rate. In
agreement with this explanation, the relation in figure I11.7 shows that the rate of CO
additional to the obligatory CO () is also negatively correlated with the total size of the
genomes. Thus, mechanisms acting on the physical scales of genomes are strong
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Figure I11.7: Relation between the non-null values of the additional C'O rate parameter
r of our non-linear model (tables I11.2 and II1.3) and the total genome size (table 1.2).
Both axes are in log scale. The R? coefficient of this regression is also provided. Species
are colored according to similar r values. Black color is used for species that are not part
of any group. The similarities inside a group result from an overlap between the Cls of
parameter r between all species.

determinants of recombination rates.
Moreover as for the interference parameter (Pr), the relation in figure II1.7 is defined
by the equation III.6:

In(r) = 3.2854 — 1.0087 x In(> _ P) (I1L.6)

We further infer the way species cluster according to the estimate of the
parameter r. The overlap between Cls in tables II1.2 and III.3 indicates a similarity
between species. Species with similar r values are grouped in figure I11.7 by the same color.
Species colored in black are not part of any group. For simplicity reasons, we emphasize
only large groups of similarity and ignore those species that overlap only partially with a
group. For example, the Cls of parameter r of A. mellifera and C. intestinalis overlap.
However, A. mellifera is not similar, according to this criteria, to the other species in the
group of C. intestinalis (table I11.3 and figure I11.7). Another example is V. vinifera, for
which the r value overlaps with G. gallus and O. latipes, and A. thaliana, but these three
species are part of two distinct groups.

Some species were excluded from the comparison. This is the case of M. mulatta which
has a large CI overlapping all the other eutherian species (table I11.2). We also omit D.
rerio as it overlaps multiple groups at a time. Two other species, D. melanogaster and C.
elegans are excluded as the models don’t fit the data.

Five major groups emerge (figure I11.7). A first group is formed by species with small
genomes 1. brucei, P. falciparum, C. neoformans, and C. intestinalis but very high CO
rates (r > 43 cM/Mb) (figure II1.7). A second cluster emerges, which represents the plants:
O. sativa, and S. bicolor, with which overlap A. thaliana and P. trichocarpa (figure I11.7).
However, A. thaliana is also similar to V. vinifera, G. gallus, and O. latipes. The group of
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G. gallus and O. latipes is characterized by high values of r (> 1.5 ¢cM/Mb) compared
to the rest of the vertebrates (table I11.2). At the other extreme, the group of Z. mays,
M. musculus, R. norvegicus, C. familiaris, and S. scrofa (figure 111.7) is distinguished by
small values of r (< 0.5 cM/Mb) (table II1.2). In between, the cluster of H. sapiens, E.
caballus, B. taurus, and O. aries (figure I11.7) yields values of r close to unity (table II1.2).

Phylogeny seems a powerful tool to explain the clustering of species according to
similarities of the r parameter. Where phylogeny fails to explain such clusters, another
important factor, the size of the genome, succeeds (figure I11.7). For example, Z. mays, a
plant, has a genome size comparable to vertebrates and a recombination rate closer to the
group of M. musculus. However, there are groups that neither of these factors can predict.
H. sapiens has a very similar genome size to M. musculus and is closer phylogenetically to
this species than with the rest of its group. Nevertheless H. sapiens has a r value (~ 1)
two times higher than M. musculus (table II1.2). The exploration of additional factors,
such as for example the rate of rearrangement, could yield new insights into the process of
recombination.

I11.3.2 Heterochiasmy in vertebrates
I11.3.2.1 Parameter values

Heterochiasmy, the difference in recombination rates and distribution between sexes, is a
widely spread phenomenon, as detailed in chapter 1.2.4.2. Our model, by quantifying
both the rate of additional COs and interference strength, allows the comparison and
quantification of sex-differences.

We have fitted the linear and non-linear models on the sex-specific genetic maps of 10
vertebrates (figure I11.8). We observe important sex-specific differences in the strength of
interference and the rate of additional COs (figure II1.8). However, for two species out
of the ten, the model doesn’t adjust well on the data: S. scrofa and O. latipes (figure
I11.8). The sex-specific genetic maps of these species have a low density of markers (~200),
unequally distributed along the chromosomes (Kimura et al., 2005; Vingborg et al., 2009),
which could lead to low-quality data. However, there could also be additional recombination
mechanisms specific to each of these species that are not integrated in our model. We do
not further discuss the results in these species. Another species for which we can’t compare
heterochiasmy is D. rerio. While an updated high density female (Heat Shock) genetic
map exists (DB-ZFIN), the male genetic map is very poor in quality (Singer et al., 2002).

The predicted values of the corresponding parameters, together with their precision,
are reported in table II1.5. For H. sapiens, the interference parameter P; of the non-linear
model estimated on the total length of chromosomes is null for the two sexes. By replacing
metacentric chromosomes with their corresponding lengths per chromosome arm, P values
are different from zero. In H. sapiens, our estimates of the female and male interference
parameter (19.2 and 25.6 Mb, respectively) (table I11.5), show the same tendency as it
was previously reported for this species (6.96 and 9.17 NCOs, respectively) (table 111.4).

There is a good correspondence between predicted values of P; (table II1.5) and
experimentally inferred values of the interference strength (table I11.4). However, while
the trend (female, male) and order of magnitude is the same between our estimates and



103

‘Jopout 4vauL-uou 23 Jo buryf oyy yuasaidos sou) oy, “dnoib dvpousboifiyd yovo apisur s9199ds buow
ysmbuigstp 01 pasn si §310ads yova 4of spurod Jo advys oy fijoa13adsal an)q pun pas $.40]02 Yyp fiq PaguasaLdal 40 sjuL0d DIDP VUL PUD VUL
"€ ¢ 1] W01199S UL PaIndP U0DIYLSSD]D YY) [0 20190IPUL 24D SIULOd DIDP PabDI2AD-TIS Y] [0 $.40]0,) SWLLD DULOSOULOLYD Y] d0joaul fiay)
yorym o ‘suotdes [ Jo $9wO0SOWO0LYD D1UJUIIDIIUL YY) 40f JdIDTD ‘SIULOSOULOYD 242UD DY) 0] 2ID]aL SYIUI) 283Y [, “PabLIsINUL §99D.4QIPLIN
0] fo sdvw pabvigan-ras pup 21f19ads-1as 110q 40f sypbua) 2139uab puv W218fiyd Y} UPMIIq d1ysuoD]L Ay} J0 UOYVIUISALAIY Q TI] 9INSIH

(an) yibus) [eaisAyd

o 0€ 0z OT O 08 09 Ov 0C O 002 00T 0S5 O 009 00F 00Z O 0ST 00T 0S O
| | | | | | | | | | | | | | | | | | | | | |
- O - O - O - O - O
L N = *
] @ R o - 3 g
- & o S ¢ ¢ =
_m o * o - % M
- 3 S L w y S @
b4 o - & e
0 i * © =
- o ul N g -
o - O
3 N D
= -8 =
+ o * Wj * m 0
sadie|'o sn|eb o BONSOWOP N —_—
D
-]
00E 002 00T O 0ecT 08 OoF 0 002 00T 0S5 O o)
I T R T B I T R B I I N | —
- o o - o - o o I
-3 ~
S N - 3 g O
m o
- . s <
| b o S N
L & 5 )
= s} | o
o
B -3
[N )
- g -3 8
o . @©
o =
- w — m
e )
o

II1.3. Inter-species differences in CO number and distribution

sale'Q

BJ0oIdS’'S

sueljiwey D

snnasnw'iN

€TO0Z INC € - T UOISIaA ‘60807800-19}

suaides'H



ChapterIIl. Karyotype and recombination pattern

104

Linear model Non-linear model

Species

Intercept Slope P; r
H. sapiens - ¢ 25.245.88* 1.29-40.0495* 19.2 € [10.5 ; 26.8] 1.29 € [1.19 ; 1.39]
H. sapiens - & 32.6+4.97* 0.678+0.0418* 25.6 € [11.9 ; 37.7] 0.677 € [0.591 ; 0.766]
M. musculus - Q 20.9+4.96* 0.446+0.0372* 71.2 € [54.7 ; 81.7] 0.482 € [0.389 ; 0.568]
M. musculus - & 26.8+8.44* 0.352+0.0632* 75.7 € [32.9 ; 94.7) 0.402 € [0.237 ; 0.555]
C. familiaris - @ 33.8+3.10* 0.42840.0481 41.4 € [33.2 ; 52.3] 0.475 € [0.366 ; 0.651]
C. familiaris - & 34.8+3.73* 0.252+0.0579* 60.2 € [43.1 ; 83.4] 0.294 € [0.117 ; 0.706]
S. scrofa - 90+32* 0.335+0.246 -1194-298 0.335+0.0893
S. scrofa - & 8.43+16.9 0.604+0.13* 76.5 € [15.6 ; 102] 0.651 € [0.327 ; 0.944]
0. aries - @ 7.27+7.45 0.953+0.0616* 45.2 € [32.1 ; 58] 0.956 € [0.826 ; 1.1]
0. aries - & 11.3£10 1.0940.0827* 35.6 € [19.1 ; 48.9] 1.09 € [0.916 ; 1.26]
B. taurus - Q 54.4+11.9* 0.79+0.128* -5.53 € [-53.6 ; 19.4] 0.79 € [0.528 ; 1.05]
B. taurus - o 45.7+15.1* 0.866+0.162* 4.99 € [-48.8 ; 30.1] 0.866 € [0.534 ; 1.2
M. domestica - Q -17.3+24.6 0.191+0.054* 502 € [466 ; 528] 0.429 € [0.339 ; 0.519]
M. domestica - J 0.837+17.3 0.275+0.038* 179 € [125 ; 220] 0.275 € [0.232 ; 0.318]
G. gallus - ¢ 38.94:3.19* 2.05+0.0531* 6.77 € [3.17 ; 10.4] 2.08 € [1.97 ; 2.20]
G. gallus - 30.9+3.51% 2.03-£0.0584* 13.4 € [9.2; 17.8] 2.11 € [1.99 ; 2.24]
D. rerio - 9 30.9425.6 1.78-:0.464* 10.7 € [-40.7 ; 26.4] 1.78 € [0.824 ; 2.74]
O. latipes - Q 1.86+12.6 1.95+£0.412* 27.1 € [22.8 ; 29.4] 2.73 € [1.5 ; 4.16]
0. latipes - & 53.3£27.2 0.241+£0.895 0.241+£-0.653 -13.6 £ -177

Table I11.5: Values of the parameters for the linear and non-linear models. In the case of the linear model, the standard deviation of
each parameter is given and the stands for parameters which are found to be statistically different from 0. For the non-linear model, the
confidence interval of each parameter is shown, through the minimum and mazimum values. Bold text stands for parameters different from 0
or confidence intervals that exclude 0. For H. sapiens the parameter values in this table are estimated on the entire lengths of chromosomes,
except for the metacentric chromosomes, whose arms are considered independently.
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the experimental approach, some differences are apparent. It should be emphasized that
P; values are expressed in Mb, and correspond to average values for all chromosomes.
The values in table II1.4 are expressed either in number of NCOs (H. sapiens), Mb (M.
musculus), or % of SC (C. familiaris male). Moreover, these values are estimated only on
chromosome 1 for M. musculus, and on the first 7 chromosomes for C. familiaris.

I11.3.2.2 Comparing male and female

The vertebrates that we analyze here show different heterochiasmy trends (table I11.6).
The females of H. sapiens, M. musculus, and C. familiaris have more COs than the males
(table 1.3). The reverse heterochiasmy is seen in O. aries and M. domestica table 1.3.
Groenen et al. (2009) observed no heterochiasmy in G. gallus when all chromosomes
(autosomes and sex chromosomes) as well as linkage groups were considered. However,
when we consider the total genetic lengths of only autosomes in table 1.3, the ratio female
to male is 1.09 and is equal to that observed in M. musculus. B. taurus has comparable
linkage maps in males and females (Barendse et al., 1997).

The general rule when comparing P; values between sexes is that the sex
with the smallest P, has more COs. This rule is logical, as a smaller interference
length leads to a more equal distribution of COs along the chromosome and subsequently
an increase in their number. The prediction of the interference parameter P; is highly
variable leading to large Cls (table I11.6). Except for the metatherian M. domestica, the
corresponding Cls of P; overlap between the sexes. Though not significant, the difference
observed for this parameter between males and females is a predictor of the heterochiasmy
relations previously reported (table I11.6). The only species for which the CIs of P; don’t
overlap is M. domestica (table I11.5). The average interference length in female, P;Q, is
more than 2.5 fold greater than the corresponding male value (P;d’). This observation is in
agreement with the genetic and cytological observations that chiasma are mainly localized
close to telomeres for female M. domestica, as opposed to a more uniform distribution
along chromosomes in male (Sharp and Hayman, 1988; Samollow et al., 2007). Moreover,
at the chromosome level, all chromosomes have an expected male CO number that exceeds
the one obligatory CO per chromosome (figure II1.8). For female, the P;Q is so strong,
that only the last, longest chromosomes have an excess of COs (figure II1.8).

When comparing the r coefficients between female and male, different trends emerge
(table II1.6). As for the P; parameter, the Cls of the r coefficient overlap between sexes
for the majority of species (table I11.5). Two species, however, show distinct differences
among female and male r values, H. sapiens and M. domestica. The general trend for H.
sapiens, M. musculus, C. familiaris, and O. aries is that the sex with the smallest F;,
and subsequently, the highest CO number, has a higher r as well (table I11.6).
This result is consistent with higher r values indicating a higher density of COs per Mb
(Kong et al., 2002; Maddox and Cockett, 2007; Matise et al., 2007; Kong et al., 2010).
However, this trend is not true for M. domestica or G. gallus (table IIL.6).

Similar to O. aries, the total genetic length of female linkage map is smaller than
the male’s for M. domestica (Samollow et al., 2007). Thus, when estimating sex-specific
CORs as the ratio between genetic and physical length of the linkage map of M. domestica,
the male COR was found to be higher than the female COR (Samollow et al., 2007).
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Species re rd P P Nbr CO¢ Nbr COd
H. sapiens >* < >
M. musculus > < >
C. familiaris > < >
O. aries < > <
B. taurus < 0 =
M. domestica > % > % <
G. gallus < < >

Table II1.6: Table of the relations between male and female estimates of the parameters
r and Py, as well as the total number of COs for all the autosomes (no sex-chromosomes).
A star (*) stands for female and male Cls not overlapping. The other inequalities between
sex-specific estimates reflect tendencies as their corresponding Cls overlap. The differences
in the total number of COs between sexes are obtained from litterature as represented in
table 1.3. Red: the female values are greater than the male values. Blue: the opposite
pattern is observed. 0: parameter values not significantly different from 0. =: no difference.
The > relation between total number of COs in female and male G. gallus is based on the
values in table 1.3, for which the ratio F/M is the same as for M. musculus. However,
the main bibliographic resource for G. gallus reports the lack of heterochiasmy for this
species when all chromosomes, autosomes and sex chromosomes, are considered, hence the
equality sign (Groenen et al., 2009).

Intriguingly, when comparing the estimated r values, we find that r@¢ > rd (table I11.6).
It should be noted, however, that the estimation of the r parameter in female is performed
only on the last two out of the eight chromosomes, that have more than 1 CO (figure I11.8).
Moreover, important information is lacking for this species on the COR in the vicinity of
telomeres, and these regions are known to host more COs in female than male (Sharp and
Hayman, 1988). Our observations on the P; values in this species show that the majority
of chromosomes in female have only one obligatory CO as opposed to males (figure I11.8),
due to a much longer interference distance in this sex (table I11.5). Our results suggest
that once additional COs start to accumulate in female, they do so at a rate much higher
than in males (r values represent the rate with which additional COs accumulate).

G. gallus was previously reported to lack heterochiasmy (Groenen et al., 2009). However,
we find that the P; estimate is ~2-fold larger in male than female, while the r values
are very close (table I11.5). A smaller P; parameter in females implies that this sex has
more CO events than the male. Indeed, when we compared the sex-specific genetic maps
from Groenen et al. (2009) only for autosomes (no sex-chromosomes), the female to male
ratio we obtained was similar to that of M. musculus (table 1.3). Our results suggest
that G. gallus is also subject to heterochiasmy, with the female having more COs
than the male (table I11.6). A recent linkage study in two populations of G. gallus, with
an increased number of markers, has revealed a new perspective on the heterochiasmy
in this species (Elferink et al., 2010). In these two populations, the number of COs
was higher for males than for females. When we fit our model on this new data, we
obtain the following parameter values: ¢ = 1.62 € [1.53;1.7], r&* = 1.98 € [1.89;2.07],
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Pr¢ =8.33 € [4.67;11.9], and P;d = 10.3 € [7.1;13.6]. The difference between sexes in
their P; value shows the same trend P;@ < P;d". This trend is opposed to the previous
hypothesis that smaller interference length is indicative of higher CO number. However,
the difference between the sex-specific interference lengths is much smaller on this new
data. Moreover, with the new dataset we estimate that the accumulation of additional COs
is also significantly slower in female than male (r¢ < rd"). Our work on G. gallus rises
new questions on the existence and the sens of heterochiasmy in this species.

II1.4 Conclusion

In this chapter, we have developed a non-linear model linking the number of COs
to the karyotype structure of species, including the obligatory CO per chro-
mosome condition. The two parameters of the model can be interpreted biologically:
the average rate of supplementary CO per Mb (following the obligatory CO) (r) and the
average physical inter-CO distance (or interference parameter) (P;). The interference
mechanism describes the zone of inhibition imposed by a CO for the formation of subse-
quent COs. When interference is relatively strong, small chromosomes will experiment
only one CO and thus, form a plateau at 50 cM. As larger chromosomes are analyzed, their
relation to the number of chromosomes becomes linear. This phenomenon is well observed
in species such as Canis familiaris and Gallus gallus. Due to its formula, our model
characterizes simultaneously both the plateau and the linear behavior of chromosomes.

We have fitted the model on data from 13 vertebrates and 14 non-vertebrates. Based on
these 27 datasets we quantified both the rate of CO production and the inter-CO distance.
Chromosome lengths are relatively high in vertebrates, from a few ten to a few hundred
Mb leading to long range interference strength and small r parameter estimates. For the 14
non-vertebrates, the chromosome lengths are small, a few Mbs, resulting in small inter-CO
distances but very high CORs compared to vertebrates. Previously, two methods were used
to compute the COR: the ratio between genetic and physical length or the slope of a linear
model fitting the data (Li and Freudenberg, 2009). The parameter r is similar to the slope
of the linear model for the majority of species. However, when the physical chromosome
lengths span both the plateau and the linear behavior of genetic maps (C. familiaris, G.
gallus, female M. domestica), our model is a better predictor. We have also compared
the inferred P; value to experimental estimates of inter-CO distances (table I11.4). The
heterogeneity of these experiments, the resolution of the data, the number of chromosomes
involved, as well as the unit of measure complicate such comparisons. Nevertheless, there
are strong similarities in magnitude between our average prediction of interference per
species, and the experimental analysis of inter-CO length based on double COs. Our
estimates of interference strength, even for species previously lacking such information,
are indicative of the distribution of CO events along chromosomes. These estimates could
represent the starting point when defining the resolution of the linkage analysis that will
allow, for example, the observation of double COs. Moreover, we show that there is a
strong relation between the average physical length of chromosomes and the
P; parameter. This relation could represent a good estimate of the interference strength
even for species for which genetic maps are not available.
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The use of the r parameter, as an indicator of the average COR, has also
allowed us to compare species and group those with similar r values. We find a
strong negative correlation between r and the total size of the genomes (figure I111.7). This
relation, in agreement with previous observations, indicates that the regulation of CO rate
is highly influenced at the Mb scale. As for the interference parameter, the relation in
equation II1.6 could be used as a tool to estimate parameter r even for species without
an available genetic map. Phylogeny and genome size emerge as important factors for
the similarity in CO rates among species (figure I11.7). Based on the r parameter we find
five clusters of species with similar values (figure II1.7). However, neither phylogeny, nor
genome size can explain the two clusters of vertebrates: the one containing H. sapiens and
the other containing M. musculus. Given the high rate of rearrangements characterizing
M. musculus, R. norvegicus, and C. familiaris, as compared to the rest of eutherians
(Wienberg, 2004; Murphy et al., 2005; Kemkemer et al., 2009), it could indicate a higher
genome instability, affecting recombination hotspots and leading to a subsequent decrease
in the COR. Such clusters of species, with similar CO rates, indicates similar karyotype
structure and dynamics. The in-depth study of the karyotype evolution of species inside
each group could further lead to the identification of recombination mechanisms shared by
species inside each cluster. Moreover, the analysis of extremely divergent species would
help understand the evolution of differences in the recombination mechanism.

In order to better understand the mechanisms of heterochiasmy, we have compared
the parameters values estimated in female and male in 10 vertebrates (tables II1.5 and
I11.6). For H. sapiens, M. musculus, and C. familiaris, the female has more COs than the
male (Kong et al., 2002; Cox et al., 2009; Wong et al., 2010). This is mainly a cause of
sex-differential interference strength, as we estimate that P;¢ < P;d'. Our quantification
of P; in the two sexes, in agreement with previous studies, suggests that the shorter
interference length in female, leads to a more uniform distribution of COs, thus, generating
more such events in this sex. As expected, we estimate that r¢ > rd". The reverse pattern
is seen in O. aries, for which the male sex has more COs than the female (Maddox and
Cockett, 2007): COs are more equally distributed in male, leading to an increase in the
CO number and per Mb rate in this sex (table I11.6). Like O. aries, M. domestica has
more COs in male than in female (Samollow et al., 2007), resulting from a smaller P; in
this sex. However, the per Mb COR shows an unexpected trend: rQ > rd. A possible
explanation for this result would be that despite the majority of chromosomes in female
M. domestica exhibiting only one CO, the rate at which additional COs are produced,
once the interference barrier is overcome, is stronger in female. The present genetic map
of M. domestica is built with only 150 markers, with a misrepresentation of regions close
to telomeres (Samollow et al., 2007). These regions are also known to host COs, especially
for female (Sharp and Hayman, 1988) and are expected to increase the genetic length of
chromosomes for this sex. Additional data would help understand better the heterochiasmy
in this species. The last vertebrate for which we analyzed the inter-sexes differences in
recombination is G. gallus. Our results, as well as recent genetic maps, raise new questions
about the heterochiasmy in this species.
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Chapter IV

Sex-specific impact of recombination
on the nucleotide composition

What is the relation between sex, recombination and nucleotide composition? In order to
understand how the GC biased gene conversion is influenced by heterochiasmy, I analyze
the interactions between these variables in different vertebrates.

IV.1 Introduction

In taxa ranging from yeast to mammals, the within-genome variation in the intensity
of recombination events appears strongly correlated with regional differences in the GC-
content of sequences (Gerton et al., 2000; Fullerton et al., 2001; Birdsell, 2002; Marais
et al., 2001; Kong et al., 2002; Meunier and Duret, 2004; Webster et al., 2005; Duret and
Arndt, 2008; Berglund et al., 2009; Backstrom et al., 2010). However, the two variables
(crossover rate (COR) and GC-content) evolve at different time-scales. For example, the
recombination hotspots are not conserved between closely related species such as human
and chimpanzee (Ptak et al., 2005; Winckler et al., 2005) (chapter I), while the nucleotide
sequence divergence between the two genomes is only of 1.1 % (Chimpanzee Sequencing
and Analysis Consortium, 2005). This has led to the introduction of a new variable that
characterizes the nucleotide composition, the equilibrium GC-content (GC*) (Meunier and
Duret, 2004). GC* is the GC-content a sequence would reach if it evolved for an infinite
period of time under a constant substitution pattern, and it correlates strongly with COR
in human (Meunier and Duret, 2004; Webster et al., 2005; Duret and Arndt, 2008). Since,
in human, the correlation between GC/COR is weaker than the one between GC*/COR
(Duret and Arndt, 2008), it has been suggested that recombination, through the
GC biased gene conversion mechanism (gBGC), promotes the increase in GC-
content by favoring the fixation of AT—GC substitutions (Eyre-Walker and Hurst,
2001) (figure IV.1 1.). While this is the preferred causality model for the human genome,
in yeast, no evidence of a correlation between COR and the substitution pattern has been
detected (Marsolier-Kergoat and Yeramian, 2009). This result in yeast is in agreement
with the interpretation that GC-rich sequences might act as hotspots of recombination
by facilitating a chromatin structure with a high affinity to the recombination machinery
(Gerton et al., 2000; Petes, 2001; Blat et al., 2002; Petes and Merker, 2002; Marsolier-
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Figure IV.1: Schematic representation of the relation between the three variables: cur-
rent GC-content (GC), equilibrium GC-content (GC*), and crossover rate (COR). The
interrogation mark (?) stands for an yet unidentified forth variable. Blue solid arrows
represent main causality relations implied by the different hypotheses, while dashed gray
lines stand for secondary weaker relations between variables. 1. COR influences the
substitution pattern, and thus GC*, through gBGC, which in turn leads to the modification
of GC. 2. GC-content impacts on the GC* by controlling for the DNA melting temperature,
and thus the mutation rate, and in parallel, it controls the chromatin structure, and thus
the accessibility of the recombination machinery and subsequently the COR. 3. A forth
unknown parameter is the main driver of all three variables.

Kergoat and Yeramian, 2009). Moreover, a high GC-content is indicative of a high DNA
melting temperature (a predominant double-strand state of the DNA), which in turn is
rate-limiting for the cytosine deamination - the main source of C' — T mutations - thus
directly influencing the GC* (Fryxell and Zuckerkandl, 2000) (figure IV.1 2.). However,
these results should be interpreted with caution, as the resolution of the analysis is
different between these studies (1 Mb windows in human and a few kb in yeast). The
fact that the substitution patterns are not related to the recombination rate in yeast
might also be caused by a reduction in the efficiency of gBGC in this species generated
by a low frequency of sexual reproduction (Tsai et al., 2010). These causality models are
not mutually exclusive, and there might also be still unidentified factors affecting both
recombination and GC-content (figure IV.1 3.).

Whatever the causality between these two genomic variables, it seems to be sex-specific.
As discussed in chapter 1.2.4.2; there are considerable differences in COR among sexes,
both at the global (total number of COs) and local level (distribution along chromosomes)
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(heterochiasmy). At first, it was expected that since the female sex has more COs than the
male in the majority of eutherian mammals, it would correlate better with the GC-content.
This result was observed on a dataset of 33 loci in human (Meunier and Duret, 2004).
However, the analysis of the substitution patterns in Alu elements along all autosomes
showed that the GC* content of a region is more strongly correlated with male
rather than female local recombination rate (Webster et al., 2005). These findings
were later confirmed by inferring the substitution pattern in 1Mb windows of non-coding
sequences in humans (Duret and Arndt, 2008). Moreover, also in humans, AT—GC biased
substitution hotspots have been found to correlate strongly with male instead of female
recombination patterns (Dreszer et al., 2007).

Two non-exclusive hypotheses have been proposed to explain why male, rather than
female, recombination could have a higher impact on GC content. One explanation is
based on a sex-differential strength of gBGC (Duret and Arndt, 2008). For example, a
potential factor could be that the repair mechanisms is more biased in one sex
than the other. This explanation is based on the role of gBGC in counteracting the
effects induced by the hypermutability of methylated cytosines (Brown and Jiricny, 1989).
Since in male mammals (contrary to females) recombination takes place on a strongly
methylated genome (Lees-Murdock and Walsh, 2008; Sasaki and Matsui, 2008), the bias
in gBGC could be greater in order to “correct” the more frequent C—'T mutations. The
second hypothesis supposes that despite a higher COR in females than in males, the
ratio between the number of DSBs resolved to COs versus NCOs is different
between the sexes (Duret and Arndt, 2008). However, known recombination rates
reflect only those DSBs that result in successful COs. The conversion tract of a NCO is
smaller than for a CO (Mancera et al., 2008), which makes NCOs difficult to detect with
the methods usually employed, and thus its role in gBGC is still not known. If NCOs also
generate gBGC and if the CO/NCO ratio is far more variable in females, COR could be a
weaker estimator of the total recombination rate and subsequently of the gBGC impact in
females (Duret and Arndt, 2008).

In this chapter, we address the question of the differential impact of sex-specific
COR on the nucleotide composition landscape of several vertebrate genomes:
three eutherians (human, mouse and dog), a metatherian (opossum), and a bird (chicken).
These five vertebrates are subject to different heterochiasmy aspects. For the three
eutherian mammals, the female sex has more COs than the male, while the opposite
pattern is present in opossum (table 1.3). While the F/M ratio of the total number of
COs on autosomes in chicken is comparable to the one observed in mouse, this species has
been previously considered as lacking heterochiasmy (Groenen et al., 2009). We further
investigate this relation from the perspective of chromosomal localization.

The only vertebrate for which the impact of heterochiasmy on the GC-content of
sequences was previously analyzed was the human (Webster et al., 2005; Duret and Arndt,
2008). In the study of Duret and Arndt (2008), the authors compute the GC*, in non-
coding regions, on the triple alignment between human, chimpanzee, and macaque. At a
1 Mb resolution, they found a strong COR/GC* correlation, which is stronger for male
than female (R? = 0.27 and R? = 0.15 respectively). However, similar studies in other
species are difficult to accomplish, due to the absence of sequenced genomes for closely
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related species. This difficulty has been overcome by inferring the substitution pattern in
transponsable elements (TE) (Arndt et al., 2003; Webster et al., 2005). TEs represent large
percentages of the genomes of different vertebrates (table IV.1). Their number evolves
through insertion bursts, and a classification in families and subfamilies has been made in
order to distinguish the events that likely arose during different insertion bursts (reviewed
in Pace and Feschotte (2007); Cordaux and Batzer (2009)). In recent years, algorithms were
developed for the identification of TEs (Smit et al., 2010) as well as for the reconstruction
of their corresponding ancestral sequences (Jurka, 2000). Moreover, TEs are considered
functionally neutral (Cordaux et al., 2006). These characteristics make them suitable
candidates for the study of neutral substitution patterns in vertebrate genomes. For this
purpose, a maximum-likelihood model has been developed, which infers the substitution
rates between TEs and their consensus sequences, at the same time accounting for the
hypermutability of cytosines at CpG sites (Arndt et al., 2003) (section I1.3.1). Making use
of this technique, we have computed the GC* from the substitution pattern inferred from
TEs (LINE and SINE).

Human Mouse Dog Opossum Chicken

Euchromatic genome size (Mb) 2,880 2,550 2,330 3,475 1,050
Karyotype

Haploid number 23 20 39 9 33

Autosomal size range (MDb) 47-247 61-197 27-125 258-748 5-201

X(Z) chromosome size (MDb) 155 167 127 76 75
Segmental duplications

Autosomal (%) 5.2 5.3 2.5 1.7 10.4

Intrachromosomal duplications (%) 46 84 ND 76 ND

Median length between duplications (Mb) 2.2 1.6 0.33 0.18 0.03

X (Z) chromosome (%) 41 13 1.7 3.3 NA
Interspersed repeats (%)

Total 45.5 40.9 35.5 52.2 9.4

LINE/non-LTR retrotransposon 20.0 19.6 18.2 29.2 6.5

SINE 12.6 7.2 10.2 10.4 NA

Endogenous retrovirus 8.1 9.8 3.7 10.6 1.3

DNA transposon 2.8 0.8 1.9 1.7 0.8
GC-content (%)

Autosomal 40.9 41.8 41.1 37.7 41.5

X (Z) chromosome 39.5 39.2 40.2 40.9 44.8
CpG content (%)

Autosomal 2.0 1.7 2.2 0.9 2.1

X (Z) chromosome 1.7 1.2 1.9 1.4 NA
Recombination rate (cM/Mb)

Autosomal 1-2 0.5-1 1.3-3.4 ~0.2-0.3 2.5-21

X (Z) chromosome 0.8 0.3 0.88 >0.44 3.1
Synaptonemal complex length (pm)

Autosomal female 461.5-674.7  185-330 NA NA 1.71-25.62

Autosomal male 263.6,290.6 120-165 194-307 NA NA

NA: Not Applicable

Table IV.1: Comparative analysis of genome landscape in five amniotes. Adapted from
Mikkelsen et al. (2007). Additional information from: Pigozzi (2001); Lynn et al. (2002);
Tease and Hultén (2004); Basheva et al. (2008)
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Species initialINbrRE | nonOverlapRE | nonOverlapNoExonsRE
Human 2,300,977 1,876,441 1,849,171
Mouse 1,679,995 1,306,524 1,292,658
Dog 1,985,367 1,595,603 1,594,867
Gallus 79,405 66,499 66,373
Opossum 3,230,405 2,647,349 2,645,638

Table 1V.2: This table contains the number of repeats analyzed for each species after
the application of different filters. The first column contains all the repeats of type LINE
or SINE, with minimum length of 250 bp for the LINEs and 100 bp for the SINEs. The
second column lists the number of REs that do not overlap other REs. The third column
specifies the final number of REs after eliminating the REs overlapping exons.

IV.2 DMaterials and Methods

The main variables: crossover rates (COR), GC* and current GC content (GC), are
calculated in windows along each of the genomes of five species: human, mouse, dog,

opossum and chicken. The substitution pattern and the GC* are computed for transposable
elements (Arndt et al., 2003).

The Transposable Elements

The whole-genome alignments of transposable elements (TE) to their consensus se-
quences are provided by the RepeatMasker program (Smit et al., 2010) for the species
human, mouse, chicken and opossum. Since the data were not available for dog, we
launched Repeat Masker on the whole dog genome assembly (CanFam 2.0, May 2006).
Following the protocol of Arndt et al. (2003), we considered only the TEs of type LINE
and SINE, with alignment lengths longer than 250 and 100 base-pairs respectively. More-
over, TEs that overlapped in these alignment files have been discarded in order to avoid
ambiguities in the correct inference of substitution rates. All TEs overlapping exons were
eliminated, because selection on exon sequences could have confounding effects on our
gBGC analysis. Exon positions for all genes have been retrieved from version 57 of the
Ensembl database (DB-Ensembl).Information regarding the number of TEs used for each
species, before and after the application of different filters, is available in table I'V.2.

Windows

We focused the analysis on autosomes only. In the case of human, mouse, dog, and
chicken, each chromosome was divided into non-overlapping windows of one Megabase
(Mb). All TEs within a window were considered. Windows containing no transposable
elements were discarded. The TEs overlapping the limits of consecutive windows were
reassigned to the window for which the TE had the greatest overlap.

For the opossum data, due to the low number of genetic markers, a window was defined
by the positions of two consecutive genetic markers on the genetic map from Samollow
et al. (2007). The assignment of TEs to each window was made according to the same
principle described above.
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Genetic position gm, gm, gm, gm,

Physical position P, L P P R P

Figure 1IV.2: The definition of the genetic markers that characterize a window for
human, mouse, dog, and chicken. The window is defined by the physical limits left (L)
and right (R). The four genetic markers associated to this window (named from 1 to
4) have the physical positions Py, P, P3, and Py respectively. Their genetic positions

are gmy, gms, gms, and gmy. The recombination rate, RR, is calculated as: RR =
gmo—gmy gmg—gmsg gmgyg—gms

W(PQ—L)'FW(PB—&)*‘W(R—PB)

R—L

The distribution of window lengths is reported as the distance between the first and
last TE assigned to each window.

Recombination

The recombination data were calculated from the sex-specific and sex-averaged genetic
maps: human (Matise et al., 2007), mouse (Cox et al., 2009), dog (DB-DogMap; Wong
et al., 2010), opossum (Samollow et al., 2007), and chicken (Groenen et al., 2009).

In the case of human, mouse, dog, and chicken, each window was characterized by four
genetic markers: the two closest genetic markers left and right from each one of the window
limits. The recombination rates, expressed in centimorgans per megabase (cM/Mb), for
each window were computed as the average of the recombination rate between each pair of
the above four consecutive genetic markers weighted by their overlap to the window. Only
windows defined by at least three genetic markers were analyzed. The detailed calculation
of the recombination rate is represented in figure IV.2.

All the markers with inverted positions on the genetic and physical maps were discarded.
In the end, we were left with 117 useful markers.

Equilibrium GC content (GC*) and current GC' content

The maximum-likelihood method of Arndt et al. (2003) is used to compute substitution
rates for individual nucleotides accounting for CpG hypermutability. The substitutions
are inferred between the ancestral and the current sequences of TEs. The consensus
sequence of TEs is supposed to be a good approximation of the ancestral sequence. We
aligned the transposable element sequences with their respective consensus sequences
inside each window. Based on these alignments, the method infers seven substitution rates,
supposing strand symmetry (e.g A—»G = T—C): four transversions, two transitions, and
the CpG transition rate. The equilibrium GC content (GC*), the GC-content towards
which a sequence will evolve under a constant substitution pattern, is thus calculated on all
non-CpG substitutions in each window according to the model of Sueoka (1962) as being
the percentage of AT—GC substitutions among all AT—+GC and GC—AT substitutions.
In order to obtain a high precision in the estimation of the substitution frequency, we
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eliminated from the analysis any windows containing concatenated alignments that had
less than 100 Kb of uninterrupted, unambiguous nucleotide sequences (no indels and no N)
(Duret and Arndt, 2008). Since the number of TEs in the chicken genome are much less
numerous (table IV.2), for this species, we eliminated any window containing alignments
with less than 20 Kb of informative nucleotide sequences (the value of the first quartile).

For each window, the current GC content was computed based on the genomic sequences
after eliminating the exons. The positions of the exons were retrieved from version 57 of
the Ensembl database (DB-Ensembl).

The centromere positions

The centromere positions for human, mouse, dog, and chicken were retrieved from
(Karolchik et al., 2004). The cytological determination of centromere positions in opossum
was done according to Duke et al. (2007).

Statistics

We quantified the strength of the correlation between any two variables using Pearson’s
p correlation coefficient. In the case of two correlations sharing one common variable, in
order to test which is stronger, we apply a Hotteling-William’s t-test (H-W test), with the
null hypothesis rxy = rxz.

= | —1)(1+7ryz)
— Xy — T'xz
203 1\R[ 4 drxalP () gy )8

where |R| =1 — 1%y —r%, — 1, + 2rxyrxz7yz (the determinant of the 3x3 correlation
matrix) and N is the number of observations in each variable X and Y. This ratio follows
a Student’s t distribution with N-3 degrees of freedom.

In the main text, when comparing the strength of two correlations, reported in brackets,
are the p-values of the H-W test.

IV.3 Recombination, nucleotide composition, sex
and chromosome localization

IV.3.1 Sex-specific impact in vertebrates

Our analyses of all five vertebrates result in overall strong correlations between the
equilibrium GC content (GC*) and the sex-specific CO rates (COR) (table IV.3). For the
first time, we find that the GC* is more strongly correlated with male rather than female
local COR in all three eutherian mammals (human p-value< 107%, mouse p-value< 1075,
and dog (p-value< 107°) (table IV.3). This result is consistent with previous observation in
human (Webster et al., 2005; Duret and Arndt, 2008). However, we detect no sex-specific
impact in chicken (p-value=0.1434) and for the opossum, the female COR is a better
predictor of GC* than the male COR (p-value=0.028) (figure IV.3 and table IV.3). The
differential impact of sex according to the organisms is a first observation that
the male recombination is not a driving factor in all species.
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Human Mouse Dog Opossum Chicken
PCOR,GC* 9 = 9 7 9 = 0 = 0 =
all data 020" < 040" | 0.25" < 0.36™ | —0.03 <022 | 047" > 031" | 0.54" ~ 0.58""
no centromeres 031 < 0.417 | 0.24" < 0.36"" | —0.001 < 0.25" N.D. 0.52" ~ 057"
no telomeres 0.39"* > 0.26" | 0.25"* < 0.37** | 0.002 < 0.15" N.D. 0.56" ~ 0.60"
interstitial regions | 0.41** > 0.28*** 0.25** < 0.37* 0.03 < 0.18* N.D. 0.50"** = 0.57***
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Table IV.3: Pearson’s p correlation coefficient between recombination rate and GC* for
four data sets: 1. all windows along the chromosomes, 2. no centromere windows, 3. no
subtelomeric windows, and 4. only the interstitial windows (5 Mb away from telomeres
and centromeres).

" p-values of the correlation test < 10716

™ p-values of the correlation test < 10719

" p-values of the correlation test < 0.05
N.D. no available data
>, < and = - statistical difference between female and male p values (Hotteling-William’s t-test)
are reported as inequalities.
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Figure IV.3: The correlations between recombination rates (in male and female) and
GC* in opossum. The value of Pearson’s p correlation coefficient is reported for each graph.
One asterisk near these values stand for p-values < 0.05 of the correlation test.
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IV.3.2 Chromosome localization

Males and females differ not only in the total number of COs but also in their localization
along chromosomes (chapter 1.2.4.2). Our results in chapter IIT emphasize the role played
by the mechanisms responsible for interference in the distribution of CO events. We have
found that the sex with the smallest inter-CO distance has a more uniform distribution
of recombination. On the other hand, the sex with the largest interference strength will
usually have fewer COs. The placement of these COs is not random along the chromosomes.
As described in chapter 1.2.1.1, telomeres promote recombination activity in their vicinity
while centromeres act as suppressors. Moreover, the intensity of CO production in these
regions varies between sexes (chapter 1.2.4.2).

Thus, the telomeric, subtelomeric, and centromeric regions play an impor-
tant role in the study of the sex-specific differences in recombination. This
observation has motivated us to classify windows according to their position on the
chromosome: 5 Mb close to telomeres, centromeres or interstitial. This chromosomal
representation reveals that, especially in human, the male COR/GC* correlation is driven
mainly by windows situated less than 5 Mb away from telomeres (figure IV.4). In table
IV.3, the “no telomeres” data shows a stronger COR/GC* correlation in females than in
males. We interpret this high regional impact in the male dataset as the result of highly
localized male CO hotspots close to telomeres as opposed to a more uniform distribution
in females (Kong et al., 2002). In human, the elimination of windows situated within
5 Mb of telomeres (hereafter called subtelomeric) reduces drastically the genome-wide
variability in male recombination rate and causes the female, rather than male, COR to
correlate better with GC* (p-value< 107%) (table IV.3). This shift in the sex impact is
characterized by a difference between sexes of the same magnitude as the one favoring the
male sex, on all windows. This result attests that even at the level of one genome both
sexes can drive the COR/GC* correlation with equal strengths according to
the chromosomal localization.

In spite of a similar sex specific distribution of recombination hotspots in the other
two eutherians, mouse and dog (Cox et al., 2009; Wong et al., 2010), these species are
not subject to a reversal in the sex influence outside subtelomeric regions (p-value< 1079)
(table IV.3). According to the initial hypothesis, the male sex could be the genuine
driving factor of the COR/GC* correlation in these species, independent of chromosomal
regions. However, these genomes, as opposed to the human genome, are highly diverged
relative to the common ancestor of eutherian mammals, presenting multiple
chromosomal rearrangements (O’Brien et al., 1999; Nash et al., 2001; Wienberg,
2004; Murphy et al., 2005; Kemkemer et al., 2009). This recent shuffling of the genomic
sequence can result in younger chromosome ends as well as the distribution of telomeric-
and subtelomeric- specific structures along the interiors of chromosomes in these species
(Meyne et al., 1990), thus influencing the disposition of hotspots of recombination and
the nucleotide substitution patterns on a wider chromosomal range. This hypothesis is
consistent with the observation that in mouse a substantial proportion of hotspots is shared
between the two sexes outside the subtelomeric regions (Paigen et al., 2008).

As discussed in chapter III, it is uncertain whether the chicken is or is not subject
to heterochiasmy. Our results indicate the lack of sex-specific impact on the correlation
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Figure IV.4: The correlations between recombination rates (in male and female) and

the equilibrium GC-content in human, mouse, dog, and chicken. Fach point represents

the values of the variables in an approvimately 1 Mb window. The blue x-shaped like
points represent windows that are within 5 Mb (left and right) of the centromere. The red

diamonds are windows that are within 5 Mb of the telomeres. The gray points represent

the rest of the windows which are not localized near centromeres or telomeres. The value of

Pearson’s p correlation coefficient is reported for each graph. Three, two and one asterisks

near these values stand for p-values of the correlation test < 1071¢, < 1071% and < 0.05

respectively.
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between COR and base composition in this species, before or after the elimination of
windows in the vicinity of telomeres (table IV.3). It is not yet clear whether these results
favor the absence of heterochiasmy or they follow from the lack of power to detect sex-
specific differences. This lack of power can result from a limited number of data points due
to a low density of TEs in chicken (International Chicken Genome Sequencing Consortium,
2004).

The opossum genome is distinguished from those of most other vertebrates by exhibiting
a much higher COR in males compared to females, and thus provides a new model organism
for the study of sex-specific impact on the recombination and genomic landscape (Samollow
et al., 2007). Interestingly, we find that in opossum the female, rather than the male,
COR correlates more strongly to the nucleotide substitution pattern (figure IV.3 and
table IV.3). We expect this sex-specific impact to become even more pronounced as more
linkage data, especially in subtelomeric regions, become available. Consistent with this
prediction, recent addition of new linkage map markers in subtelomeric regions, beyond
the previous map ends, has greater impact on increasing the length of female linkage map
than that of the male map (unpublished data, discussed by Samollow (2010)). This result
is supported by cytologic studies of meiotic cells of the opossum (Sharp and Hayman,
1988) which revealed that chiasmata are concentrated near the ends of chromosomes in
female metaphase I nuclei, while those of males are much more evenly distributed. To the
extent that this physical pattern reflects the actual distribution of chromosomal exchange
events, we expect the female recombination rate to be greater than male recombination
rate in subtelomeric regions. Furthermore, subtelomeric regions in opossum are also rich
in GC (Mikkelsen et al., 2007).

In additional figures C.1 and C.2, we represent the correlation of the distance to
telomeres (DT) with GC*, female COR, and male COR. In agreement with previous
studies, we observe that DT is a strong predictor of COR (reviewed in Backstrom et al.
(2010)). Table IV.4 presents a summary of these correlations as well as the comparison of
the DT /COR strength between female and male. We show that the DT/COR correlation
is stronger in males than in females for the three eutherian mammals: human, mouse,
and dog (table IV.4). This result is mainly a consequence of a strong localization of male
recombination hotspots in telomeric and subtelomeric regions for these species (Kong et al.,
2002; Shifman et al., 2006; Cheung et al., 2007). In chicken, the strength of DT/COR
correlation is comparable among sexes (r = —0.156 and r = —0.165 for female and
male respectively) (H-T p-value=0.78). While in opossum, markers in telomeric and
subtelomeric regions are scarce, given the preliminary data, we find that the DT is more
strongly negatively correlated with female (r = —0.483) than with male (r = —0.211)
COR (H-T p-value=2.5 x 10~%) (figure C.2 and table IV .4).

IV.3.3 Quantifying the impact on GC*

We identified, so far, three variables that have an influence on the GC*: COR, sex,
and DT. The starting premises of this work are that potential sex-linked biases in the
gBGC mechanism or a sex-specific additional information brought by NCOs affect the
COR/GC* correlations. Comparisons of linear regression models incorporating these
variables, separately or together, shed light on these premises (table IV.5). First, for all
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DT

GC* ?COR dCOR
Human -0.41°0F 1 _0.32%HF | (.49
H-W test p-value 4.6 x 10716
Mouse -0.28%%% | 0.06% | -0.28%%*
H-W test p-value 1.1 x 10720
Dog -0.07% | -0.21%FF | 0334
H-W test p-value 3.7x107°
Opossum -0.17 -0.48* ‘ -0.21°%*
H-W test p-value 2.5 x 1074
Chicken -0.20%% | -0.16* | -0.16%
H-W test p-value 0.78

Table IV.4: Pearson’s p correlation coefficients of distance to telomeres (DT) and
equilibrium GC (GC¥*), female, and male crossover rate (R COR and & COR respectively),
i human, mouse, dog, opossum, and chicken. The Hotteling- William’s t-test p-value
(H-W test p-value) that compares the strengths of correlation DT/COR between male and
female are also reported.

“** p-values of the correlation test < 10716
™ p-values of the correlation test < 10710
" p-values of the correlation test < 0.05

. GC*=
Species T CGOR) [ ((SCOR) | f(COR.,,) | f(COR4,, LDT)
Human 0.09 0.16 0.18 0.28
Mouse 0.06 0.13 0.14 0.16
Dog 0.00 0.05 0.02 0.04
Opossum 0.22 0.09 0.18 0.19
Chicken 0.29 0.34 0.38 0.47

Table IV.5: The R? for linear regression models explaining the evolution of GC* as
function of different factors: female COR, male COR, and sex-averaged COR. LDT stands
for the log distance to telomeres. All R* are significantly different from 0, except the
GC* = f(QCOR model in dog.

species, except the dog, the COR/GC* correlation is at least as strong for the sex-averaged
as it is for the strongest of the sex-specific genetic maps. This result implies that the
sex-averaged COR is an equally good predictor of the nucleotide composition (explaining
between 14 and 38% of the variability) (table IV.5). The particularity of the dog genome,
for which the COR in female is not correlated to the GC*, results in a decrease of the
sex-averaged COR/GC* relation (see section 1V.3.4).

Second, we increase the proportion of variability by adding the variable log DT (LDT):
GC* = f(COR vy, LDT) (table IV.5). This increase is significant except for the opossum.
Since for the opossum we lack data values close to telomeres, the LDT parameter doesn’t
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Number GC* GC GC* GC GC* 2COR
of - - - - - -
windows | QCOR | ¢COR | #dCOR | #COR GC COR
Human 2653 0.2939 0.2486 0.4018 0.3567 0.9619 0.2761
H-W p-value 8.798 x 1071 4.129 x 1020
Mouse 2240 0.2470 ‘ 0.1796 0.3609 ‘ 0.3333 0.8885 0.3354
H-W p-value 3.529 x 10712 2.983 x 1073
Dog 2137 -0.0284 | -0.0536 0.2320 ‘ 0.1973 0.9553 0.0632
H-W p-value 9.514 x 107 3.341 x 1078
Opossum 107 0.4721 ‘ 0.3766 0.3079 ‘ 0.2992 0.933 0.6441
H-W p-value 0.0026 0.8014
Chicken 646 0.5410 ‘ 0.5292 0.5801 ‘ 0.5963 0.8807 0.6337
H-W p-value 0.463 0.289

Table IV.6: Pearson’s p correlation coefficients between male and female recombination,
GC* and current GC in human, mouse, dog, opossum, and chicken. The Hotteling-
William’s t-test p-value (H-W p-value) that compares the strengths of correlation are
reported.

significantly improve the model in this species (p-value=0.26). We conclude that the
sex-averaged COR and LDT are good predictors of the GC*, in all species. In
addition to the significant interaction between these two predictors, LDT might also
account for the variation in GC* independently of COR. CO hotspots are not the only
recombination products that have a preferential subtelomeric localization. The existence of
DSB hotspots in these regions might generate NCOs (Blitzblau et al., 2007; Buhler et al.,
2007; Barton et al., 2008) (chapter 1.2.1.1), which could also impact on the nucleotide
composition of these regions, thus generating a supplementary effect of LDT on the GC*.

IV.3.4 The particular case of the dog

The sex-specific GC*/COR correlations in dog follow the same trend as for human and
mouse (stronger in male than female) (table IV.3). However, the difference between sexes
is particularly strong for this species, as the COR/GC* and COR/current GC correlations
are null in female (table IV.6). The dog is also the species with the poorest correlation
between male and female COR (table IV.6). Such null or negative correlations, between
COR and GC-related features, in female dog, have been previously reported (Wong et al.,
2010). The degenerated motif typical of human recombination hotspots is associated with
high male CORs, but not female (Wong et al., 2010). Together with the poor correlation
between sex-specific CORs (table IV.6), these results suggest that the relation between
genomic features and local CORs is mediated differently in the two sexes (Wong et al.,
2010).

IV.3.5 Cause-effect implications

Each one of the variables, recombination, nucleotide composition, and substitution pattern,
is influenced by and influences the others (figure IV.1). In figure IV.1, we represent three



tel-00840809, version 1 - 3 Jul 2013

122 ChapterIV. Sex-specific impact of recombination on the nucleotide composition

possible models explaining the relation between variables. While all three variables seem
inter-connected, in order to understand the molecular mechanism animating the evolution
of genomes, the question of which is the strongest factor arises. It has been proposed that
a stronger correlation of COR to GC*, rather than the current GC indicates that the
causality is more likely recombination—GC rather than GC—recombination (Meunier and
Duret, 2004). In agreement with this hypothesis, we find that the COR/GC* correlation
is systematically higher than the COR/current GC (table IV.6). The lack of statistical
difference between these correlations in chicken might be due to the GC-content of this
species being close to equilibrium (Webster et al., 2006), as its karyotype is similar to the
ancestral karyotype of amniotes (Bourque et al., 2005). As we have discussed in chapter
ITI, the karyotype is a major determinant of recombination in different species. Thus,
a stable karyotype could indicate a conserved recombination landscape, which in turn
ensures a constant substitution pattern, under gBGC.

These results are in agreement with the hypothesis of recombination being the driving
factor in the evolution of base composition by affecting the substitution pattern through the
process of gBGC. Nevertheless, these results do not exclude the alternative explanations
of the GC-content affecting both the GC* and recombination, or the influence of other,
yet unidentified factors, acting on all the above mentioned variables.

IV.3.6 Reviewing the hypothesis of sex-specific impact

Two hypotheses have been proposed so far to explain the stronger male impact on nucleotide
composition observed in humans (Duret and Arndt, 2008). One explanation is that in
males the bias induced by gBGC is stronger than in females. This might be due to the fact
that male meiosis takes place on a strongly methylated genome (unlike the female meiosis)
(Lees-Murdock and Walsh, 2008; Sasaki and Matsui, 2008) which would be more prone to
mutations through cytosine deamination. A stronger bias towards the fixation of AT — GC
mutations would counter-balance this higher cytosine mutation rate, and would thus be
advantageous. According to our results, the sex with a dominant effect on the nucleotide
composition varies depending on the species (table IV.3). In opossum, it is the female COR
that is driving GC*, while in chicken we detect no sex-specific effect. Thus, consistent with
this first hypothesis, in opossum, the female, contrary to male, recombination should be
taking place on a methylated genome in this species and no difference of methylation should
affect the chicken genome. Moreover, in human, we find that the COR/GC* correlation
in interstitial regions of the chromosomes is stronger in female than male (table IV.3.
Future investigations of the epigenetic processes during early gametogenesis
are expected to shed light on the pertinence of this hypothesis.

The second hypothesis is that the crossover rate in male is a better estimator of the
total recombination rate than in female (Duret and Arndt, 2008). Indeed, the total
recombination rate includes all the DSB products, CO and NCO events, which can all
affect the nucleotide composition through gBGC. If the ratio between these events were
more variable in females, it would generate a weaker correlation between the analyzed CO
rate and the total DSB rate and thus account for a less marked impact of COs on the GC*
in this sex. Data on the number and distribution of NCOs will allow further testing of this
hypothesis. The strong contribution of the DT variable to the model linking sex-averaged
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COR to GC* is indirect evidence of an additional role played by NCOs (table IV.5).
We hypothesize that DT is indicative not only of the CO, but also NCO distribution and
thus brings a supplementary explanation to the variation of GC*.

In addition to the above-mentioned hypotheses and in view of our results, we propose an
alternative explanation based neither on the strength of gBGC, nor on the additional
impact of NCO events, but on the difference in the distribution and usage of COs
between sexes (chapitre 1.2.4.2). At a local level, high CORs, independent of
the sex inducing them, will experiment more gBGC events and thus, generate
a stronger influence on the regional nucleotide composition. The observed sex-
linked difference in the COR/GC* correlation is mainly linked to the strategies for the
distribution of CO events (heterochiasmy). In male eutherian mammals and in female
opossum, the crossovers are mainly localized in the telomeric and subtelomeric regions,
while the opposite sex presents a more uniform distribution of these events (Sharp and
Hayman, 1988; Matise et al., 2007; Cox et al., 2009; Wong et al., 2010). Moreover, in
eutherians, the usage of hotspots is also sex-dependent, with the fewer male hotspots
exhibiting an intense activity, whereas the many COs in female correspond to low and
medium recombination hotspots (Petkov et al., 2007; Coop et al., 2008). Thus, the
subtelomeric, intensely used male COR hotspots account for a greater GC* in eutherian
mammals, than the evenly distributed, moderately female COR hotspots. In agreement
with this hypothesis, we detect no sex-specific impact in chicken, for which no notable
differences between male and female COR distribution and number have been observed
(Groenen et al., 2009) (figure IV.4). While the molecular mechanism responsible for
the sex-specific number and distribution of recombination hotspots is still unclear, it is
intimately linked with a difference in Mb interference between the sexes (reviewed in
Paigen and Petkov 2010). The sex with stronger interference will generally have less COs
(chapter II1.3.2), and since chromosome ends are rich in recombination hotspots (chapter
[.2.1.1), these COs are usually situated close to telomeres. It follows that one sex will
have intense telomeric CO hotspots, while the other will have a more even distribution
of recombination events and intensities along the chromosomes. Moreover, the physical
interference distance is intimately linked to the compaction of chromosomes during meiosis
(de Boer et al., 2006). Although in eutherians, the interference distance (when measured
in microns) is the same between the sexes, a different compaction level of the chromatids
determines the COs to be further away at the Mb scale in males (de Boer et al., 2006).

IV.4 Discussing the methodology

IV.4.1 Using TEs

The use of TEs has allowed the above analyses to be performed in other vertebrates than
human, in the absence of multiple-species whole-genome alignments. The results obtained
from organisms with different heterochiasmy patterns have allowed us to propose a new
hypothesis for the role of sex in the COR/GC* correlation. We have thus formulated our
hypothesis that heterochiasmy itself, and no other sex-factor is the main factor impacting on
the GC*. However, the insertion of TEs is not random, as in human, Alus are preferentially
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PCOR,GC* ‘ Q ‘ d ‘ H-W p-value
decode2002 AllData | 0.387 | 0.515 4.6 x 10711
decode2002 NoTelo 0.492 | 0.420 6.5 x 107°

Table IV.7: Pearson’s p correlation coefficient between human 2002 decode genetic maps
(Kong et al., 2002) and GC* inferred from human-chimpanzee-macaque triple alignment
(Duret and Arndt, 2008) in: all windows (AllData) along the chromosomes and no
subtelomeric windows (5 Mb away from telomeres) (NoTelo). Also, the p-value of the
Hotelling- William test (H-W p-value) for the comparison of correlation strength between
male and female.

fixed in GC-rich regions, while LINEs prefer GC-poor sequences Soriano et al. (1983);
Smit (1999); International Human Genome Sequencing Consortium (2001). This insertion
bias could in principle account for the observed substitution bias.

Moreover, TEs have been generated by bursts of insertion at different times in evolution.
Thus, the TEs present in a genome have different ages and the substitution pattern
they generate are indicative of multiple substitution processes taking place over longer
periods of time. Meanwhile, the COR rates inferred from genetic maps correspond to the
current recombination process, which is dynamic, with the perpetual birth and death of
recombination hotspots Ptak et al. (2005); Winckler et al. (2005). A better description of
the COR/GC* relation is expected if using recently diverged sequences.

However, the conclusions we obtain in the human genome, by using TEs, hold true on
the triple human-chimpanzee-macaque non-coding sequences from Duret and Arndt (2008)
(table IV.7). We have also filtered the TE subfamilies according to their divergence. We
retained only those subfamilies with a mean divergence < 20% and standard deviation
< 5%. Furthermore, all copies with > 20% divergence were eliminated. In order to
have enough data points, the windows containing concatenated alignments that had more
than 20 kb, instead of 100 kb, of uninterrupted, unambiguous nucleotide sequences were
analyzed. It follows that by reducing this constraint, the number of data points is similar
between this analysis (table IV.8) and the previous unfiltered data (table IV.6). This
filter could not be applied on the data in chicken because of the drastic reduction in the
number of windows left. The conclusions on the difference between sex-specific impact

and chromosome localization remain unchanged after applying this divergence filter (table
IV.8).

A puzzling effect of the use of TEs when inferring the GC* is that, contrary to earlier
studies Webster et al. (2005); Duret and Arndt (2008), our estimations of the GC*/current
GC correlation coefficients are much higher than those previously reported (table IV.6).
Since these very high correlations could be indicative of a bias in the method and/or the
data, we tested our methodology only on Alu subfamilies like in Webster et al. (2005), but
using 1 Mb windows (Table IV.9). There is a decrease in the strength of the GC*/current
GC correlation with the decrease in Alu subfamily divergence (AluJ: 0.746, AluS: 0.725,
AluY: 0.483 ). A decrease in this correlation is also observed in all species after applying
the divergence filter (e. g. 0.8708 instead of 0.9619 in human) thus we believe that there
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Number GC* GC GC* GC GC* ?COR
of - - - - - -

windows | QCOR | 9COR | #dCOR | #COR GC 3 COR

Human 2678 0.308 0.245 0.4657 0.3613 0.8708 0.2777

H-W p-value 1.911 x 10~ 1.315 x 10732

Mouse 1852 0.213 ‘ 0.1967 0.2722 ‘ 0.3005 0.6648 0.3417

H-W p-value 0.3706 0.1179

Dog 2153 -0.0638 ‘ -0.059 0.3072 ‘ 0.1974 0.7868 0.0607

H-W p-value 0.736 3.643 x 10716

Opossum 107 0.447 ‘ 0.3773 0.272 ‘ 0.299 0.8069 0.6441

H-W p-value 0.2031821 0.643

Chicken 646 0.5410 ‘ 0.5292 0.5801 ‘ 0.5963 0.8807 0.6337

H-W p-value 0.463 0.289

Table IV.8: Pearson’s p correlation coefficients between male and female recombination,
GC* and current GC in human, mouse, dog and chicken on the REs filtered for family
divergence. Only families with a mean divergence < 20% and standard deviation < 5%,
and copies with < 20% divergence have been analyzed. Only alignments containing > 20
kb of repeat sequence were retained for further analysis. The Results are reported for 1Mb
windows correlations. The Hotteling- William’s t-test p-value (H-W p-value) that compares
the strengths of correlation are reported.

Nb. of M Pearson’s correlation coefficient (p) Diver-
Source win- | eatrlll GC | Gor | Go | Ger | Go gence
dows eng GC* | QCOR | QCOR | 9COR | FCOR | (Myr)
AluJ 3819 | 5954467 kb | 0.68 | 0.218 | 0.189 0.409 0.277
Webster et al. 73
AluJ
. 1207 1Mb 0.746 | 0.086 | 0.083 0.445 0.326
This study
AluS
3843 | 5924468 kb | 0.632 | 0.235 0.25 0.376 0.297
Webster et al. 43
AluS
. 2528 1Mb 0.725 | 0.214 | 0.221 0.379 0.348
This study
AluY
3799 | 5984467 kb | 0.503 | 0.243 | 0.186 0.434 0.388
Webster et al. 28
AluY
. 554 1Mb 0.483 | 0.061 | 0.016 0.492 0.347
This study

Table IV.9: The correlations between the GC*, sex-specific recombination rate and current
GC on the three Alu families are compared between our approach and the one used in
Webster et al. (2005). Our results are based on the 1 Mb windows but, as proposed by
Webster et al., retaining only alignments containing > 20 kb of repeat sequence.

is no bias in the method (table IV.8).

When computing the substitution rates on highly diverged neutrally evolving sequences,
we measure an average substitution pattern which has been under the impact of mutation
and fixation biases as well as selective sweeps and background selection. The substitution
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process is heterogeneous both in time and at the genomic level. The recombination
hotspots are local structures (covering ~2 Kb of genomic sequence Myers et al. 2005)
with a short lifespan (Ptak et al., 2005; Winckler et al., 2005). When a hotspot covers
a neutrally evolving region it can induce biases in the substitution pattern, such as the
GC bias induced by gBGC. This bias would lead to an increase in the local GC content.
However, once the recombination hotspot has died away, the recombination-induced bias
would also disappear and the local GC-content is expected to decrease under an AT-biased
mutation rate (Sueoka, 1988; Hershberg and Petrov, 2010). The average substitution rates
inferred at long time scales, in 1 Mb windows, generate a GC* that will fluctuate around
the local genomic GC-content, explaining the increase in GC*/current GC correlation
with the increase in divergence. Despite performing a correlation between time-averaged
substitution patterns and present recombinational landscape, all our analyses confirm
previous results. While recombination hotspots are short-lived, chromosomal regions, such
as telomeres, consistently experience recombination events, being thus informative of the
time-averaged recombination rate.

IV.4.2 Window length

Because of the opossum low-density genetic map, we define windows in this species between
two adjacent genetic markers (table IV.2). This procedure generates windows with a
mean average of 27 Mb and a standard deviation of 25 Mb. The length and variability
of window sizes can have a confounding effect on the interpretation of the sex-specific
impact on the correlation between recombination and GC*. Previous studies in human
(Duret and Arndt, 2008) and yeast (Marsolier-Kergoat and Yeramian, 2009) detect an
increase in the recombination/GC* correlation coefficients with the size of the windows.
Notably, at the scale of a few Kb, the locations of crossover hotspots are known to vary
strongly among individuals of the same species (Neumann and Jeffreys, 2006; Jeffreys and
Neumann, 2009), while it has been proposed that, at the Mb scale, the recombination
regions are more stable in time (Myers et al., 2005). It is thus difficult to compare the
results in opossum, with the 1 Mb-resolution observations in the other four vertebrates.

In order to bypass this difficulty, we tested the effect of different window sizes (between
0.5 Mb and 20 Mb) on the strength of COR/GC* for female and male, in both human and
mouse. In both species, the stronger male effect on recombination rate/GC* correlation is
detectable for small window sizes (human < 10 Mb and mouse < 15 Mb), and as the size of
the windows increases, the sex-specific difference diminishes and disappears (Table IV.10).
In contrast, the stronger female COR correlation with GC* persists in opossum, even for
windows with a mean size > 20 Mb. Moreover, when dividing the opossum dataset into
windows smaller and larger than 20 Mb (additional figures D.1 and D.2), the stronger
female effect is conserved at different scales.

IV.5 Conclusion

In this chapter, we present a study of the relation between nucleotide composition, COR
and sex. The starting point is the observation that, in human, the COR/GC* correlation is
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Human Mouse
Window Nr PCORS ,GC* Nr pcors.ger | H-W
Size data — p-val data — p-val.
(Mb) PCORY,GC* PCORe,GC*
0.5 5355 0.1046 0 4786 0.0819 0
1 2688 0.1137 0 2393 0.1104 0
1.5 1794 0.1152 0 1593 0.1356 0
2 1350 0.1211 0 1197 0.1398 0
2.5 1087 0.1368 0 954 0.1346 0
5 541 0.1773 1074 473 0.1247 0.0037
7 383 0.0873 0.0637 335 0.1258 0.0093
10 267 0.0424 0.382 230 0.1068 0.0516
12 221 10~ 0.9988 191 0.1292 0.0356
15 175 -0.0134 0.7786 149 0.0936 0.1374
20 128 -0.0422 0.3231 110 0.0594 0.3953

Table IV.10: The value of pcors cor — Pcorece+ and the p-value of the Hotteling-
William’s t-test (H-W p-value) for the significance of this quantity, for different window
sizes in human and mouse.

stronger in male than in female (Webster et al., 2005; Duret and Arndt, 2008). Our analysis
of this correlation in different vertebrates has revealed that the main factor explaining
GC* is the intensity in COR. In turn, heterochiasmy generates sex-differential COR
distribution and intensities along the chromosomes. Thus, independent of the sex, a
region with a high COR will have a significant bias in the substitution pattern,
through mechanisms such as gBGC, and in time result in an increase in GC-
content.

The analysis of the base composition characteristics based on TEs has proven a valuable
tool in the study of patterns of genome evolution. The availability of less diverged triple
alignments of non-coding sequences between relatively closely related species will provide
a complementary method for inferring the substitution pattern in other species as well.
Finally, in light of the reversals in sex effects seen in opossum recombinational and base
composition characteristics, increasing resolution of the opossum genetic map promises
to provide a naturally occurring, comparative model for investigating processes that
differentiate the location and resolution of meiotic DSB events between the sexes. The
sequencing of other genomes from species with the same heterochiasmy pattern, such as
two other metatherian mammals, Sminthopsis crassicaudata and Macropus eugenii, or the
sheep, Ouwis aries, will represent a valuable tool to study into more depth the heterochiasmy
impact on the nucleotide landscape.
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Chapter V

Conclusions and Perspectives

“FEvolution is a population genetic process governed by four fundamental forces, which
jointly dictate the relative abilities of genotypic variants to expand throughout a species.
Darwin articulated a clear but informal description of one of those forces, selection
(including natural and sexual selection), whose central role in the evolution of complex
phenotypic traits is universally accepted, and for which an elaborate formal theory in terms
of change in genotypic frequencies now exists. The remaining three evolutionary forces,
however, are non-adaptive in the sense that they are not a function of the fitness properties
of individuals: mutation (broadly including insertions, deletions, and duplications) is the
fundamental source of variation on which natural selection acts; recombination (including
crossing-over and gene conversion) assorts variation within and among chromosomes; and
random genetic drift ensures that gene frequencies will deviate a bit from generation
to generation independently of other forces. Given the century of theoretical and empirical
work devoted to the study of evolution, the only logical conclusion is that these four broad
classes of mechanisms are, in fact, the only fundamental forces of evolution. Their relative
intensity, directionality, and variation over time define the way in which evolution proceeds
in a particular context.”(Lynch, 2007)

The aim of this thesis is the study of one of these evolutionary forces: recombination.
For this purpose, we used two main approaches. First, we analyzed the patterns of re-
combination rate variation between species. Second, we examined the differential
impact of inter-sexes variation in recombination on the nucleotide composition
of genomes. Both these approaches aim to enhance our understanding of the molecular
processes driving the evolution of recombination and of genomic sequences.

To characterize the differences in recombination among species, we have developed a
new model based on genetic maps, as described in chapter III. This model addresses
the relation between the total genetic length of chromosome (indicative of the total number
of crossovers (COs)) and their physical length. The model incorporates important biological
knowledge of the recombination process: the necessity for at least one CO per pair of
homologs in order to ensure their correct segregation and the notion of interference between
COs. It further allows the estimation of the rate with which additional COs are produced
per Mb and the average strength of interference, defined as the physical distance between
consecutive COs. As the model implies an analysis at the global level of the karyotype,
it can be applied even on low-resolution data and, hence, results in the exploration
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of multiple species. In chapter III, we showed that our model adjusts well on all 27
vertebrate and non-vertebrate genetic maps we analyzed, especially on those that cannot
be predicted by a simple linear model.

Studies of the inter-COs distance have been previously performed in only a handful of
species, and for these species, our estimates of the interference strength are in agreement
with these previously estimated values. Moreover, the estimates of this parameter in the
remaining species yields useful, novel information for understanding the distribution of
CO events. We show that the interference distance in Mb is highly correlated
to the average physical length of chromosomes. This linear relation represents an
important tool for characterizing inter-CO distances even for species lacking
recombination data. We further compared species based on similarities in the estimated
rate of production of additional COs per Mb. Species with comparable parameter
values might also share similar karyotype structures and dynamics affecting
the recombination pattern.

Furthermore, fitting the model on sex-specific genetic maps of 10 vertebrates has proven
a valuable tool for the study of heterochiasmy. As expected, the sex with the smallest
inter-CO distance has the higher number of COs, which are more uniformly
distributed. In the majority of cases this also leads to an increased rate of additional
CO production. Exceptions were observed for 2 species. In the metatherian Monodelphis
domestica both parameters (rate of additional CO production and interference strength)
are higher in female than male. Whether this is due to a low-resolution of the genetic map
in this species, or it is indicative of a particular mechanism in female, this result is worth
further investigations. The other species with a peculiar sex-associated trend in the values
of parameters is the bird Gallus gallus. Our results, as well as recent studies, question the
lack of heterochiasmy, previously accepted for this species.

Our results on heterochiasmy have led to the second analysis presented in this thesis
(chapter IV). Different patterns of heterochiasmy have been observed in different species.
Additionally, we know that recombination has an impact on the nucleotide composition
of sequences, through biased gene conversion. So far, studies in human have found the
male recombination to be the leading factor in the evolution of GC-content (Webster
et al., 2005; Duret and Arndt, 2008). In chapter IV, we have asked the question of the
sex-specific impact on the relation between recombination and nucleotide composition,
by analyzing this relation in a set of 5 vertebrates. Our results show that the stronger
impact of male recombination, observed for humans, is not true for all species. Moreover,
even in human, it is mainly driven by regions close to telomeres, which are enriched in
male recombination hotspots. These results suggest that strong CORs are correlated
with the nucleotide composition, independent of the sex generating them. The
difference between sexes in the localization and intensity of recombination hotspots is
responsible for the differential impact of sex on the GC/COR relation in different regions
of the chromosomes. As we have previously demonstrated (chapter III), the sex-differential
distribution of CO events is related to the strength of interference.

Moreover, we studied the impact of substitution patterns on the evolution of the
GC-content. At a smaller time-scale, the divergence human-chimpanzee, the GC-content
has been found very dissimilar to its equilibrium. In chapter IV, we show that at large
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time-scales, the GC-content of neutrally evolving sequences, subject to mutation,
genetic drift, and biased gene conversion is approaching its equilibrium. We offer a
hypothesis for these apparently contradictory observations. First, recombination hotspots
are highly dynamic, indicated by their lack of conservation between close species such as
human and chimpanzee Ptak et al. (2005); Winckler et al. (2005). Second, chromosomal
regions such as those close to telomeres maintain a very high density in recombination
hotspots in a majority of species. These results imply that while the GC-content is
fluctuating due to mutation and gene conversion biases, in the long run the two biases
might attenuate each other.

The results presented so far give new perspectives on the reciprocal influence of
karyotype, sex, recombination, and nucleotide composition. However, as the title of the
section containing the opening citation of this chapter states: “Nothing in evolution makes
sense except in the light of population genetics” (Lynch, 2007). In agreement with this
point of view, the work presented here is part of a bigger project aiming to integrate newly
available information on the recombination process, in a model describing its evolutionary
impact in a population. In chapter I1.3.3 we show that gBGC plays a major role
in the maintenance at relatively high frequencies of deleterious alleles in the
human population. The results of our simulations agree with the real data showing
that even at non-synonymous sites, AT—GC disease-associated mutations segregate at a
higher frequency than the GC—AT ones.

The work described in this thesis has revealed important factors of the differences in
recombination between species and sexes. The sex, karyotype, interference strength, and
chromosomal localization of hotspots are only some of the determinants of recombination.
Maybe the most important conclusion of this thesis is that the study of recombination
would need to integrate data from multiple species. Understanding the differences in the
mechanism is equally important to the study of its conserved features. Many questions still
remain unanswered. What generates a differential condensation of chromosomes between
male and female? How can we explain the differences and similarities in recombination
between species accounting for populations dynamics? Model of the gBGC impact have
been built mainly for human, what do these models predict for other organisms? How
long do recombination hotspots live? How does this dynamics affect the evolution of
sequences under gBGC? How about the organization of genomes in isochores and their
related genomic features? While huge progress has been made in the last years for the
study of recombination and more is to be expected, we hope that the work presented in
this thesis can form a starting point for the study of these yet unanswered questions.
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B Human recombination hotspots analyzed by
sperm-typing.

Name In- Width Location BGC References
tensi- | (kb)
ty
DPA1 27 1.6 MHC class 11 No Kauppi et al. (2005)
(intergenic)
DNA1 04 1.9 MHC class II No Jeffreys et al. (2001)
(intergenic)
DNA2 8 1.3 MHC class 11 87:13 Jeffreys et al. (2001);
(intergenic) Jeffreys and
Neumann (2002)
DNA3 100 1.2 MHC class 11 No Jeffreys et al. (2001)
(intergenic)
DMB1 5 1.8 MHC class II No Jeffreys et al. (2001)
(intron)
DMB2 45 1.2 MHC class 11 No Jeffreys et al. (2001)
(intergenic)
TAP2 8 1.0 MHC class 11 No Jeffreys et al. (2001)
(intron)
MSTM1la 15 1.2 Chr 1 (intergenic) 72:28 Jeffreys et al. (2005);

Neumann and
Jeffreys (2006)
MSTM1b | 16 1.6 Chr 1 (intergenic) No Jeffreys et al. (2005);
Neumann and
Jeffreys (2006)

NID1 70 1.5 Chr 1 (intron) 74:26 Jeffreys and
Neumann (2005);

Jeffreys et al. (2005)
NID2a 10 1.4 Chr 1 (intron) No Jeffreys et al. (2005)
NID2b 4 1.1 Chr 1 (intron) No Jeffreys et al. (2005)
NID3 70 2 Chr 1 (intergenic) No Jeffreys et al. (2005)
MS32 40 1.5 Chr 1 (intergenic) No Jeffreys et al. (2005)
MSTM2 0.9 1.3 Chr 1 (intergenic) No Jeffreys et al. (2005)
SHOX 300 2 Chr X/Y PAR No May et al. (2002)
region
[B-globin 200 1.2 Chr 11 (intron) No Holloway et al.
(2006)
PCP-1a 21 2.2 Chr 21 (intron) No Tiemann-Boege et al.

(2006)
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Name In- Width Location BGC References
tensi- | (kb)
ty
PCP-1b 25 0.5 Chr 21 (intron) No Tiemann-Boege et al.
(2006)
PCP-2 77.5 1.2 Chr 21 (intron) No Tiemann-Boege et al.
(2006)
A 1.3 Chr 21 No Webb et al. (2008)
B 1.3 Chr 21 83:17 | Webb et al. (2008)
C1 1.2 Chr 6 No Webb et al. (2008)
C2 1.9 Chr 6 No Webb et al. (2008)
D 1.3 Chr 6 56:44 Webb et al. (2008)
E 1.4 Chr 8 56:44 Webb et al. (2008)
F 1.4 Chr 12 No Webb et al. (2008)
G1 1.3 Chr 8 No Webb et al. (2008)
G2 1.5 Chr 8 No Webb et al. (2008)
H 1.2 Chr 3 No Webb et al. (2008)
J1 1.3 Chr 5 83:17 Webb et al. (2008)
J2 1.5 Chr 5 No Webb et al. (2008)
K 1.4 Chr 8 No Webb et al. (2008)
L 1.9 Chr 18 No Webb et al. (2008)
M 1.5 Chr 2 No Webb et al. (2008)
N 1.6 Chr 18 (intron) No Webb et al. (2008)
P 1.4 Chr 13 56:44 Webb et al. (2008)
Q 1.3 Chr 1 56:44 | Webb et al. (2008)
R 1.9 Chr 20 No Webb et al. (2008)
S1 0.15% 1.5 Chr 3 62:38 Jeffreys and
Neumann (2009)
S2 0.1% 1.0 Chr 3 74:26 Jeffreys and
Neumann (2009)
T 760 Chr 3 (intergenic) Berg et al. (2010)
U 350 Chr 9 (intergenic) Berg et al. (2010)
CF 875 Chr 8 (intron) Berg et al. (2010)
CG 650 Chr 16 Berg et al. (2010)
(intergenic)
PAR2 230 Chr X/Y PAR Berg et al. (2010)
region
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C Correlations between distance to telomeres, GC*,
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Figure C.1: The correlations between GC*, female (@) and male (3') crossover rates
(COR) and the distance to telomeres (DT) in human, mouse, dog and chicken. Pearson’s
p correlation coefficients are given. Three, two and one stars near these values stand for
p-values of the correlation test inferior to 1071¢, 1071° and 0.05 respectively.
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Figure C.2: The correlations between GC*, female () and male (') crossover rates
(COR) and the distance to telomeres (DT) in opossum. Pearson’s p correlation coefficients
are giwen. Stars near these values stand for p-values of the correlation test inferior to 0.05.
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D Opossum correlation windows smaller and larger
than 20 Mb
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Figure D.1: The correlations between GC¥*, female and male COR for window sizes
inferior to 20Mb in opossum.
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Figure D.2: The correlations between GC*, female and male COR for window sizes
superior to 20Mb in opossum.
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