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Abstract

Several statistical measures have been devised to infer past evolutionary forces from patterns
of genetic diversity in sequence data. Tajima’s D detects increases or decreases in overall genetic
diversity, but cannot assess the relative contribution of genetic drift and natural selection to the
variation observed. By applying Tajima’s D analysis separately to synonymous (Dgsyn) and
nonsynonymous (Dyon) mutations, we can separate the effects of drift from those of selection.
Specifically, (Dsy n) measures the effects of drift within a population, while (Dnon — Dsy n)
measures the effects of selection for other organisms.

Critical values for (Dsyn) and (Dyon — Dsy n) will be generated under a model of neu-
tral evolution. We will then analyze data obtained from computer simulations of specific
evolutionary and demographic histories to measure our method’s ability to correctly infer the
population’s history. Although our model reflects the details of HIV evolution, we anticipate
our extension of Tajima’s analysis will have a broader application.

1 Background

The D statistic is calculated from the formula D = %, where II is obtained by dividing the
pairwise distance of each pair of DNA sequences within the dataset by the total number of compar-
isons made. © is calculated by dividing the number of nucleotide locations, called sites, which have
undergone at least one mutation (known as segregating sites and denoted S) by a correctional factor
for sampling size. In this case, the correction factor is a; or Z?;ll % where n is the population size.
2]

A D value of approximately zero indicates the distribution of genetic variation is consistent
with the neutral model, under which no selection or genetic drift occurs. A significantly high or

low D indicates an increase or decrease in genetic variation within the population, respectively
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Figure 1: Currently, the D analysis indicates only an increase or decrease in genetic variation within
a population.

(see Figure 1). To identify evolutionary patterns like diversifying selection, purifying selection,
population subdivision, and population bottlenecks, we use the new variables Dgyny and Dyon-.

Because synonymous changes do not alter the amino acid that will be inserted in protein for-
mation, they typically do not alter an organism’s reproductive fitness within the population. These
silent mutations generally have a neutral effect on the individual’s reproductive fitness; therefore,
they are typically under the influence of random evolutionary forces, not selective forces. A random
evolutionary force called genetic drift comes about due to random fluctuations in allele frequencies
within a population. Synonymous mutations are exclusively acted upon by this random evolu-
tionary force and the calculation of Dgyn using exclusively synonymous mutations will represent
only the effects of drift on the population. A Dgy y significantly less than zero indicates random
evolutionary forces have decreased genetic diversity (i.e. population bottleneck). Likewise, a Dgy n
that is significantly higher than zero suggests drift has increased diversity (i.e. population subdi-
vision). However, random changes in nucleotides may or may not change the types of amino acids
that compose a particular protein. Therefore, synonymous and nonsynonymous mutations are both
acted on by genetic drift.

Nonsynonymous mutations, are nucleotide mutations that change the amino acid to be inserted
during protein translation. These mutations can arise due to both genetic drift or non-random
selection events related to the fitness of an individual. Because they can change the structure or
function of a protein to varying intensities, these mutations are more likely to modify an organ-
ism’s reproductive fitness and phenotypic expression within the environment. To determine these
effects of selection on an individual, nonsynonymous mutations are used. Genetic drift also affects

nonsynonymous mutations when random fluctuations in alleles include changes resulting in non-



synonymous mutations. Both genetic drift and natural selection act on nonsynonymous mutations
and Dyon alone cannot represent the forces of selection; therefore, by eliminating Dgy n (which
implies only the effects of drift) from Dyon (which includes the effects of selection and drift) we
can obtain a value that isolates only the effects of selection on the population. We plan to exam-
ine four patterns: purifying selection, diversifying selection, population bottleneck, and population
subdivision.

The two defining sets of characteristics of these evolutionary patterns are: whether natural
selection or genetic drift is acting on the population, and if an overall increase or decrease in
genetic diversity is observed. A population bottleneck occurs when a population crashes to a smaller
number of individuals such as in dramatic natural disasters. This decrease in population size is
not selective, meaning genetic variation does not raise or lower an individual’s reproductive fitness.
The small population size resulting from a bottleneck causes an overall decrease in genetic diversity
and Dgyn would be significantly low. Population subdivision is a form of drift that maintains
genetic variation among sub-populations. The original population divides into subpopulations that
are not permitted to mate with each other. Because fitness does not have any bearing on how the
population is randomly separated, this is a form of genetic drift. Both sub-populations accumulate
mutations independently in distinct environmental conditions, causing an overall increase in genetic
diversity and a significantly positive Dgy .

The effects of natural selection also may result in an increase or decrease of genetic diversity.
In diversifying selection, the most genetically distinct individuals within the population have the
greatest reproductive fitness within the population. In this situation, the difference Dyony — Dsyn
is significantly positive and indicates an increase of diversity. However, a significantly negative
difference implies a decrease in diversity due to natural selection. Purifying selection, occurs when
mutations causing more variation within the population are selected against. Genetically different
individuals within the population have a lower reproductive fitness. In this case, natural selection

has caused a decrease in diversity and Dyony — Dgyn is significantly negative (see Figure 2).
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Figure 2: Measuring separate D values for synonymous and nonsynonymous data can indicate one
of the four evolutionary patterns shown here.

2 Current State of the Project

We are in the process of building simulation software to help us determine the accuracy of our
procedure under different conditions. At present, our simulation code successfully generates pop-
ulations under each of the different evolutionary constraints (e.g. purifying selection, diversifying
selection, population bottlenecking, etc.), or any linear combination of those. It also lends feasi-
bility to high-volume data generation, as it is 2700 times as fast as the existing Perl code for the
neutral model, 900 times as fast for the other evolutionary trends, and supports massively parallel
execution on a UNIX cluster.

One of the important aspects of this implementation is the orthogonality of evolutionary con-
straints. Each aspect of deviation from the neutral model can be activated with a given intensity,
and multiple models may be combined. There are two ways this is done: First, selection models are
treated as arbitrary functions acting on the individual within a population. Thus, any set of selec-
tion models may be combined. Second, the ability of each member of the population to generate

offspring is determined by a matrix of the form:

Parental Generation

€11 Ci2 €13 - Cin
. . C21 C22 C23 -+ Ca2np
Child Generation
_Cn,l Cn2 Cp3 -°° Cn,n_

in which each ¢; ; determines the probability that member ¢ of the parent generation produced
member j of the child generation. So, for instance, to simulate a subdivision of a population of four

members into two equally-sized groups, we would create a matrix that looks like this:



1100
1100
0 011
0 011

Children 1 and 2 (represented by rows 1 and 2 within the matrix) must have come from parents
1 and 2 (represented by columns 1 and 2 within the matrix), and children 3 and 4 from parents 3
and 4. Because no mating may occur across groups, the two population subgroups are genetically
isolated. One of the advantages of using a continuous approach is that the two populations can be
separated to various degrees. In some cases, we could divide the population completely as shown
above so that the two sub-populations could not mate with each other at all. In other simulations,
we may partially separate the two sub-populations so that they may occasionally mate with each

other. We will use this flexibility to test the sensitivity of our model.

3 Future Directions

HIV has been chosen as our model organism because the selective pressures of the human body
and HIV’s high mutability and short generation time make it possible for more than one evolution-
ary force to influence an HIV population simultaneously. For example, diversifying selection and
population bottlenecks may both occur simultaneously within an infected patient after medicinal
treatment. HIV strains that have a unique genetic makeup, allowing them to remain unaffected by
the treatment, will be able to survive and continue reproducing (i.e. diversifying selection). At the
same time however, the treatment may eliminate a large percentage of the population and induce
a population bottleneck. Using our analysis should enable us to discern the simultaneous forces of
selection and drift.

Once the simulations modeling the various evolutionary patterns are functioning correctly and
specific distributions of Dgyy and Dyony — Dgsyn are found, we plan to find an appropriate
sample size to use D’s calculation. In practice, large sample sizes of HIV genetic code are about
20 sequences; therefore, we need to ensure this small sample size sufficiently identifies evolutionary

forces acting upon the population of HIV. Obtaining distributions of the same evolutionary pattern



using various sample sizes (e.g. N = 20, 50, 250, and 500) should allow a thorough analysis of the
effects of sample size on the distributions of D values.

Prior to considering the evolutionary forces acting on the simulated populations, the validity
of the neutral model will be rigorously analyzed. While testing the accuracy of the neutral model,
simulations with population sizes of N = 500 and N = 10,000 will be executed and their D
distributions will be compared. A small discrepancy between the smaller and larger sample sizes
would indicate that population size is not contributing to variation in the D distributions.

Another inconsistency in the neutral model may reside in the way the D statistic measures
mutations at one site. The D statistic was constructed under an infinite sites model, which assumes
there is only one mutation per site in the population. Due to HIV’s high mutation rate, a finite
sites model, which allows more than one mutation to occur at each site, more accurately reflects the
observed variation. We will create distributions of both Dgyn and Dyony — Dsyn for the finite
and infinite sites models in each of our evolutionary patterns by increasing and decreasing sequence
length. If little discrepancy is found, we can assume the infinite D calculations can accurately
represent finite HIV data; however, if a large discrepancy is found, we will search for a calculation
modification that can relate finite sites data to infinite sites data.

Each evolutionary scenario will be run multiple times with different parameter values such as
strength of selection, bottleneck intensity, and subdivision duration. In both selection models, the
fitness (W), of individuals will be calculated to determine how likely each individual is to reproduce
(see figure 3). How much these fitnesses alter an organism’s survival and proliferation is a factor
that will be varied to represent the strength of selection (s) acting on the population. In purifying
selection, ¢ quantifies how genetically deviant an individual is from the pre-determined majority
of the population. At the beginning of the purifying selection simulation, ¢ = 0 across the entire
population and mutations are subsequently allowed to alter the genetic make-up and fitnesses of
individuals within the population. Diversifying selection will determine an organism’s fitness based
on its relative diversity within the population (see figure 3). Relative diversity is represented by
the variable r which is calculated by summing all possible pairwise distances for each individual in

the population, and as r increases, so does the fitness of the individual. In both fitness equations



Neutral Model: Large population (N = 500), largest population (N = 10000)
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Figure 3: Models and their Parameters

represented in Figure 3, the individual with the highest fitness value has the highest likelihood to
reproduce.

Diversifying selection will determine an organism’s fitness based on its relative diversity within
the population due to its fitness equation (see Figure 3). Relative diversity is represented by the
variable 7 which is calculated by summing all possible pairwise distances for each individual in the
population. The sequence with the highest fitness will be more likely to have offspring.

Evolutionary trends that are related to genetic drift are population bottlenecks and population
subdivisions. Distinct types of these trends will be run with varying parameters as described in
detail in Figure 3. Their parameters will be modified to try to represent various types of evolutionary
patterns populations may undergo. For population bottleneck models, the intensity (percent of the
population eliminated in the crash), duration, and end time of the bottleneck will be adjusted.

Two types of D distributions (Dgyny and Dyony — Dgyn) will be created using 10,000 data
points for each simulated evolutionary pattern. The critical values of these distributions will be
the distinguishing characteristics of the evolutionary trends. However, we suspect the numerical
ranges outside these various critical values will overlap, causing ambiguity in the interpretation of
HIV’s evolutionary history. One way to approach this ambiguity is by using Bayesian statistics.
The Bayesian perspective uses likelihoods to estimate which model a given observed data point best
fits. Under a frequentist model, we would simply decide to reject or fail to reject a given model

depending on the p-value of an observed data point. Figure 4 better illustrates the benefit in using



Model P-value | Bayesian Likelihoods | Frequentist Likelihoods
Neutral 0.021 0.053 Reject
Purifying/Directional 0.135 0.3435 Fail to Reject
Diversifying 0.006 0.015 Reject
Population Bottleneck 0.217 0.5521 Fail to Reject
Population Subdivision 0.014 0.0356 Reject

Figure 4: Bayesian and Frequentist Approaches

a Bayesian versus a frequentist approach.

The Bayesian approach’s likelihoods are calculated by dividing the data’s p-value, derived from
the various evolutionary models, by the sum of all of the p-values. In this example, we can see
that the observed value is most likely a population bottleneck with a likelihood of 0.5521 under the
Bayesian perspective. The frequentist perspective simply “fails to reject” a population bottleneck
model. The Bayesian approach elicits more information than can be derived from frequentist
statistics.

A Bayesian interpretation of the distributions of Dgyny and Dyony — Dgyn will allow us to
determine the likelihood that certain evolutionary patterns have occurred. One assumption of
this analysis is that synonymous data can only represents the effects of genetic drift. It is now
known however, that synonymous changes can have a selective affect on the organism in specific
instances (such as when they occur within crucial consensus sequences at splice sites). These
types of synonymous mutations typically occur at splicing sites, cause an irregular loss or gain of
exons within an mRNA before translation, and can greatly affect the functionality of the resulting
protein. Accounting for splice sites is not currently incorporated into simulations, but will be an
area of intense research and examination in the near future. Accounting for these splice sites will
provide more detailed models and still allow our short term goal of separating the effects of genetic
drift and natural selection. A long-term goal is to make our methods applicable to any system, as

it is currently catered for HIV. Ideally, by using our new innovation, we will provide the means to

unveil information about the evolutionary history of any given population.
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