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Abstract: We propose an approach for modeling the pattern of the genetic diversity of microsatellite
markers in a population with a mixed breeding strategy. Part of the population is reproduced sexually,
and part is produced asexually. The method of the proposed simulation is different from others in
that it produces a set of microsatellite markers as the outcome of a computer simulation of processes
in a fixed-size population. These markers can be utilized with the assistance of available software
to calculate various metrics of genetic diversity. Our approach is implemented in Python 3.10 and
is accompanied by additional scripts that ensure result compatibility with programs that calculate
different population characteristics.
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1. Introduction

The prevailing models of genetic processes in a population typically describe the
dependence of the physical number of organisms N(x, ¢, w) on factors such as geographical
coordinates (x), time (t), as well as population processes including reproductive strategies
or changes in environmental capacity (w). These models are very useful for understanding
population processes, but their common problem lies in the difficulty of verifying and
comparing modeling results to real-life data. Therefore, modeling results are of limited
use for predicting the most probable population scenarios, resulting in the current pop-
ulation’s genetic makeup. To overcome this problem, an alternative micro-evolutionary
modeling approach was proposed. It involves modeling genetic processes as a collection of
“nucleotide” sequences (D = D(x, t, w)) that evolve during the simulation through random
non-adaptive mutations (base substitutions) [1,2]. This approach enables the observation
of the changes in molecular diversity patterns resulting from the modeled evolutionary
process [3]. Consequently, the sets of “nucleotide” sequences D may be used to calculate
population parameters through any metrics of diversity, and thus, compare them to existing
population models. Particularly, population parameter § may be obtained from D, and
thus, compared to the N(x, t, w) models.

Recent advancements in molecular population studies have made microsatellite re-
peats) [4] and single nucleotide polymorphisms [5,6] even more important than the molec-
ular sequences for which the previously proposed evolutionary modeling approach was
initially developed. Therefore, there is a need to expand this approach to include new
genetic markers and consider their unique properties beyond nucleotide sequences [7].
Specifically, we aim to model distortions of genetic diversity patterns in response to the
biological properties of a population using microsatellite markers. This requires their
distinctive features to be accounted for, such as the mostly independent segregation and
the significantly larger and varying number of alleles in each locus, unlike the only four
possible states in each position of a nucleotide sequence.
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With the emergence of several powerful applications, obtaining an ever-expanding
range of population descriptive statistics has become possible [8-11]. When combined with
efficient models of various and complex scenarios that shape the current genetic diversity in
populations, these applications allow for the comparison of different explanations for recent
genetic polymorphisms and allow us to choose the most probable explanation among them
using approximate Bayesian calculations [12] as implemented in software such as R [13].

Therefore, this paper describes a novel set of algorithms implementing M(x, t, w) mod-
els of populations of organisms that are capable of switching between sexual and asexual
reproduction. We expand the previously developed functionality to include microsatellite
markers and demonstrate that these models can address new questions about the genetic
consequences of such processes.

The fine differences between genetic consequences of the reproductive mode are
numerous, complex and very deep [14,15]. Naturally, many efforts were made to describe
the genetic diversity of asexual, sexual and mixed populations [16-19].

2. Materials and Methods

Individual-oriented modeling (IOM) [20] is a software development methodology
based on the concept of objects. It allows for the modeling of real-world objects and
processes using classes and their interactions. The main concepts of IOM are objects,
classes, inheritance, encapsulation and polymorphism [21]. Objects are instances of classes
that contain data and methods for working with those data. Classes are templates for
creating objects that define a set of attributes and methods that will be present in all objects
of that class. Inheritance is a mechanism that allows for new classes to be created based on
existing ones by inheriting their properties and methods. Encapsulation is the principle
that an object’s data and methods are hidden from other objects and can only be accessed
through specific methods. Polymorphism is the ability of objects from different classes to
have methods with the same name but a different behavior [22].

IOM simplifies the design and development of complex systems, increases their
flexibility, and facilitates maintenance. IOM is used in various fields such as software devel-
opment, database design and business process modeling. There are different programming
languages that support the individual-oriented paradigm, such as Java, C++, Python and
Ruby. A common feature of these languages is the support for inheritance, encapsulation
and polymorphism. In our work, we use the Python programming language and packages
such as NumPy and Pandas.

IOM methods can differentiate reproduction strategies by representing them as sepa-
rate classes or objects, each with their own set of attributes and behaviors. This method
allows for the system to be represented as a set of objects. In the context of the reproduction
of living organisms, this approach allows for different strategies to be defined, namely,
the following:

1.  Asexual reproduction strategy (Figure 1b) (without mixing genetic material). Within this
strategy, new individuals are inherited from their parents and are genetically identical.
These organisms do not possess a great adaptability to changing environmental conditions.

2. Reproduction strategy (Figure 1c) with mixing of genetic material (sexual reproduc-
tion). This strategy allows for the creation of offspring with a unique genetic code,
increasing the adaptability and survival of organisms in changing environmental con-
ditions. For example, a species that reproduces sexually can be modeled as an object
with attributes such as gender, genetic information and behavior during mating.
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Figure 1. Figure 1. (a) Flow chart of the base model of population. (b,c) Dive details on the marker
inheritance differences between asexual (b) and sexual reproduction (c). Ne—effective population
size, m—mutation probability, k—number of offspring, h—probability of sexual reproduction.

In general, IOM methods can provide a flexible and powerful way to differentiate
between different reproduction strategies in a population, allowing for a more detailed and
accurate representation of the modeled biological system.

IOMs used in this paper are written in Python ver. 3.10. Auxiliary scripts used for
data analysis and for data transformation into different formats are written in Python ver.
3.10 and R version 4.2.1. All scripts are made generally available at http://github.com/
AnastasiyaPoroshina/apomix (accessed on 29 April 2023).

The flow chart of the base model used here is given in Figure 1a, and the variants of
the scheme for asexually- and sexually-reproducing organisms are given in Figure 1b,c.

3. Results and Discussion

In this study, we expand on a previously described modeling approach to enable the
use of microsatellite markers for tracing the pattern of population genetic diversity. The
main novelty of this model is that it produces a pattern of microsatellite haplotypes at any
moment of the simulation, rather than simulating the effect of different circumstances on
the physical number of organisms at a given time. The obtained output is in a format that
is suitable for minor transformations to any software used to estimate various population
parameters such as the Essential Biodiversity Variables [23]. Accompanying scripts may
then transform the results into formats that are directly suitable for different software used
to calculate the EBV parameters, including genetic diversity, genetic differentiation Fsr,
inbreeding Fj, effective population size N, and more sophisticated metrics like average
linkage disequilibrium D.

One such metric is the frequency of recombination events, which can be used as an
indicator of the relative contribution of sexual and asexual reproduction to the gene pool
of the population [16,19,24,25]. For example, if recombination events are relatively rare,
this suggests that asexual reproduction is dominant and genetic diversity is primarily
generated through mutation [26]. Conversely, if recombination events are frequent, this
suggests that sexual reproduction is dominant and genetic diversity is primarily generated
through recombination.

Another metric is the level of heterozygosity in the population. Heterozygosity is a
measure of genetic diversity that reflects the presence of different alleles at a given gene
locus. A population that reproduces primarily through sexual reproduction is expected to
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have higher levels of heterozygosity, as a result of the shuffling of genetic material during
meiosis and fertilization [3,26].

Finally, the presence of clonal lineages can be used as an indicator of the dominance
of asexual reproduction in the population. Clonal lineages are groups of individuals that
are genetically identical or very similar and are generated through asexual reproduction.
The proportion of clonal lineages in the population can be used as a rough estimate of the
frequency of asexual reproduction [27].

In summary, the coexistence of sexual and asexual reproduction in a population
can be assessed through a range of genetic metrics, including recombination frequency,
heterozygosity levels and the presence of clonal lineages. Such assessments can help us
understand the role of the reproductive mode in shaping genetic diversity and adaptive
potential in natural populations. D is the one of simplest metrics.

In order to compare the simulations of M(x, t,w) to our previous simulations (Se-
movsky et al., 2004) every object (organism) along with “microsatellites” bear one mito-
chondrial DNA marker (maternally inherited), and in the case of a diploid organism, two
“nuclear markers” are also present. This information, naturally, may be used to indepen-
dently calculate the same metrics of the genetic diversity of the population (except for D).

Microsatellite haplotypes (single-copy genotypes) are represented as binary numbers,
where the number of positions is defined by the number of alleles (variants) in each marker.
For example, for a marker of 3 possible alleles, the alleles will be 100, 010 and 001. Since we
aim mostly at the diploid organisms bearing two copies of each marker, their genotypes
may be represented as x; 4 x2 * 2", where x1 and x; are haplotypes and # is a number of
haplotypes possible for this marker. The ordinary genetic notation for this would be %
This enables us to use binary arithmetic to count haplotypes and genotypes for each marker
and for any of their combinations. This substantially increases the speed of calculations.

The base model consists of a constant number of diploids, potentially hermaphrodite
organisms, which may choose their mode of reproduction randomly. The behavior of DNA
markers is as described by Semovski, Sherbakov et al. [1,2]. The microsatellite extension
was added as follows:

A single population has a default starting size of 10,000 objects (organisms);
Each organism reproduces once in its life, producing a random number of descendants
by following one of the two reproductive strategies (asexual and sexual);
Asexual reproduction is a simple copying of the parent object;
Sexual reproduction is a combination of haploid genomes of randomly drawn parents.
In each parent, each marker (locus) is represented by an independently and randomly
drawn copy (Figure 1c);

o  The mutation of a microsatellite marker is a random transition between different
possible states (alleles) of a single copy of the marker. In other words, there is no
linkage between microsatellite loci.

The size of the population remains the same in the base model, though it can be
changed by using “fatefile” consisting of one column of numbers (population sizes)
changing in a linear fashion. The length of the column should be equal to the length
of a simulation.

The essential properties of the base model are illustrated in Figure 2. The two graphs
illustrate the properties of an example model on which the speed of the model response
to the conditions depends. The most important property is the diversity of the unspoiled
population. Since, according to both reproductive strategies, the parental genotypes are
defined by a random draw with replacement, the exact distribution of the number of siblings
depends on the population size. The default population consisting of 104 individuals is
shown in Figure 2A. Indeed, the genetic diversity, as measured by the number of different
haplotypes regardless of the number of each allele, rapidly drops (Figure 2B). Therefore, for
a population of 104 organisms, the haplotype diversity after approximately 100th is mostly
defined by the mutation process and, indeed, by the mode of reproduction.



Mathematics 2023, 11, 2985 50f7
A B
w
0 % 6000
2 3000 S
g o
3 g’:m:u:u
8 2000 5
M Q_
[=] ]
& = 2000
g 1000 @
=] [i¥]
= l =
0 - ] 0
2 4 6 0 100 200 300 400 500
Mumber of descendants step

Figure 2. (A) Distribution of number of descendants in a fully asexual population of 10* organisms.
(B) Diversity depletion in a fully asexual population of 10* organisms.

The mutation process abides by the following rules:

All variation is restricted to the initially defined set of possible alleles;
All markers mutate independently;
All possible genotypes are equally viable (no selection).

The current version of the model assumes that the reproductive mode is not inherited.
Instead, in each generation, a subset of individuals that will engage in sexual reproduction
is randomly drawn from the population, while the remaining organisms are allowed to
reproduce asexually. This allows for the ratio of sexual/asexual strategies to be changed
during a simulation and provides a more realistic simulation of natural populations. This
feature is similar to the “clonal correction” method proposed by Kamvar et al. [10], which
helps to correct the sampling bias in asexual populations. However, in the current version
of the model, it also allows for the study of the effects of varying proportions of sexual
versus asexual reproduction on genetic diversity and evolution.

A result of a simulation performed for a population of 10,000 organisms with a
0.33 probability to take part in a sexual reproduction for 500 steps is given in Figure 3. Each
step is plotted as a horizontal array of bars, and the time flows along the vertical axis. The
intensity of a bar is proportional to the number of copies of a given genotype, which is
indicated on the horizontal axis following the binary notation as described above. It gives
an idea about the changes of dominating genotypes and the succession of the dominants. It
can be seen that at each generation, all the base characteristics of the population as well
as a number of other metrics may be estimated. This base model may be modified by
changing it according to the assumed scenario and/or the by defining the changes in the
sexual/asexual ratio, which models seasonal shifts that are typical to many organisms
adapting to seasonal fluctuations, and may be used to examine if this causes significant
changes in their genetic diversity.

This base model can be modified by changing the assumed scenario or by defining the
changes in the sexual/asexual ratio. For example, seasonal shifts in reproductive strategies
are common in many organisms adapting to environmental fluctuations. Modifying the
model to reflect such shifts could help to examine whether they lead to significant changes
in genetic diversity over time. The choice of the metrics used for the calculation as well as
the application of the approach to model organisms will be published elsewhere.

Overall, the flexibility of the model allows for a wide range of scenarios to be tested
and can help to provide insights into the basic mechanisms driving evolution and genetic
diversity in populations of animals that are able to regulate the prevalence of sexual or
asexual reproduction.
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organisms. All organisms were sorted by their genotypes. Time goes from top to bottom. Color is
proportional to the number of occurrences of haplotype (single set of markers). The haplotypes are
given at the bottom in binary notation as described in text.
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