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Lecture plan

e Intro: definitions, human life cycle

e Mendel’s laws. Allele transmission. Genotype
phase. Haplotypes and haplogroups

e Meiosis. Random distribution of chromosomes in
mei10sis

e Crossing over and recombination. Genetic
distance and recombination probabilities

e Linkage disequilibrium and its measures



Some definitions

¢ A locus (plural loci) 1s a unique chromosomal location defining
the position of an individual gene or DNA sequence.

e Alleles (A,a,B.b,...) are alternative versions of a locus (gene).

e The genotype is a list of the alleles present at one or a number of
loci: AA, Aa, dd...

e Phenotypes, characters, or traits are the observable properties
of an organism.

e A person 1s homozygous at a locus 1f both alleles at that locus are
the same, and heterozygous if they are different.

¢ A person 1s hemizygous if they have only a single allele at a
locus. This may be because the locus 1s on the X or Y
chromosome 1n a male, or 1t may be because one copy of an
autosomal locus 1s deleted.

¢ A character 1s dominant 1f it 1s manifested 1n a heterozygous
person, recessive 1if not.

Strachan, Read — Human Molecular Genetics



Symbols used in pedigree analysis

Male ]
() Female — Unaffected
<> Sex unspecified —

HO ‘ Diseased /@/ Deceased
5] (3) 14> Multiple progeny ——( ) Consanguineous

mating

Mating line

Generation | [l

1 7
Sibship line—=—L=5"=— Line of descent

Generation |l

1 2-<|ndividual number within generation

Hartwell — Genetics. From genes to genomes



. Mutations . :

Life cycle
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Mendel’s laws of inheritance (1866)

Figure 2.2 Gregor
Mendel. Photographed
around 1862 holding one
of his experimental plants.

Law Definition
: - During gamete formation, the alleles for each gene
aw o
_ segregate from each other so that each gamete
segregation _
carries only one allele for each gene.
Law of _ _
, Genes of different traits can segregate
independent _ _ ,
independently during the formation of gametes.
assortment
Some alleles are dominant while others are
Law of _ _ _ _
. recessive; an organism with at least one dominant
dominance

allele will display the effect of the dominant allele.




Allele transmission obeys Mendel’s law
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Allele transmission obeys Mendel’s law
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Allele transmission obeys Mendel’s law

afie) [ah(e) |aap()
dd dD dD
dD DNM? dd
dd dD DD
dD DD

Exercise: other examples of DNM?



Allele transmission obeys Mendel’s law

Table 3.3 Probability Distribution for Offspring’s
Genotype, Conditional on Parental Genotypes

Father’s Mother’s Offspring’s Genotype

Genotype Genotype dd dD DD

dd dd 1 0 0
dd dD b e 0
dd DD 0o 1 0
dD dd 178 . 12 0
dD dD 1/4 1/2 1/4
dD DD 0 2 12
DD dd 0 1 0
DD dD 0 LR 12
DD DD 0 0 1

Duncan Thomas — Statistical Methods in Genetic Epidemiology



11

Phased and unphased genotypes

Genotype phasing: Paternal or maternal origin inference for alleles

dd

XY: unphased genotype
X|Y: paternal | maternal

_ aa -

dD




Phased and unphased genotypes

Genotype phasing: Paternal or maternal origin inference for alleles
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dd

XY: unphased genotype
X|Y: paternal | maternal

_ aa -




Phased and unphased genotypes

Genotype phasing: Paternal or maternal origin inference for alleles

aal () [aaj () [o] (o)

dD dD dd dd dDb DD
d|D d|D d|d dld | D|D
XY: unphased genotype d|D ,.D |d

X|Y: paternal | maternal

13



Why genotype phase is important?

|
Xl X X X X
X
|

Homozygous Heterozygous Compound Compound

Heterozygous Heterozygous
(trans) (cis)

14
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Haplotypes

Haplotype: a combination of alleles that are transmitted together

ABD

A7 o

B7b-.
D> d

ABD  abD abd 5BD




Haplotypes

Haplotype: a combination of alleles that are transmitted together
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ﬂ o Hgﬁ r;ObWef ¢ Haplotype Frequency

0 ABD 8/16

1 abbD 2/16

2 abd 2/16

3 a BD 4/16

ADbD 0

ADbd 0

A Bd 0

v ~ Ly Y ¢ 2B d 0

A[’;D abb a'\od ;-BD

— For N alleles, ~N combinations (haplotypes) instead of 2%

— Alleles are 1n linkage: d with b etc.
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Haplotypes: more realistic example

234,876,000 234,879,000 234,882,000 234,885,000 SNP position

I | |

NN

GTCTTATTCAACTGTGTGAGCGAAGGGCCCCCATAC
—a-00 @ @

GTTACACTCGGCGGTGGGAGCTTAGGAACCCCATGC

—@ *0—@ Qo

GTCACACTCGGCGGTGGGAGCTTAGGAACCCCATGC
0@ O

TCCACGCGAGACTACTTAGTTTTCAAGCCTTCACGG
AO—COC-CO—CCO0CTD—CO—0—00

TCCACGCGAGACTACTTAGGTTTCAAGCCTTGTCGG

AO——0-O—_CO0-CO0—C0O—CaDO0

TCCACGCGAGACTACTTAGGTTTCAAGCGTTGTCGG

AO—O0-C0—CG30-C0-0—C30—ex3aoo

GTCACACTCGATTACTTAGGTTTCAAGCCTTCACGG

O-G30-3O-0—a0—3a00

HapMap Project
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Multiplicity
in sample

O

Vol 437|127 October 2005|doi:10.1038/nature04226



more realistic example

Haplotypes
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more realistic example

Haplotypes

lllllllll IIII.I.IIII.I.II

Q§§%IABQUEEF

(a) Haplotypes

HSCCGUCCC
HSTTTTTTT
.SAAAGGGG
e S
S OOCHHR
HDTTTTTTT
”mGGGGGGC
m%GG@__:
tRC
Qoo
HSAA_A."_ o
”2GGGGGGG
HSAAAEAAA
"2GGQGGGG
L S L
S SJOICIC SIOIOTC
B SR E
e S e
"WGG£TTTT
- Loodbooo
R LS
S S SR
e i
- NOOd O
- Foodb o
- 200dbooo
HE=NOION; SIS
" 0 0OUDOVO
N OIOTO! GIOTOTO)
s ©00CLOLO
A o e
LI L
L 2 00UDOOO
SN OUEPRO00
-~ O0GOCO0
"m12oMm456T

*

&

*

. -‘Y- .
Microsatellite

\

+*

Indel

.
.
.
llllll!l‘

—1— €EdNS

Griffiths -- Introduction to Genetic Analysis

=1 LEANS

—1 ZLdNS

-1 6dNS

=T ¢dNS

=1 SH|IS¥esO.IN

(b) Haplotype network

18



19

Haplotypes: more realistic example

Phylogenetic tree of Y-DNA haplogroups [19

—Y-Chromosomal Adam
—Haplogroup A
—Haplogroup B

DE —Haplogroup D

—Haplogroup E
—Haplogroup C

Haplogroup G

BT

CcT

HIJK

IJK

MNOPS

——Haplogroup H

MPS

Copyright 2015 ISOGG. "ISOGG 2015 Y-DNA
Haplogroup Tree Trunk"&. isogg.org.

1 —Haplogroup |
- —Haplogroup J

L[
CF

MS

Haplogroup L
Haplogroup T
NO [Haplogroup N
Haplogroup O

—Haplogroup S

—Haplogroup M
—Haplogroup Q

—Haplogroup R

O



Haplotypes: more realistic example

“Rlawn7
21621

Age in years
—3(200-100,000
— (100 - 50,000
—| 50 - 25,000
’ —| 25-10,000
& 10 - 1,000

& Maulucioni - Own work

World map of early migrations of modern humans based on the Y-chromosome DNA.
20



Haplotypes: more realistic example

Map of human migration based on the mitochondrial DNA

o b

21 Griffiths -- Introduction to Genetic Analysis



Haplotypes: even more realistic example
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Haplotypes: even more realistic example
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Mitosis and meiosis

fParent cell (2n)
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Pierce — Genetics Essentials. Concepts and Connections




Random distribution of chromosomes in meiosis

diploid primary spermatocytes
1 2 3456 7 8 9101112 1314 1516 17 18192021 22 Y patemal

. meiosis

haploid sperm cells

1 23 45 67 8 91011121314151617 1819202122 Y sperm1
123456 78 910 11 12 13 14 15 16 17 18 19 20 21 22 X sperm 2
1 2 34567 8 8 i0111213141546 1718192001150 ¥ spem 3
123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 X sperm4

1 2 3 4 5 6 7 8 910111213 141516171816 202192 X spem5

Arbitrary examples of just 5 of 22 = 8,388,608 chromosome combinations
In sperm cells, assuming no recombination

25 Strachan, Read — Human Molecular Genetics
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Random distribution of chromosomes in meiosis
(a) (b) (c)

One of each pair is p A |
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: 1 ’ I I I I U I
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26 Pierce — Genetics Essentials. Concepts and Connections
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Crossing over produces extra genetic variation

(d)
One chromosome ﬂ ...and the homologous E] DNA replication ﬂ During crossing over in | B After meiosis | and I, ] A
possesses the chromosome possesses in the S phase prophase I, segments of each of the resulting |
A and B alleles. .. the a and b alleles. produces identical nonsister chromatids cells carries a unique
\ sister chromatids. are exchanged. combination of alleles. B

1/ \ [ \

(a) I" (b) (o) 'l,.": \
| | \

-
A1 DNA AHAQ-.Q Crossing ARQA|.G Bl

| I ~synthesis ™ * x — over [ ¥ x | ™ h
g 1 . |
[ ]

b BB by ob BuwB b, yb

/

Crossing over: exchange of genetic information
between homologous chromosomes. Crossing over 1s
the basis for intrachromosomal recombination,
creating new combinations of alleles on a chromatid.

27 Pierce — Genetics Essentials. Concepts and Connections



Crossing over produces extra genetic variation

original chromatids

double-strand break
strip back 5’ ends

strand invasion
DNA synthesis

[
|
i

!

DNA strands cut at arrows i
AR

m non-recombinant recombinant

28 Strachan, Read — Human Molecular Genetics




Crossing over produces extra genetic variation

29

(a) No crossing over

Homologous chromosomes If no crossing
pair in prophase |. over takes place,...

N /
A
——— . :

(b) Crossing over

- .

A crossover may take
place in prophase |.

8

Nonrecombinant

B/ Recombinant |
——— ﬁ . =
a] b] Recombinant
a] 13 @D - N » Nonrecombinant

5.6 A single crossover produces half nonrecombinant gametes and half recombinant gametes.

Pierce — Genetics Essentials. Concepts and Connections



Crossing over produces extra genetic variation

Centromere A
AL Bl CL | Pair of homologous
a b chromosomes
a] b )
f ! }

(a) Single crossover (b) Single crossover (c) Double
between A and B between Band C crossover
E]-E-l- -B-l' E!-E_E.

EE-I- B-EE.. E E‘.
v v v

AL Bl C) e AL B C) e AL Bl G
NENEEE B CD WENENAEN D MRS RS

. 0 B cl e ] C)

30 Pierce — Genetics Essentials. Concepts and Connections



Crossing over produces extra genetic variation

31

x_.ﬁ]l
Al B
b

S >

|
Double crossover

}

—rp ...but a second crossover will
E!____ reverse the effects of the first,

A single crossover
will switch the

alleles on restoring the original parental
homologous combination of alleles...
chromosomes, ...

|
—MLDI -and producing only
* nonrecombinant genotypes
e AL Bl __in the gametes, although
L nm 13
LB 13

parts of the chromosomes
have recombined.

5.11 A two-strand double crossover
between two linked genes produces only
nonrecombinant gametes.

Pierce — Genetics Essentials. Concepts and Connections



Crossing over produces extra genetic variation

32

Figure 19-9 Multiple crossovers can occur
between homologous chromosomes.
Shown is a light micrograph of a spread of
the chromosomes of a human oocyte (egg-
cell precursor) at the stage where all four
chromatids—maternal and paternal—are
still tightly associated: each single long
thread (stained red) is a bivalent containing
four DNA double helices. Sites of
recombination are marked by the presence
of a protein (stained green) that is a key
component of the recombination machinery.
(From C. Tease et al., Am. J. Hum. Genet.
70:1469-1479, 2002. With permission from

Elsevier.)

Alberts -- Essential Cell Biology






Haplotypes: now with recombination

H BD HSL{: fbgéf € Haplotype Frequency
0 ABD 8/16
1 abbD 2/16
2 a bd 2/16
3 a BD 4/16
AbD 0
A bd 0
A Bd 0
aBd 0

33



Haplotypes: now with recombination

Mutation creates new alleles, recombination creates new
allele combinations

e A...B__.D
a b D

....... a....b....4d. ..
a B D
A b d

v

A[’;D abb a'\od ;-BD

Exercise: which haplotypes recombined and where?

34



How to combine beneficial alleles?
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Recombination: highlights

e Both double strand breaks (DSBs) and crossovers form hotspots,
location: mostly intergenic. Not all DSBs) result in crossovers

e High individual variability; average: 150 male / 350 female DSBs,
50 male / 70 female crossovers per genome. Female/male ratio ~1.6

e Crossover sites are associated with: H3K4me3, nucleosome
depletion, reduced DNA methylation

¢ 40% of crossover variation 1s due to PRDM9 polymorphism.
PRDM9 1s a zinc finger protein with histone methyltransferase
activity that catalyzes histone H3 lysine 4 trimethylation
(H3K4me3) during meiotic prophase

Zelkowski (2019) Trends Genet



Recombinations per meiosis
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Figure 2. Individual variation in the number of recombination events per meiosis.
The graphs show the number of recombination events per meiosis in each individual.
The panels show data for men (left) and women (right). The number of recombination
events per meiosis 1s shown as a dot. Individuals are arranged in ascending order of
the average number of recombination events per meiosis.

Cheung (2007) Am J Hum Genet




Shared ancestral chromosome segments

a typical chromosome in an
ancestor 20 generations ago

1 or 2 random crossovers in each
chromosome arm in each meiosis

the same chromosome in four present-day descendants

38

A typical chromosome 1s
shown 1n a common ancestor,
20 generations ago, of four
present-day individuals. There
will  be 1-2 random
Crossovers in each
chromosome arm in each of
the 20 meioses linking each
present-day person to their
common ancestor. Only a
small proportion of the
sequence of the ancestor's
chromosome will be inherited
by descendants after 20

e b generatiOIlS (I'ed segments).

Strachan, Read — Human Molecular Genetics



Shared ancestral chromosome segments

e wo o

IBD segment

& Gklambauer

A DNA segment is identical by state (IBS) in two or more individuals if they
have i1dentical nucleotide sequences in this segment. An IBS segment 1s identical
by descent (IBD) in two or more individuals if they have inherited it from a
common ancestor without recombination, that is, the segment has the same
ancestral origin in these individuals.

DNA segments that are IBD are IBS per definition, but segments that are not
IBD can still be IBS due to the same mutations in different individuals or

39 recombinations that do not alter the segment.






Lipoprotein particles

Lipoprotein Structure

Peripheral Apoprotein

(A, C or E)
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Engelking (2015) Textbook of Veterinary Physiological Chemistry

Lipoprotein: a particle that
transports hydrophobic lipids in
water, ¢.g. blood plasma.

Center: triglyceride, cholesterol

Outer shell: phospholipids,
apolipoproteins ApoA, ApoB, ...



Lipoprotein particles

~0,85

Apolipoproteins -
triglycerides +
cholesterol ester

phospholipid
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Composition and main physical-chemical properties of major lipoprotein classes
Left: The outer shell of lipoproteins consists of a phospholipid and cholesterol, combined
with apolipoproteins, which defines that type, function and/or destination of the
lipoprotein. Hydrophobic lipids (triglycerides, cholesterol esters) are in the core of the
lipoprotein. Right: Lipoproteins are classified according to their size, density and
composition. HDL, high-density lipoprotein; LDL, low-density lipoprotein; IDL,
intermediate-density lipoprotein; VLDL, very low-density lipoprotein.

41 van Leeuwen (2018) Prog Retin Eye Res
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Apolipoprotein E
ApoE: a key regulator of plasma lipid levels; promotes clearance of
TG-rich lipoproteins (chylomicrons and VLDL) from circulation

Lipid-bound APOE3

Hinge = INJ

) : Phospholipid
region

particle

Water molecule

Receptor-
binding
region

5 % |
Cys112 \ 4 ‘ COOH

Y &
- 2 Yamazaki (2019) Nat Rev Neurology



Apolipoprotein E

ApoE4 ApoE3 ApoE2
Haplotype Argll2, Argl58 Cys112, Arg158 Cys112, Cys158
NFE frequency 14.9% 77.5% 7.6%
Reduced LDLR binding

Normal binding to LDLR,

Functional stronger biding to VLDL, Normal binjng to LDLR — impa.ired clearance of
- and lipids chylomicron and VLDL
weaker binding to HDL emnants

Pro-atherogenic lipoprotein Normal plasma lipid levels Increased plasma TG and

Biochemical distribution and TG clearance cholesterol

Familial type III
hyperlipoproteinemia,
premature atherosclerosis,
ischemic heart disease.
Protective against
Alzheimer's disease

Premature atherosclerosis,
Clinical ischemic heart disease, Anti-atherogenic
Alzheimer's disease

Atherogenesis: plaque development in arteries. Hyperlipoproteinemia type III,
aka dysbetalipoproteinemia: hyperlipidemia due to accumulation of remnants of
43 the TG-rich lipoproteins: very low density lipoproteins (VLDL) and chylomicrons.



Apolipoprotein E

ApoE4 ApoE3 ApoE2
Haplotype Argll2, Argl58 Cys112, Arg158 Cys112, Cys158
NFE frequency 14.9% 77.5% 7.6%
Frequency in the 11.8% 29 .89% 8 4%

Ivanovo region

Atherogenesis: plaque development in arteries. Hyperlipoproteinemia type III,
aka dysbetalipoproteinemia: hyperlipidemia due to accumulation of remnants of
44 the TG-rich lipoproteins: very low density lipoproteins (VLDL) and chylomicrons.
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Apolipoprotein E

ApoE3 Cys (T) Arg (C)
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Apolipoprotein E

[soform \ Position 112
ApoE4 Arg (C)
ApoE3 Cys (T)
ApoE2 Cys (T)
ApoEl Arg (C)

Exercise: determine haplotype combination by actual genotypes

158
Arg (C)
Arg (C)
Cys (T)

Cys (T)
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Apolipoprotein E

Genotype Carriers LDL, mmol/l nlji:i:‘l TG, mmol/l
E3/E3 1013 3.30 1.41 1.21
E2/E3 215 2.64 1.34 1.21
E2/E2 13 2.15 1.23 2.25
E3/E4 295 3.47 1.36 1.17
E2/E4 33 2.82 1.30 1.38
E4/E4 20 4.12 1.38 1.45




Recombination probability and genetic distance

Genetic distance between two loci measures how frequently these loci
recombine. The genetic distance d between two chromosomal loci equals
one centimorgan (cM) if probability of crossover in a single meiosis 1s 0.01

e cM i1s a unit of genetic distance, 1cM = 1Mbp (physical distance)

Haldane function: genetic distance x — recombination probability 6
e (a) Probability of £ crossovers within a region of unit genetic distance x is

e xM/ k!
¢ (b) Two crossovers = no recombination, so recombination rate, or
probability 8(x) = e*x + e*x/3! + e*x°/5! ... =e*(x + X*/3! + x°/5! + ...) =

e“sh(x) = e*(e—e™)/2 = (1-e%)/2 = (1-e2¥19)/2  d is measured in cM

e Features of recombination rate: 0<6<1/2, O =x forx =0,
6=0.22 forx=0.3, 8= 1/2 for x—0

Exercise: draw G(X )
48



Gamete frequencies

...... - S - N
A B
------ -a“""“ "“""b“""I EEEEmEEEEEEEEE] EEEEEEEEEEEEEE]
A B >
------------------------------ a B
Independent segregaton A e
....... IO S
....... o S B
....... O
"""" e PR - NS - AU
Recombination with probability 6 A b
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Recombination frequencies (cM/Mb)

Genome Track View Resources Help
20,000,000 40,000,000 60,000,000 80,000,000 100,000,000
Select @ @ Q Q chr7| =  chr7:142324001..144884000 (2.56 Mb Go
‘ tracks Q Q ( )

500,000 143,000,000 143,500,000 144,000,000

T 4?’ e e T o o e e

20
' recomb_Bherer2017_females_10kb

Received 8 Apr 2016 | Accepted 20 Feb 2017 | Published 25 Apr 2017 DOI: 10.1038/ncomms14994 OPEN

Refined genetic maps reveal sexual dimorphism in
human meiotic recombination at multiple scales

50 Claude Bhérer"', Christopher L. Campbell' & Adam Auton’ https://pophuman.uab.cat






Linkage disequilibrium

LD: non-random association of alleles at two loci
Alleles: A, a; B, b. Frequencies: P, +P =1, P, + P, =1
Haplotypes: AB, Ab, aB, ab. Frequencies: P, +P, +P +P =1

....... o S = O RS- SR = SO
....... o SN - SN RS- SR = SO
....... Lo S < N - SRR - S
P b Ao B
....... NN - S - N S
....... = N - JU R - EO R <IN
....... T LI - NN S
....... N I - ST - S
Complete equilibrium: Complete disequilibrium:
P,=P=P =P =Y P,=P =P,=P ="
o1 Pp=Py=Py=P, =7 Pap =Py, =" Pp=P =0



Linkage disequilibrium measures

....... L ST - S
....... A eeeeeeeeeeeeeea B
....... O = S
....... O S
....... N = S
....... L SR - SO
....... Zn SRR - S
....... = R S
....... A B
....... o SN - S
....... o SRR <
....... = NN <A
IO SO B ...
....... = SRR <
A B

Raw LD coefficient:
Duap = Pap — PaPp
Lewontin’s LD coefficient:

D’ =Dap/Dmax, where

D — {max{—PAPB} —(1=pa)(1 —pp)} whenD <0
e min{p4(1 — pg), (1 — pa)ps} when D > 0

Correlation coefficient

. Dap
AB — .
V' PAPaPBPb

Exercise: for the example to the left, calculate
* actual haplotype frequencies

* expected haplotype frequencies with no LD
* LD coefficients
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Linkage disequilibrium decay in time

Recombination rate 0 vs linkage D?

LD coefficient decays each generation at a rate determined
by the degree of recombination:

Dy = (1 - 9)Df

D

D; = (1-6)'Dy

Di=e¢e"Dyif 0~0

Exercise: suppose two loci separated by 500 Kbp are in partial
linkage with D = 0.1. Give an estimate of how many generations
it may take to reduce D to 0.05.
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Linkage disequilibrium decay in space
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O 1 L ] 1 J
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Distance (kb)

The 1000 Genomes Project Consortium (2015) Nature doi:10.1038/nature15393



Haplotypes: another realistic example

y Indel
A "Dwugﬁg‘,‘,?"“ polymorphism
Recombination Repeat

Common SNP\ l hotspot polymarphism
G C T (G) C A G A T cC C ATTCATTC
G C T (G) C A G A T cC C ATTCATTC
G C TA(G) CTA G A T cC C ATTCATTC
G C T (G) C A G A T cC C ATTCATTC
G C T (G) C A C C C T G ATTC
G C T (G) C A C C C TG ATTC
G C T (G) C A C C C T G ATTC
G C T (G) C A C C CCTG ATTC
A C T (G) A A G A T cC C ATTCATTC
A C T (G) A A G A T C C ATTCATTC
A C T (G) A A C C C T G ATTC
A C T (G) A A CC C TG ATTC
A CTT (G) A A C C C T G ATTC
A C T (G) A A C C C TG ATTC
G G A ()C T G A T cC C ATTCATTC
G G A ()C T G A T cC C ATTCATTC
G G A (})C T G ACT C C ATTCATTC
G G A (})C T G A T cC C ATTCATTC
GG A ()cC { G ATTC
GG A ()C T c c G ATTC

:
At
i

-
jurs
ha

%

Strong correlation

0
020,
0:0
%
%

::0
::
(g

Mo correlation

o

R

KK
X

Altshuler (2008) Science



another realistic example

Haplotypes
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i

4

Altshuler (2008) Science
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Why knowing linkage is important?

* Genome segments tend to remain together through many
generations.

* A causal allele 1s transmitted along with other alleles that
can be used as tags, or markers.

* However, this complicates 1dentification of the truly
causal allele and 1ts direct association with phenotype

NI ST AT T chromosome

Region of High Linkage
Disequilibrium

Causal variant Linked variant
(direct association) (indirect association)



Why knowing linkage is important?

C
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Chromosome 1

4

L il B

/R

164 4 rs11209032
14— (Arg381Gin) 60
[
S & 12- e 5 ~
c O 10— F = 0
ST g . . 40 S =
E e il ‘" * ',. -E E
= E 6 — o) ]
o2 4 s ° B ES
w = o_ - . * o o8 2 - 20 § T
D— *I‘Mt ’tttt*tt‘iid‘“‘ihi:tsiitt toti‘t‘i:i’li’l?‘ttit’ E =
* - ~ 0
Clorf141 IL23R IL12RB2 SERBP1
— > -
| | |
67.3 67.4 67.5 (Mb) chromosomal position
IL23R wa ! — } — m
Intronic Arg381Gin
(p=1.0x 107" (p=6.6x107")
GGCTTACTGC .433 GCTAAACGGGAGCCC
AATGTACTTC .275 TCTAGCTGGAGCCCA
GGCTCCTCTT .192 GCTAAATGGAGCTAC
GGCTTATTGC .050 GCTGGACAGAGCTCC
GTTAGATGGAGCCCC
TCGAGCTGAAACCCC

Altshuler (2008) Science

.308
275
.125
A17
.075
.067



59

Summary

e Allele transmission obeys the Mendel’s law. In some cases we
can inference the paternal or maternal origin of an allele.

e Haplotypes are allele combinations

e Meiosis halves the cell’s ploidy and introduces genetic diversity
by independent segregation and recombination

e There 1s considerable variation in crossover rates. On average
there are 50 male and 70 female crossovers per genome

e Genome fragments may be identical by descent or only by state
IBS

e Genetic distance between two loct measures how frequently
these loci recombine.

e Recombination destroys linkage of genomic loci

e Knowing linkage structure in a region 1s important for analysis
of association



Further reading

* The International HapMap Consortium (2005). A haplotype map of
the human genome. Nature 437, 1299—-1320.

* Cheung, V.G., Burdick, J.T., Hirschmann, D., and Morley, M.
(2007). Polymorphic Variation in Human Meiotic Recombination.
Am J Hum Genet 80, 526—530.

* Altshuler, D., Daly, M.J., and Lander, E.S. (2008). Genetic Mapping
in Human Disease. Science 322, 881-888.

* The 1000 Genomes Project Consortium (2015). A global reference
for human genetic variation. Nature 526, 68—74.

* Bhérer, C., Campbell, C.L., and Auton, A. (2017). Refined genetic
maps reveal sexual dimorphism in human meiotic recombination at
multiple scales. Nat Commun 8§, 1-9.

* Zelkowski, M., Olson, M.A., Wang, M., and Pawlowski, W. (2019).
Diversity and Determinants of Meiotic Recombination Landscapes.
Trends Genet. 35, 359-370

* https://en.wikipedia.org/wiki/Identity by descent
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