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Thanks	  to	  Susan	  Johnston	  for	  numbers	  



Balancing	  Selec7on	  
	  
Modes	  of	  selec7on	  maintaining	  varia7on	  are	  collec7vely	  referred	  to	  as	  balancing	  selec+on	  

	  

Heterozygote	  advantage	  is	  just	  one	  form	  of	  balancing	  selec7on	  

	  

A	  broad	  class	  of	  balancing	  selec7on	  is	  nega+ve	  frequency	  dependent	  selec+on	  

• 	  Fitness	  nega7vely	  correlated	  with	  frequency	  
• 	  Occurs	  in	  many	  systems	  due	  to	  interac7ons	  between	  individuals	  or	  species	  

• 	  e.g.	  prey/predator	  or	  pathogen/host	  dynamics	  



Flower	  colour	  morphs	  in	  the	  	  Elderflower	  
orchid	  

An	  example	  of	  nega7ve	  frequency	  
dependent	  selec7on	  
This	  decep7ve	  plant	  aJracts	  bees,	  but	  
offers	  no	  reward.	  	  Bees	  then	  tend	  to	  
alternate	  between	  purple	  and	  yellow	  
flower	  morphs	  

Frequency	  of	  yellow	  morph	  

Frequency	  of	  yellow	  morph	  
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Balanced	  polymorphisms	  can	  also	  arise	  due	  to	  nega7ve	  frequency	  
dependent	  selec7on.	  Occurs	  in	  many	  systems	  due	  to	  interac7ons	  
between	  individuals	  or	  species	  e.g.	  prey/predator	  or	  pathogen/
host	  dynamics	  

Can	  maintain	  diversity	  over	  very	  long	  7me	  periods.	  	  

Frequency	  of	  3	  alleles	  at	  host	  
resistance	  locus	  over	  7me	  	  



Balanced	  polymorphisms	  can	  also	  arise	  due	  to	  nega7ve	  frequency	  
dependent	  selec7on.	  Occurs	  in	  many	  systems	  due	  to	  interac7ons	  
between	  individuals	  or	  species	  e.g.	  prey/predator	  or	  pathogen/
host	  dynamics	  

Can	  maintain	  diversity	  over	  very	  long	  7me	  periods.	  	  



ABO	  blood	  groups	  in	  primates	  
The ABO gene encodes for a glycosyltransferase 
(Yamamoto et al, 1990) 



Muta7on–selec7on	  balance	  

The	  gene	  BRCA1	  is	  one	  out	  of	  about	  a	  dozen	  genes	  
known	  to	  harbour	  loss-‐of-‐func7on	  muta7ons	  leading	  
to	  breast	  cancer	  

At	  BRCA1,	  more	  than	  1000	  different	  alleles	  increase	  suscep7bility	  to	  breast	  and	  ovarian	  cancers.	  The	  figure	  
shows	  posi7ons	  of	  frameshiU	  and	  nonsense	  muta7ons	  along	  the	  gene,	  which	  is	  in	  blue,	  with	  exons	  indicated	  by	  
numbers.	  Modified	  from	  McClellan	  &	  King	  (2010)	  Cell.	  

Mutation 

Negative selection 

Deleterious variants in 
the population 
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The more dominant a deleterious mutation is, the rarer it will be at mutation 
–selection balance. 

Muta7on–selec7on	  balance	  

€ 

qe ≈
µ
hs

if h > 0 qe ≈
µ
s

if h = 0

Fr
eq

ue
nc
y	  



Muta7on–selec7on	  balance	  

The	  frequency	  of	  frameshiU	  and	  nonsense	  muta7ons	  at	  BRCA1	  is	  about	  1/1000.	  The	  
BRCA1	  gene	  has	  about	  2500	  coding	  bases,	  and	  the	  per-‐base	  pair	  muta7on	  rate	  in	  
humans	  is	  about	  2×10–8	  per	  genera7on.	  How	  strong	  is	  selec7on	  against	  an	  average	  
loss-‐of-‐func7on	  muta7on?	  

At	  BRCA1,	  more	  than	  1000	  different	  alleles	  increase	  suscep7bility	  to	  breast	  and	  ovarian	  cancers.	  The	  figure	  
shows	  posi7ons	  of	  frameshiU	  and	  nonsense	  muta7ons	  along	  the	  gene,	  which	  is	  in	  blue,	  with	  exons	  indicated	  by	  
numbers.	  Modified	  from	  McClellan	  &	  King	  (2010)	  Cell.	  



•  Deleterious alleles maintained at low 
frequencies in the population 

•  But across the genome … 
•  MacArthur et al. (2012 Nature) estimated 

that human genomes typically carry 
about 100 loss-of-function alleles (about 
20 of them completely inactivated) 

Implica7ons	  

•  Thus, mutation–selection balance 
may be an important source of 
fitness variation in nature  



Inbreeding	  depression:	  Reduced	  fitness	  of	  inbred	  individuals	  (from	  normally	  outbred	  popula7ons)	  
	  
	  	  
	  

Silene	  la7folia	  (white	  campion)	  	  
from	  Charlesworth	  and	  Willis	  Nat	  Gen.	  ’09	  	  

One	  of	  the	  first	  systema7c	  surveys	  of	  inbreeding	  depression	  was	  
conducted	  by	  Darwin	  (57	  plant	  species)	  

All	  else	  being	  equal	  muta7ons	  that	  are	  more	  recessive	  	  
should	  segregate	  at	  high	  frequencies	  under	  muta7on	  selec7on	  balance	  

Morton, Crow and Muller (1956) 
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Avg.	  length	  (in	  Mb)	  In	  homozygous	  by	  descent	  regions	  
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Frac7on	  genome	  homozygous	  by	  descent	  (F)	  
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Data from various Schiedea 
species with different extent of 
inbreeding. From Charlesworth & 
Willis (2009) Nat Rev Gen (redrawn 
from Weller et al. 2005 J Evol Bio) 

Given	  an	  inbreeding	  
coefficient	  of	  f,	  the	  
equilibrium	  frequency	  is	  

Purging	  of	  inbreeding	  load	  in	  par7ally	  selfing	  popula7ons	  
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Spa7ally	  varying	  selec7on	  	  
and	  	  

migra7on–selec7on	  balance	  



Clinal variation:  
local adaptation on broad scales 

Human body mass and mean annual temperature 

Mean temperature Short-wave radiation 

Relethford (1997) Am	  J	  Phys	  Anthropol 

Skin reflectance and latitude 

 
Katzmarzyk & Leonard (1998) Am J Phys Anthropol 

previous study:	  Roberts	  (1953) 



La7tude	  (degrees	  south)	  

Clines	  in	  inversion	  frequencies	  in	  Drosophila	  



Sickle allele distribution                      Malaria distribution 

When	  selec7on	  pressures	  vary	  smoothly	  on	  a	  scale	  much	  greater	  
than	  dispersal,	  and	  different	  alleles	  at	  the	  same	  locus	  are	  
favoured	  in	  different	  environments,	  we	  observe	  clines	  in	  allele	  
frequencies.	  These	  do	  not	  depend	  on	  migra7on.	  

Allele-frequency clines 
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though there is no evidence that 

mine plants in the wild self-fertilize 

more than normal plants of these 

species. The novel form of Mimuius 

that I have found in California (see 

above) appears to be largely self- 

fertilizing. Self-fertilization is a well 

known strategy among colonizing 

species, where compatible conspe- 

cifics may be difficult to find; in 

addition, it helps to reduce the 

amount of seed that can be form- 

ed by hybridization with another 

population, and thus also serves as 

a partial isolating barrier. 

Flowering time differences in 

both Agrostis capillaris and Anth- 

oxanthum odor&urn were found 

across the mine boundary at 

Trelogan24. There are various poss- 

ible explanations of how these dif- 

ferences evolved. The boundary in 

this case occurs on a bank, which is 

likely to be drier, and therefore 

early flowering may have been 

directly selected for. Stam*5 has 

developed an ingenious model 

showing how an initial difference in 

flowering time caused solely by an 

environmental factor (e.g. drier con- 

ditions) can lead to the evolution of 

a genetic difference between the 

populations: the plants that are 

flowering early for environmental 

reasons will tend to mate with 

plants that flower early for genetic 

reasons, and thus import early- 

flowering genes. 

Another possibility is that the 

flowering difference evolved direct- 

ly in order to reduce hybridization 

(the so-called Wallace effect). The 

cline in tolerance is extremely 

steep at Trelogan (see Fig. 21, and 

Hickey and McNeillyrO have shown 

that there is a considerable fitness 

differential between mine and non- 

mine plants in normal soils. This is 

in contrast to the findings that 

tolerance per se is not very dis- 

advantageous (see above), and 

perhaps is further evidence that 

mine plants have built up consider- 

able differences, other than toler- 

ance, from non-mine populations. 

The hybrids between the two forms 

could be at a disadvantage in 

either habitat (but particularly in 

the harsher mine environment), so 

producing a selective force in 

favour of any process that tends 

towards assortative mating. This is 

precisely the situation modelled by 

EndIe+ in his model of parapatric 

speciation. 

Fig. 2. The zinc 

tolerance of popula- 

tions of Antfrowant~& 

UM odoratutn fclosed 

circles1 and AgrLislis 

tapilfaris lopen cir- 

cles) at the mine 

boundary at Trelo- 

gan. North Wales. ,411 

A. capiffaris values 

have been multi- 

plied by three. RP- 

drawn after Ref. IO. 

Distance (metres) 

A gene giving postmating isola- 

tion has been discovered in 

M. guttatus, closely associated with 

the tolerance gene. In crosses be- 

tween plants from the Copperopo- 

lis mine population and a non- 

tolerant population, a number of 

plants died at an early stage. Gen- 

etic analysis27 showed that the iso- 

lating gene was pleiotropic to, or 

closely linked to, the tolerance 

gene, and this reacted with a small 

number of genes in the non- 

tolerant population to produce in- 

viability. Figure 3 shows M. guttatus 

families of differing types showing 

differing proportions of inviable 

plants. We have analysedr8 the dis- 

tribution of the component genes 

in this and another system28 in M. 

guttatus that also produces in- 

viable offspring. This clearly shows 

that there is considerable variation 

in many populations for genes for 

potential isolating barriers, and 

that the two complementary com- 

ponents of a particular barrier may 

be present in populations that are 

not very distant from each other. If 

the strong selection acting in the 

mine area selects the isolating 

gene directly because of some 

adaptive pleiotropic effect of the 

gene, or indirectly because the 

gene is closely linked to an adap- 

tive gene, then this gene can be 

fixed quite readily. One or other of 

these processes has happened in 

F ig. 3. Families of Mimufus guttatus showing different segregations of a gene giving postmating isolation 

Each tray contains plants from a different family: two families show approximately 100% survival, two 

families 100% lethality, and two families approximately 50% survival. All families were produced by 

crossing a plant homozygous for the tolerance gene to different plants from the Cerig-y-drudion 

non-tolerant population. 
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lis mine population and a non- 

tolerant population, a number of 

plants died at an early stage. Gen- 

etic analysis27 showed that the iso- 

lating gene was pleiotropic to, or 

closely linked to, the tolerance 

gene, and this reacted with a small 

number of genes in the non- 

tolerant population to produce in- 

viability. Figure 3 shows M. guttatus 

families of differing types showing 

differing proportions of inviable 

plants. We have analysedr8 the dis- 

tribution of the component genes 

in this and another system28 in M. 

guttatus that also produces in- 

viable offspring. This clearly shows 
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in many populations for genes for 

potential isolating barriers, and 

that the two complementary com- 

ponents of a particular barrier may 

be present in populations that are 
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the strong selection acting in the 

mine area selects the isolating 

gene directly because of some 
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gene, or indirectly because the 
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tive gene, then this gene can be 

fixed quite readily. One or other of 

these processes has happened in 
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Macnair	  (1987)	  TREE	  

Local	  adapta7on	  can	  occur	  on	  very	  short	  geographic	  scales	  



Popula7on	  1	   Popula7on	  2	  

A1 	  	  	  	  A2	  
1 	  1	  –	  s	  

	  	  A1 	  	  	  	  	  	  	  	  A2	  
1	  –	  s	   	  1	  

m	  

m	  

A	  simple	  haploid	  model	  	  

Modelling	  migra7on–selec7on	  balance	  
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FIG. 1. Collecting sites, substrate color, and coat color frequencies on and neighboring the Pinacate lava flow in south central Arizona.
Six sites were sampled: three on dark volcanic rock and three on light-colored substrate. The lava flow is surrounded by approximately
1 km of the Pinta Sands. Substrate color is indicated schematically below. Pie diagrams refer to the frequencies of light and melanic
mice at each collecting site. Sample sizes are given.

to also be an important antipredator adaptation, since the

degree of substrate matching is more extreme in C. inter-

medius than in P. maniculatus. In addition, it is well estab-

lished that desert heteromyids, like C. intermedius, are preyed

upon by visual predators including owls and mammalian car-

nivores (Brown and Harney 1993).

On the Pinacate lava beds in southern Arizona, a single

gene, the melanocortin-1 receptor (Mc1r), is responsible for

the adaptive color polymorphism observed in C. intermedius

(Nachman et al. 2003). Melanic mice carry one or two copies

of the Mc1r D allele, which is distinguished by four amino

acid variants relative to the wild-type Mc1r d allele. All four

mutations cause a change in amino acid charge and are in

complete linkage disequilibrium with each other.

Here, we provide evidence that strong natural selection is

acting to match coat color of C. intermedius to substrate color

through changes in Mc1r allele frequencies in the Pinacate

lava region. First, we quantified phenotypic differences using

a spectrophotometer to measure reflectance from the pelage

of melanic and light mice across six sites on dark volcanic

basalt and the neighboring light-colored rocks. Second, we

compared the distribution of alleles atMc1r to the distribution

of alleles at two neutral mitochondrial DNA (mtDNA) loci

at each of the six sites. Finally, we used estimates of Mc1r

allele frequencies and migration rates between sites to esti-

mate the strength of selection acting on coat color in this

system.

MATERIALS AND METHODS

Sampling

The majority of the Pinacate lava flow is located in northern

Sonora Mexico. The northernmost extension of the lava

reaches southern Arizona and is found within the Cabeza

Prieta National Wildlife Refuge. We sampled a 35-km east-

west transect across this extension of Pinacate lava at six

sites (Fig. 1, Table 1): three sites were on rocky outcrops of

lava (West, Mid, and East), and three sites were in the light-

colored granite of the O’Neill Hills (O’Neill Pass) to the East,

and the Tule Mountains (Tule Well) and Cabeza Prieta Moun-

Example:	  Colour	  polymorphism	  in	  rock	  pocket	  mice	  
(Chaetodipus	  intermedius)	  on	  and	  off	  black	  volcanic	  lava	  flows	  in	  
southern	  Arizona	  (Hoekstra	  et	  al.	  2004,	  Evolu+on)	  
	  

Here,	  dark	  colour	  is	  due	  to	  a	  change	  at	  the	  melanocor7n-‐1	  receptor	  (Mc1r)	  gene,	  and	  the	  
agent	  of	  selec7on	  is	  most	  likely	  preda7on.	  The	  dark	  muta7on	  is	  dominant.	  



1334 HOPI E. HOEKSTRA ET AL.

FIG. 3. Change in frequencies of four traits across six collecting
sites in a west-to-east transect. (A) Frequency of melanic mice, (B)
frequency of the Mc1r D allele, (C) frequency of Mc1r Dd indi-
viduals among melanic mice, (D) frequency of the most common,
well-supported mtDNA haplogroup (from Fig. 5).

across the tips of the mtDNA phylogeny. In fact, 15 mtDNA

haplotypes (of 36 haplotypes found in more than a single

individual) were found in both light and melanic individuals.

Tajima’s D calculated from all sites in COIII and ND3

together was not significantly different from the neutral equi-

librium expectation of 0 (D ⇥ �1.58, P ⌃ 0.05). However,

nonsynonymous and synonymous sites differed in the fre-

quency distribution of polymorphic sites. Tajima’s D was

significantly negative for nonsynonymous sites (D ⇥ �2.43,
P ⌅ 0.01), but not for synonymous sites (D ⇥ �1.36, P ⌃
0.1), consistent with the idea that many mitochondrial non-

synonymous polymorphisms are weakly deleterious (Nach-

man et al. 1996; Nielsen and Weinreich 1999). For estimates

of gene flow (below) we restricted our analysis to synony-

mous sites. The mismatch distribution (the distribution of

differences between all pairs of sequences in the sample)

provided no evidence for population expansion (raggedness

statistic, r ⇥ 0.003).

Population Structure and Gene Flow

Estimates of FST and ⌥ST were generated from mtDNA

sequence data between Tule Mountains and the Pinacate lava,

as well as between O’Neill Hills and the Pinacate lava. These

estimates of FST and ⌥ST were used to calculate Nm (Table

3). We also generated maximum likelihood estimates of Nm,

using the program Migrate (Table 4). Migration rates were

high between O’Neill Hills and the Pinacate lava, consistent

with the FST calculations. However, in each of the pairwise

comparisons between populations, migration was asymmet-

ric. Migration rates were higher from the Tule Mountains to

the Pinacate lava than in the reverse direction, and similarly,

migration rates were higher from the O’Neill Hills to the

Pinacate lava than in the reverse direction. In both cases, the

Pinacate lava population appears to be a sink, receiving more

migrants from neighboring regions. The average of these two

estimates of migration (one in each direction) for each pair

of populations was similar to the value obtained from FST
(above).

Estimating Selection Coefficients

We used the estimates of Nm to estimate the strength of

selection against Mc1r D alleles on light rocks and against

Mc1r d alleles on dark rocks, assuming a simple model of

migration-selection balance at equilibrium. Estimates of Nm

were used to provide estimates of m by first calculating N.

An estimate of N was obtained from the mitochondrial mu-

tation rate, ⇧ ⇥ 10�6 � 10�7, and the observed nucleotide

diversity, ⇤ ⇥ N⇧ ⇥ 0.01, suggesting that N ⇥ 104 � 105.

In the migration-selection model, N refers to local population

size, and N ⇥ 104 does not seem unreasonable for these

rodents, which are often found at high density. Using esti-

mates of N ⇥ 104 � 105, we solved for migration rate (m)

between the Pinacate lava and the two light sites, O’Neill

Hills to the east and Tule Mountains to the west.

Using both FST and Migrate estimates of Nm, we calculated

m from the lava to neighboring light-colored rocks (Table

5). Using migration rates estimated with Migrate and two

estimates of N(104 and 105), m ⇥ 7.0 � 10�5 to 7.0 � 10�6

from the Pinacate lava to the Tule Mountains and m ⇥ 7.3

� 10�4 to 7.3 � 10�5 from the Pinacate lava to O’Neill Hills.

In both cases, estimates from FST were approximately three

to six times higher than the Migrate estimates. We also es-

timated migration to the Pinacate lava by combining migra-

tion from both the O’Neill Hills and the Tule Mountains sites

to get the total immigration of alleles into the lava population.
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FIG. 3. Change in frequencies of four traits across six collecting
sites in a west-to-east transect. (A) Frequency of melanic mice, (B)
frequency of the Mc1r D allele, (C) frequency of Mc1r Dd indi-
viduals among melanic mice, (D) frequency of the most common,
well-supported mtDNA haplogroup (from Fig. 5).

across the tips of the mtDNA phylogeny. In fact, 15 mtDNA

haplotypes (of 36 haplotypes found in more than a single

individual) were found in both light and melanic individuals.

Tajima’s D calculated from all sites in COIII and ND3

together was not significantly different from the neutral equi-

librium expectation of 0 (D ⇥ �1.58, P ⌃ 0.05). However,

nonsynonymous and synonymous sites differed in the fre-

quency distribution of polymorphic sites. Tajima’s D was

significantly negative for nonsynonymous sites (D ⇥ �2.43,
P ⌅ 0.01), but not for synonymous sites (D ⇥ �1.36, P ⌃
0.1), consistent with the idea that many mitochondrial non-

synonymous polymorphisms are weakly deleterious (Nach-

man et al. 1996; Nielsen and Weinreich 1999). For estimates

of gene flow (below) we restricted our analysis to synony-

mous sites. The mismatch distribution (the distribution of

differences between all pairs of sequences in the sample)

provided no evidence for population expansion (raggedness

statistic, r ⇥ 0.003).

Population Structure and Gene Flow

Estimates of FST and ⌥ST were generated from mtDNA

sequence data between Tule Mountains and the Pinacate lava,

as well as between O’Neill Hills and the Pinacate lava. These

estimates of FST and ⌥ST were used to calculate Nm (Table

3). We also generated maximum likelihood estimates of Nm,

using the program Migrate (Table 4). Migration rates were

high between O’Neill Hills and the Pinacate lava, consistent

with the FST calculations. However, in each of the pairwise

comparisons between populations, migration was asymmet-

ric. Migration rates were higher from the Tule Mountains to

the Pinacate lava than in the reverse direction, and similarly,

migration rates were higher from the O’Neill Hills to the

Pinacate lava than in the reverse direction. In both cases, the

Pinacate lava population appears to be a sink, receiving more

migrants from neighboring regions. The average of these two

estimates of migration (one in each direction) for each pair

of populations was similar to the value obtained from FST
(above).

Estimating Selection Coefficients

We used the estimates of Nm to estimate the strength of

selection against Mc1r D alleles on light rocks and against

Mc1r d alleles on dark rocks, assuming a simple model of

migration-selection balance at equilibrium. Estimates of Nm

were used to provide estimates of m by first calculating N.

An estimate of N was obtained from the mitochondrial mu-

tation rate, ⇧ ⇥ 10�6 � 10�7, and the observed nucleotide

diversity, ⇤ ⇥ N⇧ ⇥ 0.01, suggesting that N ⇥ 104 � 105.

In the migration-selection model, N refers to local population

size, and N ⇥ 104 does not seem unreasonable for these

rodents, which are often found at high density. Using esti-

mates of N ⇥ 104 � 105, we solved for migration rate (m)

between the Pinacate lava and the two light sites, O’Neill

Hills to the east and Tule Mountains to the west.

Using both FST and Migrate estimates of Nm, we calculated

m from the lava to neighboring light-colored rocks (Table

5). Using migration rates estimated with Migrate and two

estimates of N(104 and 105), m ⇥ 7.0 � 10�5 to 7.0 � 10�6

from the Pinacate lava to the Tule Mountains and m ⇥ 7.3

� 10�4 to 7.3 � 10�5 from the Pinacate lava to O’Neill Hills.

In both cases, estimates from FST were approximately three

to six times higher than the Migrate estimates. We also es-

timated migration to the Pinacate lava by combining migra-

tion from both the O’Neill Hills and the Tule Mountains sites

to get the total immigration of alleles into the lava population.
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