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Scale

(@
(TN ED

Monosomy

Multimegabase
to whole
Chromosomal chromosome

translocation

[0 XE XF {1 I X NX MK L] P >
Deletion Inversion ﬁgggggggg

(c)
[A B MC AD XB XF I MH NT J IK IL M XN YO P »
L] A \ Tens of base
(b) Afﬂseéft?é?‘nt e.g. repeat expansion LINE1 element insertio pairs to a few
\ | kilobases
1kb Minisatellite
.CCRGGT ACTGA ATCCT TAGCTGACGGAC ~ TCTGCTCTTGTC TGT.W@ CCATGT. . .
1 "k T + k ﬂ R ‘ ' Few base
(a) Tr;lansmm"ls Tra‘nsversu;‘ms Delelﬂn Inszqrtlon Deletion Inse%on e.g. single repeat unit decrease pairs
. CCACGGTGCTGACTCCTGAGCTGAC . TGGACC TG(uTC AGTT TTGTMW CCATGT. . .
Base substitutions Smiﬁlc?ell):se Oﬂ;ﬁcrl eslr:zlll Microsatellite mutations

Single nucleotide polymorphisms (SNPs)

Human Evolutionary Genetics, Jobling, 2004



DNS molekula szekvencia variabilitas:
polimorfizmusok

(A) Pontmutdciok: szubsztiticio, inzercio/delécio — szekvencia
polimorfizmus — single nucleotide polymorphism

(B) Szekvencia ismétlodések: szatellit DNS, repetitiv
szekvenciadk — hosszpolimorfizmus — short tandem repeats



Minisatellite (D1S80)

Flanking regions

VNTRs,RFEi”/’/’/’/,,,,,/~””” \\\\\

Repeat region

GAGGACCACCAGGAAG

16 bp repeat unit

Microsatellite (THO1)

Flanking regions

STRs,PCEk’”/””””’,,,,,-f"” \\\\\\

TCAT
4 bp repeat unit

Repeat region

Forensic DNA Typing, 2" Edition, J. Butler, 2005



Mikroszatellita genotipizdlds PCR-rel

Primer 1
Tswnfrcumcmnmmucahmcwncm-1 Sl E R AR T T TACCAGI TACGACAR TG TGRCCGTARC ATAR CACGTAR
ACTCARRGTTACOAROCAGANGTIGCTATGRCTGCT Y \CARTGGTCAATE CTCITACACTGECATTGTATTOCCATT

-

Primer 2
Note: the nucleotide composition 240 q PCR e PCR = Polymerase chain reaction
of the most variable area is /-\ )
indicated in the enlarged reglon,  55°C 30 % E e E Exponential amplification of a known DNA
Bases al variable positions are sequence using complementary primers, a

thermostable DNA polymerase and a

highlighted. 72°C g ﬂ
temperature cycling protoco]
¥ ¥

Allele length classes
Fractionaled on saquencing gel

GTTACCAGTTACGACAATGTIACCOTARCAT
AGTTACGARGC AT ARG T TG AT A CT GO g E b Py I e A ey R el te T} e AA TGGTCARTGCTGTTACAC TAGCATTGTA ACGT

TCARTGCTTCOPCTTCARCOATAC TORCE AL Cmﬂﬁ.‘.‘mﬂm&;ﬂ

1Ty -

é
)
1
-1
g
1
:
:
:
:
=
‘ll
I
1
i1l

— L}
TEAATGCTTCOTC TICRACGATACTEACGR I T 1L YT T BT T ol ol A T T R CAGTTACGACAATS TOACCATAACAT Fo——— = —
AGTTACGRAGCAOAAGT TGCTATGACTUCTA Lt iry o ry el b iy U e KA TOGTCAATGC TG T TACACTAGC ATTGTA f_f,--?' —
—
/ — —
TCARTGCTTCATC TTCAAC CATRAC T RO A T TG N g i g T £ C A BT PAGC G AT AR TOTGRCCGTAACAT =
—

AGITACGARGCAGARITTGCTATGADTEC T mmmm’mmib' ARTGOTCAATGCTATTACACTGICATTGTA




STR allélek genotipizdlasa: multiallélek

Separate PCR products from various
samples amplified with primers
targeted to a particular STR locus

Polyacrylamide Gel

. Combine L

I |

| | — | T
| | |

L Re-amplify L

| |

Find representative alleles
spanning population variation

Figure 5.3, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



Mikroszatellita - STR - markerek
(Short Tandem Repeat)

Q AATG
Flurescens R \ /

jelélés =-:- - -=

[ repeat

8 repeat

a repeat régio variabilis az egyes mintak k6zott mig a
flanking regié ahol a PCR primerek tapadnak allando

Homozigoéta = a ket allél fragmens mérete megegyezik

Heterozigoéta = allélek mérete kiilonbdzo és egymastol elvalaszthatok



Y kromoszomas mikroszatellita

genetikai profil
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15 CA repeats originally
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BINARY
MARKERS

Base
substitutions

(SNPs)—>

Aluand L1
element
insertions

A

NN TS

S

;

MULTIALLELIC
MARKERS
/Telomere arrays

[ GC-rich
minisatellites

<— Microsatellites

Satellites

Other
minisatellites

minisatellites

Telomere arrays

Human Evolutionary Genetics, Jobling, 2004
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Ismetlodo elemek a genomban
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repeats
B
Minisatellites
: rDNA
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satellites repeats
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Polimorf genomi szekvenciak mutacios ratdja (u)

Mutation rate

per locus
per generation
Some expanded 0
. . : 10
Bpathogenic microsatellites
101
I Minisatellites
10—2
Microsatellites 10-3
Some structural 104
polymorphisms
- 10-°
|
3 10
10—/
Base substitutions (SNPs)
10-8
10—°
10-10

10-11

IRetroeIement insertions



Mobilis genetikai elemek a human genomban

Classes of interspersed repeat in the human genome

Length Copy Fraction of
number genome
LINEs Autonomaous T ORFY SeF o) AAA 6-8 kb 850,000 21%
E
SINES Mon-autonomous -ij—MA 100-300 bp 1,500,000 13%

Retrovirus-like Autonomous 290 s L=l e 6-11 kl:l-ﬁl
olaments j 450,000 8%
1.5-3 kb

el
Mon-autoromous -,_Eﬂ_':'ﬂ_-

DA Autohomous » L | Z-3 kb -,!
ransposan v 300000 3%
fossils J|

W on-autonomous T 1-4 B0-3,000 bp

.copy-and-paste v. cut-and-paste”



Mobilis elemek: biallélikus hossz-polimorfizmus

Human A/uRepeat
(~300 bp)

NUCLEUS CYTOPLASM

Full-length L1 (6.1 kb)
5 ORFi ORF2 3

S — - Alu

A o Translation
| | Transcription
mANA export Y Y

; (A)n ;
/_\_/- ORF1 Reverse
transcriptase/ —
Function L endonuclease

unknown
—(A)n :

ORF1 A
Entry into /\_ B

[ ole
AUCIEUS ORF1
L1 copy
- often truncated
at5 end

Heverse transcription/
ntegration

Alu copy

Aeverse

!rans{cnpr:;_:lnf'

irtegration | |

long' (1) = 400
: (A)n

allél

i i'??ansm_urron
_5_>-:}3_ » Short (7—20bp)
Alu dimer ["'290!3[3) ﬂanl«ing direct repeat

“short" (-)
allél
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Y kromoszoma

Human Y Chromosome Base-Substitution 1
reszekvenalas:

Mutation Rate Measured by Direct
Sequencing in a Deep-Rooting Pedigree

Forensic Science International: Genetics 4 (2010) 59-61

Illumina
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Review
The hare and the tortoise: One small step for four SNPs, one giant leap for SNP-kind

Yali Xue, Chris Tyler-Smith *

The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambs CB10 154, UK

ARTICLE INFO ABSTREACT

Article history: A recently published study has used next-gen sequencing technology to resequence two ¥ chromosomes
Received 31 July 2009 separated by 13 generations and discovered four single-base differences in ~10 Mb DNA, suggesting that
Accepted 6 August 2009 the ¥ chromosome euchromatin accumulates around one mutation per generation. Y-SNPs therefore
now offer the best resolution of ¥ haplotypes and promise to distinguish almost every ¥ chromosome.
Keywords: Thiswork illustrates the promise of current sequencing technology for forensically relevant applications.

:\,{E;r;;_gm sequencing ©@ 2009 Elsevier lreland Ltd. All rights reserved.

Y-5TR
Haplotype resolution
Forensic applications




Y STR Positions along Y Chromosome
Extended haplotype loci

ABI AmpFISTR Yfiler loci

Dys458 DYS450 DYS459a
DYS463 DYS449 DYS464b DYS464c¢
DYS455 DYS454 DYS464a DYS464d
DYS446 e DYS448
DYS452 DYS459b
DYS453|pysase DYS437,DYS438
DYS439 \
1 1 J| | . I'TTJ1

Mb : 5 10 / 15 [ a0 25 .30

: SRY ZFY | 'DYS635 H4 o

Dvsse3  DYS19pysser\ DYS390 /) pysssz 7

— -y DYS389 lill 3
Minimal haplotype loci I DYS385a DYS385b

p AZFa| |AZFb|| AZFc

q heterochromatin
Pseudoautosoimal

region

Pseudoautosomal
region

Adapted from Attp.//www.cstl.nist.gov/div831/strbase/ystrposi. hitm



Pseudeautosomal
region ;2.6 Mb —
obligatory recombination
with the X

SRY gene
— 88X

deierminaton

Infertility |
(AZFa) |
c
o
5'
;‘.2:
é Infertility |
c (AZFb)
o
= L
Infertility
(AZFc)

/_-

Pseudoaulosomal
region 11: 0.32 Mb -
recombination with the X
not obligatory

Euchromatin
—~30 Mb
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Table 31. Y-SNP and Y-STE. haplotypes of the DFNY 1-66 and DENY1-101 chromosomes

Heterochromalin
— variable in length;

typically ~30 Mb

Megegyezd Y kromoszémds haplotipus

67 mikroszatellita és 11 SNP markeren

-generdcios tdvolsdg: 13 generacid

-markerek lokalizdcidja: eukromatin



I/lumina / Solexa NGS genomszekvendlds

Adaptor modified DNA strand hybridized to

/ oligonucleotide anchor

7N 1 Denature, } }
cleave
I —
Cluster generated by Sequencing of forward
bridge amplification strands

o o o o
O . O O
O 0 O O
o8 SO 3 8
8" 8 8" S
C
O c O © Fluor O (A
8 o 8 Incorporation 8 cleavage 8 g
O O © Block ©
8 8 8 removal 8
O O O O
O O O O
Template
strand

Sequencing by reversible dye terminators



Y kromoszomadlis eukromatin kandiddns pontmutdciok

Table 2. Details of the Filtered Candidate Mutations

DFNY1_101 Pileup DFNY1_66 Pileup Confimmation
Chromosome Coordinate Base Coverage Cals' Coverage Calls’ Cell-Line DNA  Blood DNA
First Class
chrY: 3,957,219 G T Abaalnp 10 GGEoGGGEGYGGE Yes Mo
chrY: 4,633,474 c q sl ] 6 cCCoos Yes, het Mo
chr: 4,939 256 T 13 cCecCecclCOCC 13 TITTTTTTTTHT Yes Mo
chir'Y: 4,980,623 T b GO604 T TITTTTT Yoz, hat Mo
chrY: 5355,809" C 12 TITTTTTTTITt 9 cCocceCeC Yoz Yeos
chr: 6,555,504 G 13 ToTUTTITTITT 12 GGGGGEGGOGGG Mo
chr¥: 7,381,330 G T cCeCCCe 12 GGEEGEGGGAGGEE Mo
chr¥: 12,063,011 C B aga GG 8 coccCCoC Yes Mo
chirY: 14,745,277 A 9 TLTTLTen 6 amfals Yoz Yoo
chr¥: 15,126,873 T T cooCoot 8 HITHTT Yes Mo
chrY:15,146,905" T q CCeC 9 MTTTTLT Yes Yes
chrY: 20,627,064 c 9 aGGy GGEGEGE. 5 Ceoco Yes Mo
chry: 27,005,961 T T CCeCCCe 8 TTERTTE Yas Mo
chrY:2,971,542° A 4 afsn 14 ITTT THETHAT Yas Yes
chry: 4,007 585 c T CCcaacc 2 & Mo
chrY: 4,876,956 T 11 aatTTTTTTTT 4 ABAA Mo
chry: 11,970,133 T 10 HITTTTTTL G amfhan Mo
chry: 19,883,785 A 5] afaak 4 e vl Mo
Second Class
chrY: 13,445,456 G q GGG 1 t Mo
chr¥: 13,568,272 G 13 afAonoo000aag 11 mafabaabia Mo
chry: 13,833,351 C 17 cCecCCagecColooce 16 CCeCeCCeCtiCttte Mo
chrY: 14,673,632 A M GAAAAAaNAAAAAAS AAAANG 5 Algog Mo
chrY: 15,375,202 G 4 GGG 4 TTTT Mo

An asterisk denotes mutations that were confirmed in blood DNA.
'Upper case = forward strand; lower case = reverse strand.




ChY: 2,871,542 (A—T) ChY: 5,355,809 (C—T) ChY: 14,745,277 (A—T) ChrY: 15,146,905 (T—C)

.......

DFNY1-66 i
cellline DNA /1 /17

DFNY1-101
cell line DNA

DFNY1-66
blood DNA
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blood DNA -
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DFNY167 |- iy
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1 il P
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de novo szubsztitucios mutdciok az
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Genetic History

Thomas Jefferson Il
Field Jefferson Peter Jefferson

President
Thomas Jefferson

P I

Eston Hemings |Thomas Woodson

Same Y
Haplotype 7
Jefferson
Y Haplotype éOhn _\/Velzlzs6Jefferson .
Jefferson ornin Different Y Haplotype
Y Haplotype

Figure 9.10, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press
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Egynukleotid polimorfizmusok (SNPs)

- Biallélikus markerek (6 lehetdség)
- (A/G,C/T,A/T,C/6,T/G,A/C)

» Tobb milli6 SNP a genomban
- kb. 500-1000 bazispdronként
- pontmutdciok génekben és/vagy reguldtor régidkban

* Fenotipus kapcsolatok

- pigmentdcio, testalkat, ...

- Leszdarmazasi vonalak (Y-SNP's)

» Diaghosztika

- multifaktoridlis poligénes betegségek



SNP markerek a humdn genomban

TABLE 12.2 Categories of SNP Markers (See Budowle & van Daal 2008, Butler et al. 2008).

Category Characteristics Examples
Identity SNPs SNPs that collectively give very low F55 21plex (Dixon et al. 2005)
Individual Identification  probabilities of two individuals having the SNPforlD 532plex (Sanchez et al. 2006)
SNPs (II5NPs) same multi-locus genotype Kidd group SNFs (Pakstis et al. 2010)
Lineage SNPs Sets of tightly linked SNPs that function as mtDNA coding region SNPs (Coble
Lineage Informative multi-allelic markers that can serve to et al. 2004)
SMPs (LISMPs) identify relatives with higher probabilities Japanese Y-5NPs (Mizuno et al. 2010)
than simple bi-allelic SNPs Haplotype blocks (Ge et al. 2010)
Ancestry SNPs SNPs that collectively give a high probability  SNPforlD 34plex (Phillips et al.
Ancestry Informative of an individual's ancestry being from one 2007Db)
SMPs (AISNPs) part of the world or being derived from two 24 SNPs (Lao et al. 2010)
or more areas of the world F55 YSNPs (Wetton et al. 2005)
Phenotype SNPs SNPs that provide a high probability that Red hair (Grimes et al. 2001)
Phenotype Informative the individual has particular phenotypes, “Golden” gene pigmentation
SMPs (PISNPs) such as a particular skin color, hair color, eye  (Lamason et al. 2005)

color, etc.

IrisPlex eye color (Walsh et al. 2010)




A humadn pigmentacio genetikai szabadlyozasa

* Melanoszoma: eumelanin v. phaeomelanin dtvonal

+ 127 pigmentdcios gén az egér genomban

» Human vonalon 12 gén azonositdsa (2009)

+ SNPs: fenotipus asszocidlt, ancestry-informative (AIMs)

*+ MCIR allélek aktivitasa: RHC fenotipus, szepl6sodés



A melanogenezis biokémiai utvonal

Eumelanin a-Melanocyte Stimulating Hormon Phaeomelanin

o-MSH

MCIR A elanocortin 1 Receptor
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Eumelanosomo Phacomelanosome

TYRosinase DopaChrome Tautomerase TYRosinase

v

: ' ' T Tyrosine —# Dopaquinone
Tyrasing —» Dopaquinone —= - —+Eumeiann
l-'l--- Cysteing

Fhaeomelanin

<>

cross-membrane-

Keratinocyte

Bouakaze et al., Int J Legal Med (2009) 123:315



SNPs - pigmentdcids gének

*  ASIP (aguti): 3'UTR 8818A - MSH antagonista - phaetomelanin termelés
*  MATP: melanoszoma pH reguldcio, 374Leu allél - s6tét szin, albinizmus

«  SLC24A5: ,arany” gén, zebrafish, Alal111Thr allél, vildgos drnyalat, europid
rasszban fixadlt, szelekcidos nyomds?

* OCA2: albinizmus gén, 305 Arg/Trp, Afrika / Eurdpa

Gene Location Protein Reference SNP ID (rs#)* Alleles Variation type
MCIR 16g24.3 MCI1R: melanocortin 1 rs1805007 C/'T ns coding, ¢.451C>T, p.R151C
receptor rs1805008 CIT ns coding, c.478C>T, p.R160W
HERC?2 1513 Unknown rs12913832 ASG Non-coding, intron 86
QCA2 15q11.2-15q12 P-protein: NA+H+ rs7495174 T/ Non-coding, intron |
antiporter or glutamate s6497268 or rsd 778241 G/'T
[} : e
T rs11855019 or rs4778138  T/C
rs1545397 G/A Non-coding intronic
SLC45A42 S5pl13.3 MATP: membrane- 516891982 C/'G ns coding, ¢.1122C>G, p.F374L
associated transporter
protein
SLC24A45 15g21.1 SLC24AS5 (or NCKXS): rs1426654 GiA ns coding, p.AILLT
solute carrier family 24,
member 5; potassium-
dependent sodium-—|
calcium ion exchanger
DCT 13q32 DCT or TYRP2Z/TRP-2: 2031526 GrA Non-coding, intronic

dopachrome tautomerase
or tyrosinase-related
protem-2

S nOn-5Ynonymous

PReference SNP ID refer to the reference sequence identifier given to the SNP in the dbSNP database

Bouakaze et al., Int J Legal Med (2009) 123:315



SNaPshot: A Primer Extension Assay Capable of Multiplex Analysis

Minisequencing Allele-specific primer extension across the SNT site with

(SMalP'shot assay) fluorescently labeled ddNTPs; mobility modifying tails can be added
to the 5-end of each primer in order to spatially separate them
during electrophoresis.

r

25 an 35 40 45 50

Sample 1

T
CT cT ce

Mou i

Sample 2 TT
cC CT L)

-BEEB

Baat

g

=

(b) (TTTTT)—primer1 (chromosome 20)-ddT/iddT
(TTTTTIHTTTTT}—primer2 (chromosome &)-ddC/ddT
(TTTTTHTTITTT={TTTTT)}—primer3 (chromosome 14)-ddCiddT
(TTITTHTTTTT)~(TTTTT}~(TTTTT}—primerd (chromosome 1)-ddC/ddC

FIGURE 12.2  Allele-specific primer extension results using four autosomal SNP markers on two different sam-
ples (a). SMP loci are from separate chromosomes (1, 6, 14, and 20) and therefore unlinked. Electrophoretic resolu-
tion of the SNP primer extension products occurs due to poly(T) tails that are 5 nucleotides different from one
another (b). Butler, J.M. (2011) Advanced Topics in Forensic DNA Typing, p. 354



10 pigmentdacidos gén SNPs genotipizalas (SNaPshot)

a [rs12913832] [rs1805007 | | rs1805008 | | rs7495174 | [ rs6497268 | [rs11855019] [rs16891982] | rs1426658 | |rs2031526 | | rs1545397 |
20 0 50 €0 70

Eurdpai

b [r512913832] [rs1805007 | | rs1805008 | [rs7485174) [rs6487268] [rs11855018] [rs16891682] [rsidz6654] [rs2031526] [rs1545387 ]
30 40 50 60 70
, o o
5000 Azsiai
4000/}
2000+

0 -
A A u
A A T
[ - (rs12013832] | rs1805007 rs1805008 | [ rs7495174 | [ rs6497268 | [rs11855019] [rs16891982] [ rs1426654 | | re2031526 | | re1545397 |

a0 40 50 G0 70

5000 A f /'/'ka/'
4000

2000

Bouakaze et al., Int J Legal Med (2009) 123:315



Sample Self-reported pigmentary traits s12913832 r=1805007 rsl 805008 OCA2 rs1 6891982 rs1426654 2031526 rs1545397 Inferred ancestry of mdivi duals®

HERC2 MCIR MCIR diplotype® SLC24A2 SLC24A5 DCT OCAZ

Eye color Har color Skin color European Asian Afncan
El Blue Red Fair ciC CT TGT/TGT GG AA GiG AA 0.963 0.012 0.024
E2 Green Light brown Fair C/C CiC TGT/TGT Hile] AfA AlG AA 0.954 0.021 0.025
E3 Blue Blond Fair ciC ciC TGT/TGT GIG AJA AIG AfA 0.954 0.024 0.022
E4 Blue Blond Fair c/iC CiC TGT/TGT GIG AA AG ASA 0.960 0.020 0.020
ES Blue/gray Auburn Fair T CiC TGT/TGT GG AfA GiG ASA 0.961 0.013 0.026
E6 Green/gray Light brown Fair ciC ciC TGT/TGT CiG AfA GG ASA 0.787 0.038 0.175
E? Greenthazel Light brown Fair ciC CiC TGT/TGT GiG AlA AIG AfA 0.955 0.022 0.024
ER Greenthazel Dark brown Fair cic CiC TGT/CTC GG AlA GG ASA 0.961 0.013 0.027
E9 Greenhazel Dark brown Fair ciC CiC TTT/CTC GG AJA GIG AlA 0.963 0.013 0.024
E10 Blue Light brown Fair ciC cic ] G ASA GIG AlA 0.789 0.049 0.163
E11 Green Auburn Fair cT c/C TGT/TGC GIG AfA GiG AFA 0.958 0.014 0.028
E12 Blue/hazel Light brown Fair C/iC cic TGTTTT GG AlA GiG AlA 0.962 0.012 0.026
El13 Blue/hazel Light brown Fair ciC cic TGT/TTT GG AfA GiG ASA 0.965 0.013 0.022
E14 Green Light brown Fair c/iC Cic TGT/TGT CiG ASA GG AT 0.763 0.165 0.073
E15 Brown Dark brown Fair C/C c/C TGT/TGT GG AfA AIG AA 0.957 0.022 0.021
Elb Brown Dark brown Fair ciC c/iC TGT/CTC CiG ASA AG AT 0,669 0.283 0.048
E17 Greenhazel Dark brown Medium c/iC c/C TGT/TTT CiG AA GiG AT 0.755 0.170 0.076
E18 Blue Light brown Fair C/C c/C TGT/TGT GG AlA GiG AT 0,935 0.045 0.021
E19 Brown Red Fair T CciC TGT/TGT GIG AJA GiG AlA 0.964 0.013 0.022
1520 Cireen Light brown Fair c/iC C/iC TGT/TGT CiG AA GiG AlA 0.792 0.047 0.161
21 Green/gray Blond Fair c/iC c/C TGT/TGT GIG AfA AIG ASA 0.957 0.022 0.021
E22 Blue Light brown Fair C/C c/C TGTTGT GIG AlA GiG AA 0.959 0.014 0.026
E23 Greenhazel Light brown Fair c/iC c/iC TGT/TTT GIG AJA AG AfA 0.957 0.020 0.022
E24 Green Light brown Fair c/iC ciC TGT/TGT CiG AA GiG AfA 0.786 0.049 0. 166
E25 Brown Red Fair c/C T/t TGTTGC GIG AlA GG AA 0,963 0.014 0.023
El6 Blue Light brown Fair ciCc c/iC TGT/TGT GIG AA AG Al 0.954 0.021 0.025
E27 Blue Red Fair ciC T TGT/TGT GIG AfA GIG ASA 0.958 0.014 0,028
Afl Brown Black Dark ciC c/iC TGCTTC CiC G/G AG AlA 0.02% 0.094 0.878
Al Brown Black Dark ciC cic TGC/TTC CciC GG GIG AfA 0.023 0.031 0.946
Af3 Brown Black Dark C/C CiC TGC/TTC c/C AIG GIG AlA 0.164 0.041 0.795
Asl v = - AfA c/iC CiC TTT/ICTC CiC GG AG AT 0.042 0.649 0,308
As2 - - - ASA ciC CciC CTC/CTC ciC GG AG T/T 0.020 0.921 0.060
As3 - - - AfA C/iC ciC CTC/CTC c/iC GIG AlA T 0.013 0.964 0.023
Asd - - - AG ciC CiC TTT/CGC C/iC A/G AJA AT 0.212 0.708 0.080
AsS - - - AlA CiC CiC TTC/CGC CiC GG AIG TT 0.019 0.922 0.059
Ash - - - AfA ciC CiC CTC/CTC c/'G GG AfA TIT 0.119 0.858 0.023

E European modern sample, Af Afncan modern sample, As Asian modern sample
*OCA2 diplotype correspond 1o markers rs7495174/rs6497268/1311855019. OCA2 diplotype and rs12913832 genotype predictive of blue eye color phenotype are underlined
® Probahility of being from Furopean/Asian/African population determined using the STRUCTURE program. The greatest probability, most likely estimate of ancestry, is indicated in bold

Bouakaze et al., Int J Legal Med (2009) 123:315



A mitokondrialis genom

Genomredukcio endoszimbiotikus
gén-transzferrel



Endoszimbiotikus gén-transzfer
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(Timmis et al., 2004, Nat Rev Gen)



Endoszimbiotikus gén-transzfer
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A mitokondridlis genom mérete kiilonb6zo

csoportokban

_
Warchantis
o Schizosaccharomyces pombe

i

I
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|'

Tatrahymeng
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i
i
i
\ / = Plazmodium
e ileJ.'u'llp':.'ﬂr.‘:lrJr:l.J.-s

Hickoiisia Arabvdopsis

(Alberts et al.: Molecular Biology of the Cell)

-a mitokondridlis genomok
mérete 6000 bp
(Plasmodium falciparum)
és 300,000 bp (egyes
novények) kozott valtozik

- tobbségiik cirkularis, de
akad linedris is

- az dllatok (Eumetazoa)
mtDNS mérete eléggé
stabil, kb. 16,500 bp

- a referenciaként
haszndlt Rickettsia
genom kb 1.1 millié bp
hossz(



A humdn (emlds) mitokondrialis genom

— Heavy Strand
ND5
* Human
'y . 4 Mitochondrial DNA L
Wl (16,569 bp) | s
ND2 | |
| | [ He
*l".l_:- 14 A ....I
%l Light Strand  // ND4
\ 1Y C / ¥ / S
o N S =" R 4%nnat
A= ey
col "f k8 6 & ND3
cCoil
con ATPase

- dupla szdld, cirkuldris
DNS molekula, ami
mindkét szalan kodol:
H - .heavy" és

L - .light" szdlak

- emberek esetében
16,569 bp hosszd

- 37 gént kédol

- 13 az oxidativ
foszforildcidban
jatszik szerepet, a
tobbi TRNS és rRNS

- minden mitokondridlis
matrixban tobb képia
taldlhaté



A mitokondridlis genom tartalma kiilonb6zo

csoportokban

- a kevésbé komplex
mitokondridlis
genomok, dltaldban az
osszetettebb
genomokban levé gének
részhalmazait kddoljak

- 61 olyan gén van, ami
minden mtDNS-ben
fellelhetd: cob, coxl,
cox3, rns, rn/

- hova lett a tobbi
gén?
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Marchantia Acanthamopba Flasmodium Schirosaccharomyces Human

(Alberts et al.: Molecular Biology of the Cell)



A gén-transzfer feltételezett mechanizmusai

Mitochondrion

mtDNA _EH]_

Transcription,
editing, splicing

Nuclear DNA

AR

Exogenous factors l

Nucleus

Reverse transcription,
nuclear integration

Endogenous factors

(e.g., radiation, chemicals) [e.g., radicals, meiosis, replication

of single-stranded breaks (SSBs)]
i DNA
Addition of promoter,
mRNA T} terminator, ¢ /m/
Translation ¢ Ié‘;rgea‘mg sequence, DSB
efe.
Protein [ T —l_m‘lm

Simple end-joining

/ Insertion + end-joining

Transcription ¢

I e

Protein [
0

¢ Translation

Import,
removal of

I preprotein
targeting peptide

RN

Fragmentation

Fragmentation + end-joining
/

NN

Organelle DNA

Factors
(e.g., gametogenesis, autophagy, physical contact with nucleus)

}h Kleine T, et al. 20009.
Annu. Rev. Plant Biol. 60:115-38




A mtDNS transzlacios kodja bizonyos csoportokban
kiilonb6zik az “univerzdlis kodtol”

MITOCHOMDRIAL CODES

CODOMN “UNIVERSAL" CODE MAMMALS IMVERTEBRATES YEASTS PLAMTS
UGA STOP 'ﬁ"p T'."]? 'ﬂ'}l‘ =10
ALLA lle Met Met Met lle
CUA Leu Leu Leu Thr Leu
AGA |

AGE T Arg STOP Ser Arg Arg

*Italics and color shading indicawe thar the code differs from the “Universal” code.

- novényekben és a legnagyobb mtDNS genomot hordozé protozoa
Reclinomonas fajokban az mtDNS kddja is “univerzadlis”

- a STOP -> Trp vdltozds hasonlit az egyes baktériumokban leirtakhoz
- valészinlileg az mtDNS-ben kédolt kisszamd gén jobban tolerdlja egy-

egy ritka kodon megvaltozasat

(Alberts et al.: Molecular Biology of the Cell)



Az eukariotak komplexebb genomjat
a mitokondriumok teszik lehetove

a Escherichia d Power per gram of cells

Escherichia

: Thiomargarita

| Euglena
I T T

0 01 02 03
W per g

€ Power per gene

Escherichia
Thiomargarita
Euglena

I

I | I I | I
0 5
fW per gene

C Euglena f Power per haploid genome

Escherichia
Thiomargarita
Eugfena

1 00
pW per genome

(Land and Martin (2010) Nature)

-a prokaridta sejtek
energiatermelése limitdlt, igy
az egy fehérje termelésére
fordithaté energiamennyiség
fligg a fehérjék szdmatal

- ez felsd hatdrt szab a
lehetséges kédolé szekvencidk
szdmadnak

- eukariétakban a
mitokondriumok révén
|ényegesen megné a
bioenergetikai membranok
feliilete és a termelet ATP
mennyisége az igényekhez
igazodik, ez pedig kozel
400,000x nagyobb
kédolékapacitdshoz vezet



A human mitokondridlis genom

Control region

A

16024 16365 173 340 576
I

tRNATT HVS | HVS I tRNATT®

Sejten beliili nagy képiaszam (~1000)

Materndlis 6roklésmenet:

- Rekombinacié hianya

Emelkedett mutdcios rata:

- DNA védelem és repair

Kédolé Szakaszok: 37 gén

Kontroll Régid v. D-loop (~1120 bp):

16 569 bp

- Hipervaridbilis szakaszok
(HVS1, HVS?2)

Cambridge referencia szekvencia

Heteroplazmia, mutdciés hot-spots

ATPase6

As
ATPases S P



Mitokondridlis DNS mutaciok: heteroplazmia

e Wild-type mtDNA

Mutant mtDNA
Oogonia —
low intercellular
variance of
copy number of
mutant mtDNA
Segregat:on
Primary
OO%‘IS%S B decrease
intercellular in mtDNA
variance nggﬁ)ye r
Oocyte maturation and mitDNA amplfffcat:o
Mature
oocytes
95:5 5:95 0:50 Fert:lizatfon

Heteroplasmy — mutant: wild-type

Delécié: mitokondridlis
eredet(i betegségek (anyai)

- MITOMAP

Szubsztiticié: élt. neutrdlis
Mutdcids rata: non-uniform
10-6- 107/ bp / generation
Mutdcids hot-spotok
Citoplazmikus szegregdcio:

.bottleneck"
(palacknyak effektus)

Heteroplazmia - homoplazmia:

szovet- és modszer specifikus



Heteroplazmia detektdldsa
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Figure 10.9, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



Mitokondridlis DNS haplotipusok

A vizsgdlt mintdk mtDNS szekvenciajat a referenciaként
haszndlt rCRS-hez illesztjiik (jelen dbrdn: 16071-16140)

16080 16100 16110 16120 16130 16140
| |
FPLES ACCGCTATET ATEPRCGTACA TTACTGCOCAS CCACCATGAR TATTGTAQRRS TACCATARAT
W ACCGCTATGET ATEFCSTACA TTACTGCCOAS CCACCATGAR TATTGTAQMS TACCATARAT
K ACCGOTATET ATEPRCGTACA TTACTGICAG CCACCATGRA TATTGTAQNS TACCATAAAT
16093 16129

A referencia szekvencidtol vald eltérések pozicidjat és nukleotidjat
jegyezziik le, ami megadja az adott minta mfDNS haplotipusat

Q K

16093C 16093C
16129A 16129A



Identification of the remains of
the Romanov family by DNA
analysis

Peter Gill', Pavel L. Ivanov?, Colin Kimpton', Romelle Piercy', Nicola Benson’,
Gillian Tully’, Ian Evett’, Erika Hagelberg’ & Kevin Sullivan'

Nine skeletons found in a shallow grave in Ekaterinburg, Russia, in July 1991, were
tentatively identified by Russian forensic authorities as the remains of the last Tsar,
Tsarina, three of their five children, the Royal Physician and three servants. We have
performed DNA based sex testing and short tandem repeat (STR) analysis and confirm
that a family group was present in the grave. Analysis of mitochondrial (mt) DNA reveals » -
an exact sequence match between the putative Tsarina and the three children with a ! .
living maternal relative. Amplified mtDNA extracted from the remains of the putative Tsar E,“
has been cloned to demonstrate heteroplasmy at a single base within the mtDNA control
region. One of these sequences matches two living maternal relatives of the Tsar. We
conclude that the DNA evidence supports the hypothesis that the remains are those of




A Romanovok maradvanyainak azonositasa
molekuldris genetikai modszerrel
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