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Synopsis

Adaptation is a ubiquitous phenomenon that enables a population to survive in its en-
vironment. As natural environments change with time, it is crucial to understand the
dynamics of adaptation in varying environments. When the time scales of the environ-
mental and evolutionary changes are very different, the fluctuations in the environment
can be neglected for the evolutionary process. However, these time scales can overlap,
and then the effect of the time-varying environment plays a major role in determining
the evolutionary fate of the population. This is a less studied problem due to its com-
plexity, but its importance and intriguing features motivated us to understand the effect
of changing environments on the adaptation of a population.

Evolution occurs via evolutionary forces, namely, natural selection, mutation, recom-
bination, and random genetic drift. To understand the evolutionary process, we use the
theoretical population genetics approach to incorporate these forces in a mathematical
model. This thesis considers the adaptation of a single trait with free recombination
and neglects the pleiotropic effects due to other traits. A trait is said to be monogenic
when a single gene controls it, such as sickle cell anemia and albinism, and polygenic,
when many genes influence the trait, for example, quantitative traits such as human
height and weight. We study the adaptation of both the monogenic and polygenic traits
in different environmental conditions that are modeled as a sudden-change in the envi-
ronment and linearly-changing and periodically-varying selection. The primary focus of
the thesis is to understand the effect of changing environments on the survivability of
a population. The thesis is divided into five chapters, and a brief description of each
chapter is given below.

In Chapter 1, we first provide an introduction to the relevant evolutionary forces and
a brief description of the deterministic and stochastic models pertinent to the discussion
in this thesis. Specifically, we discuss two theoretical models: birth-death process and
infinitesimal model that are classical models in population genetics and quantitative
genetics, respectively [1]. Some useful frameworks (branching process and diffusion
theory) used to obtain our results are also described in this chapter [2, 3|.

In Chapter 2, we focus on the evolution of a monogenic trait due to a periodically
changing environment. Seasonality and antibiotic cycling are well-known examples of
periodic environmental change which have a significant impact on the survival probability
of a mutant [4]. This motivated us to study a model where the selection pressure
changes its sign with time, and the mutant, which is favorable for certain times, can

become unfavorable at other times [5]. We studied the mutant’s fixation probability (the
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probability that ultimately all the individuals in the population become the mutant type)
in a finite diploid population and found that it depends on the rate of environmental
change, its time of appearance, and its dominance parameter. The interesting results
we found in this study are, (i) an initially beneficial (deleterious) mutant can have a
fixation probability lower (higher) than that for a neutral mutant depending on its
time of appearance and rate of environmental change, and (ii) Haldane’s sieve (fixation
probability of a dominant beneficial mutant in a static environment is higher than when
it is recessive) [6] does not always hold in a time-varying environment. These results
were obtained using a combination of analytical work based on branching process and
diffusion theory, and numerical simulations.

In Chapter 3, we investigate the adaptation of a polygenic trait where selection acts
on a large number of genes to maintain an optimum phenotype. The Fokker-Planck
equation for a polygenic trait is high dimensional, and in general, a mathematically
intractable problem [7]. Therefore, we study an infinitely large population where we can
neglect stochasticity and solve the deterministic equations to understand the evolution
of a polygenic trait due to a linearly changing environment (for example, as a result
of global warming) [8]. Previous work based on an infinitesimal model that neglects
recurrent mutations has shown that the mean trait moves with the speed of the optimum
and there is a constant lag between them [9]. In contrast, our work showed that the
mean trait evolves with a speed lower than that of the phenotypic optimum. This is an
important result that can have a potential application in conservation biology.

The bulk of the thesis describes the evolution of a trait in a changing environment.
However, the stochastic dynamics of adaptation, even under constant selection, are not
well-studied [10]. To get an insight into the problem, we study the relevant Fokker-Planck
equation in Chapter 4, using an eigenfunction expansion method [11]. We found that
(i) the eigenfunctions obey a confluent Heun equation which is a generalization of the
hypergeometric equation [12], and (ii) the first eigenvalue that determines the dynamics
shows a sharp transition: for mutation rate below one, the eigenvalue increases linearly
with increasing mutation rate and then remains a constant.

In Chapter 5, we conclude our main results. We also discuss some interesting open

questions that can be addressed by extending our work.
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Chapter 1
Introduction

Evolution is a heritable change in the characteristics of the population over time, and
adaptation is the evolutionary process by which a population survives in its environ-
ment. Theoretical population genetics aims to understand the adaptation process and
mechanisms of evolution, incorporating evolutionary forces such as natural selection,
mutation, recombination, and random genetic drift in mathematical models. As real
biological evolution is very complex, it is hard to make theoretical progress in models
that include all the complexities of the real population, and therefore, we require simple
models that do not significantly alter the essential properties of the evolutionary process
but are tractable. This Chapter introduces various terms and mathematical techniques

relevant to the thesis and explains how we model the adaptation process.

1.1 Evolutionary Forces

The basic evolutionary processes pertinent to the discussion in this thesis are described

below in some detail.

1.1.1 Natural selection

Natural selection is the cause of adaptation that favors individuals who are better suited
to its environment and gives a comparative advantage in the reproduction or survival
ability of the individuals. A large body of experimental and theoretical work assumes
a constant environment; however, natural environments are seldom static (e.g., climate
change), and it is important to understand the dynamics of adaptation in changing

environments. In this thesis, we study the evolution of a population in both constant
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Directional Stabilizing Disruptive

— — —

Population Frequency
Population Frequency
Population Frequency

Phenotype Phenotype Phenotype

Fig. 1.1 Schematic diagram of different types of selection that affects the population
frequency (adapted from [1]). The red color line represents the original population,
whereas the blue line shows the population after selection acts on it.

and changing environments; however, our main focus is on the adaptation of a population

in continually changing environments.

Although selection acts on the phenotype (such as the color of a flower) of the pop-
ulation, it alters the allele (different versions of the same gene) frequencies through the
genotypes associated with the phenotypes. Some categories of selection depending on

its effect on the allele frequency, as shown in Fig. 1.1, are described below:

(i) Directional selection: A single extreme phenotype is favored due to this selection.
A classic example of a trait under this selection is the industrial melanism where the
dark peppered moth, which was rare initially, became common in the population in
about 50 years of evolution [2, 3|. In a single biallelic locus model in which a single gene
with two types of allele is assumed to be under selection, the fitness of the advantageous
allele can be written as w; = 1 4+ s where s > 0 is the selection coefficient and the wild-
type allele is assigned the fitness wy = 1. We study the dynamics of allele frequency
when the population is under directional selection in Chapter 2 when the selection coef-

ficient is time-dependent and in Chapter 4 for constant selection.

(ii) Stabilizing selection: It acts against the deleterious alleles and maintains a phe-
notypic optimum in several quantitative traits such as human height and weight [4, 5].
In quantitative genetics, the stabilizing selection is modeled by a Gaussian function,
w(z) = exp[—s(z — 29)?] where z denotes the trait value of an individual, z, is the
phenotypic optimum, and s is the strength of selection [6]. In Chapter 3, we study the

evolution of a quantitative trait under stabilizing selection when the phenotypic opti-
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mum moves in time to model a changing environment.

(iii) Disruptive selection: This favors the extreme phenotypes and acts against inter-
mediate phenotypes [7]. We will encounter this selection in Chapter 3 when the average

trait value of the population reaches the phenotypic optimum.

1.1.2 Mutation

A mutation is a change in the genetic sequence due to errors during replication or
due to an external environment such as radiation [8]. Mutation creates variation in
the population, and therefore, it is an important evolutionary force required for the
evolution of the population. The mutation, based on its effect on the fitness of the
individual, can be beneficial, neutral, or deleterious for the individual. The change in
the genetic sequence due to a beneficial mutation produces a favorable phenotype, and it
is essential for a population to adapt to its environment; however, biological observations
predict that the beneficial mutations are rare in nature [9]. The neutral mutation alters
the genetic sequence without affecting the phenotype, whereas the deleterious mutation

decreases the fitness of the individual and becomes unfavorable by selection.

1.1.3 Recombination

Recombination is a process by which two strands of DNA recombine to produce a new
combination of alleles that increases the genetic diversity in a population. In a fully
recombining population, the frequency of a genotype can be expressed as the product of
the allele frequency at each locus; however, linkage disequilibrium (nonrandom assort-
ment of alleles at two or more loci) needs to be considered when the recombination rate
is low where the allele frequencies are not sufficient to describe the genotype frequencies

[6]. For this reason, in this thesis, we consider a fully recombining population.

1.1.4 Random genetic drift

Random genetic drift refers to stochastic fluctuations in the allele frequencies of a finite
population due to chance events (for example, an individual can die by chance due to the
finite carrying capacity of the population, even when it is as fit as the other individuals
in the population). Although all populations are subject to random genetic drift, the

fluctuations accumulate slowly and are small in a large population [8]. For this reason, it
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plays a major role in deciding the fate of a new mutant due to its small initial frequency
in the population. Whereas selection tries to fix a beneficial mutant (the frequency of
the mutant becomes one), genetic drift can remove it from the population; similarly, a
deleterious mutant can be fixed in a finite population due to stochastic fluctuations. We
study stochastic models of evolution that include the effect of genetic drift in Chapter 2
and Chapter 4.

1.2 Mathematical Models

In this section, we discuss how we construct mathematical models to incorporate the
above-mentioned evolutionary forces. We assume a biallelic, fully recombining popula-

tion throughout the thesis.

1.2.1 Deterministic models

In an infinitely large population, stochastic fluctuations can be ignored, and the evo-
lutionary dynamics can be described deterministically. Although natural populations
evolve stochastically, deterministic models [10] are useful in developing stochastic theo-

ries, as we shall see below in Sect. 1.3.2.

We first describe some simple deterministic models commonly used in population
genetics. In linkage equilibrium, the mutant’s allele frequency z at a locus evolves due

to selection according to the Wright’s equation as [6],

. z(l—z)ow
T T ow or

(1.1)

where w represents the average fitness of the population. In Chapter 2, we consider a
diploid population with a single locus under directional selection whose average fitness
w = exp[sz(x + 2h(1 — x))], where h is the dominance parameter; the special case of
h = 1/2 is studied in Chapter 4. In Chapter 3, we study the evolution of a polygenic
trait that is under stabilizing selection where the average fitness is a function of the allele
frequencies of all loci and given by w = exp[—s{cy+ (c1 —20)?}] with ¢; = S0, vi(22;—1)
and ¢y = 2% | 722;(1 — ;) are the mean and variance of the trait with effect sizes 7;/2
at the ith locus with ¢ number of loci [11].
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The alleles can mutate to each other, and the evolution equation of the allele fre-

quency due to mutation is given by,
t=pu(l—x)—vze, (1.2)

where the mutant allele changes to the wild type allele with a rate v and the wild type
becomes the mutant with mutation rate . We have considered an equal mutation rate
between the alleles in all the Chapters of the thesis.

We now describe the infinitesimal model, which is a widely used deterministic model
in quantitative genetics to understand the adaptation of a quantitative trait without
taking the genetic details into account. In this model, a trait is assumed to be affected
by selection at infinitely many loci, each of which contributes an infinitesimally small
amount of genetic variance to the trait [12]. To maintain a finite genetic variance Vi,
that does not vary with time, if the trait consists of ¢ loci, then the effect on the trait
by a single locus is of order /V4 /¢ [13]. Therefore, for an infinitely large number of loci,
each locus has an infinitesimally small effect on the trait, and the allele frequencies also

change infinitesimally, which keeps the genetic variance constant over time.

However, in reality, the number of loci affecting a trait is finite and genetic variance
can also change with time. Therefore, in Chapter 3, we consider a finite-loci model
where the effect size of a locus can be small or large relative to a threshold effect size
which depends on the mutation rate and selection coefficient, but not on the number of
loci [14]. We find that the results obtained in the finite-loci model differ significantly

from those obtained using the infinitesimal model.

1.2.2 Stochastic models

Stochastic models are required to understand the evolution of a finite population which
is subjected to random genetic drift. One such model is a birth-death process which is
a classical continuous-time Markov process (a random process whose transition proba-
bilities for next generation depend only on the present generation and are independent
of the past) where the number i of an allele increases or decreases by at most one in a
small time interval with the birth rate b; and death rate d;, respectively, as depicted in
Fig. 1.2. This process deals with the discrete number of individuals and useful to find

the extinction probability of a rare mutant. The probability of the mutant population
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Fig. 1.2 Schematic diagram of a birth-death process (adapted from [15]).
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with size ¢ at time ¢ for an absorbing state at zero evolves as [15],

Pi(t) = b1 Pi1(t) — (b + di) Pi(t) + dig1 Piya(t) (1.3)

with boundary condition P;(t) = 0 for i < 0 and by = dyp = 0. When the birth and
death rates are linear in ¢, the above equation can be solved using the generating func-
tion method, and the extinction probability FPy(¢) can be obtained from the generating
function. The birth and death rates may or may not be functions of time. In Chapter
2, we use this process in a changing environment where the birth and death rates are

time-dependent.

1.3 Mathematical Frameworks

To understand the adaptation process, we study the mathematical models analytically

using appropriate mathematical frameworks that are described below.

1.3.1 Branching process

The branching process is a widely used framework to understand various problems rang-
ing from the propagation of neutrons in a nuclear reactor to the extinction probability of
a mutant in a population [16]. In this process, each individual produces a random num-
ber of offspring each generation, independently from other individuals [15]. Figure 1.3
shows a discrete-time branching process where a newly produced mutant gets lost from
the population after t = 5 generations. Since the branching process ignores interaction
between lineages, the birth and death rates in a birth-death process can be linearised,
and the resulting model can be easily solved. We use this framework in Chapter 2 to find

the fixation probability of a mutant (the probability that ultimately all the individuals
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Generation

Lo

Fig. 1.3 Schematic diagram of a discrete-time branching process starting with a single
individual at ¢t = 0 (adapted from [15]). The mutant becomes extinct after ¢t = 5
generations.

in the population become the mutant type) when the mutant remains beneficial at all
times in a changing environment. The branching process works for a growing population
whose average number of offspring is larger than one, otherwise the population certainly
gets extinct in this process, and therefore, gives the fixation probability to be zero for a
neutral or deleterious mutant. We use diffusion theory described in the next subsection

to compute the fixation probability of neutral and deleterious mutants.

1.3.2 Diffusion theory

The diffusion theory is a general approach to describe a stochastic process defined in
continuous space and time. It can be derived from the discrete Markov chain by scaling
the space and time appropriately by the system size and taking the system size to be
infinite. In population genetics, we require a large population size N — oo with weak se-
lection, weak mutation (s,  — 0) that keeps N's, Ny finite. In this limit, one can derive
a forward Kolmogorov (Fokker-Planck) equation and a backward Kolmogorov equation
for the probability distribution of allele frequency. The forward Kolmogorov equation
is mainly used to find the stationary state probability distribution of an allele, whereas
the backward Kolmogorov equation is mostly used to obtain the fixation probability of

a mutant. The Kolmogorov equations are [17],

Of (z,t) ) 1 67

o = o Moaf(2,0)) + 55 (Vaa f(2,1)) (14)
2
8f§;vt> _ M(;x%f(x,t)+%vaa;%f(%t) (1.5)
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where (1.4) represents forward Kolmogorov equation and (1.5) is a backward Kolmogorov
equation. The function f(x,t) represents the probability density function, and My, and
Vs, are the mean and variance of the process over a small time interval, respectively.

In Chapter 2, along with the perturbation theory, we use the forward Kolmogorov
equation to find the allele frequency distribution and the backward Kolmogorov equa-
tion to find the fixation probability of a mutant in a periodically changing environment
where the mutant can be beneficial and deleterious during the part of the selection cycle.
In Chapter 4, we carry out the eigenfunction expansion [18] of the allele frequency dis-
tribution when the environment is constant. This method results in recursion equations
for certain coefficients that can be easily solved numerically and thereby allowing one to

construct the eigenfunctions.

1.4 Quantities of interest

We will be mainly concerned with the following two quantities in this thesis.

1.4.1 Fixation Probability

When the mutation rate is low, a newly arisen mutant can either fix or get lost from
the population before a new mutant arises. The diffusion theory discussed in Sect. 1.3.2
shows that the fixation probability of a mutant when a single biallelic locus is under

selection, depends on both the selection coefficient and the size of the population as [19],

JPexp{—[* Q‘Z\Z—‘sf’da:’}dx
1 (T 2Myr g ’
Joexp{—[ v dz'}dx

Priz = (1.6)

where Ms, = sx(1—xz)(z+h(1—2x)) and Vj, = x(lj\f”) are the mean and variance of the

change in allele frequency z per generation with an initial frequency p in a birth-death

process of a diploid population with intermediate dominance. The fixation probability
of a beneficial mutant approaches hs for large populations and can also be obtained
using the branching process described in Sec. 1.3.1, which shows that the allele is
more favorable if it is dominant (Haldane’s sieve) [20]. But the dominant mutant has a
lower chance of fixation if it is deleterious. The fixation probability of a neutral mutant
depends on its initial frequency p in the population. As the population size increases,
the fixation probability goes towards zero for the deleterious and neutral mutants that

shows the strength of genetic drift decreases with the population size, as shown in Fig.



1.4 Quantities of interest 9

107"+

1072}

1073}

Fixation probability (Psy)

1074+

1 5 10 50 100 500 1000
Population size (N)

Fig. 1.4 The figure shows the fixation probability (1.6) of a de novo, codominant (h =
1/2) mutant with population size. The black dotted line shows the fixation probability
of a beneficial mutant for large population size.

1.4. We generalize the above result (1.6) obtained in the static environment to changing

environment in Chapter 2.

1.4.2 Allele frequency distribution

Due to stochasticity, the allele frequency is distributed according to a distribution whose
variance depends on the size of the population. To find this distribution, we can use
the forward Kolmogorov equation and solve it using the eigenfunction expansion method.
When selection, mutation, and population size are time-independent, we can separate the
time and space part of (1.4) and get a first-order and second-order ordinary differential
equations for the time and space parts, respectively. When selection is absent, the space
part of the diffusion equation obeys the Gegenbauer equation and Gauss hypergeometric
equation in the absence and presence of mutation, respectively [19]. But in the presence
of selection, the second-order differential equation obeys an oblate spheroidal equation in
the absence of mutation, and neither the eigenvalues nor the eigenfunctions are explicitly
known, and the eigenspectrum was not studied in the presence of mutation. In Chapter 2,
we, therefore, use the perturbation method to find the allele frequency distribution and
fixation probability taking the time-dependent selection coefficient as the perturbation

parameter. In Chapter 4, we study the dynamics of adaptation when selection, mutation,
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and drift are present and find that the eigenfunctions obey a confluent Heun equation in
which the Frobenius series or other orthogonal polynomial expansions lead to three-term
recurrence relations for the expansion coefficients that are nontrivial to solve. We use
scaling ideas to find the expressions for the expansion coefficients, and obtain eigenvalues

using a perturbation theory for weak selection and numerically for strong selection.

1.5 Overview of the thesis

In this thesis, we want to understand how a population adapts to its environment under
the action of evolutionary forces described in Sect. 1.1. Whereas the bulk of the thesis
considers the evolution in a continually changing environment, we have also studied the

evolutionary dynamics of a trait due to a single sudden change in the environment.

In Chapter 2, we study the evolution of a monogenic trait in a periodically chang-
ing environment (for example, due to seasonality and drug cycling) [21]. We calculate
the fixation probability of a mutant in a finite, diploid population with intermediate
dominance and find that depending on the rate of environmental change and the time of
appearance of the mutant, an initially beneficial (deleterious) mutant can have a fixation
probability lower (higher) than that for a neutral mutant. We also find an interesting

result that Haldane’s sieve [20] does not always hold in a time-varying environment.

We also investigate the adaptation of a polygenic trait where selection acts on a large
number of genes to maintain an optimum phenotype. However, the incorporation of ge-
netic drift in the evolution equation of the polygenic trait makes it a high-dimensional
diffusion equation which is a complex problem to be solved mathematically. Therefore,
in Chapter 3, we study a deterministic model to understand the evolution of a polygenic
trait due to a linearly changing environment (for example, as a result of global warm-
ing) [22]. In contrast to the previous work, our results show that the mean trait evolves

with a speed lower than that of the phenotypic optimum.

Although our main focus is on the evolution of a trait in a changing environment,
as the dynamics of adaptation under constant selection are not well-understood [19], we
study the relevant forward Kolmogorov equation in Chapter 4, using an eigenfunction
expansion method [23]. We find that the eigenfunctions obey a confluent Heun equation
which is a generalization of the hypergeometric equation [24], and the first eigenvalue
that determines the dynamics shows a sharp transition from a linearly increasing function

of mutation rate to a constant when mutation rate crosses one.
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Our main results are summarized in Chapter 5. Some interesting open problems

related to this thesis are also discussed in this Chapter.
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Chapter 2

The impact of dominance on
adaptation in changing

environments

2.1 Introduction

In this Chapter, we study the evolution of a monogenic trait in a finite, diploid population
due to a periodically changing environment. Our primary purpose in this Chapter is
to understand how the fixation probability of a rare mutant depends on its dominance

coefficient and the rate of environmental change.

Natural environments change with time and a population must continually adapt to
keep up with the varying environment [1-3]. It is therefore important to understand
the adaptation dynamics of a finite population subject to both random genetic drift and
environmental fluctuations. This is, in general, a hard problem but some understanding
of such dynamics has been obtained in previous investigations. For example, when the
environment changes very rapidly, on the time scale of a generation, the dynamics of

adaptation are simply determined by the time-averaged environment [1].

Environments can, of course, vary slowly and recent experiments have shown the
impact of rate of change in the environment on the population fitness [4, 5]. The fixation
probability, fixation time, and adaptation rate in changing environments have also been
studied in a number of theoretical studies [6-14], and it has been found that when the
environment changes at a finite rate, population dynamics are strongly determined by

the environment in which the mutant arose.
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In diploid populations, the degree of dominance also affects the evolutionary dy-
namics; in particular, in a static environment, the fixation probability of a dominant
beneficial mutant is known to be higher than when it is recessive (Haldane’s sieve) [15],
while the opposite trend holds if the mutant is deleterious [16]. How these results are
affected in changing environments is, however, not completely understood.

To understand the adaptive process in variable environments, Uecker and Hermisson
(2011) developed a framework for general time-dependent selection schemes; however,
their analysis was limited to very large populations and did not explicitly address how
dominance affects the fixation process. In this article, we employ their formalism to
study the dynamics of adaptation of a finite, diploid population evolving in an environ-
ment that changes periodically due to, for example, seasonal changes or drug cycling
with a particular focus on the impact of dominance. We find that, in time-dependent
environments, the magnitude of the fixation probability of a rare mutant differs substan-
tially from the corresponding results in the time-averaged environment. Furthermore,
the dependence of the fixation probability on dominance coefficient can differ from that
expected in the static environment depending on the rate of environmental change, the
time of appearance of the mutant and its fitness in the time-averaged environment. How-
ever, when recurrent mutations occur, our results for the average allele frequency and
population fitness suggest that dominance does not have a strong influence on evolution-

ary dynamics.

2.2 Model

We consider a finite, randomly mating diploid population of size N with a single biallelic
locus under selection. The (Wrightian) fitness of the three genotypes denoted by aa, aA,
AAis 1+ s, 1 + hs, 1, respectively, where the dominance coefficient 0 < A < 1. The
population evolves in a periodically changing environment that is modeled by a time-
dependent selection coefficient s(t) = s + osin(wt) where § is the selection coefficient
averaged over a period 27 /w; in the following, we assume that s is arbitrary but o >
0. We ignore random fluctuations in the environment so that selection changes in a
predictable fashion. Although dominance can evolve with time [17], for simplicity, here
we assume the dominance coefficient to be constant in time. We also allow mutations
to occur with a constant, symmetric probability p between the two alleles.

The population dynamics are described by a continuous time birth-death model. Al-

though in a finite population with overlapping generations, Hardy-Weinberg equilibrium
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(HWE) does not strictly hold, it is a good approximation when selection and mutation
are weak and population size is large [18]. In the following, we therefore work in these
parameter regimes and assume that the population is in HWE immediately after mating
(see also Sec. A.1). If the birth rate of an individual is given by its genotypic fitness
and the death rate by one, the number of allele a(A) increases by one if it is chosen
to give birth at rate equal to its marginal fitness, w,(w4) and an allele A(a) is chosen
to die. Taking the effect of mutations on these birth and death processes into account,
we find that the rate r, and r4 at which the number 7 of allele a increases or decreases,

respectively, by one are given by

(1 — p)iw, + (2N — i)wy " 2N — i
w 2N
(1 —p)(2N — dwy + piw, " i
w 2N

rp(t) = (2.1)

rqa(t) = (2.2)

where w, = (1+s)z+ (1 +hs)(1 —z),wa = (1 —x) + (1 + hs)z, w = w,x + wa(l — z)
is the population-averaged fitness and z = ¢/(2N) is the frequency of allele a.

We study the model described above analytically using an appropriate perturbation
theory and numerically through stochastic simulations in which the time interval A
between successive generations, t and ¢ + A is treated as a random variable. We first
choose A from an exponential distribution with rate R(t) = A~' [T dt/ (r, () +rq(t)) =
rp(t) + 74(t) (the latter approximation is justified for small cycling frequencies as the
correction to it is of order w). Then the number of allele a and A is changed with a
probability proportional to the rate of the respective event given above [19, 10].

Below we first consider the weak mutation regime (2N p < 1) in which once a mutant
has appeared in a clonal population, further mutations may be ignored until the mutant
is fixed or lost; here, we are interested in understanding how the fixation probability
of a rare mutant depends on various environmental and population factors such as the
cycling frequency and dominance parameter. We also briefly explore the strong mutation
regime (2N > 1) in which recurrent mutations occur; our objective is to understand
the effect of mutations and environmental fluctuations on population fitness and the

dynamics of allele frequency.

2.3 Fixation probability of a rare mutant

In a static environment, the fixation probability of a mutant allele in a large population

(N — o0) under weak selection and weak mutation (s, u — 0) with finite 2Ns, 2N can
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be described by a backward Kolmogorov equation [20]. For the model described in the
last section, the probability Pg, that mutant allele a present in frequency z at time ¢

fixes eventually is given by [10]

O Psy(, 1) N z(1 — ) 0? Pag(z, 1)

— Pa(z,t) = s(t)g(x) or 2N oz 7

(2.3)

where dot denotes a derivative with respect to time and g(x) = z(1 — z)(x + h(1 —
2z)). On the right-hand side (RHS) of the above equation, the first term describes the
deterministic rate of change in the allele frequency [20] and the second term captures
the stochastic fluctuations due to finite population size. Since the left-hand side (LHS)
of (2.3) is nonzero, it is inhomogeneous in time; that is, the eventual fixation probability
depends on the time of appearance ¢, (or phase 6, = wt,) of the mutant [10, 11].
Equation (2.3) does not appear to be exactly solvable, and approximate methods such
as perturbation theory require an exact solution of the unperturbed problem (o = 0),
which is not known in a closed form for nonzero s [16, 21]. Therefore to obtain an
analytical insight, we study the fixation probability using a branching process for positive
s and analyze the above diffusion equation for s = 0 using a time-dependent perturbation
theory. Some numerical results for negative s are also given. Before proceeding to a
quantitative analysis, we first give a qualitative picture of the process in the following

section.

2.3.1 Qualitative features

In a static environment, a dominant beneficial (deleterious) mutant has a higher (lower)
chance of fixation [16]. In a changing environment, we expect that this result continues
to hold when the mutant is beneficial or deleterious at all times (that is, when o < |§|
for the periodically changing s(t); see Sec. A.2). But it is not obvious how dominance
influences the fixation probability when the mutant is transiently beneficial or deleterious.
Our results for the fixation probability in such situations are shown in Fig. 2.1, Fig. 2.2
and Fig. 2.3 when the mutant arises in an environment which is beneficial, neutral and
deleterious on average, respectively.

In all these cases, in a slowly changing environment, the effect of dominance is found
to be the same as in the static environment (that is, a dominant mutant that starts out
as a beneficial (deleterious) one has a higher (lower) chance of fixation). This is because
when the environment changes infinitesimally slowly (w — 0), as Fig. 2.4a illustrates

for on average neutral mutation, fixation occurs rapidly compared to the fluctuations in
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selection so that the sign of selection remains the same from origination to fixation of

the mutant.

However, in rapidly changing environments (w — o), as Fig. 2.1, Fig. 2.2 and Fig. 2.3
demonstrate, the impact of dominance on the fixation probability can be different from
that in a static environment. For large cycling frequencies, although the fixation times
are much longer than the time period of environmental change (see Fig. 2.4b), the time
of appearance still plays an important role in determining the chance of fixation as the
mutant must escape the stochastic loss at short times (in fact, Fig. 2.4b shows that the
effect of random genetic drift is strongest in the first seasonal cycle). Then a mutant that
arises in an, on average, neutral environment while selection is positive but the selection
strength is decreasing, will soon encounter an environment with negative fitness effects
that affect a dominant mutant more adversely than the recessive one leading to a lower
chance of fixation of the dominant mutant. In an environment that is beneficial on
average, if a mutant arises while selection is negative, it will spend relatively less time in
the negative cycle and therefore will effectively behave like a beneficial mutant resulting
in the behavior of the fixation probability different from that in the static environment;

a similar argument holds when 5 < 0.

2.3.2 On average beneficial mutant in a large population

When the mutant is beneficial on average (s > 0) and the population is large enough
(2Ns > 1), one can use a branching approximation to find the fixation probability of a
rare mutant. The basic idea is that a beneficial mutant will get fixed once it is present
in finite frequency in the population, but it must survive the loss due to random genetic
drift when it is initially present in small number compared to the population size. Then,
the probability that ¢ < 2N number of a alleles are present at time ¢ is governed by
P(i,t) =r_(i+1)P(i+1,t)+r (i—1)P(i—1,t)— (ry+7r_)iP(i,t), along with boundary
condition P(i,t) = 0,7 < 0, where r_(t) = limy_,orq/i and ry(t) = limy_,oo75/i are,
respectively, per capita birth rate and death rate of the mutant in a large population.

The probability of eventual fixation, Pg, = 1 — limy_,o, P(0,¢) is given by [22]

o0 T / ’ -1
Py = {1 +/0 dr r_(T)efo ' (r- () =r+ (') . (2.4)
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Fig. 2.1 Fixation probability (2.5) obtained using branching process approximation for
a mutant that is beneficial on average (s = 0.005, 0 = 25s) for 0, = 7/4, 77 /8,57 /4, Tn /4
(clockwise from top left as shown in insets) for A = 0.3 (dotted), 0.5 (dashed), 0.7
(solid). Note that the h-dependence of the fixation probability is different at small and
large cycling frequencies when the mutant is deleterious at the time of appearance.

From (2.1) and (2.2), we obtain r_ = 1,7, = 1 + hs; using these in (2.4), we find that

-1
O _pst+ro | cos(w a)—cos(fa
PﬁX:[1+/ ehter( (wt+6a) (9))dt] ’ (2.5)
0

which reduces to (29) of Uecker and Hermisson (2011) for & = 1 when h = 1/2 and
s(t) — 2s(t) (note that their expression contains a typographical error). Numerical
studies of (2.5) have shown that the fixation probability is, in general, a nonmonotonic

function of cycling frequency w and strongly depends on the phase, 6, = wt, [10, 12].
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Equation (2.5) is analyzed in Appendix B.1 for hs, ho < 1, and we find that

0
hs(ta) + %S()) . w < h3, ho and s(ts) > 0 (2.6a)
S(la
Pix =10 , w < hs, ho and s(t,) <0 (2.6b)
h?50 cos(f
hs g 157 00b) s b8 o, any s(t) (2.60)

where s(t,) = 5 + osin(f,). Since the fixation probability of a beneficial mutant with
constant selection coefficient sy is given by hsy (Haldane, 1927), the above expressions
show that, for slowly changing environments, the fixation probability is determined by
the selection coefficient of the mutant at the instant it arose, while for rapidly changing

environments, it depends on the time-averaged selection coefficient s [7, 9].

For o < s, the mutant is beneficial at all times; in this case, the effect of a slowly
changing environment is captured by the deviation from hs(t,) in (2.6a) which changes
linearly with the cycling frequency and is independent of the dominance parameter. In
contrast, for rapidly changing environments, the fixation probability (2.6¢) is sensitive
to dominance as the deviation from the asymptotic result hs depends on h (also, see
Fig. A.2). The inset of Fig. A.2 as also (2.6a) and (2.6¢) show that the dominant
mutant has higher fixation probability than the recessive one at all cycling frequencies.
In other words, Haldane’s sieve [15] that favors the establishment of beneficial dominant
mutations in static environments continues to operate in changing environments in which
the mutant is beneficial at all times. Equations (2.6a) and (2.6¢) also emphasize the
important role of the time of appearance of the mutant. If the beneficial mutant arises
while the selection coefficient is increasing (decreasing) with time, the fixation probability
at small cycling frequencies increases (decreases) with w and approaches the asymptotic

value hs from above (below) at high cycling frequencies.

As explained in Appendix B.1, on equating the expressions (2.6a) and (2.6¢), the

fixation probability is found to have an extremum at a resonance frequency,

-~ h 2.7
w 5 5 (2.7)

- ( 4 + tan?(6,) — tan(@a))
The above expression shows that a minimum or a maximum in the fixation probability
occurs when the environment changes at a rate proportional to the average growth rate
(Malthusian fitness), hs of the population. As already mentioned above, this extremum

is a minimum if the mutant appears while selection is decreasing (7/2 < 6, < 37/2)



22 The impact of dominance on adaptation in changing environments

and a maximum otherwise. For the two special values, 6, = 7 and 37”, the fixation

probability decreases and increases monotonically, respectively, with w.

For 0 < 5 < ¢ the mutant is not beneficial at all times; in this case, the expression
(2.6a) for small cycling frequencies holds if s(¢,) > 0 (see Appendix B.1). Otherwise as
the mutant is initially deleterious and arises in an infinitely large population, the fixation
probability is essentially zero. As shown in Fig. 2.1, the dominant mutant has a higher
fixation probability than the recessive one at large cycling frequencies, irrespective of the
time at which the mutant appeared (see also (2.6¢)). But at small cycling frequencies,
the effect of dominance depends on whether the mutant is beneficial or deleterious when
it originated: for positive (negative) s(t,), the dominant (recessive) mutant is favored.
For an initially beneficial mutant, as discussed above, the fixation probability changes
nonmonotonically with cycling frequency, and the resonance frequency is given by (2.7).
But it can exhibit an extremum for initially deleterious mutant also (see Fig. 2.1 for
0, = 7m/4). Note that the fixation probability curves intersect for different dominance
curves which can be estimated for large cycling frequencies as discussed in Appendix B.1.

To summarize, in an environment that is beneficial on average, the impact of domi-
nance on fixation probability is different in slowly and rapidly varying environments if

the mutant is deleterious when it appears in the population.

2.3.3 On average neutral mutant in a finite population

We now calculate the fixation probability of an on average neutral mutant using the

backward diffusion equation (2.3).

Small population

We first consider a small population of size N < ¢! and analyze the w < 0 and w > o
regimes in Appendix B.2 and Appendix B.3, respectively. On using (B.2.8) and (B.3.2),
we find that the fixation probability of allele a present in a single copy at time ¢, = 6, /w
is given by

1 hN 44 h
<1—|—( i o sin(f ) ( i )NQJCOS(Ha)w , w< o (2.8a)

2N P = Lo o8 (9 — tan~ E (2h — 1) cos (9 — tan™! 3@)
4+ — —l—
V1+02 V14902

), w> o (2.8b)

2w



2.3 Fixation probability of a rare mutant 23

— T A AN TATTAA
(h=09. A A
N Y vV v w o A
h=0.1 - 2 Voo
3 =0 W A 3 10° | 1
= vV v w VvV v =
[y v o v
2 w v
L~ A —_ V4 A
0% 12, v 2 2o a vV
D
\Y4 N o
t ‘ W G b 103 t. ‘ N ‘
104 1073 102 10" 10° 10 107 1072 10"
w w
1072 w
VRSN A, v WY TN
S &
VV A T ¥ - A\A
3
= 10 = E
$o < N $o .
103 a
= _ v
3 3 .
< tov <107 ¢ ' v ]
Ny R o N
10-4 VV E| VV
N A A v
v v v 1084 248 a0 v 1
NV A
A A LT JAVN
10° 4 3 2 3 4 3 2 ") 0
10 10 10 10 10 10 10 10 10
w w

Fig. 2.2 Fixation probability as a function of cycling frequency for a mutation that is

neutral on average and arises in a large population of size N > o~! for h = 0.1(V) and
0.9(A), and 0, = w/4,3mw /4,57 /4, 7w /4 (clockwise from top left). The other parameters
are N = 100 and ¢ = 0.1. The simulation data are obtained by averaging over 107
independent runs. A dominant (recessive) mutant that is beneficial (deleterious) when
it appears in the population can be disfavored at large cycling frequencies.
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where ¢ = (Nw)~!. The expression (2.8b) holds for any w > o but for w > N7' it

simplifies to

hao cos(0,,)

INPs ~ 1+ L w> N (2.9)

which monotonically approaches the fixation probability of a neutral mutant in a static
environment. The above results show that the change in the fixation probability de-
pends weakly on the dominance parameter when the environment changes slowly, but
has a strong dependence on h in rapidly changing environments. The top panel of
Fig. 2.5 shows that the expressions (2.8a) and (2.8b) are in very good agreement with
the simulation results, and suggests that the resonance frequency where the fixation
probability has an extremum does not depend on the dominance coefficient. As detailed
in Appendix B.3, we find that

wyox N7 (2.10)

and depends weakly on the dominance coefficient.

Large population

We now consider large populations with size N > 071, For w < N~! < ¢, as discussed

in Appendix B.2, we find that in slowly varying environments,

2
|+ 4+ h)N;cos(@a)w =01 (211a)
2N Py = { 2Nhosin(,) + 2N cot(6,)w 0<0, <m (2.11b)

N cot(6,) In(2h|No sin(6,)|)w
h

2(1 — h)|Nosin(f,)|e1Vosn@)l(1 — ), < 0, < 27m(2.11c)
The above equations show that the fixation probability increases linearly with cycling
frequency if the mutant arises while selection is increasing but decreases otherwise. For
positive s(t,), the magnitude of the slope is independent of h and o but varies with
these parameters for s(t,) < 0. For large cycling frequencies (w > N1, o), the fixation
probability is given by (2.9) for any s(t,), and approaches the asymptotic neutral behav-
ior from above (below) when $(t,) = ds/dt|,—;, is positive (negative) with the fixation
probability increasing (decreasing) with increasing h. Thus, as shown in Fig. 2.2, in an,
on average neutral environment, the impact of dominance depends on both s(¢,) and
5(t,). Figure 2.5 shows a comparison between our analytical and numerical results when
the mutant appears at 6, = 0 (for other values of ,, see Fig. A.3), and we find a good

agreement.



2.3 Fixation probability of a rare mutant 25

) : e , 2 : : : .
102 RS ol 1 10 ¥ & of 1
h=0.1 v g v s
=0. v @ F
V4 A A A
N4 v
h=09, * Va t =
) RS v t
= v o =
3 v 3
% v % v ¥
o %W o A \%
X v
v v \v4 v A4
M A A S
v o - N A
10" 10° 10’ 107 102 10"
Nw w

Fig. 2.3 Fixation probability of a mutant which is deleterious on average for s =
—0.04,0 = 0.06, and 0, = /8 (left panel) and 37/4 (right panel). The simulation
data are averaged over 107 runs. The other parameters are N = 50, h = 0.1(V),0.9(2).
In the left panel, the data for h = 0.1, N = 100 (V) is shown to support the claim that
the resonance frequency scales as N~!. Note that the recessive mutant that is beneficial
when it appears in the population is favored at large cycling frequencies.

Our perturbation expansions in Appendix B.2 and Appendix B.3 are not valid for
intermediate cycling frequencies (N~! < w < ). However, our numerical simulations

suggest that as for small populations, the resonance frequency scales as N~! here also.

2.3.4 On average deleterious mutant in a finite population

When a mutant is deleterious at all times (s < 0,|s| > o) , its fixation probability is
lower than that of a neutral mutant in both static and time-dependent environments, and
the dominant mutant has a lower chance of fixation than the recessive one. But, when
s < 0 and |s| < o, the mutant can be beneficial for some time in a periodically changing
environment and its fixation probability can exceed the neutral value depending on the
time of appearance. In the left panel of Fig. 2.3, the selection coefficient s(t,) < 0
and therefore the recessive mutant is favored at small cycling frequencies, while in the
right panel of Fig. 2.3, since s(t,) > 0, the dominant mutant has a higher chance of
fixation in slowly changing environments. In either case, at high cycling frequencies, the
fixation probability of a recessive mutant is higher than that for a dominant mutant
since the time-averaged selection coefficient is negative. Thus, when s < 0, the effect
of dominance is different in slowly and rapidly changing environments when s(t,) > 0.
We also note that in Fig. 2.3a, there is a regime where the dominant mutant’s fixation
probability exceeds that of the recessive one; however, the difference is quite small and

a more detailed investigation is needed to evaluate the importance of this effect.



26

The impact of dominance on adaptation in changing environments

0.5

09 t
08

0.6 |

1 0.2
0.1

05 |
04
03
02
0.1

X(t)

s(t)

1 -0.1
1 -0.2
1 -0.3

40

1

60
t

80

100

0.5

09

0.6 | !
05 |

A

X(t)

s

w

1 04
{ 03
{ 02
{ 01
10
1-01
1-02
{-03
{-0.4
-05

s(t)

0 20 40 60 80 100 120 140 160 180

t

Fig. 2.4 Stochastic trajectories of allele frequency for an on average neutral mutant,

starting with a single mutant for N =

200,s = 0,0 =

0.1,h = 05,0,

= w/4 for

w = 0.005 (top) and 0.1 (bottom). The successful mutant passes through several cycles
of selection before fixing in a rapidly changing environment.
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Fig. 2.5 Effect of a changing environment on the fixation probability of a mutant that is
neutral on average and arises in a small population (N < o~ !, top) and large population
(N > o~ !, bottom). The points show the simulation data obtained by averaging over 107
independent runs. The analytical results obtained using the diffusion theory are shown
by lines; the solid lines show the expression (2.8a) for small cycling frequencies and the
dashed lines represent (2.8b) for large cycling frequencies. Here N = 100,0 = 0.005

(top) and N = 1000, = 0.01 (bottom), 6, = 0, and A = 0.1(V),0.5(0),0.9(A).

value Pgy(w = 0) subtracted on the y-axis was obtained numerically.

The
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Fig. 2.6 Main: Average log fitness (2.16) in a periodically changing environment as a
function of scaled mutation rate U = 4Ny for scaled selection S = 4No = 20, scaled
cycling frequency 2 = 2Nw = 0.1 (dashed lines), 10 (solid lines) and dominance param-
eter h = 0.1 (blue), 0.5 (red). The effect of dominance is apparent only for small cycling
frequency in the weak mutation regime. Inset: Dynamics of population-averaged allele
frequency (2.14) for U = 6 (dashed), 40 (solid). The mutations decrease the phase lag
between the average allele frequency and selection (dotted). Note that (x(t)) is indepen-
dent of dominance coefficient. In the inset plots, N = 100, ¢ = 0.01, and w = 0.05.
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2.4 Average allele frequency and population fitness

We now turn to the strong mutation regime where 2Ny > 1 and briefly study the
dynamics of the allele frequency in changing environments. For s = 0, the frequency
distribution ®(z,t) of allele @ under changing selection, mutation, and random genetic
drift obeys the following forward Kolmogorov equation [20],

o 2

b, t) = —- [(s(t)g(w) + m(x))q)(x,t)} + %% [g;u _2d@|,  (2.12)

where the mutation term m(z) = p(1 — 2z) and, as before, s(t) = osin(wt), g(z) =
(1 — z)(x + h(1 — 2z)). The above equation is analyzed in Appendix B.4 for small
selection amplitude o, and at large times, the allele frequency distribution ®(z,t) is
given by (B.4.5).

To get an insight into how the allele frequency changes in changing environments,

we find the population-averaged allele frequency,

wo) = | L dred(a, ) (2.13)

1 S Usin(wt—9)
= -4+ = , S« U, 2.14
2 W )VTE T2 (2.14)

where U = 4Nu, S = 4No,Q = 2Nw, ¢ = tan™! (%) The above equation shows that

(x(t)) oscillates around one half with the same cycling frequency as s(t) but a different

phase. As depicted in Fig. 2.6, the phase difference ¢ decreases with increasing mutation
rate so that the allele frequency changes almost in-phase with the environment for U > (2
but lags behind by a phase 7/2 for U < . The latter behavior for rare mutations is
already illustrated in Fig. 2.4 where the mutant’s allele frequency keeps increasing as
long as the selection is positive and decreases when s(t) becomes negative. In contrast,
for U > (), the population keeps up with the environment as mutations occur faster

than the time scale of environmental change.

Equation (2.14) also shows that the allele frequency amplitude remains close to the
time-averaged amplitude when the environment changes rapidly. But it is significantly
different from one half in slowly changing environments and varies nonmonotonically
with the mutation rate with a maximum at the scaled mutation rate U = Q3. We also
find that although the distribution ®(z,¢) depends on the dominance coefficient (see
Appendix B.4), the average allele frequency (for small o) is independent of h.
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The above described behavior of allele frequency has implications for the average
fitness of the population. When the mutant allele is present in frequency z at time ¢, the
population fitness w(x,t) = (1+ s)x? +2x(1 — z)(1 + hs) + (1 —2)* = 1 + osin(wt) f ()
where f(z) = (1 — 2h)z* + 2hx (see MODEL section). The population-averaged log
fitness (Inw) oscillates around a constant which is obtained on averaging over a period

of the oscillation and is given by

AN (Inw) = % OT dt(Inw(zx,t)) (2.15)
S U [ U (1—-2n)*(1+70) (2.16)
1614+ U 202 +Q2)  (3+U)4(1+U)2+02) '

We thus find that although the selection is zero on average, the population fitness is

Nnonzero.

Equation (2.16) shows that, for a given mutation rate, the average log fitness de-
creases towards zero with increasing cycling frequency; this behavior is expected as the
time-averaged environment governs the dynamics in a rapidly changing environment.
However, it is a nonmonotonic function of the scaled mutation rate U: for 1 < U < ),
the average log fitness is close to zero because the phase difference ¢ between the allele
frequency and selection is large (see (2.14)). But for high mutation rate (U > ), al-
though the phase lag is small, the allele frequency does not deviate substantially from
one half, resulting in low fitness. From (2.16), we find that the average fitness has a

peak at an optimal mutation rate,

12 RA

Q0 > 1 (2.17b)

which increases with the rate of environmental change. Finally, equation (2.16) also
shows that the fitness is a symmetric function of dominance coefficient but the h-
dependence is quite weak (see Fig. 2.6), and is apparent only at small mutation rates
and for fast environmental changes; we thus conclude that dominance does not have an

appreciable effect when recurrent mutations occur.
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2.5 Discussion

In this Chapter, we studied the evolutionary dynamics of a finite, diploid population in a
varying environment for both weak and strong mutations. The fixation probability of a
mutant has been studied in infinitely large populations when selection changes gradually
in both magnitude and direction [10, 12| and in finite populations that are subjected to
abrupt changes in the direction of selection [6, 9, 13, 14]. Here we modeled a situation in
which the mutant allele is beneficial during a part of the seasonal cycle and deleterious in
another, and hence its selection coefficient s(t) varies periodically with time. In contrast
to previous work, here we focused on the impact of dominance on evolutionary dynamics
in changing environments, and obtained simple analytical expressions for the fixation

probability in both infinite and finite populations.

Rate of environmental change and time of appearance: In a slowly changing
environment, the fixation probability of a mutant is expected to depend on the time
it appears in the population. But it is perhaps not obvious if the dependence on the
initial condition remains in fast changing environments as the fixation probability in
an infinitely fast changing environment is given by the corresponding result in a static
environment with the time-averaged selection coefficient s. However, as shown in Fig. 2.4,
a mutant must escape the stochastic loss at short times in order to fix in the population,
and therefore, the eventual fate of the rare mutant depends on its time of appearance

at any finite rate of environmental change.

Using branching process and diffusion theory [10, 11], here we have obtained simple
expressions for the fixation probability when the frequency of the environmental change is
smaller or larger than the resonance frequency w, of the population which is given by the
average growth rate of the population when the time-averaged selection strength s > 0
and inverse population size for s < 0. The fixation probability exhibits an extremum
when the environment changes at a rate equal to the resonance frequency; whether this
extremum is a minimum or a maximum also depends on the time of appearance, t,, of

the mutant.

As an illustration of the above discussion, for arbitrary s, consider a beneficial mutant
that arises when its selection strength is decreasing with time. In a slowly changing
environment, as $(t,) < 0, its fixation probability is expected to be smaller than that in
the static environment; for the same reason, it approaches the corresponding result in the
time-averaged environment from below thus resulting in a minimum at the resonance

frequency. It then follows that, in a periodically varying environment with zero or
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negative time-averaged selection coefficient, if the environment changes at a rate faster
than the resonance frequency, a mutant that is beneficial in a static environment will
have a fixation probability lower than (2N)~!. Similarly, a deleterious mutant that arises
while selection strength is increasing can have enhanced chance of fixation compared to

(2N)~! in changing environments that are neutral or beneficial on average.

The above discussion assumes that the mutations are rare. When recurrent mutations
occur, we find that, in the on average neutral environment, the population can gain
fitness which is, however, appreciable when the mutation rate is as high as the rate of

environmental change.

Role of dominance in slowly changing environments: In a static environment,
a dominant beneficial mutant enjoys a higher chance of fixation than a recessive one
because the (marginal) fitness of the mutant allele (relative to the wild type allele) is
higher in the former case [15]. This behavior is reversed for deleterious mutants where
the fixation of recessives is favored [16]. In a slowly changing environment (w < w,.), if
the mutant starts out as a beneficial mutant (that is, its selection coefficient at time of
appearance s(t,) > 0), Haldane’s sieve operates. Similarly, if the mutant is deleterious
to begin with, its chances of fixation are reduced if it is dominant. This result is attested
by Figs. 2.1 and A.2 for 5 > 0, Fig. 2.2 for s = 0 and Fig. 2.3 for 5 < 0.

Equations (2.6a) and (2.11b) for the fixation probability of a mutant in an environ-
ment that is, respectively, beneficial and neutral on average suggest that the change in
fixation probability due to a slow change in the environment is simply equal to the change
in the mutant’s initial fitness relative to its initial fitness, that is, $(t,)/s(t,) which is
independent of the dominance coefficient. This can be argued as follows: when the selec-
tion coefficient changes very slowly (w — 0), it is reasonable to assume that the fixation
probability has the same functional form as that in the static environment. Then, for
an initially beneficial mutant, Pg, & hs(t, +1) = hs(t,) +hts(t,) where t o< (hs(t,)) ™! is
the time at which the mutant escapes stochastic loss, as estimated from a deterministic

argument.

Role of dominance in fast changing environments: As already mentioned above,
an initially beneficial mutant arising when the selection is declining can behave effectively
as a deleterious mutant in a rapidly changing environment that is neutral or deleterious
on average. This has the immediate consequence that the dominant mutant is less likely
to fix than the recessive one, as supported by Fig. 2.2 for s = 0 and Fig. 2.3 for 5 < 0.
This result can be relevant to understanding adaptation in environments that change

fast and for a short period of time. In Sec. A.4, we construct such examples and find
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that the fixation probability of an initially beneficial mutant in transiently changing
environments exhibits the same dependence on dominance coefficient as discussed above

for periodically changing environments.

Equations (2.6¢) and (2.9) show that in fast changing environments, the fixation
probability is proportional to hs and (2N)~!, respectively, which are the results for
the fixation probability of a single mutant in an infinitely fast changing environment.
If genetic drift is ignored, the dynamics of the mutant frequency are described by @ ~
ho sin(wt)x, so that, at large times, the average number of mutants, n = 14 ho cos(d,)/w
for large w, and therefore, the fixation probability in rapidly changing environments can
be interpreted as simply that of n mutants in infinitely fast changing environments (also,
see Sec. A.4).

Limitations and open questions: Our analytical results that provide an understand-
ing of conditions under which the effect of dominance on the fixation probability is
different in static and changing environments, are applicable to cycling frequencies that
are much smaller or larger than the resonance frequency. As our analysis is not valid for
intermediate cycling frequencies, we can not rule out if such differences occur at cycling

frequencies around resonance frequency (see, Fig. 2.1 for 6, = 77 /8 and Fig. 2.3a).

Here we have mainly focused on the fixation probability and did not discuss how
substitution rate and adaptation rate behave in changing environments. However, our
preliminary simulations show that the substitution rate varies nonmonotonically with cy-
cling frequency (also see [23]). A detailed understanding of these quantities requires the
knowledge of fixation time which shows interesting dependence on dominance coefficient
in static environments [24]; extending such results to temporally varying environments
is desirable and will be discussed elsewhere.

When adaptation occurs due to standing genetic variation, the fixation probability
of a beneficial mutant is known to be independent of dominance in static environments
[25]; here, we have studied the fixation probability of a de novo mutation and a detailed
understanding of how standing variation affects the results obtained here is a problem

for the future.

Many empirical and theoretical studies show faster evolution of X-linked genes than
autosomal ones, and it has been argued that the fixations of recessive beneficial alleles
can cause the faster X effect [26]. This hypothesis is based on the evolution in a static
environment where the ratio of the substitution rate of the X chromosomal genes to that
of autosomal genes is greater than one for recessive beneficial alleles if the mutations are

unbiased or male-biased. On the other hand, if the allele is deleterious, the ratio is less
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than one for recessive alleles. The empirical evidence of the faster X effect strengthens
the hypothesis of the fixations of recessive beneficial alleles. However, our study shows
that an initially beneficial allele can behave as a deleterious allele when the environment
changes and can have a lower fixation probability than a neutral mutant depending upon
its time of appearance and rate of environmental change. Therefore, slower evolution
of X-linked gene is expected when the recessive allele behaves as deleterious in chang-
ing environment, which suggests that the faster X effect may not be seen in changing
environment even though the allele appears as a recessive beneficial allele. However, if
the faster X effect is a common phenomenon irrespective of the environmental change,
we expect the cause of faster X evolution may be something else than due to the reces-
sive beneficial alleles. Our work, therefore, suggests to consider the effect of changing

environments on the adaptation rate of X-chromosome.
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Chapter 3

Polygenic adaptation in changing

environments

3.1 Introduction

In the previous Chapter, we investigated the evolution of a monogenic trait in a finite
population due to a continually changing environment. Although many phenotypic traits
are determined by a large number of genetic variants, how a polygenic trait adapts in
response to the changes in the environment is still poorly understood. In the present
Chapter, we study the adaptation dynamics of a polygenic trait that is determined by
a finite number of genetic loci in an infinitely large population which is evolving under
stabilizing selection and recurrent mutations.

Understanding phenotypic variation in terms of the underlying genetic variation is
one of the central problems in biological evolution [1]. During the last decade, genome-
wide association studies (GWAS) [2] have provided valuable insights into the genetic
architecture of phenotypic traits, and the information about the number of genetic vari-
ants that affect a phenotype, the size of their effects and their relative frequency is be-
coming increasingly available [3]. In some cases such as industrial melanism in peppered
moth [4], a phenotypic trait is determined by one or few genes. But many phenotypic
traits ranging from crop yield and human height to complex diseases are polygenic as
they are influenced by a large number of genetic variants. It has been suggested that
such quantitative traits may even be omnigenic, determined by all the genes due to the
interconnectedness of gene networks [5, 6]. The effect sizes of these genetic variants may
be large or small, and the proportions in which they occur in a trait is governed by

evolutionary forces such as selection [3].
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For several decades, the infinitesimal model [7, 8] has served as workhorse for de-
scribing polygenic adaptation [9]. In this model, an infinite number of genetic loci each
with an infinitesimal effect underlie a phenotypic trait. More precisely, the effect size is
assumed to decrease with increasing number of loci which results in a genetic variance
that remains constant in time in accordance with some phenotypic data [10] and renders
the problem analytically tractable. However, the effect sizes can be finite, and genetic
variance can change, at least, over some time scales.

Recently a model of polygenic adaptation was introduced [11] in which the phenotypic
trait evolves under the action of stabilizing selection and mutations. A large but finite
number of loci contribute to the trait, and the effect sizes which may be large or small
are different at different loci. It is important to note that in [11], an effect size is large
or small relative to a scaled mutation rate (defined later) and, unlike in the infinitesimal

model, does not depend on the number of loci under selection.

In this Chapter, we study the adaptation dynamics within the framework of the
model in [11] when the phenotypic optimum moves due to a change in the environment.
The scenario in which the phenotypic optimum shifts suddenly because of, say, a nat-
ural disaster was recently studied and an analytical method was developed to take the
changes in the genetic variance into account [12, 13]; here we consider the case when
the phenotypic optimum moves gradually as a result of, for example, climate or societal
change [14]. Adaptation in the face of moving phenotypic optimum has been previously
investigated within infinitesimal model ignoring mutations and changes in the genetic
variance [15, 16]. Here we find that the adaptation dynamics are strongly affected by
mutations and the number of loci under selection when the effect sizes are small, and
mediated by large transient changes in the genetic variance when the effect sizes are

large.

3.2 Models

We study the evolution of a single quantitative trait in an infinitely large population of
diploids. The phenotypic trait value z is determined by ¢ diallelic genetic loci, each of
which contributes to the phenotype in an additive fashion. If the + allele at the ith locus
has an effect £7;/2 on the trait, the mean phenotypic trait averaged over the population

can be written as

o=23 (3)n+ () .1
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where p; and ¢; = 1 — p;, respectively, denote the frequency of + and — allele at the ith
locus in the population. In the following, the effect sizes are chosen independently from
an exponential distribution with mean 7, as suggested by quantitative-genetic studies
[17].

We consider the situation when the allele frequencies and phenotypic properties
evolve due to stabilizing selection and recurrent mutations. The fitness of a pheno-
typic trait under stabilizing selection is maximum at an optimum phenotypic value z¢
which, in general, may vary with time (see below); away from the optimum, the fitness
decreases quadratically, w(z) = 1 — (s/2)(z — z7)* where 0 < s < 1 is the strength of
selection. Mutations generate variation and here, the + and — alleles mutate to each
other at rate u. We also assume that recombination occurs faster than selection and
therefore the inter-loci correlations can be ignored (linkage equilibrium) [18]. Then it

can be shown that the allele frequency p; evolves according to [11]

2

. S
pi = —sviler — zp)pigi — 7]71'%‘(% — i) + (g — i) (3.2)

where dot denotes the derivative with respect to time. In the above equation, the first
term on the right-hand side (RHS) that depends on the frequency of all the loci acts to
decrease the deviation between the mean trait and the phenotypic optimum, the second
term tends to fix one of the alleles thus depleting the genetic variation while the third

term compensates for the loss in diversity through mutations.

In the stationary state where p; = 0, if the deviation between the mean trait and
phenotypic optimum is zero, the stable solutions for the equilibrium allele frequencies

are given by [11]
y Vi < /3/

k (3.3)
y Vi >
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where 4 = \/m Thus when the effect size is smaller than the threshold effect 4, both
the alleles are present in the population whereas for larger effect sizes, one of the alleles
is close to fixation. The steady state deviation in the mean trait from its optimum need
not be zero and can be estimated by approximating the effect size of all the loci by the
average effect 7. From (3.2) in the steady state, we then find the mean equilibrium trait

to be ¢ /zp ~ [1+ 4p(s3%)~1 .

In this Chapter, we are interested in the dynamics of the mean trait when the phe-

notypic optimum moves to a new value. From (3.2) for the allele frequency, it can be
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shown that the time evolution equation for the mean trait depends on the variance and
skewness of the phenotypic trait and, in general, the dynamics of a trait cumulant de-
pend on two higher cumulants [19]. This cumulant hierarchy makes it difficult to obtain
analytical results for the dynamics. However, recent work [20, 12] has established that
the bulk of the adaptation process is driven by the deviation between the mean trait
and the phenotypic optimum. Thus, at short times, it is a good approximation to retain
only the first term on the RHS of (3.2); this yields the directional selection model in
which [12]

pi = —syiler —zp)pigi , i=1,...,0. (3.4)

The above equation shows that the mean trait evolves as

¢ = —sca(c1 — 2y) (3.5)
where the genetic variance ¢, = 2 3%, v2p;q;. If the genetic variance in (3.5) remains
constant in time, we arrive at the Lande’s equation for the evolution of the mean trait [21]
which is obviously solvable. But even for time-dependent ¢, and other trait cumulants,
the directional selection model is analytically tractable as briefly described below [12].

We first note that for any two loci k£ and j,

dp; _ _dpx
VP54 VePrqk

= —s(cy — zp)dt . (3.6)

From the first equality, we find that the allele frequency at the jth locus can be expressed

in terms of its initial frequency and that at the kth locus,

1
pi(t) =1- . (3.7)
Pi(0) ( pr(t)qr(0)\ 3/ V%
1+ 26 (2n)

Using this in (3.1), one can write the mean phenotypic trait as

4

L

27

L= "% — Z T o0 A s (3.8)
= =14+ ZET((OJ;GB%M

where

ﬁ@:im@&@%> (3.9)
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is locus-independent and, due to (3.4), evolves as

8= —sy(c1 — z5) . (3.10)

Equations (3.8) and (3.10) together yield a closed equation for the mean trait.

3.3 Results

We start with a population equilibrated to the phenotypic optimum at z;. The pheno-
typic optimum moves linearly until a time 7 when it reaches 2z, > 2z, where it stays for
later times. Thus the new phenotypic optimum z(t) = 2o + vt,t < 7 where the velocity
v = (2, — 20)/7. Here, |20|,|2,| < ¢7 as the mean trait is bounded for finite ¢. Our goal
is to understand how the population adapts while the environment is changing. In the
following, all the numerical data are obtained for a single realisation of effects as the

quantities of interest are expected to be self-averaging [12].

3.3.1 When most effects are small (7 < 4)

Figure 3.1 shows that for linearly moving phenotypic optimum, the mean trait also
increases linearly with time at a speed that decreases as the number of loci determining
a trait decrease. However, the genetic variance ¢y (shown in the inset) remains close
to its stationary value ¢j ~ (4% [11] until time 7 and then decreases to the stationary
genetic variance corresponding to the equilibrium mean trait ¢j [12]. For the parameters
in Fig. 3.1, we expect ¢}/z; to be 0.24,0.39,0.56 (see the discussion following (3.3))
which is close to ¢;(7)/z; = 0.33,0.47,0.62 for ¢ = 50,100 and 200, respectively. For
this reason, the mean trait does not change substantially when the phenotypic optimum
stops moving.

For t < 7 where the genetic variance is approximately constant, (3.5) for the evolu-
tion of mean trait simplifies to ¢ (t) ~ sci(z¢(t) — c1(t)) which can be readily integrated
to yield

at) =zt vt — —(1—e 5t t<r, (3.11)
5Ch

and shows that the mean trait always lags behind the moving phenotypic optimum. At
short times (< (sc3)™!), the mean trait increases quadratically. But at longer times,
c1 increases linearly with speed v and the lag z;(t) — ¢1(v,t) reaches a constant value

v/(sch). This result has also been obtained in infinitesimal model [15, 16] in which
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Fig. 3.1 Evolution of mean trait (main) in the full model when most effects are small
(7 = 0.05 < 4 &~ 0.89) and the phenotypic optimum moves with a constant speed
v = 107 for various . Here s = 1072, 4 = 1073, 20 = 0 and 2, = 0.8¢7. The phenotypic
optimum zy(t)/z, is also shown for comparison. The inset shows the evolution of genetic

variance for ¢ = 200.

an infinite number of loci, each with an infinitesimal effect (~ ¢7'/2), contribute to a
phenotypic trait and the mean trait keeps increasing in an unbounded fashion; here, as
a finite number of loci contribute to the trait, the linear behaviour of the mean trait sets
in at a time ~ ¢~! and continues until the time 7.

Figure 3.2 shows that for (sc})™' < t < 7, the lag is constant in the directional
selection model and matches the prediction (3.11) but it keeps increasing linearly with
time in the full model. To understand this behavior, we note that at short times, by
virtue of (3.3), the allele frequencies are close to one half, and therefore, the last two
terms on the RHS of (3.2) can be ignored [12]. Indeed, as Fig. 3.2 shows, the full model
and the directional model are in good agreement at short times. But at longer times,
the allele frequencies are not in equilibrium and for z, > z,, as is assumed here, the
frequency of the + allele increases towards one. Moreover, when the effects are small,
the mutation rate is large (1 > s7?/8). These considerations suggest to modify the
directional selection model (3.4) by adding the mutation term to it when the phenotypic

optimum is moving. The mean trait then evolves according to

¢ (t) = sch(zf(t) — ar(t)) — 2pen(t) (3.12)
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Fig. 3.2 Lag in mean when most effects are small (main). While the lag is constant in
the directional selection model, it increases in the full model. This is because the mean
trait moves slower than the phenotypic optimum (inset). Here ¢ = 200 and rest of the
parameters are the same as in Fig. 3.1.

which shows that at large times, the mean trait increases linearly as ci(t) = ut +
A, (sch+2p)~ ! <t <7, where

v v
1+ 2pu(scs)~! 141 (%)2 (3:.13)
(

2o — u(scy) ™t
= ——. 3.14
T+ 2u(sc3) 1 B.14)

The inset of Fig. 3.2 shows that the rate of change of mean trait is in agreement with

the speed wu.

Equation (3.13) above makes two important points. First, the mean trait in the
full model (3.2) increases slower than the phenotypic optimum with increasing mutation
rates. At short times where the allele frequencies are close to their equilibrium value
given by one half, mutations occurring at equal rate between the + and — allele do not
affect the dynamics. But at larger times, as the + alleles become more abundant than
the — alleles owing to selection, the net effect of the mutations is deleterious leading to
an increased lag in the mean trait. Second, the speed of the mean trait increases with
the number of loci under selection. When 4,5 are of order one (as is the case here), the

genetic variance is much larger than the mutations; this holds in the infinitesimal model
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Fig. 3.3 Evolution of mean (main) and genetic variance (inset) when most effects are
large (7 = 0.1 > 4 ~ 0.0028) and the phenotypic optimum moves with a constant speed
v=10"% Here £ =200,5 = 1072, u = 1078, 2 = 0 and z, = 18.

also where the mean effect decreases with ¢ keeping uf finite. In either case, mutation
is weaker than selection and may be neglected when ¢ — oco. But for a finite number
of loci, mutations also enter the picture and, as argued above, decrease the speed of the

mean trait.

3.3.2 When most effects are large (7 > 4)

Since the mutations are unimportant when effect sizes are large, the directional selection
model (3.4) describes the full model well (see Figs. 3.3 and 3.4). The inset of Fig. 3.3
shows that the genetic variance remains close to its equilibrium value ¢ = ¢4? [11] for
some time, rises quickly to é; ~ 100c¢; where it stays before finally dropping to ¢3. As ¢}
is very small for the parameters in Fig. 3.3, due to (3.5), the mean trait remains close to
2o initially and then increases before saturating to c¢j ~ z,. Since the genetic variance
changes during the time intervals of interest, (3.5) for the mean trait evolution does not
close, and therefore, we now work with (3.8) and (3.10).

As the equilibria are bistable for large effects (see (3.3)), a fraction f of the initial

population carries + allele which is related to the initial phenotypic mean through zy ~
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Fig. 3.4 Lag in mean (main) and allele frequency dynamics (inset) when most effects are
large. All the parameters are the same as in Fig. 3.3.

(2f — 1)¢7. We may therefore write the mean trait (3.8) as

¢
27; 27:(1 —
(=3 e 2= D) (3.15)
i1 1+ zi_#eﬁ%/*/ 14+ Zi—’_eﬁ%/;{
i+ i,—

which, for large ¢, simplifies to

- (1) Lo - (1-2) e, o

where
00 xre *

13 = [ (3.17)

2/a da 1+ () *2ef?
and o = 27/4 > 1. Equation (3.16) generalises equation 24 of [12] where the initial
phenotypic optimum is taken to be zero.

We first note that 3,8 > 0 - the first assertion follows from the intuitive expectation
that the lag must always be nonnegative and (3.10), and the second one on using 5(0) = 0
(see (3.9)). Then it is easy to see that for large a, the integral I, — 0,7 — 1. Neglecting
I} in (3.16) and writing I =[5}, dx ze™® — J_ ~ 1 — J_, we find that the parameter

[ evolves according to

B~ s7(07 = 20) [p(t) = J-(B)] (3.18)
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where

0 re ®
_ = dp———— 1
/ /Q/a T+ (ar)2e—b= (3.19)

and p(t) = vt/(l7y — z). For < 1, the integral J_ ~ 0 as it is heavily suppressed by
the factor a? in the denominator of the integrand [12]. For 5 > 1, the integral J_ may
be estimated by approximating the factor (1 + (az)?e=#*)~! in the integrand of .J_ by
a Heaviside theta function ©(x — z_) where z_(3) is a solution of a?z% e~ 7%~ = 1. We
thus obtain J_ ~ (1 +z_)e ™", 3> 1[12].

We are now in a position to understand the behaviour of the mean trait given by

er(t) = 20 = (65 — 20)J_(B) = vt —

.2
= (320)

where we have used (3.18) to express J_ in terms of 5. At short times (t < 79), as the
mean stays close to its initial value 2o, the integral J_ ~ 0 and therefore 3(t) = (t/79)?
where 79 = 1/2/(sv¥). After time 79, there is a large increase in the genetic variance
and the mean trait starts evolving. Note that if the genetic variance was held constant
at its initial value, as in the infinitesimal model, the mean trait will stay at zy and the

population can not adapt.

When we consider the sudden shift with the same phenotypic optimum value as the
maximum value z, in linearly moving optimum, the steady-state allele frequencies are
same in both cases since the phenotypic distribution stabilizes to the same optimum.
However, the dynamics of allele frequencies differ in these two models since the selection
pressure changes differently with time. The initial selection pressure is high in a sudden
shift in optimum, and therefore, the dynamics are faster in this case as compared to
the slowly moving optimum. When the trait consists of mostly large effects loci, the
adaptation mainly occurs through the sweeps, but many polymorphic loci contribute
when the trait consists of mostly small effects loci irrespective of the sudden or moving
optimum models. A criterion for short-time sweeps in the sudden shift model has been
obtained by Jain and Stephen (2017) [12], whereas, loci with effect sizes larger than the
average effect of loci sweep faster to reduce the lag between the mean and the optimum
in moving optimum model. In the time interval (séy)~! < ¢t < 7 where the mean trait
increases linearly, the genetic variance ¢, > ¢ remains roughly constant. To estimate
Co, we note from the inset of Fig. 3.4 that the allele frequencies at loci with effect size
larger than ¥ sweep to fixation much earlier than at loci with smaller effect sizes. For the

set of effects used in Fig. 3.4, the allele frequencies at 3 loci with effect size ~ 0.4 swept
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to fixation while nearly 30 selective sweeps occurred when the optimum was shifted
suddenly to z, (data not shown). Large changes in allele frequency at many loci in the
latter case are consistent with the fact that the population adapts exponentially fast
over a short time scale (that decreases with ¢) when the optimum shifts suddenly [12];
here the mean deviation changes slowly over a time of order ¢ and besides a few sweeps,
many small frequency shifts (~ 0.1) also occur. While the selective sweep is in progress
at loci with very large effects, the genetic variance rises to & ~ £ [ dyy*p(y) ~ (37,
Then replacing ¢ by ¢ in (3.13) and using that 4 < 7 when effects are large, it follows

that, as in the infinitesimal model, the mean trait increases with speed v and lag v/(sés).

We now perform a more careful analysis of the lag in the mean. The above discussion
shows that the lag 3/s7 (second equality in (3.20)) is small for £ > 1. Therefore, to a
first approximation, we may write p(t) ~ J_(/3) in (3.18) which yields

(&

vo(t) = —1—W_, <—@> , (3.21)

where W_(z) is the lower branch of the Lambert W function [22]. Using 8 = (2/z_) In(ax_),
we find that

G

zg Wa(=p/e) 1n<1+W‘1(_p/6)> . (3.22)

L+ Woa(—p/e)f “e/a
For t < 7 where p/e < 1, the function W_;(—p/e) ~ In(p/e) ~ Int [22] so that
B ~ t71. Thus when most effects are large, the mean trait moves with speed v but
the lag between the mean trait and phenotypic optimum is not a constant. Although
the lag ~ (syt)~! decays rapidly with time, it is larger than that obtained within the
infinitesimal model for a polymorphic population since the above discussion is valid
for t < 7, see Fig. 3.4. Furthermore, (3.5) and (3.10) show that the genetic variance
co(t) = (svy — 3)/(s*7y20 + sB3) which on using the above results for 3 yields ¢,(t) ~ vt.
Thus, on time scales of order 7, we obtain the genetic variance to be ¢, in agreement
with the argument above. Since the genetic variance increases from ¢} to ¢, for fixed
4,7, a large change in variance occurs with increasing ¢. But the change in variance

is smaller if the mean effect and the threshold effect are not substantially different (see
Fig. 3.5).
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Fig. 3.5 Evolution of mean (main), lag in mean (top left inset) and genetic variance
(bottom right inset) when equal number of effects are small and large (7 = 0.05,4 ~
0.028) and the phenotypic optimum moves with a constant speed v = 107*. Here

¢ =200,5s = 1072,y = 107% 2y = 0 and z, = 8. The dotted line in the inset is the

minimum lag v(s(7?)~!.

3.4 Summary and open questions

While stabilizing selection has the tendency to pull the population towards the pheno-
typic optimum, recurrent mutations create variants that push the population away from
it. The behaviour of the mean trait in the large-effects case where selection is the dom-
inant process resembles that in the infinitesimal model as the mean trait moves with
the speed of the phenotypic optimum, while in the small-effects case where mutation
rates are large, the mean trait moves slower than the phenotypic optimum. However, in
the latter case, as the number of genetic loci affecting a trait increases, selection domi-
nates over mutations and the speed of the mean trait approaches that of the phenotypic
optimum (also, see the discussion after (3.14)).

In the large-effects case as the initial variance is small, the mean trait stays close
to its initial value resulting in large deviation from the moving phenotypic optimum.
But this causes the allele frequencies to change in a manner that increases the genetic
variance thus paving the way for adaptation. On the other hand, when most effects
are small, there is sufficient initial genetic variance for adaptation to proceed keeping

genetic variance constant.
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Equation (3.13) gives the formula of the speed of the mean trait and how the speed
depends upon various genetic parameters. We believe that if experiments can be con-
ducted to observe the lag between the mean trait and the phenotypic optimum, one can
get an idea of the underlying genetics of the trait using our results.

In the last section, we studied two limiting cases of the genetic architecture, viz.,
when 7/4 is much smaller or larger than unity. Figure 3.5 shows that when both small
and large effect sizes constitute a phenotypic trait, the behaviour of the mean trait
is closer to the mostly large-effects case, possibly because the contribution of the small
effect sizes to the mean trait increases slower than that of the large-effects loci. Thus, we
conclude that, in general, the lag between mean trait and phenotypic optimum exceeds
that predicted by the infinitesimal model for a polymorphic population [15, 16].

Although the study presented here goes beyond the standard quantitative-genetic
theory [15, 16] by accounting for mutations and temporal changes in genetic variance,
this work also has some limitations - we have neglected the effect of epistasis in the
genotype-phenotype map, pleiotropic effects of other phenotypic traits and, perhaps most
importantly, the finiteness of the population size. The effect of stochastic fluctuations on
the speed of adaptation and extinction risk has been addressed in recent work [23, 24]
when the genetic variance remains constant. Extending the results presented here to

finite populations is desirable and we plan to address this in a future work.
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Chapter 4

Evolutionary dynamics and
eigenspectrum of confluent Heun

equation

4.1 Introduction

In the last two Chapters, we studied the dynamics of adaptation of a trait in changing
environments. Since the stochastic dynamics, even in a single sudden change in envi-
ronment, are not well-studied, we focus on understanding the evolutionary process of a

monogenic trait in a finite population under constant selection in the present Chapter.

Biological evolution has shaped the genetic diversity that we see today on earth
[1, 2]. The basic processes that drive evolution include selection, mutation and random
genetic drift. While selection decreases the genetic diversity, random mutations increase
it. Besides these deterministic processes, stochasticity arising, for example, due to finite
carrying capacity plays an important role in determining the evolutionary fate of a
population. With growing interest in analyzing the time series data obtained from
experiments or field studies [3, 4], and addressing fundamental questions about evolution
in changing environments [5], it is important to understand the evolutionary dynamics

of a population under the joint action of mutation, selection and genetic drift.

In the absence of selection, the dynamics are completely understood [6], as the Fokker-
Planck equation for the distribution of allele frequency obeys the Gauss hypergeometric
equation which has the nice property that its Frobenius series expansions lead to two-

term recurrence relations for the expansion coefficients and for which the connection
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formulae that connect its two local solutions are known [7]. But even in the simplest
setting where only a single locus in a genome is under selection, the complete evolutionary
dynamics are not explicitly known.

In this Chapter, we study the allele frequency distribution in a finite population in
which a single, diallelic locus is under time-independent selection and mutations between
the two alleles occur at equal rates. We find that the eigenfunctions of the Fokker-Planck
equation for the frequency distribution obey the confluent Heun equation [8-10]. This
equation has appeared in diverse physical contexts to describe the eigenspectrum of hy-
drogen molecule ion [11] and quantum Rabi model [12], quasi-normal modes of black
holes [13, 14], relaxation dynamics of a polymer [15], etc. Heun equation and its con-
fluent forms are an area of active interest in mathematics community also as the Heun
functions generalize the well studied hypergeometric functions. The progress in under-
standing Heun functions has, however, been slow as Frobenius series or other orthogonal
polynomial expansions of this class of equations lead to three-term recurrence relations
for the expansion coefficients, and the connection formulae for the local solutions are
not explicitly known [16].

For these reasons, here we study the eigenspectrum of the confluent Heun operator
of interest, mainly, numerically. As the stationary state corresponding to the zero eigen-
value is exactly known [6], we will focus on the excited states and study them using an
orthogonal polynomial expansion of the eigenfunctions. Such an expansion has previ-
ously been carried out in [17]; however, these authors obtained a five-term recurrence
relation for the expansion coefficients and did not provide any insights into the solution.
Here, we obtain a three-term recurrence equation and find that for strong selection,
there is a dynamic transition as the relaxation time - which is inversely proportional
to the eigenvalue for the first excited state - initially decreases with mutation rate and
then becomes a constant at a finite mutation rate. We also show that the expansion
coefficients have a scaling form which allows us to estimate the number of terms that

contribute significantly to the orthogonal series for the eigenfunctions.

4.2 Model

We consider a haploid population of N individuals that evolves in time according to the
standard Moran process [18]. In generation ¢, an individual is chosen to give birth with
a probability equal to its fitness relative to that of the population while any individual

(including the parent) can die with an equal probability. Thus, if the wild type individual
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has a fitness 1 and the mutant’s fitness is 1+ s, the mutant produces a copy of itself with
a probability (1 + s)i/w when ¢ mutants are present in the population at time ¢, where
w(t) = (14 )i+ (N —1) is the average fitness of the population; similarly, the wild type
individual replicates with a probability (N —i)/w. After selection and reproduction, an
offspring mutates to the other type with a probability u. Thus, the population evolves

under the joint action of selection, mutation and random genetic drift.

We are interested in understanding the dynamics of the probability distribution of the
mutant allele frequency, p = i/N in the scaling limit of weak selection, weak mutation
(s,u — 0) and large population size (N — oo) with finite Ns, Nu. Using the mean and
the variance of the change in the mutant frequency in the above scaling limits, one can
show that the frequency distribution ¢ (p, 7) obeys the following forward Fokker-Planck
equation [6, 19],

g—f = —g—; = _a% 0pq¢+#(q—p)¢—a%(pqw) , (4.1)
where ¢ = 1 — p is the wild type frequency, J(p, 7) is the probability current, and 7 =
t/N,u = Nu,o = Ns are the scaled time, mutation rate and selection rate, respectively.
Below we will study the dynamics of the allele frequency distribution subject to the

reflecting boundary conditions,
J(0,7)=J(1,7) =0, (4.2)

at all times.

Some comments are in order: in the following, we will assume that s > 0 since for
s < 0, equation (4.1) is obeyed by the allele frequency g. While the Moran process
described above assumes overlapping generations, the Wright-Fisher process for non-
overlapping generation also obeys (4.1) when N is replaced by 2N. Instead of the forward
equation (4.1), one may study the corresponding backward equation [17]; however, the
eigenspectrum of both equations is same [19]. For these reasons, it is sufficient to focus

on the above forward equation (4.1).

We first write 1(p, 7) = 3202 Ace " ¢o(p) where the coefficient Ay is determined by
the initial condition ¢ (p, 0). From (4.1), we find that the time-independent eigenfunction

¢¢(p) obeys the following eigenvalue equation,

— (opqde + 11(q — p)de) + (page)” = —Nedhe, (4.3)
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where a prime denotes a derivative with respect to p. As the differential operator in
(4.3) is of Sturm-Liouville form [20], we are guaranteed to have real eigenvalues and a

complete set of orthonormal eigenfunctions for which

[ dpp(e)6:(p)60(w) o 0.0, (4.4

where the weight function, p(p) o< ¢y (see below).
In equilibrium where the probability current J vanishes for all p, the probability
distribution is given by [21, 6]

do(p) o (pg)"~ e, (4.5)

where the proportionality constant determined by (4.4) reduces to the normalization
condition fol dpgpo(p) = 1. For o = 0, the above equilibrium distribution is U-shaped for
i < 1 and bell-shaped for > 1; however, for large o, the stationary distribution ¢(p)

for the favored allele peaks close to p = 1.

4.3 Confluent Heun equation for the eigenfunctions

We will now focus on (4.3) which can be rewritten in the standard form as

vy —20—1y

"(p) + @i’f 42 ; g a) &,(p) + (5 - ﬁ) ¢e(p) =0, (4.6)

where vy = 2 — 0 — 2+ A;. Equation (4.6) is a (singly) confluent Heun equation which
has regular singular points at p = 0,1 and an irregular singularity of rank 1 at infinite
p [8, 22, 10]. The following special cases of (4.6) are known [6]: for o = 0 (no selection),
(4.6) reduces to the Gauss hypergeometric equation which has regular singular points
at zero, one and infinity, and for 0 = p = 0 (only genetic drift), the eigenfunction ¢,
obeys the Gegenbauer equation. For nonzero selection but zero mutation rate, V;(z) =
e~ P/2¢,(p) with p = (1—2)/2 obeys the oblate spheroidal equation [23]. However, except
for the stationary state (4.5) corresponding to eigenvalue zero, neither the eigenvalue
spectrum nor the eigenfunctions are known for the above confluent Heun differential
operator.

The general solution of (4.6) can be expanded as a Frobenius series about p = 0

[24] which, on imposing the reflecting boundary condition (4.2) at p = 0 gives ¢y(p) =
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p"~1Fy(p) for |p| < 1,1 > 0 where F, is an analytic function (see Appendix C.1). Due
to the self-adjoint nature of the Heun operator, we can expand F; as a linear combi-
nation of suitable orthogonal functions [20]; a power series expansion of Fj is given in
Appendix C.1.

An orthogonal expansion of (4.6) with boundary conditions (4.2) has been carried
out in [17] by writing the distribution function, ¢¢(p) = ¥, aG,(p) where G, =
(pq)F—Lee?/2 Pir=L1=D(1 — 2p) and P\ (z) denotes Jacobi polynomial of order n that
obey the following orthogonality relation [25],

1
/ dr(1 — 2)%(1 + 2)f PO (2) PP (2) = B . (4.7)
—1
where h,, are given by 22.2.1 of [25]. The above G, has the property that they are
orthogonal with respect to the same weight function as that for ¢,, namely, p. But
this choice leads to a five-term recursion relation for the coefficients a{) that are not

amenable to analytical calculations.

Here, we write ¢/(p) = 3, alG,, with G,, = (pg)" ' PF=1#=D(1 — 2p) that, as can
be verified using (4.7), are orthogonal with respect to the weight function (pg)'=#. As
detailed in Appendix C.2, our choice of the orthogonal basis leads to three-term recursion
relations for a!?) (see also [15]), and we can write

n—1

de(p) = (pg)* " i cg)r( L) PY (1 - 2p), (4.8)

n+p—1)

which satisfies the boundary condition (4.2) at p = 1 also. The expansion coefficients

c"’s are determined recursively through the following equations,

A =0, (4.9)
T (n)cﬁfil + Ty (n)cd + T+(n)c£fil = e n>2, (4.10)
where
T (n) = cr(2,u+n—2)(2u+n—3)<0 (411)
N 10 —4p — 4n ’ '
T, (n) oll=n) (4.12)
+ 2 du—dn '

To(n) = (1—n)2u+n—2)<0. (4.13)
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As already stated, the stationary state corresponding to Ay = 0 is given by (4.5) and
it can be used to find the expansion coefficients ¢(?), as described in Appendix C.3. In
the following, we are interested in excited states with nonzero eigenvalues; due to (4.9),
this means that cg) =0 for ¢ =1,2,.... Furthermore, for large n, the ratio r, = ¢,41/c,

has following linearly independent solutions,

4dn o
o T~ —— 4.14
n o ? Tn 4n ( )
for any . As the (minimal) solution r;, ensures the convergence of the continued fraction
method for evaluating eigenvalues [26] (see also Sec. 4.4), we have the boundary condition

that the expansion coefficients vanish at large n.

In summary, (4.10) along with boundary conditions cﬁ”,c(l?w oo = 0 defines an
eigenvalue problem, T = —\,&9 ¢ > 1 for eigenvector &9 and eigenvalue —\, where

T is K-dimensional square matrix.

4.4 Eigenvalue problem: numerical analysis

For the ratio 7(¥), the recursion equation (4.10) can be written as

© Jn Jn
1 = 0 - ; y (415)
kn In+1
kp + 10 + —kn+1+r531

where j, = —T_(n)/T(n) and k) = (Ty(n) + \¢)/Ty(n). Continuing in this manner,

we have

ri) = B — kP, (4.16)
Ja
kS + .
0 J5
O KO 4
where we have used the boundary condition cge) = 0,¢ > 0. Starting from r, in (4.14),

the above continued fraction was used to calculate A, and r(¥) numerically [26], and we
found the ratio r'¥) to be negative for all n. From these ratios of expansion coefficients,
the eigenfunction ¢,(p) was obtained by carrying out the sum over K + 1 terms in (4.8).
One can also diagonalize matrix T to find eigenvalues and eigenfunctions. To obtain
numerical results, both these methods were applied to finite-dimensional matrix T of

large size K.
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Fig. 4.1 Variation of eigenvalue \; with mutation rate p for various values of selection
parameter ¢ and K = 1000. The points are obtained numerically using (4.10), and
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Fig. 4.2 Eigenvalue spectrum for strong selection obtained numerically using (4.10) for
o =50 and K = 1000.
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4.4.1 Eigenvalues

Figure 4.1 shows the numerical results for the eigenvalue \; as a function of the mutation
rate p and large selection strengths. For p >> o where selection is weak relative to
mutation, the eigenvalue varies with u essentially the same way as that in the absence of
selection since, as discussed in Sec. 4.5, the correction to A; due to selection is quadratic
in o/u. But for p < o, the eigenvalue increases linearly with o (see Sec. 4.6), and our

numerical results in Fig. 4.1 suggest that

S
Mg J B HS (4.17)

g 1, ,u>1.

We have also studied the corrections to the above conjectured eigenvalue, and find that
they approach the asymptotic values as 1/0 (data not shown). The higher eigenvalues
shown in Fig. 4.2 exhibit a more complex behavior. The eigenvalue Ay remains a constant
for < 1, increases linearly for 1 < p < 2 and is a constant for p > 2; a similar pattern

is seen for A3 and 4.

4.4.2 Eigenfunctions

Figure 4.3 shows the numerical results for the eigenfunctions ¢;(p) and ¢»(p) for various
values of o and large K. As expected, the (th excited state has ¢ nodes whose location
depends on p and o. Other than this feature, the distribution is qualitatively similar to
that in the stationary state given by (4.5). When selection is absent, the eigenfunctions
are symmetric about p = 1/2 [6]; for this reason, the first excited state for small o < 1 has
a node close to one half. But for stronger selection, the eigenstate is highly asymmetric
and as in the stationary state, the excited states also peak close to the allele frequency

equal to one.

4.5 Weak selection limit

As the eigenvalues are known exactly for o = 0 [6], we can use a perturbation theory
to determine \,’s for ¢ < p. On expanding the coefficient ¢! and eigenvalue ), in a
power series to quadratic orders in o and substituting them in (4.10), we find that the
zeroth order term in o yields A\(c = 0) = ((2u+ ¢ —1),{ =0,1,... [6]. The first order
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correction to the eigenvalue is found to be zero and the quadratic term in o leads to

T.((+1)T_(£+2) T (O)T_(£+ 1)
To(l+2)—To(l+1)  To(l) —To(f+1)

From the above expression, we obtain the eigenvalue for the first excited state to be

UPE A — (4.19)
LT eu ) 2u + 3y '

which is in good agreement with the numerical data in Fig. 4.1. Equation (4.18) also
shows that as for ¢ = 0, the gap between the consecutive eigenvalues increases with

index ¢.

4.6 Strong selection limit

We now turn to the strong selection regime where o > pu. The coefficient (Ty(n) +
Me)/o of ¢ in (4.10) shows that for ¢ — 0o, a nontrivial eigenvalue for the excited
states is obtained if A\, scales linearly with o, in accordance with the numerical results
shown in Fig. 4.1. One is then tempted to ignore the 7 term altogether; however, as
explained in Appendix C.4, this results in imaginary eigenvalues for any K. The correct
limit procedure for strong selection is therefore to take K — oo followed by o — oo.
In Sec. 4.6.1 and Sec. 4.6.2, we find the expansion coefficients for large and small n,
respectively, for large, finite ¢ when K — oo. Our analysis, however, does not yield

eigenvalues that were studied in Sec. 4.4 numerically.

4.6.1 Scaling form for the expansion coefficients

Although we have not been able to obtain the eigenvalues analytically, a simple but
accurate approximation for the coefficients ¢!), n > 1 for large o can be obtained as

2 can be

follows. We again consider the coefficient Ty(n) + Ay of cgf): for large o, Ty ~ n
neglected in comparison to A\; ~ 0 when n < /o, and as a consequence, the expansion
coefficient c!) is independent of ¢ for small n. But the eigenvalue can be ignored for
n > /o and we may expect a o-dependence for ¢{) when n is large. These observations

suggest that for o > 1, the coefficient |¢{?)| is of a scaling form,

|| n
nl_ 42
‘ng)‘ Co‘,uff \/E P ( 0)
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where the o-dependence of C is fixed using that the |c!)| must be independent of o for

small n.

Since the ¥’

9’5 have alternating signs, (4.10) gives

T ()| + T ()| | = (To(n) + M), n > 2. (4.21)

Using the scaling form (4.20) in the above equation and collecting terms to order o, we
arrive at a first order linear differential equation for the scaling function f;(u) given by

(see also Appendix C.4)

U 1
o Jolu) + (u2 —pt— kg + 5) fe(u) =0, (4.22)
where ry = lim,_,,, A\¢/o. On solving the above differential equation, we find that
EURS CMnQ“”’”*le*"Q/U. (4.23)

In Fig. 4.4, the numerically obtained expansion coefficients |c{1| and the above expression
along with the conjectured eigenvalue (4.17) for the first excited state are compared
and we find a very good agreement, except for small n where the scaling limit is not
valid. Equation (4.22) also shows that the scaling function f,(u) has a turning point at
Uy = /p+ ke — %; for the first excited state, using the conjecture (4.17), we find that
|cM| is a nonmonotonic function for 4 > 1/4 and decreases monotonically otherwise.
We have numerically verified that (4.23) works well for higher excited states also (data
not shown).

Equation (4.23) suggests that as the expansion coefficients decay fast for large n, it
may be sufficient to keep terms up to n < /o for the evaluation of sum (4.8) for the
eigenfunction. This expectation is tested in Fig. 4.5 for two eigenfunctions, and we find
that when the sum is terminated at small K ~ /o, the result matches well with those
obtained with K > 0. We remark that at small K, the eigenfunction is seen to have
several nodes. But, as already shown in Fig. 4.3, the eigenfunction ¢,(p) has ¢ nodes for

large enough K.

4.6.2 Expansion coefficients for infinite selection

As shown in Fig. 4.4, the expansion coefficients in (4.23) do not match with the numerical

results for small n. Here, we show that these can be found exactly for special values of
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w. For this purpose, it is useful to define

an = ‘ )

B ) 4.24
6—du—4n| " (4.24)

] -

As shown in Appendix C.4, the generating function Dy(z) = 32, d¥) 2" obeys a third

order differential equation given by (C.4.2); however, for ¢ — oo, we obtain

& ()™ 1) w=1/2)

Dy(2) = ) ) (4.25)
z z foe
(=) (&) (n=3/2)
on choosing dgg) = 1. Using the conjecture (4.17), we get
M), n—1 (n=1/2)
| (1)| = n2(n2—1) ’ (4.26)
|02 | 12 (:u = 3/2>

which are consistent with the power law scaling in (4.23) and the numerical data in the

inset of Fig. 4.4 for small n.

4.7 Discussion

For a quite general class of stochastic processes, the eigenvalue problem for the corre-
sponding Fokker-Planck equation can be described by Heun equation [30]. Here, we have
elucidated a connection between the confluent Heun equation and the Fokker-Planck
equation for the allele frequency distribution in a standard population-genetics model.
This relationship is useful, especially for biologists [27, 28, 3|, as one can simply use
the standard packages (such as Maple and latest version of Mathematica) to solve the
partial differential equation (4.1) numerically. However, in [17] and here, an orthogonal
series expansion is used to recast the problem as an eigenvalue problem (4.10) which can
also be easily implemented numerically and is, perhaps, more amenable to analysis (see,
for e.g., [13]).

Here we have studied the eigenvalues and eigenfunctions of the confluent Heun op-
erator in some detail. Our main result for the first eigenvalue A\; which is inversely
proportional to the relaxation time is summarized in Fig. 4.1. For strong selection

(o> p), we find that there is a transition at mutation rate 1 = 1 and the eigenvalue \;
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is independent of mutation rate for 1 < ;4 < o. In contrast, in the absence of selection,
the relaxation time decreases monotonically as 1/u [6].

Although we have produced strong numerical evidence for the behavior of the eigen-
values with model parameters, for the reasons described in Sec. 4.1, it seems very diffi-
cult to make analytical progress. However, in the limit of strong selection, an analytical
understanding of (4.17), perhaps using a WKB approximation [29], may be possible.
Factorization methods [30, 31], such as supersymmetric quantum mechanics [32], may
also be a fruitful approach to tackle 4.6, and although our preliminary investigation in
this direction is encouraging, more work is required to fully understand the eigenvalue

problem studied here.






Bibliography

1]

2]

[7]

8]

[9]

[10]

[11]

J. F. Crow and M. Kimura. An Introduction to Population Genetics Theory. Harper
and Row, New York, 1970.

B. Charlesworth and D. Charlesworth. FElements of Fvolutionary Genetics. Ben
Roberts, Colorado, 2010.

R. N. Gutenkunst, R. D. Hernandez, S. H. Williamson, and C. D. Bustamante. In-
ferring the joint demographic history of multiple populations from multidimensional
SNP frequency data. PLoS Genet., 5: €1000695, 2009.

T. Taus, A. Futschik and C. Schlétterer. Quantifying selection with pool-seq time
series data. Mol. Biol. Fvol., 34: 3023-3034, 2017.

A. Devi and K. Jain. The impact of dominance on adaptation in changing environ-
ments. Genetics, 216: 227-240, 2020.

M. Kimura. Diffusion models in population genetics. J. Appl. Probab., 1: 177-232,
1964.

A. Erdélyi, W. Magnus, F. Oberhettinger, and F. G. Tricomi. Higher Transcendental
Functions, vol 1. New York: McGraw-Hill, 1953.

P. P. Fiziev and D. Staicova. The Heun project: Heun functions, their generaliza-

tions and applications. https://theheunproject.org, 2012.
A. Ronveaux. Heun’s Differential Equation. Oxford University Press, Oxford, 1995.

M. Hortagsu. Heun functions and some of their applications in physics. Adv. High
Energy Phys., 2018.

G. Jaffé. Zur theorie des wasserstoffmolekiilions. Z. Phys., 87: 535-544, 1934.



74 Bibliography

[12] Q. Xie, H. Zhong, M. T. Batchelor and C. Lee. The quantum Rabi model: solution
and dynamics. J. Phys. A: Math. Theor., 50: 113001, 2017.

[13] E. W. Leaver. An Analytic representation for the quasi normal modes of Kerr black
holes. Proc. R. Soc. Lond. A, 402: 285-298, 1985.

[14] P. P. Fiziev and D. Staicova. Application of the confluent Heun functions for finding
the quasinormal modes of nonrotating black holes. Phys. Rev. D, 84: 127502, 2011.

[15] D. Vincenzi and E. Bodenschatz. Single polymer dynamics in elongational flow and
the confluent Heun equation. J. Phys. A: Math. Gen., 39: 10691-10701, 2006.

[16] W. Lay, K. Bay, and S. Y. Slavyanov. Asymptotic and numeric study of eigenvalues
of the double confluent Heun equation. J. Phys. A: Math. Gen., 31: 8521, 1998.

[17] Y. S. Song and M. Steinrticken. A simple method for finding explicit analytic tran-
sition densities of diffusion processes with general diploid selection. Genetics, 190:
1117-1129, 2012.

[18] W. J. Ewens. Mathematical Population Genetics. Springer, Berlin, 2004.

[19] H. Risken. The Fokker-Planck Equation, Methods of Solution and Applications.
Springer-Verlag, Berlin, 1996.

[20] J. Mathews and R. L. Walker. Mathematical Methods of Physics. Benjamin, New
York, 1970.

[21] S. Wright. The distribution of gene frequencies in populations. Proc. Natl Acad. Sci.
USA, 23: 307-320, 1937.

[22] P. P. Fiziev. Novel relations and new properties of confluent Heun’s functions and
their derivatives of arbitrary order. J. Phys. A: Math. Theor., 43: 035203, 2010.

[23] L. J. Chu and J. A. Stratton. Elliptic and spheroidal wave functions. J. Math. Phys.,
20: 259-309, 1941.

[24] E. W. Leaver. Solutions to a generalized spheroidal wave equation: Teukolsky’s
equations in general relativity, and the two-center problem in molecular quantum
mechanics. J. Math. Phys., 27: 1238, 1986.

[25] M. Abramowitz and I. A. Stegun. Handbook of Mathematical Functions with For-
mulas, Graphs, and Mathematical Tables, Dover, 1964.



Bibliography 75

[26] W. Gautschi. Computational aspects of three-term recurrence relations. SIAM Rev.,
9: 24-82, 1967.

[27] Y. Wang and B. Rannala. A novel solution for the time-dependent probability of
gene fixation or loss under natural selection. Genetics, 168: 1081-1084, 2004.

(28] J. P. Bollback, T. L. York and R. Nielsen. Estimation of 2Nes from temporal allele
frequency data. Genetics, 179: 497-502, 2008.

[29] V. Ferrari and B. Mashhoon. New approach to the quasinormal modes of a black
hole. Phys. Rev. D, 30: 295-304, 1984.

[30] A. Debosscher. Unification of one-dimensional Fokker-Planck equations beyond hy-
pergeometrics: Factorizer solution method and eigenvalue schemes. Phys. Rev. E,
57: 252-275, 1998.

[31] A. A. Stahlhofen. Susy, Gauss, Heun and physics: a magic square? J. Phys. A:
Math. Gen., 37: 10129-10138, 2004.

[32] F. Cooper, A. Khare, and U. Sukhatme. Supersymmetry and quantum mechanics.
Phys. Rep., 251: 267-385, 1995.






Chapter 5
Conclusions and open questions

In this Chapter, we summarise the important results obtained in the thesis and discuss
some open problems that can be addressed by extending our work. Although natural
environments are never truly static, the effect of the time-varying environment on the
adaptation process is not well-studied. The primary focus of this thesis is to understand
the evolution of a population under continually changing environments in the presence
of evolutionary forces of natural selection, mutation, recombination, and random genetic
drift. Since the stochastic dynamics of adaptation, even under constant selection, are
not well-studied, we also investigated the evolutionary dynamics of a monogenic trait in
a constant environment.

In Chapter 2, we studied the evolution of a monogenic trait in a periodically changing
environment where the selection pressure changes its sign with time, and the mutant,
which is favorable for certain times, can become unfavorable at other times. We consid-

ered a finite, diploid population with intermediate dominance and found that:

(i) In a slowly changing environment, the fixation probability of a mutant is determined

by the selection coefficient of the mutant at the instant it arose.

(ii) The fixation probability depends on both the time-averaged selection and the time

of appearance in a rapidly changing environment.

(iii) An initially beneficial (deleterious) mutant can have a fixation probability lower
(higher) than that for a neutral mutant depending on its time of appearance and rate of

environmental change.

(iv) Haldane’s sieve does not always hold in a time-varying environment.
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(v) Depending upon the rate of environmental change, there is an optimal mutation rate

at which the average fitness of the population is maximum.

In Chapter 3, we analyzed the adaptation of a polygenic trait where selection acts on
a large number of genes to maintain an optimum phenotype. Evolution of an infinitely
large, diploid population in a linearly changing environment is considered in this Chap-

ter. The important findings are:

(i) Stabilizing selection pulls the population towards the new phenotypic optimum, and

recurrent mutations push the population away from it.

(ii) The mean trait evolves with the speed of the phenotypic optimum and there is a
constant lag between them when the mutation rate is low as compared to the selection

pressure.

(iii) When the mutation rate is high, the mean trait evolves with a speed lower than that

of the optimum, which increases the lag between the mean trait and the optimum.

Although the bulk of the thesis describes the evolution of a trait in a changing en-
vironment, we also studied the evolution of a single, biallelic locus in a finite, haploid
population in a constant environment in Chapter 4, using an eigenfunction expansion
method. We found that:

(i) The eigenfunctions obey a confluent Heun equation which is a generalization of the

hypergeometric equation.

(ii) The first eigenvalue that determines the dynamics exhibits a sharp transition: for
mutation rate below one, the eigenvalue increases linearly with increasing mutation rate

and then remains a constant.

We conclude this Chapter with a brief discussion of some open questions.

(i) In Chapter 3, that is devoted to the evolution of a polygenic trait, we have neglected
the effect of random genetic drift. As the natural population is finite, it is crucial to
understand the stochastic dynamics of the trait. The stochastic dynamics are not well-
understood even under a single sudden change in environment. Therefore, it would be
interesting to investigate the stochastic evolution of the trait under both sudden and

continual changes in the environment.

(ii) We have ignored the linkage disequilibrium in the evolutionary process in this thesis,
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which is important to be considered when the loci are close to each other since the
recombination rate depends on the physical distance between the loci. An extension of
the analyses in this thesis is desirable.

Our thesis mainly focuses on the evolution of a trait in changing environments and
suggests that the results in the time-varying environment can be very different than
in a static environment. Since natural environments are seldom static, our studies put
forward the importance of consideration of fluctuations in the environment to get any

inference from the empirical studies.






Appendix A

A.1 Discrete and continuous time models for diploids

Consider a randomly mating population of N diploids with discrete generations in which
the selection acts on the viability of an individual. Then the life cycle consists of a juve-
nile phase during which mutation, selection and random genetic drift act, and determine
the chance of survival of an individual to the adult phase in which reproduction occurs.
For a large population, immediately after random mating, the frequency of the geno-
types can be approximated by the corresponding Hardy-Weinberg proportions as the
deviations from it are of order 1/N [1]. The dynamics in the juvenile phase can be
modeled by a discrete time Wright-Fisher process [2].

In contrast to the discrete time model described above, we work with a continuous
time model when the environment changes gradually. In overlapping generations, a
model that incorporates details of the life cycle is necessarily complex as the age-structure
of the population must be carefully taken into account. Moreover, besides large N,
additional assumptions, viz., small selection coefficient, s and mutation probability,
are required for Hardy-Weinberg equilibrium to hold in such continuous time models [1].

However, in the diffusion approximation where s — 0,y — 0, N — oo with finite
2N s, 2N in the continuous time model and 4Ns, 4Ny in the discrete time model, we
obtain essentially the same Kolmogorov equations for both models [2]. In Chapter 2,
we studied the dynamics of adaptation in the framework of diffusion theory when the
mutant is on average neutral as the s # 0 case does not seem to be analytically tractable.

However, for positive s, it is possible to make analytical progress by modeling the
fixation process as a branching process [3, 4]. The branching approximation applies
as long as the mutants are rare, that is, a finite number of mutants are present in an
infinitely large population. In this approximation, the transition rate matrix for the

discrete time model discussed above is not a continuant matrix [2]. However, as the
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number of mutants is small, it is reasonable to assume that the transition rates are
significantly different from zero only when the number of mutant allele changes by one
in a generation; in other words, we arrive at a birth-death model. The above discussion
thus provides a justification for the birth-death model for diploids and in the main text,

we have used it for all parameter regimes.

A.2 Fixation probability of a mutant that is benefi-

cial at all times

Pfix(w)'Pfix(w=o)
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Fig. A.2 The inset shows the fixation probability P, (w) given by (2.5) for a mutant
that is beneficial on average for dominance coefficient h = 0.4,0.5,0.6 (bottom to top).
In the main figure, the effect of a changing environment is shown by subtracting the
fixation probability Pix(w = 0) = hs(t,)/[1 + hs(t,)] with s(t,) = § + osin(f,) for
h =0.1,0.5,0.9 (bottom to top). In both plots, s = 0.05,0 = 0.25,6, = 0.
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Fig. A.3 Fixation probability of a mutant that is neutral on average for No > 1 when
the mutant appeared at 6, = 7/4 (left panel) and 57/4 (right panel). The solid line
shows the expression (2.11b) (left panel) and (2.11c) (right panel) for small cycling
frequencies and the dashed lines represent (2.8b) for large cycling frequencies. Here
N = 100,06 = 0.1 and h = 0.3(V),0.5(0),0.7(A). The numerically obtained value
Pax(w=0) =253 x 1072,3.40 x 1072,4.38 x 1072 for h = 0.3,0.5,0.7, respectively, for
the left panel. For the right panel, Py, (w = 0) = 3.55 x 107°,2.58 x 107°,1.98 x 1075
for h = 0.3,0.5,0.7, respectively. The simulation results are averaged over 107 runs.

A.4 Fixation probability of a mutant in transiently

varying selection

Here we consider a situation in which the time-averaged selection coefficient is nonzero

and changes over a finite time T,

o sin(wt) , t< T, (A.4.1)
s(t) =

0 L t>T. . (A.4.2)
Waxman (2011) [5] has shown that in such a case, the fixation probability is simply

given by the mean allele frequency at the end of selection. Here we estimate this allele

frequency using the deterministic evolution equation,

z—0

Tt =s(t)x(l —z)(x+h(l —2z)) = hs(t)z . (A.4.3)
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Prix(w)

Fig. A.4 Fixation probability of a mutant in transiently varying environments defined by
(A.4.1) and (A.4.2) and illustrated in the inset. The lines show the expression (A.4.4)
and the points show the simulation data obtained by averaging over 107 independent
runs for 0, = 37/4,T, = 27 /w (left panel) and 6, = 7/2,T, = w/w (right panel). In all
the plots, N = 100, 0 = 0.1 and h = 0.1(Vv),0.9(2).

For large w, starting from a single mutant, the number of mutants at time 7, is then

given by
h
OIN(T,) = n(T.) = 1+ — (cos(8,) — cos(wTL)) . (A.4.4)
w
For large cycling frequencies, this prediction matches qualitatively with the numerical

results in Fig. A.4, and therefore captures the effect of dominance when the environment

changes fast over a short interval of time.



Bibliography

[1] T. Nagylaki. Introduction to Theoretical Population Genetics. Springer-Verlag,
Berlin, 1992.

[2] W. J. Ewens. Mathematical Population Genetics. Springer, Berlin, 2004.

[3] M. M. Desai and D. S. Fisher. Beneficial mutation-selection balance and the effect
of linkage on positive selection. Genetics, 176: 1759-1798, 2007.

[4] H. Uecker and J. Hermisson. On the fixation process of a beneficial mutation in a
variable environment. Genetics, 188: 915-930, 2011.

[5] D. Waxman. A unified treatment of the probability of fixation when population size
and the strength of selection change over time. Genetics, 188: 907-913, 2011.






Appendix B

B.1 Branching process approximation

The fixation probability of a mutant that arises in a large wild type population and is
beneficial on average, is given by (2.5). For w — oo, the fixation probability is given by
hs/(1 + hs) while for w = 0, it is equal to hs(t,)/(1 + hs(t,)) for s(t,) > 0, and zero

otherwise.

Away from these extreme limits, the integral appearing in (2.5) can be analyzed for
small hs, ho as follows. For small cycling frequencies w < hs, ho, by first expanding the

integrand in powers of w and then carrying out the resulting integrals, we obtain

P hocos(B)w <a2(1+cos2(0a)) Eosin(ﬁa)>< w ))2 (B

he(ts) o (he(tn))? 20 20 )\

provided s(t,) > 0, and zero otherwise. Similarly, for large cycling frequencies, the
fixation probability can be found by first expanding the integrand in powers of ho/w;
for w > hs, ho, this finally results in

P h hsh 1 (ho)®
hﬁ_ —1+2 cos(f,) + i 20 sin(f,) — - <_U> cos(26,) . (B.1.2)
s w

w 4\ w

Note that the first order corrections in (B.1.1) and (B.1.2) vanish for 6, = 7/2 and 37/2.

As discussed in the main text, an extremum in the fixation probability occurs at the
resonance frequency w,. Ignoring terms of order w? and 1/w? in (B.1.1) and (B.1.2),
respectively, and equating the resulting expressions, we arrive at a quadratic equation
for w, whose positive root is given by (2.7). Furthermore, in Fig. 2.1, for 7/2 < 0, <

37/2, the fixation probability curves for dominance coefficient h and h' coincide at a
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cycling frequency higher than w,, which can be estimated using (B.1.2), and found to
be —(h + h')o cos(,).

B.2 Diffusion approximation for small cycling fre-

quencies

Here we study (2.3) for § = 0 and small cycling frequencies within a perturbation theory
by writing Psx = Py + NwP;. It is useful to rewrite (2.3) as
OPs(z,7)  osin(1)g(z) OPa(x,7) (1 —x) 0?Pay(x,T)

or - w ox + 2Nw 0x? ’ (B.2.1)

where 7 = wt 4+ 0,,t > 0.

In a static environment, if the mutant arises at time t, = 6, /w and has fraction z in
the population, its fixation probability is given by Py(z,6,) = fi dyI(y,6.)/ )y dyI(y,6,),
where

I(y,6,) = e~ Ns(ta)y(y+2h(1-y)) (B.2.2)

and s(t,) = osin(d,) [1]. For a strongly beneficial mutation (Ns(t,) > 1), the fixation
probability P, increases with dominance coefficient and given by hs(t,), while, for a
deleterious mutation, it decreases with h. The chance of fixation also decreases with
population size for h < 1/2, but the variation with N is non-monotonic for A > 1/2.
The effect of a slowly changing environment on the fixation probability is captured

by P; that, by virtue of (B.2.1), obeys the following ordinary differential equation,

o 8PO('?;7 T)
or

OP\(z,7) N z(1—z) 0P (x,7)

- 5 S (B.2.3)

= Nosin(7)g(z)

Equation (B.2.3) subject to boundary conditions P;(0,7) = P;(1,7) = 0 has the solution

BAI) o 2 oR
Py(z,T) fol dx’](x’)/o " (x )/0 dz (1 —2)I(x') or
x " " * / 2 8P0
— /o dz"I(x )/0 dx (1 —a)I(z) o (B.24)

which, for small initial frequency (7 = 6,,z — 0) can be approximated by

1 x! 2 OPy(z' T
Jo d="I(2") Jy do' r=anan Fa

P (x,0,) ~x =ba (B.2.5)

i de'I ()
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The following cases need to be considered separately:

(i) =1 < Ns(t,) < 1: For small No and arbitrary 6,, we first expand I(x,7) to linear

order in No and carry out the integrals in the expression for F, given above to obtain

1—2h)(1 h
Po(z,7) — = l1 + Nosin(r)(1 - 2) <( I 3* z)+3 )] , (B.2.6)
oR _ No cos(fg)x(l —z)(1 + 2z + h(l — 22)) . (B.27)
o1 |r=o, 3
Using these approximations in (B.2.5), to leading order in No, we get
4+ h
Pix(z,0,) = Po(x,0,) + (%) N?wo cos(0,)x . (B.2.8)

For Ns(t,) = 0 (that is, 8, = 0 or =, arbitrary No), it can be easily seen that the
function I(z,6,) = 1 and the derivative % is given by (B.2.7) thus leading to (B.2.8).

(ii) Ns(t,) > 1: For large |[N's(t,)|, using the asymptotic expansion of the error function
erf(z) [2], the fixation probability Py(x,T) can be approximated as

1 . he—Nosin(m)z(z+2h(1—z))
. h+(1—2h)x

Py(z, 1) = T e N (B.2.9)
T Tht(1-2h)

’12]\173732'1}?0” > 1). For large, positive

Ns(t,), the denominator in (B.2.9) can be approximated by one leading to

(more precisely, the above expression holds for |

R _ Nho cos(0,)x(x 4 2h(1 — x))
ot lr=o, h+x(1 — 2h)

I(z,0,) . (B.2.10)

Using the above expression in (B.2.5), and performing the integrals for Ns(t,) > 1, we

finally obtain the following simple result,

Pax(x,0,) = Po(,0,) + 2Nw cot(6,)x . (B.2.11)

(iii) Ns(t,) < —1: Taking the derivative of P in (B.2.9) with respect to 7 and keeping

—No sin(T)

factors proportional to e only, we obtain

on,
or

h(1 —2)(1 4+ x — 2hx)
(2h— 1)z —h

h—1 .
= (T) No cos(f,)eNosinta) 11 4

T7=04
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Noting that the dominant contribution to the inner integral in the numerator of (B.2.5)

comes from 2/ — 0, we finally get

21 — )N Nasm (6a) 2hNO’SlIl (0a)z" _ 1
Pi(z,0,) ~ L= f)Nocos(b d 1w [ an (B.2.13)
h fy da'I( a:’ x

2(1—h)No cos(@a):c In(2h|No sm(@a) ) o~ Nosin(0,)|
- :

Q

(B.2.14)

B.3 Diffusion approximation for large cycling fre-

quencies

Here we calculate the fixation probability of a neutral mutant (5 = 0) when the cycling
frequency is larger than the amplitude of selection (w > o). On writing Ps, = Py + 2P,
in (B.2.1) and collecting terms to zeroth and first order in o/w, we find that P, = z, as

expected. The correction P; obeys an inhomogeneous partial differential equation,

oP(x,7) N (1 — ) ?Py(x,7)
or 2Nw 0x?

= —sin(7)g(x). (B.3.1)

with boundary conditions P;(0,7) = Pi(1,7) = 0.

The homogeneous equation can be solved using standard eigenfunction expansion
method [3, 4], and we find that Pmo(z,7) = 32 c,e 7 X, (x) with the eigenvalue
Ap = —% and eigenfunction X,,(z) oc 2(1 — )PV (1 — 22) where PP (z) is
the Jacobi polynomial [2]. However, as this homogeneous solution is not periodic in 7,
it does not contribute to the full solution. But since the eigenfunctions X, (x) form a
complete set of basis, we can write Py(z,7) = >, a, X, (z) and g(x) = 3,0 b, X ()
where b,, are obtained using the orthogonality property of X, (z). Using these in (B.3.1),

we obtain

z(1 —2) {cos (7‘ + tan~! )\0) N (2h — 1)(1 — 2x) cos (7‘ + tan™! )\1) ]

N R Y i e
B.3.2

When a single mutant with frequency x = (2N)~! appears at time t,, the above expres-

Pi(z,7) =

sion reduces to (2.8b) and can be used to find the resonance frequency at which the

probability of fixation has an extremum. For h = 1/2, we find that

1

N )+ senleos(0,)) sec(d,)

(B.3.3)
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For arbitrary h, we are unable to find a simple closed expression for w, as it is a solution
of a 6th order algebraic equation. But a numerical study of this equation shows that
w, depends weakly on dominance coefficient. For 6, = 0, we find Nw, =~ 0.88,1.0,1.14
for h = 0.1,0.5,0.9, respectively; the corresponding values for 6, = 37 /4 are given by
1.73,2.41, 3.84.

B.4 Allele frequency distribution for strong muta-

tion

The forward time dynamics of the population under mutation and selection are de-
scribed by (2.12) for the allele frequency distribution ®(z,t). The distribution &, for
the population subject to mutation and random genetic drift is given by ®g(x,t) =
o @ne M X, () with eigenvalues A, = n(g—Nl + 2,u) and eigenfunctions X, (z) o

(a:(l — :c))zNHil

These eigenfunctions are orthogonal with respect to the weight function p(z) = [x(1 — x)]

PENu=L2Nu=1) (1 — 27) where, P (2) is the Jacobi polynomial [5].

1-2Np
For weak selection (o < ), we can expand ®(z,t) as a power series in ¢/ to write

O = Py + (0/p)Py. Using this in (2.12), we find that ®; obeys the following differential

equation,

by (2,1) + % () (2, £)] — %% 2(1 — 2)®y (2, 1)
= —u sin(wt)2 [g(x)Po(x,t)] . (B.4.1)

Ox

To find the distribution ®4(x,t), we expand it and the RHS of above equation as a linear
combination of X, (z). Writing ®,(z,t) = >0, b,(t)X,.(z) in (B.4.1), we find that at

large times,

ba(t) 23 /0 Tdte ™ et — ) (B.4.2)
where () 5
—psin(w 1
) = T ) | dop@) X, (@)5- lo(@)@o(a,1)] (BA3)

As @y (x,t) == Xo(x), from (B.4.2), we obtain

psin(6, — wt) <5n,1 N (2h — 1)5n72> (4N u)

erer \ 2 [C2Nw)

ba(t) = (B.4.4)

2 1+ 2Npu
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where 6,, = tan~!(w/\,,). We thus have

Bz, 1) = o(a) + by ()X, (x) + bo(t) Xa(x). (B.4.5)
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Appendix C

C.1 Frobenius series expansion

Since p = 0 is a regular singular point of the confluent Heun equation, we can expand
the eigenfunction in a Frobenius series by writing ¢¢(p) = p* %, £, Ip| < 1 [1].
Substituting it in (4.6) and setting the coefficient of p®~! to zero, we find the indicial

exponents to be a = 0 and p — 1. For p # 1, the eigenfunction can be written as

¢e(p) = aHe (=0, 1 — i, 1 — pi, —po, ne, p) + aop™ He (=0, p— 1,1 — pi, —pa, ne, p),
(C.1.1)
where 1, = (1 —2\g+ (o — p))/2 and He(ev, 5,7,0,m, p) is the confluent Heun function
[2]. For p = 1, the first solution has a logarithmic singularity at p = 0. In either case,

the vanishing current boundary condition (4.2) at p = 0 yields a; = 0.

The coefficients of terms of O(p*) or higher in the Frobenius series lead to a three-

term recursion relation for f(*’s given by

4w+ D)0+ [+ p—1)(p—o—n-2)+vfO +on+u) 2 =0, n=01,..

(C.1.2)

with fﬁel) = 0. The reflecting boundary condition at p = 1 imposes the condition

>, £ = 0. Note that unlike in the expansion (4.10), here the parameter o appears
in the coefficient of £ and f“,.
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C.2 Orthogonal polynomial expansion

We begin with the observation that in the absence of selection, the eigenfunctions are

exactly given by [3]

oe(p, 0 =0) x (pq)“’ng(“_l’“_l)(l —2p), (C.2.1)

with eigenvalue \y(c = 0) = £(2u+¢—1),¢ = 0,1, ... For nonzero selection, we therefore

write
do(p,0) = (pg)*~ lza“ PH=tu=D (] _ 9p). (C.2.2)
n=>0

As this expansion is valid for |p| < 1, in order to impose the boundary condition (4.2) at
p = 1, we used the relationship between Jacobi polynomials and Gauss hypergeometric
function and the connection formulae for the latter [4], and verified that (4.2) is indeed
satisfied.

Substituting the expansion (C.2.2) in the confluent Heun equation (4.6) and using

the expression for the second derivative of Jacobi polynomial (see 22.6.2 of [4]), we obtain
— 0(pagy(p) — 2p¢e) = Z aOn2u—1+4n) =N\ +o](1—2?)P 1P 1D (g (C.2.3)

where x = 1—2p. It can be verified that the above equation reproduces the eigenspectrum

in the absence of selection.

To proceed further, we need the following identities:
1. From 22.8.1 of [4], we get

dp(u—lvu—l)(x)
1— 2 n
(1—2%) o

= PP () 4 (4 p— DRI (@), (C.24)

2. Furthermore, 22.7.15 and 22.7.18 of [4], gives

—1
(1—z)PrbrD(g) = Plle=D(g) — ;Lpéﬂllu D(y)
w+2n—1
(n+ 1)(2M+n — 1) (=11

T Gormepr oo @) (C.25)
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Using (C.2.4) and (C.2.5) in (C.2.3), we find that

Padu(p) = 2p0e(p) | > (1) plu—1p—1)
QT+ nz:%an P, (z)

2 —2)(2 —1
w+n—1)2u+2n —3) 2(1+2,u—|—2n)

On matching the coefficient of P*~1#~1(z) on both sides of the equation, we finally
obtain (4.8)-(4.10).

C.3 Stationary state
For Ay = 0, we can find the coefficient ¢{”) using the known steady state distribution
(4.5) and orthonormality property of Jacobi polynomials. From (4.8), we have

e? > (m+1 o
7 = Z Cm+1 (m+,u))P’”(f bel(1 - 2p), (C.3.1)

where Z is the normalization constant. Using the orthonormality property (4.7) of Jacobi

polynomials, we arrive at

(0) T(m+1)h A /1 d 2vu—1 p(u—1,u—1) o(-z)
— < ;m fr— 1_ 14 P,LL S C. .2
Cm+1]:x(m_'_u> 1 .’L‘( .I‘) m (.T)e 2 ( 3 )
VAl (m 4 p)e? <—a)m 1 o2
— Fi(1 C.3.3
mTm+p+H\4a) ! lmtpt 5,76 (©33)

where 1 F(1; b; x) is confluent hypergeometric function [4]. It is straightforward to check

that the expansion choice of [5] leads to essentially the same result as above.

C.4 Generating function for strong selection

The expansion coefficient d,, defined in (4.24) obeys the following recursion equation,

(1—-n)2u+n-—2)

(6—4pu—4n)d?.
(C.4.1)

(2u+n—2)2u+n— 3)d( 1 Fn(l— n)dﬁlﬂ— Ko+
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The above form allows one to write a differential equation for the generating function

D(z) = >, d,z" that obeys the following third order ordinary differential equation,

2(22 = 1)D" +2(1+ 2p — 1)2)D' +2(2(1 — p) (2 — 1) — 27D — K[(6 — 4u)D — 42D’
1
= = [42°D" + 6222 — 1)D" + 42(pn — 1)(2u — 3)D' + 4(1 — ) (2u — 3)D| , (C4.2)
o
where we have dropped the eigenvalue label for brevity. The above equation does not

appear to be solvable; however, in the scaling limit, 2 — 1,06 — oo such that x =
(1 — 2)4/o is finite, we obtain

D  xd*D dD
& a2 T =0 (€43)
that yields
_Hy oy 0u(5) 3 22 _
D(x) = 2 F -, — 4.4
(.T) 11—27]—2M+C2x1 1 77+M7274 +C37 (C )

where H,(z) is the Hermite function and 1 F}(a,b, z) is the Kummer confluent hyperge-
ometric function [4]. As n > 2, the constant ¢z = 0; furthermore, we numerically found
that the inverse Laplace transform of the second term on the RHS grows exponentially
with n and therefore ¢, = 0. The asymptotic expansion of the Hermite function then
yields (4.23).

For ;1 = 1/2 and 3/2, the recursion equation (C.4.1) for d,,, n > 2 simplifies and leads
to following second order differential equation for D:

(1—2D +(z— 2 YD —dyz = 4[kD — é(zZD” — 2D +D)] (u=1/2). (C4.5)

(1-22)D —2(z+ 2D = 4[xD — 5(221)” + 2D —D)] (n=3/2). (C.4.6)

Both of these equations have an irregular singularity at z = 0 and infinity, each of rank
1 which is the same as doubly-confluent Heun equation [6, 7]. Thus the generating
function can not be reduced to simpler functions. However, for o — 0o, we obtain (4.25)
in Chapter 4.

We note that the matrix T in (4.10) is not normal (that is, it does not commute
with its transpose), and therefore there is no guarantee that its eigenvalues would be
real [1]. For finite o, we found numerically that the first few eigenvalues are real and
the rest are complex for finite K but the imaginary part of the eigenvalue decreases

towards zero with increasing K. For infinite o and finite K, the generating function
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D(z) = XK, 2"d, for i = 1/2 obeys the inhomogeneous equation,
(1= 29D 4+ (2 — 27D — dyz = 4D — (K — 1) dy. (C.4.7)

On demanding that the solution of the above equation does not have terms of order

ZK+

I and higher, we find that one of the eigenvalues is zero (if K is odd) and the rest
are complex for any K. This discussion thus reiterates the point that the eigenvalues of

interest are obtained if the strong selection limit is taken after K — oo.
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