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Estimating time to the most recent common ancestor
(TMRCA): comparison and application of eight

methods

Jin Zhou! and Yik-Ying Teo* 12343

Investigating how an ancestral population diverges to give rise to distinct subpopulations remains a fundamental pursuit in
population genetics. There is broad consensus for the ‘Out-of-Africa’ hypothesis that states that modern humans arose

~ 200 000 years ago in Africa and spread throughout the continent ~ 100 000 years ago. This was followed by several waves of
major population dispersals across the globe, although the exact nature of the population divergence remains debatable. Existing
methods to estimate population divergence time differ in their methodological frameworks and demographic assumptions, and
require different types of genetic data as input. These fundamental differences often result in the methods producing
inconsistent estimates of the population divergence time, further confounding attempts to robustly uncover the history of human
migration, especially when most population genetic studies do not employ multiple methods to estimate the time to the most
recent common ancestor (TMRCA). Here, we chose eight popular methods for estimating TMRCA and evaluated their robustness
and accuracy in correctly identifying the true TMRCA through a series of simulations that mimicked different evolutionary
scenarios. We subsequently applied all eight methods to estimate the population divergence time between Southeast Asian
Malays and South Asian Indians using deep whole-genome sequencing data.
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INTRODUCTION

Population divergence is the process where populations of the same
ancestry accumulate genetic mutations independently over a period of
time, producing sufficient genetic distinction between these popula-
tions as a result of an extended period of reproductive isolation. The
inference of the divergence time between populations has been of
fundamental interest in the study of population evolution. Although
there is a general consensus around the origin and expansion of
modern humans in Africa, dated respectively at ~ 200 000 and 100 000
years ago, there have been several conflicting theories on the exact
nature of modern human dispersal across the globe."? The availability
of genome-wide data by technologies ranging from genotyping to
next-generation sequencing provides the unprecedented opportunity
to study the demographic changes and migration patterns of modern
humans shaped by the environment and subsequent evolutionary
process of genetic drift and natural selection.>* Valuable new insights
have been derived from large complete genome sequencing surveys of
populations in Africa,>® Asia,”® Europe,’ and the Americas.!

Many of the existing population genetics inference and methodol-
ogies have been built on the foundation of the coalescent theory,!!~13
although these can be generally classified according to the type of
genetic data used as input and the assumptions about population
demography (Table 1). For example, one class of methods for
estimating the time to the most recent common ancestor (TMRCA)
considers multiple neutral loci each of ~ 1000 bases only in multiple
populations, such as MIMAR'!> and GPho-CS.!® Another class of

methods infers the TMRCA from full chromosomal information, such
as CoalHMM,!” PSMC,!® and MSMC.! The third class of methods
essentially infers the TMRCA on the extent of linkage disequilibrium
(LD), population diversity measured by the Fgr parameter and
population allele frequency, such as the approaches by Hayes and
colleagues (abbreviated subsequently as T-LD),?%?! by McEvoy and
colleagues (abbreviated subsequently as T-FST),?? and DADIL?* These
methods differ by the type of input data required (sequence-level
information or summary statistics), and by the assumption around the
presence of genetic recombination during migration.??

These different methods can also be classified by the statistical
framework used in the design of the methods. Notably, MIMAR and
GPho-CS are Markov chain Monte Carlo (MCMC)-based methods
that implement an MCMC algorithm to model the posterior
distribution of the TMRCA parameter, and possess the advantage of
incorporating greater complexity in the model to allow for recombi-
nation and gene flows through migration. However, such methods are
typically computationally expensive and scaling up to allow whole-
genome sequences to be considered as input remains intractable.
Conversely, methods such as CoalHMM, PSMC, and MSMC adopt a
hidden Markov model (HMM) framework that assumes a Markovian
behaviour when considering recombination events. This reduces the
computational burden and has been extended to allow the whole-
genomic sequence to be analysed. T-LD and T-FST derive the TMRCA
by computing statistics measuring the extent of LD or Fgr, whereas

!Department of Statistics and Applied Probability, National University of Singapore, Singapore; “Saw Swee Hock School of Public Health, National University of Singapore,
Singapore; >NUS Graduate School for Integrative Science and Engineering, National University of Singapore, Singapore; “Life Sciences Institute, National University of Singapore,
Singapore; Genome Institute of Singapore, Agency for Science, Technology and Research, Singapore

*Correspondence: Dr Y-Y Teo, Saw Swee Hock School of Public Health, National University of Singapore, MD1, 12 Science Drive 2, 117549, Singapore. Tel: +65 6516 2760;
Fax: +65 6872 3919; E-mail: statyy@nus.edu.sg

Received 3 June 2015; Received 19 October 2015; accepted 29 October 2015; published online 16 December 2015


http://dx.doi.org/10.1038/ejhg.2015.258
mailto:statyy@nus.edu.sg
http://www.nature.com/ejhg

J Zhou and Y-Y Teo

=
e
w
E
h7]
H
<
S
=
=
=
oo
£
£
<
=9
£
Q
S

1196

pajewijse aq 0} Senjea uoljouny
pue siasn Aq palyoads sjenisiul ay}
JO seliepunoq yym uorjouny dajs v
pajewi}se aqg 0} Sanjea uolouny
pue siasn Aq paiyioads s|ensiul sy}
JO seliepunoq yjim uoijouny dejs

|opow uoie|os|
pajew}se
8q 0} si9)eweled Jo S19S Yim

ERIIEEIENT]

uoije|ndod jo sseooid ay3 Suijedipul ‘suorie|indod om} ussmiaq
so3ueyd moj} auad aAle|as Jo ssadoud dlweuAp 8y} smoys 1| ‘[1°0]
ul anjeAa 3ulney awil} o uoijouny dajs e si 3| ‘suolje|ndod

0M} Uam}aq a3ueyoxa dUaZ B} SaINSEaW 0} d)el ddUSISA|L0D
-SS010 9AIJR[2J ‘OL3BW B sapinod QINSIA "UOITeLWISS dAIeY[end)
awli} 9ouadIBnIp ay3 SI Ajuigul 03 spusy azis uorejndod

uaym awi} ay| "awi} jo uoijouny dajs e se azis uolje|ndod
|BOLIO}SIY JO UOIjew}se ue sapinoid QNS UOITeWIISS aAlje}ijent)

S F UesW UoIINQUISIP J01431S0d

(uoizeindod yoes Joy seouanbas piojdey -g)
suolje|ndod om} ayj 40 yoes ul seouanbas

10 siaquinu |enba Ajjewlop ‘suoiieindod omy wouy
soouanbas paseyd o8zis olwous3 Jo se|dwes ||lews
2 uone|ndod woJj auo Jaylo ayy pue 1~ uolreindod
w04} 8uo :saouanbas piojdey azis dlwouald

OM} W04} PajoNJIsuod saouanbas piojdip-opnasd

2 uonieindod woJy auo Jayjo sy} pue 1~ uoljeindod
woi} duo :sdousnbas piojdey azis dlwousd om |

uoijeziiejod Joy pasn aq ued uoljewlojul dnois-nQ

9z|S olwouad

0} 9|qe[BOS SJUBW  UOIRWIISS Pooyl[ay|

-udije Jo ejep |In4 |zjwixew-NNH OWSIN
8z|s dlwous3d

0} 9|qe|eds SJUaW  UOIJeLIISa pooyl|ay||

-usije jo eyep ||n4 dzZ|WIXeW—NINH ONSd

9zIS dlwoual

0} 9|qe|eas syuaw
-usije o exep ||n4
9z|S olwouad

0} 9|qe|eds sjuswusdi|e

OWON-ININH  ININHIBOD

uoljewixoidde

Jasn Aq Ay1oads uoijouny orydes3owsq uoljew}ss julod suoie|ndod sjdijnw jo wniyoads Aousnbaly 8j|y 0 Sansiiels Alewwng uoisnyiq |ava
uoljeiqi|ed
pajewi}ss 9}eJ uoljeInw Joj pasn aq ued sdusnbas dnoid-inQ dq 000T ~
9 0} 9zIs uolje|ndod jueisuo) suoije|ndod a|dijnw jo saouanbas 92IS 4O 100| |eJinaU
Josn Aq uanI3 9a1} AuasojAud dS F ueaw uolINqLIsIp J0LISod plojdey 4o piojdip jo sejdwes |esonas sepiroid snoo| yoe3  ajdiynw je eyep ||n4 IO oydn
a|dwles Jay}ia ul sa|aj|e paxl} Jo Jaquinu 8y} pue ss|dwes
0M} 8y} UsaM}aq Safa||e paJeys Jo Jaquinu a3 ‘g pue dq 0001 ~ azIs Jo
Jasn Ag paiy1oads [apowl xa|dwod 1 suoizeindod wouy seidwes 8y} o} anbiun swsiydiowAjod  190| |esnau ajdiynw
2J0W J0 [9pouwl UoIjel3IWw-Uol}e|os| S F ueaw uolNquUISIp J01483sod JO sioquinu 8y} :SnJ0| Yoes Je Solisiiels Alewwns ay e solsije}s Aewwng JWON  HYINIIN
suoljeindod om} 8y} Jo 1S4 9SIM-dNS az|s dlwousd
N9 T°0-G00'0 03 d|qe|eds spuawudije a7 pue [S4 woiy
|apow uoljes3Iw-uolje|os| UOIjeWI3Se Julod UIUY}IM 9JUBJSIP 2139U3 Y}IM SJUBLIBA JO QT JO SOIISIE]S AleWWNG  JOJew}se [edlisliels 1S4-1
9zIS dlwoual
INO T°0-G00'0 UIyHm 0} 3|qe|eds sjuawudije a7 woky
|opow uo|3ei3IW—uoIi}e|os| uoljew1}se ulod 90UBJSIP 2139Ua3 YlIM SjuBLIeA JO T JO SONISIIe]s Alewwing  JOJew3se [ed13siiels al-L
Jepow o1ydesSowsqg VOSNL uonewuojul Jnduj - uolearyisselo nduy ASojopoyjap aweN

spoyiawW YOYINL Jo uosiedwo) T ajqel

European Journal of Human Genetics



DADI infers the TMRCA between two populations from a diffusion
approximation of the allele frequency spectrum.

In this paper, we perform a comparison of eight popular methods
used to estimate TMRCA (T-LD, T-FST, MIMAR, GPho-CS, DADI,
CoalHMM, PSMC, and MSMC), to gauge their relative performance as
measured by the robustness and accuracy of the TMRCA estimates in
order to identify the best performing method. This is achieved through
a series of simulations under four different population demography
scenarios: (1) simple-isolation model, (2) isolation—migration model,
(3) bottleneck—nonbottleneck model, and (4) bottleneck—bottleneck
model. The simple-isolation model is the simplest that assumes a
random mating ancestral population that splits instantaneously into two
descendant populations with no subsequent gene flow. The isolation—
migration model extends the simple isolation model by allowing for
migration after the population split. The bottleneck—nonbottleneck
model simulates the demographic history of African and non-African
populations, where studies have suggested the presence of demographic
bottlenecks in non-African populations but not in African
populations.?*~2° The bottleneck—bottleneck model simulates the demo-
graphic history of non-African and non-African populations. These
eight methods are subsequently applied to estimate the TMRCA
between Southeast Asian Malays and South Asian Indians, with deep
whole-genome sequencing data from these two populations.

MATERIALS AND METHODS

Simulating demographic models

We simulated genetic sequences for two populations under four different
demographic scenarios (Figure 1) with the ms program,?” where 10 iterations

(i) Simple-Isolation-Model

30Kya 7 Na=10000
N1=10000
Na N2-10000
Tsplit=20kyr
20Kya -
10Kya - / \2\ o
0 -
(iii) Bottleneck-NonBottleneck-Model
Na=5000
8DKya — Tsplit=60kyr
70Kya - Na-5000
60kya 4 N1=5300 N2=5000
50Kya
4DKya —
30Kya )
B = split
20Kya -{ N1=1000 T=23000
10Kya —
0 T=0 N1=10000
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were generated for each scenario. In each iteration, 1001 sequences of length
10 Mb are generated, comprising one sequence from an outgroup population
and 500 sequences each from the two target populations. Our simulations were
specifically designed to evaluate the ability to estimate the TMRCA for two
populations that diverged between 20 000 and 60 000 years ago, and we assumed
the outgroup population to have diverged from the two target populations
4100 000 years ago. We assumed a mutation rate per site per year (1) of 1077, a
generation time of 25 years, and a recombination rate of 5x10~°, The four
demographic models are: (1) simple-isolation model that assumed an ancestral
population with an effective population size (N,) of 10 000 that split into two
populations 20 000 years ago with the same effective population size of 10 000;
(2) isolation—migration model that assumed the same set-up as the simple-
isolation model except with the addition of migration (migration rate=0.01%)
between the two populations immediately after the split; (3) bottleneck—
nonbottleneck model that assumed an ancestral population with N,=5000 that
split into two populations 60 000 years ago such that one population has an
N, =5000 and the other population has N, declining exponentially from 5300 to
1000 at £=23 000 years ago, and increasing exponentially to 10 000 at present;
(4) bottleneck—bottleneck model that assumed an ancestral population with
N,=5000 that split into two populations 40 000 years ago such that both
populations have an N,=1000 immediately after the split, and that increased
exponentially to 10 000 at present. Our simulations produced an average of
98175 SNPs in the simple-isolation model, 98 705 SNPs in the isolation—
migration model, 57 677 SNPs in the bottleneck—nonbottleneck model, and
62 920 SNPs in the bottleneck-bottleneck model. The correct mutation rate is
given to each model for converting TMRCA from coalescence unit to years.

Estimating TMRCA of Southeast Asian Malays and South Asian
Indians with whole-genome sequencing data

In order to estimate the TMRCA of Southeast Asian Malays and South Asian
Indians, whole-genome sequencing data for 96 Malays from the Singapore

(i) Isolation-Migration-Model

i
30Kya N2-10000
Tsplit=20kyr
Na m=1/Na
20Kya -
10Kya 7 m12=m21=m Tspit
0 -
(iv) Bottleneck-Bottleneck-Model
60kya Na=5000
50Kya Tsplit=40kyr
Na=5000
40Kya < N1=N2=1000
30Kya |
20Kya Tsplit
10Kya -
0 N1=10000 N2=10000

Figure 1 Four scenarios of demographic model. lllustrate the four demographic scenarios considered in our simulation study. An ancestral population
diverged into two populations (population_1 and population_2) at time Tsplit. N1, N2, and Na are the effective population size of population_1,
population_2, and the ancestral population, respectively. (i) Simple-isolation model: ancestral population split into two populations at 20 Kya. (ii) Isolation—
migration model: a symmetric migration rate is added after the split. (iii) Bottleneck-nonbottleneck model: ancestral population split into two populations at
60 Kya after which population_2 has constant effective population size and population_1 experienced a bottleneck. (iv) Bottleneck-bottleneck model:
ancestral population split into two populations at 40 Kya, after which both population_1 and population_2 have population size declined instantly and

afterwards increased exponentially.
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Sequencing Malay Project (SSMP)?* and 36 Indians from the Singapore
Sequencing Indian Project (SSIP)>* were used. These individuals were sequenced
on the Illumina HiSeq 2000 at a target depth of 30-fold (Illumina, San Diego,
CA, USA), where the alignment and variant calling were performed with
CASAVA and SAMtools for the Malay data, and with CASAVA and GATK for
the Indians. The consensus calls were used as input for T-LD, T-FST, DADI, and
MIMAR, whereas PSMC, MSMC, GPho-CS, and CoalHMM used the variant
calls obtained from their individual analysis pipeline. For T-LD, T-FST, and
DAD], all 96 Malays and 36 Indians were used to estimate the TMRCA. To avoid
any effect of uneven sample sizes, we randomly selected 36 Malays to match the
36 Indians for the analysis with MIMAR. For the analysis with PSMC, MSMC,
CoalHMM, and GPho-CS, one individual each from SSMP (S§S6002734) and
SSIP  (SS6003427) were randomly selected. The analyses were performed
independently across 22 autosomal chromosomes that were subsequently used
to derive the mean and 95% confidence interval (CI) for the TMRCA estimate.
A fixed mutation rate of 5x 10710 per site per year was assumed.

Evaluating performance of TMRCA estimation

The estimation of the TMRCA by each of the eight methods is evaluated using
the simulation data with two metrics: (1) the mean error rate (expressed in
percentage) and (2) the corresponding 95% CI across the 10 iterations in each
of the four demographic scenarios. The error rate for the ith iteration is defined
as T‘T;”T“x 100%, and T i=1,...,10 represents the TMRCA estimated in the ith
iteration, and T represents the simulated population divergence time.

Technical details in the analysis of TMRCA

Comprehensive information to how each of the eight methods has been
implemented can be found in the Supplementary Methods online. This
includes the specific parameter settings that we have assumed for each of the
methods, the specific data input considered, as well as the command lines used
to implement each of the methods. All simulation data for the four
demographic models, as well as the command line inputs and customized
scripts for executing or implementing the eight methods, are also available
online for download at http://www.statgen.nus.edu.sg/~tmrca/tmrca.html.

RESULTS

Comparisons of eight methods with simulations

We compared the performance of the eight different methods for
estimating TMRCA with 10 sets of simulated data from each of four

demographic settings that assumed a: (1) simple-isolation model,
(2) isolation—migration model, (3) bottleneck—nonbottleneck model,
and (4) bottleneck-bottleneck model. The two simulated populations
were designed to diverge 20 000 years ago for the simple-isolation and
isolation—migration models, 60000 years ago for the bottle-
neck-nonbottleneck model, and 40000 years ago for the bottle-
neck—bottleneck model. The performance of the eight methods was
then measured using two metrics: (1) the mean error rate (MER) and
(2) the corresponding 95% CI (see Materials and methods for details),
where MER closer to zero with narrower confidence intervals
spanning zero is more desirable, across all four scenarios.

We separated the evaluation of the eight methods according to the
type of input data considered, such as: (1) genotyping data,
(2) sequencing data across tens of thousands of short loci, and
(3) whole-genome sequencing data.

Three methods (T-LD, T-FST, and DADI) are applicable when only
chip-based genotyping data are available. We observed that T-FST and
DADI yielded more accurate TMRCA estimations in the setting
assuming a simple-isolation model between two populations
(Figure 2 and Supplementary Table 1), with the former exhibiting
the lowest MER of —0.5% (95% CI: —5.5%, 4.4%) and the latter
exhibiting a MER of — 1.2% (95% CI: —4.2%, 1.8%). T-LD yielded a
higher MER (—8.9%, 95% CI: —13.3%, —4.6%). However, in the
setting assuming an isolation—migration model, all three methods
performed poorly with moderate MERs (9.7-24%) but with corre-
sponding confidence intervals that were significantly distant to zero. In
the setting assuming a bottleneck—nonbottleneck model, although all
three models yielded MERs > 10%, the confidence intervals for T-LD
and DADI encapsulated zero, with that for T-LD narrower than that
for DADI. T-FST vyielded a significant underestimation of the TMRCA
with the MER of —46.3%, and worryingly exhibited a tight 95% CI
(—48.9%, —43.6%). For the bottleneck-bottleneck scenario, only the
95% CI from T-LD encapsulated zero MER, whereas DADI yielded a
gross overestimation of the TMRCA (MER =110.0%, 95% CI: 98.6%,
121.4%). In an ideal situation where DADI was implemented knowing
what the underlying demographic model was, the error rates and the

® Simple-Isolation: T=20kya
A |solation-Migration: T=20kya
104 ° Bottleneck-NonBottleneck: T=60kya
: = Bottleneck-Bottleneck: T=40kya
3
% 0.5 I I
o
©
5 I
500 - }I 1 i
T S S
s |
0.5 1
T T T T T T T T T T
T-LD T-FST MIMAR MIMAR-prior DADI  DADI-prior CoalHMM GPho-CS PSMC MSMC

Figure 2 Mean error rate (MER) and corresponding 95% confidence interval of the eight methods. Mean error rate and 95% confidence interval are obtained
from 10 iterations. Except MIMAR-prior and DADI-prior, the estimations are obtained with simple isolation model. MIMAR-prior and DADI-prior show the
results obtained with prior knowledge of the demographic model for scenarios (ii), (iii), and (iv) of Figure 1.
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variability of the TMRCA estimations were reduced, although this did
not yield estimates that were close to the true TMRCA except for the
isolation—migration model.

When sequence data are available for short regions in the genome,
GPho-CS produced TMRCA estimates with moderate error rates for
three scenarios (except the isolation—migration model; MERs < 24%),
where the corresponding confidence intervals for the simple-isolation
and Dbottleneck—nonbottleneck encapsulated zero MER (Figure 2).
Another MCMC-based approach, MIMAR, yielded relatively smaller
MER and variability than GPho-CS (MERs <16%), although the
estimates tend to be consistently over (simple-isolation) or under
(bottleneck—nonbottleneck and bottleneck-bottleneck). Intriguingly,
implementing MIMAR with prior knowledge of the underlying
demographic model yielded considerably poorer estimates for the
isolation—migration and bottleneck—nonbottleneck scenarios, and only
improved the estimate for the bottleneck—bottleneck scenario.

For the three HMM-based methods that allow whole-genome
sequence data, CoalHMM and MSMC yielded comparable
performance where each of the two methods yielded confidence
intervals that encapsulated zero for three scenarios and where the
corresponding MERs were also small. CoalHMM appeared to be most
uncertain in the simple-isolation model, whereas MSMC performed
poorer in the isolation—migration scenario. Compared with these two
methods, PSMC exhibited greater variability and MERs across all four
demographic models.

Estimating TMRCA for Southeast Asian Malays and South Asian
Indians

The eight methods were applied to whole-genome sequencing data for
96 Southeast Asian Malays and 36 South Asian Indians, where data
from the 22 autosomal chromosomes were analysed independently by
each of the eight methods and combined subsequently to derive
the mean and 95% CIs of the estimates (Figure 3). DADI was
implemented assuming both the simple-isolation model (DADI.SI)
and the bottleneck—bottleneck model (DADILBB). The analyses with
the different methods yielded a broad range of TMRCA estimates,

Comparing TMRCA estimation
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with GPho-CS reporting the lowest estimate of 6594 (95% CI: 5652,
7537) years ago (ya), to T-FST reporting the highest estimate of 59 429
ya (95% CI: 56 242, 62 615). Our previous simulation results suggested
that T-LD, CoalHMM, and MSMC were likely to yield the most
robust estimates regardless of the underlying demographic model, and
it was reassuring that the TMRCA estimates for Malays and Indians
from these three methods were comparable (T-LD=24173 vya,
CoalHMM = 17 546 ya, MSMC =27 508 ya, Supplementary Table 2).
PSMC also yielded a comparable estimate of 20715 ya (95% CI:
20011, 21419), whereas the remaining methods yielded estimates
exceeding 30 Kya.

DISCUSSION

Estimating the TMRCA between two populations has always been a
topic of great interest in population genetics, and there are presently a
number of methods that leveraged on different genetic features and
are built on a variety of statistical frameworks to perform this
estimation. We set out to compare the accuracy and robustness of
eight of these methods with a series of simulations that assumed
different underlying demography between two diverged populations.
The results of our simulations suggested that T-LD, CoalHMM, and
MSMC were more likely to deliver estimates that were robust to a
variety of background demography. The consistency in performance
and accuracy across different demographic models is important, as
often one does not know a priori what the underlying demographic
model between two populations will be. The high variability in the
TMRCA estimates observed in either the simulations or the analysis of
the Malay and Indian data by some of the methods (such as DADI and
GPho-CS) is worrying, as this suggests that the derived point estimates
by these methods are susceptible to fluctuations even though the
independent inputs were essentially from the different chromosomes
of the same individuals.

In general, HMM-based methods tend to be more computationally
efficient compared with MCMC-based methods. For example, the
analysis of the Malay and Indian whole-genome sequencing data using
HMM-based methods such as CoalHMM, PSMC, and MSMC can be

|00Kya
80Kya |
60Kya - }: I
[ ]
40Kya K
K3

e

20Kya - - i ——
o
0 -
T T T T T T T T T
T_LD T_FST MIMAR DADI.SI DADI.BB CoalHMM GPho-CS PSMC MSMC

Figure 3 Malay-Indian TMRCA estimation by the eight methods. Illustrate the point estimation and corresponding 95% confidence interval of TMRCA for
Southeast Asian Malays and South Asian Indians by the eight methods. DADI.SI and DADI.BB show the estimates of DADI with isolation model and

bottleneck—bottleneck model, respectively.
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completed in hours on a standard Linux-based processor, whereas
MCMC-based methods such as MIMAR and GPho-CS required
several days to a few weeks to complete the same analysis across 22
chromosomes. The computational burden also means that MCMC-
based methods could not model recombination effectively, and the
analysis was necessarily restricted to short segments. Conversely, the
computational dexterity of HMM-based approaches allows both
recombination events to be modelled and for full chromosomal data
to be analysed.

A key challenge in the implementation of PSMC and MSMC is in
the selection of the thresholds for the effective population size and
cross-coalescence rate respectively to determine divergence time
(Figure 4). Presently, there are no recommended or default thresholds
for these two approaches, and the TMRCA estimates are sensitive to

the choice of the thresholds. For example, the TMRCA estimate for
the PSMC analysis of the Malay and Indian data changes from 20 715
ya to 36 824 ya if the threshold on the effective population size changes
from 1 000 000 to 50 000.

GPho-CS produced a considerably lower TMRCA estimate for the
Malay and Indian whole-genome sequencing data, and this may be
because of two reasons: (1) GPho-CS has previously reported lower
accuracy to infer recent events'® and (2) GPho-CS relied on a different
mutation rate. Presently, the method calibrates the mutation rate from
the number of mutation events from an outgroup species to which the
divergence time has to be assumed.!® By including a chimpanzee
sequence in the model and assuming the divergence time from
chimpanzee to be 6.5 Mya, this produced an average mutation rate
of 6.96 x 10710 that is only 70% of the default mutation rate of 10~°

a 4o : — — —
J chr1 chr12
: chr2 chri3 ——
- 3 chr3 chri4 ——
o 8F chr4 chr15
= s chr6 —— chri6 ——
° ; chré chr17
N L chr7 chr18
2 BF chrg - chr19
o 3 chr9 chr20 ——
© E chri0 —— chr21 ——
a . chrt1 ——  chr22
g 4f |
|
2 1 .
3 3 L .
o2 . b
0: 1 1 2
10* 10° 108 107
b 10 - =
I | 1l — chr1
TH — chr2
] fin H — chr3
- — chr4
0.8 7 T —— chrb
o) | —— chré
© H L chr7
chr8
S 06 A i B — chr9
) L | chr10
3 — chr11
% — chr12
o — chr13
© 0.4+ 1 —— chr14
3 chr15
o chr16
o — chr17
B — chr18
02 | I_J — chr19
| J — chr20
— — chr21
0.0 — — chr22
T T T T T TT T T T T 1TTT T T T T T T T TT
5e3 1e4 1e5 1e6

Year (1generation=25years, u=5e-10)

Figure 4 Malay-Indian TMRCA estimation by PSMC and MSMC. lIllustrate the estimation of TMRCA by (a) PSMC and (b) MSMC on whole-genome
sequencing data for the 22 autosomal chromosomes from Southeast Asian Malays and South Asian Indians. Both the effective population size (a) and the
cross-coalescence rate (b) are modelled as step functions. The divergence time for the two populations is defined for (@) PSMC as the time when the
effective population size increases to infinity that, in practice, is implemented as a threshold such as 100 000 in our study; (b) MSMC as the most recent
time when the cross-coalescence rate decreases below an arbitrarily selected threshold that in our study the threshold is selected as 0.5.
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for the chimpanzees. Although this may be a reasonable calibration
given the exclusion of CpG and regions under selection, this is based
on the assumption that chimpanzees and modern humans exhibited
identical mutation rates per site per year and generation time. A recent
study suggested revising the mutation rate to 5x 10710 per site per
year for studies on modern human evolution,?® the value we have used
for the genome-wide average mutation rate. As such, a comparable
mutation rate for neutral sites should thus be lower than 5x 10~ 1°,
We scaled the mutation rate used in GPho-CS to correspond 70% of
5x 10719 that produced a point estimate of 13188 ya (95% CI:
11 304, 15 074). However, this highlights the dependency that TMRCA
estimation has on the parameters assumed.

Our simulation analyses with the different methods have assumed a
constant mutation rate that reduced the complexity by not having to
calibrate mutation rates and instead focussed on the inference of
TMRCA measured in coalescent unit (time scaled by ZNEefu). This was
similarly the case in the inference of the TMRCA between Malays and
Indians, a common assumption in evolutionary studies. However, we
highlight the possibility that the choice of mutation rates can bias the
estimation of divergence time, especially as (1) evolutionary rates may
actually be time dependent and (2) the evolutionary rate estimate can
depend on the timescale of measurement.?’ A comprehensive char-
acterization of time-dependent biases in evolutionary rate is likely to
be important but regretfully beyond the scope of the current study.

We have evaluated eight statistical methods commonly used in
population genetics to estimate TMRCA. The performance of these
methods varies according to the parameter settings assumed, as well as
the background demographic model producing the split of the two
populations. Our simulations have considered only four relatively
simple demographic scenarios, and incorporating more complex
demographic and migration models were beyond the scope of this
study. The effective population size is confounding in TMRCA
analysis, and an accurate effective population size is crucial for
estimating divergence time. Among those methods, DADI, PSMC,
and MSMC have higher resolution in effective population size.
However, a note of caution is that the divergence times estimates
differed depending on the methods used. Taken together, we
recommend the T-LD, CoalHMM, and MSMC methods for TMRCA
estimation when using genome-wide SNP or whole-genome sequen-
cing data respectively.
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