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15 %% JE SNP 43 BUECHR 1 S8 1k SNP s Jy Fl 42
FEHHMF (whole genome sequence, WGS) 254
ARFJeAs s Ho SNP It i & H FiTHE H Y SNP 43
B, R SNP O 46 . A [ SE A 43 7Y
25 F (Chinese genotyping array, CGA, Illumina) .
4 BR i &% o A (global screening Array, GSA,
Ilumina) . 23 JiE 77 V2 it = % B SNPits i (23MF_
V2 High-Density SNP Array, Affy, Thermo Fisher
Scientific (formerly Affymetrix) ) %5, SNP{ ;5%%
HAE 50 J1~80 J1 Z 6] . H4H A Bt (identity-by-
descent, IBD) Fvk5 1" J& HETE MM I &R
HEWT L P R T R % R SNP B L 1A
FEAS[E] IBD F B B E EE  (centimorgan, cM)
FEH M TREAR R RO R . fEmfe s b, A%
G KR AR Z ] 2 L HAL [F L 6 ) DNA, 5
GORFMIE, HETEDNA R B L iR R,
FLT IBD 3250 SNP S R Kis AT 70 A EHHE T 7 2%
PINIGEG R 2

1T SNP s B9 07 3 FglciE e, HLAV A58
WHEAEE TG LT, BV A S 2 (299%)
(0 B, RGO ZR I TIINR RN L S 2 [R) 3
FEFE I3 iR 22, I HORSG O R IR 25K,
2510% 1 3 AARE (T F154% 1y 40K E (9
Z¢) W IBD i BB AN E] 0 SNP I Fr H A XS
DNA JR R, DNA# AT %200 ng, I
X . RS DNA BRI RE SR 2 2, HlA T &R
TEHEWT B AR AL B2 N R ) 77 SRR
ZH R R T AR E 2 B E . B, B
H AT ] e R PR, AL R TR A Y
SNP 73 TR, DUAE J 2 98 1Y SNP 4 H Tk 12
RiEortr. MEZ T, WGS &iie . FEEEEA R
TR Ak Y, BRAE AR HURE A Y 4258 SNP 43
BRI, ELACHE DU 5 2 o TR B 7T L3k 30x~100%
B, g S Ty 8 o 45 #2003 4F 9 DNA #E 17
WGS, FKHL100 J7 4~ SNP F[H /3%, #F GEDmatch
i R E SR, AR LR R

PR, AR TR N B SE R R 1 WGS £l
B AERST R A 5 4% 1 SNP A S AR B 5 42 =5 IBD
FRWERR T, SRR HE RS IIRE ST, A ERHA
< SNP Z 3 i Wi AR (1492 2= 2 1 F Vs e de it A )
UE% NS

1 #R5AEE

1.1 BEARKIE

AR 3B E K AR AL 161 0y DU M
FEA 0 Hod A 1 321 % 1~ R %, Hirp
A5 104 %F 14% (Ist) ., 88%f24% (2nd). 138X 3
Y% (3rd). 182 %F4 4% (4th) . 240 %F 5%% (5th) .
187 % 6 9% (6th) . 184 X%f 74 (7th) . 124 X%} 8 %
(8th) . 74X 94 (9th) ELIKFR, 11 559 Xf JooE
GXRFR (D, AMETIASHEHEENE
MR, JFE T AP SEE h O e B 2
HEHE (R'5: 2023-004).

Table 1 The distribution of kinship degree in pedigree
samples

Survey Ist 2nd 3rd 4th 5th 6th  7th  8th O9th Sum

degree

Number 104 88 138 182 240 187 184 124 74 1321

1.2 DNARES#&

i F MagAttract M48 DNA Manual Kit
(Qiagen, Hilden, Germany) #2&HUHEyRFEAS DNA
fifi F§ NanoDrop 2000c # i & 43 Y6 EE 1 (Thermo
Fisher Scientific, Waltham, USA) £ {lll DNA ¥
J¥, DNAFEAMRFL40 ul H DNA ¥ K5 S pe/L LA
b, BIATR A MGIEasy 3 FH DNA il &85 2534
(MGI-Shenzhen, China) #EA73CHEM &, WO &
HE[AI 41 DNA #47 e Bedb, iFATREBRIRE, it &
W BE , B ROVAR & 54T DNA R g 52 ) 3'
vig ABRSETR N, BERS, PCHlEEk Sk R, ik
5 DNA { BOEHIE MO0 . CREZ PCRY G,
AT TR . AR SCRE AR NE . MBI, THALARFR
LZPE DNA, JE B EE PRIk DNA. P phi29 7R
WA, HEE 2 ¥ VLK) DNA 44K 5k (DNA
nanoball, DNB), i /5% & DNA 40K.0 A 8K
TS A RAR /ML, T DNBSEQ-G400 (MGI-
Shenzhen, China) - %} 161/ DNA i#£ 17 PE150
I WGS.

1.3 HiFEST

ffi JH RTyper 21150 & CHrilg A=, oM,
[) X DNAREAHET STRAM, 445 201~
Je RO S LY RN B YT S PCR YY)
i JiI 3500 % A 43 #7142 (Thermo Fisher Scientific,
Massachusetts, America) #11GeneMapper ID-X v1.5
AFSEAT 0 HT, 185 STR /MZE R E TR A
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FAEKSHRNA L (hglo), TG OIRNE
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AR WA AR P LA B9 122 751> SNP, - fi
J& LR AR LR A SNP AL s, F4x 118 T3
YL B R SNP VR by =5 % B SNP i midE, T Jagk
5307
1.5 FEZHXREWSHT

W 1.3 %0 5 FeJa AR B B, (A IBD 38131
SEPIREA (8] 119 IBD K JEHEAT 325 0C R e . IBD
BV WARJE L) Plink . VefTools #F M4 By, @it
Eagle P X FEAZHE 47 AR QL k3 2, SR5
fii ] Germline % 11 1R 51 Ji A #F A Xt 2 [8] A1 [] (1)
DNA f Bt (JRIRFSTC S 8UE M err_het=3. err_hom
=2, 45 Merr het 3 hom 2), fx/miliid Ersa k{4
TSR] RS AR o e Germline F 5 HE S
B (err_hom. err_het) JE+48 RVFHTIRICEL 405
A AL hmc s R 80 P

Xt AN )07 8 4 T 4 IBD K B, 31 H
() 25) o )5, EEREREA SR — 0 A
BIIBD, VAL A B8 o G 48 X o A R
(accuracy, AC) . B {7 X [ #Effi % (confidence
interval accuracy, CIA) . f& B ¥ & (false
negative, FN) . fRFHMER (false positive, FP) Fl
A5 EE (prediction credibility, PC) F&FriFAh
T AERR . o AC 248 T 22 2% ¢ R AFHAE
TRGRFR (HITEGLR) FYRFEMNEE %S
WA R RZNELA L E, CIA SRFE I SR 2 R 55

RACTIL R KR FHRN) E T —HIR i e 204
RTIZ ARG A S R AT B L E, PN 28 IR A AP AE
RGO R E R TN A T B X % A R A G
FXTEW L E, FP 48 JC O F S A 5 6 4L
o7 T A PR A S RN B LU E, PC IR IR 7R B T Ry
R TR L 2RO, &R A R
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IBD K J& {2 IBD 524600 9 >4 [8] IBD
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JEE R S0 o P P s i (23
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Wrfig
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TEEIE R 110 J7~10 77, RR 10 774 14311
20, B S FEHLTE 107k, $REL 161 1 WGS %L
P AR 7 i A, A TIRZOC RN, AR e
EILIC10 YO ME . WA R B B S AR X 2R
G R MEWTRE T B2
1.8 IBD#T S %

Ryt —2E T 118 54~ SNP B e 2 AV i B2 1Y
ARG RTMNEE S, AWFFEE 5% 1BD 53
Germline FY45EC S 8UH (err_hom. err_het), LI#%
FHREASK 0] IL 52 IBD ARG e 7, B4R e R 20k
Z2 0 T ERR P . B err hom (LI E AE 2~19 17
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xRN AR M e, 3 BB P M SR A A 10% LA
PR RES L S804 R T
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DFEARTFIE WGS, Z5H R (FS1): FEARKFE
HE XT38 h 98.78%, V¥4I )7 VR B R 36.95% . B AE
SRR T, D 55 R 4 55 B 10 P4 (E Y
KT 98%, 10x<78 55 & 1) P IZ 97.12%, 20x3
ISR 89.97%. P A REAHY LX)
YR B TN o5 B S S RO AR S 1

The number of SNPs within 1 Mb window size
0 28 56 84 112 140 168 196 224

249 Mb
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Fig. 1 Distribution of the high—density SNP panel on autosomes
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AR 2R 2 W R [R] 7 o5 46 ] BE A7 7 AN [R) e £t
IBD KB 7 22 sl ANl e A 1BD K B ]
{HIX — X SR s, 1 50X IBD K3 [ (i F
ik . M 161 13 WGS & B dl v 42 B 2%
SNP v i SRR, &0, 1. 2, 3, 4,5, 6. 7.
8. 910 MAFHKE A (cM) 4347 IBD K
JE AT, AR M SIET R S0 o fff 1 O o e
fEIBD H B 2,

B2 J&oR T AR oM {E 11 T30 i i 1 45
(£S2), £S2ME 21 a, b, ¢/ HlEBT AC,
CIA., FN. FP AL 4L, Hrfo, 1. 2eM By
IBD KT A5 AR . 7E S2FE 2arh, ACHI
CIA I M BIE RIS 2RI 20, FN{E
NS GRS IR B, Bl M [ A 38 T i 5
FEE 2 v, FPAERE M [S{E 138 Inmikeqg, (B4
TEIREE RN, B KA 22 0.16%., 45 BTk, Fim i
PR R M B INmREAL, 0. 1. 2 cM AT
Wi . AU E— 2l ad Wilcoxon Bk FIKS: 56

Jrid, #0. 1. 2 MRS H A AL R 1 CI4
B M ENESEA T LGB, DAVTAS 9 20 B8l =2 ) 2
HEAREMNES, fECAfE, 0. 1. 2cM53
M TR EEZSR (P>0.05), 54~9 cMALL
HEEEZESR (P<0.05), O, 1, 2 MMKTF
4~9 cM7E CIAfH b A W R T, fEFNMH L, 0,
1. 2cM53~9 cMAHELTE B EHEZER (P>0.05),
TR M B {E X FN{E TG e 52 7€ FP{E
F, 0.1, 2cM53-9c ML EMEZER (P>
0.05). 53 cMAUMZERALIL, 0. 1. 2cMIYAC
RIHEER N, Aido, 1, 2 MY CIA{ELES %% .
9 Ay BT 0.41%. 1.36%, FN{HTE9 %% [ 1%
1.35%, Ifii FP{EAE 9 PANAHZE 0.02%. £ LFTiR 0.
1. 2 cM AL IBD KB, ikt feh L IBD
KERESHNICRGEE, AUF5EEM 2 cM IBD
KB BT LR IESE .
2.3 SNPLREEXTFEE K RIERTBE IR
2.3.1 U SNPA AE

B 118 TTANH YLt 1Ak SNP Y 25 25 B 6 S5 AR FRild
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Fig. 2 IBD prediction accuracy results with different cM thresholds
Confidence interval accuracy (CIA): the probability that two related individuals are predicted to be within the range of 1st of their survey kinship;
false negative (FN): the probability of predicting two related individuals as unrelated; false positive (FP): the probability of predicting two unrelated

individuals as within 9th degree.

NP1, 66 T H YLOR SNP ) CGA N S BEkr I BOSCEERRIC N PS,

EN P2, 64 T AN YLt fA SNP 1) GSA it v 4R a. IBD K EETTA
PRIC A P3 . 54 T34 H YLk SNP (1 Affy it LR LEAS RO s AR FEA R 49 R P IBD K

EAMC N PA, THAHE AR CGA, GSA, Affy  JEZES, /T PL XA —%4 FFHIBD K1)
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SO o 22 AR AR R — ST 134 IBD
KB, S5RDPHE (252 g, M
YR, PLAERE—SF9 T V34 IBD K B # A 12
T, X P1 5P2. P3. P4, P5HYF-H4IBD KJF,

KILPL X IBD KT B3 (RARL:, P<
0.05). Zi L rik, FIAPLIESE T IBD WK HfE
R SRS R TN R SR T RERE

Table 2 The average IBD length of different SNP panel in each kinship degree (cM)

Locus set P1 P2 P3 P4 PS5

Ist 3 134.05 (438.65) 3 088.48 (480.66) 3126.27 (480.54) 3 122.12 (486.46) 2352.55(801.32)
2nd 1699.11 (244.91) 1 641.6 (248) 1 657.41 (243.9) 1 646.21 (242.8) 1116.47 (306.52)
3rd 833.58 (177.93) 815.86 (173.62) 822.71 (175.79) 818.13 (172.9) 520.99 (144.1)
4th 427.52 (118.48) 417.69 (116.43) 421.6 (116.81) 416.64 (116.45) 232.08 (88.88)
5th 204.11 (64.61) 199.18 (64.14) 201.31 (64.46) 197.66 (64.45) 99.71 (46.39)
6th 104.18 (47.18) 101.04 (47.09) 102.07 (47.62) 99.81 (46.72) 48.61 (34.59)
7th 51.37 (28.56) 48.98 (28.14) 49.38 (28.45) 49.5 (27.98) 21.21(20.97)
8th 28.46 (20.32) 26.36 (19.64) 26.69 (19.64) 26.12 (19.45) 9.93 (14.28)
9th 16.03 (15.56) 14.39 (14.02) 14.49 (14.3) 14.59 (14.24) 4.38 (8.96)

Data are presented as mean (+S.D.); Wilcoxon test: (1) P1 vs P2, P=2.56x107"; (2) P1 vs P3, P=7.12x107""; (3) P1 vs P4, P=6.7x107"'%; (4) P1 vs

PS5, P=8.78x107%%

b. AN [T s S (4 S0 VA AA 1k A

P&l 3 SR A TR s B A S e 2 SR (3R S3,
S4), #S3, XS4ME3IMa. b, ¢/ K PC,
AC. CIA. FN, FPWZRALGEH . fERS4H, 5
P2, P3, P4 AL, P11 6~9 g AC {H F ¥4 T+
1.96%. 3.80%. 1.88%. 0.45%; fE& 3ar, A4
F P2, P3. P4, Pl [y 6~9 9 CI4 {H F 4 #& T+
1.78%. 2.36%. 3.49%. 4.95%; SP5#HIL, P1HY
1~9%% CIAHY 2 F A (Rrfk, P<
0.05), 7EE3bH, 5P2. P3. P4, P1AY8~9
P FNH VIR 2.42% . 6.76%; I H5PSHILL,
P14 6~9 g% FNE ¥ 2 8 B E ML (RTRE,
P<0.05). 1ER 3cH, P1 K FP{H 55 W28 m
(R, P<0.05). FAR4R TR, 5P2, P3.
P4, PSAHHLL, P1 S EE$EE T 42 3 2wl o af 4
X 55 IBD K B A T 25 S A — 3
232 FEMLISAL SR

SR IR A W A ) B BIL AR 7 5 A T
FE RS X 50 %% B SNP A i 4 4T B AIL a7 5 A
%o WEBEPLI AL SR G E N 1A, S8R
A 11007, 10077, 905, 805, 70 J7 . 60
Ji. 5077, 4075, 3077, 2077, 1077, B
SNP o/ s 5 1Y 118 T3 o it S BEHLIS o7 s B m] 43
B, PPARAS RO 2 7E A P % R B v R 2
K ZMEWTRE S (52

a. IBD K 1Al

&l 4 4y F- 1 IBD K B2 7E A [ 55 90 T 1Y A2 b A%

o HETEN, S IBD KR R0 i B 1 i v b
I I HL3E A BRI 55 53 B AH 4R P AL A A5 734 IBD
KM EE2ZES, RIS 10 7,
HAF-HIBD KJE A7 B 25 (P<0.05), 45
R, BEOSECR NN, SIBDKERH
PUE " M YOS RGN T30 TR, B
P, IBD KPR MO S B0 AT 30
TR T70 5 Z (B, W& A7 S 3, 1BD K% 212
R MBI R 70 L B, ARG
T¥Z, 4 EAR, IBD KRR e J1 Bt %k
IR N, 505 R SNP A o5 4 (1) IBD K
iNESE S N

b. AL 57 o7 6F S0 A 2 P 5 i A7

P S Ay WML 20 {57 st A T o 1k SR (3
S5), FSSAESHa, b, ¢ HAC, CIA. FN,
FP ARSI . 7626 S5 FK 5a i, ACHI CIA
AR BIRE N pS AR R 7EE SbH, 5%
FG BB BAE (CEY80.43%), 6~9 9% FN{ERE
A7 s BRI RS s FEK Serh, FPAE R 5 5L
IR ITE S, R 222.04%, ARWFIEL
SRR, B SNP 7 5 £k i A Bl 48 T 900 v
P o FE— 2% % BE SNP 37 a5 46 5 Bl ML 7
JAETEVE SRS 5 699 CIA(H . FNAHLI K FP{H
M B2 5 . 25 IR . B SNP (7 S 4R 5
20T LR AETE TR CIAMH A WML R (R
TR, P<0.05); 510 50 A 79 EN{E B4
BEEZES (FIKK, P<0.05); 5907 LK 70
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Abstract Objective This study aims to explore the potential of different orders of magnitude single-
nucleotide polymorphism (SNP) locus combinations for predicting distant kinship relationships. A high-density
SNP locus set was constructed, and a comprehensive assessment of its inference capability was conducted.
Methods Firstly, we selected three commercial chip panels, CGA (Chinese genotyping array, Illumina), GSA
(Global screening array, Illumina), Affy (23MF_V2 high-density SNP array, Affymetrix) and merged them after
quality control, forming a high-density SNP locus panel(1 180 k). Secondly, we selected 161 samples and
collected their peripheral blood samples by using whole-genome sequencing technology. Within this sample
population, the levels of kinship relationships fully covered the range from level 1 to level 9, and the number of
kinship pairs at each level was consistently maintained at over 50 pairs. From 161 samples data of whole-genome
sequencing, the 1 180 k locus set was extracted, which is referred to as the high-density SNP locus set in the

following text. The kinship inference was conducted using the identity-by-descent (IBD) algorithm with the
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selected optimal parameters. To comprehensively evaluate the performance of the high-density SNP locus set in
kinship inference, we compared it with the three commercial chip panels, the intersection of these three chip loci,
and the control sets constructed by randomly reducing the number of the high-density SNP locus set. Based on the
changes in the IBD lengths, as well as the dynamic trends in prediction accuracy, we conducted a scientific
assessment of the kinship inference capability of the high-density SNP locus set. Results ~After screening, a set
of 1 184 334 autosomal SNPs was obtained. During the process of screening the optimal IBD length threshold, the
result revealed that 0 cM, 1 cM, and 2 cM all demonstrated good applicability. However, to avoid the issue of a
large amount of redundant information caused by setting a too low IBD length threshold, this study ultimately
selected 2 cM as the optimal threshold. Compared with the average results of three chip panels, the high-density
SNP locus set increased the total IBD length and the average IBD length across levels 1-9; the accuracy of the
confidence interval for level 8 was 70.97%, which represented a 3.50% improvement; the average confidence
interval accuracy for levels 1-8 was 91.39%, representing a 1.00% increase; and the false negative rates at levels
8 and 9 were reduced by 2.42% and 6.76%, respectively. The system efficacy of the high-density SNP locus set
for kinship inference of first to eighth degree relationships reached 98.91%. Through random reduction of the
high-density SNP locus set results, it is found that increasing the number of SNPs with the panel, the detection
efficiency of IBD length showed a significant upward trend. At the same time, the overall trend in the accuracy of
kinship relationship prediction as well as the confidence interval accuracy also indicated that both metrics steadily
increased with the addition of more loci. Conclusion The results show that the high-density SNPs panel
significantly enhances the efficacy of distant kinship inference, accurately covering kinship degrees, with the
average confidence interval accuracy for first to eighth degree relationships stably above 90%. The study finds

that increasing the number of SNPs panel can improve the ability to predict distant kinship.

Key words high-density SNPs panel, forensic SNP genealogy inference, whole genome sequencing, genealogy
inference, identity by descent algorithm
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