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� Seed banks may evolve as bet-hedging strategies

� If the environment is stochastically variable or competition between species 

generates temporal variability (Cohen 1966 J Theor Biol; Snyder and Adler 2011 Am Nat)

� Bet hedging strategies such as germ banking are ubiquitous to many species of: 

� Bacteria (Jones and Lennon 2011 Nat Rev Microbiol)

� Invertebrates: diapause in insects, eggs banks in crustaceans (Daphnia)

From Jones and Lennon. 2011 Nat Rev Microbiol

a) Arbuscular mycorrhizal fungus, b) Cyanobacteria
c) Bacterial biofilm (P. aeruginosa), d) Bacteria Viridibacillus arvi

Nature 2007

© J. Wolinska



Technische Universität MünchenWissenschaftszentrum Weihenstephan

� Seed banks are important for conservation biology
� Promote the temporal rescue effect (Brown and Kodric-Brown 1977 Ecology) 

� Seed banks promote storage of diversity in the soil => time lag between 
above-ground and seed banks

� Selection is slower (Hairston and De Stasio 1988 Nature)

� Balancing selection is favored (Turelli et al. 2001 Evolution)

� Coevolutionary dynamics are stabilized (Tellier and Brown 2009 Am Nat)

Year 1

Year 2

Year 3

Year 4

Germination rate

Linanthus parryae ©Bierzychudek lab
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Solanum chilenseSolanum peruvianum

Städler et al. 2008 Genetics

Photos © TGRC. T. Städler

How to explain the very large genetic diversity observed despite small 
census sizes?
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OverviewOverview

� 1) Seed banks models and evolutionary inference

� 2) Heterogeneity in seed banks and adaptation

� 3) Work in progress and open questions
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1) Seed banks model and inference1) Seed banks model and inference
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Kaj. Krone. Lascoux. J. Appl. Proba. 2001

Step 0

Cell 0        Cell 1 Cell 2                      Cell m-1      Cell m

If we have no information about what lies in the seed bank. here m = 5

Our sample Size=Ncs

compartments
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Kaj. Krone. Lascoux. J. Appl. Proba. 2001

Step 0

Cell 0        Cell 1 Cell 2                      Cell m-1 Cell m

If we have no information about what lies in the seed bank. here m = 5

Our sample Size=Ncs

compartments

b1

b2
b4

Step 1

Cell 0        Cell 1 Cell 2                      Cell m-1    Cell m Cell m+1

m-window
For all plants in cell 0
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Kaj. Krone. Lascoux. J. Appl. Proba. 2001

Step 2

Cell 0        Cell 1 Cell 2                       Cell m-1 Cell m Cell m+1

m = 5. if two seeds fall on the same compartment within a cell. there can be a 
coalescent event

m-window

Coalescent event

Step 0

Cell 0        Cell 1       Cell 2                      Cell m-1 Cell m Cell m+1

Then move every cell to the left. and start again step 0

At any moment. there are r lineages in the m-window
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� The coalescent rate when there are r ancestors is: 

� With

� β is a composite seed bank parameter function of bi and m

� We assume small finite m => weak seed bank from Blath et al. 
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� The germination process is memoryless => the germination rate decreases 

geometrically with age of seeds

� b1 = b = probability for a seed to germinate after one generation (= 

germination rate)

� bi = b(1-b)i-1

� The rate of coalescence is rescaled by β2 (the size of the genealogy is
affected)

� Mutation does not increase with age of seeds

� The scaled mutation rate is scaled by β along a given ancestral line

� The recombination rate and migration rate between demes are also scaled by β



Technische Universität MünchenWissenschaftszentrum Weihenstephan

Result 1:
� Show the existence of seed banks over evolutionary time scale without 

extensive sampling of seeds and above-ground populations
� e.g. for species where sampling is complicated

Result 2:
� What are the consequences of seed banks on statistical inference of past 

demographic events?
� Of interest in conservation biology where DNA sequences are increasingly 

used to detect past or recent crash of populations?

Result 3:
� What are the consequences of seed banks on statistical inference for 

speciation models?
� Can seed banks affect the detection of introgression between closely related 

species?
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Spatial structuring of populations Seed banks in plants

Year 1

Year 2

Year 3

Year 4

Germination 
rate=b

Ne= f(Ncs, nd, mig)

Number of 
individuals per 

population

Number of 
demes

Migration rate

Ne=f(Ncs, b)

Number of 
individuals per 

population

Germination 
rate

Result 1
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S. peruvianum (b = 0.03 [0.011 – 0.103])

S. chilense (b = 0.093 [0.016 – 0.2])

Posterior density for the germination rate b

Estimate b for both species using priors on Ncs

Tellier et al. PNAS 2011

Result 1
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Time t in past

No seed bank With seed bank

Scale of tree 
function of 1/β2

Result 2
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� We compute the SFS for a model with seed bank and varying population size

β =1
β =0.6
β =0.2

β =1
β =0.6
β =0.2

Different past demography can result in the same allele frequency spectrum

Result 2
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� For more complex demographic models. it may even be worst

β =1
β =0.6
β =0.2

Živković and Tellier 2012 Mol Ecol

Good news: seed bank gives access to more ancient demographic events

Bad news: we need to know the germination rate

Result 2
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� Coevolution may generate balancing selection at resistance genes in plants (Stahl et 
al. 1999 Nature; Tellier and Brown 2011 Annu Rev Phytopathol)

� Under balancing selection with multiple alleles (Castric et al. 2008 PLoS Genetics) => 

� Repeated adaptive introgression due to frequency-dependent selection? 

� Maintenance of ancestral polymorphism without gene flow?

Adaptive introgression model Ancestral polymorphism model

Result 3



Technische Universität MünchenWissenschaftszentrum Weihenstephan

� We study three resistance genes: Pto, Pfi1, Rin4 (Rose et al. 2005 Genetics, Rose et al. 
2011 Mol Plant Pathol)

� In two sister species S. chilense and S. peruvianum with history of gene flow

� 10 reference loci are sequenced (=980 SNPs)

� Species wide sampling: one individual per population

Result 3
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� Use ABC + Joint-Site Frequency Spectrum frequency to summarize SNPs

past

present

Time since 
speciation = ττττ

Ancestral

θθθθA=4NAµµµµ

θθθθ2

Derived 2

θθθθ1

Derived 1

M12

M21

The number of migrants per generation

Result 3
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Time divergence = 1.6 ×106

Migration estimate = 1.73 ×10-6 Similar to previous results

Result 3: without seed banks



Technische Universität MünchenWissenschaftszentrum Weihenstephan

Time divergence > 109

Migration estimate < 10-8

Result 3: with seed banks
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Time divergence > 109

Migration estimate < 10-8

Oups….



Technische Universität MünchenWissenschaftszentrum Weihenstephan

Part 2:
Solanum chilense demography

and heterogeneity in seed banks

Part 2:
Solanum chilense demography

and heterogeneity in seed banks

Böndel et al. submitted
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S. chilense sampling: habitatsS. chilense sampling: habitats

http://www.sacha.org/ http://TGRC.ucdavis.edu
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S. chilense data setS. chilense data set

� 23 populations, 25 diploid plants per population

� 30 genes (16 candidate genes, 14 reference genes)

� candidate genes: related to abiotic stress for selection/local adaptation
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Results: North to South colonizationResults: North to South colonization

decrease of variation from N to S

decrease of Tajima’s D from N to S

increase of πa/πs
from N to S

R² = 0.336 R² = 0.639

R² = 0.447

R² = 0.410

Note: given R² values are for all genes
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Results: North to South colonizationResults: North to South colonization

We define 4 different genetic groups

→ north-south colonization, possibly 

through (at least) three bottlenecks
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Results: Selection and adaptationResults: Selection and adaptation

Methods to detect signatures of selection

� candidate gene approach (summary 
statistics)

� McDonald-Kreitman test (two outgroup 
species)

� BayeScan (FST outlier approach)

→ Stronger purifying selection in North 
populations

→ Local adaptation more often in peripheral
groups (Southern populations)

→ Hypothesis that colonization of new territories 
is associated with an initial local adaptation
event (e.g. Innan & Kim 2006)



Technische Universität MünchenWissenschaftszentrum Weihenstephan

ConclusionConclusion

� North to South colonization with

adaptation to new habitats

� Role of seed banks? if North 

populations are more ancestral (with

smaller seed size)

� Adaptation for bigger seeds in South 

=> shorter seed bank (higher b) or

decrease of m?

� => stronger drift and smaller N? 
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Part 3:
Preliminary additional results

work in progress

Part 3:
Preliminary additional results

work in progress
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WIP 1: how do we know Ncs ?WIP 1: how do we know Ncs ?

� We develop a forward simulator of the Kaj et al. Model

� Number of multiple and simultaneous mergers n=20, m*Ncs=500, 1000 or 3000

Uniform bi = 1/m

m valuesnoSB 4    6 19       20
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WIP 1: how do we know Ncs ?WIP 1: how do we know Ncs ?

� Number of multiple and simultaneous mergers n=20, m*Ncs=500, 1000 or 3000

� With large sample size n, one may be able to disentangle m and Ncs

Geometric b = 0.1

m valuesnoSB 4       6 19   20
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WIP 2: a forward modelWIP 2: a forward model
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WIP 2: a forward modelWIP 2: a forward model

� Note that b(a) is smooth, and has a bounded support. 
� Also we do not remove the seed from the bank, assuming that plants produce

enough seeds of one type, and few germinate. 
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WIP 2: a forward modelWIP 2: a forward model



Technische Universität MünchenWissenschaftszentrum Weihenstephan

WIP 2: a forward modelWIP 2: a forward model
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WIP 2: a forward modelWIP 2: a forward model

� Time scaling coefficient to apply = (1+ A / 2)-1

� In the limit of N→∞ (i.e. εεεε →0) the drift term can be absorbed into the
noise under appropriate scaling (in contrast to Blath et al.)
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WIP 2: a forward modelWIP 2: a forward model

0
( ) ( )

A

E B x x dxϕ= ∫

� Scaling coefficient is based on the expected time seeds spend in the seedbank

(E(B)) (in contrast to Blath et al.)

� Also extension for weak selection:

� The drift and diffusion coefficients are scaled by: (1+ E(B))-1

� So selection is indeed slower!!!
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Current groupCurrent group
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� Seed banks are widespread in plants
� Phenotype for dormancy is necessary but not sufficient
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Plant populations are like iceberg

from the Tomato Genetics Ressource Center 

database (Davis. USA)

S. chilense S. peruvianum

total number populations in database 147 304

Mean number of  plants above ground (Ncs) 33 - 154 44 - 185

Maximum number of  plants observed 400 600

plants above ground = census size = the tip of  the iceberg

total number of  populations (From Nakazato et al. 2010 Am J Bot):

526 (S. peruvianum) and 428 (S. chilense)
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The hidden part: Effective population size

Species Population Ne Ncs (census size)

S. peruvianum

Tarapaca

1.23×106

≈150

Arequipa 9

Nazca 10

Canta ≈300

S. chilense

Antofagasta

1.06×106

≈300

Tacna 42

Moquegua ≈200

Quicacha ≈40

Effective population size (Ne) reflects genetic diversity

Key question

Why is Ne so different from Ncs ???
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S. chilense sampling: altitudesS. chilense sampling: altitudes

0

500

1000

1500

2000

2500

3000

3500

altitude given in

meter above sea level

data from TGRC.ucdavis.edu
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S. chilense sampling: climateS. chilense sampling: climate

temperature given in °C

data from WorldClim

17,7

18,8

12,3

18,5

13,5

10,5

precipitation given in mm

data from WorldClim 2

2
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Results: North to South colonizationResults: North to South colonization

Note: given R² values are for all genes

R² = 0.382, Mantel test p-value < 0.001

Genetic differentiation between populations and Isolation by Distance

only the central group

R² = 0.009, Mantel test ns
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Results: Selection and adaptationResults: Selection and adaptation

mean πa and πs for all genes

solid line: πa/πs = 1
dashed line: upper boundary of reference genes
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Problem 2: a new forward modelProblem 2: a new forward model
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Problem 2: a new forward modelProblem 2: a new forward model
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Problem 2: a new forward modelProblem 2: a new forward model
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Problem 2: a new forward modelProblem 2: a new forward model

� Note that b(a) is smooth and has a bounded support.
� Also we do not remove the seed from the bank, assuming that plants produce

enough seeds of one type, and few germinate. 
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Problem 2: a new forward modelProblem 2: a new forward model
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Problem 2: a new forward modelProblem 2: a new forward model
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Problem 2: a new forward modelProblem 2: a new forward model


