
POLYGENIC ADAPTATION: SWEEPS & SHIFTS

Joachim Hermisson

Mathematics & Biology, University of Vienna

The genomic footprint 

of polygenic adaptation:
from sweeps to small frequency shifts



POLYGENIC ADAPTATION: SWEEPS & SHIFTS

Three adaptive scenarios



POLYGENIC ADAPTATION: SWEEPS & SHIFTS

Three adaptive scenarios

Soft

Hard sweeps

Åmutation limited:

from single new mutation

ü classical sweep pattern

Soft sweeps

Å not mutation limited:

multiple copies from SGV      

or recurrent new mutation

ü modified sweep pattern

Polygenic adaptation

Å adaptation from SGV due 

to subtle frequency shifts

across many loci

ü no sweep patterns

molecular

popgen

quantitative

genetics

Pritchard et al. 2010
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é more than polygenic: omnigenic !
(June 2017 ïmore than 320 citations)
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é but is it ?
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Three adaptive scenarios

Whichscenarioisfavoredunderwhichconditions?

Consider:

Dependingon: 

new

mutation

standing

geneticvariation

few

loci

many

loci

large shifts

(sweeps)

smallfrequency

shifts

Å panmictic population

Å adaptationfrommutation-selection-drift balance

Å mutation rate, 

Å selectionstrength, 

Å numberofloci (targetsize)  
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Concepts & Models

Adaptation at a polygenictrait
(panmictic, constantselection)

Whatdo weneedforadaptation

bysmallshiftsat manyloci ?

Consider :
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Concepts & Models

Consider :

Additivetrait ïno fitness epistasis, no linkage

ü independent single-locus dynamics

Åstrong selection: hard or soft sweeps (overdominance: partial sweeps)

Åweak selection: ñslow sweepsò (no clear footprint)

Ånever: polygenic small shifts

Adaptation bysmallshiftsisa 

collectivemodeofadaptation

at manyinteractingloci
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Concepts & Models

Consider :

Trait with linkedloci, no fitness epistasis

ü temporary interference, but in the long term still sweeps

Epistatictraitwithredundancyamongloci

Åalternative mutationsat different loci solvethesame task

Ådiminishingreturns(negative epistasis) forfitness  

ü e.g. stabilizingselectionon quantativetrait,

ü redundancyon thelevelofgenes ornetworks,

ü saturationeffectsin metabolicpathways,

ü negative feedbacks, top-down controlé
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Patterns of polygenic adaptation

Ilse Hölliger
University of

Vienna

Pleuni Pennings
San Francisco State 

University

Considerpolygenicadaptationin an ideal modelforsmallshifts
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ÅN haploids, L biallelicloci, all equal

Å recurrent mutation at all loci                    (no back mut.)

Åselection (e.g. resistance):

Patterns of polygenic adaptation

Basic model:  Binary trait with polygenic basis and complete redundancy

— ςὔό

1+ sb

# mut.

0 21 3

1

fit.

# mut.

0 21 3

1

fit.

1- sd

before env. change after env. change

wt mt phenotype
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Å lettraitevolveuntilmutantphenotype> 95%

Åconsider:

Å majorlocus: locuswithlargestmutantfrequency(after adaptation)

Å minor loci: furtherloci withmutantfrequency> 0  

few or many? 

independent or collective?

sweeps or shifts?

Basic model:  Binary trait with polygenic basis and complete redundancy

Patterns of polygenic adaptation
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Adaptation fromSGV to95% mutantphenotype: deterministictheory

L = 50 loci,                 ,2Nsd = 10, 2Nsb = 100

ü archetypical scenario of ñsmall shifts at many lociò 

— πȢπρ

Patterns of polygenic adaptation

allele frequencyfrequency of mt.phenotype 

genotype: smallshifts

(same at all loci)

phenotype: large change

0.001
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Adaptation fromSGV to95% mutantphenotype: stochasticsimulations

— πȢπρ

Patterns of polygenic adaptation

frequency of mt.phenotype 

phenotype: large change

allele frequency

L = 50 loci,                 ,2Nsd = 10, 2Nsb = 100

ü single major locus dominates and sweeps, no ñsmall shiftsò 

genotype: singlesweep

49 loci

1 locus
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Åmaximalsymmetry: 

ü all loci equal, same starting conditions, no a-priory advantage

Åmaximal redundancy: 

ü loci restrict each other due to negative epistasis

Patterns of polygenic adaptation

ü Why no ñadaptation by small 

frequency shifts at many lociò ?
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establishment phase

stochastic:

mutation& drift

competition phase

deterministic:

selection& epistasis

Patterns of polygenic adaptation

Evolutionary trajectories (2 loci, schematic):

1st locus

2nd locus

sampling 

(95% mt)
rapid phenotypic adaptation slow change (neutral)

time

(SGV or)
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ü joint distribution

òinverted Dirichletdistributionò

ü ratios independent of  

Å new mutant copies at all loci by mutation or reproduction 

Å establishmentprobability for each new copy

ü track only copies destined for establishment: òYule process with immigrationò   

locus A locus B

ςί

split rateί

—ίimmigration rate

per line

per locus

ὲȟὲȟȣ copies at loci A, B, ... 

0Òὲȟὲȟȣ

ti
m

e
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Establishment phase: stochastic origin of mutant clones 

Patterns of polygenic adaptation

mutation and drift during establishment 

create stochastic differences among loci
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2. Competition phase

Å deterministic allele frequency changes due to epistatic selection (ignore mutation)

ὴ ίὴ ρ ὴ ρ ὴ ίὴὈ

ὴ ίὴ ρ ὴ ρ ὴ ίὴὈ

(D linkage disequilibrium)

ü selection among redundant alleles

- maintains ratios

- zooms up differences                           created during the establishment phase

ὲȾὲ

ὲ ὲ

Å independent of        and

Å independent of the stopping condition

Å L loci: all allele frequency ratios maintained, 

one major locus & L-1 independent minor loci

ί Ὀ

ü strong major/minor 

locus structure 

Patterns of polygenic adaptation
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—

ϳὴ ὴ

Relative adaptive response (2 loci)

N = 10000, sampling at 95% mt. phenotype

sb N = sd N = 1000

homogeneousheterogeneous

individual collective
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Influence of selection?

Relative adaptive response (2 loci)
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—

ϳὴ ὴ

Relative adaptive response (2 loci)

N = 10000, sampling at 95% mt. phenotype

sb N = 1000

sb N = 100

sd N = 1000
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How about adaptation

from standing genetic variation?

Relative adaptive response (2 loci)
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—
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Relative adaptive response (2 loci)

N = 10000, sampling at 95% mt. phenotype

sb N = 1000

low SGV; sd N = 1000

high SGV; sd N = 10
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Equal levels of SGV                           at many loci é ὔ
ό

ί

—

ςί

é should lead to equal proportions                

after adaptation

ὲȾὲ

But: levels of SGV in mutation-selection-drift balance 

are stochastic and have a large variance
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no. of copies

—
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— πȢρȠί πȢπρȠί πȢρ

ü Same major-minor locus structure 

as for new mutation 

Relative adaptive response (2 loci)



POLYGENIC ADAPTATION: SWEEPS & SHIFTS

— πȢπρ

Architecture of polygenic adaptation
allele frequencies with complete redundancy

minor locus

major locus

9 minors

1 major

99 minors

1 major

sweep@ single major locus

2 loci 10 loci 100 loci

allele frequency

— ὒ ρ— πȢπρ ( ñgenome-wide —ò)

N = 10000, sb = sd = 0.1
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Architecture of polygenic adaptation
allele frequencies with complete redundancy

minor

major

partial sweeps& strong major/minor structure

2 loci 10 loci 100 loci

allele frequency

— ὒ ρ— ρ

1 major

sum over

9 minors
sum over

99 minors

N = 10000, sb = sd = 0.1

1 major
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Architecture of polygenic adaptation
allele frequencies with complete redundancy

partial sweeps& strong major/minor structure

2 loci 10 loci 100 loci

allele frequency

2nd
3rd

1st
2nd

3rd

1st1st

— ὒ ρ— ρ

N = 10000, sb = sd = 0.1
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Architecture of polygenic adaptation
allele frequencies with complete redundancy

partial sweeps& strong major/minor structure

2 loci 10 loci 100 loci

allele frequency

— ρȟ9ÕÌÅÁÐÐÒÏØÉÍÁÔÉÏÎ

N = 10000, sb = sd = 0.1


