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Migration/Selection Equilibrium 

v what level of migration is sufficient to 
counter the effects of selection? 
² “divergence with gene flow” 

Hemoglobin 
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Waterfowl Hemoglobin 

v waterfowl adapted to high-altitude  
² Bar-headed goose: Pro-119-alpha --> Ala 
² Andean goose: Leu-55-beta --> Ser 

Waterfowl Hemoglobin 
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Jessen et al. 1991 Adaptation of bird hemoglobins to high 
altitudes - demonstration of molecular mechanism by protein 
engineering. PNAS 88 (15): 6519-6522. 

v bar-headed goose: Pro-119-alpha --> Ala 
v Andean goose: Leu-55-beta --> Ser 
v both mutations destabilize the deoxygenated 

state of hemoglobin 
v site-directed mutagenesis to engineer Ser-55-

beta into human hemoglobin 
v  increases affinity of molecule for oxygen 
v crystal structure of engineered molecule 

identical to human hemoglobin except for the 
2-carbon gap left by the replacement of 
methionine with serine 
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McCraken et al. 2010 
Mol. Phylog. Evol. 

Hemoglobin in 
Andean Waterfowl 
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Hemoglobin in 
Andean Waterfowl 

Yellow-billed 
pintail (Anas 
georgica) 

McCracken et al. 
2009 Mol. Biol. Evol. 
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MIGRATE 
(LAMARC) 

assumptions: 
v  system at 

mutation/drift 
equilibrium 

v  constant 
population sizes 
and migration 
rates through time 

v  no selection 

N1 
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m45, 
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Migrate Results 

McCracken et al. 2009 Mol. Biol. Evol. 
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Migration/Selection Equilibrium 

v what level of migration is sufficient to counter 

the effects of selection?   m > s	

²  “divergence with gene flow” 

Migration/Selection Equilibrium 

v suppose an allele (a) is disadvantageous in one 
population but not another 

v  fitness of genotypes 
² AA: 1, Aa: 1-hs, aa: 1-s 

v q*: frequency of a in incoming migrants 

v mi, mo: incoming and outgoing migration rates 

Δq =
−spq q+ h p− q( )#$ %&
1− sq 2hp+ q( )

+miq*−moq
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Pocket mice 
v Hoekstra et al. 2004 Evolution 58: 

1329-1341 
v  light and dark coloration 

produced by alternative alleles 
of MC1R gene 

Estimating Selection in Pocket Mice 

v mi, mo from MIGRATE analysis of mtDNA 

v p, q, q* from DNA sequencing 	

v h from phenotype/genotype comparison 
v selection against the Mc1r d allele on dark 

substrate was 0.013 to 0.126 
² depending on estimate of Ne 

v stronger than selection against dark mice on 
light substrate 

€ 

Δq =
−spq q + h p − q( )[ ]
1− sq 2hp + q( )

+ miq*−moq Hoekstra et al. 2004  
Evolution 58: 1329-1341 
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s = 0.01, mi = mo = 0.01 

Migration rate vs. Number of migrants 

v migration rates yielding Nm = 1 
² Ne = 100, m = 0.01 

² Ne = 1,000, m = 0.001 

² Ne = 10,000, m = 0.0001 

² Ne = 100,000, m = 0.00001 
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Migration rate vs. Number of migrants 

v number of migrants equivalent to m > s 
for s = 0.01 

² Ne = 100, Nm > 1 

² Ne = 1,000, Nm > 10 

² Ne = 10,000, Nm > 100 

² Ne = 100,000, Nm > 1,000 

Migration rate vs. Number of migrants 

v migration rate yielding Nm = 1 
²  Ne = 10,000, m = 0.0001 = 0.01%  

v number of migrants equivalent to  m > s 
²  Ne = 10,000, s = 0.01, Nm > 100 

v the level of migration needed to prevent 
adaptive divergence is generally much greater 
than the level needed to prevent neutral 
divergence 

v populations can diverge due to selection 
despite ongoing gene flow! 
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Genome scan 

v compare FST at multiple loci to look for 
outliers that may be under selection 
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Yellow-billed 
pintail (Anas 
georgica) 

McCracken et al. 
2009 Mol. Biol. Evol. 
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