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Abstract

In this article, an attempt to incorporate recent knowledge of epigenetics into the evolutionary theory is presented.
As our interest is to clarify evolutionary mechanisms at the molecular level and to connect them to phenotype
evolution, the interplay of drift and selection (near-neutrality) on molecular evolution is briefly reviewed. Epigenetic
phenomena are partly controlled by genetic systems via chromatin structure, and special attention has been paid
to the dynamic evolution of three gene families which encode chromatin components. These gene families are
characterized by rapid birth and death of gene copy members, and weak diversity enhancing selection. Also the
protein products contain disordered domain that provides flexible chromatin structure. The near-neutrality concept
may be extended to their evolution. Here drift, selection and epigenetics become inseparable, and their interplay is
thought to have been needed for the evolution of complex gene regulatory systems.
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Introduction

Progress in genomics and epigenetics has prompted me to
reconsider some of the basic models of evolution. The current main
theory of evolution is Neo-Darwinism, which is based on population
genetics. This field has developed in the last century by combining
Mendelian genetics with Darwin’s theory of natural selection.

In population genetics, the process of gene frequency change by
selection has been formulated and such changes are thought to provide
genetic mechanisms for evolution. However the Neo-Darwinian models
have had little material bases for morphological evolution. Molecular
biology has changed all fields of biology, and evolution should be no
exception.

Brief History of Neutral and Nearly Neutral Theories

The first attack on Neo-Darwinism was the proposal of the neutral
theory of molecular evolution by Kimura (1968) [1]. Here it was argued
that random genetic drift rather than natural selection was the main
force for evolutionary changes at the molecular level. It looked as if
molecular evolution and phenotypic evolution were dichotomous,
and material basis was still not available. The dichotomy was thought
to come from the assumption that only a small minority of mutant
substitutions is adaptive and phenotypic evolution is caused by these
adaptive changes [1]. Here it was assumed that that majority of mutant
substitutions are neutral and do not contribute to phenotypic changes.
On the other hand, selectionists consider that any changes at the
molecular level could not be neutral, and positive natural selection
was the main cause. Very hot debate had been popular between the
neutralists and the selectionists for decades.

I had been puzzled by the following three questions on the neutral
theory, even if I belonged to the neutralist camp.

1. What are borderline mutations between the selected and the neutral
classes of mutation?

2. Why the molecular clock on the rate of molecular evolution is year-
dependent rather than generation-dependent?

3. Why does the heterozygosity on protein polymorphisms not much
different among the species? Note that under the neutral theory, the

heterozygosity depends on population size, and species population
size is much different among the species.

Many selectionists thought that the third one disproved the neutral
theory. I recognized that, by bringing slightly deleterious mutations into
the border between the selected and the neutral classes of mutation, the
three problems could be explained Ohta [2].

Figure 1 gives a diagrammatic presentation on how new mutations
are classified under the selection, the neutral and the nearly neutral
theories Ohta [3]. A most notable difference on the prediction between
the neutral and the nearly neutral theories is, the former predicts that
the evolutionary rate is equal to the neutral mutation rate, whereas the
latter predicts the negative correlation between the evolutionary rate
and the species population size. This near-neutrality prediction has
been verified by the genome-wide data (for a review see Ohta 2011)
[4]. For a thorough review on weak selection of protein evolution,
see Akashi et al. [5], in which population genetics analyses, as well as
protein structure and function are focused.
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Figure 1: Diagram showing the proportion of various classes of new mutations
for the selection, the neutraland the nearly neutral theories.
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Evolution of Complex Systems

Let me now consider the problem on how gene regulatory systems
have evolved. If you look at the developmental biology or systems
biology books, you would be struck by the facts how gene regulatory
networks are complex. A most significant question is, “How such
complex systems could have evolved?” In the next, I present my view
on the problem. Recent progress on epigenetics has deep impact here.
Before going into details of the problem, I review the evidence that
suggest the interplay of drift and selection again.

Khaitovitz et al. [6] investigated the pattern of divergence of gene
expression between human and chimpanzee. By examining various
tissues, they have compared the expression divergence between the two
species and the expression diversity among individuals within species.
They have found that the ratio between the two is similar in various
tissues except testis and brain. From this fact, they have argued that
evolution of gene expression is mostly under drift and weak selection.
They have also argued that positive selection worked on the exceptional
cases.

More quantitative genetics approach has been performed by
Bedford and Hart [7]. They have studied the pattern of gene expression
divergence among Drosophila species by using quantitative genetics
model, and by applying stochastic population genetics. They have
found that the divergence initially increases linearly with time, but that
it eventually reaches a plateau, which has been caused by stabilizing
selection. They successfully estimated the intensity of the stabilizing
selection, that is mostly weak, such that about half of new mutations
fitting in the range of near-neutrality.

It now seems that evolution of gene expression is also under the
nearly neutral process. A fundamental issue here is how genotype
and phenotype are connected. Figure 2 is the diagram to show the
relationship between the two. We know that the robustness exists in
some cases, i.e., different genotypes may give the same phenotype. In
other cases, the same genotype may result in different phenotypes. The
former depends on robust regulatory systems and the latter, on different
environments or even on chance. For understanding such flexible
systems, epigenetics becomes most important.

Epigenetics is a rapidly expanding field of biology, and it means
inheritance phenomena not caused by genotypes. Developmental
processes of higher organisms or environmental responses of bacteria
may be epigenetic. The present interest lies not in the definitive
process, but in flexible paths responding to variable environments.
Our knowledge on molecular mechanisms for epigenetics in higher
organisms has greatly expanded recently, and it is now clear that
chromatin structure and function are mainly responsible. However
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Figure 2: A scenario to show the meaning of near-neutrality in relation to
epigenetics and robustness that connect phenotypes with genotypes.

genetic mechanisms at the whole genome level may influence chromatin
structure and the connection between epigenetics and genetics become
highly complicated. Next I consider this problem in relation to the big
project on DNA elements in the human genome.

The Encyclopedia of DNA Elements (ENCODE) project started
to map all functional elements in human genome (ENCODE Project
Consortium 2007, 2012) [8,9]. Various methods including the DNAase
I hypersensitivity (DHS) has been applied together with analyses on
human diversity data. It has been estimated that 80% of the human
genome may be assigned to have biochemical functions at some tissues
or at some developmental times. By combining the ENCODE regions
with human diversity data, it is concluded that the regions are under
negative selection. Subsequent ENCODE report Thurman et al. [10]
presented a study of the DHS regions in some detail, and found that
~2.9 million DHSs contain all cis-regulatory elements. Some of the
interacting systems between enhancers and promoters have been shown
to be traceable by their analyses. Such interaction systems depend on
chromatin accessibility and other conditions of chromatin structure.
DHSs are again estimated to be under negative selection. It has also
been pointed out that a significant fraction of DHSs are in transposable
elements such as retroposon.

How can we understand such abundant negative selection working
in the human genome? Are all DHSs really involved in gene regulatory
systems? A relevant study some years ago is reviewed here. Hahn et al.
[11] have analyzed genomes of 52 species of Eubacteria and Archaea,
to find out whether transcription binding sites, such as TATAAT, over-
or under-represented compared with random expectation. They have
found that the binding sites are often under-represented. They thought
that the under-representation is caused by negative selection against
spurious binding sites, and estimated the average intensity of selection,
that is very weak, Nes (product of the effective population size, Ne, and
the selection coefficient, s) is -0.12 for Eubacteria and -0.06 for Archaea
genomes. There is no reason to suppose that spurious sites are excluded
in the ENCODE analyses. Because of epigenetics via chromatin
modification in Eukaryotes, the intensity of negative selection may be
even smaller than these estimates.

Some unsolved problems on functionality of the ENCODE sites are
given below.

What fraction of the sites had originated from retroposon and other
transposable elements?

How much spurious binding sites are included?

Can non-coding RNAs be classified into the biologically functional
and non-functional classes?

It is necessary to answer these questions for understanding the
meaning of negative selection the ENCODE project reported. Next, I
consider how genetic and epigenetic phenomena are related.

Genetic Factors on Chromatin Function

Epigenetics depends on chromatin structure as explained above,
and genetic mechanisms are responsible for a large fraction of
remodeling of chromatin structure and function. I review here some
interesting cases of dynamically evolving gene families encoding
chromatin components.

Evolution of H1 Histone Gene Family

Histone proteins, H2A, H2B, H3 and H4 are core histones and
make up nucleosomal core particles together with DNA. Histone H1
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members bind to nucleosome and linker DNA to help stabilization
of chromatin structure. They also participate in gene regulation by
remodeling of chromatin structure and function. I present here some
characteristics of this gene family following the review article by
Kowalski and Palyga [12].

H1 gene family usually consists of several gene members ranging
from a single to more than ten copies. Each member of a family is
differentially expressed in specialized cells and is called a subtype. Via
differential expression, gene members perform different functions. An
interesting property of the H1 histone is that it consists of the two main
domains, the evolutionarily conserved globular domain (N-terminal),
and the less constrained C-terminal domain. The latter is usually
disordered. Thus this histone has very versatile structure and function.

Histone H1 globular domain has two DNA-binding sites. C-terminal
(variable) domain (CtD) of H1 histone is relatively short and consists of
a hydrophobic region and a basic segment. The CtD helps the globular
domain to bind DNA and to provide versatile structure. The CtD is
highly variable and often amino acid polymorphisms exist that have
phenotypic effects in human. Because of the versatility, H1 histone is
highly mobile and interacts with a number of non-histone-targets in
a subtype-specific way, and provides diverse functions of chromatin.
Therefore polymorphism in CtD may exhibit pleiotropic effects, some
of which cause human disease.

Dynamic Evolution of Heterochromatin Protein 1
(HP1) Gene Family

Among other components of the heterochromatin, the gene
family of for HP1 is interesting. Levine et al. [13] have presented the
result of their phylogenetic analyses of Drosophila species. They have
found structural diversity, lineage restriction and germ-line biased
expression of Drosophila HP1 gene members. The HP1 proteins are
characterized by the chromo-domain and the chromoshadow-domain.
Some members contain both domains, and others, either one of them.
For the former, the two domains are connected by the hinge region
of which sequence and length are variable. Chromo-domain and the
chromoshadow-domain have differentiated functions in chromatin
remodeling. Because of such versatile structure of HP1 proteins, it
is thought that they contribute to environmental responses of gene
regulation.

Someoftheseinteractionsarebeingclarified for Schizosaccharomices
pombe HP1 proteins (Canzio et al. 2013) [14]. HP1 recognizes histone
marks of chromatin, and drives a switch from an auto-inhibited state
to a spreading-competent state of heterochromatin. In the former
state, a histone-mimic sequence in HP1 inhibits the histone methyl
mark recognition, and prevents spreading. Therefore heterochromatin
dynamics depends on delicate balance among chromatin components.
The chromo-domain, the hinge region and the chromoshadow-domain
cooperate in the interplay via conformational change of HP1 proteins.

Rapid Evolution of the High-Mobility Group (HGM)
Protein Family

The HMG proteins are abundant and highly mobile components
of vertebrate chromatin. They are detected only in vertebrate and
necessary for the specific interplay among chromatin proteins. Their
gene family is dynamically evolving and, following Malicet et al. [15],
the evolutionary pattern is reviewed here. HMG protein is made up
of globular component that binds the nucleosome core particle, and
of highly variable disordered region. There are three subfamilies

with differentiated function in human HMG proteins. Malicet et al.
[15] examined the divergence pattern of one subfamily, HMGN, in
detail. Evolution of this family is characterized by highly variable and
disordered C-terminal region. Both length and amino acid sequence
are rapidly changing in mammalian species. For example, the shared
identity of amino acids between orthologous human and mouse
HMGNSs is less than half for the disordered region. The globular
domain that contains nucleosome binding sites is conserved. Malicet et
al. [15] have shown the difference in nucleosome interaction between
the mouse and human HMGNs. Nevertheless, both induce chromatin
decomposition, and the disordered region contributes to the specificity
of chromatin function.

An important characteristic of the above three cases of the rapidly
evolving protein families is that they contain disordered variable region
that provide diverse functions. Another notable property of the gene
families is the rapid birth and death of gene copies. Here subtle balance
among overlapping functions of gene copies is important. In addition,
it has been proposed that chromatin activity may depend on the heat
shock protein 90 Sawarkar and Paro [16]. Together with numerous
chromatin component proteins, Hsp90 may regulate gene expression
in specific ways.

Another significant subject on the robust gene regulation is the
contribution of microRNA and other non-coding RNAs (Berezikov
[17], Ebert and Sharp [18]). This subject covers a wide area of RNA
biology, and is still in rapid expansion, and is not included in this
article. However, it is noted that the majority of the evolution of non-
coding RNAs may be under drift and selection, at least at the time of
their origination. Later, some of RNAs may become indispensable, and
be kept by negative selection.

For the evolution of complex systems, it is necessary to consider
how all these systems are related to drift and selection. Furthermore
“self-organization property” may be working together with the above
systems (Bar-Yam et al.) [19]. Future study is needed here.

Conclusion

In this article, a most difficult problem, i.e., how enormous
complexity in biological world could have evolved, has been discussed
from various aspects. Significance of epigenetics via remodeling of
chromatin structure is emphasized for understanding of this problem.
It is recognized that the more we know about the mechanisms of gene
regulation, the more complex systems are revealed. So one needs to
know that evolutionary processes on gene regulation which is not as
simple as can be described by Neo-Darwinian models. I also emphasize
that our knowledge in all areas of biology, from molecular genetics and
evolution, cell biology, population genetics, developmental biology, to
systems biology need to be incorporated for the progress of science of
evolution.
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