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INTRODUCTION

Discussion of the role of chromosomal rearrange-
ments in evolution began over 50 years ago and con-
tinues today. What determines the interest in this
problem? One of the possible explanations is that
chromosomes are unusual and interesting structures
because they combine morphological and genetic
traits within the same structure and, therefore, can be
considered as elementary particles of variation and
heredity at the same time. According to Darwin, new
species can evolve through natural selection on the
basis of variation and due to heredity (Darwin, 1859,
1991 (the 6th edition, translation into Russian)). In
the middle of the 19th century, the material basis of
heredity was not known. The term “genome” was
introduced by Winkler (1920) before the discovery of
the role of DNA (Watson and Crick, 1953) to desig-
nate the haploid set of chromosomes and the proto-
plasm, which constitute the material basis of the spe-
cies. For a long time, this term has combined two lev-
els of genetic information: the genes and the
chromosomes. According to modern notion, the
genome is the sum of the entire inheritable genetic
material; i.e., in addition to DNA (packed into chro-
mosomes), it includes RNA and various epigenetic
factors such as DNA methylation, histone modifica-
tions, etc., which do not affect the DNA nucleotide
sequence but change gene expression (Korochkin,
2006). Importantly, epigenetic changes can be passed
to future generations (Szyf, 2015).

Despite the rapid development of biology (first of
all, genetics) in the past 150 years, the simplest and,
perhaps, therefore the most difficult question as to
how and why the transition from polymorphism to
speciation occurs still remains unanswered. The
changes in the chromosome sets are not always
accompanied by changes in the nucleotide composi-
tion or the amount of DNA, for example, inversions
and various types of translocations include changes in
the position of chromosomal fragments (inversions) or
whole chromosomes (Robertsonian translocations).
Many researchers believe that the chromosome set
variability cannot be the basis of speciation and that
changes accumulate after the emergence of species
and isolation of their genomes. This is the classic
approach of population genetics, which prevailed in
the works of the adherents of the synthetic theory of
evolution (Lewontin, 1974), including its latest modi-
fications. Current data have forced researchers to
reconsider this standpoint, because it has become
clear that the concept of adaptability applies not only
to the organism as a whole but also to the genome, the
structure of which changes under the control of selec-
tion (Shapiro, 2009, 2013).

Starting from the early studies on evolutionary
genetics, the key question in the genomic era remains
the same: how does the genetic diversity of species
occur and why is its level not the same (Leffler et al.,
2012; Romiguier et al., 2014). The main argument
against chromosomal speciation is that different chro-
mosomal polymorphism is a common phenomenon



760

BIOLOGY BULLETIN  Vol. 43  No. 8  2016

BAKLOUSHINSKAYA

frequently encountered in natural populations (Dobi-
gny et al., 2015). At the body level, aberrations may
occur in different tissues; moreover, the liver normally
has polyploid tissue. It may seem that, on the one
hand, the chromosome set is a fairly variable trait; on
the other hand, the changes in it are not related to spe-
ciation (in other words, polymorphism occurs and is
maintained but has no evolutionary consequences). It
is concluded from this premise that chromosomal
rearrangements cannot play an initiating role in spe-
ciation. The author of this review in no way intended
to solve the problem of chromosomal speciation; the
purpose of this article is to demonstrate the changes in
the standpoints regarding the material basis of varia-
tion and heredity, namely, the role of structural
changes in the genome (primarily chromosomal rear-
rangements) in evolution. The basic idea is that the
reorganization of the genetic system, which occurs as
a result of chromosomal rearrangements, may have
evolutionarily important consequences and may lead
to speciation.

THE CHROMOSOMAL THEORY
OF HEREDITY: THE EMERGENCE

OF CYTOGENETICS

The level of knowledge about the structure of the
nucleus has long remained insufficient to understand
the fundamental role of chromosomes in genome
functioning both in the interphase nucleus and in the
process that ensures the transmission of genetic infor-
mation from generation to generation (i.e., in meio-
sis). According to the apt words of Ferguson-Smith
(2015), the recognition of the chromosomal theory of
heredity has turned cytologists, who are engaged in
studying the nucleus and chromosomes, into cytoge-
neticists. It is believed that the chromosomal theory of
heredity was formulated in 1915 (Morgan et al., 1915).
The role of chromosomes in the transmission of
hereditary information has long been limited to the
role of a carrier that contains the genes, and the prop-
erties of the carrier itself had no informational value.
However, like any other concept, the chromosomal
inheritance theory was based on earlier data of many
researchers. The term “chromosome” was introduced
by Waldeyer to designate the intensely stained struc-
tures of the nucleus that are well seen during cell divi-
sion (Waldeyer, 1888). McClung in his article pub-
lished in 1902 (McClung, 1902) emphasized the
importance of nuclear structures as a factor of heredity
and made the assumption that the unpaired accessory
chromosome in the male soldier bug, which was dis-
covered in 1891 by Henking (Henking, 1891), may be
responsible for sex determination. In fact, this was the
first demonstration of the association between the
phenotype (sex) and the chromosome set. The works
by Stevens and Wilson on the study of chromosome
sets and sex chromosomes (Stevens, 1905; Wilson,
1905), the studies by Bateson (Bateson, 1902), Sutton

(Sutton, 1903), Morgan et al. and Sturtevant, Muller,
and Bridges (Morgan et al., 1915; Morgan, 1919;
Muller, 1914) on the analysis of variation and inheri-
tance, as well as the later theoretical generalizations by
Dobzhansky (Dobzhansky, 1937 (translation Dob-
zhansky, 2010)) were a basic step in the development
of genetics. Due to these studies, the formation of the
“new synthesis” (known as the “synthetic theory of
evolution” in the Russian literature) was made possi-
ble. The possibility of chromosomal speciation, the
primacy of chromosome changes, and further diversi-
fication as a result of these changes was considered
within the framework of this concept.

The concept of the karyotype was formulated by
Delone (1922) and discussed in more detail by Lev-
itskii in his book The Material Basis of Heredity: “If the
external characteristics of an organism are generally
referred to as the “phenotype,” then the term “karyo-
type” will be suitable specifically for its nuclear char-
acteristics. The concept of the karyotype as the sum of
“characters,” on the one hand, is part of the concept
of the phenotype, but on the other hand, it is very
closely related to the concept of the “genotype,” i.e.,
the combination of hereditary factors or genes of an
organism” (Levitskii, 1978, p. 78). The karyotype as
the sum of quantitative (the number of chromosomes
and their size) and qualitative (the morphology of
chromosomes) traits of the chromosome set is a spe-
cies-specific trait. Undoubtedly, the karyotype is a
morphological trait, similarly to any quantitative (the
number of teeth) and qualitative (the shape and struc-
tural characteristics of chromosomes or the tooth sur-
face structure) trait. Furthermore, unlike many traits
that may vary with changes in the diet, age, and season
(fur coloration), the number and shape of chromo-
somes is a trait that remains unchanged during ontog-
eny, which allows diagnostics at different stages of
development of an organism.

The understanding that chromosome sets are carri-
ers of genetic information made it possible to show the
evolutionary consequences of hybridization between
different species and even genera at the beginning of
the 20th century, when plant chromosomes were
actively studied (Navashin, 1927). Raphanobrassica is
the product of a classic experiment performed on the
basis of chromosome analysis data; as a result of
hybridization, an intergeneric hybrid was obtained,
which made it possible to substantiate the possibility
of the origin of new species as a result of hybridization
and polyploidy in plants (Karpechenko, 1927).

CHROMOSOMAL SPECIATION
AND EVOLUTION OF GENETIC SYSTEMS

Basic Ideas

In 1939, Darlington in his book The Evolution of
Genetic Systems wrote: “I have attempted to show
genetics as the study of systems of heredity and varia-
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tion, systems which rest on the basis of the chromo-
somes and are related to one another by processes of
natural selection” (Darlington, 1939, p. V). This rela-
tively small book deals with the issues that remain rel-
evant today: the levels of genome integration, the
emergence of meiosis and sexual reproduction, and
the necessity of crossing-over. Moreover, it contains
revolutionary ideas such as interlocking in evolution,
external stability and internal changes (to the problem
of cryptic species and the uneven pace of evolution),
the lag in adaptation (delayed adaptation), selection at
the germ cell level, the “struggle” of genes (to the
genome integrity problem), and others. After consid-
ering the main processes, Darlington concluded:
“selection therefore acts on the genetic system at every
level, gene or chromosome, cell and individual, and in
every stage and process, haploid and diploid, mitotic
and meiotic, embryonic and adult” (Darlington, 1939,
pp. 130–131). Of particular value is the idea of a lag in
adaptation (delayed adaptation); for example, both
improvement and deterioration of the quality of gam-
etes does not affect (gives no advantage and does not
reduce viability) the adaptability of individuals, influ-
encing only the adaptability of the offspring and,
therefore, is not a “direct” adaptation.

Chronologically, the initiating role of chromo-
somal rearrangements in speciation was first proposed
in an article by Wallace, in which he formulated the
hypothesis of the triad (Wallace, 1953). He considered
the inversions that occurred in geographically isolated
populations as chromosome rearrangements. A neces-
sary condition was the secondary contact of the
emerged forms; due to introgression, the adaptive
linkage groups were destroyed, as a result of which the
hybrids were sterile. Since this concept was formulated
for one group of organisms (Drosophila) and for one
type of rearrangements, it obviously had limitations
and was not widespread.

Almost simultaneously, the article by Mayr
“Change of genetic environment and evolution” was
published, which covered an extremely wide range of
issues (Mayr, 1954). At first glance, this work is not
directly related to chromosomal speciation; however,
it presents the basic modern views on the role of chro-
mosomal rearrangements in evolution. Mayr consid-
ered the role of a sudden (“revolutionary”) change in
the genetic basis, primarily in peripheral isolates,
which often significantly differ from the main range of
a species. “Isolating a few individuals (the “founders”)
from a variable population which is situated in the
midst of the stream of genes which f lows ceaselessly
through every widespread species will produce a sud-
den change of the genetic environment of most loci.
This change, in fact, is the most drastic genetic change
(except for polyploidy and hybridization) which may
occur in a natural population, since it may affect all loci
at once. Indeed, it may have the character of a veritable
“genetic revolution.” Furthermore, this “genetic revolu-
tion,” released by the isolation of the founder popula-

tion, may well have the character of a chain reaction.
Changes in any locus will in turn affect the selective
values at many other loci, until finally the system has
reached a new state of equilibrium” (Mayr, 1954,
p. 170). It can be seen that, in this paragraph, several
provisions are set forth at once, which currently form
the basis of population genetic and evolutionary stud-
ies. However, in the same article Mayr speaks about
the role of linkage groups and chromosomes. He
writes that, if something new is introduced into a well-
balanced system, it can be discarded by selection (here
Mayr referred to the theory of stabilizing selection by
Schmalhausen), thereby as it were rejecting the very
possibility of chromosomal speciation. However, after
the introduction of the concept of genetic revolution,
it is clear that this concept also applies to chromo-
somal rearrangements (or, more precisely, to the sys-
tem chromosomal mutations).

In 1959, at the conference “Darwin’s Days in Len-
ingrad,” Vorontsov made a report “Species of Palearc-
tic hamsters in statu nascendi,” which was then pub-
lished in the form of an article (Vorontsov, 1960). This
paper shows that, in nature, there are two ways of spe-
ciation: (1) “normal” (or, using today’s terminology,
gradualistic), which starts with the spatial isolation
and changes in allele frequencies and ends with repro-
ductive isolation, and (2) “genetic” (or, using today’s
terminology, punctualism on the basis of chromo-
somal speciation), which starts with the appearance of
chromosomal rearrangements and the emergence of
reproductive isolation and ends with divergence in
allele frequencies and phenotypic divergence. On the
basis of the study of the divergence of closely related
forms of hamsters, it was shown that changes in chro-
mosome numbers (particularly via Robertsonian rear-
rangements) can not only complete the process of eco-
logical and morphological differentiation of species
through genetic isolation but also themselves serve as
a basis for morphological divergence of related forms.
Due to the presence of genetic isolation, genetic muta-
tions will accumulate very quickly in such populations,
which eventually may lead to the formation of a new
species differing not only in the chromosome number
but also in a whole complex of morphological and
ecological features (Vorontsov, 1999, pp. 550–552).

The idea of the possibility of “genetic” speciation
was supported by the well-known Swiss cytogenetics
Matthey (1960), who described karyotypes for a large
number of mammal species. Nevertheless, the work by
Vorontsov has not received an international fame.
A peculiar “reference book” of cytogenetics is the arti-
cles and books by White (1968, 1978, 1978a, 1982).
Today, the Australian cytogenetic school remains one
of the leading cytogenetic schools.
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Description and Analysis of Chromosome Sets:
From Routine Staining to Identification of Homology

In the 1960s, an active phase of description and
analysis of chromosome sets of animals and plants
began, which continues to the present time. The num-
ber of both the original descriptions (determination of
chromosome numbers) and summaries on the chro-
mosome numbers is steadily increasing. The level of
knowledge varies considerably due to methodological
issues and different numbers of species in groups. This
is especially clearly demonstrated by the statistical sec-
tion of a specialized journal, Comparative Cytogenetics,
which publishes increasingly more articles on the
chromosomes of fish and insects. The karyotypes of
mammals are studied best of all, which can be
undoubtedly explained by the interest in human
genetics (see the summaries by Vorontsov, 1958, 269
species of mammals, 10 volumes of the Atlas of the
Chromosomes of Mammals by Hsu and Benirschke,
1967–1977; Matthey, 1973; Chiarelli and Capanna,
1973; Orlov and Bulatova, 1983, Atlas of Mammalian
Chromosomes, 2006). The description of the human
karyotype and various studies published in numerous
atlases, journals, and monographs on human cytoge-
netics are of great medical importance because many
syndromes (e.g., Down syndrome) are caused by dis-
turbances in chromosome sets and mutations in indi-
vidual chromosomes. The introduction of new tech-
niques has made it possible to improve the image
under the microscope and to determine more accu-
rately the number, shape, and various structural fea-
tures of chromosomes due to the development of dif-
ferential stains. In the early 1990s, not only the meth-
odological approaches but also the worldview and the
understanding of how the genome is organized and
how it works changed. The breakthrough caused by
the development of DNA analysis techniques has
made it possible to perform phylogenetic reconstruc-
tions, which have led to a revision of the system of the
organic world and necessitated the creation of public
databases (Simpson and Roger, 2004; Bininda-
Emonds et al., 2007; Katz et al., 2012; Hinchliff et al.,
2015). The widespread introduction of the chromo-
somal painting or Zoo-FISH methods (Telenius et al.,
1992; Scherthan et al., 1994; Ferguson-Smith, 1997;
Wienberg and Stanyon, 1997; Graphodatsky, 2007)
made it possible to pass from the description of simi-
larity (number, shape, and differential staining pat-
tern) to the analysis of homology and to solve difficult
taxonomic issues both at the species and higher (up to
the class) levels, which was brilliantly shown, for
example, for mammals (Murphy et al., 2004; Fergu-
son-Smith and Trifonov, 2007; Graphodatsky et al.,
2011). Certainly, the development of the methodology
of phylogenetic reconstructions based on the structure
of chromosome sets is very difficult; nevertheless,
some progress in this direction has already been made
(Robinson et al., 2008). The obtained data arrays can

and should be understood from the evolutionary point
of view.

Some Chromosomal Speciation Concepts
Numerous data indicate that there are patterns of

mutation process at the level of karyotype restructur-
ing. White introduced the term “karyotypic orthose-
lection” to explain the nonrandom occurrence of
chromosomal rearrangements of the same type in sim-
ilar karyotypes and gave five possible explanations for
this phenomenon (White, 1978):

(1) Similar chromosomal rearrangements had similar
phenotypic effects which were adaptive in the same envi-
ronment. In our opinion, this statement is debatable;
apparently, this conclusion was made because origi-
nally this concept was formulated for taxonomically
close groups. However, it is obvious that the possibility
to transform an acrocentric set to a metacentric one
will also be retained for unrelated groups that defi-
nitely do not live under similar conditions.

(2) The limits to the size and number of chromosomes
in a cell were imposed by the dimensions of the spindle
and cytoplasm and the mechanics of cell division. This is
also quite a controversial statement, primarily because
corresponding cytological data are missing, and some
features of the meiotic systems of organisms also
remain undetermined.

(3) The internal architecture of the chromosome and
the distribution of satellite DNA, heterochromatin, and
ribosomal DNA (satDNK and rDNA, e.g., in Mus see
Garagna et al., 2001) may impose restrictions on chro-
mosome form. This statement is the most interesting
and promising.

(4) The regularities in the architecture of the inter-
phase nucleus may have adaptive effects and so influence
the types of rearrangements that were selected. No
doubt, this provision should be considered in con-
junction with paragraph 3.

(5) The location of chiasmata was an orthoselective
process, for their distribution could modify the types of
rearrangements that were produced after breaks were
formed. This provision was also confirmed by modern
studies.

King (1993) believes that these criteria can be
reduced to two: the propensity of the karyotype to ini-
tiate particular types of chromosomal rearrangements
and the structural organization of the karyotype,
which permitted the fixation of these changes. This
simplification does not seem logical. For example, it is
obvious that the division of a metacentric chromo-
some into two acrocentric chromosomes will be ham-
pered if the respective pericentromeric regions,
required for the formation of the centromere and, pos-
sibly, the telomeric regions, are lost. However, in such
a situation, inversions may occur, which will lead to
the formation of acrocentrics, which then (at the sec-
ond step) will fuse to form metacentrics. The main
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conclusion of the leading theorists of the chromo-
somal speciation is that random mutations are the
basis for nonrandom processes and that orthoselection
is determined by the peculiarities of the genome of
each specific group.

In the model of chromosomal speciation, which
was called stasipatric speciation (White, 1978, 1978a),
the chromosomal change is primary and does not
require the geographical isolation of populations; the
latter is secondary both in importance and in the time-
line. In this concept, the issue of fixation of a new form is
solved by the genetic drift between multiple isolated and
semi-isolated demes. An important aspect of this con-
cept is the statement that the efficiency of chromo-
somal rearrangements in the sterility barrier formation
is the same during their fixation in the population, and
later as a postcopulative isolating mechanism. White
did not consider the possibility of synergistic effects
arising from multiple chromosomal rearrangements;
this factor may be the cause of a much more severe dis-
turbance in the fertility of hybrids.

The model proposed by Baker and Bickham
(1986)—speciation by centric fusions—is one of the
most interesting models of chromosomal speciation.
Centric fusions have a minimal impact on the euchro-
matic part of the genome and usually do not cause
serious problems in the production of balanced gam-
etes in heterozygotes. Therefore, it is logical to assume
that centric fusion should be one of the most common
types of chromosomal rearrangements involved in
evolution. It is believed that these rearrangements are
most characteristic of mammals (King, 1993). The
model is based on identification of metacentric chro-
mosomes with partial homology (namely, with homol-
ogy in one of the arms of metacentric chromosomes,
i.e., monobrachial homology) in different founder pop-
ulations. The metacentric chromosomes with mono-
brachial homology are the result of independent
fusions of acrocentric chromosomes.

One of the requirements of this model is the pres-
ence of externally isolated subpopulations and certain
conditions. For example, a connection between these
subpopulations and the peripatric founder population
or some other small externally isolated population as
well as the fixation of different chromosomal rear-
rangements in two independent subpopulations is
required; this model considers only one type of chro-
mosomal rearrangements (the centric fusions) and is
inapplicable to other types of chromosomal rearrange-
ments.

According to this model, different chromosomal
centric fusions are fixed in some isolated populations,
with meiotic disturbances in each population being
minimal. However, if these two populations enter
hybridization and the same centric fusions that almost
did not cause meiotic disturbances in the fixed state
are combined in the heterozygote, they lead to repro-
ductive isolation due to numerous disturbances in

meiosis. In the individuals that are heterozygous for
the two-armed chromosomes with monobrachial
homology, quadrivalents of more complex multiva-
lents, which cannot segregate properly, are formed,
thereby leading to a drastic decline in fertility. On the
other hand, heterozygotes for simple centric fusions
form trivalents in meiosis, which usually segregate
normally and do not cause marked disturbances; how-
ever, in some cases (e.g., in humans), they leads to a
different degree of reduction in the number of normal
gametes (Godo et al., 2015 ). The criticism (Futuyma
and Mayer, 1980; Templeton, 1981; Nei et al., 1983)
coming from population geneticists, who traditionally
deny the possibility of speciation by changes in the
chromosome sets, does not apply to speciation
through the fixation of chromosomes with monobra-
chial homology, because the emergence of such meta-
centric chromosomes leads to a decrease in the fertility
of interpopulational hybrids, which ensures reproduc-
tive isolation between the daughter populations. For
this model, it is not important which factor caused the
fixation of centric fusions—selection (i.e., individuals
carrying the rearrangements have a certain advantage)
or stochastic processes, although this is often the most
important issue in other models.

One of the most interesting aspects of speciation by
monobrachial fusions is that reproductive isolation
can be achieved between two or more populations with
differing karyotypes, despite the fact that these emerg-
ing species retain reproductive compatibility with pop-
ulations that have the primitive acrocentric karyotype.
Species of complexes Rhogeessa tumida (Bickham and
Baker, 1979; Baker et al., 1985; Baird et al., 2009),
Mus musculus (Gropp et al., 1972; Capanna, 1982;
Capanna and Garagna, 2004; Garagna et al., 2014),
Rattus rattus (Yoshida, 1980; Baverstock et al., 1983),
Ellobius tancrei (Bakloushinskaya et al., 2010), Sorex
araneus (Searle, 1984; Zima et al., 1998; Searle et al.,
2007; Shchipanov and Pavlova, 2016), wallabies of the
genus Petrogale (Potter et al., 2015), etc., are examples
of differences in fusions with monobrachial homology.
The greater the number of fusions with monobrachial
homology in which species differ, the higher the effec-
tiveness of reproductive isolation. It is believed that
the second hybrid generation practically cannot be
obtained in the presence of even one pair of such
metacentrics, and the gene f low can proceed only
through the parental forms. A variant of male and
first-generation hybrid sterility and partial female fer-
tility is also known (Potter et al., 2015). However, our
studies of the mole vole genetics showed that, in the
case of hybridization of forms with monobrachial
homology, the sterility of the first-generation hybrids
can be overcome, despite the significant disturbances
in the chromosome synapsis in the prophase of meio-
sis I (Matveevsky et al., 2015).

Interestingly, the groups for which the presence of
gene f low is shown are usually used as arguments
against the chromosomal speciation; that is, forms and
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even species are not completely isolated from each other.
Is this a paradox? A complete absence of gene flow (i.e.,
complete reproductive isolation) is undoubtedly an
indisputable indicator of the genetic isolation of gene
pools of two species; however, the converse is not true.
That is, the presence of a gene f low cannot be consid-
ered as a basis for the uniting (taxonomic) of two spe-
cies into one. This situation is perfectly illustrated by
the study on the house mice (Nunes et al., 2012) and
wallaby (Potter et al., 2015). Interestingly, for Sorex
araneus, both the presence of a gene f low between dif-
ferent chromosome races (Horn et al., 2012) and its
restriction (Polly et al., 2013) were shown, which
seems quite logical. The analysis of the genetic mech-
anisms of speciation and the use of a large number of
genetic markers made it possible to analyze more
comprehensively the changes in the genome. Further-
more, it was shown that part of the genome may
remain stable, whereas the other part may be involved
in hybridization and introgression (Noor and Bennett,
2009). As a result, the establishment of specific inde-
pendence is possible in the presence of a gene f low
under parapatric conditions (the so-called diver-
gence-with-gene-flow model) (Ayala and Coluzzi,
2005; Pinho and Hey, 2010). The mathematical model
developed by Bazykin (1969, 1972) makes it possible to
estimate the evolutionary consequences for equal and
unequal fitness of heterozygotes, as well as at a
reduced gene f low in separate parts of the range.
According to this model, disruptive selection at any,
even relatively small change in the fertility of heterozy-
gotes may lead to the emergence of new species. In
fact, it makes it possible to substantiate the possibility
of speciation in the case of occurrence of changes in
chromosomes and fertile hybrids between the original
and new forms. A similar scenario in the case of occur-
rence of chromosomal rearrangements was proposed
in the model with the assessment of the effective size
of demes (Lande, 1979).

A large number of other models of chromosomal
speciation has been developed, the most interesting of
which, in our opinion, are two: the emblematic model
by Capanna (1982) and the model of chain processes
by White (1978a). Both models are fully based on Mus
musculus domesticus data. The emblematic model
clearly defines the role of monobrachial homology in
the formation of reproductive isolation. It should be
noted that the idea of the unequal effect of different
Robertsonian translocations on fertility was expressed
in one of the first studies on chromosomal variation in
Mus by Gropp et al. (1972). Interestingly, speciation in
Mus is the result of commensal relationships with
humans, determining the existence of a population
divided into microdemes, which promotes the fixation
of centric fusions through inbreeding and genetic drift
in microdemes.

White (1978a), speaking about the chain processes
of speciation, considers the establishment of repro-
ductive isolation through successful fixation of

numerous chromosomal rearrangements and does not
reduce them only to the centric fusions. According to
White, the chain process is a modification of the stasi-
patric model and sympatric speciation. Differences in
meiotic disturbances in hybrids of different types,
including those determined by the monobrachial
homology of metacentrics, were not considered in this
model.

According to the hypothesis proposed by Stegnii
(1993), systemic mutations encompass a group of
mutations that determine the spatial organization of
chromosomes, namely, the chromosome–membrane
relations. The evolutionary consequences of systemic
mutations are determined by the fact that such muta-
tions occur in the generative tissues, which removes
the issue of fixing a single mutation. A very interesting
and modern idea is that ontogeny may be accompa-
nied by repeated reorganization of the architectonics
of interphase nuclei of stem cells, which ensures mor-
phological and functional differences of cellular sys-
tems and tissues at the regulatory level. Thus, Gold-
schmidt (1940) considered systemic mutations as
structural, whereas Stegnii, who assessed the structure
not only as a linear (DNA sequence) but also as a reg-
ulatory (spatial organization) formation, believes that
it is an irreversible rearrangement of the regulatory
system that leads to a speciation event. The issue of the
mechanism of saltational changes (in this case, the
mechanism of system mutations) is important for both
approaches. The possibility to distinguish the discrim-
inating trait (in this case, the chromosome set struc-
ture) is important for taxonomists; for the closed-
genome concept it is important to understand the
mechanisms leading to the separation of genomes (this
is also the chromosome set structure, the nucleus
structure, and the genome structure).

NUCLEAR STRUCTURE CHARACTERISTICS 
AS THE BASIS OF SPATIAL

AND FUNCTIONAL INTERACTIONS
OF CHROMOSOMES

The attempt to determine the role of chromosomal
rearrangements in speciation makes it necessary to
study the structure and function of the nucleus. Mod-
ern studies of the nuclear structure, which allowed
identification of chromosomal territories, whose exis-
tence had been predicted by Rabl and Boveri (Rabl,
1885; Boveri, 1909), were made possible due to the
development of innovative techniques such as DNA
sequencing, ultra-high resolution microscopy, and
analysis of living cells. These studies have established
the relationship between the size, position, and func-
tion of chromosomes (Cremer et al., 2001, 2015;
Parada and Misteli, 2002; Laat and Grosveld, 2003;
Gavrilov and Razin, 2015). It was shown that, in the
interphase nucleus, chromosomes occupy a certain
area, the relative position of which is important for the
regulation of gene expression. In the mammalian
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nucleus, chromosomes or their regions rich in genes
are located more centrally, whereas the poorer chro-
mosomes and regions are located in the periphery
(Mahy et al., 2002). Exon and intron gene regions are
also distributed radially; exons are located at a dis-
tance from the periphery of the nucleus (Boyle, 2011).
The orderliness of chromosome territories allows the
formation of transcription “factories,” which often
include DNA molecules of different chromosomes. As
a result, the reorganization of chromosome territories
(e.g., changes in the location of chromosomes upon
their fusion or segregation) can cause changes in tran-
scriptional activity (Wendt and Grosveld, 2014), and
influence the recombination, which, in turn, leads to
phenotype modification (including not only the mor-
phological but also other, such as ecological or etho-
logical, characteristics). Data on the relationship
between translocations and interchromosomal associ-
ations, which are required for transcription, were
obtained (Branco and Pombo, 2006).

Mammalian chromosomes are divided into differ-
ent regions with transcriptional and structural differ-
ences: C-, R-, and T-bands (Craig and Bickmore,
1993). R-bands (G-band negative regions) are rich in
GC, replicate early in the S phase, have a high concen-
tration of CpG islands and genes, and exhibit a high
recombination and transcriptional activity (Holm-
quist, 1992). Conversely, G-bands (R-negative) are
rich in AT, replicate late in S phase, and contain more
DNA repeats and a lower concentration of genes
(these are primarily tissue-specific genes). The nucle-
olus undoubtedly plays a major organizing role. The
chromosomes carrying the nucleolus organizer regions
are associated with the nucleolus, thus being suffi-
ciently rigidly fixed in space (Qumsiyeh, 1999).

The spatial organization and functioning of chromo-
somes are certainly interrelated. The R- and G-band
patterns along the metaphase chromosomes, when it is
decondensed in the interphase, are clearly associated
with replication and transcription (Jackson, 1995).
Transcribed genes are found in the early replicating
parts of the genome, chromatin regions that are gener-
ally more decondensed in the interphase. Since each
chromosome occupies a specific domain, G-chroma-
tin of the chromosome is more condensed and is
located in the periphery of the nucleus and in the peri-
nuclear area, whereas R-chromatin regions are
arranged more diffusely and are located in the inner
part and in the periphery of chromosomal domains
(Qumsiyeh, 1999).

Modern studies of the nuclear structure showed
that the distribution of chromosomes in the nucleus
along a radial ray depends not only on size but also on
the density of genes. For example, human chromo-
some 19, which has a high density of genes, is often
located in the inner part of the lymphocyte nucleus,
whereas chromosome 18, which is similar in size, as
well as the Y chromosome, which is also characterized

by a low density of genes, are usually found in the
nuclear periphery (Croft et al., 1999; Cremer et al.,
2001). It was shown that the same position of these
chromosomes is characteristic of the Old World mon-
keys, although the evolutionary paths of different
groups of primates diverged 30 million years ago
(Tanabe et al., 2002). The fact of retaining a certain
position of chromosomes in the nucleus for such a
long evolutionary history demonstrates the important
role of the position of chromosomes in the nucleus for
genome functioning. In human fibroblasts, chromo-
somes are distributed only with respect to size; in these
cells, both chromosome 18 and the Y chromosome are
located in the central part of the nucleus rather than in
its periphery. In general, the nonrandom distribution
of chromosomes along the radial ray (the larger chro-
mosomes are located more peripherally, whereas the
smaller chromosomes are located closer to the central
part of the nucleus) is the most general consistent pat-
tern (Sun et al., 2000; Kozubek et al., 2002). The
hypothesis of mutual positioning of chromosomes rel-
ative to each other was also put forward; in fact, this
means the extrapolation of data on the ordering of
chromosome arrangement in mitosis (mitotic
rosettes) to the interphase nucleus. The sizes of chro-
mosome territory only in the first approximation are
determined by the content of DNA; they are also
influenced by other factors, such as the transcriptional
status (Croft et al., 1999; Mahy et al., 2002).

The nucleus architecture itself can determine a
predisposition to certain rearrangements: mutual spa-
tial arrangement of chromosomes may enable or, con-
versely, hamper translocations. In mammalian evolu-
tion, rearrangements of a certain type arose and were
fixed in certain phylogenetic lineages (Baker et al.,
1987; Qumsiyeh, 1994). This phenomenon of karyo-
typic orthoselection can be explained by the nuclear
positional effects. Other well-known examples include
the emergence of a set of specific chromosomal rear-
rangements in carcinogenesis, which accompany the
presumable initial genetic change in cancer. Changes
in the position of a DNA segment, when, as a result of
rearrangement, it gets from one chromatin environ-
ment to another, can change its ability to interact with
early replication and transcription factors in the
restructuring positioning segment changes in the
nucleus and chromatin architecture in general.

For unknown reasons, rearrangements in the
genome that have an evolutionary significance occur
unevenly both in time (i.e., in phylogenetic lineages)
and in the genomic space (i.e., in certain regions of the
genome) (Farre et al., 2015). These regions, known as
the “evolutionary breakpoint regions,” do not have a
specific nucleotide composition. The breakpoint
regions are largely confined to those genomic regions
where the long noncoding DNA segments (the so-
called spacers) are located. They can usually be iden-
tified in the analysis of spatial interaction of the so-
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called open (i.e., uncondensed) chromatin in the
nucleus (Berthelot et al., 2015).

THE CENTROMERE: THE MOST 
MYSTERIOUS PART OF THE CHROMOSOME

The centromere is the chromosome domain in the
primary constriction region. In this region, sister
chromatids are interconnected. Spindle fibers, which
ensure the movement of chromosomes to the division
poles, are attached to the constriction region. This
definition applies to the monocentric chromosomes,
whereas the holocentric chromosomes lack such a
region (the so-called diffuse centromere is observed).
Some objects with monocentric chromosomes were
also shown to contain multiple centromeric domains
(Neumann et al., 2012). Despite the fact that the shape
of chromosomes is an inherited trait, recent studies
showed that there is no universal DNA sequence that
ensures centromere formation. Paradoxically, it was
found that the centromere is formed by both genetic
and epigenetic mechanisms, cooperation between
which has not yet been described (Plohl et al., 2014;
Catania and Allshire, 2014). In different phyletic lin-
eages, significant differences in the organization of the
centromeric chromatin are observed (Steiner and
Henikoff, 2015). This is particularly interesting
because the centromere function is vitally important
for the organism, the growth and functioning of which
is impossible without the chromosome disjunction,
and the failure of this process can lead to various dis-
eases, primarily cancers (Thompson et al., 2010). The
most important proteins that ensure the function of
the centromere are histones of the CENH3 group
(CENP-A in mammals, CID in Drosophila melano-
gaster, and Cse4 in yeast Saccharomyces cerevisiae).
The development of immunocytochemical analysis
techniques has made it possible to identify the proteins
that form various structures in the course of meiosis
(such as the synaptonemal complex proteins), to ana-
lyze the process of recombination, etc. Originally, the
terms centromere (Darlington, 1936) and kinetochore
(Schrader, 1939) were synonymous, because they des-
ignated the chromosome region to which the spindle
fibers attach during cell division in mitosis and meio-
sis; however, currently these terms define different
structures. The kinetochore is a complex protein
structure that is formed in the centromeric region and
ensures the attachment of spindle fibers. Studies per-
formed in the 1960s at the electron-microscopy level
showed that this is a three-layer structure (Brinkley
and Stubblefield, 1966; Jokelainen, 1967). According
to recent data, the kinetochore is formed by approxi-
mately 100 proteins (Hori and Fukagawa, 2012). There
is no doubt that such a high level of complexity of this
structure is determined by its important function
(Sacristan and Kops, 2015).

No less important are the changes in the position of
centromeres and the emergence of new centromeres

(the so-called evolutionarily new centromeres, or neo-
centromeres), which were first described in humans
(Voullaire et al., 1993). Usually, a large number of
repeats formed by sequences of two types—satellite
DNA and transposons—accumulate in DNA in the
chromosome region, where the centromere is located.
A characteristic feature of neocentromeres is the
absence of repeats. For example, in horses, the chro-
mosome region carrying neocentromeres does not
contain satellite DNA (Wade et al., 2009). Apparently,
the evolution of primates (primarily the higher pri-
mates, including humans) was strongly associated
with the formation of neocentromeres (Montefalcone
et al., 1999; Stanyon et al., 2008, 2010). The formation
of neocentromeres was shown for different groups of
mammals (Rocchi et al., 2012) and often leads to the
divergence and formation of new species, as in the case
of sibling species of mole voles (Bakloushinskaya
et al., 2012). For humans, the emergence of neocen-
tromeres was shown to be correlated with certain dis-
eases, including cancer (Marshall et al., 2008; Pfau
and Amon, 2012).

HETEROCHROMATIN VARIATION

Usually, in analyzing the role of chromosomal
rearrangements in evolution, the changes in the
euchromatin part of the genome are estimated. How-
ever, currently, the role of heterochromatin in specia-
tion is being reconsidered. Heterochromatin was
described more than 70 years ago as genetically inert
chromatin or as a ballast or junk component of the
genome that is a late-replicated part of chromatin,
depleted in genes but rich in transposable elements
(Prokof’eva-Bel’govskaya, 1986). However, recent
data show that the role of heterochromatin is quite sig-
nificant and that it is probably involved in ensuring the
integrity of the genome (Vermaak and Malik, 2009).
Moreover, experiments on Drosophila demonstrated
that heterochromatin is involved in speciation (Ferree
and Barbash, 2009). The chromosomal races of the
pygmy  wood mouse are a difficult but interesting
model to study both the initial stages of speciation and
the role of heterochromatin in this process. The role of
changes in the composition and quantity in speciation
has been investigated insufficiently. There is evidence
pointing to the possible involvement of heterochroma-
tin in speciation, for example, in the pygmy wood
mouse (Sylvaemus uralensis). Chromosomal races of
this species differ from each other in the number of
major pericentromeric heterochromatic segments in
the karyotype and the nuclear genome size (Bog-
danov, 2001; Bogdanov and Rozanov, 2005). The
strong correlation between these two traits indicates
that heterochromatin variations in S. uralensis are
accompanied by elimination (or, conversely, accumu-
lation) by repeating DNA sequences. This assumption
was confirmed by f luorescence in situ hybridization
(FISH) of DNA fragments derived from the pericen-
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tromeric C-band of one of the chromosomes of an
individual belonging to the East European chromo-
somal form, with the chromosomes of the pygmy
wood mice of all chromosomal forms and races. It was
shown that variations in the size of pericentromeric
heterochromatic segments, in general, are associated
with variation in the number of repeating DNA
sequences; i.e., they are quantitative in nature
(Karamysheva et al., 2010). A comparative analysis of
species of the genus Sylvaemus by f luorescence in situ
hybridization with the metaphase chromosomes of
DNA samples derived from the pericentromeric C-seg-
ments showed that the homology of DNA sequences
forming the pericentromeric regions of chromosomes
and C-segments decreases with a decrease in the related-
ness of species (Rubtsov et al., 2011).

POLYPLOIDY IN ANIMALS
Genomic mutations typically include those rear-

rangements that radically alter the genome (i.e., pri-
marily polyploidization). It is obvious that the evolu-
tionary role of genome duplications is sufficiently
high, because they make it possible to increase the
complexity of differentiation of an organism and
increase the complexity of its structure by recruiting
new genes (Holland and García-Fernandez, 1996).
During the evolution of vertebrates, genome duplica-
tion occurred twice (three times only in fish (Tele-
ostei)) (Van de Peer et al., 2009). The ancient group
Acipenseridae passed through the stage of tetraploid-
ization; traces of this process were detected using
modern molecular cytogenetic techniques (Roma-
nenko et al., 2015).

In recent years, interest in the problem of poly-
ploidy in mammals has revived. Earlier, in the 1970s,
Vorontsov and Lyapunova put forward a hypothesis
about the ploidy of a series of chromosome numbers in
mole voles—17 (18)–36–54 (E. lutescens, E. fuscocap-
illus, and E. talpinus) (Vorontsov et al., 1969). How-
ever, they also showed that the karyotype structure
analysis did not confirm this hypothesis: the karyo-
types of species with low chromosome numbers were
metacentric, whereas the karyotype of the 54-chro-
mosome species was acrocentric. Another hypothesis
proposed the alloploid origin of the golden hamster
Mesocricetus auratus (2n = 44) from Cricetus cricetus
(2n = 22) and C. griseus (2n = 22) (Darlington, 1953).
Later, this assumption was not confirmed in the study
of the DNA content in these species (Sherudilo and
Semeshin, 1969). The heteromorphy of sex chromo-
somes was the main argument against speciation by
polyploidy (more precisely, hybridization with an
alloploid formation). Indeed, polyploidization in ver-
tebrates is associated with parthenogenetic reproduc-
tion, with the loss of heteromorphic sex chromo-
somes, or with the development of a sex determination
system depending on the environmental conditions
(Orr, 1990; Mable, 2004).

Furthermore, genome duplication may disturb the
dose compensation mechanisms (Otto and Whitton,
2000). The description of the highest diploid number
in mammals Tympanoctomys barrerae (2n = 102)
caused a revival of interest in this issue (Gallardo et al.,
1999). The study of the genome of this species, which
was performed by Gallardo, showed that the genome
of Tympanoctomys barrerae is twice as large as in the
closely related species of the genera Octomys and Octo-
dontomys (Gallardo et al., 2003). Moreover, the spe-
cies Pipanacoctomys aureus (2n = 92), which was
described relatively recently (Mares et al., 2000), is
apparently also an allotetraploid (Gallardo et al.,
2004). The analysis of meiosis, which was performed
by the same authors, showed that 51 bivalents are
observed in T. barrerae. They also showed that, in
males, XY sex chromosomes conjugate in the end-to-
end manner, whereas the extra X chromosomes conju-
gate apparently completely and, therefore, are indis-
tinguishable from the autosomal bivalents. These data,
as well as the results of genomic in situ hybridization
(GISH), testify to allopolyploidy (Suárez-Villota et
al., 2012).

Polyploid genomes inevitably face complex prob-
lems such as the change in the level of gene expression,
which is primarily reflected on the processes of devel-
opment, sex determination, and adaptability of the
unbalanced genome (Wertheim et al., 2013). It is not
surprising that cases of polyploidy in higher verte-
brates are extremely rare.

THE ROLE OF OTHER GENETIC
ELEMENTS IN THE EMERGENCE

OF CHROMOSOMAL REARRANGEMENTS
Barbara McClintock (McClintock, 1984) noted

that various kinds of stress, such as inbreeding or envi-
ronmental changes, can increase the frequency of
mutations, due to the activity of transposable ele-
ments. The only case when a positive correlation
between the activity of transposable elements Ulysses
and Penelope, hybrid dysgenesis, and significant chro-
mosomal differences between species was described
for the Drosophila group virilis (Evgen’ev et al., 2000).
Thus, the role of RNA interference in the regulation of
hybrid dysgenesis syndrome, induced by transposable
elements, and the possibility of chromosomal specia-
tion was shown. However, it is likely that transposable
elements are literally the “driving force” of evolution
(Böhne et al., 2008; Chalopin et al., 2015).

Evidence that the noncoding RNAs can be a factor
and, at the same time, the information component
that causes chromosomal rearrangements (Brown
et al., 2012) is steadily accumulating. Studies of the
role of small RNAs are particularly important for ana-
lyzing the causes of oncological diseases, which are
accompanied by massive chromosomal rearrange-
ments; however, evolutionary consequences are also
possible.
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POSSIBLE MECHANISMS OF INHERITANCE 
OF CHROMOSOMAL REARRANGEMENTS

Why are altered chromosomes inherited? First of
all, this is possibly due to the peculiarities of meiosis.
The emergence of meiosis is an aromorphosis that
made possible sexual reproduction: the stably occur-
ring reduction in the number of chromosomes allowed
formation of haploid gametes and restored the diploid
number after their fusion. Meiosis and sexual repro-
duction ensure the continuity of generations and allow
maintaining the genetic unity of a species (Bogdanov,
2008). The importance of meiosis, which makes it
possible to increase the genetic diversity through
recombination, can hardly be overestimated. At the
same time, mechanisms that eliminate the “defective”
chromosomes (e.g., pachytene arrest (the death of
cells at the pachytene stage due to blockage of the for-
mation of the sex vesicle)) and ensure the genome sta-
bility of a species have formed (Homolka et al., 2007).
However, there are also mechanisms (such as meiotic
drive) that ensure the preferential inheritance of indi-
vidual chromosomes (de Villena and Sapienza, 2001;
Wu et al., 2005).

THE ROLE OF MEIOTIC DRIVE IN FIXATION 
OF CHROMOSOMAL REARRANGEMENTS

Meiotic drive is defined as disturbance in the dis-
tribution of chromosomal rearrangements in meiosis,
namely, their preferential transmission (over 50%) in
one direction and subsequent elimination of one of the
variants of gametes, i.e., linked inheritance rather than
the transmission of single genetic elements (Chevin
and Hospital, 2006), which, in turn, leads to the diver-
gence of populations (Orr and Irving, 2005). Even a
very low level of meiotic drive can increase the proba-
bility of fixation of even those rearrangements that
lead to a decrease in viability and fertility (Walsh,
1982). The meiotic drive concept was introduced by
Sandler and Novitski (1957). Meiotic drive is usually
explained by the asymmetry of meiosis in mammalian
females, because polar bodies are formed during the
oocyte development and after fertilization and escape
from the dictyotene (i.e., after the resumption of mei-
osis). If rearranged chromosomes get primarily into
the oocyte nucleus rather than into the polar bodies, a
rapid fixation of the rearrangement will be observed.
Undoubtedly, meiotic drive may occur during sper-
matogenesis due to the spatial segregation of parental
genomes (Mayer et al., 2000). It should be noted that,
in any case, cells with such unbalanced or composi-
tionally new chromosome sets will undergo rigorous
selection during meiosis.

Gamete competition can be considered a form of
meiotic drive (Lyttle, 1981, 1982). In this case, we are
speaking of the differentiation of chromosome sets,
because rearrangements almost always cause certain
disturbances in meiosis; if these disturbances are over-

come in at least some of the cells, among a large num-
ber of offspring we will find individuals with the rear-
ranged chromosome sets. Most likely, such a mecha-
nism may take place during the fixation of sex
chromosomes with rearrangements as well as B chro-
mosomes, whose role in the evolution of the genome
remains obscure (Makunin et al., 2014).

INBREEDING
As King wrote, “empirically, it would seem

unlikely that a chromosomal variant which was nega-
tively heterotic would have much chance of fixation in
a population because of the reduced fertility in carries.
Nevertheless, such rearrangements do reach fixation
and it is simply a matter of expanding our concept of
population genetics to account for these phenomena”
(King, 1993, p. 117). Thus, we will obtain the basis of
the chromosomal speciation concept.

The role of inbreeding in the evolutionary process
has long been estimated as important by leading
researchers. In formulating the concept of the interac-
tion of selection and genetic drift, Wright (1931) con-
sidered small populations, i.e., introducing the factor of
inbreeding. The hypothesis proposed by Carson (1982)
on coadapted heterozygous systems also includes
inbreeding as a mechanism that, along with genetic
drift and selection, is required for fixation of new
genetic systems. Grant (1985) and a number of other
researchers also believe that the fixation of a new gene
combination can be achieved in some small colonies
due to selection and genetic drift more rapidly that due
to selection alone in large populations.

Inbreeding can be caused by various factors, such
as insufficient population size or limitations resulting
from uneven dispersal in a large population (Bateman,
1950). Autogamy is also a mating type that can be
regarded as inbreeding.

According to some researchers, chromosomal evo-
lution is realized in small inbred demes (Wilson et al.,
1975; Bush et al., 1977; Larson et al., 1984). These
authors believe that a new chromosomal rearrange-
ment can be fixed only under certain very stringent
conditions. It is more likely that this may happen in a
small population, in which the level of inbreeding is
sufficiently high, rather than in a large panmictic pop-
ulation. A rearrangement can be fixed if ten or fewer
individuals remain reproductively isolated for some
time (for at least two generations). It should also be
noted that a rearrangement may not reduce the viabil-
ity of heterozygotes and may give some advantage to
homozygotes, which will contribute to its distribution
(Wilson et al., 1975).

ARE THERE SPECIAL “SPECIATION GENES”?
The discovery of the role of the PRDM9 gene

(Mihola et al., 2009) has slightly opened the “black
box,” in which the speciation genes are stored (Orr
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et al., 2004). Why is this gene considered nearly the
only “speciation gene” known? The fact is that it is
actively involved in recombination, one of the most
important genetic processes. In eukaryotes (at least in
the species studied in this direction), recombination
sites are not evenly distributed along the chromosome;
instead, they are clustered in certain regions, the so-
called recombination hotspots (Parvanov et al., 2010).
The PRDM9 protein puts an “epigenetic mark”
(H3K4me3—trimethylation of lysine 4 in histone H3)
at certain sites of the chromosome where a DNA break
for subsequent crossing-over should occur. In the case
of mutation, the protein and label will be absent, and
breaks in other sites, as was shown in mutant mice,
lead to disturbances in meiosis (Brick et al., 2012) and
sterility. It can be seen that the only speciation gene
known to date fulfills its function in meiosis, which
once again emphasizes the role of chromosomes in
speciation.

As was rightly noted by Shapiro (2002), it is clear
that the time has come to reconsider the negative atti-
tude of the evolutionary theory to genomic rearrange-
ments. Rapid genome transformations may be the
only chance for a species to overcome a crisis situation
(e.g., a sharp change in environmental conditions).
From this standpoint, those species whose evolution is
based solely on independent random changes are very
vulnerable. Such a radical change of the basic provi-
sions, in our opinion, fits the system of a biological
species, the evolution of which cannot and should not
be limited to one way of speciation due to the priority
of one isolation mechanism. As for any model, these
limitations are artificial. Recently, ideas about the
structure and function of genetic material have
changed radically. In particular, within the modern
genetics concept, the gene cannot be regarded as a lin-
ear unbreakable functional unit. Conversely, “func-
tional domains can be assembled from spatially sepa-
rated chromatin regions, which form loops and associ-
ate to form spatially complex binding sites for proteins
that either activate or repress transcription” (Gol-
ubovsky, 2000, p. 110). Modern data on the structure
of the cell nucleus confirm the existence of complex
dynamic relationships between the chromosomal
structure (including rearrangements) and function
(including the regulation of gene expression). The
hypothesis about the initiating role of chromosomal
rearrangements in speciation agrees well with the con-
cept of the existence of genetic systems, changes in the
regulatory part of which may lead to radical changes in
the operation of the system and, as a consequence, to
a change in the phenotype (including not only mor-
phological but also ecological and ethological charac-
teristics).

We believe that, at the current level of knowledge,
it can be postulated that the chromosomal rearrange-
ments, including the Robertsonian translocations, can
lead to the formation of a balanced karyotype, having
changed the nucleus architecture, and transform the

genetic system of a species. From this standpoint, the
chromosomal speciation, as a variant of the genetic
speciation, is a real phenomenon.

It is gradually becoming clear that the study of spe-
ciation cannot be limited only to the analysis of char-
acteristics of reproductively active individuals. The
“conflictual speciation” concept has been formulated
recently, the key point of which is the formation of
reproductive isolation as a by-product of selection, the
main subjects of which are the genome and the sys-
tems that form it, i.e., DNA and chromosomes (Sha-
piro, 2005; Maheshwari and Barbash, 2011; Crespi
and Nosil, 2013; Presgraves, 2013). Chromosome
rearrangements change the structure and spatial posi-
tion of linkage groups, which affects the transcrip-
tional activity of genes and recombination. Various
evolutionary consequences, such as the presence or
absence of a genetic f low between chromosomal
forms, have a logical explanation within the frame-
work of this concept. Such a pathway seems equally
possible along with “speciation genes,” especially tak-
ing into account the fact that, to date, this status was
shown only for the Prdm9 gene—the only hybrid steril-
ity gene identified in mammals (Baudat et al., 2010;
Brick et al., 2012). Single “speciation genes” are only
an initiating component; then (particularly, due to the
hitchhiking effect), the mutations associated with
them reduces the genetic f low, which leads to diver-
gence. Genetic drift and meiotic drive are usually
regarded as stochastic processes, in contrast to natural
selection. At the same time, these processes cannot be
called random: they follow the patterns associated,
first of all, with the structure of the genome organiza-
tion. The study of these processes may provide a clue
to understanding the mechanisms of occurrence of
uneven changes in the genome and the inconsistency
of phenotypic and genetic variability. The creative role
of hybridization in speciation was shown in a number
of recent studies (Lavrenchenko and Bulatova, 2015;
Lukhtanov et al., 2015; Schumer et al., 2015; Arias
et al., 2016). This does not contradict the modern
concept of a species, in which a species is regarded as
a system that allows the passage of a genetic informa-
tion flow rather than as a completely closed genetic
system (Mayr, 1996).

This review has only allowed giving some ideas
about the diversity and interdependence of the genetic
basis of speciation. Undoubtedly, the term “chromo-
somal speciation” should not be interpreted literally
(Faria and Navarro, 2010) but, rather, should be
regarded as a convenient designation for the complex
evolutionary processes that are initiated by chromo-
somes and involve the latter.
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