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Tt Ba paboupe onuepa?

Tt elvat n wopporia ouvdeonc (linkage equilibrium)

» Tielval n avicoppornia cuvdeonc (linkage disequilibrium - LD)
» Tielval o amAotumoc - mapadeiypata

" [Mowa eival ta pETpa ektipnong tng LD

" Nwc avanoapiotatoln LD

" Ao moloug MapAyoVvTeC emtnpealetoL n LD

" Mw¢ petaBarietal n LD oto xpovo

= [loU Kol Tw¢ aLlomoleltal auTn N yvwon




Mia yeVETIK B€on
N
‘Evag YEVETIKOC TOTTOG
(locus)







chromosome chromosome

AAANAGHOpP@a

allele1 A i I a allele2 EVOANOKTIKEG HOPYPEG EVOG YyovIdiou

N diag aAAnAouxiag (Tpruartog) DNA

O€ €VO OUYKEKPIMEVO YEVETIKO TOTTO

Homozygous AA Heterozygous Aa Homozygous aa

L
o}

1°¢ N6uog Tou Mendel [segregation of alleles] —
O diaxwpIopoS Twv aAANAOPOPPWY EVOC
YyoVviIOioU OTOUG YOUETEG Eival TUXQAIOG

Homozygous Heterozygous Hemizygous
Alleles are same Alleles are different Only one allele
(e.g. XY)



EtravaAnyn... p2+2pg+g2=(p+q)?=1
O@cswpnua Hardy-Weinberg

OnAukoi YauéTeg (ouxvoTnTa)

A (p) a (q)

AA (p*p=p?) | Aa(pq)

aA(q"p) |aa (9*q=g?)

APOEVIKOI YOUETEC (OUXVOTNTA)

P(Aa) = p*q (UnTépa) + p*q (TTatépa) = 2pq
P(aa) = g



NMpoutroBéoeig yia TNV 1I0XU TOU Bewpnuarog H-W kai . . .

- AITTA0€161 G OpYaVIOHOG
- ZEGOUOAIKA avaTtrapaywyn

- Tuxaia o0Zeuén TwV aTépwWyV (Trapuigia) (vs _—————————————————————
e » » o O NOpog Hardy-Weinberg

0 vouocg Hardy-Weinberg 10xU€l uno TIC €EAC NPOUNCBETEIC:
* O nANBUOWOC Eival JEYANOC Kal Ol OUZEUEEIC €IVl TUXQIEG,

- Mn €MIKOAUTITOMEVEG YEVIEG GO0V aPOPa OToV UNd PEAETN YEVETIKO TONO.
i i i i i * O1 ouxvOTNTEC TWV aARNAOUOPPWY NAPAUEVOUV OTABEPEC
- MéyeBog TTANBuoOU TTOAU peydAo (~atreipo) [vs UE TNV NApodo ToU XpOVoU yIaTi:

0 puBuoe yetannagiyéveonc Sev gival oNPAVTIKOC.

i ; ; 3 Ta droua ONwv Twv yovotunwy gival EEicou 1Kava va avana-
- 181eg ouXVvOTNTEG AAANAOHOPPWYV OE APTEVIKA paxBouv Kal va JETaRIBACOUV Ta yovidid TOUC OTOUC anoyo-
Kal OnAukd dTopa (vs VOug Toug, &niadn &ev undpxel eninoyn €1 BApog kanoiou
OUYKEKPILEVOU YOVOTUNOU.

Agv UNNPXE onuavtikn gicodoc atdpwy and &vav GAfo nAnBu-

- Aev utrdpxel £TIAOYH YOVOTUTIOU (VS Ouo WE ouxvoetnTeG anANAOUOPP®Y NOAU SIGYOPETIKEC and
QUTEC TOU vEoyevoug NAnNBuouoU.

- Agv utrdpXEl e10pon} aAAnAopdpPwyV cTOV
TTANBUO MO Kal dpa aAAay ] CUXVOTATWY TWV
aAAnAopoépewyv (vs




Hardy-Weinberg Equilibrium
for a Three-Allele System

p+tq+r=1 PG and r are the three alleles in the
population (system).

(p + q + r)2 =1 “Cross” the individual alleles together by
. . - squaring the trinomial.

|p2+q2+r2+2pq+2pr+2qr =1

@wormthoughts

(P1 Pt pst...... + p, )?=1, €dv o€ £vav YEVETIKO TOTTO €XOUV TTEPIYPAPEI N
1aPOPETIKA aAANAOpOpPa




Essential
CIOETIS v rmerecrive

Fourth Edinion
Damel L. Hartl and Elizabeth W. Jones

Hardy—Weinberg Principle

« X-linked genes are a
special case because
males have only one X-
chromosome

- Genotype frequencies
among females: HH = p?;
Hh = 2pq; hh = g?

« Genotype frequencies
among males are the same
as allele frequencies:

H = p,
h=gq

Fig. 14.15

Female gametes

@ @

male
gamatas

Female gametes

® @
V-boating ® -

male
gametes







Meiosis:
homologous
chromosomes
line up randomly
in one of two
orientations

SP

Gametes ‘
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Locus 1 —
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Parental combinations

(DM and dm)

or

SP
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Nonparental combinations

« Locus 2

d

/A
B

(Dm and dM)

2°5 NOJOC Tou avecapTnTou
ouvouaouou Tou Mendel

* Ta aAAnAopopda StadopeTikwy yovidiwv
Staxwpilovtal avetaptnta

Ta aAAnAoGuopea D/d kar M/m
XOapTOYPA@OUVTAl O€ DIOPOPETIKA
XPWHOCWHATA

Figure 10-2 m Independent assortment of alleles at two
loci, 1 and 2, when they are located on different chromo-

somes. Assume that alleles D and M were inherited from one
parent, d and m from the other.




AUO YEVETIKEG BEOEIC
N
AUO YEVETIKOI TOTTOI
(loci)




Ta aAAnAoGuop@a A/a kai B/b xaptoypa@ouvTal oTo i010 XPWHOCWHO

OuoAoyoc avo.ouvOUOOOC

No crossing over SO o Homologous Recombination in
Eukaryotes

A H A &8
I f.
a o a (i}
) | Bl
Recombinant b L

QKZ ;TR?.
il

l TéNog Meiwong I

AB

MNonrecombinant
ab

8
Monrecombinant
ab

TéNog Meiwong |

Ol yeveTikéG BEoeIc TwV aAAnASuopewyv A/a kal B/b
TTOU XOpTOypPA@OUVTAl OTO D10 XPWHUOOWHA UTTOPEI 2 I
Va aTTéEXOUV TTOAU 1) Aiyo METAEU TOUG -

DNA dynamics during meiosis



OuoAoyoc avacuvOUouOC

2.€ ETTITTEO0 OIKOYEVEIQAG 2.€ TiTTed0 TTANBUCOU

Set of ancestral
. O

chromosome

Hypothetical
Chromosome

Mutation ocours

Recombination occurs
I C T noce 1)
20 generations
50 generations

Figure 10-1 m The effect of recombination on the origin
of various portions of a chromosome. Because of crossing

over in meiosis, the copy of the chromosome_the boy (genera-
tion III) inherited from his mother | ]
of all four of his grandparents’ copies of that chromosome.




Avioopporia ouvoeonC
Linkage disequilibrium (LD)

H un tuxaia guoXETion aAANAOUOPPWY O€ dIAPOPETIKOUC
YEVETIKOUG TOTTOUG ETTAVW OTO 1010 XpwWHOoWHa!!!

ATTOKAION TOU VOUOU TOU QVECAPTNTOU
OUVOUQONOU TwV aAANAOUOPPWY TOU
Mendel



[Tepiypapr) TS avicoppoTriac ouvdeoncg (LD)

1 2 3 4 5 5]
1 f - | ' ]
@ | E X | Generations
. i :
1 2 3 4 ] 27
i B E i 1 Remm, Maido, and Andres Metspalu. “High-
(b) | | !::_ : |H | density genotyping and linkage
T = k& g d Z 4 disequilibrium in the human genome using
' 68 3 % 4 5 g chromosome 22 as a model.” Current opinion
| n M M m il | B in chemical biology vol. 6,1 (2002): 24-30.
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Recombination points Recombination points

Currant Opirdan in Chemical Biology

Kataotaon Alyo petd amo €va ocupfav petaAroénc (umodelkvietal e KOKKIVO OTOUPO), TO orolo
dnuiovpynoe €va véo SNP. 3& auto to otddlo, to véo aAAnAopopdo Pploketal oe MARPN avicopporia
ouvdeonc (LD) pe ta urtoAouta aAAnAopopda 1-6 oto i6Lo XPpWHOCWHAL.

H katdotoaon petofarietal kaBwc mepvouv ol yeviec. H €ktaon tn¢ LD pewwvetor AOyw TOUL
AVOLOUVOUAOHOU HETOED TWV XPWHOOWHATWY. O avacuvduaouog avadlatdooel tTa aAAnAopopda Twv
OELKTWV, UE ATIOTEAEGHLO VOL XAVOUV TN CUCXETLON TOUG UE TO HETAAANAYUEVO aAANAOHOPDO (X).

H LD petagl tng PeTdAAaéng (X) KoL TwV YELTOVIKWY SEIKTWV TtapatTnpEeital TAEOV HOVO OE ML ULKPN
TiEPLOXN YUPW oo Ttn HETAANAEN.



=05 6~0 0.01<6<05 Ta aAAnASuop@a D/d kai

(aveEAPTNTOC SIaXWPITHAC) (téAe1a avicoppoTria oUVSETNC) (HEPIKA/OTEAAC M/m xapToypagouvTal
(G000 GOVBEGNC) aviooppoTria oGvdeons)  GTO 510 XPWHOOWHA
—~ — M
Locus 1 —|D| |d Locus 1 —|D| |d Locus 1 —|D| |d
Locus 2 —M| |m
Locus 2 — M| |m
o g e o o
0VOGLUVOLUGLEVOL
Locus 2 —|M| im 6 = .
WA, DAY oVVOAO

\_/
Figure 10-4 m Assort-
ment of alleles at two loci, 1

e e ) and 2, when they are located
Dl |d| |D| |d D| |d Dl ([d| (D |d on the same chromosome. A,
M| Im The loci are far apart and at
M iml Iml M least one crossover between
m 3 o 0 Ol them is likely to occur in
every meiosis. B, The loci are
so close together that cross-
ing over between them is
very unlikely. C, The loci are
close together on the same
M| |m){m) M YRy YRY v, chromosome but far enough
- ; apart that crossing over
Monrecombinant = Recombinant MNonrecombinant only MNonrecombinant > Recombinant | occursin theinterval between
(DM + dm) = (Dm + dM) (DM + dm) only (DM + dm) = (Dm + dM) the two loci only in some
meioses and not in others.
A B C

O0oo 1m0 pIKPOS gival To TTOoO0OoTO avaouvduaouou (8), Tooo TTIo KoVTa BpiokovTtal o1 U0
YEVETIKOI TOTTOI (5w Ta D/d, M/m) =2 O0TTou 0 < 6 < 0.5
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Y1revluuion
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NOJOG TOU avecapTnTOU  Losus 2
guvouaopou Tou Mendel vI
Ta aAAnASGuop@a D/d kar M/m B B
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B I i B
Figure 10-2 m Independent assortment of alleles at two
loci, 1 and 2, when they are located on different chromo-
somes. Assume that alleles D and M were inherited from one
Parental combinations Nonparental combinations

parent, d and m from the other. (DM and dm) (Dm and aM)

. \_ _/




AvaouvouaouoC

0 (1 c A r) = KAaoua avacuvduaouou (recombination fraction)

* B =710 TTOOOOTO AVOCUVOUQOMEVWY YOUETWY TTOU TTApAyovTal aTTo £vav
OITTAG eTEpOlUYWTN

TiuEC 0 atrdé 0 wg 0.5
« 0=0 TTA}PNG ouvdeon
« 0=0.5 avegapTtnToC dIAXWPIOUOC
« 0=0.01 dnA. 1/100 yauETEG €ival avaouvOuaoUEVO

(atroéotacn 1cM avdueoa oToug dUO YEVETIKOUC TOTTOUG)

ToTtT01 TTOU BpiokovTal o attooTacn >50cM diaxwpilovTal aveeapTnTa




Enidpaon tou avacuvduacpou otn pn Tuxalo CUCYETLON TWV
aA\nAopopdwv

= O avaouvOuaouoG avAueoa o€ OUO YEVETIKOUG TOTTOUG TEIVEI VA TUXAIOTTOIEI TOUG
ouvOUAOPOUG TwWV aAANAOpOPPWYV aTTO YEVIA O€ YEVIA.

= O pubuog autng TG dladikaaiag e¢apTaral amo Tov pubuod avacuvouaouou
avAueEoa 0€ AuToUC TOUG TOTTOUC.
i Aev yvwpidoupe akpiBwg Tn PioAoyik BAcon Tou yiaTi OPICPEVES TTEPIOXEG TOU YOVIOIWMATOG
geMpavifouv  peyadAn ouxvotnta avaouvduaopol (60% hot-spots uAkoug 1-2kb  kai :
| UTTOTEAOMEPIKEG TTEPIOXEC), EVWD AAAEC ECAIPETIKA XaUNAR (TTX KEVTPIKA THANATA XPWHOCWHATWY
KAl ETEPOXPWMATIVIKEC TTEPIOXEC). ’

____________________________________________________________________________________________________________________________________

« Ta 0nAea aroya 39.1 emyiaopoi

avd peiwon // \\
* Ta dppeva aroua 25.2 TMiXIATHOI -

ava peiwon et e
* To i0l0 aropo dev £xEl TOV idI0 _ . _ S
apIBuo emixlaopwv ava peiwaon! M T m

High-frequancy recombination in ganic regions




ATTAOTUTTOI

['ovoTuTtroC: AaBb, Auvartoi atrAoTuTrol

l

ATTAOTUTTOG 1 ATTAOTUTTOG 2
Al 4 a
B | 1b
Al 1 a
b 1 1B
ATTAOTUTTOC 3 AtTAGTUTTOC 4




[ ovOTUTTOI KOI ATTAOTUTTOLI

‘Evag yeveTIKOC TOTTOG: AUO YEVETIKOI TOTTOI:
Homozygous wild type  AA Locus1 Locus2 AmAOTULTOL
Homozygous alternative aa AA BB ii
Heterozygous Aa aa bb R

Aa Bb ab

NMoAAaT1TAoi VEVETIKOI TOTTOI:

TLocusl Locus2 Locus3 Am\ldtumot:
AA BRB CC ABC

ABc
aa bb ccC

AbC
Aa Bb Cc A

aBC
aBc
abC
abc




Arthotumnoc (haplotype)

‘Eva cuvolo aAAnAopopdwV TwV YovISLwV ] YEVETIKWY TOTIWV OE VAV

opyavLopo tou KAnpovopouvtal ol amo eva yovea

o [1.x. LoXUeL yLa ouvdedepéva yovidla/yeveTikoU ¢ TOTOUG TTou BplokovTal
KOVTQ, TIAVW OTO (510 XpwHOoW U

o [1.x. ot toAvpopdlopotl prtoxyovdplakol kot YAwpormAaotikou DNA, kabwc kot
Tou DNA tou Y xpwpoowpatog (1N Pevdoautoowkeg meploxes PARL &
PAR2) mtou kAnpovopouvtal amno €va Yyovea Xwpic avacuvduaouo

Nopadelypato AAAWVY XPOEWV TOU OPOU:

o ‘Eval cUVoAo amo napaAlayec (moAvpopdlopotl), r.x. SNPs, og Eva
XPWHOCWA TIoU Teivouv va epdavitovtal pall (elval oTaTloTika
OXETL{OMEVEC)

° TLY. €pEuva a.0Bevelwv oTov AvBpwro pHéoa amno to npoypapupa HapMap

> ‘Eval GUVOAO OUYKEKPLUEVWVY TTaPOaAAaywV pEoa o€ Eva TUo. DNA og eva
AToHO



ArAOTUTIOL TTOAULOP DKWV BECEWV

= 2uvOuaouoi aAANAOPOPPWY  OIOPOPETIKWY TTAPaAAaywv o€  €va
XPWHOOWHa (HIKpodopuPopol, SNPs, KTA)

3 d1aAANAIKoi (biallelic) TTOAUPOPPIOUOI === 23 = 8 duVaTOI ATTAOGTUTTOI

7 O10AANAIKOI TTOAUOPPIOHOI — 27=128 duvaToi atrAOGTUTIOI

=  Av uttapyouv AIyOTEPOI ATTAOTUTIOI ATTO OTI AVAPEVETAI CUUPWVA PE TO
VOO TOU aveEEAPTNTOU OUVOUACHOU, TOTE Ol TTAPAAAQYEC TTOU PEAETAUE
gival o avicoppoTria ocuvoeong [ Linkage Disequilibrium 4 LD ]



MNapadetypa pe OEIKTEC

Ma 3 deiktec umtapyouv 23 = 8 Suvartol
arnAotumol — OEQPHTIKA !

Moool amAdotunol Ba napatnpnOouv
oe €va belyua; - MPAKTIKA ?

E€aptatal ano: »
° TNV avlooppoTia cUvdeong avapeoa
OTIC O€0o&lC

° TOV UTtO HEAETN MANBUGCLLO

O NOUAEWNE
+
1
1

° T0 H€yeBog Tou MAnBuouLlakou
delypatocg

° TL{ CUXVOTNTEC TWV aAAANAOUOPpI WV OTOV
dedopévo mAnBuouo



Ac peAeTiooupe dUO YEVETIKOUG TOTTOUC A Kal B pe aAAnAdpopoa

AAANAGpOp@a ZuyvoTnTa

A= A o pi+p, = 1
a= A; P2
B = B, of qi+q; = 1

b= B, Yz




Y1trapyouv 4 mi0avoi YOpETEG

MNapéTeg 2uxvoTnTa AatrAOTUTTOU

AB = A, B, X
Ab = A1 82 X2
3B = A, B, X5 X+ Xo+ X+ X, = 1
A,B X
ab = 2%2 4
AB=25% f(Ab) = f(A) x f(b)
loopponia $0v8eonc A B i Ab=25%

(linkage equilibrium)

B b
~—— aB=25%
b % A
o s oEE

A B __— AB=0% pab) £ 6(A) x fib)
Avicoppornia Zuvéeong —  _+ Ab= 0%
(linkage disequilibrium - LD) a B -__Q aB= 0% B b
(rAfipng) ab = 50% A .

JHE




Linkage Equilibrium

Tuxaia cuoxETiIon AAANAOHOPPWYV OTOUG YOUETEG

Tétrog B
B, B,
d4 9
Ay AB, AB,
P Xi=P1dy | X=Pq102
Toétrog A
Ao AjB, A,B,

X3=P20y | X4=P202

Xi+Xo+Xa+X, = 1




loopportia ZUvdeonC

SNP#1 SNP#2 Allele frequencies Expected haplotype frequencies
& A
§,.—~ l l =03 CA=03x0.1=0.03
g E - = SNP#1
E 2 # T=[|'? CG:“_’} Iﬂ.ﬂ:ﬂl’?
%
= 8
- IR
§. = Tl A! A=0.1 TA=0.7x0.1=0.07
SNP#2
T G G=09 TG =0.7x09=0.63
#

210 OEiyHa Hag TTAPATNPOUME OAOUG TOUG duvaTOUG
ATTAOTUTTOUG, HE TTOIKIAEG CUXVOTNTEG




Linkage Equilibrium

Parental
Genotype

11
/ —C)—D—AZBE\

Nonrecombinant Recombinant
Chromosomes Chromosomes
—®—il— A B x —— — AB, x
— ] ALBL X, — el /B
Gamete  Frequency Allela Frequency
AB;4 X1 = P9 A, P=X+%
AB, % = P19 A, Po=Xa+ X,
AsB, X3 = P4y B, Q=X+ X
AB, Xy = pg; B, =X+ X,




[MANpN¢ Avicopportia ZUvOEoNC

Mapddeiypa yia 2 SNPs:

SNP1: A 50% C 50%
SNP2: A 50% G 50%
SNP1 SNP2 Avapevopevn ZuyxvoTnta

A A 'P(AA)=0,5x0,5=25% |
A G ' p(AG) =0,5x0,5=25% |
C A | T ip(CA)=05x05=25% |
C G ' p(CG) =0,5x0,5=25% |

__________________________________________________

210 OEIypA MO UTTOPET VA TTAPATNPOUME HOVO BUO ATTAOTUTTOUG
AACCATATC...CGATT... 2> p(AG)=0.51 50%

AACCCTATC..CAATT...D p(CA)=0.51 50%







Noapapetpog avicopporniag ouvdeong, D

Lewontin and Kojima (1960) Evolution 14:450-472

Napétng ZuyxvoTnta

AB, X = pq,tD

AB, X, =p,q,-D

A.B, Xy =p,q,-D

A;B Xy = p,o,+D
D = x-p4q;

= QUTO TOU TIEPLUEVOULIE OE
= QUTO TTOV TOPATNPOVUE Loopporia ouvdeong

H TipR D gival pia TTapAapeTpog TnG atrOKAIONS TNG
ouUxXVvOTNTAG TOU KABE aTTAGTUTTOU OTTO TO OEVAPIO
TNG I00PPOTTIaG oUVOEONG



MapapeTpoc avicoppoTtriac ouvdeong, D

AvTIKaBIioTWVTAG:

D = %-pyq P1=%%%
Py=%y TRy
Uy =X+
Q=X X,

D = XXXy Xy = XXXy

R R R




Napapetpoc avicopporiac cuvdeong, D

' D: Ndoo amokAivouv oL TAPATNPOUHEVEC CUXVOTNTESC TWV AMAOTUTIWV OO QUTEC |
i TIov Oa TtepLpévalle av oL SUo yevetikol tomol (A kat B) Atav evieAwc aveédptntol
. (6nAadn) og wooppormia cuvdeonc). |

Marpikég
aTTASTUTTOQ

# A151

/ ] }— A,B; \

Mn avaocuvduaouévol Avaouvduaopévol
YOMETEG YOMETEG

——u— 15 x, ——— AB, x
4:+ l'ﬂ‘:Bz xq '4_: . l'ﬂ'EB1 '\'{5

D = 10 YIVOHEVO TWV CUXVOTATWY TWV HN
AVOOUVOUUOHEVWY YOMETWYV HEIOV TO YIVOUEVO TWV
OUXVOTATWY TWV OVOCUVOUAOHUEVWYV YONETWV



Estimate of D in case of Linkage Equilibrium
If allele frequencies of p1 and g1 are both 0.5 and equilibrium
occurs

x, =p1q1=0.5 x 0.5= 0.25
X, =p2g2=0.5 x 0.5= 0.25

X, =p1g2=0.5 x 0.5= 0.25

X3 =p29q1=0.5 x 0.5= 0.25




Estimate of D in case of Linkage Equilibrium
If allele frequencies of p1 and g1 are both 0.5 and equilibrium
occurs

D: X1*X4 = X2*X3

D = (0.25) (0.25) - (0.25) (0.25) = 0




Mapadsiypa aviocoppotriag ouvdeong (linkage disequilibrium)

=  O1 ouxvoTNTEG TWV AAANACNOPPWY gival: p; =9; =0.5& p, =9, =0.5
" 2710V TTANBUO UG TTapaTnpouvTal uévo ol atTAdTuTrolr A1 B4 Kail A,B,

X1=p19: +D=025+D=0.5
Xy =p292+D=025+D=0.5

X2=p1q2_D=O.25_D=O ASV,
TTapaTNEOUVTaI
oTov TTANBuUo !

X3=p2q1_D=0.25_D=0

D = (0.5)(0.5) - (0)(0) = 0.25




|1010TNTEC TOU D

Avo aveéaptntoL tonoL Exouv D =0
o ‘Otav umtapxeL avicopporio ouvdeonc exoupe D=0

To npdonuo givo avBaipeto
o Aapfavel Tipneg amo -0,25 we 0,25

AUOKOAN N oUYKPLON OVAUEDCO OE TtEpLocOTEPA (EVYN SELKTWV

H tun tou g€aptatol amo T cuXVOTNTEC TwV aAAnAouopdwv
o Amouteital otabuon

o MmopoUUE va SLOLPECOUE TO D YE TN HEYLOTN TLUN TIoU Utopel va AdBeL
YLOL TLGC OUYKEKPLUEVEC cUXVOTNTEC AAANAOUOpPwWV



2T00uIopEVOC OikKTNG D’

D Av D>0, Dmax=min(p,q,, p,d;)

D Av D<0, Dmax=min(p,q,, P,q,)

|D'|=1, tote £XoUpE AMOAUTN avLoOPpPOTILAL CUVOEDNC
° TOUAQXLOTOV €vag amAotumog dev mapatnpeital

o |D'|< 1, onuaivel mwg n amoAuTn TPOYOVIKA avicopporia cuvdeong EXEL
SlatapaxOei

YNEPEKTLUNON TG avicoppomiog cuvdeonc
o |SLaitepa Otav to HEYEOOC Tou Selypatog eival HLKPO
o ‘Otav eva TouAdxLotov armo ta aAAnAopopda ival omavio

o MeyaAn rmubavotnta va pnv doupe €va aAAnAopopdo oto deiypa amo tuxn



MapduETPOC aVICOPPOTTIaC ouvdEoNC, I?

Hill and Robertson [1968) Genel Res 8:269-294.

Square of the correlation coefficient.

e D*

P1P2419

O<ri<1




2TATIOTIKI) OUOXETION

ri=(x; - x;=X5-x3)°/(p; P2 q; - q5)

= EKTIMG OTATIOTIKI) CUOXETION

= [la xapunAég ouxvoTnTEG aAANAOPOPPWY, TO 2 gival TTIo afIOTTIoTO
atro 1o |D).

» r2=0 - Kapia avicoppoTria

= r2=1 - AméAutn cuvdeon (LD)
OI TTapaTnPNOEIG O€ €va OEIKTN TTPOOPEPOUV TTANPEIC
TTANPOPOPIEC yIa TOV AAAO — OEV Eival ATTAPAITATN N TUTTOTTOINON
Kal Twv OUOo

Napdadeiyua:

Av o€ évav TTAnNBuopd uttdpyouv pévo ol attAdtutrol A1B1 kai A2B2,
TOTE av avixveuow 10 A1, EEpw PE alyoupld OTI UTTAPXEl Kal TO B1

More info: https.//pbgworks.org/sites/pbgworks.org/files/measuresoflinkagedisequilibrium-111119214123-phpapp01_0.pdf



2UYKPLON
2 €COPTATAl ATTO TIC CUXVOTNTEC TWV AGAANAOHOPPWV

|ID’|: eival 10 povo peTpo LD TTou dev ettnpeadeTal atro
aAANAIKEC OUXVOTNTEC

|ID’|=1, av gpgavidovTal 2 n 3 amrAGTUTIO!
r2=1 gp@avidovral Povo 2 atmAotutrol — TEAgia LD
Evdiaueoec TiEG Tou |D'| eival DUOKOAO va EpuNVEUTOUV

A@POopouV ouyKpioeIg DEIKTWV ava (euyn NOvo (OUCKOAN N
EPMNVEIa yIa ouykAnpovounon >2 OEIKTWYV)



Raw |D’| data from Chr22
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Abecasis G, University of Michigan,
http://csg.sph.umich.edu/abecasis/class/666.03.pdf



Raw r? data from Chr22
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Abecasis G, University of Michigan,
http://csg.sph.umich.edu/abecasis/class/666.03.pdf




Ontikomnoinon LD
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CGTA 42%

40%
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40%

G TCCTT CTCGA

31%
26%

T GTA
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60%
100%

A
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ACTTGTTTT

1%
9%
8%

98%

ACCCTCTGA
G TCCTCTGA
G TTCTTCTGA

99%

CLUSTER 2

CLUSTER 1




Ontikomnoinon LD

Exon 1

Chr22
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CSNK1E: casein kinase 1 epsilon

NM_152221

CSNK1E: casein kinase 1 epsilon

Genotyped SNPs
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0.376

0.315

CCGGGAAA

0.303
0271
0.180

0.117

TTTCACTAGTCCCCGCCAG
GCCTGCCGACTTTAGCCGA
GCCCGCTGACTCCCATTAG
GCCCGTCGACTCTAGCCGA

CCGGGAGA

0.181
0.057

GAATAGAG
GAGTGGGG
CAGTGGAG

0.053




[ewypadikn poeAevon kat LD

KaBwg n LD eaptdtal amod tn YEVETIKA amootacn 060 Kal armo Tn XPOoViKN mepiodo mou
npwtospudaviotnke pia mapailayn (moAvpopdlopoc), mAnbuopol pe dStadopetiki
Lotopia (rty Adpikavoi vs Kavkaotlot vs Aolatec) pmopei va deixvouv SLadpopeTIKEC TLUEC
D’ petaél twv dlwv delktwyv oto yovidiwpa:

Africans: Avg LD block = 7.3kb
Asians: Avg LD block = 13.2kb
Caucasians: Avg LD block = 16.3kb

African

East
Asian

European

Ancestry Informative Markers (AIMs)




Ancestry Informative Markers — AlMs
MAnpodoptlakol SEIKTEC TNG KATAYWYNAS

Principal Component Analysis (PCA)
AvaAuon KUPLWV CUVICTWOWV

" InUavTikES SladopEg oTn cuxvoTnTa
aAANAOUOPpPWV OpLOPEVWY TTAPAAAAY WV

] SIRE TOTou SNPs apoTnpriBnkay PETay
= g SlapopeTikwv MANBUGUWV.
o Wapawics
. - S m ATTOTEAEOMA YEVETIKAG TTOPEKKALONG 1) TOU
g dawopévou tou 1dputh 1 StadopéEg
D02 ETUAOYNC OE OUYKEKPLUEVEC YEWYPADIKEC
TiepLoX€G/ ouvOnKeg?
om4- &

= XPNOLUOTIOLOUVTOL O HEAETEG KATAYWYNG
TOoU avBpwrivou idoucg, TG

002 000 002 LETAVAOTEUONG KL OTNV LOTPOSIKACTIKNA

(mMAnBuoulakn Kataywyrn tou 6pdotn) Kot

TIG LEAETEG CUOYXETLONG O€ TS0 OALKOU

yoviStwpatog (GWAS) yla Tnv eAATTwon

TwV Peudwg BETIKWVY EVPNUATWV




x ] xpected rZ at 30kb 1.00 Caucasians
= 3 Bright Red >0.88 ™ CEPH
2 ] Dark Blue <012 &= ( :
- 0.00 population)
E .
5 ° 7
: 14
o+ [ewypadkn
- /
. l l . . . NPOEAELUON
0 50 100 150 200 250
Midpoint (MB) Kal, I_D
& Bright Red > 0.88 )
2 Dark Blue<0.12 &= L |
= = To r< pewwveton!
o 2
S o | e —
= (T = Y o —
5 2 T e e
e m | . | | | Africans
0 50 100 150 200 250 (Yorubans)

Abecasis G, University of Michigan,

http://csg.sph.umich.edu/abecasis/class/666.03.pdf



ArtAoTtuTilkeC opadec — Nou xpnolpevouv
(Haplotype Blocks)

. I6avu<a Ba BeAape Vol LLITOPOUUE VO CUYKPLVOUE OAaL TOL
urtapyovta SNPs avapeoa oe SU0 opadec Selypatwy (Y po
neyain opada aacBevwyv kat pia peyain opada controls)

" - ATTOYOPEUTIKO KOOTOC!

= Xapn otn dopn Tou avBpwrivou yoviSltwpatog dev gival
amopaitnTo va yovotunnooupe oAa tat SNPs

" MmopoUUE VA EMLKEVIPWOOUVLLE LOVO OTA AVTUTPOOCWITEUTLKA
tagging SNPs (tagSNPs r; tSNPs)



htSNPs-haplotype tagging SNPs

Mua vrto-opado SNPs og €vav amAoTumo mou £ival
QPKETA yLa va kaBoploouv OAa ta uTtoAouta

Haplotype 1
Haplotype 2

Haplotype 3

if a chromosome has alleles G and C at the two tag SNPs position,
then it has the Haplotype 3.




Human Sequence Variation

SNP SNP SNP

a SNPs I v :
Chromosema1 AACACGCCA.... TTCGEGGEGTC.... AGTCCGACCG....
Chromosome? AACACGCCA.... TTCGAGGTC.... AGTCA ACCE....
Chromosome3 AACATGCCA.... TTCGGGGTCG.... AGTGCA ACCG..ux
Chromosomed4 AACACGOCGA.::.: TTECGGGGETGC.::: AGTGCGGACGEG.aau:

b Haplotypes
Haplotype 1 ﬂTGjAAﬂGTAG'ﬂ-BTTE:AGﬂGA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATGTGTGATACTGGTG
Haplotype 4 TEGE&TTCE-EEEGTT’:{::AG.’EG;“

v «

A I |
c Tag SNPs - |-
i c

(RN BE

The International HapMap Project, Nature 2003




2UUTIEPACLOTAL. ..

MAeovaouoc (redundancy) tng mAnpodopiac twv SNPs
Auvvatn n ertthoyn tagging SNPs

Auvatni n avaktnon (mpoBAsPn) oAokAnpnc tng mAnpodopiag
ylo piot Sedopevn XpwHOOWULKA TtEPLOXN avaAUovTaC LOVO Eva
LULKPO aplOpo tSNPs

Melwon KOoToUuC Kol XpOvou

H avaykn va xpnotpomotoU e tSNPs £xeL pelwbei dpaotika
yloti mAgov pmopouUpe va doupe "ta mavia' pe xapnAotepo
KOootoc Kol upnAotepn akpifeta (NGS).



Testing for statistical association between two known SNPs

In this example: D=0.0-0.27 = -0.21 and D’=-1 [SNP1 and SNP2 are in LD]

Dmax = n pIKpOTEPN TIUA TWV
p192 kai p2g1 6tav D>0

Dmax = n pIkpOTEPN TIUA TWV
p1q1 ka1 p2g2 6tav D<0

Nucleotide Frequency

op C 0.70
SNP 2
T 0.30
op)

SNP1
Nucleotide A G
P+ P2
Frequency 0.30 0.70 EXpected
A-C G-C
0.21 0.49 /ObserVed
Fig. 9 Linkage disequilibrium
illustration. A hypothetical example
of two single nucleotide polymor-
phisms (SNPs) that are either in
AT G-T linkage equilibrium (random
association of alleles according to
0.09 0.21 allele frequencies — see text for
0 on details) or linkage disequilibrium
b (nonrandom association of alleles)—
shown in red.

From Kaessman & Paabo 2002

(The statistical test is a chi-square test)



NMpoodIopIoNOS TNG OTATICTIKAG ONMAVTIKOTNTAG

Determining Significance

F (O-E)’
X'=%
- L
df =
O: mapatnpoupevn ouxvotnTa (Observed) Av p < 0.05 — amoppitTeic Tnv Ho (LD)

E: avapevopevn ouxvotnTta (Expected) Av p 2 0.05 — 0Oev €xeig emmapkn €vdeign yia LD



[Tapadeypo — Opadec Alpotod

S s S s MS=474/2000=0.237
N = 2000 dropa M | 474 | 611 X, | % Ms=611/2000=0.3055
(yovotuTrol) D237 | 09099 NS=142/2000=0.071
N 142 | 773 Xs X4
0.071 | 0.3865 Ns=773/2000=0.3865
Matpikdg
ATTAOTUTTOG
el 1115
/ —O—{J— Ns \
Mn avacuvduaocpuéva Avaouvduaouéva
XPWHOCWHATA XPWHOOWHATA
——— uvs ——{ 1 Ms x
] = N5 X, Ol NS X,

https.//pbgworks.org/sites/pbgworks.org/files/measuresoflinkagedisequilibrium-111119214123-phpapp01_0.pdf



[Tapadelypa — Ouadec AipaTtog

S S
M Xs %
0.237 | 0.3055
N X, Xy
0071 | 0.3865
Gamete  Frequency Allele Frequency
MS X =0.2370 M Py = X{+X;=0237 +0.3055 =0.5425
Ms X5 = 0.3055 N P, = X3+X, =0.071+0.3865 =0.4575
NS X3=0.0710 S Q= X{+X3=0237+0071 =0.308
Ns X, = 0.3865 s 5 = X;+ X, =0.3055 + 0.3865 = 0.692

Y160eon Ho: E@boov TTaparnpoupe OAoug Toug atTAGTUTTIOUG, OI TOTTO!
BpiokovTal o€ Ic0pPOTTIa oUVOEDNC (AOUVOETOI)



[Mapdaodelyua — Opdadec Aipartog

Gamete  Frequency Allele  Frequency
MS Xy =0237 M p,=0.5425
Ms X5 = 0.3055 N p,=0.4575
NS X = 0.071 S q,=0.308
Ns X, = 0.3865 s . =0.692
D = X, XXX, D =(0.237)(0.3865) - {0.3055)(0.071) = 0.07
D D= 007 .. D,0,=0.141< p,q,=0.377



Napadeypo — Opadec Alpotog

(O — E) - degrees of freedom,df = (r—1) « (c— 1)

k
}Lr T = Z E l’jf — l where r = number of rows

¢ = number of columns

Observed Expected
S = 3 =
M 4?4 51 ‘1 M 3341 E‘ ?SDBE El is the- 'EKpECtEd ﬁ-equenc}: ’
g — litotal * Citotal
N | 142 | 773 N |281.82|633.18 grandiotal

= -\.

(474-334.18) (611-750.82) (142-281.82) (773-633.18)
334.18 750.82 281.82 633.18

A= ~ 184

KataAnyoupue nmwg n untoBeon Ho katappintetal: Ymapxel onuavtiko LD p < 0.001
HeETAEL TwV SU0 yeveTikwy tontwv (D’=0.5) - H mapatnpolpevn amokALlon

avapeoa oto neipapa (observed) kat Tig BewpnTikeg (expected) TIHES eival

HaAAov aniBavo (0xL opwc aduvato) otL odpeiletal péovo otnv TUXN.






Napayovteg tou ennpealouvV Ty yovidiwpa

TTANBUOOC , ’
- OLVLOOPPOTILOL CUVOEDNC "

H avicoppoTtria ouvdeonc dlapEpel avapeoa o€ dIAPOPETIKOUS TTANBUOOUG
KAl QVAPECO O€ DIOPOPETIKEG YEVETIKEC TTEPIOXEC

« Quoik arréoTaon avapeoa o€ dUO YEVETIKOUC TOTTOUC

« PuBuoc avaocuvduaopou Tou YovISIWHATOS

yovidiwua
» PuBuocg yetaAAacewy (yovidiakn pon)
« Quoikn €TTIAOYA [
* MéyeBoc¢ TTANBuopIakoU deiyuaTog
» Tuxaia yeyovoTa (YEVETIKI TTAPEKKAION) J
daivépevo Tou 1dpuTh (founder effect) TTANBUOOG

["eveTiK oTevWTTOC (bottleneck)

 [IANBuouIakEG TTpOoMiceIC (admixture) I ououiIgia (aTrogovwuévol
TTANBuCOI)



To D oxetiletal e to pubuo
AVOLOUVOUOLOOU

D =(1-6)D,

Ot10U 6 TO KAGOUO avacuvOuaooU



XWpPIC avaouvouaaouo

B b

A ppt Dy PLy— Dyp P4
a p.pz—Dw;  pprtDy P,
Phs Ph

O1 ouxvoTNTEG TWV ATTAOTUTTWY TTAPANEVOUV
oTaBEPEC OTNV DIAPKEIA TOU XPOVOU



Me avaouvouaouo

B b
A ppp+ (1= 0)D,p pLy —(1-0)Dy p,
a pp,—(1-0)D,; PPy H1-0)D; p,
Ps Pb

H avicoppoTria ouvdeong UEIWVETAL...



OewpNTIKOC PUBUOC peiwong TNS LD peTagu dUO YEVETIKWV
TOTTWV WG OUVAPTNON TOU XPOVOU (YEVIEQ)

Complete
disequilibrium _

Figure 10-11 m Theoretical rate at which initial
linkage disequilibrium between alleles at two loci
decays and the alleles approach linkage equilibrium
as a function of time and various values of recombi-
nation frequency, 6, between the markers. (Adapted
from original figure by G. Abecasis, University of
Michigan. http:/fwww.sph.umich.edulcsglabecasis/
class/666.03.pdf.)

Complete
equilibrium

10 100 1000

Generations




H avicoppornia cuvdéeonc eivat xpAoun...

 ['la Tn dlgpeUivnon TNG 1I0TOPIAC TWV TTANBUCUWY

 ['la TN xapToypagpnon yovidiwv (yvwpiouara 1 voonuara)



The Allelic Architecture of Disease

What is it and how do we discover it?

Magnitude of effect

I:l—|—.
5 O

Rare, high penetrance
mutations — use linkage

Common, low penetrance
variants — use association

| o O
OO O oo
o m e
oo © 0 00

Abecasis G, University of Michigan,

Frequency in population

http://csg.sph.umich.edu/abecasis/class/666.03.pdf



Published: June 2008

Linkage disequilibrium — understanding the
evolutionary past and mapping the medical future

Montgomery Slatkin

Nature Reviews Genetics 9, 477-485(2008) | Cite this article

Linkage disequilibrium (LD} is one of those unfortunate

terms that does not reveal its meaning. As every
instructor of population genetics knows, the term j< 3
barrier not an aid to understanding. LD means simply

a nonrandom association of alleles at two or more loci,

and detecting LD does not ensure either linkage or g
lack of equilibrium. The term was first used in 1968 by

Lewontin and Kojimal and it persists because LD was

initially the concern of population geneticists who were

not picky about o | jnkage disequilibrium (LD) is the nonrandom association of alleles of different loci.
definition was ¢
which to study L
biclogy and huma  peen proposed that are useful for different purposes.
of population ge.._ . ., ool i oo g -

rapidly in the 158€ . . .
mapping became evic ® INhumansand other model organisms, LD between marker alleles and traits of interest

There is no single best statistic that quantifies the extent of LD. Several statistics have

closely linked loci  jllow fine-scale gene mapping. Many recent genome-wide association studies have

was too well establ ] ] ) ) ] ]
successfully mapped SNPs associated with complex inherited diseases in humans.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5124487/
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