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Due to the current mainstream personal sequencing technology often producing large
numbers of short sequences that have lost positional information, it is necessary to align
these short sequences to a reference genome for comparison. The commonly used
reference genomes are hgl19 or hg38, but these genomes are derived from a small
number of individuals and lack East Asian participation. Therefore, for Taiwanese
people, using these as reference genomes may lead to biases due to population
differences. This study uses data from the Taiwan Biobank, which contains variants
unique to Taiwanese people. This data is used to construct a Taiwanese reference
pangenome to improve the quality of short sequence alignment and future applications.
Past research has often used graph-based genome methods to build reference
pangenomes, with HISAT2 being the most popular. Therefore, this study uses bcftools
to filter variants and HISAT2, an algorithm that helps to implement the concept of graph
genomes, to construct a Taiwanese reference pangenome. For comparison, this study
also created two versions of reference genomes: an hg38-graph reference genome
(without adding any variant positions, hg38-graph) and a global reference pangenome
(incorporating variant data from the global 1000 Genomes Project, 1000G-graph). After

establishing the reference pangenomes, this study aligned Taiwanese short read data and

doi:10.6342/NTU202401388



performed subsequent analyses such as KIR allele typing. The mapping rate was used

for result interpretation and comparison. This study adopts 7 Taiwan Biobank and 4

non-Taiwan Biobank short reads data. Compared to the other two reference genomes

mentioned above, the Taiwanese reference pangenome shows a significant improvement

in mapping rate. The overall mapping rate for 11 samples shows an improvement trend

of about 1% compared to hg38-graph and about 0.9% compared to 1000G-graph.

Regarding KIR typing, among the 44 samples from HPRC, the data on uniquely

mapped reads shows that BWA-linear performs better than 1000G-graph, which in turn

performs better than hg38-graph. For the eleven Taiwanese samples, TW-graph shows

significantly more uniquely mapped reads in the KIR region compared to the other three

control groups.

Keywords: Taiwanese reference pangenome, Short read mapping, Taiwan Biobank,

KIR, SNP
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AT 5 A A Flle T /A (Whole Genome Sequencing, WGS) s
oo TR E LB ANA TR EZ T (TaiWan Biobank ¥ 35
% 1 TWBR10411-03 (78 P % #- : Constructing Pharmacogenomics Testing
Platform and Discovering Causal Genes of Abnormal Drug Responses ; 2 4% 4
m&&%ﬁ’#kiﬁ&:m%ﬁﬁib’ﬁﬁﬁﬁﬁ&ﬂﬁbﬁlgé
(Genome Analysis ToolKit, GATK) (DePristo et al., 2011; McKenna et al., 2010)
ik S M A 4 0 it ARisdst (Wuetal, 2021) 0 BRI S 5 B L
TaiwanGenomes % # & ( https://genomes.tw/#/ ) °

ZEALE (TWB) o477 1492 =4 %4 WGS R R BT HE - )L T £
61,424,216 % R 2ghiz > * iz > 2 45 A F% (TW-graph) > 2252 % £ 2+

' Ac® 2 5o o
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Allele Frequency with coding/non-coding regions of 1,492 Taiwan

WGS

30661437
100000000
1907828 9 | 5439963 8644760

3890365 3182869 348637163402

10000000
2192037 129755[8265031/
1000000 6052
100000 346
599
10000
1000
10
1
1

number of variants

o

o

|6973‘

AF<0.01 0.01<AF<0.0376 0.0376<AF<0.0742 AF=0.0742

Allele Frequency

H non-coding M coding M others total

B 2. % % %3 VCF #2582 1 & beftools # # ehicsq # it (Danecek & McCarthy, 2017) i3t
AR TR EEE S R N ERE S H & 5 kG 5 2 RE e R 2 P
%A ¥ i1 % Ensembl 2 Variant Effect Predictor, VEP (McLaren et al., 2016) » £ © 4 i %
beftools csq }‘F A Rl S L 2 G LI 1S ?v—'ﬁ o W NF YIS R R R B Ap i T 2,
B R R P Y

dR 27 ER . LY TWB g

11\1.

gL &3 S % (coding
region) » BB AR LA HB R A I F T A2 - B AT SR
it SR R gk 5X AR NP GFEYEOP oA RTHER
PERRACER 102 Z2MBR BB AFNRERA (‘,% HLA %2 KIR
h¥)~HLA 2 KIR = % &% & » 7 28 R HLA 12 2 KIR % &

FRAB FBAFRT S (RAERD)

10
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% 1.TWB vef & B2 %A %3t (WL 5 3,217,346917 & 4 (bp.) > HLA %3 5 4,970,458
b.p. » KIR % % % 1,058,685 b.p.)

Different
] Total AF>0.01 AF >0.0376 AF >0.0742
regions
Total 55,701,082 variants 13,641,766 variants 10,188,728 variants 8,652,777 variants
ota

(57.76 b.p./variant)  (235.85 b.p./variant) (315.78 b.p./variant) (371.83 b.p./variant)

non- 55,547,870 variants 13,559,797 variants 10,122,598 variants 8,594,993 variants
HLAKIR  (57.81 b.p./variant)  (236.83 b.p./variant) (317.24 b.p./variant) (373.63 b.p./variant)

HLA 153,212 variants 81,969 variants 66,130 variants 57,784 variants
(32.44 b.p./variant)  (60.64 b.p./variant)  (75.16 b.p./variant) ~ (86.02 b.p./variant)
KIR 34,348 variants 11,296 variants 8,194 variants 6,623 variants

(30.82 b.p./variant)  (93.72 b.p./variant)  (129.20 b.p./variant)  (159.85 b.p./variant)

Overall AF distribution

107

wvariant counts

r—

.
0% 0.2 0.4 0.6 0.8 1.0

Bl 3B R S HAFHILFE -V UFRS JHRIRFLOFR g H T 0.061-
¢ =dc i 0.001 > Fdbi Allele Frequency » %idh 5 variants counts (log scale)

FEB 21z Bl 3F R s TWB % R ,i!’;é-ff'_",f TO% B 2L AE R D
B2 R SR F R E o B 0 TP i e

R

11
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3.2 A HpiE g A F Rl B

A ggis o4 A F1RES P (Human Pangenome Reference Consortium, HPRC)
- BRAE e AL ST AT R REE Tl o ptEpap iR
FHEREfAITRD 2 P EFH o 2w ARE AR F i By o AliE- B

7L 2w PR FIREfegipensd A Fle (Liaoetal, 2023) » M BRI G b

H- %4 A %% (4o hgl9 fr hg38) - ?#’ g Rl e E R AEEE
SR TRB AT ot b Fi

5 {¥;1 % eh&_» HPRC # KIR (Killer-cell Immunoglobulin-like
Receptor) R F|H A A SR AT » & * L 5F AFehE i 5w phock
BERYOROE - £ Y AT cKIRAFRSEUEF AR F P Ioie ¥
FoHALA RH N EL PP -HPRCU MBS & § B B4 A Fliicdy o =
HEEA T KIR B 8w b Ko &80 { e felmaf 73 F
o EEYE AL RN A R L EA R A ALY Y TIA
P44 EB oAt HKIR 232 kAo re kRS o

33 E2 LA LS T RAT e His HRle

PR P R EE F ALY BIATFE (TW-graph) 2 H 45
EEArRBERBAF e E 23R %Y A F e (BWA-linear, hg38-graph,
and 1000G-graph) °

B L34 {7 hisat2_extract_snps_haplotypes VCF.py » % & hg38 2. DNA &
7| (#25% ¢ fasta) w s F 2 Z w2 TWB T #2555 S8 80 RIS
(Variant Calling Format, vef) > 3% ¢ 2 4 = B 4% 5 HISAT2 73 joérghi=
i34 % snp A4 % haplotype 4§ © # ¥ * HISAT2 ¢ Linux 4p 4 hisat2-
build » # ® - #7hg38 2. DNA & 7| s ¥ 282 Iy A P91 F 2. TW-graph »
P B AL F 2 5 HISAT2 g &2 8 Bisw s ht2 e HISAT2 LB %
TR 7128 BME (LT RAFE) T¥ RLHERER 7
(Pair-end reads, #§ % f%3;¢ @ .fastq) w BE ©

12
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\\\?{r

BRI ARG A REAZ 2 AT e HRE
“ﬁrf TR AR %Y A e o 4 hg38 #a i ¥ 2% < BWA-linear » hg38 & Flie
(hg38-graph » @ 4c » Eiw FR B A H P HM F L2 TA) LA AorF 2
7 Fle3- 4 (1000 Genome project, 1000G) # L ¥ 2 { & % it 42 (Common

SNPs) 32 2 %% B Fle (1000G-graph) » % % = A 7147 % (Allele

»

frequency) * > 1% > H#cp 5 15,313,604 & > H ¢ = = 1000G-graph ;#2458
12 TW-graph > 4 B~ snp #§ 4 % haplotype F§ 2. #2.5" #< &
hisat2_extract snps_haplotypes UCSC.py °

H® 443 TW-graph € 7 7 o néFiE R R gL enff it > 4o 0 B 2 fL FHF
F A EA0.0376 & F_ A3 E0.0742 0 EF L kg (Prittetal,
2018) # P ipt § A RfdT2 F A TFPE SR E > A L £ AP B A FI HLA
2 KIR 3% GUp W a2 » -0 a B 5905 R g T o AL Al R E

WiiEAd BECAFHEIE B HFE > 4ol 4977 o

13
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different allele

frequency
filtering

TWB vef

bcﬂools KIR HLA
view AF 2 filter or not
Threshold
AF >
Threshold bCﬁO;I)f Al HLA KIR
variants view variants
KIR
non-HLA
non-KIR
variants
beftools
view AF >
Threshold
AF > Threshold
variants w/o
HLA KIR
varlantg
\
AF > Threshold <
variants with Lo beftools
all HLA KIR concat
variants
B 4. 3 % A FUES 2 SRR S 40 D HLA & KIR 8 8317 6 F L 552 -

Threshold = 0.01 (1%) or 0.0376 (3.76%) or 0.0742 (7.42%)

14
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34 ®F 7w bt iR
Wtz LR A FF AT ST BL Fepb o 5 280w b2
BRIGhE AT R R 2 4h% 5 TWBHE P - Bz e 22 TWB
£+ - BEHER %X (pair-end short read, %3¢ : fastq) - £ % # * Linux
Fp 4 hisat2 RE{F Rk BN AGET IR FEAE 50 ¥ LW R
58 0 B2 ¥ B (Sequence Alignment Map > #23%: sam) b » HISAT2 ¥
A I w pEPEE  (alignment summary) 754 < F 4% % > BWA-linear | i *
samtools 1 & 42 i flagstat 45 4 kBLEH v pEF > 5 dﬁ LIPE AR AR LS

Fox A 2. %% FR Flle g BE 5 (mapping rate) - HISAT2 i * 7 F Bl 2L %]k ~

¥R R B BN AR R AC R S T o

15
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1000G
SNP

1000G
SNP or
TWB vcf

A 4
Extract
SNP
information

Exftract
variant
information

HISAT?2

short reads
mappi

Reference
genome
hg38

Variant or
SNP

informatio

A 4
Build
HISAT?2
graph

hg38-
graph

Pair-end
short
reads

Build i /

1000G —» HISAT2 TW-graph
SNP and graph
haplotype

v A 4
Build HISAT?2

L misaT2 - 1000G- read e

graph graph / mapping

/ sam file /

alignment
summary

4

One graph and a pair
of pair-end short reads
will output a sam file
and an alignment
summary file

Mapping rate
comparison

between
different graph

B 5. FRE)* HISAT2 ki = %4 A Flie2 WGS &R 5| w phin 42 F

16
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3.5 Graph-KIR % & & A 4 % B g2hix
e 1 48 TWB vef » £41% he38 BE (- § % KIR F 1 e 8 2L 2
B B A m e 3 e vef 125V & 3 = snp 4% - haplotype 4% 0 d&F & ¥
BLAST 1 £ #-hg38 ¥2 Graph-KIR 2.+ 7 i DNA * 2 & 7| {7+ ¥ » 3 ¢
#-i= B 4 = (pos column) # 4% {5 ¥2 Graph-KIR - 3 » ¥ ¥ {& * pL 374K A e
Graph-KIR £ {7 % = FpEw B3 KIR 4 )27 i % Graph-KIR i {7 % % v i o

H Az 4oB 6 o

17
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Mapping hg38

to graph-KIR
backbone
A Y
Reference Graph-KIR
TWB genome backbone
vef hg38 sequence
Extract
variant BLAST to
information find out start
| and end pos
v
TW SNP start & end
and position
haplotype mappmg

B 6. #4 %4 KIR %3 % 8 227 KIR-graph & & &

pos to

Mappmg snp
and haplotype

backbone-based

concat with
original graph-KIR
snp and haplotype
(remove repeated)

™ KIR &
IPD-KIR
SNP and

haplotvpe

Bulld
HISAT?2
graph

TW-KIR-
graph

/

18
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3.6 @A 7w pb¥t KIR 4 2] & % B2 5854 47
B w17 3] sam 4% 18 18 (704 T {8 2 (postprocessing) ¢ f1 #* samtools ¥
shsort 4p £ £ view g £ #-H Fi‘fﬁﬁ & = B 5% e bam £ (Binary
Alignment Map) » 7 7 3z L {$ D 0 bam 4 (S ﬁ‘f‘u'\?‘ v #-H 0% 4 Graph-
KIR 2 #§ » » © ¥t 3 vk - % pb® 5 7% (Unique mapped reads, & #-5 £4f

WREI AR 2 SRR AL R SR AP ) A AR R A

19
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Rl

Frd BEEEG
AEEBIBEF G R R AT A4 & 5 5B 35 L E
(Bl 6) “yedZits » TWB 7 KIR T 38 % £ 81 » 2 K 5L Graph-KIR 1 £ ¢

KIR-graph * # Ju 4 IPD-KIR F# & shE 4 % #ic® 5e3t ~ (5 F ] L4 w pb g e
W (4.2 0] &) s HPRC 0 KIR A 3] ehA 45 (F B8 % %) (4.3 ] &)~ 484 e
Bow b3 KIR % 5% ~ KIR A 4 4 45 (& 1% % %) (4.4 ] &)+ % KIR-graph
PERE £ i TWBKIR %38 8 B Bhent 5 5

LR LR (45 H) 1R RSB E ]
i (460 8) -
4.1 R de T A A A st
d %t TWB 7 KIR % 3 ¢h% B 8.1 Graph-KIR 1 £ ¢ & 4540 KIR-
graph #7#& * chifasta %% 577 b > Fl Gl aJd22 6 0 € #F R TWB i3
KIR % 8 ® > ¢ #2305 KIR-graph 1% B gk~ (IPD-KIR 2 & F4g & > 0.1
%) €£4f > 7 ¢ 8 IPD-KIR #fiedreh £ B2 €4 > @ TWB & & KIR %

$ #cp & KIR-graph ~ IPD-KIR = —g TAF#c P ok 2 & 3 ATk oo

20
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% 2. TWB vcfKIR % 3 gk~ i p 2232 > KIR-graph 2. % B #ic2 & —‘ﬁ A E

Graph-KIR ) KIR-graph
backbones TWB variants variants overlapped
KIR2DL2 1255 33 0
KIR2DL3 1256 64 6
KIR2DL4 307 83 2
KIR2DL5 274 95 0
KIR2DP1 951 118 18
KIR2DS2 1237 21 0
KIR2DS3 1275 48 2
KIR2DS4 1314 115 3
KIR2DS5 1281 19 0
KIR3DL1 930 154 2
KIR3DL2 723 72 2
KIR3DL3 478 140 7
KIR3DP1 335 18 11
KIR3DS1 950 13 0
KIR2DL1S1 1263 403 28
total 13,829 1,396 81

21
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% 3.IPD-KIR z 2 % % #c ~ IPD-KIR ¥ KIR-graph Jﬁ g BHc 2 TWBvef &2 4 & en
%% £478E (IPD-KIR 2 fHRAF S >0.1 41 ¢ £ 2 1= = KIR-graph> & 7 KIR-graph variants

2 IPD-KIR snp 2. 5 & &)

Graph-KIR IPD-KIR IPD-KIR freq <0.1

backbones variants variants Vj[leers
KIR2DL2 85 52 2
KIR2DL3 230 166 27
KIR2DL4 217 134 11
KIR2DL5 226 131 1
KIR2DP1 212 94 6
KIR2DS2 111 90 3
KIR2DS3 137 89 2
KIR2DS4 291 176 3
KIR2DS5 257 238 7
KIR3DL1 490 336 10
KIR3DL2 308 236 8
KIR3DL3 341 201 23
KIR3DP1 117 99 23
KIR3DS1 58 45 1

KIR2DL1S1 645 242 4

total: 3,725 2,329 131

ootk e EAETE (202 43

2_ overlapped # =) > € #1 T 13617 &

snp %”{5@%1% FERFT 13052 Bsnp £ kG E ;}r“ff f hg38 F akizdk i

snp £ ¥2 Graph-KIR backbone 2_ & 71| 1p ¢ —‘F}f £ £ 45 2956 Bhk A 0 FHHE

A A G 0 (&8 IPD-KIR 1 shsnp ) KIR % 3 8L ] E_10661 i snp >

AL Ak %R (wio_deletion) p] £ 10096 f B -

22
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42 WGS &5 7| w Bk &

*f BWA-linear % 5 d HISAT2 1 £ #7122 k2 - » v pbu®
(alignment summary) > # * ¥ BWA-linear §| * samtools flagstats & & 2 % B}
B RO ek w b 2 T 0 T A A BRI § 0 A
wEED HE A FE > P mst i Ascs - B TWB ik 4
(NGS1_20170303H, NGS1_20170305G, NGS1_20170312A, NGS1 _20170312B,
NGS1 _20170601D, NGS1 _20170602H, NGS1 20170603A) ' % w i 2 TWB
e~ (NV0027-01_S8 L001,NV0027-01 S8 L002,NV0027-01 S8 L003,
NV0027-01_S8_1.004) » & F15 TWB # ¥ sc ¢ ] 2 TW-graph 22435 TWB
g R B FiEq & TWB &5 7| (fastq) { % % BE2 TW-graph 42 > ]
WE g 2t TWB e b 54 & K232 » 24 TWB 2R S A8 E » 4o 2
TWB % £ B 250 iy = 5 i A GER A+ w kT TW-graph + - % 4

2 54 %% TWBH & 2 22 TWB # 4 chw gl o

23
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% 4. TWB &5 7|# & w pL 5 (mappingrate) (¢ + 3 7 4 % &_BWA-linear, hg38-graph, 1000G-
graph, TW-graph, TW-graph_AF > 0.01, TW-graph AF > 0.0376, TW-graph_AF > 0.0742, TW-
graph AF > 0.01 all HLAKIR, TW-graph AF > 0.0376 all HLAKIR, TW-graph AF >

0.0742_all HLAKIR > ‘&5 5|4 & " B | 5 = #7if)

Mapping rate TWB-1 TwWB-2 TWB-3 TWB-4 TWB-5 TWB-6 TWB-7

linear 99.76% 99.80% 99.88% 99.90% 99.87% 99.88%  99.88%

Graphl 95.96% 96.07% 95.88% 96.47%  96.63% 96.54%  96.34%

Graph2 96.09%  96.22%  96.05%  96.62%  96.76%  96.67%  96.48%

Graph3 96.66% 96.78%  96.67%  97.13% 97.35% 97.34%  97.19%

Graph4 96.68% 96.78%  96.67%  97.13% 97.35%  97.34%  97.20%

Graph5 96.71%  96.81% 96.69% 97.16% 97.37% 97.35%  97.22%

Graph6 96.70%  96.81% 96.69% 97.15% 97.36%  97.35%  97.22%

Graph7 96.68% 96.78%  96.67% 97.13% 97.35%  97.34%  97.20%

Graph8 96.71%  96.81% 96.69% 97.16% 97.37% 97.35%  97.22%

Graph9 96.70%  96.81%  96.69%  97.15% 97.36%  97.35%  97.22%

24
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% 5 A2TWBEAEF|IHRAvRF > d P I THEAERE 4> @REFHRAER F 3 2 o1t

Mapping rate Non-TWB-1 Non-TWB-2 Non-TWB-3 Non-TWB-4

linear 99.89% 99.89% 99.89% 99.86%
Graphl 95.64% 95.61% 95.47% 93.93%
Graph2 95.76% 95.73% 95.60% 94.09%
Graph3 N/A 96.56% 96.43% 94.87%
Graph4 96.66% 96.61% 96.48% 94.91%
Graph5 96.67% 96.63% 96.49% 94.92%
Graph6 96.66% 96.61% 96.47% 94.90%
Graph7 96.66% 96.61% 96.48% 94.91%
Graph8 96.67% 96.63% 96.49% 94.92%
Graph9 96.66% 96.61% 96.47% 94.90%

B 424 5aiv gl AREE ?ﬁ%’K{BWA-linear » i 'ﬁ X_TW-

graph #& ¥ #_Global-graph » % % & Global-linear

25
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437 F %% A Flez HPRCERFIH A2 KIRA A L% L8

3P HRAL L hEREA T EKIR A LS FLEREF & L

d
\\ﬁr
ke
F;\m:

F A A R i S R § % S HPRC GB A B A 1R i 5 4 5 e 4
Fes el ¥l @ 1000G-graph > 12 2 (T 5 W R e Y A B Sy AT
hg38-graph 1 2 BWA-linear i~ 3% % v fi > 7 L ¢ L2 KIR % 3 v -
¥ REER S (£ 6) 0 FF L= F 2 B ahe QIR R (% 7) (Sensitivity,
FN & 9% & A pF € ¢ sensitivity % ™ » @ FP ¥ 5 2 3|pR| 3 §) o

% 6. HPRC %25 7|4 # 3" KIR %32 rii— w pEER 7(¥c > 35250 /] #ic s % 7 Unique mapped
reads 4v " BWA ¢ Unique mapped reads 2. is "% 2 BWA ¢ Unique mapped reads 2 +* &

Reference genome Unique mapped reads
BWA-linear 27,529.91
hg38-graph 26,753.14 (-0.028)
1000G-graph 26,863.59 (-0.024)

% 7.HPRC ‘&5 7|# 2 KIR » 4] % %

Reference genome Sensitivity FN FP
BWA-linear 0.979 17 16
hg38-graph 0.956 36 11
1000G-graph 0.959 34 10

% ¥ 0% > BWA-linear % i 1000G-graph 4+ % t* hg38-graph { 4% > 7]

%

Lhd R AR A (5 TWB 2 22 TWB 2R 7|H A) ¢ » ¢ £

g

BWA-linear % 5 {& & %1t fie o

26
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447 %% A Flez TWBEAEF A2 KIRAF %% 418

AL AR - e » A A R R B KIR R B e 318

FFRE T - e ARBEAKR BT o v R ER S|k ¥ RE

B AR (2 83 4 11 & Adove— w LB A AR dedk b

e A 1 2 ek 2) 0 & F € 1 43 ) & 4 B 4F o BWA-linear 5 R &

WRH 5t AFemKIR A% % » L3P ailEss.

% 8. TWB &5 5|tk 23" KIR %2 vi— w L@ 5 #Hc > $550 0N /] #c 5 3% 17 Unique mapped

reads Fo “ﬁ% BWA &1 Unique mapped reads 2. {é “ﬁ% 12 BWA 1 Unique mapped reads 2 +* &

Different reference genome

The number of unique
mapped reads (mean)

Standard deviation

BWA-linear 26,225.43 3,110.99
hg38-graph 25,346.29 (-0.034) 2,756.69
1000G-graph 25,472.29 (-0.029) 2,805.97
TW-graph 26,307.43 (0.003) 3,144.23
TW-graph AF > 0.01 26,310.29 (0.003) 3,139.97
TW-graph_AF > 0.0376 26,316.00 (0.003) 3,144.01
TW-graph_AF > 0.0742 26,320.00 (0.004) 3,141.19
TW-graph AF >0.01 _all HLAKIR 26,315.14 (0.003) 3,135.96
TW-graph AF >0.0376_all_ HLAKIR  26,320.00 (0.004) 3,144.24
TW-graph AF >0.0742 all_ HLAKIR  26,316.57 (0.003) 3,146.06
27

doi:10.6342/NTU202401388



% 9. Z2TWBEE 7| 2 KIR B 2 v - w L@ & 7 #3250 0 - #ic s % 7 Unique mapped

reads 4- “ﬁ% BWA &1 Unique mapped reads 2. {$ “ﬁ% 12 BWA ¢ Unique mapped reads 2. ¥* &

The number of unique

Different reference genome

Standard deviation

mapped reads (mean)

BWA-linear 5,553.5 213.3137

hg38-graph 5,538 (-0.003) 220.1772
1000G-graph 5,541 (-0.002) 215.6873

TW-graph 5,548.67 (-0.001) 247.5282
TW-graph AF > 0.01 5,572.5 (0.003) 210.1018
TW-graph_AF > 0.0376 5,579.5 (0.005) 212.0536
TW-graph_AF > 0.0742 5,583.5 (0.005) 206.9269
TW-graph AF >0.01 all_ HLAKIR 5,577.5 (0.004) 217.1699
TW-graph AF >0.0376_all_HLAKIR 5,579.5 (0.005) 214.2726
TW-graph_AF > 0.0742_all HLAKIR 5,578.5 (0.005) 211.8933

# 10. TWB ‘&F 5|# 2. KIR » 4% % (L: #& BWA-linear > » 4| ehZ = A 5] > M: &

BWA-linear % 4 3] {1 eh & = 2 7))

Result vs BWA (TWB samples)

concordance rate L M

hg38-graph
1000G-graph
TW-graph
TW-graph AF >0.01
TW-graph AF >0.0376
TW-graph AF >0.0742
TW-graph AF >0.01_all_HLAKIR
TW-graph AF > 0.0376_all_HLAKIR

TW-graph_AF > 0.0742_all_ HLAKIR

0.948 (128/135) 5 O
0.948 (128/135) 5 0
0.985(128/135) 0 O
0.985(133/135) 0 O
0.985(133/135) 0 O
0.985(133/135) 0 O
0.985(133/135) 0 O
0.985(133/135) 0 O
0.985(133/135) 0 O
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% 11. 22 TWB &R 7|4 ~ 2 KIR » 4% % (L: #& BWA-linear -> » 3| &1 énE = 2 7> M: &

BWA-linear % 4 3| 4 h% = & 7))

Result vs BWA (non-TWB samples) concordance rate L M
hg38-graph 0.944 (68/72) 0 1

1000G-graph 0.944 (68/72) 0 0

TW-graph (NV0027-01_S8_L001 = N/A) 0.981 (53/54) 0 0
TW-graph AF > 0.01 0.986 (71/72) 0 1
TW-graph_AF > 0.0376 0.972 (70/72) 0 O
TW-graph AF > 0.0742 0.986 (71/72) 0 O
TW-graph AF >0.01 all_HLAKIR 1.000 (72/72) 0 0
TW-graph AF >0.0376_all_HLAKIR 0.972 (70/72) 0 1
TW-graph AF >0.0742_all_ HLAKIR 0.986 (71/72) 0 0

d & 834 117 MR G 4o~ 284 ¥R 8 (- B TW-graph) 4p#
fer 23k ¥ L8R (1000G-graph) 14 & j2 e 8= (hg38-graph) » 72 R A7

Fes > 22 BWA-linear % % 4p§EH * o
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45 4p ke %4 K Flle ¥ 72 KIR-graph (7 EE A A KIR B %BERr) 21t

d 3t 44 ] aenidh ? 74 TW-graph & 48 82 8 1000G-graph 14 %
hg38-graph 4+ > & £ ¥2 BWA-linear i~ 3|2 % L B ¥ 72 & » FYL £ T & & {3
% - FF B KIR-graph ¥ = 4o » Bt 4 8 A cn B gk -H 4o 2 R AL [PD-
KIR kR #1723 hsnp 4% haplotype 4% (3% 2 | & et gt & & % - 5
WGS w phpE i 2 B A Flle pf g o~ R BL) > At o] & G E e
4 4 4 8L KIR-graph £.F ¢ B rii- wREEA 78 (2 12324 155 %
HoA - w Rk e P B e AR A 3 T 4R 6) 2 KIR A 3] B %
(% 16324 19)cmw BETWBHRAFTRIF- 4 > Fpt o8 % 73

Mew B H IS R R R el A T 2 ek 8-

F 12 &£ 184 KIR % %2 2= (TW-KIR-graph) #*" TWB ®& 7[#k A 2 v - v pE&
B 7% 0 #E5LR -] #c s 2% 17 Unique mapped reads a‘r‘/T‘ BWA 1 Unique mapped reads 2. {& f "
BWA < Unique mapped reads 2 +* i

The number of unique

Different reference genome mapped reads (mean) Standard deviation
BWA-linear 26,218.86 3,114.64
hg38-graph 25,337.71 (-0.034) 2,757.19
1000G-graph 25,463.71 (-0.029) 2,807.33
TW-graph 26,300.86 (0.003) 3,148.02
TW-graph AF > 0.01 26,303.71 (0.003) 3,143.77
TW-graph AF >0.0376 26,309.43 (0.003) 3,147.85
TW-graph_AF > 0.0742 26,313.43 (0.004) 3,144.98
TW-graph AF >0.01 all HLAKIR 26,308.57 (0.003) 3,139.78
TW-graph AF >0.0376_all HLAKIR  26,313.43 (0.004) 3,148.04
TW-graph AF >0.0742_all_HLAKIR 26,310 (0.003) 3,149.83
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2O FEERC KR R88 %3828 e 4 2ER e (TWKR
graph_w/o_deletion) ¥+** TWB ‘&5 7| & 2. vt — w L&A 78 2500 /) 35 3% 7 Unique

mapped reads 4 “ﬁ% BWA =7 Unique mapped reads 2. {$ % 12 BWA 1 Unique mapped reads 2. t* &

Different reference genome

The number of unique
mapped reads (mean)

Standard deviation

BWA-linear
hg38-graph
1000G-graph
TW-graph
TW-graph AF >0.01
TW-graph_AF >0.0376
TW-graph_AF > 0.0742
TW-graph AF >0.01 all_HLAKIR
TW-graph AF >0.0376_all_HLAKIR

TW-graph_AF >0.0742_all HLAKIR

26,238
25,356 (-0.034)
25,483.71 (-0.029)
26,320 (0.003)
26,322.86 (0.003)
26,328.57 (0.003)
26,332.57 (0.004)
26,327.71 (0.003)
26,332.57 (0.004)
26,329.14 (0.003)

3,107.14
2,749.85
2,800.25
3,140.52
3,136.28
3,140.35
3,137.48
3,132.29
3,140.54

3,142.33
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% 14 L4 4 KIR %5 %8 8 (TW-KIR-graph) $°t 22 TWB ‘&5 5|4 2 v — w b

“®A ¥ 0 455L0 o) 825 3% 7 Unique mapped reads 4-% BWA <1 Unique mapped reads 2 {4 %

2 BWA 7 Unique mapped reads 2z +* &

The number of unique
mapped reads (mean)

Different reference genome

Standard deviation

BWA-linear 5,553.5

hg38-graph 5,538 (-0.003)

1000G-graph 5,541.5 (-0.002)
TW-graph 5,553.33 (-0.00003)

TW-graph AF > 0.01 5,572.5 (0.003)
TW-graph_AF > 0.0376 5,580.5 (0.005)

TW-graph_AF > 0.0742 5,584 (0.005)
TW-graph AF >0.01 all_ HLAKIR 5,577.5 (0.004)

TW-graph AF >0.0376_all_HLAKIR 5,580 (0.005)

TW-graph_AF >0.0742_all HLAKIR 5,579.5 (0.005)

214.55

221.06

217.10

251.04

211.28

213.84

208.61

218.41

21591

213.80
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% 15 ¥ &4+ %+ KIR ?p&é“ﬁi%“'l“ﬁii%.;ﬂl, gz hend g A %R g (TW-KIR-
graph_w/o_deletion) ¥>+2- TWB &5 7|4k & 2 v — w P2 B 7 8o 32500 /] e 5 3% 7 Unique
mapped reads 4 “ﬁ% BWA =7 Unique mapped reads 2. {$ “éf. 12 BWA 1 Unique mapped reads 2. t* &

The number of unique

Different reference genome mapped reads (mean) Standard deviation
BWA-linear 5,556 212.90
hg38-graph 5,541 (-0.003) 218.51
1000G-graph 5,544 (-0.002) 215.45
TW-graph 5,557.33 (0.0002) 249.56
TW-graph AF > 0.01 5,575 (0.003) 209.60
TW-graph_AF > 0.0376 5,583 (0.005) 212.18
TW-graph_AF > 0.0742 5,586.5 (0.005) 207.05
TW-graph AF >0.01 all_ HLAKIR 5,580 (0.004) 216.73
TW-graph AF >0.0376_all_HLAKIR 5,582.5 (0.005) 214.27
TW-graph AF > 0.0742_all HLAKIR 5,581.5 (0.005) 211.88

F 128 % 84p ¥ UFR > BRrE- wREER KA T g £ 13
Bri 84pitrE- wREER GBI FEM Y Lo £ 148 % 94pt o KRR
—wpbEAGA R L oAk 1584 9V R EFR  vE- wREER Pk
Tty + A - o

A 1634 19 44T s - FRPEY AT R ¥ - R
TW-KIR-graph £ TW-KIR-graph_w/o_deletion ¥ J & =57 KIR-graph & {7 4 3|
BRat RO FEEREE R D LRy AT R E G Bk gl T

L5t A F e ¥ 2 R KIR-graph i (7 & % b et i o
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4 16, L4 %4 KIR %38 % 8 8= (TW-KIR-graph) " TWB ‘24 7| & KIR 4 ) % %
i (e g 3 F et o 4o @ BWA-linear 22 BWA-linear TW-KIR-graph +“ ~ hg38-
graph ¥ hg38-graph TW-KIR-graph +* > 2 pt #548) (L: #& KIR-graph > & 4] &} 0% = 3L #] » M:

#R 4 KIR-graph % 4 3] 4y eh % = & 7))

Result vs KIR-graph (TWB samples)

concordance rate

BWA-linear
hg38-graph
1000G-graph
TW-graph
TW-graph_AF > 0.01
TW-graph_AF > 0.0376
TW-graph_AF > 0.0742
TW-graph_AF > 0.01_all_HLAKIR
TW-graph_AF > 0.0376_all HLAKIR

TW-graph_AF > 0.0742_all_ HLAKIR

0.830 (112/135)
0.838 (109/130)
0.831 (108/130)
0.837 (113/135)
0.837 (113/135)
0.837 (113/135)
0.837 (113/135)
0.837 (113/135)
0.837 (113/135)
0.837 (113/135)

L M
Brorn0
0 O
0 O
0 0
0 O
0 O
0 0
0 0
0 O
0 O
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% 17. &4 %4 KIR ?vii“ﬁi%“']“ﬁi%ﬂ ghix b enH o & A% B B (TW-KIR-
graph_w/o_deletion) $f** TWB &/ 7|4 & KIR 4 3] % $* (38804p b e dd L 5k o
4o : BWA-linear £2 BWA-linear TW-KIR-graph w/o_deletion '* ~hg38-graph £2 hg38-graph TW-
KIR-graph_w/o_deletion +* » 12t #gde) (L: $& KIR-graph > & 3] 1 en% = A 5] » M: $#& KIR-

graph % 4 4] 41 en% = A 7))

Result vs KIR-graph (TWB samples)

Concordance rate

BWA-linear
hg38-graph
1000G-graph
TW-graph
TW-graph_AF > 0.01
TW-graph_AF > 0.0376
TW-graph_AF > 0.0742
TW-graph_AF > 0.01_all_HLAKIR
TW-graph_AF > 0.0376_all_ HLAKIR

TW-graph_AF > 0.0742_all_ HLAKIR

0.844 (114/135)
0.869 (113/130)
0.846 (110/130)
0.885 (115/135)
0.859 (116/135)
0.859 (116/135)
0.859 (116/135)
0.859 (116/135)
0.859 (116/135)
0.859 (116/135)

L M
0 O
0 O
0 0
0 0
0 O
0 O
0 0
0 0
0 O
0 O
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% 18. &£ 8 4 KIR %% 8 8> (TW-KIR-graph) #>2- TWB ‘&4 7|4k ~ KIR 4 4] %
RE (AR g 3L F et i 4ot BWA-linear 22 BWA-linear TW-KIR-graph +* ~hg38-
graph ¥ hg38-graph TW-KIR-graph t* > 12 gt #f4) (L: #& KIR-graph -> & 3] 1 enE = £ ] > M:

# KIR-graph % 4 2] 41 e0% = 2L 7))

Result vs KIR-graph (non-TWB samples) Concordance rate L M
BWA-linear 0.764 (55/72) 0 O

hg38-graph 0.753 (55/73) 0 O
1000G-graph 0.750 (54/72) 0 0

TW-graph 0.778 (42/54) 0 0
TW-graph_AF > 0.01 0.767 (56/73) 0 O
TW-graph_AF > 0.0376 0.764 (55/72) 0o 1
TW-graph_AF > 0.0742 0.778 (56/72) 0o 1
TW-graph_AF > 0.01_all_HLAKIR 0.764 (55/72) 0 0
TW-graph_AF > 0.0376_all HLAKIR 0.781 (57/73) 0 O
TW-graph_AF > 0.0742_all_HLAKIR 0.778 (56/72) 0 1
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2019 FEEA Y KR R8%plhgBme oo b 288 (TWKIR-
graph_w/o_deletion) %%t 2 TWB ‘& 5[4 & KIR A 3% % $1t (3824p ke chid A Flimn
# > 4o @ BWA-linear £2 BWA-linear TW-KIR-graph w/o deletion ** ~ hg38-graph 2 hg38-
graph TW-KIR-graph_w/o_deletion ** » »2 pt #54z) (L: f KIR-graph > & A 1 eh % = 3L 7] > M:
# KIR-graph % 4 3] 41 0% = 5 7))

Result vs KIR-graph (non-TWB samples) Concordance rate L M
BWA-linear 0.792 (57/72) 0 O

hg38-graph 0.740 (54/73) 0 O
1000G-graph 0.750 (55/73) 0 0

TW-graph 0.815 (44/54) 0 0
TW-graph_AF > 0.01 0.767 (56/73) 0 O
TW-graph_AF > 0.0376 0.792 (57/72) 0 O
TW-graph_AF > 0.0742 0.778 (56/72) 0 0
TW-graph_AF > 0.01_all_HLAKIR 0.778 (56/72) 0 0
TW-graph_AF > 0.0376_all_ HLAKIR 0.767 (56/73) 0 O
TW-graph_AF > 0.0742_all_HLAKIR 0.792 (57/72) 0 0

T E 1634 19F M der 84 KIR T2 B0 840 5 4

¥R R KIR-graph ehA 318 % F AR § A2 R OB 0 35 5 A A8 %

~

A4 e #¢ IR0 #i TW-graph 7 #& KIR-graph % 4 3| & = A 7] (%
grapn 7y grap

|

18)
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4.6 313

4.6.1 WGS %25 7| w pL &

4.6.2

4.6.3

HOP VB AT RAFESE R E e » B P EBATFE KD

Wooa R EFAERITREA T 0 A 0 A 2 R BT £

> RIREEE G FEE RV RSN EHL B EAA Y RIS
AT L RE 2 Ay o w2 d 3 BWA-linear &8 ¢ £ X H B dFin
FI il F /AN P REEEFRT 0 g AT ok é}%‘%‘?ﬁ;ﬁ2.4 ¢
02 5 B s HISAT2 w B2 \_—‘%%?IT‘&@?UH‘ e w pb & ek g i€ 4> BWA-linear »
g BWA-linear w pEF e 0 7 P & EF L A B 0 FIREOY S A TR

7 e
7

\"E!

4 A Fez2 HPRC A 7|# 22 KIR ~ 4|3 % £ B

\\\Xr

43 ¢ ¥ 114 5 BWA-linear &t~ w LA 7Bt 2 A 2% T FE

3
F_k

PR E A b g AT R E R L4 A KIR 238 %2 =

i % P8 &= (BWA-linear, hg38-graph, 1000G-graph) ¢ 12 BWA-linear it 5 %

SR B - BRELEL AP 2RFLEPHRIGLLT

A HPRC ‘25 714k eh KIR % 2 v~ w RL2 A 7] #ci &5 BWA-

linear > » ¥ 1 & KIR & A& % e f@ ¥ » & BWA-linear i€ » » 277

HISAT2 ¢4y 4 £ 78 --no-spliced-alignment 3 B > d * HISAT2 #% = ¢ 1
4

Alignment sensitivity e % 2 H s 1 & gt fpF > H 3£ 38 ¥ 5 --no-spliced-

alignment 1> F)L ¥ iy € L Y B 52 i BRI WSS H RS

B W R A o
32 AT e TWB 5 7l ~2 KIR A% %% 1 8
BAEBA BRI ANBE S T IR vh— v e A A K L 4

FEACRB B BEASEY AT e BHEBE S >

TGP LA RAEIIRAG T o e FR AR AR

FE L @ KIR B EDAFIRIFEwPRETI /=% > T B 4o WGS
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4.6.4

4.6.5

w pL 3 i BWA-linear $i2 15 » f& & KIR % ¥ vk — w RLE 5 7 Bcir § 4% 5
o 2 A T o a LRATER YRR A HEY B -
P3RS KIR 4 3% % 50304 > 7 1B 512 he38-graph 11 %
1000G-graph 4p ¢ » H & % 22 BWA-linear #i 5 /3T » T ¥ $am b #ic b o0
A8 e F HF HREE %S ¥ BWA-linear ** HPRC % R H 3t —J'Ff 2
¥R T > At e & % % TW-graph % ¥ %32 L 7] 2t KIR & #
’»\ﬂlfjﬁﬁﬁi SAER S FRBRARMT A < AN BEHEAT X
AN RN T DL BFBER FL AKIRAYY » £33
£ WGSwREY e » 2 A RFREHE L ER antmBE R LR -
ik 5% A Fle? 3 KIR-graph (7 £ 5 & £ %4 KIR %33 %R 81) 2
bR

d PR F I A% Z PP KIR-graph £ 2 4 % 4 2. KIR % % &
PSSR EARE A R - w R ER A g R kF 0 TW-
KIR-graph eh% % ¢ L > Facfode » e R 85 5 M > 0 4
FUY BRI B ",% » @ TW-KIR-graph_w/o_deletion .3 % ¢ $4F »
el R F1¥ i 5 #-hg38 1% BLAST ## Graph-KIR #7i¢ * 2_ B 7| pF »

Jéf,‘!«wm}it?ﬁ‘ggx%w‘?ﬁfE%‘]z&r?‘ﬁfﬁfy R e ¢ A T

B oA ERATER WA S B A AR R Ry B
538 3t 447 TW-graph & KIR-graph 22 BWA-linear i ~ » F]gt ¥ 12 f%
THNSFAAUE LG LR DB R RN R Rl B ER

kA R R AR SRS IER R L ERLBL P S
FREL LY -
B HmE A 2T

AkAREY > oAy ERZRBEER A L

4

T E LI
T P eanE AT FanF BT E N R8T 2 Hh I ER
Alw Rk FESF R F s AL THOKIR #3852 L gL > P D
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hf Bl % kg 0 - B A TW-graph £ B 4pjes 2 + » ¥ ¥ 753 )

“m\\

REE S FEATPEFARL LI - TARSF > A LG FEE O B2NER
AR M Y o 0 B AR AR B o F R AT B B
PR o

F¥ - wREER S| HkE H{RR X g Y IR > 29 TW-graph %t
v BWA-linear i3 7 H &g » Fpt EFH a5 AT §REIRE B R A B h
27 TW-graph s vef tedkeni= B 4p ko L ac 2@ TW-graph 18 § » 47 2%
0t i o

B SRR T A G - B R S AR S =R R A

P ERURIATI RS G A#H DL E WG HISAT2 - B> %1 2@

AN

RHET AR DAL 4 3 A o £ o HISAT2 & # § 3#

Flehdn £ ERT AR &R E 0 4o & 340 1 —-no-spliced-alignment

g7 AR MRSEROT R Bigs ™3 2k Figde
& (gap penalty) 4|7 it ¥ T HER S - FFE WGS wREpFhw pES > B
BWA-linear 22 H v % * HISAT2 ehZ B eha & B %l o % = [ k2R % o 3% T
EFEATHEIHNUEER v A EKIR 232 LSS LET
= o e §_ ez > HISAT2 & B RIA Fleps & - & &2 2 4 (Warning
messages) > 4o 74 0 B AT B a2 A FEEET i € 5 Bl < o0
RPAE > @ A B Flle (TW-graph) ¢ > ¥ 3 ¢ 7 & # * --large-index
B A s HE 2 2 AFE T ASFrREAY §RERFR 0T
2 AR kAR IR 0 NV0027-01_S8 LO01 & & ¢ &2 w it > ¥ B 2E
TWBH A (9% 5F- A Fpt @i TWBH AL SR i { £10)
£ # 18 { A~ 1 TW-graph 3% ¢ 7 2848 (% 1007 G) * &@ & ix & 5
FRER RPN FIL EFERRECI TR Y L iR - 0 A AP
BEAAY LR aREL > BT 2R 4% 2021 #4477 (Chenetal, 2021)
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SR AF>10% (3225 % vg 1 B) o

Warning: a local graph exploded (offset: ©®, length: 14819)

Warning: a local graph exploded (offset: 14819, length: 14814)
Warning: a local graph exploded (offset: 29633, length: 11222)
Warning: a local graph exploded (offset: 48855, length: 10100)
Warning: a local graph exploded (offset: 50955, length: 13133)

Warning: a local graph exploded (offset: 64088, length: 14583)
Warning: a local graph exploded (offset: 78671, length: 15106)
Warning: a local graph exploded (offset: 93777, length: 16135)
Warning: a local graph exploded (offset: 169912, length: 15271)
Warning: a local graph exploded (offset: 125183, length: 14575)
Warning: a local graph exploded (offset: 139758, length: 17044)

B 7. hisa2-build 43 4 » £ L AL BAFEA L § NMPEL L

F R AR T 0 T A R A P B AT e L AR FE
ZenH s 1 B 4ot vg, vg giraffe, GraphAligner (Rautiainen & Marschall,
2020), PanGenie (Ebler et al., 2022), deBGA (Liu et al., 2016), ODGI
(Guarracino et al., 2022), 14 2 BrownieAligner (Heydari et al., 2018) % %
‘% 7 HISAT2 AEFAF 2t e x 2 R B AT T AP TR RE

DT (FiE s AR P P IERGE & A B RaE & WGS E 5 P2
wpk1 B o ﬂ* AL 484 KIR %38 8- i8 » KIR-graph 17 j2 5 §_
- B R L B VS F A D Hendem 7 # R4 KIR-
graph 2 (5 ¢ § 3 P enA AR ALE % P2 E TR F & - AR DR

LR

B 5 41 KIR 254 64 47

"“:?D_';;l;ﬁ.o
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P
1

il
&
N

AEFTPNEE2 B AELETATE A A2 RRAATF B2 F 22 85
WRERE  HREEELRAF LR LA < X2 HISAT2 ¢ v% 2% BWA -

oAt ERE AW REFINA %fl'«t“,/f. BWA-linear %75 HISAT2 2. % b3 3
h(F e FRR A N EUF B2 k) HISAT2 #ox A ¢ > = 1B TW-graph ¢ #&
hg38-graph 12 2 1000G-graph 3% pE 5 w2 B » @ BWA-linear W BE 5 #0 8 7 it 4o
4.6 %% > Vi PAEFREL 2 - 2o @ A KIR BB avE— w bR 5 BT L
BWP > 38 ®A 52 KIR R v pEEL G #7§ et

MO A4 ST LT B S KIR A AP BER L A B Y
& KIR %38 2 A ¥ % > i 0 % - ff 5 WGS w pbpiaE 2 60 TW-graph *
% % - PP KIR-graph A £ i 4 % 4 KIR % 8 SR 898 %5 E BADE
RFFEEFEAD GF 5 242 % "F'TSL;?E? KIR-graph 3 *f £ £ » ¥ &t frte » 0%
RN I RIBHIEI M o AN A BLERE LT T RN R AR
BREGELHF AR50 p o 25 = A% 5 2 0.01 ~ 0.0376 22 0.0742
TRz BEE > X P4 HLAZ KIR TR #0977 2MPRLAEA > £ B
WA hE LT AT e KO PR B E AT ISP BLRY
WAL ¢ gtz WGS wpkt 2 KIR 2315 % - i 2 & 8w~ F (TW-
graph) > € Fl: FR B 5> R L FERAFlerhihy & 1557 large-
index 22 = b » 7% & 3 R AFZ LY A Flew pEE 0 3 SR L)
PSSR A F (TW-graph_AF >0.01, TW-graph_AF > 0.0376, TW-
graph AF >0.0742, TW-graph  AF >0.01 all HLAKIR, TW-graph AF >
0.0376_all HLAKIR, TW-graph AF >0.0742_all HLAKIR) + #%— ' {F 5 X 4 {432
B 2378 { ok AF>10% & = #7e7 TW-graph
mOoARET ARG T SEE D H A @ P E 7 2% (long
read assemblies) i ¥ pE% KIR &34 4 ¥ %5 & - £ 4 > &2 84 F£ KR

Benghis bW LR A e et g2 o aken L o 4ot g - F#“ﬁ;ﬁ&i&-ai e RN £} S TIERIPN

42

doi:10.6342/NTU202401388



l:s

MSA 4> (6§22 = 7 A4 Bz KIR-graph PF s € oA 2 ¥ ch 2 38 ¢
FEo %= e r» A PRI AT e w1 Bt R ERY T o F e 0 &% -
Fe BB B 5| w BE PF #—-no-spliced-alignment £ 78 12 2 [ 4o 4 (gap penalty) % :F
F4e x> 104 & HISAT2 2 Graph-KIR % 2 ¢ 2% 4 S cn R BaE 8 o 51 0 f*
beftools e norm k%2 i+ TWB ervef 3L » 77 5 7 &0 8 518 4§ Graph-KIR .=
WARGOEEZ 2% % %2 > AFEEPAKIRFEFELFFP L LS
AT GFER Beno 4 257 004 B R4 HE IPD-KIR 77 5% 100 & i iE 1
B (A I A L A7 F o IPD-KIR £ snp ** % KIR & 32 A5 - & TWB
vef P 84 4 A 532 £ = AT S) > &8 6 &:F 2 V2 TW-KIR-graph e
i g FLFRB R > Fiwe BATWBHARZE LLEH2Z SRR fr
TWBH#A—- 5 30X FIr R B FhZ L HSL BT8R R L 612,
BN A ol f o BT AT R G BT 0 1

2EF AU EERRERREL N

43

doi:10.6342/NTU202401388



\\\Xr

3
Auton, A., Abecasis, G. R., Altshuler, D. M., Durbin, R. M., Abecasis, G. R.,
Bentley, D. R., Chakravarti, A., Clark, A. G., Donnelly, P., Eichler, E. E., Flicek, P.,
Gabriel, S. B., Gibbs, R. A., Green, E. D., Hurles, M. E., Knoppers, B. M., Korbel, J.
O., Lander, E. S., Lee, C., . . . National Eye Institute, N. I. H. (2015). A global reference

for human genetic variation. Nature, 526(7571), 68-74.

Ballouz, S., Dobin, A., & Gillis, J. A. (2019). Is it time to change the reference

genome? Genome Biology, 20(1), 159.

Chen, N.-C., Solomon, B., Mun, T, Iyer, S., & Langmead, B. (2021). Reference
flow: reducing reference bias using multiple population genomes. Genome Biology,

22(1), 8.

Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O.,
Whitwham, A., Keane, T., McCarthy, S. A., Davies, R. M., & Li, H. (2021). Twelve

years of SAMtools and BCFtools. GigaScience, 10(2).

Danecek, P., & McCarthy, S. A. (2017). BCFtools/csq: haplotype-aware variant

consequences. Bioinformatics, 33(13), 2037-2039.

DePristo, M. A., Banks, E., Poplin, R., Garimella, K. V., Maguire, J. R., Hartl, C.,
Philippakis, A. A., del Angel, G., Rivas, M. A., Hanna, M., McKenna, A., Fennell, T. J.,

44

doi:10.6342/NTU202401388



Kernytsky, A. M., Sivachenko, A. Y., Cibulskis, K., Gabriel, S. B., Altshuler, D., &

Daly, M. J. (2011). A framework for variation discovery and genotyping using next-

generation DNA sequencing data. Nature Genetics, 43(5), 491-498.

Ebler, J., Ebert, P., Clarke, W. E., Rausch, T., Audano, P. A., Houwaart, T., Mao, Y.,

Korbel, J. O., Eichler, E. E., Zody, M. C., Dilthey, A. T., & Marschall, T. (2022).

Pangenome-based genome inference allows efficient and accurate genotyping across a

wide spectrum of variant classes. Nature Genetics, 54(4), 518-525.

Garrison, E., Sirén, J., Novak, A. M., Hickey, G., Eizenga, J. M., Dawson, E. T.,

Jones, W., Garg, S., Markello, C., Lin, M. F., Paten, B., & Durbin, R. (2018). Variation

graph toolkit improves read mapping by representing genetic variation in the reference.

Nature Biotechnology, 36(9), 875-879.

Guarracino, A., Heumos, S., Nahnsen, S., Prins, P., & Garrison, E. (2022). ODGI:

understanding pangenome graphs. Bioinformatics, 38(13), 3319-3326.

Heydari, M., Miclotte, G., Van de Peer, Y., & Fostier, J. (2018). BrownieAligner:

accurate alignment of [llumina sequencing data to de Bruijn graphs. BMC

Bioinformatics, 19(1), 311.

Kim, D., Paggi, J. M., Park, C., Bennett, C., & Salzberg, S. L. (2019). Graph-based

genome alignment and genotyping with HISAT2 and HISAT-genotype. Nature

45

doi:10.6342/NTU202401388



Biotechnology, 37(8), 907-915.

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.

Nature Methods, 9(4), 357-359.

Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with

BWA-MEM. arXiv:1303.3997. Retrieved March 01, 2013

Liao, W.-W., Asri, M., Ebler, J., Doerr, D., Haukness, M., Hickey, G., Lu, S., Lucas,

J. K., Monlong, J., Abel, H. J., Buonaiuto, S., Chang, X. H., Cheng, H., Chu, J.,

Colonna, V., Eizenga, J. M., Feng, X., Fischer, C., Fulton, R. S., . . . Paten, B. (2023). A

draft human pangenome reference. Nature, 617(7960), 312-324.

Lin, H.-Y., Chuang, H.-W., Hung, T.-K., Wang, T.-J., Lin, C.-J., Hsu, J. S., Hsu, C.-

L., Yang, Y.-C., Chen, P.-L., & Chen, C.-Y. (2023). Graph-KIR: Graph-based KIR Copy

Number Estimation and Allele Calling Using Short-read Sequencing Data. bioRxiv,

2023.2011.2029.568665.

Liu, B., Guo, H., Brudno, M., & Wang, Y. (2016). deBGA: read alignment with de

Bruijn graph-based seed and extension. Bioinformatics, 32(21), 3224-3232.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A.,

Garimella, K., Altshuler, D., Gabriel, S., & Daly, M. (2010). The Genome Analysis

46

doi:10.6342/NTU202401388



Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data.

Genome research, 20(9), 1297-1303.

McLaren, W., Gil, L., Hunt, S. E., Riat, H. S., Ritchie, G. R. S., Thormann, A.,

Flicek, P., & Cunningham, F. (2016). The Ensembl Variant Effect Predictor. Genome

Biology, 17(1), 122.

Miga, K. H., & Wang, T. (2021). The Need for a Human Pangenome Reference

Sequence. Annu Rev Genomics Hum Genet, 22, 81-102.

Paten, B., Novak, A. M., Eizenga, J. M., & Garrison, E. (2017). Genome graphs and

the evolution of genome inference. Genome Res, 27(5), 665-676.

Pritt, J., Chen, N.-C., & Langmead, B. (2018). FORGe: prioritizing variants for

graph genomes. Genome Biology, 19(1), 220.

Rakocevic, G., Semenyuk, V., Lee, W.-P., Spencer, J., Browning, J., Johnson, I. J.,

Arsenijevic, V., Nadj, J., Ghose, K., Suciu, M. C., Ji, S.-G., Demir, G., Li, L., Toptas, B.

C., Dolgoborodov, A., Pollex, B., Spulber, 1., Glotova, 1., Kémar, P., . . . Kural, D.

(2019). Fast and accurate genomic analyses using genome graphs. Nature Genetics,

51(2), 354-362.

Rautiainen, M., & Marschall, T. (2020). GraphAligner: rapid and versatile sequence-

47

doi:10.6342/NTU202401388



to-graph alignment. Genome Biology, 21(1), 253.

Robinson, J., Halliwell, J. A., McWilliam, H., Lopez, R., & Marsh, S. G. (2013).

IPD--the Immuno Polymorphism Database. Nucleic Acids Res, 41(Database issue),

D1234-1240.

Sirén, J., Monlong, J., Chang, X., Novak, A. M., Eizenga, J. M., Markello, C.,

Sibbesen, J. A., Hickey, G., Chang, P.-C., Carroll, A., Gupta, N., Gabriel, S., Blackwell,

T. W., Ratan, A., Taylor, K. D., Rich, S. S., Rotter, J. 1., Haussler, D., Garrison, E., &

Paten, B. (2021). Pangenomics enables genotyping of known structural variants in 5202

diverse genomes. Science, 374(6574), abg8871.

Wu, D.-C., Hsu, J. S.-J., Chen, C.-Y., Shih, S.-H., Liu, J.-F., Tsai, Y.-C., Lee, T.-L.,

Chen, W.-A., Tseng, Y.-H., Lo, Y.-C., Lin, H.-Y., Chen, Y.-C., Chen, J.-Y., Chang, D. T.-

H., Guo, W.-H., Mao, H.-H., & Chen, P.-L. (2021). Complete genomic profiles of 1,496

Taiwanese reveal curated medical insights. medRxiv, 2021.2012.2023.21268291.

48

doi:10.6342/NTU202401388



oy
i A d ogwE- wREEA Sy 5 T 08 F e Y FFRGAE L LR A

Hwi- wREEAE FIRE Y 0 T A 1 42 5% - 1R B AFez KIR &

- w B A F|Ber £33 4 6 % % - FFF TW-KIR-graph 7 2 TW-KIR-

graph w/o deletion &2 % — [F 873 » %% A Fle 2 KIR % &ra— v LR 7))

Modfed £ QA Kr B2ETWBHR A& H2 S A5 v o

‘iffézif% 1. N2 7P g% T3ovi— w ke A 7] %k (Unique mapped reads, UMR) » & $+#icdf i3 3 203

o Fp o AR AY A AT licdho 2 2 TWB A (J 1 I 4 u] £ BWA-linear, hg38-
graph, 1000G-graph, TW-graph, TW-graph AF > 0.01, TW-graph AF > 0.0376, TW-graph AF >
0.0742, TW-graph AF > 0.01_all HLAKIR, TW-graph AF >0.0376_all HLAKIR, TW-graph_ AF >
0.0742_all HLAKIR > ‘&5 7| #& & " & :NGS1_20170303H, NGS1_20170305G, NGS1_20170312A,
NGS1 20170312B, NGS1 20170601D, NGS1 20170602H, NGS1 20170603A)

UMR TWB-1 TWB-2 TwB-3 TwB-4 TWB-5 TWB-6 TWB-7

linear 24,006 24,544 29,526 22,698 24,908 25,778 32,118

Graphl 22,892 23,380 28,344 22,698 24,904 24,694 30,512

Graph2 23,030 23,530 28,516 22,692 24906 24,894 30,738

Graph3 24,126 24,608 29,648 22,712 24918 25,886 32,254

Graph4 24,132 24,616 29,654 22,720 24916 25,890 32,244

Graph5 24,134 24,630 29,650 22,712 24914 25910 32,262

Graph6 24,126 24,634 29,654 22,728 24,938 25,898 32,262

Graph7 24,140 24,624 29,652 22,728 24,920 25,900 32,242

Graph8 24,130 24,632 29,662 22,722 24,928 25,902 32,264

Graph9 24,120 24,626 29,658 22,722 24,934 25,888 32,268
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Mgk 2. v ¢ F Y Tiovi- wRk4e S 7|8k (Unique mapped reads, UMR) » % 44 ficdy % 38 2 3

T T LA AT gy o 2 R 2

TWB # 4~ (d +

T T & % ¥_ BWA-linear,

hg38-graph, 1000G-graph, TW-graph, TW-graph AF >0.01, TW-graph_AF > 0.0376, TW-graph AF
>0.0742, TW-graph AF >0.01 _all HLAKIR, TW-graph AF >0.0376_all HLAKIR, TW-graph AF
> 0.0742_all HLAKIR » &5 7|# & "8 B : NV0027-01_S8 L001, NV0027-01_S8 L002, NV0027-

01_S8 1003, NV0027-01_S8 L004)

UMR Non-TWB-1 Non-TWB-2 Non-TWB-3 Non-TWB-4

linear 5,620 5,728 5,676 5,190
Graphl 5,612 5,716 5,662 5,162
Graph2 5,606 5,720 5,664 5,174
Graph3 N/A 5,750 5,696 5,200
Graph4 5,642 5,744 5,690 5,214
Graph5 5,648 5,754 5,698 5,218
Graph6 5,638 5,750 5,714 5,232
Graph? 5,648 5,762 5,692 5,208
Graph8 5,642 5,764 5,696 5,216
Graph9 5,640 5,752 5,704 5,218

d ba A7 UFRERHRE D 2P 544 ) - # -~ B TW-graph & BWA-

linear 4+ # ¥ +t 1000G-graph % » #1541 #_hg38-graphe @ T w £ & % = fFf 4

» % & 4 KIR %3 % £ 2> TW-KIR-graph 2 2 TW-KIR-graph_w/o_deletion

gwE - w RLAE S 7 B o
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Sidkd 3. )N v ¢ g Tioei- w pkie /i 7#k (Unique mapped reads, UMR) » & 44 #icd; 1238 2138
F o FIU L R R AR A Fllealicdy 0 ¢ 5 Phase 2: TW-KIR-graph ¥+t TWB # 4 éhificdy
(d + 3 7™ & 9 4 BWA-linear, hg38-graph, 1000G-graph, TW-graph, TW-graph  AF > 0.01, TW-
graph AF > 0.0376, TW-graph AF > 0.0742, TW-graph_AF > 0.01 _all HLAKIR, TW-graph AF >
0.0376_all HLAKIR, TW-graph_AF >0.0742_all HLAKIR - &/ 7|k & "8 & :NGS1 20170303H,
NGS1 _20170305G, NGS1 20170312A, NGS1 20170312B, NGS1 20170601D, NGS1 20170602H,
NGS1 _20170603A)

UMR TWB-1 TWB-2 TwB-3 TwB-4 TWB-5 TWB-6 TWB-7

linear 23,998 24,534 29,504 22,712 24,846 25,804 32,134

Graphl 22,884 23,368 28318 22,710 24,842 24,718 30,524

Graph2 23,020 23,516 28,492 22,706 24,844 24918 30,750

Graph3 24,118 24,598 29,626 22,726 24,856 25912 32,270

Graph4 24,124 24,606 29,632 22,734 24,854 25916 32,260

Graph5 24,126 24,620 29,628 22,726 24,852 25,936 32,278

Graph6 24,118 24,624 29,632 22,742 24,876 25,924 32,278

Graph7 24,132 24,614 29,630 22,742 24,858 25,926 32,258

Graph8 24,122 24,622 29,640 22,736 24,866 25,928 32,280

Graph9 24,112 24,616 29,636 22,736 24,872 25914 32,284
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ek d 4. N2 ¢ R TiovE- w pbie S 7)#k (Unique mapped reads, UMR) » & 44 $icd 2 3%
HFp o Fl o AR AL B T endidy 0 0 5 Phase 2: TW-KIR-graph w/o_deletion %t
* TWB # & chificdy (4 +F 3 7 & % £_BWA-linear, hg38-graph, 1000G-graph, TW-graph, TW-
graph AF >0.01, TW-graph AF >0.0376, TW-graph AF >0.0742, TW-graph AF >

0.01_all HLAKIR, TW-graph AF >0.0376_all HLAKIR, TW-graph AF >

0.0742_all HLAKIR - %5 7|$k ~ " & : NGS1_20170303H, NGS1_20170305G,

NGS1 _20170312A, NGS1 20170312B, NGS1 20170601D, NGS1 20170602H,

NGS1 20170603A)

UMR TWB-1 TWB-2 TwB-3 TwB-4 TWB-5 TWB-6 TWB-7

linear 24,022 24,556 29,526 22,734 24,872 25,826 32,130

Graphl 22,906 23,390 28,340 22,730 24,868 24,740 30,518

Graph2 23,044 23,540 28,514 22,728 24,870 24,942 30,748

Graph3 24,142 24,620 29,648 22,748 24,882 25,934 32,266

Graph4 24,148 24,628 29,654 22,756 24,880 25,938 32,256

Graph5 24,150 24,642 29,650 22,748 24,878 25,958 32,274

Graph6 24,142 24,646 29,654 22,764 24,902 25946 32,274

Graph7 24,156 24,636 29,652 22,764 24,884 25,948 32,254

Graph8 24,146 24,644 29,662 22,758 24,892 25,950 32,276

Graph9 24,136 24,638 29,658 22,758 24,898 25,936 32,280
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ek A 5. hw ¢ R TiovE- w pbie S 7)#k (Unique mapped reads, UMR) » & 44 #cdy f# 3 £
WMo Pl R AH R A F e ahdicdy 0 #t 5 Phase 2: TW-KIR-graph #4222 TWB #k &
fcdy (4 3T 4 % §_BWA-linear, hg38-graph, 1000G-graph, TW-graph, TW-graph AF >0.01,
TW-graph AF > 0.0376, TW-graph AF > 0.0742, TW-graph AF > 0.01 all HLAKIR, TW-
graph AF > 0.0376_all HLAKIR, TW-graph AF > 0.0742_all HLAKIR > ‘& % 7| &k ~ 18 & :
NV0027-01 S8 L001, NV0027-01 S8 L002, NV0027-01 S8 L003, NV0027-01 S8 L004)

UMR Non-TWB-1 Non-TWB-2 Non-TWB-3 Non-TWB-4

linear 5,610 5,736 5,678 5,190
Graphl 5,604 5,722 5,664 5,162
Graph2 5,598 5,728 5,666 5,174
Graph3 N/A 5,760 5,700 5,200
Graph4 5,632 5,752 5,692 5,214
Graph5 5,638 5,762 5,704 5,218
Graph6 5,628 5,758 5,718 5,232
Graph7 5,638 5,770 5,694 5,208
Graph8 5,632 5,772 5,700 5,216
Graph9 5,630 5,760 5,710 5,218
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Wik E 6. v ¢ R TiovE- w pbie S 7)#k (Unique mapped reads, UMR) » & 44 #c¥ f# 3 £
W Tt AR AH R AT addy o 0t 5 Phase 2: TW-KIR-graph w/o_deletion ¥
£ TWB #% & chiiedp (¢ + 3 7 & % £ BWA-linear, hg38-graph, 1000G-graph, TW-graph, TW-
graph AF > 0.01, TW-graph AF > 0.0376, TW-graph AF > 0.0742, TW-graph AF >

0.01 all HLAKIR, TW-graph AF >0.0376 all HLAKIR, TW-graph AF >0.0742 all HLAKIR >
R 7k A8 B NV0027-01_S8 L1001, NV0027-01_S8 L002, NV0027-01_S8 L003, NV0027-

01_S8 1.004)

UMR Non-TWB-1 Non-TWB-2 Non-TWB-3 Non-TWB-4

linear 5,608 5,738 5,682 5,196
Graphl 5,602 5,724 5,668 5,170
Graph?2 5,596 5,730 5,670 5,180
Graph3 N/A 5,762 5,704 5,206
Graph4 5,630 5,754 5,696 5,220
Graph5 5,636 5,764 5,708 5,224
Graph6 5,626 5,760 5,722 5,238
Graph? 5,636 5,772 5,698 5,214
Graph8 5,630 5,774 5,704 5,222
Graph9 5,628 5,762 5,712 5,224

m |

BN A 1 D HeRR 64 2 45 ) Hehikdmdn iz 0 & TWB &

? » TW-KIR-graph w/o_deletion > KIR-graph > TW-KIR-graph > @ # 2 TWB

Bk o R L gpEEFn g

12 %t KIR-graph % — 4 o
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g3t BRETWBHRAHF AR - 4 > Rt e § 4 A8 % A 7R ¥
BAZEE G RAh 2w a2 Bfs— Hena ] B A AR i

s1 .
E I

Wit 7. L 484 KIR %5 % 8 2t (TW-KIR-graph) %>t 2L TWB ‘@4 714 » (= 4%
£ 15) KIR A A% % $fv (782 40 I 1% 4 A F el 0 4o | BWA-linear KIR-graph £7
BWA-linear TW-KIR-graph +* ~ hg38-graph KIR-graph £ hg38-graph TW-KIR-graph +* > 1zt
#4) (L: #&% KIR-graph > 4 4] & en% = A 7] » M: $& KIR-graph % & 3] 11 eh & = 2L 7))

Result vs KIR-graph (non-TWB samples) Concordance rate L M
BWA-linear 0.778 (14/18) 0 O
hg38-graph 0.889 (16/18) 0 O
1000G-graph 0.833 (15/18) 0 0
TW-graph 0.833 (15/18) 0 O
TW-graph_AF > 0.01 0.833 (15/18) 0 0
TW-graph_AF > 0.0376 0.833 (15/18) 0 0
TW-graph_AF > 0.0742 0.833 (15/18) 0 O
TW-graph_AF > 0.01_all HLAKIR 0.833 (15/18) 0 O
TW-graph_AF > 0.0376_all_HLAKIR 0.833 (15/18) 0 0
TW-graph_AF > 0.0742_all_HLAKIR 0.833 (15/18) 0 0
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Yitdk A 8. BL LA KIR B8 % 8 g (TW-KIR-graph_w/o_deletion) #f*t 2L TWB ‘&5 7|
A (2% & H KR 2418 % $ht (SR 4pk %% 4 Fliet o 4o : BWA-linear KIR-
graph £ BWA-linear TW-KIR-graph w/o deletion * ~ hg38-graph ¥ hg38-graph TW-KIR-
graph_w/o-deletion +* > 12 gt 55 48) (L: #& KIR-graph > & 4] 3 en% = 3 F] » M: #& KIR-graph %

A Al e = A F)

Result vs KIR-graph (non-TWB samples) Concordance rate L M
BWA-linear 0.778 (14/18) 0 O

hg38-graph 0.778 (14/18) 0 O
1000G-graph 0.722 (13/18) 0 0

TW-graph 0.833 (15/18) 0 0
TW-graph_AF > 0.01 0.944 (17/18) 0 O
TW-graph_AF > 0.0376 0.944 (17/18) 0 O
TW-graph_AF > 0.0742 0.944 (17/18) 0 0
TW-graph_AF > 0.01_all_HLAKIR 0.944 (17/18) 0 0
TW-graph_AF > 0.0376_all_ HLAKIR 0.944 (17/18) 0 O
TW-graph_AF > 0.0742_all_HLAKIR 0.944 (17/18) 0 0

Bfs ™ £ ¥ 103 - & TW-graph ¢ + 1000G-graph 4 2 hg38-graph
£ BWA-linear #4537 » ¥ ® TW-KIR-graph F & % it ¢ +* TW-KIR-
graph w/o_deletion { % jpl7] > Mt Bt 2 45 ) &¢ chig % - k> Ld 4%
= F# £ TW-KIR-graph 12 2 TW-KIR-graph_w/o_deletion — #% ¢ ¢ 7 # & 3] %
SERAA R R FLH AT Fl- B AT ATRL S A KR

Poooder A4 KIR B BLE @ A 45§ #rec s o
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