Analyza populacni variability a struktury




Hierarchicka populacni struktura
Druh — populace — subpopulace (demy)

Predpoklady studia populacne-geneticke struktury

lokusy pouzivané pro analyzu populacni struktury jsou
neutralni vuci selekci

mnozstvi adaptivni variability koreluje s neutralni
variabilitou

popsano mnoho vyjimek (rozdily v subpopulacich -
neutralni vs. adaptivni)



Hierarchicka populacni struktura
Druh — populace — subpopulace (demy)

Hlavni otazky populacne-genetické analyzy:
Jak je variabilni dana populace a jaka je jeji efektivni
velikost (neutralni geneticka teorie: He=4N_p/[4N_u+1])

Nachazi se dana populace v obdobi demografické
expanze nebo poklesu?

Existuje mezi dvéma subpopulacemi bariéra toku genu a
jak je silna? Jaka je prostorova geneticka struktura®?

Vyskytuji se v populacich imigranti nebo jejich potomci
(hybridi)?



Diploidni single-locus markery (mikrosatelity)
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Velke mnozstvi populacne-
enetickych programu

> File Creation/Conversion
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Figure 1 |Flow chart of possible data exchange between different population genetics programs. Although many
programs have their own input-file specification, data files can still be exchanged between mast programs (black
arrows), avoiding tedious reformatting processes. The red stars are recommended starting points to format an initial

data set. Blue ellipses represent multi-purpose packages, whereas individual-centred programs are shown invielet. The
two conversion programs are shown in yellow. Specialized programs are shown in green, and light grey ellipses
represent programs that are not reviewed here, but the data formats of which are used by other programs allowing
indirect data exchange (white arrows). The data files associated with the programs listed on the bottom row cannot be

exchanged directly with the other programs.

Computer programs for population
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Ugel populaéné-genetické analyzy

Table 5 | List of computer programs suited for a given analysis and genetic marker

Multi-allelic markers* STR Dominant SNP DNA sequences
markers (AFLP)
Descriptive statistics SPAGeD; Arlequin, DnaSP, MEGA
Linkage disequilibrium
Analysis of population Hickory Arlequin, DnaSP, MEGA

subdivision

Detection of new immigrants:

k

Detection of new immigrants:
inferred populations

Demographic expansion or Arlequin, DnaSP, IM,

decline LAMARC, Migrate

Population size IM, LAMARC, Migrate

Divergence time DnaSE IM, LAMARC,
Migrate

Migration rates DnaSE IM, LAMARC,
Migrate

Neutrality tests Arlequin, DnaSP, MEGA

patially explicit analyses
, . we mean loci for which no specific mutation model is assum 2d. In the latter case, computations

are based on allele frequencies onl are assumg frekvence alel + A sequence, STR and SNP allele
frequencies, as well as nucleotide f frekvence alel | packagess« 1e disequilibrium, and to detect new
immigrants, AFLF, amplified fragm ndem repe; mutaénl’ mOdel




1. Vnitropopulacni variabilita
(popis ziskanych dat)

Polymorfismus

« podil polymorfnich lokusu (znaku) — 95 %
nebo 99 % (napf. 0,8 = 4 z péti zkoumanych
mikrosatelitu maji v populaci alespon 2 alely,
Z nichz ta vzacnéjSi dosahuje frekvence
alespon 1% nebo 5%)

S0

PocCet alel (number of alleles) — -t
« pocet alel na lokus 8 -—-o-—- Gelidium
2 —-—0-—  Perumytilus
©
L . 5 5w |
Alelicka bohatost (allelic richness) 5 £
* pocet alel na lokus vztazeny k velikosti E
vzorku (metodou ,rarefaction®) z
/4 o I * ’
Pozorovana heterozygotnost (observed 0 500 1000 1500
heterozygosity) Sample size

« prumérna Cetnost heterozygota v
jednotlivych lokusech



Pouziti udaju o geneticke variabilite

(a) 1.0

* neutralni geneticka teorie:
H,=4N_u/[4N u+1]

|||||

 mutation-drift equilibrium =

» srovnani riiznych populaci @ e 1
a jejich Ne (Hev AR atd.) EREE ; RN




N ~ H, ... nemusi to byt pravda

* vliv historického vyvoje populaci (,bottlenecks®)

* Northern elephant seals Mirounga angustirostrus
— 120 000 jedincu — 50 allozymovych lokusu —
zadna variabilita

rypous severni




Indian rhinoceros

29 allozyme loci — vyrazné
vysSi variabilita nez byla
oCekavana

jesté nedavno az 100 000
nosorozcu v Nepalu a Indii
1960 — 60-80 jedincu v
Nepalu

1980 — narust populace na

nekolik set — max. 2 alely na
lokus

meéneé intenzivni bottleneck
(H, odpovida historicke N,)




Hardy-Weinbergova rovnovaha (HWE)

Pr. Jeden lokus se 2 alelami

Alela | Cetnost alely
A P
a q
Genotyp Ocekavana
cetnost genotypu

AA p?
Aa 2pQ
aa g2

prq=1
P, q - zjistime analyzou svych vzorkl

= Hardy-Weinbergova rovnovaha

» Cetnosti genotypil zjistime
analyzou svych vzorki
» odchylky od ocekavanych
¢etnosti = napr. y? test

Ocekavana heterozygotnost (expected heterozyqgosity, HE) pri HWE

H.=1-(p?+q?)

pro 1 lokus se 2 alelami s Cetnosti p a g



Predpoklady HWE

* random mating (panmixia)

* negligible effects of mutation and migration (,closed populations®)
* infinitely large population size

« Mendelian inheritance

* no selection

« check for linkage disequilibrium (vazebna nerovnovaha)

[ Q]

2 lokusy ve fyzické blizkosti | T
(snizena pravdépodobnost rekombinace

[ ¢ R——

linkage disequilibrium)

2 lokusy fyzicky vzdalené
(pravdépodobnost rekombinace neni ovlivnéna
linkage equilibrium)



Odchylky od HW rovnovahy

Test HWE — nejlepe Genepop (,exact probability
tests”) — pokud jsou odchylky, tak nektery
predpoklad HWE nebyl splnén

nadbytek heterozygotu = negativni asortativni pafeni (4.

cilené rozmnozovani nepodobnych jedincu) — pouZzité lokusy mohou
byt vyhodné v heterozygotnim stavu (napf. geny MHC)

nedostatek heterozygotu

inbreeding (postihuje vSechny lokusy stejné)
nulové alely (jen na nékterych lokusech bude deficit heterozygotu)



Geneticky drift

Population n=20
Ra sampli d genetic_drift =
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« Nahodné zmény ve frekvencich alel i
 Intenzita driftu zavisi na velikosti ) T A ==
populace (viz ochranarska genetika) s
« Specifické pripady — founder effect, e
bottleneck o



Founder effect (,jev zakladatele®)

Originating population

2n
Criginal 0.50 0.50|

Founder population




5th generation
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Frequency

Detekce bottlenecku

04

0.3

0.z

0.1

0.0

A B C F G H 1 I

o E
Allele

Reduction in
population size

Frequency

0.5

0.4

03

0.z

0.0
A B C D E F G H I 1

Allele

50% reduction in no. of alleles
20% reduction in size range

Pri bottlenecku vymizi nejdrive vzacne alely,
rychleji nez se snizi heterozygotnost nebo
rozsah alel

Nutno znat (pfedpokladat) mutacni model —
pak se nasimuluje ,mutation-drift* rovnovaha a
srovnava se se skuteCnym stavem

Program BOTTLENECK: pocCet alel vs.
heterozygotnost

Program M Ratio: pocCet alel vs. rozsah alel

Predpoklad testu: Populace v HW rovnovaze



Bottleneck

 P¥i bottlenecku
—  redukce poctu alel
—  ovlivnéni heterozygotnostl neni tak rychlé
—  vice heterozygotu nez by vyplyvalo z populaéniho modelu
(IAM, TPM, SMM)

* Nutno definovat mutacni model, predpokladem je HW rovnovaha,
testuje se mutation-drift equilibrium

* Program BOTTLENECK Table 4 Departures from mutation-drift equilibrium in yellow-
hammer samples

e Z3lezi na zvoleném Sampling sites IAM PM SMM

modelu DEV 0.0039** 0.0078* 03438

* Ale SMM asi neplati GWE 0.0039** 0.0391* 0.7656

stoprocentné CUM 0.0039** 0.0391* 0.8125

OXO 0.0039** 0.0117* 0.3438

YOR 0.0039** 0.0117* 0.7656

T&W 0.0078** 0.1875 0.8125

LEI 0.0195% 0.2891 0.6563

SUF 0.0039** 0.0195% 0.6563




Detekce bottlenecku nebo expanze —

Bayesiansky pristup

« Komplexni Bayesiansky pristup (zalozen na koalescencéni teorii)
— Detekce bottlenecku i expanze
— Vhodné pfi dlouhodobéjSich zménach
— Markov chain Monte Carlo simulations
— Beaumont M. — napf. program MSVAR nebo DIY ABC
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populaci v programu DIY ABC




Otters in central Europe

 strong decline of

2.
- - Slovak
population numbers in :
Czech
last century J ——y———t
: “lflj o s L} e
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« fragmentation of C g O o
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distribution area
R 0
Table 3 Simulated data from five replicate runs of the MSVAR programme
Population Model Mg m mu Xa (generations) Xa lyears)
CZE EXP 66.1 257.0 1.6 210 5.9 17.7
(1.7, 245 470.9) (12.6; 7079.56) (.6 =107 4.2:x1077) {0.2; 549 5)
LIN 28.2 281.8 1.3 <103 7.2 216
(0.4; 93 325.4) (13.5; 7413.1) (4.3 107% 3.7 %1077 (0.2; 660.7)
SVEK EXP 147.9 588.8 1.1 1077 4.3 12.9
(2.6, 323593.6) (26.9; 14 791.1] (4.4 x107%2.3x1077) (0.1; 162.2)
LIN 123.0 575.4 1.0 <107 4.7 14.1
{0.5; 363 078.1) (29.5; 16 218.1) (4.1 2107%2.11077) {0.1;173.8)

ng.estimated mode (and limits) of current effective population size; m, estimated mode (and limits) of past effective population size; mu,
estimated mode (andlimits) of mutation rate; Xa, estimated mode (and limits) of time between current and past population size in generations and
years; CZE, Czech population; SVK, Slovak population; EXP, exponential model; LIN, linear model.

Hajkova et al. 2006, J. Zoology



2. Analysis of population subdivision
(mezipopulacni variabilita)




Hierarchicka populacni struktura
Druh — populace — subpopulace (demy)

Predpoklady studia populacne-geneticke struktury

» lokusy pouzivané pro analyzu populacni struktury jsou
neutralni vuci selekci

 klasicky populacne-geneticky pristup = jednotlivé
populace jsou predem znamy (napf. chceme zjistit
uroven genetickych rozdilu mezi dvéma lokalitami =
populacemi)



Geneticka struktura populaci
drift, mutace

=
aa Aa AA = aa
+ Drift AA )
— diferenciace subpopulaci Aa Ag 2 = Aa
diky zménam frekvenci (az fixaci) Aa ™= Aa
alternativnich alel ais
@ drift
* Mutace =
mohou zvysit diferenciaci AB  AA N\ ™ /aa
(nebo ne — homoplazii) ':‘
AA AA )/ =\ aa
=
- N

Migrace (genovy tok)

- pusobi proti diferenciaci subpopulaci

Aa
AA
aa

AA



Vliv populacni struktury na heterozygotnost

« Wahlunduv princip
« Dveé izolované subpopulace s fixovanymi alelami

« Subpopulace v HW, celkové v populaci vSak nedostatek heterozygotu

>AM—20> W




Wahlunduv princip (isolate breaking)

« Pokles homozygotnosti pri slouceni subpopulaci




Wahlunduv princip - priklad

. Jezero Bunnersjdarna (severni Svédsko) — brown trout
« 2 alely na alozymovem markeru

Pritok 50 0 0 50 1.000 0.000
Odtok 1 13 36 50 0.150 0.255
Celé 51 13 36 100 0.575 0.489
jezero

(expected) (33.1) (48.9) (18.1)

Ryman et al. 1979



Jak zjistovat strukturovanost populaci?

...................................................................................

P S o T S S S S
‘ Slovensko g | = =

Nizky Jesenik

----------------------------------------------------------------------------------------------------------------------------

-1 1] 1 2

Factorial correspondence analysis
(Genetix)



F-statistiky

Masatoshi Nei v
*1931 Sewall Wright
1889 - 1988

* Wright, Nel Fg, Fgt, Fit

* Popisuji heterozygotnost (odchylky od HW) na
ruznych méritkach



Odhad vlivu populacni struktury
na geneticky make-up populace

Celkova populace

POICINE

@@@@
@@ @ |2 (@

Yo |Te @ ||©
e @

S1

S2

S3

T

- 3 urovneé (T, S, 1)

- X subpopulaci (x = 1
az k; zde k = 3)

- kazda subpopulace
ma N, jedincu

- AA, Aa, aa — odlisny
symbol

- pf. 11-13 = 13. jedinec
z prvni subpopulace



Koncept heterozygotnosti

H, — prumérna pozorovana heterozygotnost jedince v subpopulaci
H - oCekavana heterozygotnost jedince v subpopulaci za piedpokladu
nahodné¢ho pareni

H , - ocekavana heterozygotnost jedince v cele populaci za pfedpokladu

nahodné¢ho pareni

k
H, = Z H_/k H, =pozorovana heterozygotnost v subpopulaci x
x=1

1 ' . 2 = frekvence j-té : primérna ocek.
Ho=1-3% p2 b=t — oy
> - P alely v subpopulacix s = s [k heterozygotnost
l x=1 v populaci

H,=2pyg,

» pouze pro dv¢ alely na jednom lokusu (Wright 1931)
» pro vice alel je vypocet slozité¢jsi (Nei 1987)



F statistiky

Hs = 1, SniZeni heterozygotnosti jedince kviili

Fis = H nendhodnému pareni v subpopulaci (~ HWE)
H.— 1, Celkovy koeficient inbreedingu F,, - méri
F, = " redukci heterozygotnosti jedince ve vztahu k
d celkové populaci

(1-Fir)= (1-Fs1)(1-Fis)

Weir & Cockerham (1984)f, 6, F
Korekce na velikost vzorku a poCet subpopulaci

Vypocet odlisSnosti od nuly — nejCastéji permutace (FSTAT, Genetix, Genepop etc.)



Vypocet F statistik - p riklad

Primérna frekvence alely A v celé populaci

Subpopulace 1 (N,=40)

Subpopulace 2 (N,=20)

/

Lokus AA AB BB P1) AA AB BB P2 Poy) Pozn.
A 10 20 10 0.5 5 10 5 0.5 0.5 H.-W. rovnovaha
B 16 8 16 0.5 4 4 12 0.3 0.4 deficit heterozygot
C 12 28 0 0.65 6 12 2 0.6 0.625 prebytek heterozygott
D 0 0 40 00 20 0 0 10 05 alternativné fixované
alely
Vypocet alelovych frekvenci
Pozorovana Ocekavana heterozygotnost Wrightova F-statistika
heterozygotnost
Lokus Hig Ha ) Hig Hs Hr Fis Fsro Frrg)
A 0.5 0.5 0.5 0.5 0.5 0.0 0.0 0.0
B 0.2 0.2 0.2 0.46 0.48 0.565 0.042 0.583
C 0.7 0.6 0.65 0.4675 0.46875 (, -O.ESQ 0.0027 -0.387
D 0.0 0.0 0.0 0.0 0.5 < 1.0 > 1.0
Pramer 0.058 0.261 0.300

Primérné hodnoty F statistik mohou maskovat odliSnou evoluéni historii na riznych lokusech




F-statistika

* g snizeni heterozygotnosti v lokalni subpopulaci
vysokeé hodnoty — inbreeding

* 7 souhrnna hodnota, heterozygotnost v celé populaci

* Fg7 mira ,rozdélenosti“ = snizeni toku mezi
subpopulacemi (tj. existence bariéry — Wahlunduav

princip)
Vliv driftu — fixuje odliSné alely v subpopulacich



Vypocet Fqr - priklad

. Jezero Bunnersjdarna (severni Svédsko) — brown trout
« 2 alely na alozymovem markeru

Pritok 50 0 0 50 1.000 0.000
Odtok 1 13 36 50 0.150 0.255
Celé 91 13 36 100 0.575 0.489
jezero

(expected)  (33.1) (48.9) (18.1)

b HpTHs 0.489 — ).128
- H 0.489

T

= 0.728

V dusledku bariéry toku genu je heterozygotnost o 72.8%
nizSi nez by byla v panmiktické populaci

Ryman et al. 1979




Emberiza citrinella
Lee et al. 2001

« 7 mikrosatelitovych lokusu, Fgr
* Prukazné rozdily mezi populacemi
« Ve Velké Britanii neni panmikticka populace

DEY GWE CUM O YOR T&W  LE] SLIF
DEY — M5 1,3,5 67 4,5 1.5 5 5,6 Ms
GWE  QOEs - 3 M5 Ms 3,5 M5
CUM o aojrye ol — 5,6 M5 1,35 56 3,5

OND aomls -0000F uler - M5 M5
TOR 0.0 —0o0 . iOraG oz —

L]

5 5 5
T&W O00E? oo uiest= 0 oy — 3 5
LEI Quoges=  Qi0el  QUREFe O0EE Q02 QojFge 15,6
sLIF 0.0073 oile  Quopssv 0oy s QuDhoe maxr -




Populacni cykly hrabosovitych
hlodavcu (Berthier et al. 20006)

* Vyrazne cyklicke zmeny v pocetnosti B e o
populaci — stridaji se obdobi Arvicola terrestris
Jzolovanosti“ s ,kontinualnim rozSirenim®

(A)
8,00 - E-“ ; - E
{a) | o =] ) i g_ - ‘)/.\‘ i
_ l h * Nizka hustota — F o
o I extrémni vliv driftu g
| S narGstem populacni =
R - hustoty se zvysuje 1
o intenzita toku genu HI
[ ~ mezi subpopulacemi a HIVARS
ol naI"USta genet|Cka i &_«- Aprl 2003 | 1 Delober 2003
' 1 variabilita subpopulaci e
: (B} 10D &
0.78 oct01 oel.02 oct 02 ;__‘ %0
Sampling session Min. pairwise F . Max. pairwise Fg. Overall Fo ?3' i) I I
. : . :
October 2001 0018 0,058 Q:;;*) EREL
October 2002 0010 0,047 ; < I
April 2008 000 0,033 0020 0
October 2003 0.007 0,035 0017 \

apr02  oct02 aprd oct03

S n iiova’ n Il FSt ﬁ'd.l'l'l]1|il11.1 sEEEI0N



Hodnoty Fgr

0 — 0.05 mala diferenciace (zanedbatelna)
0.05 — 0.15 stredni
0.15 - 0.25 velka

> 0.25 velmi velka

Absolutni hodnoty zavisi na heterozygotnosti !!!
Nutno testovat odlisnost od nuly !!!
Nutno standardizovat: Fg:" = Fg/Fsrmay (Hedrick 2005)



Gst (Nei 1973)

Analogie Fg

Haploidni (haplodiploidni) organismy,
sekvence mtDNA

Pocita s ,gene diversity” misto heterozygotnosti

Pracuje tedy jen s frekvencemi alel,
ne s procentem heterozygotu



Myotis bechstelinii
Kerth et al. 2002

Table 2 Genetic differentiation based on nuclear and mitochon-
drial DNA among 10 maternity colonies of the Bechstein's bat

No.of Fopulation
Loci alleles F5T +5E differentiation
) Nuclear DINA
* Letni kolonie samic b15 23 0.023 £ 0.009 P <0.0005
(15-40 jedincu) b22 12 0.003 £0.005 P=0.07
b23 20 0.008 £ 0.007 P=0.02
MM5 10 0.010 £ 0.006 P =0.01
* Vzorky - jen NINg 10 0.031 £ 0.012 P =0.001
p20 20 0.014 +0.007 P <0.0005
paur3 10 0.012 £ 0.008 P=0.002
« Nuklearni i mitochondrialni At 0.015+0.003 P <0.0005
mikrosatelity Mitochondrial DNA
AT-1 10 0.658 £ 0.055 P <(.0005
AT2 3 0.961 % 0.050 P <0.0005

filopatrie
Wright's fixation index Fz; (£ 5E) was calculated for seven
nuclear and two mitochondrial microsatellite loci. Significant

disperze deviations from zero, indicating population differentiation, were
assessed using permutation tests (see Materials and methods for
details).



Rgst
Obdoba Fgq

Pracuje vSak s velikosti alel
(poCet repeatt u mikrosatelitt)

Predpoklad znamého mutacniho modelu
jen pfi platnosti SMM (stepwise mutation model)

JPamét” mutaci v minulosti
* Rgt>Fgy vetsi vliv mutaci

* Rgt=Fgy veétsi vliv driftu

Potvrzeni vyznamnosti rozdilu randomizacnimi testy
(Hardy et al. 2003, program SPAGeDi 1.1)



Lagopus lagopus scoticus

Piertney et al. 1998 a 2000

Table 3 Unbiased, multilocus estimates of Slathkin's (1995) Bz between all population pairs. Significant values ars undeslinad

Mikrosatelity a mtDNA
Rsr, AMOVA

NcDNA strukturovanost

2%
’ 4 Allargue o

12 Glas Choille

% * % 5 MarEstate
1,2 Mar lodge

s 3 Invercauld

5km

9 Candacrﬂig**

IF? % 8 Glen Livet

< 11 Tillypronie

< 6 Dinnet

BALLATER
% 7 Glen Muick

10 Airlie

BANCHORY

ABERDEEN

MtDNA neni strukturovanost
Filopatrie samcii, disperze samic, prukazny vztah Rg; a vzdalenosti

Mar har Mar Glen Clen
Lodgel Lodge? Invercauld]l Inwvercauld 2 Allarpue  Estate  Dinnet  Muick  Lawet Tillypromie  Candacraig]l Candacraig?  Asche
Mar Lodge 1
Mar Lodge 2 0039
Invercauld 1 227 0.060
Invercauld 2 -0.020 -0.011 Q117
Allargice 0.048 0174 0380 0.075
Mar Estate 0152 0285 0477 0177 0.002
Dinnet 0.017 Q1% 0352 0.040 —0.015 Q.04
Glen huick -0z 0.009 Q133 -0.033 0024 0110 -0u002
Clen Livet 0181 0a0e 0491 0204 0.025 -0z 007d 0137
Tillypronis 0.328 0446 0619 0334 0117 0026 0195 0232 -0.004
Candacraig 1 0,332 0458 05641 0333 2acn 0uo0e 0185 02435 -001F7  -0039
Candacraig 2 0,236 0374 0563 0254 0,040 -0.019 Q103 0173 -0030 -0025 045
Adrlie 0249 03 0573 0283 0.051 -0.00s Lls6 182 -0020 -0012 —-0.028 ]
Glas Chodle -0 Q040 0208 -0.013 Q04 0138 ooty 0025 0163 0238 0.291 o209 0220




Arlequin ver. 2.000

4 software for
population genetics
data analysis

Authors:
Stefan Schneider
David Roessli

Laurent Excoffier

Excoffier et al. 1992 SR

Urk: hitpoifanthropologie.unige.chiarleguint

Mail: arlequingscia.unige.ch

Analyza Molekularni Variance

Analogie Rgra spojeni s ANOVA

Analyza variance alelickych frekvenci
(jiz drive Cockerham & Weir
1987,1993)

Zapocitava se ale rozdilnost (mutace)

alel

@4, Program ARLEQUIN (umi i Fgr)

Data:

sekvence

mikrosatelity (jen pfi platnosti SMM
stepwise mutation model)

® & g @
® 9 ...
e® 0@
® 90
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®*e 00
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®
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Bombus pascuorum
Widmer & Schmid-Hempel 1999

Variance o Total

F/iv df  55Df component  variance®
Among populations F 17 771 007 4.51*

O 17 51%8.20 502 Ve
Among regions F 4 2815 0.0 216"

O 4 36494 458 7.49*
Among populations F 11 2435 0.02 111"
within regions QI il 177371 216 3.5F
Between north and F 1 3857 0l 712"
south of Alps O 1 262289 725 11.74%
Among populations north and F 16 3914 0.02 1.46*
south of the Alps, respectively ] 1a 2575.31 218 353

T5um of squared deviations.
*P < 0.001.

Mikrosatelity, AMOVA
Nejvic vysveétluji Alpy



Neighbour-joining

Balzers (BA) [A]
20022 Prutz (PR) [A]
Soyhiéres (SO)
1 Blauen/Nenzlingen (BN) [A]
4338
bl __| Rothenfluh (RO) [A]
Silwood (SW) [A] Nosth
4036 T0/56 Gran (GN) of
= Senja (SE) [A] Alps
= . Andselv (AD) [A]  [Scandinavia
2615 ] Tydal (TY) [A]
Jambon (JL) [A]
S5 L aan Vicques (V1) [A]
—1 Viktorsberg (VB) [A]
. Latsch (LA) [A, B] —
i . Piacenza (PI) [B]
- South
504 c ?lalpl?gg?[{;m [B] of Alps
6367 I asallno
Monte S. Giorgio (MG) [B]

Fig. 2 Neighbourjoining (N]) dendrogram based on the chord distance of microsatellite data (Cavalli-Storza & Edwards 1967) connect-
ing 18 populations of Bombus pascuorum. Bootstrap values (percentages) were computed over 2000 replications by resampling individuals
within populations (left values) and by resampling loci (right values). Letters in parentheses denote mtDNA haplotypes.



AMOVA a F statistika

popis vysledku nikoliv pfi€in — mozna alternativni vysvétleni

Recent separation, Old separation, but
no gene flow continuous (low)
gene flow
a d b a d b

N\

Time




Geneticky drift

Populationn=20

e = /
S | ——1X e | S — S e ’ N
/ N\ N /7 N/ N/ \ 3 Shad b8
> \ { \ \ \ / Jowi ’Af'\i R
233 9 H P SR e V
JJ 2 & | . \L{)v" WA A
979 | : A -
i P |92 239 | :
Orighal population - Second geraration Population =200

« Nahodné zmény ve frekvencich alel -3
* Intenzita driftu zavisi na velikosti

populace (viz ochranaiska genetika) _ ———
« Specificke pfipady — founder effect, i 1=
bottleneck .. ——————x

Vliv populaéni struktury na heterozygotnost
«  Wahlunduv princip
« Dvé izolované subpopulace s fixovanymi alelami

* Subpopulace v HW, celkové v populaci vSak nedostatek heterozygotu

Detekce bottlenecku

PFi bottlenecku vymizi nejdfive vzacné alely,
rychleji nez se snizZi heterozygotnost nebo
rozsah alel

Frequency

Nutno znat (pfedpokladat) mutaéni model —
NS AR pak se hasimuluje ,mutation-drift‘ rovhovaha a
Reduction in srovnava se se skutecnym stavem
population size

Program BOTTLENECK: pocet alel vs.

- heterozygotnost
£ .
§ ‘ Program M Ratio: pocet alel vs. rozsah alel
A Amee Predpoklad testu: Populace v HW rovnovaze
50% reduction in no. of alleles
20% reduction in size range
_ Hs - H, Snizeni heterozygotnosti jedince kvili
BT H nenihodnému pireni v subpopulaci (~ HWE)
_ Hy — Hs  Vliv rozdéleni populace na subpopulace
ST H,
H,-H, Celkovy koeficient inbreedingu F,, - méri
= 7 redulkci heterozygotnosti jedince ve vztahu k
T

celkové populaci
(1-Fir)= (1-Fs1)(1-Fis)

Weir & Cockerham (1984)f, 8, F
Korekce na velikost vzorku a pocet subpopulaci



Tok genu — metody

1. Pfimeé metody: Capture-Mark-Recapture + parentage analyzy



Neprimé metody stanoveni toku genu —
populacne-genetické modely

 Island model (Wright)

Stejne velkeé subpopulace
Symetricky tok genu
Stejna pravdepodobnost vymeny

mezi jakymikoliv subpopulacemi

« Stepping-stone model
(Kimura) Bl e e ™= ¢ Yo lig

Vymena jen mezi sousednimi
subpopulacemi



Tok genu — metody

1. Pfimeé metody: Capture-Mark-Recapture + parentage analyzy

2. Neprimé metody — na zakladé distribuce genetickeé variability

N_m = pocCet migrantu / subpopulace / generace
Jde o hruby odhad ve Skale: malo, stfredné&, hodné!

« Privatni alely (Slatkin)
Alely vyskytujici se jen v jedné subpopulaci

p(1) frekvence privatnich alel
Inp(1) =-0,505 In(N,m) - 2.44

1
 F statistika FST =
1+ 4N ,m




Predpoklady pouziti Ngm:

« island model” (= infinite number of populations, absence of
selection, the same size of all populations etc.)

* migration-drift equilibrium (= no range expansions, habitat
fragmentation or population bottlenecks)

Co ale rozhodné NE!

 Dve hodne vzdalené populace

* Fgr— vzdy bude nenulové N,m — v minulosti
dosSlo k vyméné jedincu

* | populace, které si nikdy nevymenily migranty
mohou mit nenulove N.m



(o)
Modely toku genu (alel)
* Island model (Wright)
Stejne velkeé subpopulace
Symetricky tok genu
Stejna pravdepodobnost vymeny m
mezi jakymikoliv subpopulacemi
« Stepping-stone model

KIMUQ) iy ORI

Vymena jen mezi sousednimi
subpopulacemi

Isolation by distance

Tok slabne se vzrUstajici
vzdalenosti subpopulaci O O - O = O O




Isolation by distance

rozumné geografické méritko
(zavisi na schopnosti disperze)

musi byt ustanovena rovnovaha mezi migraci a driftem

IBD (isolation-by-distance) nebude

— u velmi recentné izolovanych populaci
— u zcela izolovanych populaci

— pfi znacné migraci



desitky tisic let
nejsou bariéry
rovnhovaha
mezi driftem

a migraci

(c)

postglacialne
fragmentace
vliv driftu

Fst

Fst

Isolation by distance

Crotaphytus collaris
Hutchinson & Templeton 1999

Texas lizards

Geographic distance

North-eastern Ozark
lizards

Geographic distance

(b)

(d)

Kansas lizards

postglacialné
nejsou bariéry
vliv migrace

Geographic distance postglacialné
vzrustajici

South-western Ozark fragmentace
lizards vliv driftu
na velkych
méritkach
rovnovaha
na malych
méritkach

Geographic distance



Genetika metapopulaci

Metapopulace: Castée lokalni
extinkce a kolonizace

« Jednoducha populacni struktura vs.
metapopulace — populacni genetika

« stabilni vs. nestabilni populacné-geneticky
pattern



Atlantic salmon — Sainte Marguerite river (Quebec)
(Garant et al. 2000)

* vyrazna populacni struktura mezi rekami

« vramci jedné feky — rizné mikrohabitaty obyvané (1) demy nebo (2)
metapopulacemi?

* dvouleté sledovani, mikrosatelity, hierarchicka AMOVA

+ lokalné adaptované demy, ale i metapopulace (napf. po povodnich je
mikrohabitat obsazen nahodné a ne jedinci z pldvodniho demu)

* long-term (stable) vs. short-term (metapopulations) struktura

Variance component D.f. % of total variance F-statistic P
Mezi pFitoky 1 0,1 0,0014 0,167
Mezi lokalitami 6 0,9 0,0085 0,001
Mezi roky uvnitf 7 2,5 0,0255 < 00,0001
lokality

Uvnitf vzorku 1352 96,6 0,0337 < 00,0001




Ktery typ metapopulacni struktury?

,classical” ,mainland-island®
(b)
O
,source and sinks*
O O

* ad a) Cristatella mucedo - Bryozoa (Freeland et al. 2000) — long-
distance migration (birds), no IBD, 5 ms for clone identification

» Dblack rats in Senegal — transport by traffic (no isolation-by-distance
in genetic differentiation)



ad b) Mainland-island model

Bufo calamita (Rowe et al. 2000) — rtzné rybniky maiji rzny reprodukéni

uspéch

klasické subpopulace (Area 1) i metapopulace (Area 2); kfizek — vysSi tok
genu nez by se pfedpokladalo (jsou v nich obsazeny vysoce uspésné
rybniky = ,mainland®)

Area 1

Klasicka subpopulacni
struktura + IBD

30 45

Mean distance to other sites (km)

Area 2
. Mainland-island
metapopulace
° b +
® [ ]
¢ Island—®
7 9 11 13

Mean distance to other sites (km)

Fsr = 0.06-0.22

1
> F =
Y1t N



Populacni struktura - shrnuti

Connected populations Isolated populations
(gene flow) (no gene flow)

Ne
Genetic drift

Genetic diversity

Population
differentiation



1. vnitropopulacni variabilita — deskriptivni statistiky
2. popis populaéné-genetické struktury, bariéry toku genu

3. Population assignments

Klasickeé problémy populacni genetiky

* Populace dany, jedinci predem zarazeni do
populaci, zajimaji nas vlastnosti populaci (F-
statistiky) — ad (1) nebo (2)

« Populace sice definovany, ale chceme k nim
priradit jedince neznameho puvodu

* Krypticka populacni struktura = predem neni dano
nic — chci zjistit klastry (tj. pfirozené populace) a
rozfadit individua do klastru (population
assignments)



Unraveling migratory connectivity

(a) strong vs. (b) weak connectivity



A. Direct methods

« morphological variation (geographical races)

* leg-bands or similar markers (ex. over one million Ficedula hypoleuca have
been ringed in UK and Sweden — only six recaptured on wintering grounds
in Africa

« satellite telemetry — expensive, not useful for small animals

B. Biogeochemical approaches

. ratios of stable isotopes of naturally occurring elements (C, H, N, Sr) vary
across the landscape

. determined by the relative frequency of C3 and C4 plants, climate, and
bedrock

(1) geographical structure of isotopic ratio distributions
(2) knowledge about where animals incorporate isotopes

(3) tissue samples from individuals at different parts of their annual cycle



C. Genetic approaches

« very few birds have bands, but all have genotypes »
genetic data on population structure

problems: (1) week genetic differentiation among
populations (widespread dispersal), (2) lack of
differentiation in northern temperate zone — recent
postglaciation expansion

solution: (1) more genetic markers, (2) study of avian
parasites DNA



Population assignment tests

= program GeneClass (Piry et al. 2004)

= calculates the probability that an individual’s genotype might exist in a
particular population

= can combine data from multiple genetic marker types

) J— % . b) 4
o1 o LI - - o
1] Y # . o @,
g 87 ° “ e e B -~ 5 ] o l.‘. .‘r-.
E'] o ] _ = o -"
& 104 - v a 7 °a ;' c e
E ) ! } E o a® ’-,f"'“._
y 3 o : 8 g
E: & 3 o e 2
£ 147 . £ .‘- By
E - . & T —10 & o
E‘ -15 L7 ° = 11 o8 of
— . . .{ 3 _.-", Y]
—18 1 . -12 ’
- ’ - '
-20 +* T T T T T T T 1 -13 T T T T T T T T T
20 -18 -18 -14 -12 -0 -8 -6 -4 -13 12 11 -0 -8 -8 -7 -6 -5 -4
Log likelihood from population A Log likelihood from population A
5 microsatellite loci 5 microsatellite loci
F,=0.14 F,=0.04

99.9% assigned correctly  90.2% assigned correctly



Individual-based assignments

Krypticka populacni struktura

Neznamy pocet skupin (klastra)

Uroven jedince

Vytvorit klastry a soucasné k nim priradit jedince

K dispozici mame individualni genotypy (pfipadné i souradnice)

Data: msat (jiné kodominantni lokusy, Alu), AFLP
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Molecular Ecology (2009) 18, 1034-1047 doi: 10.1111/;5.1365-294X.2008.04059.x

INVITED REVIEW

Statistical inferences in phylogeography

RASMUS NIELSEN*tand MARK A. BEAUMONT}

*Departments of Integrative Biology and Statistics, University of California, Berkeley, 4096 VLSB, Berkeley, CA 94720, USA,
tDepartment of Biology, University of Copenhagen, Universitetsparken 15, 2100 Kbh O, Denmark, $School of Biological Sciences,
University of Reading, PO Box 68, Whiteknights, Reading RG6 6BX, UK

* Therein lies the fundamental difference between
phylogeographic and theoretical population genetic
thinking: phylogeographic studies traditionally assume
that ancestral history can be directly deduced from
estimated gene trees, whereas population genetic theory
asserts that gene trees are random outcomes of
stochastic population-level processes.



Log (likelihood)

Bayesian clustering approach
STRUCTURE = Pritchard et al. 2000

Neznamy pocet populaci charakterizovanych riznymi frekvencemi alel — pocet populaci a
frekvence zjistuji

Soucasné pfifazuji individua do populaci

Lokusy, které nejsou ve vazbé, HW uvnitf subpopulaci
(napf. mikrosatelity, SNPs)

Mozno pfedem zahrnout geografickou polohu individui

Model se snazi vylozit HW nebo vazebnou nerovnovahu zavedenim populacni struktury

Misto pfimého vypoctu — odhad pomoci Markov chain Monte Carlo




* Fragmenty destneho
pralesa

« Lokality Chawia,
Ngangao, Mbololo, Yale
(Kenya)

. 7 mikrosatelitovych
M okust

* Neighbour-joining

M/ \ « * Spatné zarazeni jedinci

b [

* =



Program STRUCTURE - Bayesiansky pfristup

Inferring the value of K, the number of populations,
for the T. hellert data Mgangag

=

log P(XK) P(KIX)

[ LR S .

—3144 ()
— 2769 i)
— 2678
—2683
—2688

O Chawia
# Mbololo
#Ngangao

Chawia Mbololo



Ln Likelihood

Stanoveni poctu ,prirozenych
subpopulaci

-20000 : 10 : :
21000 5 =la 15 20 25
-22000 - [QVE}

-23000 - .
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-25000 -
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K (number of clusters)
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Molecular Ecology (2005) 14, 2611-2620

doi: 10.1111/j.1365-294X.2005.02553.x

Detecting the number of clusters of individuals using

the software STRUCTURE: a simulation study

G. EVANNO,S. REGNAUT andJ. GOUDET

Department of Ecology and Evolution, Biology building, University of Lausanne, CH 1015 Lausanne, Switzerland

&

A. LK)

—20000

=30000—

.,...ﬂl-m%

—350001
[ ]
—40000-|
T T T
5 10 15 20
K
C.| K|

10000
5000

-
- &= :lix-!!ﬁ!i}

-5000—

B. L'(K)

6000 —

2000

=

=2000

—6000

iy
Y
tl[!;iliiiiii

D. AK = m(| L"K |} / s[L(K)]

1004

B0

60—

40

20

20



.

1.00

0.80 | i
0.60 -
0.40

0.20 4

0.00 L.J..Lu_. i
1 2 3 4 i g 7 a 9 10 11 17 13 14 14 16 17 18 19

Proporce genomu kazdého jedince nalezejici urcitému ,clusteru”

20

21




Alternativni
vizualizace

vysledku ze
STRUCTURE

,Jforced clustering”

Zobrazeni hierarchické
struktury mezi
populacemi
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4. Spatially explicit analyses = spatial
genetics = landscape genetics

« vychazi z Bayesian clustering approach (typu
STRUCTURE) — individual-based models

« do modelovani genetické informace pridava i
geografické koordinaty

« napf. programy BAPS, TESS, Geneland
(automaticky stanovuji nejlepsi pocet populaci K)



Spatial models — tesselation, Voronoi polygons




The example of very fragmented populations: the best model in BAPs
for Central and Southern Dinaromys populations (spatial clustering of
groups of individuals): K=13 (i.e. evidence of very high structuration)
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Posterior mode of population membership



Map of posterior probability to belong to class 4 Map of posterior probability to belong to class 3
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Atlantic waters

Black Sea

Spatial population genetics Fontaine et al. 2007
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