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Abstract—The current state of knowledge concerning the unsolved problem of the huge interspecific eukaryotic genome size
variations not correlating with the species phenotypic complexity (C-value enigma also known as C-value paradox) is
reviewed. Characteristic features of eukaryotic genome structure and molecular mechanisms that are the basis of genome
size changes are examined in connection with the C-value enigma. It is emphasized that endogenous mutagens, including
reactive oxygen species, create a constant nuclear environment where any genome evolves. An original quantitative model
and general conception are proposed to explain the C-value enigma. In accordance with the theory, the noncoding
sequences of the eukaryotic genome provide genes with global and differential protection against chemical mutagens and (in
addition to the anti-mutagenesis and DNA repair systems) form a new, third system that protects eukaryotic genetic infor-
mation. The joint action of these systems controls the spontaneous mutation rate in coding sequences of the eukaryotic
genome. It is hypothesized that the genome size is inversely proportional to functional efficiency of the anti-mutagenesis
and/or DNA repair systems in a particular biological species. In this connection, a model of eukaryotic genome evolution

is proposed.
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The term “genome” was proposed by H. Winkler in
1920 to describe a combination of genes included in a
haploid set of chromosomes of a single biological species
[1]. Already at that time, it was emphasized that, unlike
genotype, the concept of genome is a characteristic of a
species as a whole rather than of an individual. Intensive
investigation of genomes during the last fifty years has
noticeably changed the concepts of their structure and
function. As the complete primary structure of the
human genome was established along with quite a num-
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ber of animal, plant, and microbial genomes, humankind
entered the “post genomic era”. Now the term
“genome” includes the combination of DNA of a hap-
loid set of chromosomes that are included in a single cell
of germ line of a multicellular organism. In this case it is
also necessary to consider genetic potential of DNA of all
extrachromosomal genetic elements of an organism,
which are also constantly transmitted from one genera-
tion to another through the maternal line, control func-
tions of the nuclear genome, and define many phenotyp-
ic features [2]. In our opinion, close interweaving of
functions of genes localized both in the cell nuclei and
organelles allows one to consider their genomes as a uni-
fied system of genes comprising the full genome of a liv-
ing organism.

Instability of the primary structure of the genome
was an intriguing discovery in this trend of investigations.
It appeared that the genome is not a static place for stor-
age and first steps of realization of genetic information,
but its structure is highly dynamic. In the human genome
the enormous number of allele variants of genomic
nucleotide sequences (NS) (10-15 millions SNP (single
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nucleotide polymorphism)) were found, including struc-
tural polymorphisms like deletions, inserts, inversions,
translocations, copy number variations (CNV) of genom-
ic NS, as well as the possibility of programmed structural
genome rearrangements in ontogeny [3]. The same is also
characteristic of other studied organisms. Recently the
pangenome concept for bacteria has been formulated
according to which the genome of some bacterial species
is represented by the core genome, whose nucleotide
sequences are identified in absolutely all bacterial strains
of a given species, as well as by its non-obligatory part that
includes dispensable genes specific to particular bacterial
isolates [4, 5]. Attempts to spread the pangenome concept
to the world of plants have been undertaken [6], and it
may happen that organization (arrangement) of genes in
the form of pangenome is a widespread phenomenon.
Khesin was the first in Russia who paid attention to the
problem of genome instability and contributed much to
its development [7, 8].

The phylogenetic genome instability is quite clearly
reflected in the fact that total DNA content in a haploid
set of chromosomes (in the gamete nucleus) of different
eukaryotic species, designated by “C” symbol (the size of
their genome), differs over 200,000-fold [9-12]. Among
vertebrates, amphibians (especially salamanders) and
lungfishes have the largest genomes of ~120 pg (1 pg
DNA corresponds to ~10°bp) DNA (for comparison, the
size of the human genome is 3.5 pg). In terrestrial plants,
giant genomes are found in members of Liliaceae family
(Fritillaria assyriaca — about 127 pg). The lack of correla-
tion between the organism genome size and phenotypic
complexity was termed as the C-value paradox [13]. In
this case, the main part of DNA of large eukaryotic
genomes is represented by NS, not coding proteins and
RNA. In particular, the fraction of coding gene parts in
the human genome makes up only ~3% [14].

Although the total size of eukaryotic genomes does
not correlate with their phenotypic complexity, the evolu-
tionary transition from pro- to eukaryotes and further
from unicellular to multicellular organisms is accompa-
nied by an increase in total number of genes in their
genomes [15]. In this case, there are attempts to explain
great differences in phenotypic complexity of higher
eukaryotes with approximately equal (~10*) number of
genes () (N-value paradox [16]) by unique combina-
torics of association of universal exons of their genes (and
protein domains) in phylogeny and during gene expres-
sion [17]. Such data withdraw paradoxical features from
the abovementioned phenomenon and transfer it into the
category of not solved problems such as the problem of
functional significance of non-coding NS. As a result, the
term “C-value enigma” is introduced into the modern lit-
erature instead of “C-value paradox” [18]. Factors that
define the genome size of particular biological species as
well as functions of most non-coding eukaryotic NS are
still unknown.
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The aim of this review is to consider the C-value
enigma within the context of present-day data about
eukaryotic genome structure and mechanisms of func-
tioning and its constant interactions with intracellular
medium such as nucleoplasm and cytoplasm. An original
model is presented that points to a new aspect of this
problem of general biological significance.

EUKARYOTIC GENOME: STRUCTURAL ASPECT

Two aspects, structural and functional, can be distin-
guished in investigations of the genome as for any other
macromolecular complex of a living organism. The
genome structural organization at all levels, which will be
briefly considered here, assures the fulfillment of all the
main functions associated with storage, protection,
reproduction, and realization of genetic information
encoded in genomic NS. The size of the eukaryotic
genome, the main subject of our review, is defined by the
length of its individual NS that form genes and intergenic
regions of the genome. Exhausting information concern-
ing the concrete genomic NS, which is a congealed mold
of the functioning dynamic genome, can be obtained
from modern databases. The comparison of NS of whole
genomes by the present-day genomic techniques makes
possible detection of traces of their constant change and
conclusion concerning molecular mechanisms that are
the basis of such processes.

Nucleotide Sequences of the Genome

Previously studying NS of eukaryotic genome was
based on analysis of peculiarities of re-association kinet-
ics of genomic DNA short fragments (up to 500 bp) after
their denaturing and following slow annealing on lower-
ing of the temperature of the reaction mixture [19]. This
method gave the first ideas concerning the great complex-
ity of primary structure of such genomes. Recent com-
plete genome sequencing of several eukaryotic species has
made it possible to compile a more concrete concept on
the peculiarities of their primary structure.

Highly repetitive sequences. Sarellites. Satellite NS,
whose content in a eukaryotic genome can reach 5-50%
of total DNA, are very long (several hundreds of kilobase
(kb)) DNA regions with short blocks (5-200 bp) repeated
in tandems (“head-to-tail”) [20]. These NS got their
name because they accompanied the main optical densi-
ty peak as a shoulder (satellite) during total eukaryotic
DNA centrifugation in a CsCl density gradient. The cor-
rect homogeneous base composition of satellite DNA,
determined by the presence of numerous of short repeats,
changed its buoyant density, which was easily detected
during centrifugation. As a rule, these NS are character-
istic of constitutive (constantly present) non-transcribed
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heterochromatin. Typical representatives of such DNA in
the human genome are o-satellites. These NS of total
length 10°-10° bp formed by the main repetitive unit of
171 bp are localized mainly in centromeric regions of
each chromosome and contain binding sites of cen-
tromere-associated proteins.

Human B and v satellite NS of total length up to
0.25-0.50 megabases (Mb) are formed by GC-rich
repeats of 68 and 220 bp, respectively. They are charac-
teristic of telomeric (terminal) and some pericentromeric
(located near centromeres) chromosome regions. Other
members of these NS families, in particular, a family with
main repeating unit of 48 bp and the Sn5 family are found
in the human genome [21].

Microsatellites. Highly polymorphous microsatellite
DNA formed by tandem repeat unit of 1-4 bp in length
are arranged in blocks up to 200 bp that are spread over
the genome. Unlike satellite and minisatellite DNA,
microsatellites are, as a rule, transcribed. Homopolymer-
ic microsatellites of the (A),/(T), type, which can be
retrotransposon remnants, are often present in animal
genomes. On the contrary, homopolymers of the
(G),/(C), type are very rare in animals. Dinucleotide
minisatellites of the CA/GT or CT/GA types are most
frequent in animals, on average in every 20-50 kb. The
AT-rich repeats, especially specific of the chromosome
centromeric regions, are also highly represented in ani-
mal genomes. Tri- and tetranucleotide microsatellites are
rare in animals. The microsatellite length and their total
number in the genome correlate with the genome size
[22].

Minisatellites. Minisatellite DNA are composed of
repeated NS of 5-50 bp form intermediate size blocks (up
to 10* bp) and are localized in different chromosome
regions. Two main types of human minisatellite NS are
known. The first type includes hypervariable minisatel-
lites with the main repeat unit GGGCAGGANG where
N is any nucleotide (nt). Such NS are localized in ~1000
genome sites and the length of their blocks is highly poly-
morphous in different individuals. These NS are consid-
ered as preferable sites of homologous recombination.
Human telomeric NS with the repeated unit TTAGGG
make up the second minisatellite family (block length in
such repeats is 10-15 kb).

Macrosatellites. As follows from their name,
macrosatellite NS of DNA are characterized by a large
repetitive unit size (>1 kb). They are found, in particular,
in avian W chromosomes and feline and human genomes
[23].

Moderately repetitive sequences. Moderately repeti-
tive sequences of the eukaryotic genome are represented
by gene families and numerous mobile genetic elements
(transposons). Since native transposons also contain par-
ticular genes providing for their survival in the genome,
separation of moderately repetitive NS to two abovemen-
tioned groups is conventional and emphasizes the fact

BIOCHEMISTRY (Moscow) Vol. 73 No. 13 2008

1521

that the functional significance of transposons for the
eukaryotic genome is still not quite clear [24-27].

Mobile genetic elements are the DNA NS able to
change their position in the genome, i.e. to perform acts
of transposition. Although at the present time there is no
officially accepted transposon classification, they are
divided into two large classes on the basis of molecular
mechanisms used by mobile genetic elements for transpo-
sition within a genome: (1) retroelements and (2) DNA
transposons.

DNA transposons are typical of bacterial genomes
and are quite widespread in eukaryotic genomes. As a
rule, their transposition follows the “cut and paste”
mechanism with involvement of transposase, a well stud-
ied member of the recombinase class [28]. The realization
of this mechanism results in duplication of a short NS in
the site of transposon integration. In this case, a new site
of the mobile element integration is usually located close
to the old one, and as a result transfer of DNA trans-
posons was named “local hopping” [29].

Unlike DNA transposons, retroelements use for
their mobilization mechanisms in which an important
role belongs to reverse transcription, i.e. DNA synthesis
on RNA template by reverse transcriptase. Retroele-
ments, in turn, are divided into two large groups on the
basis of structural peculiarities and replication mecha-
nisms: (i) LTR (long terminal repeats)-containing
retroelements including retrotransposons and endoge-
nous retroviruses [30], and (ii) retroelements without
LTR and consisting of long (LINE) and short (SINE)
interspersed elements [31, 32]. In these mobile genetic
elements, the transposition event requires transcription of
their genomic NS, reverse transcription of formed
mRNA, and ¢cDNA (complementary DNA) integration
into a new genetic locus (the “copy and paste” mecha-
nism).

Structurally and by replication mechanisms retro-
transposons resemble exogenous retroviruses. Their
structural peculiarity is the presence at their ends of LTR
containing NS involved in regulation of their transcrip-
tion. Besides, retrotransposons contain genes that provide
for their replication and do not contain the capsid protein
genes present in retrovirus genomes.

LINE elements, called long retroposons, contain the
same genes as retrotransposons but have no LTR.
Nevertheless, they contain promoters of RNA poly-
merase Il performing transcription of corresponding
genes. Since retrotransposons and LINE elements have
everything necessary for transposition in the genome,
they are called autonomous transposons.

SINE elements (short retroposons) are not
autonomous, and for transposition they require the pres-
ence of protein products of the autonomous transposon
gene expression. They contain near the 5’ end the inter-
nal promoter of RNA polymerase III that performs their
transcription.
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It should be emphasized that after each event of
retroelement transposition its initial NS remains at the
old place in the genome, and the corresponding copy
emerges in a new genetic locus. Thus, the number of
copies of transposon in the genome is doubled. This is
one of the powerful mechanisms of eukaryotic genome
enlargement, which is especially important for the prob-
lem being discussed.

The table summarizes data on the content of mobile
genetic elements in genomes of different taxonomic
groups. Such high representation of transposons is
indicative of their key role in the evolution of eukaryotic
genomes. On the other side, the ubiquitous spreading of
transposons allows one, together with Orgel and Crick as
well as with Georgiev, to consider them not as molecular
parasites, but as genomic endosymbionts [33, 34].
Unfortunately, it is still not clear what advantages are
gained by the genome, the cell, and the organism as a
whole from such symbiosis.

Gene families consist of many genes characterized by
high homology of coding (and in some cases non-coding,
i.e. intron) NS. It is supposed that their origin is based on
duplication of precursor genes or whole genetic loci. In
the aggregate, genes combined by the community of their
origin via duplication of precursor genes are called para-
logs [35]. Genes with identical NS, organized in clusters
or spread along the genome, provide the cell with gene
expression products for increased requirements. Such
eukaryotic genes include specifically histone genes, genes
of TRNA, tRNA, and small nuclear RNA (snRNA).
Besides, functioning of the multigene family genes regu-
lates formation of systems of different signal recognition.
In this connection, the largest known gene family of ver-

tebrates consists of the olfactory receptor genes and
pseudogenes (see below). In man and mouse, their num-
ber is 800 and 1400, respectively, and pseudogenes make
up 60 and 25%, respectively. Genes of the major histo-
compatibility complex (MHC) and variable parts of
immunoglobulins are represented by large families.

Unique sequences. The content of unique NS that
appear only once in eukaryotic genome varies in different
organisms and comprises from 15 to 98% of total DNA.
Although many structural genes get into the unique NS
fraction, most of them are non-coding. The well-known
example of unique NS are the introns, whose total size
usually exceeds that of exons of corresponding genes. An
intron is a transcribed gene segment whose sequence is
absent from mature RNA and is eliminated from precur-
sor RNA by different mechanisms. Mature RNA consists
of the exon sequences of the gene.

Exons and introns. The mosaic exon—intron gene
structure has been found in members of most taxonomic
groups of modern biological species [36]. In accordance
with the present-day classification, introns are divided to
four main classes differing by mechanisms of mRNA
elimination from precursors [37]. The possession of the
fourth class introns, excised from RNA molecules by
splicing (sometimes they are called spliceosomal introns),
is the exclusive prerogative of eukaryotic organisms.

The intron density in eukaryotic genomes (the num-
ber of introns per gene) differs by more than 1000 times in
different species [38]. In particular, ~140,000 introns (8.4
introns/gene) were found in the human genome, the rich-
est in introns, whereas the genome of the microsporidium
Encephalitozoon cuniculi contains only 13 introns (0.0065
intron/gene). Moreover, as in the case of the eukaryotic

Transposon and gene content depending on genome size (after [24, 369])

Species Common name Genome size, pg % TEs Gene number

Fritillaria assyriaca lily 127.4 95-99

Rana esculenta frog 5.6-8.0 77

Homo sapiens human 3.5 45 23,000
Xenopus laevis frog 3.5 37

Mus musculus mouse 3.4 40 35,000
Zea mays maize 2.5 60

Gallus domesticus hen 1.25 27 20,000
Tetraodon nigroviridis fish 0.51 0.14 22,000
Takifugu rubripes fish 0.4 2 31,000
Anopheles gambiae malaria mosquito 0.28 16 14,000
Drosophila melanogaster fruit fly 0.18 15-22 14,039
Ciona intestinalis ascidian 0.16 10 15,500
Arabidopsis thaliana arabidopsis 0.16 14 26,000
Caenorhabditis elegans worm 0.1 12 20,060
Saccharomyces cerevisiae yeasts 0.012 3-5 6,680
Escherichia coli bacterium 0.0046 0.3 4,500
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genome size as a whole, there is no correlation between
density of introns, their localization within the genome,
and phylogenetic characteristics of biological species.

It was noted that human “housekeeping” genes, i.e.
those expressed in cells of most tissues, are shorter in cod-
ing and non-coding parts compared to the “luxury” genes
of specialized tissues, which is, for example, not charac-
teristic of Arabidopsis thaliana and Drosophila melano-
gaster [39]. The real factors responsible for compactness
of housekeeping genes, including, in particular, the
intron-less ones, such as histone genes and most receptor
genes coupled with G-proteins [40], are still unknown.

Pseudogenes comprise another class of unique NS of
eukaryotic genes. The DNA NS that are most often inac-
tive copies of original genes, altered by mutations, are
called pseudogenes [41]. One such NS variety is com-
posed of processed pseudogenes free of the precursor gene
introns. It is supposed that processed pseudogenes emerge
via integration into the genome of cDNA that resulted
from reverse transcription of a corresponding mRNA after
complete splicing of the latter has occurred. In this case,
the incorporation of cDNA can be provided for by genes
of autonomous retrotransposons. The pseudogene con-
tent in members of various taxonomic groups significant-
ly differs. The highest number of pseudogenes (3600-
19,000) is found in humans and they are spread over the
whole genome; their number in individual chromosomes
correlates with the chromosome size [42].

Unlike bacteria, whose pseudogenes undergo rapid
degeneration, eukaryotes are characterized by a lower
pressure of selection towards elimination of pseudogenes.
The question concerning the role of pseudogenes in the
genome is the subject for discussions. In some cases, their
functional significance has been demonstrated [41].
There are indications in favor of possible involvement of
pseudogene antisense RNA in transcription regulation.
The participation of pseudogenes in human and other
animal immune response is supposed, and it is already
proved for birds. Pseudogenes are necessary for forma-
tion of genes of human olfactory receptors. Many
eukaryotic pseudogenes are highly conserved and active-
ly transcribed, while some can be activated by point
mutations.

Mosaic pattern of the warm-blooded animal genome
by GC-composition: isochores. The presence in a eukary-
otic genome of discrete, extended (hundreds of kilobase
pairs (kb)), highly homogeneous by GC-composition
regions called isochors is evidently one of the fundamen-
tal principles of its organization at the level of primary
structure [43]. Isochores are divided into several “light”
and “heavy” families (they are numbered according to
increase in GC content): L1, L2, H1, H2, and H3 (L —
light, H — heavy). The metaphase chromosome banding
patterns (cross-striation after staining) correlates well
with quantitative and qualitative content of isochores
belonging to particular families [44].
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It was found that NS of the abovementioned families
differ both by GC composition and other structure—func-
tion characteristics. In the human genome, the most GC-
rich isochores have the highest density of gene arrange-
ment (“genome core”), and isochores with low GC con-
tent are characterized by low gene concentration
(“genome desert”) [45, 46]. GC-rich isochores are repli-
cated early in the cell cycle, while GC-poor ones do this
late [47]. The most GC-rich isochores are most often
located in telomeric zones of metaphase chromosomes,
whereas a different localization is specific of the least GC-
rich isochores [48, 49]. In this case, GC-rich isochores are
less densely packed in chromatin fibrils compared to GC-
poor ones [48, 50]. All this suggests the existence of clear
association between functional compartmentalization of
interphase nuclei and structural organization of the
eukaryotic genome, i.e. with its primary structure.

Coding and non-coding sequences. Our analysis of
peculiarities of the eukaryotic genome primary structure
makes possible, in accordance with the long-standing tra-
dition, dividing it into two functionally nonequivalent
parts of different size, namely, to coding and non-coding
NS. Figure 1 shows the share of different class NS in the
total size of the human genome; it is seen that genes occu-
py only its small part.

Traditionally, coding NS are considered to mean the
genomic DNA regions (gene parts) that contain informa-
tion on the protein and nucleic acid primary structures
realized during their expression. However, this also
includes NS of genes of mobile genetic elements, which,
as mentioned above, can comprise the bulk of genomic
NS. Moreover, present-day investigations of the eukary-
otic transcriptome using biochip technologies show that
up to 1/3 of all NS can be transcribed in large eukaryotic
genomes [51, 52].

In modern studies, large-scale genome sequencing
and comparative analysis of primary structures precede

classic satellites; 2.1%

a-satellites; 2.1%
simple sequence repeats; 3%
DNA transposons; 3.6%

other sequences; 12.8%

CpG islands; 0.68%

exons of genes; 2.0% )\ LTR retrotransposons;

9.3%

Human
genome

introns; 25.9%
LINEs; 22.3%

other repeats; 0.15% SINEs; 16.1%

Fig. 1. Content of different nucleotide sequences in the human
genome. Protein coding sequences (~20,000 genes) represent less
than 1.5% of the genome.
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gene identification in the abovementioned sense. The cri-
teria used for estimation of NS functionality are gradual-
ly changed, and their evolutionary conservativeness,
indicative of the pressure of natural selection aimed at the
maintenance of their structure and, as a result, of their
function, is regarded as of paramount importance [53]. In
particular, it was found that extended conserved genome
regions are spread beyond genes. The comparison of the
mouse and human genomes has shown that in the latter
~5% NS are under pressure of selection and only 1/3 of
them belongs to the protein encoding genes [54].

Evidently, our concepts of coding and non-coding
NS will change. It is reasonable to assume that at the
present time insufficient attention is paid to experimental
investigation of the role of non-coding NS in spatial loca-
tion of exons and whole genetic loci in interphase nuclei.
In particular, while carrying out their skeletal function
(see below and [9]), non-coding NS could form unique
intranuclear microcompartments influencing expression
of genes, present in these microcompartments, and their
protection against chemical mutagens. In this case, non-
coding NS could incorporate the code translated by an
interphase nucleus into spatial structure of the genome.
However, now in this work the term coding NS means the
genomic DNA sequences not included in transposons
and containing information concerning proteins and
RNA with known or supposed functions.

Spatial Organization of the Genome

Genomic DNA of all eukaryotic organisms, whose
total length for a single genome copy can reach several
meters, is localized within a highly ordered nucleoprotein
complex called chromatin [55-57]. This allows it to go in,
to be reproduced, and retain functional activity in the cell
nuclei whose diameter does not exceed several microme-
ters. Accordingly, proteins providing for spatial DNA
packing in individual chromosomes can be considered as
peculiar DNA chaperones [58].

Morphological features of interphase nucleus. The
cell nucleus is an intracellular organelle providing for the
main processes associated with the storage, transforma-
tion, realization, reproduction, and maintenance of
integrity of genetic information contained in DNA mole-
cules. The present-day data have strengthened the con-
cept of the interphase nucleus as a highly ordered cytoge-
netic system [59, 60]. The volume of an animal somatic
cell nucleus is ~600-1500 pm?.

Nuclear envelope, forming the interface between
nuclear and cytoplasmic compartments, plays the main
role in maintenance inside the nucleus of unique bio-
chemical conditions necessary for functioning of the cel-
lular genetic apparatus. It consists of external and internal
nuclear membranes that are perforated by 10°-10* nuclear
pore complexes (NPC) that provide for transport in both
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directions of high- and low-molecular-weight com-
pounds necessary for the cell nucleus functioning and/or
being products of its vital activity. The external membrane
interacts with ribosomes and is a part of the cellular rough
endoplasmic reticulum. The internal membrane estab-
lishes contacts with chromatin and is marked by specific
membrane proteins [61]. The two membranes are joined
with each other at the border of each NPC.

Nuclear lamina, a thin layer (~20 nm) of hydropho-
bic proteins is adjacent to the internal membrane from
the side of the nucleoplasm. Chromatin loops can specif-
ically interact with these proteins. Although the lamina is
a component of nuclear matrix, it has a specific protein
composition, including the best-characterized A-type
and B-type lamins that are present in the highest amounts
[61]. Mutations in their genes are accompanied by global
spatial rearrangements in heterochromatin, alterations in
DNA transcription and replication, in cytoskeleton and
cell survival, as well as in development of severe human
laminopathies.

Nuclear matrix is the second (after chromatin)
nuclear component containing nucleic acids [62]. It is
usually detected in the nucleus in the form of reticular,
fibrillar, and RNP (ribonucleoprotein)-containing struc-
tures after removal of membranes (by nonionic deter-
gents) and chromatin (by the incubation of nuclei with
DNase), and hypertonic salt extraction of histones and
DNA fragments. The core part of the nuclear matrix con-
sists of branched filaments 10 nm in diameter, whose
composition and molecular structure are still not quite
clear. Filaments of internal nuclear matrix are associated
with nuclear lamina and, in particular, they are involved
in attachment to the latter of bases of 30 nm chromatin
fiber loops [63]. DNA sequences 150-200 bp long provid-
ing for such interaction, designated as MAR/SAR-NS
(matrix-/scaffold-attachment regions), were found.

The nucleolus is the best-studied nuclear subcom-
partment; it mainly provides for biogenesis of rRNA and
ribosomal 40S and 60S subparticles, and it is usually
detected in all eukaryotes. Simultaneously hundreds of
biochemical processes take place in nucleoli of metaboli-
cally active animal and plant somatic cells [64, 65].
Among “non-canonical” functions of nucleoli, there are
involvement in virus infection control, non-nucleolar
RNA or RNP processing, influencing the telomerase
functions and cell ageing, participation in cell cycle regu-
lation, expression of tumor suppressors and oncogenes,
signal transduction, etc. Most nucleolar proteins are
retained in it for no more than 1 min, and the nucleolus
proper exists in a stationary state in the form of a special
intranuclear compartment owing to stronger interaction
of some proteins with rDNA; these proteins form the
intranucleolar area for different biochemical processes.
Evidently, such state is also characteristic of other
intranuclear subcompartments detected at morphological
level [60, 66], as will be discussed below.
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Other nuclear subcompartments. Numerous bodies
are present in the nucleus that are not fixed intranuclear
compartments but are indicative of genome activity in
interphase, and often they exist in the nucleus for no
more than a few minutes. A high content of specific pro-
teins involved in various genetic processes is characteris-
tic of subcompartments, which allows one to consider
them as places of assembly of characteristic macromolec-
ular complexes and their following functioning. The Cajal
bodies are heterogeneous sets of subnuclear domains of
different molecular composition and biological func-
tions, the main being biogenesis of small nuclear and
nucleolar RNP (snRNP and snoRNP, respectively) and
of RNA telomerase (hTR) [67]. The so-called coiled bod-
ies probably carry out a similar function [68]. PML bodies
contain the promyelocytic leukemia protein (PML) and
represent a site of viral genome efficient replication and
transcription in infected cells [69]. OPT domains
(Octl/PTF/transcription domains), enriched with tran-
scription factors, mark subnuclear structures of “tran-
scription factories”. So-called speckles are the interchro-
matin granule clusters for accumulation of proteins
involved in pro-mRNA splicing. Recently several new
domains have been found in plant cell nuclei [66].

Euchromatin and heterochromatin. Beginning with
the work by Heits (1928), two types of chromatin—
euchromatin and heterochromatin—are distinguished in
the interphase nucleus. Genomic DNA in heterochro-
matin is strongly condensed and as a rule (but not always)
is not transcribed. Unlike this, euchromatic genome
regions are less compact and more often, though not in all
known cases, are occupied by expressed genes [70].

A fundamental feature of heterochromatin is its regu-
lated ability of reverse spreading to extended adjacent
euchromatin genome regions, which is often accompanied
by euchromatin transition to heterochromatin (euchro-
matin heterochromatization) and inhibition of transcrip-
tion of genes located in it (the phenomenon of epigenetic
gene silencing) [71]. Heterochromatin is characterized by
the presence of hypoacetylated and methylated histones.
In this case, the character of their methylation makes pos-
sible the differentiation between the irreversibly formed
(“constitutive”) and “facultative” heterochromatin. The
latter can be decondensed, which is often accompanied by
transcription activation [72]. Heterochromatization of
specific genome regions is initiated by non-coding double-
stranded (ds) or short interfering (si) RNA, coordinated by
the work of histone deacetylases and methyl transferases,
as well as by successive incorporation of specific proteins
into chromatin. This results in changes in the chromatin
spatial structure and, finally, in inhibition of transcription
(and expression) of corresponding genes [55, 73]. Such (at
first sight independent of the DNA primary structure)
transcription regulation by changing the chromatin spatial
structure is a typical eukaryotic mechanism of regulation
of gene expression, recombination, and DNA repair.
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Besides, gene-containing DNA regions, the main
objects of heterochromatization in the genome, are
repeated DNA sequences of chromosomes, such as satel-
lite DNA and mobile genetic elements. There are indica-
tions that in some cases heterochromatization is also nec-
essary for gene activation [74]. Mutations inhibiting het-
erochromatin formation change the internal spatial struc-
ture of nuclei, which is accompanied by change in regu-
lated during ontogeny interaction of genetic loci via their
cis-acting regulatory elements (see below) [75, 76].

Levels of genomic DNA compaction within chromatin.
The compaction of eukaryotic DNA in interphase nuclei
is regulated at least at three levels of intermolecular inter-
actions providing for spatial organization of chromatin.
They include intranucleosomal interactions (i), internu-
cleosomal interactions (ii), and nucleosome interactions
with the chromatin structural proteins (iii). All three lev-
els of interactions, functionally associated with each
other, first of all provide for regulated gene transcription
[77].

The nucleosome is the fundamental structural repeat-
ing unit of chromatin. The so-called core (main) part of it
consists of four histone proteins (two dimers H2A-H2B
and tetramer (H3),-(H4),), and a DNA molecule forms
two turns around this protein octamer. Each nucleosome
contains ~165 bp of DNA, and this parameter depends on
the species of organism and cell type. Nucleosomes with-
in chromatin are arranged one after another and are sep-
arated by short regions of so-called linker DNA of 10-
80 bp. Inclusion of DNA into nucleosomes is accompa-
nied by ~5-10 times reduction in its linear size (com-
paction) [78]. Recently spatial structure of in vitro recon-
structed core particle of nucleosomes has been deter-
mined by X-ray analysis at resolution <2 A (Fig. 2b) [79].

Covalent modifications of histones play an important
role in transcription regulation (through changes in chro-
matin structure) and histone metabolism, and they exhib-
it a mediated effect on many cell processes including the
cell cycle. Among these modifications there are reversible
histone acetylation at Lys residues, phosphorylation (Lys,
Ser), methylation (Arg), poly(ADP)-ribosylation (Glu),
and ubiquitinylation and sumoylation (Lys) [28, 80, 81].
Besides, structural variants of histones found in nucleo-
somes are markers of specific genomic NS and DNA
states [82, 83].

It now appears that the genome primary structure
may contain nucleosome code, i.e. information that
relates the process of nucleosome formation to definite
NS (so-called nucleosome positioning) that are periodi-
cally repeated along extended DNA regions. It is sup-
posed that the existence of such a code could make it sig-
nificantly easier for chromosomes to carry out their spe-
cific functions, namely, transcription control via interac-
tion of protein factors with regulatory NS and substantial
rearrangement of nucleosome structures proper [84, 85].
The nucleosome positioning along DNA molecules can
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Fig. 2. a) DNA compaction levels within chromatin; b) spatial structure of the nucleosome core particle obtained by X-ray analysis at 2 A res-
olution [371]; ¢) spatial structure of a tetranucleosome forming a chromatin fiber of 30-nm diameter; d) a hypothetical structure of Mb chro-
matin domain [96]. a) From left to right: 7) DNA double helix; 2) nucleosomal fiber; 3) solenoid; 4) chromatin loops; 5) a region of chro-
mosome territory; 6) metaphase chromosome. The size of corresponding chromatin elements is shown above; only two of four telomeres are
designated on a metaphase chromosome. b) Left: front view of a nucleosome; histones H2A, H2B, H3, and H4 are designated at their extrud-
ing end parts, DNA being shown as light gray at the periphery of the nucleosome; asterisks show sites of histone H4 ubiquitination in yeasts.
Right: side-view of the same complex after turning by 90° around the vertical axis. ¢) Separate nucleosomes in the “solenoid” tetranucleosome
are superimposed one above another (N1, N2 and N1’, N2') forming two piles; two terminal nucleosomes are located at the top (in left part
of the figure) and bottom (in right part of the figure), and two central nucleosomes — vice versa, linker DNA being crossed between them.
Straight lines show symmetry axes of nucleosomal strand, its supercoiling, nucleosome piles, as well as (the supposed one) of the total 30-nm
fiber. d) It is shown on the left that the chromosomal territory domain consists of 10 subdomains (loops) of 100 kb in length (with different
shades of gray), the zigzag-like cylinders within them show chromatin 30-nm fibers that is broken from time to time by untwisted chains of
nucleosomes of 10-nm diameter (white dots). On the right, each of 10 subdomains of 100 kb is represented by a zigzag-like chain of nucleo-
somes, where each nucleosome is shown by a separate dot; most subdomains are shown in a closed configuration except a domain in the right
part of the figure penetrating into interchromatin compartments; black dots show protein complexes (nuclear bodies) involved in transcrip-
tion or splicing (indicated by arrows).
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also define fundamental features of DNA secondary
structure, so-called DNA bend sites that are found on the
average in each four nucleosomes [86]. The presence of
bend sites correlates with regularities of eukaryotic
genome segmentation, according to which the genome
can be described as ~350 bp NS blocks (two nucleo-
somes) following one after another. Such blocks could
result from the combinatorial fusion of short NS at early
stages of evolution [87].

Another level of periodicity in eukaryotic genomic
DNA that is potentially able to influence chromatin
structure is represented by regions with destabilized DNA
double helix, which facilitates its melting in these sites
(so-called unpairing elements (UE) appear in each ~3 kb)
[88]. UE and their clusters called BUR (base unpairing
regions) mark loci of DNA interaction with specific pro-
teins that provide for the nucleosome strand folding into
higher order structures.

The 30 nm chromatin fiber. In the presence of linker
histone H1 and/or divalent metal ions, the nucleosome
string undergoes further compaction with formation of a
structure formerly known as “solenoid”, a compact fiber
of ~30-nm diameter (Fig. 2a). Spatial structure of recon-
structed chromatin region containing four nucleosomes
has been recently determined at 9 A resolution to refine
the solenoid structure [89] (Fig. 2c). It follows from the
data that in a tetranucleosome individual nucleosomes
interact in pairs with each other, while linker NS of DNA
are crossed as a zigzag. The latter observation may indi-
cate that the widespread concept of cylindrical shape of
30 nm chromatin fiber is a simplification. Histone H1 and
some other proteins stabilize nucleosome structure, pre-
vent their transposition (slipping) along DNA, and are
involved in maintenance of the chromatin higher order
spatial structure [89, 90].

The majority of chromatin in interphase nuclei is in
a highly condensed state (the level of condensation ~10
times exceeds that in 10 and 30 nm chromatin fibers) [91-
93]. In this case, interchromatin space, in which DNA is
not found, occupies approximately half of the nuclear
volume.

It is important to emphasize for further discussion
that DNA within chromatin is located outside the core
particle of the histone octamer, and thus it is accessible
for low-molecular-weight reactive compounds like chem-
ical mutagens. As a whole, intranuclear chromatin struc-
ture in interphase nuclei is highly dynamic and is far from
the crystalline one revealed by X-ray analysis in the sim-
plified model systems [94].

Chromosome territories. Individual chromosomes
occupy in interphase nuclei more or less clearly distin-
guished regions called chromosome territories. This was
first supposed at the turn of the XIX and XX centuries by
K. Rable and by T. Bovery [95, 96]. Now the fact of the
existence of chromosome territories is proved experimen-
tally.
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Models of chromosome territories. In the interchromo-
somal domains model (ICD), chromosome areas, repre-
sented by highly condensed chromatin, are separated
from each other by a system of channels called interchro-
mosomal domains [97, 98]. Transcribed genes are local-
ized at the periphery of chromosome territories in the
decondensed state in interchromosomal space (domains)
whose branches may deeply penetrate chromosome terri-
tories, creating interchromatin compartments (interchro-
matin compartment model (CT-1C)) [99]. The latter origi-
nate from nuclear pores and are branched within chro-
mosome areas, forming a network of channels terminat-
ing at the chromatin domains incorporating ~1 Mb DNA
(Fig. 2d). These domains, in turn, consist of hypothetical
loops (SL, small loop) ~0.1 Mb long subdomains joined
by proteins in the center of the abovementioned 1 Mb
domain with formation of a rosette of SL domains (multi-
loop subcompartment model (MLS)).

The 1 Mb chromatin domains, following one after
another and distinguishable during the whole interphase,
are characterized by spherical packing of chromatin SL
loops that provide for over 300-fold DNA condensation;
these domains are supposed to be one of higher levels of
chromatin compaction in chromosome territories [100].
Besides, now a model of chromosome territories composed
of giant loops (CT-GL model)—chromatin fibrils several
Mb in length—is developed [101, 102].

An important organizing role of nuclear matrix in
the chromosome territories models is emphasized [95, 96,
103]. According to some data, mammalian genomes in
interphase nuclei can be organized in ~60,000 chromatin
loops attached to nuclear matrix (MAR/SAR-NS). The
mean size of such loops is ~70 kb [88].

Intranuclear arrangement of chromosome territories.
The arrangement of chromatin and chromosome territo-
ries in interphase nuclei is ordered and evolutionarily
conserved in animals and plants. In particular, chromatin
whose DNA is replicated during early S phase of the cell
cycle is mainly localized inside nuclei, while the late
replicating chromatin is associated with the nuclear
periphery and the nucleolus [104-107]. Isochores in
interphase nuclei of some vertebrates are also non-ran-
domly distributed. Human, pig, and chicken GC-richest
NS are located closer to the nuclear center, while DNA
with low GC content is located preferably at the nuclear
periphery [48, 50, 108]. In addition, in cells of most tis-
sues with spherical nuclei the gene-poor regions of chro-
mosome territories, centromere regions of chromosomes,
and intercalated heterochromatin (present as intersper-
sions in euchromatin genome regions) tend to be local-
ized at the periphery of interphase nuclei near the nuclear
lamina. Chromosomes with high gene content as well as
their gene-enriched and actively transcribed regions are
more often localized closer to the central part of the
nucleus, though the position of the latter is to a lesser
extent determined in the nucleoplasm [99, 109-113].
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Such arrangement of chromosomes is established at an
early stage of the cell cycle and is maintained during the
whole cycle [99, 111]. In this case, there appears specific
alteration of spatial position of chimeric chromosome
territories formed after joining of different chromosome
regions [105, 111, 114-118]. There are data showing that
in some tissues, in particular, in human and other primate
fibroblasts, whose nuclei have the shape of 3D ellipsoids,
such arrangement of chromosome territories, ordered
from the nucleus periphery to its center, more correlates
with the chromosome size than with the gene content in
it [113, 119, 120].

In 1885, C. Rabl found in cells of salamanders a
polar arrangement of centromeres and telomeres in
anaphase of mitosis near the cell nucleus surface (Rabl
configuration) and supposed that the same order of
arrangement of chromosome regions is also retained in
interphase nuclei (cited by [121]). This has actually been
confirmed in plants and some animals (like drosophila)
[122, 123]. However, radial arrangement of chromosomes
with preferable location of some chromosome territories
at the nuclear periphery and others closer to the center is
more characteristic of most animals [121].

However, another type of determination of the chro-
mosome territories arrangement in interphase nuclei is
their nonrandom relative position. This model of chro-
mosome arrangement was developed with account of
found specific patterns (mitotic “rosettes”) of human
metaphase chromosomes on metaphase plates in which
the chromosome order (arrangement relative each other)
is well reproduced [124, 125]. However, there are also
opposing data concerning this problem [126].

The abovementioned evolutionarily conserved fea-
tures of chromatin architectonics in interphase nuclei
point to their functional significance for biological
species. Most such kind data do not seem surprising and
this is explained by the necessity for coordinated regula-
tion of eukaryotic gene expression by their interaction
with each other as well as by our model (see below).

Actively transcribed genes not always are concentrat-
ed in external parts of chromosome territories but are dis-
seminated in them. This means that chromosome territo-
ries are permeable for substrates, regulatory proteins and
their transcription products, and also for DNA-damaging
chemical agents [93, 122, 127]. In some cases the
expressed genes are characterized by moving away within
chromatin loops from the chromosome territory to which
they belong [128, 129].

Rapid chromatin movements for distances compara-
ble with the size of chromosome territories are registered
only in the first third of G1 phase of the cell cycle [130,
131]. In other cell cycle phases, movements are restricted
to small nuclear subdomains whose size depends on the
cell type and the extent of their differentiation.

Although as a whole, intranuclear arrangement of
chromosome territories and their parts is dynamic, their
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general position may be genetically determined. In fact, it
is difficult to imagine on the basis of general considera-
tions that in the course of metaphase chromosome
decondensation during the cell cycle, interphase links,
that existed between adjacent chromatin regions in a con-
densed chromosome, are completely lost, and vice versa.
With account of this, specific staining patterns of chro-
mosomes (banding) can be considered as a reflection of
ordered and genetically determined spatial structure of
chromosome territories [132-134].

Structural analogies with protein organization. The
considered hierarchy of the chromatin spatial packing
suggests an analogy between structural peculiarities of
chromatin and known levels of structural organization of
proteins [57]. From this point of view, the chromatin pri-
mary structure is formed in a particular chromosome of
the nucleosome NS in a nucleosome fiber of 10-nm
diameter. Its secondary structure is represented by a more
compact fiber of 30-nm diameter. The latter, in turn,
forms chromatin domains in the form of loops, rosettes,
and highly condensed chromatin, which can be consid-
ered as the prototype of its tertiary structure. So organized
chromosomes are represented inside the interphase
nucleus by chromosome territories interacting with each
other, which, taken together, form the quaternary struc-
ture of eukaryotic nuclei. In this case, chromatin
rearrangements, caused by regulatory factors, resemble
mechanisms of allosteric regulation of enzyme activity.
Nevertheless, the high dynamism and a complex, chang-
ing in time composition of chromatin macromolecular
complexes restrict practical application of this kind of
analogies.

Genetic loci in the interphase nucleus. /nfranuclear
gene positions influence gene activities. Movement of quite
a number of activated animal genetic loci from the
nuclear periphery to the nuclear centers was noted during
investigation of the association between chromatin move-
ments and gene expression [131, 135]. In this case, move-
ments appeared to be associated with nuclear actin and
myosin [136]. Such kinds of data support the concept of
nuclear periphery as a transcriptionally inactive compart-
ment. Nevertheless, the locus transcription status is not
defined just by its position relative to the nuclear periph-
ery, but it is rather formed due to other more specific reg-
ulatory effects (see references in reviews [131, 137]). The
broad use of this strategy of the chromatin radial move-
ments for total transcription regulation (transcriptome)
in large animal and plant nuclei is doubtful. Apparently,
in these organisms more significant is the locus position
relative to extended compartments of constitutive hete-
rochromatin or regulatory NS, often remote by signifi-
cant distances from genes in a DNA molecule.

Genes are often turned to the repressed state (a
mechanism of the gene silencing) due to transfer to the
neighborhood of heterochromatized regions of the inter-
phase nucleus [55, 71, 75, 138-142]. The importance of
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dynamic interchromosomal interactions has been also
recently shown for initiation of X-chromosome inactiva-
tion in mice [143, 144].

Both the eukaryotic gene position relative to hete-
rochromatin and to each other are important for their reg-
ulated expression in the cell cycle interphase [145]. The
ordered spatial drawing together of genetic loci located on
different chromosomes and their mutual effect on tran-
scription is well known [146, 147]. Spatial approach of in
cis- and in trans-activated genes to remote nuclear com-
partments enriched with RNA polymerase Il and neces-
sary transcription factors is probably often used for
eukaryotic gene activation [131, 148-150]. This recent
concept has been dubbed the active “chromatin hub” or
“transcription factory”. It is supposed that this kind of
organization of eukaryotic transcription is especially char-
acteristic of ubiquitously expressed “housekeeping” genes.

Epigenetic regulation of spatial arrangement of genetic
loci. The abovementioned gene convergence based on
looping out of extended NS, containing regulated genes,
including those from chromosome areas, can be con-
trolled by epigenetic mechanisms. The epigenetic mech-
anisms of gene activity regulation are called the inherita-
ble alterations in the patterns of gene expression caused
by potentially reversible modifications of chromatin
structures and not directly defined by the primary struc-
ture of DNA. The abovementioned gene convergence
based on looping out of extended NS, containing regulat-
ed genes, including those from chromosome areas, can be
controlled by epigenetic mechanisms. The events result-
ing in formation of an epigenotype preserved during the
whole life of a eukaryotic organism play the key role in
global regulation of its gene transcription (and expres-
sion) [151-154]. Among such mechanisms there are, in
particular, already mentioned ubiquitous covalent modi-
fications of histones of nucleosome core particles, incor-
poration into chromatin of rare histone variants and some
non-histone proteins, as well as DNA methylation [83,
155-157]. Numerous data of this kind point to the impor-
tant role of epigenetic mechanisms in establishment of
ordered intranuclear structure of individual genetic loci
and regions of interphase chromosomes necessary for
their correct functioning.

Interphase nucleus as a self-organized system.
Analysis of information from the previous section sug-
gests that the ordered spatial arrangement of intranuclear
subcompartments, established in interphase nuclei after
cell division, is in general evolutionarily conserved and
genetically determined. However, the detectable order
inside the nucleus is probably not the result of events
associated with copying the preexisting template or the
effect of organizing framework, in accordance with which
intranuclear position of functional elements would be
predetermined in advance. On the contrary, intranuclear
arrangement of expressed, replicating, or repaired NS of
DNA is able to define sites of assembly of supramolecular
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complexes whose functioning provides for these process-
es. This may define positions of nucleoli, numerous
intranuclear bodies and speckles, and the chromosome
territories proper, whose jointly used genetic loci sponta-
neously find each other.

A typical example of self-assembly of nuclear struc-
ture is the emergence of nuclear membrane in mitosis,
which begins in anaphase and is finished in early Gl
phase of the cell cycle [158]. In this case, the membrane
proteins are specifically delivered to certain marker
regions of still condensed chromosomes. The position of
the latter is defined by arrangement of the cell mitotic
apparatus components preserved at the last stage of mito-
sis. Nuclear membrane locking and the start of nuclear
pore complex functioning accompanied by nucleocyto-
plasmic transport of molecules results in rapid deconden-
sation of the metaphase chromosome chromatin and
assembly of the nucleolus. In this case, formation of
nuclear lamina is necessary to increase the size of the
nucleus and to cause the emergence of the functional
structure of the chromatin.

Step-by-step realization of numerous cooperative
and specific interactions of macromolecules, probably
defined by the order of their appearance in the nucleus,
results in establishment of the interphase nucleus spatial
structure capable of carrying out genetic functions. As
follows from the model shown below, one such function
of non-coding NS is protection of the coding NS genes
against chemical mutagens, which is realized in intranu-
clear genome compartments whose structure and spatial
arrangement are in general genetically determined.

THE DYNAMIC GENOME

The structure—function state of the genome is high-
ly dynamic. Individual development of organisms and
their following existence in changing environmental and
internal conditions requires constant and ordered switch-
ing the expression status of a gene groups, often associat-
ed with alterations in the chromatin spatial structure
[159] and sometimes with genomic DNA rearrangements
as well. Besides, genomic DNA is in a state of constant
change caused by mutations, traces of which are clearly
seen during analysis of primary structures of individual
eukaryotic chromosomes and total genomes [160]. The
capability for global control of mutagenesis rate and
genome protection against emergence of harmful muta-
tions is undoubtedly one of the main selectable pheno-
typic traits of any living organism.

Programmed Alterations of Genome Structure

Gene amplification in eukaryotic somatic cells. A
large increase in the copy number (amplification) of some
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genes takes place in the somatic cell genome during
development of some eukaryotic organisms [161]. This
genetically determined process is aimed first of all at the
increase in the expression level of corresponding genes
by increasing the number of templates for transcription.
The selective somatic amplification of genetic loci is
based on repeated initiation of replication (endoreplica-
tion) of appropriate replicons during a single cell cycle
(endocycle). Examples of endoreplication are amplifica-
tion of the drosophila egg membrane (chorion) genes in
ovarian follicular cells [162], genes of secreted proteins
in the fly Sciara salivary gland cells [163], as well as over
1000-fold amplification of rRNA genes in a ciliate pro-
tozoon Tetrahymena [164]. The histone gene amplifica-
tion with involvement of transposons in response to a
decrease in their copy number caused by deletions is an
adaptive response of yeasts aimed at restoration of
expression level of these genes [165]. Amplification of
drug resistance genes resulting in emergence of resist-
ance to insecticides in insects [166] or to chemotherapy
in cancer cells [167] is the same adaptive reaction to
external insults.

Genome endoreduplication resulting in somatic cell
polyploidization or polytenization of their chromosomes,
in which sister chromatids do not segregate after replica-
tion, can be considered as the extreme case of ontogenet-
ic gene amplification. This event is not rare on the whole;
rather, it is extremely widespread in plants and frequent in
specialized cells or in those characterized by high meta-
bolic activity [168, 169]. In particular, the cell ploidy in
Arabidopsis varies from 4C to 32C, and it can reach
~25,000C in the endosperm cells of Arum maculatum.
Amplification of individual genetic loci has also been reg-
istered in some cell pathologies such as malignancy, when
clonal selection of oncogene expressing cells is observed
[170, 171].

In all of the abovementioned examples quantitative
changes in the content of individual genetic loci in the
genome have been described, which take place during
development of eukaryotic organisms on a background of
constant primary structure of basic genome. However,
there are examples of ontogenetic rearrangements and
genome modifications in somatic cells resulting in their
sequence alterations.

Changes in eukaryotic genome primary structure dur-
ing ontogenesis. Chromatin diminution. Chromatin
diminution is among the most impressive and global
genome rearrangements at the level of its primary struc-
ture, regularly happening in ontogeny of eukaryotic
organisms. Diminutions are called the high-precision
genetically determined elimination of extended hete-
rochromatin regions, containing non-coding DNA, dur-
ing somatic cell differentiation. As a result, the somatic
cell genome is sometimes much reduced in size (~10-20-
fold in flagellate protozoa) and undergoes other large
rearrangements at the level of primary structure [172]. In
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this case, the genome of the germ cell line remains
unchanged. Chromatin diminutions are rare in plants.
They are characteristic of protozoa flagellates, nema-
todes, copepods, some insects, Japanese hagfish, and
even of marsupials [173-176]. The significance of such
genome transformations for the organisms is still not
understood. It is supposed that the change in DNA con-
tent can be due to the ontogenetic necessity of changes in
the cell size, body size, and/or cell generation time [175].
In accordance with the concept developed by us, a high
content of non-coding NS in the germ line cells can be
associated with necessity for more pronounced gene pro-
tection in these cells against mutagenesis.

Changes in immunoglobulin genes. The variety of anti-
bodies and antigen receptors required for the adaptive
immune response is the result of highly specific genetical-
ly determined changes in primary structure of lympho-
cyte genomic DNA [177, 178].

Changes in antigen-encoding genes. Constant change
in antigenic determinants localized on the body surface is
one of strategies that help parasitic eukaryotes to escape
the neutralizing effect of the host immune system [179].
This result is achieved by mutations in corresponding
genes during DNA replication or repair, recombination
between distinct genes, or by shuffling of gene segments
localized in different genome regions.

Low fidelity DNA synthesis in mutated template
regions. No less than 19 DNA polymerases are involved in
DNA synthesis in eukaryotes [180]. Approximately half
of these enzymes carry out high fidelity DNA synthesis,
whereas the rest are originally programmed for poor
accuracy in nucleotide incorporation with base substitu-
tion errors [181-183]. Enzymes of the latter group are
able to copy damaged DNA and have a tendency to form
base mispairs rather than correct Watson—Crick base
pairs. In this case, the mismatched nucleotide incorpora-
tion into the growing DNA strand proceeds at the fre-
quency of ~107'-1073. Besides, they are characterized by
lowered requirements for complementarity between 3’
terminal primer and template nucleotides, which makes
possible initiation of DNA synthesis from such aberrant
primer ends. The ability of these low fidelity DNA poly-
merases to carry out translesion DNA synthesis by filling
the gaps in DNA by non-complementary nucleotides,
distorting the original information, allows a replication
fork that stopped during DNA replication to resume
genome replication and escape lethal effect of lesions.
Evidently, in this case the place of insertion of additional
mutations into genomic DNA by DNA polymerases will
be defined by the localization of primary damaged bases
(like thymine glycol or 8-oxoguanine), which also often
emerge in response to endogenous mutagens (see below).
Therefore, factors restricting the appearance of primary
DNA lesions in genes (see model proposed by us) in this
case also should play a rather significant role in survival of
eukaryotic organisms.
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Endogenous Mutagenesis

Mutations are assumed to be “spontaneous” or
“induced” depending on the factors responsible for their
emergence. Spontaneous mutations emerge during the
whole life of an organism under normal conditions [184].
At the same time, induced mutations are the result of dif-
ferent mutagenic effects of environmental factors or
experimental conditions. Endogenous mutagenesis
caused by internal factors is the basis for spontaneous
mutations [185]. DNA damage or incorporation of a mis-
matched nucleotide results in appearance of premutation
that is transformed to a mutation after replication if the
repair system does not cope with the problem [184]. In
this case, the number of mutations emerging in the
genome is proportional to the number of preexisting pre-
mutations, i.e. eventually to the number of nascent
lesions in DNA.

Factors responsible for emergence of spontaneous
mutations. Three main reasons for emergence of sponta-
neous mutations have been revealed. First, in vivo DNA
molecules are characterized by chemical instability. At
neutral pH and normal temperature, hydrolytic depuri-
nation of DNA strands occurs with formation of apurinic
(AP)-sites and following degradation (break) of phospho-
diester bonds as well as deamination of C and 5-mC
residues with formation of U and T, respectively [186].
Errors in DNA synthesis should be mentioned as a second
factor. Misinsertion of nucleotides, non-complementary
to the template DNA occurs at a frequency of 1077-107®
during chromosomal DNA replication [187]. Besides,
slippage of the 3’ end of a growing DNA strand along the
template (misalignment) is sometimes observed during
replication, which can result in the frameshift mutations
[188]. Finally, the ability of DNA polymerase for tem-
plate exchange during DNA synthesis without termina-
tion of DNA synthesis (template switching) opens the
way to simultaneous replacement of a large number of
nucleotides [184]. Third, numerous endogenous muta-
gens are formed during normal vital activity of eukaryot-
ic cells, which, after interaction with DNA, cause DNA
lesions, which in some cases can alter coding potential of
DNA [185, 189, 190]. Even more frequent is emergence
of the endogenous mutagen adducts with free nucleotides
of the endogenous pool, which can incorporate into DNA
and eventually alter its primary structure [191].

Under conditions of normal vital activity, endoge-
nous chemical mutagens make the main contribution to
spontaneous mutagenesis [185]. In many biochemical
reactions, reactive metabolites are formed as intermedi-
ates and byproducts able to interact with DNA. In partic-
ular, in substrate redox reactions with involvement of oxy-
gen, free radicals are always formed, which can damage
genomic DNA [192, 193]. In aerobic organisms 4-5% of
molecular O, is transformed during respiration to reactive
oxygen species (ROS) exhibiting mutagenic activity:
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superoxide anion (03), hydrogen peroxide (H,0,),
hydroxyl radicals (HO"), and singlet oxygen (‘O,). ROS
also often emerge during normal metabolism, including
that involving cytochrome P450.

The effect of ROS on DNA is one of the factors
responsible for emergence of multiple modified bases, the
elimination of which by DNA glycosylases results in for-
mation of AP sites and following single- and double-
stranded breaks in DNA. The total daily number of AP
sites formed in genomic DNA of a single human cell is
estimated as ~10,000 [186], but according to different data
it can reach 50,000-200,000 in cells of various human and
rodent tissues [194]. Usually in the absence of repair, AP
sites lead to nucleotide substitutions (AP site—T) and can
be a source of frameshift and other mutations [185]. As
mentioned above, formation of AP sites can be the result
of spontaneous DNA depurination, but modification of
DNA bases by ROS and different free radicals is consid-
ered as one of the main reasons for this event [195].

Among modified bases, the most frequent is 8-
hydroxyguanine (8-OH-G) (0.07-145 adducts per
1000 kb of DNA) which pairs with A and causes G—>T
transversions [185]. In addition, it, like many other mod-
ified nucleotides, can incorporate into DNA from intra-
cellular pool of modified dNTP by pairing with C or A
and causing not only G—T but A—C transversions as
well. Another example of similar numerous reactions is
oxidation of pyrimidine bases in DNA accompanied by
formation of mutagenic 5-OH-C, 5-OH-U (0.6-53 and
0.7 adduct per 1000 kb of DNA, respectively) [196-198],
and uracil glycol which form pairs mainly with A and
cause C—T transitions [198]. The last two adducts are dC
oxidative deamination products. Overall, the number of
nucleotides damaged per day in the human genome
caused by ROS is estimated to be about 20,000 [199].

Propano- and etheno-adducts of bases emerging in
DNA in response to acrolein, croton aldehyde, and 4-
hydroxynonenal and epoxyaldehydes formed from these
compounds and appearing in the organism after lipid per-
oxidation are highly mutagenic [200]. In particular,
etheno-DNA base adducts cause mainly base pair substi-
tutions (etheno-dA and -dC are found in DNA as 0.01-
0.7 adducts per 1000 kb of DNA, each) [201, 202]. The
dG adducts with malonic dialdehyde emerging during
lipid peroxidation and biosynthesis of prostaglandins
(pyrimido[1,2-a]purin-10-(3H)-on — M1G) are found
at the rate of 0.06-0.9 per 1000 kb of DNA [203, 204].
They cause G—T tranversions (40%) and C—T and
A—G transitions (60%). It should be kept in mind that
pathological states, including inflammatory reactions
that constantly emerge during life, can enhance ROS for-
mation manifold accompanied by oxidative stress [192].

Metabolites of endogenous estrogens directly or
indirectly stimulate DNA damages by initiation of single-
stranded DNA breaks, formation of 8-OH-dG, as well as
of numerous adducts of unknown structure. In the
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process of cyclic reduction—oxidation of catechol estro-
gens there emerge reactive metabolites forming adducts
with bases and following formation of AP sites and emer-
gence of mutations [205].

Endogenous alkylating agents S-adenosylmethion-
ine, betaine, and choline contribute significantly to
endogenous mutagenesis. It is supposed that S-adenosyl-
methionine is able to generate daily in each animal cell
formation of ~4000 molecules of 7-methylguanine, 600
molecules of 3-methyladenine, and 10-30 molecules of
O°% methylguanine [206]. The first two adducts destabilize
glycoside bond, which makes easier formation of muta-
genic AP sites. The last adduct is highly mutagenic and
causes formation of GC—AT and TA—CG transitions.
Other numerous in vivo-formed alkylated derivatives of
the DNA bases are also known [185, 189, 190, 207].

Endogenous reactive nitrogen species (RNS) and N-
nitrosocompounds, formed from food sources sponta-
neously and due to the activity of saprophyte microflora
and activated macrophages, are also mutagenic [193].

Numerous endogenous DNA damages, including
AP sites formed in response to DNA glycosylase activity,
block movement of the replication fork along DNA. In
this case DNA translesion synthesis through the damaged
site is carried out by the abovementioned specialized
DNA polymerases that incorporate non-complementary
nucleotides during DNA synthetic processes, with forma-
tion of premutations [183].

Mobile genetic elements are another endogenous
factor able to contribute significantly to endogenous
mutagenesis in eukaryotic organisms [208]. Formation of
mutations is the last stage of insertional mutagenesis asso-
ciated with mobilization of transposons after their inser-
tion in the coding genome regions. Thus, up to 10% of all
spontaneous mutations in mice are caused by insertions
of retroelements [209].

In addition to the abovementioned endogenous bio-
chemical factors, the ecological situation and life habits,
including eating habits, are constant sources of mutagens
and their precursors. In particular, electromagnetic ioniz-
ing radiation is one of the factors responsible for genera-
tion of free radicals in the organism, which induce DNA
damage. Under anoxic conditions, ionizing radiation
generates from water, in addition to "OH, a hydrated
electron (eny) and a H atom, whose activities result in
formation of highly mutagenic 5,6-dihydrouracil and o.-
anomer of 2'-deoxyadenosine (adA) [192]. In this case,
5,6-dihydrouracil generates C—T transitions, whereas o.-
anomers of 2’-deoxynucleosides generate single-
nucleotide deletions. The long-wavelength (UVA, 320-
400 nm) and to a lesser extent the middle-wavelength
(UVB, 280-320 nm) UV light are also ROS generators
[210, 211]. In this case, the most frequent are G—>T
transversions as the result of oxidation of the DNA bases.

Although much is still not clear in quantitative
aspects of endogenous mutagenesis, the available data
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can be used to approximately evaluate ranges of at least
human genomic DNA damage by endogenous mutagens.
It seems that (in the steady state) endogenous mutagens
cause the presence in the genome of each eukaryotic cell
of 10*-10° damaged nucleotides. Owing to this, selection
should be aimed at fixation of phenotypic features pro-
viding for genome protection against chemical, and first
of all, against endogenous mutagens. It should also be
emphasized that ROS and RNS in vivo play a two-faced
role: on one side, they are damaging factors; on the other,
they carry out important physiological functions [212,
213]. Therefore, under normal life conditions their level
is under strict control.

Systems of genome protection against endogenous
mutagenesis. It is known that biological species overcome
harmful consequences of DNA damage caused by muta-
gens using several protection systems that create physical
obstacles for mutagen interactions with DNA and provide
for anti-mutagenesis and repair of DNA damage [189].

Physical obstacles for mutagens and their precursors
are created by intracellular (including nuclear) mem-
branes and by DNA incorporation into chromatin.
Macromolecules and low-molecular-weight chemical
compounds are exchanged between the cell nucleus and
cytoplasm via nuclear pore complex (NPC) [213a, 213b].
NPC are large protein complexes of ~120 MDa consist-
ing of ~30 protein subunits (nucleoporins) that form
channels in the bilayer nuclear membrane, joining the
cytoplasm and karyoplasms. The NPC content in nuclear
envelope is a species characteristic regulated during the
cell cycle. Their number gradually increases when mitosis
is over after complete formation of nuclear envelope and
is maximal in S-phase. Whereas transport of proteins and
ribonucleoprotein complexes through nuclear envelope is
an active process requiring energy expense, the trans-
membrane transfer of low-molecular-weight metabolites
occurs by passive diffusion. Most endogenous chemical
mutagens, the main subject of our discussion in this sec-
tion of the review, are not hydrophobic molecules.
Therefore, it can be supposed that they get into the nucle-
us mainly as diffusional flow through NPC. Then the
total NPC number in nuclear envelope quantitatively
defines the flow of chemical mutagens into interphase
nuclei and, as a result, the level of spontaneous mutagen-
esis regulated by this factor.

Chemical or enzymatic inactivation of mutagens and
inhibition of promutagen metabolic activation proceed
with involvement of antimutagens (enzymes and low-
molecular-weight compounds that are traps for free radi-
cals). Examples of low-molecular-weight traps of free
radicals are some vitamins (o-tocopherol, ascorbic and
lipoic acids, B-carotene), ubiquinones, free cysteine, as
well as glutathione that realize their antioxidant proper-
ties using different mechanisms like electron donors or
direct interaction with radicals with adduct formation
[214]. Besides, specialized peptides and proteins of bio-
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logical fluids play the role of specific chelating agents or
receptors for ions of transition metals or metalloproteins,
preventing ROS formation in the Fenton reaction
(H,0, + Me**—» OH™ + "OH + Me*"). Superoxide dis-
mutase, peroxidases (such as glutathione peroxidase and
peroxiredoxin), and catalase should be mentioned first of
all among antioxidant enzymes. In particular, superoxide
dismutase converts superoxide anion to H,O,, which is
then metabolized by peroxidases to water or by catalase
with formation of water and oxygen. Tumor suppressor
p53 plays an important role in regulation of the antioxi-
dant system in vivo [215, 216].

At least three DNA repair systems, namely, base exci-
sion repair (BER), nucleotide incision repair (NIR), as
well as mismatch repair (MMR) systems make the main
contribution to repair of DNA damages caused by free
radicals of different nature [189, 217-220].

BER in animals can be initiated by at least 11 DNA
glycosylases, specific to damaged nucleotides, which
remove the latter from DNA, cleaving N-glycoside bonds
with formation of AP sites [221, 222]. Then multifunc-
tional AP-endonuclease 1 (APEIl), also one of main
members of the NIR system, recognizes AP site and
cleaves a phosphodiester bond near its 5 end. Further
repair process can be carried out in two ways with involve-
ment of DNA polymerase . In the case of short-patch
BER, there is a single nucleotide substitution in the AP
site, whereas in the case of long-patch BER 2-6
nucleotides are substituted in the site proper and in its
environment.

In contrast, during NIR system functioning AP-
endonuclease introduces a single-stranded break (nick) at
the 5’ end of a damaged nucleotide and the formed 3’
DNA end is then used by DNA polymerase for initiation
of DNA synthesis with following elimination of the dam-
aged nucleotide [223, 224].

The MMR system removes mismatched DNA
nucleotides (including those from the intracellular pool
of mutagen-modified nucleotides) that escaped repair
activity of DNA polymerase [191, 225]. MMR proteins
recognize mismatched DNA nucleotides and interact
with them by repair initiation and play the role of sensors
of DNA damage by activation, if necessary, of the cell
cycle checkpoints, or in the case of significant DNA
damage, of apoptosis of the damaged cell.

Neither of the abovementioned systems of genomic
DNA protection is absolutely efficient (e.g. [217]).
Therefore, damaged DNA nucleotides in daughter
strands can be substituted during replication by others,
i.e. premutations of the replicating genome are trans-
formed into mutations.

Poly(ADP)-ribosylation is another important bio-
chemical process protecting the integrity of the eukaryot-
ic genome [226-229]. This reaction is considered as a
posttranslational protein modification by linear and
branched homopolymer chains of ADP-ribose residues,
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carried out by poly(ADP-ribose) polymerases (PARP)
using NAD" as substrate (a source of monomer). In
response to DNA damage by y-radiation, alkylating
agents, or ROS, the level of ADP-ribose in animal cells
increases more than 500-fold, which is one of the first
cell responses to the genotoxic attack. Simultaneously,
PARP complexes with DNA attract the DNA repair
enzymes that repair its damages. In accordance with our
concept of protective role of non-coding DNA
sequences, we suggest that the primary function of
poly(ADP-ribose) in the nuclei might be their direct
(immediate) antimutagenic effect as traps of chemical
genotoxic compounds.

Molecular Mechanisms of Changes in Genome Size

The phenomenon of genome size variability in ani-
mals and plants is based on several molecular mecha-
nisms that result in structural rearrangements of the
genome. These mechanisms are not alternative and often
supplement each other. Thus, polyploidization can result
in transposon activation (mobilization), which in turn, is
often accompanied by chromosome rearrangements
[230]. Some of the most important mechanisms will be
considered below.

Polyploidization. Polyploidization (genome size
increase relative to its haploid part) along with segment
duplication of chromosomes is now considered as the
main and usual event in evolution of the genome of high-
er plants and some vertebrates [231, 232]. In this case, the
genome genetic elements do not increase in size, but their
total number increases. Polyploidy in flowering plants
emerges at a high frequency of 107° [233]; 50-70% of such
plants underwent polyploidization during evolution, and
this process was repeated several times in the phylogeny
of many plants [234-236]. Among vertebrates, polyploidy
is frequent in fishes and frogs, but it is absent from mem-
bers of higher taxonomic groups [237]. Moreover, in 10%
of cases polyploidy is responsible for spontaneous abor-
tions in humans [238].

The broad spreading of polyploidy in nature suggests
that polyploids probably have selective advantages over
their diploid ancestors [237]. In particular, they can
include continuous heterosis as a result of emergence of
new gene combinations, as well as high variability due to
initial destabilization of polyploid genomes, which pro-
vides for adaptability of a polyploid organism.

Segmental duplications, insertions, and deletions.
Along with polyploidization, local changes in NS copy
numbers in separate regions (segments) the genome,
called segmental duplications or low-copy repeats (no
less than two copies, length from 1 to >200 kb, homology
90-100%), are also usual events in genome evolution
[239, 240]. In particular, segmental duplications occupy
~5% of the human genome, as well as ~2% and ~3% of
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mouse and rat genomes, respectively [241, 242]. Unlike
other eukaryotic organisms, in plants duplicated loci
occupy a significant part of their genomes.

It is assumed that tandem (following one after
another) duplications, causing genome size change, are
the result of non-allele homologous recombination
(unequal crossing-over) and replication errors [243].
According to this, in plants with larger genomes recombi-
nations in meiosis are more frequent [244]. Since genome
expansion is a rare event compared to usual homologous
recombination, it can be supposed that the higher gener-
al frequency in plants with larger genomes may more
often result in mismatch recombinations in the form of
unequal crossing-over necessary for genome enlargement
using this mechanism.

Neither of the abovementioned mechanisms
explains the fact that many segmental duplications are
non-randomly distributed in animals (in particular, this is
observed in primates [245]). However, on the whole both
mechanisms not based on NS homology and mechanisms
of homologous recombination are involved in NS block
expansion in the genome.

Transposon activity. One of the most important factors
of genome size expansion is amplification of LTR-contain-
ing transposons, whose level and activity spectrum greatly
differ in different species. In some cases the number of
transposons in the genome can increase by 20-100 copies
(0.1-1.0 Mb) in a single generation [246]. In this case, dif-
ferent transposon families can make the main contribution
to the genome expansion in different species [247]. In
some cases like in the wild rice Oryza australiensis, activ-
ity of several families of LTR-containing transposons pro-
vided for genome size increase up to the present-day level
in a short period of time. In maize, the same but even
more impressive (doubling genome size) result appeared
after continuous activity of a large number of various
transposon families during last several million years [246,
2438].

A remarkable consequence of L1 transposon activity
is integration (retrotransposition) of NS from the cellular
pool of mature mRNA (via cDNA copies) into new
genetic loci of the genome [42]. It is believed that just due
to the LINE-1-dependent reverse transcription of mRNA
and following insertion of formed cDNA into the
genome, over 4000 intron-less copies of cellular pseudo-
genes emerged in mammalian genomes. In this case,
about one third of such genes are transcribed [249].

Rates of genomic DNA elimination resulting in
genome size reduction also differ greatly in different plant
species. Thus, significant interspecies differences in the
efficiency of illegitimate recombination and unequal
crossing-over mechanisms are described [250, 251]. On
the whole, it seems that such processes are able to provide
for observed interspecies differences in genome size and
structure in the time intervals necessary for phylogeny of
the analyzed plant species.
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Acquiring of new genes. Gene duplications, though
not as vast as the abovementioned ones, are considered as
the basic key mechanism of both the emergence of genes
with new functions and expansion of the genome coding
part [252]. Such doubling of short NS copy number based
on meiotic unequal crossing-over can concern the gene
region (domain), the whole gene, or a chromosome seg-
ment with the gene located in it. After duplication, muta-
tions resulting in rapid divergence of duplicated NS begin
to accumulate in one of the gene copies [4]. In this case
most mutations are harmful and inactivate the new gene
copy, which finally results in the emergence of a pseudo-
gene. However, in rare cases the mutant gene can acquire
a new function.

It is supposed that duplication of genes and whole
genomes is the basis of enhancement of phenotypic com-
plexity of evolving species [253]. In particular, two dupli-
cation rounds of the whole genome of the last common
ancestor of a vertebrate resulted in increase in the total
number of genes from ~15,000 to ~60,000, which is char-
acteristic of modern animals. This made it possible to for-
mulate the evolutionary rule “one to four”, in accordance
with which modern vertebrates in a large number of cases
contain four copies of each particular gene [254, 255]. In
fishes (one of most numerous and thus evolutionarily suc-
cessful vertebrate groups), this rule was later changed to
“one to eight” [256].

“Return ticket”. Evolutionary transformations of
biological species are accompanied by bidirectional
changes in genome size, both expansion and compaction
[257]. If significant expansion of genome size is easy to
explain, in particular, by NS duplications and transposon
activity, its reduction is assured by less understandable
mechanisms [258]. Analysis of primary structure of the
small contemporary genome in Arabidopsis shows that
reduction in its dimensions after polyploidization was
accompanied by nonrandom elimination of duplicated
genes and by highly specific selective expansion of the
proteome (the totality of proteins) of this plant [259,
260]. The association of the probability of duplicated
gene retention or elimination from a polyploid genome
with its function was noted.

On the whole, both expansion and reduction of
genome size with involvement of the abovementioned
molecular mechanisms are well-proven facts of genetic
development of biological species and the subject for
intensive investigations. This group of events illustrates
one of the global manifestations of mutagenesis in
eukaryotes resulting in emergence of large genome
rearrangements like genomic, chromosomal, and gene
mutations. Much more frequent point mutations, small
deletions, and insertions caused by endogenous mutagen-
esis are not less important in evolution of the eukaryotic
genome. Final results of the global mutation process
activity are reflected in the genome dimensions of con-
temporary biological species.
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EUKARYOTIC GENOME SIZES

Genome size is a reliable taxonomic characteristic of
a biological species [261]. In 1948, R. and C. Vendrely for-
mulated a hypothesis concerning the constancy of DNA
content in which they emphasized the invariability of its
content in all cells of an organism of the same species [262]
(cited by [261]). To check this hypothesis, DNA content
was soon measured in cells of different tissues of several
animals (frog, mouse, and cricket) and plants (spiderwort
and maize) and the C-value concept was developed, in
accordance with which 1C corresponded to the size of the
haploid genome [263, 264]. Gregory in his review [261]
emphasizes that in the case of diploid genomes of most ani-
mals and, possibly, of the minority of plants the terms
“genome size” and “C-value” coincide [261]. The situa-
tion with recently emerged polyploid plants is more com-
plicated because in this case 1C includes more than a single
genome. These terms have been analyzed in detail in a
recent review completely devoted to this problem [1].

The apparent intraspecies invariability of genome
size and enormous interspecies differences by this param-
eter, not correlating with the species phenotypic com-
plexity, resulted in the presently permitted “C-value par-
adox” formulation (see introductory part of this review).
However, the biological sense of this phenomenon and
evolutionary forces that control differences in genome
size of living organisms are still not understood, which
makes this event an intriguing enigma of modern genetics
and biology as a whole.

Interspecies Differences in Genome Size
of Animals and Plants

The problem of interspecies differences in genome
size is now intensely investigated. There is the free access
to three independent databases on genome size, which
include information about over 10,000 species of plants
(www.kew.org/genomesize/homepage.html), animals
(www.genomesize.com), and fungi (www.zbi.ee/fungal-
genomesize/).

Data on the genome size in living organisms are
summarized in Fig. 3. It appeared in general that only a
few members of any animal and plant taxon have
extremely large genomes [261]. Thus, in plants only cer-
tain members of ferns and monocotyledons along with
many species of gymnosperms fall into groups with large
genomes. Nevertheless, the genome size in other plant
taxonomic groups also varies over very broad limits. Even
genomes of diploid grasses (although grasses just recently,
50-80 million years ago, separated from a common
ancestor, i.e. they are of monophyletic origin) differ in
size more than 30-fold [265].

In vertebrates, chondrostean fishes and Iungfishes as
well of amphibia (especially salamanders) have unusually
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Fig. 3. Differences in genome size of members of different taxo-
nomic groups of living organisms [370]. Mean values of genome
size in corresponding groups of organisms are shown by dots.

large genomes. Significantly lower variability in genome
size is characteristic of a numerous group of animals that
includes mammals, birds, reptiles, and teleost fishes. Large
genomes are characteristic of orthopterous insects (crick-
ets) and crustaceans (some shrimp species). Genomes of
the largest insect orders (Coleoptera (beetles), Diptera
(flies), and Lepidoptera (moths and butterflies)) are com-
pact and characterized by a low size scattering. The
genome of mollusks, that are as numerous as crustaceans,
is very compact and does not exceed 6 pg in size.

In animals there is ~3300-fold range of interspecies
differences in genome size, which is noticeably higher than
in terrestrial plants. For the latter, ~1000-fold differences
(from 0.11 to 127.4 pg) were registered [11, 261]. However,
the size of the smallest algal genome and the largest
genome of angiosperms differ more than 8500-fold. In ani-
mals, the invertebrate Trichoplax adhaerens (Placozoa),
whose organism consists of only four cell types, has the
smallest of found genomes (0.04 pg). The marble lungfish
Protopterus aethiopicus has the largest known genome
(~132 pg) (for comparison, the human genome is ~3.5 pg).

Among chordates, the tunicate Oikopleura dioica has
a smallest genome (0.07 pg), while among vertebrates —
pufferfishes of the Tetraodontidae family have a genome
of 0.4 pg which brings differences in genome size in these
taxonomic groups to 1800- and 330-fold, respectively.
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Differences in genome size among invertebrates approach
the latter value (340-fold in flatworms, 240-fold in crus-
taceans, 190-fold in insects) and far below that in
annelids (125-fold), arachnids (70-fold), nematodes (40-
fold), mollusks (15-fold), and echinoderms (9-fold).

Leitch et al. [11] analyzed tendencies in the sup-
posed pathways of genome size evolution in terrestrial
plants, reconstructed on the basis of analysis of these
parameters in over 4500 species, and distinguished the
following characteristic features of this event. The size of
proposed genome precursors in angiosperms and
bryophytes is very small (<1.4 pg), whereas genome pre-
cursors in gymnosperms and ferns are of intermediate size
(3.5-14.0 pg). In this case, the available data suggest that
both enlargement and compaction of genome size can
happen during genome evolution, which is valid for most
studied terrestrial plant groups [266].

Attempts to understand genome size evolution path-
ways led Sparrow and Nauman in 1976 to put forward the
hypothesis that the present-day genomes of members of all
taxons are products of successive doubling of the size of
minimal genome precursors [267]. The so-called rule of
present-day genome discrete structures was formulated. It
is not general, but was confirmed for some groups of organ-
isms, in particular, for several plant genera [268-271]
including some algae [272]. The essence of this rule is that
in organisms of the same genus not the minimal genome
size changes discretely by its successive duplications, but
the C value characteristic of the genome with the smallest
dimensions. In particular, in 20 studied plant species of
genus Tephrosia the genome size changes from 1.3 to 7.4 pg
with the pitch of 0.74 pg, which approximately corresponds
to half of the minimal genome size in this group [273].

Similar examples of discrete change in genome size
are also characteristic of some invertebrate groups [274-
277]. The most pronounced are some genome size values
found in copepods of the Calanus and Pseudocalanus gen-
era in which size changes with a pitch of ~2 pg from 2.25
to 12.5 pg [276, 278, 279]. As already mentioned, the dis-
cussed rule of discreteness is not always observed; this can
illustrate one of the particular pathways of eukaryotic
genome evolution with still unknown mechanism.

As repeatedly mentioned, large genome size is main-
ly due to high presence of non-coding NS (table). Coding
NS (genes) also contribute to the C-value enigma, though
to a lesser extent. The same table shows examples of gene
content in some eukaryotic genomes that are indicative of
the absence of clear correlation between the content of
coding NS in the genome and biological complexity of
the corresponding species [252].

Intraspecies Differences in Genome Size

The abovementioned pronounced interspecies dis-
tinctions in genome size were for a long time opposed to
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the invariable genome size of a particular biological
species. Actually, high species stability of genome size is
probably a general rule. For example, investigations of
genome size in onion Allium cepa populations on four
continents revealed its remarkable stability [206]. In some
cases the appearance of information about intraspecies
differences in genome size was finally explained by arti-
facts due to techniques used for intracellular DNA deter-
mination and to the existence of cryptic subspecies in the
organisms under study [280-282].

It gradually became clear that the existence of signif-
icant intraspecies differences in genome structure as well
as of differences between very closely related species were
indeed facts. Intraspecies differences in genomic DNA
content are especially characteristic of the plant genome
that is often considered as unstable, always being in con-
ditions of constant change [283]. In particular, compari-
son of primary structure of three genome regions of total
length of 2.3 Mb in two inbred maize lines revealed the
absence of similarity (colinearity) in over 50% of
sequenced NS [284]. Intragenome content of mobile
genetic elements of some families can significantly vary in
biological species and even in their local populations.
Thus, copy number of retrotransposon BARE-1 in the
genome of certain members of the wild barley Hordeum
spontaneum growing in different ecological conditions in
Israel differs at least three-fold ((8.3-22.1)-10° per hap-
loid genome) [285]. In this case, higher transposon con-
tent was noted in plants growing in high and dry areas, i.e.
under conditions of intensified stress.

Distinctions in the genomic DNA content in mem-
bers of different maize lines and varieties are also well
documented [286]. In particular, quantitative structural
distinctions in maize genome regions are revealed at the
cytogenetic level [287]. A part of such distinctions is due
to different representation of additional B chromosomes
in the genome. Intensive study of genome size in 47 pop-
ulations of the sand fly Aedes albopictus revealed its 2.5-
fold differences [288]. Significant intraspecies differences
have been recently detected in populations of eight
Drosophila species [289]. Such data introduce certain dif-
ficulties into the use of genome size as a taxonomic fea-
ture [290]. There are numerous examples of genome size
intraspecies variability, and critical analysis of such kind
information can be found in recent reviews by T. R.
Gregory [261, 291].

Phenotypic Traits Associated with Genome Size

Despite huge distinctions in genome size, the variety
of phenotypes associated with genome size and revealed at
morphological, physiological, or molecular level is not very
striking and in many cases uncertain. Only a few pheno-
typic features are clearly associated with the genome size.
Some more pronounced examples are considered below.
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Dimensions of cells and nuclei. Strong positive corre-
lation between the genome and cell dimensions in verte-
brates was found more than fifty years ago [12]; its exis-
tence has been confirmed for plants and unicellular
eukaryotes [9, 275]. The event of cell and whole organism
enlargement in plant polyploids along with the increase in
genome polyploidy is well known to breeders.

Cell volume influences many physiological parame-
ters of an organism, its suitability for the habitat, and as a
result, it is a phenotypic feature susceptible to selection.
The cell surface/volume ratio exhibits a significant effect
on the cell substance and energy exchange with the envi-
ronment and their metabolism regulated at genetic level
via gene expression [292]. In this aspect, the cell volume
is a thoroughly controlled trait, especially in multicellular
organisms. Quantitatively the connection between
genome size (C value) and cell volume is described by the
following formula: V' = kC®, where k is constant and o
defines slope of the curve describing ratios between V and
Cin a logarithmic scale and is dependent on the groups of
organisms under consideration.

The volume of animal and plant cell nuclei also cor-
relates well with genome size and as a result with volume
of cells containing these nuclei. Cavalier-Smith describes
the ratio between the nuclear volume and DNA content
in it by the following formula: V = aHpsC, where a is a
universal constant depending only on measurement units,
H is the ratio of total chromatin volume (DNA + pro-
teins) to that of pure DNA, s is the coefficient of chro-
matin swelling (the ratio of chromatin volume in the cell
cycle interphase to that in telophase), p is genome ploidy,
and C is its size [9]. The reasons for such correlation are
understood as a whole. In particular, efficient cell func-
tioning requires a certain flow of mRNA exported into
the cytoplasm through nuclear pore complexes, the num-
ber of which may depend on the size of the nuclear sur-
face. Large cells require a larger RNA flow as well as an
apparatus able to carry out RNA synthesis and process-
ing, and as a result a larger size of nuclei. On the other
side, assuring the functionality of large nuclei requires
higher activity of cytoplasmic components and quantita-
tive and qualitative changes in their composition. Owing
to this, ratios of the nuclear and cytoplasmic volumes in
eukaryotic cells (karyoplasmic ratios) are evolutionarily
optimized [9, 293].

Cell cycle duration. In addition to the above-dis-
cussed ratios between genome size and cell volumes in
various eukaryotic organisms, a clear positive correlation
between genome size and cell cycle duration was revealed
[10]. Genome size increase does not only result in elon-
gation of the DNA replication time in S phase, but it is
accompanied by increased duration of G, phase.
Although ratio between genome size and meiosis duration
is quantitatively observed within separate groups of
organisms, these ratios are more complicated. As a rule,
longer meiosis is characteristic of animals compared to
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plants with equivalent genome size, while in mammals
meiotic cell division takes more time than in amphibia
and insects. In this case, the genome of mammals is sig-
nificantly smaller than that in amphibia, but not in all
insects. It is interesting that polyploid plants are often
characterized by shorter duration of meiosis than corre-
sponding diploid species.

Growth rate and minimal generation time. Several
investigations revealed negative dependence in plants
between genome size and relative growth rate as well as
positive correlation between genome size and generation
time (days before beginning of flowering or fruiting) [294-
296]. These facts are in agreement with plant abundance.
In fact, the species capable of rapid growth and reproduc-
tion during shorter time intervals have more chances for
wider spreading in a given ecological niche [297].

Hybrid maize lines with higher genomic DNA con-
tent compared to the parental lines are usually character-
ized by the absence of heterosis [298]. Comparison of dif-
ferent maize lines based on their genome size shows that
the content of genomic DNA negatively correlates with
the growth and productivity of the line [286]. In accor-
dance with the data mentioned in the preceding para-
graph, maize selection for early flowering and, as a result,
for more rapid development, is accompanied by reduc-
tion in genome size [299]. Similar results were obtained
for fodder beans Vicia faba [300]. Increase in the genome
size in these plants is accompanied by reduction in the
plant size in adults and in green mass during flowering.

Quantitative features at the level of organs and tis-
sues. Genome size also sometimes correlates with the
development of other complex traits. Thus, seeds are usu-
ally larger in plants with a larger genome size, which is
especially characteristic of plants with the largest
genomes [295, 301]. This is noted, in particular, for V.
faba [300] as well as in the systemic investigation of 1220
plant species [301]. The authors of the last work associate
the increase in the seed size with enlargement of cells due
to the presence of larger genomes.

The rate of cell division and their size can signifi-
cantly influence the morphology of plant leaves. One
quantitative feature used for characterization of plants is
specific leaf area (SLA), which is defined as the leaf area
to mass ratio. Comparison of 67 plant species using this
feature revealed negative correlation between genome size
and SLA, i.e. plants with low SLA values, characteristic
of small thick leaves, usually have larger genomes. The
association between SLA values and genome size has also
been studied in detail elsewhere [18, 295, 301-306].

Morphological complexity and duration of embryonic
development in amphibia. The brain morphological organ-
ization in vertebrates significantly differs, including nerve
tissue types and complexity of relationships between par-
ticular cells. It was noted that morphological complexity
of separate brain regions in salamanders, whose brain is
organized more simply than in frogs, correlates with the
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size of constituting cells [307]. In this case, frogs with
small cells and smaller genome size have a brain arranged
in a more complicated manner [307].

The study of complex traits caused by the species
genome size in 15 species of lungless salamanders of the
Plethodontidae family was continued by comparing this
feature with the length of embryonic development [51,
308]. A positive correlation between genome size in these
animals and the trait under study was found.

Evolution and ecology. A weak negative relationship
between the number of species within a genus and
genome size was found [295, 309]. This may be indicative
of the fact that plants with large genomes are less variable
and have a lower potential for speciation and a higher risk
of extinction during evolution. In accordance with this,
there are indications that plant species with small
genomes exist at all latitudes and in alpine areas, whereas
plants with large genomes escape extreme life conditions
[295, 310].

It follows from everything written in this section of
the review that a great number of quantitative traits cor-
relate with the eukaryotic genome size. At present the
mechanisms that are the basis for formation of complex
traits are not quite understood. Such quantitative traits
are defined by coordinated functioning of a large number
of genes located in genome regions known as quantitative
trait loci (QTL) [181]. Genetic architecture of complex
polygenic traits is defined by the gene number within
QTL, their individual contribution to the trait formation,
gene positions on the chromosome, as well as by their
interaction with each other and with environmental fac-
tors [311]. Accounting for all this and also for the fact that
functions of most NS of large eukaryotic genomes are
unknown, a simplification in interpretation of the
revealed direct correlation between genome size and cor-
responding phenotypic traits can be expected. Such “cor-
relations” can be far from genetic relations.

ON THE WAY TO SOLUTION
OF THE “C-VALUE ENIGMA”

Factors that define size distinctions between eukary-
otic genomes are still not clear. Intensive investigations of
“C-value enigma” are accompanied by attempts to
explain it. Most of presently discussed hypotheses and
theories can be divided to two large groups: i) theories
considering non-genic DNA as redundant, carrying no
definite functions, and ii) theories attributing adaptive
functions to non-genic DNA.

Theories of Non-functional Redundant DNA

Theories of non-functional redundant DNA imply
that the non-genic DNA fraction in eukaryotic genome
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changes randomly in response to mutations. Its content in
the genome can increase until the excess of non-func-
tional NS begins to exert harmful effect on the cell and
organism as a whole.

Junk DNA. Ohno was among the first scientists who
put forward a hypothesis concerning the origin of non-
coding NS in eukaryotic genome and designated them as
debris (fragments) of formerly functioning genes: “Our
genome probably carries in itself signs of victories and
defeats of former experiments in nature” [312] (cited by
[10]). According to this concept, non-coding NS are
considered as real debris (junk DNA) that trashes the
genome. Although mutation-inactivated genes (pseudo-
genes) really appear in the genome, they comprise only a
small part of the total non-coding DNA and can carry out
certain functions (see above). Later the term “junk DNA”
was used to designate any non-coding DNA devoid of
definite functions, and this term is still used in different
contexts (e.g. [283, 308]). Theories of “junk DNA” show
that in the absence of constant pressure of selection,
aimed at elimination of redundant NS, the eukaryotic
genome has the tendency to random increase in size. And
this proceeds until cells become unable to bear the load of
redundant DNA.

Further development of the group of theories of non-
functional redundant DNA was the emergence of the
“selfish DNA” concept.

Selfish DNA. Pure theories of useless (junk) DNA
suggest the effect of natural selection only at a single stage
of eukaryotic genome evolution as a factor limiting ran-
dom increase in its size above optimal. It is emphasized in
the “selfish DNA” theories that selection by phenotype at
the level of the whole organism is not a unique evolution
strength forming the eukaryotic genome. Moreover, such
selection only indirectly influences the structure of
genomic DNA. Cells create a habitat for DNA [313]. If
mutations increase the probability of preservation of a
particular NS in a cell without influencing the phenotype
of the whole organism, such NS will inevitably increase
their representation in the genome, demonstrating their
unique “function”, self-preservation, as well as their par-
asitic (“selfish”) nature. Independent replicating mole-
cules (replicators), exhibiting the highest replication effi-
ciency, will dominate over their less efficient competitors
and increase their representation in the genome [34]. In
this case, it is suggested to differentiate between “igno-
rant” amplification of genomic NS, independent of its
primary structure, and “selfish” amplification, dependent
on the NS primary structure.

An evolutionary factor limiting the total genome size
is the energy load caused by the necessity for the repro-
duction of excess DNA. The “selfish” DNA concept sug-
gests that the cleaning selection activity relative excess
DNA is weakened for not understood reasons and cannot
resist continuous increase in genome size caused by trans-
posons and other genetic mechanisms. The upper limit of
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genome size is defined by the ability to sustain such addi-
tional load for metabolism, which in turn depends on the
life style of a biological species and conditions of its inter-
action with the environment. The increase in the content
of useless DNA NS in the genome is compared with prop-
agation of a parasite that does not exhibit a harmful effect
on the host organism. From time to time, the redundant
parasitic DNA may acquire genetic functions, originally
not characteristic of it, including nucleoskeleton functions
(see below the nucleoskeleton theory by Cavalier-Smith).
Owing to this, the border between terms “selfish” and
“parasitic” DNA and “DNA-endosymbiont”, the latter
carrying out useful functions, is not clearly outlined.

Variants of the theory of redundant DNA of eukary-
otic genome differ mainly in the supposed mechanisms of
the origin of the redundancy. In early discussions on the
“selfish DNA” concepts, attempts were made to change
the term, without significant change in the hypothesis
sense, and to call “non-functional” NS “incidental DNA”
[314]. In this approach, “redundant” NS are considered
as a byproduct of the genome inherent property of vari-
ability (mutability), the maintenance of which is provided
by natural selection. The appearance of “redundant”
repetitive NS is considered as the result of the natural
selection effect on maintenance of genome variability as
such.

The “selfish DNA” theories suggest the existence of
free competition between repetitive NS during their self-
reproduction for maximal representation in the genome.
Attempts have been made to consider a eukaryotic
genome as a peculiar ecosystem in which various transpo-
son families (analogs of biological species) exist and com-
pete for survival [315, 316]. In this aspect, the established
ratios between NS of eukaryotic genome are considered
as NS symbiosis.

It seems that the inapplicability of such approaches to
description of the eukaryotic genome is due to the fact that
activity of transposons and expansion of other NS is under
strict cell control. This situation excludes the free compe-
tition of NS with each other, like that in natural ecosys-
tems or artificial associations of biological species, in
which competition is permitted by humans. The situation
formed in the eukaryotic nucleus can be to a higher extent
compared with a zoological or botanical garden where
beasts and their victims are placed in separate cages, while
weeds and cultivated plants exist separately due to efforts
of agricultural workers. One has only to relax the control
for a while, and chaos will come in such artificial ecosys-
tems, which will soon transform this elegant artificial sys-
tem to natural one based on quite different principles.

One criterion of DNA redundancy is the possibility
of its elimination from the genome without visible pheno-
typic consequences for the organism [317]. In accordance
with this, it has been recently shown that the mouse
organism “does not notice” the removal of extended non-
coding NS [318]. In these experiments the gene knockout
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technique was used to remove two NS of 1817 kb (chro-
mosome 3) and 983 kb (chromosome 19) which do not
contain genes revealed by usual techniques and contain
orthologous NS of approximately the same size in the
human genome. Comparison of these regions in the
mouse and human genomes revealed altogether 1243
conserved NS over 100 bp in length with 70% homology.
These data allowed the authors to conclude that the
mammalian genome contains really “redundant” DNA.
It seems that such a straightforward approach to estima-
tion of NS functional significance is a simplification. The
model developed by us suggests a different interpretation
of these interesting results.

Theories of Adaptive Non-genic DNA

Unlike the non-functional DNA theories that
emphasize unlimited to a certain extent random charac-
ter of alterations in its content in the genome due to
mutations, the theories of non-gene adaptive DNA sug-
gest pressure of natural selection aimed at maintenance of
established ratios between coding and non-coding
genomic NS. This group of theories implies the existence
of a genetic relation between the genome size and func-
tioning of the other systems of a eukaryotic organism.
Accordingly, random alterations in non-coding DNA
content are fixed in the genome during evolution if they
stimulate survival of biological species.

DNA in the role of nucleoskeleton and nucleotype
concept. Commoner in his review of 1964 drew a conclu-
sion concerning a dual role of eukaryotic DNA in hered-
ity [319]. According to his concept, on one side the
euchromatin DNA provides for exhibition of phenotypic
features at the appropriate qualitative level depending on
genetic code. On the other side, in accordance with the
nucleotide sequestration hypothesis, DNA of hete-
rochromatin regions of the genome, independently of its
nucleotide sequence, exerts qualitative effects on cells,
namely, on their size, metabolism rate, and generation
time. Accordingly, total increase in number of intracellu-
lar DNA nucleotides requires the enlargement of the
apparatus necessary for cell reproduction, which influ-
ences different intracellular processes.

Bennett shows that DNA is able to carry out a skele-
tal function in the interphase nucleus arrangement,
defines its shape and size, and formulates the nucleotype
concept [294]. Unlike phenotype, nucleotype is the aggre-
gate of organismal traits that are defined by the genome
size as such but not by its primary structure peculiarities,
i.e. the incorporated genetic information in the tradition-
al sense of this term. Based on these early achievements
and probably inspired by them, Cavalier-Smith, beginning
from 1978, has developed the theory of the DNA nucleo-
skeletal function in eukaryotic organisms, the aim of
which is explanation of the “C-value paradox” [9, 320].
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The volume of eukaryotic somatic cells defined by
the amount of DNA included in their nuclei is regarded
as of paramount importance in the present-day variant of
the nucleoskeleton theory. In other words, the cell volume
is genetically determined by the genome size and is the
nucleotypic feature of biological species. The cell vol-
ume, like genome size, differs in eukaryotes by ~300,000
times, is adapted to the species life conditions, and is
under pressure of selection. The change in cell volume
under pressure of selection results in the change in
nuclear volume and genome size, which defines its vol-
ume. This chain of genetic relations between cell volume
and genome size defines the point of natural selection
application to the adaptive phenotypic feature—the
genome size of any eukaryotic organism.

Other concepts of adaptive non-genic DNA. It is
claimed in the hypothesis of the passive buffer role of non-
coding DNA that the presence in eukaryotic nuclei of a
great amount of DNA contributes to maintenance of
intranuclear homeostasis [321]. This allows nuclear
enzyme systems to survive easier the fluctuations in ion
composition of intercellular liquid and facilitates the exis-
tence of the organism under extreme conditions. Besides,
according to this hypothesis, the presence of such DNA
provides for control over intranuclear content and activi-
ty of nuclear proteins interacting with DNA.

Non-gene DNA as a gene expression regulator. There
are attempts in many present-day investigations to reveal
in non-coding DNA specific genetic functions associated
with regulation of gene expression. In the recent review
by Shapiro, data on known genetic functions of repetitive
NS are summarized and there are numerous examples of
the effects of different class repeats on gene activity [322].
Some aspects of the participation of heterochromatin in
global regulation of eukaryotic gene expression were dis-
cussed above.

Protective role of heterochromatin. Yunis and
Yasmineh [323] in 1971 were the first who paid attention
to the possible role of heterochromatin in gene protection
against chemical mutagens, and their work preceded our
model. In accordance with their hypothesis, heterochro-
matin regions consisting mainly of satellite NS could pro-
tect functionally significant intranuclear organelles (kine-
tochores and regions of nucleolar organizer) against
harmful external effects because heterochromatin aggre-
gates were at that time detected mainly in surroundings of
these chromosome regions.

Four years later Hsu approved this concept in princi-
ple and began to develop the heterochromatin-bodyguard
hypothesis [324]. In accordance with this concept, hete-
rochromatin forms a thin layer of a dense substance at the
nuclear periphery immediately under the nuclear envelope
and in this way it plays the role of a euchromatin gene pro-
tector against mutagens, clustogens (substances stimulat-
ing chromosome breaks), and even viruses. The variability
(“plasticity”) of the composition of repetitive DNA
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sequences in heterochromatin and morphological hetero-
geneity of heterochromatin regions in karyotype reveal
traces of DNA contacts with mutagens (“bodyguard
scars”) and are indicative of their ability for mutational
changes that do not exert harmful effect on the organism.
Breaks in chromosomes caused by damaging agents, in
particular by mitomycin C, are non-randomly distributed
and are more frequent in heterochromatin regions.

Investigations of structure—function relationships in
eukaryotic genomes just began at the beginning of the
1970s, when the abovementioned hypotheses appeared.
There was no information concerning ratios of coding
and non-coding NS in different genomes and their spatial
arrangement in interphase nuclei. It was not clear just
against which mutagens organisms had to be protected
first of all, i.e. in what mutagenic conditions eukaryotic
genome evolved and continues its evolution. Our model
of “altruistic non-coding DNA” answers these and some
other questions.

ALTRUISTIC DNA

A quantitative model was developed during our inves-
tigations according to which the non-coding NS of
eukaryotic genome form a new (third) system for protec-
tion of coding genome regions against endogenous muta-
gens. Endogenous mutagens and their precursors, which
penetrate into the nucleus through nuclear pore complex-
es (NPC), interact with numerous intranuclear macro-
molecules and low-molecular-weight compounds includ-
ing DNA nucleotides (in both coding and non-coding
genome regions) as well as nucleotides of the intranuclear
pool and undergo inactivation. Then, the number of dam-
aged coding and non-coding DNA nucleotides is propor-
tional to their content in the nucleus, i.e. non-coding NS
play the role of additional traps for mutagens and elimi-
nate the latter from the intranuclear space. It is assumed
that the slow alteration of genome size due to increase of
non-coding NS in phylogenesis has little effect on the
nuclear membrane permeability for chemical mutagens as
a result of maintaining the NPC density in NE constant
due to coordinated expression of the appropriate genes. In
such a situation, the non-coding DNA of eukaryotic
genome behaves quite “altruistically” by putting itself
under injuries instead of coding DNA. The main concepts
of the proposed model that was already mentioned previ-
ously [2, 325-327] are considered in more detail below.

Ratio of Coding and Non-coding Genome Parts
May Define the Level of Its Gene Protection

At the present stage of modeling we consider only

three processes: (1) the emergence of mutagens within
the nucleus, (2) their interaction with DNA resulting in
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inactivation of mutagen molecules and damaging the
reacted nucleotides, and (3) repair of damaged
nucleotides.

The model assumes that chemical mutagens can
appear in the nucleus only due to penetration through
nuclear membrane in the form of (i) reactive chemical
compounds (in particular, xenobiotics that underwent
metabolic activation) or (ii) low-activity precursors (pro-
mutagens) (e.g. endogenous H,0,) with subsequent acti-
vation nearby the target nucleotides (contact with transi-
tion metal ions — the Fenton reaction). In the last case
the site of nucleotide damage in DNA will be defined by
a random intranuclear position of the contact between
promutagen and activating agent.

It is supposed that chemical mutagens enter the
nucleus mainly by diffusion through NPC. It should be
taken into account that the changes of coding and non-
coding genome region sizes differently influence the flow
of mutagens into the nucleus through NPC, since the
process of biosynthesis of the NPC protein components is
largely associated with the genome coding part (see dis-
cussion below).

Inside the nucleus, mutagens can cause two types of
primary nucleotide lesions — by forming adducts either
directly with DNA nucleosides (bases or deoxyribose
residues) of DNA or with both nucleotides of the intranu-
clear pool and their precursors in the free state [185, 328].
We think that at this step of modeling, the incorporation
of modified dNTP into DNA from intranuclear pool hap-
pens stochastically as DNA replication proceeds, and the
contribution of these two processes to the DNA damage
in this model is additive.

The experimentally detected differences of DNA
repair rates in different eukaryotic genome regions
(including actively transcribed and non-transcribed)
[329] are not considered here in the description of repair
and anti-mutagenesis system contribution into restora-
tion of DNA from damages and maintenance of its
integrity.

It is assumed at this stage of modeling that DNA
within chromatin is spread homogenously over the
nuclear volume during most of the cell cycle. This suppo-
sition is a simplification of the real situation. Due to the
limited amount of experimental data describing the
genome state in an interphase nucleus as a whole, we do
not consider yet the peculiarities of spatial structure of
individual intranuclear microcompartments and particu-
lar genetic loci, including those distinguished by different
level of chromatin condensation.

At the usual mutagen content in the nucleus, the
number of events resulting in DNA nucleotide damage by
mutagens is high. According to our data (see section
devoted to endogenous mutagenesis), the number of
nucleotides damaged by endogenous mutagens in the
human genome in steady state is on average ~10*-10° the
total genome size being ~3-10° nt. Therefore, the quanti-
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ties describing the content in the nucleus of mutagens and
nucleotides (free and included into DNA) can be consid-
ered as continuous variables. For these variables we intro-
duced a system of differential equations similar to those
used in chemical kinetics [326]. Further development of
this model gave the following expression for the rate of
mutagen flow from cytoplasm into nucleus:

q) = (DOCNCT + q)OnancT 2 (1)

where o is total mutagen flow into the nucleus, mole/sec;
N_and N, are total numbers of nucleotides, respective-
ly, in coding and non-coding genome regions (“total”
means the sum of damaged and undamaged nucleotides);
®o. and @, are coefficients that describe the effect of
coding and non-coding genome regions on the mutagen
flow into the real nucleus. This effect is carried out via
regulation of the NPC total number on the nuclear sur-
face and/or the NPC permeability for mutagens.

Let B be the fraction of damaged nucleotides in the
real genome (ratio of the number of damaged nucleotides
to total number of nucleotides in the genome); 3, a sim-
ilar value for a hypothetical genome containing total cod-
ing DNA of real genome and free of its non-coding DNA;
Nr= N+ N,.r, the total content of all nucleotides in the
genome (coding and non-coding, damaged and undam-
aged). Solution of equations for steady state of the nucle-
us—mutagen system, which accounts for the processes of
mutagen delivery into the nucleus and DNA repair,
results in the following dependence (detailed calculations
will be published elsewhere):

IB/IBO:NcT/NT+(]_NCT/NT)¢0nc/¢Oc' (2)

It follows from Eq. (2) that under the above assump-
tions the protective effect of non-coding sequences takes
place when @g,. < @, i.e. if the number of NPC and
their permeability for mutagens are defined to a higher
extent by the amount of coding than non-coding DNA.
It should be emphasized that the lower is the dependence
of the mutagen flow through the nuclear membrane on
the presence of non-coding sequences (i.e., the lower is
the coefficient ¢,,.), the higher the protective effect of
non-coding DNA is. The highest protective effect of
non-coding DNA should take place at @y, = 0 (equal
NPC amount and permeability for mutagens in the pres-
ence and absence of non-coding DNA) (see Eq. (1)). In
theory, protective effect of non-coding sequences might
be even higher if they reduced the total mutagen flow
into the nucleus (g, < 0). Finally, protection is absent in
the case of equal determinacy of mutagen flows by cod-
ing and non-coding sequences (P, = Poc)-

In the case of N, << Ny, Eq. (2) can be approxi-
mately written as:

ﬁ/ﬂOchT/NT_i_gDOnc/ch' (3)
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It follows from Egs. (2) and (3) that as the content of
non-coding region in the genome increases, the fraction
of mutagen-damaged nucleotides in coding NS decreases
and rather greatly at N,.t >> N.r. Thus, for the human
genome the abovementioned fraction of coding DNA
~3% means that N, .;/N. ~ 0.97/0.03 ~ 32 [326].

Thus, the significant protective effect of non-coding
NS found by us points out the existence in eukaryotes of
a new, third system of gene protection against chemical
mutagens, in addition to the anti-mutagenesis and DNA
repair systems.

Possible Reasons for Genome Size
Variability in Eukaryotes

In accordance with our model, total frequency of
mutations emerging in coding genome regions will
depend on coordinated effect of anti-mutagenesis and
DNA repair systems as well as on the ratio of coding and
non-coding NS in the genome, i.e. ultimately, on the
genome size. Taking all the above-said into account, it can
be supposed that in close biological species with a low
ratio of coding and non-coding NS lengths (larger
genome size) a larger amount of chemical mutagens (of
endogenous or exogenous origin) is present in the nucleus
due to lower activity of anti-mutagenesis system and/or
lower activity of DNA repair system. In this case, non-
coding NS provide for lowering nucleotide damaging and,
as a result, lowering mutation frequency in coding NS to
an acceptable level. Investigation of the efficiency of anti-
mutagenesis and DNA repair systems depending on the
genome size in biological species is one of possible ways
for our model to be experimentally verified.

We have found in the literature only indirect data
concerning interspecies distinctions in functional activity
of anti-mutagenesis and DNA repair systems in organisms
the genome sizes of which differ significantly. In particu-
lar, the presence of additional homologs for most genes of
repair and recombination systems is characteristic of the
small genome of Arabidopsis thaliana (~125 Mb), which
noticeably distinguishes this plant from other studied
eukaryotes, and it is now a specific feature of just this
plant [331]. According to this, Arabidopsis can be charac-
terized by an increased rate of DNA repair, which reduces
its need for protective non-coding NS. There are indica-
tions that in salamanders the activity of photolyase, an
enzyme involved in repair of DNA damage caused by UV
light, is significantly lower than in toads and frogs having
significantly smaller genomes [332].

In accordance with our predictions, the specific
activity of O°-methylguanine-DNA-methyl transferase,
eliminating in vivo O°-mG from alkylated DNA, in rain-
bow trout Oncorhynchus mykiss (genome size 2.6 pg) is
~2.4 times lower than in the sword-tailed minnow
Xiphophorus maculatus (genome 0.97 pg) (cited by [333]).
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In this case, regardless of the genome size, there are data
showing that low activity of the DNA repair system is
specific for fishes on the whole [334]. In diving mammals
characterized by rapid transition from hypoxia to reoxy-
genation and storage in tissues of a great amount of oxy-
gen, the constitutively higher antioxidant status was noted
compared with that in terrestrial mammals [335]. Data of
this kind suggest that organisms can use different strate-
gies for protection against continuous genotoxic effects.

Although protection of genes against endogenous
mutagenesis caused by chemical mutagens is vitally
important for biological species, it is not a unique func-
tion of non-coding NS and at least a part of them is used
for other purposes. In particular, the skeletal function of
these NS, mentioned for the first time by Bennett [9], and
their associated role in nucleotype formation are doubt-
less [294, 319, 336]. There are data showing the involve-
ment of repetitive NS in global gene expression at the
transcription level via chromatin domain formation, het-
erochromatization of genetic loci, influencing gene tran-
scription via the transposon regulatory elements, etc.
[322]. All this might be the secondary acquiring of new
functions after the non-coding NS primary cooptation
for genome protection against mutations, and first of all,
against endogenous mutagenesis.

Atmospheric Oxygen in Evolution of Biological Species
and Their Genomes

According to present-day concepts, life on the Earth
originated ~3.5 billion years ago in the absence of oxygen,
and originally it was represented by prokaryotes, including
methane-producing archaebacteria, using oxidation of
hydrogen in the presence of CO, for energy generation, as
well as by other chemotrophs [337]. Purple bacteria,
cyanobacteria, and heliobacteria were probably the first
representatives of photosynthesizing organisms that used
light energy for carbon fixation and water oxidation with
formation of O, [338]. The emergence of these bacteria
~3 billion years ago resulted in gradual increase in O, con-
tent in the Earth’s atmosphere from 1% to the present-day
level of 21%. Approximately 1.5 billion years later, already
in the presence of oxygen, there appeared the first eukary-
otes preceded by emergence of acrobic forms of life using
O, for energy generation [339]. Finally, about 600 million
years ago the first multicellular organisms appeared.

It can be supposed that the existence of organisms in
the presence of oxygen and its active forms required the
development of additional factors for protection of genet-
ic information against damaging effects of these com-
pounds. The enlargement of the genome in addition to
already existing antioxidant and DNA repair systems
could be among the first evolutionary adaptive reactions
of organisms to the increase in the free O, concentration
in the atmosphere. Further changes in the genome size
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followed alterations in functional efficiency of anti-muta-
genesis and DNA repair systems in evolving organisms
(see below). Finally, the emergence of multicellularity at
O, atmospheric content close to the present-day level
could have an appreciable influence on the establishment
of larger genomes in eukaryotes, because it required addi-
tional decrease of mutation frequency in somatic cells to
prevent cell line breakage in ontogeny [2].

Since the emergence of multicellularity, the O,
atmospheric concentration did not remain constant, and
these changes correlate with global evolutionary changes
in the biosphere [340]. For example, the increase of O,
content about 410 and 300 million years ago was accom-
panied by development of gigantism in some animal
groups. The increase in genome size, correlating with the
size of cells, required for creation of additional gene pro-
tection against ROS, could be one of basic mechanisms of
this phenomenon. In fact, the available experimental data
show that exposing of D. melanogaster to high O, concen-
trations is accompanied by enlargement of its body,
whereas under conditions of hypoxia it diminishes. These
phenotypes are retained during several generations after
the fly is transferred into the usual atmosphere [341]. In
addition to other known mechanisms of cell growth con-
trol [341], it can be also due to changes in nucleus and
cell volumes related to each other, as mentioned above in
the section devoted to phenotypic features associated
with genome size. The existence of positive correlation
between cell and body size was repeatedly noted in inver-
tebrates [291].

Protection levels
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Pathways of Eukaryotic Genome Size Evolution

Based on the above described possible protective role
of non-coding NS, the following path of eukaryotic
genome evolution can be conceived (Figs. 4 and 5).
During the whole life of acrobic organisms, nuclear DNA
exists within a continuous flow of endogenous mutagens
(Fig. 4). Mutagens, which escaped the neutralizing effect
of the anti-mutagenesis systems, damage bases in DNA,
while non-coding NS protect genes against such kind of
damage and mutation. Most damage is corrected by the
DNA repair systems. All this taken together provides for
the admissible genetically determined level of sponta-
neous mutagenesis of the coding NS.

If the intranuclear mutagen concentration increases
for any of several reasons, it causes an increase in mutation
frequency in coding NS of the genome, among which
there are molecular sensor gene(s). Mutational changes in
the sensor mobilize retrotransposons that results in local
increase of their copy number, genome enlargement
(without significant increase in number of NPC and their
functional activity, and as a result, without significant
change in the endogenous mutagen flow into the nuclei),
and, as a result, in lowering the probability of mutations in
corresponding coding NS. (See review [343] about the
possibility of non-random transposon transfer within a
genome, so-called “sectorial mutagenesis”.) As a result,
the “genome—endogenous mutagen” system reaches a
new steady state in particular genetic loci. A decrease in
the background intranuclear mutagen concentration will

2
DNA repair
. . system
Anti-mutagenesis Coding DNA
of genome
- /
- Feed-back ,
— = 7
_>
— Transposon
i mobilization
—_—
—_— - Molecular sensor
> ™ Increase in non-coding
genomic DNA fraction
Endogenous Genomic
mutagens non-coding DNA

Fig. 4. Supposed control mechanism of non-coding DNA content in eukaryotic genomes. Three levels of eukaryotic genome protection
against endogenous chemical mutagens are shown (horizontal bold arrows on the left) which are formed by: 1) anti-mutagenesis system; 2)
non-coding NS of genomic DNA; 3) DNA repair system. When all three systems do not provide the necessary gene protection, mutations in
hypothetical molecular sensor(s) take place, which is accompanied by transposon mobilization, enlargement of non-coding genome region
(without significant alteration of mutagen flow through NPC), and local decrease in spontaneous mutation frequency to the initial optimal
level. The coding genome region is shown by the bold dot in the center of the circle, while four fine arrows point to increase in the genome

size.
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“Frozen” genome of living fossils
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Fig. 5. Supposed paths of eukaryotic genome size evolution. The
initial genome precursor (in the center of the black circle) consists
of coding and non-coding NS (light and dark rectangles, respec-
tively). It is characterized by a particular optimal level of gene pro-
tection against spontaneous mutagenesis with involvement of
endogenous chemical mutagens. This protection level is provided
by coordinated action of classical protection systems (anti-muta-
genesis and DNA repair) as well as by nucleotides of the non-cod-
ing genome region.

be accompanied by a slow reduction in genome size due to
spontaneous deletions in now redundant (in the aspect of
protective function) NS. Actually, investigations on plants
and animals have shown that transposons can be efficient-
ly eliminated from eukaryotic genomes [344-347].

Transposon activity is under strict control, and acts
of transposition are rare even in organisms characterized
by high transposon activity [26, 31]. Particularly, in
humans, who are among such organisms the transposi-
tions are registered at a frequency of ~107'-1072 per gen-
eration [348]. High transposon activity was registered at
certain stages of embryogenesis and in malignant tumor
cells. Stress conditions like heat shock, viral infection, or
effect of DNA-damaging agents stimulate transposon
activation [349, 350]. Mobilization of transposons
requires involvement of transposon-encoded proteins
and, as a result, transcription of corresponding genes by
RNA polymerases 11 and III [26, 31, 209]. Therefore,
mechanisms involved in control of gene transcription by
these RNA polymerases can be also used for transposon
mobilization control.

At least two molecular mechanisms involved in con-
trol of mobile genetic element activity are known: RNA
interference with participation of small interfering RNA
(siRNA) and methylation of DNA sequences. Since
mechanisms of RNA interference are also involved in
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methylation, these two mechanisms might be interrelat-
ed. It has been recently shown that genome instability in
human cell cultures induced by radiation is due to change
in the character of DNA methylation in NS of retroele-
ments [351]. Taking the above-said into account, C
residues the methylation of which is critical for transpo-
son mobilization could be the abovementioned sensor for
transposon mobilization. Mutations G—A happening,
particularly, in response to ROS could lower the methyla-
tion status of corresponding genome regions and activate
the adjacent retrotransposons as well as cause local
increase in their copy numbers. Changes in spatial struc-
ture of corresponding genetic loci, produced by transpo-
son inserted into new genome regions, could be accom-
panied by alteration of the protection level of these
regions against endogenous mutagenesis and would pro-
vide for individual protection.

Changes in stationary concentrations of intranuclear
mutagens (and increase in frequency of spontaneous
mutagenesis) can be caused by different factors. It can be
the result of slow alteration of environmental conditions
leading to a change in the level of mutagenic effects on
organisms living in these conditions. Mutations in enzyme
systems of anti-mutagenesis and DNA repair, as well as in
metabolic processes generating endogenous mutagens,
could result in the same biological consequences (Fig. 5).
Besides, mutations in components of the system regulating
the number of NPC on NE and their permeability for
mutagens can alter mutagen flow inside the nucleus. (For
regulation of NPC assembly see reviews [351a, 351b].) For
example, the increase in functional efficiency of classical
systems of genome protection against mutagens such as
anti-mutagenesis and DNA repair should relieve the selec-
tion pressure on the genome size that can be now reduced
due to spontaneous deletions caused by unequal crossing-
over and similar mechanisms (Fig. 5a). On the other side,
harmful consequences in the same gene systems, slightly
lowering their efficiency, could be compensated by slow
genome enlargement to normal size concerning its protec-
tive function, including the result of transposon mobiliza-
tion (Fig. 5b). Transposon activity during periods, compa-
rable with the time of the species existence, might result in
significant changes of genome size. In particular, it has
been recently shown for the grass Oryza australiensis, in
which the retrotransposon activity without polyploidiza-
tion resulted in doubling of the genome [248].

Genome enlargement due to polyploidization can be
a quick solution of the emerging problem of high damag-
ing of coding nucleotides. As mentioned above, polyploid
organisms are widespread among plants and are also fre-
quent in fishes and amphibia. According to our model,
the saltatory increase in genome size due to polyploidiza-
tion after getting over the first period of genetic instabili-
ty could lower damaging of initial coding NS (and as a
result, mutation frequency) caused by chemical (includ-
ing endogenous) mutagens due to reduction of mutagen
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flow per nuclear volume unit in polyploids comparing to
original organisms. Such effect can happen if poly-
ploidization is not accompanied by stepwise increase in
NPC number on the polyploid nuclear envelope as a mul-
tiple to genome ploidy. In theory the alteration of expres-
sion of genes controlling NPC formation in neopoly-
ploids could result in such consequences. The poly-
ploidization effect on expression of such genes can be
subjected to experimental investigation.

After successful polyploidization, i.e. overcoming by
neopolyploids of an initial period of genetic instability on
a background of hypothetical total reduction of the
endogenous mutagen flow through NPC per nuclear vol-
ume unit, two versions of evolutionary scenario might be
realized (Fig. 5¢). First, owing to the absence of selective
pressure on maintenance of redundant NS in such poly-
ploids, the spontaneous elimination of these NS from the
genome due to unequal crossing over and other similar
mechanisms will take place. Second, mutations are possi-
ble in polyploids that decrease the efficiency of DNA
repair and/or anti-mutagenesis systems, or increase the
NPC number on nuclear envelope without harmful con-
sequences for the organism, because redundant NS will
take upon themselves a part of the protective functions of
these systems. In this case, reduction of polyploid
genome size will be impossible due to harmful mutagenic
consequences for the whole organism.

As mentioned above, in most studied polyploid
plants total genome size is diminished and approaches
that of the basal genome [352]. Evolutionary reduction of
genome size in accordance with this scenario could also
take place in diploid mutant organisms having more effi-
cient DNA repair and/or anti-mutagenesis systems as
well as the reduced endogenous mutagen flow through
NPC compared to the wild-type precursor organism (Fig.
5a). The decrease in spontaneous mutation frequency
after polyploidization predicted by our model can explain
in a new way species formation inhibition in organisms
with large genomes: it is known that the number of bio-
logical species in a taxon is inversely proportional to
genome size of included species [295]. In this connection,
giant genome dimensions characteristic of “living fossils”
(mentioned in the introductory part and others) explain
evolutionary conservativeness of such species. In accor-
dance with the concept developed by us, inhibition by
non-coding NS of spontaneous mutagenesis in coding
gene regions could take place in these organisms. Owing
to transposon activity, tandem duplications, and poly-
ploidization, the genome size in these species exceeded
the admissible threshold level and, according to the pic-
turesque expression of C. Ohno, it became “frozen” and
the species proper appeared in evolutional deadlock
[253]. In this case, the selective pressure in these particu-
lar species can be aimed at the nucleotype, in particular,
at their cell size, and this preserves superprotection of
genetic loci against endogenous mutants, not required for
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genome stability, and keeps unchanged the giant genome
size of these organisms.

On Differential Gene Protection

Our mathematical model is based on the assumption
concerning uneven distribution of DNA nucleotides
inside the interphase nucleus, which is a deliberate sim-
plification of the real situation. The highly dynamic state
of chromatin in interphase nuclei, fine spatial structure of
which changes during the cell cycle, as well as differences
in the general chromatin structure in various types of cells
and tissues in the organism allow such averaging in our
first approximation.

In fact, as shown above in detail, the arrangement of
genetic material in interphase nuclei is far from even and
is highly ordered. There are vast genetically determined
euchromatin and heterochromatin regions in the nucle-
us, the density of DNA packing in which is different and
may change during the cell cycle. Separate chromo-
somes are arranged as discrete chromosomal territories
and the content of non-coding NS is unique for individ-
ual chromosomes. Moreover, the ratio between intron
and exon lengths in particular genes is a stable charac-
teristic of biological species and in mammals it corre-
lates with the genome size, especially with that of
euchromatin region.

Taking into account such facts, main conclusions
drawn after analysis of the consequences of endogenous
mutagenesis for whole genomes can be also applicable to
separate intranuclear microcompartments, including
particular genetic loci. In fact, the accessibility of genetic
loci to chemical mutagens and DNA repair enzymes also
depends on the intranuclear spatial arrangement of the
locus, including dependence on the level of chromatin
condensation. In addition, the ratio between coding and
non-coding NS located in intranuclear compartments
should define the genetic effect of mutagen contacts with
DNA of particular genetic loci.

Since mutagens enter the nucleus from outside, their
concentration should be greatest at the nuclear surface
near NPC. In this connection, the Rable’s configuration,
especially characteristic of plant cells, in which non-cod-
ing telomeric and centromeric NS of chromosomes are
located on the interphase nucleus periphery oppositely to
each other, has been recently confirmed for mouse and
human cells. As already mentioned, human chromo-
somes containing many genes (like chromosome 19) are
mainly deeply localized inside the nucleus, while those
with low gene content (in particular, chromosome 18) are
localized nearer to its envelope [109]. The recently dis-
covered gradient in frequencies of synonymous substitu-
tions in pseudoautosomal regions of human sex chromo-
somes [353] can also be interpreted with the account of
differential protection of genetic loci against endogenous
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mutagenesis. Besides, the genes, depending on their
functional belonging, have tendency to arrangement on
chromosomes in clusters, which was shown in particular
for the housekeeping genes [354]. All this may point to
different spatial availability of appropriate genetic loci for
chemical mutagens and, in turn, this suggests differences
in mutation rates in these loci.

Some experimental data support such a supposition.
In particular, the rate of mutation accumulation in avian
microchromosomes significantly exceeds that in
macrochromosomes and intermediate size chromosomes
[355]. Besides, the variability of separate genetic loci in
eukaryotic genome differs significantly. Wolfe et al. [356]
were among the first who demonstrated significant differ-
ences in the rate of synonymous substitutions in various
human and animal genes. In accordance with this, based
on the analysis of distribution of synonymous nucleotide
substitutions in ~15,000 human genes, the existence of
regions with high and low mutation rates has been recent-
ly shown for the human genome [357]. The same is con-
firmed for the mouse genome [358]. In addition, short
discrete domains containing linked genes of proteins
evolving at different rates were detected in the mouse
genome, which correlates with a gene belonging to a cer-
tain domain [359]. More than 10-fold distinctions in fre-
quencies of synonymous substitutions in coding genome
regions were found in drosophila [360]. Evolutionarily
conserved genes have the tendency to increase the con-
tent of introns [361], which can be also interpreted from
the point of view of fulfillment by introns of protective
function relative to coding NS of genes.

Ellegren et al. in their review generalize data
obtained during comparative analysis of NS of animal
genomes which altogether show that differences in muta-
tion rates depend on the genetic locus belonging to a par-
ticular chromosome, position inside the chromosome, as
well as on the context of NS containing variable
nucleotides [362]. All this suggests that, in accordance
with our concept, frequency of spontaneous mutations in
separate loci can be genetically determined.

Thus it is not surprising that in established biological
species differences in genome size are defined not by even
increase of all its parts, but are represented by discrete
regions scattered over the euchromatin genome part
[246]. Such distinctions are indicative of peculiarities of
spatial intranuclear chromatin packing, optimized for its
functional activity, including ensuring the necessary sta-
bility level of genetic information. Recently detected evo-
lutionarily conserved genome regions composed of non-
coding NS [363] could carry out such functions on the
chromatin spatial packing.

The described analysis of the problem of eukaryotic
genome size variability revealed the existence of a new
(third) system of coding NS protection against chemical
mutagens. In this case, we tried to emphasize that just
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endogenous mutagens constantly create conditions favor-
able for eukaryotic genome evolution. This highly
dynamic system functioning in close interaction with two
others (anti-mutagenesis and DNA repair) rather signifi-
cantly contributes to total genome protection. According
to calculations, only the existence of non-coding region
in human genome provides for ~30-fold protection of
coding NS against chemical mutagens of different nature.
This contribution is even more significant in organisms
with a higher relative content of non-coding DNA. A
large genome with an excess of non-coding NS admits
lowered efficiency of anti-mutagenesis and repair sys-
tems, which opens an additional possibility for their evo-
lution, i.e. accumulation of mutations in genes encoding
macromolecular components of these systems. Investi-
gation of efficiency of these systems in organisms with
different genome size can serve as an approach to experi-
mental testing of the whole theory.

Our concept does not deny the theories of “selfish”
DNA and DNA as nucleoskeleton forming the nucleo-
type of an organism widely cited in the literature. Each of
these describes in its own way different sides of the unique
process of eukaryotic genome evolution. In fact, non-
coding DNA that could spread in the genome of the first
eukaryotes using the “selfish” mechanism appeared to be
useful for its protective and nucleoskeletal functions.
Accordingly, evolution of systems providing for cell pro-
tection against “selfish” DNA and anti-mutagenic pro-
tection of genetic information could proceed simultane-
ously in parallel courses.

Genetic determination of damage (and mutation)
frequencies in particular genetic loci, suggested by our
concept, in turn allows us to think about the existence of
genetic control of phylogenetic trends and reveals a mate-
rial basis of the possibility for adaptive mutations in
eukaryotes [364, 365]. This can give a new impetus to the
idea of nomogenesis (phylogenetic development of
species on the basis of regularities [366], opposed to the
classical Darwinian theory of evolution) [367]. In this
aspect, Vavilov’s law of homologous series can be consid-
ered, in accordance with which similar series of pheno-
typic variability are observed in related plant species, gen-
era, and even families [368]. The genotype variability,
genetically determined by chromatin structure, could
provide for formation of homologous series of these phe-
notypic features, thus enhancing the process of specia-
tion.

The authors are grateful to N. V. Solov’eva and E. V.
Zhurba for help in manuscript preparation.
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