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Abstract

An Isolation-with-Migration (IM) model is used to estimate extant population sizes, the splitting time of
populations split away from their common ancestral populations, and migration rates between the extant
populations. An evolutionary model such as IM models is estimated by analyzing DNA sequences sampled
from the extant populations in the model. When a true model includes an unsampled ‘ghost’ population
without data, the unsampled population is often ignored from the evolutionary model to infer. In this paper,
we conduct a simulation study to investigate the effect of an unsampled population on the estimation of the
size of the sampled population. When there exists an unsampled population that shares migrations with the
sampled population, the size estimation of the sampled population was biased. However, the size estimation
was improved if an evolutionary model, including the unsampled population, was estimated.

Keywords: Coalescent process, isolation-with-migration model, unsampled population, ghost population,
MIST

1. M2

Isolation-with-Migration (IM) 232 oj&] At (populations)] AFE HAYs= ZFoz I AL
3 9tk o] s} 2yl st A9l o]k IM 2§ (2-population IM model)-2 Figure 1.1(c)ll
A Ho] FXo] T Fck(population 17} population 2)o] A Tsel= AZF Aol dhte] 35 A
A% (common ancestral population) © 22E R3}slo] A o] $ha, R} oF| T A 7+ o
2 (migrations) 7} 9lo} & #HS Aw3sir} (Chung, 2019). 231 F 719 ARsh= Yoz o5 F
5 2 A+e] 27| (effective population size)= 22} 01, 02, 0,22 7|81, Il I7]= 25 A
Zroll whet WakA] ¢h= et RS T AT Abolol] FiEFe g WS o] AR (migration
events)2 ©]F&(migration rate) mi3} meool whel LAY o]FF I A|Zho] whel WA ok
Aaoltt. wEbA oA IM B2 AXNY B4R AYEHIL o)F Yo = (01,02,00,m1,m2,Ts) 2
E7)8tE @ shube] At Jovt mysoid 3 232 Figure 1.1(b)¢} 22 ¢ A =
%] (single population model)©] 3 oJu] B4= Uy = (6;)°]th
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Figure 1.1. (a) An example of coalescent tree (A) of four sequences. (b) The coalescent tree given a single
population model with population size 6;. That is, ¥1 = (01). The four sequences were sampled from population
1. (c¢) An example of genealogy (G) given a 2-population IM model, where the four sequences sampled from
population 1. Population 2 is an unsampled population. The coalescent tree of the genealogy is in (a), and the
IM model has six parameters ¥y = (01, 02,0,, m1, m2,Ts).

A3} 2Yg& F457] Asl, BE dEshs AdolA DNA 97144 (DNA sequences)& FZE38k0] #
At g7 de 28 St S AX =, olFA FEd DNA ¢47]A 4 (aligned DNA

O
7 AL
sequences or DNA alignments)< #4438t g ok ZFo|v} IM Y-S HAYse= Z4-E 54
t}. o] wf shte] HEHE DNA @7A B2 fAvict A9 22 XA 25 Z0]7] wfEol
3] 489 DNA @71M 85 locusetal F-ETh 18]al DNA @74 EE ZEs A2 DNA 4714
do] }A Fdst MA] DNA G7IME2EE F2E 2] HE5 DNA alignmentE F7338t Z o]
th E3 A2 (recombination) T 2 AESHH F-2 3}A Ao A locivtel thE 33 o
AH(evolutionary history) & 7} 4 9t} wWeEhA locie &3] A2 S 7 olg} 7P st} (Chung, 2019).
DNA alignmentn}t} 213} 7 2 (evolutionary path) 7} t}E 4= 132, oA X3} A2 & A5 (genealogy,
G)oleg} FEr}. Figure L.1(c)& ol IM EFA LS = gl AT ¢ A& Jei==2 1A
B ). o) IM B3stoA AlE 2z A= 25 3357
oA thx M2 AgE = £284 7 =2 (vertical path)2} sk Jool A thE Jhog29] o|F A, &
o|Fdl= HRE FHs= 34 7 Z (horizontal path)2 FAETE AT ZIHZE A7 dsoz &
2L o, 232 A2 F /1Y lineages7} 312 lineageE T A= AHACE B 4= Q11 o] AHA
2 315 A4 (coalescent event)o]2fal HEr} weF Figure 1.1(c)olA] o]F AMA
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Avte 2 VR Beko] gz E FHSHH Figure 1.1(a)2} 22 2 =ZE 42 4 ATt o)1F3A FF A+
Ao g 49 I ZE TF U (coalescent tree, N)2kal F271th whek o Mok 23 2YPS 7}
A3t A 4= e AT Figure 1.1(b) 2} o] &7 AATIe®E FAHE T Zo|t}. o] o+
AT A FF W7 3 5 Yt

A3} By F7517] 18l n7le DNA alignments, Di, ..., D, & #53chal 42k o] o D; 9] AlF
< GiolA o] AT FF UHFE Molgt A = 1,...,n). ENHHOE AFY IR Wi A5
T ¢l A ¥ (latent variable)o] 3} BT dlolHE A= F23F 4S5 3ty DNA

alignmentsE #43t0] IM RS FAsk= o2 7HA] wlo|A <k WEe] N

3 5 l=t (Chung,
2019), ©] & MIST (Chung3} Hey, 2017)8h= 22332 W2 locis 4T 4+ 1

w oA gk 5+
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E 29 ollg B Ao F:A4EE 78wk 0|83 4 ¢ltd (Chung, 2020). L2 MISTE

o]-83t H = FAH (Chung, 2020)2 oA £ (2-step analysis)Holth. A WA DA ANAE 2
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5 S FA%Hs Poltt. dWbH o R MISTE ©]83
1k W E o 1*—*4 Bk/l BE=7t ol A At £27) o whaTh
Al
A=!

2 s A& AlA DNA @714 22 FE23dh o€ £9, °= popu-
lation 102k Agke] 2718 24547 42 29 o] AelA DNA A/H 2L 2357, B A9
2y U2 FAoch ek F A population 137} population 29] AstR o] Ao F JAdo

A StaL, oJe IM 2§ Uyg FRTT sHAT o]d #4 el EA14

REEr= Zolt). wkeF population 13} population 29 Z+ A3} 23 o] Figure
E3 o)1l population 2E HE)Q] o]F AFAE©] population 12] =7](61)el
o] wf %29 AL 015 FAdh= Zo)7] wiEoll, Y¥FH S E population 1]
=313l 24931 Figure 1.1(a)¢} 22 oY Ao 23S FA3Ith 01 A4 dlolEE

7k o] ALAE F3 2E Fth(sampled population)d] 43S = 4 9= population
28} 72 AS v 3 E X H(unsampled population) £-2 ghost population©]gta FEt}. njx & 3
42 A5 oY 5 Ja BES AT = Ik 283 4REE 92 population 29} 22 H]|
BE2 ko] SRR sl & 4 glth. vk mRE Joho] AAE Exjsht o] 1A ¥
FE ] i3t 13t Y-S FHY A9, A3 B Bpof st FAF2 A (bias)E M 5 AU
ofar LA 9t} (Beerli, 2004; Hey 5, 2018). Z1g]1l ©] #HJE nuE 1:]‘_)1‘5 Z3F5lo] Ed R
3 BYS FAToEHN oL Ax Aol B 4 Ut vRE JF o AE A E = T
A7) wiZell, AA dolE EAME vxE JoS 2Fsto] EgH IM Eﬁé% FAsE 497 ok
(Hey 5, 2018). 3HA% HtS 3k} o] F715le] 39 IM B3-S F4351d Aakeko] J733] wol &
7V 4 Q7] wiell ARg e RO uhet I v RE FJos FUISE BYE A 5 e AL

olyt} (Chung, 2019).

2274 Ak 2233 2 JYeLe 2 AN =273 MISTS o3 ¥hio] §d3ith B =20

AEe AYSEFAHE o] &3] AR PL 4T o, n]TE FAddo] nx)e TS 2 AFL S

Yot A} st I% ko] 2o M dutg oz AMghe BAF By 2 MISTE |43 o+
T2l tiste] Ayttt 37 2o AFE 53 A I71E A u) vl Ao o

ko]l sl A E T npx|Eto g 470 B =] AAH el ulgS Heslnt

2. & SAHH ¥ Z|UREFEY

2.1. & SHH ¥

DNA alignments& E43te] 23} 23 & F4317] 93l F 7 TF £/ (uncertainty) ol

st 35 53yS 1eisict (Felsenstein, 1988). 3 WA= AlEol 35 U7 2708 ZoFHS

o] DNA alignment®] &F& p(D;|G;)E, &3] AF&3= 88 232 713 mutation 2% (Kimura,
1969) K-8 t} k3t substitution 2 E (Jukes®} Cantor, 1969; Hasegawa 5, 1985; Tavaré, 1986)°] )
th 3714 ME GiY TR UER fS ul, A7 2708 FoHE W D9} o]F ARIEL AR
EJolo)A p(D;|Gi) = P(D;|A\;) o] Bt} (Chung® Hey, 2017). F HAlE= 3} 2o] 2H 08 F0]
Fe o] A "o FE p(Gi| V) 2= 534 (stochastic process) % 3FFel ¥ 74 (coalescent
process)= &3] AR} (Kingman, 1982; Wakeley, 2009). w2l & 714 £79] & 282 o)%
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stof, R U7 Foi e W iWA locus?] FE2 t=3 2o 72 = 3ok
p(Di|¥) = /p(DilGi)p(Gil‘I’)dGi = /p(Dil)‘i)p(Ai‘\I/)dAi‘ (2.1)

A7 ME BE 7hse o] AR Felgkal s p(\i|¥) = [p(GIW)dM = [ p(A, M|¥)dM
o]t} (Chung3} Hey, 2017). Z#™ n7/l9] loci® D = (D1,...,D,)e & wj, ¢ 7Is= o
4= (likelihood function) t}3} Zt}.

«@i) = [To(0w) = [T [ o0in)p0)dn, (22)

o] 7Fs = &<+ Felsenstein®] 7 4] (Felsenstein’s equation)o|2tal £&8|a, ©d B (U = ¥y)o]
o ol R IM (U = ) A ol® Ashr el dRAE 2L PHeR s B4E 78 5 9
o}
5 B4 L (1)) 29 §4 (closed-form) & G, F5 179 F7ko] w1 Brhss] el 43
How ANshs A% oAt (Chung, 2019). Wb 7F5E B4 Li(¥)S Arisehs Ao P37
o w9 ABH A9l thal ek 72 4 3lo] (Zhush Yang, 2012), thAl sz 3z Q) el 7
2 (Markov chain Monte Carlo; MCMC)E o] &3}o] o] x| ot 28 o] o] 7= it} (Chungd}
Hey, 2017; Hey 5, 2018; Chung, 2020).

=279 MISTE o]-85H: HTNSEEAW (Chung, 2020)2 olghd BAMoIch 3 WAl WA 4
(2248 A W TF U Aol ol DRSS thal, p(DiA)E A8 RSERSE Telsn of
dlsk 2ol Aie] Ao $ERAFL Foke Aol

Ni= argrr}\axp(Dﬂx\i). (2.3)

i e Aol eEF4 %2 PAUPT (Swofford, 2002) 235 ARSste] it = A O
AAE AR TR U A, A2 HoER 128l U9 sk S ol 2] Tyt

Lo (\IJ\Xl,...,XH> :ﬁp(iim). (2.4)

TR (V) TFsE B4E AR S okdlsh 2o) vl FAFo R ABTIL

U= argmngg (\IJ\Xl, .. .,Xn) . (2.5)
o] BAOA UE L5}7] $3] MIST Z2 1S ©

ol AL =R YL A WA AE 2AT] T A DANN of 2AE HolEIAT A8
A, el FAUS) FA0LE o ADE A, T MOMO ATAIAE 5o 1 E 3
gt wlo| X FAHHE ﬂﬁ'—r—L EOVJ

< 3 = é% ZZ““ T Qlof, A7 W3 BYe 18T W B4 ASFE TA] AFsHA] oot



Effect of an unsampled population on the estimation of a population size 351

% €t} (Chung, 2020). € E°}, F& population 1o14 HolElE F23k31E ul, o] tlo|HE &4
3] Ar,. .., An S FEFATE 1Ab. wHOF Figure 1.1(b) 9} 2 ST 233} v g8 Hohe 123
Figure 1.1(c) 9} 22 o]{¢h IM 23S & o} AT, 22 Ai,..., A S AHS3IT T A oAl

Aol ¥ AREYL 248 5 9

AR, o B g Iy 2ges.
g 2 wEE QuiolAE AL A9l 2712 4%
£ ol BiolAu, vTEARY Adk2sk Qe1e) 27le) FFL 01D 4 Gk Aol T AA
S — 0y =0y =3, M = ma =2, Ts — 42 A At
ol 7= 12 23 o|FF TS 28 2L FARol, gESYE=E 60, =1,0: =5, 0, = 3, m1 = 2,
my = 0.4, Ts = 42 A% 2719} o 7&0] BF e F9olth. IMEY 5 Regol BE 02 B9
Chung3} Hey (2017)014 wE2 0o} AnE 2A17) 9130 742 297 Sdath. $40 Aos
Ao A Al g o]dE T uf] Bo] AMEE AZEH QI ms (Hudson, 2002) ©|-§3te] 7z 23 nic}
1000 loci & A2 o A3tk 1714 locis] A%t 35 LHRe] 29} 2tk 479 44 4R
FZEE DNA alignment& AJA3=t] £2ZEH o] seq-gen (Rambaut$} Grassly, 1997)& ARS-3FA
t}. 7 alignment 2] Z o]+ 1,000 sites©] 32 Jukes-Cantor substitution 23 (Jukes®} Cantor, 1969)S
7Wdetint. ZF 213} 2 3gutet 100709 dole S A4 ssict.
2 ol At AR 2L o gote] R4S FASAG. 24 A WA BANA DNA align-
mentsE 243t FF UFE FAIGTE TF UFE PAUP® (vaofford7 2002) 2ZE]E ARE3}
ol 2P, ol AA 2} Z-E Jukes-Cantor substitution 23S 7Pt 23" &7
e 5 A dAA A==, MIST Z2I8-S o835t 7H3% 3R] R4E 246
ot ZF glolgAlube; g4d RS 23 (Figure 1.1(B))3 o]-d IMEE (Figure 1.1(C))S BF FH3
Atk F 7HA o2 st 2EE 2437 YA A dA EAEA A 249 3R RS oAl F
BHA] 931, T WA AT thA] Aeste] thE AR FP-S S5

i

T3}t o] E *§“°ﬂ *1»&21 TR 7‘%&" AT 249 A WA A= At T AR o
AA 3 TF 2 BAse] ddAT 2y} o)k IM BHL A3t o] BAL Ealo] o
oA B OA F HWH AT BN AsE 9U1E 4 At

3.1. H&l 0|22 Ticto] Aisk

ARYPL AT RYP O R ThE JAOoRHE JFgE A o= AR FPolt}. Population 1 FJe]
37] (01 = 1)& FA37] 3l o] oz HE HolHE A

PiSIsch BURURYE SIS o
A RFE 7HF3S w, 6.9 AT 2.30440] 0 FE
(overestimation)%] 1T} (Table 3.1). X2 <l FFURE EAE90E w+= —7;‘—79,& 1 0.9995(%
22k 0.0181) 2 vi-¢- FEe FHE 42 + AUtk F *Tli9494 i}ol% ojTHA &4
470 A DA 3 ABHEYY BAE FHI .
IM 23 (Figure 1.1)& 7]—764‘3}31, 612 —%@%}‘E TR
X A9 A3k AEo] 1.0115(FF L2k 0.4024) 2 A3 A4S 9
M 290) e B4EE BAl] 24597 wlEl, 29 A5
©7 2 £ 9lt}. DNA alignments2 FE]
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Table 3.1. Average of MLEs of the population size (01). The true model is a single population model with 6; = 1.
The MLEs were obtained by analyzing either the true simulated coalescent trees or the coalescent trees estimated
from the simulated DNA alignments. The numbers in parenthesis are standard errors.

Inference model True coalescent trees Estimated coalescent tree
Single pop. model 0.9995 (0.0181) 2.3044 (0.6598)
2-pop. IM model 1.0115 (0.4024) 0.4625 (0.1891)

Table 3.2. Average of MLEs of the population size (61). The true model is the 2-population IM model with
parameters 01 = 0y = 0, = 3, m1 = ma = 2, Ts = 4. The MLEs were obtained by analyzing either the true
simulated coalescent trees or the coalescent trees estimated from the simulated DNA alignments. The numbers in
parenthesis are standard errors.

Inference model True coalescent trees Estimated coalescent tree
Single pop. model 1.8320 (0.0393) 2.7800 (0.6257)
2-pop. IM model 1.0098 (0.0541) 0.8585 (1.6528)

Table 3.3. Average of MLEs of parameters in a 2-population IM model. The true model is the 2-population IM
model with parameters 0; = 03 = 0, = 3, m1 = mo = 2, Ts = 4. The MLEs were obtained by analyzing either
the true simulated coalescent trees or the coalescent trees estimated from the simulated DNA alignments. The
numbers in parenthesis are standard errors.

Parameters 22 Oa mi ma2 Ts
True coal. trees  1.0371 (0.1698) 0.9171(0.1951) 1.897 (0.3929) 1.8836 (0.9258) 4.089 (0.5847)
Estimated coal. tree 5.791 (4.4765) 17.14 (6.5030) 9.2121 (2.6865) 8.9397 (2.5481) 5.1072 (1.6921)

A% A, 6,9 HANSEFA G T 0.46252 437 (underestimation) = 1T}

mEba Wz R Jdo] ok AR JPEeide o, F AR UFE 4% Aeele Ad 27 39
Bewol A= Gl Adrt. AN 22 I MISTE o]&ate] 73 It 2719 A e-=FA4F
< 7H4% 33} By o] FolE ARlolE A E 7Heh webA A WA dACA o &3 FRUFE
FATAY T A DA A FHLAE wdste] A e WS ANTE D27 At

3.2. D|==2 Ttte| S

sk Jool A AAFE dloleE B4t BT B ojdk IM ¥ S FAch I 23t 2y
2 oY IM BE3og F Jie dEs= H F population 194 Hlo|E]E FE33, thE
@<l population 201]}"1t‘ dole g FEo1A] 92 v|EE o] AT, migrationss &3l HEFTA

population 12] Z7](61)°] & n A 5 Yr}.

# A% 2P| BT 61 = 0> = 6, = 3, m1 = my = 2, Ts = 421 3%, Table 32914 6:9] 333
I ZFELAE vlaskith P ISR F L ol ¥ IM B oA W, vjww Jhe] EAE LefshA] Kot
A 9D A Y-S PSS o, Ao S gk 00 = 150 AFAEHE AT F AR G
HE BAYS mjs FAZS 1.832(XF 9%} 0.0393)0]1 FAH IR LS BAAS w FAHZ
2 278(E22k 0.6257)01t} (Table 3.2). oA IM 23L& 71Aste] B4 24519S ), I
e RS BAS AL 2AE I RS BEASE T A BEF 6,8 #Agkl 7 e s A%}
Ath (Table 3.2). o]Fd IM B3| thg B4E2 3 3F WWirE 243S 49, 3l 7hgleu
FAE I UFE AR v FAEEC] Ft Aolvt @3kl 2E A =3k vl Zit} (Table

w
wW
~—

£3], ]2 Fth(unsampled population)olA 2H NF et diolEl 7} ¢l7] wfEe] 6.9 EFL
271 0.1698 % E Ftke] F7](61)8] =22} 0.0393 K ¢} Zit}.
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Table 3.4. Average of MLEs of the population size (61). The true model is the 2-population IM model with
parameters 01 = 1, 02 = 5, 0, = 3, m1 = 2, ma = 0.4, Ts = 4. The MLEs were obtained by analyzing either
the true simulated coalescent trees or the coalescent trees estimated from the simulated DNA alignments. The
numbers in parenthesis are standard errors.

Inference model True coalescent trees Estimated coalescent tree
Single pop. model 3.7340 (0.0792) 4.5680 (0.6992)
2-pop. IM model 0.9957 (0.0388) 1.1725 (1.5809)

Table 3.5. Average of MLEs of parameters in a 2-population IM model. The true model is the 2-population IM
model with parameters 0; =1, 02 =5, 0, = 3, m1 = 2, ma = 0.4, Ts = 4. The MLEs were obtained by analyzing
either the true simulated coalescent trees or the coalescent trees estimated from the simulated DNA alignments.
The numbers in parenthesis are standard errors.

Parameters 02 O mq m2 Ts
True coal. trees 5.339 (0.6308) 2.984 (0.1537) 2.0680 (0.1911) 0.52514 (0.3015) 4.006 (0.0331)
Estimated coal. tree 8.065 (4.6716) 17.219 (5.8805) 2.8162 (1.0812) 2.02500 (1.1690) 8.095 (2.8817)

U]';(]’ﬂ'xli Z]'XQ}— _53«1 ]‘91—1 92—5 OG_S, my = 2, me = 0.4, Ts—4o] 7Table

3.4004 619 —r%%kﬂr 27?}% sttt 9 Ad Y-S MRS uf, Jo 37]% F
URE 2435198 7oL 247he 3.734(F R0 3 0.0792)0] 1

‘}%i% e ZAzko] 4.568(FE L2} 0.6992) T} (Table 3.4). oA IM
g A 2717k ghel 0.9957(F FFRUEE 24T A9)e 1.1725(5

3 A= Fghol R o 7SItk o AW IM 29| e R85 FAZE

E BAAS A5 ’"é} grell 7H7H ek (Table
population) el Al &3 b o7l Wil 629] 3
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B FAh webd EEAT v R 2T Apolol] o] AR EAeh: Bl vERgTe
FABE L S 23 RN S5 ALl 2 e vEE Jde] 28 Rl A= s o
w2 7] 24 vAE ol disl A7siict. 53] Hul¢=F4Y (Chung, 2020002
3t mYe FAsNE o vjEe ko] gl i Lobr gl

2o P2 Foll, F A3t wYPo] FARFYQ A9, S vEE Jo] gl Aol tsiME Adex
FNe 43d F4%ke Teidleh A B RS BAEE W FA0s AR gl v
2 AT 2ol ol gglel AT xR ko] 278 Pkl weby A%E AYeEFg g
TF el 2ol os) AR AoR Helth wjEd Hnho] gA|wk ol F Asm Pl £}
A EAR A, mEATe] A7 9FE Bk SR vimd Je AR Yo LTAZS o
€, 2T 2718 v Ags 24 5 9doih B ARUTE B4 Afole 2EAT A
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7) 9 T BAEE BEAL AW AFs) 2G99 FREE
e AHEIE, BRI 27] 9 OE 845 B2 993 AN 249
gl Bestth o3 w3 FAW §F R 94 GFor Halrk

glomzg

23 Ao
[e)
=

)l 3207}

AA) HolHE AT Wt R [ue] £4] B2 & 5 glong, vEE AU 23 A5uY

2 2751 Aol WAt AT iER ke XR A5 5P 2L AL 48] 7}

A olggol ek A WAZ NER AT 2R A5 22 T ARUTE 249 o, BE2A

29 2718 B4 4290 23 AL madRe Fof Fdsslon DNA aigmentsE 24
) =

92w Hel sk sk 397k dgich web @
SN 0 A 90 riele] Bk el AR 20 e 1A A )
S 7 ool AEshe Aol P IM BYL 2 AL o438 S ojele Alolth (Chung,
2019). AR B A7 A AN EFANE old Mol o] B AL Bu] uR
o, uER AT 2R B SN0 Aol B AHRIL 24T 4 e FAL B0l D 2

-
o} 7Ty,
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