
Population structure 

and paternity studies 
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Terms

• Gene

• Locus (loci)

• Allele – alternative forms of a gene

• Genome – single copy of all of the genes

• Diploid - 2 genomes
(exceptions Chr Y, cpDNA a mtDNA) 

• Alleles at a single locus – genotype (AA, Aa, aa)

• Same alleles – homozygote (AA aa)

• Different alleles – heterozygote (Aa)

• Haplotype – array of alleles of linked genes, DNA sequence
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Heterozygosity

• Proportion of heterozygous loci

• More loci in a sigle individual, 
single lokus in more individuals

• Whole genome



• Allele frequency

• A 9/20 = 0.45 (p)

• a 11/20 = 0.55  (q)

• Genotype frequency

• AA 2/10 = 0.2

• aa 3/10 = 0.3

• Aa 5/10 = 0.5

→ observed heterozygosity (HO) = 0.5
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Parentage Overview of the Problem

• Both parents unknown

• One known, second unknown

• One or two parents? 
Hermaphrodites

• → alleles only from mother
→ heterozygote deficit (< HW)

• Selfing or clonality
(parthenogenesis)
clones → fixed heterozygosity 
(no segregation)

Chen caerulescens

Limacidae

outcrossing
Epiactis prolifera

selfing

Deroceras laeve

clonality

Parent Aa, gamets A a
selfing → progeny AA, Aa, aa
clonality → progeny Aa



Molecular techniques

• DNA fingerprinting

• Microsatellites

• SNPs



DNA fingerprinting

• Jeffreys et al. 1985

– Restriction enzymes

– Electrophoresis

– Hybridization (minisatellite as a probe)

• High-quality DNA

• All samples on a single gel

Sir 

Alec Jeffreys

x
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→ percentage of shared bands



Microsatellites

Fragment analyses
generates a size estimate for DNA 

fragments relative to a size standard 

of DNA fragments with known lengths 

(the size standard).
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Mládě 57
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Samec 55

young

female

Male

(father?)



The horned passalus 

Odontotaenius disjunctus
Dillard 2017

• Socially monogamous 

• biparental care

• Genotyping-by-sequencing 

• High levels of extra-pair paternity

• 54.8% of offspring sired by extra-

pair males 

• 70% of nests containing extra-pair 

young

•



• Computer programs → automated assignment

Cervus

Colony

SOLOMON (R, Bayes)
Newpat

Probmax

Kinship

Famoz

Pasos

Papa

Parente

Patri
a others, see Jones et al. 2010, Flanagan and Jones 2019



How many loci?

• Usually 6 or more

• Pilot study!

• Exclusion probability, LD Nielsen et al. 2001



• measure of efficiency in paternity testing

• the probability of excluding an individual chosen by random

• non-exclusion probability (1 – Exclusion probability)

• Depends on loci 

• 0.01 and less is fine (non-exclusion)

• Program Cervus

• First and second parent 

Exclusion probability

AB
AaAA

AB Ba

Ab

Aa

young

Adults

mother



• Exclusion probability – rough estimate

• → simulations
(including errors)



Birds

• Monogamous?

• EPC in 75 % bird species Emberiza schoeniclus

55% EPY

Malurus cyaneus

72% EPY

Hirundo pyrrhonota, 

H. rustica, Delichon urbica, 

Tachycineta bicolor, T. albilinea, 

Riparia riparia, Progne subis



Sperm storage

• Chrysemys picta

• msats 

• → young with the same father in 3 years 

• repeated mating with the same male is not probable

• → long sperm storage

Painted turtle

Chrysemys picta



Parental reconstruction
genotypes of a female and her litter

locus 1 locus 2

female 100 150 300 350

1. embryo 100 115 300 320

2. embryo 150 120 350 310

3. embryo 120 100 350 365



Maternal alleles

locus 1 locus 2

female 100 150 300 350

1. embryo 100 115 300 320

2. embryo 150 120 350 310

3. embryo 120 100 350 365

More than two paternal alleles 

→ more fathers?  



Apodemus agrarius a sylvaticus
(Bryja et al. 2008)



♂ ♀

☺

♂ ♀

☺

♂ ♀

☺

♂ ♀

☺

♂ ♀

☺

♂ ♀

☺

r = 0 r = 0.5 r = 0.25

Relatedness coefficient   r

From Pedigrees

Estimates from genotypes





Alternative approach

• Colony program

• Maximum likelihood method to assign individuals in a sample into full-sib 
families

• Stronger than „classical“ paternity approaches

• Larger litters



Qian et al. 2012 Myrmecia pilosula

• 319 workers (17 – 36 for a nest)

• 9 msats

• 1 - 4 queens per colony

• Queens mate with 1 – 9 males

♂ ♀ ♂ ♀

r = 0.75

N 2N

2N2N
♀♀



Ducks 
(Kreisinger et al. 2010)

• Non-invasive

• Feathers from nest 
→ Genotype of mother

• Egg membrane
→ Genotypes of ducklings

• Nest parasitism

• Nests of parasitic females

• Renesting

• Reconstruction of father 
genotypes

• EPP



Altruism: 
a behaviour that is costly to the actor and beneficial to the 

recipient.

Reciprocity

Kin selection

…

Desmodus 

rotundus



Inclusive fitness of an allele

Inclusive fitness = Direct fitness + Indirect fitness 

Direct fitness – fitness of the individual bearing the allele

Indirect fitness – fitness of other individuals carrying copies of the same allele

William Donald Hamilton

New (modern) synthesis: 
Evolution = changes of allele frequencies over time



altruistic cooperation between relatives

• Hamilton’s rule 

• a behaviour or trait will be favoured by selection (altruism spreads), when 

rb – c > 0

• c - the fitness cost to the actor

• b - the fitness benefit to the recipient

• r - their genetic relatedness

• r - fraction of genes that are identical by descent



The long-tailed tit (Aegithalos caudatus)

Mlynařík dlouhoocasý

Russel & Hatchwell 2001
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Ideal population

Population - group of interbreeding individuals that exist together in time and space

Ideal population = null model



• Founders of the New synthesis

• Genetics, evolution, mathematics

Ronald 

Fisher

John Burbon Sanderson Haldane

Sewall Wright 

Image:Ronald_Fisher.jpg
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Ideal population

Fischer Wright model

• Random mating – depends on the trait

– Sex chromosomes versus blood system

• Nonoverlaping generations
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Assumptions

• Random mating

• Nonoverlaping generations 

• Mendel’s laws

• Diploid (haploid)

• Sexual reproduction

• Two alleles (di-allelic model) 

• Allele frequencies identical in males and females

• Infinite population size

• Migration, population structure

• Mutation

• Selection
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Aa

aA

50 % 50 %

Mendel’s first “law”
Predicts independent segregation of alleles at a single locus:

two members of a gene pair (alleles) segregate separately into 

gametes so that halt of the gametes carry one allele and the other half 

carry the other allele.
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Hardy-Weinberg principle (equilibrium)

• Genotypes assembled in each 

generation de novo

• Relation of allele and genotype 

frequencies

• AA: p2 Aa: 2pq aa: q2

• Expected heterozygosity 

HE = 2pq

• Established in one generation

Joint probability



• Allele frequency

• A 9/20 = 0.45 (p)

• a 11/20 = 0.55 (q)

• Genotype frequency

• AA 2/10

• aa 3/10

• Aa 5/10 

→ observed heterozygosity (HO) = 0.5

• Expected heterozygosity

• 2pq

• 2 * 0.45 * 0.55 = 0.495
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Deviations from H-W
observed ≠ expected heterozygosity

• → scoring errors

– Null alleles
– Allele dropout
– Duplications AA    aa

• → violations of assumptions

– Decrease

• Selection against heterozygotes underdominance
• Inbreeding
• Positive-assortative mating
• Population structure

– Increase

• Selection favoring heterozygotes overdominance
• Outbreeding
• Negative-assortative mating
• Gene flow



Dispersal limitation → population structure

Demes – local interbreeding units

(Subpopulations, local populations)

Infinite population size, random mating



Differentiation of populations

• Drift

• Selection

• Mutations



drift



• Drift 
→ extreme example

(fixation of alternative alleles)
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heterozygosity

• Extreme example – fixed alleles

• Subpopulations in HW, 

• total population – deficit of heterozygotes
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Wahlund effect (principle)

= isolate breaking

• Increase of heterozygosity
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F-statistics

• HI average observed heterozygosity within each population

• HS average expected heterozygosity of subpopulations

• HT expected heterozygosity of the total population

ISF Inbreeding in subpops 

STF Population structure

ITF Total population



Emberiza citrinella
Lee et al. 2001
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Alternative:

Variance

instead of 

deviations from HW



Myotis bechsteinii
Kerth et al. 2002



Hierarchical AMOVA



Excoffier et al. 1992



Traditional approaches

• pre-defined groups

• Allele frequencies

• Subgroups in HW

??
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• Cryptic population structure

• Unknown number of clusters (K)

• Individual genotypes and coordinates

• Model-based clustering
(Bayesian clustering –Structure)
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Human – Alu, Witherspoon et al. 2006



Spatial population (=landscape) genetics Fontaine et al. 2007

harbor porpoise Phocoena phocoena
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