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gBGC interferes with selection 

Without gBGC 

Metapopulation
A population consisting of a set 
of spatially separate local 
populations.

The effects of spatial structure on neutral variation. 
Spatial structure was first studied by classical popula-
tion genetic methods, extending the methods of BOX 2 to 
include the effects of geographic subdivision of a meta-
population into partially isolated, local populations5,83–85. 
More recently, the study of neutral variability in a spa-
tially structured population has been simplified by 
extending the structured coalescent approach described 
above to a metapopulation consisting of a set (d) of dis-
crete local populations (demes) that are interconnected 
by migration7 or that are affected by local extinctions of 
demes and recolonization7,86.

A useful result applies to the case of ‘conservative’ 
migration, that is, when migration among demes leaves 
their relative sizes unchanged; the mean allele frequency 
across demes is also unchanged27,87,88 (the classical island 
and stepping stone models83,89,90 are examples of this). 
Provided that all demes experience some migration 
events, the mean coalescence time for a pair of alleles 
sampled from the same deme (TS) is given by the sum 
of the effective population sizes over all demes (NeT), 
so that the mean within-deme nucleotide site diver-
sity is the same as for a panmictic population with this 
effective population size. This suggests that the mean 
within-deme nucleotide site diversity for a species is the 
most appropriate measure to compare the properties of 
different species.

We might also be interested in describing aspects 
of variability such as the total amount of variability in 
a metapopulation, as measured by the mean pairwise 
nucleotide site diversity among a pair of alleles sampled 
at random from the metapopulation (πT) and the corre-
sponding mean coalescence time (TM) corresponding to 
what we can call the total effective size of the metapopula-
tion: NeM = TM/2. In contrast to TS, the value of TM is highly 

dependent on the details of the migration process, and  
can be greatly increased when migration is restricted.

For more general migration models, it is hard to 
derive an expression for TM. However, when the number 
of demes is very large, it is approximately the same as the 
mean coalescence time for a pair of alleles sampled from 
two distinct, randomly chosen populations. Wakeley 
and his collaborators have shown that this large deme 
number approximation often yields a simple approximate  
general formula for TM

7,86,91–93.
Standard tests for departures from neutral equilib-

rium utilize patterns of variability to detect departures 
from those predicted by the standard coalescent model; 
tests of this kind are widely used in studies of DNA 
sequence variation7,18. If such departures are detected, 
the occurrence of selection or of demographic events, 
such as changes in population size, is implied. In the case 
of a metapopulation with a large number of demes, if a 
sample of k alleles is taken by sampling each allele from 
a separate population, these obey the same coalescent 
process as alleles sampled from a panmictic popula-
tion, described in BOX 3. Tests of this kind for a meta-
population are thus best carried out by sampling only 
one allele from a given population. Similar results also 
apply to measures of linkage disequilibrium in spatially 
structured populations. If a single haplotype is sampled 
from each local population studied, under conservative 
migration the expected level of linkage disequilibrium 
between a pair of sites with recombination frequency r 
is controlled by 4NeTr in the same way as by 4Ner in the 
case of a panmictic population7,94.

The effects of spatial structure on variants under 
selection. We can also ask how to determine the fixa-
tion probability of a mutation under selection in a 

Box 5 | Fixation probabilities

The probability of fixation of a mutation is the chance that 
it will spread through the population and become fixed. In a 
finite population, even deleterious mutations can become 
fixed by drift, and favourable ones can be lost. The results of 
some fairly complex calculations17,19,64 can be illustrated 
with the simple case of selection at a biallelic autosomal 
locus with semi-dominance, such that the relative fitnesses 
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The dependence of Q on N
e
s is illustrated in the figure. 

λ is the fixation probability of a semi-dominant mutation, 
expressed relative to the neutral value (1/2N). This is 
given by Q (from the equation above) divided by 1/(2N). 
This also represents the evolutionary rate of substitution 
of mutations with selection coefficient s, relative to the 
rate for neutral mutations8.

Nature Reviews | Genetics

2Nes

0 4–2–3 –1 321–4

3.5

4.0

3.0

2.5

1.5

1.0

0.5

0

2.0

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 10 | MARCH 2009 | 201

Fixation probability 
(relative to neutral mutations) 

Selection coefficient (population-scaled) 

Deleterious 
mutations 

Beneficial 
mutations 



gBGC interferes with selection 

With gBGC 

Metapopulation
A population consisting of a set 
of spatially separate local 
populations.

The effects of spatial structure on neutral variation. 
Spatial structure was first studied by classical popula-
tion genetic methods, extending the methods of BOX 2 to 
include the effects of geographic subdivision of a meta-
population into partially isolated, local populations5,83–85. 
More recently, the study of neutral variability in a spa-
tially structured population has been simplified by 
extending the structured coalescent approach described 
above to a metapopulation consisting of a set (d) of dis-
crete local populations (demes) that are interconnected 
by migration7 or that are affected by local extinctions of 
demes and recolonization7,86.

A useful result applies to the case of ‘conservative’ 
migration, that is, when migration among demes leaves 
their relative sizes unchanged; the mean allele frequency 
across demes is also unchanged27,87,88 (the classical island 
and stepping stone models83,89,90 are examples of this). 
Provided that all demes experience some migration 
events, the mean coalescence time for a pair of alleles 
sampled from the same deme (TS) is given by the sum 
of the effective population sizes over all demes (NeT), 
so that the mean within-deme nucleotide site diver-
sity is the same as for a panmictic population with this 
effective population size. This suggests that the mean 
within-deme nucleotide site diversity for a species is the 
most appropriate measure to compare the properties of 
different species.

We might also be interested in describing aspects 
of variability such as the total amount of variability in 
a metapopulation, as measured by the mean pairwise 
nucleotide site diversity among a pair of alleles sampled 
at random from the metapopulation (πT) and the corre-
sponding mean coalescence time (TM) corresponding to 
what we can call the total effective size of the metapopula-
tion: NeM = TM/2. In contrast to TS, the value of TM is highly 

dependent on the details of the migration process, and  
can be greatly increased when migration is restricted.

For more general migration models, it is hard to 
derive an expression for TM. However, when the number 
of demes is very large, it is approximately the same as the 
mean coalescence time for a pair of alleles sampled from 
two distinct, randomly chosen populations. Wakeley 
and his collaborators have shown that this large deme 
number approximation often yields a simple approximate  
general formula for TM

7,86,91–93.
Standard tests for departures from neutral equilib-

rium utilize patterns of variability to detect departures 
from those predicted by the standard coalescent model; 
tests of this kind are widely used in studies of DNA 
sequence variation7,18. If such departures are detected, 
the occurrence of selection or of demographic events, 
such as changes in population size, is implied. In the case 
of a metapopulation with a large number of demes, if a 
sample of k alleles is taken by sampling each allele from 
a separate population, these obey the same coalescent 
process as alleles sampled from a panmictic popula-
tion, described in BOX 3. Tests of this kind for a meta-
population are thus best carried out by sampling only 
one allele from a given population. Similar results also 
apply to measures of linkage disequilibrium in spatially 
structured populations. If a single haplotype is sampled 
from each local population studied, under conservative 
migration the expected level of linkage disequilibrium 
between a pair of sites with recombination frequency r 
is controlled by 4NeTr in the same way as by 4Ner in the 
case of a panmictic population7,94.

The effects of spatial structure on variants under 
selection. We can also ask how to determine the fixa-
tion probability of a mutation under selection in a 

Box 5 | Fixation probabilities

The probability of fixation of a mutation is the chance that 
it will spread through the population and become fixed. In a 
finite population, even deleterious mutations can become 
fixed by drift, and favourable ones can be lost. The results of 
some fairly complex calculations17,19,64 can be illustrated 
with the simple case of selection at a biallelic autosomal 
locus with semi-dominance, such that the relative fitnesses 
of A

1
A

1
, A

1
A

2
 and A

2
A

2
 are 1, 1 + 0.5s and 1 + s, respectively.  

s is the selection coefficient, and is negative if A
2
 is 

deleterious and positive if it is advantageous.
If the population size is N, and the effective population 

size is N
e
, the probability that a newly arisen mutation to A

2
 

from A
1
 survives in the population and eventually replaces 

A
1
 is given by: 

 
 �Ů 
��

0GU

0

�

]��s�GZR�
s��0GU� _
3

The dependence of Q on N
e
s is illustrated in the figure. 

λ is the fixation probability of a semi-dominant mutation, 
expressed relative to the neutral value (1/2N). This is 
given by Q (from the equation above) divided by 1/(2N). 
This also represents the evolutionary rate of substitution 
of mutations with selection coefficient s, relative to the 
rate for neutral mutations8.

Nature Reviews | Genetics

2Nes

0 4–2–3 –1 321–4

3.5

4.0

3.0

2.5

1.5

1.0

0.5

0

2.0

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 10 | MARCH 2009 | 201

Fixation probability 
(relative to neutral mutations) 

Selection coefficient (population-scaled) 

AT→GC mutations 

GC→AT mutations 

Deleterious 
mutations 

Beneficial 
mutations 



gBGC interferes with natural 
selection 

  Fxy gene : translocated in the pseudoautosomal 
region (PAR) of the X chromosome in Mus 
musculus 

X specific        PAR 

Recombination rate        normal             extreme 

GC synonymous sites    normal             very high 
                                           (55%)               (90%) 



Amino-acid substitutions in Fxy 
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3’ part of Fxy : 5 

1  0 

3 1 

28 non-synonymous substitutions, all AT→GC 
 Acceleration: x 327      NB: strong negative selection 



Is Fxy just an exception? 
 

Is gBGC strong enough in 
other regions of the genome to 

affect the spreading of 
deleterious mutations? 

 



Does gBGC affect the fate of 
deleterious mutations in 

extant human populations? 



DAF spectrum:  
non-synonymous SNPs 

N=4,975 SNPs, from HapMap (YRI). p < 10-3  

High recombination 
 



DAF spectrum: probably damaging 
non-synonymous SNPs 

N=351 SNPs, from HapMap (YRI). p = 10-3  

High recombination 
 Polyphen 

predictions  



DAF spectrum: mutations involved 
in genetic diseases 

N=169 HGMD mutations present in HapMap (YRI). p < 10-3  

High recombination 
 

HGMD database 



The fixation bias in favor of GC-
allele increases with recombination 



Summary 

Non-synonymous AT→GC mutations 
segregate at higher frequency than GC→AT 
mutations in regions of high recombination 

  This pattern is observed for all SNPs, 
including those that are involved in genetic 
diseases 

  => gBGC favors the spreading of 
deleterious AT→GC mutations in human 
populations 



Recombination hotspots:   
the Achilles’ heel of our genome 

•  Recombination occurs essentially in hotspots (<2kb) 
•  gBGC => substitution hotspots in recombination hotspots 
(Dreszer et al. 2007, Genome Res.; Duret & Arndt 2008, Plos Genet.) 
•  gBGC can drive the fixation of deleterious mutations in 
genes overlapping hotspots 

Galtier N. and Duret L. (2007) Trends Genet  

Galtier N., Duret L., Glemin S., and 
Ranwez S. (2009) Trends Genet   



The impact of gBGC on 
selection tests 



Tracking natural selection ... 
Demonstrate the action of selection = 
reject the predictions of the neutral model

  Compare substitution rate (K) to mutation 
rate (u) : 

Neutral evolution =>  K = u 

Negative selection =>  K < u 
  Positive selection =>  K > u 

Protein-coding genes:  
 Non-synonymous substitution rate: dN 
 Synonymous substitution rate: dS ≈ u 
  

 



Searching for signatures of 
positive selection within genomes: 

What make chimps 
different from us ? 

 

Positive selection => accelerated evolution (K > u) 



gBGC: a non-adaptive process that 
looks like selection 

  Positive selection => acceleration 

  But, gBGC also => acceleration 

  gBGC can confound selection tests 

 



Genome scans of positive selection on 
non-coding functional elements 

Regulatory elements: responsible for human-
specific adaptations (?) 

Pollard et al. Nature (2006), Prabhakar et al. 
Science (2006) : searching for positive selection in 
non-coding regions 

Search for conserved non-coding sequences 
(CNCs) that have significantly accelerated in the 
human lineage  
  HARs: human-accelerated regions 



Positive selection in the human 
lineage ? 

•  49 significant HARs 
•  HAR1: 120 bp (Pollard et al. 2006 Nature) 
–  Extreme rate of evolution (18 fixed substitutions in 

the human lineage, vs. 0.7 expected) 
–  Part of a non-coding RNA gene 
–  Expressed in the brain 
–  Involved in the evolution of human-specific brain 

features ? 
 



Positive selection in the human 
lineage ? 

•  HAR2: 546 bp (Prabhakar et al. 2008 Science)  
–  Extreme rate of evolution (16 fixed substitutions in 

the human lineage, vs. 4 expected) 
–  Enhancer activity: drives gene expression in the 

limb during early development (transgenic mice) 
–  Involved in the evolution of human-specific 

movement capacities (tool use, bipedalism)? 



Positive selection ? 
GC-biased substitution pattern in HARs 
  Proportion of AT→GC changes in HARS = 72% 
  HAR1: the 18 substitutions are all AT→GC changes 
  HAR2: 16 substitutions: 14 AT→GC + 2 CG→GC changes 

Known functional elements (coding or non-coding) are not 
GC-rich !! 

GC-content of conserved non-coding sequences (CNCs) = 41% 
GC-content at 1st and 2nd codon positions = 50% 

  HAR1: the accelerated region covers  >1 kb, i.e. is not 
restricted to the functional element (120 bp) 
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HARs are located in regions of 
high recombination 

  N=48 HARs 

  Control= 34,829  
conserved non-coding 
sequences (CNCs) 



Positive selection or gBGC ? 
 

  All observations are consistent with predictions of the gBGC 
model 

Null hypothesis: HARs = result of the non-adaptive gBGC 
process, not positive selection 

  HARs = accumulation of (weakly) deleterious mutations driven 
to fixation by gBGC  

Sumiyama & Saitou (2011): the functional change of HAR2 is 
due to a loss of function (not a gain) 

Duret L. and Galtier N. (2009) Science 323:714 [Technical Comment]  



Genome scans of positive selection 
on protein-coding genes 

  gBGC affects both synonymous and non-synonymous 
sites => dN/dS tests expected to be more robust to gBGC 
than simple acceleration tests 

  But… GC-content at synonymous sites (GC3) >> GC-
content at 1st and 2nd codon position (GC12) 

  => more opportunities for gBGC to drive the fixation of 
AT→GC mutations at non-synonymous sites 

  => gBGC increases the dN/dS ratio and leads to false 
positive dN/dS tests (Berglund et al. 2009; Galtier et al. 2009, 
Ratnakumar et al. 2010) 

 



How to distinguish positive selection 
from gBGC? 

  Positive selection may favor any type of substitution 

  gBGC favors specifically AT→GC substitutions 

  Positive selection may affect any locus in the genome 

  gBGC occurs in regions of high recombination rate 

  Positive selection: affects only a limited number of sites  

  gBGC : regional process, affecting all sites (functional or not)  
located in a recombination hotspots (~1 kb) 

  Positive selection: selective sweep 

  gBGC: no hitch-hiking (except in the conversion tract: ~1 kb) 



Conclusion (1) 

gBGC can drive the fixation of 
deleterious mutations and 

contribute to the spreading of 
disease-causing mutations in human 

populations 



Conclusion (2) 

  gBGC can confound selection tests 

  Extending the null hypothesis of non-
adaptive evolution: 
  Mutation 
  Genetic drift 

  Biased gene conversion 





Impact of gBGC on site frequency 
spectra 

Figure 3. Derived allele frequency 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 conversion parameter (Ned) is indicated for each graph.
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  Simulation study: 
Neutral sites: Nes = 0 

  Population-scaled gBGC coefficient: B = Neb 
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  Simulation study: 
  Sites under strong purifying selection: Nes = -100 

  Population-scaled gBGC coefficient: B = Neb 


