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Homologous recombination 
What, who, why? 

What:  
Mechanism of repair of double-strand breaks (DSBs) 

Mechanism of exchange of genetic material between two 
similar or identical molecules of DNA 



Meiotic recombination 



Homologous recombination 
What, who, why? 

What ?  
Mechanism of repair of double-strand breaks (DSBs) 

Mechanism of exchange of genetic material between two 
similar or identical molecules of DNA 

Who ? 

Eukaryotes (meiosis, mitosis), Bacteria, Archaea 
(horizontal gene transfer) 



Why recombine? 



Homologous recombination 
What, who, why? 

What ? 
Mechanism of repair of double-strand breaks (DSBs) 

Mechanism of exchange of genetic material between two 
similar or identical molecules of DNA 

Who ? 
Eukaryotes (meiosis, mitosis), Bacteria, Archaea (horizontal 
gene transfer) 

Why ? 

Repair of DSBs 
Genetic diversity (sex, parasexuality) 



Why sex? 



The impact of recombination 
on the evolution of organisms 

 
Genetic linkage interferes with selection 



Genetic hitch-hiking 

  Positive selection on a given locus leads to the fixation of alleles at 
linked sites 

  => reduction of polymorphism level at linked sites 

Genetic diversity in 
the initial 
population 

Genetic diversity 
after the selective 
event 

Maynard Smith & 
Haigh (1974) 



Background selection 

  Purifying selection leads to a reduction of polymorphism level at 
linked sites 

Genetic diversity in 
the initial 
population 

Genetic diversity 
after purifying 
selection 

Charlesworth et al. 
(1995) 



Genetic linkage interferes 
with selection 

 Both positive and purifying selection lead to a reduction of 
genetic diversity at linked sites 
  => equivalent to a reduction of effective population size (Ne) 

Lower Ne => more genetic drift => higher probability of 
fixation of deleterious alleles 



Hill-Robertson interference 
a b 

a B 

Linked loci: a, b 

A, B: slightly advantageous alleles 

A b 

Fitness = 0.90 
Fitness = 0.95 

Fitness = 1 

a B 
Selection in favor of B will 
lead to the fixation of the aB 
haplotype. The advantageous 
A allele will disappear. 

No Recombination Recombination

A B 
Haplotype AB will appear in 
the population and its 
fixation will be favored by 
selection.

Hill & Robertson (1966) 



The impact of recombination 
on the evolution of organisms 
  Selection efficiency 
  Selection is less efficient in genomic regions of low 

recombination rate 

  Lack of recombination leads to the accumulation of 
deleterious mutations, and decreases the adaptive 
potential of species 

  Degenerate evolution of non-recombining 
genomes (e.g. Y chromosome) 

  Short lifespan of asexual species* 



Homologous recombination is 
universal 

Homologous recombination is present in most of prokaryotic 
organisms  : 
  Acquisition of external DNA and integration within the genome 

by homologous recombination (horizontal gene transfer) 

  => gene flux among individuals within a population 

  => parasexuality 

  Non-recombining genomes (e.g. endosymbiotic bacteria) 
degenerate 

Ancient ameiotic eukaryotes (e.g. bdeloid rotifers): evidence of 
gene flux by homologous recombination via horizontal gene 
transfer 



The impact of recombination 
on the evolution of organisms 

 Genetic linkage interferes with selection 

Recombination decreases linkage, and hence 
increases the efficacy of selection 

  In the long-term, homologous recombination is 
essential to promote adaptation and limit the 
risk of species extinction 



Biased gene conversion: the 
dark side of recombination  



Evolution 
  Mutation => new alleles 

  Changes of allele frequencies over generations 
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Population 

…

ü  Genetic drift 
ü  Natural selection 

Fixation of the red  allele 

ü  Biased Gene 
ü  Conversion 



Biased gene conversion (BGC): the other facet 
of recombination 

BGC increases the frequency of donor alleles in the pool of gametes => increases their 
probability of fixation in populations 

Conversion tract Conversion tract 

Crossover Non-crossover 

Ratio     1:1   2:0   1:1 Ratio     1:1   2:0   1:1 

Gene conversion => non-mendelian transmission of alleles 

If one allele has a higher probability to be the donor => biased gene conversion (BGC) 



Biased Gene Conversion 
  A non-adaptive process that looks like selection 

Recombination affects allele frequencies in populations  

  NOT a mutagenic effect of recombination 
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Population 

…

Fixation of the red  allele 



Biased Gene Conversion:  
an old story 

  Lamb, B. C. and Helmi S. (1982) The extent to which gene 
conversion can change allele frequencies in populations. 
Genet. Res. 3 9 199-217.  

Nagylaki T. (1983). Evolution of a finite population under 
gene conversion. Proc. Natl. Acad. Sci. USA 80:6278–681  

  Walsh JB. (1983) Role of biased gene conversion in one-
locus neutral theory and genome evolution. Genetics. 
105:461-8. 

Bengtsson BO. (1986). Biased conversion as the primary 
function of recombination. Genet. Res. 47:77–80  



BGC mechanisms (1): initiation bias 

Repair 

Conversion tract 

Ratio     1:1   0:2   1:1 

At the population scale, if both haplotypes have the same rate of DSB formation, then 
they have the same probability to be transmitted to the next generation 

Conversion tract 

Ratio     1:1   2:0   1:1 

Initiation of 
recombination:  
Double strand break 
(DSB) 
 

Spo11 



BGC mechanisms (1): initiation bias 

Repair 

Conversion tract 

Ratio     1:1   0:2   1:1 

Conversion tract 

Ratio     1:1   2:0   1:1 

Initiation of 
recombination:  
Double strand break 
(DSB) 
 

"Cold" allele: lower DSB frequency 

>> 

BGC in favor of cold alleles 

Myers et al. 2010, Science 



BGC mechanisms (2): mismatch repair bias 

Non-crossover Crossover

Molecular events of meiotic recombination

Heteroduplex 
DNA

T

G DNA 
mismatch 
repair

T

A

C

G

(G-> A) (T-> C)

Lesecque et al. (2013) Mol Biol Evol 

BGC in favor of GC alleles  



Two types of BGC 

  Initiation bias: BGC in favor of cold alleles (i.e. alleles 
with lower rate of DSB formation, i.e. alleles with low 
recombination activity) 
  dBGC: DSB-induced Biased Gene Conversion 

Mismatch repair bias: BGC favors GC-alleles over AT-
alleles  
  gBGC: GC-Biased Gene Conversion 



gBGC in yeast  

Mancera et al. (Nature 2008): high resolution mapping of 
meiotic recombination products in yeast 

  >6000 recombination events 

  Gene conversion tracts involving GC/AT heterozygotes 

Gamete frequency expected in absence of BGC: 
 freq. GC = freq. AT = 50% 

Observed gamete frequency: 
 freq. GC=50.7%  AT=49.3% 

=> gBGC increases the frequency of GC alleles  in populations => 
increases their probability of fixation 



gBGC in human 

  Williams et al. (eLife 2015): analysis of non-crossover in 
human pedigrees 

  103 recombination events 

  Gene conversion tracts involving GC/AT heterozygotes 

Gamete frequency expected in absence of BGC: 
 freq. GC = freq. AT = 50% 

Observed gamete frequency: 
 freq. GC=68%  AT=32% 

 



gBGC in birds 

Smeds et al. (Plos Genet 2016): analysis of non-crossover in 
flycatcher pedigrees 

  229 recombination events 

  Gene conversion tracts involving GC/AT heterozygotes 

Gamete frequency expected in absence of BGC: 
 freq. GC = freq. AT = 50% 

Observed gamete frequency: 
 freq. GC=59%  AT=41% 

 



Impact of gBGC on genome evolution ? 

§  The intensity of gBGC depends on: 
§  b0 : transmission bias (= mismatch repair bias) 

§  FGC = ½(1+b0) 
§  FAT = ½(1-b0) 
§  Example: human:  

§  FGC = 0.68, FAT = 0.32  
§  b0 = 0.36 

§  r : probability to be involved in a gene conversion event 
(recombination rate, conversion tract length)  

§  Ne :  effective population size  



Impact of gBGC on genome evolution ? 
•  Nagylaki (1983): gBGC behaves just like selection of a 

semidominant mutation  
§  b = b0 × r : gBGC coefficient (<=> selection coefficient s) 
§  Ne :  effective population size  

§  The probability of fixation of AT→GC mutations is  

§  The probability of fixation of GC→AT mutations is  

ANRV386-GG10-14 ARI 29 July 2009 1:30

BOX 2: THE gBGC COEFFICIENT AND THE
PROBABILITY OF FIXATION OF MUTATIONS
AT NEUTRAL SITES

Consider a site with GC/AT polymorphism. The frequency of the
GC-allele among gametes produced by a heterozygous individual
is xGC = 1

2 (1 + b), where b is the gBGC coefficient. Similarly, the
frequency of the AT-allele in the pool of gametes is xAT = 1

2 (1−b).
BGC behaves just like selection of a semidominant mutation

(103). So, at selectively neutral sites, the probability of fixation of
AT → GC mutations is

P (AT → GC) = 1 − e−2b

1 − e−4Neb

and the probability of fixation of GC → AT mutations is

P (GC → AT ) = 1 − e2b

1 − e4Neb

where Ne is the effective population size.
The gBGC coefficient at a given site depends on two param-

eters: (i) the frequency at which this site is involved in a recom-
bination event (crossover or noncrossover) and (ii) the strength
of the gene conversion bias. Under the assumption that gBGC is
caused by the repair of DNA mismatches in heteroduplex DNA,
the first parameter depends on the recombination rate and on the
length of gene conversion tracts.

proponents of selective models admit that this
is highly unlikely (11). Bernardi (11) proposed
a “neoselectionist theory” to explain the evo-
lution of isochores, but he did not present any
analytical or simulation studies to test the valid-
ity of his model (11). In fact, theoretical stud-
ies showed that selection on large numbers of
linked sites is inefficient, especially in species
with relatively small effective population sizes
such as mammals (112).

Because selection seems implausible, several
authors proposed that variations of GC-content
along mammalian chromosomes might result
from variations in patterns of mutation (44, 46,
47, 142). But this model was rejected by the
data. One strong prediction of such mutational
models is that at neutral sites, all mutations
should have the same probability of fixation. To
test this prediction, Eyre-Walker (41) analyzed

polymorphism at silent sites in the MHC locus
in human and murine populations. He showed
that in both species derived GC-alleles (i.e.,
alleles resulting from a AT → GC mutation)
segregate at a higher frequency than derived
AT-alleles. This observation, later confirmed
using genome-wide data (39, 87, 127, 137),
demonstrates that GC-alleles have a higher
probability of fixation than do AT-alleles
(for a discussion of possible artifacts, see 35,
61). Thus, according to polymorphism data,
the evolution of GC-content in mammalian
genomes is not simply driven by patterns of
mutation.

The Origin of Isochores:
The gBGC Model
Given that neither selectionist nor mutational
models provide satisfactory explanations for the
origin of GC-rich isochores, we focused on
a third possible hypothesis: biased gene con-
version (54). This model originates from work
by Brown & Jiricny (20), who noted that the
GC-bias of the mismatch repair machinery
might lead to a gene conversion bias favor-
ing GC-alleles (gBGC). A few years later,
Holmquist (64) and Eyre-Walker (40) proposed
the hypothesis that gBGC could be responsible
for the evolution of GC-rich isochores. One
strong prediction of this model is that sequences
subject to a high level of recombination should
be GC-rich. And indeed, the analysis of hu-
man sequences demonstrated a genome-wide
positive correlation between crossover rate and
GC-content (r2 = 0.15 at the Mb scale) (48,
80). The mouse Fxy gene provides a spectacu-
lar example of this relationship. This gene was
recently translocated into the pseudoautosomal
region of the X chromosome, where the rate of
crossover is extremely high. This translocation
was followed by a strong acceleration in sub-
stitution rates (111) and a very strong increase
of its GC-content at both coding and noncod-
ing sites (e.g., a change in GC-content at third
codon positions from 56% to 87%, in less than
3 million years) (52, 97). Nonallelic recombina-
tion also appears to be associated with increases

292 Duret · Galtier
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genomes is not simply driven by patterns of
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origin of GC-rich isochores, we focused on
a third possible hypothesis: biased gene con-
version (54). This model originates from work
by Brown & Jiricny (20), who noted that the
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Impact of gBGC on genome evolution ? 

§  Population-scaled BGC coefficient: B = 4 Ne × b 
§  |B| << 1 : random genetic drift (neutral evolution) 
§  |B| >> 1 : strong BGC 
§  |B| ~1 : nearly-neutral area 

§  Loci under selective pressure (S): 
§   if |B| ≥ |S|, gBGC interferes with selection, and can drive 

the fixation of deleterious alleles 



Does gBGC affect genome 
evolution in mammals?  

  Large-scale variation in GC-content along chromosomes 
(isochores) (Bernardi et al. 1985, Science) 

Alföldi et al (2011) Nature 477:587–591 



Does gBGC affect genome 
evolution in mammals?  

  Large-scale variation in recombination rate along 
chromosomes 

article

nature genetics • volume 31 • july 2002 243

11.8 cM (23.6%) and 9.3 cM (16.5%) greater than the lengths
indicated by the Marshfield map.

Because of differences in recombination rates between the
sexes, the estimated genetic length of the female autosomal
genome (4,281 cM) differs from that the male genome
(2,590 cM) by a ratio of 1.65.

High-resolution map shows fine structure of
recombinations
We compared the high-resolution genetic map with our corrected
sequence to derive recombination rates in centimorgans per
megabase across the genome (Web Table E online gives estimated
sex-averaged and sex-specific recombination rates at the marker
locations). The shorter chromosomes usually have higher recombi-
nation rates than the longer ones, and the relationship between the
average recombination rate and the physical length of a chromo-
some can be fitted well by a smooth curve (see Web Fig. A online).
The average recombination rates of chromosomes 21 and 22 are
twice as high as those of chromosomes 1 and 2. Recombination
rates also vary across individual chromosomes, as illustrated by the
sex-averaged crossover rates for chromosome 3 (Fig. 1; Web Fig. B
online contains the corresponding plots for the other chromo-
somes). The crossover rate varied from over 3 cM Mb–1 at the
telomere of the short arm to less than 0.1 cM Mb–1 at the cen-
tromere and its immediate surroundings on the short arm. Most
interesting is the large number of local recombination peaks and
valleys throughout each chromosome. Using the same 8 CEPH
families from which the Marshfield map was constructed, Yu et al.13

identified 19 recombination ‘deserts’, defined as regions with
crossover rates less than 0.3 cM Mb–1, and 12 recombination ‘jun-
gles’, defined as regions with crossover rates greater than 3 cM
Mb–1. Three of the deserts and one of the jungles identified by Yu et
al.13 are on chromosome 3 (locations indicated in Fig. 1). We iden-
tified the same jungle, but none of their three deserts; however, we
identified other potential desert regions.  With respect to the whole
genome, we detected 8 of the 19 deserts
identified by Yu et al.13 (5 with recombi-
nation rates between 0.3 and 0.5) but
found better agreement with the 12 jun-
gle regions, all located at the telomeres. It
is likely that the discrepancy with regard
to recombination deserts is due to the
small sample size of the original study13.

We calculated the crossover rates in
males and females across chromosomes
1 and 7 (Fig. 2) much as we did the sex-
averaged crossover rates (Fig. 1), but
using a larger bin size (6 Mb as com-
pared to 1 Mb). This provides poorer
resolution but is necessary to ensure
that the estimates have similar preci-
sion. We confirmed that crossover rates
in females are much higher around the
centromeres, whereas those in males
tend to be higher towards the telom-
eres4. Our data show a more compli-

cated pattern, however (for comparison, see ref. 4). Notably,
although locations of local peaks and valleys for the two sexes
tend to coincide, there are some instances of phase shifts, such
that a peak for males corresponds to a valley for females and vice
versa. Two such regions lie near the centromere on the p arm of
chromosome 1 and around 25 Mb on chromosome 7. In addi-
tion, the ratio of sex-specific recombination rates fluctuates
greatly across the chromosomes (Web Fig. C online). Over the
whole genome, the correlation between male and female
crossover rate is 0.57, high enough to lend support to the notion
that underlying variables, such as sequence content and physical
location, may explain a large fraction of the variation in sex-aver-
aged crossover rates.

Correlation of recombination with sequence parameters
Many statistically significant correlations between recombination
rates and sequence content have been identified using genetic
maps such as the Marshfield map. These correlations are usually
small, however, and parameters explaining a substantial percent-
age of the variance of recombination rates have not been identi-
fied. For example, among parameters relating to sequence
content, the highest correlation seen in the study that identified
recombination deserts and jungles13 was with GC content, and
this explained only 5% of the variation in sex-averaged recombi-
nation rates (R2 = 0.05). In contrast, we saw much stronger corre-
lation with GC content (correlation = 0.39, R2 = 0.15) and other
sequence parameters (Table 2). When we used the parameters
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Fig. 1 Sex-averaged recombination rate for chromosome 3. Points corre-
spond to sex-averaged crossover rates, calculated using moving windows 3
Mb in width; the shift from the center of one bin to the next is 1 Mb. The
sex-averaged genetic distance for each 3-Mb window was calculated on the
basis of our genetic map, and assumes a constant crossover rate between
two adjacent markers. The solid curve was fitted to the points using smooth-
ing splines26. c represents the centromere; cd represents the three recombi-
nation deserts and j the recombination jungle identified by Yu et al.13 using
data obtained from CEPH families.
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Fig. 2 Sex-specific recombination rates for chromosomes 1 and 7. Solid line, female; dashed line, male.
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Human chromosome 3 

Kong et al. (2002)  
Nat Genet. 31: 241–7 



Does gBGC affect genome 
evolution in mammals?  

  Relationship between recombination rate and the 
evolution of GC-content ? 

Analysis of substitution patterns at neutral sites 
along the human lineage, since the divergence 
from chimpanzee 

Chimp H. sapiens Macaque 

A C 

G T 
Whole genome alignments 
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Equilibrium GC-content and 
recombination 

R2 = 36%
p < 0.0001

Cross-Over Rate (cM/Mb)

Equilibrium
GC-content
GC*

N = 2707 non-overlapping windows (1 Mb), from autosomes
Duret & Arndt (2008) Plos Genet 

Chimp Human Macaque 
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Equilibrium GC-content and 
recombination 

R2 = 36%
p < 0.0001

Cross-Over Rate (cM/Mb)

Equilibrium
GC-content
GC*

N = 2707 non-overlapping windows (1 Mb), from autosomes
Duret & Arndt (2008) Plos Genet 

Chimp Human Macaque 

Munch K, Mailund T, Dutheil J, Schierup M. (Genome Res. 2013): 

GC* vs crossover rate in human-chimp ancestral lineage: 
R2=64% 

Gorilla 

Underestimate ! 



GC-content and Recombination 
  Strong correlation: suggests direct causal 
relationship 

  GC-rich sequences promote recombination ?  
Gerton et al. (2000), Petes & Merker (2002), Spencer et al. (2006) 

  Recombination promotes AT→GC 
substitutions ? 
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Fine scale, short term: substitutions 
patterns at recombinations hotspots 

Mice sub-species: M. m. domesticus/castaneus:  
  0.5–1.0 million years of divergence, 99.2% sequence identity 

Different sets of recombination hotspots (Baker et al. 2015) SPRET	DOM	CAST	

DOM : N=3,244 hotspots 
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GC-content and Recombination 
  Strong correlation: suggests direct causal 
relationship 

  GC-rich sequences promote recombination ?  
Gerton et al. (2000), Petes & Merker (2002), Spencer et al. (2006) 

  Recombination promotes AT→GC 
substitutions ? 



Impact of recombination on the 
evolution of GC-content: 

Mutagenic effect or fixation bias?  
 



Detecting fixation bias by analysis 
of polymorphism data 

Derived allele frequency spectrum 
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Mutagenic effect of recombination or 
fixation bias?  

 
  1000 Genomes Project SNP dataset: 

  Ancestral state inferred by comparison with outgroups 
(chimp, orangutan, macaca)  

Analysis of derived allele frequency spectra 
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Mutagenic effect of recombination or 
fixation bias?  

Analysis of derived allele frequency spectra 

0 0.1 0.25 0.4 0.55 0.7 0.85

A
All non-CpG SNPs

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6 WS N=5489819

SW N=7080432

0 0.1 0.25 0.4 0.55 0.7 0.85

B
Low recombination rate

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

WS N=559280
SW N=660611

0 0.1 0.25 0.4 0.55 0.7 0.85

C
High recombination rate

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6 WS N=512627

SW N=692006

0.01 0.05 0.50 5.00

0.
00

0.
01

0.
02

0.
03

0.
04

D

Recombination rate (cM/Mb, Log scale)

M
ea

n(
D

A
F 

W
S

) -
  M

ea
n(

D
A

F 
S

W
)

0 0.1 0.25 0.4 0.55 0.7 0.85

A
All non-CpG SNPs

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6 WS N=5489819

SW N=7080432

0 0.1 0.25 0.4 0.55 0.7 0.85

B
Low recombination rate

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

WS N=559280
SW N=660611

0 0.1 0.25 0.4 0.55 0.7 0.85

C
High recombination rate

Derived Allele Frequency

D
en
si
ty

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6 WS N=512627

SW N=692006

0.01 0.05 0.50 5.00

0.
00

0.
01

0.
02

0.
03

0.
04

D

Recombination rate (cM/Mb, Log scale)

M
ea

n(
D

AF
 W

S)
 - 

 M
ea

n(
D

AF
 S

W
)

=> In regions of high recombination, GC alleles have a higher probability of 
fixation than AT alleles  



The fixation bias in favor of GC-alleles 
increases with recombination 
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Evidence of gBGC in humans 

  Analysis of non-crossovers in human pedigrees: 
transmission bias in favor of GC alleles (68:32) 

  In non-coding regions (presumably neutral): 
  The evolution of GC-content is driven by 

recombination 

  GC-alleles segregate at higher frequency than AT-
alleles 

  This fixation bias increases with recombination rate 



Quantifying gBGC 
 in the human genome 

  Quantify the strength of gBGC from the comparison of the DAF spectra of 
WS and SW mutations 

  Maximum likelihood framework, inspired by Eyre-Walker, Woolfit & Phelps 
(2006): quantify selection on non-synonymous mutations 

  Using WW and SS SNPs as neutral markers (i.e. not affected by gBGC) to take 
demographic history into account 

  Model parameters: 
  Population-scaled gBGC coefficient (B = 4 Ne b) 
  Mutational bias (WS/SW mutation rate) 
  SNP polarization error rates 

  Accounting for heterogeneity of recombination rates (recombination hotspots) 

 

Sylvain Glémin  

Glémin et al. Genome Res. (2015) 
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Evidence of gBGC at 
recombination hotspots in birds 

Singhal et al. Science  (2015) 350: 928–932. doi:10.1126/science.aad0843 

with human hotspots when a 7.2% overlap is ex-
pected by chance (fig. S11).
To provide further support for the validity of

the inferred hotspots, we tested whether they
show evidence for GC-biased gene conversion
(gBGC), measured as higher expected equilib-
rium levels of GC content (GC*) (18). Because
evidence for gBGC in birds is somewhat indirect
(22), we first looked for support for gBGC at
broad genomic scales, finding a positive relation-
ship between recombination rate and GC* (Fig. 3,
A and B). Narrowing our focus to the regions
surrounding hotspots, we observed that hotspots
exhibit peaked GC* relative to both flanking se-
quences and “coldspots” (regions without peaks
in recombination) matched for the same overall
GC and CpG content (Fig. 4, A and B). A similar
phenomenon is evident in intraspecies variation
data: At hotspots but not at matched coldspots,
derived alleles segregate at a higher frequency
at AT-to-GC polymorphisms than at GC-to-AT
polymorphisms (fig. S13). Thus, two independent
signatures of recombination—namely, patterns of
linkage disequilibrium and of base composition
—converge in demonstrating that finches have
recombination hotspots and that these are con-
served over much longer time scales than in apes
and mice (8–10).
After observing the pattern of gBGC at hot-

spots in the zebra finch and long-tailed finch
genomes, we tested how far the conservation of
hotspot locations extends across the avian phy-
logeny by additionally considering the genomes
of the double-barred finch [an estimated ~3.5
million years diverged from the zebra finch (18)],
medium ground finch Geospiza fortis [~15.5 mil-
lion years diverged from the zebra finch (23)],
and collared flycatcher Ficedula albicollis [~19.1
million years diverged from the zebra finch (24)].
Becausewe only had a single diploid genome from
these species, we tested for hotspot conservation
indirectly by determining whether these species

had peaks in GC* at the hotspot locations that we
had inferred to be shared between the zebra
finch and long-tailed finch. We found localized
GC* peaks at hotspots in all three species (Fig. 4,
C to E), suggesting that the conservation of
hotspots extends across tens of millions of years
of evolution. These findings mirror those ob-
tained from four species of Saccharomyces yeast,
which show nearly complete conservation of hot-
spot locations and intensities across species that
are 15 million years diverged (25). Almost all hot-
spots in Saccharomyces yeast occur at promoters,
which are evolutionarily stable, suggesting that
how hotspot locations are specified influences
how they evolve (12, 26).

The localization of hotspots in
the genome

Hotspots in the zebra finch and long-tailed finch
genomes are enriched near transcription start
sites (TSSs), transcription stop sites (TESs), and
CpG islands (CGIs), with close to half of all hot-
spots occurringwithin 3 kbof one of these features
(~17% occur within 3 kb of both an annotated
TSS and a CGI, 3%within 3 kb of both a TES and
a CGI, and ~26% within 3 kb of a CGI only; fig.
S14). In particular, the hotspots near CGIs are
more likely to be shared between species and
exhibit stronger evidence for gBGC, compared
with hotspots distant from CGIs (fig. S15), pro-
viding further support for the importance of these
elements in the targeting of recombination. Con-
sistent with the findings about hotspots, recombi-
nation rates are nearly two times higher near
annotated TSSs and TESs (Fig. 5, A and B). This
pattern appears to be driven mainly by their colo-
calization with CGIs (Fig. 5, A and B, and fig. S16):
Rates near CGIs aremore than three times higher,
with only a small further increase if they are near
a TSS or a TES (Fig. 5, C and D, and fig. S17).
A positive association between proximity to

the TSS and recombination rate has been pre-

viously reported in a number of species without
PRDM9, including S. cerevisiae, the monkey
flower Mimulus guttatus, dogs, and A. thali-
ana (11, 13, 14, 27), and an association between
TES and recombination rate has been shown in A.
thaliana (14). In turn, the link between CGIs and
recombination rates has been found both in
species without PRDM9, including dogs (11),
and, albeit more weakly, in species with PRDM9,
including humans and chimpanzees (9). More-
over, the relationship between distance to CGIs
and recombination rate remains significant after
controlling for expression levels in zebra finch
testes (Spearman’s r = –0.1; P = 4.32 × 10−27; fig.
S18). This increase in recombination rates near
TSSs, TESs, and CGIs supports a model in
which, particularly in the absence of PRDM9-
binding specificity, recombination is concen-
trated at functional elements that are accessible
to the recombination machinery. TSSs, TESs, and
CGIs all coincide with destabilization of nearby
nucleosomeoccupancy (28,29), andbothTSSs and
CGIs serve as sites of transcription initiation (30).
One implication is that the structure of linkage
disequilibriummay differ systematically between
species with and without PRDM9, with tighter
coupling between regulatory and exonic var-
iants in species with PRDM9.
Under a model in which the recombination

machinery tends to target accessible genomic
elements, we would not necessarily expect to see
enrichment of specific binding motifs associated
with hotspot activity. Accordingly, whenwe tested
for motifs enriched in hotspots relative to cold-
spots, the top motifs in both species were strings
of adenines that are also enriched in A. thaliana
and yeast hotspots and that may be nucleosome-
depleted or facilitate nucleosome removal (fig.
S19) (13, 31). We also found a number of addi-
tional motifs that are GC-rich and perhaps in-
dicative of CGIs.
At even finer resolution, recombination rates

are higher in exonic than in intronic regions, as is
observed in to A. thaliana (14), dogs (11), and
M. guttatus (27), and higher toward the ends of
the gene than in themiddle (Fig. 5, E and F). One
possibility for these patterns is that DSBs prefer-
entially initiate in exons near the TSS and TES,
and their resolution occurs in intervening exons
and introns. The specific mechanism by which
DSBs would preferentially initiate in exons is un-
known, but the pattern is consistent with an im-
portant role for chromatinmarks that distinguish
exons from introns (28).

Contrasting tempos of broad- and
fine-scale recombination rate evolution

Median recombination rates across and within
chromosomes vary over nearly six orders of mag-
nitude (figs. S8 and S20), creating a heteroge-
neous landscape of broad-scale recombination
rates across the genome, with regions of elevated
recombination near telomeres and large inter-
vening deserts [as inferred from zebra finch ped-
igree data (21)]. Most of the recombination events
in the zebra finch and long-tailed finch occur in a
narrow portion of the genome, with 82 and 70%
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2.9 myr
(2.6 - 3.2)

3.5 myr
(3.3 - 3.8)

15.5 myr
(14.7 - 16.2)

19.1 myr
(18.2 - 20.0)

Fig. 4. Expected GC* around hotspots and matched coldspots for five bird species. Points (hotspots
in red and coldspots in blue) represent GC* estimated from the lineage-specific substitutions aggregated in
100-bp bins from the center of all hotspots in (A) zebra finch and (B) long-tailed finch. GC* for (C) the double-
barred finch, (D) the medium ground finch, and (E) the collared flycatcher was calculated around hotspots
identified as shared between the zebra finch and long-tailed finch. Local regression curves are shown for a span
of0.2.Theorientationof hotspots iswith respect to thegenomic sequence.The species tree (18) above thepanels
is shownwith estimated divergence times inmillions of years (myr) and its 95%highest posterior density in gray.
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Stable recombination hotspots
in birds
Sonal Singhal,1,2*† Ellen M. Leffler,3,4* Keerthi Sannareddy,3 Isaac Turner,4

Oliver Venn,4 Daniel M. Hooper,5 Alva I. Strand,1 Qiye Li,6 Brian Raney,7

Christopher N. Balakrishnan,8 Simon C. Griffith,9 Gil McVean,4 Molly Przeworski1,2†

The DNA-binding protein PRDM9 has a critical role in specifying meiotic recombination
hotspots in mice and apes, but it appears to be absent from other vertebrate species,
including birds. To study the evolution and determinants of recombination in species
lacking the gene that encodes PRDM9, we inferred fine-scale genetic maps from
population resequencing data for two bird species: the zebra finch, Taeniopygia guttata,
and the long-tailed finch, Poephila acuticauda. We found that both species have
recombination hotspots, which are enriched near functional genomic elements. Unlike in
mice and apes, most hotspots are shared between the two species, and their conservation
seems to extend over tens of millions of years. These observations suggest that in the
absence of PRDM9, recombination targets functional features that both enable access to
the genome and constrain its evolution.

M
eiotic recombination is a ubiquitous and
fundamental genetic process that shapes
variation in populations, yet our under-
standing of its underlying mechanisms
is based on a handful ofmodel organisms,

scattered throughout the tree of life. One pattern
shared amongmost sexually reproducing species
is that meiotic recombination tends to occur in
short segments of hundreds to thousands of base
pairs, termed “recombination hotspots” (1). In
apes and mice, the location of hotspots is largely
determined by PRDM9, a zinc-finger protein that
binds to specific motifs in the genome during
meiotic prophase and generates histoneH3 lysine
4 trimethylation (H3K4me3) marks, eventually
leading to double-strand breaks (DSBs) and both
crossover and noncrossover resolutions (2–5). In
mammals, the zinc-finger domain of the gene
PRDM9 evolves quickly, with evidence of positive
selection on residues in contact with DNA (2, 6);
as a result, there is rapid turnover of hotspot lo-
cations across populations, subspecies, and spe-
cies (7–10).

Although PRDM9 plays a pivotal role in con-
trolling recombination localization in mice and
apes, many species lacking PRDM9 nonetheless
have hotspots (6). An artificial example is pro-
vided by Prdm9 knockout mice. Despite being
sterile, they make similar numbers of DSBs as
wild-type mice make, and their recombination

hotspots appear to default to residual H3K4me3
mark locations, notably at promoters (10). A natu-
ral but puzzling example is provided by canids,
which carry premature stop codons in PRDM9
yet are able to recombine and remain fertile (11, 12).
As with Prdm9 knockout mice, in dogs and in
other species without PRDM9—such as the yeast
Saccharomyces cerevisae and the plantArabidopsis
thaliana—hotspots tend to occur at promoters or
other regionswith promoter-like features (11, 13, 14).
In yet other taxa without PRDM9, includingDro-
sophila species (15), honeybees (16), and Caeno-
rhabditis elegans (17), short intense recombination
hotspots appear to be absent altogether.
To further explore how the absence of PRDM9

shapes the fine-scale recombination landscape
and influences its evolution, we turned to birds,
because an analysis of the chicken genome sug-
gested that it may not have PRDM9 (6). We first
confirmed the absence of PRDM9 across reptiles
by querying the genomes of 48 species of birds,
three species of crocodilians, two species of tur-
tles, and one species of lizard for PRDM9 (18),
finding that only the turtle genomes contain pu-
tative orthologs with all three PRDM9 domains
(fig. S1). We also found no expression of any
PRDM9-like transcripts in RNA sequencing data
from testis tissue of the zebra finch (Taeniopygia
guttata) (18). Given the likely absence of PRDM9
in birds, we asked: Is recombination nonetheless
concentrated in hotspots in these species? If so,
how quickly do the hotspots evolve? Where does
recombination tend to occur in the genome? To
address these questions, we generated whole-
genome resequencing data for wild populations
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Fig. 1. Species tree for the finch species in this study. Species sampled were double-barred finch,
zebra finch, and the two long-tailed finch subspecies. The tree was rooted with the medium ground
finch and collared flycatcher (full phylogeny is shown in Fig. 4). Shown in gray are 1000 gene trees,
which were used to infer the species tree (18). The pairwise divergence between species is indicated at
nodes, as measured by the genome-wide average across autosomes.
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Summary  
  Recombination hotspots are subject to strong gBGC (human, 

mice, birds) 

  The density and intensity of hotpots varies along chromosomes => 
large-scale variations in recombination rates 

  Major impact on the evolution of genomic landscapes in amniotes 



Chromosome size, recombination 
and GC-content 
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Recombination and GC-
content: a universal 

relationship ? 



G+C content vs. chromosome 
length: yeast

R2= 61%

Bradnam et al. (1999) Mol Biol Evol



G+C content vs. chromosome 
length: Paramecium

GC-content

Chromosome size (kb)

R2= 67%



Correlation between recombination rate and GC-
content within eukaryotic genomes 

36 species with 
complete genomes 
and estimates of 
recombination rate 

Negative correlation  

Positive correlation  

Moreover, the combined analysis of all species indicated a
strong significant negative correlation (for total GC content
and chromosomes size: P value¼ 10"50, for GC3 and chro-
mosome size: P value¼10"63). However, focusing only on
the species that show individually nonsignificant correlations,
the combined analysis is not significant. There is thus no clear
trend emerging from this subset of species.

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

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

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

FIG. 1.—Phylogenetic tree of the 36 species studied. Major groups in eukaryotes (see Keeling et al. 2005) are indicated. Green circles indicate significant

positive correlations between GC content (total GC content and/or GC3) and recombination rates (measured directly or using chromosome size as a proxy),

consistent with gBGC (this work and others). Red circles indicate significant negative correlations between GC content and recombination rates, not

consistent with gBGC. Filled circles indicate new observations from the present study. The “?” indicates when results using direct or indirect measures of

recombination rates are not fully consistent.

Evolution of GC-biased Gene Conversion in Eukaryotes GBE

Genome Biol. Evol. 4(7):675–682. doi:10.1093/gbe/evs052 Advance Access publication May 23, 2012 677

Pessia et al. (2012) GBE 

Eugénie 
Pessia 



Evolution of GC-content in 
bacterial genomes: the gBGC 

hypothesis expands 
Analysis of relationships between recombination rate and GC-
content in bacterial species 

  21 species with ≥ 6 sequenced strains 

Detection of recombination events in multiple alignments 
  7 clonal species : no sign of recombination 
  14 species with > 10% recombinant genes 

  Bin genes according to their GC-content at 3rd codon position 
(GC3) => compute the fraction of recombining genes per bin 

Lassale et al. (2015) Plos Genet 



Frequency of recombination vs. GC-content 

14 bacterial species 

11 with a significant 
positive  correlation 

Florent Lasalle 



Summary 

  gBGC is probably a widespread process, both in eukaryotes and 
bacteria 

  Why is the conversion bias always in favor of GC? 
  mutation pattern: universal bias towards AT 
  Selection for lower mutation rate may favor GC-biased mismatch 

repair => gBGC ?? 

  gBGC explains how genomes can remain relatively GC-rich, despite 
a universal AT-biased mutation pattern (no need to invoke selection 
on genomic GC-content) 

Moreover, the combined analysis of all species indicated a
strong significant negative correlation (for total GC content
and chromosomes size: P value¼ 10"50, for GC3 and chro-
mosome size: P value¼10"63). However, focusing only on
the species that show individually nonsignificant correlations,
the combined analysis is not significant. There is thus no clear
trend emerging from this subset of species.

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

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

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

FIG. 1.—Phylogenetic tree of the 36 species studied. Major groups in eukaryotes (see Keeling et al. 2005) are indicated. Green circles indicate significant

positive correlations between GC content (total GC content and/or GC3) and recombination rates (measured directly or using chromosome size as a proxy),

consistent with gBGC (this work and others). Red circles indicate significant negative correlations between GC content and recombination rates, not

consistent with gBGC. Filled circles indicate new observations from the present study. The “?” indicates when results using direct or indirect measures of

recombination rates are not fully consistent.

Evolution of GC-biased Gene Conversion in Eukaryotes GBE

Genome Biol. Evol. 4(7):675–682. doi:10.1093/gbe/evs052 Advance Access publication May 23, 2012 677



Two types of BGC 

Mismatch repair bias: BGC favors GC-alleles over AT-
alleles  
  gBGC: GC-Biased Gene Conversion 

  Initiation bias: BGC in favor of cold alleles (i.e. alleles 
with lower rate of DSB formation, i.e. alleles with low 
recombination activity) 
  dBGC: DSB-induced Biased Gene Conversion 



The recombination landscape in the 
human genome 

  Non-uniform distribution: 80% of crossovers occur in 10% 
of the genome (McVean et al. 2004 Science) 

  Recombination hotspots (< 2 kb) 



Recombination hotspots in the human 
genome 

  >30,000 recombination hotspots (< 2 kb) 

  Detected by analysis of linkage disequilibrium  in 
human populations (HapMap) 
  historical hotspots 

  Identification of a 13-bp sequence motif over-
represented in recombination hotspots:  

Core HM motif: CCTCCCTNNCCAC

Myers et al. 2008, Nat. Genet 



The recombination hotspot paradox 

Repair 

Conversion tract 

Ratio     1:1   0:2   1:1 

Conversion tract 

Ratio     1:1   2:0   1:1 

Initiation of 
recombination:  
Double strand break 
 

>> 

dBGC favors cold alleles 

Hotspot of recombination= 
hotspot of DSB formation 



The recombination hotspot paradox 

  dBGC: hot alleles get converted by cold alleles 

  The fate of recombination hotspots is to disappear from 
genomes 

  Hot-spots have a short lifespan: positions are not 
conserved between Human and Chimp (Ptak et al., Nat. Genet. 
2005; Winckler et al. Science 2005; Auton et al. Science 2012 ) 

  How are recombination hotspots maintained on the 
long term? 



PRDM9: a major determinant of 
meiotic recombination hotspots 

  Zinc-finger DNA-binding protein 

  Allelic variation of PRDM9 in the DNA-binding domain  

  Allelic variation correlates with variation in 
recombination hotspot activity 

  The major allele (A) recognizes specifically the 13-bp 
motif 

Baudat et al., Science 2010; Myers et al. Science 2010 



PRDM9: positive selection in many metazoans 

C. Ponting (2011) Trends Genet 

Positive selection on DNA-binding 
sites (Oliver et al. 2009) 



Rapid hotspot turnover: the Red Queen model 

Baudat et al., Science 2010; Myers et al., Science 2010 

prdm9 locus 

PRDM9 

Recombination rate 

Many generations 

Many generations 



Rapid hotspot turnover: the Red Queen model 

Myers et al., Science 2010 

Major PRDM9 allele: X 
 

Loss of 
PRDM9_X targets 

Loss of fitness of 
individuals having 
PRDM9 allele X 
 

New PRDM9 allele 
(Y) increase in 
frequency 

Major PRDM9 allele: Y 
 

Loss of PRDM9_Y 
targets 



Testing the Red Queen Model 
  Is this model realistic ? 

  What is the strength of dBGC on PRDM9 target 
motifs (HM: CCTCCCTNNCCAC) ? 

  What is the dynamics of hotspots turnover ? 

  When did the A allele of PRDM9 start being active? 

If a motif is targeted by PRDM9 
ó 

Loss of this motif by conversion 

=> Analyze the loss of HM motifs in the human lineage  
 

 



Approach 

n  Identify motifs that were present in the human/chimp ancestor 
n  Sequences of the human/chimp ancestor reconstructed from 6 primates 

genome alignments (Human, Gorilla, Chimpanzee, Orangutan, Macaque, 
Marmoset) 

n  Detect mutations along the human lineage, and date them relative to 
the divergence Sapiens/Denisova 

n  High coverage Denisova genome sequences, aligned on the human reference 
genome (Reich et al. 2010, Meyer et al. 2012) 

n  Analyze their allelic frequency in human populations 
n  Human SNPs from the 1000 genomes project (Durbin et al. 2010) 

Chimp 
Denisova 

H. sapiens 
Neandertal 

0.4 – 0.8 Myrs 7 – 13 Myrs 



Hotspot motif (HM) and control motif (CM) 

  Motifs: 

CCTCCCTNNCCAC (HM) 

CTTCCCTNNCCAC (CM) 
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Hotspot motif (HM) within THE1 
transposable elements 

  Myers et al. (2008): very 
high recombination 
rate at HM motifs 
located within THE1 
elements 

  Motifs: 

CCTCCCTNNCCAC (HM) 

CTTCCCTNNCCAC (CM) 
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Tracking	PRDM9	HM	mo2f	losses	across	
the	human	lineage	

 

Rates = 4.6% | 4.1% 
p = 0.25 

HC Ancestor 
N = 4440 | 4393 

Rates = 1.8% | 0.4% 
p < 10-9 

Rates = 1.0% | 0.5% 
p = 0.025 

Rates = 5.3% | 5.0% 
p = 0.54 

7 - 13 Myr 
0.4-0.8 Myr 

80 kyr 

Hominini 

Chimpanzee 

Present day humans 

Denisova 

HM | CM 
CCTCCCTNNCCAC | CTTCCCTNNCCAC 

 



Mutagenic effect of recombination 
or fixation bias?  

Analysis of derived allele frequency spectra 
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Mutations in HM motifs have a higher probability of fixation than 
mutations in CM motif 

Denisova:  
 80% of HM mutations are homozygote    
 69% of CM mutations are homozygote   

 



Strength of the fixation bias  
Analysis of derived allele frequency spectra 
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Fitting a population genetics model to the DAF spectra (Eyre-Walker, Woolfit & Phelps, 2006) 



Variations in the strength of 
dBGC on HM motifs 

  The HM motif is significantly enriched in hotspots, but 80% 
of them are NOT in hotspot 

  The strength of dBGC at a given locus depends on the net 
difference in recombination rate between the hot allele and 
the colder allele 

  => HM motifs located located in loci of low recombination 
are expected to be subject to weaker dBGC 



HM losses in the human branch are 
more frequent at highly recombining 

loci 

0,60% 

3,50% 

0,40% 

1,20% 

CM HM 

In human hotspot 

Not in human hotspot  

p = 4.6 10-7 

0,00% 

6,70% 

0,41% 

1,70% 

CM HM 

Within THE1 

Outside THE1 

p = 8.2 10-5 



Conclusion (1) 

•  High rate of losses of the HM motif in the human lineage 

•  Due to a fixation bias (not mutation) 

•  Stronger fixation bias for motifs located in highly recombining loci 

•  => consistent with the dBGC drive model: conversion bias favoring 
mutations that disrupt recombination hotspots 

•  The loss of the HM motif started before the divergence between H. 
sapiens and Denisova 

•  HM (or a similar motif) has been the target of PRDM9 for >0.8 Myrs   

Chimp Denisova. H. sapiens 



Recombination hotspots: conserved 
between Denisova and Sapiens? 

  HM motifs located in human hotspots accumulate 
more mutations 

Chimp Denisova. H. sapiens 

  If recombination hotspots were shared between sapiens 
and Denisova, then, motifs located at loci 
corresponding to human hotspots should also 
accumulate more mutations in the Denisova branch 



Recombination hotspots: conserved 
between Denisova and Sapiens? 

0,60% 
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CM HM 

Rate of motif loss in the 
human branch 

In human hotspot 

Not in human hotspot  
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Not in human hotspot  



Recombination hotspots: conserved 
between Denisova and Sapiens? 
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Recombination hotspots: conserved 
between Denisova and Sapiens? 

  HM motifs located in loci corresponding to human 
hotspots show no evidence of strong dBGC in 
Denisova. 

  This suggests that recombination hotspots were not 
shared between Denisova and Sapiens 

  Can we get more evidence to support this conclusion? 



Dating the activity of recombination hotspots: 
looking for the signature of gBGC 

C	 D	 H	
N=32,987 human recombination hotspots (HapMap) 



Dating the activity of recombination hotspots: 
looking for the signature of gBGC 

C	 D	 H	
N=32,987 human recombination hotspots (HapMap) 



Evolution of 
recombination 

hotspots 
  Human recombination hotspots are recent (< 1 Myr) 

  Recombination hotspots are not shared between modern 
humans and Denisovans: the turnover of recombination 
hotspots can be very rapid 

  The predicted lifespan of the strongest PRDM9 targets 
(which concentrate most of recombination events) is 
extremely short 

  Consistent with the Red Queen hypothesis :  
  rapid evolution of hotspots caused by dBGC-driven erosion 

of PRDM9 targets 



Evolution of 
recombination 

hotspots 
  PRDM9 orthologs found in many vertebrates (and possibly  in 

other metazoan) 

  Plants and fungi:  
  no PRDM9 

  Recombination hotspots = regions of open chromatin (promoters) 

  No red queen process: stable hotspots (Lam et al. 2015) 

  Birds, canids (dogs): 
  no PRDM9 

  Recombination hotspots = regions of open chromatin (promoters) 

  No red queen process: stable hotspots (Singhal et al. 2015) 



The impact of recombination on 
genome evolution 

  Recombination disrupts linkage between selected sites 
  => reduce Hill-Robertson interference, increase selection 

efficacy 
  On the long-term, recombination is required for adaptation 

  Biased gene conversion: the dark side of 
recombination  
  gBGC drives the evolution of GC-content 
  dBGC drives the evolution of recombination hotspots 

(PRDM9 dependent) 

 



Evolution 
  Mutation => new alleles 

  Changes of allele frequencies over generations 

G
en
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ns

 

Population 

…

ü  Genetic drift 
ü  Natural selection 

Fixation of the red  allele 

ü  Biased Gene 
ü  Conversion 
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