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I, mtDNA & /ML & B0 7 3R B 24734 212000 DA _E 5 4 0 F 3K B 4 100x B, BT A% A0 7 7| B 3 & 4 14 51100%;
BEFREEATESENET RN FIAARREIHWNET S EPCRW_RINF FELEABMEIT A#E
EMF, EELRERAAR F AL Z R A &,

REEIR A XLk EFEY, £ EPCR, — R F

LR R A% AN i rh B R 4 R AR, TR A
B, AR, RIE. AMAETSEYEEREER
O B 23] 2044 3 e S PTI0GB0 e
W Ae AR U R AT, ATPAE R AT R, T 5 80— R A5
MR A, WO 340 . IS REEAIE FEIRG . B
IR 265 BR G A AR, 3B WE AT R B S R AR
J& 5 mtDNA 5 35 35 U] AH 518,

S AL EAE R DA RES Y A NG SN 1 SV o % (S AR N
Z AN I RUEE A PR IB AR Y. N SRR A I (R 4 4
£:16569 bpl), 73y 4 i X FA A b [X P A4S0 . A

RS X A 13 N . 22 MRNAFI2ANRNA, HA 5
e R S GRS XA B — AN S 4 XA — L
S DR U0 42 XA R R . N ISR AR A
HALE R E BTSRRI, AN ERRAR NS 2~10
A mtDNA f$5 D10,

AT #%DNA, mtDNA B A ¥ 2 45 5, i BF Rt
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H, mtDNAMS B 2w 2 B R A o)

£ 58 (I mtDNA M 7 57 AR 32 22 2 I 2% T B S
JE B PCRAT 184 77 ) (¥ S5 4% (Sanger) I 77 . BLAR Z5 4%
W7 Be e K B vF 2 SRR, (HZ 7 ikl AR, Bk
S EEGEL. MEENTEERAME, FREE
B[] Ay 6T 208 67 A 35 R 2L 7 27) 334 DRk v A 1 000 7 i
AT RE, HAE AT mDNAFIRS 54 T 5 IR A A
W B HAT N IE, A @ T —EmtDNA AR 7 75
ik, BN, T K BEPCRIF . B TRIREHI . 2T
FAZIRM 7. BT K A BEPCRY #8130 /7 75 v b
BAESE, | Ot Ao A E RS, TE T Ak
5E il , AEAZ 7 RN R A G R B R = U, TR M A
1l (R0 3 5 v A5 A 1T PR, BT R AR AR R A, (BT
TEAT mtDNA ) Al 15 R 35 v U7 B 1 2= A8 4 sk K
JiiEs K B BEDNASEE B L, B s, E
Z T REAR I 75 R K, HLAE A 2 F AR e,

IS FH A 5 (°) 5 2 50 AT S R R v 2 0 AR X
TE R AR A B B 78 R EATHE ), T2 T 2 EHPCR
) v JE P 7 R R I Y 2. 2 EPCREIA
(mutilplex PCR) 2 45 7£ — /™ S MAR 2 H (7] I 47 385 A [F]
Xk 2N H B, B SR RE. SRk,
R, DA AR RRAR S R AR 34, OO AR i B 2
HEE £ 08 90 1 B 32 P B Levin&s AUOZE 1999 4E 4 %if
AN ZEmtDNABET T 585 1] 7 35 mtDNA 4= 35 [X 35 ) 45
S5 Y, Z£PCRY 1 5 i Thil i Sanger sk 58 i 7 M
7, W F RN P e R R e e . AN SRIBAE A FT 5
ST WSS R S B A EEME L

AT I K FH 2 EPCRELA, 3@ 1 730 #H H. 8 S (1)
P18 7 NSRRI TE DR 2 4 7 B AT 48, A2 9 1
J BV it N AR 58 B Sk P A 2 3E A R S B AL
J° BB o3 AT S B AR R B S B 2k A iR AT A AL DA AR
YRR, Wit £ EPCRY )5, P L 7 A BiAb R
A B EALEEAT s U (Muminalll /7557 6). A6
RIEREIHIERGE S B W B &5 1T, v
7 FH R AL A (I mtDN A 7 7 7.

1 MES i
1.1 DNAREA

A B FEAL 1 DNAFE A 2 10 4F 5 87 H QlAamp
DNA Mini Kiti 77| & (Qiagen, 7 [F)# B[, IR A7 A

AL 38 K 2 Bio-X B ST B A 4% FE—-80 C Uk A . M
B AL B 96 451 H (B N HF IE 5 N I DNAFE A, 482 Nano
Drop 20004} 3% ¢ B 1 (Thermo Fisher Scientific, 3¢ [H)
HOHE B W A FEAS R R 210 ng/uL 4 .

1.2 L EPCRY

(1) Z HPCRII M it. L 5178t 72 4k
4K 1 Prime-blast(https://www.ncbi.nlm.nih.gov/tools/) &
Multiplex PCR Primer Designing Tool 1% i1 % B PCR 5|
Y AR EHE P - mtDNAE IE J5 1 81 MF T 51 (revised
cambridge reference sequence, rCRS, NC 012920.1), DA

AR A2 K (Ilumina HiSeq X Ten ¥ 150 bpx2)#%
SEAT I 7 51 1K FE S B 9200~300 bp, 38 K i TG
58 C~62°C, B fRAHSRY MY F B 2 A A 3 & X oK
LRG| VA G R as X 2 kAL B, Wi H 45 R AR ok
PG HE PP A1 HEIE 300 bp I 51 4. B & 3L T3 % 5]
Y, W7 i 2 WL A 4 B DR 20 ) (9 2% P Bt 2 1) BT AT
S0 85 o b B AR ) AR A IR A B K

(2) Z HPCRII M5 4. #4735 51 P4 & 1 s
Iy R, AN P ) fE mtDNA K K 21 _E 47
B, B A AR A 24X 51, B =
HE25%F 519, fE D BAEA AT 7 A TS

AZEZALIA DNA

16569 bp

B 1 PCRY #EFZEmDNA L 4%& & E
P H 41358 BT 7 ImtDNASSUEE $HR 25 14 - 35 D-loop X (41 1 77 HiE),
134N B 2 A A2 DR R 24 2 B rRINA P 325 [ (35 €8 075 HE ), 22 S b
tRNA 3 K (K €27 HE); W EBT3AN T HEZR 734N 1 7 B N a1
M, W o2, AN EE3UL, BN 4
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5. 45 R BIR, B 4XF 51 Y00 B By 1 2R AR,
BX4x 1Pk R IA NS4 F & K HPCRY 1S 45
B2 R B G B iE T T s s

(3) £ HPCR X Bk R MY 1 5% 1. PCRJx
NEAE 96 FL AR H HE 4T, 6 uL I B AR R b A 5 R
DNA #1210 ng, B X 5| ) £ /& & o ) 2 % BE
7950~70 nmol/L( ¥ 4% kit fif % 1), 1x KAPA2G Robust
HotStartReadyMiX(Kapa Biosystems, 3% [H); & W 7
97007 PCR{X (Applied Biosystems, 5% [F ) F1 47 .

PCR¥ 4 £ 1: 95°C #i A8 ¥£2 min; 95°CAF 1430 s,
56°CiE k30, 72°CZEAH60 s, /e v HE4T45 M IEE; 72°C
ZEA# 5 min, 4°C R 1F.

1.3 mtDNA & &0)5

(1) Z EPCR™ Y B VI 21k, £ EPCR™ ¥ H]
R4V T (exonuclease I , New England Biolabs, 3%
] ) AT ek 14 8% R 6 (shrimp alkaline phosphatase, SAP,
Affymetrix, 3% [F) 4 H. Exonuclease I & ¥.4% 4% 57 1t
3 SHEER AN VIR, TKEsSDNA 3'-OH A i 43 iR A= S '-
FAZ R, 22BRPCR I N A& 2 W5k B 1V B85 51 45 SAP
AL I AEUAZ T — IR 1 10l TR ik A 7 A, 25 FRPCR ¥
R 5% B8 1 ANTP, SAP-Exonuclease [ V&2 fif FH i 3] 4fi
EPCR=Y) I B 1. BgY)2ifb Btk & 6 uLIPCR
724, 0.5 UIISAP, 2 UffJExonuclease I, 1x SAPZE MK,
1x Exonuclease 122 ¢, [ N 25 F: 37°C % & 60 min,
80°C Jz B 20 min.

(2) =i =W P AT AL - k. R B R EE ) 4l
5 7 0 6 B 1004, 3 3 Hlumina — A 77 &
T 75 1 4% 3k Access Array™ Barcode Library for Illumina
Sequencers(Fluidigm, 3 [#). #23k F&6 57514 H
A B, iz R BORIIN I 51 4 Aok EH Y
BTN . BAMAS [FE L S A AR RS R 51, H
TG S E R o A i X AR R AR I 42 )R Bz 95°C
548 1410 min; 95°CAE P15 s, 60°C iR K30 s, 72°C ZEAH!
30 s, R BLBEAT 12N E3E; 72°C E {13 min, 4°C fRAF.

(3) v JE B AL -G R A4k R T AN
Bk FIREAR ZE AR FUR A, F Agencourt AMPure XPHE Bk
(Beckman Coulter, 3¢ [E)#E1T 464k, S HEEk AL 5 10
774 F L 1 E-Gel ®EX 2% 35 Bg A it I (Invitrogen, 55
[ HL vk, PIPCR ™ W3 #45 3k Ji5 K JE AE300~500 bpi
W, R [ETSCRT B P24, SCEE (91 152300~500 bp (1
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sk T )5 825 5.

(4) =B EM . H Agilent 2100 Bioanalyzer(Agi-
lent Technologies, 3 E) KL I £ ADNA F B 1K/ J itk
FE, R AS &4 5, A 1lluminaHiSeq X 10°F & _E#E4T —
M.

L4 B

luminaHiSeq X 10 /& i & XK i W 7 J5 43 3
FASTQ LA, B BN BEAS (170 5 H0 4 AR 4 AN [ 1 422 2k
F 0 B HEAT 20 B FHBWA B ¥ 4 A 5 45 31 1
F7 B RVE R v ) N SR b iR JE (K 41 2 2% 17 41 (rCRS,
NC_012920.1)3E47 LL X, Hi i SAM A% =X 1) S0, 2R JE
F SAMtools# 415 SAM LA % A4 B BAMAK 3 (11 ST 14,
BEBBAM X ATHEY . K51, /4 HGATK (genome
analysis toolkit) 7 A 5 A GE TH I 7 v B ise . odls
B VA IR B . T 6 R —

2 5RE50H

2.0 R JE )T B R

96/ MFE AT 170084 14 v BE, 4 HiSeq X Ten
T BN, 49 3 KN N28.2 GBIIEUE. BN REAS K
T3 R BRI M 154.39~574.24 Mbp AN 25 (E12), P18
H304.16 Mbp( ™ £ iz ft % 2).

2.2 e E R D 3 R B R R O DG S 3

Fir A FE A I 7 B S B 2 (total reads) 7
1.07x10%~3.95x 1097 [l P4 (I3 A). “F35 32 80H2. 11106,
o P 3512.09x 1084152 £ B % VT e 21 28 K1k 225 7 5|
I, P UTHL 2 H99.19% (W 465 Fi I 3. 3). 794N FE A
VG L 23K 99%~100%, 144 FE AR [P UL IC 268 98%~99%,
3AMEE AR IR UE BC %2 96%0~98%( [ 3B).

2.3 W ST R R s

TE A (1) 1 35 W0 e % FEE 96 L 2 9318%~34660%( 14
7% e Bt % 4), 729% B RE A SF 3 00 IR B AR R AE
14000x~20000x( 1 4A). Gi it 45 B R, Wl PR R
100x I, BTG FE A 1R 7 510 7 15 FE 350 100%; 13— 4t
THI PP R FE I8 3116000 1 Fr B, 45 A 941~ (97.9%) FF
AT 50 55 5% N 100%, XA (2.19%) FEAS 1) )7 51 7
5 N99.9%(FI4BFIC, W 45 i [t % 4).
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B3 AR EY 5% (total reads) il L AT &
A 96N FEAR B BRH I 3 AT G 08, AL BUS RR B FEA I B B2 8UE ; B: 96/ A UL IE 26 1) 43 A7 185 1L

2.4 TBRIEAL AR HE T B0 R

2R AR 4 3 DR 41 (16569 bp) AL 5
I T 95 L 2571x~82380x (KIS A); BN 1 1 () °F
Y R FE R 5806%~62910x ANZE (5B, W25 i I 2 5).
71% )3 34 17 2300 1 3% 55 48 #E 10000%~30000
0

3 it

N LR AR DNA AL T 41 B A% LA A ) il — 25 [A]
HDNA, 5441 it DNA R A 4+ UUMH EE, mtDNA
ARE BT, A HEARRY, 52
46 H i % (reactive oxygen species, ROS) B, &K 7 &
A AR mIDNA RS 2 G B KR Th e =, kT

U 3 B Y e A RS, ATPENI R BR. Lohi ik
&2 i Y ROS ) 32 BRI, £ B8 i 73 R 1 R vp = 2E
FRIROS £ PR LA 1A JIE ) G 1, 51 A 2o A4 ¥ 45 44
S, AR . SR e BEERIOR, it T 51k
21 R CRBEE NG, 51 e Ar e T2, VF 2 A
FUUESE# B, mtDNA AR J5 58 ) 51 S 40 L ) 45 4 Al
DiResH, B5 2 Msom iR AR R E VIR H
HITH LB mtDNAAS M 7735 K 2 72 ) i R A8 [X AT
— AR . — AR 5 8 T Al A I HHOR 2 HOR AR,
BTCIE 40 5 TR AL i AS [ 56 DR R B ) e s A
HX T 53 AT 159% (1 5 A PR AR A 231, iy HL i
TIEDREB. ). M XBOA R, B PR
il 7 mtDNAFE & 2% B9 (AT T AN

et A P BOR B H B R U HE S T A A A
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PNFEAL SR — Pk T 22 H PCR A\ 2R 4 35 PR 4 v e o 3 7 vk

10000 20000 30000 40000
MFERE (x)

° 100%
° 100%

100x 6000x

B4 BMEERHTEHNFEERBSE
A T BEAS 7 X W0 TR E 40 A1 B: B DU PR J3E 2 100 1) A B,
HTA FEA (05 51178 76 12 519 100%; C: G551 5 296000 f)
B, 94N FEAR I 7 51 7 15 BE 2 100%, 24N FE AR 999.9%

B2 (0 R el B 0 R e A R R B P L
73 Z2 U J3 % DNAZ 1 [N #EAT 7 510 5E , 1750
— ANV (B L 25 ) R i PR LA S P9 AT A B A S
(373 MR AT RE. BEAh, il B P SR IS 5E R
E B IIRE, BUONAE S b SE A DNAB I 0 8 s e 1
Ff X ADNA R 32 B2, 35X — kAR P8 DB 2 [ 2kt
AR S PR 2 00 P v ) BE SR 3T 2 i 2R AL, v

JE R U 5t 2 R A S R 4 T B AT 2 A, RS AT AT
FATAE L2 X L SNPAL £ 347 K 4l 2 AL S st A% R i
S3 BT, 9 ADNA 37 7K I [ R 2 o 355 [R] 58 4% 5
B SR 1L T T B R S5 R, O R AR R
995 S5 SIS R ARG v R T SR A T 3 LA

H T (0 2004 v a8 5 0 1) 32 2 g v AR AR
A, ARMELE KB AR WA R AT HE . BT 2 E
PCR ) ey 188 52 I 57 77 46 ] DA SEBIOE T 5 4 52 9 1) KRN
FEREA M T, 1% 0712 576 198 84E 1l it I SAe Rt 46 i) A AL
FRNUE FRAN RAH S HE R 0 2 T (B R 175 150 125), 20104F
He%¢ N\ 20l it 2 85 PCRIN 7 1) 77 725 45 B Rgpdea I N1
BRARHEAT THEAL, KIL T 45 BT N ZRiAR AR
AT AN RE R I8 AR SE R, (EZ T 9T o R 11650 bp Fr
B HIPCRY B4 =447y 75 1 B A Ab 28 5 A Bk AT AL
7, U AR v T ASHIE R F FIPCRY 38 =4 v B
AN, To T F BAL AL FE AT B 82 E L. Gunnarsdottir®s A 27
7E20114F 18 F & K454 Life Sciences - & #£ 1T mtDNA
W Fp, 25 SRALF 2900 R B N 55x IS, T3 <19 K1 Fr 1
A7 % ; Chaitanyas N28I7E20154F F £ EPCRE AR
fEIon Torrent*f> & X mtDNA B AT I 7, Ho &k B AE 3R
#$100% mtDNAZE it [ N B0 7 7R 2 A REIE B 50%. A
W R F 73060 A BB S B9 1 X R P 51 A 7
I3, FT A FEA100% 5 51 78 15 I 50 P 2% B2 35 100
55 4% 45 () Sangeril] 57 A1 b, —AX il &0 5 B A B gk
VAR R 20 R PR 55 A, R 2 s e A S e WU 43 B 45 SR 1
AERVE, 5 25 00 7 R P IA 2 30, D AT DL i A A
readsHEAT HF IE DABRE i FLUHER R, I ELBE & P iR FE 1)
Bohn, W 2 03— B8R, 5842 AT LA A Sanger il 7 48

60000 —

50000 —|

40000 -

30000 -|

MERE (%)

20000 -

10000 -

B B m=un Ema

B s BB B A R I R
A: mtDNABEA 7 g BRI A B (96 M FE A IR i Az 480); B 0003738 1 (R0 PR BE (96 FEA 1) T 29 {H)
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5. T mtDNA B A &1 5 5 i P, 58 & 0 I R B )
R BB X T PR AT B AF . A R R
B, B 8 57 i 3 T 2 EEPCRIV 5 X mtDNA HE4T 15
T BT AR RS TS SRR S A
T

AR FAE 2 EHPCREZIS Z |, WJeit AT 7 B EHPCR
o, DA CRAEST 51 AR RERE 1 BRI IG . B — 1)
HE &, N TP 1 a0eR, 6L EPCRIR M H
Y I Y38 ROR AR 1, G Y R R A
NLFEAF AT T ARAG DA S8 80K BWIAE £ EEPCR
SR T AR SR I R B A (R 51 R &k
%2950 nmol/L), {HJ2 4 34 2 R I AR —, fEMR AL T %
b I N2k, S8 5] 05 R PR AT AN B R e 4%
JE I AR s W H Tl 5 | 4 B4 B AR, BE g 3 ROR AR I
IV &, RS AR S S R, %A1

23 30k

TIRAG B — P B8R AW TR 2 PCRELAR
PG NRERLAR S B R A, 3738 7 ) AN 7 2 7 Befe Ak
BERD AT B B ALEAT il I R (Humina I 71 ).
AR FUHE I e 7k SR R R BT A, 7 B AR
ADNAL T 10 ng, H O FEAH 5¢ 8 ZOR AR, W L
X B A A BEAT AL

4RIk, DA R Z mDNAR S8 T 7 E,
BT J7 32 50 MR, AHIT T ST
IRPT BT 51 P AR B A mtDNA 51 #4712 24
TR 1, T EL I N R 2 T8 R 38 A 22 R AR RS, BT
PAIZTTVE AT LUK S 1 30 SE 9 N T 3R 4T b s 4 i ]
M. AWFFRR 5T 2 HPCRY™ A mtDNA
BRI T iR R R REEL R H 25T,
I FH R A RS HE BT B 7T, B oAl R Ak it
PRI I ST S L 130T S8 s
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A cost-efficient method for sequencing the human whole mitochondrial
genome utilizing multiplex PCR-based next generation sequencing

SUN JiaYi, YANG Chao, HU XiaoWen, ZHANG Juan, ZHOU DaiZhan, HE Lin & WAN ChunLing

Shanghai Mental Health Center, Bio-X Institutes, Shanghai Jiao Tong University, Shanghai 200030, China

The mitochondrial genome of human is organized as a circular loop of double-stranded DNA with 16569 bp in length.
Mitochondrial DNA (mtDNA) is extensively used as a biomarker in human evolution and population genetics due to
the characteristics of maternal inheritance, multiple copies in cells, high mutational rates, high heteroplasmy levels and
so on. Next-generation sequencing (NGS) has become a rapid and efficient approach to sequence mtDNA recently,
while library-building is complex and expensive. Multiplex PCR has the advantage of high sensitivity and saving time
and effort. Therefore, this technique was used to amplify whole complete mitochondrial genomes in Chinese in the
present study. The whole mitochondrial genome was covered by 73 overlapped short amplicons, which was subsequently
sequenced on an I[llumina HiSeq X Ten instrument. The mean per-mtDNA-base read depth was higher than 20000x%.
100% mitochondrial genome coverage was obtained across all the samples with a depth of coverage threshold of 100x%.
The data of high throughout sequencing was qualified for mutation analysis. The present sequencing method based
on multiplex PCR leaves out the process of library-building. This sequencing methodology that we have developed is
efficiency, economic and has a broad application prospect in the research of complex genetic disorders.
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