2yl =20, A5d®, Zadd, '

2ok 2 F 20 AlZH| Xtk MEe| EHQl AR et AT HIIMY AIBY
Jlgk RXA EM2 1 R84 2o MM 2ollM Mi HHHD Ys AT
srajolct J2fLt DREA KRS SMES SR @2 M LuEl KM 24
WS X 85H 2 BEo| LIER 3+ 0] FoIS 23tct B =20ME Dofel thEB
AR 11R0IM 22 AR ClolE 2A A E S5 TAIR SO|XQl M 24 Yol
elejot MH 2N HIHE it 0|2 0|85t01 TRMA AN AR Mel w,
23 pelet e MA2l Y, Dojel 2 A5 BA FHY S 7|E 24 Wl of 3
M&stol TRMA AIHY KB i3t ofshE STAt Bk,

F|9E: DRMA, ABY, HYRHH

A

o1z} strf 5f Mo nfspE A/ 20 5ful, Al 08826, Cf 2FEI=
B3t 0/ /B £ 01 P4, A SLYELT, A2 08826, THEHEIF
e Z oA R B EB Sl A, )X 34122, O 5tE=
*Corresponding author: cwjeong@snu.ac.kr

A&
A D719 AlD A (Next Generation Sequencing, ©]3F NGS)¢| o] dle] =& & o
A kel At AEo] 229 mAlZoA FEF DNA (o]} DNA)Sl A A #4 (Whole Genome
Sequencing, ©]3F WGS)o] A3¥3tar v}, IDNA A= aidy 207 5 AMES gidez 3l
ATLES 7= s Yoh(Green et al. 2010; Rasmussen et al. 2010; Rasmussen et al. 2011;
Raghavan et al. 2014; Allentoft et al. 2015; Skoglund et al. 2017; Damgaard et al. 2018;
McColl et al. 2018; Mittnik et al. 2018; Moreno—Mayar et al. 2018; Sikora et al. 2019; Jeong
et al. 2020; Yang et al. 2020). stAwt &&% AT HES F3 7F=Daly et al. 2018; Gaunitz
et al. 2018; Verdugo et al. 2019; Kim et al. 2023), #t=(da Fonseca et al. 2015; Mascher et al.
2016), oFAME(Miller et al. 2008; Bos et al. 2011; Palkopoulou et al. 2015; Soubrier et al.
2016; Wang et al. 2022) ¥ "W E(Bos et al. 2014) & ThFdt Eiel tigh dAFE50] Ma= L
Atk ADNA A= A4 AAE ARE ATsToEs At wE e W3tE FEC
el s Bz ez nprlu. =, ddl fde] DNARAe] zis dAlE SH8ke] Aa
ARl A fHde] #§44 e Addgel ogk diyHfAke] Wl
QA & vk 53], dAMEe] wERE 4L DNAE Jur At Eok
Aze ARE Ass = o Ao HuS 73t v, Hxe d
20101 (Green et al. 2010; Rasmussen et al. 2010) o]z dA|7kx] <°F 18t w89 3IDNA NGS
=@E Ao (Mallick et al. 2024), o] & AJgre] Al wet t% wEr F718

R0
N
-
3o

o W Ift 1%
)

f

N
-

o)

1
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71 €l et
JIDNAS] WGS A2 7€ BA & HA sEEaFe 7INks £ WY S

Aol aXA gow, F 7HA SHeA ZxpAolal A %7}%@ FRE AU, A AR,

shERaE 7Nk B4 =

MEZ=or i Y @M DNAS S Azl

=

2 ol EE HL7F sty fFHA
A'ES(gene tree)E wWEA #HArh., T8y F 52 A9 AlE #AE S FHAA] AET9t
dA| A= @ O]Eﬂi, aH - A Ao A (dE, (HAA, AFE)e F AEFEE

= e

2§14 ABFe HES T0%0]v, LA 306 Abgol
FolFtH(Scally et al. 2012). o] AAS 4
Sorting, ILS)elgk Hstw, 53] FHZol &3 7 e Ale]ellA Eﬂ% T2
Al S CH(Maddison 1997). 18R A 5o F F o] o]Fd BAe Aok

AlH F-E(Incomplete Lineage

put = of=
Fxel U BFY FEOE olofd fert dor, AFRAANE FA RE AL Fa4
AE5E medslobn Aad A wakol GAE FAT & Atk o vobrt gue] A9l 444
A7t dofubA] e A7t titkolnm FA4 SFol £3 WG] Puel AT BAL ded
ABFE dehd & Qe Aud 2849 397 woh, F WA 3EE0F 2Ae A9 ¢ £99
27 WskE BAS) oyt HTRAF A BAS oA shtel FAK AT At T
£

545 sobdizlde oldt. 2y AAFHAAE
AZTE T3 JAdE 7 DNAZF AHolAl H=z Hd 7+ &3S HASEAY (Patterson et al. 2012),
<3+ Al7](Loh et al. 2013; Hellenthal et al. 2014; Chintalapati et al. 2022) 2 A Hot
A7](Li and Durbin 2011; Schiffels and Durbin 2014)E FA3d:= ZAE°] 7Issith. old odE
gl #2 A E vFe s Aeke dHele AdRdA Aol Ao,
SHAIRE IDNA WGS AF=o] - Aldgh A oA FEgE 9k DNAC] WGS Ats 4 5
Zkar Qlth. DNAS AR WA di®l, #2> DNA Zol, AdA o, HlwA v &3 95 DNA
I DNA #Alel ks WA= a4Eolw, oF aHshA| ¥%kE Al Aol HEk(bias)ol
et = glth(Pritfer et al. 2010). 1%7] wl&ol IDNAS] WGS Wi Eels <
et ol ny AMES AR AFH FHd wetde A 43 BA %
de e A8 A golzZepcle] 2 AW ot TR ADNA AR tiE dEH<l
H

'ﬁ‘ﬁo] 7Fealixith, webd g3l GIDNA A4S flaiAl= 3IDNA 5o %<l

= ﬂ%oﬂj\ﬂ? Z2 otglo] AW E &}o] Z3H(Shiveet Khairkhan) -2 oA ZHEIJGAATLY
(7 =H=3A -8 AF st daEdo] FES HIIAY adRlES tiEE
113 o 25g Oé% ARE HtEe® DNE 5, ARERE MY golBdaE AFste] W6S
ADNA EAel FEHE ®E WS met wE Y Ade] &9AA(Unix, Linux) 7]
AFHE ol &3 Au dAget A4S Asilrt. 71Eo 2 FHE IDNA A Tpo] =
AA "oyl Agste] 7|24 FAS dshe dH AAFES AT EZHA IIDNA A ol A
S HgE Aok = are AMEEC e ket Aol dAIE Algstalat g EgE, R
AA AREE =S A wAol weEt AlA el

l‘_&
N
H1
1o

o

il
O
to (&



2025 W et al. — A E FAA A A 252 APt FAA, I A F4 3

A7 &1

Az FHle il AA SHESRAATY EEASAT A IDNA &

AP AT, ZZ AME sto]2dto A FEH ut fF 1179 dEZ ASEZREH 1x3 cm 275
thojolE s tjaa =z Audt & A =g A3 M(bur)E o83 BH LIE

7% Sodium hypochlorite &N st qH E n|AET il 9_0\3%_% AABESE Al
B Fo Aol 24 Ak Az F, 260 nm 9F9] A9AS 15

FA547] (Freezer Mill 6770, SPEX SamplePrep, USA)E o]&3fo] HHS Alad@z F539oH
AA7MA] 4TCol A BAE STt

F

r-111
HJ
>
Ol
12
ne
>
b
rr
o,
o

DNA 5%, =olHeE AF B Al
DNA &3t gholHelg] A& =& 50 mge o&ste] el FAAFY 2 Aa(LdE 7hhabet dist,
ns AlZR e Al S o ® A, A& 7ol gigke A= IDNA H &
=335 X2 EF(Rohland et al. 2018)°] wE DNA F= 13], NEBNext® Ultra™ II library prep
kits o]&3sh AlE golrelg] Az 2315 Hgapglon, n= A7k digtule A= JIDNA &
3 %y 2% Z(Dabney and Meyer 2019)°] w2 DNA F& 13], ZlolB g Az
1312 Ayt 98 hatel digtel e 13 DINA 5 5 lolB el A1z 130 e $-2ha
@71k Gk Akele] N-glycosylic AfS 7hpEidfste]l ek 97]E  AlASk= Uracil-DNA
glycosylase (°]a} UDG) A&]& 3te] DNA AF ®IAS AAS etelBade & AZepoint. v= Al7haL
et e 7] E39 ZRZEZF(Meyer and Kircher 2010)e] we} DNAC] 5 3} 37 wko] ALF
W71 partial-UDG & e § golnge s A8t

A deA

E
o

= dF

RE golBYES HFEE 7|vtoe=w golEdy ¥HE sdd &S =3d =, Ak
tjstalo A A2tE FolB YT ELS @ula=E Ao Hiseq X paired-end (PE) 150 base—pair (bp)
AAEE oFEien, Al7tar tigtao A AzE gtolB &2 tdtue] Genomics Facilityol

NovaSeq 6000 SP Z= &l Al PE 150 bp AlAAS o Fekct. dFny gloluege 7|2 FH <}
A AR 7R Pele (ad Dol wAskakar.

IDNA AR = W o dE (adapter) A E AA
JDNAS] ¢ stHstE o] = A¢rF thi-elw, grolHelgo] E3HE JIDNA A} Aol Fadgtel
100 bpE 9A Edte= H97F Boi(Sawyer et al. 2012; Dabney et al. 2013). LFw|v} A|gA
o] A9 AlEA = dolzl 100-250 bp MHYS 2H IS W F2 B4 dolE Ay e,
AAZ IDNA #A AAE AAAE FH obkm= 2 olgEH ME7A AlEAEH= B9t
Folth(1d 2). mpEE=ES offiE] Ado] 3 Fol X3H f=E OgE FERFAA AL
g e e d= wsd A %o gfo] A AAer] wimol v Hol wpa=el offiE MIEE
g9 37 FHEANA AASH ok sk}, wek 1 Ao A PE A|EAY AR A oHlEH ME AA F
forward #]=(RD)¥ reverse B]=(R2)E ool g== @A+ Collapsing A& s r(1H
2).
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Illumina 2t0| 2 2{2| (0| F 7}=h

ps H{HE] M
Forward Read (R1) _ i
| P7 HHEl M
e 9/ E DNA
sl il 3 =ma B0 AIHY
I il >

- DNASE

Backward Read (R2)
@ @ 5’ 5 @ " -

=Ego M
==V A EAN (N N
5 5 3

, , R2 A2

@ . x s Eg @ s 2

A A , I i iI
!3 5 !3 5 5’! 5’! .5 5.

Iy 1. 4Fvy ol st A9 9. dFvy golree e 7EAQ Heok AUAAEE
S dAEE el E2 %, PE A 45 O - @ 0], SE AlAE9 45 O - ® HA7A
&)y, O gholBelgs v rtgdoz FElEo] F25 Ao ofHEd FaEr. Q@ Z295 Al
Fz28 golB#g o] AR Jigo]l FAdEY. @ dH FHolByE rigo] #ElEY. @ Bridge
amplifications &3 gholHelz] A2V} tigFow RAEt. © P5 o HE A o] F=2-5- Aol F-2r%
7tegEo] AAHL. ® Rl = AldAo] ATt @ 3 HOBridge amplification® 2 Z 29 Al
2k Thge] AR ARl Zhge] A E T ® P7 o HE A Eo]l TR Al FaE JteEo] AAE.
R2 2]= Alf7d o] g,



2025 TdW et al. — IAE FHA A|EA A=) A} FAHE, N5 A F4 5

R11} R2 7| ¢
OHE ME H A
FElEF SN
5 3 FastQ A
3’H 5 5 -
FEE EMY
FastQ M &
5_ 3!
3’ meee——— 5’ [ —— 3
AlRY 2= 2ol x2 20}t ZIDNA A E
(=40 M H[2l)
5 meeeess—— 3’
3 5’
O E M E1t 1bpt e LYX|SHH M| A H4-HOo|AH "o
FastQ A€
54 3 5 e— 3
B psof e ME
I p7O{HE{ M
m— OIME DNA
- 3 s , ‘ Forward E| E (R1)
- 5 5 3 == pokward EIS(R2)

29 2. AN BREd we o9y A HAY EAE. PE DAY E DAl mE o A7)
Aeke AR AT, e o WHE AAsE 9% BAST A el dolg AAA
Wl wet ol e AA % el= Wge] ] tEA tehd,

B g Ho A= AdapterRemoval v2.3.0 (Schubert et al. 2016)S ARESte] = U oJHE AIS

A ASHAIL, JIDNA 2j=9] &2 Holo] vt &3 £ FHAES A&FAU.

1) —-trimns --trimqualities --minquality 20: Base quality”} 20H.t} @& 5 2} 37 Qg4
ALA 0w ool HVIME & N (2717F AARHA 8ol oldd Ay 1 AMES
AANET. A= two-channel A|EA Al=Ee] B9 dl Jie] 9d7IE WA} 2=
PFANs 208 7 2R FEEETH, &2 =Y AfAde] AEF Ed F kgl
A=A ol PFATT oA &e s AN 2 FEA Hol 3 o] 1 6 Adel
olo]d = Ao, olF AASA Fod FxFAA MDA 5FH A7I7F AA ULdd
TRk BlEEo] 3 wisdE e Aert AT = vk old 9] AAE T B ES
A oy, v BRwo grolB o= P(RE I8 A HAE f=EES

S
AeAoR tE g UAHES ftes BA-go] A ¢ glong Fofgfjof g},

2) ——adapter1l AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
—adapter?2 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA: Illumina #}elBE.#2]e] Truseq = Z}2z}
29} 19] Mde AFelFo . e oHHE AMgSte Ag 2 9EHA AA=E
upAro] AgafjF=ofof g},

3) --minadapteroverlap 1: & AF-ellA] AR golH e gl= A DNA Z7to] &% ZollA
=g 3 9¥ ¢o] R1¥ R2 #l=E Ailste PE AE g

o

o,
rulo
=
Og‘:,“

o
ol
32
Ky
e
5]
>

=
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& a5 g@A Folx: F vk (2d 2). 2y
%= A9, PE ABA T T2A Tz 7 4 &3
| A4 &b, sd SALS SE gelre g e By o
2 85, 3 s AAsE.
4) --minlength 35: 35 bp °lske] wrElgol A7 Abgr FHAol] &3 vwisg 2 7ol
KR

Frhe ATAReyer et al. 2016 HE A= AT A FEFAA Aol
Ao Y] ojele S welstel 35 bp ke P=ES AAHEG

5) --collapse: PE Al 2= A9 117] o)/ d7IAEel HA+= R1% R2 g =& 3ty
== yItalFact.

Al FE2FAAZY = g3 29
JDNAS] Absl FRfdARY] wEs @ dov v R g% #AFgFS WAy 9l
Ad#AA o7 Burrows—Wheeler Aligner backtrack =13 (aln + samse/sampe) (Li and Durbin
2009)& A3t EH dAo|x] AlgHE T2 WS BWA aln/samse v0.1.170|93 Algh ZZ2 {2 A
A2 hs37d501 ATk, BWA aln®] A% F+ 7 H4& F3AT. ”H%‘% =52 bam o] Aol
o, samtools 21 (Li et al. 2009)S AF&3Fe] T}
1) -n 0.01: -n< 3§ 7} maximum edit distanceE —’Fﬂ st
AME 3 Zpolu= A7 MEel AR Weol, 4, Ao Ajks AAsiEd. #kel
Ard 45 2 gREs duiEgd stz dAs, 03 1 Aol #E & T =9
dololl Hlegste] 26 AAAY 7S ZHEAE W Hol T HEe] fE=Eo] misgHA
REE TS ARt 2 EAelAE BIA aln®] 7|2l 0.04KTF W
Fo] JLDNAS] AR WA wrE AEA EYHE WY, oFF Vles AAHF
2) -1 32 (UDG A 2]+1)/9999 (UDG DHMAD: -1 FAL WY S8 &9 98 -l
5 omAH Folxl HolgkFe] 4 “A=(Seed)” = ARESlo] A=} Hx FAAL
g3a] A= AEs e F ﬂE@r 2 FAAE AL, g= Aol
A AEE A ZlE AAE ol&d miEe W@ A DNAE
= A A7IALe] Ag=rt P AW, 6 AEE sk @2 JIDNA
gloluggle] - ofolA AW DNA ARFwAe] Fre & £ Fio HT
e el gl=e] 5 Prv‘i'*ﬂ A7IME BEg=T} ‘*"0} AET 9] ol
etk mEka UG A §lo] Al
3£(9999) Fo] A= 7G5S A o}o t}.

rlr
z
g
o
fu

—

[t
>,
1
oX,
2
oM. o
o

ufsg o] % gholH ] AZ} e o] % A A T A A NS (polymerase chain reaction;
olal PCR)C.E QI3 HAl® H=5s AANT= HA-S A8, IDNAS] 49 ol el A d AA
T F2PE AR ¥ BEEL sl =R FAHAA =W, ofHE Ado] AR AAHJTH
5 ¥ 3 o AL LS F P=e U %X}EEH Felgt PR AR R Qe HAld g=d &
A7) wiEel REHor usle] A AT Aol A= EAGER Fo]Ze}ele]l DeDup vO0.12
273 (Peltzer et al. 2016)2 o]&3} E’?‘a A7 5 A o] AlFAEE BAMEES

o]
AANFEAT. SE dlolEle] g oHE7E ] FHiEo] AAHA &= FF-Ecl AT

£ 01-['{
O



2025 TG etal. — DA R FAA AN AR Aelsh e, AF B F4 7

AR gEolE 3 Eol dASA FE F slemm, HEAe 5 AN PrHn FE=E
= o
=

2
AASE. PESF SE AR 5 SAMEE 5 A7IME 2 H g (base quality score) el &o] 7H

& HEE W71 UHAE AAS T, PR A AHES A gE5e FRadAd ik
W FE S HUse MAPQ H47F 30 o]l #l=EWES samtools view —q30 #AS ARE-E}A]
delgatlon ofF A ARRallvh. NAPQ H 302 2l=rvF dA misgE A AA s
7o k(likelihood) 7} 341 el A thgo 2 £ fAAM ke 7Fekrth 10009 stk A&

DNA AHF-RA 2Q1
JIDNA®] 9~ AFSFW A (post-mortem damage, PMD)©] oy} DNA ®x7} 3184 wists #AA Hoh
(Sawyer et al. 2012; Dabney et al. 2013). o€l W35 T 7P 544 AL Alo]ELl 4717}
e 2 golri=st(deamination) ¥ FAFolty. ©opm|mst @GS FA Xz DNA EAb A
o]ZF7ter = 3 Zwlk Yol =5 o] 9= single-strand overhang &<
Al Al AFOlEZD A717F HEIS R ¢8Al He S doth(C-to-T #8hH). Single-strand
overhange] UERE ES DNA #412] 5 T 3 oo m 4= xfHor Frhet. 23
AbEE = 229 mapDamage (Jonsson et al. 2013)& B =9 BT
S g e dopn st A4S Yz A= AFsE

At Bl A e el ¢17] Wk JIDNAS] ehelH e Az Aol whet 2= ol thekst
FElel 7] 2\ (misincorporation)S doZ 4 Uvh. golBg & A% WA DG &4 A
Wale] wet 9@ bR ER/7F 7hestith. AlE Ao wepA= A Al double-strand  DNA
tlolB g ¢} single-strand DNA glolB el HF2lo] glom  DNA A ®WAE $ga dr=
AASHS DG &l A Fro e /725 v APshA] €2 non-UG, F-EHo2 At
UDG-half (partial-UDG) etelH.ejg]e} full-UDG he]lHeig]& vprofzich, mpxutog 2 5o A]
Zhzkel distalel A AbgE 2lelH g 7]EQ] NEBNext® Ultra™ II library prep kit= A|2hgh
UDG H]akA] @2 elelHej2]e] 9 double-strand DNA 2holBH&gle] slF3sht EF=2 < double-
strand DNA 2holB g A2t W23} Zpol7h Qlo] whz WAISIth. 7] A 02 JIDNAS] Afeo] Bl
@719 "otu|=dt= AEA Aol AA F 7 FEY S vXd. adE AEdE 4 A
A717F AfelEAIQL A7t ERle g 93]/ HE A$(C-to-T), 183 5  overhango] AFHA <l
A7= AR & ARG Hol A A717F Frobdel AR ekl AR AQ ofddo® ¢S
HE=  A$(G-to-A)7F  9Urtt. Double-strand olHE e A$ 5 ¥k  overhangS DNA
polymerase® ML 3 D] overhang exonuclease® Z&] WrpAl Ho] 5 webe] H&
REe] C-to-T X|3ko], 37 Hihe] & WEe] G-to-A X|3o] ko] et o240 2 NEBNext ®
Ultra™ 11 gfolBefe] 7]E°] A% 5 kel overhange] ov] FHAQ 7= A o] F,
HEE golHelge] <2 § USER &4 (UDGSF Endonuclease VIS 715 7F &4)E A e
HA 3 PCRAIA Q5 EA&7F 2bd 71E v S8 Aol A e g ® Qs 57 2wke] C-to-T
A gko] = Al d7]el ARt B Sol#Ql sido] yhzkdn. vbeF glolB ey AF Ao FE=C
sl UG HeElE s 49, C-toT g DNA holHelg] Hoke] F Al 7] AEoAw
g H oz Yehs vi'lo] ¥ZE . Single-strand gho]lB gl - DNAS 1A= F Aol
Fod F Zzbe] tE geolHggle AlFAdol HER G-to-A ASo] A|AAEH= do] glof

¢



8 =1 518} 3] 4] VOL. 4
5 st 37 wd BN C-to-T A ghgte] #EETh. (23) AR WA dj|le] SRt gholB ey
Ful Bl BAY 905 s Aoty ol Doluwstz Ad v Az P
SIgtozM NGS Au7F AAl IDNA #AHE AlEA8E A7) gteA] o5 HdAsed AR
ES X2 HEo] oidHe ARt v yehds #EFdoms Alge o DALY oFE
FAY = Jdoh. B AFolAE mapDamage v2.0.95 AMESle] AFFWAS) S Fl, AA x
DNAS Al &S ATt (d 4).
aDNA &t
A NEB Of & S — 3’
— A 2R} 3 EE— 5
ﬁ cOlM u=Z A|EHE H7|
— A‘Hlﬁ(ji”%@%ﬂ S — @ single-stranded
cT \%}gc 3 ——C S —n 3
m——caAXEE
\ - —
sEO— 3’
~ 30.“ NEBNext® Ultra™ Il library ~ 5"OROmmm——g
S’J 5 3
F[e—— 5’ el e— 5’@ ¥ ‘
3 5
- sEO——n 3
5 O — 3’ s —— ) 3 5@ ¥ PR o —— Y
2 e —— 5’ gl —— 3 5 S— 3
double-stranded :¢_5 3
mllse. 5’
5RO —— 3
mlhe— 5’
51_’ 3
S’H 5
S’W 3
3,H 5
s’
a9 3. ol FHY WE Y& mapDamage 1H AP} & P e BE7HA Addz
partial-UDG &= 3+ TolB ], double-strand non-UDG E}O]t‘ﬂiﬂ NEBNext ® Ultra™ 11

golrg g 7|EE THEZ non-UDG 2tolHef8], 18]al single-strand a}o]uaa,} A 2F wAlof ulet

e te A wA dEe] FRE UE ol %4 dm Ul
Jolmelels wARE W YEIr AF Wy A9s ol e

FEL, 39 FHe Y=o 3

5 F9elMe 471 A

198 papDamage® 83

Hze] =He flmel

ool A ERFE 7] ABES e



2025 =GR et al. — AA R F3AA A DY AR Aok FAw, A5 WA =4 9
5'end 3'end
0.151
0.101
(1)
0.051
0.151 1 3 57 9 1131517 19 21 }21-19-17-15-13-11 -9 -7 -5 -3 -1
0.101
(2)
0.051
0.151 13 57 9 11131517 19 21 }21-19-17-15-13-11 -9 -7 -5 -3 -1
0.101
(3)
0.051
0.00 1 e et

Iy 4. MAB097 MAZEH AZA golrEd

1 3 5 7 9 11 131517 19 21 -21-19-17-15-13-11 -9 -7 -5 -3 -1

=

L

mapDamage ¥|®¢] ®H|&, (1

non-UDG o]l B g

)
Mo FxfAA

(2) Full-UDG #}olB.#1e] (3) Partial-UDG #}o]H.2]2]e] mapDamage 1¥H. &S Al 75
C>T A 3ke] H &S, F2 A4 FX2/AA 715 >A X3 v]&olth. Al dd-S FolB g e &4
WAle] wE ALS- WA 9’19 mapDamage 1HS ofv|gitt. %o FHMEL = 5 G A9 7]
AFES, +5Y FHELS 3 FFdA YEhve 927] A 3ES e



10 Sk 7 818 3] VOL. 4

1240K SNP o8 AR 2

o

NGS ARERE AURFAT BAL 7] As teel AFRAA W] BEe| fste] mrjelE
AR (genotype) & AAAolok @k, A i AATelN BRMOR Age we] HEe

= r
1,233,013 709 tiEFAA7F 27020 (bi-allelic) ©d A7t} 8 A (single nucleotide polymorphism;
SNP)S 2gsl= 3 “1240K7  Hdo]th(Fu et al. 2015; Haak et al. 2015; Mathieson et al.
2015). 1%7] Wil -7t g B2 5E 124K FHAAES AAEE 2ot gl
JIDNA AlE 9] A9 - whe AWM A (Ix B 285 ofgle] 2= AW A dolHE
7bFs/dol =k w2 AWEAY] NS dHelHERY fAARFES AAste AF, mdAd 4
HAGoNA FHxFAA FdAde] Ay FAAF vs) o dasEs F2AdA d3(reference

bias)o] =S (Priffer et al. 2010; Han et al. 2013), IZFAdA9 HAAIFS Wo] zt:=

o
=

o

SIS : 9ol
x50 FAREe BRRFOR 2= A9 fsl HAAEe Adee Fo ted
AN BAZE MG, FRAAA Dol BANE P, B2 FAAd e T AAL g9
Zohe #Agl FAVRAS 2= ANY 2R A 2

A2 S AA 3= pseudohaploid WHAjo] MZHTE, ©
-Q30 -1 [1240K SNP #}2] gH] = pileup 4] FLS w5015, pilewp FHLEREH FHAAEES
ZAAsE= pileupCaller TEaMo] F&2 AFgo] H, —-randomHaploid 4L Fo] pseudo-haploid
FAAE S AHALS 4 Ar}t. samtools mpileupd] -B S mpileup?] 718 3419 alignment
= -

A5 BAdFE 7S 759, ol 1A ¥S AF FE FAAd ke gEsdd g
g

(2

IDNARF-E O] e AAS & wol= Hgk oA dAus AR WA E Qg 7] A

A sFolof gtk 7] EAQ M ARSI S BE dVIEel ddEe SNPEe TS

= A2 AR WA G, S delBggE ofEA

A wEt Gk ob 4 DNA ARS WA SRl oA A W] 7EA S ARS- WA SRl

= w7k de=d, ®xTZA<double-strand non-UDG #holHE.# ], NEBNext® Ultra™ II

glolB gy Z|EZ "FEod non-UDG #to]B.2]d], single-strand non-UDG Z}e]B. 2 2]¢} partial-UDG

A gk geolrefelzt Aot vl gholBg g o ARS WA wet thgt e AFES AT

ATHH 5).

1) Partial UDG A& 3 ZtelB el A5 A5 WAde] 57 3 30 Heke] AR 917
agEo] Q7] wiEel, @ F €+ vhaA(masking)siwo=A C/T < G

AA AAs &= 5 Aok, vi=F 1 - 3 bpE trimBam TEIHO T AT S dhof {FHA

A3l

A

~
=
w
5
il
1]l -
=

tlo o

oft

2) Double-strand non-UDG Z}eolB.&|g]e] 7 #=o] #AIglel5 o C-to-T Wolet 3 o G-to-
A ot Ee WER EASRE BaAolAl /9 G/A S\eE B FAga
Transversion®l SNPRF ARE-3li= W o] duh. & gl=9 5 3 30 47] 9us ddxo=
5 - 10 bp A% wkaAsh= WHE S, banUtils®] trimBam 2585 Fal 44 1P
T Ak Ao A Be 744 FAEE A He dRo] dow, FAe AS 1 - 2%

e Fe AFUAAAE AAL 5 g Bl 9l
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3) NEBNext® Ultra™ II #ojH &g 7]|EZ 75o1d non-UDG rolB#zel 45
Py sjes 2 88 B2 Agd dis] fHAAESE 24T ¢ 9
A3l 7lge] DNAE A #A3 A A d(positive strand) =

CHAS 3 FEuo =2 HEE 7R AL C-to-T AFEHAS

ol >

i
g
=
~
Rl
et
¢

o

A 7] Ao zHA HER, 5 =S trigBamlo® wpAAI F C A&
T 9. vz FZGAAYG AR F=he] DNAZE A A3 84 A QD (negative strand)
Fro A9 FFEFAA V=R G-to-A W] AHZHQ (-to-T WIS z2tu gomz
w2 5 geks wafd & G/A NPE AAAE Aok /T G/A SNPES A9
Uz SNPE2 BE YEES o)&ste waAsA] g §AAES A et 57 dd b

5

bp Wk flElA = trinBam T2 “-L 57 S-S ARSI, 8 MES FE5HI
3= samtools view -F 16, &4 AES F=317] Y8l E samtools view -f 16
AREE 4 At

4) Single-strand =lolH#gle] A
T BR g MES /T SNP=el
NEBNext® Ultra™ II 2}o]Beeg]e} H|zshAl S H%ilﬂr =4 MEs U] = 5, A4
ALZEE = G/A SNPEZ,
YEsRRTE A4t U
-singleStrandMode®t= &4

243 5 Ak

o °
j=4 =
S Sl AP g 93 S ). pileupCallerol
s re 2

3 A
JEE WA uE ol AFon FAA4YE

s Ao m weEoAe= FAAE dd BEE T e AL eigenstrat Aol
=7 do] shte]l FHES ol FA "rk. SNPe] AMA A HAek dEFAA ARE
Hal = NP e snp BAAE 7HAW, shube] #o] shite] SNP o Fflel wtigEvh. JHAl
R A= IND FdL ind FFAE 7HAH, 7Hiﬂ~°4 olF, A¥y Hddl wFd HARE
How, shtel dol shuel iAol tiedEn. AV Ads FEafdAe] 49 vl RS
FA2 YEbd GENO Hd2 .geno BHFAE ZHAW, AL shte] SNP Fflel thdt o HAIE]
FAAEE, 42 shde] JhAle] EE S\pel WiE fAdAEe dEkdn. & dTelM AR
pseudohaploid FAA-g el A5 olgH HAAE 7 5 gle== shte] SNP #9jel thall GENO
Fd Wolld = FE2RAA7E 7= #AAEs sdddeR 7= 2, FEadA A
A @ 0, B 25 #e dviss 99 AV @t T shunts 2 HY, =5 _1?_4401]/\1

NHHT A97h EANA &S fdehn $AL AAsol Bk, NP, IND, el GENO Al 5]
j
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= CTXEE
== m GAXEE

5 OO 3 S OOl 3
/ C/T? G/ASNP H| Q|
- ‘ 5’ QeI 3 5 OO mmmel=lh 3 5'“ 3

S C/TSNP 27
5K Tl T 3 5Q o Lo L LECK S:MS'

™S G/ASNPEH

_» G/ASNPZH
5 mOuC——Ca 3’ ! e ——Ca 3’
5 mOa(——n 3’ 3 5 3

5 Qe O 3’ 5 i —s 3’

5°

3

N C/TSNP ZH
<>c0IIJ~'IuEXI§'E°.§.'7I . cUHMAZXBE 7| === HzgBHIIE39M2 [I] 022

a9 5. FolEFHF AF WA ddd wE FARY 2F FF =23, oA FEH ofeirtA AtHdE
partial-UDG A& & 3 lo]H e, double-strand non-UDG #}o]H.2]¥], NEBNext® Ultra™ II z}o]H 2]
ZIEZ w0l non-UDG 2helHelg], 183 single-strand zhelHelg]e] §AxE AA HAgs =253
Aoy, 2} golr e Al Tpgol wE A v S B &St

HH FHE IND It
rs950122  rs113171913 R oy zory
7H 1 c/c c/c 7H5]1 M FCh
73 G/G cre THHs M Hets
SNP I}t GENO Itgd
SNPOI2  GME QWYX (M) Yklbp) EEQEM  YSTX ZHA 7HHl 3
SNP SNP
15950122 1 0.022720 846864 G c 0 2
rs113171913 1 0.023436 869303 c T 2 2

I3 6. Eigenstrat ¥ B3} A FdxEo] oJEA eigenstrat THOE FHHEXS =233+
Avlolty, FAMS S\P rs9501220] WlE] e ARE, dSAe 20 e ULEE ARE

G el
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44 44 2%

NGS BlolElS] % el A W A Aotk WA X AAMS Y GAA & 4H, oL
g g

=of Pt ANLAT FAAA P

Utk
A HEsnt dHYS ded, Y A g vk D ke Avshs MAPQ7E 30
ojetql gl=Eol AAT] el NAPQ 3 % g
T AFHE 7A). 1240K SNPE xdtel 2= A W Ad FHe] obd d95& AW
o Y e AueAE XGAAG FdaAeh gAsAl vzt Theai. dAR dlelE 9
YAl A Ak X G ] A AE dAAe] Gt AMAR v § vlashd Al
o2 FEE 2ol & S 4 Stk (Y 7B, & 1).

A MAB097 (Male) B

0.075+ 044
Type

0.050 & rmdup.q30
@ 1240K

Female

0.2 ® Male

Depth
Y/Auto

0.0254

T T T 00- T T T
Auto X Y 0.6 0.8 1.0
Chromosome X/Auto

7. AEAAS AGHA AVEAZ o)L AE AA. A MAB097 Aol wigt wiF ¥ A2 2
2 Az el Al H Aviglx] W3} rmdup.q30: MAPQ A7} 30 o5kl F=E AAT I,
0K SNP AHe]& AWets g=59 @7 o]F. B, AAMMAS A v&S vluste] AES
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1. ZolEee AR A3E FFAA, ZI8A AR H AE 57‘3 23, oluefeHRE
MBS Fehm RS ERD A%, Autosone® 4R AAS) AN, X X @AA] A,
Y& ¥ G A,
A ID Library Autosome X Y Sex
Non-UDG 0.1123 0.0534 0.0542 M
MABO97 Full-UDG 0.1894 0.0901 0.0917 M
Partial-UDG 0.0953 0.0454 0.0469 M
Non-UDG 0.1527 0.0783 0.0709 M
MABO098 Full-UDG 0.3181 0.1575 0.1553 M
Partial-UDG 0.0474 0.0222 0.0238 M
Non-UDG 0.0862 0.0403 0.0417 M
MABO099 Full-UDG 0.0585 0.0280 0.0288 M
Partial-UDG 0.0151 0.0079 0.0086 M
Non-UDG 0.0608 0.0298 0.0285 M
MAB100 Full-UDG 0.1762 0.0836 0.0817 M
Partial-UDG 0.0409 0.0195 0.0197 M
Non-UDG 0.0940 0.0909 0.0005 F
MAB102 Full-UDG 0.0410 0.0395 0.0002 F
Partial-UDG 0.0568 0.0547 0.0007 F
Non-UDG 0.0954 0.0456 0.0449 M
MAB103 Full-UDG 0.0650 0.0307 0.0317 M
Partial-UDG 0.0428 0.0198 0.0229 M
Non-UDG 0.1184 0.0576 0.0561 M
MAB104 Full-UDG 0.0793 0.0356 0.0364 M
Partial-UDG 0.2485 0.1174 0.1188 M
Non-UDG 0.1257 0.1229 0.0011 F
MAB105 Full-UDG 0.1083 0.1067 0.0007 F
Partial-UDG 0.1233 0.1190 0.0011 F
Non-UDG 0.2312 0.2170 0.0021 F
MAB106 Full-UDG 0.1271 0.1122 0.0006 F
Partial-UDG 0.1065 0.0969 0.0011 F
Non-UDG 0.1375 0.1367 0.0013 F
MAB107 Full-UDG 0.1261 0.1167 0.0016 F
Partial-UDG 0.0732 0.0682 0.0007 F
Non-UDG 0.0754 0.0750 0.0004 F
MAB108 Full-UDG 0.0193 0.0188 0.0002 F
Partial-UDG 0.0260 0.0243 0.0006 F
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NGS 79k JIDNA 4% PCR 7|8k} 7]& JIDNA 4o txz5 o] 2o A3 F4o] 7hs sttt
eaEe A TS AR FAACNA WAl (haploid) & EAIShE DNAS] A Al Lot
AF g

TR Q% AV AgE Aefstd ol oM oA skl Av|vto] yEE ojof
KX

s &&eto] ALt o] /\}—QLQ'E DNA @2 mEZ=eloke] DNASH H/de] X A 4 F
Azhe] dolupA] k= FdHolrt. wheF 9¢lo] dojdrhd Fuke A thE A (polymorphism) S 2t
Ao g 4zl FJelA o8 v& 0571301 e Ao, ofdl goMe dPde T s
Z2318t0] 2PEE 243 4 ). UEHoZ uEI=g ol DNAS 7|Hlo R S dLE A=
Schmutzi ZZ 13 (Renaud et al. 2015)7 A9l X GAA ddS 7|Hoz oH9EE _irxg—s}
ANGSD Z 213 9] contamination & (Korneliussen et al. 2014)o] Ut}. H|EZ=Z]o} DNA

_4_4

2 T

LdE F4o A4 ddaAe nEZE ol DNAS H&o] F& F-flo wEh th2r] wid] AA

S 4 A DNA _OL?M HlE3 o2 ghe 7hE o ok, el whel] ANGSD Z21%8e] contamination

EES d9daA o9 wEs AH FAl Jheshd X dAAE 7o e oAl disiA e
\J

A ede] vEe FASA X, ¥ ATl schmutzi ZRIHI ANGSD ZZI1H
contamination & v.0.937% ZE&3IATHGE 2). WEZE=gol DNA 9 %=E FAsH7] ¢ WA
nEFZ=glo} DNAY wjsg e g=ETRS HHHE & ., samtools fillmd 7]so=z wEIT=go}
FzFAAN AL 7+ ELdX9 A2 ®AIE BAM Ao MD Bl2ES 2ulEA A FAY. g=
7} 30,0007) o] Wol7b= A9 Schmutzi TE2#e] A&3dt AL $8] samtools view -s
HA0® 30,000 A B=E FAHR FET BAS whEo] L BAMO dia] AdsiFolvh. Schmutzi
x2ae] 7% contDeam.pl 2FAHEE WA &H ¥, schmutzi.pl 2IAHEE ST},

ZAHE BY V|geR gru "WHoRFE ANS WAl & 479 MeE Awste -

lengthDeam 341 & non-UDG Z}olH e8] % 20, partial-UDG} full-UDG elB#Elo] 7

29] #E T o, contDeam.pl 49 A —library 40 golB# g e FFo Z2A double-
strand ZhoelB g ZA doubledts AU, schmutzi.pl ZE=E &9 woli= -—notusepredC
wAE Fo] W2 o9dxe AR dE Ldx FAS T 5 JdEF AT, Non-UDGE

NEBNext® Ultra™ [I golB g 7|ES] A9 contDeam.pl FE=9] Bam2Prof =7} 5 ¢ C-to-T

Agke] PR Az @ gfde weA il FEstA Fv Aol EAeH, olE sk 98

bam2prof -double -5p ${ofl}_nolen.endo.5p.prof -3p ${ofl} nolen.endo.3p.prof -length 20

Halo]Z AL83}9] endogeneous DNAS] deamination rate ™21 H3F deamination rateE 7|Rro =

ol HYS wHESloH, contDeam.pld] = BE = olg m=9o RES FXA g 35lo] bam2prof
=

WL contDean.ple] E94 RS MY = F oG b

m\m
Ol

27

my $cmdBam2Prof = $bam2prof." -length $lengthDeam -endo -".$library." -5p ".$outputPrefix.".endo.5p.prof -
p ".$outputPrefix.".endo.3p.prof $inbam";

runcmd ($cmdBam2Prof) ;
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® 2. FojEy ANEAY 2AE 2 d: F4 FH.

ANGSD X contamination & Schimutzi (MT)

WA UDG 38 nSNP  nFlank rSNP rFlank AR MT AWM A L¥9= (7]E) SdE (AY)
non-UDG M 51 459 0.000 0.001 -0.003x0.003 27.84 0.98+0.01 0.01£0.01

MAB097 full-UDG M 225 2025 0.002 0.000 0.005%0.005 79.12 NA 0.01£0.01
partial-UDG M 106 954 0.000 0.000 NA 41.53 0.01+0.01 0.01£0.01
non-UDG M 82 738 0.000 0.001 -0.004=x0.002 11.87 NA 0.01£0.01

MABO98 full-UDG M 527 4743  0.001  0.000  0.001+0.002 34.38 NA 0.01£0.01
partial-UDG M 56 504 0.000 0.002 _OO' 000066i 6.54 NA 0.01£0.01
non-UDG M 3 27 0.000 0.021 -0.072x0.160 8.89 NA 0.01£0.01

MAB0O99 full-UDG M 18 162 0.000 0.003 -0.010x0.011 22.91 NA 0.005%0.005
partial-UDG M 9 81 0.000 0.000 NA 8.08 NA 0.01£0.01
non-UDG M 24 216 0.000 0.003 -0.006x0.007 8.04 NA 0.01£0.01

MAB100 full-UDG M 195 1755 0.000 0.001 -0.001£0.001 27.91 NA 0.005£0.005
partial-UDG M 19 171 0.000 0.000 NA 6.30 NA 0.01£0.01
non-UDG F 14.03 0.99£0.005 0.01£0.01

MAB102 full-UDG F 8.58 NA 0.01£0.01
partial-UDG F 11.49 NA 0.01£0.01
non-UDG M 27 243 0.018 0.011  0.017£0.047 11.42 NA 0.01+0.01

MAB103 full-UDG M 21 189 0.024 0.006  0.057£0.057 11.13 NA 0.01+0.01
partial-UDG M 17 153 0.000 0.000 NA 6.40 NA 0.01£0.01
non-UDG M 57 513 0.017 0.005  0.038£0.036 20.59 0.01£0.01 0.01£0.01

MAB104 full-UDG M 36 324 0.000 0.000 NA 23.95 NA 0.01£0.01
partial-UDG M 384 3456 0.002 0.001  0.004£0.004 59.00 0.01£0.01 0.01£0.01
non-UDG F 15.29 NA 0.01£0.01

MAB105 full-UDG F 17.37 NA 0.01£0.01
partial-UDG F 30.09 NA 0.01£0.01
non-UDG F 18.89 0.99£0.005 0.01+0.01

MAB106 full-UDG  F 16.92 NA 0.01£0.01
partial-UDG F 19.10 0.01£0.01 0.01£0.01
non-UDG F 23.09 NA 0.01£0.01

MAB107 full-UDG F 34.71 NA 0.005%0.005
partial-UDG F 17.35 NA 0.01£0.01
non-UDG F 18.89 NA 0.01£0.01

MAB108 full-UDG F 8.80 NA 0.01£0.01

partial-UDG F 12.29 NA 0.01£0.01
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HNEZc=dol 2 Y FEE20F 473
At A= rlEZ=e]oF DNASH Y A4 A Aol d7] wiiel NGS tlo|H =5 -E &2 1H
ARE G/ @5 F Utk AR FEEIF AERE Huo ol A, A mE ARt I
FAe fF&A AeE 4 Jdo. mEZE=gol FEE1wE9 A9 Schmutzi®]  endoCaller
IR WS o]&3te] AE EH nEFZZ g o} consensus sequences AP, o] ZFHE A& fasta
g2o] uAdZEE HaploGrep v2.1.20 (Weissensteiner et al. 2016)S o]&3}o] mEZ=go}
stERawol TFEATHGE 3). Y AMAIS B A 1240K NP 7= AR S AAT g ew
frAaxEs AASE, I1S0G6G deolguo]~e] Y A SNP 13,508 ZHel  tisl]  fHAE S
AoeEA Q]

ARsF o™ | pileupCallerol Al AP A FH4AES AA3F= --randomlaploid &4 thAl
Y fAAe 5A4S et v fESdA #EHE SPE fAAdEer AAse -
majorityCall AL ARG, d&  FxAFo=ZHE  yHaplo ZE13(Poznik 2016)
(https://github.com/alexhbnr/vhaplo)S AF&ste] YV StER21EHFS 9o, ——ancStopThresh 10

wdE Fol ADNA Aol A e o A5 E & FATE 3).

¥ 3. EZ=golet Y 3 ERIE FA ZAF.

A MT Y

MABO097 D4j+ 16311 Qla2 (Q-1L57, Q-M346)
MABO098 F2al J (J-M304)
MABO099 U4blad Qla2a (Q-1475, Q-L53)
MAB100 K2blal J2a2 (J-1581)
MAB102 D4j+ (16286) -
MAB103 G2ab J (J-CTS3732, I-M304)
MAB104 Cle Qla2alc (Q-L334, Q-1330)
MAB105 D4j12 -
MAB106 D4f -
MAB107 K2blal -
MAB108 H2b -

A% 4A

NGS HlolHZ5E /MAE 3 1F #AY F4& dA JdT 5 Aot 77k AETH 1F9] 4§

FE 214 YA (Identity-by-descent; IBD)<]
)

A OF NG 2ARAE AT 5 Ak @ Age Oy FA48 F )

320 oFA}

o TT [elKe] — gl

ZHA Hed, 7 AFEeERYH Uy FHAE 747 v AEY s u 7oy A 22
ZAorREH 71938S 35S d9A A9(coefficient of kinship; 7HA] 19k jol dhal Fij)oleta

Aogirt. o] Aejo] EAG Asol & Wl A Fyy g 0.5, FE-AE FA-AE F

F/ol5 A= Fi; #kel 0.1257F "u. o] dAAFE
pseudohaploid Ho|EEZHE FAst:= s WHE = sr} pairwise mismatch rate (PMR)
W Eo]th(Kennett et al. 2017). PMRE A9 += F pseudohaploid Aol dX|shA] &
gEol, F A Apololl dX|ekA eF= SNPO| HIER FAIG. F FHAYH ] IBDY FE Fijol
ek Abd BRE 2 okd PR o] 24 @t AE & low, o= PR @S Stud 7

rot


https://github.com/alexhbnr/yhaplo
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FAAEe] IBDY  FEo| 3 ARE umlgor IFH AAE A5 £ Jdu. F ORAQ
pseudohaploid FAxH o ZRE ZHzZF &ite] SNPE #okS uw] AHYAF pseudohaploid A
AAZE she] AARTE dEFAA stuE dder AEHS ¢ ZolBE F S\PE Fil gER
IBDQ! wHE-frdAteltt. = SNP7F IBDolW Ao 2 diygFHdAE 7147 wiol, 53 22
=

=]
ZA5

i)
o
rot

=z
la=s

B
P(-7SNP 7} 15| 7 SNPZ} IBD) = 0

AW A# T SNP7F IBD7F ofuelar strielm= SNP #9] io] § thEfEA SNPel Hek wgol

B Y
polx &ttj-uilwl2a WAL wErty 7HAeS w1 - 2p(1p)9 FEZ F NP S & du.
AA PR #S Al o= o2 NP 291 Eo tisl] Hd o= IBD7F ofbd w AMEH g F SNPrF
g=s F5S A B Ak S, N NP #F Yl disid oy 2o Ao wSEn | o] E

PMR®] 713:gk(baseline)& A H 3t bete 7o = YeEbl = sl
N

P(-7SNP7} /5 | -7 SNP 7} IBD 7} o} &) = Z 2p;(1—-p) =b

i=1

oAl ZANHES olgste] PRH F ol o2H #AE T¥ 4 o, thed e £
W e o,

PMR = P(-FSNP 7} 0}5) =
P(+#SNP 7} t}5| = SNP 7} IBD) P(5=SNP 7}IBD) +
P(#SNP 7} t}5| 5 SNP7}IBD 7} o} &) P(=SNP 7}FIBD 7} o} ) =
(1-F;)b

=, bot PIRo|] Foixle o Figts & & L, Fyato =258 + 7iA P IAS8AS 752
Aok be @2 EE dEFdA WEE ZE8] ok Ag olE4s &Eshe] Aishs Aol
bestd, AEe e Av|eh ASAE ke NP HHEZ Jd 2 S\Npe] gigfHAr REE
7438kl bE Atsk=d AL o] BEE Pl PR HOoRFE dom bE AL A
Ad., F A BHer #5571 hedd, e JHAl Abele] PRe R -, Figkel 0.59=
olgsl = JHAe] PMR gte] Hubs b= Ashs WHI AAPES] oS AH8ATE obd

Zoleh= 7H4 sthell PMRS] HRIgHS bE sk Wiio] St

PRE 4 AE &3l 5SS AAstes WHESRE, B 73 AAE FAsI A&
AA 3= KIN (Popli et al. 2023)%% ancIBD (Ringbauer et al. 2024) W Eo|u Fdx38 HelS
w5t #AE A8 IBSrelate (Waples et al. 2019) W 2o wls) AF-#H<l A% ALS
TR T8 AdHoly, 3a KT W BAS FAs=d FAE Ak, T3 PIRS SN 3H
AP o7 WA= AUTERE FEA @€a e FAEs e SAFeR=E

Chromopainter/fineSTRUCTURE (Lawson et al. 2012)9} Zo] SFEZEEFY 7]¥F HAHE FE3t=
W Eofl Hvl&f mAg Jd 25 77 Al ddde dAE Ado. afdk® EEkal PR 1
4 a7 delE e o] vtk el o, A B oA 7] dACA JHA
2 FAA AAEE Felate SRR dy AMEEH.
2 34T PR @S TR WEoR JHASE RSkt AHIE Sto]=3 AIDNA
NAIZHE 2 PR, 12 52| PR, 2e]al 23¢
A=l PR el SHA PR gt X8t ee &A1 7F dv(2d 8A). EF, PRE
Bs ade 23, 2& MARSTYH & golrggsoe] WA

AL 7k RAECl JMA dEhe ddS FEeHA aEd Ut

N

ol
2
N
=
]

o
o
| |
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JtH(2¥ 8B). E BAS E3 1z = 1PF(AB100ZF MAB107)3 2} 1= 1% (MAB0973 MAB099)-S-

T % g,

= 9AES AA IFHA dolHE
2 BusE 7o), we
#ajoF 3tk IDNA NGS

S~
>,
X
‘

o,
=2
Lo,
rot
2
N
N
rieh
Lo,
|
o,
tlo
a1

A, IDNACl el DNA L% FA, athele Ay
ngEFZc=glolet vV E2aE, 2@ udgel 7P A5 FAS AP F dqy. B = e
JDNA A Aty B4 Jey HhHE Ao tis] AduWsigon, =8-S unigEro g 31DNAJ)
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30 1

Dublicat 1=t Dnd Base PMR
uplicate
P degree degree 0.260
40
S
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V/\ MAB100 MABDST
MAB1Q MABDSS
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prismatch
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g
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alue
ﬁ MAE1D A0201
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r‘ MAR108 ADZ01
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MAE1DR AD2DT
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B oRsdAt fY- A9 AREES B FY 5+ 9t oo BT B9 FHES
S, w2 Qo] YA S o4 WE ZEE w4 (Bash) BHow AHHYY, wE mEE
bl fastq AR Al @ mEolt Bao] mek oyl AWy Astel s WAHoE Y
SRS YT 5 vk B FHL 42 o83 PolFo] ;= T 7o) AW AU

LA SIS GAE Ue BASE BE 48 ARA9 4nS gn g, dss

< oA e Em olFox o FHeln, el dAUE TFeRA dolof star, &9

shel
FRAZ Fuloll W(tab)S AFESlor ATk (E % B AMERE & A olnae] o
43 2 2E st

fastq <ol = AR 4% 3¢ fastq 2 el =S, PE AIEA
A5 g1 g=2 5l As dRE et B gEaFolop gtk gholHy e F
ssLib (Single-strand library), non-UDG, non-UDG_NEB, partial-UDG, full-UDGS] ©Al 7}1x] =
st dEalof ok, Fole FF A FxFdA 55 gdd e T olFS dysiFoior
gk},

¥ 4. Y2E 93U d4A.

IID LID RID fastq o] = A= o]l H 2] g =

== =
ST

MABO97 | MAB097.A0101 MAB097.A0101.5G1.1 /fasta/3tL71A] ¢ /A ) 4 2 /MAB | non-UDG_NEB Human
097.A0101.5G1.1_1.fastq.gz,/fa
sta/2Fd 7k 2] /A o) 7 = /MAB097
.A0101.SG1.1_2.fastq.gz

MAB097 | MAB097.A0102 MAB097.A0102.5G1.1 /fastq/3FA 712 2] /A B Z/MAB | ful 1-UDG Human
097.A0102.5G1.1_1.fastq.gz,/fa
sta/ A 7EA] 9] /A ] 7 2 /MAB097
.A0102.5G1.1_2.fastq.gz

MAB097 | MAB097.A0201 MAB097.A0201.5G1.1 /fastq/IL 7R o] /) 7 Z/MAB | partial-UDG Human
097.A0201.5G1.1_1.fastq.gz,/fa
sta/TFL7kA o] /o) 7 = /MABO97
.A0201.SG1.1_2.fastq.gz
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off

FotA g, B9

ul

= FEFAA Hde] e A=

Human /home/References/Human/hs37d5. fa

Horse /home/References/Horse/equCab3. fa

Cattle /home/References/Cattle/ARS-UCD1.2.chrY. fa

Sheep /home/References/Sheep/oviAri4.fa

Goat /home/References/Goat/Saanen_v1_MT.fa

F2FAA Q97 (Index)3}71

TS sy A, FEFAA fasta 39S BWASE samtools7t 7] HEE & A=F AU S
sFolof Gt 53 BIAS o4 WRel: BrHon Au4L dFolol Bt

= 1 FEEAA Q9 2

bwa index -a bwtsw "${path}" # Create BWA FM-index

samtools faidx "${path}" # Create samtools index

1240K bed 3

1240k G223 AAS 93] #HxeAA 71Fo= SNPY GAA4 A 9% AHARE T3 9= bed
Q o

99 stle] WY, B FAIME (E6)3 2 P49 bed HAL AHgFACH, 1T 9 F
Z w BAST SWel i@ Aroly] wEe] 071% A% 99k 1 V1% & A9l Aol lojrh,

E 6. bed U] HA].

1A 07F A% A |17z a4 | eE A5 P/
1 752565 752566 test 1000 ¥
1 776545 776546 test 1000 ¥




FE 2. Y 373 EHE wEoFE 4 =,

mkdir Shiveet_Khairkhan; cd Shiveet_Khairkhan

mkdir -p DataProcessing; mkdir -p genotypes; mkdir -p analysis

cd DataProcessing

FE 3. main_utils.sh AZgo}. zHzte] droA dtEdoz g~E 3dS ¢JAL ¥ A Aol
SHl2 7] HA=AE sk PHoEo] wEHor Algo] Hu), ol WHo FFES 3

WolE F, source 2He WeolE Abgdtel olg MeEoA 2 F4E A,

#!/bin/bash
# Y2E g (listf)? 4T A(inum)S 7o WFES oo gl HHaErt.
read_listfile_into_variables() {
read -r iid 1lid rid tfgs libtype spp < <(awk -v inum="${inum}" 'inum == NR {print}' "${listf}")
if [[ -z "${iid}" || -z "$(Skourtanioti et al.)" || -z "${rid}" || -z "${tfgs}" || -z "${libtype}" ||
-z "${spp}" 11; then
printf "Error: Missing values in list file for task ID '$inum'. Please check your list file.\n" >&2
exit 1
fi
cat << EOF
Individual ID: ${iid}
Library ID: $(Skourtanioti et al.)
Run ID: ${rid}
Files to be processed: ${tfgs}
Library type: ${libtype}
Species list: ${spp}
EOF
¥
# libtype ®7F A & Qtol AR AHAE=A gt
check_librarytype() {
if [[ "${libtype}" =~ ~(ssLib|non-UDG|non-UDG_NEB|partial-UDG|full-UDG|Modern)$ ]]; then
echo "Library type is " ${libtype}
else
echo "Error: ${libtype} does not match category, exiting."
echo "Error: Categories are: ssLib|non-UDG|non-UDG_NEB|partial-UDG|full-UDG|Modern."
exit 1
fi
¥
# tfqs WS 7| o R stval WSS SE T PE 2 AAT),
set_stval() { ## Take a list of FastQ files and decide if they are SE or PE
stval=($(echo ${tfgs} | sed s/","/"\n"/g | awk '$1 ~ /_R2/ || $1 ~ /_2.fastq.gz/ || $1 ~ /_2.fq.gz/"' |
wc -1 | awk '{if ($1 > @) print "PE"; else print "SE"}'))
printf "This library was "${stval}" sequenced.\n"
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o HE AA}

FZE 4. YUY AAE 93 == 192, wrap_adapterremoval.sh & A8 F1}.

#!/bin/bash
source /path/to/main_utils.sh # [Z= 3]
pt1=$1 # < A=
listf=$2 ## T 2E 9
inum=$3 # Y 2E FdoA AT AAY Ame I
optstr="--gzip --threads 8 --trimns --trimqualities "
optstr+="--adapterl AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC "
optstr+="--adapter2 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA "
optstr+="--minlength 35 --minquality 20 --minadapteroverlap 1"
main() {
read_listfile_into_variables; check_fastq_sanity
mkdir -p "${pt1}${iid}/FastQ/${rid}" && cd "${pt1}${iid}/FastQ/${rid}"
set_stval ; set_fastq_input ; run_adapterremoval
¥
check_fastqg_sanity() {
while read fq; do
if [[ "$fq" =~ \.fastq\.gz$ || "$fq" =~ \.fq\.gz$ ]1; then
if [ -f "$fq" ]; then
echo "fastq ${fq} has correct suffix"
else
echo "fastq ${fq} does not exist!" >&2 && exit 1
fi
else
echo "Line does not end with fastq.gz or fq.gz." >&2 &% exit 1
fi
done < <(echo ${tfqs} | sed s/","/"\n"/g )
¥
set_fastq_input() {
fqls=""; while read fq; do
if [[ "$fqls" == "" ]]; then fqls+=${fq}; else fqls+=" "${fq}; fi
done < <( echo ${tfgs} \
| sed s/","/"\n"/g \
| awk "$1 !~ /_R2/ && $1 !~ /_2.fastq.gz/ && $1 !~ /_2.fq.gz/' )

if [[ "$stval" == "PE" ]]; then
fgq2s=""; while read fq; do
if [[ "$fg2s" == "" ]]; then fqg2s+=${fq}; else fq2s+=" "${fq}; fi

done< <( echo ${tfgs} \
| sed s/","/"\n"/g \
| awk "$1 ~ /_R2/ || $1 ~ /_2.fastq.gz/ || $1 ~ /_2.fq.gz/")
fi
printf "Fastqls: "${fqls}", Fastq2s: "${fg2s}"\n"
¥
run_adapterremoval() {
fqout=${rid}".L35.fq"
if [[ "$stval” == "SE" ]]; then
AdapterRemoval --filel ${fqls} --basename ${fqout} ${optstr}
else
AdapterRemoval --filel ${fqls} --file2 ${fqg2s} --basename ${fqout} ${optstr} --collapse
zcat ${fqout}.collapsed.gz ${fqout}.collapsed.truncated.gz ${fqout}.singleton.truncated.gz \
| gzip > ${fqout}.combined.gz
fi
¥

main

ptl=($(pwd)"/")

listf="2|2E/9} /A2 . 1ist"; inum=1 # FY2E 31U 3 = s}
chmod +x "${scfl}" # A3 A3 Ho

"${scf1} ${pt1} ${listf} ${inum}" # F= 23

w2
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F X 6. wrap_mapping_ancient.sh® # & s|Ft},
#!/bin/bash
source /path/to/main_utils.sh # [Z= 3]
pti=$1
listf=$2
inum=$3
reff=$4
main() {
mkdir -p ${pt1}${iid}/BAM/ && cd ${pt1}${iid}/BAM/
read_listfile_into_variables ; check_librarytype; set_seedval; set_stval
set_input_truncated_fastq_based_on_stval
run_mapping_job
}
set_seedval() {
seedval="32"; if [[ "${libtype}" == "ssLib" 1] || [[ "${libtype}" == "non-UDG" 1] || [[ "${libtype}"

== "non-UDG_NEB" ]] ; then seedval="9999"; fi
¥
set_input_truncated_fastq_based_on_stval() {
## Input FastQ (after running AdapterRemoval)
if [[ "${stval}" == "SE" ]]; then
fqin=${pt1}${iid}"/FastQ/"${rid}"/${rid}.L35.fq.truncated.gz"
else
fqin=${pt1}${iid}"/FastQ/"${rid}"/"${rid}".L35.Fq.combined.gz"
fi
if [ ! -f "${fqgin}" ]; then
echo "${fqin} required, but doesn't exist! Did you run adapterremoval?" >&2 && exit 1
fi
printf "${fqin} is used for mapping\n"
¥
run_mapping_job() {
printf "Mapping on each reference\n"
snum=0
for sp in $(echo ${spp} | sed s/","/" "/g); do
let snum+=1
printf "2."${snum}" Read Mapping on "${sp}"\n"

ref=($(awk -v sp="¢sp" '{if ($1 == sp) print $2}' ${reff})) ## Take the reference genome .fa file

sid=${rid}"."${sp}
## Make directory for each run id + reference
mkdir -p ${sid}
## Setup output BAM file prefix
ofl="./"${sid}"/"${sid}".L35.mapped"
## Define read group
RG="@RG\tID:"${rid}"\tSM:"$(Skourtanioti et al.)"\tLB:"${rid}"\tPL:illumina"
## Run BWA aln (-1 9999 for non-UDG, -1 32 for UDG-half)
bwa aln -t 8 -n 0.01 -1 ${seedval} -f ${ofl}.sai ${ref} ${fqin}
## Run BWA samse and filter out unmapped reads
bwa samse -r ${RG} ${ref} ${of1}.sai ${fqin} | samtools view -h -F 0x0004 -0 ${of1}.0.bam -
## Sort the output file and index
samtools sort -@ 2 -m 4G ${ofl}.0.bam -o ${ofl}.bam
samtools index ${ofl}.bam
## Remove temporary files
rm ${ofl}.0.bam & rm ${ofl}.sai
run_dedup
## Apply quality filter (-q30)
samtools view -bh -gq30 -o ${of1l}.rmdup.q30.bam ${ofl}.rmdup.bam
samtools index ${ofl}.rmdup.q30.bam
done
printf "\n\nMapping is totally complete. \n\n"

run_dedup() {
dedup="java -Xmx8192m -jar /opt/ohpc/pub/apps/dedup/@.12.8/DeDup-0.12.8.jar"
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## Remove duplicates using dedup
${dedup} -i ${of1}.bam -m -o ./${sid}/
mv ${ofl}_rmdup.bam ${of1}.rmdup.bam
samtools index ${of1l}.rmdup.bam

rm ${of1}.dedup.json

mv ${ofl}.hist ${of1}.rmdup.hist
mv ${ofl}.log ${ofl}.rmdup.log

main

sE 7. 44 3ol thed go) FeFEn

it
2
AN
wl-
[t
o
o,
fu

scfl="./wrap_mapping_ancient.sh" # $o|
ptl=($(pwd)"/")
listf="g|2E/9d /= . 1list"

inum=1 # Z2E A9 ¥ F s
reff="32FHA/55/34. 1ist"

chmod +x "${scfi}" # A3 H3 o

"${scf1} ${pt1} ${listf} ${inum} ${reff}" # I= 23

mapDamage

FXE 8. wrap_mapdamage.sh@® *%3tc}.

#!/bin/bash

source /path/to/main_utils.sh # [Z= 3]

ptl=$1 # work directory

listf=$2 ## A list of samples to be processed (LID, run, FastQs, type)
inum=$3

reff=$4

nrmax=100000

main() {
read_listfile_into_variables
cd ${pt1}${iid}/mapDamage/
for sp in $(echo ${spp} | sed s/","/" "/g); do
ref=($(awk -v sp="¢sp" '{if ($1 == sp) print $2}' ${reff})) ## Take the reference genome.fa file
sid=${rid}"."${sp}
ibam=($(realpath ${pt1}${iid}/BAM/${sid}/${sid}.L35.mapped.rmdup.q30.bam))
## Run mapDamage
mapDamage -i ${ibam} -r ${ref} \
-d ./${sid} --merge-reference-sequences -t ${sid} -n ${nrmax} --no-stat
done
printf "\n\nmapDamage is complete!\n\n"
¥

main

A= 9. AA BWHo= g Zo] EHwH.
scfl="./wrap_mapdamage.sh" # 9|o] TEolF F =9
ptl=($(pwd)"/")

listf="g]2=E/7d /42 list"

inum=1 # Y=E o] & F v}
reff="FEF A/ 55/3t4 . 1ist"

chmod +x "${scf1}" # A3 A3 Ho

"${scf1} ${pt1} ${listf} ${inum} ${reff}" # F= 23

o,

=

ExE F4
FE= 10. wrap_schmutzi.sh® #1733k},

| #!/bin/bash
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)
all
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N
\‘

source /path/to/main_utils.sh # [Z= 3]

ptl=$1 # work directory

listf=$2 ## A list of samples to be processed (LID, run, FastQs, type)
inum=$3

main() {
read_listfile_into_variables && check_librarytype && set_strandtype
ibam=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.L35.mapped.rmdup.q30.bam ## Input BAM file
set_deam_len
if [[ ! -f "${ibam}" ]1]; then

echo "Error: Input BAM file '$ibam' does not exist!" >&2 && exit 1

fi
printf "Separating Mitochondrial reads\n\n\n"
MTrefl="/home/References/Human/hgl9_MT.fasta"
MTref2="/home/References/Human/hgl9_MT_500.fasta"
ctgn="NC_012920.1"
nrmax=50000 ## Use max 50,000 reads

rg="@RG\tID:"${rid}.${spp}"\tSM:"${iid}"\tLB:"${rid}"\tPL:i1llumina"
of1=${rid}.${spp}.circmapper

baml=${of1}.rmdup.q30.MD.small.bam

tnl="templ_"${rid}.${spp}

mkdir -p ${pt1}${iid}/circularMT/${rid}.${spp} ; cd ${pt1}${iid}/circularMT/${rid}.${spp}
samtools view -h ${ibam} MT \

| awk -v ctgn="$ctgn" '{OFS="\t"} {if ($1 == "@SQ" 8&& $2 ~ /MT$/) print $1,"SN:"ctgn,$3;
else if ($1 == "@SQ"); else if ($1 ~ /~@/) print $0; else { $3=ctgn; print $0 } }' \

| samtools view -bh -o ${ofl}.rmdup.q30@.bam -

samtools index ${of1}.rmdup.q30.bam

samtools fillmd -b ${of1}.rmdup.g3@.bam ${MTrefl} > ${of1}.rmdup.q30.MD.bam

samtools index ${ofl}.rmdup.q30.MD.bam

## Downsample reads to run Schmutzi easily (capped to 30,000 reads)
nrl=$(samtools view -c ${ofl}.rmdup.q30.MD.bam)
pri=$(echo ${nr1} | awk -v nrmax="$nrmax" '{printf "%.3f\n", nrmax/$1}")
if [ "$nr1" -le "$nrmax" ]; then
cp ${of1}.rmdup.q30.MD.bam ${of1}.rmdup.q30.MD.small.bam
samtools index ${ofl}.rmdup.q30.MD.small.bam
else
samtools view -bh -s ${prl} -o ${of1l}.rmdup.q30.MD.small.bam ${of1l}.rmdup.q30.MD.bam
samtools index ${ofl}.rmdup.q30.MD.small.bam
fi

printf "Starting schmutziln\n\n"
cd ${pt1}; mkdir -p ${iid}/schmutzi/${rid}.${spp} && cd ${iid}/schmutzi/${rid}.${spp}

## Run contDeam (Schmutzi step 1)

contDeam.pl --library ${strandtype} \
--lengthDeam ${lenDeam} \
--out ./${ofl}_nolen ${MTrefi} \
${pt1}${iid}/circularMT/${rid}.${spp}/${bam1}

## Run schmutzi (Schmutzi step 2)
schmutzi.pl \
-t 8 \
--notusepredC \
--lengthDeam ${lenDeam} --ref ${MTrefl} \
./${of1l}_nolen /opt/ohpc/pub/apps/schmutzi/share/schmutzi/alleleFreqMT/197/freqs \
${pt1}${iid}/circularMT/${rid}.${spp}/${bam1}

printf "Starting schmutzi without prior contamination estimate \n\n\n"

## Move into Schmutzi directory
cd ${pt1}; mkdir -p ${iid}/schmutzi_mean/${rid}.${spp} &&% cd ${iid}/schmutzi_mean/${rid}.${spp}
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## Run contDeam (Schmutzi step 1)

bam2prof -double -5p ./${ofl}_nolen.endo.5p.prof -3p ./${ofl}_nolen.endo.3p.prof \
-length 20 ${pt1}${iid}/circularMT/${rid}.${spp}/${bam1}

contDeam.noest.pl --library ${strandtype} \
--lengthDeam ${lenDeam} \
--out ./${of1}_nolen ${MTrefi} \
${pt1}${iid}/circularMT/${rid}.${spp}/${bami}

## Run schmutzi (Schmutzi step 2)
schmutzi.pl \
-t 8\
--notusepredC \
--lengthDeam ${lenDeam} --ref ${MTrefl} \
./${of1}_nolen /opt/ohpc/pub/apps/schmutzi/share/schmutzi/alleleFregMT/197/freqs \
${pt1}${iid}/circularMT/${rid}.${spp}/${bami}

¥
set_strandtype() {
if [[ ${libtype} == "ssLib" ]]; then
strandtype="single" # single or double
else
strandtype="double"
fi
¥

set_deam_len() {
lenDeam=2 ## deamination
if [[ "${libtype}" == "non-UDG" || "${libtype}" == "non-UDG_NEB" ]]; then
lenDeam=20
fi

main

FX= 11. wrap_angsd_xcont.sh@ #73c}.

#!/bin/bash

source /path/to/main_utils.sh # [Z= 3]

pt1=$1

listf=$2

inum=$3

main() {
read_listfile_into_variables
bam=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.L35.mapped.rmdup.q30.bam
of1=${pt1}${iid}/Xcont/${rid}.${spp}/${rid}.${spp}.angsdCounts
mkdir -p ${pt1}${iid}/Xcont/${rid}.${spp}

# Generate ANGSD input files
angsd -i $(Mallick et al.) -r X:5000000-154900000 -doCounts 1 -iCounts 1 -minMapQ 30 -minQ 30 -out

${of1}
# Run contamination level estimation

/opt/ohpc/pub/apps/angsd/misc/contamination -a ${ofl}.icnts.gz \
-h /opt/ohpc/pub/apps/angsd/RES/HapMapChrX.gz 2> ${ofl}

main

FE 12, A Yol e o] EYETh

scfl="./wrap_schmutzi.sh" # ¢]o] TE|F schmutzi F=9 A=
scf2="./wrap_angsd_xcont.sh" # 9o WESF angsd?] X contamination &
ptl=($(pwd)"/")

listf="g]2E/%} /4= list"

i
K
I
o,
o
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inum=1 # 2| =E 39| g F 3}
chmod +x "${scfi}" # A3 A3 Fo
chmod +x "${scf2}" # A3 A3 Fo
"${scf1} ${pt1} ${listf} ${inum}" # Z= 23
"${scf2} ${pt1l} ${listf} ${inum}"

¥ 7. Popfile9] oAA].

FAAE 273

TR A4S 7] HelA THEolA = eigenstrat Aol HAYHE S A A
g9 A7 E maPeFE AEE XA FEnaskfile(FE 8)o]

slom 7 7] = Ho| qlojof gt

grolB gl o] RID Eigenstrat XWollAo] At o
MAB097.A0101.5G1.1 Shiveet_Khairkhan_nonUDG
MAB097.A0102.5G1.1 Shiveet_Khairkhan_ful 1UDG
MAB097.A0201.5G1.1 Shiveet_Khairkhan_partialUDG

X 8. Maskfile EZ9] 4A].

gho]H ejg] o] RID nl 7] & Ar)e A4
MAB097.A0101.SG1.1 20
MAB097.A0102.SG1.1 0

MAB097.A0201.SG1.1 9

FE 13. & F 1240k SNP #H91E AWste B=EES FE5h

At

SN,

wrap_extract_1240K.sh=

#!/bin/bash
ptl=$1 # work directory
listf=$2 ## A list of samples to be processed (LID, run, FastQs, type)
inum=$3
reff=$4
bedf=$5
set -euo pipefail
source /path/to/main_utils.sh # [Z= 3]
main() {
if [ -z "${bedf}" ] || [ ! -f "${bedf}" 1; then
echo "ERROR: bed file is missing or does not exist."” >&2
exit 1
fi
read_listfile_into_variables
HEHHHHHHHHHEHHH R R
## Stage 1. Extract 1240K reads.

ibam=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.L35.mapped.rmdup.q30.bam

of1=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.1240K. rmdup.q30

## Extract 1240K reads by providing bed file.

samtools view -bh -q30 -L ${bedf} -o ${ofl}.1.bam ${ibam}
samtools index ${ofl}.1.bam

## Extract MT reads by MT tag.

samtools view -bh -q30 -o ${of1l}.2.bam ${ibam} MT
samtools index ${ofl}.2.bam

samtools merge -f -c -p ${ofl}.bam ${ofl}.1.bam ${ofl}.2.bam # I set -f so it overwrites.

samtools index ${ofl}.bam
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rm ${ofl}.1.*; rm ${of1l}.2.*
HHHHHH A
## Stage 2. Calculate 1240K depth.

ibam=${of1}.bam
mkdir -p ${pt1}${iid}/coverage/${rid}.${spp}
samtools depth -q30 -Q30 -aa -b ${bedf} ${ibam} |\
awk -v 1lid=${rid}.${spp} 'BEGIN { a = ©0; x = ©; y = ©;sa = 0; sx = 0; sy = 0} $1 != "X" && $1 != "Y"
{a=a+9$3; sa=sa+17}%1l=="X"{x=x+9$3; sx=-sx+1}$1 =="Y"{y=y+ $3; sy = sy + 1} END
{print 1id FS a/sa FS x/sx FS y/sy}'\
> ${pt1}${iid}/coverage/${rid}.${spp}/${rid}.${spp}.txt

main

FXE 14. wrap_masksplitbam.sh® 2 # & sl 5T},

#!/bin/bash

ptl=$%1

listf=$2

inum=$3

maskf=$4

source /path/to/main_utils.sh # [Z= 3]
set -euo pipefail

main() {
if [ -z "${maskf}" 1 || [ ! -f "${maskf}" 1; then
echo "ERROR: maskf file is missing or does not exist." >&2
exit 1
fi
read_listfile_into_variables && check_librarytype
nmask=$(awk -v rid="${rid}" '$1 == rid {print $2}' ${maskf} )
nmask=${nmask:-0}
inbam=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.1240K.rmdup.q3@.bam
if [ ${libtype} == "non-UDG_NEB" ]; then
if [ -n "${nmask}" ] && [ "${nmask}" -gt @ ]; then
echo "Number of masked bases set and is ${nmask}"
else
echo "Error: nmask:${nmask} not set or @, but non-UDG_NEB... aborting..." >&2
exit 1
fi

obam=$(echo ${inbam} | sed s/".q30@.bam"/".q30.1m"${nmask}".bam"/g)

# Create positive strand/ negative strand bam files.

obamps=$(echo ${obam} | sed s/"q30.1m${nmask}.bam"/"q30.1lm${nmask}.ps.bam"/g)
obamns=$(echo ${obam} | sed s/"q3@.1lm${nmask}.bam"/"q30.1lm${nmask}.ns.bam"/g)

if [ "$inbam" == "$obam" ] || [ "$inbam" == "$obamps” ] || [ "$inbam" == "$obamns" ]; then
echo "Error: inbam matches another variable."; exit 1
elif [ "$obam"” == "$obamps" ] || [ "$obam” == "$obamns” ]; then
echo "Error: obam matches another variable."; exit 1
elif [ "$obamps"” == "$obamns" ]; then
echo "Error: obamps matches obamns." ; exit 1
else
echo "All variables are unique."
fi

# We can give i option to mask by positive strand direction

# But we don't since samtools aligned reads(® and 16 flags) are already reference sequence based.
(flag 16 is reverse complemented reads)

bam trimBam ${inbam} ${obam} -L ${nmask}

samtools index ${obam}

samtools view -bh -F 16 -o ${obamps} ${obam}
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samtools view -bh -f 16 -o ${obamns} ${obam}
elif [ ${nmask} -gt @ ]; then
obam=($(echo ${inbam} | sed s/".q30.bam"/".q30.m"${nmask}".bam"/g))
if [ "$inbam" == "$obam" ]; then
echo "inbam matches another variable."; exit 1
else
echo "All variables are unique."
fi
bam trimBam ${inbam} ${obam} ${nmask}
samtools index ${obam}
elif [ ${libtype} == "partial-uDG" ]; then
echo "Warning: Not masking due to nmask set to @ or unspecified”
echo "Warning: Are you sure you want to avoid masking for ${rid}.${spp}?"
fi

main

F = 15. wrap_pileupcaller_eigenstrat.sh@® #3al|E1}.

#!/bin/bash
set -euo pipefail

pt1=$1 # work directory

listf=$2 ## A list of samples to be processed (LID, run, FastQs, type)
inum=$3

reff=$4

bedf=$5

maskf=$6

popfile=$7

mode=$8

folder=$9

workprefix=${10}

snpf1=${11}

posf=${12}

filtersex=${13}

source /path/to/main_utils.sh # [ZE= 3]

main() {

sanity_check_pileupcaller_options && read_listfile_into_variables
# Set reference. Modify code so that it can be used with other ways.
for sp in $(echo ${spp} | sed s/","/" "/g); do
ref=($(awk -v sp="¢sp" '{if ($1 == sp) print $2}' ${reff})) ## Take the reference genome .fa file
done
check_librarytype && sanity_ check_popfile
nmask=$(awk -v rid="${rid}" '$1 == rid {print $2}' ${maskf} )
nmask=${nmask: -0}

set_input_output_based_on_mask_and_library

printf "Eigenstrat sample ID is ${outprefix}\n"

printf "bam prefix is ${bamprefix}\n"

mkdir -p ${pt1}${iid}/${folder}/${rid}.${spp}/
of1=${pt1}${iid}/${folder}/${rid}.${spp}/${outprefix}
tn1=${pt1}${iid}/${Ffolder}/${rid}.${spp}/"templ_"${outprefix}

## Create IND and SNP file.
get_sample_sex_based_on_coverage

if [[ "${filtersex}" == ${sex} ]]; then
echo "Sample has same sex with filter sex, aborting genotype call.”
exit o

fi

echo -e "${outprefix}\t${sex}\t${pop}" > ${ofl}.ind
cp ${snpfl} ${ofl}.snp




o

run_pileupcaller_based_on_libtype
rm ${pt1}${iid}/${folder}/${rid}.${spp}/temp1l_*

}
sanity_check_pileupcaller_options() {
if [[ "${mode}" == "randomHaploid" || "${mode}" == "majorityCall" ]]; then
echo "Mode is valid: ${mode}"
else
echo "Error: Invalid mode value. It should be either 'randomHaploid' or 'majorityCall'."
exit 1
fi
if [ -z "${bedf}" ] || [ ! -f "${bedf}" 1; then
echo "ERROR: bed file is missing or does not exist." >&2
exit 1
fi
}

sanity_check_popfile() {
if [ -f ${popfile} ]; then
pop=$(awk -v rid="${rid}" '$1 == rid {print $2}' ${popfile} )
if [ -z "${pop}" ]; then
echo "Warning: Population for rid=${rid} not found in ${popfile}. Using ${rid} as population.
pop=${rid} # Default to rid if population is not found
else
echo "${pop} will be given for population."
fi
else
pop=${rid}
echo "Warning: no pop file given, pop will be same with ${rid}"

fi

}

set_input_output_based_on_mask_and_library() {
bamprefix=${rid}.${spp}.${workprefix}

if [[ ${nmask} -eq © ]1]; then
echo "Masking is @"
outprefix=${rid}.${spp}
elif [[ "${libtype}" == "non-UDG_NEB" ]]; then
echo "Masking is not @ and nmask is ${nmask}, only left-mask due to NEB treatment."
outprefix=${rid}.${spp}.1lm${nmask?}
bamprefix=${bamprefix}.1lm${nmask}
else
echo "Masking is not @ and nmask is ${nmask}"
outprefix=${rid}.${spp}.m${nmask}
bamprefix=${bamprefix}.m${nmask}
fi
¥
get_sample_sex_based_on_coverage() {
sex=$(cat ${pt1}${iid}/coverage/${rid}.${spp}/${rid}.${spp}.txt | awk '{if ($3/($2+0.000001) > 0.7)
print "F";
else if ($3/($2+0.000001) < 0.3) print "U"; else print "M"}'")
if [[ -z "$sex" ]]; then
echo "Error: The sex variable is empty, please check the file
${pt1}${iid}/coverage/${rid}.${spp}/${rid}.${spp}.txt "
exit 1 # Exit with a non-zero status indicating an error
fi
printf "sample sex is ${sex}\n"

run_pileup_on_bam() {
local inputbam="¢{1}"
local tempfile="¢{2}"
local output="${3}"
samtools mpileup -B -R -g3@ -Q30 -1 ${posf} -f ${ref} ${inputbam} > "${tempfile}" && \
cut -f 1 "${tempfile}" | sed 's/X/23/g' | sed 's/Y/24/g' | paste - "${tempfile}" |\
cut -f 1,3- > "${output}.pileup” && \
rm "${tempfile}"
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run_pileupcaller_based_on_libtype() {
printf "Starting samtools pileup\n"
pileuppref=${pt1}${iid}/${folder}/${rid}.${spp}/${rid}.${spp}

bam1=${pt1}${iid}/BAM/${rid}.${spp}/${rid}.${spp}.${workprefix}.bam

run_pileup_on_bam "${bam1}" "${tn1}_1" "${pileuppref}" &
if [[ ${1libtype} == "non-UDG_NEB" ]]; then

bam2=${pt1}${iid}/BAM/${rid}.${spp}/${bamprefix}.ps.bam

run_pileup_on_bam "${bam2}" "${tnl}_2" "${pileuppref}.lm${nmask}.ps" &

bam3=${pt1}${iid}/BAM/${rid}.${spp}/${bamprefix}.ns.bam

run_pileup_on_bam "${bam3}" "${tnl}_3" "${pileuppref}.lm${nmask}.ns" &

wait

printf "Running pileupcaller for ${libtype} library\n"

pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfi}" \

-e "${tn1}"_1 < ${pileuppref}.pileup &

pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfi}" \

-e "${tn1}"_2 < ${pileuppref}.lm${nmask}.ps.pileup &

pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfi}" \

-e "${tn1}"_3 < ${pileuppref}.lm${nmask}.ns.pileup &

wait

printf "Use masked positive strand for C <-> T, masked negative strand for G <-> A, and all other
SNPs for unmasked file for library ${libtype}\n"

paste ${snpfi} ${tnl}_1.geno ${tnl}_2.geno ${tnl} 3.geno | \

awk '{if ($5%$6 == "CT" || $5%$6 == "TC") print $8; else if ($5%$6 == "GA" || $5$6 == "AG") print $9;
else print $7}' > ${ofl}.geno
elif [[ ${libtype} == "ssLib" ]]; then
wait

printf "Running pileupcaller for ${libtype} library\n"
pileupCaller --${mode} --singleStrandMode --sampleNames "${outprefix}" -f "${snpfi}" \
-e "${tn1}"_1 < ${pileuppref}.pileup &
wait
printf "Used --singlestrandmode in pileupCaller for ${libtype}\n"
cp ${tn1}_1.geno ${of1l}.geno
elif [[ ${nmask} -gt @ ]]; then
bam2=${pt1}${iid}/BAM/${rid}.${spp}/${bamprefix}.bam
run_pileup_on_bam "${bam2}" "${tnl}_2" "${pileuppref}.m${nmask}" &
wait
printf "Running pileupcaller for ${libtype} library\n"
pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfi}" \
-e "${tn1}"_1 < ${pileuppref}.pileup &
pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfil}" \
-e "${tn1}"_2 < ${pileuppref}.m${nmask}.pileup &
wait
printf "Masked for transitions, unmasked for transversions for library type ${libtype}\n
paste ${snpfl} ${tni}_1.geno ${tnl}_2.geno | \
awk '{if ($5%$6 == "CT" || $5%6 == "TC"|| $5%6 == "GA" || $5%$6 == "AG") print $8; \
else print $7}' > ${ofl}.geno

else

wait

printf "Running pileupcaller for ${libtype} library\n"

pileupCaller --${mode} --sampleNames "${outprefix}" -f "${snpfi}" \

-e "${tn1}"_1 < ${pileuppref}.pileup &

wait

if [[ ${libtype} == "non-UDG" ]]; then
echo "Using only transversion SNPs from geno for ${libtype}"
paste ${snpfl} ${tnl} 1.geno | \
awk '{if ($5$6 == "CT" || $5$6 == "TC"|| $5$6 == "GA" || $5$6 == "AG") print 9; \
else print $7}' > ${ofl}.geno
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elif [[ ${libtype} == "full-UDG" ]]; then
echo "Using all SNPs from geno for ${libtype}"
cp ${tn1}_1.geno ${ofl}.geno
else
echo "Warning: please check library type ${libtype}, Using all SNPs from geno."
cp ${tn1}_1.geno ${ofl}.geno
fi
fi
}
main

A= 16. foll AFS Z=ES o o] AH o2 Ed vt autosnpfliE 1240K SNPef o]
eigenstrat XS] .snp 219 yAo|w, autoposfr autosnpf 2&(FAA) T 4L (SNP A])=
o]Fojx F d= FH udo|r}.

bedf="pos/to/bed"

maskf="pos/to/masklist"

popfile="pos/to/poplist"
autosnpfl="/home/References/Human/SNPCapBEDs/1240K.snp"
autoposf="/home/References/Human/SNPCapBEDs/1240K.pos.list.txt"

scfl=./wrap_extract_1240K.sh
scf2=./wrap_masksplitbam.sh
scf3=./wrap_pileupcaller_eigenstrat.sh

"${scf1l} ${pt1} ${1listf} ${inum} ${reff} ${bedf}"
"${scf2} ${pt1} ${1listf} ${inum} ${maskf}"
"${scf3} ${pt1l} ${listf} ${inum} ${reff}
1240K.rmdup.q30@ ${autosnpfl} ${autoposf} NA"

${bedf} ${maskf} ${popfile} randomHaploid genotypes

I}E2aF AA
= 17. wrap_ycall.sh® A& &l 51},

#!/bin/bash
pt1=$1
listf=$2
inum=$3
reff=$4
maskf=$5
folder=$6
workprefix=$7
filtersex=$8
source /path/to/main_utils.sh # [ZE= 3]
py="/opt/ohpc/pub/apps/yhaplo/2016-v1/callHaplogroups.py"
read_listfile_into_variables && check_librarytype
nmask=$ (awk -v rid="${rid}" '$1 == rid {print $2}' ${maskf} ); nmask=${nmask:-0}
bamprefix=${rid}.${spp}.${workprefix}
sex=$(cat ${pt1}${iid}/coverage/${rid}.${spp}/${rid}.${spp}.txt \
| awk '{if ($3/($2+0.000001) > 0.7) print "F";
else if ($3/($2+0.000001) < 0.3) print "U"; else print "M"}")

if [[ "${filtersex}"
echo "Sample has
exit @

fi

== ${sex} ]]; then
same sex with filter sex, aborting Yhaplo call."

if [[ ${nmask} -eq ©
echo "Masking is

outprefix=${rid}.

elif [[ "${libtype}"
echo "Masking is

outprefix=${rid}.

11; then

a"

${spp}

== "non-UDG_NEB" ]]; then

not @ and nmask is ${nmask}, only left-mask due to NEB treatment."
${spp}.1m${nmask}
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else
echo "Masking is not @ and nmask is ${nmask}"
outprefix=${rid}.${spp}.m${nmask}

fi

echo "Eigenstrat sample ID is ${outprefix}"

ofl=${pt1}${iid}/${folder}/${rid}.${spp}/${outprefix}

if [ -f "${of1l}.geno" ] & [ -f "${ofl}.ind" ]; then
echo "Files with prefix ${ofl} are used."

else
echo "No existing '${ofl}.geno' or '${of1}.ind' files in ${folder}, exiting."
exit 1

fi

## Change EIGENSTRAT format data into yHaplo input format

./EIGENSTRAT to_yhaplo.py ${ofl}

echo "Running yhaplo..."

python2 ${py} --ancStopThresh 1@ -i ${ofl}.genos.txt -o ${pt1}${iid}/${folder}/${rid}.${spp}/${outprefix}
-c -hp -ds -dsd -as -asd

cat ${pt1}${iid}/${folder}/${rid}.${spp}/${outprefix}/haplogroups.${outprefix}.txt | sort -ki1,1 | awk
'{OFS="\t"} {if ($2 == $3) print $1,%$4"("$2")"; else print $1,%$4"("$2","$3")"}' > ${ofl}.result.txt

echo "yhaplo ${version} results appended to ${of1l}.result.txt"

FE= 18. EIGENSTRAT_to_yhaplo.py® A &3lt}.

#! /usr/bin/env python
import re, sys, os, gzip
arg = sys.argv
## Read in arguments
inFile = arg[1]
def column(mat, i):
return [row[i] for row in mat]
rl = os.getcwd() + "/"; os.chdir(rl)
## Import .geno, .snp and .ind files
maps = [line.strip().split() for line in open(inFile + ".snp", "r").readlines()]
ids = [line.strip().split()[@] for line in open(inFile + ".ind", "r").readlines()]
genos = [line.strip() for line in open(inFile + ".geno", "r").readlines()]
ninds = len(ids)
nsnps = len(genos)
a_refs = [val for val in column(maps, -2)]
a_alts = [val for val in column(maps, -1)]
hv = "ID\t" + '\t'.join(column(maps, 3))
F1 = open(inFile + ".genos.txt", "w")
Fl.writelines(hv + "\n")
for i in range(ninds):
tgv = [val for val in column(genos, i)]
tgv2 = [a_refs[j] if v == "2" else a_alts[j] if v == "@" else "." for j,v in enumerate(tgv)]
Fl.writelines(ids[i] + "\t" + '\t'.join(tgv2) + "\n")

Fl.close()

FE= 19. wrap_mtcall.sh® A1),

#!/bin/bash

pt1=$1

listf=%$2

inum=$3

reff=$4

source /path/to/main_utils.sh # [ZE= 3]
read_listfile_into_variables && check_librarytype

MTrefl="/home/References/Human/hgl9_MT.fasta"
of1=${rid}.${spp}.circmapper
bam1=${pt1}${iid}/circularMT/${rid}.${spp}/${of1}.rmdup.q30.MD.small.bam
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mkdir -p ${pt1}${iid}/haplogrep2/${rid}.${spp}/

faoutl=${pt1}${iid}/haplogrep2/${rid}.${spp}/${rid}.${spp}.circmapper.MTendo.schmutzi.nolen.fasta
faout2=${pt1}${iid}/haplogrep2/${rid}.${spp}/${rid}.${spp}.circmapper.MTcont.schmutzi.nolen.fasta

>${faoutl}
>${faout2}

logf1=${pt1}${iid}/schmutzi/${rid}.${spp}/${rid}.${spp}.circmapper_nolen_final_endo.log ## 1log file for
endogenous seq
logf2=${pt1}${iid}/schmutzi/${rid}.${spp}/${rid}.${spp}.circmapper_nolen_final_cont.log ## 1log file for
contaminant seq

if [ -f ${logfl} ] && [ -f ${logf2} ]; then
echo "Contamination estimate exists.”
else
echo "Contamination estimate does not exist, running endoCaller."
faoutl=${pt1}${iid}/haplogrep2/${rid}.${spp}/${rid}.${spp}.circmapper.MTnoest.schmutzi.nolen.fasta
>${faoutl}
faout2=""
logfi1=${pt1}${iid}/schmutzi/${rid}.${spp}/${rid}.${spp}.circmapper_noest_endo.log
logf2=""
endoCaller -cont @ -seq ${pt1}${iid}/schmutzi/${rid}.${spp}/${rid}.${spp}.circmapper_noest_endo.fa -
log ${logfl} ${MTrefi} ${bami}
fi

for Q in 10 20 30; do hv=">"${rid}".q"${Q}
if [ -f "$logfl" ]; then
echo "reading ${logfl}... "
echo $(Jones et al.) >> ${faoutl}; /opt/ohpc/pub/apps/schmutzi/src/log2fasta -q ${Q} ${logfi} \
| tail -n +2 >> ${faoutl}
fi
if [ -f "$logf2" ]; then
echo "reading ${logf2}... "
echo $(Jones et al.) >> ${faout2}; /opt/ohpc/pub/apps/schmutzi/src/log2fasta -q ${Q} ${logf2} \
| tail -n +2 >> ${faout2}
fi
done

for fa in ${faoutl} ${faout2}; do
if [ -f "$fa" ]; then
echo "deciding Haplogroup of ${fa}..."
java -jar /opt/ohpc/pub/apps/haplogrep/haplogrep-2.1.20.jar --in ${fa} --format fasta --out
${fa}_1
cat ${fa} 1 | sed s/'"'/''/g | awk '{OFS="\t"} {print $1,%$2,$3,$4,$5}' > ${fa}.call.txt
fi
done
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bedf="path/to/bed"

maskf="path/to/maskfile"

popfile="path/to/popfile"
ysnpfl_2016="/opt/ohpc/pub/apps/yhaplo/2016-v1/input/ISOGG_chrY_cleanup_170802.snp"
yposf_2016="/opt/ohpc/pub/apps/yhaplo/2016-v1/input/ISOGG_chrY_cleanup_170802_hs37d5.1list"

scfl=./wrap_pileupcaller_eigenstrat.sh
scf2=./wrap_ycall.sh
scf3=./wrap_mtcall.sh

"${scfl} ${pt1} ${listf} ${inum} ${reff} ${bedf} ${maskf} ${popfile} majorityCall Yhap_2016
1240K.rmdup.q30 ${ysnpfl_2016} ${yposf_2016} F"

"${scf2} ${pt1} ${1listf} ${inum} ${reff} ${maskf} Yhap_2016 1240K.rmdup.q30 F"

"${scf3} ${pt1} ${listf} ${inum} ${reff}"

PMR A4F
FX 21. Calculate PMR_matrix.R= A &3tt},

library(argparser, quietly=TRUE)

# Create a parser
p <- arg_parser("Calculate PMR using matrix multiplicaiton")

Add command line arguments

<- add_argument(p, "--geno", help="genotype file name, genotype should be delimited with space")
<- add_argument(p, "--ind", help="ind file name, individual should match genotype")

<- add_argument(p, "--outfile", help="output file name")

<- add_argument(p, "--pseudohaploid", help="pseudohaploid (TRUE) or diploid (FALSE)", default=F)

T T © T #

# Parse the command line arguments
argv <- parse_args(p)

# Input files

gfile=argv$geno

ifile=argv$ind

ofl=argv$outfile
pseudohaploid=argv$pseudohaploid

# Import library
library(data.table)

geno <- as.matrix(fread(gfile,header=F,data.table=FALSE))
ind <- fread(ifile,header=F)
colnames(ind) <- c("iid","sex","pid")

# memory size of matrix
print(paste@("The size of genotype matrix : ",as.integer(object.size(geno)/1e6)," Mb") )

# convert genotype matrix
tic("Matrix multiplication™)
if (pseudohaploid) {
# first, calculate nmismatch (shifted later)
geno <- geno - 1
geno[geno %% 8 == @] <- @ # 9-1 as missing
count_matrix <- t(geno) %*% geno
# second, calculate nsnps by each individual pairs
geno[geno == -1] <- 1
nsnp_matrix <- t(geno) %*% geno

# Third, combine it to calculate pmr
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pmr_matrix <- (-(1/2)*(count_matrix) + (1/2)*(nsnp_matrix))/(nsnp_matrix)
nmis_matrix <- -(1/2)*(count_matrix) + (1/2)*(nsnp_matrix)

} else {
# first, calculate nmismatch (shifted later)
geno_c <- geno - 1
geno_c[geno_c %% 8 == @] <- @ # 9-1 as missing

count_matrix <- t(geno_c) %*% geno_c

# second, calculate nsnps by each individual pairs
geno[geno == @|geno == 2] <- 1
geno[geno == 9] <- @

nsnp_matrix <- t(geno) %*% geno

# Third, combine it to calculate pmr
pmr_matrix <- (-(1/2)*(count_matrix) + (1/2)*(nsnp_matrix))/(nsnp_matrix)
nmis_matrix <- -(1/2)*(count_matrix) + (1/2)*(nsnp_matrix)

# convert to data table
iidl_vec <- c(); iid2_vec <- c(); pidl_vec <- c(); pid2_vec <- c()
nsnp_vec <- c(); nmis_vec <- c(); pmis_vec <- c()

for (i in 1:(nrow(ind)-1)) {
for (j in (i+1):nrow(ind)) {

# unique indivs pairs
iidl <- as.character(ind$iid[i]) ; pidl <- as.character(ind$pid[i])
iid2 <- as.character(ind$iid[j]) ; pid2 <- as.character(ind$pid[j])
# add to vector
iidl_vec <- c(iidl_vec,iid1); iid2_vec <- c(iid2_vec,iid2); pidl_vec <- c(pidl_vec,pidl)
pid2_vec <- c(pid2_vec,pid2)
nsnp_vec <- c(nsnp_vec,nsnp_matrix[i,j]); nmis_vec <- c(nmis_vec,nmis_matrix[i,j]);
pmis_vec <- c(pmis_vec,pmr_matrix[i,j])

¥
df <- data.frame(cbind(iidl_vec,pidl_vec,iid2_vec,pid2_vec,nsnp_vec,nmis_vec,pmis_vec))

colnames(df) <- c("IID1","PID1","IID2","PID2","nsnp","nmismatch","pmismatch")

df[df$pmismatch==NaN,6] <- NA
df[df$pmismatch==NaN,7] <- NA

write.table(df, file=ofl, quote=F, sep="\t", row.names=F)

FE 22, 4L A= APS 3},

## Check pairwise mismatch rate.
ofl="/eigenstrat/prefix”
outputname="name_of_output"

cat ${ofl}.geno | sed 's/\(.\)/\1 /g' | sed 's/ $//' > ${outputname}.spacegeno

Rscript ./Calculate_PMR_matrix.R -g ${outputname}.spacegeno -i ${ofl}.ind -o ${outputname}_pmrres.txt"
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Title: A guide to processing, quality control, and kinship estimation of genome-wide sequencing data from ancient
samples
Abstract: Next-generation sequencing (NGS)-based analysis of ancient biological tissues from post-mortem samples
has become increasingly popular and expanding in the field of evolutionary genetics due to its utility. However,
analyses based on high-quality modern DNA extracts that do not consider the unique characteristics of ancient DNA
are prone to biases, thus requiring extreme caution. In this paper, we present principles and practical applications
of ancient DNA processing and quality control, using sequencing data obtained from the femur of 11 ancient
individuals from the Shiveet Khairkhan site of Mongol as an example case. We describe the manipulation of NGS
based ancient DNA analysis including preprocessing steps such as quality control, as well as methods for estimating
kinship relationships among ancient individuals. By doing so, we aim to enhance the understanding of analysis
strategies tailored to ancient DNA NGS data.
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