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Vidna oziroma fenotipska lastnost pri ljudeh, ki jo je mo¢ nedvoumno napovedati na podlagi DNA
oznacevalcev, je vsekakor spol. Za dolocCanje spola se dandanes v komercialnih kompletih
najpogosteje uporablja amelogeninski gen. Populacijske $tudije pa so odkrile relativno visoko stopnjo
delecij na kopiji tega gena na kromosomu Y, Kar privede do napa¢ne dolo¢itve spola. Za pravilnej$o
napoved spola smo skonstruirali nov par zacetnih oligonukleotidov znotraj novega genetskega
oznadevalca na genu SRY in ga uvedli v komercialni komplet AmpFISTR® SGM™ Plus amplification
(AB). Validacijska studija (115 moskih) je potrdila visoko zanesljivost in ob¢utljivost uvedbe novega
para zacetnih oligonukleotidov v komercialni komplet. Rezultat analize je bil zanesljiv ze pri vnosu
25 pg DNA. Naslednji pomembni fenotipski lastnosti pri ljudeh za razreSevanje kaznivih dejanj sta
tudi pigmentacijska obarvanost oci in las. Za obarvanost o¢i so odgovorne Stevilne spremembe v
genih, ki so posledica razli¢nih polimorfizmov posameznih nukleotidov (SNP-jev). Obarvanost las pa
je posledica kombinacije polimorfizma posameznih nukleotidov in zunanjih dejavnikov. Namen
raziskave je bil razviti nov in zanesljiv molekularni komplet za doloCanje obarvanosti o¢i in las
neznane osebe iz razli¢nih bioloskih sledi za forenzi¢ne in druge aplikacije. Na zacetku raziskave smo
izbrali dvanajst SNP-jev znotraj Sestih pigmentacijskih genov. Razvili smo zanesljiv in obdutljiv
komplet, ki omogoca so¢asno pomnoZevanje vseh dvanajstih SNP-jev ze iz 65 pg DNA. Frekvence
alelov oziroma poli-/monomorfnost SNP-jev kompleta so potrdile, da je slovenska populacija del Sirse
evropske kavkazijske populacije. Z analizo binarne logisti¢ne regresije smo ugotovili, da so SNP-ji
rs12913832, rs1393350, rs1800407, rs1805008, in rs7495174 statisticno najbolj specifiéni za
slovensko populacijo (104 prostovoljcev), ki smo jih uporabili v analizah za preverjanje uspes$nosti
napovedi za posamezno pigmentacijsko obarvanost. Za napoved obarvanosti o¢i in las smo izbrali in
primerjali dva statisti¢cna napovedna modela, model logisti¢ne regresije in naivni Bayesov model.
Izmed petih SNP-jev najbolj uspe$no napoved za pigmentacijsko obarvanost o¢i in las podaja SNP
rs12913832, medtem ko je napoved z uporabo preostali $tirih SNP-jev manj uspesna. Ocena
uspesnosti napovedi, izrazena s povrsino pod krivuljo ROC (AUC), je 1.0 za modre in 0.832 za rjave
o¢i ter 0.913 za blond in 0.832 za temno rjave/¢rne, kar kaze na zelo visoko uspes$nost napovedi, Ki je
bila dolo¢ena za 24 slovenskih prostovoljcev. Uspes$nost modela logistiéne regresije za napoved
obarvanosti o¢i pri slovenski populaciji smo Se dodatno preverili na edinem do sedaj objavljenem
validiranem napovednem modelu forenziénega kompleta IrisPlex, ki vsebuje Sest SNP-jev. Napovedni
model temelji na podatkih 3804 nizozemskih prostovoljcev. Uspesnost napovedi, izrazena z AUC, je
v tem primeru 0.966 za modre in 0.913 za rjave o¢i, dolocena za 105 slovenskih prostovoljcev. To
kaze na podobno uspes$nost napovedi, kot je bila ocenjena za $irSo evropsko populacijo.
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The human externally visible characteristic that so far is most accurately predictable with DNA
markers is human gender. A length differences between the X-chromosomal and the Y-chromosomal
copy of the amelogenin gene is useful, but not always correct for DNA-based sex determination,
nevertheless this marker is included in most of the commercially available kits. The irregularities
could occur because of amelogenin deletions and that why we included new sex-specific SRY marker
in the one of most usable commercial kit (AmpFISTR® SGM™ Plus amplification (AB). Validation
study (115 men) confirms that incorporation of the new primer set for SRY marker in the commercial
kit in very reliable and sensitive. Reliable results were obtained even from as little input of DNA as 25
pg. Besides human gender we investigated two additional externally visible characteristic — human
eye and hair colour. The coloration of eye and hair is primarily associated with the number of
independently contributing SNPs, the genetic effect of each selected SNP and also of some non-
genetic influences, regarding hair colour. We limited on twelve SNPs inside six pigmentation genes
and developed a single multiplex genotyping assay. This assay is very robust, reliable and sensitive
for multiplex genotyping of all 12 SNPs, even from 65 pg of DNA. The allele frequencies of all SNPs
somehow confirmed that Slovene population is part of Caucasian population. With further binary
logistic regression analysis we concluded that five (rs12913832, rs1393350, rs1800407, rs1805008,
rs7495174) out of twelve SNPs are most statistical specific for our Slovene sample population (104
volunteers). For the evaluation of the accuracy of the prediction of the eye and hair colour, based on
five mentioned SNPs, we used logistic regression model and naive Bayesian model and compared
them. For the both models the eye and hair colour were categorized into three and into two states.
From five SNPs the rs12913832 determine the highest predictive value for both eye and hair colour
and the other four SNPs had also influence on better prediction, of course not as obvious as mentioned
one. The overall prediction accuracies expressed by the area under the receiver characteristic
operating curves (AUC) were 1.0 for blue and 0.832 for brown eyes and also 0.913 for blond and
0.832 for dark brown/black hair colour (using logistic regression model), which is highly optimistic,
but indicated the prediction for only 24 Slovenian volunteers (the rest of volunteers were used for
model-building set). Additionally for better presentation of prediction accuracy for eyes colour we
used all Slovene volunteers (105 volunteers) and used prediction model of the only validated IrisPlex
assay, which is based on genotype and phenotype data from 3804 Dutch volunteers. Prediction
accuracies expressed by the AUC were found to be 0.966 for blue eyes and 0.913 for brown eyes for
Slovene population. This indicates prediction accuracy comparable to previously established for other
European populations.
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1 PREDSTAVITEV PROBLEMATIKE IN HIPOTEZE

Osnovni namen forenzi¢nih genetskih preiskav je individualizacija bioloske sledi, kot so
kri, semenska tekocina, slina, epitelne celice, kosti, zobje..., zavarovane med ogledi
krajev kaznivih dejanj ali v zvezi z njimi, lahko pa so del preiskav mnozi¢nih grobis¢,
mnozic¢nih nesre¢, pogresanih oseb in drugo (Drobnic, 2004).

Preiskave DNA imajo danes v forenzi¢nih preiskavah nedvomno nenadomestljivo
vlogo. Razvoj molekularne genetike je omogocil razlikovanje osebe od vseh drugih na
podlagi razlik v nekodirajo¢ih delih humane DNA, ki jo imenujemo odpadna DNA
(Fowler in sod., 1988). Najvecji del med njimi predstavljajo ponavljajoca se zaporedja
DNA, ki jih delimo na minisatelite (VNTR-oznacevalce) in mikrosatelite (STR-
oznacevalce) (Tautz in sod., 1984). Slednji se danes najpogosteje pojavljajo v rutinskih
forenzi¢nih genetskih preiskavah in skupaj z amelogeninskim oznacevalcem za spol
predstavljajo forenzi¢ni genetski standard nacionalnih ali kriminalisti¢nih evidenc DNA
oseb in bioloskih sledi. Zaradi milijonskega §tevila profilov DNA v razli¢nih evidencah
DNA in izrednega tehnoloskega razvoja so avtosomalni STR-oznacevalci postali
nenadomestljivi v rutinskih forenzi¢nih preiskavah (Asplen, 2009).

Vendar pa se za razlicne primere, kot so preiskave spolnih deliktov, ugotavljanje
identitete umorjenega, arheoloske raziskave in drugo, ki jih zaradi razlicnih tezav ni
mogoce razresiti le z analizo avtosomalnih STR-oznadéevalcev, uveljavljajo tudi druge
forenzi¢ne genetske preiskave. To so genetske preiskave STR-oznacdevalcev oziroma
genov na spolnih kromosomih in analize mitohondrijske DNA (Lessing in sod., 2005),
v novejSem cCasu pa tudi analize polimorfizmov posameznih nukleotidov (SNP) za
napovedovanje zunanjega videza posameznika ali njegovega biogeografskega izvora
(Budowle, 2004; Kayser in Schneider, 2009).

V zacetku smo naSo raziskavo usmerili v izboljSanje zanesljivosti genetskega
oznaCevalca za dolocanje spola, ki predstavlja enega glavnih fenotipskih znacilnostih
ljudi. PravilnejSe dolo€anje spola bo temeljilo na vpeljavi novega spolnega genetskega
oznacevalca v do sedaj najbolj razSirjene komercialne komplete. Pri vseh komercialnih
kompletih dolocanje spola temelji na preiskavi polimorfizma amelogeninskega gena, Ki
je podvrZen Stevilnim delecijam (Cadenas in sod., 2007) oziroma se mutacije pojavljajo
na mestih prileganja zacetnih oligonukleotidov, ki so vkljuc¢eni v komercialne komplete
(Santos in sod., 1998; Roffey in sod., 2000; Thangaraj in sod., 2002). Skonstruirali smo
nov par zacetnih oligonukleotidov znotraj gena SRY z namenom, da bo mogoce nov
genetski oznacevalec SRY uspesno vkljuciti v komercialne komplete za dolocanje
identitete posameznikov, ki jih uporabljamo v rutinskih preiskavah. Validacijske $tudije
smo izvedli za komercialni komplet AmpFISTR® SGM™ Plus amplification (AB)
(AmpFISTR..., 1997) v skladu z zahtevami znanstvenega forenzi¢nega zdruzenja
SWGDAM (The Scientific Working Group on DNA Analysis Methods).
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V nadaljevanju doktorske naloge smo se osredotocili na povsem novo in malo raziskano
podro¢je raziskav, to je dolocanje dveh fenotipskih znacilnostih ljudi, in sicer
pigmentacijske obarvanosti o¢i in las. Omenjeni in ostale (npr. pigmentacijska
obarvanost koze, struktura obraza, pleSavost in tudi viSina posameznika) fenotipske
znaCilnosti so poligenske in po dosedanjih raziskavah ima na njih najvecji vpliv
polimorfizem posameznih nukleotidov (SNP) (Budowle, 2004; Kayser in Schneider,
2009). Namen raziskovanja SNP-oznacevalcev je bil razviti nov ob¢utljiv in zanesljiv
molekularni genetski komplet za doloCanje obarvanosti o¢i in las neznane osebe
(oSkodovanec, storilec kaznivega dejanja, neznano truplo) iz bioloskih sledi za
forenzi¢no uporabo. Napovedovanje obarvanosti o€i in las predstavlja velik potencial za
prihodnost. Rezultati teh genetskih analiz bi lahko nadomestili ali dopolnili vlogo
o¢ividcev kaznivih dejanj, saj je porocanje posameznega ocividca vedno zelo
subjektivno in mo¢no odvisno od ve¢ dejavnikov. Tako bodo te informacije o zunanjem
videzu posameznika vodile predvsem k zmanj$anju kroga potencialnih osumljencev in s
tem usmerjeno vodile kriminalisticne preiskovalce do najverjetnejSih storilcev,
predvsem v primerih tezjih kaznivih dejanj. V zadnjem delu raziskav smo se zaradi tega
osredotocili na izbiro statisticnih napovednih modelov za analizo podatkov. Najbolj
raz$irjena statisticna napovedna modela sta naivni Bayesov model in model logisticne
regresije. Njuno uspesnost napovedi za obarvanosti o¢i in las smo ocenili z ROC
analizo oziroma s pomocjo kriterija AUC (Liu in sod., 2009). Na koncu smo ocenili,
kateri od statisticnih napovednih modelov je bolj uspeSen ter zaradi neraziskanosti
podro¢ja uspe$nost napovedi primerjali z ze objavljenimi rezultati nekaterih raziskav
(Ruiz in sod., 2012; Walsh in sod., 2013).

1.1 GEN SRY V SPOLNEM KROMOSOMU Y

V forenzi¢nih preiskavah dolo¢anje spola temelji predvsem na variabilnosti med
kopijama amelogeninskega gena, odgovornega za razvoj zobne sklenine, na
kromosomih X in Y. Pri pomnozevanju amelogeninskega gena s specificnimi zacetnimi
oligonukleotidi, vkljucenimi v komercialne komplete, nastane produkt dolzine 106 bp
na kromosomu X in dolzine 112 bp na kromosomu Y (Sullivan in sod., 1993). Kljub
raz§irjeni uporabi amelogeninskega gena pa rezultati ne podajajo vedno pravilnega
spola donorja posamezne bioloske sledi (Santos in sod., 1998; Roffey in sod., 2000;
Steinlechner in sod., 2002). Do napak pri dolocanju spola pride predvsem zaradi
strukturnih nepravilnosti znotraj kromosoma Y. Tako se npr. delecije znotraj
amelogeninskega gena na kromosomu Y (AMELY) kazejo v izgubi produkta
pomnozevanja na omenjenem kromosomu in s tem v napacni napovedi spola osebe.
Odstotek delecij na omenjenem genu se giblje od 0,018 % do 8,0 %, zaradi Cesar so
rezultati bioloSkih preiskav premalo zanesljivi (Santos in sod., 1998; Roffey in sod.,
2000; Steinlechner in sod., 2002; Thangaraj in sod., 2002; Brinkman, 2002; Mitchell in
sod., 2006; Chang in sod., 2007; Turrina in sod., 2011). V slovenski populaciji se za
enkrat ta delecija pojavlja pri priblizno 0,012 % moskih (Drobni¢, 2006). Torej so
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rezultati, po katerih se dolofa spol pri genetskih forenzi¢nih preiskavah, premalo
zanesljivi, kar kaze na potrebo po vpeljavi drugih, =zanesljivejSih genetskih
oznacevalcih.

Mnogo raziskovalcev je zacelo vkljuevati druge genetske oznacevalce v
identifikacijske teste za ugotavljanje spola. Med njimi so lokusi STR, specifi¢ni le za
kromosom Y — najbolj raziskani so mikrosateliti DYS19, DYS385, DYS388, DYS389,
DYS390 in drugi (Kayser in sod., 1997). Uporabljajo se tudi homologni geni v spolnih
kromosomih, kot sta npr. lokusa ZFX in ZFY (Reynolds in Varlaro, 1996) ter gen SRY
na kromosomu Y (Sullivan in sod., 1993; Dennis Lo in sod., 1998; Santos in sod., 1998;
Singh in sod., 1999; Kastelic in sod., 2009, Tozzo in sod., 2013).

Genetski oznacevalec v genu SRY (angl. sex determining region) je eden od

najprimernejSih predvsem zaradi svoje evolucijske ohranjenosti (McElreavy in sod.,
1992).

gen SRY

eukromatin

centromera

eukromatin

heterokromatin -

humani kromosom Y

Slika 1: Prikaz humanega kromosoma Y z lokacijo gena SRY (Y chromosome, 2008)
Figure 1: Location of SRY gene on human Y chromosome (Y chromosome, 2008)
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Produkt gena SRY je protein SRY oziroma transkripcijski faktor TDF, ki z vezavo na
DNA spremeni njeno obliko. S tem se sprozi kaskada genetskih interakcij in izlo¢anje
specificnih hormonov, kar povzroci, da se potencialne zenske gonade pretvorijo v
moske testise (McElreavy in sod., 1992). Deluje s pozitivno in negativno regulacijo, in
sicer v zgodnjem razvoju zarodka inducira razvoj moskih specifi¢nih telesnih znakov in
obenem inhibira razvoj zenskih (Haqq in sod., 1993).

1.2  POLIMORFIZEM POSAMEZNIH NUKLEOTIDOV IN PIGMENTACIJSKE
ZNACILNOSTI

Pigmentacijska obarvanost o¢i in las, ki tudi dolocata zunanji videz posameznika, sta
zelo kompleksni lastnosti, saj nanju vpliva vecje Stevilo razli¢nih genov, med katerimi
potekajo medsebojne interakcije, hkrati pa prihaja tudi do interakcije teh genov z
okoljem (Mertens, 2009). Ravno kompleksnost omenjenih lastnosti najbolj otezuje
raziskanost posameznih genov in njihovo posredno vlogo pri izrazanju fenotipskih
znacilnostih. Do sedaj je poznanih Ze mnogo genov, ki vplivajo na posamezno
znacilnost, najbolj pa stopajo v ospredje geni, ki so vkljuéeni v razvoj specificne
pigmentacijske obarvanosti predvsem oci in las. Prve uspesSne preiskave na podrocju
pigmentacijskih genov so izvedli na misih in dolo¢ili priblizno 120 genov, ki bi lahko
vplivali na obarvanost dlake, medtem ko so jih le priblizno 30 povezali tudi z redkimi
pigmentacijskimi obolenji pri ljudeh. Med njimi je do sedaj najbolj raziskanih enajst
genov, ki bolj specificno vplivajo na pigmentacijske znacilnosti in jih je mo¢ uporabiti
tudi za forenzi¢ne preiskave (Branicki in sod., 2008; Valenzuela in sod., 2010). Najbolj
raziskan pigmentacijski gen je bil sprva gen MCI1R, ki pri ljudeh vpliva na razvoj
rdeCkaste obarvanosti las in na svetlo polt. Sedaj pa sta po raziskanosti in pomembnosti
bolj pomembna gena OCA2 in HERC2, ki sta klju¢na pri izraZzanju obarvanosti o¢esne
Sarenice in obarvanosti las (Visser in sod., 2012). Znani pa so $e mnogi drugi
pigmentacijski geni — SLC45A2, SLC24A5, SLC24A4, KITLG, TYRP1, TYR, DCT in
IRF4 — ki so tudi predmet obseznejSih preiskav v povezavi s pigmentacijskimi
znacilnostmi (Kayser in Schneider, 2009).

V zgodnjih raziskavah pigmentacijskih znacilnosti je bil eden pomembnejsih genov gen
OCAZ2, ki so mu v ve¢ raziskavah pripisovali posredno vlogo pri dolo¢anju rjavih in/ali
modrih o¢i pri ljudeh. Gen OCA2 kodira protein, ki ima funkcijo membranskega
proteina (Sturm in Frudakis, 2004). Funkcija proteina Se ni v celoti raziskana, naj pa bi
bil vpleten pri dobavljanja substratov pri biosintezi melanina (Eiberg in sod., 2008).

Ceprav so omenjeni gen dolgo imeli za enega glavnih dejavnikov pri pigmentacijski
obarvanosti o¢i, je nedavno kar nekaj raziskovalcev znotraj gena HERC2 dolocilo vsaj
dve pomembni spremembi, ki naj bi bili kljuéni za pigmentacijsko obarvanost oci.
Funkcija proteina je e neznana, vendar pa naj bi bile spremembe znotraj gena HERC2
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kljucne pri regulaciji ekspresije gena OCA2 in s tem klju¢ne pri dolo¢anju obarvanosti
o¢i pri ljudeh (Sulem in sod., 2007; Eiberg in sod., 2008; Kayser in sod., 2008).

Kljub obsirni raziskanosti omenjenih dveh genov pa raziskave na podrocju
pigmentacijskih genov segajo v leto 1995, ko je Velverde s sodelavci iskal povezave
med pigmentacijsko obarvanostjo las in koze s spremembami v genu MC1R (Velverde
in sod., 1995). Prav spremembe tega gena naj bi vplivale na pigmentacijske znacilnosti,
kot so rdeci lasje, svetlejsi ten koze, prisotnost pegic ter mocna obcutljivost koze na UV
sevanje. Spremembe gena MC1R obenem najpogosteje povezujejo tudi s povecanim
tveganjem za tumorskim obolenjem koznih celic (Harding in sod., 2000; Kanetsky in
sod., 2006; Branicki in sod., 2007). Gen MCI1R se izraza v razli¢nih celicah, ki
sodelujejo pri pigmentacijskem sistemu, vendar pa sama funkcija gena Se ni v celoti
znana (Rees, 2000).

Ravno tako sta bila ze leta 2006 gena SLC24A5 in SLC45A2 vkljuéena v skupino
humanih pigmentacijskih genov. Gen SLC45A2 kodira protein, ki sodeluje pri sintezi
melanina v melanosomih in naj bi obenem sodeloval tudi kot membranski prenasalec.
Mutacije tega gena v Stevilnih raziskavah povezujejo tudi s cloveskimi obolenji
albinizma razli¢nih oblik (Soejima in Koda, 2007).

Pri melanogenezi je eden klju¢nih faktorjev tudi gen TYR, ki sodeluje pri prvih dveh
reakcijah biosinteze melanina. Humani gen TYR se nahaja na kromosomu 11 in je dolg
ve¢ kot 50 kb. Pri ljudeh, obolelih za okulokutanim albinizmom tipa 1 (OCAL), so do
sedaj odkrili do 100 mutacij tega gena. Mutacije lahko zmotijo normalno sintezo

melanina in s tem vplivajo na pigmentacijsko obarvanost o€i, las in koze (Nakamura in
sod., 2002).

1.2.1 Biopolimer melanin

Vsi zgoraj omenjeni pigmentacijski geni s svojimi spremembami vplivajo na
pigmentacijske znacilnosti ljudi, ki so odvisne predvsem od Stevila, tipa in celi¢ne
porazdelitve melanosomov znotraj pigmentacijskih celic (melanocit ali keratinocit).
Melanosomi so specializirani organeli, ki vsebujejo klju¢ni encim za nastanek obeh
oblik melanina in sodelujejo pri njegovem transportu (Passeron in sod., 2005).
Biopolimer melanin nastane z oksidacijo aminokisline tirozin in se v posameznih
pigmentacijskih celicah nahaja v dveh oblikah, in sicer v obliki rjavo-¢rnega eumelanina
in rdece-rumenega feomelanina, ki na razlicne nacine absorbirata svetlobo (Sturm in
sod., 2001). Torej tako oblika melanina kot tudi Stevil¢nost in porazdelitev melanosmov
v pigmentacijskih celicah, ki se nahajajo predvsem v ocesni stromi Sarenice
(melanocite) oziroma v korteksu lasnega stebla in v koZnem bazalnem nivoju med
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dermisom in epidermisom (keranocite), klju¢no vplivajo na kon¢no pigmentacijsko
obarvanost o¢i, las in koze pri ljudeh (Sturm, 1998).

Makromolekula melanina je polimer indol 5,6-kinona ter 5,6 dihidroksiindol-2-
karboksilne kisline. Oksidacija aminokisline tirozina poteka v prvih dveh korakih s
pomocjo encima tirozinaza, in sicer s hidroksilacijo tirozina do 3,4-
dihidroksifenilalanina (DOPA) in oksidacijo DOPA do DOPA-kinona. Eumelanin nato
nastane preko metabolitov DOPA-kromov, feomelanin pa preko metabolitov 5-S-
cisteinil-DOPA. Izomerizacija DOPA-kroma do 5,6 dihidroksiindol-2-karboksilne
kisline (DHICA) je katalizirana s strani DOPA-krom tautomeraze, oksidacijo DHICA
pa omogoca DHICA-oksidacijski encim (Slika 1) (Sturm in sod., 2001).

MSH/ACTH
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\ -

ClstemlIDOPA e i

. . 2 DHI DHICA

\ Feumelanln 1_ Cistein Cistein  <—

FEOMELANOSOM EUMELANOSOM

Slika 2: Sintezna pot dveh razli¢nih vrst melanina iz osnovne aminokisline tirozin (Sturm in sod., 2001)
Figure 2: The synthetic pathway of two types of melanin from the tyrosine (Sturm in sod., 2001)

LEGENDA; MSH - melanocite-stimulirajo¢i hormon, ACTH - adrenokortikotropi¢ni hormon, MC1R — melanokortin
1 receptor, CAMP - cikli¢ni adenozinmonofosfat, TYR — tirozin, TYRP1, TYRP2 - tirozin fosfataza 1 oziroma 2,
AIM - manjkajo¢ pri melanomu , DOPA — dihidroksifenilalanin

1.2.2 SNP-ji v forenzi¢nih preiskavah

Vse predhodno omenjene spremembe v posameznih pigmentacijskih genih in njihov
vpliv na izrazanje drugih sosednjih genov in obenem na sintezo najpomembnejse
pigmentacijske molekule melanina se nanaSajo na spremembe v genih, ki so v obliki
substitucij (zamenjave med bazami), insercij (dodatek ene baze) ali delecij (izguba ene
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baze). Torej so te spremembe tako imenovani polimorfizmi posameznih nukleotidov
(SNP), ki so zelo Steviléni v humanem genomu in zato Kljub njihovi preprostosti in
dokaj nizki informativnosti posameznega SNP-ja zelo zanimivi za ¢edalje obSirnejse
preiskave. Ocenjeno je, da obstaja ve¢ kot 10 milijonov moznih mest v humanem
genomu, Kjer se lahko pojavi sprememba v eni bazi in jim pripisujejo kar 90-odstotno
odgovornost za razlikovanje med posamezniki na nivoju DNA. Med drugim pa imajo
SNP-ji zelo nizko mutacijsko stopnjo (velikostnega razreda 10®) (Kidd in sod., 2006),
ki je priblizno sto tiso¢krat manjSa kot pri STR oznacevalcih (danes najpogosteje
uporabljeni v forenzi¢nih preiskavah), in so obenem tako bolj primerni za dolocevanje
evolucijskega izvora posameznika, dokazovanje starSevstva in tudi za doloCevanje
fenotipskih znacilnostih ljudi (Budowle, 2004). SNP-je je mozno analizirati s pomocjo
ve¢ razlicnih metod in mozna je hkratna analiza ve¢ SNP-jev, kar omogoca vecjo
fleksibilnost in avtomatiziranost analiz (Brookes, 1999).

Vecje zanimanje za raziskovanje SNP-jev se je zacelo leta 2000, ko sta dva vecja
konzorcija (Human Genome Project in International HapMap Consortium) zacela z
raziskavami in objavami SNP-jev. Sedaj objavljena zbirka obsega Ze 53.558.214
specificnih sprememb humanega genoma (dbSNPSummary, 2012), od tega jih kar
85,0 % predstavljajo SNP-ji (Giampoli in sod., 2012). Ravno s podatki iz omenjene
zbirke SNP-jev in njihovimi alelnimi frekvencami, specifiénimi za posamezno
populacijo, smo lahko primerjali alelne frekvence oziroma njihovo poli-/monomorfnost
s podatki, pridobljenimi za naso populacijo. Slovensko populacijo smo primerjali z
alelnimi frekvencami CEU, ki predstavljajo evropsko populacijo. Podatki izvirajo od
prebivalcev zvezne drzave Utah (ZDA), ki so potomci prebivalcev iz severne in
zahodne Evrope (Giampoli in sod., 2012).

Za analize SNP-jev je razvitih in se $e razvija mnogo razli¢nih genotipizacijskih metod,
ki temeljijo na razliénih molekularnih mehanizmih in z njimi povezanimi detekcijskimi
metodami. V nasi raziskavi smo za analizo SNP-jev uporabili metodo SNaPshot™ ob
uporabi komercialnega kompleta SNaPshot™ Multiplex Kit (AB) (ABI..., 2010).
Metoda SNaPshot™ je Ze uveljavljena kot ob&utljiva, ponovljiva, robustna in
fleksibilna metoda ter cenovno dokaj primerna za forenzi¢ne preiskave. Komercialna
metoda SNaPshot™ (AB) je osnovana na za¢etnem minisekveniranju, ki mu sledi
elektroforezno loCevanje produktov in hkratna fluorescenéna analiza le-teh. Pri
SNaPshot™ metodi so neoznaceni zagetni oligonukleotidi izbrani tako, da se veZejo tik
pred mestom to¢kovne mutacije, medtem ko se na samo polimorfno mesto med
pomnoZevanjem veze posamezni fluorescen¢no oznaceni ddNTP. Ustrezno kapilarno
lo¢evanje produktov po barvi in dolzini je omogoceno z dodajanjem nespecifi¢nih
nukleotidnih repkov na 5'- konec minisekvencnih oligonukleotidnih zacetnikov, ki se
med seboj razlikujejo za nekaj baznih parov (Sanchez in Borsting, 2003; Sobrino in
sod., 2005).
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Slika 3: PodaljSevanje posameznega nukleotida s pomoc¢jo podaljSevanja zacetnega nukleotida (ABI..., 2010)
Figure 3: Single nucleotide primer extension (ABI..., 2010)

1.2.3 Raziskanost SNP-jev v pigmentacijskih genih

Prve objave na podro¢ju pigmentacijskih genov, ki segajo ze v leto 1995, so takrat
najbolj raziskani gen MC1R in njegove SNP-je — rs1805005, rs1805007, rs1805008 —
povezovale z Ze prej omenjeno rdeCkasto obarvanostjo las, svetlejSim tenom koze ter z
moc¢no obcutljivostjo koze na UV sevanje (Velverde in sod., 1995). Vendar pa so te
preiskave deloma obstale, saj so ti polimorfizmi vezani na manjsi del populacije, in
sicer s severnejSega predela Evrope in njihove potomce (Box in sod., 1997; Smith in
sod., 1998).

Kljub temu da so SNP-jem (rs7170989, rs7495174, rs1800407 in rs1667394) znotraj
gena OCA2 do nedavnega pripisovali najvecji pomen pri pigmentacijski obarvanosti oci
in las, pa so Studije SNP-jev rs12913832 in rs1129038 znotraj gena HERC2 (Visser in
sod., 2012) mo¢no spremenile mnenja. Nakazujejo namre¢, da bi lahko ravno gen
HERC2, ¢e ne morebiti ravno omenjeni SNP rs12913832, imel poglavitno vlogo pri
pigmentacijski obarvanosti o¢i, las in koze pri ljudeh. Raziskave so tako dognale, da je
SNP rs12913832, ki lezi v intronu 86 gena HERC2 (to je 21 kb navzgor nad
promotorjem gena OCA2), glavni ojacevalec ekspresije gena OCA2. T-alel SNP-ja
rs12913832 tako okrepi transkripcijske faktorje, ki v kombinaciji s kromatinsko zanko
spodbudijo transkripcijo gena OCA2. To omogoci povecano sintezo melanina in s tem
povezano temnejSo pigmentacijsko obarvanost. Po drugi strani pa C-alel SNP-ja
rs12913832 tako spremeni vezavno mesto transkripcijskih faktorjev, da se ne tvori
ustrezna oblika kromatinske zanke in zato ne pride do intenzivnejse sinteze melanina.
Do sedaj so bile ravno te raziskave najbolj intenzivne in usmerjene predvsem v
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potrditev, kako lahko posamezni SNP vpliva na specifi¢ne pigmentacijske znacilnosti,
vendar se moramo zavedati, da na specificno pigmentacijsko znacilnost vpliva Se
mnogo drugih genov in njihovi polimorfizmi posameznih nukleotidov (Visser in sod.,
2012).

Za pigmentacijski gen SLC45A2 sta najbolj raziskana polimorfizma rs26722 in
rs16891982. SNP rs16891982 naj bi imel posredni vpliv, torej vpliv v interakciji z
drugimi pigmentacijskimi geni oziroma SNP-ji, na temnej$o obarvanost las (Branicki in
sod., 2008). V prvih raziskavah so velik vpliv na pigmentacijsko obarvanost, in sicer na
svetlejso polt, pripisovali tudi genu SLC24A5 in SNP-ju rs1426654 (Soejima in Koda,
2007). Vendar pa so nadaljnje preiskave potrdile, da je omenjeni SNP fiksiran v celotni
evropski populaciji in torej neinformativen za dolocanje vecine pigmentacijskih
znacilnostih. V povezavi z dolo¢enimi oblikami albinizma so bile opravljene tudi
mnoge analize gena TYR in analize SNP-jev rs1393350 in rs1126809, ki naj bi vplivala
na svetlejso polt in svetlejSo pigmentacijsko obarvanost las in o¢i (Nakamura in sod.,
2002; Soejima in Koda, 2007).

1.3 STATISTICNA NAPOVEDNA MODELA

Za oceno uspesnosti napovedovanja pigmentacije obarvanostioci in las 12 SNP-jev smo
uporabili dva statisticna napovedna modela, in sicer naivni Bayesov model in model
logisti¢ne regresije. Pri tem smo v obeh primerih za ucno skupino uporabili 80
naklju¢no izbranih prostovoljcev (77,0 %) z znanimi genotipskimi in fenotipskimi
lastnostmi. Oba statisticna napovedna modela sta bila nato ocenjena s pomocjo
preostanka 24 prostovoljcev (23,0 %) oziroma testne skupine z znanimi genotipskimi in
fenotipskimi lastnostmi. Uspesnost napovedi je pri statistiénih napovednih modelih v
veliki meri odvisna od pravilne kategorizacije, ki pa je zaradi subjektivnega
kvalitativnega ocenjevanja obarvanosti o¢i in las zelo oteZena. Pri ocenjevanju smo
pigmentacijsko obarvanost oci in las razdelili v tri oziroma dve kategoriji. Posameznike
smo po obarvanosti oCi razdelili najprej v tri kategorije: modra, rjava in vmesna
obarvanost, v nadaljevanju pa le v dve kategoriji: svetla in temnejSa obarvanost. Glede
na obarvanost las smo jih sprva ravno tako porazdelili v tri kategorije: blond, temno
blond/svetlo rjava in temno rjava/€rna obarvanost, v nadaljevanju pa v le dve kategoriji:
svetla in temnejSa obarvanost (Po$piech in sod., 2012).

1.3.1 Naivni Bayesov model

Naivni Bayesov model napoveduje verjetnost za fenotipsko znacilnost posameznika
(npr. obarvanost o¢i in las) z uporabo pogojne odvisnosti od vrednosti neodvisnih
spremenljivk oziroma SNP-jev. Pri tem predpostavlja medsebojno pogojno neodvisnost
med temi neodvisnimi spremenljivkami. Naivni naravi Bayesovega modela navkljub, se
je v realnih primerih izkazal za dokaj uspeSnega, njegova prednost pa je tudi ta, da
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potrebuje majhno ucno skupino za uspeSnost napovedi (Halloran, 2009). Bayesov
model torej omogoca izracun verjetnosti za obarvanost oc€i in las posameznika z znanim
genotipom na podlagi predhodno dolo¢ne posteriorne verjetnosti, pridobljene s pomocjo
ucne skupine. Na podlagi znanih genotipskih in fenotipskih lastnosti u¢ne skupine smo
dolocili pogojno verjetnost doloCenega genotipa za specificno obarvanost o¢i oziroma
las (Po$piech in sod., 2012).

Za posameznike iz testne skupine smo nato lahko na podlagi znanega genotipa petih
SNP-jev dolocili posteriorno verjetnost oziroma napoved verjetnosti, da imajo
specifi¢no obarvanost o¢i oziroma las. Pri tem je bila uporabljena Bayesova enacba (1)
kot kvocient dveh pogojnih verjetnosti; verjetnost opazenega genotipa, ki podaja
posameznikovo specificno obarvanost o¢i oziroma las Pr (Mj/Hk=x), in sestevek
verjetnosti opazenega genotipa, ki podaja posameznikovo druga¢no obarvanost oci
oziroma las Zn:Pr(Mj/Hk).
k=1

Bayesova enacba (1) vsebuje tudi apriori komponento, torej razmerje verjetnosti, da ima
posameznik v specifi¢ni populaciji znacilno obarvanost o¢i oziroma las Pr (H k=) in
seStevek verjetnosti, da ima posameznik v specifi¢ni populaciji drugacno obarvanost o¢i

n
oziroma las E Pr(HKk) . A ker nam izvor posameznika v forenzi¢nih preiskavah po
k=1

navadi ni v celoti znan, apriori verjetnosti ne moremo upoStevati in je verjetnost
Pr(Hk)=1/n za vse odtenke obarvanosti o¢i oziroma las enaka. Torej so bile apriori
verjetnosti dolo¢ene kot 0.33 pri kategoriziranju v tri skupine obarvanosti in kot 0.5 pri
kategoriziranju v dve skupini obarvanosti, saj smo se s tem opredelili, da nam
populacijski izvor posameznika ni znan (Po$piech in sod., 2012).

Bayesova enacba:

Pr(HI:i ) Pr(Hy_y)
PF(Hk=X/Mj = - _XM]_ (1)
Yh=1 Pr(H—k> Pr(Hg)

Mj — specifi¢en multilokusni genotip petih SNP-jev
Hk — specifi¢na obarvanost o¢i oziroma las posameznika

Tako smo za 24 posameznikov v testni skupini doloc¢ili posteriorno verjetnost oziroma
napoved verjetnosti (angl. prediction probability) za specificno obarvanost o¢i oziroma
las. Potem pa smo ocenili uspesnost napovedi omenjenega modela s pomoc¢jo ROC
analize, ki je opisana v nadaljevanju.
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1.3.2 Model logisti¢ne regresije

Za razliko od naivnega Bayesovega modela sam diskriminativni model logisti¢ne
regresije ne predpostavlja pogojne neodvisnosti med neodvisnimi spremenljivkami
oziroma SNP-ji. Model logisti¢ne regresije je namre¢ osnovan tako, da napove izid na
osnovi povezanosti neodvisnih spremenljivk in pripravi napovedno enacbo (Halloran,
2009). Torej smo uporabili logistino regresijo, kjer ve¢ neodvisnih spremenljivk
(genotip posameznika, ki ga predstavlja pet specificnih SNP-jev) hkrati vpliva na ve¢
odvisnih spremenljivk, in sicer multinominalni (obarvanost o¢i oziroma las, razdeljena
v tri kategorije) oziroma binarni model (obarvanost o¢i oziroma las, razdeljena v dve
kategoriji) (Liu in sod., 2009; Walsh in sod., 2011b).

V spodnjem primeru predstavljamo le primer, ko ima odvisna spremenljivka (Y) tri
vrednosti (npr. modra, rjava in vmesna kategorija obarvanosti oci). Standardna
multinominalna logisti¢na regresija se za npr. modre o¢i izraza s funkcijo logit takole
(2) (Liu in sod., 2009):

logit (P (y = modre o¢i -~ x, ...x5)) =In :—1 = a; + 2B(MmMxk  -..(2)
3

Xk — je Stevilka manj pogostega alela (angl. minor allele) dolo¢enega k-tega SNP-ja (k = 1-5)
m — verjetnost, da ima posameznik npr. modre o¢i

V omenjenem primeru, ko ima odvisna spremenljivka Y tri vrednosti, izraCunamo $e
dve logit funkciji (za rjavo in vmesno kategorijo obarvanosti o¢i), pri katerih je tretji
logit odvisen od prvih dveh. Vse izracune logit funkcij smo opravili s pomocjo
statisticnega programa SPSS 19.0 (SPSS Inc., Chicago, IL, USA) in s tem ovrednotili
modelna parametra, alfa (o) in beta (B), z uporabo enake ucne skupine, kot smo jo
uporabili pri prvem, naivnem Bayesovem modelu (Liu in sod., 2009).

Na podlagi dolo¢enih modelnih parametrov smo dolo¢ili napoved verjetnosti (angl.
prediction probability) za specificno obarvanost oci oziroma las pri vsakem
posamezniku v testni skupini. Npr. pri obarvanosti oc€i, ki je razdeljena v tri kategorije,
smo na osnovi logisti¢ne regresije dolocili verjetnosti, da je posameznik rjavook (my),

modrook (m) oziroma da spada v vmesno kategorijo (m3), na osnovi naslednje enacbe
(3) (Liu in sod., 2009):

exp(ay+ 3 BT )X (3)

1+exp(aq+ X B(Tm1)kXK)+ exp(az + X B(T2)kXk)
Xk — je $tevilka manj pogostega alela (angl. minor allele) dolo¢enega k-tega SNP-ja
o in 3 — modelna parametra

M

Potem smo ponovno ocenili uspesnost napovedi modela logisti¢ne regresije s pomocjo
ROC analize.

11
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1.3.3 Preverjanje uspeSnosti statisti¢cnih napovednih modelov s pomocjo ROC
analize

Verjetnosti napovedi za posamezno obarvanost o€i oziroma las pri vsakem
posamezniku testne skupine smo s pomocjo kontingencne tabele (angl. confusion table)
velikosti 2 x 2 razvrstili v §tiri mozne vrste izidov, ki so;
pravilna pozitivna napoved — TP,
pravilna negativna napoved — TN,

- napacna pozitivna napoved — FP in

- napacna negativna napoved — FN.
Za pravilno napovedano obarvanost smo na podlagi predhodnih objav (Liu in sod.,
2009) v vseh primerih uporabili mejno vrednost verjetnost napovedi > 0.7 (angl.
treshold). Torej smo pri celotni testni skupini za posamezno obarvanost o¢i oziroma las
dolocili enega od moznih izidov. Npr. za modrooko skupino posameznikov smo najprej
presteli vse modrooke, ki so bili napovedani pravilno (TP), nato smo presteli vse
modrooke posameznike, ki niso bili napovedani kot modrooki (FN), nato smo presteli

vse posameznike, ki niso imeli modrih o¢i, vendar so bili napovedani kot modrooki
(FP), na koncu smo presteli $¢ vse posameznike, ki niso imeli modrih o¢i in so bili
napovedani kot nemodrooki (TN) (Liu in sod., 2009).

V povezavi z zgoraj opisanimi izidi je pri raziskavah SNP-jev najpogosteje uporabljani
kriterij za preverjanje uspesSnosti statisticnih napovednih modelov predstavljen z
naslednjimi vrednostmi:

- obcutljivost (angl. sensitivity)

- specificnost (angl. specificity),

- pozitivna napovedna vrednost — PPV in

- negativna napovedna vrednost — NPV
S pomocjo teh vrednosti smo nato s pomo¢jo programa SPSS 19.0 (SPSS Inc., Chicago,
IL, USA) izvedli ROC analizo, s katero smo Zeleli grafi¢no ponazoriti uspesnost dveh
statisticnih napovednih modelov. ROC krivulja ponazarja odnos specificnosti in
obcutljivosti pri posameznem modelu. Na y osi grafa se nahaja obcutljivost oziroma
resni¢no pozitivni rezultati (angl. true positive rate — TPR), na X osi pa lazno pozitivni
rezultati (angl. true negative rate — TNR) oziroma 1 — specifi¢nost. Tako model z visoko
uspesnostjo napovedi dosega visoko obcutljivost (veliko resni¢no pozitivnih rezultatov)
in ima visoko specificnost (majhno Stevilo lazno pozitivnih rezultatov). Pri modelih z
bolj uspesno napoved;jo se krivulja priblizuje levemu gornjemu kotu, kjer imamo veliko
Stevilo resni¢no pozitivnih rezultatov in majhno Stevilo lazno pozitivnih rezultatov.
Tako lahko vizualno ocenimo uspeSnost napovedi posameznega modela in ju
primerjamo med seboj (Zhu in sod., 2010).
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1.4 HIPOTEZE

Hipoteze, ki smo jih postavili, so bile naslednje:
Dolocanje spola donorjev bioloskih sledi v forenzi¢nih analizah lahko temelji tudi na
paru novih zacetnih oligonukleotidov znotraj gena SRY z amplifikacijskim produktom
dolzine 96 baznih parov, ki se pojavi le pri moskih.

Hkratno pomnozevanje novega para zacetnih oligonukleotidov lahko poteka v hkratni
PCR reakciji ob prisotnosti drugih enajstih zacetnih oligonukleotidov ter ob pogojih
PCR, ki jih narekuje komercialni validirani komplet AmpFISTR® SGM™ Plus
amplification (AB) (AmpFISTR..., 1997). Vkljucitev novega para zaCetnih
oligonukleotidov pa naj bi bila uspesna tudi pri ostalih komercialnih kompletih npr.
AmpFISTR® NGM™ amplification (AB) (Priloga A).

Analize dvanajstih polimorfizmov posameznih nukleotidov (SNP-jev) v povezavi s
pigmentacijskimi znacilnostmi ljudi bodo v novem kompletu potekale z novim naborom
zacetnih oligonukleotidov, primernih za hkratno pomnoZzevanje v hkratni klasicni PCR
reakciji (24 parov zaletnih oligonukleotidov) in v hkratni minisekvencni SNaPshot™
reakciji (12 parov zacetnih oligonukleotidov).

Frekvence alelov oziroma poli-/monomorfnost dvanajstih SNP-jev kompleta bodo

potrdile, da je slovenska populacija del SirSe evropske kavkazijske populacije
(primerjava s podatki CEU na portalu NCBI SNP).

Variacije izbranih dvanajstih SNP-jev dolo¢ajo specifi¢no pigmentacijsko obarvanost
oc¢i in las v slovenski populaciji.

Variacije Sestth SNP-jev (Stirth SNP-jev v sklopu nasega kompleta in dodatnih dveh
SNP-jev) dolocajo specifi¢no pigmentacijsko obarvanost o¢i v slovenski populaciji.

Izbrana statisticna napovedna modela, naivni Bayesov model in model logisticne
regresije, bosta uspesno napovedala posamezno obarvanost o¢i in las za slovensko

populacijo.

Uspesnost napovedi modela logistiCne regresije za specificno obarvanost o¢i bo
primerljiva z objavljenimi raziskavami, ki zajemajo SirSo evropsko populacijo.

13
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2 ZNANSTVENA DELA
2.1 VALIDACIJA SRY OZNACEVALCA ZA PRIMERE FORENZICNIH PREISKAV

Validation of SRY marker for forensic casework analysis
V. Kastelic, B. Budowle in K. Drobni¢

Journal of Forensic Sciences, 2009, 54, 3: 551-555

doi: 10.1111/j.1556-4029.2009.01007.x

Vecina analiz v forenzicnih preiskavah temelji na preiskavah lokusov STR na
avtosomalnih kromosomih, vendar sta spolna kromosoma klju¢na pri dolo¢anju spola
posameznika. V forenzi¢nih preiskavah dolocanje spola temelji predvsem na preiskavi
amelogeninskega gena. Ceprav je ta oznadevalec dokaj zanesljiv, se zadnje &ase
pojavljajo vprasanja o nedvoumnosti dobljenih rezultatov, saj je v literaturi opisanih
vedno ve€ primerov mutacij, katerim je podvrzen amelogeninski gen zaradi katerih je
dolocitev spola napa¢na. Mnogo raziskovalcev je zacelo vkljucevati tudi druge genetske
oznacevalce v identifikacijske teste za ugotavljanje spola, med drugimi tudi oznacevalce
znotraj gena SRY, ki lezi na kromosomu Y. Zato smo tudi mi znotraj njega skonstruirali
nov par zacetnih oligonukleotidov ter del gena uspe$no pomnozili tudi v hkratni reakciji
pomnozevanja znotraj enega bolj uporabljenih forenzi¢nih komercialnih kompletov. Za
moznost vkljuitve novega genetskega oznaCevalca SRY v komercialni komplet
AmpFISTR® SGM™ Plus amplification (AB) smo izvedli ustrezne validacijske Studije.
Validacijske Studije so tako vkljucevale ponovljivost, obcutljivost, spolno specifi¢nost
in Studije meSanih vzorcev za potrebe pomnoZzevanja novega para zacetnih nukleotidov
v hkratni reakciji PCR, ki jih pogojuje komercialni komplet. Izbrani SRY-oznacevalec
se je izkazal za zanesljivega, saj smo produkt dolZine 96 bp uspe$no pomnozili pri vseh
115 testiranth moSkih in med zaCetnimi oligonukleotidi nismo zaznali navzkriznih
pomnoZzevanj ali dimerov. Obenem pa tudi za obcutljivega, saj smo 96 bp dolg produkt
pomnozevanja zaznali tudi pri minimalnem zafetnem vnosu DNA (25.0 pg).
Nespecificnega pomnoZevanja nismo opazili niti pri 10 ng DNA Zenske osebe.
Oznacevalec SRY smo zaznali tudi v meSanih sledeh, ko je zenska DNA prevladovala
nad mosko v razmerju 16:1. Produkt pomnozevanja gena SRY smo dokazali tako tudi
pri moskih, ki imajo delecijo v amelogeninskem genu, oziroma pri moskih, ki so bili
doloceni kot Zenska oseba, ko smo za dokazovanje spola uporabili le amelogeninski
genetski oznaCevalec. Nov par zaCetnih oligonukleotidov je primeren za vkljucitev v
komercialni komplet AmpFISTR® SGM™ Plus amplification (AB). S vkljugitvijo
novega para zacetnih oligonukleotidov bi se zmanjSala moznost napacne napovedi spola
donorja posamezne bioloske sledi, saj bi komercialni kompleti tako vsebovali dva
oznacevalca za moski spol. SRY-oznacevalec bi obenem sluzil kot notranja kontrola.
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Vanja Kastelic,' B.S.; Bruce Budowle,® Ph.D.; and Katja Drobnic' Ph.D.

Validation of SRY Marker for Forensic

Casework Analysis

ABSTRACT:

Determining the gender of the source of forensic DNA evidence is based on the amelogenin fest. However, at times the assay

may not be indicative of gender assignment, because of deletions at the amelogenin site. Previoudly, we described successful coamplification of a
marker residing within the SKY gene with the short tandem repeat markers fom two commersially available human identification kits. The study
hersin addresses the validation of primers for the target SRY gene regarding specificity, sensitivity, and robustness. Among 115 unrelaed male Slove
nians no mull allele was observed. Repeatable and reliable results were obtained from as Htle as 25 pg of template DNA, indicating a high sensitivity
of detection for the assay. No polymerase chain reaction product was observed even at a concentration of 10 ng/ul of template female DNA. Addi-
tionally, the male specific marker could be detected in mixed male and female samples down to a ratio of 1:16.

KEYWORDS: forensic science. DNA typing, validation, sex determination, amelogenin gene, SRY gene, mutation

Determining the gender of the source of a forensic DNA sample
ar times can be informative in vanious foretsic investigations, espe-
cially in sexual assault cases. Sex determination is routinely per-
formed by amplification by the polymerase chain reaction (PCR})
of a region of the amelogenin. The assay typically generates a
106 bp long fragment from the X clvomosome and a 112 bp long
fragment from the Y chromoseme (1), In the forensic field, the
amelogenin (AMEL) gender test is carried ont as part of a multiplex
assgy wsing commercially available identification kits, such as
AmpHISTR® SGM™ Plus kit {Applied Biosystems, Foster City,
CA) and PowerPlex™ 16 System (Promega Corp., Madison, WI).

However, several studies have shown that the amelogenin gen-
der test may not always be concordant with tue male gender in
forensic casework or in prematal diagnosis (2-5). This discrepancy
is because of the structural varability within the Y chromosome
{6-9). Deletions of AMELY can result in no amplification product
and these nufl AMELY alleles can occur up to about 8.0% in
some population groups (3.5,7.8,10-17). In the Slovenian male
population AMELY null allefes are infrequent occurring in one out
of 8300 male individuals (17). Using the YFiler'™ kit (Applied
Biosystems), this AMELY null male also was mull ar the DYS458
locus. Thus, the data support that the null allele is likely the
result of a larger deletion on the short amm of the Y
chromeosome.

To reduce the potential interpretation difficultes in the few cases
where gender misinterpretation may be problematic, some authors
have mvestigated using genetic markers lying in the sex-determina-
tion region Y {SRY) on the ¥ chromosome (6,7.9). In these studies,
the SRY assay was performed as an additional singleplex PCR or
in combination with primers for AMEL However, this approach
requires an additional assay subsequent to AMEL and short tandem
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repeat (STR) typing, thus consuming more evidentiary material, a3
well as being Jaborious and time consuming.

Drobui¢ (17) reported. suecessful amplification of a novel marker
residing in the SRY gene which resulis in a 96 bp long PCR prod-
uct and be incorporated into either the AmpRISTR™ SGM™ Plus
(Applied Biosystems) or PowerPlex® 16 System (Promega Corp.)
wdentification kits. Thus, it 1s feasible to incorporate the SRY gene
assay into any routine AMFL and STR analysis. Moreover, the
small sive of the SEY amplicon provides two benefits for forensic
DNA testing. First, male gender defermination can be successful
when typing degraded forensic samples, at least as successful as
that for AMFEL. Second, because of its short length, the SRY ampli-
fication product does not migrate with any of the AMEL or STR
alleles in the multiplex STR Kits.

The present study was undertaken to perform some validation
studies on the SRY marker for use in forensic cases, Validation of
the SRY marker was performed in accordance with the recommen-
dations of the SWGDAM revised validation guidelines (18). The
validation studies included repeatability, sensitivity, gender specific-
ity, and mixture studies.

Materials and Methods
Quaritification and PCR Amplification

Quantification of DNA was conducted using the Quantifiler™
Human DNA Quantification Kit {(Applied Biogystems) with 2.0 pL.
of DNA extract on the ABI Prism 7000 Sequence Detection Sys-
tem (Applied Biosystems).

Amplification of DNA was performed using the SRY primers
under AmpFISTR® SGM™ Plus (Applied Biosystems) marmifac-
turer's recommendations as reported previously (17). A singleplex
DNA amplification was camied out in a total volume of 235 pl. con-
taining 5 UZuL AmpliTaq Gold® Polymerase, 0.2 yM forward
SRY primer, 0.24 pM reversed SRY primer and 10.0 pl 10x Gold®
STR bufler (Applied Biosysterns) in a Perkin-BHlmer 9600 thermal
cycler (Applied Biosystems). A singleplex IINA amplification was
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used in &l studies except for the mizhare study. Minnare stadies
were carmied ouf as mulfiplex amplificsfion. The same amount of
SEY primeas 2 used in a singleplex reaction was coamplified with
the AmpFISTR® SOM™ reaction mixture i a total volume of
25 pL following the procedures described in the techmical mamual.
Ten microliters of appropriately ditated DNA were added to each
tube so that the final template input enge was .1-1.0ng.

DNA Typing

Amplified product was combined with the Genscan-300 ROX
intemal line standard and loaded on an ABI Prsm®™ 310 Genetic
Anglyzer as described by the mamifscturer (Applied Biosystems).
Sarnples were injected for 5 sec at 15 KV and electrophoresiz was
conducted 2 15 kY apd 60°C with Peformance Optimized Poly-
mer 4 (POPF™ 4, Applied Biosysterns). Data fom samples ampli-
fied using A.mpFlSTR® SGM™ Phe PCR Amplification kit were
collected wsing ABI Prasm Collection software version 3.7 with
virtuzl filter set F. Results were analyzed wsing GeneScan® 3.7
analysis software. Using Garmtypar{D version 3.7 analysis software
tApplied Biosystems), STR allele designations were made based on
companson with the allelic ladder. The SEY allde calls wae made
manaally usng the amplicon length detemmined using GeneScan”™
37 analysis software.

Repeatability

DNA samples were obfained from buccal swabs taken from 115
unrelated male individuals from our casework The samples were
extracted wsing the chelex exraction method (15). The samples
were prepared by serizl dilution from samples of known concentra-
tion. DNA was added in each PCR at 2 concentration range of 0.5
to 1.0 ng/pL and amplified under AmpFISTR™ SGM™ Plus manu-
facturer's recommendations. The samples were malyzed three times
by the same operator using the same ARI Prism®™ 310 Genetic
Analyzer (Applied Biosysterns).

Sensitivity Studies

Varying amounts of male confrol DNA (07 (Applied Biogys-
tems) (remging from $.025 to LOngAul) and of male DNA case-
work samples (Tanging from 0625 to 10 ngAul) were amplified
to defemmine the minirur amount of input DNA thet could be
used to obtain a SRY profile. Each quantity of contral snd DNA
casework sample were tested three times.

Gender-Specificity Studier

A male conirol cell line DNA (994%), female cell ine control
DNA (9847A) (Promega Comp) and one mae and one female
DMNA sample from our casework were amplified af 2 concenfrafion
of L4 ng/ul, respectively.

Singleplex reactions uzsing owr designed primer set for the SEY
locus were performed with female confral DNA 9847A (Promega
Corp.) at concenfrations of 1, 5, and 10 ng/uL.

Mixture Studies

Male—female mixture studies were performed on five different sets
of male and female DNAs from owr casewark af rafios of 1:1, 12,
1:4, 1:8 and 1:16. Each rmixture was tested twice. The amount of
female casework DNA was held constant at 1.5 ng, while the amount
of male casework DNA vared from 1500 down to 93.7 pg.
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Results aml Discussion

A validation study was camied ouf to define some limitafions of
SRY typing of forensic specimens wsing the SEY merker developed
by Drobnié (17). The validation studies included repeatshility, sen-
stivity, gender specificity, :nd mixfure mmalyses.

Repeatability

The amplificafion and typing of the SEY marker was successtul
for all 115 male samples and there were no discrepancies with gen-
der assignment. The amplification was camied out in a dngleplex
reaction. All 115 male samples were tested af three different capil-
lary electrophoresiz condifions but with the same ABI Prism®™ 310
Genetic  Analyzer (Applied Biosystems) and vielded sizes of
9444 + 17 bp, 9447 + 018 bp, apd 54.36 = 006 bp.  These
lengths in bp are slightly lower them the kmown 56 bp size of the
amplicon. Such differences are well kmown when using capillary
dlectrophoresis (200, Howewver, the results demonsirate the more
important factor for genetic typing that the precision iz exceedingly
high. The new primer set for the SRY marker enables precize and
repeatable results for male gender determmination as a single system.
Because no null allele was obzerved there is strong sapport that the
primer hinding sites are conservative amd that the SEY marker is a
good camdidate for o relishle mele gender test for forensic purposes.
However, with a sample of 115 males a mall allele can coour at a
frequency as high a= 3% (at 95% confidence level) and mot be
detected Further testing should be done on a larger mamber of
male samples to obtain a better assessment of potential primer
binding site vemants with the SEY mearker region.

Sensitivity Studies

Amplification and correct typing was achieved at all concentra-
tions ranging from (1125 to 1.0 ng/pl of the male control DNA
OF7 (Applied Biosystems) and the male DNA casework sample
The amplification was camied ot in a singleplex reaction. While
the optimal gquemfity of template DNA was 1O ng, conclusve
typing of the SK¥ marker was effective over a wide range of input
ternplite DNA, making the test applicable for challenged foremsic
DA samples. The lower Lt of template male control DNA (HF7
(Applied Bicsysterns) that vielded SE¥ PCR product with a peak
height over 260 relsfive fluorescent wmits (RFU) was 50 pg, wnd as
little as 25 pg of template DNA were sufficient to generate a SRY
peak with a heght of 30 RFU: (Hg. 1), The data were consistent
over most replicates and support thet the assay for the SRY marker
iz very semsitive for pure, nondegradated DNA. However, at
62.5 pg of casework male DNA some drop-ouwt was ohserved
(Fg. 2). Therefore, reliable male gender detemmination for roufine
forensic samples could be ohserved af a DNA quanfity as low as
125 pg.

3 [+ [R5 [ acas
DGRz IR g |

[

FIG. 1 Sersiivite studies wsing consecitive dilutions of genowmic of male
conrrvel DNA 007 [Appled Biosysrems) from MMM pg down w0 25 pg, ana
rzed on the ABT Prign® 110 Geretic Analyzer.
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FIG. 2—Sensitivity studies using consecutive dilutions of three unrelated
DNA casework samples from 1000 pg down 1o 62.5 pg, analyzed on the ABI
Prism”™ 310 Genetic Analyzer. The figure shows the amplification of three
different male DNA casework samples.

Gender-Specificity Studies

Two female DNA samples were tested for cross-reactivity with
the SRY marker assay in a singleplex amplification. The assay
failed to produce detectable SRY product from female control DNA
even at concentrations of 5 and 10 ng/pL. The results of the failure
of amplification of SRY product from female control DNA 9947A
(Promega Corp.) and a female DNA casework sample at the con-
centration 1.0 ng/pL are shown in Fig. 3. The data support that the
new set of SRY primers is highly specific for the SRY gene on the
Y chromosome.

KASTELIC ET AL. « SRY ANALYSIS 553

FIG. 4

Mixture studies—comparison of peak heights of SRY gene pro-

file and AMELY gene profile in admixed samples with constant female

DNA concentration and decreasing concentration of male DNA,

Mixture Studies

The mixture study was carried out in a multiplex reaction. SRY
primers were coamplified with STR primers from the AmpFISTR®
SGM™ kit, The presence of a high background of female DNA in
a sample had no impact on amplification of SRY marker down to
the tested ratio of 1:16 (93.7 pg male DNA:1.5 ng female DNA).
The decrease in peak height from approximately 1800 RFU to
approximately 160 RFU of the SRY component is concomitant with
a reduction of male DNA concentration in the mixed samples
(Fig. 4). These results are consistent with those observed for the

1
100 150 200 250

male control DNA 9948

2000

female control DNA 9947A

male DNA casework sample, chelex extraction

~2000

SR

female DNA casework sample, chelex extraction

60

FIG. 3—Electropherograms of male control DNA 9948—1 ng/ L, of female control DNA 9947A

female—1 ng/ul. DNA sample from our casework.
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600
400
200
NE
2:1
* FMM-2-07 fsa 20 Green 1.5 ng FEMALE - 0.75 ng MALE
(3000
{2000
/\ (1000
FMM-3-07.fsa 21 Blue 1.5 ng FEMALE - 0.375 ng MALE
200
=150
100
50
)
4:1
FMM-3-07 fsa 21 Green 1.5 ng FEMALE - 0.375 ng MALE
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FIG. 5—Mixture studies—amplification of female and male DNA casework sample. Partial electropherogram that capture amelogenin (AmpFISTR® SGM ™

Plus kit [Applied Biosystems]) and SRY genes—profiles are shown from top to bottom, with constant female concentration of DNA (1.5 ng) and decreasing
concentration of male DNA: 1:1 (1.5 ng male DNA), 2:1 (750 pg male DNA), 4:1 (375 pg male DNA), 8:1 (187.5 pg male DNA), and 16:1 (93.7 pg male
DNA).
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AMELY (data not shown). The robustuess and sensitivity of the
SRY assay In mixed samples is demonstrated at mixture ratios of
1:16 with & total of 93.7 pg male DNA I companison with the

AMELY allele assay (Fig. 5). AMEL

was only detected success-

fully at a mixmre ratio of 4:1 with 375 pg male DNA. Therefore,
mixtures with low amowts of male DNA amidst high concentra-
tions of fernale DNA can be typed with the SEY male gender mar-
ker assay.

Conclusions

The validation studies reported herein support that the SRY male

gender marker developed by Drobmi¢ (17) is sensitive, relinble, and
can be used in concert with commercially available human STR
identification kits to successfully type DNA derived from forensic
samples. The SRY marker assay as a singleplex or mcluded m mnl-
tiplex kits can serve as an adjomct o standard gender typing. Future
studies should include large population scale SRY marker analyses
to detenmine whether drop-out is sufficiently low for forensic gen-
der typing.
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2.2  HKRATNO POMNOZEVANJE MINISEKVENCNIH ZACETNIH
OLIGONUKLEOTIDOV: POVEZAVA MED PETIMI SNP-JI TER OBARVANOSTJO
OCI IN LAS V SLOVENSKI POPULACIJI TER PRIMERJAVA BAYESOVEGA
MODELA IN MODELA LOGISTICNE REGRESIJE

A single-nucleotide polymorphism (SNP) multiplex system: the association of five
SNPs with human eye and hair colour in the Slovenian population and comparison
using a Bayesian network and logistic regresion model

V. Kastelic, K. Drobni¢

Croatian Medical Journal, 2012, 53, 5: 401408

doi.org/10.3325/cmj.2012.53.401

Raziskava vkljucuje gene, za katere so dosedanje Studije potrdile njihov vecji vpliv na
pigmentacijske znacilnosti ljudi. Znotraj Sestih genov smo izbrali in analizirali dvanajst
SNP-jev. Zacetne oligonukleotide smo izbrali oziroma skonstruirali, tako da smo jih
lahko nato zdruzili v hkratni reakciji PCR z namenom doloc¢evanja pigmentacijske
obarvanosti o¢i in las za slovensko populacijo. V raziskavi je sodelovalo 105
prostovoljcev. Variabilnost polimorfizmov posameznih nukleotidov smo analizirali s
pomocjo uvedbe nove metode SNaPshot™ in produkte pomnozevanja analizirali s
kapilarno elektroforezo. Na podlagi pridobljenih genotipskih rezultatov smo s pomocjo
dveh statistiénih napovednih modelov (naivnega Bayesovega modela in modela
logisti¢ne regresije) preverjali uspe$nosti napovedi za posamezno pigmentacijsko
obarvanost o¢i in las v slovenski populaciji. Pri primerjavi obeh statisticnih napovednih
modelov lahko zaklju¢imo, da sta glede na rezultate oba modela primerna, saj smo za
njiju doloc¢ili primerljive rezultate glede uspesSnosti napovedi, vendar smo visje
vrednosti AUC, obcutljivosti in specifi¢nosti za obarvanost oci in las dosegli z uporabo
modela logisticne regresije. To pomeni, da je model logisticne regresije delno
uspesnejsi pri napovedovanju obarvanosti o¢i oziroma las za izbrani vzorec slovenske
populacije. Pri razdelitvi barve oci v tri kategorije smo dolo¢ili vrednosti AUC 1.0 za
modrooke, vrednost AUC za rjavo barvo oc€i je bila 0.832 in za vse vmesne barve o€i
0.747. Pri razdelitvi barve las v tri kategorije smo najbolj uspeSno napovedali
obarvanost pri posameznikih z blond lasmi (AUC=0.913) in s temno rjavimi/¢rnimi
lasmi (AUC=0.832) ter malo manj uspe$no pri posameznikih z blond/s svetlo rjavimi
lasmi (AUC=0.723). V naslednjem koraku smo obarvanost o¢i in las prerazporedili v
dve kategoriji (svetlejSo in temnejSo pigmentacijsko obarvanost), a s tem nismo
bistveno vplivali na uspeSnost napovedi modelov. Vrednost AUC za obarvanost o¢i je
bila tako 0.99 in za obarvanost las 0.93 (enaka za temnej$o in svetlejSo obarvanost), ob
podanih spremljajocih podatkih za obcutljivost in specifi¢nost. Predstavljeni komplet za
hkratno pomnoZevanje se je v naSi raziskavi izkazal za dovolj robustnega in
obcutljivega za pravilno napoved homo-/heterozigotnosti vseh dvanajstih SNP-jev v
naboru za celoten vzorec slovenske populacije.
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Asingle-nucleotide Vanja Kastelic', Katja
. , Drobni¢ 2
polymorphism [SNP] multiplex -

"National Forensic Laboratory,
General Police Directorate, Police,

Sgstem: the aSSOC|at|0n Of Ministry of the Interior, Ljubljana,
. . Slovenia
five SNPs with human eye

2Faculty of Criminal Justice and
Security, University of Maribor,

and hair color in the Slovenian Ljublians, Sloveria
population and comparison

using a Bayesian network and

logistic regression model

Aim To analyze two phenotype characteristics - eye and
hair color — using single-nucleotide pelymorphisms (SNPs)
and evaluate their prediction accuracy in Slovenian popu-
lation.

Methods Twelve SNPs (OCA2 - rs1667394, rs7170989,
rs1800407, rs7495174; HERC2 — rs1129038, rs12913832,
MCIR — rs1805005, rs1805008; TYR — rs1393350; SLC45A2
— 1516891982, rs26722; SLC24A5 — rs1426654) were used
for the development of a single multiplex assay. The sin-
gle multiplex assay was based on SNaPshot chemistry and
capillary electropharesis. In order to evaluate the accuracy
of the prediction of eye and hair color, we used the logis-
tic regression model and the Bayesian network model, and
compared the parameters of both.

Results The new single multiplexassay displayed high lev-
els of genotyping sensitivity with complete profiles gener-
ated from as little as 62 pg of DNA Based on a prior evalu-
ation of all SNPs in a single multiplex, we focused on the
five most statistically significant in our population in or-
der to investigate the predictive value. The two prediction
models performed reliably without prior ancestry inferma-
tion, and revealed very good accuracy for both eye and
hair color. Both models determined the highest pradictive

Received: May 18,2012
value forrs12913832 (P <0.0001}, while the other four SNPs

(rs1393350, 151800407, 151805008, and 1s7495174) showed Accepted: October 1, 2012
additional association for color prediction. Correspondence to:

Vanja Kastelic
Conclusion We developed a sensitive and reliable single National Forensic Laboratory
multiplex genotyping assay. More samples from different General Police Directorate, Police

Ministry of the Interior
Vodovodna 95
Ljubljana 1000, Slovenia
vanja.kastelic@policija.si

populations sheuld be analyzed before this assay could be
used as one of the supplemental tools in tracing unknown
individuals in more complicated crime investigations,

ww.cmij.hr
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Height, face structure, pigmentation of the eye, hair, and
skin, the presence of freckles, and male baldness make up
human externally visible characteristics (EVC). To be able
to predict eye and hair color based solely on biological
material left behind ata crime scene or obtained from dis-
membered missing persons, or even of disaster victims, is
one of the major expectations from the routine forensic
work in the near future (1). However, genetic understand-
ing of human appearance is still in its infancy, mainly due
to the fact that all EVCs are polygenic traits. This means
thatyields from a large number of different genes and the
expression of these genes are further influenced by mutu-
al interactions and environmental interactions (2). Abowve
all, molecular mechanisms and functional protein assays
must alsa be considered in order to really understand how
allelic variation in pigmentation genes could result in such
a diversity of phenotypes in different hurman populations
(3). The human eye (iris) and hair color are one of the maest
highly polymorphic phenotypes in people of European
origin. The non-brown iris colors and red hair are generally
features of European origin resulting from positive selec-
tion in early European history, There are several hypoth-
eses for positive selection that mainly occurred in the Bal-
tic region and Northern Europe. These are maost likely: UV
exposure causing skin cancer, vitamin D deficiency, and
even sexual selection (45). Most EVCs are complex traits
with many genes and single nucleotide polymarphism
(SNP) variations, so the right combination of SNPs is cru-
cial for the correct prediction of eye and hair color. Sever-
al genome-wide association studies (GWAS) for pigmen-
tation have revealed that SNPs within the HERCZ, OCA2,
MCIR SLC24A5, SLCA5A2, TYR, and ASIP (4,6-16) genes were
most strangly associated with eye and hair color in Euro-
pean populations. The latest data have shown that the
rnain iris cclor variation is associated with a highly evolu-
tionarily preserved regien in the HERCZ gene or within the
short sequence between the HERCZ and OCAZ genes. It s
assumned that these regions represent a regulatory region
controlling the constitutive expression of OCA2 (4,11,12).
As for iris color, it has also been explained thatred hair col-
or is mainly associated with pclymorphisms in the MCIR
gene (13,17). On the other hand, the variations of genes
such as SLC24A5, SIC45A, HERC2, and ASIP seem to be re-
sponsible for influencing the shades of hair color from
blend to black (18,19).

In order to correctly predict human eye and hair col-
or from genetic data for the Slovenian population, we

compared two alternative prediction models that are
nowadays used most often in this field of forensics

warw.Cmj.
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— the Bayesian network model and the legistic regression
model. These models were developed and compared on
the basis of the informative SNPs selected from our single
multiplex assay.

MATERIAL AND METHODS
Sample collection

The research included 105 unrelated Slovenian volunteers,
70 male and 35 female donors. Buccal swabs of the adult
volunteers were collected in 2008 using a SAFE Box kit (Fo-
rensiX, Prionics AG, Zurich, Switzerland).

The eye and hair caler of each volunteer were defined ac-
cerding to descriptions provided by the volunteers and
through our observer grading. In the small number of el-
derly volunteers and volunteers with dyed hair, we used
self-assessment for establishing natural hair color pheno-
types. We then categorized each volunteer’s eye and hair
cclor into three groups. Eye color was defined as blue
(44.7%), intermediate (25.7%), and brown (29.6%). For clas-
sification into blue and brown eye color, the eye must have
been clearly composed of one color, regardless of its in-
tensity. However, the classification into intermediate eye
color included all other individuals with green or hazel
eye colors, or those with two or more pigments within the
iris (peripapillary rings or different colored spots). The hair
color was defined as blond (5.7%), dark blend/light brown
(41.0%), and dark brown/black (52.49%).

Red hair coler was not included because our research
group included cnly one red-haired person due to the
small number of red-haired persons in the Slovenian pop-
ulation. A demonstration of prediction accuracy for red
hair cclor based on anly one person’s data are not statisti-
cally acceptable, so we excluded this person and limited
the studly to the three hair color groups. The study was ap-
proved by the Naticnal Medical Ethics Committee in Slo-
venia. Before donating a sample, all the volunteers signed
written consents for the use of their DNA solely for scien-
tific research.

DNA extraction and quantification

DNA was extracted from all the samples using Chelex ex-
traction (20). Isclated DNA was quantified using the real-
time PCR method — ABI Prism 7500 Sequence Detection
System (Applied Biosystems Inc,, Foster City, CA, USA). The
extraction yield ranged between 0.7 and 20 ng/uL per per-
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son. This broad range can be explained by the unequal
shedding of buccal cells among pecple.

SNP selection and multiplex design

Twelve of the SNPs (46-8.21) (Supplementary Table 1) that
were associated with human eye and hair color in previous
studies were analyzed in one multiplex assay. The PCR prim-
ers reported (Supplementary Table 2) were combined in
one multiplex reaction and, as a result, the primers' melting
temperatures were verified and the potential interactions
were preliminarily checked using the AutoDimer software
program (22} The length of PCR fragments was limited to
between 104 and 238 bp inorder to meeat future forensic in-
vestigations due to degraded DNA. For the single multiplex
PCR, a genomic DNA extract from each individual was am-
plified ranging from 0.03125 and 1.0 ng in 25-4L reactions
centaining 1 AmpFISTR PCR reacticn mix (Applied Biosys-
terns), 8 mMMgCl,, 0.1-1.7 uM of each primer, and 1-5U Am-
pliTagy Gold DNA polymerase (Applied Biosystams). The fol-
lowing cycle pragram was used: denaturation at 95°C for 10
minutes followed by 35 cycles of 95°C for 30 seconds, 60°C
for 30 seconds, and 72°C for 30 secondss, followed by final in-
cubation for 70 minutes at 72°C. PCRs were performed in a
Perkin-Elmer 9600 thermal cycler tApplied Biosystermns).

After PCR amplification, the excess PCR primers and
ddNTPs were removed by addition of freshly prepared
mix of shrimp alkaline phosphatase (1U/pL) (ABGene, Ep-
som, UK) and Excnuclease | (20U/pL) (ABGene) to 5 pL PCR
products and incubation at 37°Cfor 1 heur followed by in-
cubation at 75°Cfor 15 minutes.

Ten single base extension (SBE) primers were collected
from previous reports and two were self-designed (Sup-
plementary Table 1). To ensure varying lengths of SBE
primer in order to adjust their mobility in capillary electro-
phoresis, GACT-tails were added to the 5 ends of each SBE
primer. A multiplex SBE reaction was performed, using an
ABI Prisn SNaPshot kit (Applied Biosystemns) in a total re-
action volume of 8 pL, containing 1 pL purified PCR prod-
ucts, 4 L SnaPsho reaction mix (Applied Biosystems), and
001-1.7 uM of each of SBE primers and Milli-Q water. Ther-
mal cycling for SBE was performed in a thermal cycler (Ap-
plied Bicsystems), using a program for 30 cycles at 96°C for
10 secands, at 50°C for 5 seconds, and at 60°C for 30 sec-
onds. Excess fluorescently labeled ddNTPs were removed
by adding shrimp alkaline phesphatase (1U/pL) (ABGene)
and incubating them at 37°C for 45 minutes, followed by
15 minutes incubation at 75°C,

SBE products were then analyzed on an ABI Prism 3130
Genetic Analyzer (Applied Biosystems) following standard
protocel (23), with a 36-cm capillary array, POP4 polymer
(Applied Biosysterns), and a 5-second injection at 1.5 kV.
Allele calling was performed using GeneMapperlD ver. 3.2
software (Applied Biosysterns) and a bin set, according to
our SBE product size, was designed for our multiplex to al-
low automation of genotyping. To test the overall sensitiv-
ity of the multiplex assay, all the sarmples were analyzed in
duplicate; if the results were inconsistent, additional ampli-
fications were made.

Analysis of approved allele calls

For each SNP locus, we determined the average peak
height ratio for heterozygotesand homozygotes, and the
standard deviation of the peak height was also provided.
From sorme of the randomly selected electropherograms,
the peak height of the highest background peak in each
dye windew was collected and an arbitrary maxirmum
background level determined (blue and green dye - 110
RFUs, vellow dye — 80 RFUs, and red dye — 70 RFUs (rela-
tive fluorescent units). The background levels were used
to calculate an arbitrary signal/noise ratio for homozy-
gete allele calls. For heterozygote allele calls, the peak
hefght ratio was calculated by dividing the peak haight
of the lower molecular weight allele by the peak height
of the higher molecular weight allele for all SNPs. The
right allele calls were determined for all 105 genotypes
of twelve SNPs.

Reproducibility and sensitivity

Yalidation of the single multiplex was conducted on sam-
ples of two individuals. Multiplex PCR performance was as-
sessed by analyses of dilution series of genomic DNA (0.03;
0.06;0.12;0.25; 050 1.00, and 2.00 ng), amplifying with 1-5
U AmpliTag Gold DNA polymerase (Applied Biosystems) in
the reaction mix. To ensure the cansistency of genotyping,
two of the samples with all dilution series were analyzed in
duplicates and additionally the homozygote and heterozy-
gote peak height ranges were noted for each locus.

Statistical analysis

In order to evaluate allele frequencies, locus-by-locus
rolecular variance (AMOVA), the Hardy-Weinberg equi-
librium (HWE), and linkage disequilibrium (LD), we used

Arlequin, version 3.1 (24). The P values were corrected
using the Benferroni correction for multiple testing
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(P>0.0045) for the final determination of SNPs in linkage
disequilibrium.

The statistical analysis for the prediction of phenotypes
from genotypes was based on defining eye color as blue,
intermediate, and brown, and hair color as blond, dark
blond/light brown, and dark brown/black in the first step.
Additionally we simplified the classification for both eye
and hair color with only two stages: light and dark. For
statistically relevant SNPs the probability values for phe-
notype prediction were first calculated based on multino-
mial/binary logistic regression (17,25) using SPSS 19.0 for
Windows (SPSS Inc., Chicago, IL, USA) and second based on
likelihood ratios (LRs) liable to the Bayesian approach using
the excel macro of the Branicki group (26). In order to eval-
uate the predictive accuracy of both models, we randomly
split our samples into a model-building set consisting of 80
individuals (77%) and a model verification set comprising
the remaining 24 (33%) individuals. When working with
the Bayesian network model, the a priori conditional prob-
abilities of colors were entered as having the same value
(0.33 - three color description, 0.5 — two color description),
because we rarely have prior knowledge on the ancestry of
the identified subject. For worldwide distribution, a thresh-
old of 0.7 predicted eye or hair color probability was used
for categorization. When the probability values were under
this fixed threshold, the eye or hair color was predicted as
undefined. This cut-off was based on the receiver operat-
ing characteristics (ROC) curve, or area under the receiver
operating characteristic curve (AUC), derived from previ-
ous studies. AUC is the integral of ROC curves, which rang-
es from 0.5, representing a total lack of prediction, to 1.0,
representing perfect prediction (25).

RESULTS
Multiplex design and protocol

The single multiplex assay was designed based on twelve
PCR fragments of lengths less than 240 bp, and was there-
fore useful for casework DNA samples. Ten previously re-
ported SBE primers and two newly designed primers were
evenly separated by 5 bp in the region of 30-65 bp in
length for precise marker differentiation. Allele peaks were
only called if they were above 50 RFU in their respective
size range within a custom-designed bin set for our single
multiplex, using GeneMapperlD, version 3.2 software.

This single multiplex assay worked optimally at 1 ng of
template DNA using 1U of the AmpliTaq Gold DNA
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FIGURE 1. Sensitivity testing of our multiplex assay. Multiplex
single base extension (SBE) products for 1.0; 0.5; 0.25; 0.125,
and 0.0652 ng of DNA input for one random sample.
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polymerase for PCR amplification. The sensitivity of the
multiplex assay rised remarkably by increasing the concen-
tration of the palymerase up to 5U. Using these amounts
of polymerase for PCR armplification, the drop-out partially
appeared at only 62 pg of DNA input or even less (Figure
1). For our assay, the homozygete and heterozygote peak
heights for all SNPs were balanced inter-loci. Still, we could
not achieve an inter-loci balance for all SNPs, which did not
in any way affect the genotyping accuracy.

The homozygote and heterozygote average peak heights
of each locus from all 105 samples of 1 ng of DNA input
were calculated and the relations were from 1500 to 5500
RFU andl from 500 to 3000 RFU, respeactively, The heterozy-
gote ratio for SNPs 1526722 and of rs16891982 could not
be determined precisely and, as a result of their rarity in
the European population, sufficient data could not be col-
lected. In order to understand a mere balanced profile
for SNP 1516891082, we increased this final concentration
from 0.25 UM up to 0.65 UM of the same SBE primer, and
the results in the changed multiplex assay were the same
as had been shown by the menoplex genotyping assay for
the aforementioned SNP for all 105 samples.

Population analysis

In order to determine how well the Slovenian sample pop-
ulation reflected its ancestry, the allele frequencies for the
twelve SNPs selected were compared with the data from
the International HapMap consortium (27). The Interna-
tional HapMap project is a multi-ceuntry effort to identi-
fy and catalog genetic variants. For the evaluation of the
Slovenian population we compared it with HapMap data
of Utah residents with European ancestry (CEL). The al-
lele frequency of our population was very similar to that of
the HapMap data. A major difference was noticed for SNP
rs16891982, assurning that this was for the same reason
stated above — its rarity of heterozygote SNP profiles, and
for this reasen sufficient data could not be collected. The
SNP 151426654 was the only one that was monomorphic
(homozygote for the allele A/A) and showing the same
data as presented on the HapMap project (Supplementary
Table 3). This indicated that rs1426654, derived threonine
allele, was fixed in the Eurepean population,

We analyzed the fact thatall 105 individuals were homozy-
gotes for the derived allele A/A Based on that, this mark-
er was not included further in calculating the prediction
accuracy for pigmentation color. From the 105 Slovenian
samples we eliminated only one persen, this baing the

only person with red hair in our population (0.9% of the
Slovenian population). This low frequency of rad hair ccl-
or was expected for the general Slovenian population and
additionally confirmed that red haired individuals were
more prevalent in the Baltic region and Northern Europe
populations (28).

The linkage disequilibrium (LD) between all the SNPs was
calculated, As had been previously indicated (12), we es-
tablished that SNPs 151129038 and rs12913832 were in
perfect linkage disequilibrium and could be considered
a single haplotype owing to their close position on the
chromosorme 15. SNP allele haplotypes were significantly
associated with eye and hair coler, but due to linkage dis-
equilibrium we decided to use enly rs12913832 for further
prediction information. We could also conclude that two
SNPs, 11667394 and rs7170989, were in linkage disequilib-
rium with SNP rs1800407 for the same reason as previous-
ly stated, and we also included only SNP rs1800407 in the
statistical modlels. Finally, after using the Bonferroni correc-
tion for multiple testing, we did not detect any significant
departures from the Hardy-Weinberg equilibrium (P values
ranged from 0.188% to 1.0000) for all the 11 analyzed SNPs
(SNP rs1426654 was menomorphic).

Eye and hair color prediction models

In order toevaluate the predictive accuracy for eye and hair
color, we established the SNP position that could be statis-
tically significant in our study to determine the accurate
prediction. In the prediction model, we did not include the
markers that were monomorphic (rs1426654) or in linkage
disequilibriurm with other SNPs (rs1129038, 51667394, and
rs7170989). With the elimination of these four SNPs, we
first used the eight remaining SNPs (rs1800407, rs7495174,
rs12913832, rs1805008, rs1805005, rs1393350, rs26722,
rs16891982) to simultaneously test for the effect on a di-
chetermous dependent variable with binary logistic regres-
sion (where eye color was classified as blue vs non-blue, in-
termediate vs non-intermediate, and brown vs non-brown;
and hair color was classified as blend vs non-blond, dark
blond/light brown vs nan-dark blond/light brown, and
dark brown/black vs non-dark brown/black). Based on the
results we selectad the five SNPs (rs1800407, rs7495174,
rs12913832, rs1805008, rs1393350) that were statistical-
ly significant (P < 0.05) for the group for which the analy-
sis was made. The multinomial/binary logistic regression
model and the Bayesian network model (25,26) were de-
veloped and tested for eye and hair coler accuracy pre-
diction, The first variant for both models assumed
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prediction of pigment color being divided into three
groups: blue, intermediate, brown (eye coler); and blond,
dark blond/light brewn, and dark brown/black (hair color).
The second variants for both models were reduced to only
two states - light and dark for eye and hair color.

For blue eye color using both statistical medels for 24 sam-
ples, the prediction was completely accurate, when using
three categorized eye cclors. When using the logistic mod-
el for evaluation, high values were also obtained for brown
eye cclor, with AUC of 0.832, but were least accurate for in-
termediate eye color, with AUC of 0.747. For blue eye coler
categorization, we got a 100% correct call rate (sensitivity),
which means that all blue-eyad individuals were predicted
carrectly (24/24). The sensitivity was also high for intermedi-
ate (1009%) eye color and relatively high for brown eye color
(719) (Table 1). The highest specificity was obtained for blue
eye color (100%), which means that among all non-blue eye
colered individuals, all of them were recognized correctly.
High specificity was also obtained for brown (90%) eye col-
orand much lower for intermediate (63%) eve color.

The AUC for eye color defined as light vs dark was calculat-
ed for both colers to equal 0.985. The sensitivity in this cat-
egorization of eye coler was also high and even reached
100% for dark eye color and 88% for light eye color. All the
described results were mostly summarized only for the

Croat Med J. 2012;53:401-8

multinomial logistic regression model. However, most val-
ues based on the Bayesian model variant were slightly low-
er, but stillin the same range (Table 1).

The highest value for AUC, 0913, was obtained for blond
hair color and even for dark brown/black hair color, 0.832,
when using the logistic model for hair cclor categorized
into three groups. As indicated foreye coler prediction, for
hair color the AUC values were also slightly higher when
using the logistic model in comparison to the Bayesian
network model. Sensitivity (88%) and also specificity (95%)
were highest for dark brown/black hair cclor and they
could net be extended for the other two hair color groups,
prasumably due to their small size sample in the model
verification set of 24 Slovenian volunteers.

The AUC for hair color, defined as light vs dark in the logis-
tic model, was calculated for both colors to equal 0929
The sensitivity was only highest for dark hair color (100%)
when using the logistic model and was much lower for
light hair color for the same reason (Table 2).

Predicting eye and hair color type separately using a mul-
tinomial logistic model yielded slightly higher accuracy
cempared to the Bayesian medel. In any event, for both
models the lowest AUC values were observed for interme-
diate eye color and for dark blond/light brown hair color.

TABLE 1. Parameters describing predictive accuracy of two developed eye color prediction models, divided into two variants for 24

Slovenian volunteers®

Multinomial logistic regression/Bayesian network

Binary logistic regression/Bayesian network

blue intermediate
AUC 1.000/1.000 0.747/0.632
Sensitivity (%) 100.0/100.0 100.0/%
Specificity (%) 100.0/100.0 63.0/100.0
PPV (%) 100.0/100.0 25.0/x
NPV (%) 100.0/100.0 100.0/50.0

brown light dark
0.832/0.685 0985/0924 0985/0924
71.014.0 88.0/86.0 100.0/940
90.0/100.0 &8.0/1000 x/100.0
71.0/100.0 100.0/100.0 100.0/100.0
90.0/54.0 82.0/86.0 x/94.0

*Abbreviations: AUC - area under the receiver operating characteristic (ROC) curves; PPV — positive predictive value; NPV — negative predictive

valug; x - zero denominator.

TABLE 2. Parameters describing predictive accuracy of two developed hair color prediction models, divided into two variants, for 24

Slovenian volunteers *

Multinomial logistic regression/Bayesian network

Binary logistic regression/Bayesian network

blond dark blond/light brown
AUC 0913/0.714 0.723/0445
Sensitivity (%) X/X 50.07%
Specificity (%) x/100.0 80.0/88.0
PPV (%) %/% 33.0/%
NPV (%) %/100.0 89.0/50.0

dark brown/black light dark
0.832/0.543 0.929/0.878 0.929/0.8738
88.0/79.0 14.0/71.0 100.0/88.0
95.0/100.0 100.0/100.0 100.0/100.0
88.0/100.0 100.0/100.0 100.0/100.0
95.0/89.0 14.0/67.0 100.0/88.0

#Abbreviations: AUC - area under the receiver operating characteristic (ROC) curves; PPV - positive predictive value; NPY - negative predictive

valug; x - zero denominator.
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There is a possibility that the problem lies in imprecise col-
or classification, which reflects uncertainties in distinguish-
ing within intermediate eye calor (green-eyed individuals
and those with mare pigments within the iris) and within
different shades of hair coler, which may be influenced by
age-dependent hair coler change during the entire life-
time of each individual (distinguishing between the dark
blond and blond on cne hand, and between light brown
and brown on the other).

DISCUSSION

Eye and hair color represent human traits that have a po-
tential to be predicted from genetic material with high reli-
ability and used in expansive forensic investigations. In the
present study, based on a new single multiplex of twelve
SNPs, we confirmed the effect of five statistically most sig-
nificant SNPs for eye and hair color in both statistical mod-
els. Specifically rs12913832 in HERCZ showed the strongest
association with both eye and hair color.

Toillustrate the predictive performance of our single mul-
tiplex we focused on the five most statistically significant
SNPs (rs1800407, rs7495174, rs12913832, rs1805008, and
rs1393350). The other seven SNPs were not included, as
being either monemorphic for our population or in link-
age disequilibrium with other SNPs, or as just not being
sufficiently statistically significant for prediction accuracy
for Slovenian samples. For our study population, the only
SNP being monomorphic was SNP rs1426654, as all vol-
unteers were homozygote for the derived allele A/A Our
data were therefore inconclusive regarding the hypothe-
sis of Velenzuela et al (19) that rs1426654 contributed to
hair coler varfation. The single multiplex assay also includ-
ad three SNPs (rs1129038 [4], rs717098% [6], and rs166 7394
[91), which were previously recornmended for eye and hair
color prediction. For all these three SNPs, we concluded
that they were in streng linkage disequilibrium with the
other five most statistically informative SNPs, and it was
therefore unlikely that their inclusion would have had any
effect on the prediction power.

For genotyping accuracy of 105 Slovenian samples, this
multiplex assay is for now designad te work optimally at
1 ng of template DNA, but its sensitivity has risen up to
62 pg by increasing the amount of AmpliTag Gold DNA
polymerase in reaction (SU). Our results on sensitivity and
reliability of the multiplex could even be improved by in-
creasing the injection and time voltage in capillary elec-
trophoresis and alse to use the polymer POP-7 instead of

POP4, due to its better mobility in the capillary of the ABI
Prism 3130 Genetic Analyzer.

The single multiplex assay presented was a robust and
sensitive DNA teol regarding amplification and regular de-
termination of the homozygosity/heterozygosity for each
SNP included. On the basis of these facts, the single mul-
tiplex assay could be suitable for the use in forensic case-
waork dug to its more efficient use of template DNA, Fur-
thermore, even markers not significantly associated with a
trait in a ternporary study population can still independent-
ly contribute to the trait prediction in the enlarged Slove-
nian or even European population. After all, the growing
number of known sequence variants that underlie the dif-
ferences in human pigmentation may provide new SNPs
with specific markers that we could include in our assay for
a more accurate prediction of eye and hair color.
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2.3  DOLOCANJE OBARVANOSTI OCI V SLOVENSKI POPULACIJI Z UPORABO
SNP JEV KOMPLETA IRISPLEX

Prediction of eye colour in the Slovenian population using the IrisPlex SNPs
V. Kastelic, W. Branicki, E. Pos$piech, J. Draus-Barini, K. Drobnic¢

Croatian Medical Journal, 2013, 54, 4: 381-386
doi.org/10.3325/cmj.2013.54.381

Zaradi Steviléno manjSega vzorca slovenske populacije, ki smo ga predstavili v prejSnji
raziskavi, smo za statisti¢no bolj oprijemljivo in zanesljivejSo napoved obarvanosti o¢i
naknadno uporabili statisticni napovedni model edinega validiranega kompleta IrisPlex
(Walsh in sod., 2011a). Komplet temelji na Sestih najbolj informativnih SNP-jih in je z
znanimi genotipskimi in fenotipskimi podatki 3804 nizozemskih prostovoljcev osnovan
z metodo logisti¢ne regresije. Vseh 105 slovenskih prostovoljcev smo v tem primeru
uporabili za testno skupino. Uspesnost napovedi specifi¢ne obarvanosti o¢i (razdeljena
v tri kategorije) slovenske populacije smo nato primerjali s podatki, pridobljenimi v
dveh vec¢jih Studijah. Poleg ze analiziranih §tirih SNP-jev znotraj nasega kompleta
(rs12913832, rs1800407, rs16891982 in rs1393350) smo v sodelovanju z Institutom
forenzi¢nih preiskav v Krakovu analizirali Se dodatna dva SNP-ja (rs12896399 in
rs12203592) in tako zadostili modelu, ki je osnovan na skupnem genotipu Sestih SNP-
jev. IrisPlex komplet Sestih SNP-jev se Se ne uporablja v rutinskih forenzi¢nih genetskih
preiskavah, saj je njegova validacija opravljena za ve¢jo evropsko populacijo, pri kateri
so alelne frekvence SNP-jev specificne in povsem drugaéne od frekvenc ostalih
populacij. Uspesnost napovedi oziroma vrednost AUC je bila v tem primeru za
obarvanost o¢i pri slovenski populaciji 0.966 za modre oci, 0.913 za rjave o¢i in 0.796
za vmesno obarvanost o¢i. Najvecjo obcutljivost smo dolocili za modro obarvanost oci,
ki je bila kar 93,6 %, kar pomeni, da je bil takSen odstotek modrookih posameznikov
pravilno napovedan. Uspesnost napovedi je bila primerljiva z uspe$nostjo dveh
raziskav, ki zajemata dva razli¢na sklopa evropske populacije. Ruiz je s sodelavci
(2012) v Studiji zajel Sest evropskih populacij in ocenili vrednosti AUC za modro
(0.986) oziroma rjavo (0.978) obarvanost o¢i. Walsheva s sodelavci (2013) pa je zajela
sedem evropskih populacij. AUC za modro je ocenila na 0.964 in za rjavo 0.956
obarvanost o€i. Iz tega lahko zaklju¢imo, da je komplet IrisPlex visoko informativen in
primeren za zelo natan¢no napovedovanje modre in rjave obarvanosti o¢i posameznikov
evropske populacije. Vendar se tudi tu kazejo pomanjkljivosti predvsem pri
natan¢nejSemu napovedovanju obarvanosti za vmesno kategorijo o€i, v kateri so zajeti
razli¢ni odtenki od zelene do sive. Kot smo omenili, bi bilo tu smiselno posameznike
porazdeliti v Se manjSe sklope, ki bi zajemali ¢im bolj med seboj podobne barvne
odtenke oci, in obenem uvesti nove, bolj informativne SNP-je.

29



Kastelic V. Vpliv polimorfizma posameznih nukleotidov na pigmentacijske spremembe na oceh in laseh pri slovenski populaciji.
Dokt. disertacija,. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

FORENSIC SCIENCE CM'I 381

Croat Med J 2013;54:361-6
doi: 10.3325/cmj|.2013.54.381

Prediction of ege colorin the Vanja Kastelic', Fwelina
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Aim To evaluate the accuracy of eye color prediction based
on six IrisPlex single nucleotide polymerphisms (SNP) in a

Slovenian population sample.
*Department of Genetics and

Methods Six IrisPlex predictor SNPs (HERC2 — 1512913832, Evolution, Ingtitute of Zoology,
OCA2 - 151800407, SLC45A2 — 1516891982 and TYR - Faculty of Biology and Earth,
151393350, SLC24A4 — 1512896399, and /RF4 — 1512203592) Krakow, Poland

of 105 individuals were analyzed using single base exten-
sion approach and SNaPshot chemistry, The IrisPlex mul-
tinornial regression prediction model was used to infer
eye color probabilities. The accuracy of the IrisPlex was
assessed through the calculation of sensitivity, specificity,
positive predictive value (PPY), negative predictive value
(NPV), and the area under the receiver characteristic oper-
ating curves (AUC).

Results Blue eye color was observed in 44.7%, brown in
29.6%, and intermediate in 25.7% participants. Prediction
accuracy expressed by the AUC was 0.966 for blue, 0913
for brawn, and 0.76 for intermediate eye color. Sensitiv-
ity was 93.69% for blue, 58,1% for brown, and 0% for inter-
mediate eye color. Specificity was 93.1% for blue, 89.2%
for brown, and 100% for intermediate eye color. PPV was
91.7% for blue and £9.2% for brown color. NPY was 94.7%
for blue and 83.5% for brown eye color. These values indi-
cate prediction accuracy comparable to that established
in other studies.

Condusion Blue and brown eye color can be reliably pre-
dicted from DNA samples using only six polymorphisms,
while intermediate eye color defies prediction, indicating
that more research is needed to genetically predict the
whole variation of eye color in humans.
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Prediction of human visible characteristics by genotyping in-
formative polymorphisms in DNA opens up a new perspec-
tive in the forensic field. Multiple genes including HERC2,
OCA2 MCIR, SLC24AS, SLCA5A2, TYR TYRP 1, ASIF SLC24A4, TP-
CN2, KITLG, and [RF4 have been associated with eye, hair, and
skin colorin European populations and they have been used
in studies dealing with eye color predicticn (1-14). Variation
of iris color depends on the content of eurnelanine, a brown
light-absorking biopolymer, which is presentin higher con-
centrations in brown-eyed individuals (15,16). Although eye
color is evidently a continuous variable, it has been often
classified into three categories — blue, brown, and interme-
diate (4,14). Eye color variability is particularly striking in Eu-
ropean populations, constituting a highly differentiating trait
of potential use in forensic investigations (7,14,17). Recent
studies have shown that a significant fraction of human iris
color variation can be explained by polymaorphisms within a
single region in the human genome, comprising the evolu-
tionary conserved HERC2 gene and the neighboring OCA2
gene located on the chromasome 15, 1t is assumed that the
level of expression of the known pigmentation gene — OCA2
—is controlled by polymorphism rs12913832 on HERC2 lo-
cus (18,19). The remaining genes that have been shown to
contribute to eye color variation are SLC24A4, SLC45A2, TYR,
and JRF4 (42021). However, their impact on eye color pre-
diction is lower and it seems to vary between populations
(8,14,22,23). Since such differences may potentially affect ac-
curacy of prediction in varicus populations, we further ad-
dressed this issus and analyzed a population sample of indi-
viduals with defined eye color from Slovenia.

Several prediction models have already been proposed to
be useful in eye color prediction (4,89,17,23,24). Here we
used six IrisPlex predictors, which were selected by Liu et al
{4) from a larger set of pelymorphisms potentially influenc-
ing pigmentation in humans and included into the IrisPlex
prediction systern (4,13,17). The IrisPlex prediction model is
based on a multinomial legistic regression method and uses
phenotype and genotype data from 3804 Dutch individuals.
Based on these data the model gives three probabilities for
blue, brown, and intermediate eye color (13). From the ob-
tained probabilities, the most probable iris color is predicted
based on recommendations given in Walsh etal (13).

MATERIAL AND METHODS
Sample collection, DNA extraction, and quantification

The study population comnprised 105 unrelated Slove-
nian volunteers, 70 male and 35 female, who signed

www.cmj.hr

31

Croat Med J. 2013;54:381-6

a written consent for their DNA to be used in the project
The study was approved by the Naticnal Medical Ethics
Cornmittee of the Republic of Slovenia. The eye color was
defined according to descriptions provided by the volun-
teers and our own grading. For confirmation and in order to
prevent bias, photographs of each denor’s eyes were taken.
Participants were divided into three categories according to
eye color: blue, intermediate, and brown. The intermediate
group included individuals with green eyes (lighter pheno-
type), hazel eyes (darker phenotype), and with combina-
tion of two or mare pigments within the iris, such as blue
or green eye color with brown peripupillary rings. The blue
and the brown group included the individuals with the eye
color that was clearly composed of only one color includ-
ing all the shades of this particular color. Buccal swals were
collected from all volunteers using a SAFE” Bax kit (ForensiX,
Prionics AG, Zurich, Switzerland). DNA was extracted from
the samples using Chelexextraction (25), DNA extracts were
quantified using the Quantifiler Hurnan DNA Quantification
Kit (Applied Biosystems Inc, Foster City, CA, USA) in accor-
dance with the manufacturer’s guidelines.

Single nucleotide polymorphisms (SNP) genotyping

Four SNPs (HERCZ2 —rs12913832, OCAZ —rs1800407, SLC45A2
—r516891982,and TYR-rs1393350) were genotyped previ-
ously as described in Kastelic et al (26). The remaining two
IrisPlex SNPs (SLC24A4 — 1512896399 and IRF4 — rs12203592)
were genotyped for the purposa of this study using the
protocol described by Walsh et al (17). Marker details and
primer sequences are listed in Supplementary Tables T and
2. All cleaned products were analyzed on the ABl Prism
3130 Genetic Analyzer (Applied Biosysterns) using run pa-
rameters as described previously (17,26).

Model-based prediction of eye color and evaluation of
its accuracy

On the basis of the formula provided by Liu et al (4)and im-
plemented in the eye color prediction model of the IrisPlex
systern, three prediction probability values were generated
for each of the three phenotype categories (blue, interme-
diate, and brown) (Supplementary Table 2). The overall pre-
diction accuracy was assessed as previously explained by
calculating area under the curve (AUC) values using SPSS
19.0 (5PSS Inc, Chicagoe, IL, USA) (26). The AUC is the inte-
gral of receiver operating characteristic (ROC) curve, and
ranges from 0.5, which represents a total absence of pre-
diction, to 1.0, which represents a perfect prediction. Addi-
tionally the values of sensitivity, specificity, positive predic-
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tive value (PPV), and negative predictive value (NPV) were
calculated according to Liu et al using prediction thresh-
old at the =0.7 level, which has been determined to be
the most appropriate (1). Inconclusive results (below the
threshold 0.7) were considered as negative results. From
these, false negatives were used to calculate sensitivity and
true negatives were used to calculate specificity.

RESULTS
Characteristics of the study population

The frequency of blue eye calor in the studied sample was
44.7% (47 samples) and the frequency of brown eye color
was much lower and reached 29.6% (31 samples). The in-
dividuals were categorized in these two eye color groups
only when the color was homogenous, regardless of the
intensity. The frequency of individuals in the intermediate
eye color group was relatively high, 25.7% (27 samples).

Prediction accuracy of the IrisPlex model

Prediction accuracy expressed by the AUC (Figure 1) was
0966 for blue, 0913 for brown, and 0.796 for intermedi-
ate eye color (Table 1). The highest sensitivity was obtained
for blue eye color and reached 93.6%, which means that
93.6% (44/47 individuals) of the analyzed blue-eyed per-
sons were predicted correctly. The sensitivity for brown
eye color was lower and amounted to 58.1% (18/31 indi-
viduals). The specificity values for blue (93.1%) and brown
(89.29) eye colors were very high. This means that 93.1% of

non-blue individuals and 89.2% of non-brown individuals
were correctly recognized as non-blue and non-brown, re-
spectively. The highest PPV was obtainad for blue eye color
at the 91.7% level. This value means that in all cases of as-
signments to blue eye color category, 91.7% individuals in
fact had blue eye color. The PPV value for brown eye color
was lower and reached 69.2% and the PPV value for inter-
mediate eye color could not be determined due to the fact
that in no cases the intermediate eye color was predicted
as intermediate. The NPV was very high for these twa eye
color categories. For blue eye color, NPV was 94.7% and this
means that out of all cases where individuals were classified
ta the non-blue-eyed category, 94.7% cases were correctly
classified as non-blue-eyed individuals. NPV for brown eye
color equaled 83.5% and for intermediate eye color 74.3%
(Supplementary Figure). A complete lack of sensitivity (0%)
was observed for intermediate eye colors. This means that
out of the 27 samples tested, none was classified as inter-
mediate. Four out of 27 intermediate samples were cate-
gorized as blue with very high probabilities (>09). Eight
(probability values above 0.7) and as many as 14 (probabil-
ity values above 0.5) out of 27 intermediate samples were
categorized as brown (Supplermentary Figure).

DISCUSSION

In the studied population sample, blue eye color was pres-
ent with the frequency 44.7%, while according to the Eu-
pedia  (http//www.eupedia.com/europe/maps_of_euro
peshtmliteye_colour), the expected frequency of light
eyed individuals in Slovenia should be between 50% and
79%. However, most of the individuals included in the in-
termediate category had green irises and blue irises with

1 brown spots or peripupillary rings and therefore could be
09 included in the group of light eyed pecple. Taking this into
08 account, it can be said that the percentage of light-eyed
07 individuals in the study was 56%, which Is in accordance
06 with the Eupedia.
3: 05
k 04 ,./( TABLE 1. Parameters describing the accuracy of prediction
03 with the IrisPlex model*
02 Color
ol Parameter blue intermediate brown
¢ 0 02 04 06 08 1 Area under the receiver operating 0966 0.796 0913
specificity characteristic curve
|—b|u= eye color ——intermediate eye color ——brown eye color | Sensilivily (%) 936 0 581
Specificity (%) 931 1000 89.2
Positive predic tive value (%) 91.7 x* 69.2
FIGURE 1. Receiver operating characteristic curve analysis of Negalive predictive value (%) 94.7 743 835

105 Slovenian samples based on the IrisPlex prediction model.

#x - zero in denominator.
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The IrisPlex system includes six SNPs located on six genes
(HERC2 112913832, OCA2 rs1800407, SLCZ4A4 1512896399,
SLCA5A2 1516891982, TYR rs1393350, and (RF4 rs12203592),
which are considered to be major genetic predictors of
eye color (4,12-14). Nurnerous studies have confirmed that
1512913832 located on HERC2 gene alone carries most of
the eye celor predictive information and is therefore the
best known eye color predictor (4,58,14,22,27). We con-
firmed these results and also provided evidence that the
CC genotype on 1512913832 was strongly associated with
blue eye color (8,14,22,27). Among 49 Slovenian individu-
als carrying the CC genotype, 45 (91.8%) had blue eye col-
or,which is comparable to other reports (9349%j (14]. In the
remaining four cases, green eye color was observed and
accordingly our study suggests that the CC genotype reli-
ably predicts light eye celers. On the other hand, 12 (80%)
out of 15 individuals carrying the TT genotype had brown
eye color, It is worth neting that this propertion was high-
er 198%) in the larger EUREVE study (14). This difference
may be a consequence of a relatively small sample set
in this study, especially in brown eye coler category, but
also of differences in phenotype description among vari-
ous studies. The latter is supported by phenotype distri-
buticn among CT genotype carriers — only 19 (46.3%) out
of 41 individuals with the CT genotype had brown eyes
in our population compared to 75.5% in Walsh et al (14).
However, among the remaining 22 individuals, 2 had blue
eye color but with intense brown peripupillary rings, 2 had
green eye coler, and 18 had hazel eye color, Overall, of the
56 individuals carrying the T allele either as homozygote
or heterczygote state, 31 (55.4%) had brown eye color and
even 49 (87.5%) had dark irises (brown or hazel). Notably,
8 (53.3%) individuals out of the 15 with aTT genotype had
dark brown eye color and 4 (26.7%) had lighter brown eye
color, which implies that other polyrorphisms are impor-
tant madifiers of eye celor intensity. This study confirmed
the prevailing role of the rs12913832 in the determination
of blue and brown eye calor. The significance of this posi-
tion for human pigmentation seems to be undisputable
and has been confirmed alsa by functional genome analy-
sis (19). This huge effect on eye color detected in all the
so far studied populations makes this SNP a key element
of all eye color prediction methods. Moreover, it has been
shown that this position also has influence on variation in
hairand skin color (1,22). Indeed, rs12913832 fs also an im-
portant element of hair color prediction madels (1,3,17).

OCA2 SNP 151800407, which ranked second among the
best eye color predictors, has very low frequency of
allele A (11.9%) and therefere may have had weak
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overall influence on variation in eye cclor in our population
sample 4,12,13). The remaining IrisPlex predictors have
been shown to have smaller effect on iris color variation
but all six are implemented in the IrisPlex macro (13). It has
been pointed out that IrisPlex can accurately predict blue
and brown eye coler while it is inefficient in the predic-
tion of intermediate eye color and thus one should expect
considerably lower prediction accuracy for this eye color
category (Figure 1) (14). Indeed, the AUC values for blue
and brown eye color categories in the Slovenian popula-
tion were found to be very high and equaled 0.966 and
0913, respectively. This result is similar to the AUC values
obtained using multinomial logistic regression for a much
larger group of seven European populations, which were
0964 for blue and 0.956 for brown (14). Mengel-From et al
(5) investigated HERC2, OCAZ, and SLC45A2 variation in 395
Danes using logistic regression and concluded that varia-
tion in HERCZ-OCAZ complex can be useful for reliable pre-
diction of light and dark eye colors (5). Pospiech et al (7)
used Bayesian netwerk built on 638 Peles and by testing 80
samples obtained AUC values of 0.783 and 0.583 for blue
and brown color, respectively (7). These values were calcu-
lated from the scoring results rather than from probabilistic
values, which is a much more canservative approach. They
confirmed high sensitivity of predicticn of blue eye color
(80%) and lower for brown eye color (35%). They also con-
cluded that eye color can be reliably predicted frem the
available DNA markers at the level light-dark, obtaining a
high AUC value of 0.925 (7). A similar AUC value for light
and dark eye color categories (AUC =0.985) was obtained
inourprevicus study invoving the same Slovenian popula-
tion and a different set of predictors (26). The accuracy val-
ues were also similar in the study of six European popula-
tions (with AUC values 0.986 and 0978 for blue and brown,
respectively) (8). In this latter work, a different model build-
ing data set was used, which could certainly influence the
final AUC values, Recently, Allwood and Harbison (23) pro-
posed a novel eye calor prediction method utilizing clas-
sification tree approach and predicted blue and brown eye
color with very high accuracy (23). Notably, all the men-
tioned studies reported serious difficulties with prediction
of intermediate eye colors, indicating that regardless of the
prediction method used (multinomial logistic regression,
likelihood ratio, classification trees) accuracy parameters
for intermediate eye color were very weak. This strengly
suggests that the currently available eye color predictors
are insufficient to reliably predict intermediate eye colors.
Inour study, the intermediate category was relatively large,
comprising 27 of samples (25.79%), and a complete lack of
sensitivity cbserved in this category confirms the previous
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results indicating that more information is needed in order
to predict intermediate phenctypes of iris color,

It is worth to mention that prediction of hair color from
DNA is even more difficult. Branicki et al (1) and Walsh et
al (17) both confirmed reliable prediction of red hair color,
but prediction of other hair color categories is still affected
by a relatively high error rate. Many problems with asso-
ciation studies aiming to find reliable predictors of various
characteristics are caused by the continuous nature of the
studied externally visible traits and the fact that loci with
minor or weal effect on the phenotype are particularly dif-
ficult to discover in association studies, Therefore, there are
different suggestions on phenctype description and prop-
ereye color classification. For example Liu et al proposed a
new digital method based on measuring continuous eye
color variations using high-resolution digital full-eye pho-
tographs (28), Andersen et al (29) developed a Digital Iris
Analysis Tool, which can be used to automatically identi-
fy and extract irises from high resolution digital images as
well as calculate the so called Pixel Index of the Eye de-
scribing the eye color quantitatively, Such a detailed ap-
proach should reduce potential problems with correct cat-
egorization of eye colors. Afterall, further studies regarding
additional genes and polymorphisms, as well as their in-
teractions, contributing to variation in iris colors, especially
non-blue and non-brown colors, should have a bearing on
the improvernent of their prediction accuracy (8,14,22,27),
Multiple genes and their interactions are involved in the
developrent of eye color variation, so further investiga-
tions of new pigmentation genes and SNP markers should
be essential for more precise prediction of eye color, espe-
cially in the intermediate domain. We confirmed here that
the model based prediction of eye color from DNA data
was a reliable tool that can be useful in forensic investiga-
tions. Prediction of eye color from DNA extractad from bio-
logical traces may be used in criminal cases with unknown
suspects. This tool may also supplement anthropological
investigations by providing information about the eye col-
or of a suspect. However, it is worth noting that forensic
DNA phenotyping should be performed with care since it
provides evidence that is associated with a relatively high
error rate, particularly in case of some phenotypic catego-
ries like intermediate eye color.

In conclusion, cur study contributed to the body of evi-
dence on eye color phenctype variation across Europe, as
well as on genotype distribution in the six eye color infor-
mative IrisPlex SNPs, providing data for Slovenian popula-
tion sample. The obtained results cenfirmed the utility of

CMJ

the IrisPlex prediction model for accurate prediction of
blue and kbrown eye colors, Further studies are neaded to
explain the remaining varfation in hurman eye color and
open up passibility for prediction of a complete spectrum
of eye colors in humans.
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2.4 DOLOCITEV ZUNANJEGA VIDEZA LJUDI S PREISKAVAMI DNK

Dolocitev zunanjega videza ljudi s preiskavami DNK
V. Kastelic, K. Drobni¢
Revija za kriminalistiko in kriminologijo, 2012, 63, 3: 225-228

Forenzi¢ne preiskave dandanes omogocajo identifikacije bioloskih sledi le na podlagi
predhodnega poznavanja profilov DNA osumljencev oziroma oseb, ki se nahajajo v
evidencah preiskav DNA. V Nacionalnem forenzi¢nem laboratoriju smo na podroc¢ju
identifikacije bioloskih sledi zelo uspesni. Kljub temu so in bodo obstajala kazniva
dejanja, pri katerih bioloskih sledi s kraja zlo¢ina ne moremo povezati z nobeno od nam
znanih oseb. Za reSevanje nekaterih od teh primerov se v forenzi¢ne preiskave vpeljuje
nova metoda. Na podlagi nove metode bomo lahko iz bioloskih sledi dolocali zunanji
izgled osebe oziroma njegove pigmentacije lastnosti, kot so barva o¢i in las. Rezultate
teh genetskih analiz bi lahko imenovali »genetski oCividec«, saj ima isto vlogo kot
o¢ividec kaznivega dejanja. V tujini so s tovrstnimi raziskavami razreSili Ze nekaj
kriminalisti¢énih primerov. Rutinsko pa jo izvaja le Nizozemski forenzicni institut, in Se
ta le pri tezjih kaznivih dejanjih. Raziskave na tem podroc¢ju bodo torej sluzile predvsem
za usmeritve kriminalisti¢nih preiskav v zmanjSan krog morebitnih osumljencev, saj bo
delno znan njihov zunanji izgled. Namen vpeljave tovrstnih raziskav v Nacionalni
forenzicni laboratorij policije je, da tudi v Sloveniji pristopimo k razreSevanju tezjih
kaznivih dejanj z uporabo novih molekularnih genetskih metod, katerih rezultate bodo
preiskovalci lahko uporabili kot novo analitiéno orodje za iskanje storilcev kaznivih
dejan;.
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Dolocitev zunanjega videza ljudi s preiskavami DNK

Vanja Kastelic', Katja Drobni¢

Forenzifne preiskave danes omogolajo ugotavljanje identitete osebe, ki je pustila biolodko sled, le na podlagi
predhodnega poznavanja profilov DNK osumljencev oziroma oseb, ki so v evidencah preiskav DNK. V Nacionalnem
forenzifnem laboratoriju smo skozi ved kot petnajstletno prakso postali na tem podrodju zelo uspe$ni. Kljub temu so
in bodo obstajala kazniva dejanja, pri katerih biologkih sledi s kraja zlo¢ina ne moremo povezati z nobeno od nam
znanih oseb. Za resevanje nekaterih od teh primerov se v forenziéne preiskave vpeljuje nova metoda. Na njeni podlagi
bomo lahko iz bioloskih sledi dolocali zunanji videz osebe oziroma njene pigmentacijske lastnosti, kot so barva odiin
las. Rezultate teh genetskih analiz bi lahko imenovali »genetski ocividec«, saj imajo isto vlogo kot olividec kaznivega
dejanja. V tujini so s tovrstnimi raziskavami razredili Ze nekaj kriminalistiénih primerov. Rutinsko pa jih izvaja le
nizozemski forenziZni inétitut, in $e ta le pri te4jih kaznivih dejanjih. Raziskave na tem podrogju bodo torej sluzile
predvsem za usmeritve kriminalisti¢nih preiskav v zmanj$an krog morebitnih osumljencev, saj bo delno znan njihov
zunanji videz. Namen vpeljave tovrstnih raziskav v Nacionalni forenzi¢ni laboratorij policije je, da tudi v Sloveniji
pristopimo k razresevanju tezjih kaznivih dejanj z uporabo novih molekularnih genetskih metod, katerih rezultate

bodo preiskovalci lahko uporabili kot novo analiti¢no orodje za iskanje storilcev kaznivih dejanj.

Klju¢ne besede: SNP-oznadevalci, vidne karakteristike Cloveka, biologke sledi

UDK: 343.983.2

1 Uvod

Ugotavljanje identitete storilcev kaznivih dejanj, Zrtev
masovnih nesre¢, pogresanih oseb ter sorodstvenih razmerij
in nasih prednikov danes skorajda ne mine brez uporabe fo-
renzi¢nih genetskih preiskav, ¢e so seveda na voljo ustrezne
biologke sledi in primerjalni vzorci Bioloske sledi za uspe$ne
genetske preiskave predstavljajo prakticno vse biologke sledi,
kot so kri, semenska tekoc¢ina, slina, epitelne celice, kosti, zo-
bje in drugo. V rutinskih genetskih preiskavah se zdaj najpo-
gosteje uporabljajo avtosomalni' STR-oznacevalci (angl. short
tandem repeat)?, ki skupaj z amelogeninskim oznacevalcem za
spol® predstavljajo forenzi¢ni genetski standard nacionalnih ali

Vanja Kastelic, univ. dipl. mikrobiol., kriminalisti¢notehni¢na izve-
denka v Nacionalnem forenzi¢nem laboratoriju, GPU Policija. MNZ.
Katja Drobni¢, redna profesorica za forenzitno znanost, FVV,
UM; nadzornica kakovosti v Nacionalnem forenzi¢nem laborato-
riju, GPU Policija. MNZ.
Avtosom ali avtosomalni kromosom je vsak kromosom (nitasta
struktura, sestavljena iz DNK in beljakovin) razen spolni. V &lo-
vedki celici jih je 22, ostevilZeni so od 1 do 22 ter so pri moskih
in Zenskah enaki, Spolna kromosoma sta dva, oznadenaz Y in X
{kromosom Y dologa moski spol).
2 Genetski oznadevalec predstavlja podro&je na DNK, katerega
pelimorfizem uperabljamo za zaznavo razli¢nih polimorfizmov:
fenotipskih, biokemijskih ali DNK.

Amelogeninski oznaZevalec je najpogosteje uporabljen fenotipski
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kriminalisti¢nih evidenc DNK oseb* in biologkih sledi (Asplen,
2009). Zaradi milijonskega $tevila profilov DNK® v razli¢nih
evidencah DNK in izrednega tehnoloskega razvoja so avto-
somalni STR-oznacevalci postali nenadomestljivi v rutinskih
preiskavah. Vendar pa se za razlicne primere, kot so preiskave
spolnih deliktov, ugotavljanje identitete umorjenega, arheolo-
ke raziskave in drugo, ki jih zaradi razlinih teZav ni mogoce
razrediti le z analizo avtosomalnih STR-oznacevalcev, uvelja-
vljajo tudi druge forenzi¢ne genetske preiskave. Te so analize
STR-oznacevalcev na spolnih kromosomih in analize mito-
hondrijske DNK® (Quintans, Alvarez-Iglesias, Phillips, Lareun
in Carracedo, 2004; Lessing in sod., 2005). V novejfem casu
se uveljavljajo analize polimorfizmov posameznih nuklectidov
(angl. single nucleotide polymorphism, SNP) za napovedova-

marker v forenzi¢nih genetskih preiskavah za dolo&anje spola iz
biologke sledi. Lezi na spolnih kromosomih, njegova struktura je
odvisna od spolnega kromosoma (X ali Y), na katerem lezi.

4 Kriteriji zavnos oseb v evidence DNK so zakonsko doloZeni in razli¢ni
med drzavami. Danes ima ve¢ina drzav dovoljen vnos podatkov DNK
osumljenih v evidenco DNK, ne glede na tezo kaznivega dejanja.

¢ Profil DNK je zbirka analiziranih klasifikacijskih znacilnosti, ki le-
Zijo na specifi¢nih podro&jih DNK (podrodja STR-oznalevalcev).
Sestavljen je iz numeri¢nih in ¢rkovnih oznak. Vsaka oznaka pred-
stavlja tip oblike oziroma alel na analiziranem podro&ju DNK.

& Mitohendriiska DNK je DNK, ki je v mitohondrijih, to so organeli v
wsaki celici, ki so odgovorni za “celi¢ne dihanje Mitohondrijska DNK
se navadno deduje same po materini strani ne glede na spol potomcea.
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nje zunanjega videza posameznika ali njegovega blogeografske-
ga izvora (Budowle, 2004; Kayser in Schneidet, 2009}, ki je pov-
sem nov molekularni genetski pristop; rezultati teh genetskih
analiz pa vodijo kriminalisti¢ne preiskovalce do oZjega kroga
Judi, kiso jim bili pred tem povsem neznani

2 Molekularno-genetsko ozadje novih preiskav

2.1 Polimorfizem posameznega nukleotida

Humani genom je med ljudmi enak v 99,9 odstotkih.
Sestavljen je iz treh milijard baznih parov’. Ocenjeno je, da
obstaja ve¢ kot 10 milijonov moznth mest v DNK-verigi, kjer
se lahko pojavi sprememba v eni bazi oziroma polimorfizem
posameznega nukleotida (SNFP). Te spremembe so lahko v
obliki substitucije (zamenjave med bazami), insercije (dodatek
ene baze) ali delecije (izguba ene baze). SNP-ji so torej tista me-
sta v humanem genomu, kjer se posamezniki zelo razlikujemo
med seboj. SNP-jem pripisujejo kar devetdesetodstotno odgo-
vornost za razlikovanje med posamezniki na nivoju DNK. Te
manjie spremembe naega genoma pa imajo lahko velik vpliv
na zunanji videz posameznika (Budowle in van Daal, 2008).

Visoka zastopanost SNP-jev v humanem genomu je bil
eden od razlogov za veliko zanimanje za njth Ze v preteklo-
sti, kljub njthovi preprostosti in dokaj nizki informativnostL
Raznolikost ve¢ine SNP-jev namre¢ temelji le na dveh tipth
oziroma bialelnem polimorfizmu®. Vendar pa je njthova do-
datna prednost, da imajo zelo nizko mutacijsko stopnjo, kar
pomeni, da isti tip SNP-ja ostaja enak preko ved generacij.
Zato so zelo primerni tudi za dolocanje sorodstventh povezav
in ugotavljanje evolucijskega izvora posameznika (Budowle,
2004). Poleg tega pa je analiza SNP-oznacevalcev zelo primer-
na za preiskave biologkih sledi z mo¢no razgrajeno DNK, kar
se je izkazalo za zelo uspedno tudi pri ugotavljanju identite-
te Zrtev z rusevin teroristinega napada na stolpnici World
Trade Centra v New Yorku (Mertens, 2009). Zdaj pa se je
zanimanje za preiskave SNP-jev $e povetalo zaradi moZnosti
njihove uporabe pri napovedovanju vidnih karakteristik [judi

Bazni par je par nukleotidnih baz na sesednjih kemplementarnih
verigah DNK, ki sta med seboj povezani.

8 Nukleotidi so osnovni gradniki DNK, ki vsebujejo fosfatni osta-
nek, sladkor in organske baze. Lo¢imo étiri tipe nukleotidov, ki se
razlikujejo le v vrsti organske baze, ki ga sestavljajo.

Bialelni polimorizem pomeni, da obstajata le dve obliki DNK na
preiskovanem podrodju. Za posamezen STR-oznacevalec pravilo-
ma obstaja ve¢ kot deset oblik. Alel je alternativna oblika gena
(zaporedja DNK) na dolo¢enem genetskem lokusu.
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2.2 Zunanji videz posameznika

Zunanji videz posameznika oziroma lastnosti posameznika,
ki bi jih bilo v bliZnji prihodnosti mogoce rutinsko preiskovati v
forenzi¢ne namene, so predvsem obarvanost oziroma pigmenta-
cija o¢i, las in kofe ter struktura obraza. Napovedovanje telesne
visine pa se je izkazalo za manj zaneslivo (Kayser in de Knijff,
2011). Zunanji videz posameznika je seveda zapisan v njegovem
genomu, kar v vsakdanjem okolju nakazujejo identi¢ni dvojcki s
svojo podobo. Zunanji videz je zelo kompleksna lastnost, saj nanj
vpliva vedje Stevilo razlignth genov, med katerimi potekajo medse-
bojne interakcije in njthove interakeije z okoljem (Mertens, 2009).

2.3 Pigmentacijske lastnosti ljudi

Raznolikost v obarvanosti o¢l, las in koZe je rezultat razli¢ne
oblike in koli¢ine melanina, ki je nas glavni pigment in se sinte-
tizira v specializiranih veziklih (melanosomih) znotraj pigmen-
tacijskih celic (melanocitah). Znani sta dve glavni obliki melani-
na, in sicer eumelanin, ki je cbarvan rjavo-&rno, ter feomelanin,
ki je obarvan rumeno-oranZno. Ve¢ina raziskanih genov na tem
podrodju deluje ravno na sintezo melenina oziroma sintezo me-
lanosomov, kar je klju¢no pri izraZanju pigmentacijskih lastnosti
(Passeron, Mantoux in Ortonne, 2005). Ravno pravilen izbor do-
lo¢enth genov pa je klju¢en za natancnejde in pravilnede napove-
dovanje zunanjega videza posameznika na podlagi biclogkih sledi

3 Analize novih oznacevalcev

Razli¢ne metode za analiziranje novih oznacevalcev oziroma
SNP-jev se na podrodjn dolotanja zunanjega videza posameznika
vgrobem delfjo glede na indirekten in direkten pristop. Indirektni
pristop vkljucuje preiskave spectficnth SNP-oznacevalcev, ki po-
sameznika dokaj natan¢no uvrica v njegovo etni¢no skupino.
Torej deloma nakazuje posameznikovo lastnost glede na pozna-
vanje zunanjega videza njegovih prednikov. Znano je na primer,
da je svetlejta polt bolj domena ludi s severnega dela Evrope kot
tistih 2 drugih predelov sveta (Budowle in van Daal, 2008).

Direktni pristop pa vkljuéuje preiskovanje ¢im vedjega
$tevila genov in znotraj njih specificnth SNP-oznalevalcey, ki
skupno vplivajo na posamezno vidno lastnost posameznika.
Do danes je vecina raziskav SNP-oznacevalcev na podrocju
zunanjega videza narejenih na pigmentacijskih genih, ki v
medsebojnih interakcijah dolodajo specificno barvo odi, las in
kozZe. Prve uspeine preiskave na podro¢jut. L pigmentacijskih
genov so izvedli na misih, kjer so raziskovalci preucevali obar-
vanost njihove dlake. Pri misih so do sedaj dolo¢ili priblizno
120 genov, medtem ko so jih le pribliZno trideset povezali tudi
z redkimi pigmentacijskimi obolenji pri ljudeh. Med njimi je
do sedaj raziskanih okoli dvanajst genov, ki bolj specifi¢no
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vplivajo na pigmentacijske lastnosti in jih je mogoce upora-
biti za forenzitne preiskave (Branicki, Brudnik, Draus-Barini,
Kupiec in Wojas-Pelc, 2008; Kayser in Schneider, 2009).

Dosedanje svetovne raziskave, ki so bile izvedene na omeje-
nem $tevilu populaciiskih vzorcey, kaZejo visoko stopnjo pravil-
ne napovedi za pigmentacijske lastnosti, kot so barva oci in las.
Vendar jih zaradi pomanjkanja populacijskih podatkov trenutno
vedina forenzi¢nih laboratorijev $e ne uporablja rutinsko. Za do-
kon¢no potrditev posameznikove povezanosti s pigmentactjski-
mi lastnostmi je tako treba opraviti raziskave v ¢im ve< razliénih
populacijah, da bi se ugotovilo, Ze izbrani SNP-ji zadostijo krite-
rijemna populacijske genetike. § tem bi bila omogodena neposre-
dna primerjava rezultatov med razliXnimi populaciamipo sveti.

4 Vpeljava nove metode v Nacionalni forenzi¢-
ni laboratorij

V Nacionalnem forenzi¢nem laboratoriju smo za dolocanje
zunanjega videza posameznika s preiskavo SNP-oznagevalcev
uporabili direktni pristop. V ta namen smo uvedli novo meto-
do, t. 1. SNaPshot™ (Applied Biosystems), ki je po svetu precej
raz§irjena za analize SNP-oznacevalcev (Sanchez in Borsting,
2003; Sobrino, Brion in Carracedo, 2005). Metoda je namred
zelo ob¢utljfva, ponovlitva, robustna in fleksibilna ter cenovno
primerna za analize v forenzi¢nih laboratorijih, saj temelji na
enaki tehnologiji, kot jo Ze uporabljamo v nasem laboratoriju.
Za analizo z omenjeno metodo smo v nado raziskavo vikljuili
dvanajst SNP-oznadevalcey za dolotanje barve o¢iin las, za ka-
tere je znano, da so zelo polimorfni znotraj evropske populaci-
je. V nasprotju s predhodnimi raziskavami smo uspeli dvanajst
SNP-oznacevalcev zdruZiti v eno reakcijo. S tem smo zmanjsali
porabo bioloskega materiala pri analizi in hkrati skrajsali Cas za
analize za napovedovanje pigmentacijskih lastnosti

5 Eti¢ni vidik novih preiskav

Test za napoved zunanjega videza mora temeljiti na la-
stnostih, ki so obi¢ajno opaZene in jih je teZko zakriti 7 eti¢-
nega vidika kljub temu, da so vidne s prostim olesom, ne-
katerih genetskih podatkov ne moremo imeti za javne, kajti
mnogi geni za pigmentizacijo so tesno povezani z napovedo-
vanjem rizi¢nosti za koZnega raka (Sturm, Teasdale in Box,
2001). Forenzi¢na skupnost teh SNP-oznatevalcev ne sme
uporabljati in jih tudi ne uporablja za napoved vidnth zna-
¢ilnosti, pray tako tudi ne SNP-oznacevalcev, ki so povezani s
kakrinimi koli drugimi bolezenskimi stanji.

Z.e v zaletkih omenjenih raziskav v povezavis pigmentacij-
skimi lastnostmi Jjudi so raziskovalci teZili k ¢im manj$im po-
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vezovanjem z genskimi oznacevalcl, ki lahko podajajo npr. spe-
cifi¢na bolezenska stanja posameznika (Kayser in Schneider,
2009). Hkrati pa je treba poudariti, da do sedaj e niso odkrili,
da bi bila pojavnost SNP-jev, vikljucenth v nago raziskavo, po-
vezana s pojavnostjo neke bolezni, ampak le s pigmetacijskimi
lastnostmi. Ce bi se v prihodnje izkazalo, da je kateri izmed njih
povezan z bolezenskim stanjem, ga bomo morali izlo¢iti iz na-
daljnje uporabe za dolocanja pigmentacijskih lastnosti

6 Razprava

7 danasnjo odprtostio drZavnih mej in vedjo pretocnostjo
ljudi se lahko veda tudi 8tevilo kaznivih dejanja, tudi najhujéih,
v katerth so nam storilct lahko popolnoma neznani. Najboljsa
nacina za uspes$no razresevanje kaznivih dejanj sta dva, in sicer
nadaljnja izmenjava podatkov profilov DNK med drzavami, ki je
v veljavi Ze nekaj let, ter uvajanje najnovejsih forenzi¢nth metod v
forenzi¢ne laboratorije. Ena od teh forenzi¢nih metod je zagotove
preiskovanje pigmentacijskih lastnosti posameznika iz bicloskih
sledi, najdenih na kraju kaznivega dejanja. Te preiskave se pone-
kod Ze uporabljajo v kriminalisti¢nih preiskavah in so omogotile
razrediti Ze ved razliénih primerov kaznivih dejanj po vsem svetu
(Forensic DNA ethics, 2012). Kot primer lahko navedemo uspe-
$no raziskano kaznivo dejanje posilstva in umora 16-letne deklice
na Nizozemskem Zeleta 1999; forenzi¢no preiskavo je vodil Peter
de Knjiffe. Na proénjo tamkajénje policije in seveda na podlagi
zavarovane semenske tekoline so lahko dolotili pigmentacijske
lastnosti donorja omenjene biclogke sledi, ki so pokazale delen
zunanji videz storilca krutega kaznivega dejanja. Stem je predsta-
vil mozZnost, kako bi lahko forenzicne genetske preiskave sluzile
pri bolj specifiénem usmetjanju preiskovanja kaznivih dejanj na
podlagi zmanj$anja kroga osumliencev, saj so z njimi podane do-
locene vidne karakteristike storilca. Obenem so preiskave pomi-
rile etni¢na trenja na obmocju, kjer je bila deklica umorjena, saj
so nakazale, naj bi bil storilec domacin in ne priseljenec iz vzho-
dnih dr¥av. To pa je bil tudi povod za pobudo nizozemske vlade
sodnim instituctiam za zakonsko ureditev teh preiskay, kar se je
zgodilo Ze maja 2003 (Forensic DNA ethics, 2012).

7 Sklepne misli

Vedno novej$a znanja in tehnologije na podrocju genetike
in molekularne biologije omogodajo uéinkoviteje in hitreide
analize forenzi¢nih preiskav. Komaj dvajset let od prvih analiz
DNK je forenzi¢na tipizacia DNK ena Klju¢nih pri obsod-
bi ali oprostitvi osumljenca, seveda ko nam je njegov DNK-
profil znan Napredek na podrodju preiskav DNK je neverjeten
in mu sledimo tudi v Nacionalnem forenzi¢nem laboratoriji.
Ravno zato smo, zaenkrat v raziskovalne namene, uvedli novo
obcutljivo metodo za ugotavljanje najverjetnejdega zunanjega
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videza osebe oziroma njenih pigmentacijskih lastnosti o¢i in

las.

Nase dosedanje raziskave za slovensko populacijo so zelo

vzpodbudne, saj smo pravilno obarvanost oci in las napovedali

Z Vel

rietnostjo med 80 in 96 %. Informacije o zunanjem videzu

posameznika bodo v prihodnje, ko bodo opravljene $e dodatne
validacijske studije, sluZile predvsem za zmanganjekroga mogo-
¢ih osumljencev in s tem vodile kriminalisti¢ne preiskovalce do
najverjetnejdih storilcev, predvsem pri teZjih kaznivih dejanjth.

8
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Today, forensic investigation allows the identification of biological traces based only on knowledge of the DNA profiles of suspects
or persons found in DNA investigation records. The National Forensic Laboratory has been very successful in the identification of
biological traces. Nevertheless, there are, and will be, criminal offences in which biological traces from a crime scene cannot be linked
to any known person. In order to solve some of these cases, a new method is being introduced to forensic investigations. Based on
the new method, the physical appearance of the person, or their pigmentation characteristics, such as eye and hair colour, could be
determined from biological traces. The results of these genetic analyses could be termed ‘genetic eyewitnesses, as they will have the same
role as eyewitnesses to criminal offences. Such investigations abroad have helped to solve a number of criminal cases. However, only the
Netherlands Forensic Institute performs these routinely, and only for serious criminal offences. Research in this area will be mainly used
to focus criminal investigations on a narrower range of suspects, as their physical appearance will be partly known. The introduction of
such investigations to the National Forensic Laboratory is intended to enable Slovenia to approach solving serious criminal offences by
using new molecular techniques, the results of which will be used by investigators as a new analytical tool to identify criminals.
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3 RAZPRAVA IN SKLEPI

3.1 RAZPRAVA

3.1.1 Gen SRY v spolnem kromosomu Y

Dolocanje spola donorja bioloskih sledi v forenzi¢nih preiskavah je v nekaterih primerih
kljucnega pomena, predvsem pri raziskovanju kaznivih dejanj zoper spolno
nedotakljivost (moskega/zenske). Vendar je bilo do sedaj opravljenih mnogo raziskav,
pri katerih so dolocili mutacije v najbolj pogosto uporabljenemu amelogeninskemu
genu AMEL, kar je posledi¢no razlog za napa¢no dolo¢anje spola (Santos in sod., 1998;
Roffey in sod., 2000; Steinlechner in sod., 2002; Drobnic, 2006).

Eden od moznih pristopov pri raziskavah, v katerih so raziskovalci skusali pravilno
dolo¢iti spol donorja bioloske sledi, je bil ta, da so, zato da so se izognili delecijam
znotraj amelogeninskega gena, skonstruirali kraj$a zacetna oligonukletoida in s tem
pridobili dva produkta pomnozevanja, in sicer 80 bp na kromosomu X in 83 bp na
kromosomu Y. Vendar se ta metoda kasneje ni izkazala za najprimernejSo (Haas-
Rochholz in Weiler, 1997).

Primernej$e so bile raziskave, pri katerih so se raziskovalci usmerili v konstruiranje
razlicnih zacetnih oligonukleotidov znotraj gena SRY, za katerega je znacilno, da je
mocno evolucijsko ohranjen (Santos in sod., 1998; Dennis Lo in sod., 1998; Singh in
sod., 1999; Tozzo in sod., 2013). Leta 1998 je Santos s sodelavci prvi skonstruiral par
zacetnih oligonukleotidov (SRY 93 I, SRY 93 II), ki da po pomnoZevanju DNA
fragment dolzine 93 baznih parov in se pojavi le pri moskih. Zapored;ji sta (Santos in
sod., 1998):

SRY 93 1: 5 ATA AGT ATC GAC CTC GTC GGA AG 3',

SRY 93 11: 5" GCA CTT CGC TGC AGA GTA CCG AAG 3.

Poleg omenjenih parov zacetnih oligonukleotidov so bili nato skonstruirani in
uporabljeni tudi drugi pari, ki so bistvenega pomena pri reSevanju kaznivega dejanja
zoper spolno nedotakljivost ter so pomembni tudi pri prenatalni diagnostiki bolezni, ki
so specificne le za moske (Naito in sod., 1994; Dennis Lo in sod., 1998; Singh in sod.,
1999; Drobnic, 2006; Tozzo in sod., 2013).

Za potrebe forenzi¢nih genetskih preiskav, ki danes temeljijo na razlicnih komercialnih
kompletih, je bilo potrebno skonstruirati primerne zacetne oligonukleotide, ki bi lahko
bili vkljuceni v Ze uveljavljene komercialne komplete v hkratni reakciji PCR, pri
standardnih pogojih PCR, ki jih narekuje posamezni uporabljeni komercialni komplet.
Potreba po vkljucitvi dodatnega genetskega oznacevalca v obstojeCe komercialne
komplete sloni tudi na tem, da v kompletih ni prisotne notranje pozitivne kontrole, zato
pri sami individualizaciji bioloske sledi ni mogoce zagotovo trditi, ali gre za mosko ali
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zensko osebo. Posledi¢no se kaze potreba po vkljucitvi dveh genetskih oznacevalcev v
posamezni komplet, kar pa za enkrat Se ni del prakse pri proizvajalcih komercialnih
kompletov (Hedges in sod., 2003; Kastelic in sod., 2009).

Da ne bi prislo do morebitne napacne interpretacije spola donorja specificne biolosSke
sledi, smo tako kot drugi raziskovalci tudi mi vpeljali nov genetski oznacevalec SRY na
kromosomu Y (Thangaraj in sod.; 2002; Jobling in sod., 1997) za potrebe
pomnoZevanja znotraj komercialnega kompleta AmpFISTR® SG M™  Plus
Amplification (AB) in opravili vse potrebne validacijske Studije na podlagi priporocil
SWGDAM (Scientific Working Group on DNA Analysis Methods). Zaporedji novih
zacetnih oligonukleotidov znotraj gena SRY sta:

96 I: FAM - AGC AGT CAG GGA GGC AGA TCA,

96 Il: CCC CCT AGT ACC CTG ACA ATG TAT T (Drobnic, 2006).

Validacijske studije (Kastelic in sod., 2009) so potrdile, da je pomnozevanje gena SRY z
novim parom zacetnih oligonukleotidov zanesljivo in ponovljivo pri vseh 115 sorodno
nepovezanih moskih, vkljuéenih v preiskavo, in uspe$sno Ze pri vnosu minimalne
koli¢ine DNA (25.0 pg). PomnoZevanje gena SRY je potekalo v hkratni PCR reakciji
skupaj z ostalimi enajstimi pari zacetnih oligonukleotidov znotraj komercialnega
kompleta AmpFISTR® SGM™ Plus Amplification (AB), ki pa niso motili samega
pomnoZevanja gena SRY. Obenem vnos novega para zacetnih oligonukleotidov ni
vplival na pomnozevanje lokusov, ki so zajeti v omenjenem komercialnem kompletu
(Kastelic in sod., 2009). Ravno tako smo potrdili, da vnos novega para zaCetnih
oligonukleotidov ne vpliva na pomnozevanje ostalih 16 lokusov znotraj komercialnega
kompleta AmpFISTR® NGM™ amplification (AB), za katerega pa je treba opraviti Se
validacijske Studije (Priloga A).

Produkt pomnoZevanja gena SRY smo dokazali tako tudi pri moskih, ki imajo delecijo v
amelogeninskem genu, oziroma pri moskih, ki bi bili dolo¢eni kot Zenska oseba, ¢e bi
za dokazovanje spola uporabili le amelogeninski genetski oznacevalec. Dolo¢anje spola
s hkratno uporabo obeh genetskih oznacevalcev, tako amelogeninskega gena kot tudi
gena SRY, bi zagotovilo bolj verodostojne rezultate, medtem ko jih le sedaj uporabljeni
amelogeninski gen ne (Kastelic in sod., 2009).

3.1.2 Polimorfizem posameznih nukleotidov in pigmentacijske lastnosti

V zadnjih letih so DNA preiskave bioloSkih sledi, pridobljenih pri razlicnih kaznivih
dejanjih, postale klju¢ne za napovedovanje zunanjega videza ljudi, niso pa Se postale del
rutinskih preiskav v forenzi¢ni genetiki. MozZnost takega napovedovanja bi bila v prvi
vrsti v veliko pomo¢ kriminalisticnim preiskavam, predvsem v primerih, ko za
specifi¢no biolosko sled ne bi mogli podati primernega DNA profila (v primeru nizke
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koncentracije DNA) oziroma ko za omenjeni profil ne bi mogli potrditi ujemanja z
osumljeno ali s katero drugo osebo iz evidenc preiskav DNA. Tako bi za potrebe
kriminalisti¢nih preiskav z napovedjo zunanjega videza posameznika, tako njegovega
spola kot tudi specificnih pigmentacijskih znacilnosti, mocno zmanjsal krog morebitnih
osumljenih, na katere bi se lahko osredotocali kriminalisti (Kayser in Schneider, 2009).

Dosedanje Studije na podro¢ju pigmentacijskih znacilnosti so dolocile ze mnogo genov
in njihovih SNP-jev, predvsem s pomoc¢jo raziskanosti pigmentacijskih obolenj pri
Cloveku (npr. ekstremne oblike albinizma). Pri pigmentacijskih obolenjih so se
raziskave usmerile predvsem v mutacije gena OCA2, ki je bil kmalu oznacen kot glavni
gen, ki prispeva k specifi¢ni obarvanosti o¢i (Branicki in sod., 2008; Sturm in sod,
2008). Nato je sledil nov val raziskav, ki je gen HERC2 in predvsem SNP rs12913832
oznacil za enega pomembne;jsih, ¢e ne celo najpomembnejSega, ki prispeva k specifi¢ni
obarvanosti oci, las in koze (Visser in sod., 2012). Kljub vsemu pa je znano, da so
pigmentacijske lastnosti zelo kompleksne in da nanje vpliva vecje Stevilo razli¢nih
genov, med katerimi so bolj raziskani MC1R, TYR, TYRP1, SLC24A4, SLC45A2, IRF4
in ASIP (Nakamura in sod., 2002; Branicki in sod., 2007; Soejima in Koda, 2007;).

Od vseh omenjenih smo se pri raziskavi osredotocCili na Sest genov in znotraj njih na
dvanajst SNP-jev (OCA2 — rs7495174, rs7170989, rs1800407, rs1667394, TYR —
rs1393350, SLC45A2 — rs16891982, rs26722, MC1R — rs1805005, rs1805008 in
SLC24A5 — rs1426654, HERC2 — rs12913832, rs112938), ki naj bi imeli eno klju¢nih
vlog pri pigmentaciji o¢i in las (Branicki in sod., 2008; Kayser in Schneider, 2009). Za
pridobljene genetske podatke vseh 105 prostovoljcev smo najprej dolocili, da so aleli
enajstin SNP-jev (razen rs1426654) v Hardy-Weinbergovem (HW) ravnovesju. Ta
podatek ni presenetljiv, saj je bil izbor sorodstveno nepovezanih prostovoljcev
nakljuéen. S primerjavo alelnih frekvenc SNP-jev s podatki CEU smo ugotovili, da je
SNP rs1426654 monomorfen tako za slovensko kot za evropsko populacijo. Preostalih
deset SNP-jev (za SNP rs1129038 ni podanih podatkov, je pa znano, da je v popolnem
vezavnem neravnovesju s SNP-jem rs12913832) kaze zelo podobno frekvenco alelov,
kot je predstavljena za evropsko populacijo. Za vseh dvanajst SNP-jev smo preverili
tudi njihovo vezano dedovanje (LD) in ugotovili, da sta SNP-ja rs1129038 in
rs12913832 v popolnem vezavnem neravnovesju; ravno tako sta SNP-ja rs1667394 in
rs7170989 v vezavnem ravnovesju s SNP-jem rs1800407. Zaradi tega smo iz nadaljnjih
statisticnih analiz izloc¢ili vse tri omenjene SNP-je, saj ti predstavljajo enak haplotip
posameznika. Obenem smo z metodo binarne logisti¢ne regresije ugotovili, da je za nas
vzorec statisticno znacilnih pet SNP-jev (P < 0,05): rs12913832, rs1393350,
rs1800407, rs1805008 in rs7495174, ter le te uporabili v nadaljnih analizah za
preverjanje uspesnosti napovedi za posamezno pigmentacijsko obarvanost o€i in las v
slovenski populaciji (omejili smo se na 104 prostovoljce, saj je bil en posameznik
izvzet, kajti je edini v vzorcu slovenske populacije, ki ima rdeckasto obarvane lase). S
pomocjo dveh statisticnih napovednih modelov, in sicer naivnega Bayesovega modela
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in modela logisticne regresije smo nato ovrednotili njuno uspesnost pri napovedi
obarvanosti o¢i in las.

Pri primerjavi obeh statisticnih napovednih modelov lahko zaklju¢imo, da sta glede na
rezultate oba modela primerna, saj smo za njiju dolo¢ili primerljive rezultate glede
uspesnosti napovedi, kljub Stevilcno manjsSi ucni skupini. Znano je namrec, da je
Bayesov model uspesnejsi pri napovedovanju, ko imamo opravka z manjSo ucno
skupino, njegova slabost v primeru Studije, kot je nasa, pa je, da ne uposteva korelacij
med posameznimi neodvisnimi spremenljivkami (Halloran, 2009). Torej v primeru
obarvanosti o¢i ne uposteva, da posamezni SNP-ji vzajemno vplivajo na fenotipske
znacilnosti ljudi in da med njimi obstaja mocna korelacija. Povezanost med
posameznimi neodvisnimi spremenljivkami oziroma SNP-ji pa uposSteva model
logisti¢ne regresije. Rezultati so bili skladni s predvidevanji. Pri modelu logisti¢ne
regresije smo dobili vi§je vrednosti AUC, obcutljivosti in specifi¢nosti za obarvanost
o¢i in las. To pomeni, da je model logisticne regresije uspesnejsi pri napovedovanju
obarvanosti o¢i oziroma las za izbran vzorec slovenske populacije, kljub Stevil¢no
majhni u¢ni skupini. V nadaljevanju so opisane le vrednosti, pridobljene s tem modelom
(Kastelic in sod., 2012).

Za obarvanost o¢i smo s pomoc¢jo modela logisti¢ne regresije za 24 prostovoljcev
uspes$no napovedali posamezno obarvanost o¢i, in sicer za modre (AUC=1.0) in rjave
(AUC=0.832). Za npr. modrooke smo obenem dolocili stoodstotno obcutljivost (kar
pomeni, da smo za vse modrooke pravilno napovedali, da so res modrooki) in
stoodstotno specificnost (kar pomeni, da smo za vse posameznike, ki niso imeli modrih
o¢i, pravilno napovedali, da res niso imeli modrih o¢i). Za vse vmesne barve o¢i smo
dolo¢ili najnizjo vrednost AUC in obenem tudi niZjo specifi¢nost. Vendar te vrednosti,
Ki govorijo 0 uspesnosti napovedi, niti niso presenetljive, saj vse dosedanje raziskave z
znanimi SNP-ji niso bistveno natan¢neje napovedale obarvanosti (Walsh in sod., 2011b;
Walsh in sod., 2013) za to vmesno skupino o¢i. Razlog je predvsem ta, da so v to
skupino zajeti vsi posamezniki, ki imajo Ze samo obarvanost oc¢i bolj kompleksno in
raznoliko, npr. sivo, zeleno oziroma kombinacijo ve¢ barv (rjave z zelenim kolobarjem,
modre s sivim kolobarjem ...). Za to skupino obarvanosti o¢i bi bilo v prihodnje
pomembno dolo¢iti Se bolj specifi¢en nabor SNP-jev, obenem pa bi bilo znotraj te
skupine potrebno posameznike Se dodatno porazdeliti v manjSe sklope, kjer so si
obarvanosti o¢i med seboj bolj podobne, kot smo to lahko naredili pri skupinah
posameznikov z modrimi oziroma rjavimi o¢mi. Ravno tako smo za obarvanost las
uspesno napovedali obarvanost, predvsem za blond lase (AUC=0.913) in temno
rjave/¢rne lase (AUC=0.832), malo manj uspesni smo bili pri napovedi temno
blond/svetlo rjavih las (AUC=0.723). Pri tako opredeljeni obarvanosti las smo najvecjo
obcutljivost (88,0 %) in specificnost (95,0 %) dolocili za posameznike s temno
rjavimi/¢rnimi lasmi. To npr. pomeni, da smo za 88,0 % posameznikov v testni skupini
s temno rjavimi/Crnimi lasmi, pravilno napovedali tako obarvanost las in da smo med

44



Kastelic V. Vpliv polimorfizma posameznih nukleotidov na pigmentacijske spremembe na oc¢eh in laseh pri slovenski populaciji.
Dokt. disertacija,. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

vsemi posamezniki, ki niso imeli temno rjavih/¢rnih las, za 95,0 % od njih pravilno
dolo¢ili, da nimajo temno rjavih/¢rnih las (Kastelic in sod., 2012).

Obenem smo za uspesnost napovedi preverili Se pristop, pri katerem smo posamezno
obarvanost o¢i in las opredelili le kot svetlejSo oziroma temnejSo. Vrednosti AUC pri tej
kategorizaciji sta zelo visoki, in sicer za obarvanost o¢i je AUC = 0.99 in pri enaki
kategorizaciji las je AUC = 0.93. Vendar pa je tak nain opisovanja za posamezno
pigmentacijsko obarvanost manj informativen, saj imamo podatke le o svetlejSem in
temnejsem odtenku obarvanosti o¢i, ne pa o specifi¢ni barvi, kljub temu da sta vrednosti
AUC in obcutljivost zelo visoki (Kastelic in sod., 2012).

Za potrebe genotipiziranja Sestih SNP-jev znotraj slovenske populacije smo
skonstruirali nov hkratni komplet za pomnozevanje dvanajstih SNP-jev. Komplet se je
izkazal za zelo zanesljivega, saj smo za vseh 105 slovenskih prostovoljcev pravilno
dolo¢ili genotip vseh dvanajstih SNP-jev. Obenem pa se je izkazal za zelo obcutljivega,
saj je bilo pomnozevanje uspesno tudi pri zelo majhni koncentraciji zacetne DNA (62.0
pg), kar je zelo primerno pri zahtevnejsih forenzi¢nih preiskavah, kjer imamo velikokrat
opravka z bioloskimi sledmi z zelo nizkimi koncentracijami DNA oziroma z DNA, ki je
lahko ze moc¢no razgrajena (Kastelic in sod., 2012). Vse zgoraj omenjene vrednosti, Ki
opredeljujejo uspesnost napovedi za pigmentacijsko obarvanost oci in las, so zelo
obetavne in bodo v prihodnje, z vecjo raziskanostjo Se vecjega Stevila pigmentacijskih
genov in njihovih SNP-jev, imele velik pomen v forenzi¢nih genetskih preiskavah.
Obenem pa se je potrebno zavedati, da so dosedanje Studije omejene predvsem na
evropsko populacijo. Za potrditev vseh dosedanjih ugotovitev glede specificnih SNP-
jev bi bile potrebne dodatne validacijske Studije, ki bi potrdile oziroma zavrnile, da
sklop omenjenih SNP-jev vpliva na to¢no opredeljeno pigmentacijsko obarvanost o¢i in
las za vse svetovne populacije podobno. Hkrati bi bile za potrditev uspeSnosti napovedi
pigmentacijske obarvanosti o¢i in las slovenske populacije potrebne nadaljnje
validacijske Studije s Se vecjim Stevilom prostovoljcev, predvsem na podrocju
obarvanosti o€i pri kategorizaciji z vmesno obarvanostjo oci, kjer je zajetih ve¢ barvnih
odtenkov — sive, zelene oziroma kombinacija ve¢ barv (rjave z zelenim kolobarjem,
modre s sivim kolobarjem ...). Torej bi bilo potrebno v nadaljevanju to kategorijo
obarvanosti o€i razdeliti v manjSe sklope, kjer bi si bili barvni odtenki o¢i med seboj
bolj podobni, morebiti tudi s pomoc¢jo vnaprej pripravljene barve lestvice (Kastelic in
sod., 2012; Walsh in sod., 2013).

V nadaljevanju raziskav smo se zaradi manjSega vzorca slovenske populacije odlo¢ili,
da uspesSnost napovedi za obarvanost o¢i dolo¢imo tudi s pomocjo modela logisti¢ne
regresije, ki je bil izdelan za 3804 prostovoljcev nizozemske populacije, in zajema Sest
najbolj specificnih SNP-jev za obarvanost o¢i (komplet IrisPlex) (Walsh in sod.,
2011a). UspeSnost napovedi, izrazena z vrednostjo AUC, je bila za slovensko
populacijo v tem primeru 0.966 za modre oci, 0.913 za rjave oci in 0.796 za vmesno
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skupino obarvanosti o¢i (Kastelic in sod., 2013). Predstavljeni rezultati o uspesnosti
napovedi so primerljivi z napovedmi v sklopu preostalih dveh raziskav, ki zajemata
SirSo evropsko populacijo (Ruiz in sod., 2012; Walsh in sod., 2013). 1z tega lahko
sklepamo, da je validiran komplet IrisPlex primeren za potrebe napovedi obarvanosti
o¢i posameznikov v forenzi¢nih preiskavah predvsem v primerih, kjer imamo opravka z
niZjo koncentracijo oziroma degradirano DNA (Walsh in sod., 2013).

3.2 SKLEPI

V sklopu preiskav za zanesljivejSe napovedovanje spola donorjev specificnih bioloskih
sledi smo s pomocjo novega para zacetnih oligonukleotidov gena SRY le pri moskih
osebah lahko dolocili konéni fragment dolzine 96 baznih parov.

Validacijske $tudije so potrdile, da je pomnozevanje gena SRY z novim parom zacetnih
oligonukleotidov obcutljivo, zanesljivo in ponovljivo, tako v smislu samostojnega
pomnoZevanja kot tudi v smislu pomnoZevanja v hkratni PCR reakciji v sklopu
komercialnih kompletov. Pomnozevanje gena SRY smo potrdili in validirali v sklopu
komercialnega kompleta AmpFISTR® SGM™ Plus Amplification (AB). Obenem pa smo
pomnoZevanje gena SRY potrdili tudi v komercialnem kompletu AmpFISTR® NGM™
Amplification (AB), ki se sedaj najbolj razsirjeno uporablja v rutinskih forenzi¢nih
preiskavah in vsebuje kar Sestnajst parov zacetnih oligonukleotidov (priloga A). Z
vnosom novega para zacetnih oligonukleotidov znotraj gena SRY v komercialne
komplete bi skrajsali ¢as forenzi¢nih preiskav in obenem zanesljivejSe potrdili spol
donorja specifi¢ne bioloske sledi.

Z novim naborom zacetnih oligonukleotidov, primernih za hkratno pomnoZevanje v
hkratni klasicni PCR reakciji (24 parov zacetnih oligonukleotidov) in v hkratni
minisekven&ni SNaPshot™ reakciji (12 parov zaGetnih oligonukleotidov), smo pri vseh
105 slovenskih prostovoljcih uspesno doloé¢ili njihov haplotip za vseh dvanajst SNP-jev
hkrati. Avtomatska analiza rezultatov, pridobljenih s kapilarno elektroforezo, je
potekala s pomocjo ra¢unalniSkega programa GeneMapper ID version 3.2.1, pri katerem
smo morali predhodno definirati velikostni standard za vsakega od dvanajstih produktov
pomnoZevanja. Komplet z novim naborom zacetnih oligonukleotidov je obenem
zanesljiv, ponovljiv (vse analize so potekale v duplikatih in podale identi¢en rezultat) in
zelo obcutljiv, saj so validacijske Studije kompleta pokazale, da smo celoten haplotip
SNP-jev dolocili Ze pri vnosu minimalne koli¢ine DNA (62.0 pg).

Frekvence alelov dvanajstin SNP-jev smo primerjali s frekvencami, ki so objavljene na
portalu NCBI SNP, in sicer za potomce severne in zahodne Evrope — CEU (prebivalce
zvezne drzave Utah, ZDA). Alelne frekvence SNP-jev pri slovenski populaciji so bile
podobne tistim, predstavljenim na portalu NCBI SNP — CEU. Edino za SNP rs1129038
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na portalu NCBI SNP ni podanih podatkov, je pa zanj znano, da je v popolnem
vezavnem neravnovesju s SNP-jem rs12913832 in lahko sklepamo, da so si tudi alelne
frekvence obeh SNP-jev med seboj mo¢no podobne. Torej lahko povzamemo, da na
podlagi teh frekvenc slovenska populacija pripada Sirsi evropski kavkazijski populaciji.

V naboru dvanajstih SNP-jev smo za slovensko populacijo lahko dolocili pet SNP-jev
(rs1800407, rs7495174, rs12913832, rs1805008 in rs1393350), ki so statisti¢no znacilni
(P<0,05) za obarvanost o¢i in las. Z vkljucitvijo teh SNP-jev v dva statisti¢na
napovedna modela (Bayesianov model, model logisti¢ne regresije) smo lahko vecjo
uspesnost napovedi ugotovili pri uporabi modela logisti¢ne regresije, saj ta uposteva
povezavo med neodvisnimi spremenljivkami oziroma SNP-ji, ¢esar pa nam naivni
Bayesov model ne omogoca. Obenem smo ugotovili, da se uspesnost napovedi med
seboj bistveno ne razlikuje, ko obarvanost o¢i oziroma las kategoriziramo v tri oziroma
dve skupini, vendar pa je mnogo bolj informativna kategorizacija obarvanosti v tri
skupine. Pri kategorizaciji v tri skupine je bila tako uspeSnost napovedi oziroma
vrednost AUC 1.0 za modre o¢i in 0.832 za rjave o¢i, manjSa pa za vmesno (0.747)
kategorijo obarvanosti o¢i, ki je zajemala razlicne barve od zelenih do sivih. Dokaj
visoke vrednosti AUC smo dolocili tudi za obarvanost las, vendar z manjSo
obcutljivostjo in specifi¢nostjo. Tako je bila vrednost AUC 0.913 za blond barvo las,
0.832 za temno rjavo/crno barvo las in 0.723 za temno blond/svetlo rjavo barvo las.

Zaradi manjSega vzorca slovenske populacije smo naknadno ocenili uspe$nost napovedi
obarvanosti o¢i s pomocjo Sestih najbolj specificnith SNP-jev in na osnovi statistiénega
modela kompleta IrisPlex izdelanega za nizozemsko populacijo (model logisti¢ne
regresije). S pomocjo tega modela smo dolocili zelo visoko obcutljivost tako za modre
kot tudi za rjave o€i, in sicer za celoten vzorec slovenske populacije. Obenem je bila
zelo visoka tudi uspe$nost napovedi, izrazena z AUC (0.966 za modre, 0.913 za rjave
o¢i) (Kastelic in sod., 2013). Zaradi kompleksnosti vmesne kategorije, ki vsebuje vec
razli¢nih obarvanosti o€i (sivo, zeleno oziroma kombinacijo vec barv (rjave z zelenim
kolobarjem, modre s sivim kolobarjem ...)), pa to¢nost napovedi ni bila tako zanesljiva.
Sta pa omenjeni vrednosti AUC za modre in rjave oci zelo primerljivi z AUC
vrednostmi, ki so bile dolo¢ene z dvema preiskavama za §irSo evropsko populacijo, ki
sta vkljucevali sedem (Walsh in sod., 2013) oziroma Sest evropskih populacij (Ruiz in
sod., 2012). Vrednosti AUC so bile v tem primeru 0.964/0.986 za modre oci in
0.956/0.978 za rjave oCi. 1z tega sledi, da je validiran komplet IrisPlex, ki Se ni del
rutinskih forenzi¢nih preiskav, zelo primeren za natan¢no napovedovanje modrih in
rjavih o¢i predvsem posameznikov evropske populacije.
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4 POVZETEK (SUMMARY)
4.1 POVZETEK

V forenzi¢nih preiskavah je poleg identifikacije posameznika pomembno doloditi tudi
spol te osebe. S tem takoj izlo¢imo priblizno polovico populacije in deloma olajSamo
kriminalistom nadaljnjo preiskavo. Danes je najbolj razsirjen genetski oznacevalec za
doloCanje spola amelogeninski gen. Zacetni oligonukleotidi za pomnoZevanje gena so
tako prisotni v ve€ini splosno uporabljenih komercialnih kompletov, kljub temu da
raziskovalci ze od leta 1998 opozarjajo na dokaj visoko stopnjo mutacij Vv
amelogeninskem genu (Santos in sod., 1998; Roffey in sod., 2000; Steinlechner in sod.,
2002; Thangaraj in sod., 2002; Brinkman, 2002; Drobnic¢, 2006; Mitchell in sod., 2006;
Chang in sod., 2007; Turrina in sod., 2011). Raziskovalci so zaceli uporabljati nove
genetske oznacevalce za dolocanje spola. Eden od njih je gen SRY, za katerega smo v
naSem raziskovalnem delu skonstruirali nov par zacetnih oligonukleotidov, katerega
produkt pomnoZevanja je dolg le 96 baznih parov in je dolocen le pri moskih. Gen SRY
smo uspe$no pomnozili z novim parom zacetnih oligonukleotidov tudi pri standardnih
pogojih, ki jih narekuje proizvajalec uporabljenih komercialnih kompletov AmpFISTR®
SGM™ Plus Amplification in AmpFISTR® NGM™ Amplification (AB) (priloga A).
Obenem smo opravili obseznejSe validacijske Studije za pomnoZevanje gena SRY z
uporabo omenjenega para zacetnih oligonukleotidov znotraj komercialnega kompleta
AmpFISTR® SGM™ Plus Amplification (AB) in s tem predstavili moZnost, kako v
krajSem cCasu zanesljiveje napovedati spol donorja specificne bioloske sledi (Kastelic in
sod., 2009).

Pri zunanjem videzu ¢loveka se seveda najprej osredoto¢imo na njegov spol, izrazitejSe
pa so tudi druge znacilnosti, kot so pigmentacijska obarvanost oci, las, koze, viSina
posameznika in njegova struktura obraza. Na vse omenjene lastnosti po sedanjih
raziskavah najbolj specifi¢no vplivajo polimorfizmi posameznih nukleotidov (SNP-ji).
Za potrebe raziskav smo odvzeli brise ustnih sluznic 105 sorodstveno nepovezanim
prostovoljcem iz slovenske populacije in obenem za raziskavo pridobili potrditev
slovenske Komisije za medicinsko etiko. V tej raziskavi smo se osredotoCili na dve
lastnosti, in sicer obarvanost o¢i in las, ki sta za enkrat tudi najbolj raziskani, za razliko
od obarvanosti koZe. Za analizo omenjenih lastnosti smo se osredotoCili na Sest
pigmentacijskih genov in na dvanajst SNP-jev znotraj njih in jih zdruzili v nov komplet
za hkratno pomnozevanje s polimerazo. Novi komplet se je izkazal za zelo obcutljivega
(primeren je npr. tudi za bioloSke vzorce z minimalno koli¢ino DNA (62.0 pg)) in
zanesljivega, saj smo za vseh 105 prostovoljcev lahko dolocili celoten haplotip
dvanajstih SNP-jev. S primerjavo frekvenc alelov s frekvencami za SirSo evropsko
populacijo (podatki CEU iz portala NCBI SNP) za posamezni SNP smo potrdili, da so
frekvence za slovensko populacijo primerljive in s tem potrdili njen enak izvor oziroma
pripadnost $irsi evropski kavkazijski populaciji (Kastelic in sod. 2012).
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Po predhodnih statistiéni analizah smo med dvanajstimi SNP-ji dolocili pet najbolj
statisti¢no informativnih (rs1800407, rs7495174, rs12913832, rs1805008 in rs1393350),
s katerimi smo lahko za 24 prostovoljcev slovenske populacije — testno skupino
(podatke preostalih 80 prostovoljcev smo uporabili za vzpostavitev statisticnega modela
— Studijska skupina) dolo¢ili vrednosti AUC 1.0 za modre o¢i, 0.832 za rjave oci in
0.747 za vmesno skupino obarvanosti oci, ter 0.913 za blond lase, 0.832 za temno
rjavo/¢rno barvo las in 0.723 za temno blond/svetlo rjavo barvo las, in sicer z uporabo
uspesnejSega modela logisti¢ne regresije (Kastelic in sod., 2012).

Zaradi premajhnega vzorca slovenske populacije, ki smo jo v prvem delu raziskave
uporabili tako za Studijsko kot tudi za testno skupino, smo v naslednjem koraku za
uspesnost napovedi obarvanosti o€i uporabili statisticni model kompleta IrisPlex,
izdelanega za nizozemsko populacijo. S tem modelom smo za vseh 105 slovenskih
prostovoljcev dolocili vrednosti AUC 0.966 za modre o¢i in 0.913 za rjave oci, ki so

zelo podobne vrednostim, dolo¢enimi za SirSo evropsko populacijo (Ruiz in sod., 2012;
Walsh in sod., 2013; Kastelic in sod., 2013).

Raziskave na podro¢ju napovedovanja pigmentacijskih znacilnosti, predvsem
pigmentacijski obarvanosti o¢i in las, so zelo obetavne in znanih je Ze nekaj tujih
kriminalistiénih primerov, ki so bili uspesno razreseni na podlagi omenjenih analiz
(Cases overview, 2012). Raziskave bodo torej sluzile predvsem za usmeritve
kriminalistiénih preiskav v zmanjSan krog morebitnih osumljencev z znanimi
omenjenimi pigmentacijskimi znaéilnostmi, predvsem pri tezjih kriminalnih dejanjih
(Kayser in Schneider, 2009).

4.2 SUMMARY

In everyday forensic genetic investigations we firstly identify individual DNA profile
and also his or her gender. This immediately eliminated about half of the researched
population and partly facilitates further criminal investigations. Currently is the
amelogenine gene the most widely used genetic marker for sex determination. Primers
for amplification of this gene are present in the most commonly used commercial kits.
Despite the fact that since 1998 there have been many researchers that alert on high
degree of mutations (0.018% to 8.0%) in amelogenine gene on chromosome (Santos in
sod., 1998; Roffey in sod., 2000; Steinlechner in sod., 2002; Thangaraj in sod., 2002;
Brinkman, 2002; Drobni¢, 2006; Mitchell in sod., 2006; Chang in sod., 2007; Turrina in
sod., 2011). Because of that many researcher began to use new genetic markers for
gender determination. One of them is SRY gene, that we also used in our investigation.
For the region in the SRY gene we constructed a new pair of primers with the end
amplification product of 96 bp. These new pair of primers for SRY gene was
successfully amplified in multiplex PCR with other primers and under PCR conditions,
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which are required by the manufacturer of two commercial kits AmpFISTR® SGM ™
Plus Amplification in AmpFISTR® NGM™ Amplification (AB). We also conducted
extensive validation studies (115 volunteers) for the amplification of SRY gene with the
new pair of primers in the commercial kit AmpFISTR® SGMTM Plus Amplification
(AB) to present the opportunity of more reliable prediction of the gender of the donor
for specific biological sample in shorter time (Kastelic in sod., 2009).

Beside human gender there are also other externally visible characteristics (EVC) to
which we pay attention when perceiving other people. These EVCs could be
pigmentation color of eyes, hair and skin, height of the individual and his facial
structure. All characteristics are strong associated with specific single nucleotide
polymorphisms (SNPs). For the purpose of our research the buccal swabs were taken
from 105 Slovene volunteers, which all signed written consents for the use of their
DNA solely for scientific research and the study was approved by National Medical
Ethics Committee. In this study, we focused on two attributes, such as color of eyes and
hair, which are for once the most investigated, as opposed to the color of the skin. For
the analysis of these properties, we focused on six pigment genes and twelve SNPs
within them and merged them into a new kit for the simultaneous amplification by
polymerase. The new kit has proven to be highly sensitive (suitable, for for example
even for biological samples with the minimum amount of DNA (62.0 pg)) and reliable,
because we identify full haplotype for all twelve SNPs for each of 105 Slovene
volunteers (all the investigations were made in duplicates). Comparing the frequencies
of alleles frequencies with frequencies of wider European population (CEU data from
the portal NCBI SNP) for each SNP, we confirmed that the Slovenian population has
the origin like wider European Caucasian population (Kastelic in sod. 2012).

According to preliminary statistical analyzes the five out of twelve SNPs were
statistically most informative (rs1800407, rs7495174, rs12913832, rs1805008 and
rs1393350). With these five SNPs and for 24 Slovene volunteers (remaining 80
volunteers were used to establish a statistical model) we could determine AUC 1.0 for
blue eyes, 0.832 for brown eyes and 0.747 for the intermediate group color eyes, and
0.913 for the blonde hair, 0.832 for dark brown/black hair and 0.723 for dark
blonde/light brown hair color, when using statistical method of logistic regression
(Kastelic in sod. 2012).

Due to the small sample size, which was in first research used to establish the statistical
model, as well as for the evaluation of it, we additionally used the statistical model
(IrisPlex kit) designed for the Dutch population for the more accurate prediction of the
eye color for Slovene volunteers. With this model we determine AUC 0.966 for blue
eyes and 0.913 for brown eyes of Slovene volunteers, which are very similar to definite
AUC values for the general European population (Ruiz in sod., 2012; Walsh et al.,
2013; Kastelic in sod., 2013).
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Research on pigmentation characteristics, particularly pigmentation of eyes and hair
color are very promising and There have already been some criminal cases, which have
been successfully resolved on the basis of these analyzes (Cases overview, 2012).
Research of pigmentation characteristics and many others externally visible
characteristics will in near future serve mainly for guidance in criminal investigations,
in order to decreased range of potential suspects with knowledge of these pigmentation
characteristics or other EVCs, especially in serious crime insults (Kayser in Schneider,
2009).
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PRILOGA

Priloga A: Pomnozenega gena SRY (96 bp) z uporabo novega para zacetnih
oligonukleotidov v komercialnem kompletu AmpFISTR® NGM™ (AB)

Leta 2010 smo v Nacionalnem forenzicnem laboratoriju zaceli uporabljati nov
komercialni komplet AmpFISTR® NGM™ (AB), ki zdruzuje 15 STR lokusov in
amelogeninski lokus. Tudi za ta komercialni komplet smo preverili moznost hkratnega
pomnozevanja z novimi zacetnimi oligonukleotidi znotraj gena SRY. Tudi v tem

primeru je bilo pomnozevanje uspesno.
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Priloga A: Elektroferogram prikazuje amplifikacijski produkt pomnozenega gena SRY
(96 bp) z uporabo novega para zacetnih oligonukleotidov s socasno uporabo
komercialnega kompleta AmpFISTR® NGM™ (AB) v vzorcu moske DNA.
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Priloga B: Dovoljenja zaloznikov za objavo ¢lankov

Validation of SRY marker for forensic casework analysis
V. Kastelic, B. Budowle in K. Drobni¢

Journal of Forensic Sciences, 2009, 54, 3: 551-555
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