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Rapid and Simple Screening of Mitochondrial DNA in Koreans
by the Analysis of Highly Variable Control Region SNPs
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Human mitochondrial DNA (mtDNA) is generally used to identify highly degraded
forensic samples, particularly when the extracted DNA is not sufficient for nuclear
DNA analysis. However, direct sequencing, the most widely used mtDNA analysis
method, is laborious and time-consuming, and precludes the simultaneous analysis of
many samples. Here, we describe a rapid and simple screening method for mtDNA
analysis in Koreans using single base extension (SBE) methods. Sixteen highly poly-
morphic mtDNA SNPs from the control region were selected, and a multiplex SBE
system was constructed to analyze them. Because the developed system consists of
two duplex PCRs, which produce small amplicons with fewer than 270 bp, it works
well with highly degraded samples such as old skeletal remains. Using this multiplex
SBE system, 145 different haplotypes were expected to be observed from 593 unre-
lated Koreans. Seventy-three haplotypes were expected to be observed only once,
and the most frequent haplotype was expected to occur 80 times. Since the mean
number of pairwise differences was estimated to be 4.55, the developed system could
be useful to exclude samples that do not match evidence and reference samples.
Therefore, the multiplex SBE system used in this study will be a useful tool to analyze
many samples simultaneously and to efficiently screen out non-matching mtDNA
sequences in forensic casework.

Key Words : Mitochondria DNA, Control region, Single nucleotide polymorphism,
Single base extension, Koreans
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QTEE VISR B0 B AlRte] 2851 AR9) B
AE fl8te] AFAPL A A S o] gl W HES| okt
k= MIARE0] Qlo] FAlol ko] AlRE A&sHA 48t
= l ofgFol] St} o]yt EAIEE ddst] flste] v
9] mtDNA single nucleotide polymorphism (mtDNA SNP)
S FA 107 B4 array 7|REe] A o] FH )
WE QAL QA RolollA= o] & el g 82 0% o] &stal
1ok Zejvt o]l et 1 a & o] A - ko] 243 DNA

LR o] white] T2 ey BElE AlRE A o
Yo 2 sh= Hae GYel= A 8ahr] o dAdE 7
o}, whebA] W} ool A= w| o] el Al 5ol Tkl
SNPZ & Wof a8 o7 HA48 4= 9l single base
extension (SBE) ® el 7]%3%F multiplex SNaPshot mini—
sequencingS ©]4-3 o]2] mtDNA SNP £4] x| Aelo] 7k
=tk ARbA o= o]l A AIAELE Fdhof| A Blo]&o]
=2 WY mDNA SNPE 402 F43t, TAEI tx
A5 Zholl dAsh=A] oA F-5 WA AAsta A& dA]skA] ¢k
T AREE T T4 gldelA AQstomn A g &S =
olazt af= ° FA o] k. et AA7EA A AlAE
o FHQZ ofZ el A & ol &E Kol
mtDNA SNP 4218 A& ek 210279 g2l 7l
Aol= add o w AHEE 4 glok =uloll A %= multiplex
SNaPshot mini—sequencing ¥ & ©]-835}% mtDNA SNPE
S AF7E o] el B Ao 9lou” o] IYYEY
(coding region) SNP¥HS tiA o2 3%l 1 mtDNA
haplogroups A &sHA A4sh=dl T8 545 Fof 71914
Heo] Woix= dlo] glrt.
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Table 1. Final Concentrations of Primer Sets for Each PCR System*

Mz A
1A=

mtDNA control region?] 97|14 do] vyl 5939 9] 3=
JAEY T GH-E FAste] AHgstlom, ojuf DNAE 773
YME T Ao ZEE QlAamp DNA Mini Kit (QlAgen,
Hilden Germany) & ©]-&-3to] %3ttt W 28} Eofel A 2
B8 ) Y3 A ERE 6.25 A4 A4 F
S ZHE Lee 57¢] ol whet 53 DNAS H43H 7
Y, AE—97| A8l 77, o}z g7} w52l 49, 85U 9
g, 4221 109, WA 591 51, Foba okl 51, HolH g 7}
Q1 77, Ashkenazi il 9%, Tl 98-S X33 F 72
9] DNA A& (Coriell Cell Repositories, Camden, NJ,
USA) & AHg-aF3iTt.

2. =4 mtDNA SNP 478

=91 593 2] mtDNA control region 9714 4-& 43t
Lee 59 A=Y E ulg O F sh=iloA] 10% o]d2] Hol&S
Ho]= mtDNA SNPZ control region®] hypervariable
region (HV) I 2t HV II 99 |71 L=5E A4st3itt. o]
u Zo] t48d& Kol AlmeA] YER= Holl 309.1C,
315.1CE £4 tidelA Al gl atsict.

3. mtDNA control region %2 2|8t PCR system &

mtDNA control region =% 43t PCR system+ Lee &
o] Aol A -5 midi—primer setE U O o] T 27)
9] primerg 74 AAste] 383 tH(Table 1). AHE-H
primer= 3 " end7} A3t F-9loll sH=RlelA 1% o]/
ol &S 7HA+= mtDNA SNP7} $1x]8H4] Fe= AA|w %)

12, 032 primers Ao £ 08 FHE F UL F Tn gk

System Amplicon Primer Sequences (5" —3") Amplicon size (bp) Conc. (uM)
Duplex | P11 F15989 CCCAAAGCTAAGATTCTAAT 267 0.8
R16255 CTTTGGAGTTGCAGTTGATG
P21 FO15 CACCCTATTAACCACTCACG 247 0.4
R261 GCTGTGCAGACATTCAATTGTT
Duplex Il P12 F16159-15m (tat)sCATAAAAACCCAATCCACAT 267 0.3
R16410m GAGGATGGTGGTCAAGGGA
P22 F155m TATTTATCGCACCTACGTTCA 235 1.0
R389 CTGGTTAGGCTGGTGTTAGG

*Monoplex PCR using F15989-R389 produces a 970 bp amplicon ; Duplex PCR using F15989-R16410m and FO15-R389 produces two

amplicons with 422 bp and 375 bp sizes.
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olale] 7|5 zh= T 719 PCR % AME-S ¥385l= F /‘1]
E 9] duplex (duplex [ & IDE 7% PCR system= 7] &
3F1a, A tid DNAS] 23l Aeel whet oS & PCR
AHRS < Sl primer set® A €isto] ARg-g 4=
= 33t w3t ZF PCR set9)] primer®l] poly T—tail& &
bp
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AHE 7F 20 bp o]4+e] 37] 2po|7F YEE primers
A Aol PCR HE AAES polyacrylamide gel
electrophoresis (PAGE) |4 g7 &el8k 4= QI == 313},

PCR2 2.0 19 10X Gold ST*R buffer (Promega,
Madison, WI, USA), 1.0 unit® AmpliTaq Gold DNA
polymerase (Applied Biosystems, Foster City, CA, USA),
primer®} 0.1 ng?) template DNAS ¥ &5} & 20 0 9] Wk
HE 95T 1123+ A st § 94T 20%, 55T 1, 72T
30x9] 0% F 333 T F, 72TColA 7RI A2t
pA=g
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218t multiplex SBE

Multiplex SBE system=- duplex 12] PCR &% t]} & &<
EA5h= SNPE £48H= multiplex SBE [} duplex 112] PCR
% U G ool EAlH= SNPE #418k= multiplex SBE 11
2 FAHEE L5 722 02 SBE primert
BatchPrimer3 = 1% (http://probes.pw.usda.gov/
batchprimer) & ©]€-3}%] AAI1513 2™, 2 SBE primeri= 5
end®l] poly T—tail& &9] electropherogram®A SNP2] -
A x}3o] revised Cambridge Reference Sequence (rCRS)
A7NAME AU E 2E AT sl &£, ol S
AHE 7Fll= 5 nucleotide ©]739] x}o]7F U&= SBE primer
AR A Ae fd A Ak A0 455
5}“‘:}

SBE W59 88 %o|7] ¢35k, 4AF SBE primer”}
Akt F-9lel A ol thE SNPo] 9148 75 o] & 1t

%3l degenerate primerE A|&slo] 7129 primerE t) |3}

m
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Table 2. SBE Primer Sequences and Final Concentrations of Multiplex SBE System

SBE system Primer Sequences (5" —3) Conc. (uM)

[ 16129F21-21 CAGCCACCATGAATATTGTAC 0.13
16129-03CF20-21"1 tAGCCACCATGAATATTGCAC 0.10
16129-18TF21-21" CAGTCACCATGAATATTGTAC 0.50
16172F25-30 (t)sCCACCTGTAGTACATAAAAACCCAA 0.50
16182-10YF26-39* (1)GTACATAAAAACCCAAYCCACATCAA 2.00
16183-11YF28m-46" (1)7aAGTACATAAAAACCCAAYCCACATCAAM 3.20
16189R20-50 (1)20aACTTGCTTGTAAGCATGGGG 0.25
146F23-58 (t)sAGTATCTGTCTTTGATTCCTGCC 0.20
150F21-65 () TGTCTTTGATTCCTGCCTCAT 0.30
150-04CF19-65 (Das TCTTTGATTCCTGCCCCAT 0.45
152R24-72 (D TTGAACGTAGGTGCGATAAATAAT 0.35

Il 16217F23-23 ATGCTTACAAGCAAGTACAGCAA 0.40
16223-06YF22-32* (1)1wCAAGCAAGTACAGCAAYCAACC 0.60
16261R24-36 ®)LTTTGTTGGTATCCTAGTGGGTGAG 0.20
16261+05AR24-36* () TTTGTTGGTATCCTAGTGGATGAG 0.70
16261+13TR24-36* () TTTGTTGGTATTCTAGTGGGTGAG 0.60
16261+17AR24-36* (O TTTGTTGATATCCTAGTGGGTGAG 0.40
163114+08YR26-457 (£1GCTATGTACGGTAAATGGYTTTATGT 0.80
16311+14GR26-45* (£)1sGCTATGTACGGTGAATGGCTTTATGT 0.60
16319R25-52 (t)2aGTAATGTGCTATGTACGGTAAATGG 0.80
16319+06GR25-52* (1)2aGTAATGTGCTATGTACGGTGAATGG 1.00
16362R17-59 (12GGGGGTCATCCATGGGG 0.35
199F27-67 (£ TTCAATATTACAGGCGAACATACTTAC 0.20
199-04CF27-67* (£ TTCAATATTACAGGCGAACATACCTAC 0.10
199-05TF27-67* (t) TTCAATATTACAGGCGAACATATTTAC 0.50
199-10GF27-67* (t)TTCAATATTACAGGCGAGCATACTTAC 0.12
249R18-73 (1)ssAAGCGGCTGTGCAGACAT 0.15

*Additional SBE primers for samples with 3% or more polymorphic sites

" Additional SBE primers for 16111 or 16126 mutation with 2% polymorphism frequency
fDegenerate primers were used to amplify samples which have target SNPs in another SNP’s primer binding site (Degeneracy Y indicated
including nucleotide C or T, Degeneracy M indicated including nucleotide A or C)
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At &5, SBE primer 29 §-910] 3% o)/de] Wol&&
ERJ|= mtDNA SNP7F £A418H= 4 (16266, 16274, 16278,
16325, 189, 194, 195), °o]% ®Wo]= sequenceol E8Hsl=
7142l SBE primerE A&3}0] primer mixol ¥t}
16111, 16126 91218 SNP= g=<lelA] 2%t €] Blol &5
HolA4k SBE #H5-9] &85 =0]7] $18t] F7F4Q1 primer
= A 2sto] primer mixel £3HEITH Table 2).

SBE #hg-& 913 PCR 5% AH22] JAl= ExoSAP-IT®
(USB, Cleveland, OH, USA) 1 ¢0E PCR =% AHE 5 piol ¢
& 37°CellA 4583 WEEAIZL F, 80 CollA 1587 A2l ato]
3t A A3t duplex 18] PCR & AHE 1 /LS | 38}o]
ABI PRISM® SNaPshot™ Multiplex Kit (Applied Biosystems)
2} multiplex SBE I primer setZ ©]-&3}o] SBE 822 435}
a1, AASE duplex 119] PCR &% AHE 1 uwlE #3ko] ABI
PRISM® SNaPshot™ Multiplex Kit®} multiplex SBE 1I primer
setE ©]4-3}4 multiplex SBE 15 4-33}3ith. SBE WH-g- AF
=2 ABI PRISM 310 Genetic Analyzer (Applied
Biosystems) 9|4 EA|# H7|9 %S 483 &, GeneScan
software 3.7 (Applied Biosystems)< ©]4-5Fo] <133t}
T3k GeneMapper™ ID Software Version 3.1 (Applied
Biosystems)2 ©]&3}9] ladder panels T30 75 7}
SNP Yx|ellA a2 A Rl 5 == s3ith

5. CIst A| 25 0|28t multiplex SBE system?| A4S

T3 multiplex SBE system?] ¥ #}8F Holo| A o] 584
Azstaat 60 ol eefjE o] M=std fal 472 HH

%3 DNAS ©]4-38}9] multiplex SBE WH-5-& =33l3ith
71e=g W] weh 95 FsEgl o, PCR 53l i
AmpliTaq Gold DNA polymerase 1.5 unit®. 2 S57FAA A}
£33t fo1% PCR /H3-9] 5% 41a-2 PAGE|A &ls)
%o ExoSAP-IT*Z A#|3}1 ABI PRISM® SNaPshot™
Multiplex Kit¥} SBE primerE ©]-£3F] multiplex SBE HF&-
& stk W89 A3 ABI PRISM 310 Genetic
Analyzer, GeneScan software 3.7% GeneMapper™ ID
Software Version 3.1-& ©]-&-3}o] E138}31t}.

B35k vpFet A AR E B S & multiplex SBE W&
85 th mDNA £%S5 93k monoplex PCRS 4333}
0™ (Table 1), o]" PCR< 2.0 2] 10X Gold ST*R
buffer, 1.0 unit®] AmpliTaq Gold DNA polymerase, 0.6 M2]
primer<} 1 ng?] template DNAS Z3al= & 20 w2 wk-&
& 95CellA] 11323 A sk - 94°C 20%, 55T 30%, 72°C
128 207 ¥ 333 T §, 72°ClA 723 Ak
t}. o] & PCR AFHE2 ExoSAP-IT®Z A|3Fe] multiplex
SBE I#} multiplex SBE IIZ R85 835t 167 mtDNA
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Fig. 1. Multiplex SBE genotyping of various Korean mtDNA samples (a-c). Results for multiplex SBE | were shown on the left, and the

results for multiplex SBE Il were shown on the right.
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Nei,' Schoske 529 w2} haplotype diversity (HD) 2}
discrimination capacity (DC)E 3}, 7 T =213l
Arlequin, v. 3.5.1.2""% ©]£-3}9] haplotypes® mean
number of pairwise differences (MNPD)E T3}t st
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7] §13ke] sh=loll A 10% ©o1/de] ®Wlo]&& Hol= 1671
mtDNA SNPE HV 13} HV II 9o 25 E 4433t
(16129, 16172, 16182, 16183, 16189, 16217, 16223,
16261 16311 16319 16362, 146, 150, 152, 199, 249). ]
=2 BX3517] 9% PCR system HV [} HV 11 <9 ¢okz=
AN -8 TE5Rs duplex 13} HV 12 HV 1T 999] 5%
ZdE BES ZZ3= duplex 1R o] Fo1z2 T 719) duplex
2 AAEAY. 2479 duplex PCR $F A&
multiplex SBE I3} multiplex SBE IIE o]-&3}o] WA o0&
A Z¥zF 870 F 16712 SNP #hs &8 oz A4 4 )
=5 5kl
TheFsl RS E 2 vl @l AR E o] &ete]
23 multiplex SBE system®] 1671 mtDNA SNPel|A] &3t
TAAE A AdE TS EE AT Fig. D). =
st SBE primer7} A st F-9oll thE 2401 SNP7F ¢
2)8ke] WHol7h Q= Aol % 167] mtDNA SNP9] #3214
o] 4FAor A= s AT Atk 16172,
16182, 146, 16217, 16319 SNP©| 16182, 16183, 150,
16223, 16311 SNP2] %2 27 3l+= SBE primer Z2 &%l
27} A5} 18] 31 SBE primer 23 F-9]0l 2% ©]739]
Hol&-& Kol SNPE X838t A5 E tdos 371 43
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Fig. 2. Electropherograms of multiplex SBE using degraded DNA obtained from old skeletal remains (a-d). Results for multiplex SBE |
were shown on the left, and the results for multiplex SBE Il were shown on the right.
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2 AAEE AL FA3n) weh] 2 Ao FE5E
multiplex SBE system2 thHFE2] 3t=Ql AlFollA 167}
SNPO] A8 S Aegdor 448 4 J& 2oz 7t

Atk
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2. Ctst A| 2 E 0|8 multiplex SBE system2| 25

F 789 duplex® %% PCR system< PCR 5 ALE-2]
=717} 270 bp o1&t} H £F A AIEHATE wEhA] o] & o] g5t
mtDNA control region SNP #2J0] @ g% 11 E3% DNAC|
ME G 07 o] FoAR=A|F Lot | flEte] 60 o
% oA %3 DNA Al 25 ©]§-3}o] multiplex SBE 4F
o= Tste] AR S Akt 4712 A= F 37 elA
1671 control region SNP2] -7} Ao] = dFH o=z
olffolAl= s Fd o AT (Fig. 2). thi, A& 9] 4
$- 199 9112 SNP k& A4 5 Il o= Alart
199 SBE primer®] 3 * end ZA3H-9191 198 4]l 51 0]
(198T) & 2zt 917] wli+9)< direct sequencing 22+ 53]
ok 4= QST 198T =AW= ¢F 0.3%2] sh=lo A Ay

Ao 2 167) mtDNA SNPS]

R ENE I

ST
X,

2

fo |

Ao ARG S 2 AOE
Fol Jwe] Aol 2749
o4 B HEE 2 0% et o]

30
32
o
-3
_
AU
O
w)
e
rlr
Hr 7

: e 29%, Awd7| A8
86%, ok |70k 2l 7kel 100%, F5 oFAlekRl 56%, U
]l 80%, HAISLQ) 83%, EHorAIoFl 100%, Aotr2) 7kl
86%, Ashkenazi fHi<! 78%, =<1 100% 0.2 LFERE

3. 8t=2Ql0llA 1670 control region SNP A& <8t
multiplex SBE system2| SH|1& 7}

B Ato)A F-23 multiplex SBE system< 3H-Q1o] 4]
S AEY S M Ao R FYHER o] 5 T 2t
F=12l 593 2] miDNA =" & tto = A A ugE T3}
H7FslAt) Table 36142} o] H Aol A
T3 multiplex SBEE ©]£3}4 16719 mtDNA control
i wAEE A, 593719 skl A

F U2 F4824% S 2= haplotypes ¢
A 4 7 A o] F 73709 haplotypeo] & 4
85 RIS Bol= 319 haplotypes 80H U}
Eh= A& & 5 lgdeh 28] 3 HD9F DC= 242 0.96913%

2
s
fofs
oo
o,
o

[

HhHof] o] o] W11¥ 1570 coding region SNP #ATHW-&
eSS Agollis ABAZE gl 593712 gh=ral A
% 20709 M E o 28-S 2 haplotypes ¥ T
%131, ©] % 570 haplotypeo] ¥ ¥4, 71 RIHsHA Kol=
haplotype<> 128 Ueh= A& & 5 ISl A9 HD+=
0.8855, DC+= 3.37% %A

3 Arlequin, v. 3.5.1.2%F ©]&-5to] & MNPDEHH ¢
oo F ARE AEste] FAFS W Ao]E Hole
nucleotide®] H+ N4E F48] & 5 31+=dl, 167] control
region SNPZ #A3PH MNPD7} 4558 Ueh} Hizog
oF 57 2] SNP 2A| oA ztolE B & o8l &
oAAek. ¥, haplogroups Z73h= 1570 coding region
SNPEAH o2 245hd MNPD7} 2742 Aoz oF 3
N AES] SNP $ Ao A zto] & B A& o de 4= 3Tt

mtDNA control region 167 SNPE i} 2 sl= 2411
I} haplogroup2 #38l= 157 coding region SNPZ- 9|
T 7HA 2 RS FAlO] o] &3t EAESlS AT
174 T2 A2 te FA249E 28 haplotypes @2
Wes ERlg 4= Atk o] 5 907H haplotype©] ¢ M
Bl o 71 IS Hol: haplotype 48 YEhE
AL & 4 A4t} Coding region #4190 2 1287 9] sh=+¢]
oA ¥Eo07 JEFFYH haplotypeS D4 haplogroups e}

X0 o

=2 oo

r A

Table 3. Statistical Evaluation of 16 Control Region SNPs in the Present Study and 15 Coding Region SNPs of the Previous Report using 593

Unrelated Koreans’ mtDNA Sequences

Number of Discrimination Haplotype Mean number of
haplotypes capacity (%) diversity pairwise differences
16 control region SNPs 145 24.45 0.9691 4.55
15 coding region SNPs* 20 3.37 0.8855 2.74
31 SNPs* 174 29.34 0.9836 7.62

*15 coding region SNPs used for East asian haplogroup determination'

31 SNPs consisting of 16 control region SNPs and 15 coding region SNPs
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W= haplotype 2.2 167l control region SNP H#40] 2]&] A
29709] A Z th2 haplotype 0.2 THA U= A &o1d 4
Q18T & 317 SNP #4-2 %3 HD9} DCE 212} 0.9836%
29. 34%93\9«@ MNPD:= 7.62%2 Qo2 A3t = 79 Alg
E vjus) R HFA o7 oF 87l O] SNP fX]of|A] 2}o]
= 1 Zl o7 sttt

i

2t

B Ao A= 7)E€2] mtDNA control region 9714 Q54
of njsto] Ha}sl Aol A 1S Al&etal 1hasHA AR
U+ mtDNA SNP #4195 7Estlh £4& &ate] &
A = A3+ 167) SNP (deletion ¥3)) #o= +A4%
haplotype®] @& WFERAl E=H], ©]:= sequencing 4
S E3to] 94 &= 9k 1.1 kb 49 control region 97144
& rCRS&} vl A 38ko] Afo] & Hol= ¢x¢} Wzte
nucleotide¥H& X A|8k= 7]E9] haplotype (e.g. 16223T
16362C 73G 263G 315.10) 3 ZA2]o] thEAgk, A
control region @714 €5 413k haplotypes /38t ©f
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