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Y-SNP#RiC4I 5 A AW ALERE . Y Yeta ik A7ErE
TRt R G L EH 55 19 SNP FIZN v Beddi A
f (Indel), AT TG IR I3 BRAS 1
Fo DKL S I A S RO TR S R R
et FCAEAEWT Dy S AR ZE R RN AC R AR SRR TH AT
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PEFRIE T3 W o7 [ E st A —k, XL RS
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[ LA E R (ATC1554E~AT02204F) 5 SHE
A MR F UL 22 Bk, Y AR e S
B AR I R 125 A R AR IR o bR — R G
R Rl

fer il P H AR (high-throughput sequencing,
HTS) H 2042 90 AFACA M & g, FEAN H A i
(i) P A= i e SR BB B T, o IR IR 4
SRR RN 2 NI /o G S S e
2= H oA E A HTS £ AR b &8 — AL ¢
(next generation sequencing, NGS), Hil . Al
AL, R, W] [EAIECE 2O R
MR 225V P9 ) A S TR A B R 4 A
RGP T AR 5 - FE T2 3SRl
AR A ] I 5 7 15 5 SNP 43 BB AR 218 S B4R
FEPRIZH X B 2%, e BT s S 2o, Horh gy
BRK i & 5 B (Global Screening Array, GSA;
illumina) 417 22 5124~ Y-SNP {7 5, i3 T 48k
26 NHEH LS S, P E LN 0 B8 A (Chinese
Genotyping Array, CGA; illumina) X430 A
Wit , {0 % 24 047 > Y-SNP {ii 5, Affymetrix
(23MF_V2.2 High-Density SNP Array) &4 ' (i
23 B )7 N AR G Affymetrix 23 /) 4 77 B9 Precision
Medicine Research Array (PMRA) ith ) B,
f355 T 27 3004~ Y-SNP i s, iy DNA 403 £ 4K it
The Allen Ancient DNA Resource (AADR) HY
1240K FREF i AR 1A &R R AT NS5 00 07 2, &

32 6701~ Y-SNP {7 g1, HA E T #H 5628 5 1 4347
FE N AMIFFE A GETT R T Y-SNP KA 2 LA T
A BRAR SR . . faf 2% Kayser HIBA BV F
2019 4ETT & B4 25 859 4> Y-SNP F kG4 22 B S B1
B Ak ; 20204F, Claerhout 5 P2 HRiE T 15 6114
Y-SNP KA FR , (HARATFERAT RE; —Lk
] 2 A AU R 2 E A RS K B, Wang
G 994 1 2022~2023 4E R EE T AL 256 1. 6394
Y-SNP ()14 Z K Li % 1 #a 11 381 4~ Y-SNP #4:l]
R Z. HutfErDALN F71E, 23877 . 23andMe
45 DTC 2w H AL 5 ) Y-SNP A6 0 a5 45 35 PR 26 ) )5
(whole genome sequencing, WGS) , %% & YTree
(https://www.yfull.com/tree/) A F P #EAEAC Z HH I
WIS HT o SR, T X LERRI AR (panel) %X
P A5 320 A FRAEFEEA TAC R AL IR R 1) — BUEAT SR
FRE—2B P4, AR & BB Lok T
PRI, R, ARSCRT T AR AL 30% @ vR A 7
T H ok HA2ER 26 1 AHERY 1 590 13 B HEFEAFIA
S 109 DU B HEREAS ) GSA T Fr 4 B
MEAEREN B . PR INEZA T b
LbA GSA 7 4 . CGA 5% . Affymetrix 37 5
£E D) K 1240K o7 5 B2 1Y Y Y (oA B R A s BE A
NBEXArfE ST, MeAh, BIFEAG GSA S H 4 BUE s
PRI 2R G 98 RFEAS 3 28— BOME DL BOAS [ i 9%
Y-SNP v S AL A 1 Y SRR 2R —B, DI S
B Y BAAEREEE TR AMEE A R AR
TR RS IR S

1 #REFE

1.1 EHEkE

ARWFFINCEE T 3 BHE . BRdE 1 AT AFEH
2H 1 590 A5 5B 30xWGS FEA 2405 Bl 2 o0
T NFENH 609 13 1 FEGREA, KRS |
22 NHHE BN S fin; BURE 3L E AL %
109 153 1F WeGene GSA v2.0 5 F 43780 ) v [ 73 e
BHEREAR > A S 5EYEE TS RES,
FEE A T AR PR B S (4T
2023-004) .
1.2 #HELE

f#i FH VCFtools v0.1.17 84 ¢ X B4 1. %L
PR 2 AT THAEA IR, IR ORI E . FEACHE
RUERIGRNT 0.1, 7 81/ TR S/NF 0.1, He
BOAE | FUBCESE 2405 181 601 1> Y-SNP., 4 4111
HEAE A WeGene GSA v2.0 (DL R faiFk GSA) .
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WeGene CGA v3.0 (LR RN CGA) . 23MF_V
2.2 High-Density SNP Array ( UL F fii % &
Affymetrix) #1 The Allen Ancient DNA Resource
(AADR) 11 1240K Version v54.1.p1 (LL T & #x
N 1240K) o HHE4E 1. BodE 4 2 2 GRCh38 WA,
GSA. CGA. 1240K Fl Affymetrix i s 4 K
GRCh37 JfiAs, Rl 2% He k2 A b — 3, (]
LiftOver %k 14+ ") (https://genome. ucsc. edu/cgi-bin/
hgLiftOver) K 4 21 {7 55 4 HE X 41 42 1 AL GRCh37
4o GRCh38 WA . il beftools v1.10.2 x4 7

CGA (9 773)

GSA (8 652)

1240K (11 415)
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Y-SNP 73 BUECHE , Y B R A ) 1) i T e AR 1Y 2
R, A4 SNP B Indel, KA 5 AR T A RE
AR K A SRS, FEHUY-SNP 43 B sk i 457 o5 )
BrHERR . b b 4 ZH A7 0 AR SR B A9 Y-SNP 5
ISOGG % R W A8 XA A L SR v o, 1
Rstudio v4.4.0 H' i) ggVennDiagram {22 il T 4 5L &
(E 1), I8 CMplot £ il SNP %5 i [ JE s 4 41
HLSAE Y-SNPTEY Je oA tiil (K2).
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Fig. 1 Venn diagram illustrating the overlap between 4 Y-=SNP panels extracted from WGS and ISOGG database
After interconversion of genomic coordinates, the respective sizes of the GSA, CGA, 1240K, and Affymetrix marker sets are 22 512, 24 047, 32 658,

and 27 299 loci, all classified into ancestral and derived types. The inference of Y-haplogroups is independent of ancestral loci, being determined

solely by the genotyping of derived loci. In the 1 590 samples, the number of invariant ancestral loci for each set was 12 346, 12 179, 17 012, and

15 334, respectively.

The number of SNPs within 1 Mb window size
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Fig. 2 Distribution map of each Y=SNP on Y chromosomes of 4 panels and WGS
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1.3 BEHSE LR

SIVPAR £ Y-SNP A 5 4R () BAAE E 0 — 35 Je
2 VB ORI BT N = N S5 R LS
MESEMBEE IR RIS E IR, @i
Y-LineageTracker v1.3.0 84 ™% 3L T Y Je (o fA 1% &
B (ISOGG i kit A< 5 15.73) HEAT BAASHE 43T
IJER M EESHEEG AR A . BOE DL T HEtn
AP —3E (P NREAR SR, XN
4 2R A B RS R A L 45 R S B 4 1 58 A VL RL Y
FEAEL, YA RE D BCss R SR | A S R
R RIFEAEL)

a. 5t 4 — X (complete consistency rate,
CCR). CCR=XIN, BRIy, s[RI i A8 55 £t
A5 1 HN A SR 0 A VE L AR AR LU AR

b. N5E4—ZF% (incomplete consistency rate,
ICR). ICR=Y/N, Ry, “N[FAL S5 B e
VH S AR REAEAE LR IS R O R REAS LA

c. #E) &  (misclassification rate, MR) . MR=
(1-X-Y) /N, BN, ARG SESEIEE 1 547
o RCg R AR M — F T A R E RIS R R
MIREAS LA

d. — 8Pt (consistency, C). C=CCR+ICR,
SEE—HRGAEE—FERZAL,

i F Rstudio v4.4.0 "7 i ggplot2 B fu 2 i A
[ AR A 25 SR PR o TR AR B . AT
i 4 HALEARTEA R SRS RE P AR R 25 e,
T WGS Etla F A S5 7, B REA AR T 50 A 5%
FEHERR . S AR G HE (W10-M175, R-M207
FQ-M242 JfEHE) ' 4 414 s 5E I CCR. ICR L
K MR, {diFf] Rstudio v4.4.0 H (1) ggplot2 A {4t 22 i
4 AL AR R SRS R b () 3 AR B

KA FEA AR 4 2 SR I GSA 7 5
CGA 7 J5 4 . Affymetrix {37 5 4 Fl 1240K {7 55 42
Y-SNP DL BB 4E 3, 4 Bk A= R i —
B VEAL AN W] 3z 3 A R R G G 2 1A B AL B —
otk
14 S PR

R T SEIRAN RIS s A ) B AR 3K A AR B 1Y)
Pbae, ARSI T SRR HERT AP
o —NFRESECARER AR PR 1R, F
FAERE (A~T) NIRRT SR B L S T B
R ARG AR RE , RNV AR K, RGEKE
(N EOR A LN €773 i N TR 17 L1 12 N A R Y o
Rla (34¢), Rla2alb (72%) J& TUFEAAEHEN 2B

R, AT XA A 1 P T REARSEA T AT,
B T BOE S T WGS 5 4 20 07 5 48 HI B AR
Uiy R B IS U R 4y R R AF 2% T SPSS 27.0
(IBM, USA) Geit#ft, RAAESER R 2-5
FJE U Ki 38 (Mann-Whitney U test) 75 5 X} AS [A]
Y-SNP {3 4 5 e R AU B 5 1 e s e b A 7
2 35 PR 56 I Rstudio v4.4.0 H 11 ggplot2 3k
L2 HIAR S EIVTAL 7 FER RN
1.5 AEEHKY-SNPLISAE TR

M ECHEE 1 5 I1SOGG 1% % W 81 & o 5 P %
1 590 3 FEA$4 IR 35 52 1) Y-SNP 17 5 % F python
A TRERIAAE, 435 HfH 1 000, 5000, 10 000,
15000, 20 000, 25 0004~ Y-SNP, 441 1 s fh B
TR 100 ¥, I Plink $2 UGB Y-SNP 443
RO . WELY B RE R S Y-SNP $icit 22 1] (1)
KRy HT EIRGEHE, % GSA, CGAfi %S
ISOGG i Z W4 1928 XA 112547 500, 1000, 2 000,
3000, 4 000, 5 000, 6 000, 7 000, 8 000 4>
Y-SNP Wy BEMLh AL, 4520 07 S Al EE AL T 100
W DBIEEIE RIS IR, 55X AR mEH
Y-SNP o7 #3 2H & PPAG A BEME R ME (S 80R] 1.3)
FEez IR IR AT LR A B R 1R 22 R AR A

2 & B

21 ARMEESE—HE

TR 1 EAT T 4 407 AR PR A
HeWr, IS8R 1 T 20 AR REEA T T LR
T 159 {7y B A, GSA., CGA., 1240K,
Affymetrix {57 s 5 I H 51 9 SRS B 5 0 A SR 4
590 ) B A B — BOPE 43 01 R 88.74% . 92.08%.
92.96%. 61.89%, H:H' GSA. CGA. 1240K fii /5
LR AR E— B A 2] T 88.00% L I . GSA.
CGA. 1240K. Affymetrix (i ji #E5¢ 4 — 5K (L
fERESEAUCED) 4398 63.90% . 64.78% . 26.35%.
6.54%. JAE 1240K v mi 2E — Bt iy, (HHE 4
—HURAA L GSA 7 A4E . CGA {7 s5U4E W 2 A1
4 QA TR B FE B AR B (E3) Bos,
GSA 1 54 . CGA s 4 DL K 1240K 7 5 AL 1 %K
IREERREGAR, Hodr, GSA N S AEFI CGA i 4E
FEHBAERE R AR AEE, 1240K 17 s 225
I AR R B R SN AT . Affymetrix 1V 5 FE 5
FIRN L, FEMERTARE . (EREEDN
S, CGA N sSEET GSA A a5 AR TE 7R 7 Ml X R 1) 4
b, H CGA N S ARAE P ELHE b B 4 531 1 B A
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—HPEIE100% (3£S2), X5 CGA N mELETE
NBEH RS UM G

T BAERE O-M175 FI1H-L901, GSA Fll CGA
7 15 AR —BCPEAL T HAL I FP O 4R, XX P4~ 2R
i B 0 ) ) — B IS B 100%. A Z R
Affymetrix {37 5 52K BT AT O-M175 B RERY SRS
BRIHZEH K2-M526 HUA5HE, 1% H-L901 FAA% A Y
HIE— AR 1.41%, Hrb 1.41% B9 H-L901 AL

:Complete consistency rate

B :Incomplete consistency rate

HERUEE R I-M304, 5541 97.18% A H-LOO1 FAfEHE
B R Hh F-M89, KT R-M207 BAfERE, 4 2007 55
£ —EUE L 94.00%, EHAAFEME, W T
E-M96 Bt ,  1240K Fl Affymetrix {17 5 5 — 21k
H KL T GSA F CGA i 5 4 . 3 T 1-M304,
Q-M242 FI I-M170 FRAGRE, 4 {0 s L 5047 AF A KT
B SRR, Hip Affymetrix {37 15 45 A0 2 {44 1)
Fiher (EIS1).

[ :Misclassification rate

GSA CGA

100

1240K Affymetrix
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50+
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Fig.3 Intercontinental comparison of different Y-SNP panels displayed as a faceted bar plot, based on Dataset 1

22 REEARSE—HMHE

SN H B A & 306 X 1 R SE S R AR
A, HAH 305 AT 5 1R . SEGERREAR
PAAEREL RS T R . GSABL A AE . CGA i figE
1240K o7 15,45 Fll Affymetrix {37 55 B2 X — B4 K R
FEAR B RE R —EER 100% (£ 1), BlEsE?2
FELE LN AR — SO SR A, AR Y
5% B A %) o~ Elblalalalc2c3a3b, JL T H W K
Elblalalalc2c3a3a. /R H AR —5, (HIL
e REAR ST A | RER

B35 384X | B 12YEGFRREA,
MASREN R R DR, 1~12 FOR G REA PASRESY
H—FE R 100% (F2), FH GSA A%

Table 1

and various Y-—SNP panels in first—degree relative samples

Consistency of haplogroups between Dataset 2

Dataset  Kinship Concordant Misclassification Consistency/%
pairs pairs rate/%
WGS 306 305 0.33 99.67
GSA 306 306 0.00 100.00
CGA 306 306 0.00 100.00
1240K 306 306 0.00 100.00
Affymetrix 306 306 0.00 100.00

OBV GNP S SENE F N LE/NHAL 2RI CE Pl
PR
23 SEERTEER

FEFHREE 1, WGSTUBIH 16 4 T HA5
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Table 2 Consistency of haplogroups from Dataset 3

Kinship Kinship Concordant Misclassification Consistency/%

degree pairs pairs rate/%
1 82 82 0.00 100
2 33 33 0.00 100
3 34 34 0.00 100
4 44 44 0.00 100
5 39 39 0.00 100
6 36 36 0.00 100
7 25 25 0.00 100
8 9 9 0.00 100
9 10 10 0.00 100
10 29 29 0.00 100
11 30 30 0.00 100
12 13 13 0.00 100

T 984 Ff A vty HL A% B, GSA. CGA. 1240K Al
Affymetrix £ 5 48 70 R0 H 15 A = T HRASHE T
778. 803. 506 il 158 K ui HiAE#F (£S3) .
TR PR ML R (K4) Bow, Bl
45 11 GSA N S AE T 43 2 10 B BE 20 HE R U R e
fE, HIKJE CGA NS T M AR HE, e
BAKAYSE 1240K v 15 4 5 Affymetrix {37 15 5 PIr 4328
P EAAERE . -2 UK 7R GSA I CGA i 1,
£ 5 WGS W R TG 25 (P>0.05), T
1240K 5 Affymetrix {7 5 48 5 WGS 1 73 #3525 7
HAREME (P<0.05). GSAFICGA i S AEXFFEA
AR i B AE U B RS R R S T4 2 4
(AsE

24 ARAHEMAEASTHER

TEXT B 1 FEHLEE B Y-SNP B 281 7 5
HEOMHTIE, WA FILE Y-SNP £ 4T 1 000~10 000
BF, Bl SLAEOE N, BRSO A R — St b
ZHEI, 4 Y-SNP &R Ht 10 00040, RMii%E
HE— 2D BAEREN, BRAE R — B SR AR AR AR X 22
1, AR BETRE (KBS, i, bz
A7 ek 5] Bt 25 Y-SINP B3 f4 38 i 7 S22 B0 1 £k 36
{BAEA BT L2 25 0001 Y-SNP B i B AT 7E 60 s
AN .

GSA FICGA N NS Y O R E R T
B (ISOGG 15.73 iiR) FF7E 8 652 F19 773 4~ Y-SNP
(IS EENT 5 o 4 Y-SNP U #£ 500~1 000 B, Bl %
LR BRI, AR RFAET ARG Y Y-SNP
BOFTE 1 000~5 000 FRICHT, BEE A7 S BRI,

kk sk
40t
*kksk
30t Group
o E2:WGS
B B3 :GAS
5 2 B :CGA
2 E5:1240K
&"3 . :Affymetrix
10+
T
ot é . . -
Nod \od <
L & & %@% &
MR
Nt

Fig.4 Boxplots depicting haplogroup resolution across
different Y—SNP panels from Dataset 1
The panels contain the following Y-SNP counts: WGS (181 601), GSA
(10 166), CGA (11 868), 1240K capture panel (15 646), and Affymetrix
(11 965). Asterisks indicate statistical significance from ANOVA:
***P<0.001.

[ :Misclassification rate ‘Run time
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Fig.5 Combined bar and line chart showing
misclassification rate and computation time for varying

sizes of Y=SNP panel combinations based on Dataset 1

PR BE S R R AR R B I FE 5 000~8 000 >
Y-SNPs i BBl N, Bl 5 o7 S B B, 4 1R T %
HEIRZE (K6),
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50F

40t

30

201

Misclassification rate/%

500 1000 2000 3000

B v-s\p from cGA [l :Y-SNP from GSA

4000
The number of Y-SNPs

5000 6 000 7 000 8000

Fig. 6 Error—bar plot reveals misclassification rates of Y-SNP combinations randomly selected from loci shared among
GSA, CGA panels and ISOGG database

Y A EAE BRI R N B 20 A i SR BB AT 85U
e N2 Py o A v A A BE B 5 v b g
0 ) BRI P R BRI & o AR T
KRAIERAEIE, T Y YRt 7t ok
PSR 1AL ZR AR SR A I T SR 5T A 22— 2
KRS T TR R ZFEASSE, R
4 Fh i 54 (GSA. CGA. 1240K il Affymetrix)
PEAT AR BT 5 g, I8 AN [ T Y-SNP
D7 5 AL A B TE A B A M . BER S R B
N, TERRERES 2 —BUE A BER T, GSA A
CGA LRI RAFMHERTRLRE, MHILZ T,
1240K 137 15 58 4 Wy — B0bE 40 = (0 43 B R R L
Affymetrix {37 5 55 IO HEWTRCRE ) B 2 PRI . TER &
FEAHTH, GSA. CGA. 1240K Fl Affymetrix %
4 A7 AT AR R — R G AR A B 53 2 — Bk ik
100%, GSA It Fr o BUEE 76 R R I SR 4% X R 46
G (1~1250) 1y B DG REA e 3 38 e 1 43
R, RS UHERRIEREA TS 2 R — AR HE
— PGSR, AR RS2 — B S Y-SNP Al
HIEMXEEFR (1.000~10 000 4~ Y-SNPs) , ## it
10 000 > Y-SNPs B — S #a TR E o ASWF5E 1y 5

5 1) Y-SNP HLA5 B 0 B e X 4RIt T B S %
Heds
31 AR EAEREHSLYEERITILE
NRY SAA5ERE R E 0 Y-SNP 45 g ), R
DB 5T A Y-STR #EAT B R FU) (s {H
S R P RE N il N9 <O = I T ST 0 v A R
Y-SNP AT RS RER 43 o AR S A IRk Hu i
H1, GSA. CGA Fil 1240K {37 s £ B Al ) A,
F B AEAEIN AFERISEU AR, T Affymetrix £/
SRR R, EEEPERTRFIA, GSA
VWS pN WX LN (=  haan WE RGeS i
KICHH . ZRWEAF R AL AHE, A 250kt o T 5 O
fr, w1 PRI A ) 800 1Y L L PR AR o)
CGA WS F Wk — 2 ek 1 o7 o5 A H: 058 1 rp
BEAR 5 4 BEPR ZH 00 0 3 A AR 1 43 BT b
o, BEHEA —BOHEATE GSA. CGA. 1240K fif
RAETRIE S 2 R S WGS A& — > L
HfEEE, U Elblblalalc2 FlElblblala2alb, #|
IAER B AL R 2 E-M96, J-M304, Q-M242
A I-M170, Ifi 7€ 5 5% Bf R-M207. O-M175 #il
H-L901 HA 8w 1 — 3tk . 7F Affymetrix £ 5 4
H, BREAERE E-M96 FIl R-M207 4, Hfth JL4 2043
RS HPR I TR K, X AT RE S Affymetrix fif
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FAEFISOGG i RZ M ALA 3 098 4~38 XL Y-SNP f1
Ko FEHARHEE G TR (5355
PIZH—%) FIZeAE R (SNP., Indel), et
b S RAS RV B AR OC . GSA. CGA. 1240K FlI
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Abstract Objective The accuracy of Y-chromosome haplogroup assignment is crucial for tracing paternal
lineage in male samples. With the advancement of high-throughput sequencing technologies, high-density Y-SNP
genotyping from whole-genome or array-based data has become a standard method for determining
Y-chromosome haplogroups. This study systematically evaluated the performance of 4 commonly used high-
density SNP genotyping systems—namely, the Global Screening Array (GSA), Chinese Genotyping Array (CGA),
Affymetrix array, and the 1240K capture panel—for haplogroup assignment. This work provides a reference for
data comparison across different systems. Methods We extracted genotype data for the 4 Y-SNP panels from
30x whole-genome sequencing (WGS) data of 1 590 male samples from the 1000 Genomes Project. Additionally,
GSA array genotype data from 384 relative pairs (spanning 1st- to 12th-degree relationships) from 109 Chinese
Han families were collected. Haplogroup assignment was performed using Y-LineageTracker v1.3.0 software. We
assessed the concordance and resolution of haplogroup assignments between the four Y-SNP panels and the WGS
data. The consistency and resolution of haplogroup assignments were also evaluated for both the 1000 Genomes
Project samples and the 109 family samples collected in this study. Furthermore, the impact of varying numbers of
Y-SNPs on haplogroup assignment was examined. Results The GSA and CGA panels demonstrated superior
resolution and discrimination of haplogroup subclades compared with the other two panels. The haplogroup
assignments from the GSA, CGA, and 1240K panels showed high concordance with WGS data, with consistency
rates exceeding 88.70%, whereas the Affymetrix platform exhibited a significantly lower consistency rate of
61.89%. Specifically, the GSA and CGA panels consistently demonstrated superior performance compared with
the other two panels in the assignment of haplogroups O-M175 and H-L901, achieving complete concordance
(100%) for both haplogroups. In contrast, the Affymetrix panel erroneously assigned all individuals belonging to
haplogroup O-M175 to haplogroup K2-M526. Furthermore, its accuracy for haplogroup H-L901 was exceedingly
low, at merely 1.41%. This poor performance was characterized by the misassignment of 98.59% of H-L901
samples—specifically, 1.41% to J-M304 and a predominant 97.18% to F-M&9. For haplogroup R-M207, all four
panels exhibited uniformly high levels of consistency, with concordance values exceeding 94.00%. Notably, for
haplogroup E-M96, the 1240K and Affymetrix panels outperformed the GSA and CGA panels in terms of
concordance, representing the first instance in which these two panels surpassed the latter. Conversely, for
haplogroups J-M304, Q-M242, and 1-M 170, all 4 panels showed relatively elevated misclassification rates, with
the Affymetrix array demonstrating the poorest overall performance. None of the four panels showed any
discordant haplogroup assignments among the familial relative pairs analyzed. A positive correlation was
observed between the number of Y-SNPs (ranging from 1 000 to 10 000) and classification consistency; however,
classification consistency plateaued when the number of Y-SNPs exceeded 10 000. Furthermore, a random
sampling analysis conducted on the GSA and CGA panels demonstrated that the haplogroup misclassification rate
exhibited negligible fluctuation across the Y-SNP range of 500 to 1 000. Conversely, a marked enhancement in
classification consistency was observed as the number of markers increased from 1 000 to 5 000, ultimately
reaching a plateau within the interval of 5 000 to 8 000 markers. Conclusion These findings indicate that the
GSA and CGA panels provide high resolution and concordance, delivering reliable Y-haplogroup assignment for

forensic investigations.
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