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Abstract

GLOBETROTTER, and an updated version fastGLOBETROTTER appropriate for
larger datasets, are widely used software to identify and date admixture events,
particularly in humans. However, the programs come with a variety of parameter
options and require multiple steps, including preparatory applications of the
software ChromoPainter, making them complicated to use in practice. Here we
outline how to run these programs to infer ancestry and admixture events in
target populations. We describe the input files, provide intuition and some simple
equations underlying key steps of the analysis pipeline, and discuss how to
interpret output and assess reliability of findings. We also highlight some of the
main limitations of these approaches, and point out some common issues that can
hinder analyses. Throughout we use a simulated example that is provided
alongside the software, so that the reader can follow each step. Overall we relay
the best practice usage of the method, hopefully enabling easier application of
these software going forward.
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1. Introduction

Several techniques leverage the decay of linkage disequilibrium patterns in
genomewide autosomal Single Nucleotide Polymorphism (SNP) data to identify and
date admixture events when two or more groups intermixed in the past. Often these
approaches assume a “pulse” model of admixture, whereby admixture among
groups occurs over a small time period(s), followed by random mating in the
admixed population [1]. Such programs include the software ALDER [2], MALDER [3],
ROLLOFF [4,5], DATES [6], GLOBETROTTER [7], fastGLOBETROTTER [8] and MOSAIC
[9]. While each method has its strengths and limitations, here we will describe the
necessary steps to run the methods GLOBETROTTER and fastGLOBETROTTER. As
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both are very similar in both implementation and inference, when inferring
admixture below we focus on fastGLOBETROTTER, since it has the advantage of
greater computational speed. In contrast to MALDER, ROLLOFF, DATES and ALDER,
these methods use haplotype information, which can increase power to resolve
admixture, and they do not require a priori assignments of reference populations to
one or more of the admixing sources. In contrast to MOSAIC, fastGLOBETROTTER
can infer multiple pulses of admixture from the same source groups, which may
occur frequently in human history [7,9-11]. However, we note other approaches have
their own advantages, such as not requiring phase information (ALDER, MALDER,
ROLLOFF, DATES, ALDER) or being able to infer local ancestry assignment along the
genome (MOSAIC). For some recent papers comparing some of these methods,
using simulated and/or real data, please see [6,9,12,13].

We will also describe how to use the program ChromoPainter [14], which infers the
amount of recent ancestor sharing among individuals, to generate the necessary
input data for fastGLOBETROTTER. Some of this ChromoPainter output is also used
as input for the ancestry inference software SOURCEFIND [15], described briefly
below. We note that output from ChromoPainter can also be used to cluster
individuals into genetically homogeneous groups using the program
fineSTRUCTURE [14]. However, for simplicity here we will focus only on using
ChromoPainter to detect and date admixture using fastGLOBETROTTER.
For a tutorial on how to use ChromoPainter for clustering, see
https://people.maths.bris.ac.uk/~madjl/finestructure-old/chromopainter_info.html.

When describing the admixture inference process, we will use the terms “donor”,
“recipient”, “surrogate”, and “target”. A target is a sampled individual or
population that the user wishes to infer the ancestry of and/or test for admixture.
A surrogate is a sampled individual or group used to infer ancestry/admixture in
the target; i.e., surrogates can represent the true (unknown) populations that
intermixed in the past to form the target population. Donors and recipients are
relevant only to ChromoPainter analyses, which “paints” each recipient individual’s
genome against those from a set of donor individuals, as described below.

To illustrate how to run the programs, we describe the necessary steps to infer
ancestry and admixture to a simulated population from [7], data from which is
provided with the ChromoPainter and GLOBETROTTER softwares. This target
population consists of 20 individuals simulated to descend from a single admixture
event occurring 30 generations ago between the Brahui, a group from Central
South Asia, and the Yoruba, a group from Sub-Saharan Africa. The simulation
protocol follows [16], which assumes a pulse model of admixture, with simulated
individuals’ genomes comprised of segments of real SNP data from Brahui and
Yoruba genomes from the Human Genome Diversity Panel [17]. Here ~80% of each
simulated individual’'s genome is inherited from the Brahui, with the remainder
inherited from the Yoruba. Furthermore, to allow a comparison of inferring one
versus two pulses of admixture, we also used the approach of Price et al 2009 to
simulate a scenario where these admixed individuals intermixed with the Yoruba
again, with this additional admixture event replacing ~50% of each admixed
individuals’ genome with additional Yoruban DNA, followed by 10 generations of
random mating. This procedure gave a second simulated target population of 150
individuals with two pulses of admixture at dates of 10 and 40 generations ago.
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paint target individuals
using CP

(*.chunklengths.out, *.samples.out)

To infer admixture and ancestry in each of the two simulated target populations,
we use real data from 93 world-wide surrogate populations. We exclude the Brahui
and Yoruba from the surrogates, to make for a more challenging, yet realistic,
scenario where the true admixing sources are unsampled. For donors, we use the
same 93 populations. In practice, often the donors and surrogates overlap as they
do here, though this need not be the case.

We also provide a workflow figure (Figure 1), that summarises the steps of the
analyses. Software is available at https://github.com/hellenthal-group-UCL.

paint surrogate individuals

using CP
(* chunklengths.out)

combine *chunklengths.out files

Infer ancestry? ‘ Infer/date admixture?
run GT with (A) run GT with
prop.ind: 1 prop.ind: 1
num.mixing.iterations: 0 bootstrap.date.ind: O

num.mixing.iterations: 5

or

if >1 individuals,

null.ind: 1

run SOURCEFIND I

(B) run GT with
prop.ind: O
bootstrap.date.ind: 1
bootstrap.num: 100

if >1 individuals,
null.ind:1

Figure 1. Schematic summarising the steps, parameters and key output files for the ChromoPainter (CP) and
GLOBETROTTER/fastGLOBETROTTER (GT) analyses.

2. Running ChromoPainter

The main input for ChromoPainter is the phased haploid genomes of individuals.
While most available human datasets consist of individuals' genotype data without
phasing information, several programs exist to infer phasing, such as GLIMPSE [18],
IMPUTE [19], BEAGLE [20] and SHAPEIT [21]. After phasing, each diploid individual
has two inferred (phased) haploid genomes. ChromoPainterv2, which we use in
these examples, comes with a program that converts phased output files from
IMPUTE [19] or SHAPEIT [21] into ChromoPainterv2 input files, using the command:

perl impute2chromopainter2.pl [impute/shapeit output *.haps file]
[impute/shapeit genetic map input file] [output file prefix]

To run ChromoPainterv2, the user designates whether phased haploid genomes
belong to a “donor” or a “recipient” individual. ChromoPainter independently “paints”
each haploid genome of each recipient individual, by inferring the donor haploid that
the recipient haploid shares a most recent ancestor with, i.e., a more recent ancestor
than it shares with any other donor haploid. The donor haploid for which the recipient
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haploid shares a most recent ancestor changes along the genome, reflecting historical
recombination. In terms of genealogies, ChromoPainter attempts to infer which donor
haploid a recipient haploid coalesces with first, out of all donors, which again changes
along the recipient genome. To do this inference, ChromoPainter uses a Hidden
Markov Model (HMM) based on [22], described in detail in [14]. This model is
implemented both in the ChromoPainter software and—with modifications that infer
genealogies—in the RELATE/twigSTATSs software [23,24].

There are four ChromoPainterv2 input files, described in Table 1.

Table 1. Types of input file used in ChromoPainterv2, with a brief description of each.

File type

Example file Description

genetic variation
data file

recombination
rate file

population label
file

recipient/donor
assignment file

BrahuiYorubaSimulationChrom22.haplotypes

BrahuiYorubaSimulation.idfile.txt

BrahuiYorubaSimulation.poplist.txt

contains phased genetic variation information for all
donors and recipients, often one file per chromosome
contains the recombination rate between each pair of

contiguous SNPs; while this can affect the basepair
locations where a recipient switches from being

BrahuiYorubaSimulationChrom22.recomrates  painted by one donor to another, the output of

ChromoPainter should be relatively robust to this rate,
unless perhaps it is very high (i.e., beyond levels
inferred in humans) or very close to 0

designates population labels for each individual in the
genetic variation data file, in the same order

lists which populations are to be used as recipients
(denoted ‘R’) and which are to be used as donors
(denoted ‘D’) - note that a population can be both a
donor and a recipient

The basic usage of ChromoPainterv2 is:

./ChromoPainterv2 -g [genetic variation data file] -r [recombination rate file] -t
[population label file] -f [recipient/donor assignment file] -o [output file prefix]

3. Using ChromoPainter for a fastGLOBETROTTER Analysis

As input, fastGLOBETROTTER requires two types of ChromoPainter output. The first
contains the inferred total amount of genome-wide DNA that each target and
surrogate individual paints against each donor population. The second contains
samples from the HMM model for each haploid genome of each target individual,
with each sample giving the inferred donor haploid that the target haploid is
painted by at each SNP along the genome.

Because it can be parallelised, to save time (and storage space) we typically run
ChromoPainter twice for each chromosome. For the first ChromoPainter run, we
paint the targets as recipients. For the second ChromoPainter run, we paint the
surrogates as recipients, ideally against the same set of donor individuals. (The
donors used to paint the surrogates and targets must be closely matched, for
reasons explained below.) We give an example command line for each of these two
ChromoPainter runs below for the simulated data with one pulse of admixture,
using example files provided by the ChromoPainterv2 software.
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truth

3.1. Painting the targets

./ChromoPainterv2 -g BrahuiYorubaSimulationChrom22.haplotypes -r
BrahuiYorubaSimulationChrom22.recomrates -t BrahuiYorubaSimulation.idfile.txt
-f BrahuiYorubaSimulation.poplist.txt 0 0 -s 10 -0
BrahuiYorubaSimulationChrom22

Here “BrahuiYorubaSimulation.poplist.txt” specifies only the simulated target
population as a recipient. The ‘-s 10" above specifies that you want to sample ten
paintings from the HMM per each recipient haploid genome. Note that there are
additional parameters you can specify for ChromoPainter, with two notable
parameters being the average rate at which a recipient switches from matching
from one donor to another (specified using ‘-n’) and the allowed rate of allele
mis-matches per SNP between a recipient and a donor it is being painted by
(specified using ‘-M’). You can also estimate these two parameters using an
Expectation-Maximisation algorithm, which is recommended but likely makes little
difference in practice over default values, at least when analysing human data.

There are two major output files that fastGLOBETROTTER will use from this analysis.

(i) [BrahuiYorubaSimulationChrom22].chunklengths.out  contains the total
expected amount of genome in centimorgans (cM) that each recipient individual
matches to individuals in each of the donor populations. The sum of the values
for each recipient will be two times the total cM length of the chromosome, where
the total cM length matches that in the recombination rate file.

(ii) [BrahuiYorubaSimulationChrom22].samples.out gives some number (e.g., 10)
of painting samples for each recipient haploid genome. Each sample lists which
donor haploid the recipient is being painted by at each SNP, inferred by
sampling probabilistically from the HMM. An example is given in Figure 2 below.

[ Americas M N.Africa

m C.S.Asia B Oceania
Il E.Asia B SS.Africa
& Europe B W.Asia

R

Figure 2. Example of ChromoPainter painting for simulated data. (truth:) The true ancestry assignment for a single
recipient haploid from the simulated admixed population, along a region of one chromosome. Here the haploid is a mixture
of segments inherited from Yoruba (Sub-Saharan Africa, blue) and Brahui (Central South Asia, red), with segment sizes
determined by the simulated admixture date of 30 generations using the technique of [16]. (paint:): One sample of the
ChromoPainter HMM for this same recipient haploid in the same region. Colors depict the geographic area (legend at top) of
the donor individual that the recipient haploid is painted by along the region.
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Intuitively, the main purpose of output file (i) is to help determine which surrogates
best represent each admixing source, and at what proportions, as described below.
The purpose of the output file (ii) is to date the admixture, by using cM lengths of
segments matching to different donor populations.

As seenin Figure 2, the inferred painting from ChromoPainter is quite noisy. While
ideally the simulated haploid genomes would be painted only by donors from Sub-
Saharan Africa and Central South Asia, as this reflects their true ancestry, in
practice they paint segments from donors spanning widely dispersed geographic
areas. This is particularly true for segments that are inherited from Central South
Asia, which match to several (predominantly non-African) groups.

This noise in the painting can occur for several reasons. First, there will be
stochasticity in inference related to the informativeness of the data. For example,
if all donors are genetically similar in one region of the genome, perhaps due to
sparse SNP data, then ChromoPainter will assign equal weight to each donor in
that region. Secondly, for many regions of the genome, the genealogical tree
relating sampled individuals back in time is much deeper than the split times
between human groups [23]. As a consequence, the donor that a recipient
individual shares a most recent ancestor within a genetic region often will not be
from the same geographic area that the recipient is from. A third reason is, since
ChromoPainter assumes a priori that each donor haploid is equally likely to be
painted from, donor populations with more sampled individuals are a priori more
likely to be painted from than those with fewer sampled individuals.

For these reasons, using the raw ChromoPainter painting output often will not
accurately reflect the true ancestry of an individual. Therefore, fastGLOBETROTTER
aims to “correct” the painting by comparing it to the paintings of surrogate
populations, with some surrogates hopefully genetically well-representing the
ancestral sources of the target group. To do so, we need to paint each surrogate
population, using the same set (or a very similar set) of donors. After doing so,
fastGLOBETROTTER will assess which surrogate populations have a painting
signature that most closely matches that of the target population. The painting
signatures of both targets and surrogates should be similarly affected by all of the
issues stated above, so this step will in theory alleviate each of these issues.

3.2. Painting the surrogates

./ChromoPainterv2 -g BrahuiYorubaSimulationChrom22.haplotypes -r
BrahuiYorubaSimulationChrom22.recomrates -t BrahuiYorubaSimulation.idfile.txt
-f BrahuiYorubaSimulationSURROGATES.poplist.txt 00 -o
BrahuiYorubaSimulationChrom22SURROGATES

We have changed three things from the previous command line. First, because we
are not dating admixture in the surrogates, we do not require any painting samples,
and so “-s 10" has been removed. Secondly, we have changed the output name, so
that we do not write over the previous painting results. Third, we have changed
the “-f” file, as we are now doing a different painting. In particular the new “-f" file,
which is provided with this paper, specifies each surrogate population as recipients
(“R") to be painted against the donors (“D"). Note the 93 donor populations are
the same here as in the previous “-f” file we used. Note also that the surrogates
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are the same as the donors. As a recipient cannot paint against themself, this
creates an asymmetry with the painting in (1), as the set of donors a surrogate
paints against will not be exactly identical to the set of donors a target paints
against (In particular the surrogates will paint against exactly one less donor—
themself). In practice, this asymmetry can be problematic if the number of
individuals in some populations used as both a donor and surrogate is low (e.g.,
<5). Otherwise, we typically ignore this asymmetry, as we do here. A more
principled approach is to drop one individual from each donor population in the
donor set, which enables painting each surrogate and target against exactly the
same number of individuals from each donor population. We often refer to this in
the literature as a leave-one-out approach [7,25].

For this painting of the surrogates, the only output file we use going
forward is the analogue to (i) in the previous section: the
[BrahuiYorubaSimulationChrom22SURROGATES].chunklengths.out file. Figure 3
summarises the painting results from this file, though after combining the
paintings across all 22 autosomes.

@ Americas B E.Asia M N.Africa Bl SS.Africa
Il C.S.Asia @ Europe M Oceania M W.Asia

Americas |

W.Asial

=

=
E
<
17
7]

Figure 3. ChromoPainter inferred painting for the 93 surrogate populations. Each bar depicts the proportion of genome-
wide DNA for which individuals from the given population are, on average, painted by donors from each of eight worldwide
geographic areas (colors). Labels between grey vertical lines give the geographic area each surrogate population is sampled
from, with colors corresponding to the legend at top. Note that while the 93 surrogate populations are largely painted by
donors from the same geographic area, some parts of their genomes are painted by donors from other areas, analogous to

the “noisy” painting seen in Figure 2.

After running the above two paintings for every chromosome, the user should sum
the two chunklengths.out matrices across all chromosomes. They should then
combine the target and surrogate chunklengths.out files into a single file (with
individuals in any order). This gives a final .chunklengths.out file, e.g.,
“BrahuiYorubaSimulation.copyvectors.txt” described below, that contains the total
cM amount of analysed genome that each target individual and each surrogate
individual matches to each donor population.
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4. Inferring Ancestry of the Target Population Using
fastGLOBETROTTER

One application of fastGLOBETROTTER is to infer the ancestral composition of a
target population, without dating admixture events or even assuming the target
population is admixed at all. With this setting, the painting signature of a target
population is inferred to be a mixture of those of the surrogate populations, and
the program infers the best-fitting mixture proportions.

Specifically, let Y, be the total proportion of genome-wide DNA in a target individual
that is painted by some donor d. Analogously, let (X'q,....X°4) be the total proportion
of genome-wide DNA painted by donor d in surrogate populations 1,...,S,
respectively. For example, if d = "Sub-Saharan African” donors, the dark blue
proportions in Figure 3 depict (X'q,...X°%s ) for the $=93 surrogate populations.
fastGLOBETROTTER assumes that the expected value of Yy, i.e., E[Y4], follows:

E[Yd] = P X g 4.+ Bs * X4,

Assuming this relationship for all donors d, e.g., each of the colors in Figure 3, the
programs infer (f,...s) using non-negative least squares (NNLS), under the
restriction that (g + ... + f) = 1.0. These (B,....fs) reflect a “cleaning” of the painting
that is designed to account for the issues described above, and is reported as the
inferred ancestral composition of the target individual.

In practice, if a target population has multiple individuals, then Yy is the average
painted amount across all individuals for each d, with the X°;for each surrogate
population similarly represented by average values. The donors d are
typically defined using group labels, or clusters. For example, the file
“BrahuiYorubaSimulation.copyvectors.txt”, provided with the GLOBETROTTER
software and used to make Figure 3, contains the *.chunklengths.out output from
ChromoPainter for all surrogate and target individuals, i.e., as generated above
though here summed across all 22 autosomes. In this file, there are 93 values per
each target and surrogate individual, which give the total amount of analysed
genome for which that individual is painted by donor individuals from the 93 donor
populations.

To infer the ancestry composition for the simulated individuals using
GLOBETROTTER, without inferring admixture, the basic command line is:

R < GLOBETROTTER.R [parameter file] --no-save > [screen output]

(In contrast for this scenario, fastGLOBETROTTER requires specifying all
parameter files listed below.) There is one required parameter input file, with
BrahuiYorubaSimulation.paramfile.txt an example provided to analyse the
simulated population. In the input file, the user specifies the donor populations
(in the line beginning “copyvector.popnames”), the surrogate populations
(“surrogate.popnames”) and the target population (“target.popname”). The user
also provides the filename for the [population label file] supplied to ChromoPainter
(“input.file.ids”), and the filename for the final *.chunklengths.out output
containing painting results for all surrogate and target populations
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(“input.file.copyvectors”). To infer ancestry composition only, the user must also
specify “prop.ind: 1” and “num.mixing.iterations: 0”.

To run on the example file provided with GLOBETROTTER, you then use:
R < GLOBETROTTER.R BrahuiYorubaSimulation.paramfile.txt --no-save > output.out

The output file, specified in the line beginning “save.file.main” in the parameter
file, gives the inferred (f;,...,5) values for all surrogates with a gvalue >0.1%. These
results are depicted graphically in Figure 4. Reflecting the simulated truth, here
only surrogate populations from Sub-Saharan Africa and Central South Asia have
large g values. Furthermore, values across the largest contributing Sub-Saharan
African surrogates sum to ~16%, and values across Central South Asian populations
sum to ~81%, closely reflecting the true 20% versus 80% mixture.

[ Americas B E.Asia B N.Africa B SS.Africa
B C.S.Asia [ Europe B Oceania M W.Asia

~4|+ |+6
= =

6 + 9
Xes X67 X73

+72

< NN P
| BN

2
N

Xe

Figure 4. Inferred ancestry composition for the simulated individuals. As in Figure 3, each bar depicts the average
proportion of genome-wide DNA for which individuals from the given population are, on average, painted by donors from
each of seven worldwide geographic areas (colors). Y refers to the target population, and black numbers give the inferred
contribution (i.e., gvalues) from each surrogate population Xs, whose subscripts correspond to the columns in Figure 3. Note
that 97% of the total contribution to Yis inferred to come from only five of the 93 surrogate populations depicted in Figure 3.

An alternative approach SOURCEFIND instead infers the (,...,fs) using a Bayesian
model that puts a prior probability on the number of surrogates with non-zero g
values, which in simulations gives more accurate ancestry estimates (Chacéon-
Duque et al., 2018). Another difference is that SOURCEFIND assumes that (C*Yy)
follows a multinomial distribution with mean C*(8; * X'q + ... + 5 * X°4), where Cis
equal to twice the total length (in centimorgans) of the analysed genome. The
SOURCEFIND input and command line is very similar to that for GLOBETROTTER
above. Though SOURCEFIND uses an MCMC algorithm that results in an increased
runtime, due to its increased accuracy we recommend using it as well when
inferring the ancestry composition of a target population.


https://paperpile.com/c/Rtko9h/vfWp
https://paperpile.com/c/Rtko9h/vfWp

Human Population Genetics and Genomics 2026;6(1):0001 Page 10 of 18

5. Inferring Admixture Dates and Sources Using
fastGLOBETROTTER

fastGLOBETROTTER also tests whether a target population is admixed, inferring
the date(s) of admixture and the genetic make-up of the admixing sources.
Currently the program can infer up to two dates of admixture per target population.

To infer and date admixture, as with other approaches like ALDER [2], DATES [6] and
MOSAIC [9], fastGLOBETROTTER leverages signatures of linkage disequilibrium
decay in the target individuals that are attributable to admixture. In particular it
uses the ChromoPainter *samples.out files, alongside the NNLS procedure
described in the previous section, to assign a probability that each segment along
a target individual's genome shares a most recent ancestor with each surrogate
population. Then for every pairing of surrogate populations, it calculates the
probability that two segments separated by some cM distance have one segment
sharing a most recent ancestor with one surrogate in the pair, and the other
segment sharing a most recent ancestor with the other surrogate in the pair [7].
These probabilities, referred to as coancestry curves, can be used to infer both the
sources and dates of admixture as described below.

Inferring admixture with fastGLOBETROTTER requires three input files, described
in Table 2.

Table 2. Types of input file used in fastGLOBETROTTER, with a brief description of each.

File type

Example file Description

parameter file

painting samples file list

recombination rate file
list

same file noted in previous section, specifying donor,

BrahuiYorubaSimulation.paramfile.txt ~ surrogate and target populations, as well as modeling

parameters
lists filenames and locations of the painting samples

BrahuiYorubaSimulation.samplesfile.txt generated by ChromoPainter, typically with one file

per chromosome
lists filenames and locations of the recombination rate

BrahuiYorubaSimulation.recomfile.txt input files used as input in ChromoPainter, with one

file per each file listed in the painting samples file list

The basic command line to run fastGLOBETROTTER is the following:

R < fastGLOBETROTTER.R [parameter file] [painting samples file list]
[recombination rate file list] [option] --no-save > [screen output]

Here we will set the “option” value, which is the only specification in the command
line above that is not required when inferring admixture using GLOBETROTTER, to
“1”, which will implement the fastest version of fastGLOBETROTTER. When
inferring admixture in the target population, there are several parameter options
you can specify in the parameter file. We recommend first setting “prop.ind: 1",
“bootstrap.date.ind: 0”, and “num.mixing.iterations: 5”, which will infer admixture
dates and sources, separately for two scenarios that assume one versus two dates
of admixture. If you have more than one target individual, we also recommend
always setting “null.ind: 1", which leverages patterns of linkage disequilibrium
decay among segments from different target individuals to account for potentially
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false admixture signatures caused by demographic events (e.g., bottlenecks). After
running with these parameters, we recommend re-running while setting “prop.ind:
0", “bootstrap.date.ind: 1”, and “bootstrap.num: 100", This will use 100 bootstrap
re-samples of target individuals to infer confidence intervals around the inferred
admixture date(s) generated in the first analysis. (If the results from the first step
indicate there genuinely are two distinct dates of admixture, also set
“num.admixdates.boostrap: 2” to infer confidence intervals for both dates.)
Depending on the computational complexity of the analysis, this second
bootstrapping step can be parallelised, for example by running ten separate times
with “bootstrap.num: 10”. If you have only a single target individual, you cannot
do bootstrap re-sampling; in this case fastGLOBETROTTER has a different jack-
knifing procedure to generate confidence intervals around inferred dates. Based
on results, two other potentially important parameters to change in this file are
“curve.range” and “bin.width”, as we note below.

The example input files provided with GLOBETROTTER analyse only chromosomes
20-22 for the simulated individuals. The following command will analyse these data:

R < fastGLOBETROTTER.R BrahuiYorubaSimulation.paramfile.txt
BrahuiYorubaSimulation.samplesfile.txt BrahuiYorubaSimulation.recomfile.txt 1 --
no-save > output.out

fastGLOBETROTTER produces four output files, described in Table 3.

Table 3. Types of output file generated by fastGLOBETROTTER, with a brief description of each.

File Type Example File Description
gives inferred admixture dates, and inferred genetic
make-up and proportion inherited from each admixing
admixture BrahuiYorubaSimulation.globe  source, for two separate analyses assuming either one

description file

bootstrap
admixture dates file

coancestry curve
plots file

coancestry curve
data file

BrahuiYorubaSimulation.globe
trotter.boot.txt

BrahuiYorubaSimulation.globe
trotter.main.pdf

trotter.main.txt or two dates of admixture, as well as goodness-of-fit

measures and the model’s recommended admixture
conclusion (see Figure 5)

inferred dates for each bootstrap (or jack-knife)
sample, assuming either one or two dates of admixture
as requested by the user

depicts coancestry curves for all pairings of surrogate
populations inferred to contribute > 0.1% to the
ancestry of the target population, as well as fit of the
models assuming one versus two dates of admixture to
these curves

BrahuiYorubaSimulation.globe  gives raw data used to produce coancestry curves and
trotter.main_curves.txt fitted models in the coancestry curve plots file

In Figure 5, we describe how to evaluate the results in the admixture description
file. Alongside this, we recommend examining figures in the coancestry curves plot
file to understand the admixture signal, including assessing whether the
conclusions in the admixture description file are consistent with these curves. In
particular under a pulse model of admixture, the curves should increase or
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decrease exponentially, with rate equal to the date(s) of admixture. Therefore, the
user should assess whether this is the case. Coancestry curves that clearly increase
along with the genetic distance between two segments indicate that the two
surrogate populations used to generate the curves represent different sources of
admixture. In contrast, coancestry curves that clearly decrease with increasing
genetic distance indicate the two surrogate populations represent the same
admixing source. Therefore, the curves can be assessed to check which surrogate
populations best reflect each admixing source, and the evidence for more than two
admixing sources.

To provide some intuition, consider that for an admixture event between
populations A and B occurring r generations ago under fastGLOBETROTTER's
assumptions, the probability Pr(x,y) that two segments separated by d Morgans
within an admixed individual’s genome are inherited from populations {x,y} € {A,B}
is:

Pr(x,y) =v?> +a(l—-a)exp @ ifx=y
=a(l—a)(1 — exp ) if x #y,

with a the proportion of DNA contributed by population A, and y=«if x=A or y=(1-a)
if x=B [7]. Note that Pr(x,y) decreases with d if x=y=A or x=y=B, i.e., when the two
segments are inherited from the same admixing source. In contrast, Pr(x,y)
increases with d if x=A and y=B, i.e., when the two segments are inherited from
different admixing sources.

Finally, the user should check whether the model assuming two dates of admixture
fits the curves substantially better than the model assuming only one date; if not,
the one date fit is a more parsimonious solution.

Example output from the admixture description and coancestry curve plots files
for both simulated target populations, when analysing each using all 22 autosomes,
are provided in Figures 5 and Figures 6. In the case of the simulation with one
pulse of admixture, the inference assuming one date of admixture seems to
sufficiently fit the data. The rate of these exponential curves is ~31, which is close
to the true admixture date of 30 generations. In addition, the surrogate population
Balochi, sampled from Central South Asia, has an increasing coancestry curve
when paired with any of the surrogate populations sampled in Sub-Saharan Africa,
including the Mandenka. In contrast, all pairings of the surrogate populations from
Sub-Saharan Africa, such as BantuKenya and Mandenka, have decreasing curves.
This accurately reflects how the simulated admixture is between Central South
Asian and Sub-Saharan African sources.

For the simulated data with two pulses of admixture (i.e., an additional pulse of
Yoruban admixture), now the fit of two dates (red line in Figure 6) appears to be a
subtly better fit to the data than the fit of one date (green line). This is reflected in
the output from the admixture description file, which concludes two dates of
admixture at ~10 and ~41 generations ago. However, inferring the older date can
be challenging, as the first date can mask it - even with 150 simulated individuals,
the fit of two dates is very similar to the fit of one date in Figure 6.
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### INFERRED SOURCES AND DATES ('best-guess' conclusion: one-date’

FHH R R R IR R

### 1-DATE FIT EVIDENCE, DATE ESTIMATE, SINGLE BEST-FITTING DONORS

gen ldate proportion.sourcel maxR2fit.ldate fit.quality.levent fit.guality.2events bestmatch.eventl.sourcel be

1.source2 proportion.event2.sourcel bestmatch.event2.sourcel bestmatch.event2.source2

9 2 0.995203410432834 0.999998978118442 8.999999634679033 [BantuKenya| Balochi|e.48 Balochi Bal

ochT

FHER R R

### 2-DATE FIT EVIDENCE, DATE ESTIMATES, SINGLE BEST-FITTING DONORS

gen.2dates.datel gen.2dates.date2 proportion.datel.sourcel bestmatch.datel.sourcel bestmatch.

datel.source2 proportion.date2.sourcel bestmatch.date2.sourcel bestmatch.date2.source2

1.10908995057827 33.3730321308013 [0.0397689957855769] @.43 Balochi Balochi ©.2 BantuKenya Balochi

HUBBHHBHERBAR BB BHHBBAR BB BB B ERHBHEBUERY

### 1-DATE FIT SOURCES, PC1:

proportion Hadza MbutiPygmy Sandawe BiakaPygmy BantuSouthAfrica BantuKenya Mandenka

9.2 9.01255727780752082 ©.08291183391655428 0.0356101585155875 ©.0684598441398587 ©.227915719842064 ©.2997246796

16477 8.326613988912949

proportion Makrani Balochi

0.8 0.103915063557485 8.896084936442595

RAHRABRARRBHRBRBBARBHRBARAARARRGRERRRBH

### 1-DATE FIT SOURCES, PC2:

proportion Hadza Yemeni MbutiPygmy Sandawe Mozabite BantuKenya Mandenka Makrani Balochi

9.48 9.000202176138908891 0.800688497371672187 ©.080247644085698566 ©.00827623191430638 0.00829647807723773 0.0

77472922581476 0.0898091030398346 0.233456946176457 0.579321203843122

proportion Hadza MbutiPygmy Sandawe BiakaPygmy Mandenka BantuKenya BantuSouthAfrica Balochi

0.52 0.00186566371902164 0.00397997897207939 0.00603100592306389 0.8256826942181434 0.03659279241108089 0.03793

46549808141 @.8696815363896361 8.819031673386761

### 2-DATE FIT SOURCES, DATE1-PCl:

proportion BiakaPygmy Mozabite Makrani BantuKenya BantuSouthAfrica Mandenka Balochi

.43 0.00616776802992484 B.08855465741668966 0.08315958466216894 0.08949626898370353 6.0968856625132493 0.132599
144719129 @.629235090862283

proportion Hadza Mandenka MbutiPygmy Sandawe BiakaPygmy BantuKenya Makrani Balochi

0.57 ©.00388823674578248 0.08783864590062765 0.0104553014139672 0.0122263848948834 0.015880649782989 ©.0209239
232256775 08.138899068375586 8.791487789660647

HUBBHERRER BB R R G RAR BB R B R AR BRE BB R HHBY

### 2-DATE FIT SOURCES, DATE2-PC1:

proportion Hadza MbutiPygmy Sandawe BiakaPygmy BantuSouthAfrica BantuKenya Mandenka

8.2 9.8128938710583793 ©.08300914460800275 0.9359278094615%942 B.0694296658348859 0.227245260628763 08.2997548961
50023 0.324657858794407

proportion Makrani Balochi

9.8 9.103732992444612 B.896267087555388

### INFERRED SOURCES AND DATES ('best—guess' conclusion: multiple-dates
HEHHS B RS HR SRS HR SRR G RS RS H R R R
### 1-DATE FIT EVIDENCE, DATE ESTIMATE, SINGLE BEST-FITTING DONORS

gen.ldate proportion.sourcel maxR2fit.ldate fit.quality.levent fit.quality.2events bestmatch.eventl.sourcel be
stmatch.eventl.source2 proportion.event2.sourcel bestmatch.event2.sourcel bestmatch.event2.source2
14.189817@573233 0.41 0.996650308052677 0.999997930612388 0.999999523271259 Balochi BantuKenya @.35 BantuKenya

LELLELIE]

HHEHRBR R R B BRI

### 2-DATE FIT EVIDENCE, DATE ESTIMATES, SINGLE BEST-FITTING DONORS

gen 2dates.datel gen.2dates. date2m proportion.datel.sourcel bestmatch.datel.sourcel bestmatch.

8.46 Balochl BantuKenya| 8.43 BantuKenya Balochi

### 1-DATE FIT SOURCES, PC1l

proportion Bedouin Mandenka Palestinian Makrani Balochi

@.41 0.00185464124410547 ©.80448919260090769 ©.01041275165064629 0.113067280839151 0.870176133809373

proportion Yemeni Hadza MbutiPygmy EthiopianJewII Tunisian Mozabite Sandawe BiakaPygmy BantuSouthAfrica BantukK
enya Mandenka

8.59 0.808704828451591059 ©.80908450886642456 8.0168679139207021 0.0170996000198166 ©.0181588282014026 8.025408
3627378415 0.032323948720816 0.0597205741582217 ©.20928B467125947 ©.294779978627349 0.310232737773045
HARBHEBRBBARBRRBRBRA R BB HE B BE R BB HE BB ER

### 1-DATE FIT SOURCES, PC2:

proportion Yemeni EthiopianJewIl Hadza Palestinian Mozabite MbutiPygmy Sandawe Tunisian Makrani BiakaPygmy Ban
tuSouthAfrica Mandenka BantuKenya Balochi

0.35 9.90531838307526508 ©.80625618741475622 0.80648715283077626 8.00721650292558418 ©.00825771652849129 0.018
2436761705594 ©0.823453281948638 0.8351229269510947 0.0414182085152768 0.85693974621656886 0.8785489801356094 0.
128942052972416 ©.246324043699057 0.346471141417067

proportion Bedouin Hadza Yemeni Palestinian Tunisian MbutiPygmy Sandawe Mozabite EthiopianlewII BiakaPygmy Mak
rani BantuKenya BantuSouthAfrica Mandenka Balochi

8.65 0.608673359121195857 @.080195961919272857 0.90258276322574164 B.802932642419082158 0.004252598185883656 6.086
890129959109247 ©.8158284804465745 0.0165239013859231 0.819019878282283 ©.0232485112235324 ©.8563318751226957
8.136174585765708 ©.147319122465183 ©.215630282707383 0.348621969945063

HURBHHHH G HR BB UG BR B BB B RR B BB HH SRR

### 2-DATE FIT SOURCES, DATE1-PC1:

proportion BiakaPygmy BantuSouthAfrica Mandenka BantuKenya Makrani Balochi

8.46 0.00100705283404654 ©.8202769518656854 8.85341724080932693 0.0618933284286206 8.1087347111688187 8.756058315
899822

proportion Bedouin Palestinian Yemeni Hadza MbutiPygmy EthiopianJewII Mozabite Tunisian Sandawe BiakaPygmy Ban
tuSouthAfrica BantuKenya Mandenka

©.54 0.000429741752018671 0.00829445084428456 0.80915593574189 8.080967777991355117 ©.8181451257986754 8.825137
8481942956 ©.026805775245415 0.0286848883443671 ©.083483010668817 0.063424702454623 0.2098265326004796 0.2688762
38531697 0.297512080494217

HERBERBERBERBERBERBER BB BB BB BB RRR

### 2-DATE FIT SOURCES, DATE2-PC1:

proportion Bedouin Makrani Palestinian Hadza Yemeni MbutiPygmy EthiopianJewII Mozabite Tunisian Sandawe BiakaP
ygmy BantuSouthAfrica BantuKenya Mandenka

0.43 0.000287991478733224 0.000323158574638996 8.0185659943727843 0.813020501287547 0.0137675842610422 8.02242
37147152091 ©0.0318952772435384 0.03209744641632084 0.0357198792042071 0.043685825961665 0.0636415583824182 0.18
6375396718973 @.256570305406269 @.289625365984654

proportion BiakaPygmy BantuSouthAfrica Makrani Mandenka BantuKenya Balochi

@.57 ©.9128880122438197 ©.0736038303808327 0.0861858629483312 0.106505909343118 0.111015826957436 0.6098013581
26462

Figure 5. Examples of *.main.txt output files from fastGLOBETROTTER, for the simulations with one pulse (top) and
two pulses (bottom) of admixture. FastGLOBETROTTER's best-guess conclusion for the type of admixture in each case is
given at top (blue circles), with inferred dates when assuming either one date (yellow circle) or two dates of admixture (orange
circle) given underneath this. Concluding “multiple-dates” is based on “maxScore.2events” (orange box) being >=0.35, a
threshold chosen based on simulated results [7]. As “one-date” is inferred in the top case, we use the yellow circle, and we
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use the inference in the green boxes to describe (top green box) the surrogate population that is inferred to be most
genetically similar to each admixing source and (bottom green box) the proportions contributed by each of the two admixing
sources and each source’s inferred genetic make-up. This genetic make-up is described as a mixture of the surrogates by
using the model illustrated in Figure 4. (If “one-date-multiway” is inferred, indicating >2 sources intermixing around the same
time, we also use the inference in the purple box, but that is not the case here.) As “multiple-dates” is inferred in the bottom
case, we instead use the orange circle, and we use the inference in the red boxes to describe the inferred sources and
proportions, separately for the first inferred admixture date (underneath “2-DATE FIT SOURCES, DATE1-PC1”, representing
the inferred date “gen.2dates.date1” at top) and for the second inferred admixture date (underneath “2-DATE FIT SOURCES,
DATE2-PC1”, representing the inferred date “gen.2dates.date2” at top).

(1) Balochi vs (1) BantuKenya vs
Mandenka Mandenka
14+ = 1.39
H data
0.97 - 1.26 [0 one—-date
0.93 - 1.12- M two—dates
0.89 - : , 10.98 T ‘ -
0 10 20 30 0 10 20 30
distance (cM) distance (cM)
(2) Balochi vs (2) BantuKenya vs
Mandenka Mandenka
1 1.06 -
0.96 1.04 -
0.93 1.02 -
0.9 , ‘ ‘ 14
0 10 20 30 0 10 20 30
distance (cM) distance (cM)

Figure 6. Example coancestry curves for the simulated data with (top row) one date and (bottom row) two dates of
admixture. In each plot, black lines give the scaled probability (y-axis) that two segments in a target individual's genome
separated by a given distance (x-axis) are most recently related to the two surrogate populations listed in the title. Green lines
give the fit of the model assuming one date of admixture, while red lines give the fit assuming two dates of admixture.

Finally, for the single-date simulation scenario, the scaled probabilities are flat
when the distance between the two segments exceeds 10cM. The model fits all
pairs of segments within the range specified by “curve.range” in the parameter
file, which by default is all segments separated by >1cM and <30cM. For this reason,
it would be sensible to re-run fastGLOBETROTTER after setting “curve.range” to
instead fit curves separated by >1cM and <10cM in this case, as the model is only
fitting random noise in segments separated by >10cM. If necessary, “bin.width”
can be adjusted alongside “curve.range” to control the number of distance bins
used to build the coancestry curves.

6. Discussion

While here we illustrate how ChromoPainter combined with fastGLOBETROTTER
can accurately infer and date admixture in simulated examples, this protocol has
some important limitations. For example, the sizes of segments inherited from
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each admixing source decrease with time due to recombination. Hence older
admixture dates, e.g., occurring over 150-200 generations prior to the age of the
target population, may be difficult to detect. While this issue affects all admixture
inference approaches that leverage the decay of linkage disequilibrium related to
admixture, including ALDER [2] and MOSAIC [9], alternative approaches such as
f3-statistics [5] should be more robust to admixture age.

In addition, currently fastGLOBETROTTER can only describe up to two dates of
admixture per target population. As with many other methods [2-6,9] they assume
admixture occurs in “pulses”, which is an over-simplification [26].

In particular, admixture in many cases likely occurs over several years and
overlapping generations. Indeed in practice we suggest that if these programs
infer two dates of admixture involving the same sources in a target population, this
is reported as potentially reflecting continuous admixture spanning the two
inferred dates.

Even more complicated are cases where more than two sources intermixed, at the
same or different times, in the history of a target population, which is highly
plausible given the complex series of interactions throughout human history.
While fastGLOBETROTTER can test for >2 intermixing sources, it does not fully
attempt to describe the genetic make-up of each source in such cases. Instead they
describe signatures in the admixture patterns that require further interpretation
from the user, e.g., through studying the coancestry curves as described above.
Other approaches attempt to model more complicated admixture histories, e.q.,
using Approximate-Bayesian-Computation (ABC) techniques [27].

If an admixing group is not well reflected by any surrogate population, the signal
of admixture can weaken. When admixture is inferred, a sign of having no good
representative surrogate for a source is if several geographically disparate
surrogates are used to describe that source. A separate issue occurs if a surrogate
is too closely genetically related to the target population, which may mask any
(potentially shared) admixture events. Fortunately, this is relatively easy to
diagnose and resolve, as the target should match almost entirely to this surrogate
population in the NNLS analysis. In such cases, the surrogate population can be
removed before re-running. To avoid computational hassle, ideally fastGLOBETTER
can be re-run without having to re-run ChromoPainter, e.qg., by keeping the
offending population as a donor while removing them as a surrogate. However, a
better strategy is to remove this population as a donor and re-paint, as keeping
them as a donor may in particular act to mask the signal of any admixture when
generating the *samples.out files for the target population. Such a re-painting may
be helpful if the reported best-guess admixture conclusion is “unclear signal”.

fastGLOBETROTTER relies on ChromoPainter output to infer admixture. While
recipient individuals tend to be painted by many world-wide donor populations
(e.g., Figure 2-3), they typically are painted more by the donors they are most
closely related to genetically than any other group is painted by those same donors.
For example, relative to any non-African surrogate population, Sub-Saharan
African surrogates are painted considerably more by Sub-Saharan African donors
(Figure 3). This reflects population-specific (or region-specific) levels of genetic
drift. However, when surrogate and donor populations overlap, which is often the
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References

case in practice, there are some subtle issues that can arise due to differences
among these populations’ sample sizes, even after attempting to correct for
sample size using e.g., NNLS. In particular surrogate populations with small sample
sizes are less able to capture population-specific drift, since they have fewer donors
to paint against. In an extreme (yet realistic) case where a surrogate population
has only one individual, it cannot paint against any donors from its own population.
A consequence is that surrogates with such small sample sizes, perhaps <5
individuals in practice, may tend to be over-represented among the inferred
ancestry sources of target populations. The reason for this is that a lack of a
“unique” drift signature in such surrogates could make them seem more
genetically similar to the true admixing sources than would be the case if this drift
were better captured. Ensuring surrogate populations have similar sample sizes
should mitigate any such issues.

Overall, since available programs have varying strengths and weaknesses, we
recommend running multiple software (e.g., ALDER, MOSAIC) and assessing
consistency across findings when reporting results. Despite their difficulties, these
programs have proven to be powerful tools to detect admixture in a variety of
settings, and will hopefully continue to assist with further insights into the history
of humans and other organisms.
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