Abstract

A huge amount of species living on the earth display extensively diversified phenotypes.
During the long period of evolution from their common ancestors, characteristic
shaping each species, i.e. "species-ness”, has been acquired over time. One of the
biggest issues in biology, since the age of Darwin, is to unveil the processes of
acquiring species-ness in the course of evolution. Several approaches have been
developed to infer the states of ancestral species by comparing morphological and
ecological characteristics and/or the genomic contents of extant species. Despite that
much evidence has been accumulated, the processes of the evolution of shaping
species-specific characteristics are still limitedly understood. This would be because
each inferred state at the ancestor only illustrates a point of time in the ancestral lineage,
which would be hard to reconstruct a whole picture of evolutionary processes from
ancestors to extant species. Today, it becomes easier to infer the ancestral genomes
from those of extant species, and much more information can be extracted because of
the rapid increase of number of species whose whole genome has been sequenced and
rapid accumulation of knowledge on biological function of genes, which enable the
inference of phenotype to genotype. If the whole pictures of ancestral genomes are
provided with high resolution in timeline of evolution, the continuous process of
evolution could be reconstructed. This can be most easily attained for the group of
closely related species whose genomes are available and the genomes of common
ancestors are almost wholly inferred with high accuracy.

My aim in this study is to uncover the process of acquisition of "species-ness”,

the specific characteristics of species, comparing the whole genomes of closely related



extant species as well as inference of ancestors. To achieve it, | designed an approach
consisting of three integrative and sequential analyses based on the reconstruction of the
genomes of ancestral species. The first is to distinguish different processes of genomic
changes such as single point mutation, indels, and inversion to reveal the detail of
structural evolution of genomes with finer precision. The second is to reconstruct the
history of species based on refined genomic comparison attained by the first procedure.
The third is to identify the species-specific genomic content that provides species to
have each own species-ness. This can be carried out once the evolutionary history of
species is firmly established by the second procedure.

In order to examine feasibility of above approaches, | conducted comparative
genomic analyses of closely related species by selecting specific examples, some of
which are currently controversial and much debated, as follows: (i) Identification of
ultramicro inversions within local alignments between closely related species, (ii)
Reconstruction of the demographic histories of the human lineage using whole genome
alignments, and (iii) ldentification of the species-specific characteristics involved in the

pathogenicity and adaptation to the host environments in Theileria parasites.

(i) Identification of ultramicro inversions within local alignments between closely
related species.

Inversion is one of the major mechanisms for generating genomic diversity in evolution.
While the inversions of large size have been well investigated since the early 20th
century, little is understood about the minimal size of inversions, which would have
useful information for clarifying the minute structural changes of genomes. | developed

an efficient method for identifying minimal-sized inversions that 1 call "Ultramicro
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Inversions” of 5-125 bp buried in nucleotide alignments, and identified 3,330 ultramicro
inversions within the human-chimpanzee genome alignments. Around 26% of the
ultramicro inversions consisted of adenine (A) and thymine (T) only, and the ultramicro
inversions were also frequently found in chromosome Y and regions close to
transposable elements. These observations suggested that the ultramicro inversions are
related to instability of the genomic structures. Ninety ultramicro inversions were found
in gene regions, and 28 out of 90 were in the coding regions, indicating that some parts
of the ultramicro inversions may contribute to gene evolution. At least 31% of the
ultramicro inversions in the human-chimpanzee alignments were bounded by inverted
repeats, suggesting that such ultramicro inversions involved in the chromosomal
recombinations via DNA stem-loops. In addition, | identified ultramicro inversions in
various lineages other than primates: 1,285, 40, and 62 ultramicro inversions in the fly,
fungi, and rice genomes, respectively, and 20 on average in the genomes of four and
two lineages of eubacteria and archaea, respectively. This observation indicates that
ultramicro inversions are ubiquitous across the three domains of the living world. While
frequencies of the ultramicro inversions were up to seven times different between the
lineages, the mechanisms of ultramicro inversions seemed to be more various across the
lineages. The fractions of AT-exclusive and stem-loop type ultramicro inversions were
much more different across the lineages. Identification of ultramicro inversion hotspots
in silico would be helpful for capturing the inversions in experiments and clarifying the
mechanisms of minute genome structural evolution. Our inversion-identification
method is also applicable in the fine-tuning of genome alignments by distinguishing

ultramicro inversions from simple point mutations and indels.
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(if) Reconstruction of the demographic histories of the human lineage using whole
genome alignments.

The demographic history of human would provide helpful information for identifying
the evolutionary events that shaped the humanity but remains controversial even in the
genomic era. In order to settle the controversies, | inferred the evolutionary history of
human and great apes based on an estimation of the speciation times (T) and ancestral
population sizes (N) in the lineage leading to human and great apes using the
whole-genome alignments. A coalescence simulation determined the sizes of alignment
blocks and intervals between them required to obtain recombination-free blocks with a
high frequency. This simulation revealed that the size of the alignment block strongly
affects the parameter inference, indicating that recombination is an important factor for
achieving optimum parameter inference and that this simulation is helpful for the
optimum data collection. From the whole genome alignments (1.9 giga-bases) of human
(H), chimpanzee (C), gorilla (G), and orangutan, and the small-sized regions subject to
the genomic changes by the other mechanisms than point mutations, such as CpG sites
and ultramicro inversions, were excluded. 100-bp alignment blocks separated by >5-kb
intervals were sampled from the alignments and subjected to estimate t=puT and 6=4ugN
using the MCMC method, where p is the mutation rate and g is the generation time.
Although the estimated tnc differed across chromosomes, tyc and thce Were strongly
correlated across chromosomes, indicating that variation in 1 is subject to variation in p
across the lineages, rather than T, and thus, all chromosomes are likely to share a single
speciation time. Subsequently, | estimated Ts of the human lineage from chimpanzee,
gorilla, and orangutan to be 6.0-7.6, 7.6-9.7, and 15-19 MYA, respectively, assuming

variable p across lineages and chromosomes. These speciation times were consistent
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with the fossil records. | conclude that the speciation times in our recombination-free
analysis would be conclusive and the speciation between human and chimpanzee was a

single event.

(iii) Identification of the species-specific characteristics involved in the pathogenicity
and adaptation to the host environments in Theileria parasites.

Theileria is a tick-born apicomplexan group causing parasitosis in livestock. Some
theilerias are parasitic to cattle, but the relationship between the theileria and cattle seem
to have evolved specifically in each lineage. While T. annulata and T. parva
(transforming theileria) induce abnormal proliferation of infected cells of lymphocyte or
macrophage/monocyte lineages and are severely pathogenic, T. orientalis does not
induce such transformation and shows moderate pathogenicity. Here, in order to clarify
the process of acquiring the high pathogenicity and diverged systems infecting the hosts,
I reconstructed the evolutionary history of theileria based on the comparative genomics
of the almost whole genomes. While synteny across the chromosomes of the three
theilerias was well conserved, subtelomeric regions were largely different: T. orientalis
lacks the large tandemly arrayed subtelomere-encoded variable secreted
protein-encoding gene family. Through the orthologue clustering, in addition, | found
that duplication and deletion rates in the transforming theileria lineage were 1.66 and
1.95 times faster than those in the T. orientalis lineages, respectively. Expansion of
particular gene families by gene duplication was found specifically in the two
transforming theileria species. One of the most notable families is the TashAT/TpHN
gene family, which is considered to be involved in transformation and abnormal

proliferation of host leukocytes. The transforming theileria possessed around 20
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TashAT/TpHN members, while only one member was identified in T. orientalis, and no
homologues were found in a babesia and plasmodiums. | also found the gene families
expanded specifically in T. orientalis lineages such as ABC transporters, implying
species-specific strategies against host systems. Differences between the genome
sequences of theileria species illustrated different tempo and mode of gene duplication
and deletion between transforming theilerias and T. orientalis. It is implied, moreover,
that such differences in evolutionary modes resulted in the novel abilities to transform
and immortalize bovine leukocytes. The genomic changes between close relatives will
provide insight into proteins and mechanisms that have evolved to induce and regulate

this process.

In the above studies, | have examined and demonstrated effectiveness of the three steps
of integrative and sequential approach for clarifying the evolutionary processes to attain
"species-ness” at the genome level by reconstructing the genomes of ancestral species
from closely related extant species. Even though the current approaches are based on the
well-established fields of genomics, population genetics, and molecular phylogenetics,
the integration of the approaches, as shown here, is innovative in the field of in silico
genomic analysis and provides new insight on evolutionary biology. In the near future,
comparative analysis of closely related species will be expanded for the genomes of
species suitable to solve a particular biological issue. The integrative approach provided

here would become one of de-facto standard for such analyses.
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Chapter 1. General Introduction



A huge number of organisms live almost everywhere on the earth such as air, land
surface, deep sea, and geological layers. For example, approximately 1.2 million and
around 8.7 million species of eukaryotes are currently known and predicted to be
present, respectively (Mora, et al. 2011). Based on a large amount of observations since
the evolutionary study of Darwin's "On the Origin of Species” (Darwin 1859) to recent
genomic studies (e.g. Carlton, et al. 2008; Clark, et al. 2007; Dujon, et al. 2004), it
reached a conclusion that every extant species shares the common ancestor and that
species have diverged from the ancestor and have been changing over time. In addition,
the species display enormously diverse morphologic and ecological characters. Such
varieties of phenotypes in organisms have been acquired through random mutations and
adaptations to the environments, of which process we call evolution. The evolutionary
processes consequently give every species its own "species-ness”, which means
characteristics representing specificity of species.

A whole picture of the species evolution can be illustrated by understanding
changes of various characters of species continuously from past to present. However,
two issues need to be solved to clarify the evolutionary process of shaping species
specific characters. One is to reveal the evolutionary histories of organisms in
continuous time. Despite a large amount of evidence on evolution, the processes of
evolution are limitedly understood, since most of the evolutionary studies up to now
only show sporadic pictures of ancestral states. Although fossils may show states of
common ancestor of extant species, and the comparison of the extant species can
illustrates the state of the ancestor, such analyses may be sparse in time. The other is to
infer ancestral states of give characters at high accuracy; there is no way to see ancient

species alive and obtain intact samples of ancient species. Although fossil records are



very helpful for inferring the states of ancestral species, they are scarce and their uses
are limited: fossils are often found as limited parts of body, and records except bones,
teeth, and skins are rarely available. Thus ancient state of organisms can be mainly
inferred from the states of extant species. Nevertheless, comparison analyses of closely
related species rarely face these problems. Since common ancestor of closely related
species lived in near past, the changes of characters from common ancestors to the
extant species can be inferred more continuously. In addition, the differences of closely
related species are small enough so that nearly complete pictures of ancestors can be
reconstructed, therefore changes of characters, some of which have generated
"species-ness"”, can be easily identified for each evolutionary lineage. Comparison of the
closely related species, therefore, is capable of illustrating whole pictures of extant and
ancestral species nearly continuously in timeline like making an animation movie.
Reconstructing the evolutionary processes of organisms has been attempted with
various approaches. Morphology has been long utilized as one of fundamental and
direct keys for the purpose (Barton, et al. 2007; Futuyma 2005). Body shapes of
ancestral species are inferred and compared with extant ones. Certain characteristics of
extant and/or fossil species are shared on the ancestral node of their phylogenetic tree,
called synapomorphies. Simultaneously, by a maximum parsimony framework using
multiple characters, a phylogenetic tree of species can be inferred with inferring
ancestral state of respective character at each node. Indeed this approach has solved a
large number of issues on species phylogeny (e.g. whales are close to Artiodactyla
(Fordyce and Barnes 1994; Novacek 1992)), which sometimes referred as fossil species
(e.g. archaeopteryx belongs to a group of extinct dinosaurs rather than lineal ancestors

of extant birds (Xu, et al. 2011; Zanno and Makovicky 2011)).



Ancient ecosystem is also important to infer ancestral states of species: it enables
us to consider habitats and way of living of ancestors. Based on the knowledge on the
distribution of extant species and geological events such as Plate tectonics and isolation
of islands from continents, phylogeographical analyses can infer habitat changes of
ancestral species (Futuyma 2005). Stratal organization in geological layers would be
also informative. Similar structures to stromatolites generated by cyanobacteria were
found in geological layers dated to 3.5 billion years ago (Allwood, et al. 2009).

However, it is often difficult to infer ancestral states by comparing morphological
characters. For example, temporal holes in amniotes were assumed to be a derived
character, and thus turtles, which lack the holes, could be primitive groups of amniotes
or reptiles (Carroll 1988; Lee 1997). However, recent molecular phylogenomics clearly
indicated that turtles belonged to a sister group of archosaurs (birds and crocodiles) and
that squamates (snakes and lizards) had diverged earlier than the turtle-archosaur group
(Iwabe, et al. 2005), indicating that temporal holes secondarily lost during the evolution
of turtles. In another case, a morphological comparison had once divided larva, male,
and female of a single species of whalefish into three different families (Johnson, et al.
2009). In addition, the quantities of morphological and ecological characteristics that we
can obtain now are limited and somewhat arbitrary in that focusing on only visible ones.

Molecular phylogeny can be an alternative, though not mutually exclusive,
approach to clarify the evolution based on the changes of molecules such as nucleotide
and protein sequences and to infer the ancestral states of species. With using appropriate
evolutionary models, we can infer nucleotide and/or amino acid sequences of genes at
ancestral nodes and phylogenetic trees of genes. Reconstructing phylogenetic trees of

genes and matching the evolutionary signatures of the gene sequences on the species



tree, we are able to infer the processes of gene evolution (Maddison 1997; Page and
Charleston 1997). Using a set of appropriate genes, in addition, we can infer the species
phylogeny itself (Delsuc, et al. 2005; Maddison 1997). However, molecular
phylogenetic study of one-by-one genes may be hard to infer evolution of species
because such analysis often has less quantity and sometimes can lead to wrong tree.
Moreover, the choice of genes for the phylogenetic studies may still remain
arbitrariness.

Massive data of genomes is capable of reconstructing the ancestral genomes with
a quantity of information, which enable us to conduct various statistical tests with high
credibility. Analysis of genomic sequences of different species can reveal the
differences between the extant and ancestral genomes with reconstructing the genomes
of ancestors. These genomic differences are the primary source of acquisition of
phenotypic characteristics representing each species.

Compared to analyses of morphological and ecological characters, genomic
analyses used to have several deficits; but they are rapidly improved. While
morphological and ecological characters directly connect to phenotypes, large gaps have
lied between genome information and phenotypes. However, biological functions of
genomic regions have been elucidated rapidly. The ENCODE project uncovers the
regions of human genome with some functions and reveals that many of them locates
outside of the regions of conventional genes (Bernstein, et al. 2012). In addition, such
nearly whole functional information of genomes is capable of identifying gene-gene
interaction, which is uncovering the systematic outputs from the genomes next to
phenotypes. Pathway databases such as KEGG and Reactome represent dynamics

among genes and gene products in vivo (Joshi-Tope, et al. 2005; Ogata, et al. 1999).



The species whose genomes have been wholly sequenced are still few and sparse in the
tree of life. Up to now, genomes have been completely sequences for 183 eukaryotes
and 3,699 prokaryotes as in the Genomes OnLine Database (on Jan. 6, 2013) (Pagani, et
al. 2012), representing only 0.015% of catalogued eukaryotes (Mora, et al. 2011).
However, recent progress in DNA sequencing technology enables us to read the whole
genome sequences with low price and high speed. Recently, genomes of species of
interest such and model organisms, agricultural species, and pathogens, have been often
analyzed together with their close relatives. They are referred to obtain the genomic
characteristics involved in species-specific phenotypes (Carlton, et al. 2008; Liti, et al.
2009; Sakai, et al. 2011). In addition, the international genome projects targeting
thousands of species in representing taxa have been launched: Genome 10k for 10,000
vertebrate species (Haussler, et al. 2009), and i5k for 5,000 insects (Consortium 2011).
In 2012, the genome of Darwin finch was wholly sequenced as the first species for the
Genome 10k project (Zhang, et al. 2012).

Due to accumulation of the genome sequences of various species and
understandings of genotypes to phenotypes, we are now ready to infer the evolutionary
processes of organisms based on the analyses of genomes by reconstructing ancestral
genomes. Especially, comparative genomic analyses of closely related species can
provide almost complete the genomic picture of ancestral species with high accuracy.
This is because genomic sequences of closely related species can be aligned almost
entirely and the ancestral sequences can be inferred at each and every site from the
alignments. Moreover, common ancestors of closely related species are such recent that
comparison of extant and inferred ancestral genomes can be conducted in high

resolution in timeline. Comparison of genomes of closely related species can reveal the



degree of genetic variety of their ancestors (Dutheil, et al. 2009; Pamilo and Nei 1988;
Pinho and Hey 2010), which can be used for the inference of the population structures
and the processes of natural selections in common ancestors based on the theory of
population genetics (Green, et al. 2010; Liti, et al. 2009). This approach based on the
comparison of genomes of closely related species genomes is capable of inferring the
changes of the genomes during evolution, which contributes to the understanding of
phenotypic evolution of species.

My aim in this study is to clarify the processes of shaping "species-ness” of extant
species at genome level. This can be achieved by comparing extant and ancestral
species and connects them to phenotypes. For the purpose, three sequential approaches
were applied. | first investigated detail mechanisms of structural changes observed in
the evolution of genome. Subsequently, | reconstructed evolutionary history of species.
Finally, genomic changes occurred at each evolutionary lineage are inferred and the
characteristics shaping the "species-ness" are revealed. It is noted that the first
procedure is required to the second one, and that the second procedure is required to the
third one. The species phylogeny is inferred based on the phylogenetic or population
genetic approaches. These approaches mainly use the mismatches of nucleotides
observed in aligned genomes, which are considered to be generated by point mutations.
Thus we should evaluate if every mismatches in an alignment represents a point
mutation. In the other case small genomic structural changes enough have occurred and
erroneously aligned in the alignments. Species-specific characteristic at the genome
level can be accurately identified once the precise species phylogeny is obtained.

The aim could be achieved by integrating various methods established in

diversified fields of genomics, population genetics, and molecular phylogeny.



Nonetheless, such integrative approach may promote innovations for in silico analysis
for elucidating process of evolution at genome level. In addition the comparative
analysis of genomes of closely related species will shed light on many aspects of
genome and species evolution such and species specific characteristics which can be
lead by adaptation specifically occurred in the lineages.

The outline of my study is as follows. The first section is the investigation on the
mechanisms of genome evolution at minute scale. | identified a large number of minute
structural changes, i.e., ultramicro inversions, within the genome alignments between
human and chimpanzee (Hara and Imanishi 2011) and those of closely related species in
the other lineages. The next is reevaluation of speciation history of the hominoids.
Using the aligned nucleotides sequences of entire genomes of human and three great
apes excluding the regions containing ultramicro inversions, | examined the speciation
process of hominids and found no evidence of introgression between the ancestors of
human and chimpanzee (Hara, et al. 2012). The third is the investigation on the origin
of pathogenicity and parasitic mechanisms of theileria using newly sequenced genomes.
Although the third procedure could be conducted with the human and its relatives
genomes for consistency, functional analyses of human are still limited mainly due to
the difficulties of molecular biological experiments. However it is noted that such
difficulties can be solved by functional analyses at genome level such as ENCODE).
Therefore, | used parasitic protists theileria as an example of analysis; several
advantages are there to examine the process of shaping species-ness: small genome
sizes, clear phylogenetic relationship, easier establishment of biological experiments,
and clearly observed as lineage-specific characteristics such as pathogenicity and

adaptations to hosts. Based on the comparison of the newly sequenced Theileria



orientalis genome with two known genomes of the transforming theileria (T. annulata
and T. parva), | identified the candidate genes involved in the high pathogenicity of the
transforming theileria in host leukocytes and those involved in the host-parasite
interaction in T. orientalis (Hayashida, et al. 2012). Through these three approaches, |
have shown that the integrative analyses of genomics, population genetics and
molecular phylogenetics have successfully clarified mechanisms, history, and
adaptation process of genome evolution and thus are capable of identifying the

"species-ness™ in organismal evolution.
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Chapter 2. Identification of Ultramicro Inversions within Local

Alignments between Closely Related Species.
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2.1. Summary

Inversion is one of the major mechanisms for generating genomic diversity in evolution.
While the inversions of large size have been well investigated since the early 20th
century, little is understood about the minimal size of inversions, which would have
useful information for clarifying the minute structural changes of genomes. | developed
an efficient method for identifying minimal-sized inversions that | call "Ultramicro
Inversions” of 5-125 bp buried in nucleotide alignments, and identified 3,330 ultramicro
inversions within the human-chimpanzee genome alignments. Around 26% of the
ultramicro inversions consisted of adenine (A) and thymine (T) only, and the ultramicro
inversions were also frequently found in chromosome Y and regions close to
transposable elements. These observations suggested that the ultramicro inversions are
related to instability of the genomic structures. Ninety ultramicro inversions were found
in gene regions, and 28 out of 90 were in the coding regions, indicating that some parts
of the ultramicro inversions may contribute to gene evolution. At least 31% of the
ultramicro inversions in the human-chimpanzee alignments were bounded by inverted
repeats, suggesting that such ultramicro inversions involved in the chromosomal
recombinations via DNA stem-loops. In addition, | identified ultramicro inversions in
various lineages other than primates: 1,285, 40, and 62 ultramicro inversions in the fly,
fungi, and rice genomes, respectively, and 20 on average in the genomes of four and
two lineages of eubacteria and archaea, respectively. This observation indicates that
ultramicro inversions are ubiquitous across the three domains of the living world. While
frequencies of the ultramicro inversions were up to seven times different between the

lineages, the mechanisms of ultramicro inversions seemed to be more various across the
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lineages. The fractions of AT-exclusive and stem-loop type ultramicro inversions were
much more different across the lineages. Identification of ultramicro inversion hotspots
in silico would be helpful for capturing the inversions in experiments and clarifying the
mechanisms of minute genome structural evolution. Our inversion-identification
method is also applicable in the fine-tuning of genome alignments by distinguishing

ultramicro inversions from simple point mutations and indels.
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2.2. Introduction

Chromosomal inversion, a type of genetic rearrangement involving the inversion of a
chromosome segment, is one of the most important causes of genomic structural
changes. Inversions have been identified as phylogenetic signatures since the first third
of the twentieth century (Sturtevant 1921) and are thought to have affected speciation
and phenotypic evolution (Kirkpatrick 2010; Kirkpatrick and Barton 2006). While
large-size inversions (macroscopic inversions), detectable by microscopes and/or visible
in genetic maps, were identified early on (Sturtevant 1921; Tan 1935), the recent
abundance of genomic sequences and progress in sequence analysis has enabled the
extensive detection of inversions of various sizes in genomes. In particular, comparative
genomics between populations and between closely related species have revealed the
occurrence of numerous inversions in genomes including relatively small-size
inversions (Bansal, et al. 2007; Chaisson, et al. 2006; Feuk, et al. 2005). More than
1,500 inversions varying in length from 23 bp to 62 Mb occur in the human and
chimpanzee genomes, suggesting that inversions are common mechanisms for
differentiating genomes (Feuk, et al. 2005). Although several methods have been
developed to identify these inversions, they focus only on the macroscopic or relatively
small inversions which are inversions large enough to be detected as a single alignment
or a string of local alignments (Feuk, et al. 2005).

Some inversions may be too small to be identified even as a local alignment block.
Such "ultramicro inversions™ are extremely difficult to detect using existing methods
because they may be hidden within the local alignments of BLAST or other popular

alignment softwares. These inversions are very short such that the alignment extends
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beyond them allowing mismatches and gaps. In these cases, the ultramicro-inverted
regions are treated as small arrays of mismatches and gaps within the local alignments
(Fig. 2-1). The degree of overlooking the ultramicro inversions hidden within the local
alignments would be high within the alignment between closely related genomes,
because mismatches in short regions are negligibly small for highly similar alignments
longer than ten kilo-bases.

These ultramicro inversions would be aligned with mismatches and gaps with
higher density in an aligned region than would a random distribution of such differences
in the whole alignment. Generally, mismatches and gaps within alignments account for
nucleotide substitutions and insertions and deletions (indels), respectively (Fig. 2-2A,
B). However, mismatches and gaps generated at inverted sites are a result of erroneous
alignments (Fig. 2-2C). Whether or not differences in the alignments are caused by
nucleotide substitutions and indels is apparently unclear. Thus, it is difficult to obtain
information about ultramicro inversions from the local alignments themselves.
Identifying ultramicro inversions within the alignments would be necessary for
distinguishing the mismatches and gaps caused by nucleotide substitutions and indels
from those caused by inversions.

The human genome is different from the chimpanzee genome, at 1.2% of
sequence mismatches (2005) and 5% of sequence mismatches plus gaps (Britten 2002).
Some of these differences are assumed to play important roles in the phenotypic
evolution of the human lineage. Furthermore, macroscopic inversions are one of the
major mechanisms of differentiating species (Kirkpatrick and Barton 2006). For
example, pericentric inversion is one type of large genomic rearrangements which

distinguishes the human karyotype from that of the chimpanzee (Kehrer-Sawatzki and
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Cooper 2007; Nickerson and Nelson 1998), implying that such inversions are one of the
important causes of speciation. Ultramicro inversions may also be spread across the
human and chimpanzee genomes because the size distribution of the macroscopic and
relatively small inversions decays as the size of the inversions increases (Feuk, et al.
2005). In addition, the differences in the human—chimpanzee alignments caused by
inversions raise the average differences between the human and chimpanzee genomes.
In order to examine the impact of ultramicro inversions on the genome alignment, |
developed a method for identifying ultramicro inversions within the alignments between
the human and chimpanzee genomes. | first generated 2.41 Gb of one-to-one (i.e.,
orthologous) alignments between the human and chimpanzee genomes using the
G-compass pipeline (Fujii, et al. 2005; Kawahara, et al. 2009), and identified inversions
in each local alignment. Subsequently, | examined the relationships of ultramicro
inversions with the structural features of the human genome to see the molecular
mechanisms of the inversions. Furthermore, | examined biologically functional
segments to infer the effects of the inversions on the phenotypic evolution of the human
lineage. Finally, | showed that the ultramicro inversions were ubiquitous across the
living organism genomes. In this study, | improved the method of identification of
ultramicro inversions developed by Hara and Imanishi (Hara and Imanishi 2011).
Compared with the previous method, new one is more sensitive to minute size of
ultramicro inversions (5 and 6 bp) and adenine and thymine-exclusive inversions with

equivalent false positive rate.
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2.3. Materials and Methods

Identification method for ultramicro inversions

Ultramicro inversions were detected within a local pairwise alignment by the following
two procedures: identifying difference-rich regions and searching for inverted regions in
these difference-rich regions. Fig. 2-2 illustrates the outline of these procedures. A
region rich in mismatches and gaps was initially detected as a trio of the nearest
mismatches and gap blocks which were more closely positioned on an alignment than
expected (Fig. 2-2A). Each trio consisted of either three mismatches, two mismatches
and one gap block, or one mismatch and two gap blocks that were located in different
sequences of a pair. The trio was extracted by scanning the pairwise alignment. When a
mismatch or gap block was found and the next two mismatches and/or gaps were
located within a region of n — 1 consecutive sites, the conditional probability of the trio
within n sites Pyio(n) (N > 3) was calculated by the equation given below,

Prio( =1-@-py)" - (n-Dpy @-py)" 2

where pq represents the average number of mismatches and gap blocks per site.
During the detection process, some parts of the inversions were found to be
aligned without mismatches, as follows:
ATGCCCGG----
----CCGGGCAT
The inversion of 8 bp included a palindrome in part and was aligned with the
palindrome. | called this a partially palindromic inversion. In order to identify this kind

of inversion, | search for the region where an identically aligned region was sandwiched
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by two gap blocks inserted in different sequences of pair (Fig. 2-2B). The conditional

probability of the two gap blocks within n sites Pgyo(n) (N> 2) is given as follows:

Pduo(n) =1- (- pg)" -1
where py is the average number of the gap blocks per site. | extracted such trios and
duos where Pyio(n) < 0.01 or Pgy(n) < 0.01. These trios and duos were merged and then
extended with 25 bp at both ends. The resultant regions were candidates and subject to
subsequent analysis.

The candidates of the inversions were aligned by the Dynamic Programming
assuming inversions (Chen, et al. 2004) (Fig. 2-2C). The alignment scores in Dynamic
Programming were assumed as follows: match score at 10, mismatch penalty at 11, gap
open penalty at 15, gap extension penalty at 5, and inversion penalty at 23. If the
inversion was aligned with higher similarity than the corresponding forward alignment
based on following the criteria stated below, | defined the inverted region as an
ultramicro inversion —(i) For the region based on Pgic(n) < 0.01, similarity of the
inverted alignment should be >0.95, and the corresponding forward alignment should
include the trio. (ii) For the region based on Pgy(n) < 0.05, similarity of the inverted
alignment should be 100%, and the corresponding forward alignment should include the
pair of gaps at each end. Following these procedures, | excluded the some parts of
AT-exclusive inversions which could be explained by other mechanisms than inversions.
One of the inversions to be excluded consisted of mononucleotide repeats of Aand T
such as 5'-AAATTTTTTT-3": the inversion 5'-AAAAAAATTT-3' could be explained by
with stretch and shrink of the repeats. The other consisted of staggered AT dinucleotide

repeats such as 5-ATATATATATA-3": the inversion 5'-TATATATATAT-3’ could be
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explained by insertion of deletion of A or T. The length of ultramicro inversions was

defined as the length of the inverted segments determined by the blastn program.

Simulation

In order to evaluate the power of my identification method, simulations were performed
using sequence alignment sets of random sequences, each consisting of 100,000 pairs of
approximately 5,000 bp sequences and including an inversion in each pair. Each
sequence pair was generated by the sequence evolution simulator Indelible (Fletcher
and Yang 2009), allowing insertions and deletions (indels) from a random sequence of
5,000 bp, assuming the HKY sequence substitution model (Hasegawa, et al. 1985), the
indel lengths distributed with the Lavalette distribution setting the decimal at 2 and the
maximum indel length at 50, and the prior sequence conditions similar to the
human-chimpanzee genome alignment: setting the base compositions of ga, gr, gc, and
ge at 0.289, 0.304, 0.203, and 0.204, respectively, the transition/transversion ratio at
1.75, the average of sequence substitutions per site at 1.00, the indel/substitution ratio at
0.159, and the shape parameter for the gamma distribution and the number of categories
for the discrete gamma approximation set at 0.65 and 5, respectively. A short region of 5
to 50 bp length in one sequence of each pair was inverted, and the pair was aligned with
MAFFT (Katoh, et al. 2005). The inversion lengths were fixed in all 100,000 pairs of a
sequence alignment set. | generated eleven sequence alignment sets with 5, 6, 7, 8, 9, 10,
15, 20, 25, 30, and 50 bp inversions. The other sequence alignment groups were
generated for assessing the intensity of AT-exclusive sequences. The sequence models
and prior sequence parameters were equal to the simulation above except for the base

compositions; (ga, 91, dc, 9s) = (0.5, 0.5, 0, 0). For the AT-exclusive alignments, seven
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alignment sets were generated, and 5, 10, 15, 20, 25, 30, and 50 bp inversions were
included in the individual alignment sets. In these simulations, pg and py were set at

0.0100 and 0.00150, respectively.

Identification of the ultramicro inversions within the human—chimpanzee alignments

To identify ultramicro inversions within the alignments between the human and
chimpanzee genomes, one-to-one (i.e., orthologous) alignments were generated between
the human and chimpanzee using the hgl9 human genomic sequence and panTro2
chimpanzee  genomic  sequence from the UCSC genome  browser
(http://genome.ucsc.edu/). The alignments were constructed with the G-compass
pipeline (Fujii, et al. 2005; Kawahara, et al. 2009) based on the lastz local alignments
(Harris 2007) and its unique and non-redundant reciprocal best hits. The
human-chimpanzee alignments were described in Supporting data D2-1. Applying the
method above after setting pg and pg at 0.0136 and 0.00150 respectively, | obtained
ultramicro inversions within the human—chimpanzee alignments.

The human—gorilla and human—orangutan one-to-one alignments were generated
by the same procedures, using the gorGor3 gorilla and ponAbe2 orangutan genomic
sequences from the UCSC genome browser (http://genome.ucsc.edu/). The
human—chimpanzee alignments including the ultramicro inversions were grouped with
the human-—gorilla and human-orangutan alignments in which the human sequence
overlapped the inversion segments in the human—chimpanzee alignments. In each group,
the human, chimpanzee, and gorilla and/or orangutan sequences were multiply aligned
by MAFFT (Katoh, et al. 2005).

The validation of ultramicro inversions based on phylogenic profiles was
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performed using these multiple alignments. In the alignment sites of the inversions, if
fewer than two mismatches or gaps were found between the human and outgroup
sequences and three or more mismatches or gaps were found between the chimpanzee
and outgroup sequences, | concluded that the chimpanzee sequence had been inverted.
The human inverted sequences were also detected in the same way. If the phylogenetic
profile of the inversion was inconsistent with the species phylogeny among human,
chimpanzee, and gorilla, the inversion was verified with the incomplete lineage sorting.
In order to consider ultramicro inversions together with the genomic features, |
used two kinds of genomic tracks available from the public database. Mapping
information of exons and coding regions of human transcripts on the human genome
were obtained from H-InvDB version 7.5 (http://hinv.jp/hinv/ahg-db/) (Imanishi, et al.
2004). Mapping information of Alu and L1 was obtained from the chromOut
repeat-masking annotation files on the human genome from the UCSC genome browser
(http://genome.ucsc.edu/). To determine if ultramicro inversions preferentially occur in
the neighborhood of transposable elements, | conducted a 1,000 times trial of the
random distribution of the short segments on the human genome. Given that the size
distribution of 3,300 short segments was identical to that of the ultramicro inversions
within the local alignments between the human and chimpanzee genomes, these
segments were randomly distributed on the human genome. Frequency distributions of
every 100 bp of genomic distances between the segment and nearest transportable
element were computed. If a boundary of the mobile element was included in the
ultramicro inversion, the distance was set to zero. Frequencies of the short segments in
every 100 bp were counted from the 1,000 times trial of the random distribution. The

value of p<0.001 indicates no appearance of the short segment in the trial. | also applied
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this procedure to determine if DNA stem-loops frequently included the ultramicro
inversions. In this study, | extracted the ultramicro inversions within the loops with <10
bp spacer regions at each end and those within the stem-loops consisting of loops and
>7 bp stems (as known as inverted repeats). It is empirically known that a pair of
inverted repeats consisting of at least 7 bp nucleotides can make a stable stem-loop (Nag
and Petes 1991). | also investigated the possibility that the inverted repeats were
randomly distributed on both ends of the short segments instead of calculating the

distance from the short segments to the transposable elements.

Ultramicro inversions in the alignment of closely related species or strains

Genome alignments of eukaryotes, fly (Drosophila melanogaster and D. simulans),
budding yeasts (Saccharomyces paradoxus reference and Al2 strains), rice (Oryza
sativa and O. glaberrina), were obtained from AAA (Assembly/Alignment/Annotation)
of 12 related Drosophila species
(http://lwww.mmnt.net/db/0/0/ftp.biostat.wisc.edu/pub/cdewey/data/fly _alignments),
Saccharomyces Genome Resequencing in  Wellcome Trust Sanger Institute
(http://www.sanger.ac.uk/research/projects/genomeinformatics/sgrp.html), and AfRicA
DB in NIAS (http://green.dna.affrc.go.jp/Og/), respectively. Genome sequences of four
eubacteria, Neisseria meningitidis (strains MC58 and Z2491), E. coli (strains K12 and
0157), and Helicobacter pylori (strains J99 and 26695), and Streptococcus pyogenes
(strains SSI-1 and MGAS8232), and two archaea, Pyrobaculum (P. arsenaticum and P.
oguniense) and Sulfolobus islandicus (strains M.16.4 and Y.N.15.51) were obtained
from NCBI Nucleotide (http://www.ncbi.nlm.nih.gov/nuccore). Genome alignments of

the bacteria lineages were generated by the G-compass pipeline. Ultramicro inversions
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were identified based on the same procedures to the human-chimpanzee alignments

described above with the same parameters.
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2.4. Results

Simulation
Firstly, 1 defined ultramicro inversions as the inverted regions buried within local
alignments. With this definition, most of the "ultramicro” inversions are expected to be
smaller than the "relatively small" inversions which are identified as a single alignment
or a string of local alignments from the recent comparative genomics. Within the local
alignments, the ultramicro inversions would be misaligned forwardly. | developed a
method for identifying such ultramicro inversions hidden within regions of local
pairwise-alignments rich in mismatches and gaps. In such regions, erroneously aligned
ultramicro inversions would possess high density of mismatches and gaps. Assuming
that the sequence differences are spread across the genome following a negative
binominal distribution, | determined if these regions could be aligned inversely with
greater similarity than the forward alignments (See Methods). A simulation was
conducted in order to test the strength and accuracy of this algorithm using the Indelible
program (Fletcher and Yang 2009) for evolving random sequences. Eleven sets of
pairwise nucleotide alignments were generated allowing the creation of indels, each
consisting of 100,000 pairs of 5,000 bp random nucleotide sequences, with parameters
(e.q., differences and base composition) equivalent to the human—chimpanzee genome
alignments. A short (5-50 bp) segment with fixed length was randomly chosen and
inverted in one sequence of every pair. Re-aligned pairwise sequences were then
subjected to the inversion identification.

Through the identification of inversions, the sensitivity of the algorithm was

found to approximately range from 0.75 to 0.96 (Fig. 2-3A). Although ultramicro
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inversions of > 20 bp showed slightly higher sensitivity than the others, it is clearly
indicated that this method is useful for identifying any sizes of inversions of > 5bp
buried in local alignments. In addition, only 4.4 false positives were found on average in
a set of 100,000 pairs of sequences, indicating a very low false-positive rate. Only 21
false positives were expected in the human—chimpanzee alignments consisting of 2.4

Gb of alignment sites.

Identification of inversions between the human and chimpanzee genomes

| detected 3,330 ultramicro inversions hidden within the one-to-one alignments between
the human and chimpanzee genomes. Interestingly, 871 inversion segments consisted of
adenine and thymine exclusively (AT-exclusive inversions) (Table 2-1, Fig. 2-4A, and
Supporting data D2-2). In addition, AT content of the inversions excluding the
AT-exclusive segments was higher (66.5%) than the average AT content of the entire
human—chimpanzee alignments (59.3%) (Fig. 2-4A), suggesting that ultramicro
inversions preferentially occurred in AT-rich regions. The AT-exclusive regions possess
considerably different conditions from the other regions to the extent of AT content and
thus might show different power for the inversion identification from that assumed in
the simulation in the previous subsection. In order to validate the strength and accuracy
of the inversion identification methods for the AT-exclusive regions, | conducted a
simulation under the same prior conditions except for different base compositions of the
AT-exclusive regions (50% adenine and 50% thymine). Sensitivity for searching for the
true ultramicro inversions in simulation in the AT-exclusive condition was less than that
in the initial condition and, as well as the initial condition, increased with increasing

inversion size from 0.503 for 5bp inversion to 0.868 for 50 bp inversion (Fig. 2-3B).
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False positives were greater in the AT-exclusive conditions than in the initial simulation
condition with less than 116 false positives on average in the AT-exclusive simulation
set (Fig. 2-3B). Although approximately 560 false positives were expected in the 2.4 Gb
AT-exclusive alignments, which was as large as the human-chimpanzee genome
alignments, the number of false positives in the human-chimpanzee genome alignments
may have been much lower than 560 since the AT blocks constitute small fractions of
the genome. Blocks consisting of a series of at least 5 bp of adenines and thymines were
summed at approximately 270 Mb in the human genome, in which all the 871
AT-exclusive inversions were included, indicating that less than 62 false positives of the
AT-exclusive inversions could be expected in the human—chimpanzee alignments.

The size of ultramicro inversions between the human and chimpanzee genomes
ranged from 5 to 125 bp (Fig. 2-4B and Supporting data D2-2), and the distribution of
their lengths, which was classified into three characteristics, showed a peculiar shape.
The distribution basically decayed in a fashion similar to the macroscopic and relatively
small inversions between the human and chimpanzee genomes (Feuk, et al. 2005),
suggesting that ultramicro inversions prefer small size. On the other hand, | found a
small peak around 20 bp in the size distribution of the ultramicro inversions.

While the ultramicro inversions as well as the macroscopic and relatively small
inversions were spread throughout the human genome (Feuk, et al. 2005), the density of
inversions was significantly different on chromosome Y compared with that on the
autosomes (Fig. 2-4D). Autosomes averaged 0.401 + 0.176 AT-exclusive and 1.05 +
0.210 guanine and cytosine-including (GC-including) inversions per Mb. However,
chromosome Y possessed much more frequent GC-including inversions: 0.676

AT-exclusive inversions (p=0.119) and 1.94 GC-including inversions (p < 1.00x10)
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per Mb. In contrast, the numbers of AT-exclusive and GC-including inversions on
chromosome X (0.637 and 1.34 per Mb, respectively) were not significantly different
from those on the autosomes (p = 0.180 and 0.168, respectively). In addition, the
proportions of the inversion ratios between chromosome Y and autosomes (3.45 times)
are larger than the proportion of the mutation rates (approximately 1.4 times (Hughes, et
al. 2010)) between them. These observations suggest that the abundance of ultramicro
inversions in chromosome Y is mainly subject to high diversity of the genomic
structures specifically in chromosome Y (Hughes, et al. 2010) rather than male driven
evolution. One possibility is that frequent intrachromosomal recombinations in
chromosome Y (Hughes, et al. 2010) had been involved in frequent ultramicro
inversions. Another is absence of the proofing by homologous recombination in Y
chromosome (Li and Heyer 2008). Microdeletions (>100 bp), for example, are
specifically frequently accumulated in chromosome Y and occasionally cause infertility

in male (Foresta, et al. 2001; Onrat, et al. 2012; Pryor, et al. 1997).

Ultramicro inversions validated by phylogenetic profiles

By comparing the ultramicro inversions within the human—chimpanzee alignments with
the orthologous sequences of the primate outgroups, the lineages in which the
inversions occurred can be inferred (Fig. 2-5A). Generating multiple alignments of
ultramicro inversions concatenating their neighbors of human, chimpanzee, gorilla,
and/or orangutan as outgroups, the species possessing the inverted sequences were
identified. In 2,613 ultramicro inversions out of 3,330, the lineages in which the
sequences had inverted were definitely determined (Table 2-1). Seven hundred and

thirteen and 1,757 inversions were identified specifically in the human and chimpanzee
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sequences, respectively, suggesting that they had occurred specifically in the human and
chimpanzee lineages after the separation between the two species. On the other hand,
143 inversions appeared to be inconsistent with the species phylogeny among human,
chimpanzee, and gorilla, suggesting incomplete lineage sorting in the common ancestor
of these three species: 78 ultramicro inversions shared between human and gorilla and
65 between chimpanzee and gorilla (Table 2-1). The former represented the gene
phylogeny as ((Human, Gorilla), Chimpanzee) and the latter represented the gene
phylogeny as (Human, (Chimpanzee, Gorilla)).

While my detection method for ultramicro inversions possessed a high degree of
accuracy, it is noteworthy that these 2,459 ultramicro inversions were also supported by
the phylogenetic profiles of the outgroups. Thus, | considered that these inversions were
very plausible. Out of the rest of 871 ultramicro inversion, | could not obtained the
strong support by phylogenetic profiles in 153 ultramicro inversions and the
orthologous sequences of gorilla or orangutan in 718 ultramicro inversions. The fraction
of the latter ultramicro inversions (22%) is larger than the loss-ratio of the size the
whole genome alignments of human, chimpanzee, and gorilla (2.1 Gb) from those of
human and chimp (2.4 Gb) (p=8.0x10"%), still suggesting that the ultramicro inversion
had occurred in the instable regions of genome structure such that the orthologous

regions were not conserved in the outgroup species genomes.

Ultramicro inversions within genes
To examine the impact of ultramicro inversions on gene evolution in the human lineage,
I searched for ultramicro inversions within those exons defined in H-InvDB (Imanishi,

et al. 2004), and found a total of 90 inversions (Fig. 2-5B). More than half the
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inversions were identified in the 3" UTR region. Although 28 ultramicro inversions out
of 90 were found in the coding regions, most of them (15 ultramicro inversions) were
inferred to have occurred in the chimpanzee lineage specifically, and one was inferred to
have occurred in the human lineages (Fig. 2-5B). The 17 genes of which ultramicro
inversions were identified in the coding regions included several well-annotated ones
such as tumor protein p73 (TP73), protein tyrosine phosphatase receptor type B
(PTPRB), and NADPH oxidase organizer 1 (NOXOL1). In 27 out of 28 inversions,
biochemically different amino acids were observed between human and chimpanzee.
These inversions ranges from five to 24 bp and affected the corresponding amino acid
sequences from two to nine residues. In the remaining one, a stop codon was observed
in the human sequence but not in the chimpanzee sequence: only four amino acids were
extended in the chimpanzee sequence. These observations suggest that ultramicro
inversions in coding regions have contributed to gene evolution mainly in the

chimpanzee lineage.

31



2.5. Discussion

I developed a highly sensitive and distinctly specific method for identifying ultramicro
inversions hidden within nucleotide alignments. This method could be very effective for
sequences with average base compositions of the human and chimpanzee genomes as
well as would work well for those with extremely biased base compositions such as
100% AT content (Fig. 2-3B) with extra filtering for simple repeats. Positive predictive
values (number of true positives/(number of true positives + number of false positives))
are more than 0.9999 for the former case and 0.997 for the latter case, respectively.
Although our previous method for identifying ultramicro inversions did not possess
high sensitivity for 5 and 6 bp of ultramicro inversions, new method in this study
overcame this weakness: sensitivities for 5 and 6 bp at 0.26 and 0.65 in previous method,
respectively, those at 0.85 and 0.75, in the new method, respectively. Moreover,
sensitivities for AT-exclusive inversions were also improved: 0.16 increase on average.
It is noted that the new method shows positive predictive humbers equivalent to or
slightly larger than that of previous one, 0.9998 for the average base compositions of the
human and chimpanzee genomes and 0.993 for the100% AT content.

In addition to macroscopic and relatively small inversions, a large number of
ultramicro inversions, ranging from five to 125 bp, were detected between the human
and chimpanzee genomes using my method (Table 2-1). From this observation, I
defined the size of ultramicro inversions equal to or less than 125 bp. Based on the
simulations, at most approximately 82 false positives (2.5% of the total) were expected.
On an average, 1.39 ultramicro inversions were found per Mb of the

human—chimpanzee alignments. These inversions had been treated as mismatches and
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gaps in the local alignment, suggesting that the identification of ultramicro inversions is
one of the effective ways for fine-tuning the local alignments. However, | found only
0.0319% and 0.126% of mismatches and gaps in the whole human-chimpanzee genome
alignments were derived from the ultramicro inversions, respectively. The nucleotide
divergence between chimpanzees and humans before and after excluding the ultramicro
inversions was estimated at 0.013276 and 0.013270, respectively, indicating that
ultramicro inversions do not largely affect the nucleotide divergence between human
and chimpanzee. Still, because of the relatively low sensitivity in detecting extra-short
and palindrome-like inversions, the number of ultramicro inversions may be greater
within the human—chimpanzee alignments. One of my most important findings was the
large fraction of AT-exclusive ultramicro inversions (Fig 2-4A). My method included
additional filtering of AT-exclusive inversions, which excluded inversions consisting of
mono- or dinucleotide repeats of A and T. The simulation produced indicated a very
high positive predictive rate. However, some of the AT-exclusive inversions may have
been false positives because of the unknown aspects of genomic evolution. Filtering
inversion candidates using the phylogenic profile would generate a highly specific
subset of inversions (Chaisson, et al. 2006). By comparing inverted segments with the
primate outgroup, 666 of the AT-exclusive inversions belonged to this specific subset
(Table 2-1), still suggesting frequent AT-exclusive inversions.

Size distribution of the ultramicro inversions implies that more ultramicro
inversions with smaller (<5 bp) size are buried in the local alignments. However, it
would be very difficult to distinguish the real inversions <5bp form the
stochastically-generated artifacts. Although it would be hard verify the candidates

one-by-one, the whole pictures of the minute ultramicro inversions can be illustrated. If
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such small inversions have occurred in the genome, specific arrays of four or less
mismatches were preferably found in the alignments. All patterns of the mismatch
arrays can be investigated if the lengths of the arrays are short. The inversions ranging
from 23 to 125 bp could be any one of the ultramicro inversions hidden in a local
alignment or small-size inversions identified as a single or a string of local alignment
(Feuk, et al. 2005). Size distribution of the inversions roughly indicated that inversions
less than 40 bp were preferably hidden in the local alignments between the human and
chimpanzee genomes (Fig. 2-4C). The ultramicro inversions are also distinguished from
the "relatively small" inversions that are detectable as a single alignment or a string of
local alignments, in that the exact boundaries of ultramicro inversions can be identified
easily within the local alignment. This may have a significant insight into the
elucidation of the mechanism for the ultramicro inversions.

In this study, the human-chimpanzee alignments were generated by the
G-compass pipeline (Fujii, et al. 2005). Although the G-compass pipeline is different
from the UCSC axtNet alignment (Schwartz, et al. 2003) based on the definition of
orthologous alignments, both methods initially generate local alignments with blastz
(Schwartz, et al. 2003) or its successor lastz (Harris 2007). Thus an equivalent number
of ultramicro inversions are likely to be obtained from the UCSC axtNet alignment. As
expected, 3,036 ultramicro inversions were found in the human—chimpanzee alignments
using UCSC axtNet alignment, suggesting that most of the ultramicro inversions are
independent of the G-compass pipeline. Although | have not examined for ultramicro
inversions within the genome alignment generated by local alignments other than blastz,
differences in the ultramicro inversions between different alignment algorithms may be

helpful in verifying the behavior of the alignment algorithms involving ultramicro
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inversions either erroneously aligned or excluded from the local alignments.

Out of the 2,613 ultramicro inversions validated by phylogenetic profiling, 1,767
were found to have occurred specifically in the chimpanzee lineage, which were
approximately twice more than those (713) in the human lineage (Table 2-1). Several
studies have indicated that the sequence accuracy of the chimpanzee genome is poorer
than that of the human genome (Hobolth, et al. 2011; Meader, et al. 2010) because of
the lower coverage. This may be one of the causes of the abundance of ultramicro
inversions in the chimpanzee lineage. However, the substitutions especially those in the
chimpanzee lineage were at most 1.05 times more than those in the human lineage
(Hobolth, et al.), indicating that a large number of ultramicro inversions in the
chimpanzee lineage were unlikely to be the result of sequence errors. Higher level of
false assembles of the sequence reads in the chimpanzee genome than the human's
might be another explanation. It can be a cause for the false positives in the larger
inversions as a single alignment or a string of local alignments (relatively small
inversions) than ultramicro inversions. However, this may be also difficult to explain
ultramicro inversions within a local alignment. Thus, the differences in inversion
frequencies between humans and chimpanzees give an insight into the different histories
of genomic structural changes between the two species. Furthermore, this observation
ensures the abundance of ultramicro inversions in coding regions found specifically in
the chimpanzee lineage. As shown in Fig. 2-5A, ultramicro inversions substitute more
than one amino acid at a time into physicochemically different ones. The inversion in
PTPRB genes in chimpanzee (Fig. 2-5A) had altered a string of two residues of
glutamine and glycine into physicochemically different ones, (Q/H)1229P and G1230C,

respectively. In contrast, the hydrophilic residue of (Q/H)1229 is conserved across
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amniotes, and G1230 is conserved across tereosts and tetrapods. This implies that the
ultramicro inversion had altered the function of the corresponding fibronectin type I1I
domain. This implies that such ultramicro inversions played a role in drastic protein
evolution in the chimpanzee lineage.

Although it has not been clear how ultramicro inversions have occurred, my
findings of frequent ultramicro inversions in chromosome Y and the AT-exclusive
regions suggests that ultramicro inversions are preferably located in those genomic
regions that may relate to genomic instability. To examine the relationship between
ultramicro inversions and genomic instability in detail, 1 compared the positions of
ultramicro inversions with those of the genomic features involved in stability of the
human genome. Ultramicro inversions significantly frequently overlapped on the
boundaries of L1 and Alu (p < 0.001) and were located in the region (<100 bp) closer to
these transposable elements (p < 0.001), strongly suggesting that ultramicro inversions
are associated with the genomic features generating instability as previously indicated
by the macroscopic inversions (Lee, et al. 2008).

To elucidate the mechanisms of ultramicro inversions at the molecular level, 1
examined the genomic features near the inverted segments and found that large parts of
ultramicro inversions were included within DNA stem-loop structures. This indicates
that cruciform formation with DNA stem-loops mediated the ultramicro inversions
(Kolb, et al. 2009). Inversions that possibly mediated by inverted repeats were found in
various lineages and in various sizes (Carvalho, et al. 2011; Cui, et al. 2012; Furuta, et
al. 2011; Mott and Symington 2011). Especially, such inversions in the chloroplast
genomes in plants showed minute size at least 6 bp (Kim and Lee 2004) and

occasionally consisted of the hotspots of inversion (Whitlock, et al. 2010). I found 1,041
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ultramicro inversions (31% of total) in the human-chimpanzee genome alignments
sandwiched by or including inverted repeats (Fig. 2-6A), which was significantly more
frequent than expected (p < 0.001). This observation suggests that inversion via
stem-loop structures following cruciform formation is one of the major mechanisms for
generating ultramicro inversions. The ultramicro inversion in Fig. 2-6B is sandwiched
between inverted repeats and was possibly generated via the cruciform formation (Fig.
2-6C). The inverted repeat next to the 3’ end of the ultramicro inversion segment is
specifically found in the human sequence. This implies that inversion follows
double-strand breaks, strand displacement by the invading 3’ end, de novo DNA
synthesis, and concomitant DNA elongation (Kolb, et al. 2009). It is noted that three
fourth of the ultramicro inversions may be explained other mechanisms. My observation
indicated that ultramicro inversions are related to the genomic features involved in
genomic instability, which is a characteristic similar to that of macroscopic inversions.
Up to here, | focused on the ultramicro inversions in the human and chimpanzee
genomes. On the other hand, such ultramicro inversions would be found in different
lineages. In order to examine the ubiquity of the ultramicro inversions across the living
world, | searched for the ultramicro inversions between the genome alignments of
closely related species or strains in various lineages. | generated the genome alignments
between closely related species or strains of fly, budding yeasts, rice, four bacteria
lineage, and two archaea lineages and identified ultramicro inversions buried in the
alignments (Fig. 2-7A): from 13 ultramicro inversions in Escherichia coli strains to
1,285 in fly. Since the size of genomes and evolutionary distances between the species
or strains varied across the lineages, | compared the numbers of the ultramicro

inversions per 10,000 mutations across the lineages. These values were up to 6.8 times
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different between the lineages (0.897 for rice to 6.06 for Streptococcus pyogenes strains).
On the other hand, the ratio of the AT-exclusive inversions much varies across the
lineages. Any AT-exclusive inversions were not found in some of the lineages while the
variation of the fraction of At-exclusive ultramicro inversions seemed to be independent
of the average AT-content of the genomes (Fig. 2-7B). In addition, | found the
frequencies of the ultramicro inversions included within the DNA stem-loops also vary
across the lineages (Fig. 2-7C). These observations suggested that the mechanisms of
the ultramicro inversions are various across the lineages though ultramicro inversions
are ubiquitous across the three domains of life.

| developed an effective method for identifying ultramicro inversions within
pairwise alignments and found a large number of ultramicro inversions within the local
alignments between the human and chimpanzee genomes. This is the first finding of an
abundance of such inversions within the local alignments between closely related
species. This observation suggests that a considerable number of ultramicro inversions
could be found within the alignments between individuals from different populations.
Furthermore, some of the adjacent SNPs may be ultramicro inversions as well as large
inversions observed in HapMap data (Bansal, et al. 2007). Identification of ultramicro
inversions within human populations may be helpful in elucidating how phenotypic
characteristics have diversified during human evolution. These observations strongly
indicate that my inversion-identification method was helpful for examining the impact
of minute structural changes in genomes. This method is also applicable in fine-tuning
of genome alignments by distinguishing ultramicro inversions from nucleotide
substitutions and indels. This improvement of the alignments would be required for the

comparative genomics between closely related species at high accuracy.
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Fig. 2-1. Ultramicro inversions buried in a local alignment.
When one of the sequences of the mismatch and gap-rich region is altered in a
complementary manner of nucleotides (within an orange rectangle in upper figure), the

two sequences are identically aligned (lower figure).
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Fig. 2-2. Procedures of the identification method of ultramicro inversions within
the alignments.

Candidates of the ultramicro inversions were extracted by the criteria (A) or (B), and
such regions with the neighboring regions were globally aligned with Dynamic
Programming assuming inversions (C). In (C), red and blue lines represent forward and

inverted alignments, respectively.
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Fig. 2-3. Results of the simulations of ultramicro inversion identification.
Sensitivities (blue lines) and numbers of false positives (red bars) for the simulations,
assuming sequence parameters equivalent to the alignments between the human and

chimpanzee genomes (A) and those of the AT-exclusive condition (B).
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Fig. 2-4. AT content, size, and chromosomal distribution of ultramicro inversions.

Distributions of ultramicro inversions over the ranges of AT content (A), sizes in
nucleotides (B and C), and chromosomes (D). The red and blue bars represent the
numbers of AT-exclusive and GC-including inversions. In (A), the average of AT
content in the entire genome alignment between the human and chimpanzee genomes
and that in GC-including inversions are also shown. In (C), the size distribution of the

inversion by Feuk et al. (2005) is also shown.
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Fig. 2-5. Ultramicro inversions found within genes.

(A) The multiple alignment around the ultramicro inversions specifically identified in
the chimpanzee lineage in receptor-type tyrosine-protein phosphatase beta genes
(PTPRB) and the genomic structures of a part of PTPRB transcripts in the human
(HIT000321866 from H-InvDB) and chimpanzee genomes (XM_509219 from Refseq).
This inversion is included in one of the Fibronectin type Il domains in a tandem array
in PTPRB protein. Blue characters indicate ultramicro inversions. Numbers within the
boxes represent the exon numbers. The genomic regions with green and red
backgrounds are subject to one-to-one alignment, and the red background corresponds
to the multiple alignment. (B) Venn diagram of the ultramicro inversion frequencies in
coding region sequences (CDS), 5" UTR, and 3’ UTR. Numbers in parenthesis represent
the ultramicro inversion frequencies that were inferred to have occurred specifically in
the human and chimpanzee lineages, respectively. No ultramicro inversions in the genes

showed the incomplete lineage sorting among human, chimpanzee, and gorilla.
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Fig. 2-5 (cont.)
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Fig. 2-6. Candidates of cruciform-mediated ultramicro inversions.

(A) Ultramicro inversions possibly shaping the stem-loop structures. The left figure
represents the ultramicro inversions (blue circles) within a loop and sandwiched by
inverted repeats (green circles). In this case, ultramicro inversions located within the
loop with <5 bp spacer regions at both ends were required. The right figure represents
the ultramicro inversions including a stem or the inverted repeats. In both cases, stems
of >7 bp were required. The lower figure represents the numbers of ultramicro
inversions possessing these characteristics. (B) Nucleotide alignments of human
chromosome (chromosome 4: 39332472-39332603) and its orthologous sequences to
the chimpanzee and gorilla genomes including the ultramicro inversions sandwiched by
inverse repeats. Characters in blue and green represent ultramicro inversions and
inverted repeats, respectively. The inverted repeat at the 3’ end of ultramicro inversions
may have been inserted by cruciform-formation following inversion. (C) One strand of
cruciform-DNA inferred by the Mfold program (Zuker 2003). Characters highlighted in

blue and green represent the ultramicro inversion and inverted repeats, respectively.
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Fig. 2-7. Ultramicro inversions ubiquitously found in the living world.

(A) The row representing each lineage in the table was colored according to the
domains it belongs two. In the columns, average of genome size between the two
species (strains), sequence difference in the whole genome alignment between them,
number of ultramicro inversions (UMIs), and that per 10,000 mutations were shown.
(B) Fractions of AT-exclusive ultramicro inversions and average AT-contents in the
ultramicro inversions and the genomes in each lineage. (C) Fractions of the ultramicro

inversions included within DNA stem-loops in each lineage.
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Table 2-1. Overview of ultramicro inversions within alignments between the

human and chimpanzee genomes.

Inversion classification and the GC-including  AT-exclusive Total
lineage of inversion events
Ultramicro inversions 2459 871 3330
Inversions obtained with the 1947 666 2613
support of phylogenetic profiles
Human lineage 587 126 713
Chimpanzee lineage 1268 489 1757
Human-Gorilla lineage* 48 30 78
Chimpanzee—Gorilla 44 21 65
lineage*

“Subject to incomplete lineage sorting among human, chimpanzee, and gorilla.
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Supporting data D2-1. Human-chimpanzee orthologous genome alignments.

Supporting data D2-2. List of ultramicro inversions in the human-chimpanzee

alignments.

(Attached in DVD-ROM).
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Chapter 3. Reconstructing the Demographic History of the Human

Lineage Using Whole-Genome Alignments.
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3.1. Summary

The demographic history of human would provide helpful information for identifying
the evolutionary events that shaped the humanity but remains controversial even in the
genomic era. In order to settle the controversies, | inferred the evolutionary history of
human and great apes based on an estimation of the speciation times (T) and ancestral
population sizes (N) in the lineage leading to human and great apes using the whole-
genome alignments. A coalescence simulation determined the sizes of alignment blocks
and intervals between them required to obtain recombination-free blocks with a high
frequency. This simulation revealed that the size of the alignment block strongly affects
the parameter inference, indicating that recombination is an important factor for
achieving optimum parameter inference and that this simulation is helpful for the
optimum data collection. From the whole genome alignments (1.9 giga-bases) of human
(H), chimpanzee (C), gorilla (G), and orangutan, and the small-sized regions subject to
the genomic changes by the other mechanisms than point mutations, such as CpG sites
and ultramicro inversions, were excluded. 100-bp alignment blocks separated by >5-kb
intervals were sampled from the alignments and subjected to estimate t=pT and 6=4ugN
using the MCMC method, where p is the mutation rate and g is the generation time.
Although the estimated tc differed across chromosomes, tc and tyce Were strongly
correlated across chromosomes, indicating that variation in T is subject to variation in p
across the lineages, rather than T, and thus, all chromosomes are likely to share a single
speciation time. Subsequently, | estimated Ts of the human lineage from chimpanzee,
gorilla, and orangutan to be 6.0-7.6, 7.6-9.7, and 15-19 MYA, respectively, assuming

variable p across lineages and chromosomes. These speciation times were consistent
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with the fossil records. | conclude that the speciation times in our recombination-free
analysis would be conclusive and the speciation between human and chimpanzee was a

single event.
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3.2. Introduction

Reconstructing the history of human evolution is helpful for elucidating the phenotypic
characteristics that may have generated the nature of modern humans. In addition to
fossil records (Harrison 2010), molecular characteristics are highly informative for
reconstructing the evolutionary history of humans. In the early age of molecular
evolutionary studies, immunoprecipitation (antigen-antibody interactions) and
electrophoresis of peptides and DNA-DNA hybridization were used for estimation of
the phylogenetic relationships among human and their relatives of great apes (King and
Wilson 1975; Sarich and Wilson 1967; Sibley and Ahlquist 1984). These techniques
have now been replaced by the in silico analysis based on nucleotide sequences. By
comparing genome sequences among human and great apes, we can infer the
phylogenetic relationships among these species and map their molecular and phenotypic
signatures onto a phylogenetic tree. Characteristics associated with the lineage leading
to modern humans are candidates for key factors in human phenotypic innovation.

The demographic history among closely related species is reconstructed using sets of
orthologous nucleotide sequences in different genomic regions. If the divergence of
sequences is determined by species divergence time alone, the extent of nucleotide
sequence divergences between species can be the same for the entire genome. However,
the nucleotide divergence varies among different regions. This variation partly reflects
variation of segregation times due to different coalescence among regions caused by
recombination as well as the stochastic variability of nucleotide substitutions. Takahata
et al. pointed out that the parameters involved in a demographic history can be

estimated using a single reference genome for each species (Takahata, et al. 1995). This
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is because during the course of evolution a large number of recombination events have
divided genomes into large numbers of small blocks, each of which represents a single
genealogy. Assuming that coalescence occurred at random in each of such blocks in an
ancestral population, the coalescence times would be geometrically distributed
(Kingman 1982), leading to the simultaneous estimation of the parameters involving the
speciation time t=uT and the ancestral population size 6=4ugN, where pu, T, g, and N
represent the mutation rate per site per year, speciation time between species, generation
time in years, and the effective population size of common ancestors, respectively
(Takahata, et al. 1995). This estimation is usually conducted based on a maximum-
likelihood approach (Takahata and Satta 1997; Takahata, et al. 1995; Yang 2002; Yang
2010), Bayesian (Burgess and Yang 2008; Hey 2010; Hey and Nielsen 2004; Rannala
and Yang 2003; Yang 2002) or Hidden Markov Model frameworks (Dutheil, et al.
2009; Hobolth, et al. 2007). Each method has both advantages and disadvantages. The
maximum-likelihood and Bayesian approaches are capable of addressing three or more
species. However alignment data in both approaches must be sampled so that each
block represents a single genealogy for estimating t and 0 precisely. The HMM
approach uses an alignment of the entire genome and scans the alignments in small
windows, while the approach can treat only three species. Some parts of the variation in
nucleotide divergence may be subject to introgression after initial isolation (e.g. Pinho
and Hey 2010; Wu and Ting 2004). The regions in which introgressions occurred may
possess distinctly smaller nucleotide divergence than the genomic average.

Using the above-mentioned theoretical frameworks, the demographic history
between human and chimpanzee has been inferred based on the limited numbers of

randomly sampled genomic regions or protein-coding genes since the mid-1990s (Chen
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and Li 2001; Takahata and Satta 1997; Takahata, et al. 1995; Yang 1997). Due to recent
rapid progress in nucleotide sequencing techniques, the whole-genome sequences of not
only human but also great apes have become available (Chimpanzee Sequencing and
Analysis Consortium 2005; Locke, et al. 2011; Scally, et al. 2012). Thus it becomes
possible to infer the demographic history of human and great apes using massive
amounts of information.

Several attempts at estimating speciation times and ancestral population sizes have
been conducted using relatively long sequences (>1 Mb), or even whole-genome
sequences from human and great apes (Burgess and Yang 2008; Hobolth, et al. 2007;
Hobolth, et al. 2011; Patterson, et al. 2006; Satta, et al. 2004; Scally, et al. 2012; Yang
2010). However the demographic history of human remains controversial. Most of these
studies supported the occurrence of a simple speciation process between human and
chimpanzee (allopatric speciation), which can be explained by a unique speciation time
across the genomic regions. However, a few studies have indicated the existence of
multiple speciation times across these genomes, implying that human and chimpanzee
experienced a complex speciation history. A study performed by Patterson and
colleagues resulted in the most debatable issue on the speciation between human and
chimpanzee (Patterson, et al. 2006). This study estimated a significantly more recent
speciation time based on X chromosome than that on the autosomes, concluding that
this observed heterogeneity would be due to recent introgression between the human
and chimpanzee ancestors after initial isolation and subsequent strong selection favoring
X chromosome hybrids (Patterson, et al. 2006). Yang also showed multiple speciation
times, even among the autosomes, using >5-Mb genomes of human, chimpanzee, and

gorilla (Yang 2010). Osada and Wu estimated different divergence times of human and
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chimpanzee between coding regions and intergenic regions, suggesting that genetic
exchanges had occurred during the speciation history of human and chimpanzee (Osada
and Wu 2005). On the other hand, a few studies using Patterson’s data did not find the
complex speciation (Innan and Watanabe 2006; Yamamichi, et al. 2011). In addition,
both gorilla and orangutan genome consortiums estimated speciation times using nearly
whole genomes of human, chimpanzee, gorilla, and orangutan. However they did not
present a conclusion about the complex history of the human lineage (Locke, et al.
2011; Scally, et al. 2012).

To determine the evolutionary history of hominids comprehensively based on whole
genomes, | inferred t and 6 using whole-genome alignments consisting of the most
recent assemblies of the human, chimpanzee, gorilla, and orangutan genomes. This
inference was conducted using Rannala's MCMC framework (Rannala and Yang 2003).
The MCMC approach requires optimal sampling of alignments, each of which ideally
represents a single genealogy, to obtain precise estimations of T and 0. Thus, | simulated
the evolution of nucleotide sequences under certain demographic models to search for
the optimal conditions about sizes of alignment blocks and the lengths of intervals
between them. Inference of the demographic histories of hominids was conducted using
the optimal conditions from this simulation. In addition, to estimate speciation times
and ancestral population sizes correctly, an evolutionary model including variability of
evolutionary rates across lineages was required. Variation in mutation rates has been
observed between Old World monkeys and hominoid lineages, and even within the
hominoids (Elango, et al. 2006; Steiper and Seiffert 2012; Steiper and Young 2006). |
assumed that the probability density function of the mutation rate on a branch was

subject to that of the parental (adjacent older) branch. Through this analysis, I intend to
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settle the controversy about human-chimpanzee speciation described above.
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3.3. Materials and Methods

Generation of Whole-Genome Alignments

The human (hg19), chimpanzee (panTro3), gorilla (gorGor3), and orangutan (ponAbe2)
genome sequences were obtained from the UCSC genome browser
(http://genome.ucsc.edu/). Orthologous alignments among the four species were
constructed based on two procedures as described below. Orthologous pairwise
alignments between the human and each great ape sequences were generated with the
G-compass pipeline (Fujii, et al. 2005; Kawahara, et al. 2009) based on lastz local
alignments (Harris 2007) and its unique and non-redundant reciprocal best hits.
Subsequently the human genomic regions which possessed the orthologous pairwise
alignments to all the three great ape were extracted and multiply re-aligned with the
corresponding sequences of the three apes with MAFFT (Katoh and Toh 2008).

Both ends (20 aligned sites) of each alignment were excluded due to the ambiguity
of the alignments. The alignments were split into blocks of fixed lengths of 50, 100, and
200 bp. To obtain the alignments showing unambiguous orthology, | extracted the
alignment blocks satisfying dyc<0.05, dyco<0.08, and the null hypothesis of dy=dc for a
relative rate test (Tajima 1993), where dyco=(dno+dco)/2 and dy and dc represent the
evolutionary distances from the branching point between human and chimpanzee to
their leaves, respectively. In the relative rate test, | calculated the exact p-values of
binominal distributions because the observed values were >5 in most cases. 97.4%
alignments out of the total satisfied these conditions. The alignments that did not
include ultramicro inversions (Hara and Imanishi 2011) were chosen. Gapped sites and

CpG dinucleotide sites were excluded from the alignment blocks, and the alignments in
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which 80% or more of sites remained were subjected to the subsequent analyses. Finally,
the 100 bp alignments blocks were extracted with >5 kb of the intervals. The whole and

sampled alignments of human and three apes were attached in Supporting data D3-1.

MCMC Inference of Demographic History

To infer the demographic history parameters t and 0, | applied the Rannala's MCMC
framework (Burgess and Yang 2008; Rannala and Yang 2003) with an extension of the
evolutionary model that assumes heterogeneous evolutionary rates among lineages.
Under this condition, | assumed that the mutation rate for a branch was subject to that of
its parental branch; thus, the mutation rate for a branch was log-normally distributed
given the mutation rate on its parent branch (Yang 2006). The mean and standard
deviation of the proportion of the mutation rate of the branch to that of its ancestor were
calculated from the phylogenetic trees based on the orthologous genome alignments
(1.03 Gb in total) consisting of human, chimpanzee, gorilla, orangutan, and macaque
sequences. The multiple alignments of the orthologous regions among the five species
were generated via the same procedure as used for the four species described above.
The phylogenetic trees were inferred by RAXML (Stamatakis 2006). | assumed a log-
normal prior distribution of w/panciy With the sequence differences in the alignment,
where pancg IS the mutation rate of the parent branch of k. In this analysis, pxeco=Ho,
and the relative mutation rates were r=p/py. We could compute the relative ratios of the
mutation rates between sister branches but not between a parent and a daughter. This is
because we do not know the divergence times of the nodes separating the daughters in
advance. Therefore, | assumed a prior distribution of pu/panci=ri/r, Where k' is a sister

of k, instead.
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In this analysis, | assumed the existence of three evolutionary conditions on the
heterogeneity of the mutation rates among lineages and among genomic regions: (i) the
model assuming uniform mutation rates across lineages and across genomic regions
(uniform model); (ii) the model assuming variations in mutation rates across lineages;
(iii) the model assuming variations across lineages and across chromosome. In the
method (iii), | applied the proportion of an average of total branch length of a block on
every chromosome to that of whole genome as the parameter representing the variability
of mutation rates across the chromosomes (Table 3-1).

The MCMC computation was conducted by a PC cluster consisting of 128 CPUs
parallelizing the calculation of the joint log-likelihood of each locus in each step using
the OpenMPI library. The extension of the evolutionary model and parallelization were
performed via modification of the source code of MCMCcoall.2a developed by Yang
(http://abacus.gene.ucl.ac.uk/software/MCMCcoal.html) (Burgess and Yang 2008;
Rannala and Yang 2003). After 100,000 burn-in steps, t, 0, and the relative ratio of p
were sampled every 10 steps until accumulating 50,000 samples. Median and 2.5% and
97.5% Cls were calculated for each parameter.

To calculate speciation times and ancestral population sizes, | applied the number of
de novo mutations per generation to the mutation rate per site per year, which included
1.17x10® de novo mutations per site per generation from a family trio of Hap Map CEU
populations, 0.97 from a trio from the Hap Map YRI populations (Conrad, et al. 2011),
1.1x10® from a family quartet of Europeans (Roach, et al. 2010), and 1.28x10® from
the de novo mutation database of monogenic disorders (Lynch 2010). To exclude the
effect of the mutations at CpG dinucleotide sites, these values were multiplied by the

ratios of non-CpG mutations among the total, which were 0.86, 0.89, 0.82, and 0.86 for
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the respective studies. The first three were observed values based on the literatures, and
the last was the average of the first three. | set the frequency of non-CpG dinucleotides
in the whole human genome at 99% (Lander, et al. 2001; Saxonov, et al. 2006). In
addition | assumed the average generation time to be 20 years based on those from
chimpanzee (Teleki, et al. 1976), 19.1 years, and gorilla (Walsh, et al. 2008), 22 years,
though the generation time of modern humans is longer than those (Matsumura and
Forster 2008). From these conditions, the mutation rates per site per year were
calculated as 0.508x10°, 0.436x10°, 0.456x10°, and 0.556x10°°, respectively. In this

analysis the maximum and minimum values among the four were used (Table 3-3).

Simulation

We applied MaCS software (Chen, et al. 2009) to simulate the demographic history
among human and the three great apes at the mega-base level. | generated the
demographic history of 10 Mb regions of the four species, setting u=1x10" per site per
year, the recombination rate at 10 cM/Mb for hotspots and 1cM/Mb for the other
regions, the average generation time at 20 years, Tuc at 300,000 generations, Tyce at
400,000 generations, Tpucco at 700,000 generations, and the population sizes at
Np=27,500, Nc=50,000, Ng=30,000, No=33,000, and Npc= Npcc=Nncco=60,000.
Hotspots were distributed among 10%, 5%, and none of the regions at random,
respectively. If adjacent regions were separated by recombinations but showed equal
coalescence times, they are merged into a single genealogy. In the simulated region,
blocks of a fixed length were set together with a fixed interval. The start site of the first
block was randomly chosen within a length of the fixed interval from the end of the

region. The blocks were subjected to examination of how many genealogies were

75



included in a block and how blocks shared a genealogy with adjacent ones. Based on
the demographic history estimated with MaCS software (Chen, et al. 2009), random
nucleotide sequences were evolved using Seq-Gen software (Rambaut and Grassly
1997). Alignments in blocks with fixed sizes (50 bp - 1 kb) and fixed intervals (500 bp -
5 kb) were extracted and subjected to estimation of T and 6 using Rannala's MCMC
framework (Rannala and Yang 2003), assuming the uniform model (model (i) described
above). The genealogy and sequence data generated by MaCS and Seg-gen were

attached in Supporting data D3-2.
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3.4. Results

Simulation of Coalescence

We simulated nucleotide sequences with MaCS software (Chen, et al. 2009) to obtain
the optimal condition about the size of the alignment blocks and the length of the
intervals between them. This procedure is intended to obtain recombination-free
alignments with a high frequency. MaCS is much faster than the other available
demographic simulation software and, thus, suitable for studies using mega-base pair or
longer sequences (Chen, et al. 2009).

I assumed a 10-Mb region, in which recombination and coalescent events were
generated according to a so far common feature of demographic history of human,
chimpanzee, gorilla, and orangutan. The model included the following parameters:
speciation times of humans from chimpanzee (Tyc), gorilla (Thcs) and orangutan
(Thcco) of 6, 8, and 14 million years ago (MYA), respectively; effective population
sizes of the human (Ny), chimpanzee (N¢), gorilla (Ng), orangutan (No) lineages and the
ancestral lineages (Nuc, Nuce, and Npcgo) of 27,500, 50,000, 30,000, 33,000, and
60,000, respectively. | considered a combination of two kinds of the recombination rates
in a region. One represents an average recombination of 1 cM/Mb, equivalent to the
average recombination rate across the human genome (Bouffard, et al. 1997; Nagaraja,
et al. 1997; Pritchard and Przeworski 2001). The other represents a recombination rate
of hotspots (Myers, et al. 2005), 10 cM/Mb. Ninety percents of a given region exhibited
the former rate, while the remaining regions possessed the latter rate. The hotspots were
randomly allocated across the region.

After constructing pieces of the genealogies in the 10-Mb region according to the
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procedure described above, | allocated blocks to the region with a fixed size ranging
from 50 bp to 1 kb and intervals with a fixed length ranging 500 bp to 5 kb. Under each
combination of a block size and an interval length, | examined the number of
genealogies in every alignment block and the number of alignment blocks sharing a
genealogy with an adjacent block. The result showed that blocks with small sizes
frequently present a single genealogy (Fig. 3-1A). While 87% of the 50-bp blocks with
5-kb intervals showed a single genealogy, only 17% of the 1-kb blocks with 5-kb
intervals did. Interestingly, these values are more or less the same in different proportion
of the two recombination rates in a region (Fig. 3-1A). In addition, | found that the
longer the intervals between the blocks, the less frequent the blocks share a genealogy
(Fig. 3-1B). 28% and 15% of blocks separated by 500-bp and 1-kb intervals shared a
genealogy with the adjacent one, respectively. This was only true for 0.76% and 0.036%
of blocks with 3-kb and 5-kb intervals, respectively.

Once genealogies were determined, the sequences of four species were simulated. If
alignment blocks are set to be short with longer intervals, the blocks would be
frequently allocated to a single different genealogy, leading to the precise estimation of
speciation times and population sizes. | examined the impact of block sizes and the
interval lengths on the accuracy of the estimation of t and 6 using the 10-Mb sequence
alignments of the four species. After 20 replications of this procedure, | found that if
alignment blocks were set to be short with longer intervals, speciation times and
population sizes were estimated precisely (Fig. 3-1C-H). In most of the estimations of t
and 0 with 50 and 100 bp blocks, the true values were included in the interquartile
ranges, whereas in most of the tand 0 estimates based on 500 and 1 kb blocks, the true

values were outside of the 95" percentiles. The variances in tand 6 were large in the
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simulation of the short alignment blocks due to the low numbers of alignment sites.
However, the variances in a real genome dataset, which would be nearly 200 times the
size of the simulation dataset, would be negligibly small even if | use such short
alignment blocks. These results indicate that blocks of 100 bp or less are preferable for
estimations. It is noteworthy that the variances of 0s are larger than those of ts under all
conditions. | also found that the interval length between blocks was moderately
influential in the estimation compared to the size of the blocks (irrespective of the
proportions of the two recombination rates). The estimated T and 6 with more than 1-kb
intervals appeared to be equivalent to the true values, whereas the estimates with 500-bp
intervals can be inconsistent with the true values: the tHceo and Oncco differed from the

true values (Fig. 3-1C-H).

Inference of © and 0 Using the Human and Great Apes Genomes

We inferred the t and 0 associated with the hominid demographic history using the
human and three great apes genomes. | generated a total of 1.9 Gb of orthologous
alignments using the human, chimpanzee, gorilla, and orangutan genomes. | inferred t
and 0 via Rannala's MCMC framework (Rannala and Yang 2003), with modification of
the heterogeneity of the mutation rates across the lineages (see Methods).

I used 50-bp alignment blocks together with 5-kb intervals to infer t and 0 but failed
to compute realistic values: Oyc was completely different from the values found in
previous studies, and tyc was different between the four-species analysis and human-
chimpanzee-orangutan analysis (Table 3-2). This may be because of failure of
convergence in the Markov chain analysis (see Discussion). Therefore, | chose to use

100-bp blocks and 5-kb intervals instead.
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To examine whether the estimated speciation times were unique between the
autosomes and X chromosome, | inferred t based on alignments of the autosomes and X
chromosome separately (Table 3-1 and Supporting data D3-3). | estimated different tc
values between the autosomes and X chromosome: 0.00326 (95% CI: 0.00321 to
0.00331) for autosomes and 0.00277 (95% CI: 0.00263 to 0.00290) for the X
chromosome. | also observed a similar difference in tc between the autosomes and X
chromosome when using the simplest model, which considers a uniform evolutionary
rate across the lineage and across loci (Table 3-1). Furthermore, the estimated tyc for
each chromosome varies, even across the autosomes (Table 3-1). The observed
variability of t across the autosomes appears to be consistent with Yang's estimation that
was based on 5.2 Mb of alignments among human, chimpanzee, and gorilla genomes
(Yang 2010).

Because t is the product of the mutation rate, p, and speciation time, T (t=uT),
variation in T across chromosomes can be explained by variability in T and/or p. To
determine which parameters affected the variation of t, | plotted two t values that reflect
different species divergence time. The result showed that tyc and tHce Were strongly
positively correlated across the chromosomes (R?=0.822, p=2.58x10") (Fig. 3-2A). To
examine if this relationship was merely due to the fact that tyc and tHce Were
simultaneously estimated from the same sequence data, | sampled alignment blocks that
were not included in the original sample data and, using this new sample data (sample
2), estimated t and 6 (Supporting data D3-3). Interestingly, it was found that tc and
Thee even from different sample data were strongly positively correlated (R?=0.740,
p=1.42x10" for Fig. 3-2B and R?=0.774, p=3.24x10® for Fig. 3-2C). These results

strongly suggested that the relationship between tc and thce could not be explained by

80



the correlation of the data itself. This observation can be explained in two different ways.
First, if tuc and tycg are correlated, u would vary across the chromosomes but Ty and
Thee Would be constant. | further found that 6c and Once Were significantly positively
correlated across the chromosomes (R%>0.320, p<0.00494, Fig. 3-2D-F) though the
correlation coefficients between 0nc and Once were lower than those between tc and
tuce. More complicated assumptions were likely to be required for explaining that the
variability of the speciation time in each chromosome could be shared between the two
temporally-independent speciation events. This finding also supports the idea that p
varied across the chromosomes. The second explanation is as follows: even under the
constant p among chromosomes, the same bias of Tyc and Tycg in each chromosome, if
any, could explain the variation of t values. The latter explanation is rather unlikely.
Thus, it is plausible that p varied across the chromosomes, and that the speciation times
of Thc and Tycs Were unique across the chromosomes.

In addition to t and 6, variation of mutation rates across lineages was simultaneously
estimated by calculating the proportion of the mutation rate in a lineage to that in the
human lineage (un) through the MCMC procedure (Table 3-3 and Supporting data D3-
3). Though both autosomes and X chromosome showed the slowdown during the course
of the human evolution, the degree of the slowdown in X chromosome was higher than

that in autosomes.

Estimation of Speciation Times and Ancestral Population Sizes
Assuming that p varies across lineages and across chromosomes based on the result
described above, | estimated T and 6 based on the blocks sampled from the whole

genome alignments of human and three great apes. | collected 100 bp alignment blocks
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separated by >5 kb intervals. Similar to the studies using whole or nearly whole-genome
sequences (Hobolth, et al. 2011; Scally, et al. 2012; Yang 2010), the t values estimated
in my analysis were smaller than those found in previous studies involving smaller
samples (Table 3-1) (Osada and Wu 2005; Takahata, et al. 1995; Yang 2002).

| estimated speciation times using the mutation rate from a recent estimation based
on the number of de novo mutations per generation (Conrad, et al. 2011; Lynch 2010;
Roach, et al. 2010), which was nearly half of the mutation rate previously estimated
(Nachman and Crowell 2000). According to Nachman and Crowell (2000), the rate was
calculated based on the d=2uT-+4ugN, where d represents the nucleotide difference
between the species at a local region. For the estimation of p, they assumed T=5 MYA
and N=10,000, both of which were smaller than those widely thought recently (Roach et
al. 2010). This would lead to the estimation of large value of p (Roach et al. 2010).
Based on de novo mutations, | set the mutation rate, excluding CpG sites, in the human
lineage (u+) to be from 0.44x10 to 0.56x107° per site per year, assuming the average
generation time at 20 years (see Methods). Taking into account the variability of the
mutation rates across the lineages (Table 3-3), the value of Tyc was calculated at 5.9-7.6
MYA, Thce at 7.6-9.7 MYA, and Tyceo at 15-19 MYA (Table 3-4). It should be noted
that these estimated speciation times were consistent with those from the fossil records
(Carroll 2003, see Discussion).

Based on the 0 values, | also estimated the effective population sizes in the ancestral
lineages. The population sizes of Nyc, Nuce, and Npceo were estimated to be 59,300-
75,600, 51,400-66,000, and 159,000-203,000, respectively. In addition, the ancestral
population sizes of the X chromosome were estimated to be 34,300-43,800 for Ncx),

38,500-49,200 for Nncgx), and 141,000-179,800 for Nuccocx) (Table 3-4). Considering
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the CI, all of the estimates of the ancestral population sizes for the X chromosome are

roughly three-fourths of those for autosomes, as expected.

83



3.5. Discussion

To estimate accurate speciation times and ancestral population sizes using the MCMC
framework, | conducted a systematic simulation about finding optimum method of
sampling genomic regions that have single, independent genealogy. According to the
simulation results, I inferred the demographic history of human and great apes based on
whole-genome orthologous alignments of the human, chimpanzee, gorilla, and
orangutan sequences. Finally, | obtained conclusive speciation times among human and
great apes at the whole genome level and revealed that human-chimpanzee speciation
was a single event.

In this study, | showed the importance of using recombination-free alignments to
estimate precise T and 0. Burgess and Yang stated that the length of loci has little
influence on the estimation of t and 0 for alignments of hominids and Old World
monkeys (Burgess and Yang 2008). However, my simulation targeting hominid
alignments indicated that using alignment block of <100 bp was favorable for the
estimation, but that block of >500 bp may result in poor estimations (Fig. 3-1). This
discrepancy is clearly caused by the fact that the alignment blocks with recombination
events were frequently observed in the >500 bp dataset. The reason for Burgess and
Yang’s observation is that they did not compare their estimated parameters to true
values because the true values from real genome data are unknown (Burgess and Yang
2008). The greater the number of recombination events in alignment block is, the
narrower the distribution of the evolutionary distance (d) of loci will centralize around
the average. This leads to large T and small 6 estimates. Therefore, the appropriate size

of loci should be used to infer T and 0 precisely. On the other hand, lengths of the
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intervals between blocks ranging from 500 bp to 5 kb had moderate impact on the
estimation of T and 6 (Fig. 3-1). Thus, it may be reasonable to choose a shorter interval
between blocks and to collect a large number of blocks to reduce the variances of the
parameters when the sequence information from genomes is limited. It is noteworthy
that the appropriate size of alignment blocks and intervals does not rely on the
proportion of the two different recombination rates: recombination hotspots and the
other regions. In summary, my simulation is useful for obtaining the optimal conditions
for the sampling of genome alignments. It should be, however, noted that making
inferences under preferable conditions in a simulation is not always practical for
obtaining inferences using actual data. | failed to estimate t and 6 when using 50-bp
alignment blocks and, instead, estimated them with 100 bp alignment blocks. One of the
reasons of this inexpedience can be the broadness of the likelihood surface contour with
small block size. The simple two-species maximum-likelihood analysis based on the
simulation data indicated that if the alignment blocks are small, the likelihood surface
contour plot becomes broad (Hara, et al. 2012). In such a case, furthermore, the
innermost area of the plot can become separated into two or more parts , which can lead
to the convergence in the suboptimal condition. It is noted that T and 6 with the 100 bp
blocks were comparable to those with the 200 bp blocks (Table 3-2), suggesting that the
inference with the 100 bp blocks were not in the convergence in the suboptimal
condition which might occur with 100 bp in the simulation dataset (Hara, et al. 2012).

| found that the variability of T among the chromosomes can be explained solely by
mutation rates, thus indicating a single speciation time between human and chimpanzee.
This finding is inconsistent with Patterson’'s conclusion (Patterson, et al. 2006), but

consistent with the results of follow-up analyses performed using Patterson et al.’s data
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(Innan and Watanabe 2006; Yamamichi, et al. 2011). It is well known that the difference
in mutation rates between autosomes and the X chromosome is due to the difference in
the duration time in males, where most point mutations are generated in mammals. In
contrast, the cause of the variation in mutation rates across autosomes remains unclear,
though such variation is clearly observed between the human and chimpanzee genomes
(Hodgkinson and Eyre-Walker 2011). I did not find statistically significant correlations
between mutation rates and genomic characteristics such as GC contents, CpG
proportions, chromosomal sizes, SNP densities, or recombination densities in the large
genomic regions constituted by autosomes, implying that other mechanisms underlie the
causes of chromosome specific mutation rates. On the other hand, the comparative
genomics across the chromosomes in rodent genomes has revealed that large-scale
genomic characteristics such as the degree of chromosomal rearrangements and
replication time correlate to the variation in mutation rates across the chromosomes
(Pink and Hurst 2010; Pink, et al. 2009). Thus, to clarify the causes of chromosome
specific mutation rates in the human lineage, it would be required to examine the
relationships between the mutation rates and the structural characteristics of
chromosomes at large scale rather than the sequences themselves.

I then evaluated the possibility of complex speciation using a specific region such as
coding sequences. Osada and Wu indicated that the coding regions in human-
chimpanzee ancestors had experienced multiple genetic changes during the speciation
history of these species (Osada and Wu 2005). This result should be carefully
interpreted, because these authors used a full-length cDNA as a single locus. A full-
length cDNA can be mapped in segments by exons in the genome, and thus, a full-

length cDNA can have more than one genealogy. Therefore, | attempted to perform
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speciation time estimations specifically using coding regions by selecting 100 bp blocks
with intervals of >5 kb. In this analysis | used the well-annotated coding regions that
were characterized as H-InvDB category | (Imanishi, et al. 2004). Using these
alignments, | obtained thce and tyc values of 0.00249 and 0.00156, respectively (Table
3-1). Although both of these values are lower than those from the whole-genome
analyses, these values are quite close to the regression line between tyce and tc (Fig.
3-2), suggesting that speciation time based on the coding regions is equivalent to that
based on the whole genome analysis. From these 100-bp blocks of coding regions, |
extracted four-fold degenerate (FFD) sites at the third codon positions, which are likely
under neutral evolution. The values of T obtained from these data were also plotted very
close to that regression line, consistent with the whole coding sequence analysis.
Although the estimation is rough, Npcrrpy Was only 1.1 times larger than the Nucowo),
where Nyc(rrp) and Nucwe) were the Nyc of FFD sites at the third codon positions and
the whole genomes, respectively. Thus it is suggested that Nyccps) Was overestimated
due to non-neutral evolution in coding regions, where Nyccps) IS Nnc of coding regions.
It should be noted that my results did not completely reject the possibility of complex
speciation processes between human and chimpanzee. It may be possible that
introgressions occurred soon after the major speciation event, which may not be
distinguishable from the stochastic variation of the distribution of coalescence times in
the ancestral population.

The t and 6 values estimated in my analysis are slightly different from those reported
by the gorilla genome consortium (Scally, et al. 2012) based on the most recent whole-
genome analysis under the HMM framework. The main reason for this difference is the

alignments used in the two studies. | chose unambiguously aligned regions, removing
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the ends of the alignments, and excluded CpG sites from the alignments. In the human
and chimpanzee genomes, a cytosine at a CpG dinucleotide site can mutate to thymine
15 times as frequently as that at other sites due to oxidative deamination of methylated
cytosines at CpG sites (Elango, et al. 2008). Therefore, the CpG site removal was to
approximate the mode of nucleotide substitutions in the alignment to the simple Jukes-
Cantor model (Jukes and Cantor 1969), which both | and Rannala and Yang applied.
Exclusion of CpG sites from aligned sites also decreases the evolutionary distances (d),
which correspond to 6+2.

If the variation in T and 6 between my analysis and Scally et al. are explained based
on the difference in the mutation rates excluding or including CpG sites, the 0s and ts
ratios would be constant between these two analyses. However, the thce/thc ratio was

different between the two analyses: thce/thc=1.3 In my analysis and tHce/THc=1.6 In

Scally et al. Thus the differences in t can be explained by the other factors than CpG
sites. One of such factors may be the correction of the heterogeneity of mutation rates
across lineages. The analysis by Scally et al. corrected the variation in mutation rates
after inference of t and 6, simply by multiplying the proportion of p to that of the
human lineage (Scally, et al. 2012). In contrast, | inferred the coalescence time of each
locus using a model with variable mutation rates across the lineages. In summary, CpG-
sites were excluded for fitting the sequence data to the evolutionary model that I used,
heterogeneity of mutation rates among lineages was assumed in each locus for
considering the variation in mutation rates in hominids, and four species were applied
for increasing the inner-node speciation. Thus | looked carefully at the condition for
inferring the demographic history of human and the great apes precisely. However,

these conditions do not seem to properly be dealt with in the analysis by Scally et al.
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The speciation times observed in my analysis are also supported by fossil records
of the Homininae (Fig. 3-3). Nakalipithecus and Chororapithecus, which lived 9.8-9.9
and 10-10.5 MYA, respectively, are morphologically related to extant hominines and
suggest that the origin of hominines was in Africa (Kunimatsu, et al. 2007; Suwa, et al.
2007). The estimated speciation time Tycg (7.6-9.7 MYA) suggests that Nakalipithecus
and Chororapithecus may be related to the stem of the Homininae. The speciation time
between human and chimpanzee was estimated to be 5.9-7.6 MYA in my analysis,
which is consistent with both the most recent findings obtained using a genomic
approach (Scally, et al. 2012) and the traditional view from fossil records (Carroll 2003).
Orrorin (around 6 MYA) (Wood 2010) and Sahelanthropus (around 7 MYA) (Brunet,
et al. 2005) both lived around the time of human-chimpanzee speciation. In contrast,
Ardipithecus was considered to emerge after this speciation, with Ar. kadabba found
5.2-5.8 MYA (Haile-Selassie 2001) and Ar. ramidus 4.4 MYA (White, et al. 1994).

Based on my analysis, | propose a new approach for data collection from whole-
genome alignments to infer demographic parameters. Simulation of coalescence is
helpful for determining the appropriate size of alignment blocks and the interval length
between the blocks. This approach can be applied for closely related species in various
lineages. Although the HMM framework can cover entire genomic regions by scanning
alignments with small windows, the MCMC framework developed by Rannala and
Yang uses a fraction of whole-genome alignments to avoid the effect of recombination.
At this time, however, only the MCMC methods are capable of addressing three or more
species simultaneously. When the genomic sequences of several closely related species
are available, increasing the number of estimated points (speciation times and ancestral

population sizes) would lead to more accurate estimations. my method for inference of t
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and 0, assuming heterogeneity of mutation rates across lineages, may also be preferable
when addressing multiple species with different mutation rates. Although this approach
assuming heterogeneity of mutation rates across both lineages and blocks is still under
development for practical use, it could contribute to reconstructing more precise

demographic histories of related species, including hominids.
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Fig. 3-1. Results in the simulations.

(A) Number of genealogies in a block under each of the block size conditions, setting
the interval between the blocks at 5 kb. The frequency of hot spots was considered to
cover 10% (upper graph), 5% (middle), and none (lower) of the genomes (see text). (B)
Number of blocks sharing a genealogy with an adjacent block under each of the interval
length conditions, setting the block size at 100 bp. These values are the average of the
1,000 replications of the coalescence simulation. (C-H) The estimated 6s and ts from
simulated sequences. Each boxplot consists of the averages of the 2.5™ percentile, lower
quartile, median, upper quartile, and 97.5™ percentile from 20 replications, from bottom
to top. A mark of X represents the median of each of the 20 replications. Dotted lines
represent the true values. Under each condition, asterisks indicate that the true value is
outside of the 95" percentile, and daggers indicate that the true value is smaller than or

larger than all of the medians in the 20 replications.
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Fig. 3-2. Relationships between tc and Thce and between 0yc and 0 for each
chromosome.

(A-C) Plots and a regression line between tyc and tuce for each chromosome: tyc and
tuce from the original sample (A), tyc from the original sample and thcs from the
sample 2 (B), and tyc from the sample 2 and tyce from the original sample (C).
Diamonds represent autosomes, and an a cross, a triangle, or a square represents an X
chromosome, coding region, or four-fold degenerate sites at the third codon positions,
respectively. The regression line was calculated for autosomes and X chromosome and
shown with its formula and the square of its correlation coefficient. (D-F) Plots and a
regression line between 0yc and 6ycg for each chromosome: Oyc and Oyce from the
original sample (D), 6uc from the original sample and 8ycc from the sample 2 (E), and
Oxc from the sample 2 and Oyce from the original sample (F). p-values for correlation
coefficients were calculated at 0.000792 for D, 0.00144 for E, and 0.00494 for F. The
correlation coefficients between Onc and Onyce were lower than those between twc and
THce. This observation can be explained by the two inclusive causes: one is the large
variation in 6 estimates through the MCMC inference (Fig. 3-1), and the other is

variation in N under non-neutral evolution in some parts of the genomes.
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Fig. 3-3. Relationship between the estimated speciation times and the fossil records.
The estimated inhabitation periods of fossil species were obtained from literatures
(Brunet, et al. 2005; Gabunia, et al. 2001; Haile-Selassie 2001; Ishida, et al. 1999;
Kunimatsu, et al. 2007; Sawada, et al. 1998; Suwa, et al. 2007; Wood 2010), for details
see Discussion. Dotted lines represent the upper and lower bonds of the estimates of the

speciation times (Table 3-4).
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Supporting data D3-1. Whole and sampled genome alignments of human and three

apes.

Supporting data D3-2. Genealogies and sequence alignments of the simulation data.

Supporting data D3-3. Estimated parameters for each chromosomal alignment set

with 95% CI.

(Attached in DVD-ROM).
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Chapter 4. Identification of the Species-specific Characteristics
Involved in the Pathogenicity and Adaptation to the Host

Environments in Theileria Parasites
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4.1. Summary

Theileria is a tick-born apicomplexan group causing parasitosis in livestock. Some
theilerias are parasitic to cattle, but the relationship between the theileria and cattle seem
to have evolved specifically in each lineage. While T. annulata and T. parva
(transforming theileria) induce abnormal proliferation of infected cells of lymphocyte or
macrophage/monocyte lineages and are severely pathogenic, T. orientalis does not
induce such transformation and shows moderate pathogenicity. Here, in order to clarify
the process of acquiring the high pathogenicity and diverged systems infecting the hosts,
I reconstructed the evolutionary history of theileria based on the comparative genomics
of the almost whole genomes. While synteny across the chromosomes of the three
theilerias was well conserved, subtelomeric regions were largely different: T. orientalis
lacks the large tandemly arrayed subtelomere-encoded variable secreted
protein-encoding gene family. Through the orthologue clustering, in addition, | found
that duplication and deletion rates in the transforming theileria lineage were 1.66 and
1.95 times faster than those in the T. orientalis lineages, respectively. Expansion of
particular gene families by gene duplication was found specifically in the two
transforming theileria species. One of the most notable families is the TashAT/TpHN
gene family, which is considered to be involved in transformation and abnormal
proliferation of host leukocytes. The transforming theileria possessed around 20
TashAT/TpHN members, while only one member was identified in T. orientalis, and no
homologues were found in a babesia and plasmodiums. | also found the gene families
expanded specifically in T. orientalis lineages such as ABC transporters, implying

species-specific strategies against host systems. Differences between the genome
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sequences of theileria species illustrated different tempo and mode of gene duplication
and deletion between transforming theilerias and T. orientalis. It is implied, moreover,
that such differences in evolutionary modes resulted in the novel abilities to transform
and immortalize bovine leukocytes. The genomic changes between close relatives will
provide insight into proteins and mechanisms that have evolved to induce and regulate

this process.
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4.2. Introduction

Theileria is a tick-borne intracellular parasite belonging to phylum Apicomplexa and
parasitic to mammals through blood sucking of ticks. The hosts of many of theilerias are
domestic and wild ruminants, including cattle, Asian water buffalo, sheep, goat, and
African buffalo, and others are parasitic to horse. Although infection by some theileria
species is asymptomatic or persists as a chronic infection, Theileria parva and T.
annulata can be highly pathogenic to cattle are so-called the “transforming theileria”
due to their ability to transform and induce indefinite proliferation of infected host
leukocytes (Brown 1990; Brown, et al. 1973; Hooshmand-Rad and Hawa 1973; Irvin, et
al. 1975). Fatal East Coast fever caused by T. parva results in economic losses more
than $200 million dollars per year in livestock industry in sub-Saharan Africa (Norval,
et al. 1992). Although prompt development of vaccine and treatments for theileriosis
would be required, molecular mechanisms of theileria for invasion to the hosts and
initiation or regulation of the host cell transformation event have yet to be identified or
fully validated (Dobbelaere 2009; Shiels, et al. 2006).

A comparative analysis of the transforming theilerias T. parva and T. annulata
genomes was reported in 2005 (Gardner, et al. 2005; Pain, et al. 2005; Weir, et al. 2009).
The genomic analysis revealed that the large numbers of the genes were shared between
the two species. Moreover, it also found that some theileria genes that could be involved
in the transformation process, while many of which were annotated hypothetical
proteins of unknown function. One way in which the genes involved in transformation
of leukocytes are uncovered would be to conduct the genome comparisons with the

relatives without transforming abilities. Up to there, however, the closest relative that
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the whole genome is available is Babesia bovis, which may be too far to be compared
with the transforming theileria.

Theileria orientalis, an intra-erythrocytic parasite of cattle, is a member of the
non-transforming group of genus Theileria that proliferate in the bovine host as an
intra-erythrocytic form and can generate anemia and icterus but rarely cause fatal
disease (Onuma, et al. 1998). T. orientalis is often classified into two major strains, the
Chitose type and Ikeda type, which are distinguishable on the basis of diversity in the
small subunit ribosomal RNA and major piroplasm surface protein (MPSP) gene
sequences (Kubota, et al. 1996). The lkeda type is limited to eastern Asian countries
including Japan, Korea, the north-eastern part of China, and Australia (Kamau, et al.
2011) and it is present in areas where livestock succumb to severe clinical cases of
theileriosis and serious production losses. In contrast, T. orientalis Chitose is found
throughout the world and is usually associated with benign infection (Kakuda, et al.
1998; Kubota, et al. 1996). Although T. orientalis is likely to possess relatively
moderate pathogenicity compared to the transforming theileria, epidemics of T.
orientalis is still problematic for livestock industry (Islam, et al. 2011; Sugimoto 1997),
and thus clarification of its parasitism at molecular level is required. In addition, T.
orientalis is one of the closest relatives to transforming theileria, which would be very
informative as the reference of transforming theileria. Thus, T. orientalis can be an
important pathogen in its own right and many researchers have been looking forward to
the derivation of the genomic sequence to provide an important resource for further
studies.

In such circumstances, an international research community including me, which

was lead by Prof. Chihiro Sugimoto, Hokkaido University, sequenced the whole
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genome of T. orientalis lkeda for a comparison with the genomes representing the
transforming theileria species, T. parva/T. annulata. The main goals of our study were
to provide supportive data on existing candidates and/or identify novel candidate genes
that enable transformation of bovine leukocytes upon infection with T. annulata and T.
parva, and to identify the genes in T. orientalis involved in its specific modes of
host-parasite interactions. | was engaged in the comparative genomics and molecular
phylogenetics in the study. This study revealed that the T. orientalis genome possessed
slightly larger in size (9.0 Mb) and higher GC content (41.6%) than those of the
transforming theileria species, while similar number of genes to them were annotated in
the T. orientalis genome (Hayashida, et al. 2012). The InterPro domain of DUF529,
known as the FAINT (Frequently Associated IN Theileria) domain, described later in
detail, is found frequently in all theileria species sequenced to date (Hayashida, et al.
2012). In contrast, the PEST motif, associated with rapid degradation of (nuclear)
proteins, was found to be encoded by several gene families in the genomes of the two
transforming theileria species but was not identified in T. orientalis (Hayashida, et al.
2012).

To achieve our goals, comparative analysis of the repertoire of genes between
closely related species is useful. Expanded gene families or gene deletion can contribute
the acquisition of novel phenotypes (Flagel and Wendel 2009; Innan and Kondrashov
2010; Kuraku and Kuratani 2012; Nei, et al. 1997; Ohno 1970; Scannell and Wolfe
2008). Following the gene annotation by the TACT system (Yamasaki, et al. 2006),
which is originally developed for the annotation of human transcripts, | generated
orthologous groups of piroplasms consisting three theilerias and a babesia setting two

plasmodiums as outgroups and investigated the molecular evolution of each gene
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families. | first examined the tempo and mode of gene evolution within genus Theileria.
I then focused on several family groups in the theileria lineage that showed evidence of
marked expansion that could be associated with acquisition of the ability for the
proliferation and transformation of the infected leukocytes and of the lineage-specific

adaptation to the hosts.
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4.3. Materials and Methods

Orthologue clustering

Orthologue groups consisted of T. orientalis, T. annulata, T. parva, B. bovis,
Plasmodium falciparum, and P. vivax proteins: T. orientalis genes were from TOT-DB
(http://totdb.czc.hokudai.ac.jp/) (Hayashida, et al. 2012), T. annulata genes were from
GeneDB (http://old.genedb.org/genedb/annulata/), T. parva and B. bovis genes were
from RefSeq (http://www.ncbi.nlm.nih.gov/RefSeq/) except for proteins coded in the
mitochondria in T. parva, the T. parva mitochondrial proteome was from UniProt
(http://www.uniprot.org/), and P. falciparum and P. vivax genes were obtained from
PlasmoDB (http://plasmodb.org/plasmo/). Orthologue groups were generated by
OrthoMCL (Li, et al. 2003) based on sequence similarity, using an all-versus-all NCBI
BLASTP search (Altschul, et al. 1997) with the default parameters of OrthoMCL except
the similarity cut-off value, a bit-score <60. Because E-values from the BLASTP were
applied for a similarity measure in OrthoMCL, | recomputed the exact E-values
between closely related proteins if the E-value was approximated at 0.0. | integrated the
orthologous groups assumed to be duplicated in the theileria lineage after separation
from Babesia into a single group, using both automatic algorithms/software and manual
integration as described below. Orthologue groups A and B were merged if any
Theileria-Theileria gene pairs in which two genes belong to A and B, respectively, had
larger bit-scores than any Theileria-Babesia/Plasmodium gene pairs within the single
orthologue group A or B. Several orthologue groups were merged by manual curation
based on sequence homology and genomic location if they generated tandem arrays on

the chromosomes. | also merged non-clustered genes from the OrthoMCL clustering
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into the orthologue groups with the same procedure. Finally, 3,502 orthologue groups
were used for the following analyses: PiroF0100001-PiroF0100062 represent the
merged orthologue groups, and PiroFO000001-PiroF0003675 represent the other
orthologue groups. The orthologue clustering left 436,111, and 293 non-clustered genes

in T. orientalis, T. annulata, and T. parva, respectively.

Molecular phylogenetic analysis

Amino acid sequences of each orthologue group were multiply aligned with the L-INS-i
alignment strategy in MAFFT (Katoh, et al. 2005) and gap-rich sequences, such as
truncated ones, were removed from the alignments with MaxAlign (Gouveia-Oliveira,
et al. 2007). Ambiguously and/or poorly aligned sites were removed by Gblocks
(Castresana 2000), and the remainders subject to phylogenetic analysis. Phylogenetic
trees were inferred by Maximum Likelihood (ML) (Felsenstein 2004; Kishino, et al.
1990) with a heuristic ML tree search using RAXML (Stamatakis 2006), with the
WAG-F model (Whelan and Goldman 2001). Heterogeneity of evolutionary rates
among sites was modelled by a discrete gamma distribution, with optimization of
gamma shape parameter alpha for each alignment set (Yang 1994). Bootstrap
probability (Felsenstein 2004) was calculated for each tree node with 1,000 replications.
ds (number of synonymous substitutions per site) on each blanch of the gene tree was
calculated based on yn00 methods (Yang and Nielsen 2000) using PAML software
(http://abacus.gene.ucl.ac.uk/software/paml.html). The nucleotide alignments of the
coding regions for estimation of ds were generated based on the corresponding amino

acids sequence alignments so that the nucleotide sequences were aligned at codon level.
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4.4. Results

Generation of gene families

Expansion of gene families specific to different theileria species could offer a valuable
insight into how these parasites have evolved and adapted to their different host
environments, including acquisition of leukocyte transformation capability. To examine
the expansion processes of gene families in the theileria lineages in detail, | first
constructed gene families comprised of sequences representing the three theileria
species, B. bovis, and two Plasmodium species (Plasmodium falciparum and P. vivax)
based on the orthologue clustering framework of the OrthoMCL (Li, et al. 2003), as
well as additional computational and manual curations. | assigned 3,419 orthologous
groups out of 3,502 in which at least one theileria species was included. While 1,740 of
these orthologous groups consisted of single-copy genes across all six species, 223

orthologous groups possessed theileria paralogues (Supporting data D4-1).

Tempo and mode of gene duplication and deletion

Gene duplication followed by selection is considered to be one of the main sources for
phenotypic changes during evolution (Ohno 1970). In order to see how parasites utilize
the gene duplication as the source for species specific adaptation, | investigated the
variation of duplication tempo and mode among the apicomplex lineages using the
orthologue groups. Phylogenetic tree of each group was inferred using the amino acid
sequences (See Methods). Based on the topologies of these gene trees, the age
distributions of duplications were plotted as ds distribution of duplications (Fig. 4-1A,

B): ds, due to its neutrality, is considered to be well correlated to evolutionary time.
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In every apicomplex species, numbers of duplication events monotonically
decreased with the increase of ds (Fig. 4-1A, B) as observed in some eukaryotes (Blanc
and Wolfe 2004; Vandepoele, et al. 2004), suggesting that no polyploidizations and
whole genome duplications in at least recent lineage. While the characteristics of the
highest frequency at the lowest ds and rapid dropping-off in the age distribution were
shared across all six species, the numbers of duplications and the degree of decrease
varied among the species (Fig. 4-1A) , consistent with the previous observation of many
of eukaryotes (Lynch, et al. 2001; Vanneste, et al. 2012). In the theileria lineage,
duplication frequencies in the lineages involved in transforming theilerias were
remarkably larger than that in T. orientalis lineages when dss were not large (ds<0.5)
(Fig. 4-1B). On the other hand, in B. bovis, numbers of duplication events dropped
rapidly with increase of ds, suggesting recent expansion followed by deletion in the
babesia lineage.

One of the causes of such variation may be influence of the large gene families.
Such gene families, consisting of more than 50 paralogues in a species, correspond to
the large portion of the frequency distribution of duplication. In order to exclude the
effect of the large gene families from the age distributions of the duplications, | plotted
the ds distribution of the duplications in the gene families with less than six paralogues
in each species, and found that the age distribution of T. orientalis was not different
from those of transforming theilerias (p>0.127) (Fig. 4-1C). On the other hand, the age
distributions in three theileria significantly differed from those in B. bovis (p<6.82x10™)
and P. vivax (p<0.00126). This observation suggests that gene duplication tempo in
large gene family varies between T. orientalis and transforming theileria while that in

small gene family are shared across them.
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Age distribution of gene duplications can represents lineages-specific tempo and
modes of gene duplications and deletions. In order to examine the duplication-deletion
process during theileria evolution, I mapped numbers of duplication and deletion events
upon the branches of the species tree (Fig. 4-2A). It was found that numbers of
duplications and gene losses in the transforming theileria lineages were 1.66 and 1.95
times on average as large as those in the T. orientalis lineage. This suggested that more
frequent duplication and deletion processes had occurred in transforming theileria
lineages, which could be mainly composed by the member of large gene families.
Fraction of the lineage specific duplication genes in T. orientalis was significantly less
than those in transforming theilerias (p<8.76E-04, Fig. 4-2A), consistent with the
heterogeneity of the duplication-and-loss between the two lineages. These observations
suggest the hypothesis where T. orientalis have kept ancestral gene family sets of large
size and the transforming theilerias newly expanded several gene families.

In order to clarify the models of gene expansion histories in the three theilerias, |
investigated the gene expansion processes on the chromosomal positions. Genome
comparisons of three theilerias revealed that gene components of the subtelomeric
regions varied (Hayashida, et al. 2012). As well as the transforming theilerias (Gardner,
et al. 2005; Hayashida, et al. 2012; Pain, et al. 2005), recently expanded genes in T.
orientalis are frequently located in the genomic regions close to telomere (Fig. 4-2B).
However, expanded genes in <0.1Mb telomeric position in the transforming theilerias
are as 1.6 times as those in T. orientalis. In such regions, the genes including FAINT
domains were frequently found (Hayashida, et al. 2012). In addition, bimodal peaks
were observed specifically in transforming theileria. This peak distant from telomere is

due to the large tandem arrays of Tash-AT/TpHN and/or Tpr/Tar genes in T. annulata
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and T. parva. Size distribution of tandem arrays of duplicated genes showed that the
large (>15) arrays were specifically found only in T. annulata and T. parva amongst the
apicomplexans (Fig. 4-2C). These observations suggest that large-size gene expansions
in the transforming theilerias is resultant in not only enhance of expansion in
subtelomeric regions and but generation of large tandem arrays of paralogues distant

from telomeres.

Expansion of gene families in the genomes of transforming theileria species

The gene families specifically expanded in the transforming theileria lineage may have
contributed to the phenotypic evolution involved in the transforming abilities of the host
leukocytes. We identified 12 such gene families, each consisting of >4 members of T.
annulata and T. parva, respectively, and less members of T. orientalis than
transforming theileria (Table 4-1). Among them, three gene families showed a striking
association with the genomes of the two transforming theileria species. Among the
piroplasms specific gene families, the PiroF0100022 (Tar/Tpr family), PiroF0100037
(SVSP family), and PiroF0100038 (TashAT/TpHN family) are all significantly
expanded within or unique to the genomes of the transforming theileria lineage, and are
comprised of genes predicted to encode proteins possessing FAINT domains. The
TashAT/TpHN family of T.annulata contains 17 tandemly arrayed genes, some of
which have been shown to encode proteins that are translocated to the host nucleus,
bind DNA and alter gene expression and protein profiles of transfected bovine cells
(Swan, et al. 1999; Swan, et al. 2001). An orthologous cluster of 20 genes (TpHN) has
also been identified in T. parva (Swan, et al. 1999). In sharp contrast, only a single

TashAT/TpHN like gene, TOT0100571, was identified in the genome of T. orientalis.
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Reciprocal best hits using BLASTP indicated that this T. orientalis gene was likely to
be the orthologue of Tash-a (TA03110) and TP01 0621 in the transforming theileria
species. Both of these genes are located at the 3' end of their respective clusters in the T.
annulata and T. parva genomes (Hayashida, et al. 2012).

Phylogenetic analysis suggests that Tash-a and its orthologues represent ancestral
members of the TashAT/TpHN clusters (Fig. 4-3A). | did not find any obvious
TashAT/TpHN orthologues in B. bovis or two Plasmodium species genomes.
Expression analysis of TashAT in T. annulata revealed definite differences of the
expression profiles between Tash-a and the other members. Tash-a was upregulated in
the piroplasm (erythrocytic) stage, while the others were upregulated in the
macroschizont (lymphocytic) stage (Hayashida, et al. 2012). This observation was
supported by indirect fluorescent antibody test (IFAT) using serum raised against a
Tash-a fusion protein and co-localisation of Tash-a staining with a merozoite rhoptry
antigen (Hayashida, et al. 2012). Thus it is proposed that Tash-a emerged and separated
into two main sub-families in the common ancestors of theileria after separation from
babesia, and that gene expansion and functional diversification of the macroschizont
specific TashAT/TpHN clusters have then occurred as theileria species of the
transforming lineage evolved, leading to the acquisition of transformation in the
infected leukocytes.

Polypeptides encoded by the subtelomeric SVSP gene family (PiroF010037) are a
major component of the predicted macroschizont secretome of T. annulata and T. parva,
and a number of SVSPs have been predicted to translocate to the nucleus of the infected
cell. Most SVSP genes are co-expressed in cultures of macroschizont-infected cells, and

the SVSP family shows a high level of amino acid sequence diversity

127



(Schmuckli-Maurer, et al. 2009). Further work is needed to determine the function of
SVSP proteins, whether they contribute directly to the transformation of the host cell or
play a role in subverting the bovine immune response. Some of the SVSPs contain
signal peptides detectable in silico (Emanuelsson, et al. 2007), suggesting secretion into
the host cell cytoplasm. Though the expression patterns of T. parva SVSP proteins
appear complicated and their involvement in phenotypic changes in the host leukocytes
remains unclear, some SVSPs encode functional nuclear localization signals (NLS) in
addition to a predicted signal sequence for secretion, suggesting that they may be
transported to the host nucleus and modulate signalling pathways (Schmuckli-Maurer,
et al. 2009). On the other hand, it is noted that SVSP loci were completely absent from
the T. orientalis genomes. Thus, like the TashAT/TpHN clusters, SVSP gene expansion
in T. annulata/T. parva appears to be associated with species of the transforming
theileria lineage and may provide an, as yet, unknown function that promotes
establishment or maintenance of the proliferating macroschizont-infected leukocyte.

In addition to the SVSP and TashAT/TpHN clusters, the Tar/Tpr (PiroF0100022)
family of orthologous genes showed evidence of significant expansion in the
transforming theileria lineages, as only five genes dispersed over the four chromosomes
were detected in T. orientalis, compared with the 69 dispersed Tar genes in T. annulata.
The function of the proteins encoded by Tar/Tpr genes is unknown. They lack a FAINT
domain, and the presence of multiple transmembrane domains predicts a membrane
location. Transcriptome studies indicate that copies of Tpr genes dispersed throughout
the T. parva genome are expressed in the macroschizont stage (Baylis, et al. 1991),
while those organised in a tandem array of 28 genes are expressed by the

intra-erythrocytic piroplasm (Skilton, et al. 2000).
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Expanded gene families in T. orientalis

Lineage-specific gene expansion may have shaped the evolution of parasite
species-specific phenotypes, especially with regard to adaptation to host environmental
niches (Gardner, et al. 2002). | identified 17 gene families displaying expansion in T.
orientalis (Table 4-1). | therefore considered it of interest to gain insight into the
predicted gene functions of these expanded T. orientalis genes, integrating molecular
evolutionary and biological features from the sequences.

Of the groups expanded in T. orientalis, only one (PiroF0100018) was annotated
to well-known InterPro entries; it can be classified as an ABC transporter family. Based
on a BLASTP comparison, this group was most closely related to the PfCRT
(Plasmodium falciparum chloroquine resistance transporter) and PFIMDR1 (Plasmodium
falciparum multidrug resistance gene) genes of the ABCC subfamily in Plasmodium
falciparum, which are involved in conferring resistance to the antimalarial drugs
chloroquine and mefloguine (Reed, et al. 2000; Valderramos and Fidock 2006).
PiroF0100018 included 32 T. orientalis genes, nearly twice as many as the 18 genes and
13 genes identified for T. annulata and T. parva (Table 4-1). T. orientalis paralogues
definitely created a monophyletic group in the phylogenetic tree (Fig. 4-3B) that the
members dispersed throughout all four chromosomes. Unlike TashAT/TpHN and
Tar/Tpr, they were located solely or in small tandem arrays of at most three paralogues.
The T. orientalis paralogues are not always subtelomeric: 14 out of 32 genes were
outside of the subtelomeric regions. Interestingly, the members of the same tandem
array are not necessarily phylogenetically closest to each other, suggesting that

duplication has not specifically occurred within the tandem array but has occurred
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multiply in both subtelomeric tandem arrays and in genes far from the telomeres (Fig.
4-3B). Orthologue groups of PiroF0100018 were observed in the other theileria species,
suggesting that the expansion of the ABC-transporter homologues had occurred
multiple times following divergence from the common ancestor of theileria, but that
expansion of one particular paralogous group was more pronounced in T. orientalis.
PiroF0000008, PiroF0000009, and PiroF0000023 were T. orientalis-specific
groups composed by unknown conserved domains. Orthologues to PiroF0000009 were
not found in any other species except for T. uilenbergi, a parasite found in sheep from
China, suggesting that these gene families have evolved specifically in T. orientalis and
closely related lineages. Interestingly, twelve of the genes within PiroFO000008 are
located on three tandem arrays, one in chromosome 1 and two in chromosome 4 and all
13 predicted polypeptides encode a single transmembrane domain at the C-terminus
which shows a high level of conservation relative to the rest of the amino acid
sequences (Fig. 4-4A). This C-terminal region was well conserved even at nucleotide
acid level (Fig. 4-4B), strongly suggesting that gene conversions had occurred multiple
times between paralogues in the arrays and that the 5'-boundary of the gene conversion

events had been determined definitely within the exon.

The evolution of the FAINT domain superfamily

As observed for T. annulata (Pain, et al. 2005) and T. parva (Gardner, et al. 2005), a
large number of genes whose predicted polypeptides encode DUF529 domains
(IPRO07480 in InterPro), alternatively called FAINT domains, were found in T.
orientalis (Table 4-1). Previous analysis revealed that ~900 copies of FAINT domains

are present in the genomes of T. annulata and T. parva (Pain, et al. 2005). With our
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pipelines for InterPro annotation, 686 FAINT copies were identified in 137 T. orientalis
proteins, while 913 and 725 copies were identified in 126 T. annulata and 142 T. parva
proteins, respectively. This suggests that FAINT domain-containing polypeptides
(FAINT superfamily) is likely to have already expanded in the common ancestor of the
three theileria species. In addition, orthologue clustering indicated that different FAINT
families have been expanded in T. orientalis compared with T. parva and T. annulata.
For example, the FAINT superfamilies of PiroF0001942 and PiroF0001943 are
specifically expanded in T. orientalis (Table 4-1). In contrast, the PiroF0100056
orthologous group of Sfil-related genes showed greater expansion in T. parva and T.
annulata (Table 4-1). A protein of the FAINT superfamily was also found in T. equi
(Pain, et al. 2005), which has been considered to be an outlier species in the genus
Theileria (Mehlhorn and Schein 1998). This indicates that FAINT domain polypeptides
were present in early ancestral species of the Theileria genus and have subsequently
been subjected to differential expansion or contraction pressures as the different species
evolved.

Many of the FAINT superfamily members in T. parva and T. annulata are
inferred to be secretory proteins (Shiels, et al. 2006). Out of 137 proteins of the FAINT
superfamily identified for T. orientalis, signal peptides were found in 103 by SignalP
(Emanuelsson, et al. 2007), indicating that members of the FAINT superfamily is
significantly enriched in signal peptides (p = 5.97x10™°, Fisher's exact test). Thus, the
differential expansion and diversification of the secretarial FAINT domain proteins
could be associated with adaptation of different theileria species to preferential host

niches that require specific host-parasite interactions.
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4.5. Discussion

The comparative analysis of gene families based on molecular phylogenetics among
theilerias, a babesia, and plasmodiums revealed that tempo and mode of gene
duplication/deletion in T. orientalis in small gene families is equivalent to the other
parasites. On the other hand, it was also revealed that T. orientalis has less large gene
family expansion than the transforming theilerias. In addition, T. orientalis had the
slowest tempo of gene duplications and deletions among the three theilerias in large
families, suggesting that T. orientalis likely remains the gene family structures of
ancestral theileria. Since the calculation of numbers of duplications and deletions in
each lineage was based on the gene trees, inference of incorrect phylogenetic trees may
fail to count the miscount of duplication and/or deletion events, which can be caused
short and ambiguous inner branches and extremely heterogeneous evolutionary rates
among branches. However, the gene gain-loss estimation program CAFE 2.1 (De Bie, et
al. 2006), which is based on statistical frameworks and does not require topology
information of the gene tree, indicated that tempo and mode of duplication and deletion
events were similar to those based on the gene trees (1.88 and 2.05 times frequent
duplications and deletions in transforming theileria), still supporting the hypothesis of
the ancestral gene repertoire in T. orientalis.

Slow tempo and mode of gene duplication specifically observed in T. orientalis
may be unusual across the parasitic protists: rapid gene expansions are likely to play
important roles for adaptation to the hosts. One of the explanations of the success in less
expansion and gene loss in the gene family structures may be the well-established

parasite system. If parasites and hosts have get on with nearly benign relationships,
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large changes in gene repertoires in the parasites followed by the changes in
host-parasite relationships might not be necessarily adaptive during evolution. The
presumed ancestors of theileria may have moderate pathogenicity and
non-transformation activity for the host leukocytes, and so do T. orientalis. In addition,
separation T. equi and the bovine-parasitic theilerias (T. orientalis, T. annulata, and T.
parva) could correspond to that of their respective vertebrate hosts, Perissodactyla and
Artiodactyla, suggesting higher specificity toward the hosts in ancestral theileria (Hara
et al., in preparation). On the other hand, expansion and gene loss in large gene families
have been accelerated in the transforming theileria, shaping unusual large tandem arrays,
which could lead to the generation of high pathogenicity and resistance of the hosts
against it.

It is noted that although the tempo and mode of gene family evolution were
various among the theileria lineages, the numbers of genes were almost equivalent
across them. Excluding the de novo genes, which were single copy and found in the
specific lineage and might be partly misannotation, 3,567 genes in T. orientalis, 3,598
in T. annulata, and 3,659 in T. parva. Therefore, the concordant tempo of gene
duplication and deletion may be subject to the genome sizes or gene numbers.

Unlike T. orientalis, transforming theilerias seem to have acquired the large gene
families through recent gene expansion. Some of these gene families are considered to
have one or more orthologues in the common ancestors of theileria, and others were
newly born in the ancestor of transforming theileria following gene duplications. It is
noted that a few of these gene families are located on large tandem arrays specifically
found in transforming theileria. One of the remarkable families is TashAT/TpHN gene

family as described in Results. While Tash-a genes were conserved among three
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theileria species, the other TashAT/TpHN genes expanded specifically in the
transforming theileria lineage. Gene expression of the TashAT/TpHN genes is
considered to be associated with the proliferating macroschizont-infected leukocyte
(Shiels B Fau - Kinnaird, et al. 1992). Analysis of the normalized dataset showed that,
in general, TashAT/TpHN family expression is consistently down-regulated as the
macroschizont undergoes differentiation to the merozoite and host cell proliferation
subsides, as demonstrated previously for a number of individual family members (Swan,
et al. 1999). In contrast, our T. orientalis genome sequencing team revealed that
transcripts of Tash-a were significantly up-regulated during the differentiation process
(Hayashida, et al. 2012), suggesting that the translation product of Tash-a possesses a
distinct function from the other TashAT/TpHN members (macroschizont specific
members): Tash-a seemed to be required through merozoite production. It is implied
that the expression of the macroschizont specific TashAT/TpHN were related to the
acquisition of the transformation of the hosts leukocytes.

Comparison of gene repertoires among three theileria species implied that T.
orientalis has different strategies for adaptation to the host environments from
transforming theileria. 1 found that a group of ABCC transporter family (PiroF0000018)
closely related to the P. falciparum homologues involved in antimalarial drug resistance
(Reed, et al. 2000; Valderramos and Fidock 2006) were specifically expanded in T.
orientalis. The ABCC gene expansion seems to partly get free from a constraint where
the ABCC genes in theileria were subject to the subtelomeric regions. 14 paralogues out
of 32 T. orientalis ABCC genes were distant from the subtelomeric regions while only a
tandem array consisting of three paralogues of transforming theileria located out of the

subtelomeric regions. From the point of view of “neofunctionalization” (Ohno 1970), it
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has been proposed that lineage-specific expansion of ABC transporter family genes is
related to host adaptation (e.g., metabolizing toxins from host inner environments)
(Dean and Annilo 2005). My results predict that parasites within the T. orientalis
lineage have expanded their ABC transporter genes to successfully implement such an
adaptive strategy (Fig. 4-5).

Another candidate related to parasite-host interaction phenotypes are the gene
family PiroF0000008. Unlike the ABCC gene family, the members of PiroFO000008
were found only in T. orientalis, suggesting gene expansion of de novo genes in the T.
orientalis lineage. A half of the members, most of which were located in one of the
tandem arrays, possess very distinctive structures. These genes would generate proteins
with long variable N-terminal external regions linked to an extremely highly
conservative C-terminal region consisting of a transmembrane domain and a short
cytoplasmic region, hypothesizing that each member has different ligands but share
single intracellular signalling (Fig. 4-5). This structure would be analogous to that
described for RIFIN protein families in plasmodium (Gardner, et al. 2002; Scherf, et al.
2008). The tandem arrays of RIFIN genes are thought to promote evasion of the
immune response by generation of a repertoire of variant polypeptide sequences that are
exposed externally on the infected erythrocyte surface. Whether T. orientalis proteins
encoded within PiroFO000008 perform an analogous function requires experimental
validation and cellular localization studies

It is noted that the largest gene family specifically expanded in T. orientalis is
related to FAINT domains. As described in Results, FAINT superfamily may have
emerged and expanded from the common ancestor of theileria and different FAINT

families have expanded in each lineage. In addition, the proteins included in FAINT
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domains are rich in secretome, indicating that FAINT-including proteins have played a
major role for the secretomes through the theileria evolution. This implies that different
repertoires of FAINT families in different theileria lineages have contributed to generate
different parasitic systems including host-specificity. Investigation of the FAINT family
in T. equi would be largely informative to see the contribution of FAINT families to
phenotypic evolution of theileria.

T. orientalis is the first genome sequence of a non-transforming theileria species
that occupies a phylogenetic position close to the transforming theileria, and thus
provides an ideal opportunity to analyze unique features of the theileria lineage-specific
parasitism from an evolutionary viewpoint. Comparative genomics of the
non-transforming theileria species T. orientalis with the transforming theileria species T.
annulata and T. parva highlighted lineage-specific evolutionary tempo and mode of the
changes in gene repertoires. In addition, several lineage-specific gene family expansions
were identified, which may have been coincident with development of the ability to
transform host leukocytes and of the lineage-specific systems against host immunity.
The study provides increased understanding of the evolution of transforming theileria
species at the genomic level and has generated a database that will serve as the
foundation for future studies on theileria pathobiology and parasite-host cell interaction.
Comparative genomics between more closely related species or even strains will
illustrate the more detailed gene evolution which enables to focus on the degree of
natural selection. Prof. Sugimoto's team is now sequencing the whole genome of
another strain T. orientalis Chitose. Interestingly, Chitose is infectious to cattle and
buffalo while Ikeda is parasitic to cattle. Such comparative genomics would also

uncover the characteristics involved in host range among them. Since the parasites with
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wide host range can cause zoonosis, clarifying the genomic signature of the host range

may be helpful for resolving public health threat by such parasites.
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Fig. 4-1. ds distribution of gene duplications.
(A) ds distribution of gene duplications of all the paralogues in each species. (B) Details
of (A) of ds <1.5. (C) ds distribution of gene duplications of the small gene families that

number of the members in every species five or less.
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Fig. 4-2. Evolution of gene families in each theileria lineage.
(A) Numbers of gene duplications and deletions in each theileria lineage. (B) Frequency
distribution of the lineage-specific paralogues across the chromosomal regions from

telomere. (C) Size distribution of tandem arrays of duplicated genes.
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Fig. 4-3. Phylogenetic relationships of TashAT/TpHN gene family (PiroF0100038)
and ABC gene family (PiroF0000018).

(A) Phylogenetic tree of TashAT/TpHN gene family and (B) Phylogenetic tree of ABC
gene family based on amino acid sequences. Proteins representative of T. orientalis, T.
annulata and T. parva are indicated in red, blue and green, respectively. Bootstrap
percentage (>60) values are shown at each node. In (B), the genes on subtelomeric
regions or tandem arrays outside of the subtelomeric regions were represented by

asterisk and cross, respectively.
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Fig. 4-4. Gene structure of PiroF0000008.

Amino acid sequence alignment (A) and nucleotide sequence alignment in the 36 aa
C-terminal regions (B) are shown. Images of the alignment were generated by Jalview
multiple alignment editor (http://www.jalview.org/). (A) The N-terminal sequences of
TOT020000657 (65 aa) and TOT030000815 (21 aa) were excluded from the alignment.
The C-terminal region and the putative transmembrane region were indicated by purple
and black horizontal bars, respectively. The blown vertical lines indicate the members
of the tandem arrays. (B) The nucleotide alignment of the region emphasized by the
purple line in A. The more nucleotide sites conserved, the darker the bases were

colored.
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Fig. 4-5. Putative functions of ABC transporter and PiroF0000008 in T. orientalis.

ABC transporters may be expressed on the surface on the parasite cells, as the malaria
homologues do, to excrete the aversive substances (rounds in the figure) from the hosts.
Each member of the ABC transporters may have different substances. A hypothesis is
raised that the PiroFO000008 member is expressed on the surface of the parasite or host
cells and that each member has different affinities against ligands (triangles) but shares

single intracellular signalling (black arrowheads).
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Table 4-1. Expanded gene families specifically in the T. orientalis and

transforming Theileria lineages.

#Spe- #Seqs #Seqs #Seqs #Seqs #Seqs #Seqs #Seqs

D des woml  TA TP T0 BB PP py Definition

Transforming Theileria lineage expansion group

PiroF0100022 4 122 69 44 5 4 0 0 Seven Residue (IPR011714)
family.

PiroF0100056 6 189 64 97 25 1 1 1 Protein of unknown function
DUF529 (IPR007480) family.

PiroF0100037 2 122 43 79 0 0 0 0 SVSP family

PiroF0100038 3 38 17 20 1 0 0 0 Tash PEST [IPR011695];
Tashl-like protein, putative
Conserved hypothetical protein.

PiroF0100027 3 28 15 9 4 0 0 0 Piroplasms gene family/group
candidate, PiroF0100027.

PiroF0000012 3 25 13 7 5 0 0 0 Piroplasms gene family/group
candidate, PiroF0000012.

PiroF0100043 3 22 10 8 4 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.

PiroF0100003 6 22 8 7 4 1 1 1 Major facilitator superfamily
MFS-1 (IPR011701) family.

PiroF0100024 4 21 7 8 4 2 0 0 HAD superfamily
hydrolase-like, type 3
(IPR013200) family.

PiroF0100041 2 9 4 5 0 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.

PiroF0100024 4 21 7 8 4 2 0 0 HAD superfamily
hydrolase-like, type 3
(IPR013200) family.

T. annulata expansion group

PiroF0000038 2 11 10 1 0 0 0 0 Tash protein, PEST motif
(IPR011695) family.

PiroF0000057 2 9 7 2 0 0 0 0 Piroplasms gene family/group
candidate, PiroF0000057.

PiroF0000134 4 7 4 1 1 1 0 0 Seven Residue (IPR011714)
family.

PiroF0000059 6 9 4 1 1 1 1 1 Histidine acid phosphatase
(IPRO00560) family.

T. parva expansion group

PiroF0000026 2 14 2 12 0 0 0 0 Piroplasms gene family/group
candidate, PiroF0000026.

PiroF0100029 3 11 2 8 1 0 0 0 Piroplasms gene family/group
candidate, PiroF0100029.

PiroF0100039 2 9 3 6 0 0 0 0 Piroplasms gene family/group
candidate, PiroF0100039.

PiroF0100042 2 6 2 4 0 0 0 0 Piroplasms gene family/group

candidate, PiroF0100042.
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#Spe- #Seqs #Seqs #Seqs #Seqs #Seqs #Seqs #Seqs N
D des woml TA TP T0 BB  PF | py Definition
T. orientalis expansion groups
PiroF0100054 3 62 5 2 55 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.
PiroF0100018 5 67 18 13 32 3 0 1 ABC transporter-like
(IPRO03439) family.
PiroF0000009 1 25 0 0 25 0 0 0 Piroplasms gene family/group
candidate, PiroF0000009.
PiroF0000008 1 25 0 0 25 0 0 0 Piroplasms gene family/group
candidate, PiroF0000008.
PiroF0100023 4 42 9 7 24 2 0 0 Piroplasms gene family/group
candidate, PiroF0100023.
PiroF0000030 1 12 0 0 12 0 0 0 Piroplasms gene family/group
candidate, PiroF0000030.
PiroF0100046 6 16 3 3 7 1 1 1 Hly-1ll  related (IPR004254)
family.
PiroF0000037 2 11 0 4 7 0 0 0 Piroplasms gene family/group
candidate, PiroF0000037.
PiroF0000032 3 12 4 2 6 0 0 0 Piroplasms gene family/group
candidate, PiroF0000032.
PiroF0100004 6 14 3 3 5 1 1 1 General substrate transporter
(IPR005828) family.
PiroF0001943 1 5 0 0 5 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.
PiroF0001942 1 5 0 0 5 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.
PiroF0001941 1 5 0 0 5 0 0 0 Piroplasms gene family/group
candidate, PiroF0001941.
PiroF0100011 6 11 2 2 4 1 1 1 Uncharacterised protein family
UPFO0005 (IPR006214) family.
PiroF0002207 1 4 0 0 4 0 0 0 Protein of unknown function
DUF529 (IPR007480) family.
PiroF0000199 3 6 1 1 4 0 0 0 Piroplasms gene family/group
candidate, PiroF0000199.
PiroF0000103 4 8 2 1 4 1 0 0 Exon junction complex, Pym

(IPR015362) family.

Table 4-1 (cont)
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Supporting data D4-1. Gene families in piroplasms and plasmodium.

(Attached in DVD-ROM).
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Chapter 5. General Conclusion
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In this study, | first revealed a minute genomic structural change based on genome
alignments of closely related species. | identified ultramicro inversions buried within
the conventional human-chimpanzee alignments, which could be definitely
distinguished from point mutations and indels. In addition, | found that ultramicro
inversions are ubiquitous characters found in the organismal genomes. Using
alignments with excluding the regions displaying the differences generated by
molecular evolutionary mechanisms other than simple point mutations (e.g., CpG
deamination and ultramicro inversions), | inferred the speciation process of human and
great apes. Please note that the feasibility of method used was also examined by
computer simulation, and it was shown that accurate speciation times and ancestral
population sizes could be estimated based on an appropriate samplings of aligned
genomic regions. The result clearly rejected the Patterson et al,'s hypothesis in which
introgressions between the ancestors of human and chimpanzee were proposed
(Patterson, et al. 2006). The speciation times estimated here could represent definitive
ones in the hominoid evolutionary studies. The evolutionary history determined would
be used for identifying characters, specifically emerged in the human lineage. Finally
matching the events of gene evolution in the three theileria genomes with their species
tree, | revealed different tempo and mode of gene duplication between T. orientalis and
transforming theilerias. In addition, | found several gene families expanded in the
genome of T. orientalis or transforming theileria, which may be involved in species
specific parasitic characters and pathogenicity against the hosts. Expression
of ,members of gene families expanded in transforming theileria would be the very first
step to solve the molecular mechanisms of transformation of leukocyte and cancer-like

pathogenicity in bovine hosts.
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Even though | have selected different biological cases to examine the feasibility
of approaches, my study certainly revealed that reconstructing the process of evolution
from the closely related species could be successfully carried out by three steps of
sequential analyses, i.e., (i) to obtain accurate genomic alignment with considering
precise mechanism of genome evolution, (ii) to infer evolutionary histories of the
species in fine precision, and (iii) to extrapolate phenotype or functional evolution based
on the genome sequence comparison. As an example, | have successfully clarified the
"species-ness” of theileria species. In accord, molecular biological experiments were
carried out to examine the working hypothesis that gene expansions are linked to the
phenotypic innovation of pathogenicity

As shown here, comparison of genomics will shed light on various aspects of
biological problems, which was not possible by analyzing individual genes and much
more deeper and detailed hypotheses will be proposed; e.g., differences in cis-regulatory
regions, syntenies, three-dimensional structures of chromosomes which are related to
spatial, temporal, and dosage regulation of gene expression. In near future, such
working hypotheses will be replaced by the genome-centric functional resources such as
ENCODE and KEGG. Knowledge on the function of respective genomic regions and
functional interactions of the genes and their products is being accumulated at rapid rate,
enabling us to clarify the "species-ness" in each evolutionary lineage.

Relationship between genotypes and phenotypes will be evaluated in silico with
the help of biology understanding systems described above, which connects genotypes
to phenotypes. Genomic analyses of closely related species by the approaches will
resolve a lot of unanswered questions in evolutionary biology. One of the biggest and

most interesting such issues is the one about the concept of "species”. Even though |
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have dealt with "species-ness” here, much ambiguity remains for the concepts of
"species” (Hey 2001, 2006). It is certainly fascinating to consider why species evolve
continuously while reproductive isolation is discontinuous. The key to tackle such
problems is to analyze appropriate set of species by the integrative approaches. The
species establishing allopolyploidy in plants (Rieseberg and Willis 2007) or fly species
in which reproductive incompatibility was examined in details by genetic studies (Orr
and Presgraves 2000) are certainly one of the best examples to which genome-centric
analyses can be applied.

Takashi Miyata, a pioneer of molecular evolution, once said, "If testing a
hypothesis in biology, suitable species for establishing a model must live on the earth
and surely can be found because organisms are largely diversified in their living forms"
(Miyata 2008). In near future, to solve primary biological questions, it will become
much more important to identify the set of species than to obtain the genomic
information, since the genome sequences of the species suitable for the analysis will be
available from genomic resource project such as the genome 10K for vertebrates and
i5k projects for insects and from de novo sequencing with low cost and high speed.
Application of current approach to larger number of species will provide further insights
because reconstructing ancestor genomes at multiple nodes can expose continuous
course of species evolution with continuity. Ultimately, comparative genomics of
individuals/populations on experimental biology may directly uncover the process
shaping species-ness. Though the time span anyone can convey in an experiment is
much shorter than the history of life and experimental environments provided may be
different from those experienced in nature, experimental evolutionary studies can

expose the process of evolution in real time (Blount, et al. 2008; Fry 2009; Izutsu, et al.
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2012). My approach would be expected to be one of the efficient solutions for the
comparative analysis of closely related species genomes in the era of non-model

organisms and experimental biology.
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