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Overview

• Differences in flower pattern depend on a few genes  
• Selection can maintain sharp clines 
• Mixing generates associations between genes (linkage disequilibrium)
• These associations cause a barrier to gene flow 
• Cline width and associations can be used to estimate selection and dispersal
• We can measure selection and dispersal directly from the pedigree
• Are we missing polygenic adaptation?



Flower colour in A. majus



Flower colour hybrid zone in A. majus

A. m. straitum A. m. pseudomajus



Genetics of flower colour 

• Rosea and Eluta determine magenta anthocyanin pigments
• Flavia and Sulfurea determine yellow aurones



Scanning the genome
• Pooled sequences 2Km apart across the hybrid zone
• Increased relative divergence (Fst) indicates flower colour loci

• e.g. Rosea/Eluta (0.5cM apart) on LG6



Scanning the genome
• Pooled sequences 2Km apart across the hybrid zone
• Increased relative divergence (Fst) indicates flower colour loci
• Narrow clines, inferred from 8 pools, also indicate these loci

• e.g. Rosea/Eluta (0.5cM apart) on LG6



Scanning the genome

• Fst measures divergence between populations relative to diversity within:  
• Sharp peaks in Fst are due to reduced diversity (selective sweeps?) (Cruikshank & Hahn, 2013)
• A broader increase may be due to a barrier to gene flow (Tavares et al., 2018)

• e.g. Rosea/Eluta (0.5cM apart) on LG6



Flower colour SNPs

• Flower colour SNPs from 5 chromosomes 
• 22500 individuals from 11 years
• 999 demes (25m); 343 of at least 10 plants



Fitting clines at five loci



Clines at five loci

blue: all demes; red: demes with at least 10 plants



Clines at five loci

blue: all demes; red: demes with at least 10 plants



Hybrid index, based on five unlinked loci

Top: mean HI, from five unlinked loci, on a log(p/q) scale
Bottom: excess variance in HI => LD 
blue: demes >= 10 individuals; red: demes <10 individuals.
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Inference from cline width and associations between loci

Selection coefficient can be estimated from the cline widths,  w= σ√8/s
e.g. if  𝜎𝜎 = 100m. w=750m, then s ~ 14%
e.g. if  𝜎𝜎 = 50m.  w=750m, then s ~ 3.5%

Clines coincide, and have widths  ~750m (Ros), ~1000m (Sulf) …

From correlations between loci in the centre, R=0.033,

Can we explain the width, and the stepped shape of the clines simply from 
selection on 5 loci, plus dispersal?



An interlude with Bombina bombina/variegata

Stepped clines at 6 allozyme markers, ~ 6Km wide;  strong LD, R ~ 0.22

Szymura & B, 1986, 1991

From LD, infer dispersal   𝜎𝜎 ~ 1Km, and selection on individual alleles s ~ 0.16/0.37 % 
If the step is due to linked selection, mean fitness ~ 0.6, with n ~ 55/300 loci under selection



An interlude with Bombina bombina/variegata

Six quantitative traits are concordant with allozyme markers 

Nürnberger et al., 1995

LD causes excess covariance between traits 



Inference from cline width and associations between loci

Selection coefficient can be estimated from the cline widths,  w= σ√8/s
e.g. if  𝜎𝜎 = 100m. w=750m, then s ~ 14%
e.g. if  𝜎𝜎 = 50m.  w=750m, then s ~ 3.5%

Clines coincide, and have widths  ~750m (Ros), ~1000m (Sulf) …

From correlations between loci in the centre, R=0.033,

Can we explain the width, and the stepped shape of the clines simply from 
selection on 5 loci, plus dispersal?



Estimate a pedigree from 98 SNP 



Estimate a pedigree from 98 SNP 



The pedigree

2400 trios inferred from ~ 100 SNP



The pedigree

Parents inferred from ~ 100 SNP

A seed bank increases generation time



Seed and pollen dispersal 
(red, green)

In addition, unlikely individuals indicate long-range dispersal:
          yellow flank (< -2Km):     27/729=3.7%
          magenta flank (> +1Km):  17/1596=1.1% 



Simulations:

Follow haplotype frequencies, ignoring random drift
Fit allele frequencies to data, allowing for random fluctuations (Fst)
Selection against heterozygotes 1+s0:1:1+s1

Cline movement may be balanced by a density gradient



Simulations: Ros

Selection against heterozygotes 1+s:1:1+s
s=0.02 no tails (black)
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Simulations: Ros

Selection against heterozygotes 1+s:1:1+s 
s=0.02 no tails (black)
s=0.05 no tails (blue)
s=0.19 with tails (red)



Simulations: five loci

Selection against heterozygotes 1+s0: 1: 1+s1

individual loci (LE; black)
multiple loci, symmetric (LD; blue)
multiple loci, asymmetric (LD; red)



Simulations: five loci

Selection against heterozygotes 1+s0: 1: 1+s1

individual loci (LE; black)
multiple loci, symmetric (LD; blue)
multiple loci, asymmetric (LD; red)



Simulations: five loci

Best fit includes LD, and allows asymmetric selection at two loci: 



Simulations: five loci

Best fit includes LD, and allows asymmetric selection at two loci: 



Direct estimates of fitness

Compare the genotype of plants assigned as parents with their neighbours

Fit a model of frequency-dependent selection



Summary and open questions

• Genome scans: excess Fst and sharp clines indicate flower colour loci
• Associations (LD) between unlinked loci indicate a genetic barrier
• Stepped clines are mainly due to long-tailed dispersal, rather than linked selection
• Dominance, epistasis, frequency dependent selection are hard to distinguish
• SNP markers are most likely not causal: introgression also contributes to stepped clines

How does selection act ? 

How much variation in flower pattern is captured by these population genetic methods?
Is there polygenic adaptation for other traits?



Thank you for your attention!





Understanding the Rosea/Eluta region
Fst shows a broad increase + sharp peaks

Recombinants (ros/el, ROS/EL) reach ~10% in the centre, indicating > 80 generations

Simulations with 10% +ve fds 

Clines along the genome
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Clines along the genome:
around Eluta



Clines along the genome:
around Eluta

How are clines reflected in the underlying haplotypes ?



Understanding the Rosea/Eluta region
Fst shows a broad increase + sharp peaks

Recombinants (ros/el, ROS/EL) reach ~10% in the centre, indicating > 80 generations

Simulations with 10% +ve fds 

Clines along the genome

What haplotype structure do we expect, after multiple sweeps through diverse populations?
 How much more can we infer from haplotypes ??? 





• Narrow clines inferred from 8 pooled samples correspond to known colour genes



The pedigree

Strong selection against hybrids, and for common phenotypes



Analyzing Fis

- Fis increases with “deme” size due to 
Wahlund effect

- Heterozygote deficit at ROS is higher. 

- Fis of the flower color SNPs is higher than the 
neutral ones – higher fluctuation of allele 
frequency or deviation from random mating?

Heterozygosity of offspring generated by the 
leptokurtic dispersal kernel is consistent with 
the data.

Fis = 1 –  observed/ expected # of heterozygotes

Data Mean H Std

Field data 0.35 0.19

Simulated 
offspring

0.34 0.20



Associations between loci: Locations of unlikely individuals

Small dots: individuals with P<10-4 Red: those with >=3 foreign homozygotes (seed dispersal?);
 black: <3 foreign homozygotes(F1 or backcross?).  Large dots show means for each bin.
Blue dots (above): average position and introgressing allele freqs. 



Associations between loci: Finding unlikely individuals

There are 51 individuals with P<10-4 on the yellow side, 20 on the magenta slide
log10 probabilities of various classes 



Associations between loci: Locations of unlikely individuals

log(L) for % parental and F1 individuals on the yellow and magenta flanks (left, right). 
MLE for parental on striatum flank: 0.0327 {0.0236,0.0427} 
MLE for parental on pseudomajus flank: 0.0124 {0.0080,0.0176}
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