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Outline	  

•  Genome-‐wide	  evidence	  for	  hitchhiking	  
•  Mul1ple	  merger	  coalescent	  of	  full	  sweeps	  
•  A	  mul1ple	  merger	  model	  of	  recurrent	  par1al	  
sweeps	  	  

•  A	  simultaneous	  mul1ple	  merger	  model	  of	  
recurrent	  soD	  sweeps	  



The effect of selective sweeps on linked neutral variants 

sweep recovery 

Reduced	  diversity	  
high	  frequency	  derived	  
alleles	  	  

New	  muta1ons	  	  
lead	  to	  a	  skew	  towards	  	  
rare	  alleles	  

Maynard	  Smith	  and	  Haigh,	  Kaplan	  et	  al	  ‘89,	  etc	  

Background	  selec1on	  can	  also	  lead	  to	  a	  reduc1on	  in	  diversity,	  	  
but	  lead	  to	  only	  a	  weak	  skew	  towards	  rare	  alleles	  	  

Selec1ve	  sweep	  results	  in	  a	  characteris1c	  reduc1on	  in	  coalescent	  1me	  at	  linked	  
neutral	  sites.	  Also	  a	  distor1on	  in	  the	  genealogical	  tree	  towards	  external	  branches	  and	  
away	  from	  internal	  branches.	  



Recombina1on	  rate	  cM/kb	  
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Evidence	  for	  linked	  	  
selec1on	  in	  Drosophila	  
melanogaster	  
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e.g.	  Shapiro	  et	  al	  2007	  



Evidence	  for	  varia1on-‐reducing	  selec1on	  in	  humans	  
But	  not	  clear	  what	  mode	  of	  linked	  selec1on	  acts.	  
	  
	  

Cai	  et	  al.	  2009	  	  
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Lohmueller	  et	  al.,	  2011	  



favored allele 

unfavored allele time 

present 
Frequency of favored/unfavored allele 0 1 

recombination 

Time-scale of selective sweep = t =2log(2Ne)/s	  
Probability of failing to recombine off q=exp(-rt/2) 
Probability that i out of k lineages are forced to coalesce ~ Binom(k,q) 
 
  

2l
og

(2
N

e)
/s
	  

Barton,	  1998;	  Durre_	  and	  Schweinsberg,	  2004;	  Etheridge	  et	  al.,	  
2006;	  Pfaffelhuber	  et	  al.,	  2006,…	  

Maynard	  Smith	  and	  Haigh,	  Barton,	  1998,	  Durre_	  and	  
Schweinsberg,	  2004,	  etc	  



Mul1ple	  mergers	  coalescent	  Sweeps	  occur	  at	  rate	  ν with	  	  
q ~ f(q) a iid r.v. across sweeps 	  
i	  lineages	  out	  of	  k	  lineages	  	  
forced	  to	  coalesce	  at	  rate:	  
	  
i	  lineages	  coalesce	  out	  of	  k	  at	  rate	  
	  
	  
	  
	  
	  
	  

Lambda	  coalescent:	  

Gillespie	  ‘00,	  Durre_	  &	  Schweinsberg	  05	  	  



Mul1ple	  mergers	  coalescent	  

Homogeneous	  sweeps	  at	  rate	  vBP,	  	  
recombina1on	  at	  rate	  rBP.	  	  
Then	  i	  out	  of	  k	  lineages	  coalesce	  at	  rate:	  
	  

Jk,i =

✓
k

i

◆Z 1

0
q(r)i(1� q(r))k�idr

Kaplan	  et	  al	  1989,	  	  

Kaplan	  et	  al.	  (1989)	  and	  Stephan	  et	  al.	  (1992)	  

E(⇡) = 2uE(T2) =
4Nu

1 + 2N⌫BPJ2,2/rBP

Durre_	  &	  Schweinsberg	  05	  	  
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Kaplan	  et	  al.	  (1989)	  and	  Stephan	  et	  al.	  (1992)	  

E(⇡) = 2uE(T2) =
4Nu

1 + 2N⌫BPJ2,2/rBP

Mul1ple	  mergers	  coalescent	  



What if most newly arisen selected alleles do not sweep to 
rapidly fixation? 
E.g. due to changing environment or genomic background 
(Due to parallel mutation, other standing variation etc)  

of each copy of the favored allele, assuming an additive
model (e.g., from [50], assuming 2NmL favored mutations
per generation). Consider the worst case, where only one
possible mutation at a single site will work, so that L = 1/3.
Then, if s = 1% and 4Nem = 10-3, the expected waiting time
is extremely long, namely 300,000 generations. In this
extreme case, adaptation to the new environment is essen-
tially ineffective. It has been proposed that recent population
growth of humans could have supplied a greater input of new
mutations [51,52]; additionally, even modest population
growth can greatly increase fixation probabilities of favored
alleles [53]. The latter effect could substantially reduce the
waiting time for new favored mutations to start spreading
at loci with very small mutational targets, although it should
be noted that it is still unclear when growth in census
population size began to increase the effective population
size [54].

Thesemodels assume that environmental change, broadly
defined, is a primary driver of adaptation. If this is the case,
then the results would argue that soft sweeps are likely to
be common, and perhaps the main mode of adaptation.
The exact balance between hard and soft sweeps would
depend on the distribution of mutational target sizes, which
we do not yet know. For traits where the mutational target
size is hundreds of base pairs or more, we can expect that
adaptation from standing variation is likely to be the rule
and, additionally, that very often multiple favored mutations
may sweep up simultaneously, with none reaching fixation
during the selective sweep [47].

Polygenic Adaptation from Standing Variation
Most of the recent literature in human population genetics
focuses on models of selection at one, or a small number
of loci, as in the previous section. This is in contrast to clas-
sical models of natural and artificial selection in quantitative
genetics, where it is assumed that most traits of interest
are highly polygenic, and are influenced to a small degree
by standing variation at many loci [55]. The quantitative
genetics view is supported both by classical breeding and
selection experiments and occasionally field observations
[56–58], as well as by recent genome-wide association
studies showing that many traits are highly polygenic.

We would argue that for many traits, the quantitative
perspective may be closer to reality: that is, that short-term
adaptation takes place by selection on standing variation

atmany loci simultaneously (e.g., [22,59–61]). Consider a trait
that is affected by a large (finite) number of loci. If the envi-
ronment shifts so that there is a new phenotypic optimum,
then the population will adapt by allele frequency shifts at
many loci (Figure 3). Once the typical phenotype in the pop-
ulation matches the new optimum, selection will weaken.
This means that it may be very common for selection to
push alleles upwards in frequency, but generally not to fixa-
tion [22,62,63]. In principle, this type of process could allow
very rapid adaptation, yet be difficult to detect using most
current population genetic methods.
The example of human height illustrates these issues.

Height has long been a textbook example of a polygenic
trait [64]; recently, three genome-wide association studies
identified a total of around 50 loci that contribute to adult
height in Europeans [65–68]. Each associated allele affects
total height by about 3–6mm, and together these loci explain
about 5% of the population variation in height, after control-
ling for sex. Since height is extremely heritable [69], many
more loci remain to be found. If there were a sudden onset
of strong selection for increased height, we could expect
a rapid upward shift in average height [55]. However, the
response to selection would be generated by modest allele
frequency shifts at many loci that are already polymorphic.
Even with very strong selection, and a strong phenotypic
response, standard methods for detecting selective sweeps
would have little power. In the final section of this review, we
will discuss possible approaches to studying polygenic
adaptation.
The idea that polygenic adaptation from standing variation

is important could help to explain key aspects of the data.
This would allow rapid phenotypic adaptation (for example,
to high altitude, as described above) without necessarily
generating any large differences in allele frequencies
between populations. This could also help to explain the
apparent scarcity of rapid, hard sweeps. Qualitatively,
increased drift of neutral alleles within genes due to effects
of polygenic selection on nearby sites [70] should create
the types of differences that are observed between genic
and non-genic regions. However, it is not yet clear whether
the magnitude of this effect could explain the observed
patterns (background selection may also contribute [29]).
Of course, we do not mean to imply that all adaptation

occurs in this way. Indeed, it is notable that some of the
most impressive selection signals involve loci that act in a
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Hard sweep Polygenic adaptation

Current Biology

Figure 3. A cartoon illustration of the hard
sweep and polygenic adaptation models.

The horizontal blue lines represent haplo-
types, and the red lines indicate regions
that are identical by descent (IBD). The red
circles indicate alleles that are favored
following an environmental change. In the
monogenic (hard selection) model, selection
drives a new mutation to fixation, creating
a large region of IBD. In the polygenic
model, prior to selection red alleles exist at
modest frequencies at various loci across
the genome. (The red alleles can be thought
of as being alleles that all shift a particular
phenotype in the same direction, e.g.,
alleles that increase height.) After selection,
the genome-wide abundance of favored

alleles has increased, but in this cartoon they have not fixed at any locus. In this example, at some loci selection has acted on new variants,
creating signals of partial sweeps at those loci (the x-axis scale is not necessarily the same in the left- and right-hand plots).

Current Biology Vol 20 No 4
R212

Pritchard,	  Pickrell,	  Coop	  2010	  

Pennings	  and	  Hermisson,	  2006a,b;	  Chevin	  and	  Hospital,	  2008;	  Ralph	  
and	  Coop,	  2010,	  Innan	  and	  Kim,	  2004;	  Hermisson	  and	  Pennings,	  
2005;	  Przeworski	  et	  al.,	  2005	  	  
	  



What if most newly arisen selected alleles do not sweep to 
rapidly fixation? 
E.g. due to changing environment or genomic background 
(Due to parallel mutation, other variation etc)  
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0	

	  
The	  derived	  allele	  arose	  τ	  	  
Genera1ons	  ago	  

X(t)	  is	  the	  frequency	  of	  the	  	  
Derived	  allele	  at	  1me	  t	  
	  

Condi1ons	  on	  trajectory:	  
Selected	  allele	  ini1ally	  
quickly	  increases	  	  
in	  frequency.	  If	  it	  approaches	  
0	  or	  1	  it	  does	  not	  renter	  the	  	  
Popula1on.	  	  

τ	
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0	


t	  

Probability	  that	  the	  
lineage	  is	  of	  the	  derived	  
type	  at	  1me	  0 =	

	  
	  	  

For	  r	  τ >>1	  

Imagine	  a	  neutral	  site	  	  
a	  gene1c	  distance	  r	  away	  from	  
the	  selected	  locus	  	  

τ	
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Probability	  that	  i	  out	  of	  k	  
lineages	  are	  force	  to	  coalesce	  
is	  binomial:	  

Assuming	  that	  the	  all	  coalescence	  	  
happens	  close	  to	  1me	  0,	  rN	  >>	  1	  
	  
	   τ	


0	




Simple	  trajectories	  

Also	  holds	  for	  other	  
trajectories	  when	  	  
r	  >>	  s2	  

Selected	  allele	  moves	  quickly	  from	  1/2N	  to	  x	  in	  1me	  tx	  
	  
Then	  stays	  at	  x,	  or	  goes	  to	  fixa1on,	  or	  loss	  on	  a	  slower	  1me-‐scale	  	  
(e.g.	  with	  selec1on	  coefficient	  s2,	  -‐s2,	  or	  0	  respec1vely)	  
	  

q ⇡ xe

�rt
x

0	  	  	  tx	   τ	


If instead the allele on reaching x is now deleterious with a selection
coefficient, −s2, then as long as x is not too high the deterministic decrease
of the selected allele forward in time should be well approximated by X1(t) =
xe−s2(t−tx) t ≥ tx. Inserting this into equation (5), we obtain

q = xe−rtx r

r + s2
(7)

If sd # r then q ≈ e−rtxx(1 − s2/r). While if s2 % r then q ≈ ertxxr/sd,
in this case strong selection is acting to remove the allele means so there is
little chance of it contributing genetic material to the population.

Consideration of these two extreme cases, shows that if after the selected
allele reaches the frequency x its frequency stays close to x for a time greater
than 1/r, then

q ≈ xe−rtx (8)

this will hold regardless of whether the derived allele eventually goes to loss
or fixation, or whether it at some later point it begins to change frequency
very rapidly again.

To demonstrate this independence of partial linked variation from the
fate of the selected allele: consider an allele with an additive selective ad-
vantage s that arose τ generations ago and reached frequency x within t
generations, its trajectory follows the standard logistic curve. On reaching x
its selection coefficient changes to either s2, −s2 or it remains perfectly bal-
anced at frequency x. These three possible trajectories are plotted in Figure
2A. I simulated using mssel neutral genealogies for a recombining sequence
surrounding the selected locus. The expected neutral pairwise coalescence
time is shown in Figure 2B and C as we move away from the selected locus.
Close to the selected site the level of neutral diversity is dependent on the
whole trajectory. However, as we move further away from the selected site
the three curves converge (as q is converging to qx for all three trajectories).

Using qx to approximate the probability that a lineage is caught by the
sweep at neutral sites partially linked to the selected site the expected pair-
wise coalescent time is given by

2N(1− q2xe
τ/(2N)) (9)

Found by considering whether a pair of lineages coalesce before, during, or
after the sweep. This approximation is plotted as a line in figure 2. With q

as in
equa-
tion
(8)?
Hm,
and
Figure 2
shows π,
not
mean
coales-
cence
time?

9

2	  



x=0.4	  
tx	  /2N	  =	  0.0053	  
τ/2N	  =	  0.05	  

x=0.8	  
tx	  /2N	  =	  0.00053	  
τ/2N	  =	  0.05	  
T/2N	  =	  0.02	  	  
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Recurrent	  sweep	  process	  

•  Assume	  Neutral	  pairwise	  rate	  of	  coalescence:	  1/(2N)	  
•  Sweeps	  happen	  at	  rate	  ν 	


•  At	  a	  fixed	  posi1on,	  with	  constant	  q	  
•  Total	  rate	  of	  coalescence	  of	  i	  out	  of	  k:	  

Inspired	  by	  Gillespie	  ‘00,	  Durre_	  &	  Schweinsberg	  05	  	  
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•  For	  our	  simple	  approxima1on	  

What if once the allele reaches a frequency x and then its selection co-
efficient is reduced to s2? If we model the frequency of the selected allele
forward in time, after it reaches x, by X1(t) = 1 − (1 − x)e−s2(t−tx) t ≥ tx.
(Assuming the allele has past the inflexion point in the logistic curve). In
this case, using eq. (5)

q = (1 −
r

s2 + r
(1 − x))e−rtx (6)

Thus if the second selection coefficient is still large s2 >> r, then we obtain
q = e−rtx as the selected allele has gone quickly to fixation as in a full sweep,
and the only time for recombination is in the early phase of the trajectory
tx. While if the second selection coefficient is weak s2 << r then q = xe−rtx .

If instead the allele on reaching x is now deleterious with a selection
coefficient, −s2, then as long as x is not too high the deterministic decrease
of the selected allele forward in time should be well approximated by X1(t) =
xe−s2(t−tx) t ≥ tx. Inserting this into equation (5), we obtain

q = xe−rtx r

r + s2
(7)

If sd << r then q ≈ e−rtxx(1 − s2/r). While if s2 >> r then q ≈ ertxxr/sd,
in this case strong selection is acting to remove the allele means so there is
little chance of it contributing genetic material to the population.

Thus, if after the selected allele reaches the frequency x, it then begins
to move much more slowly, such that it is close to x for a time greater than
1/r. Then

q ≈ xe−rtx (8)

this will hold regardless of whether the derived allele eventually goes to loss
or fixation, or whether it at some later point it begins to change frequency
very rapidly again.

To demonstrate this independence of partial linked variation from the
fate of the selected allele: consider an allele that arose T + t generations, and
reached frequency x within t generations. Upon reaching x its selection coef-
ficient changes to either sd, −sd or it remains perfectly balanced at frequency
x. These three possible trajectories are plotted in Figure 1A. The average
level of neutral diversity moving away from the selected locus is shown in
Figure 1B and C. Close to the selected site the level of neutral diversity is
very dependent on the trajectory. However, as we move further away from

6

4Nν=1,	  	  
4Nν=2	  
4Nν=4	  
Approx.	  

Recurrent	  top-‐hat	  traj.	  
recurrent	  step	  traj.	  

x=0.8	  

2	  
2	  
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Where	  Jk,i	  depend	  only	  on	  the	  form	  taken	  by	  trajectories	  
So	  rate	  of	  coalescence	  controlled	  by	  
	  
	  
E.g.	  for	  our	  simple	  trajectory	  Jk,i	  is	  a	  func1on	  of	  x	  (freq.	  sweeps	  achieve)	  
and	  so	  number	  of	  lineages	  forced	  to	  coalesce	  by	  x	  (or	  distribu1on	  on	  x).	  

Homogeneous	  sweeps	  at	  rate	  νBP	  ,recombina1on	  at	  rate	  rBP.	  	  
Then	  i	  out	  of	  k	  lineages	  coalesce	  at	  rate:	  
	  

⌫BP

rBP



Under	  our	  simple	  par1al	  sweep	  model:	  J2,2	  =	  x2/tx	  
	  
tx	  =	  1000	  gens	   	  (s~0.1%),	  N=106,	  vBP	  x2	  =	  3x10-‐13	  	  

x	  = 	   	  100% 	   	  20% 	   	  5%	  
vBP= 	  3e-‐13	   	  	   	  8e-‐12	   	   	  1e-‐10	  per	  genera1on	  
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Data from  
Drosophila melanogaster 
(Shapiro	  et	  al	  2007)	  
 2NvBP	  J2,2=7x10-‐9	  

E(⇡) = 2uE(T2) =
4Nu

1 + 2N⌫BPJ2,2/rBP



⇡/(4Nu) = 0.1

For	  same	  reduc1on	  in	  diversity	  we	  can	  get	  very	  different	  	  
distor1ons	  to	  frequency	  spectrum	  
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Under	  Kingman	  coalescent	  



⇡/(4Nu) = 0.1

For	  same	  reduc1on	  in	  diversity	  we	  can	  get	  very	  different	  	  
distor1ons	  to	  frequency	  spectrum	  
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F
2
0
,k
/F

N 2
0
,k

k	  

F
r
a
c
t
i
o
n
o
f
S
i
n
g
l
e
t
o
n
s
i
t
e
s
,
F
2
0
,1



Selection on  
multiple mutations 

either standing or new 

Hermisson and Pennings 05, 
Pennings and Hermisson 06 

Selection on  
standing variation 

SoD	  Sweeps	  

Przeworski, Coop and Wall 2005 
Kim and Innan 05 

 



Hermisson and Pennings 05, 
Pennings and Hermisson 06 

SoD	  Sweeps	  
Pennings	  and	  Hermisson	  showed:	  
Muta1on	  rate	  at	  selected	  site	  =ρ	


At	  selected	  site:	  Lineages	  assigned	  to	  coalescent	  families	  	  
(tables)	  following	  infinite	  alleles	  model	  with	  param.	  4Nρ	

	  
	  
	  

q=e-‐rt	  
Where	  t=	  1me	  of	  sweep	  

At	  distance	  r	  away	  lineages	  recombine	  off,	  with	  
probability	  q,	  	  and	  so	  escape	  coalescence.	  
Remaining	  lineages	  assigned	  to	  coalescent	  families	  



Recurrent	  SoD	  Sweeps	  

Neutral	  coalescence	  at	  rate	  1/(2N)	  
	  
Sweeps	  occur	  at	  rate	  νBP	  homogeneously	  
	  along	  sequence	  recombining	  at	  rate	  rBP	  
i	  out	  of	  k	  lineages	  caught	  in	  sweep	  at	  rate:	  
	  
	  
	  
	  
The	  i	  lineages	  are	  then	  forced	  into	  coalescence	  families	  	  
according	  to	  infinite	  alleles	  model	  with	  parameter	  4Nρ	

	  	  	  
	  
	  
	  	  	  

✓
k

i

◆
⌫BP

t rBP

Z 1

0

�
e�r

�i �
1� e�r

�k�i
dr

E[⇡] = ✓

1 + 2N⌫BPJ2,2/ (rBP (1 + 4N⇢))



Recurrent	  SoD	  Sweeps	  
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Conclusions	  
•  A	  broad	  range	  of	  linked	  selec1on	  models	  can	  
be	  approximated	  by	  coalescent	  models	  with	  
mul1ple	  mergers	  

•  Range	  of	  biological	  models	  of	  linked	  selec1on	  
depressingly	  large	  and	  predic1ons	  overlap.	  

•  Idea:	  Rather	  than	  es1ma1ng	  one	  model	  why	  
not	  es1mate	  rates	  of	  different	  types	  of	  
coalescence	  across	  genome.	  	  	  



What	  we	  need	  

•  Given	  that	  the	  rate	  of	  sweeps	  differs	  across	  
the	  genome,	  what	  can	  we	  hope	  to	  learn	  about	  
the	  mul1ple	  merger	  process?	  

•  We	  need	  theory	  to	  predict	  frequency	  spectra	  
and	  haplotype	  pa_erns	  under	  these	  models.	  

•  What	  set	  of	  sta1s1cs	  are	  most	  informa1ve?	  
•  What	  set	  of	  coalescent	  processes	  can	  we	  hope	  
to	  dis1nguish?	  	  
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Peter	  Ralph	  

Thanks	  to	  Yaniv	  Brandvain,	  Chuck	  Langley,	  Molly	  Przeworski,	  
	  Alisa	  Sedghifar,	  and	  Guy	  Sella	  for	  helpful	  conversa1ons	  	  



•  For	  our	  simple	  approxima1on	  

What if once the allele reaches a frequency x and then its selection co-
efficient is reduced to s2? If we model the frequency of the selected allele
forward in time, after it reaches x, by X1(t) = 1 − (1 − x)e−s2(t−tx) t ≥ tx.
(Assuming the allele has past the inflexion point in the logistic curve). In
this case, using eq. (5)

q = (1 −
r

s2 + r
(1 − x))e−rtx (6)

Thus if the second selection coefficient is still large s2 >> r, then we obtain
q = e−rtx as the selected allele has gone quickly to fixation as in a full sweep,
and the only time for recombination is in the early phase of the trajectory
tx. While if the second selection coefficient is weak s2 << r then q = xe−rtx .

If instead the allele on reaching x is now deleterious with a selection
coefficient, −s2, then as long as x is not too high the deterministic decrease
of the selected allele forward in time should be well approximated by X1(t) =
xe−s2(t−tx) t ≥ tx. Inserting this into equation (5), we obtain

q = xe−rtx r

r + s2
(7)

If sd << r then q ≈ e−rtxx(1 − s2/r). While if s2 >> r then q ≈ ertxxr/sd,
in this case strong selection is acting to remove the allele means so there is
little chance of it contributing genetic material to the population.

Thus, if after the selected allele reaches the frequency x, it then begins
to move much more slowly, such that it is close to x for a time greater than
1/r. Then

q ≈ xe−rtx (8)

this will hold regardless of whether the derived allele eventually goes to loss
or fixation, or whether it at some later point it begins to change frequency
very rapidly again.

To demonstrate this independence of partial linked variation from the
fate of the selected allele: consider an allele that arose T + t generations, and
reached frequency x within t generations. Upon reaching x its selection coef-
ficient changes to either sd, −sd or it remains perfectly balanced at frequency
x. These three possible trajectories are plotted in Figure 1A. The average
level of neutral diversity moving away from the selected locus is shown in
Figure 1B and C. Close to the selected site the level of neutral diversity is
very dependent on the trajectory. However, as we move further away from
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Evidence	  for	  varia1on-‐reducing	  selec1on	  in	  humans	  
But	  not	  clear	  what	  mode	  of	  linked	  selec1on	  acts.	  
	  
	  

Cai	  et	  al.	  2009	  	  
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Lohmueller	  et	  al.,	  2011	  



Matching	  the	  reduc1on	  in	  pi	  the	  distor1on	  to	  the	  site	  frequency	  
spectrum	  	  
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Sample size =20 

Frequency	  selected	  alleles	  
sweep	  to	  
100%	  
50%	  
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Conclusions	  

•  P	  



Data from Humans 

e.g.	  Cai	  et	  al	  2009	  	  

Rate of recombination (cM/Mb) 
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Hellmann	  et	  al	  using	  similar	  data	  	  
	  
	  
	  
Es1mated	  π0	  =1.6x10-‐3	  ,	  α	  =	  6	  x	  1	  0	  -‐1	  1	  	  

π ≈
r
BP
π
0

r
BP
+α

α=	  2NvBP	  (x2/tx)	  	  	  
tx	  =	  1000	   	   	  (s~1%)	  
N=10000	  
vBP	  x2	  =	  3	  x	  10-‐12	  	  

x	  = 	   	  100% 	   	  50% 	   	  20% 	   	  5%	  
vBP= 	  3e-‐12	   	   	  1e-‐11	   	   	  8e-‐11	   	   	  1e-‐09	  !!!	  
	  
	  

Assuming	  none	  of	  the	  reduc1on	  
	  is	  due	  to	  BS	  

Note	  humans	  need	  a	  high	  sweep	  	  
rate	  despite	  smaller	  effect	  of	  HH	  



Solid	  coloured	  line	  recurrent	  loss	  trajectory.	  
Dashed	  coloured	  line	  recurrent	  fix	  trajectory	  

tx	  /2N	  =	  0.0015	  
Pauses	  for	  0.02	  (2N	  genera1ons)	  


