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T1 Ba yadBoupe oNuepa?

= Ti gival n 1IcoppoTria ouvdeong (linkage equilibrium)

= Ti gival n aviocoppoTtria ouvdeong (linkage disequilibrium - LD)
* Ti gival 0 atTAOTUTIOC - TTapadEiypaTa

* [lola gival Ta JETPA eKTiNONG TG LD

* [lwg avarrapioTtaTtal n LD

» ATTO TT0I0UG TTAPAYOVTEG eTTNPEQleTaI N LD

* [Mwg petaBaiAeTal n LD o1o Xxpodvo

= [louU Kal TTWGE ACIOTTOIEITAl AUTH N yVwaon (META TIC YIOPTEG)

L]
2
L3

TMEMA *
MOPIAKHE =3
Y BIOAOTIAZ: Y—e &
TENETIKHE .

&ne
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Mia yeveTIK B€on
N
‘Evag YEVETIKOC TOTTOG
(locus)




chromosome chromosome

AAANAGHOpP@a

allele1 A I i a allele2 EVOANGKTIKEG HOPPEG EVOG YOoVIDioU

N Jiag aAAnAouxiag (Tpruatog) DNA
O€ £VA OUYKEKPIPEVO YEVETIKO TOTTO
AI I " I I
11 11

Homozygous AA Heterozygous Aa Homozygous aa

A a a

1°¢ Nopog Tou Mendel —
O diaxwpIopoc Twv aAAnAopopewy
OTOUG YOMETEG €ival TuXAiog Kal
avegapTnTog atrd aAAa {euyn ¥ :
aAAnAopopewyv 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

©OnAuUKoi YOUETEG (OUXVOTNTA)

o)
5 A (p) a (q)
X
2 [A ()
L AA (p*p=p?) | Aa (p*q)
S
g [a(a)
z aA(g*p) |aa(g*g=0?)
<
P(AA) = p2
B P(Aa) = p*q (unTépa) + p*q (TTatépa) = 2pq
%E P(aa) = g2



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

- AIttAo€16iRg opyaviouodg
- ZeCOUAAIKN avatrapaywyn

- Tuxaia o0deuin TwWV ATOPWYV (Trappiia) (Vs
O10OTPWHATWOT), OMOIOTUTTIKA ocUeugn,
ouUyYEévela €€ aipaTtog & evooyauia)

- Mn €mMIKAAUTITOMEVEG YEVIEG

- Méyg00g TTANOUOCMOU TTOAU peydAo
(~a1re1po) [vs pIKPO (YeVETIKA TTaOpPEKKAION)]

- 181e¢ ouXVvOTNTEG AAANAOUOPPWY OE
aPOEVIKA Kal BnAukd artopa (vs mitDNA, Y-
chr, non-PAR1/2 ota apoeVIKA)

- Agv utrdpxel €TIAoynR YOVOTUTIOU (VS
ovnoiyéva aAAnASpop@a, TTAEOVEKTNHO
eTepoluywTn)

- Agv utrdpXeEl e1o0por} aAAnAoudépPwyV oTOV
TTANBUO NGO Kal Apa aAAOY} CUXVOTATWYV TWV
AAANAOHOPPWYV (VS PETOVAOTEUOT 1)
METAAAQYR)

aiTIO ATTOKAIONG ATTO QUTO

—_—— mmmm—mmm——_a—————
e o o o O NOpoc Hardy-Weinberg

0 véuog Hardy-Weinberg 10xUgl uno TIG EENC NPOUNOBETEIC:

e O NnANBUOWOC gival PEYANOC Kal O OUZEUEEIC Eival TUXTIEC,
Go0V a@OoPAa OTOV UNO JEAETN YEVETIKO TONO.

e 01 guxvotnteg Twv annnfopoPYwV NAPAUEVOUV OTABEPEC
ME TNV NApoS0 TOU XPOVOU YIaT:

0 puBuoc petannaglyéveonc Oev Eival oNPAVTIKOC.

Ta atopa 6wV TV yovotunwv gival €00V IKava va avana-
paxeouv kal va PeTapiBaoouy ta yovidid Touc oTtoug anoyo-
VvOUG Ttoug, Sniadn dev undpxel enifoyn €1 BApOC Kanoiou
OUYKEKPINEVOU YOVOTUNOU.

Agv unhpxe onpavtikn gicodoc atdpwy and évav anno nAnBu-
oud uE ouxvotnteg aninAoudp@wv nonu SIaQOPETIKESC and
QUTEC Tou evdoyevouc ninBuouou.

ANIZOPPOMIA ZYNAEZHX



Assumptions of Hardy-Weinberg Equilibrivm

2. NO Mutation 3. NO Migla.tion

1. NO Selection

@AmoebaSisters
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Hardy-Weinberg Equilibrium
for a Three-Allele System

p+tq+r=1 P4 and r are the three alleles in the
population (system).

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

Y

!

p?+ q?+ 2+ 2pq+ 2pr+ 2qr =1

@wormthoughts
Pyt Pt pst ... + p,)°=1, €dv o€ £vav YEVETIKO TOTTO £XOUV TTEPIYPAPET N
: O1aPOPETIKA aAANAOpOpPa
=
PRI %s
4ne ANIZOPPOIIA YNAESHS 9
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sential . )
G%ﬂnetlcs A GENOMICS PERSPECTIVE Daniel L. Hartl and Ehz.dr;(m:'\‘\?::x
o Hardy—Weinberg Principle *

Female gametes
« X-linked genes are a (1)
special case because

males have only one X-

chromosome X-bearing
- Genotype frequencies s
among females: HH = p?; a(r)

Hh = 2pq; hh = q?
+ Genotype frequencies
among males are the same
as allele frequencies:
H=p,
h = q Y-bearing

male
gametes

Female gametes

Fig.14.15




AUO YEVETIKEG BEOEIC

n
AUO YEVETIKOI TOTTOI

(locl)




o)

Locus 1 —

2°5 Nouoc¢ Tou aveeapTnTou
ouvouacouou Tou Mendel g

Ta aAAnAGuop@a D/d kar M/m
XAPTOYPO@OUVTAl O DIOPOPETIKA B
XPWHOCWHOTA nomologots

chromosomes
line up randomly
in one of two
orientations

[S)RGIN GD)

[

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

Ry
somes. Assume that alleles D and M were inherited from one
parent, d and m from the other.
E @)
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Gametes ‘

bigtwor 5
BIOAOTIAZE: \— '$ ) \_/
TENETIKHE 5 -
o ANIZOPPOCMIA & Parental combinations
(DM and dm)
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« Locus 2
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Nonparental combinations
(Dm and d\)



Ta aAAnAOGuop@a A/a kal B/b xaptoypa@ouvTal oTo i010 XPWHOCWHO

OpoAoyoc avoocuvOUOOOC

No crossing over Homologous Recombination in
Eukaryotes

z / )
A
(]
}Recombinam 58

v

Nonrecombinant
b} aB I
A8 . } }
2 Nonrecombinant
Ax‘ ‘K‘ TéNog Meiwong |
) | B Sl | B
Ol yeveTIkEG BEoeIC TwV aAAnASuopewy Al/a kal B/b l 1 | l
TTOU XOPTOYPAPOUVTAI OTO i010 XPWHOOWHA UTTOPEI j’ "I ‘l al TéNog Meiwong I
] 8

Va aTTéEXOUV TTOAU 1) Aiyo METAEU TOUG -

. DNA dynamics during meiosis
TMHMA . *
MOPIAH%‘.
BIOAOTIAZZ: .
TENETIKHE .
Ane
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OuoAoyoc avacuvOUouOC

2.€ ETTITTEQO OIKOYEVEIAS 2 € eTTiTTed0 TTANBUCUOU

Set of ancestral

Mutation occurs

. O

Hypothetical
Chromosome

Recombination occurs
I C I cacre 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.

ANIZOPPOIMIA 2YNAEZHZ 14




Avioopporia ouvoeonC
Linkage disequilibrium (LD)

H un tuxaia guoXETian aAANAOUOPPWY O€ DIAPOPETIKOUC
YEVETIKOUG TOTTOUG ETTAVW OTO 1010 XpWHOoWHa!!!

ATTOKAION TOU VOUOU TOU QVECAPTNTOU
OUVOUOONOU TwV aAANAOUOPPWYV TOU
Mendel

[ATI ?
43



=05 6~0 0.01<6<05 Ta aAAnASpop@a D/d kal

(aveEAPTNTOC SIaXWPITHAC) (téAe1a avicoppoTria oUVSEoNC) (HEPIKA/OTEAAC M/m xapToypagouvTal

(100PPOTTIO GUVBETNC) avicoppoTria o0vdeong)  OTO 010 XPWHOCWUA

Locus 1 —|D| |d Locus 1 —|D| |d Locus 1 —|D)| |d
Locus 2 — M| |m
e o Locus 2 — g{ 8
Locus 2 —|M| |m

et NS S R
i l i Figure 10-4 m Assort-
ment of alleles at two loci, 1
- ) e ) and 2, when they are located
D |d| |D] |d Dl |d D \dl (D |d on the same chromosome. A,
M| Im The loci are far apart and at
M iml Iml M least one crossover between
F{ 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
\nﬂ m| |m (M v, 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 HIKPOS gival To TTOCOOTO avacuvduaouou (8), Téoo TTIo KovTa BpiokovTtal oI U0
YEVETIKOI TOTTOI (3w Ta D/d, Mim) = 0TTOU 0 < 0 < 0.5

ANIZOPPOIMIA 2YNAEZHZ 16




o)

Locus 1 —

Y1revlBupion

NOJOG TOU avecapTnTou
ouvouaouou Tou Mendel g

Ta aAAnAGuop@a D/d kar M/m
XAPTOYPO@OUVTAl O DIOPOPETIKA B
XPWHOCWHOTA nomologots

chromosomes
line up randomly
in one of two
orientations

[S)RGIN GD)

[

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

Ry
somes. Assume that alleles D and M were inherited from one
parent, d and m from the other.
E @)
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bigtwor 5
BIOAOTIAZE: \— '$ ) \_/
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o ANIZOPPOCMIA & Parental combinations
(DM and dm)
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Nonparental combinations
(Dm and d\)



Avo.ouvOuaoLOC

0 (1 ¢ A r) = KAaoua avaouvduaouou (recombination fraction)

* 0= 10 TTOCOOTO AVAOUVOUAOUEVWY YAMETWY TTOU TTAPAYOVTAI ATTO £vav
OITTAOG eTEPOlUYWTN

e Tiuéc 6 a6 0 wg 0.5
« 0=0 TTA}PNC ouvdEoN
« 0=0.5 avegapTnToC dIAXWPIONOC
« 0=0.01 dnA. 1/100 yauETeEG €ival avaouvOuaoUEVOI

(atrootacn 1cM avdueoa oToug dUO YEVETIKOUC TOTTOUG)

ToT1T01 TTOU BpiokovTal o atrooTaon >50cM diaxwpilovTal aveeapTnTa

TMEMA . *
MOPIAKHE %
BIOAOTIAZ: .
ane ANIZOPPOMMIA SYNAESHS 18




Enidpaon tou avacuvbuacpol otn LN Tuxaila cUoYETLIoN
TwV aAnAopopdwv

O avaouvduaouog avapeoa o€ dUO YEVETIKOUC TOTTOUC TEIVEI VA TUXQIOTTOIEI TOUG
ouvOUAOPOUG TwWV aAANAOHOPPWYV aTTO YEVIA O€ YEVIAL.

O puBubdc autc TNG dIadIKaaiag CapTaTal ATrod ToV PUBNO avacuvduaouou avaueoa
0€ auToUC TOUG TOTTOUG.

Aev yvwpiloupe akpifwg T BIOAOYIKN BACT TOU YIOTI OPICHPEVES TIEPIOXES TOU YOVIDIWUATOG EUPAViICouV

MEYAAn auyvotnTa avacuvduaouou (60% hot-spots pikoug 1-2kb kar uTTOTEAOPEPIKES TTEPIONES), EVWY
AAAEG CalPETIKA XaUNAR (TTX KEVTPIKA TUAPOTA XPWHOTWHATWY KAl ETEPOXPWHATIVIKES TIEPIOXEG).

* TabnAea droya 39.1 emiyiaouoi ava Peiwon Hapialype blocks

* Ta appeva aroua 25.2 myI00Uoi ava peiwan
* To id10 aTopo dev £xel Tov id10 ApIBUS ETTIXIACUWY / \ T
ava peiwon!

f
n i _
-:-"-'I
i ":-f" L
1":?"'“" - RN -
-:_-.-"._._— .."_-
Genes
.
. e I T T e ] - [l g Pty el et e T R e e
s
MOPIAKHE [>s || |“1' L!T I“; ,I i "1"' Chromosame
. : | | I:I. il :H Ii
] 1 1 1 1 1 : 1

TRAERFTE o5 b h=



ATTAOTUTTOI
['ovoTuTroc: AaBb

AUVOTOI ATTAOTUTTOIL:

ATTAGTUTTOGC 1 ATTAOTUTTOG 2
A} 4 a
B } 1b
Al 1a
b 4 1B

A5 E ATIAGTUTTOC 3 ATIAGTUTTOC 4



[ ovOTUTTOI KOOI ATTAOTUTTOI

‘Evac YEVETIKOG TOTTOG: AUO YEVETIKOI TOTTOI:
Homozygous wild type  AA Locus1 Locus2 AmAOTLTOL
Homozygous alternative aa AA BB ii
Heterozygous Aa aa bb 4B

Aa Bb ab

IMoAAaT1TAoi VEVETIKOI TOTTOI:
Locus1l Locus?2 Locus3 Amidotumot.

AA BB CC ABC
ABcC
aa bb cC AbC
Aa Bb Cc Abe
aBC

. aBc
.m% abC
TENETIKHE *

e o abc



ArtAoturioc (haplotype)

‘Eva cUvoAo aAANAOUOPpPwWV TWV YOVISLWV ] YEVETIKWVY TOTIWV OE £VaV

OPYOVLOUO TIOU KAnpovopouvtal poll amo Eva yovea

o [.X. LoxVeL yla ouvedepéva yovidla/yevetikoU ¢ TOMoUG ou Bplokovtal Kovta,
TIAvVw oTo 810 YpwHOoW U

o T1.x. omo)\uuopcbtoum ptoxovdplakou Katx)\wport)\acukou DNA, kaOw¢ Kal Tou
DNA tou Y xpwuocwuaroq (ur] thsUSoaurocwuLqu TIEPLOXEC PAR1 & PAR2) mtou
KAnpovopouvtal armod €va yovéa Xwpic avaocuvouaouo

Nopadeiypota AAAWY XPriOEWV TOU OPOU (BAéne endpevn Stadavelo):

> 'Eva ouvolo amo nmapaAAayEg (=moAuvpopdlopod) (T[ X. SNPs) o€ éva xpwpoowua
Tou telvouv va epdavifovtal pali (sival oTaTloTiKA oXETI{OUEVEC)

° TLY. €épELVA OBEVELWV OTOV AVOPWIO PECO Ao To MPoypappa HapMap

> 'Evol 0UVOAO OUYKEKPLUEVWY TTapaAAaywV pHEoa o€ €va TR DNA o€ €va ATtopo

¥4 ANIZOPPOIMIA 2YNAEZHZ 22




ATAOTUTIOL TTOAU HOP DKWV BEcEWVY

2.UVOUQCOMOi AAANAOHOPPWY DIAPOPETIKWY TTAPAAAAYWYV (STTOAUNOPPICHWY)
O€ EVa XPWHUOCWHA

O1 TrapaAAayéc ptropei va gival Tuttou RFLPs, pikpodopupdpol, SNPs, KTA

« 3 dilaAAnAikoi (biallelic) TroAupop@iouoi 23=8 duvaToi aTTAOTUTTOI

* 7 OIaAANAIKOI TTOAUPOPYICUOI 27=128 duvaToi aTTAOTUTIOI

Av UTTapyouV AIyOTEPOI ATTAGTUTTOI ATTO OTI AVAUEVETAI CUM@PWVA JE

TO VOMO TOU AVECAPTNTOU OUVOUACOHOU, TOTE OI TTAPAAAQYEC TTOU
MEAETAME €ival O€ avIoCOPPOTTia oUVOEC NG

+ Linkage Disequilibrium iy LD



[Tapadeypa pe deiktec RFLPs

Ma 3 Seikteg RFLPs umapyouv 23 = 8
Sduvartot amAoturniol — OEQPHTIKA !

Moool armAotumol Ba mapatnpnBoulv os
gva Oelypa; - MPAKTIKA ?

E€aptatal amno:

° TNV ovlooppoTiia cUVOECNC AVAEDA OTLC
B€oelc (RFLPs, SNPs, aAAa loci)

o TOV MANBUOUO UTO PEAETN

e S
3
o+

° TO HEYEBoOC Tou MANBuouLlakoL deiypatog

° TIC OUXVOTNTEC TWV aAAANAonOpdwWV oToV s [
Sedopévo mAnBuopd ’




Ac peAeTiooupe dUO YEVETIKOUG TOTTOUC A Kal B Je aAAnAdpop@a

AAANAGpOp@a ZuyvoTnTa

A= A P Pi+p, = 1
a= A; P2
B = B, q, gty = 1
b= B, Yz

L]
-
-

TMEMA *
MOPIAKHE %
Y BIOAOTIAZ: Y—e &
ENETIKHE ¥ «

Iz
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looppormia ZUvdeong
(linkage equilibrium)

Avicopporia ZUvdeong
(linkage disequilibrium - LD)

(mApng)

Y1rapyouv 4 mi0avoi YaONETEG

MapéTeg
A’l B’l
A’l B?
AE B’l
A, B,

2UXVOTNTA ATTAOTUTTOU

X5 X+ Xo+Xq+Xy = 1

AB=25%  f(Ab)=f(A) x f(b)
— . Ab=25%

B b
St |
a =
’ [l
AB = 50%
e e TAD#A) x R(b)
— aB= 0% S

T b= 50% Al
a| |




Linkage Equilibrium

Tuxaia cuoX£ETION AAANAOHOPPWYV OTOUG YOMUETEG

Tétrog B

E'1 BZ

d4 g

A A1B; AiB;
P Xi=P19y | X=Pq102

Toétrog A
Qz AJB, A,B,
2

X3=P20y | X4=P20p

E X-1+XQ+X3+X4 - 1

e



loopportia 2uvdeonc

SNP#1 SNP#2 Allele frequencies
C A
#
&~ C=03
2 g SNP#1
&5 ¢ G T=07
= B #
2t
§ e T A
# A=0-l
SNP#2
T G G=09
#

Expected haplotype frequencies

CA=03x0.1=0.03

CG=03x09=027

TA=0.7x0.1=0.07

TG=0.7x09=0.63

210 OEiyHa HaG TTAPATNPOUME OAOUG TOUG duVATOUG
ATTAOTUTTOUG, UE TTOIKIAEG CUXVOTNTEG

-
L]
-
TMEMA .
MOPIAKHE {3
BIOAOTIAZZ: ‘o '§
TEMETIKHE .
Hhs ANIZOPPOIMIA SYNAESHS
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Linkage Equilibrium

Parental
Genotype

11
/ —D—D—Azﬂz\

Nonrecombinant Recombinant
Chromosomes Chromosomes
——— A5, x —— — A.B, X
— ] ABL X, — el AB. %,
Gamete  Frequency Allela Frequency
AqiB;4 X4 = P19 A, P,=X,+X%
A.B X = _
155 2 P19 A Po=Xq+ X,
AsB, X3 = P44 B, Q=X+ X
AB; Xq = P9 B, Q=X+ X,

¥4 ANIZOPPOIMIA 2YNAEZHZ 29




[MANpNc Avicopportia ZUvOeoNC

MNapddeiypa yia 2 SNPs:

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

SNP1 SNP2
A A
A G
C A
C G

ouxvornTta
P(AA)=0,5x0,5=25%
P(AG) =0,5x0,5=25%
pP(CA) =0,5x0,5=25%
pP(CG) =0,5x0,5=25%

210 OEiypO HOG UTTOPEI VA TTAPATHPOUME HOVO BUO aTTAOTUTTOUG
AACCATATC...CGATT... 2 p(AG)=0.5R 50%

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

L]
e *
]
MOPIAKHE =3
BIOADTIALS: .
TENETIKHE +
ane

o




Napapetpoc avicopporiac cuvdeonc, D

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

Mapétng Zuxvornta

**********

AB, X =pq,tD

AB, X, =p,q,-D

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

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

= QUTO TOU TIEPLUEVOULIE OE
= QUTO TTOV TOPATNPOVUE Loopporia ouvdeong

H 1ipR D gival pia TTapAapeTpog TNG atTOKAIONG TNG
ouxvOoTNTAG TOU KABE aTTASGTUTTOU aTTO TO OEVApPIO
E TNG I00PPOTTIaG oUVOEONG

]
TREBAA &
MOPIAKHE H
BIOAOTIAZ: .

TENETIKHE .
ane



MapapeTpoc avicoppoTriac ouvdeong, D

AvTIKaBIioTWVTAG:

D = %-p4q; Py =% %
Py=*yFxy
‘ qi=%F43
Q=%+

D = XXX, Xy = XXk

L]
-
-

TMEMA *
MOPIAKHE %
Y BIOAOTIAZ: Y—e &
ENETIKHE ¥ «

Iz
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Noapapetpoc avicopporiag cuvdeong, D

Marpikég
aTTASTUTTOQ

# A1B1

/ ] }— A,B; \

Mn avaocuvduaouévol Avaouvduaopévol
YOMETEG YOMETEG

——B— 4B, x, ——— AB, x,
4:+ A:BE x;‘ 4.* AEB1 -\-':5

D = 10 YIVOHEVO TWV CUXVOTHTWYV TWV HN
AVOOUVOUAOHEVWYV YOMETWYV HMEIOV TO YIVOUEVO TWV
OUXVOTATWY TWV OAVOCUVOUAOHEVWYV YONETWV

al

L]
2e *
]
MOPIAKHE -
BIOAOTALA:
TENETIKHE +
ane

e



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

x, =p1g1=0.5 x 0.5= 0.25
X, =p29g2=0.5 x 0.5= 0.25
X, =p1g2=0.5 x 0.5= 0.25
X3 =p2g1=0.5 x 0.5= 0.25

* *

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




Estimate of D in case of Linkage Disequilibrium

If allele frequency of p1 and g1 are both 0.5 and there is
complete non-random association (only as, and as, :xist in the
population) with equal allele frequencies at all loci -

x, =plql+D = 025+D = 05

Xy = p2g2+D = 025+D =05

X, =plg2-D = 025-D =0 Asv
TTapartnpouvTal

X3 - p2q1"D - 025 _D - 0 O'TOV'IT)\r]eUO'Ué!

D=X*X, — X,*X3

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

TMEMA

Mopiaz T
BIOADMAZZ: ‘= ®
TENETIKHE +
ane ANIZOPPOMMIA SYNAESHS 35
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Estimate of D in case of Linkage Disequilibrium

If allele frequency of p1 and g1 are both 0.5 and there is

complete non-random association(only A&. and A&. 3xist in the population)
— with equal allele frequencies at all loci

x, =plgl+D =025+D = 0 ey
TTapaTnEouvTal

Xy = p2q2+ D=025+D =0 oTov TTAnBuoud!

X
N
|

p1g2-D = 025-D =05

X
W
I

p2q1-D = 025-D =05
D=Xx*%X, — X,*X;

D = (0) (0) - (0.5)(0.5) =-0.25
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|blotntec tou D

Ao tomoL aveéaptntol €xouv D=0
o Otav untapyeL aviocopporia cuvdeong €xoupe D£0

To mpoonuo sivat avBaipeto
o Aappavel tipec amnod -0,25 we 0,25

AUOKOAN n oUyKpLON aVAUEDSO O€ TEpLocOTEPA (eVyYN OELKTWV

H tiun tou e€aptatal amo T cuXVOTNTEC TwV AAANAOUOpPwVY
o Amoauteltol otabuion

o MrmopouUpe va SLoPECOUE TO D Ye TN PEYLOTN TIUA TTOU UTTOPEL var AdBEL yLa TLG
OUYKEKPLUEVEC cUXVOTNTEG AAANAOLOPP WV

Dmax = N UKPOTEPN TLUN TwV p1g2 ko p2qgl otav D>0
N
Dmax = n UKPOTEPN TIUA TwV p1gl kot p2qg2 otav D<O




>Talulopevoc detktne D

|D'|=1, tote £XoUpE AMOAUTN avLoOPpPOTILAL CUVOEDNC
° TOUAALoTOV €vag amAoTtuTtog Sev tapatnpeital

o |D'|< 1, onuaivel mwg n armodAutn TPOYOVLIKA avicopporia cuvoeong €XEL
StatapoayBel

Yriepektipnon tn¢ aviocopporiag cuvoeonc
o |SLaitepa Otav To HEYEDOC ToU Selypatocg eival pLkpo
o ‘Otoawv €va TouAdyLotov armo to aAAnAopopda eivol omavio

o MeyaAn rubavotnta va pnv doupe éva aAAnAopopdo oto delypa amnod tuxn

ANIZOPPOIMIA 2YNAEZHZ
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MoapdueETPOC aVIoOpPPOTTIaE ouvdeonc, r?

Hill and Robentson (1968 Genel Res 8:269-294.

Square of the correlation coefficient.
<= DE
P1P29:19

O<ri<1

2UVTEAEOTNC ZUOXETIONG

i ,
1 r<1 KaTQ Pearson

L]
-
-
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2TATIOTIKI) CUOYXETION

r°=(Xy - Xg— Xy - X3 )*/(P1- P2~ 0y - 0y)

e EKTING OTATIOTIKI) CUOXETION

« [a xapnAéc ouxvoTnTEC aAANAOPOPPWV, TO r? gival TTIo AgIOTTIOTO
ato 10 |D’.

e r2=1T1éAeia LD. O1 rTapaTtnpriocic o€ £va OEIiKTN TTPOTPEPOUV
TTANPEIC TTANPOYPOPIEC YIa TOV AAANO — DeV gival atTapaitnTn N
TUTTOTTOINON KaI TwWV OUO

e >=1 qav Kal JOVO av Ol OEIKTEC BEV £XOUV dIaXWPIOTEN TTOTE ATTO
AVACOUVOUOAO MO Kal €XOUV akpIBwC TIC idIEC TUXVOTNTEC
aAAnAopdppwyv. Tote, JOVO TTaPATNPOUVTAl OUO ATTO TOUG
TEOOEPIC TTIBAVOUG ATTAOTUTTOUC

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



2UYKPLON
2 €aptartal Atro TIC UXVOTNTEC TWV AAANAOUOPPWY

|ID'| €ival To yovo pETpo LD trou dev etrnpedadetal atro
aAANAIKEC OUXVOTNTEC

|ID'[=1 av eugavifovtal 2 1 3 atTAGTUTTOI
r2=1 epgavidovtal Povo 2 atmrAotutrol — TEAgia LD
Evliaueoec TiIEG TOU |D'| eival DUOKOAO va EpUNVEUTOUV

A@popouv ouykpioelc dEIKTWV ava (euyn NOvo (OUOKOAN 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
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Ontikomnoinon LD

A
50 kb 1DDkb 150 kb
| | | | | | | | | | |
SNP# 1 2 3 4 5 6 7 8 1011 13 14
|1 Y Y B // ' “\ N v |
I [ / I ’ ] \ \ \ I
Il [ ! i g g I \ \ \.\ I
I A A R ’ I NN \ |
I N / I NN \ [
I I e 1 AR \ [
[ [ | / ;! s, I \ 5 3 |
N ; T ! ooy
VL 1 f /"Haplotype 1 Allele .\ \ | Haplotype
1 2 3 4 5 6 7 8 9 frequency 10 frequency 11 12 13 14 frequency
G TCCTOCCGA 40% G 40% CGTA 42%
ACTTGTTTT 30% A 60% TGTA 31%
ACCCTCTGA 1% 100% CTCT 26%
G TCCTCTGA 9% 99%
G TTCTTCTGA 8%
98%
CLUSTER 1 CLUSTER 2
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Ontikomnoinon LD

Complete
disequilibrium

14 kb Complete
equilips S C ] o
10 1 10 100 1000
Generations

11

12 42 kb

13

0.8 14
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[ewypadkn tpoeAevon kat LD

KaBwg n LD e€aptdtal amod tn YEVETIKA amootacn 060 Kal armo Tn XPOoViKn mepiodo mou
npwtospudaviotnke pia mapailayn (moAvpopdlopoc), mAnbuopol pe dStadopetiki
Lotopia (mx Adpikavoi vs Kauvkaotot vs AcLateg) pmopetl va deixvouv SLodhOPETIKEC TIUEC
D’ petaél twv dlwv delktwyv oto yovidlwpa:

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

African

East
Asian

European

A

Ancestry Informative Markers (AIMs)
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Ancestry Informative Markers — AlMs

MAnpodoplakol SelKTEC TNC KATAYWYNAC

® InUavTIKESG SladopéEg oTn ouxvotnTa
aAANAOUOPPWV OPLOPEVWY TTAPAAAAY WV
SIRE TuTtou SNPs mapatnpnOnkav petafy
T Sl opETIKWY MANBUGUWV.

002~

® ATIOTEAECUO YEVETLKAG TIAPEKKALONG 1} TOU
dawopgvou tou 1putnA N StadopEg emAoyng
OE OUYKEKPLUEVEG YEWYPAPLKEC TIEPLOXEG/
ouvOnKeg?

002+

004~

* XpNOLUOTIOLOUVTOL OE PEAETEG KATAYWYNG
\ TOoU avBpwrvou £(60U¢, TNG LETAVACTEUONG
002 000 002 Kol oTNV Lotpodikaotiki (mAnbuoptakn
- KaTaywyn Tou 6pAaotn) Kot TG LEAETEG
Principal Component Analysis (PCA) OUOXETLONG O€ €Mined0 OALKOU yovISLWUATOG
(GWAS) yia tnv eAdttwon Twv Peudwg
Avaluvon kUpwwv (1 Baokwyv) CUVICTWOWV BETIKWV EUPNUATWY
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TMEMA

Chromosome

Chromosome
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7

1 I 1 | 1
50 100 150 200 250

Midpoint (MB)

’m_]_lixpected r2 at 30kb 123
Bright Red > 0.88

Dark Blue<0.12 &=

0.00

Abecasis G, University of Michigan,

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

Caucasians
(CEPH
population)

[ewypadkn
NPoEAEUON
Kalt LD

To r? pewvetadl

Africans
(Yorubans)




ArtAoturitkec opadec — MNMou ypnouevouy
(Haplotype Blocks)

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

* -2 AmayopeuTikod Kootoc!

* Xapn otn dopur Tou avBpwritvou YoviSLwHOToG SV Eivat
amopaitnto va yovotunnooupe oAa ta SNPs

* MrmnopoUue va ETIUKEVIPWOOUVUE HOVO OTO AVIUTPOCWITEUTIKA
tagging SNPs (tagSNPs r; tSNPs)

TMEMA . *
MopiakHE [
Bmm% .
TENETIKHE
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htSNPs-haplotype tagging SNPs

Mua urto-opada SNPs og €vav amAotuno Tmou
elval apKeTA yLa val kaBoploouv 0Aa ta urtoAourta

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.
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Human Sequence Variation

SNP SNP SNP

a SNPs i : 4
Chromoscmae1 AACACGCCA.... TTCGEGGGTC.... AGTCGACCG....
Chromosome2 AACACGCCA.... TTCGAGGTC.... AGTCA ACCG....
Chromosome3 AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
Chromosome4 AACACGCCA.... TTCGUGGTGCG.:.:: AGTCCACCG. ...

b Haplotypes
Haplotypei{ CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype4d TCGATTCCGCGGTTICIAGACA
v « 4
A T c
¢ Tag SNPs - ~ -~
G C G

The International HapMap Project, Nature 2003




2UUTIEPACLOTAL. .

e [MAeovaouoc (redundancy) tnc mAnpodopiac twv SNPs

e Avuvatn n emtloyn tagging SNPs

e Avuvatn n avaktnon (mpoBAedn) oAdkAnpnc tng mAnpodopiag
ylo piot Sedopevn XpwHOOWULKA TtEPLOXN avaAUOVTOC LOVO Eva
LULKPO aplOpo tSNPs

e Melwon KOOTOUG Kal XpOvou

e EAevuon texvoloylwv next generation sequencing: Exouv oxedov
QVTLKATAOTNOEL TNV avaykn xprnong twv tag SNPs
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Testing for statistical association between two known
SNPs. In this example D=0.21-0.0 = 0.21 and D=/
SNP1 and SNP2 are in LD e et e Lo

p192 kai p2g1 6tav D>0
SNP1

Nucleotide A G
P> P1

Frequency 0.30 0.70 Expected

Nucleotide Frequency

q C 0.70
' 0.21 o4 | _——Observed
0.0¢ 0.70 il
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
q T 0.30 association of alleles according to
2 0.09 0.21 allele frequencies — see text for

0 00 details) or linkage disequilibrium
' (nonrandom association of alleles)—
shown in red.

?E%ﬁg From Kaessman & Paabo 2002
Tome, (The statistical test is a chi-square test)

SNP 2




[TpoodLOPLOUOC TNC
OTATLOTIKNC ONUOVTIKOTNTOC

Determining Significance

- (O-E)?

df =1



[Tapadeypa — Opadec Alpotocd

S s S s MS=474/2000=0.237
N=2000 &ropa M | 474 | 611 M X, X, Ms=611/2000=0.3055
(=yovdruTrol) 0237 | 9.90% NS=142/2000=0.071
N 142 | 773 N Xs X4
0.071 | 0.3865 Ns=773/2000=0.3865
Matpikdg
ATTAOTUTTOG
e 1S
/ —O—{—Ns \
Mn avacuvduaopéva Avaocuvduaopuéva
XPWHOCWHATA XPWHOOWHATA
—o—8— NS ——{— M5 x
o] = NS X, —O=—l— NS x
gﬁ,%%ﬁ;%i https://pbgworks.org/sites/pbgworks.org/files/measuresoflinkagedisequilibrium-
&, 111119214123-phpapp01_0.pdf



[Tapadelypa — Ouadec AipaTtog

S S
M X4 o
0.237 | 0.3055
N X, Xy
0.071 | 0.3865
Gamete  Frequency Allele Frequency
MS X =0.2370 M Py = X{+X;=0.237 +0.3055 =0.5425
Ms X5 = 0.3055 N P5 = 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

Y1608eon Ho: E@doov TTaparnpoupe OAoug Toug atTAGTUTTIOUG, OI TOTTO!
BpiokovTal o€ I00pPOTTIa OUVOEDNG (ACUVOETOI)




[Mapdaodelyua — Opdadec Aipartog

Gamete  Frequency Allele  Frequency
MS  X,=0237 M p;=05425
Ms X5 = 0.3055 N p,=04575
NS  X3=0071 S Qy=0308
Ns X, = 0.3865 s Oy= 0692
D = X,X,;-X,X, D = (0.237)(0.3865) - (0.3055)(0.071) = 0.07
: D D= 007 _ p.q,=0.141<p.gq.= 0.375
D'=p 0141 -~ 92 = :
Max
2
rZ= D— 2= 0.072 _
Pg/zchqz (0.5425)(0.665)(0.308)(0.665) = 0092
2 0.4575 0.692
[ D2 J—
- -
=V P4A29d> "=/ 0092 = 0304
?E%E{E_: . P,



Napadeypo — Opadec Alpotog

A
. (O — E) B degrees of freedom,df = (r—1) = (c— 1)

}Lri — Z l-jf — l where r = number of rows
E N

1 ¢ = number of columns
I=

Observed Expected
S s S s
M | 474 | 611 M | 334.18 | 750.82 | i isthe expected frequency
i Visotal * Citotal
N | 142 | 773 N |281.82 |633.18 grandoal

= -\.

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

X = - + 184
334.18 750.82 281.82 633.18
KataAnyouue nwg n untoBeon Ho katappintetal: Ymdapxel onuavtiko LD p < 0.001
HETOEL TwV SUO0 yeveTikwy tonwv (D’=0.5) - H mapatnpolpevn amokALlon
avapeoa oto neipapa (observed) kat Ti¢ BewpnTikeg (expected) TIHES gival i-%% 'i

HAaAAov amiBavo (0L Opwc aduvato) otL odpeiletal povo otnv TUXN. e e



Determining Significance

M .s'- (O - E)_
X =X df =
- E
S s S s
M 1 0 M 0.51 0.49
N 50 49 N 50.49 | 48.51
D=1
X*=087
p =010

Y1606eon Ho: E@ooov dev TTapatnpouue OAOUG TOUG ATTAOGTUTIOUG, OI TOTTOI
BpiokovTal o€ avicoppoTria ouvdeons (CUVOEDEUEVOI)

KataAnyoupe nwc n untoBeon Ho AEN katappimtetal: Yrapxel onpavtiko LD petafl twv dUo yevetikwy tonwy (D’=1) —
H moapatnpoUpevn anokAlon avapecsa oTLg mapatnpoUpeveg (observed, aplotepd) kot Tic OswpnTikeS (expected,
6e€1a) TLpEC odeiletal otnv TUXN - To meipapa cupBadilel pe tnv umoBeon Mou KAVa e Kal SV TIPETEL vaL
arnoppiPoupe tnv unéBeon pog.

Mpocoxn otn xprion tou Chi square test yLa TILEG KEALWY <5



Napadeypo — Opadec Alpotoc
Eival teAika ouvoedepeva?

A Chromosome 4 q31.21

Glycophorin A (GYPA) Glycophorin B (GYPB)
' 143,'9Mb , 144 PMb , 144'.1Mb ,L Al A2 A3 A4 A5 A6 A7 81 B2 B3¥ B4 B5 86
GYPE GYPB GYPA N 22 M X NH,
<:: 1 g ? i — O-linked glycan
i — —— 2 T T
5 GQ
E I_ \ = NH,
GYPA | 27 ENEHA™/Hut —> N'{
Thr28>Met/Lys
Al A2 A3 A4 A5 A6 AT
= -, ‘ Thrs8lle
YPB | '_' 5
¢ D L-!w} L |D I ENEP/HAG—»| | Required i
- for Wi
B2 B3 B4 B5 B6 \ RiiesFio e?:prerssion 40
at at 2o -
GYPE _D DW_W_D_D_ oo | e T i
I I 1 COOH
E1 E2 E3 E4 E5 E6 GYPA GYPB

AvTiyévo MN Avtiyovo S

https://pdfs.semanticscholar.org/ead1/1cae551f84eda06e046fb24bcf60fc3b
4f19.pdf?_gl=1*1x0rzl1* gcl_au*MTMwMTQI1MjQ1My4xNzI5NzE3Mjcl* g
a*MTQ5NTA2MjA1Mi4xNzI5NzE3Mjcd* ga H7P4ZT52H5*MTcyOTcxNzI30C

AXLIEUMTcyOTexNZM1Mi42MCAWLIA. https://journals.asm.org/doi/10.1128/cmr.00109-14
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Moapadyovteg nov ennpealouv thv

TTANBUOPOG , ,
OLVLOOPPOTILOL CUVOEDNC

yovidiwua

H avicoppoTtria ouvdeonc dlapépel avapueoa o€ dIAPOPETIKOUG TTANBUCOUC
KAl QVAPECO O€ DIOPOPETIKEG YEVETIKEC TTEPIOXEC

« Quoik arréoTaon avaueoa o€ dUO YEVETIKOUC TOTTOUC

« PuBuoc avaocuvduaopou Tou YovISIWHATOS

yovidiwua
» PuBuocg yetaAAacewy (yovidiakn pon)
« Quoikn €TTIAOYA
* MéyeBoc¢ TTANBuopIakoU deiyuaTog
» Tuxaia yeyovota (YEVETIKI TTAPEKKAION)
davopevo Tou 15puTH (founder effect) TTANBUOOG

["eveTIK oTevwTToC (bottleneck)

* [MANBuouIakEG TTpOOMicEIC (admixture) 1 ououICia (aTTodovwuévol

TTANBuCOI) Zg;?m%,

ANS rvg



To D oyxetiletal e to pubuo
AVOLOUVOUOLOOU

D, = (1-0)D,

Ot10U 6 TO KAGOUO avacuvOuaooU



XWwpig avaouvouaouo

B b

A PaPet+Das PaPo—Das  Pa
a PP~ Dap PP+ Das  Pa
Ps Po

O1 ouxvoTNTEG TWV ATTAOTUTTWYV TTAPANEVOUV
E oTaBePEC OTNV OIAPKEIA TOU XPOVOU

TENETIKHE



Me avaouvouaouo

B b
A PaPe+ (1 - 60)Dys PaPy — (1 — 6)Dyg Pa
& PaP,— (1 — 0)Dpg PaPy +(1 - 6)Dpg P.
Ps Po

E H avicoppoTria ouvdeong UEIWVETAL...

TENETIKHE



OewpNTIKOC puBuOC pelwonc tne LD petatl Suo YEVETIKWY TOTIWV
wWC oUVAPTNON TOU XPOVOU (VEVLECQ)

Complete -
disequilibrium _|

6 = 0.0001

Complete
equilibrium

000

(zenerations

Figure 10-11 = 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, 0, between the markers. (Adapted
3 from original figure by G. Abecasis, University of
. Michigan. bttp:/fwwiw.sph.umich.edulcsglabecasis/

D, class/666.03.pdf.)



Change in D over time

D, = (1-¢)D,

0.25 AE—

0.2

0.15 S

0.1 4

0.05 A

-0.05

-0.1 4

-0.15 1

-0.2 1

-0.25

generation

Each generation will decay until D = 0.



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  heen 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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H avicoppornia cuvdéeonc ivat xpAoLun...

 ['la Tn dlgpeUivnoNn TNG 1I0TOPIAC TWV TTANBUCUWY

 ['la TN xapToypagpnon yovidiwv (yvwpiouara n voonuara)

[epioooTepa yia auta Tov lavoudpio 2025 (9/1/2025)

Etropevn AIGAEEN:

MOPIAKH EZEAI=H
E. (28/11/2024)




The Allelic Architecture of Disease

What is it and how do we discover it?

I:l—|—.
5 O

e

Q

e .

qa Rare, high penetrance

o mutations — use linkage

o

= Common, low penetrance

é variants — use association

o

ch | o O

= Saeo | o8 mo
O~ . o

> oo O °305,

Frequency in population

Abecasis G, University of Michigan,
http://csg.sph.umich.edu/abecasis/class/666.03.pdf
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