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Panel A) shows the marginal genealogy being propagated unchanged along the
genome until an ancestral recombination event is encountered, and the genealogy
modified accordingly. In panel B), the new genealogy is propagated until a second
recombination event is encountered. Panel C) demonstrates a realization of the
mutation process along the genealogy at each locus and the resulting observed
genetic data, where the ancestral allele is changed to a derived allele at samples
that are subtended by the mutation event. . . . . . . . . . ... ... ... ...
Schematic of our CHMM for a sample of size 4. Information about the underlying
tree at each locus is captured by the state s;. & = {s1,...,s5} is the set of
intervals into which the respective summary of the tree (Tjypca or £) can fall.
The states change from each locus to the next in accordance with the transition
matrix A and the observed number of derived alleles at each locus is emitted in
accordance with the emission probabilities B. . . . . . . . ... ... ... ...
Example trajectory of A”(t) with the state denoted by tuples. At ¢t = 0 there
are three lineages of type k£, ancestral to both loci for their respective samples.
The lineages split at ancestral recombination events and combine at coalescence
events where they find a common ancestor. The trajectory ultimately culminates
in the state (1,0,0,2), signifying that there is one lineage ancestral to both loci
in all present-day samples, and that two recombination events occurred in this
genealogy. . . . . . L
Example trajectory of the ancestral process with mutation for n = 3 samples with
the state (k, k*) indicated on the left. The mutation process is superimposed onto
the regular genealogical process. In this example, the mutation happens when

11

there are two ancestral lineages, resulting in two samples carrying the derived allele. 16

Schematic for meta-locus model with s = 4. Each meta-locus represents 4 sites.
Recombination does not happen within a meta-locus, but between at elevated
rates. The emission probabilities B;,;, 4 for each meta-locus, are the same as in
the single-step model. . . . . . . ..o
Schematic showing the improvement achieved by masking the tract upstream of
a non-biallelic site as missing. In the former case (top), the tract is effectively
interpreted as an artificially long region without variation (marked red), which
biases the inference. By masking the left region as missing (bottom) we avoid
this systematic bias. . . . . . ..

Results of inference in the bottleneck scenario for sample size (a) 10 and (b) 200.
We compare the results of CHIMP, MSMC2, and Relate to infer the three population
sizes, fixing the change points to match the truth (shown in black). Solid lines are
averages over 16 replicates and shaded area indicates standard deviation. Mean
signed error A(k) is shown at bottom and has been smoothed using moving
average for visualization purposes. The integral ¢ is indicated in the legend. (*)
Note that for sample size 200, MSMC2 was only run on 50 non-overlapping pairs.
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Results of inference in the piecewise growth scenario for sample size (a) 10 and
(b) 200. We compare the results of CHIMP, MSMC2, and Relate to infer the 3 pop-
ulation sizes, fixing the change points to match the truth (shown in black). Solid
lines are averages over 16 replicates and shaded area indicates standard deviation.
Mean signed error A(k) is shown in bottom plot and has been smoothed using
moving average for visualization purposes. The integral ¢ is indicated in the leg-
end. (*) Note that for sample size 200, MSMC2 was only run on 50 non-overlapping

Results of inference in the piecewise sawtooth scenario for sample size (a) 10
and (b) 200. We compare the results using CHIMP, MSMC2, and Relate to infer
the population sizes in the intervals, fixing the change points to match the truth
(shown in black). Solid lines are averages over 16 replicates and the standard
deviation is indicated by the shaded areas. Mean signed error A(k) is shown
in bottom plot and has been smoothed using moving average for visualization
purposes. The integral ¢ is indicated in the legend. Note that MSMC2 groups
epochs in the very distant past due to limits of the method interface. (*) For
sample size 200, MSMC2 was run on 50 non-overlapping pairs, and only 15 of the
16 replicates completed successfully. . . . . . . . ... .. ... L.
Results of inference in the continuous sawtooth scenario for sample size (a) 10 and
(b) 200. We compare the results of CHIMP, MSMC2, and Relate using a piecewise
constant population size history with 19 change points. Truth shown in black.
Solid lines are averages over 16 replicates and shaded areas indicate standard
deviation. Mean signed error A(k) is shown at bottom and has been smoothed
using moving average for visualization purposes. The integral ¢ is indicated in
the legend. (*) For sample size 200, MSMC2 was run on 50 non-overlapping pairs.
Results of inference in the bottleneck followed by growth scenario for sample size
(a) 10 and (b) 200. We compare the inference of CHIMP, MSMC2, and Relate using
a piecewise constant population size history with 19 change points. Truth shown
in black. Solid lines are averages over 16 replicates and shaded areas indicate
standard deviation. Mean signed error A(k) is shown in bottom plot and has
been smoothed using moving average for visualization purposes, The integral ¢
is indicated in the legend. (*) For sample size 200, MSMC2 was run on 50 non-
overlapping pairs. . . . . . . .. L
Results of inference using 10 pseudo-haploids simulated under the piecewise saw-
tooth demography. We compare the results of CHIMP — Ty rc 4 using the pseudo-
haploid option, MSMC2, and Relate, fixing the change points to match the truth
(shown in black). Solid lines are averages over 16 replicates and shaded area
indicates standard deviation. Mean signed error A(k) is shown in bottom plot
and has been smoothed using moving average for visualization purposes. The
integral ¢ is indicated in the legend. Note that Relate entirely failed to estimate
a population size in the most recent epochs, resulting in indeterminate values.
(*) For MSMC2, only 12 of the 16 runs completed successfully. . . . . . . .. . ..
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Results of inference in the bottleneck followed by growth scenario for sample
size (a) 10 and (b) 200. We compare the results of CHIMP-T\irca, MSMC2, and
Relate using the respective default discretization of the population size history.
Truth shown in black. Solid lines are averages over 16 replicates and shaded area
indicates standard deviation. Mean signed error A(k) is shown in bottom plot
and has been smoothed using moving average for visualization purposes and the
integral ¢ is indicated in the legend. (*) For sample size 200, MSMC2 was run on
50 non-overlapping pairs. . . . . . . . . Lo
Results of inference for the sawtooth demography simulated using a human re-
combination map (for Chromosome 3) for sample size (a) 10 and (b) 200. We
compare the results of CHIMP-Tyrca, MSMC2, and Relate. For Relate we pro-
vide the recombination map used to simulate the data, for CHIMP we specify the
constant recombination as the mean over the recombination map, and MSMC2 is
set to infer the best fitting constant rate. Truth shown in black. Solid lines are
averages over 16 replicates and shaded areas indicate standard deviation. Mean
signed error A(k) is shown at bottom plot and has been smoothed using moving
average for visualization purposes. The integral ¢ is indicated in the legend. (*)
For sample size 200, MSMC2 was run on 50 non-overlapping pairs. . . . . . . ..

Schematic for (a) the demographic model under which CHIMP-S performs infer-
ence and (b) the ODE scheme which we employ under this model. The (a)panel
displays the ancestral population which splits into two populations at some time
T in the past. Each of the branch populations remain till the present day, where
the samples are taken. The (b) panel shows how independent ODEs are run
backwards in time to compute the evolution of each population independently.
At time T, the states that ODFE; and ODFEy can take on are permuted and
mapped to appropriate states of ODFE 4, which evolves back in time until the
absorbing state (when all samples reach the MRCA) is reached. . . . . ... ..
Results for two parameter inference using the split-population model of CHIMP-S.
Estimates for 40 replicates are shown. . . . . . . . . ... ... ... ...

Correlations between true and inferred values for the state variables Th;pca (left)
and L (right), comparing inference using Relate and CHIMP (separately using the
mean and median of CHIMP’s posterior distribution as the estimator). The results
are aggregated across 3.2 Gbp of simulated data (10 haplotypes simulated under
constant 10k population size with human r and g using msprime). We also
include marginal 1-D histograms for inferred and true values. Both heatmaps
and histograms are binned according to CHIMP’s hidden states. . . . . . . . . ..

vil



5.2

9.3

5.4

9.5

0.6

Correlations between true and inferred values for the state variables Th;rc 4 (left)
and L (right), comparing inference using Relate and CHIMP’s mode estimator.
The results are aggregate across 3.2 Gbp of simulated data (10 haplotypes simu-
lated under constant 10k population size with human r and p using msprime). As
before, we include marginal 1-D histograms. To help visualize the density crest,
we use a coarse binning in the heatmap such that every 4 consecutive hidden
states are considered as 1 bin. These bins are also used for the histograms. . . .
Example of inferred Thyroa (top) and L(bottom) along a 100 kbp stretch of
simulated data under neutrality, with the true values included for comparison.
The data was a segment sampled from the 3.2 Gbp used in Figures 5.1 and 5.2.
For CHIMP we omit the median estimator for visual clarity as it is very similar
to the mean. The apparent upper bound on the values inferred by CHIMP is an
artifact of the fact that the HMM uses discrete states and we have assigned a
finite value to the last state. . . . . . . . ... o
Posterior distributions computed by using CHIMP-PD to analyze data collected
from a selective sweep simulation with s = 0.02. This is computed for both
Tyvirca (top) and £ (bottom). The genomic segment is centered around the
beneficial mutation site. We further compute the mode, mean, and median of
the distribution and overlay these curves. The regions below Thypca ~ 6k and
L =~ 20k generations are subtended by a finer division of states that were included
to increase precision in the recent past, and we see that the mode, median, and
mean all extend into the region near the selected mutation, showing clear evidence
of a signal. The signal for £ appears wider and more pronounced than that for
Trrrca- In the heatmap, brighter colors indicate higher inferred probability for
the state spanning that region. . . . . . . . .. ... o000
Posterior distribution of £ as computed by using CHIMP-PD to analyze data col-
lected from a selective sweep simulation with s = 0.01 . We also display the
mode, mean, and median of the distribution. By our criteria, we do not detect
the selection since we do not see £ extend into the recent states (below ~ 20k
generations), though we do observe a region with a generally low average value
for L. . . e
Posterior distributions computed by using CHIMP-PD to analyze data collected
from a balancing selection simulation with s = 0.02 . This is computed for both
Trrrco A (top) and £ (bottom). The plot is centered around the site of the benefi-
cial mutation. The mode, mean, and median of the distribution are also computed
and displayed. The regions above Thypcoa ~ 55k and L ~ 135k generations are
subdivided into finer states that were included to increase precision in the distant
past, and we see that the mode, median, and mean all spike into these states near
the selected mutation, showing clear evidence of a signal. At 1.59mbp, we see
an example of a spike in the background, though it is highly localized compared
to the signal due to the 20kbp region under balancing selection. . . . . . . . ..
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5.7 Results of demographic inference for GBR, YRI, and CHB. These results were

0.8

9.9

computed with a modest amount of regularization to achieve smoother functions.
As expected, we see evidence of a bottleneck for the out-of-Africa migration in
the GBR and CHB populations and similar dynamics in the distant past for all
populations. . . . . . ...
L values near LCT, inferred using CHIMP-PD with the mode of the posterior as the
estimator. The purple dashed lines indicate the location of LCT, and near this
we see evidence for the very small trees that are consistent with a recent selective
sweep. We see strongest evidence of this sweep in the European population GBR,
and weaker evidence in CHB, and weakest of all in YRI. . . . .. .. .. .. ..
L values near the MHC, inferred using CHIMP-PD with the mode of the posterior
as the estimator. The MHC is the region bounded by the purple dashed lines,
and within this region we see evidence for very large (deep) trees consistent with
the signature for balancing selection in each of the three populations. . . . . . .
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ABSTRACT

Advances in genetic sequencing technology have given us an abundance of whole genome
sequencing data that can tell us much about evolutionary processes and population history.
Coalescent hidden Markov models (CHMMs) are a powerful class of methods that use both
genetic variation and genetic linkage information to untangle the complex demographic his-
tories of natural populations. This thesis presents CHIMP (CHMM History-Inference ML
Procedure), a novel CHMM implementation that can use both the height (Th;rc4) and the
total branch length (£) of the underlying genealogical tree as the latent variable in the HMM
as the method moves sequentially along the genome. The primary application of CHIMP is
in demographic inference problems, and we perform a suite of simulations to benchmark the
performance of CHIMP among other state of the art CHMMs. We also demonstrate the use
of CHIMP to perform demographic inference in structured populations. Finally we introduce
CHIMP-PD, an extension that is used to decode the posterior probability of the CHMM, and
explore its use in uncovering patterns of adaptive variation. This work ultimately demon-
strates that CHIMP provides a flexible, efficient alternative to other methods, particularly

when analyzing unphased and pseudohaploid data.
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CHAPTER 1
INTRODUCTION

Technological advances in full-genome sequencing in the recent decades have made it possible
to collect increasingly large amounts of genomic data sampled from individuals across diverse
population groups and even species. These data can be used to study relatedness among
individuals and can also infer complex demographic histories, helping to unravel population
size changes, population structure and migration events. In addition, adaptation of beneficial
alleles and other forms of genetic selection often leave characteristic signatures in the genome
that can be studied to better understand the selective processes that continue to shape our
DNA. Thus, this wealth of genomic data gives us a unique window into many of the forces
that shape our genetic material.

Population history is one such force that has been of particular interest to population
geneticists. Understanding the evolutionary history of humans can be both culturally and
anthropologically illuminating, but it is also important in other medical and health-related
applications. For example, genome wide association studies (GWAS), a popular tool used
to detect associations between genetic factors and specific phenotypic outcomes, can be
confounded by genetic variation arising from demographic history [1]. Thus it is crucial
to develop population genetic tools for analyzing whole-genome sequencing data that can
infer the underlying demographic history and establish appropriate null models for these
associations and other studies.

To date, many methods have been presented in the literature that infer different aspects
of demographic histories from different signals in the data. The primary focus in this study
is on the inference of the size history of a single population, and here we briefly review
methods with a similar focus. Several methods perform inference using the site frequency
spectrum (SFS), either assuming no linkage between sites [2, 3], or complete linkage [4].

These methods can be efficiently applied to large sample sizes which particularly improves
1



their ability to infer recent population size changes [3, 5]. However, these methods do not
leverage information about decay of linkage disequilibrium along the chromosome, which has
been shown to increase power. Other methods make use of linkage information by fitting
demographic models to the empirical distribution of long shared tracts of Identity-By-Descent
directly [6, 7]. Since most such methods consider tracts above a certain length threshold,
they are also most powerful at inferring recent population size changes. While these methods
account for some linkage information, they do not model the correlation in tract length along
the genome. Some recent methods aim to directly reconstruct the multi-locus genealogy
relating the sampled individuals from high-quality genomic sequencing data [8, 9, 10]. Such
genealogies are useful for a variety of down-stream analyses and can be used for demographic
inference as well.

A powerful class of methods to infer population size histories that account for linkage,
both in terms of length of shared haplotypes and correlation along the genome, are Coalescent
Hidden Markov Models (CHMMs). These methods are based on the Sequentially Markovian
Coalescent (SMC) introduced by [11], based on work by [12]. In this framework, the cor-
relations among the marginal genealogies relating the sampled individuals at each locus in
the genome due to chromosomal linkage and ancestral recombination events is approximated
by a Markov chain. The observed genetic variation is subsequently modeled by a mutation
process on these marginal genealogies. Using the full marginal genealogies as latent states in
a Hidden Markov Model (HMM) framework is prohibitive, but employing lower-dimensional
summaries of these genealogies facilitates computationally efficient inference of population
size histories.

A number of different CHMM-based inference tools have been developed, including
PSMC [13], MSMC [14], MSMC2 [15], SMC++ [16], and diCal [17, 18]. These methods differ in the
sample size that they can analyze and in how the marginal genealogies are represented in

the respective CHMM. For example, PSMC can only be applied to samples of size 2, whereas



MSMC2 can process more samples. However, the computational cost of the latter does increase
substantially with sample size. SMC++ can be applied to large samples and the data does not
need to be phased, whereas diCal requires phased data and is only applicable to moderate
sample sizes. The specific implementation details result in each method performing well for
certain sample sizes and for certain time periods [19, 20], but no method performs uniformly
well across all parameter regimes.

This thesis presents a novel CHMM method, CHIMP (CHMM History-Inference ML
Procedure), that can handle unphased and pseudo-haploid data and scales efficiently to
large sample sizes. Chapter 2 describes the modeling framework for CHIMP and describes
our two implementations that differ in the hidden state space that they use for the CHMM.
One implementation uses the Thypc 4, the time to most recent common ancestor of the
local genealogical tree, while the other uses L, the total branch length of the tree. This
chapter also describes how to numerically solve certain systems of differential equations to
compute the necessary transition and emission probabilities for the CHMM, thus extending
previous work done on the subject [21]. Chapter 3 incorporates the CHMM model presented
in Chapter 2 into a standard Expectation-Maximization (EM) framework to perform de-
mographic inference and presents the results of a suite of tests comparing CHIMP to other
similar methods. Chapter 4 explores how CHIMP can be applied in cases with more struc-
tured populations. Finally, Chapter 5 uses the machinery of CHIMP to study the posterior
distribution of the latent state. We demonstrate how tree shape can be affected by selection,
and how CHIMP-PD can be used as a tool for detecting adaptive variation.

The methods and results presented in Chapters 2 and 3 are available as a pre-print on
the bioRxiv and are under review for further publication. The software for CHIMP is available

at https://github.com/steinrue/chimp.



CHAPTER 2
CHIMP - MODEL AND IMPLEMENTATION

In this chapter we will provide the relevant background on the Sequentially Markovian Co-
alescent (SMC) which is the basis for CHMMs. We will then introduce our novel CHMM
model, CHIMP, including two versions that use different representations of the local genealog-
ical trees as the hidden state: one uses the tree height Thyrc 4, the other uses the total
branch length £. We will describe how we compute the necessary probabilities for our HMM
for each of these versions, and will introduce the likelihood models and computational al-
gorithms that we use. Finally in section 2.6, we will describe some details regarding our

software implementation.

2.1 Background on CHMMs

The genetic variation observed in a sample of n haploid sequences from a given population is
affected by its population size history N(k), where N (k) is the number of diploid individuals
in the population k generations before present. We use coalescent theory to model the effects
that a time varying population size has on the genealogy relating a sample together, which
in turn affects the pattern of observed genetic variation. In the coalescent framework, it is
convenient to measure time in units of 2/N(0) generations and to consider the population
size relative to the size at present. To this end, we introduce the relative coalescent-scaled
population size

N(2Nyt)

n(t) :== TN,

where k = 2Nyt is the rescaled time and Ny = N(0) is the present population size, but can
just as easily be an arbitrarily chosen reference size.
The single-locus coalescent models the genetic variation among n sampled haploids at a

particular locus in the genome [22]. In the coalescent, the genealogy of the sample is described

4



by following the ancestral lineages of the n haplotypes (sampled at present) back in time.
Each pair of lineages can coalesce (find a common ancestor) at a given rate A(¢) that can vary
with time ¢. The coalescent rate is the inverse of the relative population size A(t) = 1/n(t),
which reflects the fact that ancestral lineages coalesce faster in small populations but coalesce
more slowly in larger populations. This process proceeds until all lineages coalesce into a
single lineage, referred to as the most recent common ancestor (MRCA), the genetic ancestor
of all haplotypes in the sample. The time of this final coalescent event is denoted by TyircCA -
The coalescent thus gives the distribution of genealogies at a single locus. One can model the
observed genetic variation at the given locus by superimposing mutations on the genealogy
according to a Poisson process with rate /2, where § = 4Ngyu is the population-scaled
mutation parameter and p is the per-generation per-site mutation probability.

The standard coalescent models the marginal genealogy at a single locus. To analyze ge-
nomic sequence data, one can use the ancestral recombination graph (ARG), which extends
the regular coalescent model to describe the full multi-locus genealogy for n sampled haplo-
types across L loci [23, 24]. Specifically, the ARG models the genealogies at each individual
locus and their correlations induced by the presence or absence of ancestral recombination
events. Just as in the single-locus case, mutations can be superimposed onto these genealo-
gies to model the observed genetic variation in multi-locus genomic sequence data. While
the ARG is a useful tool to simulate genomic data [24, 25], in many scenarios its applicability
in likelihood-based population genetic inference is hindered by its complexity: The space of
possible ARGs grows quickly with the number of samples and the length of the genome.

One factor contributing to the complexity of the ARG is the fact that the marginal
genealogies at distant loci can depend on each other [12]. The Sequentially Markovian
Coalescent (SMC), introduced by [11], simplifies the model by assuming that the distribution
of the marginal genealogy at a given locus only depends on the genealogy at the previous locus

in the sequence, that is, it assumes that the sequence of marginal genealogies is a Markov
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Figure 2.1: Panel A) shows the marginal genealogy being propagated unchanged along the
genome until an ancestral recombination event is encountered, and the genealogy modified
accordingly. In panel B), the new genealogy is propagated until a second recombination
event is encountered. Panel C) demonstrates a realization of the mutation process along the
genealogy at each locus and the resulting observed genetic data, where the ancestral allele
is changed to a derived allele at samples that are subtended by the mutation event.



chain. Under the SMC, the sequence of marginal genealogies is generated as follows. The
genealogy at the first locus is distributed according to the standard coalescent. To proceed
from one locus to the next, ancestral recombination events occur according to a Poisson
process at rate g on the branches of the current genealogy, where p = 4Ngr, and r is the per
base-pair per generation recombination probability. If no recombination events occur, the
marginal genealogy is copied unchanged to the next locus. However, if recombination does
occur, the lineage above the recombination event is removed up to the next coalescent event
involving this lineage. To obtain the genealogy at the next locus, the removed lineage is then
replaced by a new lineage that undergoes the standard coalescent dynamic, that is, it can
coalesce with the regular coalescent rate into the other ancestral lineages. The distribution
of the genealogical trees at each locus is fully determined by the genealogy at the previous
locus in the sequence, and thus the sequence of genealogical trees is a Markov chain. An
illustration of this generative process for the marginal genealogies is depicted in panels A)
and B) of Figure 2.1.

CHMMs use the SMC as the basis for computing likelihoods of observed genomic sequence
data. Given the local genealogy at a locus, we can imagine that ancestral mutations may
have occurred along the genealogical branches. By modeling mutations as a Poisson process
on these trees we can produce mutations that are inherited by our present-day samples, with
patterns of variation that are dependent on the tree structure. In this way, the likelihood of
the observed genetic variation can be computed as emissions conditional on the hidden state

at a given locus (panel C of Figure 2.1).

2.2 CHIMP: A CHMM Using Tyrca or L

While it is possible, in principle, to implement the full SMC as a CHMM by representing the
full local genealogy as a hidden state (as depiceted in Figure 2.1), such an implementation

would make likelihood-based inference intractable due to the prohibitively large hidden state
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space resulting from the continuous nature of the genealogical times and the fact that the
number of topologies grows super-exponentially with the number of samples. Thus, most ex-
isting implementations of CHMMs use a suitable discretization of time and approximate the
full local genealogical trees using lower-dimensional summaries (often only one-dimensional)
to arrive at a finite hidden states space for the HMM (a summary of some common CHMM
implementations and their choices for the hidden states can be found in [19, Fig 1]). Our
method, CHIMP, is a CHMM with a one-dimensional hidden state. We either use the Tyrca
(time to most recent common ancestor, i.e. tree height) or £ (total branch length of the tree)
as the hidden state. We use S + 1 increasing times (or lengths) tg =0 <t < ... <tg =0
to partition the positive real numbers into S discrete intervals. The CHMM is in state s;
at locus ¢ if t; 1 < Ty < t;, where Ty denotes the Tyjrca at locus ¢ (and likewise for Ly).
The set of possible states {sq, ..., sg} is denoted by S. The sequence of states the CHMM
occupies along the complete genome is § = (51, e ,sL), where s is the state at locus .
For the emission observed at a given locus, our method uses the number of derived alleles
d at that locus. Since the data consists of n haplotype sequences, we can observe up to
n — 1 derived alleles at a locus, thus the set of possible emissions is D := {0,...,n — 1}.
Note that D includes 0 to model loci where all samples share the same allele. The vector of
observations across the genome is d = (dl, cee dk }, where d? is the number of derived alleles
at locus £. With these definitions for the state space and emission space for our CHMM, we

introduce the transition and emission probabilities, given by matrices A and B, respectively,

with elements

AZ] = IP[SH—l = Sj|8£ = Si], (2.1)
B;g = Pld’ = d|s" = 5], and (2.2)
II; = P[s' = s,]. (2.3)
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Figure 2.2: Schematic of our CHMM for a sample of size 4. Information about the underlying
tree at each locus is captured by the state s;. S = {s1,...,s5} is the set of intervals into
which the respective summary of the tree (Tyypc4 or £) can fall. The states change from
each locus to the next in accordance with the transition matrix A and the observed number
of derived alleles at each locus is emitted in accordance with the emission probabilities B.

The quantity II is the marginal distribution of the hidden states, and thus it is also
the distribution of sV, the first state in the CHMM. Figure 2.2 depicts a schematic of the
transition and emissions in this CHMM.

To summarize, the essential elements of our model are the sequence of latent states along
the genome 5, the observed emission sequence cf, the transition matrix A, the emission matrix
B, and the marginal distribution of hidden states Il. In the next few sections, we show how
we implement this model. In section 2.3 and section 2.4 we show how to compute entries
of A, B, and IT based on the population history n(¢) and the biological parameters p and
6. Once these probabilities are computed, we can infer the hidden state sequence given the

observed data and compute the posterior likelihood.

2.3 Computing Probabilities with Ty;rca

To use Thyrc 4 as the hidden state in our CHMM, we discretize the continuous random vari-

able into discrete intervals partitioned at certain t; as previously described in Section 2.2.
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We now describe the analytic and numerical methods used to compute the corresponding
transition and emission probabilities in equation (2.1), (2.2), and (2.3). This is a critical
step in our model because it links the parameters of demographic history of the popula-
tion to the key quantities of our CHMM. Briefly, we first define an augmented version of
the ancestral process with recombination (for transitions) or with mutation (for emissions).
These ancestral processes are modifications of the regular coalescent process that allow the
modeling of recombination events between loci and mutation events. The distribution of
these continuous-time Markov processes can be obtained by solving the associated system of
ODEs defined by the respective rate matrices. We numerically obtain the solutions for these
ODEs and combine them appropriately to compute the transition and emission probabilities
of the CHMM. The mutation and recombination rates are given in units of coalescent-time

as before, denoted by 6 and p, respectively.

2.3.1 Transition Probabilities

To compute the transition probabilities, we employ an augmented ancestral process with
recombination, AP, introduced by [21]. This process closely resembles the regular ancestral
process with recombination described by [26] and describes the joint distribution of the
genealogies of n samples for two adjacent loci separated by a recombination distance of p.
We use AP to compute the respective transition probabilities in the matrix A.

The process A”(t) is initialized at the present (¢ = 0) and tracks the ancestral lineages
at two loci, a and b, simultaneously as they evolve backwards in time. Initially, there are n
lineages, each ancestral to both loci @ and b of one of the n sampled haplotypes. As in the
standard coalescent with varying population size, ancestral lineages coalesce with rate \(t).
Additionally, recombination events can occur on each lineage ancestral to two loci at rate
0

5 and decouples the dynamics of the two loci by splitting the respective lineage into two

lineages that are ancestral at only a single locus. The two decoupled lineages then evolve
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Figure 2.3: Example trajectory of AP (t) with the state denoted by tuples. At ¢t = 0 there are
three lineages of type k,; ancestral to both loci for their respective samples. The lineages
split at ancestral recombination events and combine at coalescence events where they find
a common ancestor. The trajectory ultimately culminates in the state (1,0, 0, 2), signifying
that there is one lineage ancestral to both loci in all present-day samples, and that two
recombination events occurred in this genealogy.

independently and yield distinct genealogies for each of the loci. Ultimately all lineages
coalesce into a common ancestor for both loci.

The states of AP(t) are denoted by (kp, ka, kp, ) which are tuples describing the configu-
ration of lineages. Here, k,j, is the number of active lineages ancestral to both loci (coupled),
ko are the lineages ancestral only to locus a, and kj are the lineages ancestral only to b
(uncoupled). Finally, r explicitly tracks the number of recombination events that have oc-
curred since t = 0. While k, € {1,2,...,n}, the decoupled lineages are constrained such that
ka, ky € {0,1,...,7} since there can be at most as many uncoupled lineages as recombination
events. In the full ancestral process, r takes values from 0 to oo, since there can be an
arbitrary number of recombination events between the two loci.

Figure 2.3 shows an example trajectory of this augmented ancestral process. Recombina-
tion events decouple a shared lineage, while coalescence events fuse two active lineages. If an

uncoupled lineage (one of type kq or type kp) coalesces with a coupled lineage (one of type

11



k,p), the resulting lineage contains ancestry that traces to both loci a and b in our sample,
and is therefore a coupled lineage. We note that A” allows for a joint lineage to recombine
(split) and immediately coalesce back together making this process consistent with the SMC’
formulation [27], which is a more faithful model of the true genetic process than the original
SMC formulation [11].

The unboundedness of r renders this full process difficult to solve. In the remainder of
this work, we restrict » to be at most 1 (and consequently also restrict k, and kp to be 0
or 1). This restriction is an approximation that is accurate when the recombination rate
between two adjacent loci is low. In such a case, we expect to see at most one ancestral
recombination event separating the genealogies at two neighboring loci. This approximation
is justified because in many real world organisms, such as humans, the recombination rate
is low. Henceforth, AP (t) will refer to this restricted process.

We set AP(0) = (n,0,0,0), which corresponds to initializing the process in a state with
n lineages at the present time, each ancestral to both loci in a single sample. The absorbing
states are (1,0,0, 1) and (1, 0,0, 0), which correspond to the states where all lineages for both
loci have fully coalesced after 0 or 1 recombination events have occurred.

The possible transitions between states and their respective rates are given in Table 2.1.
The rates in the first three rows of this table correspond to all possible coalescent events.
These rates are all proportional to the time-dependent coalescent rate A(t). The first row
describes coalescence among the lineages ancestral to locus a and b, which results in reducing
the number of these lineages by 1. The rate for these events is proportional to all possible
pairs of such lineages. The second row describes events that reduce the number of lineages
ancestral to only a by one, which can either be a coalescent event among the a lineages, or a
coalescence event between one lineage ancestral to a and another ancestral to a and b. Again,
the rate is proportional to the number of such lineage pairings. The third row describes the

respective events for the b lineages. The fourth row corresponds to recombination events,
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Transition from (kgp, ka, kp, ) to: Rate

(kab = 1, ki, b, 7) A0 (")
(kap bia = 1, by ) )| (5) + k)
(kab Fias iy = 1,7) A | () + k)

koL ifr=0
(kgp — Lka + 1,k + 1,7+ 1) abgs, UT
07 else

Table 2.1: Possible transitions from a given state (k,p, kq, kp, 7) and their respective rates.
The first row gives the rate for coalescence between two lineages that are ancestral to both
loci. The second row gives rate for two types of events, coalescences between two lineages
ancestral to only locus a, and coalescences of a lineage ancestral only to a with a lineage
ancestral to both. The third row reflects similar events for locus b. The last row gives the
rate of recombination events. Note that these rates are defined to permit a maximum of 1
ancestral recombination event occurring between locus a and b.

with a rate proportional to the recombination rate p/2. These recombination events can only
happen in lineages ancestral to a and b and reduces their number by one. Such events result
in one lineage ancestral to only a and one only to b, increasing the respective numbers by
one, and also increasing r by one. Note that the rates for the recombination events reflect
the fact we restrict the process to have at most one recombination event.

Define g5 (t) := P[A”(t) = o] to be the probability that the augmented ancestral process
is in state o € R at time ¢, where R is the set of all possible states. Then §”(t) = (g5 (15))0_672
is the distribution of the process at time ¢, a vector of probabilities over all the states o € R.
Since AP is a continuous-time Markov process, the evolution of §(¢) is given by the system

of ordinary differential equations (ODEs)

d

S0 =0 Q) 2.4

where QP(t) is the rate matrix consisting of the rates given in Table 2.1. The rate ma-

trix is time-dependent, since the coalescent rates A(t) are as well. We can now obtain the
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probabilities §(¢) by numerically integrating equation (2.4) (see 2.6.2 for details).
Moreover, from the distribution g(t), we can compute the cumulative joint distribution

function (CDF) of the T\trca at the two loci, P[T,, < 74;7Tp < 7], where 0 < 74,7, < 00,

and T, and T} are the T\jrca’s at a and b respectively. Without loss of generality, we

assume that 7, < 7, and obtain

=PT, <74;Tp < 70] + ]P[Ta < 714;Ty € (Ta,TbH
= 9(1,0,0,0)(Ta) + 9(1,0,0,1)(7a) + P[Ta < 70; Ty € (70, 7]

= 9(1,0,0,0)(Ta) + 9(1,0,0,1)(Ta) + 9(1,0,1,1)(7a)*
Plo(m) = (1,0,0,1) | o(7q) = (1,0,1,1)]

= 9(1,0,0,0)(Ta) + 9(1,0,0,1)(7a) + 9(1,0,1,1)(7a) - [1 =€~ Fad0dy (25
In the first equality, we partition the probability according to whether T}, < 7, or T} > 7.
The second equality holds, because P[T;, < 74; T}, < 74] is the probability that the ancestral
process is in an absorbing state where both loci have found the Thyrc 4 by time 7,. The
third equality follows from the fact that ]P[Ta < 710;T} € (Ta,TbH is the probability that
the lineages at a found a common ancestor by time 7, and the lineages at b find a common
ancestor after 7,, but before 7, which is only possible if a recombination event occurred.
Since this term is conditional on a having found its Thyrc 4, only 2 lineages can be remaining
(one ancestral only to b, and one the common ancestor of a) due to the assumption that
r < 1, and thus the term simplifies to the coalescence probability of two lineages between
times 7, and 7. The final equality follows.

By evaluating equation (2.5) at the values 74, 7, € {ti}fzo, the interval boundaries for the

discretized state space, we can obtain a joint cumulative distribution matrix for 7}, and Ty,
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denoted ASPF . From this it is straightforward to compute the matrix of joint probabilities,
APPE  Dividing the joint probabilities by the marginal probabilities, we arrive at A, the

transition probability matrix itself:

Ag-DF = P[Ta <t;;1p < tj]

PDF CDF CDF CD CDF
A A — A 1 — AiiT + AL 1j—1 (2.6)
ABDF
Ajj = =57 (2.7)
2 kes APDF
Additionally, we can obtain the vector of marginal probabilities IT as
I =Y ALPE. (2.8)

jes
2.8.2  Emission Probabilities

To compute the emission probabilities with Tyjrca as the hidden state, we introduce an
augmented single-locus ancestral process with mutation A? which is an extension to the reg-
ular ancestral process [23] that is motivated by the fact that, conditional on the coalescent
tree, mutations are Poisson distributed along the branches with rate . Similar to the recom-
bination case, we only consider at most one mutation event (motivated by the assumption
that the per locus mutation rate is low). The states of this process are denoted by (k, k"),
where k is the number of active lineages ancestral to the n samples, and k™ is the number of
lineages that were active at the time of the first mutation event along the genealogy (going
backwards in time). If no mutation has occurred yet, k* assumes a value of —1.

The process is initialized in (n,—1), a state before any mutation has occurred with one
ancestral lineage for each sample. The transition rates are given in Table 2.2 and an example

trajectory is shown in Figure 2.4. The possible transitions are either two lineages coalescing
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Figure 2.4: Example trajectory of the ancestral process with mutation for n = 3 samples
with the state (k, k™) indicated on the left. The mutation process is superimposed onto the
regular genealogical process. In this example, the mutation happens when there are two
ancestral lineages, resulting in two samples carrying the derived allele.

or a lineage mutating. The rate for coalescence is given by the coalescent rate A(¢) times the
number of possible pairs that can coalesce, and such an event reduces the number of lineages
by one. The rate for a transition via mutation is given by the mutation rate g multiplied
with the number of lineages that a mutation can occur on. The number of lineages that were
active at the time of the mutation event is recorded in the second component of the state.
Since we restrict to one mutation event at most, if this number is set once, it will not be
set again. The process is absorbed in any state (1,%k") with £* € {—1,2,...,n}. Note that
it is important to continue the process after a mutation event occurred until all lineages are

coalesced so that we obtain the full distribution of the Tyirca-

Transition Rate

(k, k%) = (k= 1,K%) | A(0)(5)

(k,—1) = (k, k) k4

Table 2.2: The transition rates of the augmented ancestral process A?. The first row gives the
rate of a coalescence event of two lineages, while the second row gives the rate for mutation
events. Note that only one mutation event is permitted.

Similar to the procedure for AP, we collect all transition rates in a matrix Qe(t). We

further define g2 (t) := P[A%(t) = o] as the probability that the ancestral process A’ is in a
16



state 0 € M at time ¢, where M is the set of all possible states. The evolution of the vector

of all probabilities §? (t) = (gg(t))(7 c \ is given by the system of ODEs

d g

250 =3°0)- Q).

Again, we obtain the solution to these ODEs numerically as described in 2.6.2.
Using the distribution of this process, we can compute the cumulative distribution of

Trvrrc A jointly with the probability of emitting d derived alleles as

P[Thrpea < 730 derived alleles] = P[A?(r) = (1, 1)),

since this gives the probability that all lineages are coalesced by 7 and no mutation occurred,

and

PTyviroa < 7;d derived alleles]
= P[A(7) = (1,k%) for k* € {2,...,n};d derived alleles]

= Z g((gl’ k*)(T) P [d derived alleles|mutation while &* lineages}

k*e{2,...,n}
n—d—1
= Z 91 jy (1) _( ]Zk—_f ) (29)
(1,k*) ( )
k*e{2,...n} k*—1

for d € {1,...,n — 1}. The first equality in equation (2.9) follows from the fact that
Tyvirca < 7 if and only if the ancestral process has found an absorbing state (all lineages
have coalesced) before 7. In the second equality, we partition this probability with respect
to the specific number of lineages active when the mutation occurred, which is encoded
in the absorbing state. For the last equality, we substitute the probability of emitting a

certain number of derived alleles given that there were k* active lineages at the time of the
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mutation. This probability is given by the probability that one of the k* lineages subtends
d leafs [e.g. 28, Ch. 2.1]. It is independent of the time of the mutation.

By evaluating these probabilities at times 7 € {ti}fzo, we compute the discretized joint
CDF for the emissions, BCDF , which is again used to compute the joint probabilities BPDF
and ultimately the emission probabilities B for the CHMM by conditioning on the hidden

state:

BGPE = PTypea < tizy = d] (2.10)
PDF ._ pCDF _ pCDF
Byt =B — Bl
BEDF
Bid = = ppF (2.11)
4= 5, BEDF

2.4 Computing Probabilities with £

We now describe the implementation of our CHMM with the total branch length (sum of all
branch lengths) of the genealogical tree £ as the hidden state at each locus. As before, we
discretize £ by partitioning the real line with a set of values tg =0, < t] < ... <tg = 0o, and
say that the CHMM is in state s; at the given locus, if t;_; < £ < t;. In order to compute the
joint distributions for ACPF and BCPY | we employ the approach first outlined in [21] using
partial differential equations (PDEs) associated with the augmented ancestral processes A"
and A?. We numerically solve the respective systems and use the solutions to obtain the

transition and emission probabilities as follows.

2.4.1 Transition Probabilities

We follow the approach in [21] to compute the joint distribution of the marginal total tree
length at locus a and b. We begin by computing the joint distribution of the total tree length

accumulated up to a certain time ¢ in the past. Using both the augmented ancestral process
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AP (introduced in Section 2.3.1) to compute the requisite distributions for Tyypca and

v (kaps kas k1) = (kb + k) L1y ko1 (2.12)

we can define

Aq(t) = v*(AP(1))

and

Ap(t) = o0 (AP(1))

to count the number of active lineages that are ancestral to locus a or b at a given time
t. Note that this includes the lineages ancestral to both loci. We define the marginally

accumulated tree length

t
Lo(t) = /0 Ay(s)ds. (2.13)

The quantities Ly (t) and Ly(t) can be thought of as the total branch lengths that has
aggregated at each locus as the process evolves back in time. This holds because the integrand
in equation (2.13) is the number of lineages at a specific locus at a given time and total
branch length is accumulated linearly along each active lineage. The indicator function in
equation (2.12) signifies that the process stops accumulating tree length once only a single

lineage is left, ie. the Ty\irca is reached. Using this notation, we can define the probabilities
Fy(t,z,y) :=P[AP(t) = 0, Lo(t) < z, Ly(t) < y]

which give the joint distribution of tree length accumulated at both loci up to time t and of
the ancestral process A”(t) being in state o

The values of F := (Fg(t, x, y>)0€R can be obtained as solutions to the system of PDEs

OF + 0, F - VO ,F - VP = F.QP(t) (2.14)
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and its corresponding boundary conditions

(

P[AP(t) = 0,Ly(t) <y], ifz<nt
Fo(t,2,y) = { P[AP(t) = 0, La(t) < 2], ify<nt (2.15)

0, ifr=0o0ry=0

\

as shown in [21]. These equations are given in terms of the rate matrix Qf(¢) of the aug-

mented ancestral process A” and the diagonal matrices
V¢ = diag{v' (o)},

which represent the accumulation of tree length along the active ancestral lineages.
In [21], the authors show that the quantities P [AP(t) = o, Lq(t) < z] =t F,(t,z) (and

the corresponding quantities for ) can in turn be obtained as the solution of the PDEs
OF 4+ 0,F - V¢ =F.Q"(t) (2.16)

with boundary conditions

%
=
)
=
I
2,
I

gh(t), ifx<nt

0, if v =0.

We implemented the scheme outlined in [21, Appendix B] to compute the solutions to these
PDEs and provide additional details of our implementation in Section 2.6.3.

Lastly, the joint distributions of tree length at loci a and b can be obtained from the
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solutions of the absorbing states of AP and are given by

PlLy <z,L, <y]= [F(Lo,o,())(t,% y)+ 101, y)} ‘t_maz(:v,y)? (2.17)
- 2

where £, and £ denote the total branch length of the genealogies at locus a and b respec-
tively [21]. Evaluating these probabilities at z,y € S = {to,t1,...,tg} yields the elements of
the joint cumulative probability matrix ACDFE  This discretized joint distribution can then
be used in equations (2.6) and (2.7) to compute APPFE and ultimately the transition prob-
abilities A for the CHMM when using the total tree length £ as the hidden state. Similarly,

the initial distribution can be obtained using equation (2.8).

2.4.2 FEmission Probabilities

Computing the emission probabilities closely follows the steps for the transition probabilities
outlined in the previous section. However, we use the ancestral process with mutation A?
instead of the process with recombination A”, and instead of one variable for time and two
for tree length (¢,x,y), we only need to use one variable for time and one for tree length
(t,x) since we only consider emission at one locus. Before we can compute the emission
probabilities, we first need to compute the joint probability of accumulating a certain tree

length by ¢t and Ag(t) occupying a certain state:
Fygo oy (t,m) = P[AY () = (k, k¥), L(t) < a].

Here, L(t) is the accumulated tree length at this locus, defined similarly to equation (2.13)

as

t
L(t) ::/O UQ(AQ(S))CZS,
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where v/ (k, k*) = k1{j~1y- Similar to Section 2.4.1 and [21], the vector of these probabilities

can be obtained as the solution to the following system of PDEs
WF +0,F -Vl =F.Q%), (2.18)
with boundary conditions

PLA%(t) = (k, k%)) gl, (), ifa <nt

0, if x =0,
where Q?(¢) is the matrix of transition rates of the process A? and the diagonal matrix
V¥ .= diag{v?(0)}.

Solving this system is similar to solving the PDEs in Section 2.4.1, and our method is
described in Section 2.6.3. Similar to equation (2.9), we can then combine the probabilities for
the absorbing states with the respective combinatorial factors to obtain the joint probability

distribution of the tree length £ and the observed number of derived alleles as

("N

PIL<ay=d = ZF(QLk*)(t’x)‘t_g S N
k* 2 (k*—l)

We can then again evaluate these probabilities at © € S = {tg, 1, ...,tg}, the discretization
points of the L states, to obtain the entries of the matrix of cumulative probabilities BCDF,
which can be substituted into equation (2.10) and (2.11) to obtain BPPF | and ultimately the
emission probabilities B for the CHMM using £ as the hidden state, that is, the probabilities

of observing a certain number of derived alleles, given the tree length.
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2.5 Computing Likelihoods and Inferring Hidden States

In this section, we describe how we infer the hidden state sequence § given the observed
emission sequence J: and how to compute the likelihood of observing d given the model
parameters (A, B, and IT). We also describe augmentations we make to the standard
HMM machinery in order to improve the efficiency. These include strategies to improve the
speed of the forward-backwards algorithm, and a composite-likelihood model that allows
efficient analysis of large sample sizes. This section contains some details about our specific

implementation of CHIMP that go beyond the theory and models.

2.5.1 The Forward-Backward Algorithm

The sequence of hidden states for our CHMM can be inferred by applying the Forward-
Backward algorithm [29, Ch. 13.2.2] to the observed genotype data d= (dy,...,dr), where dy
is the number of derived alleles at locus £. This is a well known algorithm which first traverses
the emission sequence forwards and then backwards, computing intermediate probabilities
that are ultimately combined to compute the posterior distribution across states for each

locus,

-

7i(0) = Pls’ = s;/d], (2.19)

-

and IP[d], the likelihood of observing data given the specified model. The scaled version of
the Forward-Backward algorithm [29, Ch. 13.2.4] allows for greater numerical stability since
the small probabilities involved in the standard algorithm can be much smaller than machine
precision.

Additionally, performing computations at each nucleotide site in the genome can be
computationally prohibitive, so we can employ one of two strategies to speed the Forward-

Backward computations up: a locus-skipping method detailed in 2.5.2 and a meta-locus
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model detailed in 2.5.3.

2.5.2  Locus-Skipping

The locus-skipping method to improve efficiency of the Forward-Backward algorithm was
first described in the supplement of [16], and our implementation follows this blueprint.
This is a modification to the forward and backward algorithm that computes the exact
likelihood for tracts of monomorphic sites in a single-step, thereby greatly improving effi-
ciency. Briefly, this method uses the eigendecomposition of the single-step transition matrix
at monomorphic sites to efficiently exponentiate the respective matrix and integrate large
tracts of monomorphic sites in a single step. It is important to note that the underlying
likelihood model is exact and equal to the model that considers each site individually. Thus,
this method improves the efficiency of the Forward-Backward algorithm with no trade-offs in
accuracy. We also note that for the locus-skipping step some of the probabilities are stored
as log values to avoid machine precision issues. Even with this measure numerical errors
arise when the tract being skipped is too large, and in practice we cap the size of these skips
at 1000 loci. The two types of monomorphic tracts that our implementation can handle are
tracts of non-segregating sites where there is no genetic variation across the samples, and
tracts of missing data where the sequencing process is inconclusive. These types of tracts
tend to appear commonly in genomic data, so using the locus-skipping method shows clear

payoff.

2.5.8 Meta-Locus Model

The meta-locus model is an alternative to the locus-skipping, and involves a slight modifica-
tion of the underlying likelihood model itself, following a strategy that has been described
in [18, Suppl. Text 4.2]. Rather than implementing the CHMM with a hidden state and an

emission at each nucleotide site, we combine a specified number of sites into a meta-locus,
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Figure 2.5: Schematic for meta-locus model with s = 4. Each meta-locus represents 4 sites.
Recombination does not happen within a meta-locus, but between at elevated rates. The
emission probabilities B;4, 4 for each meta-locus, are the same as in the single-step model.

with a single hidden state but with several emissions for all nucleotides that are grouped
into this meta-locus. We specify in advance the number of nucleotide sites s that a meta-
locus spans, which also determines the number of emissions per locus. Figure 2.5 shows a
schematic of this approximation.

The emission probabilities for each site in this model are identical to those used in the
full model. However, by assuming a single hidden state for all sites in a meta-locus, we
effectively suppress recombination between these, and thus it is necessary to implement
recombination between two meta-loci at correspondingly elevated rates. To this end, the
transition probabilities are obtained by raising the single-site transition matrix to the power
s (the number of sites in the meta-locus).

A potential drawback of this strategy is that linkage information is lost within each
metal-locus. However, using meta-loci also offers the potential for a tremendous speedup of
the Forward-Backward algorithm and is extremely useful to offset additional computational
costs that are incurred when using large numbers of CHMM states. We find that, in general,
there is a sweet spot where the gains in efficiency are significant and the loss of information

is negligible.
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2.5.4 Composite Likelihood

Another feature of our likelihood model is the way in which we handle large sample sizes.
As input, our method takes genotype data of a sample of n haploids at L consecutive sites of
the genome. The numerical procedures to compute the transition and emission probabilities
are computationally more expensive for larger sample sizes, so to efficiently scale up, we
use a composite likelihood scheme that partitions the full collection of n samples into a
number of non-overlapping sub-groups, each of size ng. The genomic data is then split into
separate sequences, d) where the superscript ¢ here indexes the subgroups. The Forward-
Backward algorithm is then performed for each o) independently and the contributions of
each subgroup are added together to obtain the composite likelihood

L35

log P[d()].
=1

Given our implementation of the composite likelihood model, the complexity of the
Forward-Backward algorithm scales linearly with number of samples (doubling the sam-
ple size doubles the number of independent genomic tracts spanning ng samples), although
in principle each subgroup could be processed in parallel to make the run-time invariant to
sample size.

Since the composite likelihood model equips our method to handle multiple independent
contiguous genomic sequences spanning ng samples each, data from multiple chromosomes
can straightforwardly be handled in the same analysis by treating them as independent

sequences.
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2.6 Additional Implementation Details

2.6.1 Choosing Interval Boundaries for Hidden States

For both Thypca and L, we have the task of deciding how to partition the continuous
values for these quantities into discrete states to use for the CHMM. A possible strategy
would be to divide the continuum into equidistant intervals on a logarithmic or geometric
scale [e.g. 13]. However, here we choose a different strategy and divide the continuum into
states such that the marginal probabilities of the CHMM occupying any one state at a given
locus are approximately uniform. We compute this partition for the uniform distribution in a
model of constant population size, where we estimate the size from the number of segregating
sites in the given sample using Watterson’s estimator (fixing the per generation mutation
rate). This causes each state to have comparable weight in the analysis, and avoids having
infrequently-visited states that contribute little information. CHMM methods gather much
of their power from observing the various transitions between the different states, since these
are informative in estimating off-diagonal elements of the transition matrix which contain
much of the signal used to distinguish between population size histories during estimation.

In order to partition the continuum, we numerically partition it so that the distribution
of Tyrrc 4 or L is uniform across the states. The analytical formulas for the distributions

of these quantities in the case of a constant population size are
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see for example equations (3.28) and (3.34) of [30]. By numerically evaluating these distri-

butions, we find the respective uniform partitions.
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2.6.2 Numerically Integrating ODFEs

While computing transition and emission probabilities, for both Th;pca and £, we numer-
ically have to solve systems of ODEs. For Th;pc 4, the solutions of the ODE are directly
used in computing the probabilities (equation (2.5) and equation (2.9)), whereas for £ the
solutions to the ODEs are used in defining the boundary conditions of the PDE problem that
has to be solved (equation (2.15)). For all these applications, we use the Apache Commons’

implementation of a Dormand-Prince algorithm of order 8(5,3) [31].

2.6.3 Solving PDEs for L

To numerically compute the requisite solutions to the PDEs (2.14) and (2.18), we implement
the solution scheme outlined in [21]. We will give a brief overview of the scheme here, but
refer the reader to the original publication for more details. Moreover, we will focus on the
solution scheme for the joint distribution of the tree length Fy(t,z,y) in equation (2.14)
here, but a similar scheme can be used for the emission distribution (2.18).

In this scheme, Fj;(t,z,y) is computed for each state sequentially, beginning with the
initial state (n,0,0,0). Because we explicitly keep track of the number of recombination
events, we can ensure that each transition of the associated Markov chain either increases
the number of recombination events or decreases some number of lineages. The states are
thus ordered, and following this order in the evaluation, we can ensure that when computing
Fy(t,z,y), all preceding F/(t,x,y) that are necessary for the respective computations have
already been computed. In other words, since there are no loops in the probability flow
through states, we can solve them sequentially following the natural ordering.

To compute the solution for a specific F(t, z,y), we favor a bespoke implementation of
the PDE solutions as opposed to using a black box numerical PDE solver, since the actual
solutions for each state are computed using the Method of Characteristics. This allows us to
take advantage of partially analytic results which can reduce numerical errors and increase
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efficiency. Moreover, in terms of efficiency, we believe solving the states sequentially is faster
and more accurate than attempting to simultaneously solve for all states using a general
purpose method.

For each state o = (kgyp, ka, kp, ) we then define a three dimensional grid of points for
the function Fy(t,x,y), with 0 <t < 1557—1’ v4o) -t <z <mn-t, and vb(o) t<z<n-t
The grid consists of slices in the z-y plane that are spaced across t according to a specified
discretization D := {to =0,...,tg = t—S_Tl into K values. Each successive grid along ¢ is
defined by propagating along the direction of the characteristic (z¢ 4 v®(c)7, yo + v°(0)7)
from the previous grid, with a new column and row for x =n -t and y = n -t on the outer
boundaries. Note that the first grid consists of the point (0,0, 0) only. The next step extends
the characteristic out of this point and adds the correct values at the boundaries, and thus
the initalization of the scheme is well defined.

To ultimately fill all grids with the correct values, we start at each grid point along the
boundary and fill in values for F by integrating along the characteristic direction. This fills
in lines of points in the interior of the volume, and once all boundary points are processed,
all interior points will be computed. For o = (kyy, kq, kp, ), take a point (¢, xg, yp) on the
boundary, that is, tg € D (the discretization grid), and either zg = n -ty or yg = n - tg.
Moreover, let Fy(tg, zg,y0) = Fyo. Then, for (tg + 7) € D, the values on the grids along

the characteristic can be computed according to:

Fy (to + 7,0 + 0" (0)7, 90 + 0" (0)7) = &) (B + / * 4o(0)e")da)
0

where g5 (7) := Z Foi(to+ 7,20+ v* (o), y0 + vb(a)r) Qg,jo_(to +7),

o'—o

()= | " o),

qo(T) == —ngg(to + 7), and

o’ — o is the set of states o’ that precede o.
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This scheme, which implements the method of characteristics, propagates the boundary
values along the characteristic vectors. While the integral for Hs(7) is computed exactly
(since we can analytically integrate \(¢) for the spline and piecewise constant representations
described in Section 3.1.1) the integral in the expression for F; is computed by approximating
the integrand as piece-wise linear, with the pieces bridging points of the grid for o (along a
characteristic). This allows us to restrict the evaluations of g5, Hy, and g, to points on the
o-grid.

As seen in equation (2.14), the values along the boundaries are the solution to another set
of PDEs (2.16), albeit in 2 dimensions rather than 3. The boundary value PDEs can be solved
using a similar scheme with the dimension reduced, following one dimensional characteristics
(along which these boundary points lie). The boundary values for these secondary PDEs are
Fy(t,x =y =n-t) = gh(t) and can be computed by solving a set of ODEs using a standard
numerical ODE-solver (as was done for Tyyrca)-

We note that in solving for each state, the solutions for all states immediately upstream
(states preceding o in the ordering) are required. The grid for each state is based on the
same discretization D of time-steps. However, the x and y values along the grids do depend
on the characteristic direction which can differ between different states, and thus, for a given
t, the 2-y grid for a state ¢ may be different than the grid used for a preceding state o’.
Thus, in order to compute go(7), we obtain the values for F/ on the z-y grid for the state
o by linearly interpolating the values from the grid of ¢/. We also tested interpolation using
a cubic spline, but it resulted in only marginal improvements in accuracy at the cost of
significant computational time and potential numerical instabilities due to oscillations.

Efficiency of our implementation is improved by explicitly imposing the following sym-

metries and constraints which follow from symmetries in the ancestral process with recom-
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bination AP(t):

F(k,r,r,r) (t,z,y) = F(k,r,r,r) (t, min(z,y), min(z, y))
F(k;,k",k",r) (ta Z, y) = Fk7k’,k’,r<t7 Y, :L')

Firaont2,y) = Fro11(ty, @),

for all k € {1,...,n} and k’,r € {0,1}. After computing F,(t,z,y) for all o and all points
on the grids, we can substitute the numerical values into (2.17) to compute the requisite
probabilities for the transitions of our CHMM.

Emission probabilities are computed from the PDEs given in (2.18) using an analagous
scheme for one less dimension (similar to how the boundary condition for the transition

probability was solved in equation (2.16)).

2.6.4 Data Processing

Our algorithm can be applied to full genomic sequencing data for a sample of individu-
als from a population. Such data are often presented as genetic variation at a number of
segregating sites, separated by tracts of monomorphic sites, for example, in the form of a
vcf-file. Additionally, such datasets often have regions in the genome marked as missing.
This suggests that all the sites along the genome can be grouped into tracts of two types:
non-segregating tracts, defined as having a single segregating bi-allelic site at the beginning,
followed by a stretch of non-segregating sites, and missing tracts, where the genetic infor-
mation is flagged as missing in the data. Processing the raw data and opting to store it as a
series of tracts is more efficient than storing information for each individual site, and by also
storing the type of tract, the tract length, and the number of derived alleles at the head of
non-segregating tracts, we retain all the necessary information required for our CHMM. Note

that these tracts are the same monomorphic tracts which can be efficiently skipped over as
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described in 2.5.2. Lastly, our method needs information to distinguish between ancestral
and derived alleles at each segregating site, and this is specified by providing an ancestral

sequence in addition to the population sample.

2.6.5 Missing Data

Non-segregating sites in CHMM

While the non-segregating tracts can be handled straightforwardly by the CHMM, with the
monomorphic non-segregating sites being treated as an emission of (0 derived alleles at the
respective site, the missing tracts are handled slightly different. If a site is missing, the
emission probabilities that are used for that site during the forward-backward algorithm are
modified to reflect the fact that the missing site provides no information on the hidden state
at that location. In practice, this means that each hidden state has an equal probability
of emitting a missing site. For tracts of missing data, this has the effect that the posterior
probability distribution across hidden states at the boundaries is informed by the surrounding
sequence, but further into the interior of such tracts the posterior probability approaches

the marginal distribution of states asymptotically.

Tagging

We note that genomic datasets can contain segregating sites that are not bi-allelic, for
example, segregating sites with 3 alleles, or some forms of structural variation. We treat
all segregating sites that are not bi-allelic as missing sites. This step introduces a potential
bias into the CHMM because it can potentially flag individuals segregating sites as missing,
while the non-segregating sites around this specific sites are still used for the analysis. A
single missing site is more likely to be non-segregating a-priori, and if such a site is between

two tracts of non-segregating sites, the method effectively concatenates them and interprets
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Figure 2.6: Schematic showing the improvement achieved by masking the tract upstream of
a non-biallelic site as missing. In the former case (top), the tract is effectively interpreted
as an artificially long region without variation (marked red), which biases the inference. By
masking the left region as missing (bottom) we avoid this systematic bias.

the whole tract as an artificially long tract with no segregating sites. This biases the CHMM
towards inferring shallow trees. In order to counter this systematic bias, when we tag such
segregating sites that are not bi-allelic as missing, we also mask all the non-segregating sites
upstream as missing, until we reach either a segregating site or a site marked as missing in the
raw data (see Figure 2.6 for a schematic). By marking the tract upstream (or equivalently
downstream) as missing as well, the true non-segregating tracts that are identified better
represent the appropriate lengths of such tracts. At worst, this process loses information
since the inferred trees in missing tracts approach the marginal distribution asymptotically
as the algorithm moves into the interior of these tracts, but it does not introduce systematic

bias.
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CHAPTER 3
DEMOGRAPHIC INFERENCE WITH CHIMP

Having described the model for CHIMP and its implementation, we shift focus to applying
this model for specific population genetic problems. Many of the implementation choices of
CHIMP were made with its application for inferring demographic history in mind. This chapter
will focus on how the model described in Chapter 2 is incorporated into a Expectation-
Maximization (EM) framework that is then used to infer the population size history of a
single population (from which the samples originate). We will present methodological and
implementation details in Section 3.1, before benchmarking CHIMP against MSMC2 and Relate

using a series of simulation studies in Section 3.2 .

3.1 Demographic Inference Using EM

3.1.1 Parameterization of n(t)

While the population size history 7(t) is in general a non-singular positive-valued function,
in order to perform efficient inference we restrict n(t) to be parameterized by a finite number
of parameters. We choose to represent 7n(t) as a piece-wise constant function, where the
number of pieces can be specified by the user and are uniform in log(t) space between
specified bounds. In practice, it is more convenient to directly work with X, defined to
be the piece-wise values for the coalescence rate A(¢), and transform these back into the
population size at the end.

We have also implemented the option to use a cubic-spline representation of the pop-
ulation size history (instead of piece-wise constant), similar to that offered by SMC++ [16].
More specifically we represent A(t) as a cubic spline, and the population size history is pro-
portional to the inverse of this. The number of nodes can be specified, and we place them

equidistantly on a log(t) scale.
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It is important to note that the epoch times used in parameterizing 7n(t) are distinct
from the {t; < ... < tg} used to partition Tj;pc4 (or £) into discrete states. While other
methods such as MSMC2 choose to link these discretizations closely [15], we do not. This

allows for the states to be specified entirely separately from the population parameters.

3.1.2  Ezxpectation-Mazimization Algorithm

We use the Expectation-Maximization (EM) algorithm for HHMs to infer the population
size history parameters X. This is an iterative algorithm with each iteration consisting
of two steps: an FE-step during which each we compute the expected numbers of various
transition types and various emission types, and an M-step where we maximize a likelihood
function that is based on these expectations in order to obtain new estimates for the model
parameters. Choosing initial parameters X0 is described in section 3.4.1, and we denote the
parameters in the k-th iteration by 2k,

This implementation of EM makes use of the composite likelihood scheme in a similar
way to MSMC2 [15], where the authors use all overlapping sub-groups of size ng = 2 for the

E-Step, and combine them in a similar way for the M-Step.

E-Step

For the k-th iteration of the E-step, we compute the initial (IT), transition (A), and emission
(B) probabilities under the coalescent rate function given by Xk, and use these probabilities
to perform the Forward-Backwards algorithm across the emission sequence d (all using the
machinery described in chapter 2).

The Forward-Backward algorithm yields the likelihood of observing the data under the

current demographic parameters and the inferred hidden state sequence, and, consequently,
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it also gives, conditional on the current parameters and the data,

Eé‘l(ixk [#(1 — j) transitions]

Eé]JX’f [#(i | d) emissions]

Eg]djxk[sl =i,
that is, the expected number of transitions from state i to j, the expected number of times
state ¢ emits d derived alleles, and the expected occupation of an initial state, respectively.
These expectations, conditional on the observed data in our composite likelihood model
(section 2.5.4), can simply be computed by adding up the expectations for each sub-sample
of ng haplotypes of genomic data . Thus the run-time of the E-step (as we have implemented
it, without parallelization) scales linearly with the number of total samples, linearly with the
sum of chromosome lengths being analyzed, and quadratically with the number of hidden

states.

M-step

After each E-step, we perform an M-step during which we update the values of X by numer-
ically maximizing the objective function, defined as the expected log-likelihood of X, with
respect to the conditional distribution of the hidden states given the data and the current

parameter estimates Xk,

QN X¥) =) "log (IL;(N)) - B pyuls' =i

€S

+ Z log (AW(X)) 'Eﬂcka [#(i — 7) transitions] (3.1)
1,JES ’

+ Z log (Bzd(;\)) . ]E§’|d sk[#(i | d) emissions],
1€8,deD
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where we explicitly denote the initial, transition, and emission probabilities as functions of X
to stress that they are computed for the parameters that we optimize over. The parameters
that maximize this function yield the updated parameters for the next iteration and are
given by
PUam s argmax {Q(Xﬂ: Xk)] :
A

This objective function can be modified to artificially penalize population size histories
that don’t conform to a priori notions about the form of natural histories. In Section 3.4.2,
we provide details on our implementation of a set of regularizing coefficients that allow the
user to artificially enforce varying degrees of smoothness on the results of inference. While
this option has been implemented, no regularization was used for the simulation studies
presented in Section 3.2.

Since CHIMP evaluates the () function numerically, we use the Nelder-Mead simplex op-
timization procedure for numerical optimization [32]. Section 3.4.3 includes some details
about this optimization scheme, and some of the hurdles we encountered. The optimization
is performed in a search space of logarithmic coalescence rates, which is a uniquely robust
space in which to perform optimization of coalescent rates [33] and also has the benefit that
the coalescent rates are positive by design. After finding the optimal coalescent rates using
the EM algorithm, we invert and scale them to recover the estimates for the population
size history N (k). Regarding efficiency, since the expectations in the objective function are
summed over all the sub-groups of samples and chromosomes provided for the analysis, the

run-time of the M-step is constant for different sample sizes and total chromosomal lengths.
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3.2 Simulation Studies

To evaluate the accuracy of our method, we performed a series of simulation studies. We
generated data under various demographic scenarios, and then inferred the population size
history from these simulated datasets using CHIMP-Tyjrca and CHIMP-L, with Tyirca and
L as the hidden state, respectively, and compared the results to inference using MSMC2 [15,
v2.1.2] and Relate [10, v1.1.3]. For each study we used the specified model of the demo-
graphic history to simulate m = 16 replicates of data using msprime [25, v0.7.4], where each
replicate consists of n = 200 haplotypes of length 200 Mbp. The per generation per site
recombination and mutation rates we used were r = p = 1.25 - 10—8, to mirror applications
to human genetic data. We inferred the population size history for each of the replicates
using the different methods and visualized the variability of the estimates across replicates.

We noticed that the performance of Relate improved when we simulated and analyzed
data with a human recombination map (see Section 3.4.5 and Figure 3.8). This is likely
due to the fact that Relate benefits from cold spots (regions of low recombination rate) in
the recombination map. However, the performance of CHIMP and MSMC2 were not substan-
tially adversely affected when they were run with the (inaccurate) assumption of a constant
recombination rate. For this reason, we conducted our simulation studies with a uniform
recombination map.

To demonstrate the performance of the different methods for different samples sizes,
we present two analyses for each demographic model, one using the full 200 haplotypes
simulated, and one using a subset of 10 haplotypes chosen uniformly at random. For CHIMP,
we ran the analyses using the full EM algorithm for n = 10. For n = 200, we used the
composite likelihood framework detailed in Section 2.5.4, with sub-groups of size ng = 10, a
value that we found performs well in terms of efficiency and accuracy. The method MSMC2 can
analyze all pairs of haplotypes in the dataset, which we did for the samples of size n = 10,

but was computationally prohibitive for samples of size n = 200. For the later case, we
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instead restricted MSMC2 to analyze a subset of 50 non-overlapping pairs of haplotypes (100
haplotypes total) since memory requirements of the method became a limitation beyond this
number. Moreover, in an effort to ensure a fair comparison between the methods, we ran all
analyses for a piecewise constant parametrization of the population size history, and chose
the same change points across the methods. The change points could be explicitly specified
for CHIMP and Relate. For MSMC2, specifying change points was achieved by providing a
time-segment pattern (as required by the method) that placed the change points as close
to the desired ones as possible. This yielded a close match in most cases, with minor
inaccuracies in more recent times and very ancient times. To initialize the iterative inference
methods, we chose Watterson’s estimator for CHIMP, as detailed in Section 3.4.1, and the
default initialization for MSMC2.

To aid visualizing and summarizing the performance of a method in a specific setting,
as well as comparing the results between methods, we also plot the mean absolute deviation

from the true population size across the replicates in generation £

where N(7) is the population size estimated in replicate j, and for each method, compute
the integral of this quantity ¢ = |, ,f;ﬁix A(k)% dk as a measure of discrepancy from the truth
over the full history. Here ki, and kmax are the minimum and maximum of the respective
discretizations with one logarithmic discretization step subtracted and added, respectively.
Note that the factor % suppresses deviations in the distant past and transforms the integral

to a regular integral of A on a log(k) timescale, which matches the visualization more closely.
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Figure 3.1: Results of inference in the bottleneck scenario for sample size (a) 10 and (b)
200. We compare the results of CHIMP, MSMC2, and Relate to infer the three population
sizes, fixing the change points to match the truth (shown in black). Solid lines are averages
over 16 replicates and shaded area indicates standard deviation. Mean signed error A(k) is
shown at bottom and has been smoothed using moving average for visualization purposes.
The integral ¢ is indicated in the legend. (*) Note that for sample size 200, MSMC2 was only
run on 50 non-overlapping pairs.

3.2.1 Demographic Models with Limited Number of Parameters

We first compared the methods on two simple demographic models with three parameters
to estimate. The first models a population that experienced a bottleneck event. In this
scenario, the ancestral population is of constant diploid size 10,000. At 2,000 generations
before present, the population size is reduced to 5,000, but recovers to 10,000 at 1,000
generations before present. The second scenario models a population experiencing piecewise
growth. Here, the ancestral population size is again 10,000 diploid individuals. At 2,000
generations before present, the population size doubles to 20,000, and then doubles again at
1,000 before present to 40,000. In both scenarios, we fixed the demographic parameterization
for each method to estimate a three-parameter piecewise constant population size history
with change points matching those of the true population size histories.

Figure 3.1 shows the results of the inference using the different methods in the bottleneck
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Figure 3.2: Results of inference in the piecewise growth scenario for sample size (a) 10 and
(b) 200. We compare the results of CHIMP, MSMC2, and Relate to infer the 3 population sizes,
fixing the change points to match the truth (shown in black). Solid lines are averages over 16
replicates and shaded area indicates standard deviation. Mean signed error A(k) is shown in
bottom plot and has been smoothed using moving average for visualization purposes. The
integral ¢ is indicated in the legend. (*) Note that for sample size 200, MSMC2 was only run
on 50 non-overlapping pairs.
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scenario for sample sizes 10 and 200. In this case, CHIMP-T);pc 4, CHIMP-L, and MSMC2
recover the true population size history accurately and show little variability across replicates.
Relate, however, does not recover the underlying true size accurately. For a sample of size
10, it does not infer a bottleneck, and while for sample size 200, a bottleneck is inferred,
the ancestral and contemporary population size are not inferred correctly. Nonetheless, the
inference shows little variability.

The results for the inference in the piecewise growth scenario are depicted in Figure 3.2. In
this scenario, CHIMP-Tyypc 4 and CHIMP-L are again able to infer the population size history
with high accuracy. For a sample of size 10, MSMC2 also recovers the true size, however, for
samples size 200, the inference for the intermediate size is systematically biased, with little
variability. The reason for this deviation is likely the fact that when using MSMSC2 for large
sample sizes, the interface does not allow setting the change points for the inference closer to
the true values. Given this constraint, the inferred population sizes are quite accurate and
we believe that the method would have high accuracy if the appropriate boundaries could be
specified. Again, for a small sample, Relate overestimates especially the intermediate size,

and for the large sample size of 200 the estimates are not as accurate as MSMC2 and CHIMP.

3.2.2  Inference for Piecewise Constant Sawtooth Demography

A benchmark for population size inference that has been used in recent studies is a population
size history that exhibits oscillations, referred to as sawtooth history [14, 16, 10, 20]. We will
analyze a continuous version of this scenario in Section 3.2.3, but we were first interested in
comparing the performance of the methods for a piecewise constant version so that the true
population size history could in principle be exactly recovered using the different methods. To
this end, we simulated data under a piecewise constant sawtooth history, were the population
size oscillates between 50,000, 15,811, and 5,000 at 14 change points that are equidistant on

a logarithmic scale between 57 and 448,806 generations before present. Again, we simulated

42



10° 106

— Truth —— Relate (¢=12.0) | = Truth —— Relate (¢=7.8)
—— CHIMP-Tyrca (¢=4.8) —— MSMC2 (¢=9.5) —— CHIMP-Tygea (¢=4.8) —— MSMC2* (¢=10.7)
o —— CHIMP-£ (¢=8.3) o) —— CHIMP-£ (¢=8.3)
N 105, N 105,
2] [%2]
C C
o o
2 b=
o o
2 106 — 2 106 =
[e] — [o] —
[« [«
[ S
103 103
3 ki
5321 5
»nJ hJ2
c© cQ
© = © =
Quwo : ——— - . Quwo — ;
2 102 103 10* 10° 106 2 102 103 10* 10° 106
Generations Before Present Generations Before Present
(a) Sample size 10. (b) Sample size 200.

Figure 3.3: Results of inference in the piecewise sawtooth scenario for sample size (a) 10 and
(b) 200. We compare the results using CHIMP, MSMC2, and Relate to infer the population sizes
in the intervals, fixing the change points to match the truth (shown in black). Solid lines are
averages over 16 replicates and the standard deviation is indicated by the shaded areas. Mean
signed error A(k) is shown in bottom plot and has been smoothed using moving average for
visualization purposes. The integral ¢ is indicated in the legend. Note that MSMC2 groups
epochs in the very distant past due to limits of the method interface. (*) For sample size
200, MSMC2 was run on 50 non-overlapping pairs, and only 15 of the 16 replicates completed
successfully.
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16 replicates for this scenario and inferred the population sizes using the different methods
for different sample sizes, while keeping the change points fixed to the true values.

The results of this simulation study are depicted in Figure 3.3. We observe that CHIMP-
Trrco A estimates the population sizes in the respective intervals accurately in the intervals
500 generations before present and further in the past. The estimates are accurate even in
the very distant past. It smooths the history in the very recent intervals. The accuracy does
not change substantially when using samples of different sizes. In general, CHIMP-L behaves
more erratically. It also does not infer the very recent times correctly, and is only correct
for some of the intermediate intervals. This is likely due to the fact that we infer many
demographic parameters (when compared to the inference in Section 3.2.1) which results
in a higher dimensional inference problem with a likelihood surface that is more difficult
to navigate and causes the method to converge to a local optimum. The fact that the
direction of the bias replicates over different datasets suggests that the initial parameter
choice and the details of the numerical optimization procedure (Nelder-Mead algorithm)
affect the navigation to the local optima.

MSMC2 shows accurate performance for intermediate times despite smoothing out some
of the oscillations, but demonstrates high variability and a systematic upward bias below
100 generations and above 100,000 generations before present. Its accuracy does not change
much between analyzing samples of different sizes. Relate has a high variability and upward
bias for very recent times if the sample size is low, but the recent sizes are very accurately
estimated when using a large sample size. The accuracy for intermediate and ancient times
is not very high, and this performance is only slightly improved in intermediate times for
larger sample sizes. Ultimately, between the different methods tested, each performs better
in some timeframe or for specific sample sizes and worse for others. Measured in terms of
integrated mean signed error ¢, CHIMP-1yypc 4 shows the overall best performance in this

demographic scenario.
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3.2.3 Inference for Continuously Varying Population Size History

Lastly, we we studied the performance of the inference methods on models of continuously
varying population size history. Specifically, we considered the (continuous) sawtooth model
implemented in stdpopsim [34, ID=CZigzag 1514]. In this model, the population size al-
ternates between a maximum of 14,312 and a minimum of 1,431, with three maxima and
three minima equidistant on a logarithmic scale between 33 and 34,133 generations before
present. Note that the maxima and minima are roughly a fifth of the ones used by [14]
and [16]. We nonetheless decided to use this model here to investigate performance over a
wider range of parameters in our simulation study. The second model we considered here
is a bottleneck followed by exponential growth, a cartoon of an Out-Of-Africa population
size history [35, 36]. In this model, the ancestral population size of 10,000 sharply drops to
2,000 at 4,000 generations before present. At 1,000 generations before present, the popula-
tion size starts growing up to the present at an exponential rate of 0.25% per generation.
Again, we simulated 16 replicates in each scenario with 200 haplotypes of length 200 Mbp
and analyzed each replicate with each method on the full sample and on a subsample of size
10. We used the same discretization across methods for a better comparison, first specifying
a minimum and maximum time and then choose 19 equidistant change points between these
values (inclusive) on a logarithmic scale. The minimum and the maximum time were 40 and
40,000 for the sawtooth, and 200 and 20,000 for the bottleneck followed by growth scenarios,
respectively.

The results in the sawtooth scenario are shown in Figure 3.4. We observe that for CHIMP-
Trvirc A, CHIMP-L, and MSMC2, the accuracy does not differ substantially between the different
sample sizes. Again, CHIMP-T)\s rc 4 smooths the population sizes earlier then 500 generations
before present, thus underestimating the recent size, and smoothing out part of the first peak.
The more ancient part of the first peak, the second peak and the ancestral population size

are captured accurately. CHIMP-L performs similarly for recent and intermediate times, but
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behaves erratically around 10,000 generations before present. Again, we suspect that this is
due to the difficulty in navigating the high dimensional likelihood surface. MSMC2 captures
both peaks, but slightly overestimates the ancestral size and substantially overestimates the
recent sizes with a high degree of variability between replicates. For a small sample size,
Relate overestimates recent sizes. It does infer two peaks, but the sizes and timing do not
fully align with the truth. For a large sample size, Relate infers recent population sizes with
high accuracy, but still underestimates the sizes of the two peaks. In terms of integrated
mean signed error ¢ summarizing the overall accuracy, CHIMP-T)yrc4 and MSMC2 perform
comparably for small sample sizes, and for large samples, Relate reaches the same level of
accuracy.

Figure 3.5 shows the results in the scenario where a bottleneck is followed by exponen-
tial growth. In this scenario, all four methods capture the general trend of the population
size history. Again, the performance of CHIMP-Tsrc 4, CHIMP-L, and MSMC2 does not dif-
fer substantially between sample sizes used in the analysis, however, Relate overestimates
the size history when using a small sample, but underestimates the history when using a
large sample. MSMC2 and Relate smooth out the abrupt decline of the population size at
the beginning of the bottleneck, whereas CHIMP-T);pc4 and CHIMP-L do infer a sharper
decline. However, the latter methods show inaccuracies at the more ancient times, which are
more pronounced for CHIMP-L. In this scenario, the method MSMC2 exhibits the best overall

performance metric ¢.

3.2.4  Computational Efficiency

In general, the runtime of the CHMM methods CHIMP and MSMC2 scale linearly with the
number of loci L. In addition, the CHIMP methods scale linearly with the sample size (due
to the composite likelihood framework introduced in Section 2.5.4). If all pairs of samples

are used in MSMC2, the method scales quadratically with the sample size, but when using
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Figure 3.4: Results of inference in the continuous sawtooth scenario for sample size (a) 10
and (b) 200. We compare the results of CHIMP, MSMC2, and Relate using a piecewise constant
population size history with 19 change points. Truth shown in black. Solid lines are averages
over 16 replicates and shaded areas indicate standard deviation. Mean signed error A(k) is
shown at bottom and has been smoothed using moving average for visualization purposes.
The integral ¢ is indicated in the legend. (*) For sample size 200, MSMC2 was run on 50
non-overlapping pairs.

| | CHIMP-Tyspc 4 | CHIMP-L | MSMC2* | Relate |

Bottleneck (n = 10, Fig. 3.1a) 0.1 1.3 4.9 0.1
Bottleneck (n = 200, Fig. 3.1b) 1.2 2.4 5.4 7.0
Piecewise Growth (n = 10, Fig. 3.2a) 0.1 1.7 2.1 0.1
Piecewise Growth (n = 200, Fig. 3.2b) 1.1 2.9 9.7 9.2
Piecewise Sawtooth (n = 10, Fig. 3.3a) 0.9 29.7 4.3 0.2
Piecewise Sawtooth (n = 200, Fig. 3.3b) 7.2 35.2 6.2 8.9
Sawtooth (n = 10, Fig. 3.4a) 1.2 29.9 4.1 0.1
Sawtooth (n = 200, Fig. 3.4b) 7.6 379 **5.0 3.0
Bottle + Growth (n = 10, Fig. 3.5a) 1.2 28.3 5.7 0.1
Bottle + Growth (n = 200, Fig. 3.5b) 7.5 35.1 3.2 3.7

Table 3.1: Run-times in hours for the analysis of simulated data in the different scenarios,
averaged over the respective 16 replicates in each case. The runtimes for MSMC2 are slightly
inflated, as the number of CHMM states had to be increased to allow for the closest matching
of demographic epochs. (*) For the n = 200 scenarios, MSMC2 was only run on 50 non-
overlapping pairs of samples. (**) For this set of inferences, only the 15 out of the 16
replicates that successfully terminated were averaged.
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Figure 3.5: Results of inference in the bottleneck followed by growth scenario for sample size
(a) 10 and (b) 200. We compare the inference of CHIMP, MSMC2, and Relate using a piecewise
constant population size history with 19 change points. Truth shown in black. Solid lines are
averages over 16 replicates and shaded areas indicate standard deviation. Mean signed error
A(k) is shown in bottom plot and has been smoothed using moving average for visualization
purposes, The integral ¢ is indicated in the legend. (*) For sample size 200, MSMC2 was run
on 50 non-overlapping pairs.
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non-overlapping pairs, like in our analysis of large samples, it scales linearly. Relate scales
linearly with number of loci and quadratically with samples size. However, the method is
implemented very efficiently and allows fast reconstruction of multi-locus genealogies for
large sample sizes.

To exhibit the actual computational performance of the different methods in the simu-
lation study, we list the average run-times in the different scenarios in Table 3.1. Since we
ran MSMC2 using 50 non-overlapping pairs of samples instead of the full 200, these are the
times that we report. Additionally, runtimes for MSMC2 are slightly inflated, as the number of
CHMM states had to be increased to allow for the closest matching of demographic epochs.
For both CHIMP methods, we observe a difference in performance between small and large
samples, and a difference between the scenarios with few parameters to infer and the more
general scenarios. The latter is a result of fast convergence to an optimum when only a
few parameters describe the model, whereas convergence is slower in a higher dimensional
parameter space. The performance of MSMC2 shows little variability across sample size and
scenarios. Since for a sample of size n = 10, we analyze all (120) = 45 pairs, it is expected
that the performance is similar to analyzing 50 non-overlapping pairs. The performance of
Relate depends on the sample size, but shows little variability across scenarios, as expected,
since the reconstruction of the genealogy is not strongly affected by the parameterization of
the demographic model.

For sample size n = 10 and a small number of parameters, inference with CHIMP-T3src 4
is comparably fast to Relate, the former slowing down when the number of parameter
increases, but both are faster than MSMC2. For n = 200, CHIMP-Tsrc 4 performs comparably
to the other methods in most scenarios. The method CHIMP-L is substantially slower than
the other methods, especially in the scenarios where the demographic model is described by
many parameters. In these scenarios, the EM algorithm requires many steps to converge,

and each step requires evaluating PDEs to compute the transition and emission probabilities.
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This is computationally more expensive than, for example, evaluating ODEs as required for

CHIMP—TMRCA.

3.2.5 Analyzing Unphased and Pseudo-haploid Data

Our method CHIMP can also be readily applied to unphased genomic data, and is therefore
a promising method for applications where high quality phased genomes are not available,
for example in human ancient DNA or for non-model organisms. In the simulation studies
presented in this paper, we used simulated data, which is perfectly phased. However, the
parameter inference performed using CHIMP only uses the number of derived alleles at each
locus as input, and is therefore invariant to any phasing of the data. Thus, inference under
the method will not be affected by phasing errors, and can even be performed on completely
unphased data. MSMC2, when run on all possible of pairs of samples, requires phased data. If
it is run on non-overlapping pairs of haplotypes where each pair is associated with a single
individual, as we did here for large samples, it could be run on unphased data. However,
such a scheme is not commonly used in the literature. Since Relate reconstructs multi-locus
genealogies relating haplotypes, it cannot be applied to unphased data and will be adversely
affected by phasing errors.

In addition to being able to analyze unphased data, our method can also take a form of
pseudo-haploid data as input. Generating pseudo-haploid data is a strategy often applied
to low-coverage sequencing data, where reliable diploid genotype calls are not feasible, and
may introduce unwanted biases, for example for ancient human DNA [37]. In pseudo-haploid
data, at each SNP, one sequencing read covering the respective SNP is chosen uniformly at
random, and the allele on this read is then reported as the haploid genotype for the individual.
We implemented an option for CHIMP that extends the CHMM to pseudo-haploid data. To
analyze pseudo-haploid data for a sample of size n, we implement a two layered emission

model. The CHMM is implemented using the T\rca for a sample of size 2n as the hidden
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Figure 3.6: Results of inference using 10 pseudo-haploids simulated under the piecewise
sawtooth demography. We compare the results of CHIMP — Ty rc 4 using the pseudo-haploid
option, MSMC2, and Relate, fixing the change points to match the truth (shown in black).
Solid lines are averages over 16 replicates and shaded area indicates standard deviation.
Mean signed error A(k) is shown in bottom plot and has been smoothed using moving
average for visualization purposes. The integral ¢ is indicated in the legend. Note that
Relate entirely failed to estimate a population size in the most recent epochs, resulting in
indeterminate values. (*) For MSMC2, only 12 of the 16 runs completed successfully.
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state with the respective transition probability. At each locus, the emission in the first layer
is then the number of derived alleles in a sample of size 2n. In the second layer, this sample is
then down-sampled to a number of derived alleles in a sample of size n using hypergeometric
probabilities.

We performed an additional simulation study, to demonstrate the inference from pseudo-
haploid data using our method. To this end, we simulated 20 haplotypes of length 200 Mbp
using the piecewise constant sawtooth demography (see Section 3.2.2). For each pair of
haplotypes (diploid individual), at each locus, we selected one of the two alleles uniformly
at random to obtain a dataset of 10 pseudo-haploid samples. We performed inference on
the 10 pseudo-haplotypes of this data using CHIMP-Tyrc 4 With the pseudo-haploid option.
We compared the results to those obtained using MSMC2 and Relate for which we naively
treated the data as if it were diploid data in order to perform demographic inference. The
results are shown in Figure 3.3a. Not surprisingly, MSMC2 and Relate do not infer the correct
population size history, with particularly large errors in recent times, whereas CHIMP retains
an accuracy close that demonstrated for full diploid data.

While these results look promising, it is important to note that CHIMP’s performance
makes use of the information that there are no segregating sites between the SNPs in the
data, which might not be a valid assumption in low coverage sequencing data. Despite
this, we do believe that the capability to analyze pseudo-haploid data generated in this way

presents an exciting avenue for future extensions.

3.3 Conclusions

Table 3.2 shows a summary of the performance and some features of the different methods
that we compared in our simulation study. CHIMP-T3;pc 4, CHIMP-L, and Relate can be
applied to samples of arbitrary sizes, whereas MSMC2 is limited in this regard. Furthermore,

CHIMP-T)src A, CHIMP-L can be applied to unphased data, and in limited capacity to pseudo-
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| | Gener. bp || CHIMP-Tj; | CHIMP-L |  MSMC2 |  Relate |

Sample size Large Large Limited Large
Parametrization Flexible | Flexible Limited Flexible
Few param. High High High Low
Accuracy k < 100 Low Low Low High (large n)
100 < k& < 500 Low Low High High (large n)
500 < k < 10° High Mixed High Mixed
k> 10° High High Low Low
Runtime Fast Slow | Fast (low n) Fast
Unphased data Yes Yes Possible No
Pseudo-haploid Limited | Limited No No

Table 3.2: Summary of the performance and features of the different methods compared in
our simulation study. The ranges are given in generations before present.

haploid data. but Relate requires phased data. MSMC2 can be applied to unphased data, if
the appropriate pairs of haplotypes are chosen for the analysis. CHIMP-Tyrc4 and Relate
can be used to analyze large samples quickly, whereas CHIMP-L was very slow in comparison.
The runtime of MSMC2 was comparable with CHIMP-T);pc4 and Relate, but the method
could not be run on the full sample of size n = 200. Moreover, CHIMP-13;rc 4, CHIMP-L, and
Relate are very flexible in terms of user-specification of the demographic model, whereas
MSMC2 limits the user to choose an appropriate time-segment string.

The inference using CHIMP-T rc 4, CHIMP-L, and MSMC2 showed very high accuracy when
analyzing scenarios with a limited number of demographic parameters. In contrast, Relate
did not perform well in this case. When performing inference under a flexible piecewise
constant parametrization, CHIMP-T);pc 4 has limited accuracy in recent and intermediate
times. CHIMP-L did perform worse in intermediate times, but both methods demonstrated
high accuracy in ancient times. MSMC2 did not infer the population size history well in recent
and ancient times, but showed the best performance among the methods tested here in
intermediate times. Relate inferred recent population sizes well, if a large sample was used,

but the performance was less accurate for small samples and intermediate to ancient times.
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We note that the exact time-frames depend on the baseline effective population sizes. The
scenarios that we investigated here ranged from N, = 4,000 to 12, 000.

When conducting the analyses presented here and designing comparisons between the
methods that can be deemed fair, the flexibility of the user-interface and the heuristics used
in choosing an a priori discretization of the population size history impacts the applicability
and performance of the different methods. We demonstrate this in Figure 3.7 where we infer
the size history of data simulated under the bottleneck followed by growth scenario, where
all methods are run using their default parameters. In Section 3.4.4 we discuss the heuristic
CHIMP uses for determining the default parameterization, and we find it to be robust in the
scenarios that we considered and believe that it performs well in general. However, exploring
optimal ways of parameterizing models with no prior information about the demographic
history is an important area in which further study is needed. In this context, parameter
free approaches, see for example work by [38], present interesting alternatives.

Overall, CHIMP-T/rc 4 performs comparably to the other methods tested here in most
scenarios when inferring sizes beyond 500 generations before present, and runs quickly on
large datasets. An advantage is the fact that it can be applied to unphased and, in limited
capacity, pseudo-haploid data; thus it offers a useful alternative to other existing methods in
situations where high quality data is not available. Overall, the inference accuracy and run-
time of CHIMP-L was very poor. We thus do not recommend this approach for inference of
populations size histories, unless improvements can be made in terms of efficiently computing
the probabilities required for the CHMM and navigating the high dimensional optimization
problem. MSMC2 showed very high inference accuracy for intermediate times and thus proves
to be an effective method if the sample size is not too large. Relate is fast and can be
applied to large samples. The inference accuracy is good with sufficient samples, especially

in recent times, but suffers if the recombination map does not have cold spots.
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3.4 Supplementary Details

3.4.1 Initialization of Population Size History

While we allow for the user to directly specify a population size history which is used to
initialize the EM algorith, the default initialization chooses a constant population over time
(N(k) = N). For this constant value N, we use the effective population size inferred from the
data using Watterson’s estimator of AN 1, fixing the mutation probability u to a value ap-
propriate for the data analyzed. We also use the value for N to guide choosing a partition for

the CHMM states (Section 2.6.1) and in computing regularizing coefficients (Section 3.4.2).

3.4.2  Regularization of Inference Results

For demographic inference problems, we might have some prior notion of the shape of the
population size history function. For different applications we may have different tolerances
for sharp changes in population size, or may expect varying strengths of deviations from flat
histories.

Including regularization parameters helps to suitably constrain the inferred population
size histories. For a given choice of population size history parameters that define a coales-
cence rate function A(t), we define the following four regularization quantities, where ) is

the coalescent rate corresponding to Watterson’s estimate for the effective population size
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in a constant model, computed from the data:

Roa(\) = [ (70— 3)

Rll /’)\/ |dt

RiO(0) = [ (V(0)”at
Ran(A®) = [ (V'(9)" ar

The quantity Rao is analogous to the regularization quantity that SMC++ uses, if specified [16].
We enforce these regularization constraints into our method by modifying the objective

function during the M-step. The parameter update during EM (from (3.1)) then becomes
Netl — argmaxy {Q(Md, k) — Z ciRi] ,

where 7 spans the various regularization types and ¢; are the respective weights used to adjust
their relative strengths. The user can forgo the option to include any regularization by simply
selecting 0 for the coefficients (the default behavior of our software implementation).

We note that the above definitions of the regularization quantities are can be readily
computed when the coalescent rate functions are continuous (as in the spline representation),
however for the default piece-wise constant representation of \(¢) we use the generalized
notion of derivatives and integrals for discrete domains instead. The derivatives are computed
from finite differences between the constant values, and integration becomes summation over
the constant pieces.

We also include an option to compute the regularization quantities in log(t) space instead.
The reason for this additional option is that population size histories are often visualized in
this logarithmic scale.
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3.4.8 Simplex-Based Optimization

For the M-step of our inference method we opted to use the Nelder-Mead simplex optimizer
as implemented in the Apache Commons Library (https://commons.apache.org/, v3.6). Sim-
plex optimizers do not require an analytic objective function and use relatively low numbers
of function evaluations. This is advantageous for our purpose since our objective function is
not easily differentiable and is also computationally intensive to compute, since it involves
numerically solving ODE or PDE systems. We also tried the Apache Commons library’s
implementation of a Powell optimizer, however, for our test scenarios this yielded very inac-
curate results compared to the Nelder-Mead optimizer.

Even when using the Nelder-Mead method, we found that inference results were highly
dependent on the initial setup for the simplex. At the start of each M-step, a simplex is
initialized based on the current best estimate of the demographic parameters Nk, During out
explorations, we found that the inference results depend on the shape and orientation of this
simplex. Among the simplices we compared are: (1) Apache Commons’ default implementa-
tion, where M* was used as the first point of the simplex, and all subsequent points were deter-
mined by taking the successive steps (1,0,0,...0), (1,1,0,...0), (1,1,1,...0),...,(1,1,1,...1) (2)
an alternating version of the default where the simplex points are determined by taking the
steps (1,0,0,0...), (1,—1,0,0,...), (1,—1,1,0,...),(1,=1,1,—1,...) instead (to mitigate some
of the directional bias) (3) An equilateral simplex, formed by the steps (1, 0,0, ...),(0,1,0,...),
(0,0,1,...)..., and the equidistant point in the (—1,—1, —1, ...) direction, which is then trans-
lated to be centered on X¥ (it isn’t used as a vertex) (4) An equilateral simplex centered on
X¥ which is then given a random n-dimensional rotation. We found that the equilateral sim-
plex that was consistently oriented as described in option (3) yielded the most numerically
stable and accurate results.

We also found some dependence on the size of the simplex. Recall that the simplices are

defined in a space corresponding to Log();), where \; are the coalescence rate parameters
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for each epoch i. A step size of (1,0,0,0...) then corresponds to multiplying the most recent
coalescent rate Ao by e and leaving the other epochs the same. Since we would like our method
to search widely early on in the inference procedure and narrow in later, we initializing the
simplices in a shrinking fashion. Thus for the first EM iteration, the equilateral simplex is
initialized to have larger edge lengths. For each successive iteration it is initialized to have
progressively smaller edge lengths. Note that this procedure only describes the initialization
of the simplex, and that within each M-step the simplex is further transformed as part of

the Nelder-Mead maximization.

3.4.4 Heuristics for Discretization of Population Size History

Figure 3.7 shows the results when inferring the population size history in the bottleneck
followed by exponential growth scenario (see Section 3.2.3), when using the default dis-
cretization for the different methods. For the method CHIMP, the default implementation
chooses the discretization as follows: first we compute N from Watterson’s estimator, and
then partition the interval [5]%, 5 x N] (in generations) into 18 logarithmically equidistant
epochs with an additional epoch being added above and below the minimum and maxi-
mum. Choosing an inappropriate discretization can have an impact on the accuracy of the
inference, and can also lead to the inference missing important features of the underlying

history.

3.4.5 Simulations with Recombination Map

Here, we explore the effects of varying recombination rates along the chromosome on demo-
graphic inference using the different methods. We used msprime to simulate data under the
sawtooth demography (explored in Section 3.2.3) using the HapMap II recombination rates
on Chromosome 3 [39]. We inferred the population size history using CHIMP-T\irca, MSMC2,

and Relate, and compared their performance using a the same discretization that was used
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Figure 3.7: Results of inference in the bottleneck followed by growth scenario for sample size
(a) 10 and (b) 200. We compare the results of CHIMP-Tyirca, MSMC2, and Relate using the
respective default discretization of the population size history. Truth shown in black. Solid
lines are averages over 16 replicates and shaded area indicates standard deviation. Mean
signed error A(k) is shown in bottom plot and has been smoothed using moving average for
visualization purposes and the integral ¢ is indicated in the legend. (*) For sample size 200,
MSMC2 was run on 50 non-overlapping pairs.
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Figure 3.8: Results of inference for the sawtooth demography simulated using a human
recombination map (for Chromosome 3) for sample size (a) 10 and (b) 200. We compare
the results of CHIMP-Ty[rc A, MSMC2, and Relate. For Relate we provide the recombination
map used to simulate the data, for CHIMP we specify the constant recombination as the mean
over the recombination map, and MSMC2 is set to infer the best fitting constant rate. Truth
shown in black. Solid lines are averages over 16 replicates and shaded areas indicate standard
deviation. Mean signed error A(k) is shown at bottom plot and has been smoothed using
moving average for visualization purposes. The integral ¢ is indicated in the legend. (*) For
sample size 200, MSMC2 was run on 50 non-overlapping pairs.

in Figure 3.4. We provided the methods with as much information about the recombination
rates as possible: we provided Relate with the recombination map used to simulate the data.
For CHIMP-Tj\ircA, We specified a constant recombination rate corresponding to the mean
recombination rate. Lastly, MSMC2 was set to infer a recombination rate while optimizing the
population size history.

The results of these inferences are shown in Figure 3.8. Comparing these results to
those in Figure 3.4, we note that CHIMP-Tj\irca and MSMC2, while operating under the
assumption of a constant recombination rate, perform similarly well as in Figure 3.4, where
the recombination rate was in fact constant. We also note that Relate, especially for 200
haplotypes, performs much better in the case of varying recombination rates. The reason for

this improvement is likely the fact that the procedure used in Relate to infer genealogical
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trees can be shown to infer the correct tree in regions without recombination. Since there
are many cold spots in the human recombination map, Relate infers the true underlying
genealogies more accurately in these regions, and this yields an overall improvement in

performance.
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CHAPTER 4
DEMOGRAPHIC INFERENCE UNDER MODELS WITH
POPULATION STRUCTURE

4.1 Introduction

The method presented in Chapter 2 and the results in Chapter 3 are for a single population
model, where the population in question is assumed to be panmictic (freely mixing, where
all individuals are equally likely to be the parents of the succeeding generation). However,
many real world examples have the added complexity of population structure, where the
assumption of a panmictic population begins to break down. These scenarios can often be
modeled by demographies where there are multiple populations that coexist in time (and
even space), that are each internally panmictic. Such demographies can include admixture
events, where individuals are transferred between populations, or populations can split and
merge. They also often include migration rates that allow for continuous mixture between
distinct populations, helping emulate realistic behavior.

In this chapter, we introduce CHIMP-S, which reappropriates the ODE machinery used for
computing A and B and uses it to solve for the probabilities in a population-split scenario,
where an ancestral population splits at some point into two extant populations. We also

demonstrate the inference of basic demographic parameters under using CHIMP-S.

4.2 Adapting CHIMP for a Population-Split Model

In Figure 4.1A, we see a diagram for the population-split model which we tackle with
CHIMP-S. We infer demographic parameters for the size history functions Ny (t), Na(t) and
N 4(t) in addition to the divergence time T all simultaneously, noting that Ny (¢) and Na(t)

span times from [0,7"), while N4(¢) spans [T,00). The emissions off our model are the
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ordered pairs of derived alleles across the samples at each site, so we denote the vector of ob-
servations across the genome as d = ((dl, dd), (d2, d%)...(dL, d% )), where the subscripts refers
to the population in whose samples the derived alleles are observed, and the superscript
indexes the position along the genome. The states s; are defined as they were in the single
population model, indicating which bin the Ty rc 4 for the entire two population genealogy
falls into (we only focus CHIMP-S on Ty pc 4, and ignore £). Here we show how we compute

the transition matrix A and emission matrix B for CHIMP-S.

A. B.

N,(t) ODE

T T
N,(t) N,(t) ODE, ODE,

Figure 4.1: Schematic for (a) the demographic model under which CHIMP-S performs in-
ference and (b) the ODE scheme which we employ under this model. The (a)panel displays
the ancestral population which splits into two populations at some time 7" in the past. Each
of the branch populations remain till the present day, where the samples are taken. The (b)
panel shows how independent ODEs are run backwards in time to compute the evolution of
each population independently. At time T, the states that ODFE; and ODFE9 can take on
are permuted and mapped to appropriate states of ODFE 4, which evolves back in time until
the absorbing state (when all samples reach the MRCA) is reached.

4.2.1  Computing the Transition Matriz A

The transition matrix A and emission matrix B are computed using a scaffolding of ODEs to
compute the dynamics of the ancestral process in each sub population, and in the ancestral

population separately (depicted in Figure 4.1B). Here we describe how this is done for the
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elements of the transition matrix A. The ancestral process with recombination A” that we
use here is the same as the one used in the single population case. This means that the ODE
and the numerical solution scheme is the same as before as well. In total, for each of the

extant populations and the ancestral population, we have three such ODEs

d _p

S =) QL) (1)

where i € {1,2,A}. Note that while the structure of the ODEs is the same for each
sub-population, the evolution matrix sz (t) will differ between the populations because the
values and structure of () depends on the total number of samples in the ancestral process
for a particular sub-population and its population size history for that population. We begin
solving the transition matrix by running ODFE and ODF9 back in time until 7. In other
words, we integrate equation (4.1) from fOT dt to solve for g (T') and g4 (7). Note that Qf(t)
and Qg (t) are defined with Ny(t),n1 and No(t), ng, respectively (n; and ng are the numbers
of haplotype samples collected at present day for populations 1 and 2). The initial conditions
for both of these processes are the states corresponding to ny and ng lineages ancestral to
both loci A and B, that is, in the notation of the previous chapter, ﬁf(O) = (n1,0,0,0) and
75(0) = (n2,0,0,0)

Next, the vectors ¢} (T') and gh(T) are used to compute the initial values for ODE 4
(i.e. §Z(T)). This is done by mapping ordered pairs of states (01, 02) to states (0 4). This
mapping represents the joining of the two populations, and recalling that the states of the
ODE’s ¢ are indexed by tuples of 4 numbers (kg, kq, kp, ), in mapping (o1,09) to oy,
elements of the tuples are all summed independently, representing summing the lineages of
each type across the two populations at time 7. Since this introduces certain states in the
ancestral population which may have had two recombinations, (from summing r1 =79 = 1,
we set the probability density in these states to zero (gg’*’*’ )o (T') = 0), and renormalize

over the remainder of states such that the sum of probability equals 1. Ignoring states with
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two recombinations and renormalizing is equivalent to assuming that the recombination rate

is small, and helps computational tractability. Thus, we define the mapping

((Kap1:ka,1:kp1:m1)1,(Kap 2, ka2, kp 2 m2)2) —

(kap,1 + Kap2: ka1 + ka2, kp1 +kpo,r1+12)a, ifri+ry <1

None, otherwise

Note that ODFE 4 is defined to allow for a total of n4 = n1 + no lineages, allowing it to
capture as many of the ordered pairs of the merging ODEs as necessary. With this mapping,

we can write down the full initial condition for ODE 4 as

1
g Y — o ) o )
QAA p(T) = Z 911 p(T>922 p(T>7
(01,02)—04

where the sum is over ordered pairs that map to the respective state o4, and the renor-
malization constant z is equal to the sum of the numerator over all viable states 014.

Thus we arrive at the initial condition for ODFE 4, and integrate equation ( 4.1) again
from f% dt, to compute gﬁ(t). Then, as in the single population case, we use equation ( 2.5)
to obtain the joint cumulative transition probabilities, from which the transition matrix is
computed as before. Note that because the most recent possible Thyrc 4 is the divergence

time T', the probabilities of transitioning into, out of, and between states below T is 0.

4.2.2  Computing the Emission Matriz B

The method for computing the emission probability matrix B for the single population case

is adapted to the population split model in much the same way as was demonstrated for the
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transition probabilities. The ancestral process with mutation A? is run separately for the
populations ¢ € {1,2, A}, using three separate ODEs. At the divergence time T, the ordered
pairs of states (01, 09) belonging to ODFE; and ODFEs are mapped to appropriate states of
ODEy, (cases where mutation has already occurred twice are ignored, and the probabilities
are renormalized across all valid states). In computing the cumulative emission probabilities,
a number of additional combinatorial factors are used to account for various configurations

of derived alleles that subtend a mutation mapping onto the appropriate emission states

(dy,da).

4.3 Demographic Inference with CHIMP-S

We used the transition and emission probability matrices, as computed above, in an EM in-
ference framework, similarly to the single population case in Chapter 3, to infer demographic
parameters. Forty replicates of data were simulated using msprime, for a population model
where each of the extant populations, as well as the ancestral population, had constant sizes
of 10000 individuals, and the populations diverged 4000 generations in the past. The per
base, per generation recombination and mutation rates were set to r = p = 10~7, and for
each replicate 5Mbp of genome was simulated.

Then, using CHIMP-S, we inferred the constant ancestral size N 4 and the divergence time
T jointly, specifying the same mutation rate, recombination rate, N1, and No values that
were used in the simulation. Figure 4.2 shows that we obtain reasonably accurate results for

this scenario.

4.4 Conclusion

In this chapter we demonstrate the use of the underlying model of CHIMP in extensions that

perform inference under models with population structure. We presented CHIMP-S a tool
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Figure 4.2: Results for two parameter inference using the split-population model of CHIMP-S.
Estimates for 40 replicates are shown.

that analyzes data under a population-split model, and demonstrated how to compute the
appropriate probabilities and perform inference with it. The simulated scenario and the
corresponding inference was performed in a constrained setting where favorable results were
achieved, and the next step to developing CHIMP-S into a full-fledged inference tool would be
to conduct more extensive studies testing its robustness in different scenarios and comparing
its results to those of other methods. Another highlight of CHIMP’s approach is the fact that
the underlying ODE computational system can be adapted to handle different scenarios.
For example, in much the same way that we handle split-populations with CHIMP-S, we
foresee adapting the ODE’s to handle pulse-admixture events. We could even incorporate
asynchronous samples to allow for inference using ancient DNA samples in tandem with
modern samples, possibly even with more than two populations. Another direction CHIMP can

be developed is to handle cases of continuous migration; in this case, there are complexities
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arising from the populations interacting continuously that would require additional model
extensions. Even if more simplifying assumptions are made to the computational scheme
that make the method less exact, the fact that CHIMP is compatible with unphased and

pseudohaploid data could prove for this to be a fruitful direction for investigation.

68



CHAPTER 5
DECODING THE POSTERIOR DISTRIBUTION ACROSS
STATES

5.1 Motivation

While much of the CHMM framework so far has assumed that the genome evolves neutrally,
in reality, selection plays a role in evolution, leaving patterns of adaptive genetic variation.
This form of variation is often the central subject of medical genetic studies that seek to
establish causal links between regions of the genome and phenotypic traits, and thus, methods
that offer new ways to detect and understand patterns of adaptive variation are an important
part of the field.

While CHMM methods have primarily been used to infer the population size history, here
we explore further downstream studies that can be conducted using the posterior distribution
of the hidden states, which are a byproduct computed during the inference process. The
posterior probabilities describe the state the model is in sequentially along the genome, and
can provide scientists with additional information about the evolutionary processes that
are shaping the genetic information, especially if the posterior is markedly different from
what would be expected under the null model of a single neutrally evolving population. In
particular, adaptive genetic variation, or selection, can leave signatures where the patterns
of variation significantly differ from the neutrality. To this end, we developed CHIMP-PD, a
tool that uses the CHMM framework to produce an estimate of the posterior probabilities
that can be interpreted and used in downstream studies of adaptive variation.

We focus on two archetypes of adaptive variation that are brought about by i) selective
sweeps, and ii) balancing selection. CHIMP-PD is well-suited to uncover evidence of these
modes of selection because of the effect they have on the shape of ancestral trees. In a

selective sweep arising from a beneficial allele, all alleles in the genetic sample can be traced
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to a beneficial allele that has quickly established and fixed itself, therefore in such a region,
the trees are often much shorter than under neutrality. Conversely, for an region that displays
balancing selection, multiple variants are maintained in the population for long periods of
time at intermediate frequencies. As a result, the common ancestor of the two allele types
is found in the deep past, and the underlying trees are very tall.

In this chapter we begin by showing how we obtain the posterior probabilities using
CHIMP-PD and evaluate the accuracy of these estimates in neutral simulations. Then we
study the aforementioned archetypes of adaptive variation, selective sweeps and balancing
selection, and demonstrate their detection using CHIMP-PD. We focus on simulated genetic

data first, and then examine examples in real human data.

5.2 Computing Posterior Probabilities

For CHIMP-PD, the posterior distribution across states is computed during the forward back-
ward algorithm as described in Section 2.5.1, and is given by the quantity ~;(¢) defined in
Equation (2.19). This tells us the probability that the hidden state of the CHMM is in
each state s; and is computed for each locus (or meta-locus) along the genome. From these
probabilities we can investigate the Ty pco 4 and L across the genome since the hidden states
model the behavior of these variables.

For large samples, this genomic sequence of posterior probabilities is computed inde-
pendently for each subgroup of ng samples in accordance with our composite likelihood
framework. While the composite likelihood is straightforwardly computed as a sum of the
log-likelihoods of the data for each subgroup of samples, consolidating the information from
the posterior probabilities for each subgroup requires some additional steps. We opt to av-
erage the posterior probabilities across the subgroups, yielding an estimate for the posterior

probability of a random sample of ng haplotypes drawn from the population
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It is important not to confuse this with an estimate for the actual posterior distribution
of the state variable across all the samples, or even the posterior for a particular group of
samples. However, reconstructing an accurate estimate of T)ypc4 or £ can be achieved

choosing ng = n if desired.

5.3 Simulations Under Neutrality

While Chapter 3 shows the efficacy of CHIMP’s model in performing demographic inference,
we would like to more specifically evaluate the ability of the model to accurately infer the
Taviroa and L. To this end, we conducted a series of simulations where the true values of
the Thyroa and L are retained from the simulation, and compared to values inferred using
both CHIMP-PD and Relate [10, v1.1.3].

The simulations were conducted using msprime [25, v0.7.4]. We simulated 16 replicates of
data, where each replicate contains 200Mbp of genomic data for 10 haplotypes, simulated for
a constant population size N = 10000 with r = p = 1.25- 10~% to mimic human parameters.

When analyzing these data with Relate, we specified the true constant population size
and infer the tree sequences. Then we computed T rca and L for these estimated trees
based on Relate’s inferred tree output.

For the CHIMP-PD analysis, the posterior probabilities were computed using a constant
population size history based on Watterson’s estimator (as in Section 3.4.1). There is some
ambiguity in estimating the state variable T" at locus ¢ (representing Tyspca or L) given
7i(€), since each state i indicates a range t; 1 < Ty < t; for the state variable T' (as in

section 2.2).
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To this end, we associate a single intermediate value ¢;with each state i, computed as the
arithmetic mean of the bounds of the state (except for the last state S which is unbounded

and requires an adjustment) given by

) 2tg_ 1 —tg_9, ifi =9
t; = (5.1)

ti_1+t; .
%ﬂ , otherwise.

In the following analysis, we compare the results of using three straightforward estimates
based on the mode, median, and mean of the distribution, computed as follows. Based on
t's defined in equation (5.1), and given the posterior %; for a given locus £, we can define the

mode, median, and mean of T" as

Trode = tAj, where j = argmax [%}

7

Tredian = tAj, where j = inf {k

k
> %2 0.5}
1=0
Tmean = Z% : tAz
)

With these estimates for Thyrc 4 and L, we compare the profile of estimated values to
the profile of true values and present the results in figures 5.1 and 5.2. Each individual
plot contains aggregate data from across all 16 replicates of the simulations, ie. a total of
3.2 Gbp of data for 10 haplotypes. The heat map compares the estimate from Relate or
CHIMP-PD to the true value of T, giving equal weight to each base on the genome (not each
inferred tree). In addition to a heat map, we also include one dimensional histograms of the
estimates along the borders.

Figure 5.1 contains the comparison of the truth to results from Relate and CHIMP-PD’s
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mean and median estimates. Both the heatmap and the adjacent 1-D histograms are binned
according to the bins that CHIMP-PD uses for internal states. This can be seen in the roughly
constant distributions of true Thspc 4 and L since CHIMP-PD chooses its states such that the
marginal distribution across them (based on a prior of constant population size) is constant.

The 1-D histograms show that CHIMP-PD is more accurate in recovering the true (con-
stant) distribution. The distributions for Relate are more highly peaked, and do not give
enough weights to the tails of the distribution. This alone does not show that CHIMP-PD is
performing better, since this distribution could in principal be achieved with results that are
uncorrelated to the true values. However, the heat maps allow us to visualize this correlation.
The red line indicates where the estimated 7" values match the truth, and perfect recovery
of the true T' values would be reflected by a heat density that is uniformly spread along
this line. By this measure, CHIMP-PD is more accurate at inferring 7' than Relate, since the
density for CHIMP-PD is more concentrated along the red line. The high density ridge for
Relate has a slope less than 1, which indicates that Relate is conservatively inferring values
of T' that are closer to a genome-wide average, whereas CHIMP-PD more accurately estimates
T, especially for very high or low values.

CHIMP-PD’s mean and median estimates perform similarly to each other, though the
median estimates seem better able to infer very deep trees. This makes sense given the way
we compute median and mean values from the posterior probabilities, since the fact that
the mean is a weighted sum means that probability density in the lower states can pull the
estimate lower whereas the median can more readily return g as an estimate. Using £ as
the state variable yields distributions that match the truth better than Tspc 4, and this is
evidenced in the right column where using £ produces heat maps that are closer to the red
line, and 1-D histograms with wider distributions.

In Figure 5.2 we present the analogous comparisons using 7},,,4. €stimates from CHIMP-PD.

To better visualize the results, each bin for the heatmap and histograms is formed by grouping
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Figure 5.1: Correlations between true and inferred values for the state variables Ty roa (left)
and L (right), comparing inference using Relate and CHIMP (separately using the mean and
median of CHIMP’s posterior distribution as the estimator). The results are aggregated across
3.2 Gbp of simulated data (10 haplotypes simulated under constant 10k population size with
human r and g using msprime). We also include marginal 1-D histograms for inferred and
true values. Both heatmaps and histograms are binned according to CHIMP’s hidden states.
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4 hidden states of CHIMP-PD, which still preserves the uniform distribution across bins of the
true T values. A log scale is used to more clearly see the crest of high density for the
heat maps. We see that using CHIMP-PD’s T,,,4. estimates results in a bimodal distribution
that is more heavily weighted at the tails, nominally the opposite problem that Relate has.
Indeed, we can see that the slope of the high-density crest of the heatmap is less than one
in the Relate plots, and is greater than one in the 7},,,4. plots, underscoring the tendency
of Relate to be biased downwards from the mean and of CHIMP-PD 7,,,4. to be biased
upwards.

Figures 5.1 and 5.2 show that, overall, CHIMP-PD has more flexibility than Relate to
accurately recover Thypca and L along the genome. To quantify this performance, we

compute the deviation of the estimates from the true values of Thypc4 and L. We define

. L
7T = 1 ~ —
2 _(logT; —log T;)?

7

where i indexes the sites simulated (L = 3.2 Gbp in total), and TZ and T; denote the
estimated and true values, respectively, of the state variable at a given site i. This measure
of average error across the simulated data for each of the methods is collected in table 5.1.
The o values show that CHIMP-PD, particularly with the mean and median estimates, is much
more accurate than Relate at recovering the true values of Tyyrc 4 and L.

In Figure 5.3 we show the actual estimates for Thyrc4 and L for a stretch of simulated
genome. We omit the median estimates from CHIMP-PD due to their similarity to the mean
estimates. We see that when the true values of T" dips very low, the CHIMP-PD and Relate
do similarly well at recovering T', however when 7' takes on high values indicating very deep
trees, inference with CHIMP-PD is much more accurate. We also see the different behaviors

of CHIMP-PD’s T},,ode and Tipeqn estimates. The mean estimates take a more "nuanced”
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Figure 5.2: Correlations between true and inferred values for the state variables Ty roa (left)
and £ (right), comparing inference using Relate and CHIMP’s mode estimator. The results
are aggregate across 3.2 Gbp of simulated data (10 haplotypes simulated under constant 10k
population size with human r and p using msprime). As before, we include marginal 1-D
histograms. To help visualize the density crest, we use a coarse binning in the heatmap such
that every 4 consecutive hidden states are considered as 1 bin. These bins are also used for

the histograms.
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Figure 5.3: Example of inferred Ty;pca (top) and L(bottom) along a 100 kbp stretch of
simulated data under neutrality, with the true values included for comparison. The data was
a segment sampled from the 3.2 Gbp used in Figures 5.1 and 5.2. For CHIMP we omit the
median estimator for visual clarity as it is very similar to the mean. The apparent upper
bound on the values inferred by CHIMP is an artifact of the fact that the HMM uses discrete
states and we have assigned a finite value to the last state.
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Table 5.1: Comparison of accuracy (o) for different estimates of the state variable. Recall
o = 0 corresponds with perfect accuracy.

Estimated Method o for
Quantity 3.2 Gbp data

Relate 0.584

Torre CHIMP:Mean 0.431

CHIMP:Mode 0.648

CHIMP:Median 0.425

Relate 0.409

r CHIMP:Mean 0.317

CHIMP:Mode 0.485

CHIMP:Median 0.315

approach, however the mode estimates often overestimate or underestimate the true features.
Figure 5.3 visually reinforces the findings from table 5.1, showing that CHIMP-PD’s mean
estimator is much more accurate than Relate, and while CHIMP-PD’s mode estimator is less
accurate overall, it does capture the tails (high and low values) of the distribution of the

state variable better.

5.4 Simulations Under Selection

Now that we have shown that CHIMP-PD accurately recovers the T)ypc4 and £ in neu-
tral simulations, we shift our focus to detecting adaptive genetic variation. In this section
we simulate and analyze scenarios of selection using SLiM [40], a forward-time simulation
tool that is well suited for selection. The two types of selection we examine are selective
sweeps, where a beneficial allele rises in frequency and fixes, and balancing selection, where
heterozygote-advantage maintains roughly equal frequencies for two different alleles at a

given locus.
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5.4.1 Selective Sweep

For our simulations of the selective sweep scenario, we simulated (using SLiM) the dynamics
for a (constant-size) population of 5000 diploid individuals with » = g = 1.25 - 1078 to
mimic human-scale parameters and focused on a 3Mbp genetic region. During the simulation
this population is allowed to ”burn-in” for 5- 104 generations, during which random neutral
mutations accumulate along the genome and create a background of neutral genetic variation
that resemble the background characteristic of mutation-drift equilibrium. After this burn-in
period, a beneficial mutation mx is introduced at a single base positioned in the middle of the
3Mbp window in one haplotype of the population. This mutation has a dominance coefficient
h = 1/2 and a selection coefficient s that determines the strength of the selective advantage.
The population is allowed to evolve after the introduction of the beneficial variant. If the
mutation is lost (frequency falls to 0), the simulation is restarted after the burn-in period
and msx is reintroduced. This is repeated until the frequency of mx sweeps to 1. At the
time mx is fixed, the full genetic data for 150 individuals are randomly sampled from the
population. We conducted 16 replicates of this simulation for each value of the selection
coefficient s = 0.01,0.02, and 0.05 (recent studies have shown that s ~ 0.02 for lactase
persistence in certain human populations [41]).

After simulating this data, we ran CHIMP-PD on each replicate to obtain the posterior dis-
tribution. We computed the mean, mode, and median for this distribution at each metalocus
as described in Section 5.3. For this analysis, CHIMP-PD assumed a constant population-size
history based on Watterson’s estimate computed from the data, and used a metalocus size
of 500 bases. We anticipate that if the beneficial allele was introduced fairly recently and
then sweeps to fixation, the Thyroa and L near the selected locus will reflect very short
trees. So rather than using hidden states defined by an equal probability of occupancy under
neutrality, we broke up the state corresponding to the shortest tree into smaller states at

very recent times to allow CHIMP-PD to infer very short trees with more precision. Breaking
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Table 5.2: Results from analyzing selective sweep simulations with CHIMP-PD.

Selection Strength | State Variable | True Signals Observed | False Signals Observed
(out of 16)

T 10 0

s— 01 MRCA
L 10 0
T 15 1

s — 02 MRCA
L 15 1
T 16 1

s — 05 MRCA
L 16 1

up the smallest state in this way also means that the marginal probability of the CHMM
occupying these states is decreased, so that actually inferring these states constitutes strong
evidence of systematically small trees.

We analyzed all 16 replicates of data for each s = 0.01,0.02, and 0.05 and tabulate
the results in Table 5.2. For each s value, we record the number of selection signals we
observe across the 16 replicates using both T)yrc4 and L. To classify whether an observed
pattern of inferred T' constitutes a ”signal”, we visually evaluate whether the mode of the
posterior distribution is among the additional states that were added in the very recent past
to increase precision (< 6k generations for Ty pc 4 and < 20k generations for £), and mark
any such contiguous region in the 3Mbp of simulated data as an observed ”signal”. Note
that the regular states have a marginal occupancy probability of 0.02, but these additional
states have probabilities < 0.02 under the prior; this makes them easy to visually identify
at the bottom of the posterior density plots we show. We use the mode of the posterior
for determining whether a signal is observed because of its heightened sensitivity to deviant
behavior of the state variable (seen in Section 5.3), though in the plots we show the mode,
median, and mean. In our results there does not appear to be a significant difference between

Tyvirca and L. We see that CHIMP-PD can easily uncover the signals of strong selection,
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(s = .02 and s = .05), however for weaker selection (s = .01), it becomes more difficult.
Table 5.2 also tabulates the number of ”false signals” we observed across all 16 replicates of
data, ie across 48Mbp of simulated genome. These are patterns in the data that we classify
as signals based on our criterion, but that do not occur in regions that overlapping with the
selected allele. Though a few such false signals appear in these simulations, we note that
they occur very close to the true signal and are likely due to ancestral recombination events
that fall in such a way as to excise some portion of the signal.

We show a few illustrative examples of the posterior obtained with CHIMP, with the mean,
median, and mode computed. Figure 5.4 shows the posteriors for a dataset simulated with
s = 0.2. The mutation under selection is at position 1.5Mbp, and we see high probabilities
of finding very small T)ypc4 and £ values around this region. Near this position, each of
the mean, median, and mode of the posterior are observed in the very recent states included
in the recent past to provide more precision, taking on values much lower than the apparent
floor that is observed in the remainder of the background distribution. Though in Table 5.2
there was no significant difference between the discriminatory power of Thyrco 4 and L, here
we see that the signal observed in the £ distribution is wider, and thus more prominent,
than that in the T)ypco distribution. Though only a single base in the genome is under
selection, the evidence of selection extends upstream and downstream of this region because
of the genetic hitchhiking of other neutral mutations from the original haplotype on which
the selected mutant originated. However, as more time elapses between the sweep and the
sampling of data, further recombinations will shrink the region that remains correlated with
the selected position, and the signal will grow weaker. The signal also appears weaker for
weak selective sweeps, like that shown in Figure 5.5 where we do not observe any clear signal
in the £ distribution for a dataset simulated under s = 0.01. Our naive criterion using the
mode of the posterior does not indicate any signal in Figure 5.5, though near the selected

site there is visual evidence of L’s that are on average lower than the background. A more

81



—— Mean
I 1071
40000 —— Median
N —— Mode 10-2
s
; 30000 .
o 10
“QE) 20000 o
10000 i sl Wy 1073
I
QL.O 1.2 14 15 1.6 1.8 2.0
Position along genome le6
120000
A0 it TR Meap Lot
1000001 A\ §[\ & Hia -8l Median
Q Vv | ! —— Mode 1072
- 80000
8 10—3
¢ 60000
:
40000 v
1075
20000
0 1076
1.0 1.2 14 15 1.6 1.8 2.0

Position along genome 16

Figure 5.4: Posterior distributions computed by using CHIMP-PD to analyze data collected
from a selective sweep simulation with s = 0.02. This is computed for both Thyrca (top)
and £ (bottom). The genomic segment is centered around the beneficial mutation site. We
further compute the mode, mean, and median of the distribution and overlay these curves.
The regions below Thyrca ~ 6k and L ~ 20k generations are subtended by a finer division
of states that were included to increase precision in the recent past, and we see that the
mode, median, and mean all extend into the region near the selected mutation, showing
clear evidence of a signal. The signal for £ appears wider and more pronounced than that
for Tyrrc A- In the heatmap, brighter colors indicate higher inferred probability for the state
spanning that region.
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Figure 5.5: Posterior distribution of £ as computed by using CHIMP-PD to analyze data
collected from a selective sweep simulation with s = 0.01 . We also display the mode, mean,
and median of the distribution. By our criteria, we do not detect the selection since we do
not see L extend into the recent states (below ~ 20k generations), though we do observe a
region with a generally low average value for L.

sophisticated signal processing pipeline would likely enable us to more clearly detect this

evidence of selection.

5.4.2  Balancing Selection

For our simulations of balancing selection, genetic variation in a region under selection is
maintained by heterozygote-advantage of a haplotype. We use the same population size and
demographic parameters as for the selective sweep, and the same burn-in period as well.
We model selection on an extended region of the genome (as opposed to a single site) by
introducing 21 evenly spaced mutations of type mx* on a single random haplotype from the
population, and label this haplotype hx. The m* mutations are spaced 1kbp apart from
their neighbors, and in total span a 20kbp region that is centered in the middle of the 3Mbp
window. Selection is defined to act such that an individual gains a fitness advantage of
s only if they have one haplotype with 0 mx mutations, and one with 21 m* mutations.

After introducing hx, the simulation proceeds for 10° generations before 150 individuals’
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Table 5.3: Results from analyzing balancing selection simulations with CHIMP-PD.

Selection Strength | State Variable || True Signals Observed | False Positive Observed
(out of 16)

T 16 0

s — 01 MRCA
L 16 0
T 16 0

s — 02 MRCA
L 16 0
T 16 0

s— 05 MRCA
L 16 0

data is collected. If at any point hx is lost or fixes, the simulation is restarted after the
burn-in. As before, we simulated a total of 16 replicates for each of the selection strengths
s = 0.01,0.02, and 0.05, and analyzed these replicates using CHIMP-PD, this time breaking
up the highest state (corresponding to the largest trees) into smaller bins to obtain better
resolution in the distant past.

The results for all 16 replicates of data for each s = 0.01,0.02, and 0.05 are tabulated
in Table 5.2. The criterion for determining whether a signal was observed for a given
simulation replicate was too visually evaluate whether the mode of the posterior achieved
high values in the additional states added in the distant past (> 55k generations for Ty rc A
and > 135k generations for £) for a consecutive stretch of data spanning > 10kbp anywhere
in the simulated genome, and to mark each such stretch as a "signal”. As before, because
the marginal occupancy probability distribution of these states under the prior is < 0.02,
these states are visibly distinct in the density plot of Figure 5.6. For each of the selection
coefficients we used, CHIMP-PD detects clear signals of balancing selection in the appropriate
regions. While we do see some spikes in surrounding regions that somewhat resemble the
profile of our primary signal (as in the £ posterior in Figure 5.6), these spikes are likely caused

by random SNPs in the background that happen to maintain intermediate frequencies for
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Figure 5.6: Posterior distributions computed by using CHIMP-PD to analyze data collected
from a balancing selection simulation with s = 0.02 . This is computed for both Th/rc 4
(top) and £ (bottom). The plot is centered around the site of the beneficial mutation. The
mode, mean, and median of the distribution are also computed and displayed. The regions
above Thypca =~ 55k and L ~ 135k generations are subdivided into finer states that were
included to increase precision in the distant past, and we see that the mode, median, and
mean all spike into these states near the selected mutation, showing clear evidence of a signal.
At 1.59mbp, we see an example of a spike in the background, though it is highly localized
compared to the signal due to the 20kbp region under balancing selection.
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long periods of time, and thus span very narrow tracts of the genome. If we simulated
selection over a narrow range (or for a single SNP) instead of a 20kbp region, distinguishing
true signals from these background fluctuations would likely be more difficult. We show a
characteristic example of posterior plots in Figure 5.6), for a dataset with s = 0.02. The
signal appears to be very sharp, with a very steep drop-off away from the selected region.
The suddenness of this drop-off is largely due to the age of the haplotypes under selection,
since over long spans of evolutionary time, recombination has many more opportunities to
decouple the haplotypes of the selected region from the flanking regions of the genome. The
simulated scenarios for s = 0.01, and 0.05 also look quite similar to Figure 5.6), so we omit

these plots.

5.5 Signals of Adaptation in Human Data

Having established that CHIMP-PD is able to uncover patterns of adaptive genetic variation
that are consistent with different modes of selection in simulated data, we turn to analyzing
real data. We choose to use data samples collected in the 1000 Genomes Project [42], and
focus this study on three populations in particular: GBR (British and Scottish samples),
CHB (Han Chinese samples, collected in Beijing), and YRI (Yoruba samples, collected in
Ibadan, Nigeria). After partitioning the individuals by their population labels, we used data
from 90 GBR individuals, 100 CHB individuals, and 175 YRI individuals, and analyzed these
samples using the composite likelihood model where the haplotypes were partitioned into
groups of 10, and the log-likelihoods summed at the end. Under this scheme, we used CHIMP
to infer the demographic history for each population using data across the entire genome
(22 chromosomes). The results of this inference are shown in Figure 5.7. The bottleneck
at =~ 100,000 generations in the past in the GBR and CHB populations is evidence of an
out-of-Africa migration, showing general consistency with other results [16] .

After establishing the baseline demographic history using CHIMP, we used CHIMP-PD to
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Figure 5.7: Results of demographic inference for GBR, YRI, and CHB. These results were
computed with a modest amount of regularization to achieve smoother functions. As ex-
pected, we see evidence of a bottleneck for the out-of-Africa migration in the GBR and CHB
populations and similar dynamics in the distant past for all populations.

infer the posterior distributions in two specific regions of the genome: the LCT/MCM6
region, and the MHC locus. These regions provided instances where a selective sweep and
balancing selection, respectively, have been well established in the literature ([41, 43, 44, 45]),

and thus were good candidates to analyze with CHIMP-PD to calibrate it to real data.

5.5.1 Studying LCT/MCMG6 with CHIMP-PD

The LCT gene (on Chromosome 2) contains information to produce the protein lactase,
which allows the digestion of milk. All humans produce lactase as infants, and while some
humans decrease their production of LPH (an enzyme that helps break down lactase) after
5-10 years of age [46], many do not. It is believed that lactase-persistence is historically

linked to substantial fitness benefits, due the domesticization of cattle and the increased
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Figure 5.8: L values near LCT, inferred using CHIMP-PD with the mode of the posterior as
the estimator. The purple dashed lines indicate the location of LCT, and near this we see
evidence for the very small trees that are consistent with a recent selective sweep. We see
strongest evidence of this sweep in the European population GBR, and weaker evidence in
CHB, and weakest of all in YRI.

ability to exploit milk as a source of nutrition. Since lactase-persistence is a relatively recent
development in our evolutionary history, we are likely to see evidence of selection in the
genome [43]. This selection is some of the strongest observable selection in the genome, and
the selection coefficient has been estimated to be between 0.02 and 0.05 [41](ie. homozy-
gous presence of the beneficial allele confers a 2-5% fitness advantage). Previous studies have
identified multiple SNPs that are linked to lactase-persistence (all in the MCMG6 region just
upstream of LCT), and while different SNPs appear to be tied to lactase-persistence in differ-
ent geographic populations, in northern European populations, lactase persistence has been
primarily tied to SNP rs4988235 [46], though through population diffusion and migration,
the beneficial allele at this location has more recently dispersed to other populations.

For this investigation, we were primarily concerned with the region near aforementioned
SNP rs4988235, and sought to corroborate previous studies with CHIMP-PD by demonstrating
that there is a strong signal of selection in the posterior distribution of Th;pca and L in

European populations. We analyzed the individuals from each population separately (YRI,
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CHB, and GBR) assuming recombination and mutation rates r = p = 1.25 - 107® and the
demographic histories that were inferred in Figure 5.7. The posterior was computed across
chromosome 2 by analyzing the haplotypes in groups of 10 (as described in Section 5.2). For
this analysis, the states for the state variable were determined using partitions such that the
marginal probability of finding the CHMM in each state was 0.02. Then the lowest state
(corresponding to the smallest trees), was broken up further into 5 additional states with
marginal probabilities {0.002,0.003,0.005,0.005,0.005}. The highest state was also broken
up similarly such that the highest resolution of the state was at the tail of the distribution
(ie. with marginal probabilities {0.005,0.005,0.005,0.003,0.002}). Thus, the CHMM was
defined with 58 possible states, with very small marginal probabilities of falling in the lowest
or highest state. This is similar to the procedure in Section 5.4, in order to obtain better
resolution for very small and large trees, and to accentuate large deviations from the the
null-hypothesis of a neutral background.

We show the results of inferring £ in the LCT/MCMG6 region in Figure 5.8. The trajecto-
ries plotted use the mode of the posterior as the estimate. In the GBR and CHB populations,
we see very small trees a little to the left of the LCT gene which indicates a region where the
allele (or set of alleles) under selection have swept to high frequencies. This is not observed
in the YRI population. These results are consistent with the selection signals detected by

other scans that use statistics computed from population genetic data ([47]: fig 1b).

5.5.2  Studying MHC with CHIMP-PD

The major histocompatability complex (MHC) is a region of chromosome 6 that contains
several polymorphic genes that code for proteins involved in the adaptive immune system.
These human leukocyte antigen (HLA) genes are some of the most polymorphic genes that
we know of, and their diversity within a population means that most people are heterozygous

at HLA alleles. Combined with the fact that expression of these alleles is codominant, this
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Figure 5.9: £ values near the MHC, inferred using CHIMP-PD with the mode of the posterior
as the estimator. The MHC is the region bounded by the purple dashed lines, and within this
region we see evidence for very large (deep) trees consistent with the signature for balancing
selection in each of the three populations.

allows for each individual to express a great number of HLA molecules, thus aiding in immune
function [45]. For the population as a whole, we see that these dynamics make it desirable
to maintain a diverse pool of alleles, so competing alleles are retained at high frequency
within the broader genetic pool for long periods of time, with little push for one to push the
other out, making this an example of balancing selection dynamics [44]. By analyzing the
MHC region, we will demonstrate that CHIMP-PD can be used to uncover signals of balancing
selection.

Using CHIMP-PD, we computed the posterior distributions for Thyrca and L for each
population separately using the same method as for LCT/MCMS6 (including the additional
states for very large and small trees). In Figure 5.9, we show the results of this inference. In
the MHC region, we see very clear evidence for genes that have very large trees, indicating
that the variants observed in each population have to go into the very distant past to find
a common ancestor. This is consistent with the hypothesis that this variation has been
maintained by balancing variation in each of the populations CHB, GBR, and YRI. The fact

that the YRI trees appear larger for these regions under balancing selection also suggests
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that the YRI population is the oldest (or that the variation in the YRI population is similar
to an ancestral pattern of variation), when compared to the GBR and CHB populations,
where the bottleneck due to the out-of-Africa migration may have impacted the diversity of
SNPs, and leads to smaller trees for the variation observed in modern samples. To sum up,

we see that CHIMP-PD is able to uncover such signals of strong balancing selection.

5.6 Conclusion

In this chapter we have begun to explore the possibilities for detecting adaptive variation
using CHIMP-PD. We started by testing the ability of CHIMP-PD to accurately infer the Thsrco 4
and £ in neutral simulations, and explored different estimates for the state variable that can
be obtained from the posterior distribution that CHIMP-PD returns. We saw that the mean
and median estimates performed very well, achieving significantly better accuracy than the
estimates obtained from Relate. The mode estimate did not perform as well overall, but
was more accurate when the true genealogical trees were very large or small, and thus we
believe the mode still has utility in detecting adaptive variation since regions of adaptive
variation are often characterized by these outliers.

We then turned to simulations of selective processes, focusing on the archetypes of a
selective sweep and balancing selection in particular. We simulated multiple replicates of data
for these two scenarios, across a range of selection coefficients, and found that CHIMP-PD has
great potential for detecting strong selection even with a simplistic method to classify a region
as being under selection. For weaker signals in real data, we will likely need an approach
that leverages better signal analysis techniques, and CHIMP-PD can easily be incorporated
into such sophisticated pipelines.

Finally, we looked at two regions of the human genome, LCT and the MHC, and analyzed
data from the 1000 Genomes Project at these loci. At these locations, we demonstrated that

CHIMP-PD is able to replicate the results of other studies, and uncovers strong evidence
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of a selective sweep near LCT, and balancing selection at the MHC. These preliminary
studies suggest that with more sophisticated signal detection criterion, CHIMP-PD can be
developed into a tool with which the genome can be scanned for patterns consistent with
adaptive variation. It can also be as a supplemental tool in other analyses of specific genes to

efficiently understand how the local genealogy fits into a broader narrative of gene function.
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CHAPTER 6
FINAL THOUGHTS

In this work we have described the potential that CHMMs offer as a tool for analyzing the
vast numbers of whole genome sequences that are being collected from across populations.
We have developed, bench-marked, and applied the novel CHMM method CHIMP. We started
by presented two implementations, CHIMP-1;rc 4 and CHIMP-L, and using them to perform
inference of past population sizes in a single population. The methods use either the Th;rc 4
or the total branch length £ of the local genealogies as the underlying hidden state in this
HMM framework. We detailed systems of differential equations derived from the ancestral
process that can be used to compute the respective transition and emission probabilities.
These differential equations can be computationally intensive to solve, particularly for L,
but we present solution schemes that exploit a combination of approximations and exact
equations to obtain solutions. Furthermore, the framework presented here can be seen as a
generalization of most previous CHMM methods, in that it can readily be modified to use
pairwise coalescent times [PSMC and MSMC2, 13, 15], first-coalescent times [MSMC, 14], as well
as the coalescent time of a distinguished pair [SMC++, 16] as the hidden state.

We applied CHIMP for demographic inference from simulated data in a variety of scenarios
and compared the results to other state-of-the-art methods, specifically MSMC2 and Relate.
While CHIMP-L is intriguing from a theoretical perspective, it currently does not seem suitable
for demographic inference since inference is slow and less accurate than CHIMP-T);rc A,
although more efficient approximations may ameliorate this issue. We observed that CHIMP-
Trvirca performed comparably to other methods in most scenarios for time-frames more
than 500 generations before present and outperformed them for very ancient times beyond
100,000 generations before present. Its runtimes are similar to those of the other methods
in the tests we performed, and CHIMP-Tyrca scales very well to large samples. CHIMP

can also be run on unphased data and certain pseudo-haploid datasets, whereas Relate
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requires phased data, and MSMC2 can only be run in a limited capacity without phased data.
We believe, that this makes CHIMP-T);pca a flexible alternative to other methods when
analyzing large data sets, especially in scenarios where high quality assessment of haplotype
phase is not available, which includes non-model systems were reliable reference panels are
not available.

Next we showed how the modeling framework that we developed can be extended be-
yond inference for a panmictic single-population model. We described CHIMP-S, a method
that extends this framework to a population-split model, and we demonstrated inference of
demographic parameters using CHIMP-S for simulated data. This highlighted the flexibility
of the modeling framework, and we anticipate that it can be adapted to other demographic
situations such as those with continuous migration or those that incorporate asynchronous
ancient DNA samples.

We then showed how to use CHIMP-PD to obtain the posterior distribution across states,
and how estimates for Ty rc 4 and £ can be constructed from these distributions. We bench-
marked the accuracy of these estimates (comparing them to Relate). With CHIMP-PD’s
accurate estimates of the state variable, we showed that signals of selective sweeps and
balancing selection can be uncovered in a series of simulation studies. Then we demonstrated
the use of CHIMP-PD on human data, focusing on signals of selection near the LCT/MCM6
gene and the MHC.

Taken in total, these various projects highlight the flexibility and utility that CHMMs
(and in particular, CHIMP) can provide in aiding genetic studies. They can be used on new
genetic data, when little is known about the populations in question beforehand, to infer
the demographic history, or scan for selection. They can also be used in a more focused
way to understand the variation patterns at specific regions, aiding other studies in trying

to understand the evolutionary narrative behind certain genes.
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