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Preface

The classical definition of cytogenetics presented in Merriam-Webster, as employed since
1930, is “a branch of biology that deals with the study of heredity and variation by the meth-
ods of both cytology and genetics.” The medical definition of cytogenetics includes the
study of chromosomes, which are the visible carriers of heredity material. Taken together,
these definitions convert cytogenetics into a fusion science joining cytology, the study of the
cells, with genetics, the study of inherited variation.

Cytogenetics - Past, Present, and Further Perspectives discusses events that influenced the de-
velopment of cytogenetics as a specialty within biology, with special attention paid to meth-
odological achievements developed worldwide that have driven the field forward.
Improvements to the resolution of chromosome analysis followed closely the introduction of
innovative analytical technologies. In that sense, this book reviews and provides a brief ac-
count of the structure of chromosomes and stresses the high structural conservation in dif-
ferent species with an emphasis on aspects that require further research. However, it should
be kept in mind that the future of cytogenetics will likely depend on improved knowledge
of chromosome structure and function.

This book is organized into eight chapters and begins with an overview of cytogenetic meth-
ods employed to analyze homoeological chromosomes in cereals. There is special emphasis
on the study of polyploid wheats and their progenitors, and on tandem repeats and retro-
transposons as biomarkers to evaluate chromosome reorganization throughout the history
of evolution and breeding. Chapter 2 provides a detailed karyotyping investigation of six-
teen oak species belonging to three sections within the genera Quercus L. and includes a
comparison between Turkish and European oaks. Chapter 3 describes several karyotypes
and cytochrome b (cytb) gene sequences of seven species of Epinephelus grouper fish in order
to facilitate future genetic breeding investigations. These include Epinephelus coioides, E. fla-
vocaeruleus, E. fuscoguttatus, E. lanceolatus, E. polyphekadion, E. tukula, and Plectropomus leopar-
dus. Chapter 4 focuses on the advantages and disadvantages of applying both
morphological and phylogenetic tools in cytogenetic studies by investigating the structural-
functional organization of macro- and microkaryotypes. This information helps one to better
understand the genetic structures, evolution, and systematics of the richest and most diverse
Neotropical fish groups. Chapter 5 presents a complete study of chromosomal characteris-
tics in different common bat genera found in the Russian Far East and neighboring regions
that improves the accuracy of the chromosome characteristics for 17 out of 18 valid species
found in this region so far. Chapter 6 comprehensively analyses available global data on the
epidemiology of Robertsonian translocations, the most common structural chromosomal re-
arrangements in humans. The information presented will allow future studies to resolve
multiple unanswered questions, for example, the nature of female preponderance among
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carriers with Robertsonian translocations in newborns, the production of interchromosomal
effects, and mosaicism. Chapter 7 reviews the evolutionary aspects of human chromosome
13 with classic cytogenetic methods, such as comparative banding, in combination with mo-
lecular cytogenetics techniques, such as chromosome painting and other in situ hybridiza-
tion techniques. Overall, this chapter reconstructs the history of human chromosome 13
using a comparative approach across eutherian mammals. Finally, Chapter 8 describes the
chromosomal microarray methodology that is employed for detecting and quantifying sub-
microscopic genomic gains and losses during DNA sample screening. The authors highlight
that this methodology has valid applications in both diagnostic and functional scenarios, as
well as potential applications in human genetic diagnosis, mutagenesis, agrigenomics, and
pharmacogenomics, among other areas.

The editors of Cytogenetics - Past, Present, and Further Perspectives are enormously grateful to
all colleagues and coworkers who have helped during the writing of this book for sharing
their knowledge and insights. They have put extensive effort into gathering the information
included in each chapter. We gratefully acknowledge the contributions made by the many
specialists in this field of research.

We hope that the information presented in this book will meet the expectations and needs of
all those interested in different aspects of cytogenetics, including scientists, physicians, phar-
macologists, and students, among others. We especially hope that this book will guide those
in the field to make new discoveries and employ different and previous investigations in
their future research to understand both basic and applied aspects of cytogenetics.

Marcelo L. Larramendy, PhD and Sonia Soloneski, PhD
School of Natural Sciences and Museum

National University of La Plata

La Plata, Argentina



Chapter 1

Cytogenetics in the Study of Chromosomal
Rearrangement during Wheat Evolution and Breeding

Elena A. Salina and Irina G. Adonina

Additional information is available at the end of the chapter
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Abstract

Cytogenetic methods such as chromosome banding and in situ hybridization remain
relevant in the post-genomic era, especially for allopolyploid species where genome
duplication in some cases makes it difficult to assess the reorganization of chromosomes
during evolution. In this review, we give a brief description of cytogenetic methods
for the analysis of homoeological chromosomes in cereals. Emphasis is placed on the
development of methods for the study of polyploid wheat and its progenitors and on
tandem repeats and retrotransposons as markers to evaluate chromosome reorganiza-
tion throughout evolution and breeding. The most effective cytological probes used for
the identification of chromosomes in wheat and Triticeae species by fluorescence and
genomic in situ hybridization are described. Particular attention is paid to ribosomal
genes used as markers in phylogenetic studies and for chromosome identification. Utility
of these cytogenetic methods in the evaluation of breeding lines is demonstrated. A strat-
egy for cytological analysis of wheat hybrids according to the degree of relationships
between the species involved in crosses is also discussed.

Keywords: wheat, homoeological chromosomes, FISH, GISH, tandem repeats,
retrotransposons, ribosomal genes

1. Introduction

The genus Triticum occupies a special position among cereals due to their different levels of
ploidy and their adaptation to widely differing ecological and geographical regions of the
world. The wealth of studies available on the origin of polyploid wheat provides the opportu-
nity to comparatively analyze their genomes and those of putative donors, gaining insight into
the reorganization of chromosomes in the process of evolution, domestication, and breeding.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Interest in chromosome organization and evolution in common wheat diploid progenitors
and wild wheat is primarily because these species are a valuable source of new genes that
were lost in the process of domestication.

The first allopolyploid of the Emmer wheat group is Triticum dicoccoides Koern. (2n = 28,
genome BBAA), which arose as a result of hybridization of the diploid species T. urartu
Thum. ex Gandil. and Aegilops speltoides Tausch (the most probable donor of the B-genome)
[1]. Hexaploid wheat (T. aestivum L.) appeared about 7-10 thousand years ago as a result of
a second round of hybridization between tetraploid wheat and the wild species Ae. tauschii
Coss. (donor of the D-genome).

Wheat of Timopheevi group (tetraploids—T. araraticum Jakubz., T. timopheevii Zhuk., T. mili-
tinae Zhuk. et Migusch., and hexaploid T. zhukovskyi Menabde et Ericzjan) also came about
through the hybridization of T. urartu and Ae. speltoides, but in another time scale. They have
a genome designated as GGA'A' or GGA'ADD, pointing at their partial homology with the
genomes of wheat species in the Emmer group [2].

Diploid progenitors and species of the Timopheevi group are the source of new genes for the
resistance to biotic and abiotic stresses. They are regularly involved in hybridization with
common wheat, either directly or through synthetic polyploid forms. In this regard, knowl-
edge on the structure and evolution of chromosomes of common wheat, its cultural and wild
relatives is particularly relevant.

Genome sequencing methods actively displace cytogenetic analysis in current research.
However, in working with hybrid material and introgressed lines of common wheat, we
argue that the relevance of cytogenetic methods endures in the post-genomic era.

This review gives a brief description of the cytogenetic methods that remain relevant at this
time and their use in the study of chromosomal rearrangement during wheat evolution and
breeding.

2. Development of cytogenetic methods for studying chromosomes
of polyploid wheat and their progenitors

2.1. Chromosome banding and in situ hybridization

Classical cytogenetic methods such as chromosome banding are currently relevant for wild
species of plants as well as for polyploid species. Genome duplication within polyploids in
some cases makes it difficult to assess the reorganization of chromosomes during evolution
and hybridization.

The development of chromosome banding techniques allowed for the identification of the
chromosomes not only in morphology but also in individual-specific patterns. Descriptions
of the results of chromosome banding are based on the chromosomal region (band) and the
intensity of staining, which differs from the neighboring regions. There are several methods
of chromosome banding, namely, C-, N-, F-, Hy-, G-, Re-, and AgNOR-banding [3]. The most
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common method of staining used in the analysis of cereal genomes is C-differential staining
(C-banding), first demonstrated by Pardu and Gal [4]. This method identifies the regions of
constitutive heterochromatin after denaturation of the chromosomes and subsequent process-
ing by Giemsa reagent. The karyotypes of many cereal crops, including polyploid wheat and
their wild relatives were characterized based on C-banding [3, 5-8]. The use of C-banding
allows the study of chromosomal rearrangement during evolution and breeding. For exam-
ple, Badaeva with co-authors [9] used C-banding to analyze 460 samples of polyploid wheat
and 39 forms of triticale (x Triticosecale Wittmack) from 37 countries. Fifty-eight main types
of chromosomal rearrangements were identified. The results obtained by the authors showed
that chromosomes of the B genome are more often involved in chromosomal rearrangements
than chromosomes of A and D genomes.

Thus, it is clear that studies like these are necessary for a better understanding of the laws of
evolutionary processes in the plant world. C-banding is also currently used to characterize
hybrid material and wheat cultivars, especially when other methods of analysis do not reveal
chromosome polymorphism [10].

In addition to the differential staining, a specific pattern on chromosomes can be obtained by
hybridization in situ. Hybridization in situ is a direct method of localizing DNA sequences
on chromosomes. It is based on the ability of denatured DNA molecules to form duplexes
with homologous DNA sequences of chromosomes on a slide. In situ hybridization was first
performed on animal chromosomes [11] and later applied to plants chromosomes [12]. Over
its 50-year history, this method has undergone significant changes aimed at increasing the
sensitivity in the detection of labeled probes. This is primarily due to the development of
simpler and more efficient DNA tagging systems and better visualization of the hybridiza-
tion signal. Currently, fluorescence in situ hybridization (FISH) is used to study the distribu-
tion of individual DNA sequences on chromosomes. Genomic in situ hybridization (GISH)
is commonly used to identify alien DNA or to study the genomic composition of wheat
amphiploids and hybrids.

2.2. Repetitive DNA as a source of markers for chromosome painting

Most often, various repetitive DNA sequences are used as probes for FISH. This is not surpris-
ing since repeats are the largest and most rapidly evolving part of the genome. According
to the latest sequencing data, repetitive DNA accounts for about 80% of the cereal genome
[13, 14]. Groups of repeats with similar structure, formed by amplification from a common
original sequence, are called families. Families of repeats differ in their structure, the size of
the monomer (from one to several thousand nucleotide pairs), the number of copies, and the
type of proliferation.

Transposable elements are the most common repeat elements and account for more than 90%
of the entire fraction of cereal repetitive DNA. All families of transposable elements are united
into two larger categories—classes, according the mechanism of transposition (retrotranspo-
sons and DNA transposable elements). The current detail classification of transposable ele-
ments was described by Wicker et al. [15]. Mostly, the transposable elements are dispersed
on chromosomes.
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There are families of repeats whose members are organized in tandem and assembled into
one or more loci. Depending on the length of the repeating unit (monomer), tandem repeats
are divided into microsatellites (monomer length 1-6 bp), minisatellites (from 10 to 60 bp),
and satellites (average monomer length from 100 to 700 bp) [16].

In fact, each chromosome has an individual “pattern” of repeats, which can be used effec-
tively for marking and identification of individual chromosomes, and the whole genome.

2.2.1. Tandem repeats as markers to study the reorganization of chromosomes in the process of
evolution

This group of repetitive DNA sequences is well studied in plants, especially cereals, and is
widely used as markers in genomic research and in identifying chromosomes. According to
their distribution on chromosomes, the repetitive sequences can be classified as centromeric,
subtelomeric or intercalary. In combination, they generate a diagnostic “pattern” on the chro-
mosome. Tandem repeats, such as microsatellites and satellites, and genes of ribosomal RNA
are most frequently used for marking the chromosomes of wheat and its relatives.

Microsatellites are repeats with motifs from 1 to 6 bp. In plant genomes, they are also referred
to as simple sequence repeats (SSRs) [17]. Microsatellites are used extensively as PCR markers
for mapping chromosomes of many plant species and for gene labeling in applied research.
Microsatellites are also used as cytogenetic markers. There are a few studies in which the
distribution of various microsatellites on T. aestivum chromosomes has been examined in
detail using FISH [18, 19]. For example, the dinucleotide probes (AT),, and (GC),, recorded
no signal on chromosomes. This confirms the earlier hypothesis that the wheat genome does
not contain extended clusters of these microsatellites [20, 21]. A dispersed distribution on
chromosomes was established for probes (AC), and (GCC),. The large microsatellite blocks
detected by the probes (AGG),, (CAC),, (ACG),, (AAT),, and (CAG), were found mainly in
the pericentromeric regions of the B genome. Strong intercalary signals were detected after
hybridization with the probe (ACT), on a number of chromosomes of A and B genomes.
Molnar and co-authors [22] investigated the distribution of microsatellites (ACG)n and (GAA)
n on the chromosomes of Ae. biuncialis Vis (2n = 4x = 28, UPU'M*M®) and Ae. geniculata Roth.
(2n=4x =28, UsUsM&Ms8) and on the chromosomes of their diploid progenitors: Ae. umbellulata
Zhuk (UU) and Ae. comosa Sm. In Sibth.& Sm. (MM). They concluded that the break points
for intergenomic translocations are often localized in regions saturated with microsatellite
repeats. Thus, a number of studies have demonstrated that probes based on microsatellites
can be useful for the identification of chromosomes and for a better understanding of the prin-
ciples of chromatin organization in cereals. An important methodologically significant result
was obtained by Cuadrado and Jouve [23]. They found that labeled oligonucleotides with a
repeating mono-, di-, tri-, or tetra-nucleotide motif have the unexpected ability to detect the
corresponding SSR loci even on nondenatured chromosomes, which in some cases can greatly
facilitate and accelerate cytological analysis.

The (GAA)n microsatellite is the most widely used marker for the identification of chromo-
somes. The first works on its localization in the genome of cereals were carried out at the end
of the twentieth century [24]. The GAA microsatellite was used as a marker for identification
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and sorting of polyploid wheat chromosomes [25, 26]. Phylogenetic studies using the GAA
microsatellite were previously problematic due to the deficiency of hybridization signals on
the A- and D-genomes and the presence of a number of major hybridization sites on the B-/G-
genomes [19, 26].

In recent years, additional publications using GAA microsatellites for the identification of
chromosomes of the A-genome of diploid wheat species and for phylogenetic analysis have
appeared. Two works published in 2012 included data on the karyotypic analysis of single
samples of T. monococcum L. and T. urartu using the oligonucleotide probe (GAA), or GAA
fragments obtained by PCR from genomic DNA of wheat [27, 28]. We performed a com-
parative analysis of the A-genome chromosomes in a diploid and polyploid wheat species
consisting of two evolutionary lineages, Timopheevi and Emmer, using the pTm30 probe
cloned from the T. monococcum genome and containing (GAA),, microsatellite sequences
(Figure 1) [29].

Up to four pTm30 sites located on 1AS, 5AS, 2AS, and 4AL chromosomes have been revealed
in the wild diploid species, although most accessions contained one to two (GAA)n sites
(Figure 1). The (GAA)n loci on chromosomes 2AS, 4AL, and 5AL found in T. dicoccoides were
retained in T. durum Desf. and T. aestivum. In species of the Timopheevi lineage, only one large
(GAA)n site has been detected in the short arm of the 6A' chromosome [29].

Figure 1. FISH with probes (GAA)n (green) and pTa71 (red) on the chromosomes of diploid Triticum species: (a) T.
monococcum (acc. K-18140), (b) T. boeoticum Boiss (acc. K-25811), (c) T. boeoticum (acc. PI427328), and (d) T. urartu (acc.
1G45298).
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It was shown that changes in the distribution of (GAA)n sequences on the A-genome chro-
mosomes of diploid and polyploid wheats are associated with chromosomal rearrangements/
modifications involving mainly the NOR (nucleolus organizer region)-bearing chromosomes,
throughout the evolution of wild and domesticated species.

Satellite DNA repeating units are longer than 100 bp. These sequences are characterized by
a high copy level (10*-10°) and form clusters of repeats, the length of which is rather difficult
to estimate by high-throughput sequencing of genomes due to the “ejection” of the main part
of tandem repeats during this process. Earlier studies of cereal genomes using pulsed field
gel electrophoresis made it possible to estimate the length of the tandem repeat regions in a
cluster as 90-600 kb [30]. Satellite DNA can comprise up to 5% of the genome and is the cause
of significant differences in the content of heterochromatin DNA blocks in closely related
species. Due to the high copy numbers of satellite DNA in the chromosomal locus, they are
well detected in the FISH assay.

We can distinguish the following families of satellite DNA, whose units (in the form of cloned
DNA sequences or PCR fragments) have been successfully used for the analysis of the genome
of wheat and Triticeae species, including the study of the reorganization of genomes during
evolution:

1. A family of repeats pAsl/Afa/pHcKB6/dpTal [31, 32], localized predominantly in the sub-
telomeric and intercalary chromosome regions of Ae. fauschii, D-genome of T. aestivum,
species of the genus Hordeum, Elymus, and several other species.

2. The family of repeats 120 bp/pSc119.2 [33], widely distributed in subtelomeric and inter-
calary regions of chromosomes in many species of the tribe Triticeae (Figure 2) and in the
closely related tribe Avenae [34]. This family of repeats was first isolated from Secale cereale
L. and described as one of the families of telomeric rye heterochromatin [35].

3. The family of repeats 350 bp/pSc200/pSc74 and pSc250, which are the main tandem repeats
of telomeric heterochromatin in rye Secale cereale [36]. During evolution, these sequences
were amplified in the genome of individual species of Secale, as well as in certain species of
the genera Agropyron and Dasypyrum of the Triticeae tribe.

4. pAesKB52/pGC1R-1/Spelt52 are tandem repeats of subtelomeric regions of chromosomes
Ae. speltoides, Ae. longissima Schweinf, & Musch L., and Ae. sharonensis Eig (Figure 2) [37].

5. Speltl is a genome-specific sequence associated with telomeric heterochromatin of Ae. spel-
toides (Figure 2). Sequences of this family have not yet been detected by hybridization meth-
ods in the genomes of other Triticeae species, with the exception of T. monococcum (weak
hybridization signal) and polyploid species formed with the participation of Ae. speltoides [37].

The probes, pSc119.2 and pAs1, are most often used for intraspecific identification of Triticeae
tribe chromosomes by the FISH method. Thus, simultaneous hybridization of two DNA
probes (pSc119.2 and pAsl) makes it possible to identify 17 (out of 21) chromosomes of the
genome of common wheat [34, 38].
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Figure 2. FISH to mitotic metaphase chromosomes. (a and c) Ae. speltoides, (b) Ae. longissima, and (d) hybrid line (T.
aestivum x Ae. speltoides). Probe combinations used were (a) pSc119.2 (green) and Spelt52 (red), (b) pSc119.2 (red) and
Spelt52 (green), and (c and d) pSc119.2 (red) and Speltl (green).

The combination of pSc119.2 and Spelt52 probes is effective for the study of all Aegilops
species of the Sitopsis section (putative donors of the B/G genomes of polyploid wheats)
(Figure 2). The probe combination pSc119.2 and Speltl is effective for only Ae. speltoides chro-
mosome identification (Figure 2) [37]. The S-genomes of Aegilops species within the Sitopsis
section are very similar to the common wheat B-genome. Accordingly, GISH with the DNA of
these species is difficult on hybrid wheat lines. Therefore, we used FISH with the Speltl and
Spelt52 probes to identify the Aegilops genetic material in the investigated lines (Figure 2).
Simultaneous hybridization with probes pSc119.2 and pAsl allows identification of wheat
chromosomes.

The different level of homology within various families of tandem repeats depends on the
rate of homogenization of repeats within the cluster, within each genome and species. The
Speltl-family is highly conserved, according to the sequencing of 10 Speltl sequences isolated
from different accessions of Ae. speltoides, which shows a high level of homology (98%) [37]. It
should be noted that more often a high level of interspecific polymorphism of satellite DNA
families was demonstrated. This suggests that it may be possible to obtain efficient probes for
the identification of chromosomes of the studied species by cloning DNA sequences of the
repetitive families from these species.



8 Cytogenetics - Past, Present and Further Perspectives

Reports of the discovery of new families of highly repetitive DNA sequences are still emerging
despite the existence of a large number of cereal tandem repeats already described. A previ-
ously unknown class of repeating DNA sequences named “Fat” was identified in the genome
of common wheat [39]. Fat repeats are organized in clusters but with a dispersed distribution
throughout the genome. The Fat-element content varies considerably across the genomes of
different cereal species. The highest intensity of hybridization was found in the D-genome of
wheat and Aegilops and in the S genome of Agropyron. This sequence was not found in oats or
domesticated barley Hordeum vulgare L, but was present in minimal amounts in other species
of the genus Hordeum. Based on this, it was concluded that the Fat-element first appeared in
the evolution of cereals after the divergence of oats, during the separation of domestic barley
from related grasses. The most intensive hybridization of Fat-repeats in the form of a large
cluster of signals characterizes the chromosomes of the 4th homoeological group of wheat
and Aegilops. This sequence is found only on the chromosomes of the D-genome of wheat and
Aegilops, enabling it to be used as a FISH marker for identifying chromosomes and studying
chromosome reorganization during evolution.

To discover new probes, 2000 plasmid wheat clones were examined by Komuro et al. [40].
Among them, 47 clones produced strong discrete signals on wheat chromosomes. Especially,
valuable is combining pTa-535, pTa-713, and pTa-86 (pScl19 homolog) sequences, which
allows to completely identify all 21 wheat chromosome pairs.

In addition, it seems promising to use oligonucleotides synthesized for various sites in the
above-mentioned families of repeats identified in high-throughput sequencing, including
sequencing data on individual chromosomes of wheat made for the identification of chro-
mosomes. These probes have been shown to provide an easier, faster and more cost-effective
method for the FISH analysis of wheat and hybrids [41, 42].

2.2.2. Ribosomal genes

An important and well-studied family of tandem repeats is the family of ribosomal RNA
genes (rRNA). A detailed analysis of the monomers and cluster organization was carried out
for these genes. Their localization on chromosomes in various species of cereals and possible
mechanisms of evolutionary variability, including the processes of divergence and homogeni-
zation, were described by Hillis et al. [43]. There are two classes of rRNA-genes in the cereal
genome: genes encoding 5S rRNA and 45S rRNA. 455 and 5S rDNA are located indepen-
dently of each other, even in cases when they are both localized on one arm of a chromosome.

The 455 rDNA of cereals contains a coding region and a nontranscribed spacer sequence.
The gene region includes three DNA sequences encoding 185, 5.85, and 265 rRNA, which are
separated by internally transcribed spacer sequences. Polymorphism exists in the number of
455 rDNA loci in the Triticeae species genomes. The “major” loci of these genes are located on
the short arms of homoeologous chromosome groups 1, 5, and 6. Nucleolus-forming regions
are found on chromosomes 1A, 1B, 6B, and 5D of T. aestivum [44]. In addition, minor loci of
455 rDNA are also present, in which active RNA synthesis is not observed.

The genes encoding the 55 rRNA have the smallest repeating unit length among the ribo-
somal genes (320-500 bp). The repeating unit of 55 rDNA contains a 120 bp conserved coding
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region and a variable nontranscribed spacer sequence. There are from 1000 to 4000 copies
of 55 TRNA genes per haploid genome in cereals. Two subfamilies of 5S rDNA are distin-
guished in the Triticeae genomes, depending on the length of the spacer: 5SDna1 (200-345 bp)
and 55Dna2 (350-380 bp). Hybridization of 55-repeats on chromosomes of various Triticeae
species showed that in most species, they are located in homoeological groups 1 and 5. An
analysis of the chromosome distribution of 55Dnal and 5SDna2 subfamilies showed that the
short units of 55 rDNA have preferential localization on the chromosomes of homoeologous
group 1, while the long units are located on group 5. It was shown that 5S rRNA genes with
a monomer length of 290 bp are located on chromosomes 1B and 1D of common wheat, and
genes with a monomer length of 410 bp are located on chromosomes 5B and 5D [45]. Further
work on the isolation and sequencing of individual monomers led to division of the 55 rRNA
genes into a larger number of subfamilies [46].

Analysis of chromosome 5B sequencing data, as well as individual BAC-clones containing 55
rDNA, showed that long and short types of subunits can be located on one chromosome, but
they form separate clusters interrupted by the insertion of mobile elements [47].

The presence of conservative (coding) and polymorphic (noncoding) sequences in rDNA
promoted their widespread use as molecular markers in phylogenetics. 5S and 455 rDNA are
also widely used as cytogenetic markers for FISH due to their large copy number and localiza-
tion in certain regions of chromosomes. A number of phylogenetic studies using individually
cloned copies of 455 and 55 rDNA have been carried out for wheat and its relatives [48, 49].
An interesting fact is that among Triticum and Aegilops, two species (T. timopheevii and Ae.
speltoides) lost the 55 rDNA locus on the chromosome of homoeologous group 1 (1G and 1S,
correspondently) during evolution [50].

2.2.3. Transposable genetic elements as markers of genomic rearrangements

Another class of repetitive DNA, widely represented in the genome of plants, is transposable
genetic elements (TEs), which are divided into two classes: class I elements (retrotransposons)
and class II elements (DNA transposable elements).

At present, it seems likely that the diverse TEs, which have a mainly dispersed chromosomal
localization, are the major contributors to the observed interspecies differentiation of chro-
mosomes revealed by genomic in situ hybridization (GISH). GISH, a method based on the
hybridization of labeled genomic DNA of one species to metaphase chromosomes of another
species or hybrid, is widely used to assess the degree of genome homology. GISH serves as
a unique approach to studying the formation of genomes of polyploid species and revealing
the nature of their relationship, the analysis of introgression of alien genetic material, and the
localization of break points in intergenomic translocations in remote hybrids [51, 52].

The development of BAC (bacterial artificial chromosome) libraries containing clones with
very large inserts (>100 kb) of genomic DNA has opened up new possibilities for studying
the reorganization of genomes by BAC in situ hybridization (BAC-FISH). The localization of
BAC clones on chromosomes is mainly connected with families of TEs in their composition.
Thus, carrying out BAC-FISH on wheat chromosomes showed a different BAC localization in
the genome depending on which family of TEs or other repeats were present in them [53, 54].
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Figure 3. FISH to mitotic metaphase chromosomes of (a) Ae. speltoides and T. urartu, (b) T. urartu and Ae. tauschii, and
(c) T. aestivum. With the probe combinations: (a) BAC clone 2383A24 (green), (b) BAC clone 112D20 (red), (c) BAC clone
2383A24 (green), and BAC clone 112D20 (red).

It is interesting to note the differential amplification of individual members of retrotranspo-
son families belonging to the subclass Ty3-gypsy-retrotransposons in the genomes of diploid
species, which retains genomic specificity in allopolyploid wheats (Figure 3) [55, 56].

Thus, FISH analysis of a BAC clone (BAC_2383A24) demonstrated its predominant local-
ization to chromosomes of the B-genome of allopolyploid wheats and its putative diploid
progenitor Ae. speltoides (Figure 3).

Analysis of the complete BAC_2383A24 nucleotide sequence revealed that three elements
of the gypsy LTR retrotransposon family Fatima make up 47.2% of all the LTR retrotranspo-
sons in this BAC. Phylogenetic analysis, as well as FISH, showed that these Fatima elements
are predominantly from the B genome of common wheat and its putative progenitor Ae.
speltoides (Figure 3). Similar approaches, including hybridization with BAC clone 112D20,
demonstrated that the Lila family of Ty3-gypsy-retrotransposons is predominantly from the
D-genome and its progenitor Ae. tauschii. Multiple FISH with both clones allows the identifi-
cation of all three subgenomes of hexaploid wheat (Figure 3).

Dating of the LTR retrotransposon insertion showed that TE proliferation mainly occurred in
this diploid species before it entered into allopolyploidy [55, 57].

3. Chromosomal rearrangement during wheat breeding

Genetic erosion, caused by modern agricultural breeding practices, has led to the observed
decrease in genetic variation in crops, including common wheat T. aestivum. Wheat rela-
tives—wild and cultivated cereals—are used as sources of effective genes for resistance to
biotic and abiotic stresses and to increase genetic diversity.
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Introgression of genes from related species to wheat depends on the level of divergence
between the species involved in the cross. Species belonging to the primary gene pool have
homoeologous genomes. This group includes wild and cultivated forms of T. turgidum and
species of donors A and D of the genomes of common wheat: T. urartu, T. monococcum, and T.
boeoticum, as well as Ae. tauschii. The transfer of genes from these species can be carried out
by crossing, homoeologous recombination, backcrossing and selection, as well as through the
development of synthetic amphiploids.

The secondary gene pool includes polyploid species of wheat and Aegilops which have at least
one homoeologous genome with T. aestivum. The transfer of genes from these species to com-
mon wheat by means of homoeologous recombination is also possible if recombination has
taken place between the target homoeologous chromosomes. This group also includes hexa-
ploid species with GGA'A'DD genome: T. kiharae, Dorof. et Migusch., T. miguschovae; tetraploid
species with GGA'A! genome: T. timopheevii, T. militinae, and T. araraticum; and diploid species
of Aegilops from the Sitopsis section, which are close to the B genome of T. aestivum. Cytogenetic
analysis of hybrids from crosses of common wheat with T. timopheevii showed homoeologous
introgression of G genome fragments to practically all chromosomes of both the B genome and
the D genome of common wheat [58]. It should also be noted that the extent of introgressive
regions varies among wheat lines [59]. Genetic material from Ae. speltoides (SS genome), the
putative progenitor of the B and G genomes of polyploid wheat, was successfully transferred
to all three genomes of common wheat, but especially, as expected, in the chromosome of the
B-genome [60, 61].

Species that do not carry the genomes A, B, and D, and those related to the tertiary gene
pool, are considered more distant relatives of wheat. The transfer of genes from these spe-
cies is difficult since it cannot be accomplished by recombination and therefore requires the
use of other strategies. Currently, there are standard methods that facilitate the transfer of
genes from species that do not have related genomes with common wheat. Some are based
on the methods of chromosome engineering, and others manipulate the genetic control of
meiotic recombination or employ genetic engineering. The transfer of genetic material in
this case occurs both in the partly homoeologous group of chromosomes and into other
groups [62].

The strategy used in cytological analysis of hybrids depends first on the nature of the relation-
ships between the species involved in crossing. In instances where the donor species belongs
to the tertiary gene pool with respect to T. aestivum, GISH is first used, which allows the esti-
mation of the size and localization of the alien translocation. GISH can be used successfully
to identify translocations of rye, wheatgrass, and Aegilops species (with the exception of the
Sitopsis group) in the wheat genome (Figure 4).

However, GISH does not answer the questions: which wheat chromosome is replaced by an
alien chromosome or which alien chromosome took part in the translocation. In addition,
if the genomes of the crossed species are evolutionarily close, that is, if donor species refer
to primary and secondary gene pools, then GISH will also be difficult. A similar problem
occurs, for example, in the analysis of hybrids from the crossing of hexaploid wheat with Ae.
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Figure 4. GISH with Th. intermedium DNA (green) in combination with pAsl probes (red) of common wheat cultivar
Tulaikovskaya 5 (a) and GISH with S. cereale DNA (green) and with Ae. umbellulata DNA (red) of the triticale line with
introgression from Ae. umbellulata (b).

speltoides (B-genome putative donor) or with the species Ae. tauschii which is a donor of the D
genome. In this case, species-specific markers are used to identify chromosomes in hybrids or
introgressive wheat lines, such as, for example, Spelt1 for the Ae. speltoides genome (Figure 2).

It should be noted that when identifying the alien introgressions in lines/varieties developed
by remote hybridization of cereals, best results are usually obtained by combining different
methodological approaches and using different chromosomal markers.

4, Conclusion

The wheat allopolyploids have long attracted the attention of researchers, both from the per-
spective of studying the processes of genome reorganization during amphiploidization and
to develop new wheat lines for breeding.

To accomplish these fundamental and applied tasks, various approaches are used. In
recent years, SNP markers and various technologies for their identification have been
actively involved, as well as reference genome data for wheat and related species. This
allows us to obtain more detailed information about the organization and evolution of the
wheat genome and the structure of gene families present in reference genomes. Despite
continued progress in deciphering the complex wheat genome, a complete understanding
of the reorganization of the wheat genome during evolution can only be obtained by com-
bining molecular methods of analysis with cytogenetic ones. The latter makes it possible
to identify rearrangements of homoeological chromosomes in the process of evolution
and breeding.

The first translocations in wheat varieties were detected by cytogenetic methods. Later, the
molecular markers developed for these translocations allowed the use of marker-assisted
breeding for selection of the desired genotypes.

One of the most successful used in selection is the translocation of the short 1R chromosomal
arm to 1A and 1B of the wheat chromosome during breeding. At present, more than 300 soft
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wheat varieties carry the T1RS.1BL translocation [http://www.rye-gene-map.de/rye-intro-
gression], which determines the resistance to phytopathogens and increased productivity.
Interestingly, the presence of an intact wheatgrass chromosome in Russian wheat varieties
was found to be significant for resistance to fungal diseases and the maintenance of grain
quality over the last 30 years [10]. It should be noted that only a set of C-banding meth-
ods used in conjunction with in situ hybridization and assays with PLUG and SSR markers
revealed that wheat chromosome 6D in the wheat cultivars was substituted by the Thinopyrum
intermedium (Host) homoeologous chromosome, 6Ai.

It should be emphasized once again that, despite extensive development of molecular
markers for genome analysis, including high-throughput genotyping, it is impossible to
characterize the modern diversity within the genus Triticum without involving cytogenetic
methods.
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Abstract

The genus Quercus L. represented by 18 species belonging to three sections (Quercus L., Ilex
Loudon and Cerris Loudon) in Turkey has a problematic taxonomy especially because of
widespread hybridization observed frequently among oak species. In the present chapter,
detailed karyotypic investigation of the 16 oak species from three sections in Turkey, their
taxonomic relationships with each other and European oaks and finally situations that
increase the variation and taxonomic problems among oak species in Turkey were evalu-
ated to contribute to the taxonomic relationships of the genus. The somatic chromosome
number in all taxa examined confirmed that the chromosome number of the genus is con-
sistent with 2n = 24. However, some differences were determined among species, although
similar results were observed in many oak species in Turkey contrary to European oaks.

Keywords: Quercus, Ilex, Cerris, Turkey

1. Introduction

The genus Quercus L. belonging to the Fagaceae family is one of the most abundant and eco-
nomically important genera of woody plants in temperate and tropical areas of the northern
hemisphere. The genus contains over 500 species and is distributed across the North and
Central America, Asia, Europe and North Africa [1].

Turkey has a large land area covered by forest with 21.2 million ha. The oaks in Turkey are
ecologically and economically very important trees and make up 26% of the total forest area.
However, a large part of this is not so productive due to especially excessive cutting and graz-
ing. Turkey is one of the richest countries in species number, diversity and endemic species
[2]. The genus is currently represented by 23 taxa and 3 endemic species such as Q. aucheri,
Q. vulcanica and Q. macranthera subsp. syspirensis [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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The most important reason which influences species number and diversity is the loca-
tion and geomorphological structure of Turkey [4]. Turkey is composed of Anatolian and
Thrace peninsulas where three phytogeographic regions are crossed such as Irano-Turanian,
Mediterranean and Euro-Siberian regions. Its geomorphological structure reveals numer-
ous climatic regions which influence the flora. The main climatic changes in Turkey occured
especially at the beginning of the Holocene, and these climatic conditions have affected the
topography and distribution of today’s plant vegetation [5]. Today’s plant zones occured in
Anatolia, about 8000 years ago [5-11]. During the last glacial period, coastal plants, such as
Pinus sylvestris and Picea sp., which were grown in cold climate in East Black Sea, have been
taken up to higher places up gradually, and their places have been occupied by broad-leaved
forests, such as Quercus spp., Fagus, and so on, living in the shaded coastal areas [5].

Another important factor affecting species diversity and distribution is the location of Turkey
between the Asian and European continents. As a result, Anatolia has served as a migration
route and refuge regions for many plants and animals from Asia into Southeast Europe [12].

Besides its location and phytogeographical regions, Anatolian Diagonal which divides
Anatolia as eastern and western parts is another factor affecting species diversity, number
and distribution [4, 12-15]. Anatolian Diagonal separates many plant and animal species into
eastern and western Anatolia.

Turkey is a rich country in the aspect of oak variation with 18 species belonging to three sec-
tions (Quercus L., Ilex Loudon, and Cerris Loudon).

Section Quercus L. is characterized by the greatest number of species among the three sections
in Turkey: Q. pontica C. Koch., Q. robur L., Q. hartwissiana Steven., Q. macranthera subsp. syspi-
rensis (C. Koch.) Menitsky, Q. frainetto Ten., Q. petraea (Mattuschka) Lieb., Q. vulcanica (Boiss.
Heldr. ex) Kotschy, Q. infectoria Oliver, Q. pubescens Willd and Q. virgiliana Ten. [2].

Section Ilex Loudon is characterized by the evergreen trees and shrubs: Q. ilex L., Q. coccifera
L. and Q. aucheri Jaub. et Spach. [2].

Section Cerris Loudon is the second largest section and includes five species; Q. libani Olivier,
Q. trojana Webb, Q. cerris L., Q. brantii Lindl. and Q. ithaburensis subsp. macrolepis (Kotschy)
Hedge et Yalt. [2].

Vegetative characters are preferred instead of reproductive characters in situations which
are not helpful in the classification [16]. Leaves are good indicators of putative hybridization
and very useful for identification of oaks. Individuals that exhibit intermediate morphologi-
cal characters can be seen widely because of interspecific hybridization and even sometimes
exhibit high morphological variation, and it is not possible to identify an oak tree to a species.
In this case, acorns are secondary important materials in the seperation of oak species [17-19].
Although vegetative characters are crucial to differentiating species within the genus and
are freguently prefered in the identification of oaks, these are insufficient and risky because
of hybridization behaviors caused by weak reproductive barriers between oak species. Oaks
are wind-pollinated species and they can spread across wide geographic regions [20-22]. As
a result, many oak species grow in mixed populations that increase the hybridization in the
same or different sections. In addition to wind-pollination and weak reproductive barriers
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between species [14, 22-25], insufficient diagnostic morphological characters [24-25] and the
lack of investigations for each taxon such as ecological, historical and genetic descriptors [25]
make problematic the genus Quercus in Turkey and similarly in the world.

Scientific interest has recently moved from classification of the species with classic descriptors
to understanding of oak evolution with molecular markers [24-27]. However, oak taxonomy
is still problematic and under debate. Although cytologic studies are very important and
useful for determinig taxonomy and polyploidy, studies on the genus Quercus are still insuf-
ficient because of the small size of chromosomes and difficulties in the germination of acorns.

2. Materials and methods for karyotype analyses of Turkish oaks

In our previous studies, acorns belonging to 16 oak species from three different sections were
collected in different times from various locations in Turkey. The species, sections and loca-
tions are presented in Table 1. Acorns of three species (Q. libani, Q. petraea subsp. iberica and Q.
infectoria subsp. infectoria) were germinated in plastic cups filled with water in room tempera-
ture [28]. The other 14 Quercus taxa studied (Q. robur, Q. hartwissiana, Q. macranthera subsp.
syspirensis, Q. frainetto, Q. vulcanica, Q. infectoria subsp. boissieri, Q. pubescens, Q. virgiliana,

Species Section Locations

Q. coccifera Tlex Usak, Hatay

Q. ilex Tlex Zonguldak, Diizce

Q. aucheri Ilex Aydin, Izmir, Mugla

Q. cerris Cerris Balikesir

Q. ithaburensis Cerris Canakkale, Balikesir

Q. libani Cerris Between Erzincan-Tercan

Q. trojana Cerris Usak University/1 Eyliil Campus/Usak

Q. petraea subsp. iberica Quercus Samsun: 2-3 km on the Ladik road after Havza
Q. infectoria subsp. infectoria Quercus Sakarya:Bilecik road to Tarakli from Geyve
Q. infectoria subsp. boissieri Quercus Between Dikili-Candarly/izmir

Q. pubescens Quercus Bayat/Afyon

Q. robur Quercus Usak University/1 Eylul Campus/Usak

Q. vulcanica Quercus Sultan Mountain/Afyonkarahisar

Q. hartwissiana Quercus Between Bursa-Yalova/Giiney village

Q. frainetto Quercus Between Bursa-Yalova/Gtiney village

Q. macranthera subsp. syspirensis Quercus Between Abant-Mudurnu/Bolu

Q. virgiliana Quercus Abant lake/Bolu

Table 1. Species, sections and localities of studied species.

21



22 Cytogenetics - Past, Present and Further Perspectives

Q. ilex, Q. coccifera, Q. aucheri, Q. trojana, Q. cerris and Q. ithaburensis subsp. macrolepis) were
germinated in the refrigerator at 4°C [29-31]. It can be stated that the method giving the
best results for the germination of acorns was in the refrigerator at 4°C. As a first treatment,
germinated roots in the lengths of 2-10 mm for each studied species were pretreated in
a-monobromonaphthalene for about 16 h at 4°C. After first treatment, root tip meristems
were fixed overnight with 3:1 absolute alcohol-glacial acetic acid mixture. Fixed root tips were
stored in 70% alcohol at 4°C until analyses. Prior to staining, hydrolysis was carried out with 1
NHClI solution at 60°C for 13 min and 30 min depending on the species [28-31]. Root tips were
then washed with distilled water. Finally, the root tips were stained with freshly prepared
Feulgen or Orcein for 2 h. Squashes were made with 2% aceto orcein for Feulgen staining and
45% acetic acid for Orcein staining. The best metaphase plates were frozen in liquid nitrogen to
make permanent using Entellan and then photographed 10 x 100. For all studied taxa, at least
five plates of metaphase chromosomes were measured on the basis of long arm, short arm and
arm ratio. Homologous chromosome pairs were identified and arranged. Chromosome pairs
for all taxa were classified according to the nomenclature of Levan et al. [32] and Stebbins
[33]. The karyotype asymmetry parameters like intrachromosomic asymmetric index (A,) and
interchromosomic asymmetric index (A,) were calculated following Zarco [34].

3. Karyotype analyses of Turkish oaks

In the present chapter, karyotype analyses of the 16 oak species completed in previous studies
from three sections in Turkey [28-31] and their taxonomic relationships with each other and
European oaks were evaluated.

Section llex containing evergreen oaks in Turkey is represented by three species such as Q.
coccifera, Q. ilex and endemic species Q. aucheri which are distributed only in Turkey and in
some East Aegean islands of Greece. In this chapter, detailed chromosome measurements of
all species from section Ilex are stated and compared with each other.

Section Quercus has the greatest number of species and widest distribution in the world.
Similarly, in Turkey, most species belonging to the genus Quercus are in section Quercus: Q.
pontica, Q. robur, Q. hartwissiana, Q. macranthera subsp. sysprensis, Q. frainetto, Q. petraea, Q. vul-
canica, Q. infectoria, Q. pubescens and Q. virgiliana [2]. Chromosome analyses of all species from
the section Quercus in Turkey have been completed except Q. pontica. In this chapter, all studied
species are evaluated and compared with each other according to chromosomal parameters.

Section Cerris includes five species in Turkey: Q. libani, Q. trojana, Q. cerris, Q. brantii and Q.

ithaburensis subsp. macrolepis [2]. All species examined except Q. brantii are evaluated in detail.

3.1. Comparisons of Turkish oaks on the basis of sections
3.1.1. Karyotype analyses and relations of oak species from section Ilex

Acorns as plant materials for each species were obtained from different locations in Turkey
(Table 1). Analyzed somatic metaphase plates show that chromosomes of three taxa, namely
Q. coccifera, Q. ilex and Q. aucheri, were very small and similar with diploid chromosome
number 2n = 24 (Table 2 and Figure 1).
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Species Somatic Karyotypic Length Haploid A, A,
chromosome description range (um) complement (um)
number

Section: Ilex

Q. coccifera 2n=24 24m (0.80-1.98)  14.61 0.19 0.27
Q. ilex 2n=24 24m (1.07-2.05) 1747 0.21 0.20
Q. aucheri 2n=24 24m (1.12-2.56)  19.76 0.22 0.24

Section: Cerris

Q. cerris 2n=24 24m (0.99-2.11) 17.33 0.18 0.23
Q. ithaburensis 2n=24 24m (0.90-2.06) 15.66 0.17 0.28
Q. libani 2n=24 24m (0.81-2.18)  16.53 0.19 0.29
Q. trojana 2n=24 14m + 10sm (2.29-6.65)  49.62 0.28 0.30

Section: Quercus

Q. petraea subsp. 2n=24 24m (0.86-1.66) 14.33 0.15 0.19
iberica

Q. infectoria subsp. 2n=24 24m (0.91-1.96) 16.17 0.22
infectoria

Q. infectoria subsp. 2n=24 24m (1.02-2.35)  17.89 0.21 0.24
boissieri

Q. pubescens 2n=24 24m (1.01-2.01) 16.89 0.19 0.21
Q. robur 2n=24 24m (1.75-3.92)  31.78 0.22 0.22
Q. vulcanica 2n=24 24m (1.25-3.13)  22.63 0.18 0.28
Q. hartwissiana 2n=24 22m + 2sm (0.85-1.83) 15.22 0.22 0.23
Q. frainetto 2n=24 22m +2sm (0.76-1.80)  14.50 0.25 0.24
Q. macranthera subsp. 2n =24 22m + 2sm (0.88-1.99)  16.04 0.22 0.21

syspirensis

Q. virgiliana 2n=24 24m (0.85-2.16)  15.84 0.22 0.27

Table 2. Species, somatic chromosome numbers, karyotypic descriptions and other morphometric parameters of
previous analyses on the Turkish Quercus taxa.

Averages of chromosomal lengths of investigated species ranged from 0.80 to 2.56 ym. Among
these, Q. coccifera has the smallest chromosome set (0.80-1.98) and haploid complement value
with 14.61 pm. On the contrary, the highest chromosome set and haploid complement value
were observed in Q. aucheri with 1.12-2.56 and 19.76, respectively. Among the studied taxa,
the lowest intrachromosomal asymmetry index (A,) and the highest interchromosomal asym-
metry index (A,) were observed in Q. coccifera. However, all investigated species showed very
similar intrachromosomal asymmetry index (A,).

Finally, it can be concluded that the members of Ilex section are similar in chromosomal
parameters such as small chromosome set and haploid complement, 2n =24 chromosomes, all
metacentric chromosomes and very close A, values. The main reason of the similarity between
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Figure 1. Somatic chromosomes of some Turkish oak species (a) Q. hartwissiana, (b) Q. frainetto, (c) Q. macranthera subsp.
syspirensis, (d) Q. virgiliana, (e) Q. infectoria subsp. boissieri, (f) Q. pubescens, (g) Q. vulcanica, and (h) Q. trojana [30, 31].

species belonging to same section may be caused by the gene flow and genetic similarity.
Besides that, in comparison between studied three taxa, it can be stated that Q. ilex and Q.
aucheri show more similarity than Q. coccifera in all chromosomal parameters such as length
range, haploid complement, A and A, values. Similarly, Yilmaz et al. [35] stated in previous
report on DNA comparison of three species belonging to Ilex section that Q. ilex and Q. aucheri
were observed as close two separate groups and populations of Q. coccifera showed more
differences than populations of Q. ilex and Q. aucheri.

Q. coccifera and Q. ilex analyzed before by D’emerico et al. [36, 37] show clearly differences
with the presence of submetacentric chromosome pairs, while these two taxa examined in
Turkey consist of all metacentric chromosomes and the less parametric values in all chromo-
somal morphometric measurements in comparison.

When we evaluate geographical distribution of these three taxa in Turkey.

Q. coccifera which is a Mediterranean element has the wide distribution area in compari-
son with Q. ilex and Q. aucheri. Q. coccifera is distributed along the coastal regions of the
Mediterranean Sea, the Aegean Sea, the Marmara Sea and rarely the Black Sea.

Q. ilex which is another species of Mediterranean origin is limited to coastal regions of the
Black Sea, the Marmara Sea and the Aegean Sea.

Q. aucheri which is an endemic species has not shown wide distribution and restricted to
south-west Anatolia in Turkey.

Similarity observed between Q. ilex and Q. aucheri could be caused by distribution in more
restricted area and more isolated habitats in comparison with Q. coccifera. Furthermore,
hybridization behavior is mostly observed in oaks, especially in habitats where two or more
species overlap [38, 39]. This situation may be reason of variation of Q. coccifera.
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3.1.2. Karyotype analyses and relations of oak species from section Cerris

Plant materials for Q. cerris, Q. ithaburensis and Q. trojana were collected from West Anatolia
in Turkey (Table 1). On the contrary of these three taxa, Q. libani was collected from East
Anatolia region of Turkey (Table 1).

Detailed karyotype analyses of Q. cerris, Q. ithaburensis, Q. libani and Q. trojana from section Cerris
were examined and determined the chromosome number for each taxon as 2n = 24 [28, 29, 31].
Chromosome length ranges of Q. cerris, Q. ithaburensis and Q. libani were very similar with (0.99-
2.11), (0.90-2.06) and (0.81-2.18), respectively. Similarly, haploid complement values for these
three taxa were quite close and compatible values with (17.33), (15.66) and (16.53), respectively.
Karyotypic description of all taxa analyzed except Q. trojana consists of metacentric chromosomes.
Furthermore, chromosomal asymmetry index, A, and A,, were compatible for these three taxa like
other chromosomal parameters. Finally, it can be stated that all taxa analyzed from section Cerris
showed similar and low parametric values except Q. trojana (Table 2).

Q. trojana, contrary to other species, showed the highest values in all morphometric param-
eters such as length range, haploid complement, karyotypic description and A, and A, values.
In other words, among the studied taxa, the biggest variation was determined in Q. trojana.
Chromosome length range and haploid complement value of this taxon have the highest
values with 2.29-6.65 and 49.62 um, respectively, in comparison with other studied taxa.
Q. trojana approximitaly show equal sum of metacentric and submetacentric chromosomes.
Karyotypic description of this taxon consists of 14 metacentric and 10 submetacentric chromo-
somes (14m + 10sm) and shows similarity with the results provided from D’emerico et al. [36]
(8m + 4mSC + 10sm + 2smSC). Chromosomal asymmetry index, A, and A,, have the highest
value among the examined species with 0.28 and 0.30, respectively.

The most important reasons that affect the species number, variation and distribution in dif-
ferent regions are their location, geomorphologic structure and climatic effects. Examined
Q. trojana is a species belonging to the Usak/Usak University-Campus location. The location
of Q. trojana is quite rich on account of species diversity. This taxon is located as mixed oak
populations with Q. cerris, Q. ithaburensis, Q. robur, Q. infectoria and Q. coccifera in the same
location. Hybridization is mostly observed in restricted zones where the habitats of two or
more species overlap [38, 39]. Many oak species are located at the same region or even at the
same location due to the factors mentioned earlier and this is one of the most important fac-
tors that increases the hybridization especially between species belonging to the same section.
This situation may be a reason for the high variation in this taxa.

Especially north-west Turkey is one of the regions having the highest species diversity and
distribution for oaks. Northwest Turkey contains oak species which range from 13 to 15 [4].
The main reason why this region is rich in oak variation is that it is a transitional zone between
Asia and Europe. Anatolia has served as a migration route facilitating the penetration of
Asiatic plant elements into Southeast Europe [12]. Turkey has been under the influence of
numerous climatic regions and three phytogeographic regions (Euro-Siberian, Irano-Turanian
and Mediterranean regions) due to its geomorphologic structure [4]. Another reason of the
high species diversity for northwest Turkey is that it is the place where the two different
phytogeographical regions (Euro-Siberian and Mediterranean regions) overlap. Locations of
Q. cerris and Q. ithaburensis examined in this study and rich species diversity belong to the
same region in northwest Turkey (Table 1). The main reason for the similarity between
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Q. cerris and Q. ithaburensis belonging to same section may be because of the gene flow and
genetic similarity. Furthermore, it can be stated that the reason for the similarity in their chro-
mosomal parameters may be probably caused by hybridization between Q. ithaburensis and
Q. cerris which is a very common oak in Turkey.

In comparison with European oaks, all parametric values provided from Q. cerris by D’emerico
et al. [36] are higher than examined taxon in Turkey except chromosome number (2n = 24).
These differences can be caused by different geographical regions having different oak popu-
lations and environmental conditions.

Q. libani is distributed along and in the eastern part of the Anatolian Diagonal. The eastern
part of Anatolian Diagonal is known for its high mountains. Observations by Uslu and Bakis
[4] have supported that the number of samplings is decreased in high mountain region of
1100-1200 m. Furthermore, human impact over the vegetation such as heavy grazing and
forest destruction may be the other reason for the least diversity in this region. Distribution
of species belonging to Section Cerris has a relation with Anatolian Diagonal. Q. cerris, Q. itha-
burensis and Q. trojana have distribution in the western part of the Diagonal. On the contrary,
Q. libani and the last species of the section, Q. brantii, have distribution in the eastern part of
the Diagonal. Cytogenetic study made on Q. brantii can be very useful in understanding the
relations between Q. libani and Q. brantii.

3.1.3. Karyotype analyses and relations of oak species from section Quercus

Section Quercus is characterized by 10 species in Turkey, and detailed karyotype analyses
have been completed in all species such as Q. robur, Q. hartwissiana, Q. macranthera subsp. sys-
pirensis, Q. frainetto, Q. petraea, Q. vulcanica, Q. infectoria, Q. pubescens and Q. virgiliana except
Q. pontica [28, 30, 31]. Q. infectoria is represented by two subspecies known as Q. infectoria
subsp. infectoria and Q. infectoria subsp. boissieri in this study. In other words, the section
Quercus was represented by 10 taxa for cytogenetic comparison.

The chromosome number of 10 taxa analyzed from section Quercus support that the basic
chromosome number of the genus is n = 12 (Table 2 and Figure 1). Majority of the examined
taxa in the section Quercus have karyotypes with predominance of metacentric chromosomes.
However, it is observed that Q. hartwissiana, Q. frainetto and Q. macranthera subsp. syspirensis
have two submetacentric chromosomes.

Plant samples of Q. hartwissiana and Q. frainetto were collected from the same location. Among
the examined taxa, the karyotypes of Q. hartwissiana and Q. frainetto show close similarity in
terms of chromosome number (2n = 24), chromosome morphology (22m + 2sm), small chro-
mosome sets (0.85-1.83 and 0.76-1.80) and small haploid complement values with 15.22 and
14.50, respectively.

Q. hartwissiana, Q. frainetto, Q. macranthera subsp. syspirensis that are endemic taxa and Q.
virgiliana were collected from the north-west region of Turkey having the highest species
diversity and distribution due to its geomorphologic structure and climatic effects. The main
reason for the similarity between these taxa may be because of the gene flow and genetic
similarity due to the mixed oak population in restricted area and hybridization because of
weak reproductive barrier between oak species especially belonging to the same section.
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It was previously stated by D’emerico et al. [36] that chromosome number of Q. frainetto is
2n = 24 and karyotypic description of this taxon was 14m + 2mSC + 6sm + 2smSC. Although
chromosome number of examined species showed the consistency with 2n = 24, other param-
eters such as chromosome morphology, haploid complement, A, and A, showed less values
and differences according to D’emerico et al. [36].

Detailed chromosome measurements of Q. virgiliana were previously reported by D’emerico
et al. [36]. It was stated by D’emerico et al. [36] that karyotypic description and A, value of
Q. virgiliana were 10m + 4mSC + 8sm + 2smSC and 0.35, respectively. While the similarity in
terms of chromosome number (2n = 24) in comparisons with karyotypes was observed, chro-
mosome morphologies differentiated according to total lengths of chromosomes and karyo-
typic description. In this study, Q. virgiliana has the smaller chromosome set, all metacentric
chromosomes and the less parametric value for A, .

The less values for many measured parameters were observed in Q. frainetto and Q. virgiliana
in comparison with D’emerico et al. [36]. These differences can be caused by oak species living
in different geographical regions, hybridization and gene flow between oak species distrib-
uted in this area.

Q. pubescens has a wide distribution range in the northern, western, southern and central parts
of Turkey. However, it is known as a species that has not crossed the eastern border of the
Anatolian Diagonal. The Q. pubescens chromosome number was observed as 2n = 24 with all
metacentric chromosomes. Q. pubescens has the small chromosome set, 1.01-2.01 pm, and hap-
loid complement value, 16.89 um. Chromosomal asymmetric index values, A, and A,, show
low value among the studied taxa with 0.19 and 0.21, respectively. Previously, chromosome
numbers and morphometric parameters of Q. pubescens were reported by D’emerico et al.
[37]. The chromosome number of this taxon was reported as 2n = 24 with 18 metacentric and
6 submetacentric chromosomes by D’emerico et al. [37]. In comparison with D’emerico et al.
[37], chromosome number is compatible with 2n =24 but chromosome morphologies showed
differences with all metacentric chromosomes. However, as a result of a small chromosome
set (1.01-2.01 pum), there were also differences in haploid complement value in comparison
with the value reported (27.28). In Turkey, there are many hybrids of Q. pubescens, especially
with Q. petraea, Q. infectoria and Q. macranthera subsp. syspirensis [2]. These differences can
be caused by oaks living in different geographical regions and hybridization behaviors seen
commonly between oak species living in mixed populations.

Quercus infectoria containing two subspecies such as Q. infectoria subsp. infectoria and Q. infec-
toria subsp. boissieri in Turkey has the widest distribution area, especially in the west, south
and south-east regions of Turkey. Q. infectoria subsp. infectoria has a more limited distribution
area compared to Q. infectoria subsp. boissieri in Turkey. In the comparison with these two
subspecies, very similar results are observed with chromosome number and all metacen-
tric chromosomes. Furthermore, it was observed that the chromosome sets of Q. infectoria
subsp. boissieri and Q. infectoria subsp. infectoria were quite small and similar, 1.02-2.35 and
0.91-1.96, respectively.

Finally, it can be stated that all taxa anayzed belonging to section Quercus in Turkey are com-
patible with each other according to many chromosomal parameters such as length range,
haploid complement, A, and A, value except Q. vulcanica and Q. robur (Table 2).
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Q. robur together with Q. vulcanica show differences in chromosome lengths and haploid com-
plement compared to the other examined taxa (Table 2). The haploid complement value of Q.
robur is the highest with 31.78 and chromosome lengths range from 1.75 to 3.92 um. The total
chromosome number and karyotypic description for this taxon are compatible with other
taxa. Q. robur is a species belonging to the Usak/Usak University-Campus location (Table 1).
This taxon is located as mixed oak populations with Q. cerris, Q. ithaburensis, Q. trojana and
Q. coccifera in the same location. Hybridization in restricted zones, where there is quite rich
species diversity, was frequently observed. The reason for high variation may be because of
its distribution with other taxa.

Q. vulcanica is an endemic taxon distributed in restricted areas such as Isparta/Egirdir and
Afyon/Sultan Mountains in Turkey. The haploid complement has the second highest value
with 22.63 um after Q. robur and chromosomal lengths ranged from 1.25 to 3.13 um. Among
the studied taxa, Q. vulcanica has the second lowest A value (0.18) and the highest A  value
(0.28) (Table 2). In other words, it can be stated that the endemic species Q. vulcanica exhibited
high variation among the studied taxa in chromosome lengths, haploid complement value
and asymmetric index A, and A,

This species is naturally distributed from 1200 to 2000 m altitude in restricted areas such as
Kutahya-Turkmen Mountains, Konya-Sultan Mountains and Isparta-Egirdir (Yukari Gokdere
village). This high variation could be caused by the geographical distribution in this restricted
area and more isolated habitats when compared with other oak species. Quercus vulcanica
has been faced with the threat of extinction because of over exploitation for wooden home
appliances, veneer and furniture. To protect this valuable resource, 1300.5 ha area near the
Egirdir Yukari Gokdere village was declared as a Nature Reserve Area for this endemic spe-
cies. Egirdir-Yukarigokdere location is accepted as the best location of the species.

High variation observed in Q. vulcanica could be caused by distribution in restricted area and
more isolated habitats in comparison with other oak species.

3.2. Situations that increase the variation and taxonomic problems among oak
species in Turkey

¢ Hybridization and introgression are an important process in evolution, diversification
and speciation of many plants [40, 41]. Oaks have long been considered a group with
high frequency of widespread hybridization. Many morphological studies on Quercus
species show the presence of hybridization with hybrid individuals that exhibit inter-
mediate morphological features between parent taxa and support interspecific gene flow
[14]. Furthermore, recently, many molecular techniques have been used to understand
the relations between Quercus taxa and the determining of hybridization. Especially in
Europe, species that dominate forests such as Q. petraea, Q. robur and Q. pubescens have
been studied extensively using different molecular techniques [42-46]. However, oak tax-
onomy is still problematic and under debate often due to insufficient diagnostic morpho-
logical characters [24-25], weak reproductive barriers between species, wind-pollination
[14, 22-25] and the lack of investigations for each taxon such as ecological, historical and
genetic descriptors [25]. All these factors that is stated increase the taxonomic problems
and make problematic the genus. In addition to these factors, identification of oak species
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can be difficult due to species boundaries being fuzzy as a result of interspecific gene
flow and variation within species. The most important reason for hybridization in oaks
is the presence of hybrid zones that are frequently observed when species separated by
weak reproductive barriers come into geographical contact [47]. In other words, sym-
patry creates high opportunity for hybridization in oaks. Nevertheless, the climate selec-
tion for species that create the hybrid zones is very important because they determine the
extent to which hybrids persist in a given locality. In Turkey, these factors that increase
the hybridization and gene flow between oak species are frequently observed and cause
taxonomic problems.

Another situation affecting variation, hybridization, speciation and taxonomic problems in
oaks is Anatolian Diagonal which separates Turkey into West and East (Figure 2). It can be
stated that distributions of some Quercus species at the subspecies level is related to phy-
togeography and Anatolian Diagonal [4, 12, 48]. For example, while Q. petraea subsp. pin-
natiloba has a distribution area in the eastern part of the Anatolian Diagonal, the other two
subspecies of Q. petraea, Q. petraea subsp. iberica and Q. petraea subsp. Petraea, show distribu-
tion in the western part of the Diagonal. Similarly, Q. robur subsp. robur shows distribution
in the western part of the Diagonal whereas Q. robur subsp. pedunculiflora has distribution in
the eastern part of Diagonal. This separation at the subspecies level shows the importance
of the Anatolian Diagonal in the evolution, diversification and speciation of many plants
in Turkey. Furthermore, distributions of some oak species have considerable relation with
Anatolian Diagonal in species level. Especially, distributions of species belonging to the
Section Cerris show high relation with Anatolian Diagonal. While Quercus brantii and Q.
libani have a distribution area in the eastern part of the Diagonal, Q. ithaburensis subsp. mac-
rolepis, Q. cerris and Q. trojana show distribution in the west part of the Diagonal. However,
some taxa from Section Quercus show distribution tendency with respect to the Diagonal.
This is a case showing the influence on some oak species distribution of Anatolian Diagonal
and as a result of this, gene flow is affected in intraspecific and interspecific level.

Geomorphological structure and location of Turkey have an important effect on oak
distribution and diversity. One of the main reasons why Turkey is rich in oak variation
and distribution is that it is a transitional zone between Asia and Europe [4, 31]. Anatolia
has served as a migration route facilitating the penetration of Asiatic plant elements into
Southeast Europe [12]. Furthermore, Turkey has been under the influence of three differ-
ent phytogeographic regions known as Euro-Siberian, Irano-Turanian and Mediterranean
regions due to its geomorphologic structure [4, 31]. These phytogeographic regions that are
caused by geomorphologic structure create different climatic regions that have an effect on
species distribution, variation and the extent of hybrid zones.

The changes that started at the beginning of the neotectonic period in the middle of the
Miocene [49] affected the paleogeography of Turkey and have changed the geomorphology
of Anatolia. Furthermore, the formation of today’s topography together with climatic changes
affecting the distribution of plant flora in Turkey has occured in the Quaternary, especially
at the beginning of the Holocene. In Turkey, the main reason for oak richness, variation and
distribution that is creating the hybrid zones is the geomorphology and climatic structure
affected by geologic history.
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* Another important reason that makes it difficult to understand the relationships among the
oaks and increases the taxonomic problems in Turkey is the lack of adequate conservation
programs for the use of oak trees. Oak trees have high economic value and have been used
for many purposes, such as ornaments, wood, fuel wood, nonwood products, in the timber
industry, and so on. Beside this, large parts of the forests in Turkey are being degraded by
villagers due to excessive cutting and grazing. However, there is not enough protection strat-
egies and management plans for oak species except one national park for Quercus vulcanica.

® The lack of comprehensive studies on the genus in Turkey is the other situation that is
causing taxonomic problems and difficulties in understanding the relations between oak

species.

¢ All studies on cytogenetic of Turkish oaks show that average chromosome lengths of oak
species analyzed are below 2 um. The effects on the chromosome lengths of chemicals used
to obtain metaphase chromosomes during cytological studies considerably complicate
cytological comparison in species with very small chromosomes such as oaks.

3.3. General comparisons between Turkish and European oaks on the basis of
chromosome structures

Chromosome analyses of 16 Quercus species in Turkey have been completed [28-31] and
confirmed that the chromosome number of the genus is consistent with 2n = 24 (Table 2).
These results are in agreement with previous researches based on chromosome number of the
Quercus species from different parts of the world [36, 37, 50-52]. However, some exceptions
on different chromosome number are reported, contrary to results provided from studies
on Turkish and European oaks [51, 53, 54]. Furthermore, occasionally ploidy variation may
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be observed in individual trees such as triploid samples of Q. robur with 2n = 3x = 36 [55].
Similarly, the presence of endopolyploid cells (2n = 4x = 48) together with diploid cells is
reported in an individual tree of Q. frainetto [36].

If the chromosome lengths in the evaluation of European and Turkey oaks are taken into
consideration, it can be said that European oak species clearly have a bigger chromosome
set than Turkish oak species. In addition to haploid complements and length ranges of spe-
cies examined, it is observed that other morphometric parameters of karyotypes such as
A, and A, show bigger values in opposition to Turkish oaks. Also, while the Quercus taxa
analyzed in Turkey have predominant karyotypes with metacentric chromosomes, karyo-
types having approximately equal sum of metacentric and submetacentric chromosomes are
observed in European oaks. Consequently, higher values for many chromosomal parameters
in European oaks than in Turkish oaks were observed. This situation may be caused by
gene flow between different oak species because of weak reproductive barriers in different
geographical regions.

Mixed populations that are composed of different oak species in different geographical regions
and gene flow between these may be the cause of these differences between Turkish and European
oaks. Also, differences of environmental and climatic factors affecting species variation and dis-
tribution in different geographical regions may be another important reason of this situation.

4, Conclusion

This study contributes to understanding the relations on the basis of sections among 16
Turkish oak species belonging to three sections and contributes to the comparisons between
Turkish oaks and European oaks. Additionally, results obtained in this study provide useful
knowledge on the cytogenetic of the genus Quercus. However, lack of adequate conserva-
tion programs for the use of oak trees in Turkey is the main reason that makes it difficult
to understand the relationships among the oaks and increases the taxonomic problems. For
example, endemic species Q. vulcanica has been faced with the threat of extinction because of
overexploitation for wooden home appliances, veneer and furniture. To protect this valuable
resource, 1300.5 ha near the Egirdir Yukari Gokdere village was declared as a Nature Reserve
Area for Q. vulcanica. Nevertheless, there is not enough protection for oak species except
Nature Reserve Area for this endemic species. Furthermore, conservation of oak biodiversity
should be considered not only in protected areas but also in managed forests as well.
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Abstract

In this study, karyotypes and Cyt b gene sequences of seven different species of grouper
including Plectropomus leopardus, Epinephelus coioides, E. flavocaeruleus, E. fuscoguttatus, E.
lanceolatus, E. polyphekadion, and E. tukula were examined. All chromosome numbers from seven
groupers were 2n = 48 with a high number of telocentric chromosomes (38—48) and fundamen-
tal arm numbers (FNs) (48-54). The mitochondrial Cyt b gene was used to establish the barcodes
of seven groupers and analyze phylogenetic relationships among these species. We discovered
that Epinephelus groupers should be classified as monophyly. The minimum genetic distance
expressed between E. coioides and E. tukula was 0.1276. From results of the cytogenetic and
molecular analyses, it was demonstrated that Plectropomus is a relatively primitive genus of
grouper, while Epinephelus is a more-modern derived genus. Results also showed that E. coioides
and E. tukula have similar genetic characters and karyotypes, and should be foremost consid-
ered for artificial hybridization strategies. Furthermore, information on karyotypes of species
within the Epinephelus is still insufficient, and further elucidation of karyotypes of Epinephelus
will be a great help to future genetic breeding research.

Keywords: barcode, cytochrome b, cytogenetic, genetic distance, hybridization

1. Introduction

Epinephelus groupers (Perciformes, Serranidae) are widely distributed in tropical and subtrop-
ical waters [1] and comprise 89 species (valid names) in marine habitats worldwide [2]. Most
known grouper species are in the Indian-Pacific Ocean, 11 species along the West Atlantic
coast, nine species in the East Atlantic Ocean and Mediterranean, and eight species in the
eastern Pacific Ocean. Only a few groupers are distributed across different oceans [1]. Forty-
one species of groupers in total were found in coastal waters of Taiwan [3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Grouper is an important aquatic product in the world. In addition to abundant grouper caught
at sea, the artificial breeding grouper is also a major aquatic product in the fishery trade. In the
past, most grouper fry were from Southeast Asian countries such as the Philippines, Indonesia,
and Thailand. However, survival rates markedly decreased due to catching and transportation.
Nowadays, breeding techniques have been completely established for major commercial grou-
pers, and so most grouper fry are bought from artificial breeding farms. Currently, Epinephelus
akaara, E. areolatus, E. awoara, E. bleekeri, E. bruneus, E. fuscoguttatus, E. lanceolatus, E. septem-
fasciatus, E. tauvina, E. coioides, and E. malabaricus can be artificially reared and bred, especially
E. malabaricus, which is the most successful case. Groupers have similar external morphologies,
and their body color characteristics are not stable. Juveniles and adult fishes may show
completely different color patterns. Therefore, it is often impossible to effectively distinguish
species with similar morphologies in the adult stage [1, 4, 5]. As to their mating systems, incorrect
identification of parents and progeny in rearing and breeding farms may cause artificial full-
breeding plans and hybridization strategies to fail; moreover, this will result in significant fishery
losses [1, 5, 6].

Traditionally, grouper species were classified using morphological and skeletal features [1, 7-9].
In the past two decades, molecular genetic technology has been dramatically developed and is
now widely used in taxonomic and systematics studies. As Ref. [5] analyzed 42 species of
grouper including three genera (Epinephelus, Cephalopholis, and Mycteroperca) using partial 165
ribosomal (r)DNA sequences. Results of that phylogenetic study revealed that both genera
Epinephelus and Mycteroperca belong to the same clade, and it was inferred that Serranidae
comprised a paraphyletic group.

Nowadays ichthyologists also use variable staining methods to obtain cytogenetic information
of fish [10, 11]. According to previous studies, the number of chromosomes in groupers are
2n = 48, most of which are telocentric chromosomes, and fundamental numbers range 48-62
[12]. Some reports on the cytogenetics of grouper indicated that silver-binding nucleolar
organizing regions (Ag-NORs) are highly conserved on the chromosome 24, but variations
occur in the location between different groupers [13-18]. It is generally believed that such
variations may be caused by an inversion of the arms during chromosome evolution. To study
an evolutionary model of chromosomes and identify species, staining techniques were used
often to analyze the karyotype and cytogenetics of groupers.

More than ten groupers have been successfully cultivated in Taiwan. However, most groupers
have similar external morphologies, and their color patterns are quite unstable. Often grouper in
different life stages exhibit inconsistent color distributions that resulted in the species identifica-
tion of grouper fry being controversial or confusing [1, 5]. In the aquaculture industry, misidenti-
fication frequently occurs in different growth stages of groupers, and this can cause serious
problems, such as chaos of market prices, interspecific ecological competition, and breeding
strategy failures.

It is important to understand the karyotype and phylogeny of cultured grouper for a
successful strategy of genetic breeding. That is when studying hybridization strategies
of groupers, selecting similar karyotypes and closely related species for the parents may
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result in relatively higher success potential for hybridization. Therefore, the establishment
of grouper karyotype and barcode data in this study will provide more-perfect genetic
bases for species identification to improve possibilities for genetic breeding. The present
study analyzed the mitochondrial cytochrome (Cyt) b gene sequences and chromosomal
characters of seven cultured groupers in Taiwan. These results will provide farmers with
more genetic information of groupers to develop useful breeding strategies for hybridiza-
tion in the future.

2. Materials and methods

2.1. Sampling

Seven groupers, Epinephalus lanceolatus, E. tukula, E. flavocaeruleus, E. polyphekadion, E. fuscog-
uttatus, E. coioides, and Plectropomus leopardus, were collected from fish markets in Tungkang,
southern Taiwan (Figure 1) for chromosome preparation and DNA sequence analysis. A piece
of muscle tissue from each specimen was preserved in 95% ethanol (EtOH) and stored at the
Fish Biology Lab in National Pingtung University of Science and Technology. Seven species
were used for the karyotype analysis and Cyt b gene sequencing.

120° 121 122

Figure 1. Sampling location of groupers.
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2.2. Chromosomal preparation and karyotype analyses of groupers

The cell culture solution contained Eagle’s minimal essential medium (MEM) with 15% fetal
bovine serum and 0.0001% colchicine, followed by filter-sterilization (0.45 pum). Kidney tissue
was cut and placed in the cell culture solution. The solution tubes were placed on a rotary shaker
(100 rpm) and then incubated at room temperature for 2 h to allow cells to remain in the
metaphase of the cell cycle. The cell culture solution was centrifuged at 3000 rpm for 5 min, and
the supernatant was discarded. KCl (at 0.075 M) was added and allowed to sit at room temper-
ature for 30 min. After centrifugation at 3000 rpm for 5 min, the supernatant was discarded, and
a freshly prepared fixative solution (methanol: acetic acid = 3:1) was added at room temperature
for 15 min. The mixture was centrifuged at 3000 rpm for 5 min, the supernatant was discarded,
and this step was repeated two or three times. The cell suspension was dropped onto a heated
glass slide and air-dried. After the slide had been stained with 5% Giemsa dye for 10 min, it was
rinsed with water and air-dried. The slide was mounted and observed by microscopy.

In addition, some fresh chromosome slides were stained with AgNO;. Two drops of 2% (w/v)
gelatin and four drops of a 50% AgNO; solution were mixed and then dropped onto a slide with
a cover glass. These slides were incubated at 70°C until they presented a yellowish-brown color.
The slides were gently rinsed with double-distilled (dd)H,O. After being air-dried at room
temperature, the slides were mounted with gum arabic [19]. Chromosomes were observed with
an optical microscope (Leica Microsystems, Wetzlar, Germany) (at 1000x with an oil lens).
Digital images of the chromosomes were recorded and analyzed with a chromosome band
analytical system (BandView 5.5, Applied Spectral Imaging, Migdal HaEmek, Israel). Chromo-
somes stained with Giemsa were classified into four groups, metacentric (m), submetacentric
(sm), subtelocentric (st), and telocentric (t), according to the system described by [20]. Locations
of chromosomes determined by AgNOj staining were observed and marked on photos.

2.3. DNA isolation

Approximately 100 mg of muscle tissue from each specimen was put into an Eppendorf tube.
Before DNA purification, the tube was placed in a 60°C oven for 10 min to evaporate the EtOH.
Genomic DNA was isolated using a Gentra Puregene Core kit A (Qiagen, Venlo, the Nether-
lands), and the purified DNA specimen was dissolved in TE buffer (1 M Tris-HCl at pH 8.0 and
0.2 mL EDTA, 0.5 M). DNA concentrations were estimated using a Nanodrop 2000C spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA) at an absorbance of 260 nm.
The purity of DNA preparations was checked by the ratio of absorbances at 260 and 280 nm
(Az60/Azgo = 1.8). DNA stock solutions were stored in a — 20°C freezer.

2.4. Cyt b gene sequencing and analysis

In total, 50 uL of reactant of a polymerase chain reaction (PCR) contained 5 ng genomic DNA,
10 pmol each of the forward and reverse primers, 4 pL 2.5 mM dNTP, 0.2 uL 25 mM MgCl,,
1 U Tag polymerase, and 5 pL 10x buffer, with ddH,O added to 50 uL. The forward and
reverse primers of the Cyt b gene were FOR (5'-CGAACGTTGATATGAAAAACCATCGTTG-3)
and UnvH (5-ATCTTCGGTTTACAAGAC CGGTG-3), respectively [6]. The Cyt b gene was
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amplified using a PCR machine (BIO-RAD M] Mini Gradient Thermal Cycler, Conmall Biotech-
nology, Singapore) with initial denaturation at 95°C for 3 min; 35 cycles of 95°C for 1 min, 50°C
for 1 min, and 72°C for 1 min; with a final extension of 72°C for 10 min. The reaction was cooled
down to 25°C for 10 min. PCR products of the Cyt b gene were checked using 1% agarose gel
electrophoresis and then stained with ethidium bromide (EtBr; 0.5 mg/mL). Target DNA frag-
ments were eluted with a DNA Clean/Extraction kit (GeneMark, Taichung, Taiwan). Sizes of the
purified DNA fragments were checked and then stored in a —20°C freezer. DNA fragments were
directly sequenced on an Applied Biosystems (ABI, Foster City, CA, USA) automated ABI3730x1
DNA sequencer using a Bigdye sequencing kit (Perkin-Elmer, Wellesley, MA, USA). FOR or
UnvH primers were used in the sequencing reaction, and the PCR cycle parameters for sequenc-
ing were 35 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min at 72°C.

In total, seven Cyt b sequences were obtained in this study. Homologous sequences were
aligned using ClustalW [21] and then manually checked. Interspecific genetic distances were
analyzed using the Kimura-2-parameter (K2P) model [22], and numbers of different nucleo-
tides were calculated with MEGA software [23]. The best-fitting models of DNA substitution
were determined using the lowest Bayesian Information Criterion (BIC) scores [24]. The phy-
logenetic trees of Cyt b sequences were constructed using the Neighbor-joining (NJ) [25] and
Maximum-likelihood (ML) methods [26]. Cluster confidence levels of Cyt b were assessed
using a bootstrap analysis with 1000 replications [27].

3. Results

3.1. Karyotype analyses

In cytogenetic studies, Giemsa staining of seven groupers indicated that the diploid number of
these species was 2n = 48. The karyotypic formulae were 2 sm + 46 t for E. coioides,
E. fuscoguttatus, and E. tukula; 6 sm + 4 st + 38 t for E. lanceolatus; 2 st + 46 t for E. flavocaeruleus;
6 sm + 42 t for E. polyphekadion; and 48 t for P. leopardus. All of those specimens had a high
number of telocentric chromosomes (38-48) and fundamental arm numbers (FNs) that ranged
48-54 (Figure 2, Table 1).

In Ag-NO; staining, four Epinephelus species (E. coioides, E. fuscoguttatus, E. tukula, and
E. lanceolatus) and P. leopardus were completed. Epinephelus coioides, E. fuscoguttatus, and E. tukula
had one pair of Ag-NORs located on the short arm of the sm chromosome; E. lanceolatus had two
pairs of Ag-NORs located on the short arm of the sm chromosome; and P. leopardus had one pair
of Ag-NORs, located near the centromere of larger telocentric chromosomes (Figure 3).

3.2. Cyt b sequence analysis

All Cyt b gene sequences from seven groupers were 1141 bp for E. lanceolatus, E. tukula,
E. flavocaeruleus, E. polyphekadion, E. fuscoguttatus, E. coioides, and P. leopardus. Percentages of
nucleotide compositions did not significantly differ among these Epinephelus species, as the
A + Tratios were in the range of 52.1% (E. flavocaeruleus) - 56.7% (E. polyphekadion). Interspecific
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Figure 2. Karyotype analyses of seven groupers: (a) Epinephelus coioides; (b) E. flavocaeruleus; (c) E. fuscoguttatus; (d) E.
lanceolatus; (e) E. polyphekadion; (f) E. tukula; and (g) Plectropomus leopardus.
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Species 2n FN Formulae Reference

E. adscensionis 48 48 48 a [28]

E. akaara 48 48 5st+43a [40]

E. alexandrinus 48 48 48 a [15]

E. awoara 48 48 48 a [13]

E. bruneus 48 54 2m+4sm+42a [46]

E. caninus 48 48 48 a [16]

E. coioides 48 50 2sm+46a [12]
2sm+46t Present study

E. diacanthus 48 50 2sm+46a [41]

E. fario 48 62 4m+6sm+4st+34a [42]

E. fasciatomaculosus 48 48 48 a [43]

E. fasciatus 48 48 48 a [43]

E. faveatus 48 50 2m+46a [48]

E. flavocaeruleus 48 48 2st+46t Present study

E. fuscoguttatus 48 50 2sm+46t Present study

E. guaza 48 48 48 a [15]

E. guttatus 48 48 48 a [15]

E. lanceolatus 48 54 6sm+4st+38t Present study

E. malabaricus 48 48 48 a [44]

E. marginatus 48 48 48 a [18]

E. merra 48 62 4m+6sm+4st+34a [42]

E. moara 48 48 48 a [45]
4sm+44a [46]

E. polyphekadion 48 54 6sm+42t Present study

E. sexfasciatus 48 50 2sm+46a [47]

E. tauvina 48 50 2sm+46a [16]

E. tukula 48 50 2sm+46t Present study

P. leopardus 48 48 48t Present study

E., Epinephelus; P., Plectropomus; 2n, diploid number; FN, fundamental number; metacentric (m), submetacentric (sm),
subtelocentric (st), and telocentric (t), according to the system described in Ref. [20].

Table 1. Karyotype data of the Epinephelinae.

p-distances and K2P genetic distances ranged 0.1149 and 0.1284 (E. tukula vs. E. coioides) to
0.1814 and 0.2138 (E. flavocaeruleus vs. E. polyphekadion) (Table 2). The best model of nucleotide
evolution was estimated to be the TN93 + G + I model with BIC = 9065.099. The NJ and ML
analyses showed that E. fukula and E. coioides had a close phylogenetic relationship with
extremely high bootstrap support (Figure 4). This result agreed with the hypothesis that
Epinephelus is a monophyletic group.
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Figure 3. Silver-binding nucleolar organizing regions (Ag-NORs) results from five groupers: (a) Epinephelus coioides; (b) E.
fuscoguttatus; (c) E. tukula; (d) E. lanceolatus; and (e) Plectropomus leopardus. The arrows indicate Ag-NORs. The bar equals
5 um.
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Code Species name 1 2 3 4 5 6 7

1 E. lanceolatus - 0.1422 0.1649 0.1474 0.1430 0.1333 0.2344
2 E. tukula 0.1635 - 0.1658 0.1684 0.1360 0.1149 0.2186
3 E. flavocaeruleus 0.1908 0.1934 — 0.1814 0.1578 0.1604 0.2272
4 E. polyphekadion 0.1690 0.1994 0.2138 — 0.1516 0.1595 0.2237
5 E. fuscoguttatus 0.1638 0.1561 0.1817 0.1751 - 0.1350 0.2123
6 E. coioides 0.1510 0.1284 0.1853 0.1858 0.1436 — 0.2307
7 P. leopardus 0.2859 0.2617 0.2738 0.2699 0.2529 0.2803 -

Table 2. p-distance genetic distances (above the diagonal) and Kimura 2-parameter distances (below the diagonal) of
cytochrome b gene sequences among Epinephelus groupers and the outgroup Plectropomus leopardus.

(a)

E. lanceciatus

E. polyphekadion
E. tukula

a4 E. coloidas

E. fuscoguitalus

E. Ravocasruleus

P. lecpardus

0.02

(b)

E. lanceoiatus
E. polyphekadion

E. tukula
L E. coioidas
E. fuscoguttatus

E. flavocaerwleus

F. leopardus

—
0.05

Figure 4. (a) The Neighborjoining and (b) the Maximum-likelihood trees among Epinephelus species based on the
cytochrome b gene analysis.

4. Discussion

In this study, Epinephelinae fish (E. lanceolatus, E. tukula, E. flavocaeruleus, E. polyphekadion,
E. fuscoguttatus, E. coioides, and P. leopardus) showed a common synapomorphic character of
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chromosomal number, 2n = 48, and high numbers of telocentric chromosomes (38-48). By sorting
out the cytogenetic information of 23 Epinephelinae species, it was found that chromosomal
numbers of these groupers were 48, showing highly conserved characteristics, and FNs ranged
48-62, with more than half of these groupers exhibiting FN = 48 characteristics (Table 1), in
accordance with conservative chromosomal morphological features described in Ref. [28]. In the
other hand, variations in FNs are mainly caused by chromosomal rearrangements and play
important roles in the speciation process [29].

In cytogenetic studies, karyotypes, FNs, Ag-NORs, and C-bands were demonstrated to have
interspecific specificities, and many studies used these techniques to explore interspecific
evolutionary relationships [30-32]. Currently, reports related to chromosomes of Epinephelus
groupers worldwide are only available for 23 of 89 groupers; e.g., karyotypes of E. marginatus
were analyzed from three different sampling sites in the Mediterranean. Results showed
chromosomal numbers of 2n = 48; conserved C-bands and Ag-NOR positions were observed
on the 24th pair of chromosomes of specimens from all three samples, but those were also
found on 2nd pair chromosomes of one specimen [18]. In order to confirm the above results,
fluorescence in situ hybridization (FISH) was performed using 185 rDNA as a probe. Fluores-
cence reacted to the 2nd and 24th pairs of chromosomes confirming that a difference existed
between samples. The authors reasoned that this may have been a species-specific manifesta-
tion, and further studies are required to confirm whether they can be population-specific
markers.

Molecular phylogenetic analyses showed that both Plectropomus and Cephalopholis are more
primitive genera than Epinephelus [5, 6, 12, 33, 34]. In this study, the chromosomal number of
P. leopardus was 2n = 48 t. All current cytogenetic studies of Epinephelus groupers have shown
that few of them are not composed of 2n = 48 t. These results support 48 t being an ancestral
character of Serranidae fish [12], and Epinephelus groupers may be a later-derived genus.

In Ref. [12] observed three types of Ag-NORs distribution pattern: type I has only one pair of
Ag-NORs located in the subcentromeric region of the acrocentric (t) chromosome, .., E. guaza,
E. alexandrinus, E. caninus, E. fasciatomaculatus, E. fasciatus, and E. awoara; type Il has one pair of
Ag-NORs located in the subcentromeric region of the t chromosome pair and an extra pair of
smaller Ag-NORs located on another pair of chromosomes, as in E. adscensionis, E. marginatus,
and E. malabaricus; and type III has only one pair of Ag-NORs located on the short arm of
bi-armed chromosomes, e.g., E. guttatus and E. coioides. Thus, based on the available cytoge-
netic data on the genus Epinephelus, most of the NORs of groupers are located on the 24th pair
of chromosome (type I), and these results are consistent with those of [18]. In this study,
E. fuscoguttatus, E. tukula, and E. lanceolatus also belonged to type III. It is generally believed
that the appearance of one pair of Ag-NORs is the ancestral character of Serranidae fish [28].
However, when Ref. [12] classified this character and compared it to data of molecular phy-
logenies, results were found to be irrelevant. The authors believe that the contradiction
between cytogenetic and molecular phylogenetic analyses may merely be the result of insuffi-
cient data.

Hybrid breeding often produces heterosis offspring, such as offspring with a fast growth rate,
strong disease resistance, or diverse morphology. For example, Liu et al. crossed different carps
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to obtain hybrids with a high growth rate [35]. However, many studies have found that the
success possibility and whether the offspring are fertile are related to the parental karyotypes.
The parents having more-similar karyotypes can increase the success ratio of hybridization [36].
At present, completely cultured groupers mainly consist of E. akaara, E. areolatus, E. awoara,
E. bleekeri, E. bruneus, E. fuscoguttatus, E. lanceolatus, E. septemfasciatus, E. tauvina, E. coioides, and
E. malabaricus. Establishment of karyotypic data of these groupers can provide references for
crossing strategies on farms. The genetic relationship and chromosome composition of hybrid
progeny can also be confirmed by a karyotype test.

Species names of different groupers have always been confusing. Most groupers living coral
reef areas have similar external morphologies, and their color characteristics also may change
along with their living environment. Some larvae and juveniles may even have completely
different color distributions from adults, such as E. lanceolatus which has three irregular black
spots and a brilliant color as juveniles, but becomes dark brown as adults. Therefore, identify-
ing groupers is often controversial [1, 4, 5]. For example, E. coioides and E. tauvina are very
similar and difficult to distinguish in Taiwanese waters [37]. There is still much dispute over
the taxonomy of groupers when using traditional morphology. Cyt b gene marker is of great
help in identifying similar groupers or unidentifiable fry. In the future, this marker can also be
used in aquaculture breeding to reduce failures and losses with artificial reproduction.

In this study, the results showed that different groupers can be identified by analyzing the Cyt
b gene. The phylogenetic tree constructed from the Cyt b gene can distinguish Epinephelus
groupers from those in the genus Plectropomus. However, groupers evolved as monophyletic
group, the genus Plectropomus is a relatively primitive group in Epinephelinae.

Epinephelus lanceolatus was previously classified in the genus Promicrops by [38, 39], but [6]
used Cyt b to study molecular phylogenetic relationships of six out of 28 genera in the
Serranidae, suggested that Promicrops lanceolatus should be classified into Epinephelus. Phylo-
genetic trees constructed with the NJ and ML methods also revealed that E. lanceolatus has a
close relationship with other Epinephelus groupers [6]. In addition, scientific names of seven
farmed groupers have been identified to reduce confusion and controversy.

5. Conclusions

All chromosome numbers from seven groupers (Plectropomus leopardus, Epinephelus coioides,
E. flavocaeruleus, E. fuscoguttatus, E. lanceolatus, E. polyphekadion, and E. Tukula) showed a
common synapomorphic character of chromosomal number, 2n = 48. Four groupers, E. coioides,
E. polyphekadion, E. fuscoguttatus, and E. tukula shared the same karyotype formula of 2 sm +46 t.
E. coioides, E. fuscoguttatus, and E. tukula had one pair of Ag-NORs located on the short arm of
the sm chromosome. The mitochondrial Cyt b gene was used to analyze phylogenetic relation-
ships among these species. We discovered that Epinephelus groupers should be classified as
monophyly. The minimum genetic distance expressed between E. coioides and E. tukula was
0.1276. Results showed that E. coioides and E. tukula have similar genetic characters and cell
karyotypes, and should be foremost considered for artificial hybridization strategies.
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Information on karyotypes of species within the Epinephelus is still insufficient, and further
elucidation of karyotypes of Epinephelus will be a great help to future genetic breeding
research.
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Abstract

Neotropical Ichthyofauna is considered the richest and most diverse in the world. All
this biodiversity has attracted attention from researchers from different areas of study,
including the cytogenetics. Many cytogenetics studies have search to understand the
evolution of macro and micro karyotype structure of these different groups of fish, and
classical and molecular cytogenetics techniques have contributed significantly for all
knowledge of this karyotypic diversity. Recently, the use of cell cultures as an alternative
to obtaining mitotic chromosomes opening up new opportunities to study groups that
have not been explored or have not yet been cytogenetically investigated. In this work,
we take a chronological overview of the advances of different cytogenetic techniques
(“in vivo” and “in vitro” methods to obtain the chromosome, C-banding, the detection of
nucleolar organizer regions (Ag-RON), fluorescent in situ hybridization (FISH) with sev-
eral repetitive probes and paint chromosome) over the decades and how these techniques
helped elucidate questions of the organization and function of the fish genome.

Keywords: chromosome, karyotype evolution, molecular cytogenetics, fibroblast cells

1. Introduction

The Neotropical region includes the area between the north of Mexico and the south of South
America. This is the richest and more diversity freshwater fish fauna in the world with approxi-
mately 5160 freshwater fish species, distributed in 739 genera, 69 families and 20 orders, which
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Figure 1. Timeline showing the major technical innovations that contribute to the development of fish cytogenetic.

represents one-third of all fishes on the planet [1]. A larger part of this diversity is grouped in
Characiformes and Siluriformes, but there are still gaps in information in many groups [2].

All this diversity has been studied in different areas, including Cytogenetics. The refinement
of cytogenetic techniques (Figure 1) provided the obtain of quality chromosome prepara-
tions that significantly increased the number of species studied and the description of their
chromosomal characteristics, which contributed significantly to a better understanding of the
genetic structures, evolution and systematic of the fishes [3-7].

2. Classical methods of cytogenetics to obtain metaphase
chromosomes and their adaptations

Obtaining metaphase chromosomes is the most important point for cytogenetic studies, since any
study to understand evolution and structure of the karyotypes of the species depends on this
initial stage. It is known that many adjustments were made to improve the different techniques
which it have arisen over the years in research within the fish cytogenetics.

The first studies with fish cytogenetics used fragments of testis previously fixed, included in
paraffin and then submitted to cuts, like the experiments of Makino [8]. This methodology
generated a certain doubt in its results, due to the uncertainty of the exact diploid number of
each cell and was not employed with a significant number of species.

Subsequently, studies where the obtainment of chromosome depended on the squash tech-
nique were developed. In this case, a small fragment of tissue was directly crushed on a glass
slide and fixed with acetic acid [9]. This technique often produced overlapping chromosomes,
making it difficult to visualize the morphology and diploid number. Anyway, researches
using this methodology continued and resulted in the creation of the “crushing machine”
invented by Orlando Moreira Filho to minimize the injuries in the researcher’s fingers [10].

The use of tissues to obtain metaphase chromosomes was not considered easily applied,
because it was not easy to develop studies in the field [11]. Another relevant point is that it was
not possible to regulate the rate of mitotic division and the condensation of the chromosomal
arms. However, if it was known about the high hematopoietic activity of the anterior kidney
in fishes [12] and from this organ, it was possible to obtain good metaphases, especially when
subcutaneous or intraperitoneal stimulation of a mitogenic agent was performed [13, 14].
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In 1971, Cole and Leavens [15] were the first to suggest the use of yeast as mitotic stimulating
agents in hematopoietic tissues of reptiles and amphibians, but Lee and Elder [16] adapted
this protocol for small mammals using a suspension of bread yeasts injected into the animal,
observing that the chromosomes spread better and responded more effectively to banding
treatments. For fishes, this methodology was adapted by Oliveira et al. [17], and it has been
widely used over the years [18-20]. Other mitogenic agents were also employed in work with
freshwater fish, such as phytohemagglutinin [21, 22], horse serum [23], parasitic infection as
Ichthyophthirius multifiliis, or pharmaceutical agents [24, 25]. However, the use of enriched
glucose solution of Saccharomyces cerevisiae (yeast activated suspension) is still the most used
by its efficiency and low cost.

Since 1956, the works of Tjio, Levan, Ford, and Hamerton [26, 27] have reported about treat-
ing cytogenetic preparations with colchicine and hypotonic solutions, and the chromosomes
have shown morphologically well-defined and that spread easily on the glass slide. Only in
1975, with the publication of a paper by McPhail and Jones, the chromosome preparations for
cytogenetic studies in fish began to use this methodology [10].

The advances of chromosomal preparations in fishes have been boosted from the “air-drying”
technique developed for mammals and later adapted for fish in “in vivo” [28] and “in vitro”
[29] protocols. Both methods involved pre-treatment with colchicine. The use of this drug has
enabled a direct control of chromosome condensation, which favored a more detailed study
of the morphology of the chromosomes.

Another aspect that contributed to improving the quality of chromosome preparations was
hypotonization process. Substances such as sodium citrate, distilled water and potassium
chloride are used in the hypotonic treatment of the material; however, the potassium chlo-
ride is the most used in fish. In addition, the incubation temperature and hypotonization
time should be adjusted according to the organism (e.g., in freshwater fish is common the
hypotonization time of 21 min, while for marine fish is used from 30-35 min). After hypo-
tonization, the cells are fixed in Carnoy’s solution [21] and the cell suspension obtained is
dropped into a glass slide for the rupture of the nuclear envelope [11] and thereby spreading
the chromosomes for visualization of the diploid number and morphology.

Alternative methodologies have been published to improve chromosomal preparations in
fish. Such methodologies, as proposed by Netto et al. [30], describe new proposed methodolo-
gies based on previously published protocols that allow cytogenetic analysis in individuals
after death or that described by Blanco et al. [31], who proposed a protocol to be conducting
in the field, where it eliminates the need for transportation of the specimens to the laboratory,
but it is still not as common as the methodologies of Bertollo et al. [28] and Foresti et al. [29].

3. Chromosomal banding techniques and their contributions to the
understanding of karyotypic macrostructure in several fish groups

Major breakthroughs in cytogenetic fish were possible with the development of differential
staining techniques in the early 1970s that made it possible to understand the evolutionary
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relationships in many fish groups. These methods allowed a better characterization of the chro-
mosomal structure of the fish with appearance of markings along the chromosomes that before
these techniques were based only in description of the number and chromosomal morphology.
The main techniques used for chromosomal characterization in fish include the C and G banding
techniques (not so usual due to compartmentalization of genomics) and silver nitrate staining.

The C-banding technique described by Summer [32] shows the patterns of the constitutive het-
erochromatin, and it has been widely used in cytogenetic studies of fish for characterization of
similar karyotypes, especially to identify variations among species or populations of the same
species [19, 33-36]. It was applied for first time in salmonid species [37, 38]. In fishes from the
Neotropical region, the first studies were conducted in Prochilodus [39], Eigenmannia [40], and
Leporinus [41], and since then, several studies have reported C bands in different fish species.

Most of this heterochromatin has been reported in centromeric and terminal regions of the
chromosomes of most Neotropical fish species [34, 36, 42], while in some Loricariidae species
it is possible to observe many heterochromatin blocks in the interstitial region [35], which
appear to be a common feature for this group. In some species, heterochromatin can be more
abundant [35, 43], whereas in other species these heterochromatin blocks are reduced [42].
Other studies have emphasized the importance of heterochromatin as a major source of
karyotype diversification within and among some fish groups (e.g. 19). In some groups, it
is possible to observe trends in relation to the behavior of heterochromatin, for example in
Hypostominae, in which there is a relationship between the amount of heterochromatin and
chromosome number of the species of this subfamily [44].

Not only did the C-banding technique provided a better characterization of the karyotypes
but also the use of the silver nitrate staining technique that identifies the nucleolar organizing
regions (NORs) became routine since the 1980s [45]. The NORs are chromosomal regions
where the ribosomal RNA genes (455 = 18S + 5.85 + 285) are located [46]. The first works using
the technique in Neotropical fishes were in the species of Gymnotiformes [40, 47].

In general, two distribution patterns of NORs can be observed in fish, the first being the occur-
rence of only a single chromosome pair with NORs [33, 48, 49], while in other groups of fish
more sites with NORs distributed in different chromosomes of the karyotype [36, 50, 51]. In
fact, a single pair of NOR has been arbitrarily considered a plesiomorphic condition in fish
[52]. Although this technique has been widely used, for the cost and ease, only 1.3% of the fish
species had their NORs distribution investigated [46]. In some fish groups, it has been con-
sidered an excellent cytotaxonomic marker, as in Apareidon and Paradon of the Parondontidae
family [53, 54]. In addition, polymorphism NORs have been evidenced with variation and
size differences between homologous NORs [47].

4. How fluorescent in situ hybridization (FISH) and its variations
have helped in the understanding of the evolution and organization
of the fish genome?

The technique of fluorescence in situ hybridization (FISH) made it possible to physically map
specific nucleotide sequences in the chromosomes of the species or group in study [55]. It was
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first used by Buongiorno-Nardeli and Amaldi [56] in histological cuts and by Gall and Pardue
[57] in chromosomes, but the adjustments to the protocols used to this day for fish studies
are basically small changes from the original protocol proposed by Pinkel et al. [58]. This
technique provided better results to investigate how chromosome diversity and organization
of genomic segments occurred in fish chromosomes [59].

For example, cichlids are an interesting group of fish to be studied to explore different eco-
logical niches and to report varied life strategies, morphology and behavior [60, 61], besides
species important for fishing and aquarism [62]. Thus, many studies have search to under-
stand more about the karyotypic macrostructure of this group of fish [66, 67], and the physical
mapping of repetitive sequences has showing that such portions of the DNA may be involved
in several chromosomal rearrangements in Cichlinae [63-67].

4.1. Ribosomal genes

In the genome of the eukaryotes, ribosomal genes are organized into two multigenic families,
the 45S rDNA responsible for encoding the 18S, 5.85 and 265/285 rRNAs and the other 55
rDNA, which encodes the 55 rRNA [59]. They are repeating sequences in tandem, and these
genes are easily identified by FISH [68]. Several studies have searched to understand a little of
the evolutionary dynamics of these repetitive sequences in the fish genome [5, 64, 67].

The 5S rRNA gene has been described in many fish groups, and it is located mainly in the
interstitial region of the chromosome [59, 69-72], which may not only be a coincidence, but
rather that this ribosomal minor distribution brings some advantage to the carrier genome
[73]. It is known that the 55 rRNA is composed of a conserved region of 120 base pairs,
separated from each other by the NTSs (not transcribed portions, which may vary in size or
sequence). These variations have become important markers for specific species or specific
populations.

Some studies with physical mapping of 55 rRNA in Anostomidae species have shown that the
sites marked by the smaller ribosomal have been conserved during the karyotype evolution of
the fish of this family [59, 70, 71, 74]. In Brycon, the physical mapping of 55 rRNA sequences
was considered an important cytogenetic marker in the evolution of this group [75]. There is
a variation in the number of chromosomes marked with the 55 rRNA in the genus Astyanax,
with species with 1 pair [76, 77], species with 2 pairs [35, 76], until populations with 4 pairs,
as in A. scabripinnis [78], and the distribution of these repetitive clusters seems to have been
conserved in the group [76, 79, 80]. Characidium also have differences in relation to the number
and location of the 55 rRNA clusters [81-83], and these variations are probably a reflection of
the allopatric speciation occurred in populations of this genus.

In some fish species, more than one class of 5S rRNA gene has been identified, as reported
in Leporinus [59]. This variation was due to differences in the sequences of portions not tran-
scribed, and also it was reported in Oreochromis niloticus [84]. These sequences were found in
pseudogenes and the 55 rRNA gene inverted; but in both works, the technique of FISH was
contributed to identify the chromosomal location of the two classes of 5S rTRNA. In the species,
Gymnotus sylvius and G. inaequilabiatus were also detected two smaller classes, and with FISH,
it was possible to observe that the two clusters of rRNA 55 are co-located in a chromosome
pair, while the second class showed too marked in distinct chromosomes [85].
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Many species of fish have the 185 rRNA gene co-located with the 55 rRNA gene [76, 86-89];
however, from the functional point of view, it would be more advantageous for two ribo-
somal classes to be on separate chromosomes since the transcription of them is made by
distinct RNA polymerases, and the non-synteny is a way of ensuring that the 55 rRNA is
not translocated to the rRNA 45S [70, 71], and allows the independent evolution of these
genes [71].

Almeida-Toledo et al. [76] found that the genes 55 and 185 rRNA are co-located in five species of
Astyanax, and such sequence was considered important markers for studying the evolutionary
history of the group, including A. altiparanae and A. lacustris. This fact can be a sign of the recent
separation of species, which previously belonged to a taxonomic unit of A. bimaculatus [90].

In the family Loricariidae, the FISH showed that most species have ribosomal sites in distinct
chromosomes [91-95]. However, in the subfamily Neoplecostominae and Hypoptopomatinae
[95], Hypostominae [92] and Loricariinae [91], these genes are in synteny condition, which is con-
sidered a primitive condition for the family, since it was found in the outgroup Trichomycteridae
[19, 95]. According to Oliveira [19], the co-localization of 5S rDNA and 18S sites in Trichomycterus
species is considered a plesiomorphic condition of the group, however the smaller ribosomal is
more variable, since more labeled chromosomal pairs were observed, whereas the larger ribo-
somal was kept in only a couple, which according to the authors are homeologous.

Investigations using the genes rRNA 55 and 185 rRNA by Scacchetti et al. [83] showed that
these genes are present in the sex chromosomes of some species of Characidium, indicating
that the ribosomal can also participate in the differentiation process by chromosomes linked
to sex in this group of fishes. In some fish, genome sequences of 185 rRNA 28S associated to
heterochromatin have also been reported [69, 86], which seems to indicate that the constitu-
tive heterochromatin may be involved in both the structural maintenance of the nucleolus and
integrity of repetitions of ribosomal DNA [96].

4.2. Histones

The histone genes are composed of a genetic complex of a multigenic family (H2A, H2B, H3
and H4), which can vary in number of copies and organization genome [97]. In addition,
they may be configured by H1 histone or spread throughout the genome [98]. In fishes, there
are still a few studies that investigated the location and organization of these sequences, but
in some of these studies histones are associated with ribosomal genes [85, 98, 99], and the
genes H1, H3 and H4 are grouped in species of Astyanax [100, 101], as well as in the case of
Synbranchus, where H3 and H4 are associated and spread throughout the genomes, likely
to transposable elements [102]. This conformation was also observed in Orestias ascotanensis
[103], where these sequences are organized into small copies. In Characidium alipioi [104], the
H3 and H4 genes were mapped in a single chromosomal pair, which seems to be a conserva-
tive characteristic of the group [105].

4.3. snRNA

SnRNA genes are characterized in five RNA types (U1, U2, U4, U5, U6), non-coding, that are
part of a large RNA-protein complex known as spliccosome machinery [106, 107]. The U2
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gene is highly conserved in the genome of eukaryotes; however, the number of sites of these
sequences may be different among species. This is because multigenic families may adopt
different conservation strategies for their sequences [108].

Merlo et al. [109] and Ubeda-Manzanaro et al. [110] investigated the location of rRNA
sequences U2 in species of the families Batrachoididae and Moronidae, while Manchado
et al. [111] described U1 sites linked to smaller ribosomal in the genome of Solea senegalensis.
However, few studies have been performed to map these sequences in Neotropical fishes.
Study conducted by Cabral-de-Melo et al. [112] showed that the U1 snRNA gene in cichlids is
found in just one chromosome pair, probably being a conserved feature in this group since the
fragmentation of Gondwana [113]. On the other hand, the technique of FISH showed that the
position of the snRNA U1 clusters can vary between distant species, and this is due to chro-
mosomal rearrangements such as inversions and transpositions that modify and restructure
the karyotypes of cichlids. The snRNA Ul sites were more variable between South American
Cichlids than among the African species [112].

In Gymnotus, physical mapping of U2 snRNA sequences showed differences in the distribu-
tion of this gene, which can be clustered in homologous chromosomes as in most species
or spread in several sites as in G. pantanal, an apomorphic condition [102]. In addition, the
technique of FISH showed the U2 snRNA marked in a chromosome linked to sex in the spe-
cies G. pantanal [102]. In other Neotropical fishes, these two configurations of the location of
U2 snRNA gene can be found [83, 102, 103, 113, 114].

4.4. Telomeric probes

The telomere portions of the chromosomes are composed of repetitive sequences in tandem,
which in vertebrates have been reported by sequence (TTAGGG)n [115]. In fish, these sites
have already been mapped occupying regions of the telomeres [116, 117] and non-telomeric
chromosome portions [118]. These interstitial marks contribute to studies about organiza-
tion and macrostructural evolution of karyotypes, since they may answer some questions
as fusion or inversions that modify the chromosomal structure of some species [117, 119].
Sometimes, these interstitial sites are the result of fusions but are not easily mapped because
the karyotype in study may evolve and the telomeric sequences lose its function [55]. Another
relevant point investigated in fish with a FISH technique using telomeric sequences is asso-
ciated with satellite DNA [120, 121], which would be a response to the spreading of these
regions in the interstitial regions. Scacchetti et al. [121] made it through the physical mapping
of telomeric sequences in Characidium species, find interstitial markings in the chromosomes
of some populations and, from there, carried out analyses that allowed establishing mono-
phyletic group conditions. In Cioffi and Bertollo [122], telomeric interstitial markings were
also observed in the neo-Y genome chromosome Hoplias malabaricus, which contributed to
answer questions about the origins of the sexual system in this group of fishes.

4.5. Satellite DNA

Satellite DNA is composed of repetitive sequences that tend to accumulate in the chromosomes,
especially in heterochromatic regions [123]. They are not protein coding and can form clusters on
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the chromosome arms [123], which facilitate their physical mapping in the karyotype of interest.
In the 1980s, satellite DNA families were first described in fish, and many works showed that
they accumulate in the centromeric portion of the chromosomes and they may be related to the
structural and functional roles of the centromere [124-126]. Some events such as unequal cross-
ing over, transpositions and duplications may contribute to repetitive sequences including satel-
lite DNA accumulating in heterochromatic regions, where they undergo less selective pressures
and may thus evolve in the genome [127]. Some studies have used different satellite DNA probes
to investigate the composition of supernumerary chromosomes in some species of fish [128-131].

4.6. Sex chromosome

Several studies attempted to understand the origin, evolution and maintenance of the sex-
linked chromosomes [103], and fishes have become excellent models of studies because they
have a wide and varied sexual system [122]. The sex chromosomes have been described in
more than 7% of the fish karyotypes [132], and with the FISH technique, many satellite DNA
sequences have been isolated and mapped in different species [133-137]. In some species of
fishes, FISH technique has contributed to map sequences that characterize sex chromosomes
undifferentiated by morphology or conventional staining, as is the case with guppy, within
the family Poeciliidae [133, 138, 139]. And in other cases, the mappings of satellites sequences
were important in work with morphologically differentiated sex chromosomes [135, 140].
Chromosome painting using W-chromosome-specific probe helped to answer about the com-
mon origin of this chromosome linked to sex in Characidium species [83, 141].

4.7. B chromosome

Many studies search to understand more about the origin, function and evolution of B chro-
mosomes in fishes, since these are considered expendable parasites to supernumerary genome
[142]. With the technique of FISH and advances in chromosomal painting, studies using them-
selves as probes it was possible to examine if there is homology of these extra chromosomes
with the normal chromosomes of the karyotype, and from this understand possible answers
about the origin and evolution of these chromosomes [51, 104, 130, 143, 144].

4.8. Fiber-FISH

The Fiber-FISH technique contributed greatly to the investigation of specific sites in the
genome of Neotropical fish, since it allowed to determine the position of the genes in the
chromatin fiber and to verify the organization of the gene sequences [145].

5. Culture of cells in fish: alternative tools for obtaining metaphase
chromosomes

Cell culture is an in vitro technique widely used to isolate and maintain cells outside their
original environment [146]. Briefly, a tissue fragment is aseptically removed from the indi-
vidual and then mechanically and enzymatically dissociated or both. The isolated cells are
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Figure 2. Scheme of obtaining cell culture. (a) Tissue; (b) disaggregation of the tissue mechanically; (c) tissue fragments
(explant) grown in flasks with medium culture and (d) cells cultured in flasks after enzymatic disaggregation.

Figure 3. (a) Astyanax altiparanae (Characidae); (b) fibroblast cell line of A. altiparanae in the fifth passages and (c) mitotic
chromosome of A. altiparanae obtain a cell line with diploid number of 2n = 50 chromosomes.

cultured in flasks with suitable medium with adjusted pH, antibiotic/antimycotic agents and
fetal bovine serum (Figure 2). Cell culture is maintained at the appropriate temperature to the
species under study and monitored daily for cell growth and possible contamination. When
these cells cover the entire bottom of the flask (cell confluence), these cells are trypsinized
and cultured in new vials (a process known as subculture or passage). These cells are treated
with colchicine and after detached from the bottom of the flask are hypotonized, fixed with
Carnoy’s solution and then dropped onto slides (Figure 3) [147, 148].

Cell culture is still little used as a tool in fish cytogenetic studies [149-151], mainly by the difficulty
of standardization of the technique of isolation and maintenance of cell cultures. Nevertheless,
this technology is an excellent alternative to obtain good quality chromosome preparations, since
it can be applied in cytogenetic studies of small and large species, in which it is difficult to work
with direct methods of chromosome preparation or also in species used in aquaculture or endan-
gered, when there is no possibility of sacrifice of animals [149]. Another advantage is that the
methodology can provide the establishment of cell bank available at any time, so, in case of rep-
etition of cytogenetic methodologies, it is not necessary to go back to the field for new individuals.

6. Conclusion

The advances of cytogenetic techniques have contributed directly in studies that search to
investigate and understand the macro and micro karyotype structure of the most diverse
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groups of Neotropical fish, and many questions have been answered with the use of these
technologies, as well as new problems have arisen that it was not possible to investigate
because of the difficulties of the techniques. It is known that there are still many gaps to be
filled, but cytogenetics has grown a lot in recent years and morphological and /or phytoge-
netic tools have played an important role in cytogenetic advances.
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Abstract

Recent studies based on morphologic and molecular genetic data have revealed quite a seri-
ous variety in the trans-Palearctic species, which brought about taxonomic status changes
in 14 of 18 Russian Far Eastern bat species. Far Eastern bat status revisions resulted in
species growth whose chromosome characteristics have been described either under other
names or have not been studied at all. This paper has inventoried bat chromosome research
in the Russian Far East and neighboring regions and has improved the accuracy of chromo-
some characteristics for 17 of 18 valid species today. For the first time, the karyotypes and
their variation type for the valid bat species in the Russian Far East have been described.

Keywords: Chiroptera, karyotype, chromosome, nucleolar organizer regions,
heterochromatic material

1. Introduction

Till the middle of the twentieth century, most of the Russian bats were considered to belong
to widespread Palearctic species. Since the mid-1960s, a gradual transition from the “wide”
polytypic species concept appears to be replaced by the “narrow” monotypic one [1]. This
is largely due to the improved morphological data processing methods [2-4] and the use
of the molecular genetic [5, 6] and the karyological [7-9] methods in bat systematics. Many
of the Far Eastern bat taxa were treated formerly as eastern subspecies within polytypical
trans-Palearctic species. Recently, most of the Far Eastern subspecies have been elevated to a
species rank, which resulted in taxonomic status changes of 14 Far Eastern bat species [5, 6,
10-21]. However, the taxonomic status of certain forms needs to be clarified [22]. Most of
these species are restricted to Northeast Asia, with the western species distribution bordering
the Trans-Baikal and the Altai regions [22, 23].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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Karyotype features are essential diagnostic characteristics of many mammalian species [24, 25].
Even species with similar diploid number (2n) and chromosome morphology have been shown
to differ significantly in distributional patterns of nucleolar organizer regions (NOR) [26-29]
and the amount and location of heterochromatic material on chromosomes [30-34].

Bats are characterized by high level of karyotype stability at the genus and low intraspecific
chromosomal variability, e.g., in Myotis Kaup, 1929; Eptesicus Rafinesque, 1820; Vespertilio
Linnaeus, 1758; Barbastella Gray, 1821; Plecotus Gray, 1866 [7, 35-39].

The so-called Myotis-type karyotype with 2n = 44 and fundamental number (NFa) being 50 is
accepted to be the ancestral karyotype of family Vespertilionidae Gray, 1821 [37]. The chro-
mosomal arms are usually numbered using Bickham’s scheme, in which ordinal numbers
have been assigned to all the autosomal arms based on GTG-banding patterns [40].

The position and number of the nucleolus organizer regions (NORs) and the amount and
location of heterochromatic material (C-band) on chromosomes of many vespertilionid spe-
cies have been shown to represent species-specific characteristics. The sequential staining
methods (G-band; NOR; C-band) revealed karyological differences in species of the same
karyotype [7, 8, 39, 41-45].

Chromosomal studies of the Far Eastern bats were initiated by N.N. Vorontsov [35] and con-
tinued by his colleagues and students [46-49]. The conventional staining of 10 bat species
karyotypes was described. Differential staining (NOR and C-band) was reported for two spe-
cies, Plecotus ognevi Kishida, 1927 and Eptesicus nilssonii Keyserling & Blasius, 1839.

Species composition revision of the Far Eastern bats caused an increase in the number of spe-
cies, whose chromosomal characteristics were reported either under the wrong species names
or were not studied at all.

The paper presents an inventory of available karyological data on bats from the Russian Far
East and neighboring regions. It provides revision of specified chromosomal characteristics of
18 valid bat species from the Russian Far East. The karyotype descriptions of valid Far Eastern
bat species and their chromosomal variability are given for the first time.

2. Karyotypes of Far Eastern bat

Table 1 shows valid Russian Far Eastern bat species. The columns represent species belong-
ing to geographically various regions. The last one gives the species names describing the
karyotypes. The table demonstrates the level of karyological knowledge available of certain
bat species in every region studied. European and Northeastern Asian karyotype species have
been studied to the fullest extent possible. Less data have been obtained regarding karyotype
species in Siberia and the Russian Far East.

To illustrate the intrageneric and intraspecific variability of the Russian Far Eastern bat
karyotypes based on data available, Table 2 is drawn, which made it possible to compare
chromosome characteristics of a similar Far Eastern bat species from different geographic
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regions for the first time and to reveal availability or lack of this variability. For simplicity
sake, three size groups have been introduced to analyze size variability of two-arm (M-SM)
chromosomes: large, medium-sized, and small ones, with their respective karyotype numbers
assigned. This allowed us to show the karyotype variability based on this feature. Besides,
Table 2 also shows the previous study of the species by using different sequential staining
methods for the chromosomes, thus making it possible to differentiate species with a similar
chromosome formula.

Integrated data on the karyotypes, extent of their studies, and chromosome variability of the
Russian Far Eastern bats are provided below.

2.1. Family Vespertilionidae Gray, 1821: common bats
2.1.1. Genus Myotis Kaup, 1829: mouse-eared bats

All Myotis species have similar karyotypes: 2n = 44 [7, 35, 39, 42, 46]. The fundamental arms
number varied from 50 to 52 in different studies. This is due to the fact that some authors
accounted for short euchromatic arms on the seven autosomal pairs [7, 39], while the others
described this one as an acrocentric [41, 43, 46—48, 54-57]. For some authors, NFa also covered
the additional heterochromatic short arms on 24 or 25 pairs of acrocentrics [41, 43, 52, 53,
55, 57]. The species of genus Myotis showed the centromere-cap NORs (cmcNORs), with the
distributional pattern of NORs in Myotis karyotype being species-specific [7, 39, 42].

The amount and location of C-band in Eurasian Myotis chromosomes varies intra- and inter-
specifically [39, 41, 43, 54, 55]. Eurasian Myotis species proved to have small heterochromatic
segments close to the centromere on most of the chromosomal arms. Certain Myotis species
show a distinct intercalary heterochromatic segments found in the proximal part of chromo-
some 15, in the vicinity of the centromere on chromosomal arm 16, and in the short arm of the
X-chromosome adjacent to the centromere [39]. The size and morphology of Y-chromosome
were species-specific and depended on amount of heterochromatic material in chromosome
[39]. Asian bat species karyotypes have a distinctly pronounced totally heterochromatic short
arm on one of the dot-like chromosomes 24 and 25. There might be a tiny second arm in
several species or a large heterochromatic secondary arm of the same size as the euchromatic
arm [39, 41, 43].

The genus Myotis is the most frequently found bats genus in the Russian Far East, with seven
recorded species. Of these, six species are also spread in Northeast Asia and five species are
common in Siberia. Karyotype of one species was reported found in Siberia. The karyotypes
of four Myotis species studied are common for the Russian Far East. The karyotypes of five
Muyotis species were described from Northeast Asia.

M. bombinus Thomas, 1906. The karyotypes were described from Japan species. The cmc-
NORs were shown to be located in 11 autosomal pairs: from 7 to 15, 19, and 22. The hetero-
chromatic short arms on chromosome 25 of M. bombinus were tiny or absent at all [41].

M. ikonnikovi Ognev, 1912. The karyotypes were reported from Japan and the Russian Far
East. It was shown that the cmcNORs were located in 7, 13, 14, 22, and 23 autosomal pairs.
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Intraspecific variability is likely to exist here regarding the large heterochromatic short arms
on the 25 autosomal pairs [41].

M. longicaudatus Ognev, 1927. The karyotype was studied using the Japan species. The cmc-
NORs were located on 13 autosomal pairs: from 8 to 11, from 13 to 15, and from 18 to 23. The
morphology of Y-chromosome seems to vary from acrocentric [41] and subtelocentric [43] to
submetacentric [55]. The morphology of chromosome 25 appears to vary from acrocentric to
submetacentric due to the presence or absence of heterochromatic short arms [41, 43].

M. macrodactylus (Temminck, 1840). The karyotype was described using Northeast Asia and
the Russian Far East specimens (Figure 1). The cmcNORs were located on 18-23 autosomal
pairs. The morphology of chromosome 25 seems to vary from acrocentric chromosome in
M. macrodactylus from the Russian Far East [46], Korea [58], and Japan [54] to metacentric
chromosome in other Japanese M. macrodactylus [41, 43, 53, 55, 56]. The presence of one
B-chromosome for M. macrodactylus from Japan has been showed [56].

M. petax Hollister, 1912. The conventionally stained karyotype of M. petax was studied from
Korea and the Russian Far East. The Korean and Far Eastern M. petax appeared to differ by a
number of small biarmed chromosomal pairs.

M. sibirica Kaschenko, 1905. The routinely staining karyotype was described from Siberia
and the Russian Far East. No pronounced differences in the karyotypes of Siberian and Far
Eastern M. sibirica have been found.

M. gracilis Ognev, 1927. The conventionally stained karyotype of M. gracilis was studied from
Korea.

So, out of seven Far Eastern species, Myotis karyotype has been studied for all of them.
Although all Myotis species have similar karyotypes with 2n = 44, the distributional pattern
of NORs and the amount and location of heterochromatic material in the karyotype are the
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Figure 1. Karyotype of Myotis macrodactylus from the Russian Far East [our data].
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most important differentiating characteristics for the Myotis species. Various levels of the data
studied for differently staining Myotis chromosomes from various Northeastern regions make
it impossible to do species comparative analysis based on the above features.

2.1.2. Genus Plecotus Gray, 1866: Old World long-eared bats

The species of genus Plecotus are characterized by a karyotype with 2n = 32, NFa = 50 [43, 47,
49, 66]. The distributional pattern of NORs is a centromere-cap NOR (cmcNORs) [42, 43, 47].

There are two species of Plecotus in the Russian Far East: P. ognevi and P. sacrimontis.

P. ognevi Kishida, 1927. The karyotype of P. ognevi was described from the Russian Far East
(Figure 2). Four NORs were found belong to acrocentric chromosomes of P. ognevi; but it was
impossible to determine the numbering of these chromosomal arms according to Myotis-type
karyotype because of G-banding failure [47]. The distributional patterns of heterochromatic
material in karyotype were shown: large heterochromatic segments were found in all biarmed
autosomal pairs, while small C-band emerged in the most acrocentric chromosomes except
the first pair [47].

G-staining, Q-banding, and Zoo-FISH of Siberian P. ognevi karyotypes were studied. A
pericentric inversion or centromere shift on the smallest metacentric P. ognevi chromosome
16/17 using the HSA 16 probe was revealed, which accounted for the differences between
G-banding patterns and the homologous Myotis species chromosome [51].

P. sacrimontis G. Allen, 1908. Karyotype of P. sacrimontis was reported from Northeast Asia.
NORs were located on chromosomes 20, 22, 23, and 24 [43], while the European species P. auritus
Linnaeus, 1758 showed NORs on 20, 22, 24, and 25 autosomal pairs [42].

So, all Plecotus species have similar karyotypes with 2n = 32, NFa = 50. P. auritus and P. sacri-
montis had different NORs distribution on chromosomes. For P. ognevi, it was impossible to
determine the numbering and NOR location on chromosomal arms. Heterochromatic distri-
bution pattern in karyotype was studied only for P. ognevi from the Russian Far East, thus
making it impossible to compare data from various species and regions.
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Figure 2. Karyotype of Plecotus ognevi from the Russian Far East. The figure was previously published in our paper, see
[49].
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2.1.3. Genus Barbastella Gray, 1821: barbastelles

Karyotype of Barbastella is similar to that of the Plecotus karyotype: 2n = 32, NFa = 50. The
distributional pattern of NORs is cmcNORs [43].

There is only one species of genus Barbastella in the Russian Far East—B. darjelingensis
Hodgson, 1855. It can be found exclusively on the island of Kunashir [23, 78]. The chromo-
somal set was reported only from B. darjelingensis from Northeast Asia. Five NORs were
found on 21-25 autosomal pairs of standard Myotis-type karyotype [43].

2.1.4. Genus Pipistrellus Kaup, 1829: pipistrelles

The genus Pipistrellus is characterized by considerable variability of 2n and NFa [35].

There is one pipistrelles species inhabiting the Russian Far East, i.e., P. abramus Temminck,
1840. Karyotype of P. abramus was described from Northeast Asia. Unlike other pipistrelles,
P. abramus has low number 2n and NFa (2n =26, NFa =44) due to centric fusions. Chromosome
rearrangements complexity makes it impossible to identify the chromosomal arms by
G-banding that were involved in composition of 5 out of 10 biarmed pairs of P. abramus
karyotype. Therefore, the numbering of P. abramus chromosomes differs from Myotis-type
karyotype [43, 54, 63, 65].

The distributional pattern of NORs is interstitial (intNORs). The large NOR was located in
secondary constriction (S5C) of five metacentric pairs consisting of 14 and 7 autosomal pairs of
Muyotis-type karyotype [43].

The intraspecific variations of sex chromosomes in karyotype of especially P. abramus were
likely to be found. Many researchers identified X chromosome morphology as a medium-
sized acrocentric, while the X chromosome of the P. abramus from Fukuoka prefecture (Japan)
was described as subtelocentric [54]. The Y chromosome of P. abramus was usually character-
ized as the smallest acrocentric, while the Y chromosome of the same species from Gunma
prefecture (Japan) was described as a small metacentric [52].

High intraspecific variability of heterochromatic material seems to be specific of the P. abra-
mus karyotype. This variability for P. abramus from Northeast Asia is presented in Table 3.

The P. abramus karyotype is described only from Northeastern Asia specimens, which can
be possibly accounted for by existing intraspecific variability based on morphology of sex
chromosomes, number and localization of structural heterochromatin in karyotype.

2.1.5. Genus Vespertilio Linnaeus, 1758: particolored bats

All specimens of genus Vespertilio showed the karyotypes with 2n =38, NFa = 50 [35, 44, 79].
All Vespertilio species showed location of two large intNORs in the SC of 15 and 23 autoso-
mal pairs [42, 43]. There are two Vespertilio species in the Russian Far East—V. murinus and
V. sinensis.
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V. murinus Linnaeus, 1758 is the trans-Palearctic bat species, whose karyotype was described
from Europe, Siberia, and the Russian Far East. The NOR distributional pattern was reported
from Europe [42]. The chromosome characteristics show stability across the entire area of its
distribution (Figure 3).

V. sinensis Peters, 1880 belongs to the East Asian bat species. The karyotype was described
from Northeast Asia and the Russian Far East. NFa = 54 was shown to characterize some
specimens from Japan, probably due to the fact that certain researchers included small het-
erochromatic secondary arms on the two smallest acrocentric in NFa [68]. The distributional
pattern of NORs was reported from Northeast Asia [43]. The significant intraspecific poly-
morphism seems to exist in regard to amount and location of heterochromatic material in
karyotype of Japanese V. sinensis (Table 4).

2n NFa No. chromosomal arms Reg. Ref.

1 2 3 4 5 6 7 8 9 10 11 12 X Y

26 44 + o+ o+ o+ o+ + + o o o + o + . ] [55]
26 44 + + + 4+ 4+ o o o o + + ) + = ] [54]
26 44 + + + + o o o o o o o ) o - ] [43]
26 44 + + 4+ o+ o+ o + o + + + + + . C [63]
26 44 + + + 4+ o o o o o + + o + - C [65]

Note: o—totally euchromatic chromosomes; +—heterochromatic band in vicinity of the centromere; e —totally
heterochromatic chromosomes.

Geographical regions abbreviations: ] —Japan, C—China.

Table 3. Intraspecific variations of heterochromatic material in karyotypes of Pipistrellus abramus.
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Figure 3. Karyotype of Vespertilio murinus from the Russian Far East. The figure previously was published in our paper,
see [49].
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2n NFa No. chromosomal arms Ref.

12 3/4 5/6 13/7 11/8 9/ 16/ 12 14 *15 18 19 20 21 22 *23 24 25 X Y

10 17
38 50 o o o o o o o o o int + + + + + + e o + o [67]
38 50 o o + o + o+ + o+ o+ o+ + + + 4+ e o + e [55]
38 54 + + o+ 4+ + + 0+ o+ o+ o+ 0+ + + + + e e + e [68
int int int
38 50 + + + +int + + o+ + o + + o+ 4+ o+ o+ o+ e o + o [69]
int int

Note: o—totally euchromatic chromosomes; +—heterochromatic band in vicinity of the centromere; e—totally
heterochromatic chromosomes; *—secondary construction on the chromosome.

Table 4. Intraspecific variations of heterochromatic material in karyotypes of Japanese Vespertilio sinensis.

The localization of telomeric sequences (TTAGGG), was described by FISH for V. sinensis from
Japan. Hybridization signals were observed at both ends of all V. sinensis chromosomes along
with very faint and small-sized interstitial signals that were also present at centromeric sites
of all seven biarmed chromosomes. Large and intense hybridization signals revealed them-
selves at the centromeric regions in eight pairs of acrocentric autosomes (18-25) and the Y
chromosome of V. sinensis. It is interesting to note that C-band of the smallest acrocentric pair
25 and of the Y chromosome displayed a complete hybridization, while interstitial C-band in
5/6, 7/13, and 15 autosomal pairs in V. sinensis exhibited no hybridization. Internal telomeric
sequences were observed in the heterochromatic regions or satellite DNA on chromosomes
that may indicate recent chromosomal rearrangements occurred in the evolution process [69].

While the chromosome characteristics of V. murinus show stability across the entire area of
its distribution, the karyotype of V. sinensis seems to have a significant intraspecific polymor-
phism regarding the content of structural heterochromatin in the karyotype.

2.1.6. Genus Hypsugo Kolenati, 1856: high pipistrelles

The diploid number and fundamental number of genus Hypsugo chromosomes noticeably
vary due to the centric fusions as well as inversions and centromere shift [44]. The Hypsugo
species show both intNORs and cmcNORs. The H. savii Bonaparte, 1837 (2n = 44, NFa = 50)
and H. eisentrauti (Hill, 1968) (2n = 42, NFa = 58) exhibit only one intNORs in SC of chromo-
some 15, while H. crassulus Thomas, 1904 (2n = 30, NFa = 56) possesses cncNORs on chromo-
somes 3 and 19 and in proximal part of chromosome 15/25 [44].

There is only one Hypsugo species found in the Russian Far East—H. alashanicus Bobrinskoy,
1926. This karyotype was described from Northeast Asia and the Russian Far East 2n = 44,
NFa =50.

2.1.7. Genus Eptesicus Rafinesque, 1820: serotines

Karyotypes of all autosomes belonging to Eptesicus species can be characterized as acrocen-
tric: 2n =50, NFa =48 [8, 36, 44].
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There is only one Eptesicus species found in the Russian Far East—E. nilssonii Keyserling &
Blasius, 1839. E. nilssonii species distribution is trans-Palearctic. The karyotype of E. nilssonii
was reported from Europe, Northeast Asia, and the Russian Far East (Figure 4). 2n and NFa
are the same for most of the studied E. nilssonii excepting this one from Hokkaido with one
biarmed autosomal pair in karyotype [69]. The large intNORs is located on secondary con-
striction in chromosome 15 [44, 47].

The amount and location of heterochromatic material in karyotype was described for E.
nilssonii from the Russian Far East. There were small C-bands on all chromosomes pairs,
and the fourth largest pair showed a large interstitial heterochromatic segment. The SC on
chromosome 15 showed C-band [47].

The chromosome characteristics of E. nilssonii including distributional pattern of NORs show
stability across the entire area of its distribution. Structural heterochromatin distribution pat-
tern was studied only for the Far Eastern E. nilssonii, which prevented us from evaluating
variability of this feature.

2.1.8. Genus Murina Gray, 1842: tube-nosed bats

The karyotypes of tube-nosed bats do not differ from 2n = 44 [72, 80, 81], while NFa varies
from 50 to 60 probably due to subtelocentric pairs produced by the pericentric inversions
[7, 71, 79]. The distributional pattern of NORs is cmcNORs [43, 80]. There are two Murina
species in the Russian Far East, which are M. hilgendorfi and M. ussuriensis.

M. ussuriensis Ognev, 1914. Karyotype of M. ussuriensis was described from Japan. With the
known localization type, the localization of multiple cmcNORs on chromosomes has not been
determined yet because G-banding has not been done [43].

The amount and location of heterochromatic material in M. ussuriensis karyotype were
described from Japan. The autosomal pairs 5/6, 16/17, 20, 24 and X chromosome showed small
centromeric C-bands, while the Y chromosome was totally heterochromatic. The interstitial
faintly stained C-band was revealed in the distal part of X chromosome [72].

M. hilgendorfi Gray, 1842. Karyotype of M. hilgendorfi was described from Siberia, Northeast
Asia, and the Russian Far East region (Table 2).

Karyotype of one specimen from Primorsky Velican cave (the Russian Far East) was clearly
different from other M. hilgendorfi ones by the number of large biarmed pairs: there were
only two large metacentric pairs, one medium-sized submetacentric pair being approxi-
mately equal to a long arm of large metacentric pair and one small metacentric pair [47].
The same karyotype was previously described for a tube-nosed bat from Thailand [70]. It
was originally reported as M. leucogaster Milne-Edwards, 1872, though later the bat was
redefined as M. harrisoni Csorba & Bates, 2005 [82]. However, karyotypes of other specimens
of M. harrisoni [81, 83] and M. leucogaster [84] exhibited karyotype with three large biarmed
chromosomal pairs.

The amount and location of heterochromatic material in karyotype were shown for M. hilgen-
dorfi from Japan. There were small C-band close to centromere on chromosomes 5/6, 16/17, 20,
24 and X chromosome with totally heterochromatic Y chromosome [72].
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Figure 4. Karyotype of Eptesicus nilssonii from the Russian Far East. The figure previously was published in paper [48].

The location of structural heterochromatin of M. ussuriensis and M. hilgendorfi from Japan
scarcely differs from each other. M. hilgendorfi karyotype with two large metacentric pairs, one
medium-sized submetacentric pair and 1 small metacentric pair described from the Russian
Far East, seemed to be either in error or an isolated case that requires verification.

2.2. Family Miniopteridae Dobson, 1875: bent-winged bats
2.2.1. Genus Miniopterus Bonaparte, 1837: bent-winged bats

Karyotypes of bent-winged bats are clearly different from standard Myotis-type karyotype
due to chromosomal rearrangements. By using GTG-staining and FISH methods, the biarmed
chromosome 3/4 of Myotis-type karyotype was shown to be similar to two acrocentric pairs of
Miniopterus, due to centric fissions the metacentric pair 16/17 assumed the shape of an acrocentric,
and the acrocentric pair 12 became biarmed due to pericentric inversions, with the G-banding
pattern of 7 and 10 autosomal arms being different from standard Myotis-type karyotype [76].

There is one species of the monotypic family Miniopteridae found in the Russian Far East
that is M. fuliginosus Hodgson, 1835. Karyotype (2n = 46, NFa = 50-52) was described from
Northeast Asia.

The M. fuliginosus seems to exhibit intraspecific polymorphism by the number of biarmed
autosomal pairs. Karyotype with two large and one small biarmed pairs is most common.
M. fuliginosus, with its mostly encountered karyotype, was found in Malaysia, Thailand,
China, and Japan [43, 74-76]. Karyotype with two large and one medium biarmed chromo-
somal pair was described from China [65, 77]. Karyotype of M. fuliginosus from Thailand
was similar to the previous one with one exception: it had one subtelocentric pair [71].
Karyotype with two large, one medium, and one small biarmed pairs was described from
Japan [53, 73].

One cmcNORs was shown to be located on 20 autosomal pair and one intNOR is located on
chromosome 23 in the M. fuliginosus karyotype from Japan [43]. The small C-band close to cen-
tromere was described to be located on all chromosomal pairs of Chinese M. fuliginosus [77].

So, M. fuliginosus from Northeastern Asia seems to be characterized by intraspecific chromosome
polymorphism based on the number of autosomal pairs.
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3. Conclusion

For the first time, the references’ analysis undertaken enabled us to demonstrate the extent
of chromosome characteristics studied for bats from the Russian Far East. It also illustrated
the nature of the intrageneric and intraspecific chromosome variability of the bats from the
Russian Far East.

The data available enable us to suggest Miniopterus fuliginosus, Murina hilgendorfi, and some
Myotis species to show intraspecies chromosome polymorphism regarding biarmed autoso-
mal pairs. Intraspecies variability could be fairly assumed to exist as regards X,Y chromo-
somes in P. abramus, M. longicaudatus and M. macrodactylus karyotypes from Northeastern
Asia. A significant intraspecies polymorphism regarding structural heterochromatin in a
karyotype seems to be available in V. sinensis, P. abramus, and Myotis species. Such important
characteristic as the amount and localization of cmcNORs on chromosomes has been very
irregularly studied for the Far Eastern bat species, which restricts our ability to compare data
from different regions. There is not enough data to compare Barbastella and Hypsugo species
in terms of their karyotype chromosome characteristics.

Thus, one might make a conclusion that karyotypes of the majority bats from the Russian Far
East and Siberia still remain to be studied. The bats from Northeastern Asia and Europe have
their bats’ chromosome characteristics somewhat more fully explored, though we still have
considerable gaps in our knowledge of karyotypes for certain bats’ species.
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Abstract

Since Robertsonian translocations (ROB) are essential in the etiology of congenital
malformations and reproductive disorders, it is natural to assume that they represent a
thoroughly studied subject. However, on closer inspection, there are poorly studied areas
within this field. The aim of this report is to present results of a comprehensive analysis of
available data collected by researchers worldwide that allows a new look at the problems
mentioned above. There were determined rates and spectrums of ROB in the general popu-
lation and in patients with reproductive disorders. The comprehension of a female-based sex
ratio (male-to-female ratio) among newborn carriers of balanced nonhomologous ROB in the
general population leads to a conclusion on the mechanism of sex-specific correction of
translocation trisomy, which might explain both inexplicably low occurrence of rob-associ-
ated uniparental disomy and phenomenon of “non-Mendelian-inheritance.” The data
obtained indicate that female ROB carriers are at a much higher risk of uniparental disomy
compared to male ROB carriers. In the majority of asymptomatic male carriers of homolo-
gous translocation/isochromosome (HT), spermatogenesis is not impaired. An analysis of sex
ratio among ill-defined HT carriers showed a difference between patients with Prader-Willi
syndrome and Angelman syndrome, indicating different mechanisms of HT formation.

Keywords: Robertsonian translocations, isochromosomes, sex ratio, uniparental disomy,
non-Mendelian inheritance, reproductive disorders, Prader-Willi syndrome, Angelman
syndrome
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1. Introduction

Robertsonian translocations (ROBs) are common structural chromosome rearrangement in
humans. Since they are central in the etiology of congenital malformations and reproductive
disorders, it is natural to assume that they represent a thoroughly studied subject. However,
on closer inspection, there are poorly studied areas within this field. Surprisingly, exact rates of
ROB carriers were determined neither among consecutive newborns nor among patients with
reproductive disorders. The literature reiterates the information on tenfold, or even more than
tenfold, increase in the rate of ROB carriers among patients with reproductive disorders
compared to the general population. In addition, the quoted rates among newborns vary
depending on the source that the authors cite [1-3]. Another omission in the area under
consideration is the lack of systematic comparative analysis of the ROB spectrum in various
carrier groups. The phenomenon of exceptional rarity of some nonhomologous rearrange-
ments was not given due attention. There are some enigmatic problems in the field not yet
resolved. One of them, unusual segregation of maternally transmitted translocations, has been
discussed for the last five decades [4-6]. Another, established more recently, is the unexpect-
edly low incidence of ROB-associated uniparental disomy among carriers of balanced
rearrangement [7]. The epidemiology of Robertsonian homologous translocations (HTs)/iso-
chromosomes, due to their rarity, has largely not been investigated. The aim of this report is to
present results of a comprehensive analysis of available data collected by researchers world-
wide that allows a new look at the problems mentioned above.

2. Materials and methods

Study groups: newborns, prenatal diagnoses for indications other than familial rearrangement
(the main indication for prenatal testing was advanced maternal age, and the transmitting parent
was defined following detection of a rearrangement in the fetus), spontaneous abortuses with
regular and translocation trisomy for chromosome 13 and chromosome 14, carriers of rob (13;14)-
associated maternal uniparental disomy for chromosome 14, couples with reproductive disorders,
patients with male infertility, and ill-defined carriers of homologous translocation/isochromosome
(listed in Additional files S1-S8: Tables S1-510; Additional file 11: Supplemental References,
available either on request or from https://www.researchgate.net/profile/Natalia_Kovaleva/contri-
butions).Methods:meta-analysis of data retrieved from published studies. Only reports on ROB
carriers of known sex were selected for the study. The data were analyzed using two packages of
statistical programs: one of which utilized procedures of traditional approach and the other one
utilized procedures of a modern Bayes approach. Guided by modern recommendations for the
statistical analysis, we did not limit ourselves to the null hypothesis significance testing based on
the p-values but also calculated the 95% confidence intervals (CIs) for proportions and their ratios.
StatXact, the world’s most expansive toolkit for exact nonparametric inference StatXact-8 (Cytel
Co., USA), was used. To construct Cls for the proportion ratios, the method of variance estimates
recovery (MOVER) algorithm implemented in the program MOVER-R.XIs (http://medicine.cf.ac.
uk/primary-care-public-health/resources/) was used.
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3. Results and discussion

3.1. Determination of exact rates and spectrums of ROB in the general population and in
patients with reproductive disorders

The rates, spectrum, and parental origin of major nonmosaic balanced rearrangements in the
general population are presented in the Additional files, Tables 51-54. Statistical analysis
showed distributions of nonhomologous ROBs from all studied groups to be homogenous in
all combinations; therefore, both control groups were aggregated for further analysis. In the
aggregated control (Table 1), the results seem to be in accordance with current views on the
spectrum of individual ROBs, with the overwhelming majority of rob(13;14) 71%, followed by
rob(14;21) 12%; the remaining translocations are rare or exceptionally rare; rob(15;21) and rob
(13;21) were detected once each (0.4%). The total frequency of all translocations, calculated for
newborns, is 1.06%o0 with 95% CI from 0.8 to 1.3%eo.

Data on patients with reproductive disorders are presented in Additional files S1-S3:
Tables S1-S3. The distribution of translocations in couples with reproductive disorders
(Table 2) is generally similar to that observed in the aggregated control group. However, the
proportion of rob(13;14) is much less in couples with habitual abortion (139/245 = 57%, with
95% CI of 51-63%), while the proportion of homologous translocations is high (24/245 = 10%,
with CI of 7-14%). The overall rate of ROB carriers among couples with infertility is 3.6%o (95%
CI of 2.8-4.1%o), and 4.8%o (95% CI of 4.2-5.5%0) among couples with multiple miscarriages.
These values, as can be seen, do not exceed ten times the value in general population. A high
incidence of ROB was found among patients with male infertility, 7.1%o (95% CI of 6.2-8.2%o).
Among couples with miscarriages, there is a difference between males and females by pro-
portions of carriers of rob(14;15) (1 and 6%, correspondingly) and carriers of rob(14;21) (5 and
14%, correspondingly). There is a difference between couples with habitual abortion and
couples with infertility in involving of chromosome 22 into nonhomologous rearrangements
(32/245 = 14% with 95% CI of 9-18% vs. 4/110 = 4.2% with 95% CI of 1.5-9%), as well as with
patients with male infertility (2/201 = 1.3% with CI 0.3-3.5%). In addition, among HT patients
with habitual miscarriages, most are carriers of translocations/isochromosomes 22 (7 of 24).

Of note is the extremely low frequency of rob(13;21); no carriers of this translocation were
found in the newborn population, while among patients with habitual miscarriage, with a
fourfold concentration of translocation carriers, only one carrier of rob(13;21) was found. This
suggests one possible mechanism, a negative selection against certain types of translocations.

This hypothesis is consistent with the data of British authors [9] who reported the discovery of
three constitutional rob(15;21) carriers among 95 children with acute lymphoblastic leukemia. It
was proposed that the mechanism of triggering the neoplastic process is chromotrypsis. The
authors concluded that in carriers of this rearrangement, the risk of the disease is 2700 times
higher than in the general population. Interestingly, their assumption of a population frequency of
rob(15;21) of about 1 per 100,000 newborns is very close to the real value presented in this paper.

Indeed, rob(15;21) appeared to be a very rare rearrangement, which is clearly not supported by
natural selection: in the normal population, only one carrier of a rob(15;21) was detected (sex
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not specified), while among about a twofold smaller group of patients with habitual miscar-
riage, eight carriers of this translocation were diagnosed. Five carriers of rob(15;21) were
identified among patients with male factor of infertility. These observations are of significance
for medical genetic counseling of the carriers. Firstly, it is necessary to find out whether the risk
of leukemia varies among the carriers depending on whether this translocation is inherited or
occurred de novo. Currently, such data are not available.

Based on this data review, it is evident that it is necessary to continue accumulating survey
data of couples with reproductive disorders to establish the existence or absence of differences
in the range of ROB both between the patient groups and the population.

3.2. The phenomenon of female predominance among carriers of ROB in the general
population has promoted comprehension of both low incidence of ROB-associated
uniparental disomy and transmission ratio distortion in offspring of female ROB carriers

3.2.1. The parental origin of ROB and the sex ratio among carriers in the general population and in
prenatal diagnosis

The sex ratios (SR) and parental origin of major nonmosaic balanced rearrangements in the
general population are presented in the Additional files, Tables S2 and S4. The observed sex
ratio was 1.06 (95% CI 1.04-1.07) which correlates with population ratios worldwide (Table S2).

The majority of both RECs and ROBs detected among consecutive newborns (but not inversions)
occurred de novo. Interestingly, the proportions of mutant REC and mutant ROB in newborns were
similar (9/50 = 18% and 7/52 = 13%, correspondingly), despite different parental origins: RECs arise
predominantly in spermatogenesis [10, 11], while ROBs arise predominantly in oogenesis [12, 13].

Some female prevalence among transmitting parents was in concordance with reported data
on REC carriers (23mat/18pat), but not on carriers of ROB (24mat/21pat), since according to
common conception, a twofold female predominance should be expected in this group due to
reduced male fertility of ROB heterozygotes [14].

However, the most intriguing finding is the SR variability in newborns depending on the type
of rearrangement (Table 3); there were equal numbers of REC carriers of both sexes (31 M/31F;
for rates of 0.93 and 0.98%o., correspondingly) and a notable female predominance among
carriers of ROB (27 M/41F, for rates of 0.77 and 1.24%., correspondingly). The difference
between the SR among carriers of ROB (0.61 with 95% CI of 0.27-1.00) and the SR among
tested newborns (1.06 with CI of 1.04-1.07) was statistically significant (Bayes approach).

Analysis of the SR according to the parental origin of rearrangements showed female prepon-
derance among ROB carriers in either maternal or paternal origin or de novo origin: 11 M/13F,
7 M/14F, and 2 M/5F, correspondingly. Among carriers identified prenatally for indications
other than familial rearrangement, female-based SR was found for both maternally and pater-
nally transmitted rearrangements: 26 M/43F and 23 M/35F, correspondingly.

Collectively, among carriers of ROB with known parental origin, there were 67 males and 105
females (SR = 0.64), a difference from the expected ratio of 1:1 was determined to be significant
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Studied group Reciprocal translocations ~ Robertsonian translocations Inversions
Maternal Paternal Maternal Paternal Maternal Paternal
origin origin origin origin origin origin
3¢ 2@ 338 ¢ 48 2% 3438 % 43 92 4dF 29
Newborns (Table S4) 15 8 8 9 11 13 7 14 2 6 0 3
23 M/17F, SR = 1.35 18 M/27F, SR = 0.67 2 M/9F

Prenatal diagnoses (Table S5) 51 43 52 36 26 43 23 35 45 49 54 47

103 M/79E, SR =1.3 49 M/78F, SR = 0.63 99 M/96F, SR = 0.96
Total 126 M/96F, SR =1.31 67 M/104F, SR = 0.64* 101 M/105F, SR = 0.96
Sex ratio with 95% CI 092 1.221 60 0.500-680.03" 0.771.031 39

“Difference with the expected ratio of 1:1 is statistically significant at p = 0.0033 (binomial test).
PDifference with the expected population ratio of 1.06 is statistically significant (Bayes approach).

Table 3. Sex ratio among carriers of balanced rearrangements according to parental origin (updated from [19]).

statistically by both traditional statistics (p = 0.0033, binomial test) and by a Bayes approach (Table 3).
Among offspring of REC carriers and carriers of inversion, SR was not different statistically from the
expected ratio of 1:1. (126 M/96F, SR =1.31 and 102 M/105F, SR = 0.96, correspondingly).

Among ROBs identified in newborns, the vast majority of the cases constitute translocations
between chromosomes 13 and 14 (50 of 61). It is these rearrangements that determine unusual
SR among ROB carriers: out of 50 carriers of der(13;14), 18 were males and 32 were females
(SR = 0.56). A similar ratio was observed among fetuses with der(13;14): 32 male carriers and
53 female carriers (SR = 0.60). In total, SR among carriers of der(13;14) was 0.59 (50 M/85F),
which is statistically significant from the expected 1:1 ratio both when using standard statistics
(p =0.001) and when using Bayes approach.

Thus, there is currently unexplained mechanism for maintaining female-biased sex ratio in
carriers of ROB. A biased SR among offspring of male ROB carriers would have been
explained by some meiotic process providing preferable production of X-bearing gametes with
ROB. However, for female carriers, such a mechanism cannot be considered, since women
produce X-bearing gametes only, and the offspring’s gender is determined by male gametes.
For an explanation of the discussed phenomenon, the author suggests application of the
concept of sex-specific correction of initial trisomy mostly in female embryos [15, 16]. In
relation to ROBs, that means the loss of the odd chromosome is not involved to the transloca-
tion. If it is true, among carriers of balanced rearrangements, female-biased SR is expected,
along with male preponderance among carriers of unbalanced translocations.

3.2.2. Sex ratio among abortuses with unbalanced translocation 13 and among abortuses with
unbalanced translocation 14

Carriers of an unbalanced 46,+13,der(13;14) rearrangement are rarely found among liveborns.
In the population of 64,905 newborns, translocation T13 was detected in four instances; among
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them only 1 was identified as der(13;14). Similarly, they are rarely found at amniocentesis in
the second trimester: 2 instances only among 52,965 and 31,194 tested fetuses [17, 18]. Carriers
of the other unbalanced derivative of rob(13;14), i.e., translocation trisomy for chromosome 14,
46,+14,der(13;14), are unlikely to survive to a long gestation age. Therefore, aiming to obtain
data on SR among carriers of T13 and/or T14, the author analyzed studies on chromosomal
constitution in spontaneous abortions.

Table 4 summarizes the data from 26 surveys that detected cases of regular and/or transloca-
tion trisomy (T) of either chromosome 13 or 14 (see Additional file: Table S8). Analysis showed
that among abortuses with regular T13, there were some predominance of male carriers, 75 M/
63F (SR = 1.2), not statistically different from the population ratio of 1.06. In contrast, an
unusual increase in the proportion of male carriers was observed among carriers of transloca-
tion T13 (17 M/3F) which might be interpreted as evidence supporting female-specific correc-
tion of translocation trisomy. Increased SR among carriers of translocation T14 in comparison
with carriers of regular T14 was observed as well, with 15 M/9F (SR = 1.7) vs. 25 M/39F
(SR = 0.6), correspondingly. It is quite possible that elimination of male embryos trisomic for
chromosome 14 occurred at earlier stages of embryo development.

3.2.3. Sex ratio among carriers of balanced translocation 45,der(13;14), upd(14) resulted from
correction of initial translocation trisomy 14

To evaluate whether a correction of translocation T14 occurs predominantly in female carriers,
one may study the SR among individuals with uniparental disomy 14, upd(14). Unlike upd
(13), upd(14) carriers demonstrate clinical manifestations depending on the sex of the trans-
mitting parent and have therefore undergone cytogenetic and molecular testing. Analysis of
published cases with reported sex of the carriers of upd(14) showed that of 16 patients with 45,
der(13;14),upd(14), 12 were females, including 8 carriers of upd(14)mat [20-27] and 4 carriers
of upd(14)pat [28-31]; the remaining 4 male patients had upd(14)mat [32-35].

It was logical to assume that in this group, incomplete correction of initial translocation
trisomy 14 may take place as the result of postzygotic events, i.e., mosaicism can be found.
Moreover, carriers of mosaicism were expected to be females. Accordingly, mosaicism 45,XX,
der(13;14)/46,XX,der(13;14),+14 was detected in two female patients [20-21].

References® Regular trisomy Translocation trisomy
Chromosome 13 Chromosome 14 46,+13,der(13;14) 46,+14,der(13;14)
38 9% 33 ee 33 e 33 ?9
Additional file: Table S8 73 63 27 39 17 3 15 9
Sex ratio with 95% Cls 081216 0430.7 113 184.8%174 071757

“Only studies where trisomy for either chromosome 13 or chromosome 14 were detected.
PDifferent statistically from the expected ratio of 1.06, P (Bayes approach).

Table 4. Sex ratio in spontaneous abortions with nonmosaic regular and translocation trisomy 13 or 14 (updated
from [19]).
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Among carriers of other translocations with upd(14)mat, there was also a female predomi-
nance, with four females out of five patients [25, 36-39]. This observation supports the sugges-
tion that the trisomy correction phenomenon might not be restricted to unbalanced
translocation (13;14). The data obtained is of clinical significance, indicating that female ROB
carriers are at a much higher risk of uniparental disomy than male ROB carriers.

3.2.4. Preferential loss of a maternal extra chromosome in female embryos as a correction mechanism
leading to biparental disomy

The data obtained, while presenting evidence for sex-specific correction of trisomy as a reason
for female predominance among carriers of balanced ROB, are in apparent contradiction with
the data on low incidence of uniparental disomy carriers among both prenatally tested fetuses
and abortuses with familial translocations. According to collective data, the incidence of
translocation trisomy correction causing uniparental disomy does not exceed 1% [7]. It is
understandable that so rare an event cannot cause the observed bias in the sex ratio. In turn,
the low incidence of uniparental disomy due to trisomy correction is in contradiction with the
data on a very high incidence of self-correction found in preimplantation embryos [40, 41].

An assumption of a special correction mechanism leading to biparental disomy might explain
this contradiction. Such a mechanism, a preferential loss of maternal chromosome (and, hence,
reconstitution of biparental disomy) in female embryos, was suggested as an explanation of
the twofold male predominance among patients with Prader-Willi syndrome due to maternal
uniparental disomy [15] (for details, see Section 4.3.2).

Preferential loss of maternal extra chromosome in carriers of inherited unbalanced transloca-
tion may be explained “topographically”: in the human zygote, maternal and paternal
pronuclei are separated, and this condition is preserved during some mitotic divisions. In the
case of translocation trisomy (which mostly have maternal origin), a competition for spindle
attachment occurs. The vast majority of human ROBs are dicentric [12]. The dicentric structure
allows for more spindle attachment sites and consequently for a “stronger” centromere [14],
which provides preferential loss of maternal extra chromosome. At later postzygotic stages,
while trisomy correction results in mosaicism for balanced translocation, preferable loss of
maternal chromosome should not occur.

Sex-specific correction of transmitted translocation trisomy might explain either partly or
entirely the phenomenon discussed since the 1960s, namely, transmission ratio distortion in
offspring of female carriers of ROB [4-6]. Unfortunately, the precise mechanism of selective
trisomy correction in female embryos is undefined.

3.3. Homologous Robertsonian translocations/isochromosomes: uneven involvement of
acrocentric chromosomes, varying sex ratio, and no association with infertility

3.3.1. Rates and spectrum of HT in asymptomatic carriers

When groups of couples with reproductive disorders are compared (Table 2), tenfold differ-
ence is evident between them by both an incidence of HT carriers (0.03%. in couples with
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infertility and 0.4% in couples with habitual abortion) and a proportion among all detected
ROBs: 0.9% (1/111) with 95% CI of 0.2-4.9% vs. 10% (24/245) with CI of 7-14%, the difference is
significant at p < 0.0013. And since the only carrier of HT in the group with infertility was a
woman, one can assume that her “infertility” was due to early undiagnosed pregnancy losses.

In patients with male factor of infertility, it was originally intended to combine them with
males from couples with infertility, especially since these groups did not statistically signifi-
cantly differ either in the frequency of the detected ROB carriers (0.36 and 0.21%o, respectively)
or in the spectrum of translocations. However, it was taken into account that in the surveyed
couples, about half of males were partners of females with a female factor, and therefore their
aggregation into one group is unnecessary. Nevertheless, despite the fact that in this group, the
majority of the patients had a proven male infertility factor, proportion of HT carriers was only
3% (6/201 = 3.3 with 95% CI of 1.4-6.4%), which is not statistically different from that in the
males from couples with infertility (0/91 = 0.0% with CI of 0.0-4%) at p = 0.18. Of note is that
one of the six patients presented mosaicism for balanced/unbalanced HT [42].

Seventy-one single cases of HT carriers, including 48 females, were identified from the litera-
ture (Additional file S7). Almost all female carriers, except for two, were tested cytogenetically
for multiple miscarriage and/or abnormal offspring. Of 23 male carriers, only 2 were tested for
infertility, 1 of whom had mosaicism for an unbalanced rearrangement.

Table 5 presents the data collation from single reports, systematic surveys of couples with
reproductive disorders, and also the publication of the authors who summarized the results of
the diagnostic laboratory without detailing the indications for the testing. The most frequent were
the HT of chromosome 13 and chromosome 22. A somewhat smaller number of asymptomatic
carriers of HT of chromosomes 14 and 15 might be explained by the presence of imprinted genes
on these chromosomes, a proportion of both HT14 and HT15 carriers have clinical manifestations
depending on which of the parents the HT is inherited from (see Section 3.4).

The sex ratio in carriers of HT of chromosomes 13-15 and 21 is female biased, varying from
0.21 to 0.54, with the overall figure of 0.34 (22 M/64F) with 95% CI of 0.21-0.56. The predom-
inance of female individuals among carriers of chromosome rearrangements of this type is
explained by the sex-specific instability of pericentromeric regions [15, 69]. In contrast, sex

Translocations Couple with reproductive  Single cases tested for =~ Consecutive patients Total Sex ratio

disorders (Tables S5, S6) various reasons from a genetic unit [44]

(Table S9)

33 ?% 33 2% 33 2% 338 29
13,13 2 6 1 15 2 3 5 24 021
14;14 1 4 5 6 1 3 7 13 0.54
15,15 2 1 3 9 0 2 5 12 042
21;21 1 1 4 8 0 6 5 15 033
22,22 3 4 10 8 2 1 15 13 115

Table 5. Spectrum of homologous translocations and sex ratio among carriers, updated from [43].
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ratio among carriers of HT22 is not female biased (15 males/13 females, with 95% CI of
0.56-2.45), which might indicate some different “circumstances” of the formation of HT22
and the other acrocentric chromosomes. It is known that HT may have either a meiotic or
mitotic origin and may be mono- or dicentric and biparental or uniparental [45]. All the
information that the authors reported on the origin of HT is included in Additional file:
Table S9. However, its scarcity does not allow drawing any conclusions as to the possible
differences in the mechanisms of the formation of certain HT.

3.3.2. Problems of reproduction in carriers of HT

The data of the previous study suggested that homologous translocations do not contribute to
a disturbance of spermatogenesis [8]. The present study showed that in patients with a male
factor of infertility, the percentage of HT is 3% of the identified ROBs, in contrast to 10.5% in
partners of women with miscarriage (although in the latter group about half of the individuals
are partners of women with a female factor for infertility). It was noted that of the 22 male HT
carriers (Additional file: Table S9), only 2 have been evaluated for infertility, 1 of them having a
cell line with an unbalanced HT [3]. In the analysis of a testicular biopsy of another carrier, the
authors found no reason to link the presence of HT with the impairment of his spermatogen-
esis [46].

Thus, in the overwhelming majority of cases, male HT carriers produce gametes capable of
fertilization. The absence of spermatogenesis disorders, typical to nonhomologous ROB car-
riers, is most likely due to the ability of chromosome arms of HT to conjugate, as previously
reported [47]. The authors, examining a man whose wives had habitual miscarriages, found
completely normal spermogram parameters and testicular histology, wherein conjugation
between the long arms of the isochromosome 14 took place in such a way that the chromosome
did not differ from the usual bivalent. It is obvious that such a configuration is fraught with the
possibility for formation of a ring chromosome. Indeed, in the offspring of two carriers of HT,
there were children with ring chromosomes, most likely formed from parental HT [48, 49].
There are multiple reports in the literature on patients with ring chromosomes accompanying
homologous translocations but of postzygotic origin [50-53]. Stetten et al. [53] suggested that
the presence of HT is a necessary precursor to the formation of ring chromosomes.

Despite the fact that carriers of nonmosaic HT produce only abnormal gametes, there are cases
of the birth of healthy children with the same rearrangement [54-59]. These rare cases can be
the result of one of two mechanisms: the syngamy of a gamete carrying HT with a gamete
nullisomic for the same chromosome or correction of a trisomic zygote by losing a free extra
chromosome. It is curious that out of seven of these cases, in four of them, HT22 was transmit-
ted. Studies of the inheritance events of balanced HTs provided initial evidence that chromo-
somes 13, 21, and 22 did not bear imprinted gene.

Several cases of the birth of healthy children with normal chromosomes to apparently
nonmosaic HT carriers were reported [60-64]. The birth of chromosomally normal children
indicates the presence of a normal line in the gonads of the parents with HT. In addition, one
can assume a rare event—sporadic dissociation of centromere. This phenomenon was shown
both for ROB [65, 66] and for nonacrocentric chromosomes [67, 68]. Another possibility was
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discussed as well, gonadal mosaicism in unbalanced HT (translocation trisomy), since gamete
precursor cells with such a set of chromosomes are expected to produce 50% of daughter cells
with normal karyotype [69].

It would seem that the feasibility of this possibility with respect to male patients is highly
doubtful, since the presence of an additional chromosome induces spermatogenesis disorders.
For example, it is well known that women with nonmosaic trisomy of chromosome 21
(Down'’s syndrome) are fertile, while men are mostly infertile, due to impaired spermatogen-
esis [70]. It is possible to assume that it is the presence of a cell line with unbalanced HT in the
gonads as a result of incomplete correction of the original translocation trisomy that causes
spermatogenesis disorders in carriers of apparently balanced HT.

Currently, infertility due to chromosomal abnormalities, with the corresponding pathologies of
spermatogenesis, is overcome by reproductive technologies, and, paradoxically, it is possible
that it is in male HT carriers with infertility that there is a chance to have a healthy offspring.
For example, encouraging results were obtained using reproductive technologies for the pro-
duction of healthy children from male carriers of trisomy 21 [71, 72].

In general, the reproductive prognosis for carriers of HT is pessimistic. But, given the nonzero
chance of having gonadal mosaicism in them, we can recommend testing, the algorithm of
which was published [69, 73]. In addition, another possibility of having a healthy child with
the same rearrangement was discussed, that is, gamete donation from a carrier of the same
balanced rearrangement, which does not carry imprinted genes [73].

3.4. Sex ratio in ill-defined carriers of homologous translocations/isochromosomes

A scrupulous search in available literature yielded 10 ill-defined carriers of HT14 and 28
carriers of HT15 (Additional file: S10). Although the number of published cases of HT with
clinical manifestation of uniparental disomy is small, there are some observations of interest.

3.4.1. Sex ratio in patients with UPD(HT14)

Unlike asymptomatic individuals with biparental HT14, patients with UPD(HT14) demon-
strate some male predominance (6 M/2F), while the majority of them (eight of ten) had
maternally derived rearrangement. More cases are needed for solid conclusion on the SR in
this group.

3.4.2. Sex ratio in patients with maternal UPD(HT15), Prader-Willi syndrome

Strong female predominance among patients with maternal UPD(HT15) was first reported in
the discussion of the concept of trisomy correction due to parent-sex-specific loss [15]. In
previous studies, a male predominance among patients with maternal non-ROB UPD (15)
was suggested to be the result of either a bias of ascertainment due to milder phenotype in
female UPD patients or difference in survival of early trisomy 15 conceptuses [74]. However, in
contrast, Kovaleva noted that among patients with UPD(HT15), there was no male predomi-
nance, with five male and ten female carriers [15]. Mitchel et al. also suggested a possible
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difference in the probability of trisomic zygote rescue depending on the sex [74]. However, the
predominant rescue of trisomic male zygotes would result in a male predominance in mosaic
cases, while no male predominance was reported in a collective sample of 50 fetuses with T15
mosaicism (SR = 0.67) [15]. Kovaleva suggested that the male prevalence among patients with
non-ROB UPD(15) can be explained by female-specific loss of a maternal chromosome, causing
biparental inheritance and therefore complete correction of trisomy in females (without UPD)
[15]. For an explanation of the female predominance among carriers of UPD(HT15), parent-
sex-specific loss should be considered, but in this case, a preferential loss of paternal extra
chromosome from female trisomic zygotes with unbalanced HT is suggested.

3.4.3. Sex ratio in patients with paternal UPD(HT15), Angelman syndrome

Nine reported HT15 carriers with Angelman syndrome were males. All of eight tested for UPD
patients had paternal isodisomy. Among homologous HT, the majority of them were
established to be isochromosomes. Several mechanisms of isochromosomes formation were
discussed, including gametic complementation, trisomy rescue, and monosomy rescue. It was
suggested that they mainly should be formed postzygotically (see for review [73]). However,
postzygotic formation of pericentromeric rearrangements is essentially female-specific [15, 69].

A strong male prevalence among patients with UPD(HT15) can be explained by meiotic event,
nonhomologous co-orientation of the isochromosome with X chromosome during the first
meiotic division in the spermatocyte. In such a case, X chromosome and isochromosome travel
to the opposite poles, providing preferential segregation of isochromosome with Y chromo-
some. This mechanism, proven for Drosophila [75, 76], was proposed to explain male excess
among carriers of paternally derived regular trisomy 21 [77], as well as male-biased SR in
trisomic offspring fathered by carriers of dup(21) [78], and in trisomy 21 offspring inherited
paternal noncontributing rearrangement [79].

4, Conclusion

It is interesting that very recently the epidemiology of Robertson translocations was suggested
to this author as not worthy of any attention. Currently, in this field there are multiple
unanswered questions. Further studies are required to elucidate the nature of female prepon-
derance among carriers of Robertsonian translocation in newborns, as well as of other intrigu-
ing phenomena uncovered in this paper, such as a nonuniformity in the HT spectrum and
difference in sex ratio between the carriers of the HT22 and the carriers of HT of the other
acrocentric chromosomes. Moreover, chromosome 22 is rather mysterious in the context of the
differences in the spectrum of nonhomologous translocations between groups of patients with
reproductive disorders. There is no clear understanding of the role of HT in the etiology of
male infertility and what factors determine the association of part of HT with impaired sper-
matogenesis. In addition, there are some aspects of ROB epidemiology not considered in this
chapter, including interchromosomal effect and mosaicism.
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Abstract

Comparative cytogenetics permits the identification of human chromosomal homologies
and rearrangements between species, allowing the reconstruction of the history of each
human chromosome. The aim of this work is to review evolutionary aspects regarding
human chromosome 13. Classic and molecular cytogenetics using comparative banding,
chromosome painting, and bacterial artificial chromosome (BAC) mapping can help us
formulate hypotheses about chromosome ancestral forms; more recently, sequence data
have been integrated as well. Although it has been previously shown to be conserved
when compared to the ancestral primate chromosome, it shows a degree of rearrange-
ments in some primate taxa; furthermore, it has been hypothesised to have a complex
origin in eutherian mammals which has still not been completely clarified.

Keywords: FISH, evolution, mammals, human synteny

1. Introduction

Comparative cytogenetics has been widely applied to many mammalian species [1-3]
through banding methods and, later, with fluorescence in situ hybridization (FISH) of whole
chromosomes and bacterial artificial chromosome (BAC) probes; these approaches permit the
definition of regions of chromosomal homology, rearrangements, and breakpoints, as well as
elucidate phylogenetic relationships between taxa [4]. In addition, the comparative cytogenetic
approach is particularly useful in the reconstruction of human chromosome (HSA) history.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Indeed, parsimony analysis of homologies and rearrangements permits us to define ancestral
chromosomal syntenies (synteny is the colocalization of two or more genetic loci) and derived
ones [2]. Banding allows us to first evaluate rearrangements between species; the mapping of
whole chromosomes through the chromosomal painting approach allows researchers to bet-
ter define rearrangements at the molecular level, such as Robertsonian ones and breakpoints.
At a finer level, the use of DNA cloned inside vectors such as yeast artificial chromosomes
(YACs) or BAC, used as mapping probes, permits the evaluation of chromosomal dynamics
[5, 6], defining marker orders and intrachromosome rearrangements. Moreover, the use of
specific loci or repetitive probes permits the localization of specific sequences, such as repeti-
tive ones, which are often supposed to be responsible for the plasticity of chromosomes [7-10]
and human genes involved in cancers [11].

More recently, the integration of cytogenetic data with sequence data has been proposed
[12-16]. These kinds of data are available from genomic browsers and are helpful for testing pre-
viously proposed phylogenomic hypotheses and chromosomal organisation reconstructions.

In this review, we report the principal approach which has proven useful for studying human
chromosome history by analysing previous cytogenetic and sequence data regarding human
chromosome 13.

2. The reconstruction of human chromosome history

At least three or four principal approaches can be used to reconstruct human synteny history.
In a comparative perspective, the analysis of banding data permits the identification of chro-
mosomal homologies. In particular, the analysis of the banding patterns obtained by the enzy-
matic digestion of chromosomes in metaphases using proteolysis and Giemsa solution staining
permits the identification of chromosomal homologies and principal rearrangements occurring
between species. Consequently, by focusing attention on a single chromosome, it is possible to
track the principal evolutionary steps involving each individual human chromosome [1].

Another approach is the analysis of comparative painting data; the painting approach con-
sists of a whole chromosome undergoing FISH on cytogenetic preparations, allowing the
identification of molecular level homologies, interchromosomal rearrangements and genomic
breakpoints. First, human chromosome probes are mapped onto metaphases of target species
(chromosome painting [CP]) [17], then, for a better comparison, animal chromosomal probes
are mapped onto human metaphases in a reciprocal hybridization (RP) [18]. Subsequently,
whole animal chromosomes are mapped onto other animal metaphases in an approach known
as ZOO-FISH, Z-F [19]. The analysis of these data regarding a single chromosome, consequen-
tially, permits the tracking of each change involving the human chromosome under study.

In addition, human chromosome evolution can be studied using another kind of probe, the
BAC probe, containing an insert of 50-300 Kb of the human genome. It can be mapped by
FISH onto the metaphases of many species. BACs are available for each human chromo-
some and can be purchased from the BAC/PAC Resource Center (Chori), and some of them
are commercially available for medical diagnosis. These probes are very useful in detecting
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small interchromosomal rearrangements which are not detectable by painting and in defin-
ing marker order along chromosomes, thus revealing inversions, new centromere evolutions
(new centromeres arise without the occurrence of inversions, maintaining the marker order),
and duplications [3].

Comparative cytogenetics has been applied to reconstructing most human chromosome his-
tory; these published works have mainly been done by reviewing previous painting data or
by mapping BAC probes on primates (see review in [2]) and other eutherian mammals; some
works have analysed only specific chromosome regions (see Table 1 for representative works).

Furthermore, alignments of sequences (SA) of many mammal species, obtainable from the
NCBI, UCSC, and Ensemble genome browsers, can be integrated with molecular cytogenetic
information in order to shed light on the history and peculiar features characterising each
human chromosome.

2.1. The evolutionary history of HSA 13

Human chromosome 13 has been sequenced, and it has been shown to be the largest acro-
centric chromosome in the human karyotype. Currently, the NCBI reports 1381 total genes,
41 novel genes, and 477 pseudogenes for a size of 114.36 MB [47]. It is among the human
chromosomes with the lowest percentage of duplicated sequences [48].

The analyses of classical and molecular cytogenetics, using comparative banding and chromo-
some painting, have allowed researchers to formulate hypotheses about its ancestral forms. In
this report, we delineate the principal steps regarding the history of human chromosome 13,
tracked through the analysis of previous cytogenetics literature and sequence data. We have
reported a list of species analysed by painting or sequence information, chromosome homo-
logues to human chromosome 13, human associations with HSA 13, chromosome type if
available, references and methods from which we obtained the data, such as CP, RP, Z-F, and
SA (see Table 2). The principal steps in the evolution of human chromosome 13 are illustrated
in a graphical reconstruction of the mammal phylogenetic tree, Figure 1; the mammal phylo-
genetic tree has been drawn in agreement with previous ones [16, 49], with some modifica-
tions, and was created using Mesquite v.2.75 [50]. Among mammals, three major groups are
distinguishable: monotremes (Prototheria, platypus), marsupials (Metatheria, opossum), and
placental mammals (eutherian), with these last two known as Theria; among placental mam-
mals, Afrotheria, Xenarthra, and Boroautherian are recognized, with the latter comprising
Laurasiatheria and Euarchontoglires (or Supraprimates) [49]. In the mammalian phylogenetic
tree are shown the orthologue blocks that correspond to human chromosome 13 —in yellow —
in representative eutherian species for which reciprocal chromosome painting is available; for
some of them also DNA sequence alignments have been previously showed, see Table 2 for
reference. For each species are reported chromosome ideograms on which human synteny
13 is found, and on the left of the ideograms are reported the species’ chromosome number
and on the right HSA syntenies; the black circle is the centromere. Syntenies homologues
of human chromosome 13 in platypus (Monotremata) are on chromosomes 2, 10, and 20, in
opossum (Metatheria) are on chromosomes 4 and 7, and in chicken (Aves) are on chromosome
1. These chromosomes are reported in box because they are representative eutherian mammal
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HSA chr. Methods References

1 Region study by BAC mapping [20]
History by multidisciplinary approach [21]
History by BAC mapping [2]

2 Region study by BAC mapping [22]
History by BAC mapping [2]

3 Region study by BAC mapping [23-25]
Review [26]

4 Region study by BAC mapping [27]
History by BAC mapping [2]
Region study by BAC mapping [28,29]

5 Region study by BAC mapping [30, 31]
review 2]

6 History by BAC mapping [32,33]

7 Painting [34]
Review [35]
Region study by BAC mapping [36]

8 Brief history by BAC mapping [2]

9 Region study by BAC mapping [37]

10 History by BAC mapping [37, 38]

11 History by BAC mapping [39]

12 Brief history by BAC mapping [2]

13 History by BAC mapping [40]

14 Region study by BAC mapping [41]

15 Region study by BAC mapping [41, 42]

16 History by BAC mapping, [43]
Painting [34]

17 History by BAC mapping [2]

18 Region study by BAC mapping, [44]
History by BAC mapping [2]

19 Painting, [34]
Brief history by BAC mapping [2]

20 History by BAC mapping [45]

21 Region study by BAC mapping [23]
Brief history by BAC mapping [2]

22 Brief history by BAC mapping [2]

X Brief history by BAC mapping [2]

y Region study by BAC mapping [46]

Table 1. List of representative works, (references and methods) analyzing each human chromosome evolution and/or
marker order in particular chromosomal region.
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Chromosome type  Chr. Human association References Methods
Dermoptera
Galeopterus variegatus Acrocentric 13 [58] RP
Proboscidea
Loxodonta africana Acrocentric 16,26 13, 6/13/3 [59] cp
Submetacentric [12, 16] SA
Elephas maximus Acrocentric 16, 26 13, 6/13/3 [59] CP
Submetacentric
Tubulidentata
Orycteropus afer Submetacentric 1 19/16/13/2/8/4 [59, 60] crP
SA
Afrosoricida
Chrysochloris asiatica Metacentric 8 13/18 [61, 60] RP
SA
Macroscelidea
Elephantulus rupestris Submetacentric 2 13/3/21/5 [61] cpP
Elephantulus edwardii [60] SA
Macroscidelis proboscidens ~ Submetacentric 2 13/3/21/5 [53] CP
Sirenia
Trichechus manatus Metacentric 19 13/3 [62] CP
Eulipotyphla
Sorex araneus Metacentric bc 9/5/2/13/8/7 [16, 63] CP, SA
Blarinella griselda Submetacentric 3 13/10/13/4/5 [63] Ccp
Neotetracus sinensis Submetacentric 3,10 13/4/20/10, [63] CP
Acrocentric 1/13/10/12/22
Hemiechinus auritus [64] CcP
Talpa europaea Metacentric 6 2/13 [65] CcpP
Cingulata
Dasypus novemcinctus Submetacentric 19 [66] cp
Pilosa
Choloepus didactylus Acrocentric 17 [64] cr
Coniochaeta hoffmannii Acrocentric 12 [66] CcP
Tamandua tetradactyla Metacentric 4, (2% 13/1 [64, *66] CP
Bradypus torquatus Acrocentric 12 [67] cp
Bradypus variegatus Acrocentric 17 [67] cp
Carnivora
Mustela putorius [68] crP
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Chromosome type  Chr. Human association References Methods
Vulpes vulpes Submetacentrics 6,9 13/14, 2/8/13/3/19 [69] RP
Canis lupus familiaris Acrocentrics (25%) 22, 28 [*70] RP
[69] CcpP
[71, 72] Z-F
[16] SA
Felis silvestris catus Acrocentric Al [69] CcP
[12, 13, 51] SA
Mephitis mephitis Submetacentric 19 [73] Ccp
Procyon lotor Metacentric 3 13/2 [73] CcP
Perissodactyla
Equus caballus Acrocentric 17 [74] RP
[13, 16] SA
[19] Z-F
[40] BAC
Equus asinus 11 [19] Z-F
Equus burchelli Submetacentric 6q 13/9 [19] RP
Z-F
Equus grevyi 6q 13/9 [19] Z-F
Equus zebra hartmannae 15 [19] Z-F
Equus hemionus onager 5q 12/13/22 [19] Z-F
Equus przewalskii 16 [19] Z-F
Diceros bicornis Acrocentric 10 [19] Z-F
Ceratotherium simum 10 [19] Z-F
Tapirus bairdii 1 [19] Z-F
Tapirus indicus Acrocentric 18 [19] Z-F
Tapirus pinchaque 13 [19] Z-F
Tapirus terrestris 8 [19] Z-F
Hemiechinus auritus Submetacentrics 59,6 5/13, 2/22/12/13/12 [64] CP
Pholidota
Manis javanica Submetacentric 1,9q 13/5/2p, 18/13 [64] crP
Metacentric [75] CcP
Manis pentadactyla Submetacentric 1q, 17 13/5/2, 13 [75] CP
Acrocentric
Cetartiodactyla
Bos taurus Acrocentric 12 [12, 16] SA

[76] RP
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Chromosome type  Chr. Human association References Methods
Sus scrofa Metacentric 11 [12, 16] SA
[76] RP
Camelus dromedarius Metacentric 14 [76] RP
Globicephala melas Metacentric 15 [77] Z-F
Hippopotamus amphibious ~ Metacentric 15 [77] Z-F
Giraffa camelopardalis Metacentric 12 14/15/13 [77] Z-F
Okapia johnstoni Acrocentric 11 [77] Z-F
Moschus moschiferus Acrocentric 17 [77] Z-F
Lagomorpha
Oryctolagus cuniculus Submetacentric 8 13/12 [78] RP
[51] SA
Rodentia
Mus musculus 3,5,8,14,14 [13] SA
[79] SA
[16] SA
Rattus norvegicus 2,12,15,15,16 [13] SA
[16] SA
Sciurus carolinensis Submetacentric 6 10/13 [80] RP
[81] RP
Petaurista albiventer Metacentric 11 10/13 [81] CP
Tamias sibiricus Metacentric 10 10/13 [81] crP
Castor fibre Submetacentric 4 8/13 [79] CcpP
Pedetes capensis Submetacentric 6 13/12/22 [79] CP
Sicista betulina Metacentric, 1,9 13/4/10/11/9/10, [79] cp
Submetacentric 3/6/313/19
Chiroptera
Eonycteris spelaea Submetacentric E11l 13/4/8/13 [82] CcpP
Rhinolophus mehelyi Acrocentric R6 13/4/8/13 [82] CP
Hipposideros larvatus Metacentric H1 13/3/21 [82, 83] CP
Mormopterus planiceps Metacentric M7 13/18 [82] cpP
Myotis myotis Metacentric V5/6 4/8/13/12/22 [82] CcpP
Aselliscus stoliczkanus Metacentric 1 22/12/13/4/8/13 [83] CcP
Megaderma spasma Metacentric 12 20/13/8b/4c [84] CP
Taphozous melanopogon Submetacentric 1 4¢/8b/13/16b/7c/5a [84] CcpP
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Chromosome type  Chr. Human association References Methods
Primates
Strepsirrhini
Avahi laniger 12 [85] cpP
Daubentonia 8p 10/13 [85] CcpP
madagascariensis
Eulemur fulvus 12 [85] cP
Hapalemur griseus griseus 15 [85] CcpP
Indri indri Submetacentric 3p 13/17 [85] CP
Lemur catta Acrocentric 13 [85, 86] BAC
CcpP

Lepilemur ankaranensis 14 [87] (@i
Lepilemur dorsalis 6p [85, 87] cp
Lepilemur edwardsi 6p [87] cp
Lepilemur leucopus 1q ter [87] cp
Lepilemur microdon 5p [87] cp
Lepilemur mittermeieri 7p [87] (@
Lepilemur mustelinus 8 ter [87, 85] CP
Lepilemur jamesi 5q ter [87] Ccp
Lepilemur ruficaudatus 5q prox [85, 87] CcpP
Lepilemur septentrionalis 14 [85, 87] cp
Microcebus murinus Submetacentric 13 [85, 87] CP
Propithecus verreauxi 6q 5/13 [85] cp
Otolemur crassicaudatus Acrocentric 14 [88] cr
Galago moholi Metacentric 5 13/16/12 [88] CP
Otolemur garnettii Submetacentric 14 [89] RP
Nycticebus coucang Submetacentric 18 [89, 90] RP

17 CcpP
Platyrrhini
Alouatta belzebul Acrocentric 14 [91] CP
Alouatta caraya Acrocentric 15 (20%) [92, *93] CP
Alouatta guariba guariba ~ Acrocentric 14 [93] cp
Alouatta seniculus 16 [91] CP
arctoidea
Alouatta seniculus Submetacentric 4q 13/19 [92] (@i
macconnelli
Alouatta seniculus sara 12 [91] CP
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Chromosome type  Chr. Human association References Methods
Aotus lemurinus Acrocentric 17 [93, 94] CP
griseimembra
Aotus nancymaae Acrocentric 19 [95] CcpP
Ateles geoffroyi [96] CcpP
Ateles belzebuth hybridus ~ Acrocentric 12 [97] CcpP
Ateles belzebuth marginatus Submetacentric 12 [98] cp
Ateles paniscus paniscus Metacentric 4 13a/13b/3c/7b/1a2 [98] CcpP
Brachyteles arachnoides Acrocentric 20 [98] cp
Callicebus donacophilus Acrocentric 15 [99] cpP
pallescens
Callicebus lugens Submetacentric 1 1/13-12/13 [100] CP
Callicebus moloch Acrocentric 21 [101] CP
Callicebus cupreus Submetacentric 7,17 3/21/13, 13/17 [102] CP
Acrocentric
Callimico goeldii Acrocentrics 19,17 13/9/22, 13/17 [18, 103] CP
RP
Callithrix argentata Submetacentrics 2,1 13/9/22,20/17/13 [18, 103] Ccp
RP
Callithrix jacchus Submetacentrics 15 13/9/22,20/17/13 [18, 103] Cp
RP
Cebuella pygmaen Submetacentrics 1,4 13/9/22,20/17/13 [18,103] Cp
Saguinus oedipus Submetacentrics 1,2 9/13/22,20/17/13 [18, 103] cpP
Cebus apella (Sapajus) Acrocentric 17 [104, 105] CcpP
Z-F
Sapajus a. paraguayanus Acrocentric 17 [105] Z-F
Sapajus A. robustus Acrocentric 17 [105] Z-F
Cebus capucinus Acrocentric 11 [105] cr
Cebus nigrivitatus Acrocentric 17 [97] CP
Chiropotes israelita Acrocentric 15 [95] cr
Chiropotes utahicki Acrocentric 15 [95] CP
Lagothrix lagotricha Submetacentric 8 [106] cp
Leontopithecus chrysomelas Submetacentrics 1,2 9/13/22,13/17/20 [107] (@l
Pithecia irrorata Submetacentric 8 22/13 [108] CP
Cacajao calvus rubicundus ~ Acrocentric 13 [108] cpP
Saimiri sciureus Acrocentric 16 [18, 101] cr
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Chromosome type  Chr. Human association References Methods
Catarrhini
Chlorocebus aethiops Metacentric 3 [109] CP
Cercopithecus erythrogaster Submetacentric 12 [110] Z-F
Cercopithecus neglectus Metacentric 19 [111] RP
Cercopithecus stampflii Submetacentric 13 [110] Z-F
Presbytis cristata Metacentric 19 [112] CP
Colobus guereza Metacentric 19 [113] CP
Erythrocebus patas Submetacentric 15 [111] RP
Hylobates concolor Metacentrics 5,9 1/13; 1/4/10/13 [114] CcP
Hylobates klossii 4q 3/13 [115] CcpP
Hylobates lar Metacentric 4q 3/13 [17] cp
Hylobates moloch 4q 3/13 [115] cpP
Macaca fuscata Submetacentric 16 [116] CP
Nasalis larvatus Metacentric 15 [117] CP
Pygathrix nemaeus Submetacentric 17 [118] cp
Semmnopithecus francoisi Metacentric 9 [119] cp
Semnopithecus phayrei Metacentric 9 [115] cp
Symphalangus syndactylus 15 [17] cp
Pongo pygmaeus Acrocentric 14 [17] cp
Gorilla gorilla Acrocentric 14 [17] CP
Pan troglodytes Acrocentric 14 [17] cp
Scandentia
Tupaia belangeri Acrocentric 17 [120] cp
Tupaia minor Acrocentric 16 [121] CcpP
Galliformes
Gallus gallus 1 [51, 52] SA
Monotremata
Ornithorhynchus anatinus ~ Submetacentric 2,10,20 [51] SA
Metacentrics
Didelphimorphia
Monodelphis domestica Submetacentrics 47 [51, 52] SA

Table 2. List of species analyzed by chromosomal painting (CP or reciprocal P) and/or sequence alignments (SA) and the
references used. For each species is reported the human chromosome 13 homologous and eventually, if present other
human associations.

outgroups and data come just from sequence alignments. When HSA 13 synteny, in yellow,
is rearranged with just few human syntenies, these are represented in different colours and
are reported on the right of the ideogram (e.g., in Indri chromosome 3, synteny 13 is fused
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Figure 1. The mammalian phylogenetic tree showing the orthologue blocks that correspond to human chromosome
13—in yellow —in representative eutherian species for which reciprocal chromosome painting is available. For some
species also DNA sequence alignments have been previously showed, see Table 2 for citation; in the tree, it is reported
the ancestral synteny 13 form described by painting data analysis and in the box the eutherian ancestral chromosome 13
alternative reconstruction obtained through sequence data* [17]. The platypus (Monotremata), opossum (Metatheria) and
chicken (Aves) chromosomes homologues are reported in the box to the low right; these last species are representative
outgroups. Different colours represent HSA human syntenies which are reported on the right of the ideogram; white
region represents parts of chromosomes covered by many different human syntenies; on the left of the ideogram are
reported the species’ chromosome number of the 13 human homologues; the black circle is the centromere.

with synteny 17 in red), whereas when HSA 13, in yellow, is rearranged with many human
syntenies, these are represented by white segments for logistic issue (e.g., on chicken chromo-
some 1). Through painting and sequence analysis in mammals, human chromosome 13 has
been previously shown to be conserved, with some exceptions (Table 2, Figure 1). Indeed,
the homologues to human chromosome 13 are found as single conserved chromosomes in
most representative mammalian orders analysed by chromosome painting, for example
in Dermoptera, Pilosa, Carnivori (cat—Felis silvestris catus ch Al), Lagomorpha (rabbit—
Oryctolagus cuniculus ch 8), Perissodactyla (horse —Equus caballus ch 17), and Cetartiodactyla
(cattle— Bos tauros ch 12 and pig— Sus scrofa ch 11; in pig, the synteny is metacentric due to
a new centromere formation). Human synteny 13 has gone to many rearrangements such
as translocation and fission in other different groups; indeed, it is associated with one or
more human syntenies due to translocation, as in Tubulidentata, Afrosoricida, Eulipotyphla,
Macroscelidea, Sirenia, Pholidota, Chiroptera (Table 2). For example, among Chiroptera in
Greater mouse-eared bat, on Myotis myotis ch 5/6 is present human synteny 13 associated
with many other human syntenies (8 lightgreen/4 bordoux/13 yellow/12 green/22 darkgreen)
and among Rodentia in eastern grey squirrel, Sciurus carolinensis ch 6, human synteny 13 in
yellow is associated with other human syntenies (reported in white in Figure 1). Furthermore,
human synteny 13 is fragmented into two segments or into many segments and associated
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with other HSA syntenies, for example in Carnivori (Canis— Canis lupus familiaris ch 22, 28),
in Proboscidea (elephant— Loxodonta Africana ch 16, 26), and in Rodentia species such as birch
mouse (Sicista betulina ch 1, 9; in these last species, many other human syntenic associations
are reported in white segments for logistic concern in Figure 1).

Through genome assembly analysis (alignments of sequences, SA), chromosome 13 has also been
shown to be conserved in many mammals such as pigs, horses, and cats [13], very rearranged in
mice (Mus musculus ch 3, 5, 8, 14) [14] and fragmented in platypus (Ornithorhynchus anatinus ch 2,
10, 20) [51]; moreover, it has also been shown to be present in the outgroups Opossum (Monodelphis
domestica ch 4, 7) and chicken (Gallus gallus ch 1) [52] (Table 2, Figure 1). More recently, researchers
analysing more than 19 placental mammals have hypothesised that the eutherian homologue 13
ancestor was fused with other human syntenies (HSA 4, and parts of HSA 2 and 8) [16]. This
alternative reconstruction obtained through sequence data (in Figure 1 reported in the box*) see
synteny 13 on EUT ch 1 associated with other HSA syntenies (2 orange/8 lightgreen/4 bordoux)
according with previous sequence alignments work [17]. Part of this human associations (13/2/8/4)
involving human synteny 13 is found through painting just in Greater mouse-eared bat ch 5/6,
HSA syntenies 4/8/13/12/22, and for this reason, the alternative reconstruction do not find support
through painting. Thus, the two reconstructions, by painting and by sequence analysis, regarding
the ancestral synteny 13 in eutherian are not in agreement. Better analysis is needed in order to
clarify this complex origin. The main issue to be considered to shed light on this issue is the use of
appropriate outgroups in the reconstruction of the ancestral eutherian chromosome forms and the
incomplete set of taxa analysed. Indeed, the lack of comparative chromosome painting between
eutherians and other mammals, such as monotreme and marsupials, and on the other hand the
lack of data on many genomes do not permit an exact reconstruction [16, 53].

Human chromosome 13 has also been analysed by mapping BAC probes onto representative
Mammalian orders [40]; this work has especially focused attention on the history of this chro-
mosome, with particular focus on intrachromosomal rearrangements and the potential rela-
tionships between evolutionarily new centromeres (ENCs) and neocentromeres occurring in
clinical cases. Indeed, it has been hypothesised that neocentromere formation, a typical event
in many tumours, could occur in correspondence to ENC position arising during evolution
[54]. BAC mapping has permitted the study of small intrachromosomal rearrangements along
the human 13 homologues and the identification of the occurrence of new evolutionary cen-
tromeres. Among mammals, evolutionary centromere repositioning on HSA 13 homologues
have been shown in pigs and many primates such as for example on Lagothrix lagotricha chro-
mosome 8 [40]; furthermore, a small inversion is common in nonprimate mammals [3, 40].

Although human chromosome 13 has been previously shown to be conserved, when com-
pared to ancestral primate chromosomes, it shows some degree of rearrangements in certain
primate taxa. Conflicting interpretations of classical banding data on human and great ape
chromosome 13 have been published [1, 55, 56]. Among Hominoids, humans, chimpanzees,
and orangutans share the same acrocentric form from which the gorillas” differs by only a
small paracentric inversion [57]. Among Strepsirrhini, it is a single conserved chromosome as
seen for example in grey mouse lemur (Microcebus murinus ch 13); however, in this species,
synteny 13 is metacentric presumably due to an inversion or alternatively for the occurrence
of a new centromere. Synteny 13 has gone to different rearrangements in other species such
as, for example, in indri (Indri indri ch 3), where it is fused with synteny 17 in red (Figure 1).
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Among Catarrhines (Old World monkeys), the HSA 13 homologues differ in the presence of
new centromeres, for example Vervet monkey (Chlorocebus aethiops); the Chlorocebus chromo-
some 3 are, indeed, metacentric if compared with the acrocentric human form (Figure 1).

Even if human chromosome 13 is presumably conserved in the ancestors of platyrrhines, HSA
13 homologue has gone into many rearrangements in New World monkeys; indeed, synteny
13 has gone to fission and subsequent translocation with other HSA syntenies in Common mar-
mosets (Callithrix jacchus), resulting in chromosome 1 and 5 (covered, respectively, by HSA 13
yellow/9 blue/22 darkgreen and 13 yellow/17 red/20 lightgreen), and in Titi monkeys (Callicebus
cupreus) resulting in ch 7 and 17 (covered, respectively, by HSA 3 fuxia/21 lightblue/13 yellow
and 13 yellow/17 red; Figure 1). Furthermore, some intrachromosomal rearrangements, such
as inversions and new centromeres, have been shown by BAC in other Platyrrhini [40].

3. Conclusion

Classic cytogenetics, using banding, and molecular cytogenetics, using painting or other map-
ping probes such as BAC, are useful methods for reconstructing human chromosome history
in a comparative approach with mammals. Although human chromosome 13 has previously
been shown to be conserved in mammals, it is less conserved then previously claimed; indeed,
some interchromosomal rearrangements have been demonstrated through painting, and
intrachromosomal rearrangements have been shown by BAC mapping in various taxa; for
this reason, further analysis is needed. Furthermore, the ancestral eutherian form has yet to be
elucidated, as contrasting results continue to be shown through painting and sequence data
comparison.
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Abstract

Cytogenomic microarray testing allows the detection of submicroscopic genomic rear-
rangements, commonly denominated copy number variations (CNVs) that are implicated
with many neurodevelopmental disorders, dysmorphic features, multiple congenital
anomalies, hematological and solid tumors, and complex disorders and traits in both
humans and animals. On the other hand, this approach is also widely used for the iden-
tification of structural variations that are applied as a biomarker in pharmacogenomics,
agriculture, and animal selection and breeding. The chromosomal microarray analysis
(CMA) has been applied for over a decade to screen for submicroscopic genomic gains
and losses in DNA sample in both diagnostic and functional scenarios. Herein, we pres-
ent an overview of the fundamental concepts of cytogenomics and its potential applica-
tion in human genetic diagnosis, agrigenomics, mutagenesis, and pharmacogenomics.

Keywords: microarray analysis, SNP array, CNV, array CGH

1. Introduction

Since the use of high-resolution chromosome banding and molecular cytogenetic methodolo-
gies, several chromosomal aberrations have been identified. Despite genome-wide detection
capacity of these technologies, the rearrangements still remain visibly undetectable, which
can be explained by microscopic resolution limitations and the lack of knowledge regarding
the regions under investigation.

In the 1990s, the array chromosome-based comparative genomic hybridization (array CGH)
was established and began to be used for the detection of significant submicroscopic losses
and gains with high sensitivity. It was initially applied to analyze copy number changes in
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tumors, and it was able to detect changes as small as 50 kb in size, with a resolution up to 1000
times higher than the karyotype. Subsequently, the array CGH methodology was optimized
and applied to detect unbalanced constitutional rearrangements [1-4]. Initially, bacterial arti-
ficial chromosomes (BACs) and fosmid clones were used in array CGH. However, it became
clear that not only larger DNA insert constructed in BAC vector but also PCR products and
oligonucleotide sequences were good targets for array CGH [5-7]. Microarray approaches
offer a high resolution and relatively quick way for genome-wide analysis, increasing the
potential possibilities of genomic scrutiny in clinical scenario as well as its potential appli-
cation in many other distinct structural genome investigations. In addition, chromosomal
microarray analysis (CMA) is useful to estimate the breakpoints of the DNA sequences that
can reveal potential mechanisms and risk factors underlying the occurrence of chromosome
rearrangement, especially in the case of recurrent rearrangements [8]. Nowadays, chromo-
somal microarray analysis (CMA) is used as a powerful tool to reveal copy number variants
thought to play an important role in the pathogenesis of a variety of disorders or the develop-
ment of complex traits. Thus, genomic variants can be used as a biological biomarker.

Herein, we present an overview of the fundamental concepts of cytogenomics and the poten-
tial application of this technology in human genetic diagnosis, agrigenomics, mutagenesis,
and pharmacogenomics.

2. Fundamental concepts of cytogenomics: understanding the tool
of arrays

Cytogenomic analysis comprises the use of microarray-based technologies for the investiga-
tion of specific loci and the entire genome [9]. It has been used for the detection of copy num-
ber variation (CNV), defined as genomic intervals that deviate from the normal diploid state
that can vary in size ranging from a few base pairs to mega base pairs [10]. The microarray
technologies are frequently nominated as chromosomal microarray analysis (CMA), known
as comparative genomic hybridization (CGH) and SNP array (Figure 1). CMA could be used
for a dual role in SNP (single nucleotide polymorphism) and CNV-based association studies
and in humans for the evaluation of patients with various diseases and congenital malforma-
tions [11, 12].

Initially, the CMA was based on the same principles of chromosome-based comparative
genomic hybridization. The CGH was developed in the early 1990s to screen for unbalanced
rearrangements in whole genomes [3]. The CGH consists in the simultaneous hybridiza-
tion of labeled test DNA and normal reference DNA onto normal metaphase chromosomes
spread on glass slides. Metaphase CGH was widely used to identify chromosomal numerical
alterations associated with solid tumors [13, 14]. Overall, the resolution of metaphase CGH
is the same of G-banding cytogenetics, limited to 5-15 Mb. Moreover, experiments require
cytogenetic expertise for the preparation of suitable metaphase chromosomes [3]. Due to its
resolution limitations, the metaphase CGH became restricted to cancer research and did not
demonstrate feasibility for analysis of genomic rearrangements in patients with developmen-
tal disorders. Subsequently, CGH was implemented as microarrays replacing the metaphases
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Figure 1. Fundamental concepts of chromosomal microarrays. Currently, the most widely used arrays are comparative
genome hybridization arrays (aCGH) and single-nucleotide polymorphism arrays (aSNP). Both microarray-based
technologies are able to detect genomic imbalances based on the spectral differences of the fluorescent dyes used to label
test and reference DNA in aCGH and test DNA in aSNP. Sample analyses are possible with the aid of computational
tools designed to call, view, summarize, and report chromosomal aberrations, including copy number gain or loss,
across the genome. *CN: Copy Number.

CGH by cloned DNA segments as genomic reference to be used as targets for the hybridiza-
tion, improving the potential for the detection of small chromosomal imbalances and increas-
ing its resolution in more than tenfold [14].
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The pieces of information regard the DNA sequence of the human genome, which was
obtained by the Human Genome Project, making it possible for the construction and char-
acterization of DNA libraries that could be cloned using bacterial artificial chromosomes
(BACs) and fosmids as vectors [15, 16]. The array CGH was introduced having known
clinically relevant microdeletion genomic DNA segments in BAC clones [10]. However,
the relatively large size of the initial clones (170 kb for BACs and 40 kb for fosmids) lim-
ited the resolution of the arrays which is dependent on the distances between probes, the
length of the clones, and how both probes and clones are distributed across the genome
[14, 17]. With the emerging of new protocols, different probes, including small insert clones
(1.5-2.5kb), cDNA clones (0.5-2kb), PCR products (0.1-1.5 kb), and oligonucleotides (25-85bp),
have been used in the arrays. However, the oligonucleotides have been more appropriated
targets for array CGH [5-7, 18]. The oligonucleotide array offers higher resolution and is bet-
ter than BAC in measuring size of CNVs, increasing the detection of small CNVs. Most CGH
arrays available are designed with oligonucleotides ranging from 50 to 70 base pairs (bp) on
the probe [19].

According to the International System for Human Cytogenetic Nomenclature [20], in contrast
to array CGH, in which DNAs from patient and control are labeled with different dyes and
hybridized to a single slide for array CGH and the alterations in the ratio of the two fluores-
cent dyes indicate a different quantity of DNA in the test sample as compared with the control
corresponding locations of CNVs, in the SNP arrays, only the patient’'s DNA is hybridized to
the microarray and compared by computer analysis to a pool of genomic DNA from reference
healthy individuals. Additionally, in SNP arrays, the size of the oligonucleotides is about 20
bp and was designed initially to detect genotypes for thousands to hundreds of thousands of
SNPs across the entire genome with the focus on genome-wide association studies [19, 21].
SNP arrays can also enable the detection of CNVs, but opposed to array CGH, each probe is
located at an SNP and can determine the genotype of the corresponding SNP, and the current
SNP arrays with median inter-SNP distances of <0.7 kb ensure the high density of genome
coverage [22, 23]. There are many commercial platforms for microarray analysis. Array CGH
allows the detection of non-polymorphic region and has been manufactured by Agilent
Technologies (Santa Clara, CA) and NimbleGen (Roche Nimble-Gen Inc., Madison, WI), and
more recently, Agilent Technologies is offering array CGH with inclusion of SNP markers.
The SNP arrays, manufactured by Illumina (San Diego, CA) and by Affymetrix (Santa Clara,
CA), have markers for the detection of polymorphic and non-polymorphic regions.

Besides the detection of CN'Vs, SNP arrays have some advantages in relation to array CGH. The
SNP markers can also detect long contiguous stretches of homozygosity (LCSH), low-level
mosaic aneuploidies, and chimerism. The detection of LCSH could indicate uniparental isodi-
somies (UPD) and consanguinity. LCSH distributed in several regions of chromosomes is
characterized by genetic identical by descent; on the other hand, when LCSH was identified
in a single chromosome, this observation may indicate UPD [24]. The major disadvantage of
SNP array and array CGH is the inability to detect balanced chromosome rearrangements
because balanced rearrangements show no copy number alterations. Thus, array method-
ologies do not replace G-banding karyotype for the detection of balanced structural rear-
rangements. However, they detect abnormalities that are cytogenetically cryptic by G-banded
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chromosome analysis. It is important to remember that CMA testing cannot detect balanced
karyotypic rearrangements such as reciprocal translocations that could be clinically significant
if they disrupt a critical gene. For clinical indications with increased risk for a balanced chro-
mosome rearrangement, such as recurrent pregnancy loss, G-banding chromosome analysis
should remain a primary diagnostic test [23]. Additionally, in agrigenomics, SNP arrays have
facilitated marker-assisted selections, genome-wide association studies, quantitative trait loci
analyses, parentage, and traceability, helping in genomic selection programs.

The primary focus for microarrays has been biomedical-related analyses. However, applica-
tions for array technology have broadened to include such fields as plant and animal genotyp-
ing and pharmacogenomics. The number of CNVs identified has increased as a function of the
increased resolution used by the array technologies. The wide use of arrays has allowed their
application in agrigenomics providing a powerful and flexible range of genotyping calls use-
ful for genomic selection programs for plants and animals, helping researches and breeders to
develop healthier and more productive crops and livestock [25, 26]. Besides, array technolo-
gies can be used in pharmacogenomic research for the investigation of potential associations
between genomic variation and individual drug response. Several SNP-based microarrays
are intended to provide information about specific polymorphisms associated with variable
drug responses within individuals in a population, which could increase treatment’s overall
efficacy and decrease the incidence of adverse events [27, 28]. Moreover, the extensively use
of CMA has not only contributed to the identification of CNVs and SNP related to human
variability but also contributed to the identification of rearrangements implicated in a variety
of diseases such as lifestyle diseases, cancer, autoimmune diseases, and neurodevelopmental
disorders, including intellectual disability, autism spectrum disorder, global developmental
delay, and neuropsychiatric disorders such as schizophrenia, creating a new field of investi-
gation which has transformed the clinical practice [16, 24, 29].

2.1. Application in the diagnosis of human diseases

Genomic gains and losses, defined as CN Vs, often cause a wide variety of specific and complex
phenotypes, resulting from alterations in the normal dosage of genes, which cause multiple
malformation syndromes, neurodevelopmental disorders (NDD), multiple congenital anom-
alies (MCA), and dysmorphic features. Nowadays, the improved resolution of the microarray
technologies has allowed the identification of cryptic chromosomal alterations, increasing
the knowledge of the etiology of genomic disorders and offering potential advantages in the
patient’s follow-up and management [3, 30].

Since 2010, CMA is widely recognized and recommended as the first-tier cytogenomic diag-
nostic test for individuals with unexplained developmental delay/intellectual disability (DD/
ID), autism spectrum disorders (ASDs), or multiple congenital anomalies, increasing the diag-
nostic yield around 10-25% [16, 30-32]. DD and ID are defined as several significant delays
in developmental areas, including cognitive, speech, social/personal, fine/gross motor, and
daily activities. DD is described for children less than 5 years old, and ID is diagnosed at
or after the age of 5 years old, with the intelligence quotient less than 70. ASD is a complex
spectrum of neurodevelopmental disorders, including autism, Asperger syndrome, pervasive
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developmental disorder, and childhood disintegrative disorder. MCAs are defined as mul-
tiple major structural malformations that cannot be explained by an underlying syndrome
or sequence. These disorders might have a genetic etiology involving the gains and losses of
CNVs and loss of heterozygosity (LOH), and the clinical consequences of these rearrangements
are commonly associated with location, size, and the gene content (Figures 2 and 3) [32-34].

In a study with children with ID/DD, ASD, and/or MCAs from Hong Kong, the application
of array CGH demonstrated a diagnostic yield of 11% for pathogenic and likely pathogenic
CNVs [35]. Another study with a cohort of 339 patients with neurodevelopmental disorders
and/or multiple congenital anomalies using the array CGH identified a detection rate of
pathogenic CNVs of 20.6% [30]. Combining both array CGH and SNP array in a single plat-
form, it is possible to make the most effective clinical diagnostic offering simultaneously
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Figure 2. SNP array revealed a copy number loss of chromosome band 17q21.31 of approximately 0.56 Mb in size
(arr[hg19] 17q21.31(43.703.801-44.212.416) x 1). This region involves 10 OMIM genes (LOC644172, CRHR1, MGC57346,
C170rf69, MAPT-AS1, SPPL2C, MAPT, MAPT-IT1, STH, and KANSLI) related to Koolen-De Vries Syndrome
(MIM610443). The red bar indicates the deleted region and the green bars indicated morbid genes.
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Figure 3. SNP array revealed a gain in copy number of chromosome band 22q11.1, spanning 1.75 Mb (arr[GRCh37]
22q11.1q11.21(16.888.899-18.644.773)x4). This gain as indicated in blue bars and comprise 12 OMIM genes (XKR3,
IL17RA, CECR1, CECR), SLC25A18, ATP6V1E1, BID, MICAL3, MIR648, PEX26, TUBAS, and USP18), indicated with gray
and green bars, related with Chromosome 22q11.2 Duplication Syndrome (OMIM608363).

identification of CNVs and LOH, as reported by different researches. A comparative study
between high-resolution SNP arrays and CGH microarrays revealed that the use of SNP
arrays increased the diagnostic yield in children with ID/MCA because these platforms
permitted the identification of LOH, which can unravel recessive disorders [36]. Using the
combining SNPs with customized exon-targeted oligonucleotide array in a cohort of 3240
patients, Wiszniewska et al. [24] provided a comprehensive approach for the identification
of clinically relevant copy number neutral changes in addition to CNVs in a single assay.
A study using CMA for 42 Korean patients with unexplained DD, ID, ASD, and MCA
identified clinically relevant CNVs in 66.6% of patients [33]. Therefore, microarray-based
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technologies have become a powerful tool for the identification of genomic rearrange-
ments smaller than 5 Mb that are associated with neurodevelopmental disorders.

In addition to the usefulness of CMA to help increase the diagnostic rate for ID, DD, ASDs,
and MCA, a variety of human conditions, such as epilepsy, schizophrenia, bipolar disorder,
and attention deficit hyperactivity disorder, have been reported in some individuals whose
CNVs have an important causative role [23, 37-42]. Besides the roll of CNVs in the devel-
opment of neurodevelopmental disorders, CNVs might also contribute to genetic variation
in stature in a general population. This conclusion was driven from the observation that in
children with short stature lower-frequency copy number variants play a role in the genetic
basis of height [43]. Additionally, studies of CNVs in idiopathic short stature (ISS) individuals
demonstrated that CMA is a promising approach for the identification of pathogenic CNVs in
patients with ISS and could contribute for the recognition of candidate genes associated with
growth pathways in humans [44, 45].

CMA testing, especially using SNP-based array, has improved the understanding of genetic
causes of many types of human disease and added new pieces of information about gains
and losses in the genome in a large variety of hematological malignancies and solid tumors.
Additionally, loss of heterozygosity, which is frequently implicated in the tumorigenesis of
a variety of cancers, could be detected using SNP array. So, CMA has played an important
role to help in diagnosis, prognosis, risk stratification, and therapy for cancer patients [46, 47].

CMA has become a widespread strategy of genetic diagnosis in postnatal settings, especially
evaluating children with neurodevelopmental disorders and multiple congenital malforma-
tions [48]. Moreover, the implementation of CMA in prenatal settings has helped physicians
to identifying chromosomal abnormalities in fetuses harboring anatomical anomalies in the
ultrasound, influencing on healthcare delivery in many countries [49]. CMA achieves nearly
100% accuracy rates when applied to identify common aneuploidies in prenatal specimens
compared to G-banding karyotyping. Overall, studies showed that in pregnancies with
fetal structural anomalies and karyotype with no numerical or structural alterations CMA
increased the diagnostic yield around 7%. On the other hand, for all other indications, the
increment in the diagnostic yield by CMA has remained around 2% [50, 51]. Taking into con-
sideration the aforementioned information, in 2016 the American Congress of Obstetricians
and Gynecologists (ACOG) recommended CMA as the first-tier test for the diagnostic evalu-
ation of fetal structural anomalies. However, the challenge of CMA in prenatal settings is
the adequate classification of CNVs as pathogenic and variants of unknown significance
(VOUS) [50, 52]. To minimize the reporting of uncertain findings, the practice guideline from
Canada issued by the Society of Obstetricians and Gynecologists of Canada (SOGC) and the
Canadian College of Medical Geneticists (CCMG) recommended not to report VOUS smaller
than 500 kb or VOUS smaller than 1 Mb for losses and gains, respectively [52].

For the diagnosis of human diseases, the microarray platforms should use probes derived
from closely spaced genomic loci and have probes concentrated in clinically relevant genes
and genomic loci, allowing the detection of smaller CNVs within disease-associated regions.
The identification of pathogenic or likely pathogenic CNV by CMA offers benefits for the
patient and family, bringing information about prognosis, allowing for appropriate genetic
counseling, and adequate patient’s management and follow-up for future disclosures [23].
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2.2. Application in agrigenomics
2.2.1. Livestock microarray analysis

SNP-based genotyping technologies have become the first-tier methodology in programs of
animal and plant breeding for genomic selection [53]. In this context, the use of SNP arrays
in organisms of economic interest has facilitated the association between a given SNP with
desired productive phenotypes, promoting a positive impact in the economy and contribut-
ing to consolidate the technology as a powerful tool to select animals and plants with higher
genomic value [54].

The animal genomic is a reality in breeding programs, and the application’s impact of these
methodologies can be noticed in several areas of animal production [55]. The commercial use
of genomic markers is driven based on the need to develop efficient selection and production
systems. For instance, selection assisted by genomic markers has been applied to swine breed-
ing aiming for little size and higher meat quality. On the other hand, in bovine, animal selec-
tion is used for meat tenderness and higher milk production. Still, for sheep, animal selection
is used to increase reproductive efficiency and muscle deposition [56].

Although microarray analysis may reflect a promising future in the agricultural setting to
economically produce labor and commodities, the efficiency of microarrays and other innova-
tive methodologies applied to livestock production will always be affected by situations of
difficult control, including measurements of traits, phenotypic variance, and low heritabil-
ity [57]. Inadequate phenotyping could negatively affect, limit, and hinder the usefulness of
genetic information in breeding strategies. Improvements and the use of SNP array, followed
by cost reduction for genotyping and genome sequencing by Sanger or NGS, have created
the possibility to use genomic information for the creation of livestock and supported the
emergence of genomic selection programs [58].

The development and application of genomic selection in livestock breeding programs have
benefited from the consolidated knowledge generated by classical breeding programs, in
particular, information derived from mapping of the Quantitative Trait Loci (QTLs). QTL is
characterized as a region of the genome responsible for the expression of a phenotypic trait,
which has a continue distribution [25]. This observation is supported by the fact that the main
phenotypic characteristics targeted by genomic and genetic breeding programs are polygenic
and controlled by several loci, each one adding to the final effect observed in the phenotype.
In the aforementioned scenario, genomic selection must be conceived as a process of making
decisions regarding the selection of the best-fit animals based on their estimated genomic val-
ues. Genomic estimated breeding values (GEBVs) are most commonly obtained by Bayesian
models, and it is nowadays considered to be an important step for the success of genomic
selection [59]. In summary, GEBVs are the result of the presence of meaningful genetic mark-
ers, identified through a dense array of SNPs equally spaced throughout the whole genome,
contained within all known QTLs from previously studied livestock [60].

There are different SNP arrays available for livestock genomic analysis. Schaefer et al. [61]
designed two different genotyping platforms and demonstrated the application of custom-
ized SNP array for domestic horse. Junior et al. [62] observed the importance of identification
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of genomic region associated with puberty and early pregnancy to females of Zebu cattle.
Gutierrez et al. [63] used a high-density ovine chip (700 K) to search signatures of selection
related to dairy production in sheep and demonstrated the usefulness of the array in the
identification of regions of economic interest in dairy sheep. The application of SNP array
for genomic selection has been useful to determine genetic attributes and contributed for the
genomic selection of traits of economic interest.

The SNP arrays available to estimate genomic values in farm animals can be divided into
two categories, according to the time of their development and use. First, there were the
SNP arrays from 2000 to 2012, characterized by the development of arrays based on the
sequence of reference genomes of farm animals. Most of the arrays were developed by mul-
tinational companies, including genome Illumina, Affymetrix, ARK Genomics, and Applied
Biotechnologies. Secondly, the arrays used from 2012 on are based on the genome of selected
animals, including the possibility of customizing the array for a given property.

In general, the positive aspects for using commercially available SNP arrays are as follows: (a)
genetic polymorphism can be estimated in different breeds, including synthetic cross breeds,
and (b) the SNPP panels are able to discriminate genomic variability even in animals with
close genetic makeup, especially considering the elevated level of inbreeding, for instance,
in pigs and poultry lineages. With respect to the negative aspect of using SNP arrays, the
following are noteworthy: (a) high cost per genotyped animal, (b) unavailability of personnel
and laboratories qualified to generate and analyze genomic data, and (c) in the same array
makers for different QTLs and different aptitudes reduction of the availability of genomic
data for the trait of interest. Carroll and Charo [55] called the attention upon an array for
bovine selection. The markers in that array were chosen to select meat and milk production.
The total of informative SNPs was reduced based on the total number of SNPs in the array.
Goddard [64] reported that perhaps the two most critical issues that hinder the usefulness of
genomic selection in the agribusiness industry are the lack of qualified personnel and the cost
per animal for their genotyping.

Lately, the potential of array customization and the advancement of genome sequencing
methodologies have boosted the applicability of genotyping farm animals and reduced the
cost per animal. Moreover, NGS is a powerful tool to generate information on the whole
genome of selected animals together with adequate animal phenotyping, which will contrib-
ute to adequately estimate true genomic breeding values for the livestock. Several authors
have pointed out that the advancement of genome-wide association studies (GWAS) has pro-
viding excellent and efficient information to be used in livestock genomic selection programs
(GSP) [54, 57, 65]. GWAS has allowed the identification of candidate genes potentially associ-
ated with phenotypes of economic interest (Figure 4). Thus, the piece of information gener-
ated for a given herd has become more powerful to predict its genomic merit and also to be
used to assist adequate selection of the desired animal phenotype. Thereby, genomic breeding
values have become even more useful and accurate, contributing to efficient decision-making
by herd managers and producers.

Bosch et al. [67] have addressed the final cost for poultry genotyping considering two distinct
arrays from the same company, namely, ChickenSNP50 and ChickenSNP600K, representing
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both the early and the state-of-the-art arrays, respectively. The author reported that the geno-
typing challenge has remained the cost per animal, which has a negative impact on genomic
selection. At first, genotyping as a whole has become cheaper. Nevertheless, the cost per ani-
mal has not reduced satisfactory. Manufactures claim that the new arrays will collect more
significant SNPs to be used in breeding strategies (Figure 5), justifying the increase in the cost
per animal. Similar arguments have been displayed by different authors [65, 67, 68] who also
claim a steadfast increase in the use of high-density SNP arrays from both academic research-
ers and commerecial facilities to assist with livestock breeding and genomic selection globally.

Much debate around the SNP arrays customarily is used for bovine genotyping, especially
for selection of meat and dairy animals. Specialists have claimed that low-density arrays has
a reduced capacity to predict the phenotype in Bos taurus indicus mostly because the markers
in the array are more representative of Bos taurus Taurus, affecting mainly the minor allele
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Figure 4. Manhattan plotting showing the distribution of the significant values of SNPs per bovine autosomal
chromosomes with respect to 305-day milk yield in Girolando. The GWAS disclosed 7 SNPs associated with milk
production trait in dairy cattle with a p value <10~° and a false discovery rate of 6.5% according to the study of milk
production in Girolando [66].
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Figure 5. The resolution of the arrays. Illustration indicating the resolution of an array is based on the number of markers
available to powerfully predict the breed genomic merit related to the desired economical trait.
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frequency (MAF) of several SNPs for some breeds, rendering them non-useful for breed-
ing selection [69]. Hickey [70], Auvray et al. [71], and Mrode et al. [68] have addressed the
issue of development of future SNP arrays to be applied for bovine selection. They claim that
new arrays must include a larger number of markers representative of distinct breeds and/
or future arrays must be customized for a specific breed, having less markers, but all chosen
based on their MAF. At last, it is also noteworthy to mention that array could be replaced by
WGS, pending only on the cost per animal, a challenge that will be met by the manufacturers.
Teng and Xiao [72], Bruford et al. [65], and Steyaert et al. [73] considered that as soon as WGS
becomes economically competitive it will be accessible to promote a new revolution in the
field of livestock genomic selection and breeding.

2.3. Application in research: from mutagenesis to pharmacogenomics

Microarray methodologies have been impacted in different fields of biological science, allow-
ing the identification of genomic alterations applied in the area of mutagenesis, including
toxicology, genetic toxicology, as well as pharmacogenomics [74, 75].

In the area of toxicology, gene expression profiles based on microarray analysis can help
understand the multiple pathways and mechanisms on the action of toxic substances at the
same time. Furthermore, microarray analyses are important to understand the effects of
xenobiotics across the genome and the rapid identification of toxic risks of new drugs and
chemicals. Thus, global analysis of gene expression has the importance of providing a more
comprehensive view of toxicity than was previously possible, since toxicity usually involves
changes not only in one or a few genes but is a cascade of gene interactions [74].

Understanding the function of genes is a major challenge in the post genomic era and in order
to assign the role of genes in molecular networks, strategies such as proteomics, metabolo-
mics, and transcriptomics have been implemented [76]. The gene expression profile of a cell
determines its function, phenotype, and response to the environment. Thus, the analysis of
gene expression becomes necessary for the in-depth study of biochemical pathways, regu-
latory mechanisms, and broader cellular function [77]. Some conventional analyses for the
gene expression profile are optimized only for single-gene investigation. Microarrays have
been developed as high-performance, efficient, and comprehensive tools for the simultaneous
study of multiple genes [78]. Therefore, microarray methodologies are being used to study
the transcriptional profile, leading to the research of new genes and molecular markers, hav-
ing applicability in the field of pharmacogenomics for tracing changes in the expression of
genes that are sensitive or resistant to a given drug; thus, it can be used to analyze differential
profiles of gene expression that are induced or repressed by xenobiotics [79, 80].

Pharmacogenomic studies of genes and gene products (proteins) are essential for pharmaco-
logical or toxicological responses to pharmaceutical agents. In addition, it analyzes genetic
determinants of enzymes, receptors, transporters, and targets that metabolize drugs and that
influence drug efficacy, safety, and drug-related phenotypes [79]. A current focus of phar-
macogenomic research explores the effect of interindividual genetic differences related to
drug response by providing information that can be used to inform the appropriate selec-
tion of individual drugs or dosing regimens [27, 79, 81]. Pharmacogenomic research involves
scanning the entire genome to find single nucleotide polymorphisms (SNPs) that may be
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associated with drug responses [79]. Genetic polymorphism studies are performed to classify
individuals according to their drug metabolism or disease response capabilities [81].

In a pilot study, Liljedahl et al. [82] developed a microarray genotyping system for multiplex
analysis of a panel of SNPs in genes encoding proteins involved in the regulation of blood
pressure, demonstrating their viability in response to hypertensive drugs. Therefore, micro-
array-based tests have provided a useful tool for simultaneous measurement of relative levels
of expression of a large number of clinically relevant genes in the context of disease or drug
responses [83]. Moreover, the application of the technique in the field of pharmacogenom-
ics characterizes and validates new therapeutic targets, their mechanism of action, metabolic
pathways, undesirable side effects, sensitivity, and toxicity to certain drugs [84].

To date, there is a scarcity of studies on the induction of germ line mutations in humans.
However, SNP-based arrays can also be applied to monitor individuals exposed to ionizing
radiation, and it has been proven to be a useful strategy to evaluate potential health risks related
to environmental mutagens. Costa et al. [85] presented results of the analysis of the effect of
accidental exposure to low doses of ionizing radiation on the formation of de novo, nonrecur-
rent CNVs in the progeny of a human population accidentally exposed to cesium-137 during
the radiological accident in Goiania, Brazil. The high-density SNP array used in that study
allowed the observation of de novo mutations induced in the germ line of parents exposed to
very low doses of ionizing radiation. Although the study of Costa et al. [85] is the pioneer in
the field and requires validation, it shed light on the potential of SNP arrays to unravel CVS to
be used as useful germ line biomarkers to characterize the exposure of biological systems to
mutagenic agents. Thus, a new era of possibilities of using CMA to resolve a variety of biologi-
cal questions is upon us and once again the future keep on looking promising.
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