BIO-132
Population Genetics of Human Copy Number Variations:

Models and Simulation of their Evolution Along and Across the Genomes

September 16, 2007

Abstract

Population genetic models play a significant role in human genetic research, since they promise to provide
a better understanding of both evolution of normal variations of the genomes as well as development of disease
promoting genomic segments. Currently, since we are limited in our knowledge about human demographic
history and variations of recombination and mutation rates, large-scale computer simulation has become an
important and necessary tool in genetics to generate and observe the behavior of these and other evolutionary
models. In this paper, we propose and computationally simulate a model of evolution for unique and segmen-
tally duplicated regions of human genome, which manifest in genome-wide variations in copy number. Copy
Number Variations (CNVs) have attracted attention of many scientists because of their possible association with
genomic diseases and predisposition to various health conditions, and yet, the underlying population genetic
models, needed for association studies, remain largely undeveloped. Additionally, segmentally duplicated re-
gions of the human genome show a complex behavior of copy humber changes (compared to unique genomic
regions) and are specifically known for catalyzing pathogenic and unstable genomic rearrangements; and thus,
present genomic hot spots requiring further studies. Therefore, our simulated evolutionary model opens new
horizons for understanding mechanisms underlying the evolutionary developments (especially in segmentally
duplicated regions) of copy number variations, for building the foundations for associations studies involving
CNV markers, and finally, for characterizing parameters for stochastic diffusion models to understand asymp-
totic behavior of such evolutionary processes.
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1 Introduction

Genetic variations in the human genome take many different forms, ranging from many large chromosomal re-
arrangements to numerous isolated discrepancies in just single nucleotides. This paper focuses on population
genetics of copy number polymorphisms, a recently discovered genetic variation in human genome, which varies
from one kb and larger in size and shows copy number differences from individual to individual. Of course, in
a diploid normal (but not necessarily the one with dominant allelic form) genome, any such segment is expected
to have exactly two copies; but across the population, it may exhibit altered copy number: namely, a reduced
copy number, e.g., zero or one, suggesting homozygous or hemizygous deletions, respectively, or an increased
copy number, e.g., three or more, suggesting amplifications. Such variations, also called copy humber variations
(CNVs), remain poorly characterized in terms of their structural properties and evolutionary history. Many copy
number variations (CNVs) are thought to correspond to normal variations among genomes of individuals with
little or no effect on their phenotype. However, some of the copy number changes have been shown to associate
with genetic diseases and predisposition to various conditions. Thus, it is of immense importance to rigorously
study the nature of CNVs, precisely quantify their impact on phenotype of the carrier, and investigate compu-
tationally what evolutionary mechanisms may be responsible for producing and maintaining such variations in
human genome.

So far, from the data collected by genomic arrays, it seems that copy number variations are not uniformly
distributed in the human genomes. For example, many studies have observed the enrichment of CNVs in the



regions of segmental duplications, [1], [2]. Additionally, Radon et al. [3] noticed that various CNVs, specifi-
cally multi-allelic, complex and combined deletion-amplification CNVs, are markedly enriched for segmental
duplications.

At the same time, our analysis, reported here, has gone further and observed that copy number variations
in segmentally duplicated regions dramatically differ from those located in unique regions of the genome. For
instance, copy number variations show unusually different structural patterns depending on whether they occur
in unique or segmentally duplicated regions, and do so in widely separated human populations. For instance, we
have observed the following:

In general, copy number changes in a genomic region can be roughly characterized as 1) amplifications,
2) deletions, 3) mixed (both amplifications and deletions). Our statistical analysis suggests that unique and
segmentally duplicated regions show different distributions in terms of these characteristics. In particular, unique
regions of the genome can have either 1) or 2), but not 3) (either amplification or deletion, but not both).In
contrast, segmentally duplicated regions experience all of the patterns: 1), 2) and 3). In other words, all cases of
3) (mixed amplifications and deletions) are primarily located in segmentally duplicated regions.

Motivated by the observations above, we hypothesized that perhaps a different nature of evolution of copy
number variations dominates in segmentally duplicated regions, but not seen in unique regions. We may thus
expect to be able to discern distinct mechanisms of evolutionary development of CNVs operating differently
for unique and segmentally duplicated regions of genome by designing coalescent processes for both of them
appropriately.

Itis a necessary and crucial computational task in population genetics to produce a faithful simulation for the
models of evolutionary development and validate them against real population data. These models will not only
enable a scientist to observe and analyze the assumed behavior, but also help to establish a strong link between
current and next steps in evolutionary population research as well as in biomedical applications of genetics.

In preparation for our models, we first briefly describe the previous relevant research examining the connec-
tion of CNVs and regions of segmental duplications.

2 Regions of Segmental duplications vs Unique regions: Motivation for
a new coalescent model

Segmental duplications are 1 - 400kb long highly homologous blocks of DNA that occur at more than one
site within the genome. Regions of segmental duplication in the genome have been known as regions prone
to chromosomal instability, recombination and recurrent chromosomal rearrangements associated with certain
genomic diseases. These regions have attracted interest of many scientists as their connections to copy number
variations have become apparent [1, 2, 3].

For instance, Eichler at el. [1, 2], noticed a significant enrichment of CNVs in the neighborhood of recom-
bination hot-spots, as compared to any arbitrary control region in the genome. The authors thus concluded that
segmental duplications might be major mediators of large-scale variation in the human genome. In particular,
the study of Eichler at el., in [1] suggested that certain regions of the genome are predisposed to rearrangements,
and most specifically to CNVs. The best examples of such regions are seen in the genomic regions containing a
segmental duplication.

All of these preceding observations encouraged us for studying copy number variations, and how their be-
haviors vary in segmentally duplicated vs unique genome regions. We analyzed HapMap data of unrelated
individuals from China (46 people) and Japan (45 people) as well as Trios from Yoruba (89 people, 29 trios)
and Ceph (Utah of European origin, 90 people, 30 trios). Our analysis here is based on existing BAC (Bacterial
Artificial Chromosome) array data, which were kindly provided to us by Drs. Evan Eichler and Andy Sharp
(duplicate clones were ignored in our study).

To distinguish copy number variations from normal copy values we have used a criterion similar to the
one used by Eichler [1, 2]. In particular, to account for asymmetry in some hybridization data, we used the
following statistical method to identify variants in an asymmetric distribution. The total distributi@gpfatios
was divided into two groups by their averages. The standard deviation from the average was then determined
for above-average and below average grosgysarately The data for each group was mirrored to simulate a
symmetric distribution. The variant threshold for gains was calculated by adding 2 SD of the above-average



Table 1: CNV changes in non-segmentally duplicated (unique) regions of the human genome. The regions are
represented by clones. We have used the * mark to indicate the region on chromosome X which is excluded from
the subsequent analysis.

Yoruba | Japanese Chinese| Ceph
No polymorphism 810 817 817 799
Amplifications only 43 43 46 55
Deletions only 46 37 36 44
Mixed 1* 3 =2+1* 1* 2 =1+1*

group to the mean; and similarly, for losses.

2.1 Unique regions

We define unigue regions as those having no inter or intra segmental duplications. It was observed that whenever
unique regions experience CNVs, it is either a deletion or an amplification (homogeneous changes) event, and
almost never both (heterogeneous changes). However, there are negligibly few exceptional cases, where regions
show deletions and amplifications at the same time (shown as mixed in the Table 1). We examined each such
case individually, as described in a footriobelow. We also summarize all observed CNV changes for various
populations in a table (See Tablel).

All of those cases, described above, seem to be exceptions from the general CNV pattern observed in unique
regions of the genome. Thus, it led us to conclude that unique regions show a clear picture of homogeneous
polymorphism (either deletions or amplifications, but not both at the same region) with rather few exceptions
discussed above. We use these observations to propose a model of evolution for CNVs for unique regions of the
genome in section 3. Note that with significantly more and higher resolution data, it will be possible to strengthen
the underlying assumptions further, and add more details to the modeled mechanisms.

2.2 Segmental Duplication Regions

Our observations indicate that, in contrast to unique genomic regions with a simple form of CNVs, in regions
containing a segmental duplication, the CNV changes often have heterogeneous character (Table 2). In other
words, in the neighborhood of regions containing SDs (segmental duplications), we found that both amplifica-
tions and deletions co-occur significantly frequently, even when a single population is examined. Moreover, we
observed enhancement of such heterogeneous, mixed polymorphic changes in segmentally duplicated regions in
all of the populations. (See Table 2 for details). Such differences in CNV behavior suggest a completely different
mechanism of evolution for CNVs in segmentally duplicated regions, which we hypothesize below and validate
through large-scale computational simulation.

Additionally, we examined CNVs in the regions of segmental duplication, comparing their distributions in
inter- versus intra-chromosomal duplications. In the regions where the CNVs are heterogeneous, we found

1Region of chromosome Y23, 854-595, 665, shows massive amplifications and deletions within a population. This region is located
near the region of segmental duplication as reported in [2]. Even more interestingly, this region shows the same heterogeneous patterns in all
four populations, suggesting that this polymorphism may be ancient and may have suffered multiple modifications. It also appears likely that
the chromosomal instability in this region is common across populations. Thus, we decided to treat this as an exception and exclude from
the subsequent analysis of unique regions.

Another anomalous example appears in a region on chromosomg&1X546, 640151, 752, 281. The CNV in this region is highly
amplified in Chinese, Japanese, Yoruba, and Ceph populations (30% of people in each population). However, in Ceph, it also experiences
just one deletion. Above regions on chromosome X appear relatively close to telomeric regions of the chromosome X, which might be a
reason for their instability.

The region on Chromosome ¥, 238, 4908, 436, 847, experiences massive deletions in all populations. Additionally, in Japanese
population it shows one amplification. Most likely this is due to the high hot-spot content of the region, as reported by [2]. At the same time,

Y chromosome can be easily omitted from the analysis due to its high instability (AZF deletions etc).

The last, namely, the fourth, region that shows some deviation from homogeneity of polymorphic changes in unique genome regions is
the region on chromosome 8, 105, 019-2, 279, 635, which also has a high hot-spot content [2]. This region has very few polymorphic
changes. In particular, it shows two deletions in Yoruba (one of which is due to the somatic mutation) and a single deletion and a single
amplification in Japanese population.



Table 2: Polymorphic changes in segmentally duplicated regions(clones)
Yoruba | Japanese Chinese| Ceph
No polymorphism 786 794 785 741
Amplifications only | 124 135 141 129
Deletions only 101 86 101 141
Mixed 43 40 27 44

them in the presence of both inter- and intra-segmental duplications (on the same clone). However, the inter-
segmental duplications usually represent regions with mixed CNVs with a significance dominance of either just
amplification or just deletion events (for example, 12 amplifications and 2 deletions). At the same time, the
intra-segmental duplication showed a slight dominance toward equally-mixed CNVs (with almost equal number
of amplifications and deletions in the same clone). As a result, we are likely to ascribe heterogeneous CNV

changes tintra-segmental duplicationgut however, do not exclude the role of inter-chromosomal duplications
in some cases of the mixed CNVs). Thus, our model of evolution for segmentally-duplicated regions (described

in section 3) assumes intra-segmental duplications.

3 Coalescent Model
Motivated by the above observations, we created separate evolutionary models for unique and segmentally du-

plicated regions, suggesting different mechanisms for the development of CNVs in these regions.
The starting point of our development is a Moran model in a population of constant size [5]. At each time step,
a randomly selected representative leaves two offspring, while it and another randomly selected representative
die, thus keeping the population size conserved. In Moran model, as opposed to Wright-Fisher model [6, 7, 8, 9],
populations overlap thus presenting a more realistic conditions for a faithful simulation.
We assume that the population in our simulation consish$ leéploids. We fix some region of the genome,
for which the sequence is assumed known. It is modeled either as a unique region or as a region of segmental

duplication, as discussed in detail below.

MRCA of the
A /'f\\ sample B N
T \
[ -v-—‘\— Mutation 1
Mutation happened .'I \\\
along this branch /| [
,"’j | In‘ll \'\_\
MRCA of the | / \
group with CNV / f 3
/| /
f | |‘ «— Mutation 2

\ | { \

"f Y
= = =

Figure 1: Coalescent treeA) Mutation happened once along the red branch and then was inherited on the
descendant subtreeB) After several mutations, each along the red and green branches: The mutations are
propagated on the descendant subtrees. We assume that the descendant subtrees acquire no new mutations.

We assume further that this genomic region possesses an allele (ancestral short sequence segment that would
eventually give rise to a multi-allelic CNV), whose copy number can be estimated. We wish to trace the evolution
of this region in the sample ofhaploids. In particular, we build a coalescent tree tracing the history of the sample

back in time, up to the most recent common ancestor (MRCA).



At a certain instant during the evolution, the ancestral allelic form can gain one more copy (get amplified) or
lose one copy (get deleted). We generalize this process and call it generically a “mutation,” without specifying
the mechanism responsible for the ancestral segment to get amplified or deleted.

3.1 Evolution of Unique Regions

We fix some unique region of the genome, which has no inter- or intra-chromosomal duplications. Notice that
since in the unique regions of the genome the copy number changes can be assumed to have a homogeneous
character (either toward amplification or toward deletion), the mutation event for this region is either amplifica-
tion or deletion, but never both. In other words, in the coalescent model of a specific region there will be only
one type of mutational changes (say amplification).

The model assumes that certain specific “mutation” had occurred once in the past and then are “propagated”
down the descendant subtree. Thus, for the group of haploids possessing a specific mutation, the mutation event
happened in their most recent common ancestor. For examples, see Figure 1, A. We assume that there are no
other additional mutations in that descendant (red) subtree. Said another way, if a specific unique region has
experienced mutation once, the probability that it will suffer the same fate again is close to zero.

However, we do not limit our coalescent process to just a single mutation for the whole sample. In particular,
several mutations are allowed to occur along the branches as the evolution progresses, as shown in Figure 1, B.
Each of these mutations propagates down its own descendant subtree. This process results in several subgroups
in the sample (e.g., red and green) having different MRCAs that initiated their mutations. Again, we assume it
unlikely to have an additional mutation within any of these subtrees.

3.2 Evolution of Segmentally Duplicated Regions

The nature of copy number variations in the region of segmental duplication reveals more complex evolutionary
mechanisms at play.

In segmentally duplicated regions, the copy humber changes in the same region can be represented by ampli-
fications in some individuals and deletions in others. Thus, the regions of segmental duplication allow mutations
leading to amplifications and mutations leading to deletions in the same region.

Allele X
A
Copy of Allele A Allele A
Copy of Allele A Allele X
© 4
Allele A

Figure 2: RecombinatiorA) One chromosome has Allele A amplified (Allele A and its copy); the other chro-
mosome has Allele XX € {A, B}). B) After the recombination event: Now, one chromosome has Allele A
and another chromosome has Allele A and X.

We propose the following two mechanisms occurring in the coalescent tree and leading to both amplifications
and deletions in the same segmentally duplicated region.

3.2.1 First Mechanism

First of these mechanisms just assumes some non-zero probabilities for mutation-amplification and mutation-
deletion in the same region. We support this assumption by our earlier observation that the regions of segmental



duplication are associated with high genomic instability. In this case, as shown in the Figurel, B, the mutation-
amplification can occur along the red line and mutation-deletion, along the green line. In this scenario, some
representatives in the population possess amplifications while others have deletions in the same region.

3.2.2 Second Mechanism

Another mechanism, which we propose, involves the idea that the regions of segmental duplication are prone to
genomic rearrangements, such as those induced by genetic recombination. We assume the existence of recombi-
nation hot-spots in this region, which increase the chances of meiotic recombination.

After the mutation-amplification has occurred in a branch, it propagates down the line of immediate descen-
dants. We may now direct our attention to one of the descendants possessing this amplification, as in figure 2.
In this case, the lower chromosome in Figuré2, has two copies of allele A.

The Figure 2B), shows recombination event occurring during meiosis. Because of recombination, one copy
of the allele A gets exchanged with the other (upper) chromosome. In other words, one copy of allele A is “lost”
from the lower chromosome.

We may then observe that at this moment the lower chromosome returns back to its normal state, with one
copy of the allele A. Such events are considered crucial in our coalescent-tree-based population model. After
the lower chromosome has experienced the recombination event, it is left with one (original) copy of allele A.
Since the lower chromosome is now in its original unaltered state, in our model, it can now be subjected to
amplification or deletion mutatioregyain For example, if the amplified region loses one copy of the allele in the
recombination event, then it can lose the original copy of allele A because of the mutation-deletion event. This
scenario would correspond to losing allele A in the lower chromosome B). 2,

We still retain the basic evolutionary properties of the model: namely, if a mutation is imposed on the de-
scendant subtree, an additional mutation on that subtree still remains impossible. However, we modify this
assumption when the recombination is involved. After the amplification event, it now becomes possible to have
another mutation in the descendant subtree (either amplification of deletion) after the recombination event has
brought the region to its native “unaltered” state.

Allele X
A t Recombination event
Copy of Allele A T Allele A o
Recombination-
promoting sight
Allele X
No recombination event
B

Copy of Allele A Allele A

Figure 3: Distance-dependent recombinat®nDistance between allele A and its copy is large so that the
recombination event is likelyB) Distance between allele A and its copy is small, which makes the recombination
event very unlikely.

3.2.3 Distance-dependent Recombination

We next augment the coalescent tree model appropriately so that the recombination can be treated as dependent
on the distance between the two copies of allele A, as in Figure 3. We assume that the regions of segmental
duplication have multiple sites that promote recombination and that these regions are uniformly distributed along
the region. As a result, if the distance between allele A and the copy of allele A is large, then it is more likely
that the region between the allele and its copy has one or more recombination-promoting sites, which makes



the recombination event likely to happen, and to return the region to its ancestral state. In fact, the relationship
between the distance of two copies and the chance of recombination follows exponential distribution.

Therefore, if two copies are far from each other, the linkage between them will most likely be weak as a result
of the high chance of recombination. Even further, if two copies are located in different chromosomes, then the
distance between these copies is treated as infinity suggesting no linkage between the copies.

Intuitively, as a result of these assumptions, recombination will be seen to promote further amplifications or
deletions with a rate that monotonically depends on the distance between copies of an intra-chromosomal dupli-
cation. While the model is simple and does not necessarily require conceiving any new and unusual evolutionary
mechanism, it already correctly accounts for the differences in CNV distributions in unique versus segmentally
duplicated regions. The model also suggests several falsifiable hypotheses.

4 Simulation and Results
We implemented a software system to simulate a coalescent process in a region prone to segmental duplications

(we omit a similar model in unique regions due to its relative simplicity). We simulated a coalescence for a
sample of 100 haploids from the population of size 10000.
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Figure 4: The scheme describes assumptions made in the coalescent simulation software: a) a region is divided
into 1000 subregion$99" region is assumed to contain an Allele b) the hot spot motifs are uniformly distributed
along the entire region; whether a copy of Allele A is lost or kept on, depends on the distance from the original
Allele: the bigger is the distance, the larger is the change or recombination c)possible recombination break
shown.

We assume that our region contains multiple recombination hot spot motifs. In particular, we “divide” the
regions into 1000 consecutive subregions and assume that hot spot motifs are uniformly located along the region:
each of the 1000 subregions contains one hot spot. This assumption can easily be changed and hot spots can be
assumed to concentrate in some specific location, say in the center of the region. In this way, all recombination
events (breaks) would happen in the middle of the region. In our current version, the recombination is equally
likely to happen near any of recombination hot spots and thus is uniformly distributed along our fixed segmentally
duplicated region.



In the simulated (haploid) region, we assume a presence of an allele and fix its position at the right-most distal
end: in thed99*" subregion. Please see Figure 4, a) for details. There are two variations of allele in place: allele
A and allele B. The mutation events (amplification or deletion) are assumed to occur with respect to only one of
them (we fix allele A for this purpose) and the other one (allele B) remains unaltered by any mutation process.
Saying differently, it is not possible for a haploid to have several copies of allele B (amplification event) as well
as allele B deleted (deletion event). However, it is possible for a haploid to possess a copy of allele B and several
copies of allele A, which were gained through recombination. On the other hand, allele A is widely exposed
to mutations, as described by two proposed mechanisms of evolution in the segmentally duplicated region. it is
important to note that only the original allele A, not any of its copy, can be exposed to mutations.

As discussed above, in segmentally duplicated region the mutation can happen in both directions: as am-
plification and as deletion. The simulation program takes both deletion rate and amplification rate as the input
parameters. If mutation is decided to happen, then it is probabilistically assigned to either amplification or
deletion. We varied the amplification rate, with the most interesting case being at 0.5 (equal probabilities for
amplification and deletion, given that the mutation happened).

If mutation happens along some branch of the coalescent tree, it is propagated as long as the region that
contains the mutation (amplification or deletion) is inherited. We assume that as long as the mutated region is
inherited, it isvery unlikely(probability close to zero) for a new mutation to happen in the mutation-possessing
haploid.

Consequently, it is very unlikely to have more than one mutation event on the same branch of the coalescent
tree. Since mutations occur as a Poisson process along the branches of the tree, with parameter equal to the
product of mutation rate and length of the branch, it is possible for more than one mutation to happen on a single
branch. However, even if more than one mutation is to happen along the same branch, only one is considered
and the rest ignored.

The inheritance of the mutated region, however, can be stopped. For example, it can happen due to a recom-
bination event. Thus it is possible for a mutated region to lose a mutation and come bacériginial state
(with only one of the alleles present in the@9*" positions). Additionally, in such a case the crucial assumption
is that the haploid acquires ability to experience a new mutation (either amplification or deletion, as determined
probabilistically).

In our simulation, 100 haploids are assigned their original alleles (either A or B) ifaié position.

As the coalescent process proceeds, recombination events happen to all haploids: either containing allele A or
containing allele B. When the coalescent tree is built (the common ancestor of the sample is found), we run
“mutation process” down the coalescent tree (deciding whether it is amplification or deletion probabilistically).

If mutation on Allele A happens to be amplification, the copy of the allele is placed in one of the subregions.
Since we consider a distance-dependent recombination, the further apart from the original allele is the copy,
the more likely it is to be lost later due to the recombination event. Therefore, the loss of the allele’s copy is
proportional to the distance to the original allele and follows the laws of exponential distribution: the bigger is
the distance between two copies from each other, the greater is the chance of the recombination event in the
region separating them.

We considered recombination and mutation rates being constant in the gene reproduction. However, it is
possible to change this assumption and re-calculate recombination and mutation rates after each event with
diffusion approximation. In our simulation, we varied both rates and observed fluctuating behavior of the initial
sample, as described below.

In Figure 5we present a summary statistics which describes the parameters observed in the original sample
of 100 haploids after simulation: namely, we map the relationship between the recombination rate and the (A)
proportion of haploids which possess mutations (B) average number of alleles per haploid (C) heterozygosity
(in this case we mean hapoloids which possess both alleles A and B). We experimented with a variety of cases,
changing recombination, mutation and amplification/deletion rates.

Figure 5 compares a summary statistics for simulations of a family of different mutation rates (mutation
rates varied from 0.00005 to 0.005, shown as legends). All simulations were performed with the same random
seed, thus allowing the analysis to reflect similar history and the variation of summary statistics to reflect the
same random mating, while recombination rates varied. In each case, the mutation rate is fixed at one of the
specified values while the recombination rate ranges from 0.0001 to 0.01. In this example, we kept the ampli-
fication:deletion proportion at 1:1 (amplifications and deletions are equally likely, conditioned on the event that



the mutation occurred).

Figure 5,A, shows the increase of the proportion of haploids with mutations when the recombination rates
vary from 0.0003 to 0.003. Inside this range, as the recombination rate decreases, the ancestral mutations are
more likely to be inherited and in the majority of cases, they are not affected by interference from the recom-
bination events. Consequently, it is not surprising that as a recombination rate decreases (but still remaining
non-zero), the number of heterozygous haploid keeps on increasing, as in Figurétss situation is due to
recombination and mutation events near the top of the tree, which then propagate to the descendants with little
interference from other subsequent recombinations along the way. Finally, the number of alleles per haploid
(Figure 5,C) fluctuates and heavily depends on the choice of either amplification or deletion causing mutation
on the ancestral portion of the tree.

For an example shown in Figure 5, the simulation runs with the recombination rate set to 0.001 and mutation
rate to 0.0001 constitute the best fit to the observed real-life data. Note that the mutation rate used here does
not refer to a commonly known mutation rate per base, but corresponds to either amplification or deletion of an
allele.
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Figure 5: Summary statistics for simulations at mutation rates of from 0.00005 to 0.005 per haploid per gener-
ation. Relationship between various recombination rates/Anftaction of haploids with mutationB)fraction
of heterozygous haploidS)number of alleles per haploid .

Haplotype variations: Due to limitation of the currently available technology, it is not always feasible to
find the exact copy number for a certain clone. However, the wide deviation from the average suggests that the
copy numbers show a wide range of variations. This effect is consistent with our assumption that it is possible



for a haploid to have more than one copy of an allele or a combination of alleles due to amplification, deletion
and recombination events.
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Figure 6: Red arrow represents amplification, green arrow - deletion, and black arrow - recombination event.
Allele A experiences mutations while allele B remains unaltered. Haploids possessing either allele can gain or
lose additional copies of allele A through recombination. (I) show possible haplotypes of a haploid possessing
allele A (1) shows possible haplotypes of a haploid possessing allele B.

Our simulation produces various real-life haplotypes. For example, the possible haplotypes of haploids
possessing allele A(l) or allele B(Il) are shown in the Figure 6.

Allele A can experience either deletion or amplification only when it is in its original state. (It can be at the
initial unaltered state or can re-achieve the state after a sequence of recombination events, as can be traced by
following the recombination arrows in Figure 6).

At the same time, Allele B is not influenced by mutation, however the state of a haploid possessing this allele
can be altered through the various recombination events (see Figure 6). For example, an allele-B-possessing
haploid can gain one (or more) copies of allele A through the recombination with another haploid, which has
multiple copies of allele A in place. At the same time, the descendants of this haploid can still lose one or more
of these copies of allele A via a different series of recombination events.

4.1 Discussion and Conclusions

The models proposed in this work, are powerful enough to explain differences in Copy Number variations in
segmentally duplicated vs unique regions of the genome. We simulated a coalescent process in segmental du-
plicated region, which involves recombination as well as various mutation events. Even though we simulate a
single isolated region of segmental duplication, one can observe different behaviors (and thus different regions)
through varying mutation, recombination, and amplification/deletion rates. It is easy to adjust our simulation to
smaller or bigger number of subregions into which the simulated regions is divided. Additionally, even though
the simulated region is assumed to have a uniformly distributed recombination hot spots, it is possible to modify
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this assumption and place the hot spots in the middle of the region or closer to/further from the allele. Similarly,
the position of the allele can be moved to the middle of the region etc.

Note that although in this work we do not discriminate between male and female individuals, in reality,
certain traits may be gender specific, and should be accounted for in the simulation. For example, autism is
phenotypically manifested primarily in male but not female [13]. As a result, autistic males usually leave no
offspring because of their difficulties in finding mates. On the other hand, females with autism most often
exhibit much milder symptoms, usually mate and produce several (often multiple) offspring. In view of these
observations, the mating process cannot be assumed random (as we have done here), as it should not allow any
descendants for an autistic male in the population.

Furthermore, to account for the inherent asymmetry with which selection affects amplifications and deletions
(the former is dominant while the later recessive), the model needs to reflect the fact that a genomic change which
provides an individual or sub-population with a selection advantage, are retained over time while the disadvan-
tageous ones vanish [10, 11, 12]. Therefore, the differential effects of selection pressure for amplification and
deletions should be modelled more carefully in the future work.

Additional planned improvements to our model include the following: moving from a segregated population
to intra-population mixing, incorporating more realistic conditions of mating and varying the mutational rates to
model “preferential attachment.” These changes are hoped to further increase the level of interest in these models
for population geneticists.

Finally, our simulation together with available population data can be used to perform additional parameter
estimation (such as M-statistics, the average extent of linkage disequilibrium etc.) and to connect to various
evolutionary scenarios (e.g., population bottlenecks or large-scale migrations). In this way, our and other similar
studies will greatly enhance the understanding of the genome-wide variations, such as variations in copy number,
mechanisms underlying their evolutionary history and their possible relation to regions of genomic instability.
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