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Practical stability of whole-genome bisulfite sequencing using
plasma cell-free DNA

Huan Fang, Bixi Zhong, Lei Wei, Xianglin Zhang, Wei Zhang, and Xiaowo Wang

Bioinformatics Division, BNRIST, Ministry of Education Key Laboratory of Bioinformatics, Center for Synthetic and Systems Biology,
Department of Automation, Tsinghua University, Beijing 100084, China

Abstract:  With the development of liquid biopsy technology, plasma cell-free DNA (cfDNA) becomes one of the research
hotspots. Whole-genome bisulfite sequencing of plasma cell-free DNA has shown great potential medical applications such as
cancer detection. However, the practical stability evaluation is still lacking. In this study, plasma cell-free DNA samples from
two volunteers at different time were collected and prepared for sequencing in multiple laboratories. The library preparation
strategies include pre-bisulfite, post-bisulfite and regular whole-genome sequencing. We established a set of quality control
references for plasma cell-free DNA sequencing data and evaluated practical stability of blood collection, DNA extraction, and
library preparation and sequencing depth. This work provided a technical practice guide for the application of plasma cfDNA

methylation sequencing for clinical applications.
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AR IS FTRE T o SR, H AT i ol = %8 i 5 30 25
DNA 4= 5L A 2H FE AR B8 b Al B B0 1R 2 R TR0
WIS

H R 8 DL B 000 2% 3 25 DN 118 4 5 DR 4 FR O
ARG 2 T 4 L A S AR R Eh T (Whole
genome bisulfite sequencing, WGBS), HJA 57
s EEWHRER/EHT, DNA JF51 | H A
R IE C 2356 W IRIENE U, 223t PCR 971
Ji 78 S B E T, T AR C URAR i
R EBS NSERA S, BIn @& C a5 iy
FEARIRES o 3X — 3 A8 3253 Sl PR DNy 5 e A A s
SIHTRER Sy, Horp, FROERAE PR 2o R A mir e
JiE (Pre-BS) FIHEILJEHEE (Post-BS) MiFH, 7E
HO A R Eh % b L 2 b DNA A5 AT BE 4% 4T T .
Pre-BS #FETE AL Z A& HaM P Hzk , 45> DNA
AT 25 (B AR A5 14 e 40 180 LS i s
Bt Post-BS BETERALZ e HAN pHk, HE
T DNA sk e kmi e, (HAT5IA T#
FIWTAY R Beo DR, PORREE ey ARG s HY Sk A
R B &G Rl Pre-BS fAF T R BEKJE
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W FF 25 w6 F Pre-BS B IEFEERN 1 opg, XF
F Post-BS & RYIEAEESR W 2= 8 20 ng. THTE
DTS I 2 v, A folT O A 1 3 ) i 4
T, Pre-BS By ii s vl fik= 10 ng, Post-BS fii
RIS 0.5 ng. #42 BRI 2 DNA $2 Ik
41 20 ng/mL 3 AT RIECS mL I, 3RE 2-3 mL
I 2% B AT 35 28 W (4 Post-BS A I S2 56 25 1Y
Pre-BS & ET K .

AWFSE I I 55 DNA 4k 5 25 F 564 )
J B S P AR M A R R, RS 3R i S
DNA [ R AR IGT 2 (RS o AN R S fb g e
J5 A S A 5 B A . B AR R
R BALEUE R, Wi E DNA 2SLE 4
SR I Py 1N SRR A . A 7 R 0 S A
T o SR AL S I M P SR i 2%

1 MRE5FE

1.1 MR DNA 55048 B35 B
111 MBCRER KM 538

BT AR L ANTRER ML ] | 275 S VR A
AR 25 PR 2508 I 0 25 DNA SRAE ISR, AIFSE R
ETWAEEE (PLABM, P2 Hictk) EMA
BFE S (R —UCR I TEHE Y wo, 6 JRJE2E ik
SR ETE A we) AYIAE . I BCR A Jr =X f AR
WERMAE, {87 10 mL EDTA Hist & KRS i,
HAERMIGH 2 h WA I . IR Ar R -
iR EDTA B & T2 ks sl 5.0 0L,
4 °C. 1600xg &> 10 min; 7EME A H F2 M
KEBEEOET, FIK 4 T, 16 000xg &L
10 min; Bt FiE/3EE 15 mLEP &, I TIR4:
LM 7 25 DNA, 5{—80 CHAHIRAT
1.1.2  ImZREE DNA FIFREL

ANFEFHL AR I L] DNA, I 57
DNA TE ML & s AR, ASRES AL HI 41 DNA
AR B PR UM S 7 B DNA, il 1 SCRkiE w5 He
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IS ERU N B S P17 3l Pr SN T e SR O L
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MR @R LR 2100 A9 53Br {0 it
IMAEFES DNA R BRI, A I RE R0 0%
7E 170 bp A£4, HIEKA BRI A5G,
AR A (TR LA, i SR AR A T
1.1.3  M3RWFES DNA [E AP

XFF ISR DNA, i3 52 /AL
PG A S R 2 F b IR 55 (Post-BS )%
FX), FATELIR = SEAT T 4 K 240 W EAb L
it Pre-BS @, JRIGPIRNERIE 45 R E T EL
B [RINE, S HeEE A B PSR RIS I B
DNA R M e, wEeAw AXTFIZ RIEHE
19 3 Y MAEEATHRICE R Y, AR B X—iK
I FE AT B2 IO R R Y, B A i — K
5. AF AN B 3L E e 8 A~ H L SO
WAL, R TERFEA ) B B P =ik DNA H
b R B B B 52, FRATD RV B4 2R AR 5 A T
T R AR A B R A A I A o B R A
WF T4 FH 0 5 F 5 4245 1lumina 79 NovaSeq
6000 A1 Hiseq X Ten, 7352344 Xk 150 bp.
AHIFE A 5T I 3 B DNA RS (14 1L 43 0 6 5 L
ORI g PG RS E
SR B LR 1.
1.2 M55 DNA #iER R EH

BEOXTIM IR 25 DNA I PR AR, ADES
FFR T 2 M 37 1 25 DNA kb 38 5 B il (4 37
B, AFER TSI Bt . RBRIERITA . LG R
4. LBg PCR EE . IHARAME . FBKES
A 7 e B RIR B 4
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F1 MRFRMERIFE DNA BIEFRESR

Table 1 Information of plasma cfDNA samples in this study
Sample Blood source  Blood drawing time Library preparation Sequencing strategy Library preparation

name strategy laboratory
SP1 P1 w0 Post-BS NovaSeq 6000, PE150 Company A
SP2 P1 w0 Post-BS NovaSeq 6000, PE150 Company A
SP3 P2 w6 Post-BS NovaSeq 6000, PE150 Company A
SP4 P2 w6 Post-BS NovaSeq 6000, PE150 Company A
SP5 P1 w6 Post-BS NovaSeq 6000, PE150 Company A
SP6 P1 w6 Post-BS NovaSeq 6000, PE150 Company A
SP7 P1 w6 WGS NovaSeq 6000, PE150 Company A
SP8 P1 w6 Post-BS Hiseq X Ten, PE150 Company B
SP9 P1 w6 Post-BS Hiseq X Ten, PE150 Company B
SP10 P1 w6 Pre-BS NovaSeq 6000, PE150 Our lab
SP11 P1 w6 Pre-BS NovaSeq 6000, PE150 Our lab

1.21 cfDNA 2F:P24H R B B0 i Bikb 2

XITF SP7 Z A4 BRI ZH B B s, AT
Wr Wb R YR . H G, ] FastQC BN KidE
O B . BRI A L RS E S R Bk TS
TEOLAEHATRI G, TR RS> C s
JCHEAREE, WP T B3k, ke e
FEFESI, T bl , C M HElmAR, & ahm
BB G . KRG, BT ISR DNA R B
KRR, 24 Bl B T P A B, Ui
BBy 3l BRI 4 Sk e 41 . FRATTE
Cutadapt X fF#k L4k r s, F—4, HH
BS-Seeker2 4Lt B AL B0di e X 21 A
hg19 BENA b, DERCEEACHRERIEAS . fm, Ml
FH Picard 4 BR Hoxs 2 [ —7 & 1 E 5 R B,
AR A — CpG s b Xy 7 B B
AL 7 BOsH
1.2.2  cfDNA 2B DR 2 s i sk 3

T A ST 05 K 1 I3 37 25 DNA 4> 5P 2H
BBy 32 B Z2 R =52, TR FEA AR,
I, #E cfDNA 4 K 410 /7 £ 4 (Whole
genome sequencing, WGS) 1 Ealixt e, JFid4E
IS HEER AR rh RN ISR 25 DNA 4 5L N 24145
i, RAMEARBCGE AL, HRESR AT E R . A
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W 5% 18 46 1 28 JL B SR 5 GEO Budls E 1y
GSE71378 %#life (FEA4iS BHOL1, SE[EZMg
FRE B 135357 25 DNA IR A0 FE i) PR % EGA
e b i EGAS00001001024 BifitE (R4 % 5
C309-314, H [ A Hs (R A I 2% 7 25 DNA I 45
P2 G A R R R L, MK S DNA
F) 4 5 PR 2L KB Ak B AR KA, £ ] esATAC £
EBRESL P A X S R 4], 5 A Picard 2:B% PCR
BRI A B
1.2.3 cfDNA SCERI SRR R

FEI 7 E5 0 i T PR R R, 2 B G A
Bog. s o e B, KRR B, TR O
. PCR AR FFA R, Hrp PCRELE SR
AR, HERT 8RN A R0% B o BT o XA AL
Fr B GE it HAC 4347, WL 5 0 7 B A A I 3K
F RS DNA B BERE i o PR T R Be i S PRt 3,
R B2 55 310 8 3 DR 2 DX B DA IR AL K R o
S R (0 R B R AR v L B 5 S R A S R
PGB P EREE o TATUA R SHONFENR, HAL
ANTR) R 2L AN () S 50 2 A P2 3R A 4 A 3 Vi
DNA F LRI 3 5 1) i it

PCR &R 5P IREE L BAHE, XFH—3C
PR, W iy, FRATT R I E A Fr B AR A
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fik, PCR H&RAL; FEWF MG, PCR HA A
BT o XA B A TRERAE, DL 5 M
Wy B AR BOTRFE A, B RHEAER
PIIR , 4y 5o A A O VR A ) PS4 (RO
PCR HAREMITIREM KR I, AHEEN
SP10 F1 SP11 Ml JF i 243 AW 2L, 1 ST 5G Ji
GRECHE , R b 3R R o T SCPE BT i, R 5 MR ST
V52 2% HEA T, el A 0 A R vk b ST ML SR
it AT FH TR R R — SCEAE PRI (R 25 5 5 7
Je 243 HT HCAE 8 R Y 45 S 58

1.3 cfDNA BEAL IR R B AR ITER

85 S SRk R I R B LB S B B AR R
AED AR5t SP1-11 FI2EE A 2 DNA
RAN P s BHOL, HEA# A MK DNA
D754 C309-314 iy 4 SE R4 F Bk i 13 .
HAALRIT: H%, HREEARSAAESH
5M TERIHE F, THREAA S N 100-150 bp
1% BEBCR AR JBE Sl 150-220 bp (K F BEgch,
i B o BB BR AR BB A T
ESMERIXT BB RRIE RS IR, K XY
Yt RHEBRAES o S TR RIREAR [B]AT LY, X648 Fr
B i HeatF A Thm oAk, 2k el 25 A 1 1 B AR R
fESY A F O BT, P FIR R T,

R T A2 2 AN ] 0 7 5 DNA SCE Y R B
RBEX 225, LA m % R B HORHE 1]
i, TR REA ALY B R AR A OC R B, PR AR
TR E X B8 AR S 3 e AT R 2, A5 3 0l 3K i B
DNA HI SR 1 Bk B OC &R

2 ER5AW

2.1 [M3¥EHE DNA RYIRERFE E 14

h T IRGENFEZE S SR [R] | I A A A ]
A I R AR AR R X SR i S DNA $RBUAY R
M), ASBIFFERAE T PR 44 3 B 8 P A R ) 1 afi
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B B IR VR AEAS [ B[R] S P R — R AR A T 221k
PREL, MRS DNA MUK WLk 2, 45 R%
B, W44 AR A 1Y M A 2 DNA WK EEAFTE % 2
S5 Al — A NTEAS [FIE [E] R AR A 1l 3 5% 25 DNA i
FAE , SR A [RDX I 00 B DNA MR B ()52 i A
PRI 520 K 5 VRAFE E] 597 25 DNA W EEIT
ARIEW KRR, M2 72 DNA W FHEE VR A7
N EYENIE e N TN EE A s el N P A P o
TEB i M2, AL 4] DNA BN EEE, 55
Gy PESR G AR b B M MK VR A — B Rl 5
K2l DNA iz kA, R ANEE DNA of— 421,
MG T I3 372 B DNA BV B ; >4 1 3¢ 23K
WIS VRIS, DNA [EfEIHRBGI L, 3R
DNA [ B 120 ik /L o 3 3 (42442 2100 A9
Ay BT ASCH R A I 2% P i S DNA B B8 40 A UEA 4G
I SIESE T VRAE L2 K R BB R 2 5 e 1 22 1 0

F 2 ZEZRXIMIRIHFE DNA FRBURE B #200
Table 2 Impact of multiple factors to cfDNA extraction
concentration

Blood BIO(.)d Freezing Input plasma Plasma.
source  TEWING @) volume (mL) Comeentration
time (ng/mL)
Pl w0 0 4 1713
Pl w0 42 3 38.00
P1 w0 125 11 30.00
Pl w6 3 22.93
Pl w6 3 24.93
PL w6 3 25.20
i w6 3 24.27
i w6 90 2 22.25
P2 w0 0 4 10.00
P2 w0 42 3 30.67
P2 w0 125 15 1551
ie w6 3 14.93
ie w6 3 11.33
ie w6 3 14.47
P2 e 3 12.47
P2 e 90 3 16.89

The lines in bold corresponding to SP10 and SP11 in table 3.
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o SEBR L, DNA MBS i v i BE i EE /R
WA, T H 5 R B EEAE G B, YA
SERI 75 et , ol RO v B kIl K JiE 2 DNA
SEANERR Y, BRI B i B R AR D, B AR R
B Bt 2 A5 B U7 5 DNA VR R . T RETE
Ko B2 DNA %64 . 4 1 it
A Bk PR R PR A BUR R I 2 DNA Y vk
FE, HEBRA R B T4 Jr5E 2 2l R IR R 2%
BT ERVR B, @3 qPCR & I3 i 25 DNA 11y
JEEJR B, R B B S R A R R R
R T A [) S 56 2 HE BRI S 25 DNA v
B SRE M2 B 44 R R 1 A A AR Sy
BIEEAE AL B UEATIMAKR 2 DNA $EL, 2
P IO I 5 A S 06 2 ) TR R A B B R L
F 3. FRHAAT LIS IS ] S50 5 5 i) I 3% Ui
25 DNA SR 2 ) G R 2R, 20 v\ A B SP1-7
WK, 2AH] B $2HUH) SP8-9 Mk iy, {HiE
KSR — B 22 . IS, FEAF] A FREUY
HAH, kB P2 MARFEA (SP3-4) ) cfDNA
WAL TR B PL/AMAMFEA (SP1-2, SP5-7), 5

%3 ARPMEKIHFE DNA BHREUKE
Table 3 Extraction concentration of plasma cell-free
DNA in this study

Sample  Input plasma Total cfDNA Plasma_
name  volume (mL) mass (ng) concentration

(ng/mL)
SP1 1 19.12 19.12
SP2 1 19.12 19.12
SP3 2 13.35 6.68
SP4 2 11.44 5.72
SP5 2 16.78 8.39
SP6 2 17.55 8.78
SP7 2 15.64 7.82
SP8 1 65.00 65.00
SP9 1 25.00 25.00
SP10 3 72.80 24.27
SP11 2 44.50 22.25

SP1 and SP2 are different libraries from the same extracted
DNA.
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AT AR SE R AR BN 45 R — 30 7, A2 HER
2 100 A=y 4 A ASURS TN 1t 2 Ui 25 DNA 9 1 Be K i
o3, BRIA SP1-11 oA i5 5y, s Rk H|
THEEEELKR, LA T S A
2.2 I35 E DNA BEE—B 1t
2.2.1 I3RHES DNA 038 A Rl
AT K2 Pre-BS Fil Post-BS W FF Ik 4t
E . 10 AN 3RS DNA HIEESCEAY Qubit
WEEAN 2100 F B AR AF & EALIN P 2K, 1M
Ui 25 DNA HY AR 5030 74 0 4 PR o ot 97 ] 285
BRI 4. N7 A BIER SP1-6 AR LY R
it 40%, kTN B BEM SP8-9. 4
42 JRy D CA X A T E XTI, SP1-6 4 B Fu Xt 2%
A 25% 7. FEHERR T Hk P AN S P A RN Y
HIR G, BATTAE AR B X (8 - B R i 2] 1358
53 PCR SIEBUEEAZIR 7 ¥, B i H X 31K Y
R EETF AR A IR, T
YRR, @S SP8-9 AH LI IR BE 1Y
SP1-4. SP6 WYEA R BB/, JEN A w5
BERAR, “FIAROREEAL (1-2)%; XF TP it 2
SP8 = SP9 —f%1 SP5, HAAGMA R BLsL . F
YIUREE 5 SP8. SPO R F-. LG KFE, 4wl B ML
HeliF 25 DNA HEAL# PR 0 B A 2GR LA R AT
. )& Pre-BS 5 Post-BS Wl 7 = 1R A,
AI UL SP10-11 /Y PCR & % 5 SP8-9, iXAJ
RESZ R Pre-BS A FEFT T4 2 14 40 i 2 e 5
DNA, SCEE RS PCR B F B £,
2.2.2 MRS DNA 8 i SRR 2 BV
FEFE 4, WO PCR HEA 551 P IR v
A, DRI Y SPS il SP10 J2 5 &2 SR A i il
ANBEAR . SR T RS Hf b LA I 3K Ui 5 DNA
S SRR R 2 B 25 5 AT U BB 211
SP5., SP8-11 1 Ji &y Y B A J3 B A T B R A 3
Br, Z5RE LR, Bl EE 1R FE TR,
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F 4 IM3RIHFE DNA BEL KRN RETH
Table 4 Quality control of cfDNA methylation data

Sample Raw fragments  Local alignment rate  Duplication rate Effective Genome coverage Sequencing depth

name (M) (%) (%) fragments (M) (%) (%)

SP1 84.85 38.67 28.84 23.35 49.18 2.33

SP2 87.99 39.17 24.53 26.01 55.54 2.36

SP3 72.30 34.30 25.91 18.37 46.07 1.96

SP4 82.18 33.97 26.48 20.52 53.07 1.98

SP5 230.78 38.46 40.90 52.46 70.01 3.70

SP6 62.16 39.04 28.31 17.39 44.22 1.95

SP8 77.81 77.10 17.05 49.77 85.62 3.63

SP9 77.40 77.72 16.38 50.30 85.24 3.68

SP10 218.31 74.55 42.92 91.27 83.26 6.52

SP11 69.19 76.27 23.05 40.60 72.13 3.30
PCR TR FFE, M IEMERR. M LRk .
I _ . 1prary
TRV F AR SO T 5 36, KA F] A ) SPS 0.4} yd sPs
SRS By 2 w) B 1Y SP8. SP9 SR A SP8

*]
£ SP10. SPL1 Wi/ Pre-BS SCHEHES )% % g 03¢ ——SP9
o — ks
ARG, NI EATAR A WA B R 5 , /7 0
\ o \ . = U2 g
Post-BS P2 I, BAEAMAMEHEXRAMT 5 i I
A SR M M BRI i, R PP — A B ol i’/ -
B o AR — 2, [l —SCPEAE G YO ~7 I e v ' _SP“
test

BRI E R T2 EE . Bk, B 1 0‘0-(.) n - s B

H test_ SP10 5 test_SP11 (& & m T SP10 Fil
SP11, YFHUHIN TR AR, B g s i H A
i T e R R R R A R X REE R
e MK ES DNA HEMESORME 22 AR, A
() RO 3 o A B AL SO SEAN ], 3 SO
BB BEEER,
2.2.3 IM3KIFE DNA BAB Bk B4 A
BRI AT A BT TR SR T
FEdlTabnZz o, M2 DNA B S SCPE MY
PR A BeR BE 231 o MRS L2l Hoxt i) Bess
il i 7 25 DNA AV SO RS th 2k, [F]
I G AR e Ab 28 2R 1Y SPT 22 M bl A TR 4 Hidie
BHO1, Frfs g5 3 ani&l 2 s o &l 2 g4l 170 bp,
BHOL Al SP7-11 SCJ% i F &I 7E 170 bp BT, i
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Effective fragments (M)

Bl MFRESXEEERMXAR
Fig. 1 Relationship between sequencing depth and library
duplication rate.

cw] AR SP1-6 W il 25 170 bp. Ib4h,
Bl R G )RR AN R A SEEG Y Post-BS SCE A
SP7 AR LA A B B 52 . 5L b, L
149 1 BEREFR A0 e LS 78 A AT , AN 23S 2R LY
A3 2k o Zoad S B2 HEAT I ) 5000 1 T A L3
TR, SREUR TR HXT LR AL A SR ms , ) R ARAFAE
xR B BT & A= A 150 bp LAWY, A ATfE
SE RN 2 v AR AR B G Ect i, BRI 8 T
BB F AN A B . X SEK 41 DNA 5 KL
AEES, SCPER/IN (200-400 bp) St TR
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o | —SP5 1
E 0.01 A SP6 :
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D
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2 MmM¥%H5E DNAXEMKERH (A: WGS XEMKENT; B: A7 AMWER Post-BS XEMKE D T
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Fig. 2 Length distribution of plasma cfDNA library. (A) Length distribution of WGS library. (B) Length distribution of
Post-BS library accomplished by company A. (C) Length distribution of Post-BS library accomplished by company B. (D)

Length distribution of Pre-BS library.

B2 (150 bp), PRIk 3500 Fr BN 25 M I 5040
AT, BRI 3 25 DNA KB, i v
BLos X a8t B SE IR o o, iR N 1M 3K
e B3 DNA Fofet e A s 46 P4, i FH K2 > 90-150 bp
4 1105 U 25 DNA AT LA 5 50 DX 439 i A £t
HEAPL ks, g e DNA B B,
FEhE R Be ) e B, A Bk B
M3 3725 DNA B0 o

Xt E Pre-BS Fll Post-BS & J24E fit) F BE K B [X.
H1, AT 0L SP10 5 SP11 X P4~ Pre-BS SCE M A Bt
KBS A 2B 10 bp A4 R, SaEH kgt
i (WGS) 23305 BHOL H Y A —3, i
PIZ A 1) Post-BS £icdfa v, I K35 25 DNA J Bt
KB A FL A . i Pre-BS 5 Post-BS i Fif
Ay RO A BITEAN R S 0 28 Se U, T DA RE
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HE B 5 56 2 22 S5 00 DR 3 0 B B 0 A 1 22
S HEAD, X—HEIESL T Pre-BS 1] LU A6
SRBREGE, MAA Al B K Post-BS &4
XK A G B BE (s B R iR £
2.3 [3Zi%E DNA BEALEIEMNKERER
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Fig. 3 Fragmentation pattern in whole-genome plasma cfDNA data.
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