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Preface

The role of cytogenetics in plant breeding is varied. It provides methods
for manipulating the composition of the genome and the genetic character-
istics of the reproductive system. It also provides methods for extracting
information from the material used in various stages of a breeding pro-
gram, for instance the frequency of recombination between homologous
and homoeologous genomes, the presence of abnormalities in normal,
treated or hybrid material, the possible causes of irregularities in segrega-
tion, fertility etc. It also provides information of a more general nature
on genetic transmission systems, general consequences of abnormalities
etc.

Many of the techniques, approaches and concepts of cytogenetics have
been available for a long time, but there has been continuous, gradual and
occasionally rapid progress in the quantity and quality of techniques, knowl-
edge and understanding of cytogenetics and their application to plant breed-
ing. After a period of declining interest, mainly a consequence of the rapid
development of cell biological and molecular techniques of manipulation,
and the expectation that these would rapidly replace the more tedious,
difficult and old-fashioned generative approaches, interest in cytogenetics
is increasing again. This is due in part to cytogenetic developments in
their own right and in part to the growing insight that the combination of
cytogenetic and cell biological and molecular techniques can be very fruitful
in both directions. In addition, experience is accumulating that molecular
genetic manipulation after all does not produce results as rapidly and as
easily as hoped earlier, and that cytogenetics might provide good alterna-
tives. It should be noted, however, that cytogenetics, although often requir-
ing less sophisticated techniques, is often conceptually more complicated
than cell and molecular biology.

The long history of cytogenetic research (of which many of the reports
are as relevant now as at the time of publication) and its varied potential for
application in plant breeding have resulted in very extensive literature. It is
not possible to be aware of, and even less possible to refer to, all relevant
publications. The reader will find that the choices made in this book are
personal and that many important references have been missed or for
various other reasons not included. It is hoped that the most serious omis-
sions will be brought to the attention of the author.



V1 Preface

There are several reviews and proceedings of meetings dealing entirely
or partly with the cytogenetics of different crop species, and cytogenetics in
plant breeding in general, for example:

— Cytogenetics of Crop Plants, MS Swaminathan, PK Gupta, U Sinha

(eds) (1983); MacMillan India Ltd., Delhi-Bombay;

— Chromosome Engineering in Plants, Part A. PK Gupta, T. Tsuchiya,

eds. Elsevier, Amsterdam 1991;

— Chromosome Engineering in Plants, Part B. T. Tsuchiya, PK Gupta

eds. Elsevier, Amsterdam 1991;

— Proceedings of the International Wheat Genetics Symposia, at S year

intervals held at different locations;

— Proceedings of the Barley Genetics Symposia: published as Barley

Genetics I, II, III etc. Held and published at varying intervals at dif-

ferent locations.

— Maize cytogenetics, Carlson W.R., in: Corn and Corn Improvement,
G.F. Sprague and J.W. Dudley, editors; ‘“Agronomy”, Madison, WI, USA
(1988). New editions will appear in the future.

Several chapters on papers from these books and proceedings have been
referred to in the present text.

The approach to the subject and the decision which chapters to include
are the choice of the author. For instance, a separate chapter on inter-
specific hybrids could have been included, but it was preferred to deal with
them in the chapters where their use is discussed (especially Chap. 9 on
genome analysis, Chap. 10 on gene transfer and Chap. 11 on manipulation
of genome number). A general introduction to chromosomes and their
behaviour is given, as it may be useful to be able to look up the most
general principles in the book itself. However, for details the reader is
referred to the literature. Such choices will not be argumented.

Many colleagues have contributed to this book by providing figures and
special information. Without mentioning each personally, I wish to express
my gratitude to all of them here. I am especially grateful to Dr. J.H. de
Jong and Dr. J. N. de Vries, who took the trouble of going through much of
the manuscript, giving many valuable comments and suggestions. I also
thank Dr. de Jong and Ms. Jannie van Eden for drawing or plotting several
of the figures.
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Chapter 1
Cytogenetics in Genetics and Plant Breeding

In most of its stages, plant breeding makes use of auxilliary scientific dis-
ciplines. One of these disciplines is genetics, with its subdisciplines quantitative
genetics, population genetics, cytogenetics, molecular genetics, etc. To under-
stand the role of cytogenetics in plant breeding, it is useful to first give a brief
review of the segment of genetics it covers, and what it is considered to
include.

1.1 Cytogenetics as a Subdiscipline of Genetics

1.1.1 The Two Functions of Genetic Material

The science of genetics studies the composition and functions of the ‘“‘genetic
material” (Fig. 1.1).

The ‘‘genetic material” has two essential functions: (1) to bring about and
regulate biological processes, and (2) to maintain, multiply and adjust itself.

It is composed of different substances, the most fundamental of which is
DNA. The two functions of the genetic material reflect the two basic functions
of DNA.: transcription and replication. Transcription is the first step in a series
of interactive and thoroughly controlled processes that ultimately constitute
the vital functions of all living material. It is the assemblage of RNA on the
DNA which serves as a template, with RNA polymerases as enzymes. Only
part of the DNA, the coding DNA, is transcribed. The coding DNA occurs in
functional units of roughly 1000 base pairs: the genes. Transcription is fol-
lowed by translation of segments of the thus formed m(messenger)-RNA into
polypeptides. This occurs in special structures, the ribosomes, consisting of
ribosomal RNA and proteins. The polypeptides are combined with other
polypeptides and, if applicable, other compounds into a great variety of
enzymes, regulatory substances and structural elements. The result is a highly
complex, strictly regulated system of interacting processes and structures.
This, the domain of gene action and gene expression, will not be considered
here to any significant extent.
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Genetic material
DNA/Protein

Transcription <«——— Chromosome/Chromatin ———> Replication

Composition/Structure l
Genetic variation More DNA
— Division ~
RNA Reproduction Growth
J/ Differentiation

Translation Generative Somatic

Protein — Meiosis
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|

Gene Transmission System
Manipulation of variation

Gene Function System
Expression of variation

Fig. 1.1 The structure of genetics. Variation is an essential aspect of genetics. It can be
induced as mutation or transformation of the genetic material, and fixed, eliminated or
manipulated in the transmission systems

The second function of DNA, replication, is the first step in a series of
highly regulated and interactive processes leading to systems of transmission of
the genes from one generation of cells or individuals to the next, the domain
of gene transmission. It involves interacting systems of structures and processes
equally complex as the gene action and gene expression systems. Replication
usually, although not without exception, involves all DNA of the nucleus and
consequently results in complete duplication of the nuclear or organelle DNA
with each round of replication. Usually, DNA replication of the nucleus is
followed by nuclear and cell division leading to (somatic) growth and/or to
multiplication.

The two functions of the genetic material (gene expression and gene
transmission, Fig. 1.1) are biologically complementary and both necessary.
The expression of a gene is of little consequence when it is not transmitted to a
new generation. Life is finite, and without renewal by replication, the gene
would be doomed to disappear. At first sight, replication and transmission
seem to be of little use without function for the ‘“‘genetic material”. Yet, in
many higher organisms, the larger part of the DNA is without apparent
function and still is faithfully replicated with its associated proteins, and trans-
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mitted. It seems to exist primarily for its own sake: “‘selfish DNA”. Part of this
seemingly redundant DNA, however, may have a function in the genetic
system by binding specific, regulating proteins. In addition, the total mass of
DNA affects nucleus and cell size and as such has a pronounced effect on the
organism.

The essence of the science of genetics is not simply in these two branches.
The essence is heritable variation and its regulation. The origin of this variation
is in the spontaneous, induced or introduced changes in the composition of the
DNA and, to a limited extent, in its structure (epigenetics). These changes in
the genetic material are either removed or consolidated during the reproduc-
tive cycle soon after their induction. Consolidated changes may (not necess-
arily always) be expressed in the phenotype of the organism in which they
occur or in its progeny. If they are expressed, they are the basis of the
heritable component of phenotypic variation. On this variation resides the
potential of the members of a population to function, maintain and reproduce
themselves in competition with other living forms in a specific habitat. In an
agricultural environment the competition acts mainly through the grower, with
respect to the crop as well as weeds, diseases and pests.

Competition in a limiting environment leads to selection, and selection
eliminates genotypes and reduces genetic variation. Genetic variation has two
components: (1) the differences between alleles of genes, and (2) the combina-
tion of specific allelic variants. New variation can arise simply by making new
combinations of existing allelic variants: recombination. This is realized in
meiosis and effected by fertilization during generative reproduction. It alters
the composition of the genetic material, which ultimately results, through the
gene function system, in new phenotypes. The transmission system, including
the processes responsible for recombination, is itself under the control of the
gene function (expression) system. Variation in the genes concerned will,
therefore, be expressed as variation in transmission. This makes it possible, by
selection, to optimize the recombination system.

From a biological point of view the two branches of genetics are com-
pletely interrelated and interdependent.

1.1.2 Cytogenetics Defined

Apart from parasitic elements, the genetic material is normally present in a
number of different cell organelles: (1) the nucleus; (2) mitochondria; (3)
plastids (in higher plants); and (4) plasmids (free in some lower organisms, in
mitochondria and possibly other organelles in higher organisms). By far the
majority of the genetic material in higher organisms is present in the nucleus.
Here, the DNA is associated with different proteins (basic, neutral and acidic)
and, to a lesser extent, with other substances, and aggregated in the form of
chromatin. The chromatin of a genome (representing one full complement of
genes and the accessory DNA) is divided over a number of chromosomes.
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There is only one chromosome in a species of the nematode Ascaris, two in a
number of species of the plant Haplopappus, three in some species of the plant
Crepis, up to hundreds in some ferns.

Cytogenetics in the present context is the science of chromosomes in the
broadest sense, including their light, electron microscopic and molecular
characteristics, and especially the function of these characteristics; further, the
behaviour of the chromosomes during somatic and generative transmission.
Variation in characteristics, function and behaviour is an important aspect.

Chapter 2 deals with chromosome structure and Chapter 3 with somatic
and generative transmission to provide a background for the chapters on the
application of cytogenetics in plant breeding.

1.2 Cytogenetics in Plant Breeding

Cytogenetics can be applied in different phases of plant breeding, and in dif-
ferent ways. Plant breeding as an activity of manipulating genotypes requires

Table 1.1. The phases of a plant breeding program (Sybenga 1989)*

I II III v
a) Formulation of a) Collection of material a) Selection a) Propagation/
objectives (&) maintenance
")
b) Choice of b) Testing and b) Testing
approach in preselection of **)
construction of material
genotype and **)
reproductive
system
) : .
c) Program c) Induction of additional
design genetic variation
*) (mutation,
transformation)
* % ***)

d) Construction of special
reproductive system
(* *  kk *)

e) Combination
(hybridization, etc.)
and recombination
(* *  kk *)

# Asterisks indicate where which type of cytogenetic information or manipulation can
be used: *information from literature; **information to be collected;
*** manipulation.
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techniques and information. Cytogenetics provides both. The information
provided can be of a general nature, valid for all materials and for several
applications, or it can be specific, relating to the material and/or the prob-
lem at hand. The latter can be information on the structure of the starting
material, on the material in intermediate stages, and on end products. It can
concern the microscopic structure and number of chromosomes (karyotype)
and their variation (Chap. 4), but also the behaviour of chromosomes during
transmission, somatic or generative.

When special cytogenetic approaches (techniques) in genetic manipulation
are used (Chap. 10, 11 and 12), again information is needed, both of a general
nature, e.g. on the techniques to be employed (necessary for the design and
implementation of the project), and of a specific nature on the material
to be manipulated. Providing information, therefore, is an essential duty of
cytogenetics in plant breeding.

Where cytogenetics plays a role in genetic manipulation, it is necessary to
distinguish between the manipulation of the genotype (the specific genetic
constitution of the genomes under consideration) and manipulation of the
genetic transmission or reproductive system. Manipulation of the genotype may
involve the introduction or replacement of specific genes, or the manipulation
of the gene dose. Manipulation of the transmission system may, for instance,
involve the introduction of limitiations to free segregation used in the fixation
of heterozygosity.

Table 1.1 (cf. Sybenga 1983a, 1988) gives a review of the phases of plant
breeding where cytogenetic information and manipulation are of potential
interest.



Chapter 2
Chromosome Composition, Structure and Morphology

For a detailed review of the structure of the genetié material in the nucleus,
the chromatin in its broadest sense, the reader is referred to the specialized
literature (e.g., somewhat old but still useful for the present purpose: Bostock
and Sumner 1978; more recent: Watson et al. 1987; Alberts et al. 1989). Most
of the information relevant to the present context has been available since the
late 1970s and the early 1980s. Modern developments mainly concern details
that are of interest primarily to the specialist. In modern textbooks on cell
biology most of the relevant information is given in a readily understandable
form. Here, only the main issues will briefly be discussed.

2.1 DNA

2.1.1 The Chemical Basis

DNA consists of long chains of nucleotides, the monophosphate esters of
nucleosides that contain one molecule of the pentose sugar deoxyribose
(ribose in RNA), and one nitrogen base. The N-bases are the pyrimidines
thymine and cytidine, and the purines adenine and guanine. These are the
only four N-bases in DNA, but they may undergo functional modifications.
The corresponding nucleosides are: thymidine (T), cytidine (C), adenosine
(A) and guanosine (G). The composition of RNA is quite similar. In addition
to differing from DNA in the character of the pentose sugar (oxyribose instead
of deoxyribose), the only difference is that uracil takes the place of thymidine.
The functional effects, however, are considerable.

During DNA synthesis (replication), the nucleotide to be built in is offered
in the triphosphate form with the phosphate groups attached to the 5’ C-atom
of the pentose. Two of the three phosphate groups are removed enzymatically
and, at the same time, the remaining group is attached to the 3’ C-atom of the
pentose of the nucleotide at the end of the chain already formed. The back-
bone of the DNA macromolecule is thus formed by alternating deoxyribose
and phosphate groups with the N-bases sticking out at one side. The chain is
not symmetric, one end being the 3’ C-atom of a ribose molecule, the other
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end a phosphate group on a 5’ C-atom of a ribose: the DNA molecule has
polarity.

2.1.2 Heterogeneity of DNA; Unique and Repetitive DNA

Only a portion of the total DNA is transcribed into functional RNAs: the
coding DNA. It contains the genes proper that are DNA segments of vari-
ous lengths, but usually comprising roughly 1000 base pairs (1kb), flanked
by special sequences necessary for transcription and separated by spacer
sequences. The exact base composition of many genes and their flanking
regulating and spacer sequences in many plant and animal species has been
established. Inside the genes, most eukaryotes have shorter or longer DNA
segments that are transcribed but later removed from the messenger RNA by
molecular excision before translation. These segments are called introns; the
coding DNA outside the introns is composed of exons. For more details on
possible origin and function of introns, see Watson et al. (1987).

Apart from typical gene DNA there is other unique DNA with special
functions: the regulation of transcription (promoters, enhancers); replication
(autonomous replication sequences: ARS), or other nuclear processes; or
simply to serve as a spacer between different functional DNA segments.
These are usually shorter than 1000 base pairs and have also been thoroughly
analyzed. In most higher eukaryotes there is a considerable additional amount
of unique DNA that does not seem to have any function other than to take up
space and thus to affect the ultimate structure of the chromatin, and perhaps
to bind specific regulating proteins.

In addition to unique DNA, most higher eukaryotes carry large amounts
of repetitive DNA, i.e. DNA where a certain segment, usually not very long
and usually not entirely faithfully preserved, is repeated a number of times.
There is extreme variation in the degree of repetitiveness, the composition of
the segment repeated and the total amount of repetitive nuclear DNA per
organism. Variation in repetitive DNA is by far the most important cause of
variation in nuclear and chromosome size between organisms. A representa-
tive example is rye (Secale cereale) with 7 chromosomes per genome, or 2n =
14 per diploid nucleus. It has 19 pg (picogram) DNA per 2C nucleus, i.e. per
two genomes with unreplicated chromosomes (Bennett and Smith 1976).
There is only slightly more than 1% coding DNA, about 19% other unique
DNA and about 80% repetitive DNA of various kinds (Flavell et al. 1979).
Arabidopsis thaliana (2n = 10), on the other hand, has only 0.5 pg DNA with
hardly as much repetitive as unique DNA, and the latter is to a great extent
coding DNA. Organisms with large chromosomes invariably have large
amounts of repetitive DNA: e.g. Allium cepa (2h = 16) with 33pg DNA or
Lilium sp. (2n = 24) with over 80 pg DNA, all per 2C nucleus (Bennett and
Smith 1976). In such large chromosomes the great majority of the DNA is not-
unique.
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Highly repetitive segments occur from 25000 to 10° or occasionally even
more than 10° times. When the frequency is very high, the unit segment is
usually small, even less than 10bp, and slightly variable. In middle repeti-
tive DNA, the unit segment occurs from 500 to 25000 times and with low
repetiviness, the frequency is even lower than 500. Related families of repeti-
tive DNA that have slightly different unit segments can be found.

There are different ways to analyze the characteristics of repetitive DNA.
One way is to analyze the overall base composition.

Part of the repetitive DNA is species-specific. In rye, Secale cereale, for
instance, 23% of the total of about 80% repetitive DNA in the genome is
not found in closely related species such as Secale montanum (Bedbrook
et al. 1980; Flavell et al. 1979), although the chromosomes pair quite well at
meiosis. This indicates a very rapid evolution of this type of DNA. Whenever
large quantities of highly repetitive DNA are found, this variation between
related species is observed.

The distribution of repetitive DNA varies over the chromosomes, between
locations within chromosomes, but also between species (Appels et al. 1978).
In several species it is concentrated either near the centromere or at the ends.
In other species it is found in bands at several, or occasionally many, loca-
tions in the chromosomes. Within species, some families of repetitive DNA
may occupy specific positions, sometimes even specific bands in specific
chromosomes. Other families of repetitive DNA may be more or less evenly
distributed over the chromosomes (Flavell et al. 1979). There are different
ways to make such specific DNA families visible in the chromosomes. The
importance of repetitive DNA families as cytological markers of specific
chromosomes or chromosome segments will be discussed in Section 4.2.4.2.

The function of the large amounts of repetitive DNA is not clear. Part
may be “‘selfish DNA” existing for its own sake. Like non-coding unique DNA
it may have the function to bind specific regulating proteins, or it may simply
serve to fill space and thus affect nuclear and cell size. Genome size has been
shown to affect the properties of te organism. Rayburn and Auger (1990), for
instance, showed that the DNA amount of indigenous maize populations in
the Southwestern USA increases with the adaptation to higher altitudes, con-
firming earlier observations on other species.

2.1.3 Replication

During replication, a new DNA chain is formed along an existing chain, which
serves as a template. For stereochemical reasons, thymine is built into the
existing chain in a position opposite adenine and vice versa, and guanine
opposite cytosine. In this way the old chain serves as a template for the
formation of a completely complementary new chain. The polarity of the new
chain is reversed compared to that of the old chain. Slight modifications in the
structure of the nucleotides do not prevent their acceptation as structural
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elements, but they do have effects on the function of the DNA. For instance,
when offered in excess, bromodeoxyuracil (BUdR) will be built into DNA
during replication and can then be used as a marker of specific processes or
structures. For replication, the two strands must separate. Both single strands
serve as templates for the formation of new (complementary) chains. Because
each DNA double strand consists of one old and one new strand, the process
is called semiconservative replication.

Under most conditions (there are important exceptions that will not be
further considered here), DNA takes on the shape of a double helix with a
diameter of 2nm and 10 nucleotides per turn. This is too thin to be made
directly visible even with the electron microscope. What one sees in EM
photographs is DNA covered with protein, which can be shadowed, or
stained, with heavy metals.

The entire period of DNA synthesis per nucleus is completed (during the
synthesis or S-phase) in 6-8h. Per chromosome, many segments are able to
replicate independently and at least partly synchronously. These segments are
called replicons. A mammalian nucleus is estimated to have at least 20000
(Bostock and Sumner 1978). Replicons each have an ARS (Autonomous
Replication Sequence) and may be activated separately, but tend to be regu-
lated in groups. In fast dividing cells of Drosophila embryos, for instance, the
unit size of replication is only 3—4 pm, whereas in slower dividing cells it may
be 13um. Between groups, great differences in time and duration of replica-
tion can occur. This is related to the composition of the chromatin and
therefore indirectly influenced by the composition of the DNA. Apart from
this, replication is not affected by DNA sequences such as start or end of
genes, regulating sequences etc.

2.2 Chromosome Structure;
Histones and Other Chromosomal Proteins

The most important proteins in the chromatin are histones, simple basidic
proteins, of which five primary types can be distinguished on the basis of order
of elution after chromatographic separation. Histone fractions H3 and H4 are
very conservative and practically identical for most organisms. H2A and H2B
are somewhat more variable, while H1 is the most variable. H1 also undergoes
the most extensive post-translational modification, necessary for its special role
in chromosome condensation.

Per unit of weight there is approximately as much histone protein as there
is DNA in the chromatin. The association between DNA and histones follows
a characteristic pattern that is of great importance for the regulation of gene
function and replication, as well as for the packing of the chromatin into
chromosomes. Two molecules of each of H2A, H2B, H3 and H4 together
form an octamer around which 146 base pairs of DNA are wound in slightly
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\_\VJD 2 nm DNA DOUBLE HELIX
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10 nm NUCLEOSOMES
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Fig. 2.1 Diagram of the structure of chromatin. A the DNA double helix measures
2nm in diameter. B this double helix is wound around histone octamers consisting of
two molecules each of H2A, H2B, H3 and H4, forming nucleosomes with a diameter of
10 nm. These nucleosomes are connected by the continuous DNA thread. By histone 1
(H1) they are folded into a 30-nm nucleosome strand, the basic nucleoprotein fibre. C
This basic fibre is folded into a 400-nm cylinder, which in its turn is wound into the
100—1500 nm supercoil: the chromosome as visible in the light microscope. In the final
condensation processes acidic proteins forming scaffolds play an essential role

less than two turns. The result is a disk of 10nm in diameter and 5.5nm in
width. This is called the nucleosome or nu-body. It was first described by Olins
and Olins (1974) in electron microscopic preparations of chromatin from
which acidic proteins and H1 had been removed. Between two nucleosomes
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the DNA is not associated with histones over a length of 20 to 100 base
pairs. Where the DNA enters and leaves the nucleosome, an H1 molecule is
attached to the DNA, but it does not form part of the nucleosome; it plays a
central role in the condensation of the chromatin (Kornberg and Klug 1981).
Depending on local conditions (pH, salt concentrations etc.), but also on
specific trigger substances, H1 molecules associate with varying strength and
compactness, which makes the loose nucleosome strand of about 10nm in
diameter condense into a slightly wound 30-nm thread (Fig. 2.1). This is
the basal strand of the chromosome, which already contains three super-
imposed helices: the DNA helix itself, the winding of the DNA around the
nucleosomes and the final turns into the 30-nm thread. Its diameter is still
below the resolution of the light microscope. The chromatin tends to remain in
this condition except for slight modifications, such as incidental and local
loosening of the DNA from the nucleosomes.

Further contraction is a consequence of phosphorylation and other modifi-
cations, mainly of H1, and is necessary as a preparation for mitosis. For the
stability of the higher order structure, acidic proteins of a special nature
are required. First, cylinders of about 400 nm are formed (Bak et al. 1979)
that wind into the thick major coil (Fig. 2.1). At mitotic prometaphase this
final structure attains such a smooth external surface that it appears to be a
homogeneous mass. In the last stages of condensation, acidic proteins play a
major role: they form a very stable scaffold onto which the basic 30-nm

Fig. 2.2A-E Demonstration by Taylor et al. (1957) that chromosome replication is
semi-conservative. Radioactive (tritiated) thymidine is applied during one replication
cycle: both chromatids become radioactive, as can be seen in a microautoradiogram
(B). During the second round of replication, normal, non-tritiated thymidine is pro-
vided, and both strands form a new, non-radioactive sister strand. Now the two
chromatids are different: one parental strand was radioactive and the daughter double
strand remains radioactive. The other strand is from the grandparental strand and, like
the newest strand, is not radioactive: the entire chromatid is not radioactive (E)
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chromatin thread is suspended. This makes it possible for the condensed
chromosomes to resist the forces to which they are exposed during mitosis.
When in a condensed chromosome some of the acidic proteins are gently
removed, the 30-nm thread comes out in loops of 30000—-90000 base pairs.
When H1 is also removed, the 10-nm nucleosome thread appears in the same
loops. When all histones are removed, naked DNA loops can be seen (by
electron microscopy) attached to the scaffold.

Very shortly after DNA replication, the histones are replicated, but not in
a semiconservative way.

Due to this complex but well-regulated process of chromatin replication,
the complete linear structure of the entire DNA strand of each chromosome is
maintained intact during the entire process of replication and subsequent sep-
aration of the two daughter units. Even the small chromosomes of Drosophila
melanogaster, which are only a few pum long during mitotic division, each
contain over 16 mm DNA, and large chromosomes contain several times as
much. All this DNA will split and separate without error. The daughter
chromosomes are called chromatids as long as they are still attached. They will
ultimately replace the parent chromosome and are usually visible in light
microscopical preparations from late prophase on.

The consequence of the process is that the chromosome, like the DNA it
contains, must replicate semiconservatively, as was first shown by Taylor et al.
in 1957 (Fig. 2.2).

2.3 Euchromatin, Heterochromatin

The manner in which, and the degree to which, DNA is compacted into
chromatin is not homogeneous over the chromosome. Segments with a
stronger or more resistant, but not necessarily denser, packing alternate with
segments where the packing is less strong or resistant. The latter are the more
common and follow the ‘“normal” pattern of condensation and stainability in
microscopic preparations: maximal stainability and density during the mitotic
transport stages, and minimal stainability and condensation during interphase
when transcription and replication take place. This is euchromatin.
Heterochromatin, on the other hand, also shows a compact and highly
stainable structure during a large part of interphase and sometimes less con-
densation during the typical mitotic transport stages metaphase and anaphase.
The term heterochromatin was first used by Heitz in 1929 and referred espec-
ially to stainability. It appears that specific highly repetitive DNA sequences
can affect the histone and scaffold proteins such that chromatin packing is
pronounced even at interphase. This is so with constitutive heterochromatin
that has a permanent character. It contains practically no coding DNA. The
repetitive DNA is often composed of several families that are not or not
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frequently found in euchromatin and that can even be specific for certain
chromosome segments. Transcription is practically impossible and replication
is late.

Facultative heterochromatin is chromatin which is not consistently hetero-
chromatic. Entire series of genes are shut off from transcription without
further subtle regulation. The cell progeny usually ‘“inherits” this condition
from the stem line cell in which it has been induced. Several instances are
known where facultative heterochromatinization results in the appearance
of sectors in the tissue where certain genes are not expressed. The most
thoroughly studied case is the inactivation by heterochromatinization of one of
the two X-chromosomes during early embryogenesis in mammals. When the
two X-chromosomes are equivalent, either one can be inactivated; and in
some sectors the alleles of one chromosome and in other sectors those of the
other chromosome are expressed (Lyon 1963). Genes on autosomes, trans-
ferred to an X-chromosome by translocation, share this fate. These phenom-
ena are not with certainty known to occur in plants.

Heterochromatin or heterochromatin-like segments in chromosomes,
because of their special packing, can be made visible by special methods of
preparation. Especially after cold treatment in some species of plants (7rillium
spp., for instance), heterochromatin may be recognised as light-stained regions
in otherwise dark-stained chromosomes (Darlington and LaCour 1940).
Removal of the least strongly bound proteins followed by local denaturation
and subsequent restabilisation of the chromosome structure can result in loss
of stainability of the segments least compacted. The remaining compact and
stainable segments can form a specific pattern. This is very helpful for the
identification of specific chromosomes or even chromosome segments and will
be further considered in Chapter 4, in which the karyotype is discussed.

2.4 Special Functional Elements in Chromosomes

Three elements with special functions and specific positions in the linear
chromosome structure will be briefly considered: the nucleolar organizing
region (NOR), the centromere and the telomeres. The centromere and the
telomeres have functions that are restricted to and necessary for the chromo-
somes in which they occur and, therefore, are found on each chromosome.
The nucleolar organizer has a function in the physiology of the cell as a whole
and is often found in only one chromosome per genome, or at most in a few.

2.4.1 Nucleolus Organizing Region (NOR)

The NOR is a chromosome segment in which the multicopy gene (500—1000
copies) for the larger (18S and 28S) ribosomal RNA (r-RNA) fragments is



Centromere 15

located. Between the two sub-loci, a 5.6S segment is transcribed that is not
included in the ribosomes. The gene coding for the third and much smaller
RNA fragment of the ribosomes (5S-r-RNA) is also a multicopy gene, but
is located elsewhere in the genome, either distributed over several loci or
concentrated tandemly on one locus. The r-RNA is an essential part of
the ribosomes, which are responsible for the assembly of amino acids into
polypeptides with messenger-RNA as the template. The amount of RNA
required is large and it must be present in all metabolically active cells. The r-
DNA is not packed in nucleosomes, but occurs dispersed in special bodies, the
nucleoli, where it is transcribed almost continuously during interphase before
DNA replication. The dispersed state of the DNA in the nucleolus makes it
invisible using most cytochemical methods, but very favourable for gene func-
tion studies.

Very often a heterochromatic segment is present near or almost at the
NOR. During the mitotic contraction stages of the chromosomes, however,
the NOR, if active during interphase, is often visible as a constriction. Then
the nucleolus itself is normally not present: the DNA is taken up into the
condensed chromosome body. The constriction is a convenient landmark in
the chromosome in which the NOR occurs.

2.4.2 Centromere

The centromere plays a central role in the division of the chromosomes. In
most organisms, each chromosome has one, but it has a compound structure.
When active during nuclear division, the central part contains a proteinaceous
element, the kinetochore. The kinetochore provides for the attachment and
possibly some regulation of the microtubules that regulate or partly effect the
movements of the chromosomes in mitosis and meiosis (see Sects. 3.1.1 and
3.2.2). Microtubules may have a variety of functions in the organism, espec-
ially in higher animals, but when attached to kinetochores, they exclusively
serve to regulate the forces required for chromosomal movement. The typical
kinetochore structure is present only during these stages and it is apparently
attached to special DNA segments. These segments are repeats of relatively
short sequences that may vary slightly between species and even within species
between the centromeres of different chromosomes. This variability does not
appear to reduce the functionality of the centromere.

Especially in yeast, the DNA sequence of the centromeres, mainly of
chromosomes III and XI, have been analyzed (Fitzgerald-Hayes et al. 1982;
Clarke and Carbon 1985). In yeast the most critical segment is only about
370 bp long with one very A+T-rich segment of about 80 bp. The DNA is not
organized in nucleosomes. In higher organisms the base composition is com-
parable, but the centromere is very much larger. At least part of it may be
associated with histones in nucleosomes. Its structure is morphologically
symmetrical, as can be seen in prophase chromosomes where two or four
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chromomeres can be made visible (Lima-de-Faria 1956, 1986; Rattner and Lin
1987). Most eukaryote centromeres are large enough to be split into two parts
that both are functional. A metacentric chromosome can thus be split into two
acrocentric chromosomes, both having a functional centromere. In the analysis
of eukaryote centromeres and kinetochores, effective use can be made of
centromere-specific CREST auto-antibodies in the serum of skleroderma
patients (Brinkley et al. 1985). These attach mainly to the peri-kinetochore
elements of the centromeres. v

There is some variability in the electron microscopic appearance of the
active kinetochore of condensed metaphase chromosomes in higher organisms
(see, e.g. Luykx 1970; Bostock and Sumner 1978). In some organisms it has a
complex structure, one part having the shape of a ball to which the micro-
tubules attach, the other the shape of a cup, associated with the DNA. In
other organisms it has a trilaminar structure. There do not seem to be essential
differences between animal and plant centromeres.

The centromere region contains more than the segment that forms the
kinetochore. On both sides of the kinetochore-organizing region .a short
chromosome segment has the property of holding the two sister chromatids
together even when in the rest of the chromosome they have begun separating.
The importance of this function will be considered in Sections 3.1.1 and 3.2.2
on mitosis and meiosis. Sister chromatid cohesion is not affected by substances
that inhibit microtubule polymerization (colchicine etc.) and that thereby
prevent normal chromosome division. The chromatids separate normally when
spindle development is inhibited but the separation is delayed. It appears that
this separation is not entirely synchronous and that the centromeres have their
specific properties in this respect (Vig 1983). Mutants affecting centromere
cohesiveness can have drastic effects on the course of mitosis and meiosis (Lin
and Church 1982; ord and other mutants in Drosophila and other organisms).

The centromere, especially the kinetochore region, is usually visible as a
narrow constriction in the condensed mitotic chromosomes, especially when
the cell has been cold-treated or treated with substances that prevent normal
kinetochore function. Because the position of the centromere is characteristic
for the chromosome, this primary constriction is a convenient morphological
chromosome marker. The constriction of the chromosome associated with the
nucleolus is called the secondary constriction.

As a result of chromosomal rearrangement, certain chromosomes may
occasionally receive two centromeres. In most cases this results in irregularities
during nuclear division because centromere action is not integrated and
the orientation of the sister parts is independent. When close together, the
kinetochores on the same chromatid may tend to orient to the same pole,
which results in regular division. Sometimes one of the two centromeres is
inactivated. When inactivation is complete, no constriction is visible and some
specific centromere proteins are absent. When inactivation is incomplete, one
of these proteins may be present and then the constriction may be visible, but
no clear microtubule association is observed. Apparently, the formation of the
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Fig. 2.3 Chromosome nomenclature. Above Terms used for the different segments of a
chromosome in relation to the centromere. Below Terms used for centromeres and
chromosomes in relation to the location of the centromere in the chromosome

constriction and other aspects of activity are regulated by different systems
(Earnshaw and Migeon 1985).

Kinetic activity outside the normal centromere, usually in a distal position
and without visible constriction, is found in special genotypes and favoured by
special environmental conditions. These centres of secondary activity are
called neocentromeres and have been described in several species, especially in
meiosis of plants. In maize with an abnormal, heterochromatic chromosome
10, they may even become stronger during anaphase than the original
centromeres (Rhoades 1952). In rye a special heterochromatic terminal seg-
ment in chromosome 4R similarly promotes neocentric activity (Kavander and
Viinika 1987). Neocentric suppression in most normal genotypes may involve
the same mechanisms as those suppressing additional normal centromeres
in dicentric chromosomes. Neocentromeres may represent a remnant of an
original holokinetic condition (Sybenga 1981). ,

Special terms are uséd for the position of the centromere: median, sub-
median, subterminal, terminal;, and the chromosomes where the centromeres
have these positions are called metacentric, submetacentric, subacrocentric and
acrocentric respectively. Telocentric is a special case in which the centromere is
at the chromosome end. These terms are illustrated in Figure 2.3.
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The centromeric activity is not necessarily always confined to a strictly
localized segment of the chromosomes. In several mostly primitive higher
organisms, both plants and animals, the kinetic activity is distributed evenly
over the chromosomes (holokinetic chromosomes) and then no primary con-
striction is visible. This is probably the original situation, and the localization
of the kinetic activity is an evolutionary development that has taken place
parallel in different taxonomic orders (Sybenga 1981). The possibility of
reversal from monokinetic to holokinetic activity, however, cannot be ex-
cluded. The structure of the holokinetic kinetochore is necessarily somewhat
different, but kinetochore plates and other components known to be associ-
ated with monokinetic kinetochores have also been observed in holokinetic
chromosomes (Benavente 1982).

2.4.3 Telomeres

Telomeres are structures at the ends of the chromosomes that prevent the free
ends of the DNA strands from being attacked by nucleases and from fusing
with any other free DNA end that may occur in the nucleus, and they enable
the terminal end of the chromosome to undergo replication. They apparently
also play a role in temporarily associating non-homologous chromosome ends
with each other (Wagenaar 1969) and in attaching chromosome ends to the
nuclear membrane. The latter phenomenon is quite common and is assumed
to play a role in the preparation for chromosome pairing at meiosis (Bostock
and Sumner 1978). Because palindromic DNA sequences (inverted repeats)
have often been found in telomeric heterochromatin, it has been postulated
that the hairpin foldbacks such repeats can form would play a role in the many
telomere functions (Cavalier-Smith 1983; Struhl 1983). Theoretically they
could protect DNA ends and provide conditions for initiating replication. In
artificial yeast chromosome ends, however, simple hairpins do not function.
Moreover, in the most terminal regions of typical end segments, palindromes
are not observed (Cavalier-Smith 1983; Richards and Ausubel 1988). It is
now assumed that a template-independent terminal transferase adds a G-rich
segment to the 3’ end that folds back upon itself to prime DNA replication of
the C-rich strand. The terminal segment of the telomere in the cruciferous
plant Arabidopsis thaliana appears to be very similar to that in lower
eukaryotes, demonstrating an extreme evolutionary conservation (Richards
and Ausubel 1988). There are up to 350 blocks of 7bp (CCCTAAA) at each
telomere of Arabidopsis, and maize and human telomeres are very similar.
There is, however, considerable, heritable size differentiation between the
telomeres of different chromosomes, even within species. This may be a
consequence of incidental growth and diminution resulting from irregularities
in the attachment of terminal segments during replication. In Trypanosomes
this irregularity is systematic so that the chromosomes can grow during every
replication cycle, but also shrink again (Bernards et al. 1983).
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When chromosomes break, the broken ends do not have a telomere and
are unstable. They may attach to other broken ends when available or they
may degrade. Occasionally, however, the end is stabilized by the formation of
a new telomere. This may find its origin in a telomere sequence present in low
copy numbers in some locations in the chromosome. When occurring near the
break, DNAse activity may remove the DNA up till such a sequence, and the
telomere may, as in Trypanosomes, start growing during the next replication
cycle, or even unscheduled, induced by the break. Healed ends have been
observed in several places in the chromosomes, for instance after breakage of
anaphase bridges resulting from dicentric chromosomes induced by radiation,
or after exchange in inversion loops (cf. Sect. 5.3.4). In some tissues, for
instance maize endosperm, such breaks do not heal, and when new chromatids
form after the next DNA replication cycle, these fuse at the raw ends. A new
bridge is formed in the next anaphase and the cycle starts over again: the
breakage-fusion-bridge cycle (McClintock 1938).

Healed ends are observed most frequently after breakage in or near
centromeres that have been torn apart as a result of bipolar orientation in
meiosis (Darlington 1965). The result is a telocentric chromosome. Richards
and Ausubel (1988) found that the new telomere near or at the centromere
in a newly formed telocentric chromosome of Arabidopsis thaliana (see
Koornneef and van der Veen 1983) had the same composition as the original
telomeres, but with a smaller number of repeats. The potential of broken ends
to heal instead of leading to a gradual degradation of the chromosome is of
considerable importance for chromosome manipulation. Still more important
is the potential of broken ends to associate with other broken ends, and even
for merely damaged chromosome segments to associate with similar lesions in
other chromosomes, ultimately resulting in chromosomal rearrangements. Its
application will be considered in Chapter 10 on chromosome manipulation.

In several organisms, heterochromatin is associated with the telomeres
of some or even all chromosomes. Its composition may be quite variable,
although within a species, the same families of repetitive DNA may occur in
all or most telomere-associated heterochromatin. There is no apparent relation
to regular telomere functions.

2.5 Microscopic Chromosome Morphology:
the Karyotype, Standard and Variations

The characteristics of the genome in terms of the number of chromosomes
in which it is packed and the microscopic morphology of each of these
chromosomes are called the karyotype (Chap. 4). The morphology of the
chromosomes traditionally includes the length and the location of the primary
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constriction and the secondary constriction, if present. The karyotype of a
species is remarkably constant and can therefore be a useful characteristic in
taxonomy (cytotaxonomy). Yet occasionally, deviations from the standard
type occur. Some are merely the result of random variation in contraction that
can be dealt with by the proper statistical approach. These are not of interest
in the present context. Other deviations are more fundamental. Some result
from the presence or absence in certain individuals in a population of hetero-
chromatic or otherwise dispensable segments. These polymorphisms are useful
markers but otherwise usually of little consequence. Still other deviations may
be the result of chromosomal rearrangements involving genetically essential
chromosome segments. These too may occasionally “float” in the population
as polymorphisms, but they then usually have specific consequences. They may
also occur as the result of accidents or may be induced by ionizing radiations or
certain mutagenic chemicals. These are usually rapidly eliminated from natural
populations because of deleterious effects on the genetic balance or on meiosis
(Chap. 5). In experiments they may be recognized and perpetuated if desired
and if sufficiently balanced for transmission. At their origin, rearrangements
may result in chromosomes with two centromeres or without centromeres, and
these are readily eliminated in mitosis. Others result in somatically entirely
functional chromosomes (Fig. 2.4).

Stable chromosomal rearrangements may affect chromosome morphology.

The four main types are (cf. Chap. 5):

1. Deficiencies (also called deletions, and then often involving terminal
segments) where a chromosome segment, either terminal or interstitial,
has been removed. When large enough, the chromosome will be recog-
nizably smaller.

2. Duplications, where a chromosome segment is present in more than
one copy in a genome. It may be found in several locations: tan-
dem, and then either in the same direction or reversed; in the same
chromosome but removed from the original copy; in another
chromosome in various orientations.

3. Translocations, where a chromosome segment is displaced. Several
types exist. The most common is the reciprocal translocation or inter-
change where two chromosomes have interchanged a terminal segment
(Fig. 2.4). When the segments are different in size, this may result in an
observable change in chromosome morphology. A segment may also
have changed position interstitially, either within a chromosome (shift)
or towards another chromosome (simple or interstitial translocation).
More complex types of translocation are possible.

4. The fourth type of rearrangement is the inversion (Fig. 2.4). Two types
are distinguished: the pericentric inversion, which has the centromere
inside the inverted segment, and the paracentric inversion, where the
centromere is outside the inverted segment. The latter will not result in
a change in length of the chromosome arm in which it occurs.



Microscopic Chromosome Morphology: the Karyotype, Standard and Variations 21

Intra-chromosome Inter -chromosome
Symmetric Symmetric 1

O = =—
Cx Ol —/—

Asymmetric Asymmetric
B D

Fig. 2.4 Chromosomal rearrangements and their origin. A, B Breaks within one
chromosome. A results in a pericentric inversion (cf. Fig. 5.4), B in an unstable ring
chromosome and a non-transmissible acentric fragment. C, D Interacting breaks in two
different chromosomes. C results in an interchange (reciprocal translocation, ct. Fig.
5.7), D in a dicentric, unstable chromosome and a non-transmissible acentric fragment

Some chromosomes are distinguished from normal chromosomes by hav-
ing a special function. The most common, especially in animals, are the sex
chromosomes. There are two sexes, one is the homogametic sex, which has
two identical sex chromosomes, and the other is the heterogametic sex, which
has one of these chromosomes and in addition a sex chromosome of a different
type. The most common is the X-Y sex-determining system, where females
have two X-chromosomes (the homogametic sex) and males have one X-
and one Y-chromosome (the heterochromatic sex). In several insects the
Y-chromosome is absent, and males have a single X-chromosome (X-O sys-
tem). The homogametic sex makes one type of gamete: all with one X. The
heterogametic sex makes two gametic types: one with an X and the other with
a Y. The consequence is that half of the progeny have two X-chromosomes
(females) and the other half, one X and one Y (males). In birds and a few
more groups of animals the system is reversed: males are the homogametic sex
and females the heterogametic sex. The sex chromosomes are here called W
and Z.

Sex chromosomes are usually structurally somewhat different from nor-
mal chromosomes (called autosomes). Especially the Y-chromosome is
largely heterochromatic and can be occasionally larger than the autosomes
(Drosophila), but is usually considerably smaller. The X-chromosome often
has a recognizable structure also, and is partly or largely heterochromatic.
In female mammals one of the two X-chromosomes is heterochromatinized
in half of the body cells, the other in the other half of the cells, giving rise to
mosaicism for X-chromosome genes (Sect. 2.3).
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In plants with sexual dimorphism (e.g. Rumex, spinach, hemp, asparagus),
the sex chromosomes are usually much less differentiated and recognition in
the karyotypes is often difficult.

A second category of special chromosomes are the B-chromosomes or
accessory chromosomes. These have no apparently useful function for the
organism, but appear to exist for themselves only. They usually contain genes
that have an effect on the internal or morphological phenotype. They have a
mechanism that allows them to accumulate during the sexual cycle or, in
plants, during pollen or embryo sac mitosis (Sect. 3.1.4.1.2.3). This compen-
sates for their lack of useful genes or even negative effects. Their morphology
is usually sufficiently different from that of the autosomes (or A-chromosomes)
so that they can be recognized in the karyotype.

This summarizes the main structural features of the chromosomes, of
which the somatic and generative transmission will be considered in the follow-
ing chapters.



Chapter 3
The Mechanisms of Genetic Transmission

3.1 The Somatic Cycle

3.1.1 Mitosis

Somatic cell multiplication is realized by cell division, resulting in two equiv-
alent daughter cells. In higher organisms cell division normally is preceded by
nuclear division, almost without exception following a strict pattern: mitosis.
This is the process basically responsible for chromosome (and thus gene)
transmission. The sequence of mitotic stages is presented diagrammatically in
most textbooks on cytogenetics and general genetics, often combined with
photomicrographs of the different stages. A well-known series of photographs
of mitosis and meiosis in Lilium is that of McLeish and Snoad (1958 and later
editions). In Fig. 3.1 the mitotic stages are diagrammatically represented on a
horizontal line. When both daughter nuclei divide again, the line branches,
which is not shown in the diagram. Often, mitotic division is represented as a
cycle, which does not represent the actual situation.

The first prerequisite for somatic nuclear division is the replication of all
chromosomal DNA in the nucleus, accomplished in the synthesis (S) phase. In
rapidly dividing tissues the S-phase is short and follows soon after completion
of the previous division. In more slowly proliferating tissues the S-phase is
longer and there is a resting phase between divisions in which transcription can
take place. The faster the DNA replicates, the more independent origins of
replication are activated. The stages between DNA synthesis and mitosis in
which very little can be seen to happen have been named ‘“‘gap”, abbreviated
G. The stage between the previous mitosis and the S-phase is G1, and that
between the S-phase and the following mitosis is G2. The transcription phase
just following mitosis is often called GO. After a cellular ‘“signal” to the
nucleus that mitosis is to start (Fig. 3.1), G1 proper is initiated, which is
automatically followed by S. G1 can thus be considered a preparatory stage for
DNA synthesis.

Once DNA synthesis has started, it will continue to completion unless: (1)
the necessary enzymes are blocked artificially; (2) the necessary precursors are
not available; or (3) specific segments are protected from replication. At
completion of DNA replication, the nucleus arrives in G2. During G2 the
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Fig. 3.1 The mitotic sequence line. Arrows indicate the signals necessary to continue
mitosis. If the signal is not given, the cell remains in or reverts to interphase. If signal /
fails, GO continues; if 2 is not given, endoreduplication follows; without 3 there is
endomitosis. The latter two result in polyteny or polyploidy respectively

nucleus can again adopt a resting state, but the doubled DNA is not necess-
arily transcribed. Protein replication immediately follows DNA replication, so
that during G2 two complete strands per chromosome are present. It is said
that the nucleus now contains the “2C”” amount of DNA per genome (Bennett
and Smith 1976) in contrast to the 1C amount per genome between completion
of mitosis and DNA replication. Since there are usually at least two genomes
in somatic tissues (one from the mother and one from the father), a nucleus
normally contains the 2C amount before DNA synthesis and a 4C amount
after. .
In normal tissues G2 is short and a second mitotic signal (Fig. 3.1) causes
the chromosomes to condense. The two strands condense simultaneously
but separately, although still remaining closely associated. They become
chromatids, the new daughter chromosomes, as they are called after separa-
tion during the last stages of mitosis. Occasionally, however, the condensation
signal is not given and after some time a new replication signal follows. Then
there is an 8C amount of DNA in the G2 nucleus. The chromatin strands do
not separate and when the process is repeated several times, multistranded,
polytene chromosomes are formed by endoreplication. This has been observed
in a number of glandular tissues of the Diptera. In Drosphila salivary glands,
for instance, a ten-fold series of replications leads to a giant, uncondensed
chromosome with 1024 strands that can be studied in great detail under
the light microscope, especially because alternating dense and less dense
chromosome segments form a banding pattern. Chromosome segments with
transcribed genes are decondensed and consequently looser in structure; they
become recognizable as puffs. Polytene chromosomes have been of great
importance for gene physiology studies and cytogenetics.

In plants polytene chromosomes have been observed in specialized cells or
tissues, e.g. in the embryo suspensors of Phaseolus beans and in synergids
in embryo sacs. They are not as favourable for study as dipteran polytene
chromosomes, but can be used for karyotype and gene physiology studies
(Nagl 1969, 1978). After several cycles of endoreduplication, cell division is
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usually not possible: polytene nuclei are at a dead end. However, in some
tissues, e.g. in leaf mesophyll, in which only one endoreduplication cycle has
taken place, the cells remain capable of division, but only when it is artifici-
ally induced. In tissue culture such 8C leaf mesophyll cells may proliferate
to polyploid callus or embryoids. During the first division the two sister
chromosomes formed after endoreduplication, each containing two chromatids,
can be seen to be connected: duplochromosomes (Pijnacker et al. 1986). At
metaphase the four chromatids each have an active centromere, which can
show complex types of orientation (Pijnacker and Ferwerda 1990), but sub-
sequent segregation is usually into two sets of two chromosomes. Only a
fraction of the proliferating mesophyll cells is polyploid. Polyploidy observed
in cultured cells or callus is usually not due to endopolyploidy of the explant
material, but to disturbance of mitosis during the callus phase.

By substituting bromodeoxyribose uridine (BUdR) or a similar base
analogue for thymidine during the last two replication cycles and staining with
Giemsa, it is possible to distinguish the chromatids having two new strands
from those having one new and one old strand. The double-substituted strand
stains more lightly than the single or non-substituted strands. It appears that,
in duplochromosomes, the two chromatids with the two new strands are found
on the outside. Chromatid separation apparently is not random (Pijnacker et
al. 1986).

In normal meristems the signal for condensation follows automatically in
G2. Histones are phosphorylated, particularly a special mitotic post-synthesis
modification of H1 called Hlm. Another H1 variant, Hls, plays a role in
the regulation of transcription. H3 phosphorylation is also important for
chromosome condensation, but not as much so. Condensation is regulated at
the cellular level.

When an interphase cell with dispersed nuclear chromatin is fused artifici-
ally with a cell with condensed chromatin, the chromatin of the interphase
nucleus condenses prematurely and very rapidly before the nucleus is actually
ready for it (Johnson and Rao 1970). This “premature chromatin condensa-
tion”” (PCC) results in fragmentation of the chromatin, especially during the S-
phase, which can severely damage and disrupt the chromosomes. It has been
observed in plants as well as in animals.

A nucleus that has received the signal to condense will normally start
division, but not always. Instead, the chromosomes may wait in a condensed
state for some time and finally decondense again. The nucleus may receive
another signal to replicate its DNA and the process is repeated. In this case
polyteny will not result because the chromatids have started to separate as a
result of condensation. Because the chromosomes go through a condensation
cycle, this phenomenon is called endomitosis and leads to endopolyploidy. In
plants endopolyploidy has been observed, e.g. in endosperm tissue (Fig. 3.2)
and in tapetum cells of several species, in which the resulting giant cells are
very effective sustaining tissue for the developing embryo and the pollen
mother cells respectively. They have only a short life. Endopolyploidy was
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Fig. 3.2 High degree of endopolyploidy as a result of endomitosis in the short-lived
endosperm of Cucurbita pepo. Note the rows of identical daughter chromosomes
derived from the same mother chromosome in a series of replications not followed by
nuclear division. (After Varghese 1971; cf. Sybenga 1972)

described earlier in several tissues of the waterstrider, Gerris lateralis (Geitler
1939).

In normal meristems, chromosome condensation is followed by a new
signal (Fig. 3.1) that leads to completion of mitosis when no special measures
are taken. During these stages of mitosis a large number of changes take place
in the cell. The nuclear membrane disappears and the condensed chromosomes
then lie freely in the cell. Because of their compactness and the (probable)
presence of a special membrane (‘“‘matrix’’), whose nature is not known, this is
not deleterious. In some material it has been shown that microtubular material
from the cytoskeleton is deposited as a band around the nucleus: the pre-
prophase band. The position of this band determines the direction of the
division axis and is, therefore, an important factor in development. Per-
pendicular to this band, a spindle-shaped structure develops with a pole at
each end. At the poles a protein body, the centrosome, is formed in the cells
of most animals, very exceptionally in those of plants. At its center a darkly
stainable smaller body, the centriole, can sometimes be seen. It follows
a special division cycle on the outside of the nuclear membrane before it
organizes the centrosomes at the spindle poles; and it is the centriole from
which the flagellae of the sperm cells develop during spermatid differentiation.
Higher plants do without this. Between the poles, those with centrosomes or
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without, bundles of microtubules (or microtubuli) are formed, some of which
run from pole to pole, others from pole to kinetochore. The mitochondria
collect in bundles outside the spindle area and as a consequence the spindle
has practically no metabolic activity. Through diffusion, its oxygen content is,
therefore, higher than in the remainder of the cell. The pH rises somewhat
and the free Ca?* and Mg?" ions are apparently removed: these are unfavour-
able for microtubular function. The amount of bound divalent cations in-
creases. Some of these changes, such as that of the viscosity in the spindle
area, were observed many years ago (cf. Swanson 1957).

The microtubules that bring about the movement of the chromosomes
have been analyzed both biochemically and by the electron microscope (see,
e.g. Bostock and Sumner 1978; Brinkley et al. 1985; MclIntosh 1985). They are
hollow cylinders of about 25nm in cross-section after glutaraldehyde fixation,
but of only 15 nm after osmium tetroxide fixation. The cylinders are composed
mainly of 3—4nm dimers of tubulin, arranged in 10—13 slightly slanting (10—
20°) threads around a hollow center. Tubulin comes in two basic forms: a and
B, each of about 55 kDa. They differ somewhat in amino acid composition and
phosphorylation, and consequently in electrophoretic properties. The dimers
are probably predominantly of a—f composition, less frequently of aa or Bf.
The B-tubulin is very conservative and almost identical in all higher organisms,
whereas a-tubulin is more variable.

Substances that specifically disturb spindle function, such as colchicine,
vinblastine, benomyl and many more, bind at specific places on the tubulins or
on smaller proteins that function in tubulin polymerization and thereby inhibit
microtubule polymerization. Existing microtubules are usually not degraded by
such agents. Tubulin polymerization and depolymerization are in balance
under normal conditions: the microtubules are not permanent structures. An
object, even a chromosome, can move straight through the spindle without
disturbing it, and a mechanically or chemically disturbed spindle repairs itself
effectively.

It still is not clear how the forces of chromosome movement are exerted,
but it is probable that the microtubules serve primarily to regulate and direct
these forces. Relatively large amounts of ATP are associated with the micro-
tubules, but this ATP does not transfer appreciable quantities of energy-rich
phosphate: chromosome movement requires little energy.

The mechanism of anchoring the microtubules to the endoplasmic
reticulum around the poles is not understood. The attachment of the
microtubules to the chromosomes is concentrated in the kinetochores in
monokinetic chromosomes, but is distributed over the chromosomes in
holokinetic chromosomes. When the microtubules attach to the kinetochores,
the chromosomes are already double and each chromatid organizes its own
complete kinetochore. This means that some spindle microtubules attach to
one daughter kinetochore and others to the other. In the beginning the
number of microtubules attached to the kinetochores is small; it increases
during prometaphase-metaphase.
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The first visible stage of mitosis (Fig. 3.1) is prophase, when the
chromosomes begin condensing within the intact nuclear membrane. In some
organisms the spindle may begin developing while the nuclear membrane is
still intact; in some protists the entire nuclear division takes place within the
membrane. These are exceptions. About the time the nuclear membrane
disintegrates, the nucleolus disappears as a separate body and the nucleolar
DNA is taken up in the chromosomal body; all that remains visible is a
constriction in the condensed chromosome. With the onset of spindle activ-
ity and the start of movement, prometaphase begins. At the beginning of
prometaphase the chromosomes appear to move rather haphazardly about the
cell and the two halves of the centromeres are not yet coordinated.

When a moving kinetochore meets a counterforce, its movement and the
orientation of this movement tend to be stabilized. This is an essential feature
of mitotic stability, but the character of this stabilization is unknown. A
counterforce is exerted on a moving kinetochore by its sister kinetochore when
it also is pulled at by a polar force. There are two conditions: there must be
some form of association between the two kinetochores and the forces must
act in opposite directions. The association is realized by pericentromeric
chromosome segments where the chromatids stick together more strongly than
in the rest of the chromosome. Oppositely oriented forces can only come
from opposite poles. When two sister kinetochores are associated with the
same pole, they will not stabilize each other’s orientation. Sooner or later
the pulling forces will lapse or disappear as a consequence of microtubule
depolymerization. When, by accident or otherwise, the microtubules attached
to two sister kinetochores come from opposite poles, the forces will be stabil-
ized. Even then, however, reorientation remains possible for a considerable
length of time. One cause may be chance depolymerization when only a few
microtubules are attached. Another may be the early approach of one of the
kinetochores to one of the poles. This reduces the pulling force, because it is
proportional to the distance between the kinetochore and the pole, i.e. the
longer the microtubule bundle, the stronger the force exerted (Ostergren
1951). As soon as the pull from one pole relaxes, the microtubules pulling the
sister chromatid towards the other pole are also destabilized. Reorientation
now becomes possible.

Gradually the centromeres of the chromosomes move to a position be-
tween the poles where the forces on the two kinetochores are equal: the
centromeres are there at the equator. During this process, the number
of microtubules attached in bundles to the kinetochores increases. When
the centromeres of all chromosomes are at the equator, the stage is called
metaphase. It may take many minutes, occasionally quite long, until the
association between the chromatids is released, usually almost simultaneously
for all chromosomes, by a sudden, biochemical change in the cell. The half-
kinetochores then move to the poles, dragging the chromosome arms behind
them: this is anaphase.
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The delay of chromatid separation until all chromosomes have their sister
kinetochores stably oriented to opposite poles guarantees a correct distribution
of a balanced set of chromosomes to each pole and consequently the con-
servation of an intact genotype with each cycle of chromosome transmission.
Mitosis is a thoroughly conservative process and seemingly of little interest
for manipulation of the genotype. As will be shown later, there are im-
portant exceptions that permit genetic changes to be induced, selected and
perpetuated.

Anaphase movement ends when the kinetochores reach the poles. Even
then, chromosome movement does not stop. Unknown forces may cause the
chromosomes to move slightly farther and pull the chromosome arms into
the group without kinetochore action. The chromosomes thus collect into a
roundish body and the contraction is gradually undone: this is telophase. A
new nuclear membrane is formed and the nucleolus returns. Two new inter-
phase nuclei are formed.

3.1.2 Duration of Mitosis

The entire duration of mitosis is quite variable and depends on the organism,
the tissue and external conditions. There are three main methods for deter-
mining the duration of mitosis or its separate stages:

1. Visual observation of living material. This is in principle possible in
isolated cells or small cell aggregates under phase contrast or other systems of
microscopy that permit the observation of unstained material that is, as much
as possible, undisturbed. There are only few plant tissues where this is poss-
ible, e.g. endosperm and pollen mitosis, although in the latter, observation is
difficult and there is no guarantee that the process takes a natural course.
Some cell and tissue cultures can also be observed in living condition under the
microscope, but in general, animal material is more favourable.

2. Application of a label (e.g. tritiated thymidine) for a short time, fol-
lowed by thorough washing (pulse labelling). If the label is taken up, the cell
is necessarily in S-phase during application. By making micro-autoradiograms
at specific intervals after application and scoring the mitotic stage the labelled
cell is in, the time between labelling and that stage can be accurately deter-
mined (Fig. 3.3). The mitotic process can be followed for more than one cell
generation. Cells do not divide synchronously, and divide at different rates, so
some will reach a specific stage before others. There is, however, a large group
that goes through mitosis at about the same rate and these cells will reach a
defined stage more or less as a group. This results in a frequency peak after
the average interval required to reach that stage. After some time these cells
leave mitosis; later they will enter the second cycle and a new peak appears.
The length of time between the peaks is the average length of a complete
cycle, including interphase.
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Fig. 3.3 Timing of the mitotic cycle in Nigella damascena. (Rees and Jones 1977)

3. Blocking mitosis at a specific stage, e.g. just before S-phase, by
applying 5-amino-uracyl or hydroxyurea. Removal of the agent after an
appropriate period of time permits the mitotic cycle to restart. By scoring the
stage of the cycle at specified intervals after removal of the agent, the duration
between S-phase and the observed stage can be determined.

It appears that there is a correlation between DNA content and the
duration of the mitotic cycle. In addition, there is considerable genetically
determined variation in mitotic cycle time, and internal (mainly tissue-
determined) and external (temperature) factors play an important role. From
prophase to telophase, a complete cycle in Tradescantia microspores at 30°C
takes about 30h. In stamen hairs it takes only about 1h, but at 10°C, more
than 2h (Swanson 1957). It is not always easy to compare different observa-
tions, because the onset of prophase and the end of telophase may be difficult
to determine, and different observers may have different criteria.

3.1.3 Order and Disorder in the Somatic Spindle and Nucleus

In principle, mitotic chromosome behaviour is very regular and leads to an
exact replication of existing nuclei. This orderly and conservative behaviour is
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based on mechanisms that are very similar or practically identical in a wide
range of higher organisms. The way in which the different forces operate
during mitosis not only results in exact nuclear replication, but also appears to
affect the arrangement of the individual chromosomes in the spindle, and
therefore may have consequences for the order of the chromosomes in the
newly formed nucleus. Slight variations in the mitotic processes will not nor-
mally have noticeable consequences. When mitosis is more seriously dis-
turbed, the specific way individual chromosomes behave on the spindle and
subsequently become arranged in the nucleus may have interesting con-
sequences. For artificially manipulating chromosome transmission in mitosis,
this potentially could be, but is not yet, widely exploited. Different types of
systematic variation in the order of the chromosomes on the spindle and in the
nucleus can be distinguished.

3.1.3.1 Relative Position of Large and Small Chromosomes in the Spindle
and in the Nucleus. Hollow Spindle

In organisms with a combination of large and very small chromosomes (e.g.
several birds and some species of insects), the large chromosomes are positioned
on the periphery of the spindle and the small ones in the centre. In several
insects with large chromosomes exclusively, the centre of the spindle is empty
(hollow spindle, cf. Swanson 1957) except for occasional sex chromosomes. In
both cases the centromeres point to the centre of the spindle and the arms
seem to be pushed outside. The forces responsible have not been identified.
This position is maintained during anaphase and telophase, and in the re-
sulting nucleus, a similar relative position of the small and large chromosomes
is maintained. Now the centromeres point to one pole and the arms to the
other side of the nucleus.

3.1.3.2 Rabl Orientation

The telophase orientation of the chromosomes, with the centromeres pointing
to one side of the nucleus and the telomeres to the other, is maintained during
the entire interphase and can still be recognized in the next prophase nucleus
when the chromosomes recondense: this is called Rabl orientation, named
after the discoverer. When heterochromatin is concentrated in specific
chromosome segments, e.g. near the centromeres and/or the telomeres, con-
centrations of heterochromatin are formed in specific areas of the nucleus, and
these may fuse into chromocentres that dissolve again during prophase. The
reason for heterochromatin fusion is not clear, but could possibly be a high
degree of homology between highly repetitive DNA in the heterochromatin of
different chromosomes. The fact that, most of the time, the heterochromatin
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in the resting nucleus is condensed, and only little of the DNA is exposed and
even less is single-stranded, does not favour this hypothesis, however.

3.1.3.3 Nucleolar Fusion

Like heterochromatic segments, but perhaps easier to understand because of
the dispersed nature of the repetitive DNA, nucleoli tend to fuse during
interphase. An additional reason may simply be their relatively large size,
which promotes contact and initial membrane fusion. As a result of nucleolar
fusion, the nucleolar chromosomes tend to be closer together than other
chromosomes. Their secondary constrictions are often entangled. This has
frequently been observed in rye (own unpublished results) and is common in
human somatic cells. It may occasionally lead to breakage.

3.1.3.4 Somatic Pairing

In several organisms the homologous chromosomes tend to be positioned
nearer to each other than is expected with random distribution. In some
organisms this can result in the close somatic pairing of homologues, as in
dipterous insects. In most organisms homologous somatic pairing is weak or
completely absent, and statistical methods are necessary to determine whether
homologues are actually closer together than when randomly positioned. In
some genotypes, homologous somatic pairing is closer than in others and this
may have consequences for meiotic pairing (see, e.g. Brown and Stack 1968;
Avivi et al. 1982).

3.1.3.5 Non-Homologous Chromosome Association.
Nuclear Compartmentalization

In addition to association between homologous or even homoeologous chro-
mosomes, specific non-homologous chromosomes have been suggested to be
associated in somatic tissues, mostly on the basis of chromosome-arm length
(Bennett 1982). Later (Callow 1985; Dorninger and Timischl 1987), the statis-
tical significance of the deviation from random distribution was contested. At
meiosis, the segregation of unpaired chromosomes on the basis of size can be
demonstrated in Drosophila (Grell 1964), although apparently not in plants.
More clearly demonstrated is the separation of entire genomes (Finch et
al. 1981). Especially in hybrids between species that are not closely related,
the genomes appear to take special positions. In the hybrid between rye
(Secale cereale L.) and barley (Hordeum vulgare L.) as studied by Finch et al.
(1981), the chromosomes of rye can be distinguished from those of barley
because they are larger. Banding was not possible in these unsquashed cells.



Order and Disorder in the Somatic Spindle and Nucleus 33

The nucleus was sectioned in ultrathin sections for electron microscopy, the
chromosomes were measured and the nucleus was reconstructed using a com-
puter program. The barley chromosomes appeared to be positioned in the
center of the nucleus, the rye chromosomes in the periphery. It was was
originally supposed that this was a result of differences in size, although slight
size differences do not necessarily have an effect on chromosome posit-
ion within genomes. Bennett (1988) reported that at prometaphase in the
proembryo of a hybrid between Hordeum vulgare and H. bulbosum, the
centromeres of the vulgare chromosomes started activity before those of the
bulbosum chromosomes. According to Pohler and Claus (1985), the cause
of genome separation in hybrids between Hordeum species and between
Hordeum and Secale was a genomic difference in the timing of anaphase
separation. The chromatids of Secale chromosomes separated later than those
of Hordeum and were positioned at the periphery of the nucleus. Other
irregularities occurred also. Differences in centromere separation have re-
peatedly been reported by Vig and coworkers (for a review, see Vig. 1983)
and may well play a role in chromosome positioning in the resulting daughter
nuclei.

The recent developments with confocal scanning laser microscopy greatly
facilitate the exact localization of chromosomes at metaphase and occasionally
at prophase in intact and even living nuclei of favourable material. Using
this method, Oud et al. (1989) could show that in root tips of Crepis species
the chromosomes were not positioned randomly in the nucleus. Specific sys-
tems of chromosome order were not discovered. Rickards (1988) ascribed
apparent meiotic pairing difficulties in heterozygotes for an interchange in
Allium triquetrum to the fact that the translocated homologous segments were
forced into unusual positions in the nucleus. From here they had problems
associating.

Bennett (1982) suggests that the position of the chromosomes relative to
each other may have consequences for the interaction between their genes or
gene products. As a result of Rabl orientation and other systematic arrange-
ments of the chromosomes, specific genes are always found in each other’s
neighbourhood, which facilitates interaction. The position within the nucleus
may also have effects: in human fibroblasts, chromosomes at the periphery
of the nucleus replicated later than those in the center (Ockey 1969), and
condensation was more pronounced. It is probable that this also affects tran-
scription. When such genes fail to interact properly, either by translocation
between non-homologous chromosome segments or by disturbance of the
system of (relative) chromosome positions (for instance in species hybrids),
this may have consequences for the physiology of the organism. The import-
ance of such interactions is difficult to ascertain. Proximity to the nuclear
membrane is apparently important for transcription.

The relative positions of genomes and chromosomes are of considerable
importance, not only for cell physiology, but also for induced or spontaneous
deviations from the normal course of mitosis (in vitro cultures, treatment with
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mitosis-disturbing substances) as well as for meiotic chromosome pairing. In
the next section and in Chapters 10 and 11 on chromosome manipulation, the
consequences of variation in the arrangement of chromosomes in the nucleus
will be discussed further.

3.1.4 Mitotic Variants with Genetic Consequences

Mitotic variants can be spontaneous or induced. Only the first category (intact
organism, in vitro cell, callus, tissue and organ culture) will be discussed in this
chapter. Induced variants will be considered in later chapters. The genetic
consequences of variant mitosis are expressed as somatic segregation: the
sector of the organism formed by the progeny of one daughter cell has another
genetic composition than the sector composed of the progeny of the other
daughter cell. The result is chimerism.

3.1.4.1 Intact Organisms

Spontaneous variants in intact organisms occur in two forms: accidents and
systematic (natural) variants.

3.1.4.1.1 Accidents

These occur continually as a result of imperfect control of the somatic cellular
processes. Even in the most stable systems, occasional gene mutations and
chromosome structural rearrangements are encountered. Except for a few
chromosome structural rearrangements, gene mutations and chromosome
rearrangements are supposed to result not from mitotic errors but from errors
in DNA replication and repair. Infrequently, incorrect timing of chromatid
separation or failure of spindle function under normal conditions result in the
absence of a chromosome from one daughter cell and the presence of an extra
chromosome in the other: this is called non-disjunction. Systematic elimination
of specific chromosomes or genomes suggests a more active process, but it is
usually based also on some form of non-disjunction. When anaphase separa-
tion fails for the entire cell, the result is chromosome doubling, as after
endoreduplication and endomitosis.

Chromosomes, that tend to show parallel alignment or even close somatic
pairing are liable to somatic crossing-over, particularly when they are homol-
ogous (Fig. 3.4; cf. Jones 1937). In heterozygotes this may lead to somatic
segregation of genes. It is observed as a sector in which the recessive pheno-
type is expressed, in the middle of an otherwise normal tissue where the
dominant allele is expressed. When the heterozygote has an intermediate gene
expression, a twin spot may appear: one sector with the recessive and another,
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next to it, with the dominant expression. The twin spot is embedded in the
heterozygous tissue where the gene expression is intermediate. Gene muta-
tion, deficiency of a segment with the dominant allele of the gene and loss of
the relevant chromosome may mimic somatic crossing-over, and may in fact be
much more probable in many instances.

There are reasons for spontaneous irregularities to occur relatively fre-
quently: species hybrids and inbred lines of outbreeders. Chromosome break-
age, for instance, is more frequent in species hybrids and in inbred lines
than in more balanced genotypes. In Nicotiana (tobacco and relatives),
hybrids have been described that show distorted growth, or bear tumors with
high frequencies of chromosome number and even chromosome structural
deviations (Burk and Tso 1960; Yang 1965). In other Nicotiana hybrids,
certain chromosome segments reduplicate several times, resulting in giant
chromosomes (Gerstel and Burns 1966) that have mechanical problems in
mitosis. :

Chromosome elimination is observed in several hybrids, of which that
between barley Hordeum vulgare and H. bulbosum is best known. It may even
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result in the loss during young embryonal stages of the entire bulbosum
genome, so that a haploid barley plant remains (Kasha and Kao 1970; Lange
1971). The practical importance is considerable (Sect. 11.4.2). It is most
probably a passive elimination resulting from differences in developmental
speed between the chromosomes of the two species (see Sect. 3.1.3.5).
Delayed metaphase congression and anaphase separation of the bulbosum
chromatids, as has also been suggested for genome segregation without
elimination, is apparently the cause (Bennett et al. 1976). The genotype of the
parents is important for the expression: complete, partial or no elimination.
The loss of single chromosomes in human lymphocytes leading to aneuploidy
has been shown to result from the displacement of such chromosomes from the
equator, for instance towards the hollow spindle (Ford and Correll 1989). It is
not improbable that similar displacement may play a role in chromosome loss
in cultured plant cells.

Sometimes one or a few genes may be responsible for deviant mitotic
behaviour: Bloom’s disease is a serious disorder in humans, caused by a
monofactorially inherited very high frequency of sister chromatid exchange.
Fanconi’s anaemia and Ataxia telangiectasia (Louis Bar syndrome) are also
associated with spontaneous chromosome breakage. Unlike Bloom’s syn-
drome, which primarily involves randomly distributed interchanges between
sister chromatids, these diseases mainly involve specific non-homologous
chromosomes and chromosome segments. This resembles radiation and
chemically induced chromosome breakage, and may be associated with a
systematic non-random distribution of chromosomes in the interphase nucleus
(Bostock and Sumner 1978).

In addition to genetically conditioned mitotic disturbances, chromosomal
abnormalities can also be induced by diseases. Human viruses like the measles
virus can cause relatively high frequencies of chromosome aberrations.
Neoplastic tumor tissues frequently have abnormal karyotypes. Plant tumors
may be chromosomally abnormal, but in tumors induced by the soil-borne
parasitic bacteria Agrobacterium tumefaciens and A. rhizogenes, no abnormal
karyotypes are observed.

3.1.4.1.2 Systematic Deviations

These are part of special systems that may be deviant from a general point of
view, but that are ‘““normal” for the organism or tissue concerned.

3.1.4.1.2.1 Chromosome Doubling

Chromosome doubling by endomitosis or endoreduplication is found in many
plant tissues with special functions: tapetum, endosperm, animals in the liver
etc. This was mentioned earlier.
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In certain parthenogenetically reproducing insects (Carausius, stick
insects: Pijnacker 1966; Pijnacker and Ferwerda 1982) and in the partheno-
genetic tetraploid plant species Allium tuberosum (Gohil and Kaul 1981),
programmed doubling takes place just prior to meiosis by an extra premeiotic
DNA replication cycle. This results in two daughter chromosomes so close
together during meiotic prophase that they pair excluding the homologues.
There is no recombination and the resulting diploid cells develop partheno-
genetically without fertilization. This process is of considerable potential
interest for the induction of parthenogenesis in plants (Sect. 12.5).

3.1.4.1.2.2 Elimination

The elimination of chromosomes, part of chromosomes or even entire
genomes has been reported repeatedly as part of the reproductive cycle,
occurring often shortly before or after meiosis and especially in insects and
other invertebrates (Swanson 1957; White 1973).

Although plants tend to behave much more conventionally, it is good to
be aware of the fact that in all living organisms numerous drastic variants of
what is considered normal behaviour are possible and that plants in principle
do not lack this potential. Under exceptional genetic or environmental condit-
ions, such possibilities may be realized and exploited. An important example is
the production of haploids from interspecific hybrids by the elimination of all
chromosomes of one of the parental species (Sect. 11.4.2.1).

3.1.4.1.2.3 B-Chromosomes

In plants as well as animals, especially insects and even small mammals,
B-chromosomes (also called supernumerary chromosomes, accessory
chromosomes and accessory fragments) accumulate (Jones 1975; Jones and
Rees 1982). Morphologically, they differ from species to species, but within a
species usually only one type or, exceptionally, a few different types occur.
Some B-chromosomes are mainly heterochromatic (maize, many insects),
others partly (rye). In most species, B-chromosomes are about the size of
normal chromosomes or somewhat smaller, about half the size of a normal
chromosome. In others they are considerably smaller. Often, B-chromosomes
have some effect on the host phenotype, especially the ‘“‘endophenotype”,
such as chiasma frequency, and on less specific reproductive characteristics. In
a complex way these effects depend on the number of B-chromosomes (Jones
1975).

In highly bred plant cultivars, B-chromosomes cannot maintain them-
selves, but in more primitive varieties they occur in varying frequencies: e.g.
maize, rye, several grasses. This is apparently related to the effect of the
genotype on the rate of transmission of B-chromosomes (Jones and Rees 1982;
Romera et al. 1991).
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Fig. 3.5 Non-disjunction of a B-chromosome in the first pollen mitosis of rye. The two
B-chromatids stay where the generative nucleus is formed. This nucleus will have two
B-chromosomes, the vegetative nucleus none

The number of B-chromosomes per cell in field populations does not
exceed four in most cases, and seldom is more than two. Even numbers are
favoured because of their system of accumulation, but perhaps also because of
differences in phenotypic effects between odd and even numbers. In experi-
ments, up to 30 per cell in maize and 12 in rye have been reported. With such
high frequencies, plant fertility is severely affected. B-chromosomes may dis-
appear from the somatic cells in several insects, but this is not the rule in
plants. Accumulation in insects usually takes place during meiosis, but in
plants it is during the first (rye) or second (maize) pollen mitosis. In the first
case the B-chromosome moves unsplit (non-disjunction) to the pole, where the
generative cell is formed (Fig. 3.5) and both generative nuclei receive two
chromatids instead of one. This implies a direct doubling in number. In maize,
non-disjunction takes place at the second pollen mitosis so that one generative
nucleus has two B-chromosomes and the other none. Accumulation then
results because the cell with the two B-chromosomes fertilizes the egg cell and
the other fertilizes the doubled polar nucleus: selective fertilization. These
processes explain why an even number of B-chromosomes is usually found
in these species. This is necessary also for functioning in meiosis where at
least a bivalent must be formed for proper segregation at the first division.
Nevertheless, accumulation does occasionally fail and single B-chromosomes
result that encounter meiotic problems. In plant species in which single B-
chromosomes are the rule (Lilium spp., Trillium spp.), unpaired B-univalents
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move preferentially to the functional pole of the embryo sac mother cells.
Here, no accumulation occurs during pollen mitosis.

The origin of B-chromosomes is uncertain. Because of their occasional
effect on sex determination, their occasional meiotic association with sex
chromosomes and their heterochromatic appearance, it has been suggested
that in animals they have been derived from sex chromosomes. In plants this is
not possible in monoecious species. The parallel between their system of
non-disjunction and the tendency to non-synchronous centromere split in
some species hybrids might suggest that B-chromosomes may be altered
alien chromosomes derived from interspecific introgression, followed by loss
of active genes and accumulation of properties that favour their special
behaviour.

The capacity to accumulate has been used for duplicating A-chromosome
segments which first were translocated into B-chromosomes. This has been
more promising for gene function and gene localization studies than for prac-
tical use (Sect. 11.2.2).

3.1.4.2 In Vitro Culture

Mitotic irregularities are much more frequent in in vitro culture than in intact
organisms. There may be two reasons: (1) the artificial conditions disturb the
intracellular regulating systems; (2) the artificial medium supports deviant cells
more effectively than the organism. Differentiated tissues or organs are more
stable in culture than free cells or callus. Whenever regeneration from cell or
tissue culture is desired, as is not uncommon with plants, it is attempted to
keep the cell or callus phase as short as possible, unless aberrations and
mutations are desired. This somaclonal variation has in some instances been
considered an interesting source of selectable variation (Larkin and Scowcroft
1981). The most common deviations are aneuploidy resulting from non-
disjunction, chromosome doubling, gene mutations and chromosome struc-
tural aberrations (translocations, inversions, deficiencies, duplications). There
are numerous publications on the subject. A detailed report on chromosomal
abnormalities in in vitro culture is given, for instance, by Ashmore and
Shapcott (1989) for Haplopappus gracilis. In animals, especially humans,
spontaneous gene mutations and translocations in tissue culture have been
very important for gene localization. In plants similar methods have been
proposed, but their realization is not simple.

As in the intact organism, there is genetic variation in mitotic in vitro
instability and, again, species hybrids, especially hybrids between remotely
related species, are more unstable than balanced genotypes. Very wide hybrids
that are not possible through generative hybridization can be made in vitro by
cell fusion and these appear to be especially unstable. Their instability remains
partly after regeneration to plants, in those cases where this is possible,
for instance the hybrids between potato (Solanum tuberosum) and tomato
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(Lycopersicum esculentum) (Melchers et al. 1979). In cell fusion hybrids, as
in the intact hybrid plants mentioned above, genome separation has been
observed (Gleba et al. 1987). Although aberrations may be induced during
stages that are not considered mitotic in the broad sense (which here is
understood to include S-phase), it is clear that especially the mitotic stages are
sensitive to disturbing factors.

When the subsequent stages of mitosis are shown on a horizontal line (Fig.
3.6; cf. Fig. 3.1), the first stage liable to disturbance is S-phase. DNA synthesis
may be disturbed in different ways but it is not clear exactly how these play a
role in causing somaclonal variation. It has been suggested that, instead of
errors in DNA synthesis, defects in the repair system, which normally corrects
spontaneous damage to DNA, are responsible. In view of the complexity of
DNA synthesis and the importance of correct timing of the subsequent events,
it is not improbable that both DNA synthesis errors and repair defects are the
cause of the aberrations, at the gene as well as at the chromosome structural
level.

In Section 3.1.4.1.1 the formation of giant chromosomes in Nicotiana
hybrids by lengthwise reduplication of specific chromosome segments was
mentioned (Gerstel and Burns 1966). A very similar phenomenon is observed
in cell cultures of mammals (mouse, man and others) that are exposed to
methotrexate (Cowell 1982). Only cells that for some reason have the capacity
to repeatedly replicate the segment with the gene coding for the enzyme
dehydrofoliase (which breaks down methotraxate) survive in high concen-
trations of this toxic substance. The segment apparently corresponds with
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a replicon, but its autonomous replicating segment (ARS) is deregulated.
The newly formed DNA, including the gene and all necessary regulating
sequences, is inserted next to the original segment in the chromosome. As in
the Nicotiana hybrids mentioned, where no special selected gene product
is associated with the phenomenon, giant chromosomes arise that have a
very homogeneous appearance without observable G-bands in the segment
involved.

An alternative is the appearance of large numbers of small, free
chromosome segments containing the same segment, again capable of similar
massive reduplication, not in lengthwise succession in the chromosome this
time, but liberated after replication. The critical gene is transcribed in each
separate segment, resulting in the required overdose of the dehydrofoliase.
The segments lack a centromere, so their distribution in the daughter cells is
irregular. Because of the presence of two chromatids in each segment at
metaphase, the fragment appears to be double: double minutes. The phenom-
enon is not widespread, but not restricted to this particular segment with this
gene. Manipulation of the genome using this system has not yet been success-
ful in plants (Sect. 11.2.2).

Other forms of deregulation of S-phase and G2 may result in endo-
reduplication and endomitosis, but these processes may occur normally in
several specialized plant tissues such as leaf mesophyl. Then, if polyploidy is
recovered in regenerants from cells or protoplasts derived from such tissues, it
may not be considered an abnormality. The relative frequency of the event can
be evaluated by analyzing the first division after explantation (Pijnacker et al.
1986; cf. Sect. 3.1.1).

Chromosome condensation in normal cells in vitro (Fig. 3.6) is not ex-
pected to experience irregularities with genetic consequences. After fusion
between cells in different mitotic stages that have different degrees of
chromosome condensation, however, the least condensed chromosomes will
condense unnaturally (PCC, see Sect. 3.1.1), which may result in fragmenta-
tion when this cell is at S-phase. This has been suggested as a means to liberate
DNA that might subsequently be incorporated in intact chromosomes by a
process of transformation.

The next stage liable to disturbance is spindle formation. When the spindle
fails entirely, polyploid cells result. With abnormal organization of the spindle,
for instance when the cytoskeleton is disturbed and the perinuclear pre-
prophase band of microtubules is not developed or not oriented normally,
various complications may result. The details of these abnormal phenom-
ena have not been studied in sufficient detail, in spite of their considerable
interest. Non-disjunction, resulting in aneuploidy, is a rather common result,
and tissue cultures, especially those involving extended callus periods, often
show drastic chromosome number variations. In spite of inevitable selection
for viable genotypes, some very deviant karyotypes can maintain themselves.
In both mammalian and plant cell and tissue cultures, it appears that a number
of specific karyotypes are stably established after a period of instability. These
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may be more stable than other types, but more probably they have a selective
advantage that is not readily equalled by new variants.

Lack of synchronization between spindle activity and chromatid separa-
tion may be one of the factors in the origin of aneuploidy, both when the
chromatids separate too early and subsequently fail to co-orientate, and when
they separate too late and undergo non-disjunction. In the latter case, the
forces exerted on the chromosomes are so strong that they may break, espec-
ially in the centromeric region. Subsequent fusion with other breaks may result
in translocations. These phenomena have been studied in more detail in
meiosis and their occurrence in in vitro mitosis is insufficiently documented.
Translocations and other chromosome-structural rearrangements are probably
most frequently the result of S-phase disturbances and not of spindle and
centromere irregularities.

Chromosome number variations can result from rmultipolar spindles that
may be formed when cellular polarization is imperfect, perhaps as a con-
sequence of premitotic cellular disorganization. Certain chemicals affecting
spindle development can enhance this. Especially when there is a special order
in chromosome position in the nucleus (genome separation, somatic pairing
etc., Sect. 3.1.3), more or less systematic spindle abnormalities may have
interesting consequences (Sect. 10.4.4.1).

3.2 Generative Transmission: Fertilization — Meiosis

Although somatic transmission is not as simple and straightforward as
sometimes suggested, the possibilities of generative genetic transmission for
manipulating the genotype are far better. This is clearly the reason for the
development and maintenance in nature of such complex systems in practically
all forms of life. Generative transmission has two complementary components.
One is fertilization, the other is the formation of the gametes that perform
fertilization. Gametogenesis requires that the chromosome number of the
parental diplont (the sum of the chromosome numbers of the two parents in
fertilization) be reduced in meiosis to the number originally present in the
parental gametes. Use is made of meiosis to rearrange the genetic make-up of
the chromosomes so as to create gametes with a genetic make-up different
from that of the parental gametes: recombination. Through fertilization,
genetically new progeny are formed. Both in the original and in new (or
altered) environments, the most successful genotypes will contribute most to
the next generation. This, very briefly, is the essence of the importance of
generative transmission in nature.

Whereas somatic transmission offers opportunities for eliminating or fix-
ing accidental changes in DNA sequences, in chromosome structure or in
chromosome number, generative transmission has the capacity to combine and
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recombine existing changes in each successive generation. To plant breeders, it
offers an array of opportunities for manipulating the genotype as yet not
equalled by any other approach.

Although fertilization has several cytogenetic aspects of interest to the
plant breeder, it is meiosis that offers the most important cytogenetic phenom-
ena and the most interesting opportunities for manipulation.

3.2.1 Fertilization

Fertilization is the fusion of a female with a male nucleus, located in the
gametes. In plants the male gamete is one of the generative nuclei in the pollen
grain. The female gamete is the egg nucleus in the embryo sac. Both pollen
grain and embryo sac have an organization and genetic individuality that
justify their classification as individual organisms, the gametophytes, in spite of
the fact that during most of their lives they are embedded in the parental
sporophyte. The pollen grain is liberated from the parental host (anther) to
enable the generative nuclei to perform their act of fertilization. The pollen
grain contains either two or three cells at the time of maturity: bicellular (or
binucleate) and tricellular (or trinucleate) pollen. These cells are separated by
membranes and not by cell walls like normal plant cells. There is one vegeta-
tive (‘“‘somatic””) cell and one or two generative cells in the mature male
gametophyte (the pollen grain). When the pollen grain reaches the surface of
the stigma of a plant with which it is compatible, a pollen tube is extruded from
the grain through which the generative nucleus is transported through the pistil
to the embryo sac. Stigma and pistil are diploid transporting tissues of the
maternal sporophyte and may have a genotype different from that of the
haploid egg. The generative cell of binucleate pollen divides during pollen-
tube growth to produce two sperm cells.

The relative competitive abilities of different male gametophytes on the
stigma, in the style, at the entry of the ovule and at the moment of fusion with
the egg nucleus are to a large extent determined by their genotype. From a
cytogenetic point of view it is important to note that chromosome numbers
deviating from the norm (aneuploids with too many or too few chromosomes,
polyploids with entire genomes in excess) tend to give the male gametophyte,
and consequently the gamete, a competitive disadvantage. They are selected
against in male transmission.

During fertilization, one male gamete fertilizes the egg nucleus, the other
the secondary polar nucleus of the embryo sac. The two gametes that carry out
this double fertilization usually derive from the same pollen grain and then
have the same genotype. Occasionally, they may originate from different
pollen grains and then their genotypes may differ.

The embryo sac develops from the meiotic end-product in a more complex
way than the pollen grain, and there is considerable variation between taxa in
embryo sac development. In most cases, the products of the first mitotic
division of the embryo sac move to opposite poles of the cell and each nucleus
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divides two more times. One of the four resulting cells of each group (again
not surrounded by rigid cell walls) moves to the centre of the embryo sac
and the two fuse to form the diploid secondary polar nucleus. When this is
fertilized by a haploid male gamete, a triploid nucleus is formed that is the
initial cell of the endosperm. This is nutritive tissue necessary for initial, and in
several species for long-term, embryo development. In several plant species
(for instance many Gramineae), the endosperm forms the bulk of the seed. In
other taxa it degenerates at an early stage and the bulk of the seed is formed
by specialized parts of the embryo, mostly the thickened embryonic first leaves
(cotyledons).

One of the three cells left at the micropylar end of the embryo sac
becomes the egg cell. The other two are the synergids, which have only an
accessory role in fertilization. The three cells at the opposite end of the
embryo sac are the antipodes. The nuclei of the synergids and antipodes may
occasionally become polytenic or endopolyploid and may have an abnormal
nuclear phenotype. The synergids may block the passage of cytoplasmic
organelles from the pollen tube into the egg cell.

In most cases the embryo is diploid and the endosperm triploid. In some
plant species embryo sac development is somewhat different: the endosperm
may, for instance, be pentaploid (five genomes). The interaction between
embryo and endosperm is so delicate that ratios of the number of genomes of
maternal and paternal derivation deviating from the norm are often not toler-
ated. Epigenetic “genomic imprinting” by the paternal and maternal tissues
seems to play a role in this balance (Lin 1982, 1984) and special chromosome
segments may be involved. When a diploid is fertilized by a tetraploid, for
instance, the gametes are haploid and diploid, respectively, and the embryo is
triploid, with two genomes derived from the mother. This in itself is no
problem. The endosperm, however, now is tetraploid, with two genomes from
the mother and two from the father. The maternal tissue is diploid. This may
deviate too much from the standard relation to be tolerated. Endosperm
abortion may occur, resulting in subsequent embryo abortion. The reciprocal
cross, with different genomic combinations, may be more balanced. There is
genetic variation not only between, but also within, species for the degree of
embryo abortion resulting from such genomic interactions. Failure of triploid
embryos to develop after hybridizing a diploid with a tetraploid is called the
triploid block. It can play a negative role when triploids are desired, but it can
be a positive asset when rare deviant ploidy gametes are selected (Sect.
11.3.1.2.1.2). Embryos that, because of failing interaction between embryonic,
endosperm and maternal tissue (or for other genetic reasons as are common,
for instance, in interspecific hybrids), will normally not develop, may be saved
by in vitro culture (embryo rescue).

Although the processes involved in fertilization and their variants are
of considerable importance for plant breeding, especially for hybridization,
the subject will be further discussed in later chapters only when specific
cytogenetic aspects are concerned.
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3.2.2 Meiosis

Halving the chromosome number is an essential part of generative reproduc-
tion, as it enables a diploid generation (diplophase) resulting from fertilization
to alternate with a haploid generation (haplophase) that forms the gametes.
Generative reproduction as such, however, is of no real significance without
recombination: the primary function of meiosis is the realization and regula-
tion of recombination. Reduction, as the complement of fertilization, is no
more than one of the means of effectuating recombination. For the plant
breeder, recombination is one of the major tools in realizing his aims. In the
following discussion, therefore, meiosis will be considered mainly from the
viewpoint of recombination. The main features of meiosis are assumed to be
known. An extensive review of meiosis was given by John (1990). Only a few
special points will be referred to here.

Meiosis is derived from mitosis, the difference being that there are two
nuclear divisions, but only one chromosome division. This results in a reduc-
tion of the chromosome number per nucleus. The way in which it is realized
makes it possible to accomplish recombination in a very controlled fashion.
Some apparently specific features of meiosis, such as chromosome pairing,
delayed centromere split etc., are sometimes observed in mitosis, as seen
earlier in this chapter.

The duration of meiosis varies greatly depending on the species and the
environmental conditions, especially the temperature. It is important for the
meiotic functioning of hybrids and allopolyploids that the duration of meiosis
is not too different in the two parental species. One of the reasons the
allopolyploid between wheat and rye (triticale) usually has a somewhat
irregular meiosis is thought to lie in the differences in meiotic timing in the
parental species. Reviews of the duration of meiosis in different species have
been given by Bennett (1971) and Bennett and Kaltsikes (1973).

The basic meiotic processes are very similar in all eukaryotes, but in the
morphology and in quantitative aspects, especially those related to recombina-
tion, striking differences may occur. The general principles are shown in the
diagram of Figure 3.7. In species with holokinetic chromosomes some seem-
ingly fundamental differences from the principles of the diagram are observed.
On closer inspection, these differences appear not to involve central issues
(Sybenga 1981).

3.2.2.1 Prophase I

The prophase of the first meiotic division is of crucial importance for all fur-
ther meiotic processes and their consequences: here chromosome pairing and
genetic exchange take place and some of the conditions for segregation are set.
Before prophase proper starts, however, some important lines of development
have been fixed. As indicated above, the chromosomes, also in somatic tis-
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Fig. 3.7 The stages of meiosis

sues, are not always distributed at random over the nucleus. This affects the
meiotic process. For instance, when homologues are somatically associated
and remain continually in each other’s vicinity throughout the mitotic cycle up
to meiosis, meiotic chromosome pairing is merely an intensification of an
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Fig. 3.8 The meiosis line: processes taking place, specific substances present and effects
of external agents

existing pattern. On the other hand, in allopolyploids with related genomes,
genome separation will decrease the probability that homoeologues pair, and
the closer somatic association of homologues than of homoeologues will have a
very similar effect.

The many factors involved in the initiation of meiotic pairing have been
thoroughly reviewed by Loidl (1990); a few will be briefly considered here
(Fig. 3.8). Some have an effect long before microscopically visible charac-
teristics of meiosis appear, occasionally even during premeiotic mitoses. In
situations where meiosis takes place synchronously in a number of closely
associated cells [e.g. spermatocytes in cysts in several animals; pollen mother
cells (PMCs) in anthers of many plant species], the premeiotic divisions stop
when a certain number of cells are present and the cells accumulate in GO
(Bennett 1976). The cell population then simultaneously shifts to G1 and
subsequently to S-phase, sometimes, however, only after a considerable delay.
When the cells are in G1, sensitivity to colchicine is observed, which sup-
presses meiotic pairing and consequently exchange. Somewhat later, sensitivity
to high temperatures appears, especially in special genotypes (Riley 1966).
During -this stage microtubules may appear at the periphery of the nucleus
(“intranuclear fibrillar material”’, Bennett et al. 1974), but also outside the
nucleus (Sheldon et al. 1988). These are known to be sensitive to colchicine;
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however, their actual role in pairing is not known. Puertas et al. (1984)
observed multivalents in diploid pollen mother cells of rye after early colchi-
cine application, which they ascribed to disturbance of the premeiotic align-
ment of the chromosomes. The result would be that homologues are farther
apart than normal during the initiation of pairing and that duplicated seg-
ments in different chromosomes have an opportunity to find each other,
which normally would not be possible. Homologous segments in different
chromosomes that can pair and form chiasmata, resulting in unexpectedly
large configurations, have also been found in haploids. On the other hand, the
induction of translocations by colchicine cannot be entirely excluded. The
accompanying phenomenon of reduced pairing after colchicine treatment was
also observed and analyzed for instance by Driscoll et al. (1967). The resulting
univalents were found to be in a higher frequency than corresponds with the
reduced chiasma frequency alone, and were again explained by the disturbed
spatial relation between the chromosomes during pairing. The manipulation of
the course of meiosis by disturbing premeiotic processes is an interesting
possibility for plant breeding but has not seriously been exploited.

Ionizing radiation applied during, or perhaps somewhat before, S-phase
has a negative effect on genetic exchange (Lawrence 1961, 1965), possibly by
disturbing the normal replication processes, of which special meiotic variants
are essential for exchange. The actual close pairing may start before the end of
S-phase (Grell et al. 1980), although not in chromosome segments that are
actually replicating. In any case, pairing is initiated soon after S-phase (Oud
and Reutlinger 1981). This can be considered the beginning of zygotene.
Pairing is completed at pachytene. The term leptotene is merely descriptive and
refers to the stage in which the chromosomes first become visible under the
light microscope; a strict differentiation between S-phase, leptotene and
zygotene therefore does not make much sense.

The processes involved in the primary attraction between chromosomes
are not understood (Loidl 1990). As indicated above, the pairing of homol-
ogues is facilitated by several conditions, including Rabl orientation (Fussell
1987). At the beginning of pairing, the chromosome ends are usually attached
to specific segments of the nuclear membrane. The centromeres of meta-
centric chromosomes tend to point in the other direction or, in acrocentric
chromosomes, occupy a position in the same area. The pairing chromosomes
together often attain the shape of a bouquet, the bouquet stage.

Shortly before they pair, the chromosomes form a special ‘“‘scaffold” of
acidic and neutral proteins, the axial cores, consisting of elements attached to
specific chromosomal sites that interconnect to form a continuous thread. The
chromatin between these elements comes out of the axial cores as long loops.
In some organisms the axial cores are formed some time before they actually
pair (rye), in other organisms they are formed just prior to close pairing
(mouse). The axial cores of the pairing honiologues approach one another in a
parallel fashion, but remain at a certain, specific distance that does not vary
much between species. Together they form the synaptonemal complex (SC).
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For a general review, see von Wettstein et al. (1984); for a review of plant
SCs, see Gillies (1984) and John (1990).

The axial cores, after having been integrated into the SC, form the lateral
elements of the SC. Between them they form a thinner protein strand, the
central element (Fig. 6.4). Pairing between the axial cores of the chromosomes
proceeds zipperwise from the points of pairing initiation. Pairing and SC-
formation initially stop at discontinuities in homology, but at the end of
zygotene, pairing may extend over non-homologous segments, although it will
not in those places enable genetic exchange to take place.

The reason why chromosomes do not get entangled during pairing is not
entirely clear. Interlocking bivalents have been observed, infrequently in
normal material (Darlington 1965) and more frequently in material treated
with high temperatures at G1 or earlier, especially in specific genotypes
(Yacobi et al. 1982). Parallel orientation during early meiotic stages (Rabl
orientation, cf. Fussell 1987) and, in some cases, premeiotic pairing plays a
role in avoiding interlocking, but this is not sufficient. It is also possible that,
during pairing, a chromosome that has been captured between two pairing
chromosomes is simply pressed away. When such a chromosome is itself
engaged in pairing, this may be undone locally to permit the interlocked
chromosome to be removed. An alternative (Holm and Rasmussen 1981) is
that chromosomes actually break to free an interlocked chromosome, after
which the broken ends fuse again. Scheduled chromosome breakage and
reunion is not very uncommon. Topoisomerase 2, an important structural
element of the cores with enzymatic characteristics (Moens and Earnshaw
1989), may play an important role in this process.

With homologous pairing in SCs, the DNA forms short loops into the
central elements and it is assumed that the process of genetic exchange be-
tween completely corresponding DNA sequences takes place here. Small
nodules are visible, in large numbers and rather randomly distributed, be-
tween the lateral elements at the beginning of zygotene (early nodules). Their
role is not clear. It has been suggested that they represent sites actively in
search of DNA homology (Loidl 1990), where enzymes necessary for recom-
binational strand exchange are involved (Roeder 1990). Their role in recom-
bination would be limited. Gene conversion, where one allele of a heterozygote
is converted into the other allele, could possibly take place in early nodules
when sufficient homology is encountered. It is related to exchange recombina-
tion, but nonreciprocal instead of reciprocal, and is common in lower organ-
isms, but difficult to detect and analyze in plants. Early nodules are later
replaced by the somewhat larger recombination nodules, best visible at mid-
pachytene and late pachytene. These are believed to contain the elaborate
machinery necessary for exchange (recombination nodules, Fig. 6.4). Their
number and position correspond to what is expected for exchange. They are
not visible in the SCs of all material and no biochemical analysis has been
possible so far. It is probable that a nodule starts as a condensation nucleus for
enzymes and other specific recombination proteins available in low concentra-
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tion on or around the chromosomes. As a result of such concentration, this
material is not available for a second nodule in its immediate neighbourhood.
This may be the basis of interference: the phenomenon where points of genetic
exchange within chromosomes (sometimes even in different chromosomes) do
not occur near each other. This is a hypothetical explanation of interference
and not yet generally accepted.

The molecular processes involved in exchange in higher organisms, espec-
ially plants, are not fully understood, although many of the enzymes, and
protecting as well as regulating proteins, involved have been isolated. After
detailed studies in the 1970s, progress has slowed down. Much of this work
has been done in Lilium, which has large anthers with many pollen mother
cells and large chromosomes, and in the mouse (cf. Stern and Hotta 1987;
John 1990). In microorganisms, including lower eukaryotes, where compar-
able but somewhat different systems operate, especially the biochemistry
of and the enzymes involved in exchange at the level of the DNA have been
analyzed in much more detail. Incision and repair are prerequisites for genetic
exchange, but only a very small fraction of the nicks is actually involved
in exchange. Whereas ionizing radiation applied during S-phase reduces gen-
etic exchange, it has a stimulating effect when applied during zygotene-
pachytene (Lawrence 1961, 1965), probably by inducing repair processes that
are largely identical to those operating in genetic exchange. Mutant repair
enzymes or other proteins involved in repair result in an increased sensitivity
to ionizing radiation and at the same time reduce the capacity for genetic
exchange. This has been studied in detail in bacteria (rec proteins). The first
eukaryote in which these mutants were discovered was the fungus Ustilago
(Holliday 1967), where UV-sensitive mutants had drastically reduced recom-
bination frequencies. They were also found in Drosophila (Watson 1969).
Although early reports on their presence in man and in higher plants were
later contested, there is little reason to doubt that such mutants occur in all
higher and lower organisms. The rec proteins of eukaryotes are not identical
but related to those of prokaryotes.

Several models have been proposed for the process of exchange at the
DNA level. It is certainly very similar in all living organisms, because many
comparable enzymes, specific proteins and DNA repair systems are involved.
All models include the resolution of heteroduplex (hybrid) DNA and repair
processes as first proposed by Holliday (1964) and Whitehouse (1963). For
reviews, see Alberts et al. (1989) and John (1990).

Light microscopically, the paired chromosomes (bivalents) at pachytene
often give the impression of being completely fused. These bivalents are
usually not smooth, but have a beaded appearance: more or less condensed
segments alternate. The more condensed chromomeres follow a specific pat-
tern and, especially when they are large and represent heterochromatic seg-
ments, they are useful landmarks for the recognition of chromosomes and
even specific chromosome segments (Sects. 4.2.4.1 and 8.3.3.1.2).
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Fig. 3.9 Chiasmata at diplotene. A The diagram; B more realistic drawing: the chi-
asmata in the middle region maintain their shape, but the distal chiasmata change under
the influence of strong forces resulting from contraction. The four chromosome seg-
ments around the chiasma try to establish equal angles (90°) between them. Bivalents
with only one chiasma attain a cross shape. (After Sybenga 1975)

Pachytene tends to be a long stage. At its close, the lateral elements of the
SCs can occasionally be seen under the electron microscope to be double.
Gradually, the two chromatids of each chromosome become visible under the
light microscope also, and the chromosomes separate, except for the points of
exchange where the X-shaped structure can clearly be seen, at least in favour-
able material (Fig. 3.9). This structure has been given the name chiasma
because it resembles the Greek character chi. This marks the beginning of
diplotene, where condensation, which was slowed down during pachytene, is
resumed. In several cases, in plants as well as in animals, the breakdown of the
synaptonemal complex, in animals often accompanied by the formation of
polycomplexes from the released proteins, is not immediately followed by the
incorporation of new scaffold proteins necessary for further condensation.
Then, instead of condensing, the chromosomes become diffuse again. In
the oocytes of higher animals this is the start of a long ‘“‘resting” period
(dictyotene), in which transcription starts again on a large scale to provide the
transcripts necessary for the large mass of yolk. Only when the egg matures is
meiosis resumed and a new round of condensation starts. In large mammals,
such as humans, dictyotene may last from the embryonic stage until the end of
the fertility period and may involve several decades.

In the spermatocytes of some animals and in the pollen mother cells of
some plants, a similar interruption of chromosome condensation at early
diplotene is observed (diffuse diplotene), but without transcription activity



52 The Mechanisms of Genetic Transmission

(Wilson 1925; Klasterska 1977; Oud et al. 1979). When the sequence of stages
can not easily be recognized, this stage has often been mistaken for zygotene,
especially when the chromosomes are weakly visible as fine threads and seem
to be synapsing instead of separating. In the large oocytes of amphibia,
at a stage comparable to dictyotene but morphologically different, the de-
condensed bivalents are stretched out in the greatly enlarged cell and can
attain a total length of 500-1000 um. These ‘““lampbrush’ chromosomes are
not known in plants and will not be further discussed; for a review see Callan
(1986).

Whatever the structure of the diplotene bivalents, normal prophase con-
densation, if not already begun during diplotene, begins: or is resumed at its
end. This then is the stage that is comparable to the beginning of somatic
prophase and all that precedes it takes place in what would be interphase in
somatic cells. In this respect, meiosis is precocious (Darlington 1965).

In all models, the classical observation that, of each chromosome, only
one chromatid is involved at each genetic exchange is implicitly assumed.
Through BUdR incorporation during two premeiotic DNA replication cycles,
it is possible to mark the two chromatids of each chromosome involved in
exchange. During the condensation stages following pachytene, the exact loca-
tion of the point of exchange can then be seen (Jones 1987), provided the
chromosome has not condensed too far.

Gradually, diplotene shifts to diakinesis. As a result of progressing con-
densation, the chromosomes become rigid and attempt to straighten. This
is impossible where homologues are connected by chiasmata, and special
shapes arise there to accommodate the forces operating on the associated
chromosomes. With only one chiasma, the bivalent will attain the shape of a
cross, or the shape of a rod when the chiasma is near the end. With two
chiasmata, depending on their location in the bivalent, a ring of variable
appearance will be formed (Figs. 3.10, 3.11). The chiasmata sometimes give
the impression of slipping off towards the chromosome ends, especially when
metaphase I is approached or during metaphase I. In most cases this is only
seemingly so. In very condensed chromosomes the exact place of the chiasma
is not well visible and the resolution of BUdR differentiation of the two
chromatids is not sufficient. The chiasma may seem to be situated at the
end (in terminal position), while actually it is only subterminal. When the
chromosome ends can be marked by C-banding, it can often be seen that the
terminal bands are situated not at the place where the chromosomes are con-
nected by the chiasma, but to the sides of this point (Fig. 3.11). Chromosomal
deformation makes it difficult to locate chiasmata exactly at highly condensed
stages. In some insects the typical scaffold or core proteins can be accentuated
and the chromatin outside the core destained or possibly partly removed
(Rufas et al. 1987; Santos et al. 1987). The course of the core can then
be followed and the location of the chiasmata exactly pinpointed, even in
the highly condensed chromosomes of diakinesis and metaphase I. All such
observations show that terminalization of chiasmata, believed earlier to be a
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Lilium longiflorum Secale cereale {

(a) (b)
Secale cereale Zea mays
(c) (d)

Fig. 3.10 Different bivalent shapes at metaphase I. In some species of Lilium (a) the
number and location of chiasmata can be readily determined. In the first example of rye
(Secale, b) this is also possible, but less readily. In other genotypes of Secale (c) the
morphology of the chromosomes permits only approximate recognition of number and
location of chiasmata in the arms. Even when the chiasmata are not clear, the specific
shape of the bivalent can often be used to derive the number and approximate location
of the chiasmata. Whether or not an arm has a chiasma, however, is always clear. In
maize (Zea, d) details of the chiasmata are much more difficult to see, although here,
too, considerable differences between genotypes exist. When the chromosomes are still
smaller, this may become even worse, and in a number of species it is not even clear
whether an arm has a chiasma or not, but this is not always the case. (After Sybenga
1975)

Fig. 3.11 Practically no chiasmata are formed in heterochromatic C-bands. In rye, the
terminal C-bands are often seen to be positioned distal to the chiasma at metaphase I.
Very distal chiasmata give the impression of being entirely terminal, but when C-
banded, it is seen that here, too, the connection between the two chromosomes is not
through the bands, but just proximal to them. The bands have been pushed into the
chromosomal body at the sides of the chiasma, in principle like more proximal
chiasmata. The bivalent shown has a seemingly terminal chiasma at the left, but the

bands are clearly at the sides of the arms. There is C-band heteromorphism in the right
arm. (Courtesy of J.H. de Jong)
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general phenomenon, hardly plays a role, even at metaphase I where strong
pulling forces are exerted on the bivalents.

The analysis of the frequency and location of chiasmata is of considerable
practical interest, as it gives a measure of the recombination level and the
possible presence of recombination-free chromosome segments containing
specific gene combinations. There are no reports yet on the successful appli-
cation of techniques for specifically staining diakinesis and metaphase I
chromosome cores in plants, although several attempts are being made. This is
important for organisms in which diplotene is not accessible for chiasma
analysis, as in most plants.

3.2.2.2 Metaphase I

The transition from diakinesis to metaphase I (metaphase of the first meiotic
division) is marked by the initiation of kinetic activity. As in mitosis, the
chromosomes first move towards the equator (congression); this stage is de-
signated prometaphase 1. Unlike mitosis, in which the centromeres of the two
chromatids have each other as orientation partners (amphitelic orientation),
at meiotic prometaphase the centromeres of the two chromatids of each
chromosome remain to function as one unit: syntelic orientation. Apparently,
kinetochore separation starts much later than kinetochore activity, and the two
united kinetochores have the double kinetochore of the homologue as their co-
orientation partner. Because a counterforce is necessary for co-orientation, co-
orientation suitable for regular segregation is possible only when the two
chromosomes are connected mechanically. In mitosis this connection is formed
by the pericentromeric region where the chromatids do not separate. This
connection is present in meiosis also, but does not have a function at the first
metaphase, because the sister chromatids must stay together during the first
division and may not coorient. Chiasmata, the visible result of genetic ex-
change, fulfill the essenual mechanical function of keeping chromosomes con-
nected in meiotic metaphase I.

The shape of the metaphase I bivalents varies considerably, depending on
chromosome size, location of the centromere and condensation pattern (Fig.
3.10). In favourable cases, the number and location of the chiasmata can be
reasonably well observed directly or derived from the typical morphology of
the bivalents (or other configurations). In other cases, the morphology of the
bivalents does not permit more than concluding which arms are associated by
one or more chiasmata, and which arms are not.

3.2.2.3 Anaphase I, Telophase I

After having congressed with their chiasmata positioned at the equator, the
bivalents remain there for some time, apparently to ensure the most complete
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co-orientation attainable. This is a prerequisite for the subsequent segregation
of the chromosomes to the two daughter cells. When chromosomes with
specific functions and special constitution are present, their regular segregation
may require extra time. Examples are sex chromosomes, especially when they
occur as univalents, as in X-O males of several insects. At a certain moment,
however, as in mitosis, chromatid cohesiveness is released, however, excluding
the centromeric region. The chromatids of the arms outside the centromeric
region separate actively as a result of their stiffness, and the chiasmata are
released. At anaphase, the centromeres pull the chromosomes to the poles,
dragging the chromosome arms behind them. The chromosomes still contain
both chromatids.

The reason the centromeres of the sister chromatids do not separate at the
first division of meiosis as they do in mitosis, but orient themselves to the same
pole (syntely), is not clear. During metaphase I, the distance between the
centromeres in crane fly spermatocytes appears to increase without affecting
co-orientation (Janicke and LaFountain 1989). With low temperatures and
special chemical treatments, the separation still follows the same pattern, but
centromere activation is delayed until the sister centromeres have separated
farther than normal. Now the bivalents fail to orient normally. When the sister
chromatid centromeres in Acroptera B-chromosome univalents remain associ-
ated, the chromosomes lag at the equator because they have no co-orientation
partner. When the sister centromeres tend to separate, they start amphitelic
orientation (Suja et al. 1991). There are several genetically conditioned errors
of meiotic disjunction that are of interest for the study of orientation and
segregation, but these will not be discussed here.

With respect to the number of chromosomes, anaphase I segregation
implies reduction, and therefore the first meiotic division is called reductional.
This term, in addition to a numerical meaning, has also received a qualitative
meaning and then refers to chromosome segments: those segments in which
the sister chromatids remain together, as around the centromeres, are said to
undergo reductional segregation at first anaphase. Those segments in which the
sister chromatids separate as segments distal from a chiasma (Fig. 3.7) are said
to segregate equationally at first anaphase.

When homologous chromosomes differ in structure (as a result of hetero-
zygosity for insertion, duplication, deficiency or C-bands), the two chromatids
attached to the same centromere may, as a result of exchange, differ in
morphology. This permits an estimate of the frequency of genetic exchange
between the centromere and the locus of the special structure in which the
chromosomes differ. This subject will be discussed again in Chapter 8.

Telophase I is the stage in which the chromosomes, reduced in number but
still double, decondense and form a nuclear membrane. The ensuing resting
stage is interkinesis and is usually very short, and sometimes hardly present
when prophase II follows immediately upon telophase I. There is no need for
replication because two chromatids are already present and there is usually no
transcription. The resulting two cells are often referred to as dyads. It is
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somewhat confusing that the same term dyad is occasionally also used for a
chromosome that is visibly double and contains two chromatids at this stage.

3.2.2.4 Meiosis II

In prophase II (Fig. 3.7), the chromosomes become visible again under the
light microscope and can be seen to contain two chromatids that are connected
only in the centromeric region. The arms usually project in different direc-
tions. Condensation causes the arms to line up more or less parallel, but
without close association. The chromatids are genetically different in the
segments distal from the first chiasma from the centromere, as in anaphase I,
but this is visible only when a sizable chromosomal marker is present. As in
mitosis, the centromeres line up in the metaphase 11 equator after congression
in prometaphase II and separate at anaphase II. Now the centromeres segre-
gate equationally, but the segments distal from the first chiasma segregate
reductionally because they are not sister chromatids. These segments undergo
post-reduction. After telophase 11, a tetrad of four haploid cells is formed, each
of which has a specific genetic composition.

After meiosis in female animals, only one of the two products of the first
meiotic division develops, as does only one of the two products of the second
meiotic division. The result is that each meiosis results in only one gamete. In
plants, all four end products are formed, but usually the female gametophyte
originates from only one. Male meiosis in both animals and plants results in
four functional end products. In plants these tend to remain together for a
short time, forming the tetrad. The same term tetrad is occasionally used also
for a bivalent consisting of four chromatids.

3.2.3 Systematic Variants of Meiotic Behaviour
3.2.3.1 Achiasmate Meiosis

In one of the two sexes of some organisms, usually the male, meiosis is
achiasmate (chiasmata are absent). Synapsis as such leads to a sticky associa-
tion between the homologues that replaces the chiasmata. The dipterous
insects are the best known example for this unusual behaviour. Whereas
chiasmata, even when distributed according to species-specific systems, can be
formed at variable sites and often in the proximity of the chromosome ends,
achiasmate association is restricted in location to the centromeric region. This
is not of much consequence in normal material, but the meiotic consequences
of chromosomal aberrations may be rather different in chiasmate individuals
(i.e. the females in Diptera) than in achiasmate males (Vosselman 1981).
Because achiasmate meiosis is exceptional in plants, (Fritillaria amabilis, Noda
1968), this will not be further considered here.
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3.2.3.2 Holokinetic Chromosomes

More complications arise when the chromosomes are holokinetic, i.e. when
the kinetic activity is not restricted to one specific single structure in each
chromosome, but is distributed evenly over the chromosome body (cf.
Swanson 1957; John and Lewis 1965; John 1990). Chiasmata may then have
“kinetochores’ on both sides and cannot be released properly at anaphase I.
Different organisms have acquired different solutions to this problem. In the
simplest case, as found in the males of several insect species, two or more
chiasmata are distally located and centromeric activity is concentrated in the
central region of the chromosomes. When only one chiasma is present, it may
be located at any place in the chromosome and the kinetic activity is con-
centrated in one of the end segments. This then resembles a monokinetic
chromosome and may in fact be a transition from more primitive holokinetic
to more evolved monokinetic systems (Sybenga 1981). More primitive and
more typical for holokinetic behaviour, chromatid cohesiveness and con-
sequently the chiasmata are released before kinetic activity starts. The weakly
paired sister chromatids separate, as in mitosis, after amphitelic coorienta-
tion. There must be renewed association between homologous chromatids at
meiosis II to ensure proper segregation. The mechanism is poorly understood.
It results in what is called post-reduction because, at the first meiotic division,
a typical reduction division does not take place. The term is not quite correct
because, as a result of genetic exchange, the separating chromatids are only
partly sister chromatids. Similarly, the terms syntelic and amphitelic do
not fully apply to these chromosomes. In many instances the chromosomes
involved are so small that it is very difficult to decide exactly how they behave
in meiosis.

Holokinetic chromosomes are common in many Heteroptera and they are
found in several plant species. Well-known examples are the genera Luzula
and Carex (LaCour 1952; Nordenskiold 1962). Among the relatively primitive
Ranales, the genus Myristica, including the nutmeg tree, M. fragrans, also
has holokinetic chromosomes (Flach 1966). These were not observed in any
of six other Ranales families studied (Flach, pers. comm.). Holokinetic
chromosomes are not sufficiently frequent among commercial plant species to
justify a more detailed treatment here.

3.2.3.3 Neocentric Activity

Perhaps as an atavistic trait left over from the development of monokinetic
from holokinetic behaviour, normally monokinetic chromosomes may under
certain conditions develop one or more extra centromeres during meiosis,
usually in distal heterochromatic regions. The most striking example is that
described in maize when an abnormal, highly heterochromatic chromosome 10
is present (Rhoades 1952). In bivalents where one chromosome has a hetero-
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chromatic knob and the other does not, the neocentric activity of only one
chromosome can affect chromosome behaviour and even segregation. In rye
and a few other species, weaker neocentromeres have been observed in inbred
lines and populations under certain circumstances (Prakken and Miintzing
1942, Kavander and Viinika 1987). No serious practical use in plant breeding
has yet been suggested for neocentromere activity.

3.2.3.4 Specialized Chromosomes

The mitotically deviant behaviour of B-chromosomes was referred to above
(Sects. 2.5 and 3.1.4.1.2.3). In animals, their accumulation is usually due to
their special meiotic behaviour. In plants, they tend to behave like any other
chromosome in meiosis. Sex chromosomes are another category of special-
ized chromosomes that may show unusual meiotic behaviour. In addition to
animals, where they are normally present, sex chromosomes are also found in
a number of dioecious plant species, some of these cultured plants (spinach,
hemp, asparagus). In a few instances the sex chromosomes of plants are
sufficiently morphologically differentiated to be recognized. In most cases their
behaviour is quite regular, and sex determination is simply a consequence of
normal sex bivalent segregation and the fact that self-fertilization (within
sexes) is not possible.

In a number of animal species, and even some plants, deviant systems
involving sex chromosomes have been observed that are quite revealing as
to what chromosomes are capable of when operating under conditions that
deviate from what usually is considered normal. Much interesting information
on normal and abnormal meiosis can be found in John and Lewis (1965) and
John (1990). The subject will not be further discussed here.

3.2.4 Recombination

Recombination is essential for plant breeding. There is considerable variation
in recombination, which can be manipulated to some extent. In some instances
an increase in recombination is desired, in other instances genes must be kept
together in specific allelic combinations. In this chapter a few principles will be
briefly considered. Later, (Sects. 8.4 and 10.4.2) manipulation will be dis-
cussed in more detail.

3.2.4.1 Two Forms of Recombination
3.2.4.1.1 Chromosome Recombination

In addition to recombination as a result of genetic exchange between paired
chromosomes (exchange recombination), recombination results from the in-
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dependent orientation of different bivalents (Fig. 3.12): chromosome recom-
bination. With only one chromosome, there is no chromosome recombination.
The larger the number of chromosomes, the more chromosome recombination
occurs. Chromosome recombination is normally 50% between genes in dif-
ferent chromosomes, unlike exchange recombination (crossing-over) between
genes in the same chromosome, which depends on the frequency of exchange
between the genes considered. For plant breeding, chromosome recombination
is often quantitatively more important than exchange recombination, especially
when the number of chromosomes is large. The lower the number of chro-
mosomes, the more important exchange recombination becomes.

Normally, chromosome recombination is constant at 50%, but this can be
changed by translocation (chromosome segments being moved from one
chromosome to another). When the translocation is homozygous, chromosome
recombination will be constant at 50% again, but now for other gene com-
binations as in the original chromosomes. In translocation heterozygotes,
however, chromosome recombination is (almost completely) suppressed, at
least as far as the translocated chromosomes are concerned. This can play an



60 The Mechanisms of Genetic Transmission

important role in breeding programs, in scientific experiments and in nature
(Sects. 5.4.1.4 and 12.3).

When metacentric chromosomes are split in their centromeres (centric
split, Robertsonian split), the two parts behave independently and exhibit
chromosome recombination (Sect. 5.5.4). The opposite occurs when two
acrocentrics fuse to form a metacentric chromosome. The effect of doubling
the chromosome number to produce autopolyploids is different. The effect on
recombination is complex, mainly because the entire genetic system is altered
(Sect. 11.3.1.2.2).

There are exceptional cases in which, without a mechanism that is clearly
understood, two apparently independent chromosomes do not segregate
independently (e.g. ““affinity”’, and the interdependent segregation of unpaired
sex chromosomes and autosomes in some insects). The phenomenon is not of
sufficient frequency in plants to be further discussed here.

3.2.4.1.2 Exchange Recombination

Exchange recombination results from the exchange between chromatids of
paired chromosomes. A single exchange, resulting in a single chiasma, will
recombine the genes on both its sides in two of the four chromatids. A single
exchange, therefore, results in a maximum of 50% recombination. When, on
an average, there is less than one exchange (or chiasma), recombination is
reduced correspondingly. More than one chiasma between specific genes does
not lead to an increase in recombination between the alleles of these particular
genes. However, the overall level of recombination between all genes does
increase with an increase in exchange frequency.

3.2.4.1.2.1 Two and More Chiasmata in One Chromosome

Crossing-over (exchange recombination) is observed in the segregation of
genetic markers only when a single point of exchange is present between the
markers. Two exchanges between the same two chromatids will cancel each
other. In each exchange that results in a chiasma between chromosomes, only
one chromatid of each chromosome participates. Each chromatid ends up in a
separate spore. Thus, for each chiasma, only half the number of spores has a
recombinant chromatid, and the number of cross-overs corresponds to half the
number of chiasmata. When two chiasmata are formed between two markers
(Fig. 3.13), the same two chromatids will be involved in some cases (reciprocal
chiasmata); two different chromatids in other cases (complementary chiasmata);
and in still other cases, one chromatid will be the same in the two chiasmata
and the other will be different (disparate chiasmata). There are two different
types for the latter case. Thus, four different combinations of two chiasmata
are possible, each with equal probability if the chromatids take part randomly
in the chiasmata.
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Fig. 3.13A—-D The four combinations of two chiasmata. Loci at the ends of the chro-
mosome show no recombination when the chiasmata are reciprocal; they show 100%
recombination (both chromatids of each chromosome have recombined) with two
complementary chiasmata, and 50% recombination (one chromatid has recombined in
each chromosome) with the two disparate combinations of two chiasmata. Thus, there
is a maximum of 50% recombination if all four types have an equal probability of
occurring. (After Sybenga 1975)

Considering recombination chromatids, reciprocal chiasmata result in no
recombination because the two exchanges cancel each other’s effect. Com-
plementary chiasmata will result in four recombination chromatids or 100%
recombination. When the two have an equal probability, the average recom-
bination is 50%. The two disparate types each result in 50% recombination
chromatids and, as a consequence, the maximal recombination percentage
with two chiasmata is always 50. It can easily be shown that, with more
chiasmata, the same result is obtained. With a single chiasma, recombination
is 50% also, and, therefore, the maximal recombination percentage is 50.
Lower percentages occur only with, on an average, less than one chiasma in
the segment considered. More than 50% recombination is possible only when
complementary chiasmata are more. frequent than reciprocal chiasmata. More
than 50% recombination has been observed in some fungi and phages (Esser
and Kuenen 1965), but only incidentally and probably not convincingly in
higher organisms.

An excess of the combination of reciprocal and complementary chiasmata,
as opposed to disparate, has been reported in grasshoppers, where the course
of the chromatids can be followed (Hearne and Huskins 1935). The phenom-
enon has not been sufficiently studied to be certain that it is significant. In this
case, there are no effects on recombination.

3.2.4.1.2.2 Genetic Variation in Exchange Recombination

3.2.4.1.2.2.1 Genetic Variation in Frequency of Exchange

True asynapsis, where no pairing takes place, can be genetically (mutants) or
chromosomally (lack of homology) conditioned. It is possible that complete
failure of the entire chromosome pairing system tends to result in a reversion
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from meiosis to mitosis, with the consequence being that no meiotic processes
are observed. Even with apparently complete asynapsis the axial cores are
usually formed, indicating that the system effectuating the initial steps in
pairing is still operational. There are two main reasons why, in the absence of
sufficient homology, pairing can be initiated (including SC formation) but is
followed by very limited or almost no chiasmate association at later stages:
(1) there is a sufficiently extensive relict of homology (in distant hybrids) or
there are sufficiently extensive duplications present (in the haploid) to result in
at least some true homologous pairing that may even be effective for genetic
exchange; (2) the pairing system, although not finding sufficiently extensive
homologous stretches to initiate true homologous pairing, finds it possible to
align (after some delay) non-homologous chromosome segments and even
form synaptonemal complexes.

There are several forms of desynapsis. Genetic desynapsis is common:
many mutants are known to show chromosome pairing but no maintenance of
the bivalents, either because no chiasmata are formed or, less frequently,
because chiasmata are not maintained. It is not always simple to distinguish
between these two possibilities, not only because it requires observation of
chiasmata at early stages, but also because desynapsis is often variable in
expression. This means that, when early diplotene chiasmata are observed in
one group of cells but not at metaphase in a neighbouring population, the
conclusion that chiasmata are formed but not maintained is not necessarily
valid. The diplotene cells with chiasmata could have produced metaphase I
cells with chiasmata, and the metaphase I cells without chiasmata could have
resulted from diplotene cells without chiasmata that were not observed in the
sample studied.

Inbred lines of outbreeders often show a reduced chiasma frequency that
results in an increased number of univalents. This is a polygenically regulated
partial desysnapsis.

For the many other effects of environmental (physical, chemical) and
genetic conditions on recombination and random variation in recombination,
the reader is referred to the literature (cf. Sybenga 1972; John 1990). In this
text, such effects will only be referred to when relevant in context, for instance
in Section 8.4.3.

It is clear that, when chiasmata are not formed because there is no
chromatid exchange, there will be no genetic exchange and that this will be
reflected in a low frequency of recombination in the few progeny that still can
be formed. When pronounced desynapsis is followed by frequent first meiotic
division restitution resulting in unreduced but viable gametes, the occurrence
of exchange recombination can be tested. This requires analysis of the next
generation in a half-tetrad analysis. Jongedijk et al. (1991a) report strong
reduction of recombination between several markers in desynaptics of diploid
potato (Solanum tuberosum) with high levels of restitution. In special regions,
however, apparently due to changes in interference or pairing patterns,
normally low recombination remained unchanged or even increased in the
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desynaptic. There may be other reasons for unaltered or increased rather
than decreased recombination in desynaptics, especially in those that fail to
show restitution and, as a consequence of irregular meiosis, have considerably
reduced fertility: the few progeny plants formed are derived from a selection
of meiotic cells with an almost normal level of recombination, because only
cells that have a sufficiently high level of chiasmata will be able to go through a
relatively normal anaphase and further meiotic stages. In view of the often
irregular expression of desynapsis, this may be a reasonably large cell popu-
lation. Recombination is then no indication of the type of desynapsis (operat-
ing before or after genetic exchange). Unless early diplotene can be studied in
large and varied cell populations, it cannot be ruled out that chiasmata have
formed but could not be maintained.

3.2.4.1.2.2.2 Genetic Variation in Pattern of Exchange

Exchange recombination does not take place randomly over the chromosomes.
Especially the location of chiasmata has been studied in detail, because in
some organisms it can be relatively easily determined. The pattern of chiasma
localization is not constant, but can vary in nature as well as in the experiment.
There are overall, usually genetic, effects and there are localized effects, often
resulting from chromosomal rearrangements. In Section 8.3.4, this will briefly
be discussed.



Chapter 4

The Somatic Chromosome Complement:
Karyotype Analysis

4.1 The Karyotype

4.1.1 Characteristics of the Karyotype

The number of chromosomes over which the genome is distributed and the
microscopically visible morphology of these chromosomes form the karyotype
(Sect. 2.5). Chromosome morphology traditionally includes the length of
the chromosomes, the location of the primary constriction (centromere)
and, if present, the secondary constriction (near the NOR). Tertiary con-
strictions in somatic metaphase chromosomes are occasionally visible and can
then be used to specify chromosome segments. They tend to coincide with
heterochromatin.

Presently, a karyotype description includes chromosome segments with
staining characteristics that are consistently different from the remainder of
the chromosome. Depending on the staining technique used, such segments
may appear as dark staining, light staining or as brightly fluorescing bands in
the chromosomes. Usually such selectively stained bands are considered to be
heterochromatic (Sect. 2.3), but whether or not this is the correct term for all
such segments, there is no doubt that the structure of the chromatin in these
segments is different from that of the remainder of the chromosome. The
techniques producing differentially stained bands and the resulting karyotypes
will be briefly discussed in Section 4.2.4.

The description of the karyotype can be further extended to include
chromosomal characteristics that can not be made visible by mere staining.
One is the total amount of DNA per somatic nucleus. This is known for many
plant species (Bennett and Smith 1976). It is even possible to determine the
amount of DNA and other components per chromosome (e.g. White and
Rees 1987 for Petunia), but this is not yet a very common procedure. Other
microscopically invisible chromosomal characteristics may be specific DNA
sequences that do not affect the chromatin structure but that can be made
visible by molecular hybridization with known homologous DNA or RNA
probes. This may be high- or low-copy-number repetitive, nontranscribed
DNA or even low-copy-number gene DNA. This too will be briefly considered
in Section 4.2.4.
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In mammals, especially in man, somatic cell genetic analysis has resulted
in very detailed gene maps of chromosomes (Sect. 4.2.4.3) combined with a
detailed karyotype description. These include variants of coding and non-
coding, but unique, DNA segments known as restriction fragment length
polymorphisms (RFLP). The first steps towards in vitro somatic cell genetics
of plants have been set, but the detailed chromosome maps that can be
obtained in animals are still a long-term objective for plants.

Recombination frequencies obtained from generative recombination
analyses may be used as measures of distances between markers on chromo-
somes. When they involve microscopically visible chromosomal markers
together with genes of which different alleles are available, or RFLPs, these
genetic markers can also be included in the karyotype (Sect. 8.3.1). What
results is a genetic chromosome map.

4.1.2 Applications of Karyotype Analysis

The plant breeder’s interest in karyotype analysis is the information it provides,
which can be used for a number of different purposes.

In taxonomy, karyotype descriptions are often used as a character in
species descriptions (cytotaxonomy). Classical cytotaxonomy has had relatively
little impact on taxonomical revisions (Grant 1984). It has at most been a
useful additional factor in strengthening or weakening a conclusion based
mainly on macromorphological characteristics. Yet in some cases, for instance
in (allo)polyploid complexes, even simple chromosome number differences
could well be a reason to separate different forms into distinct species, because
chromosome numbers as such are discrete distinguishing characteristics, and
chromosome number differences are usually effective genetic barriers for
keeping closely related sympatric species evolutionarily separated. Such con-
siderations have not been applied extensively in taxonomy. Yet, for under-
standing evolutionary processes and thereby indirectly for taxonomy, karyotype
analysis and karyotype evolution can be of considerable importance (see, e.g.
Ehrendorfer 1986). In addition, it may give important information to the plant
breeder regarding barriers to the introduction of genes from related or more
distant species.

Differences in chromosome number (other than polyploidy) and in
chromosome morphology between wild species and cultivars suggest chromo-
somal differences that may disturb meiosis in the hybrid, endangering the
proposed gene transfer. In addition, such differences, even if not directly
affecting the transfer of specific genes because they involve other chromo-
somes, may be carried over to the cultivar if not detected in time. In later
stages they may affect the breeding program.

An extended karyotype description including the location of known
desired genes in relation to other markers (RFLPs, bands, recognizable
rearrangements) contains useful information for the planning of gene transfer
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or chromosome segments. The transfer can be conveniently monitored by fol-
lowing the RFLPs by molecular methods, enzyme markers by biochemical
methods and chromosome-morphologically marked segments by cytological
methods.

When a genetic chromosome map (Sect. 8.3) is included in the karyotype
description, with map distances as measures of linkage between genes and
markers, the effort required to separate the desired gene from undesired genes
or from recognizable chromosome segments can sometimes be estimated.
When the map distances between these genes and markers are known, the
recombinant may actually be already available. Such detailed extended karyo-
type descriptions are available for only a few species, among which are some
economically important cultivated plants. The detail of genetic chromosome
maps is rapidly increasing.

Chromosome morphological aberrations within species, between cultivars
or incidentally arising within a cultivar, can cause unexpected, undesired
complications. They may disturb, or even prevent, recombination and they
may cause partial sterility. In some cases they are produced on purpose. When
they alter the morphology of the chromosomes sufficiently, they can be recog-
nized in the analysis of the karyotype and used for the classification of the
rearrangement in segregating progenies. The same is true for chromosome
number variants, occurring incidentally or induced. Such a classification of
karyotypes, when only the known or expected variation is scored, is the
simplest form of karyotype analysis but quite important in many fields of
applied and theoretical cytogenetics.

4.2 Approaches to Karyotype Analysis: Chromosome Number
and Morphology

The degree of refinement in karyotype analysis depends on the objectives of
the analysis on one hand and on the characteristics of the material and the
available input on the other. In several cases, the chromosome number or
even the number of genomes per nucleus are accepted as the maximum of
information. The reason may be that this serves the purpose. Another reason
may be that the material does not yield more information (e.g. the chromo-
somes are very similar in size and do not respond to banding techniques etc.).
The mere establishment of a chromosome number is the barest minimum of
karyotype analysis, but is in many cases of considerable importance. Also,
even though the material may be suitable for more sophisticated techniques
and the extra information would be welcome, it is possible that the laboratory
involved is not equipped or not prepared to spend sufficient effort to carry out
these specialized techniques.
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When planning an experiment or analysis, it is useful first to decide if one is
capable of carrying out more than simple techniques and if so, whether it will
pay to apply them in the situation at hand.

4.2.1 Number of Genomes Per Cell: Indirect Methods

The simplest characteristic of the karyotype is the chromosome number and
the simplest interesting information in respect to chromosome number is the
number of genomes. These are many instances where the determination of
the number of genomes is important: comparing the ploidy level of related
species or forms; checking material that has been treated for chromosome
doubling; establishing the frequency of meiotic doubling; checking for endo-
polyploidy in explants from tissue culture; and testing the genetic stability of
tissue, callus or cell culture.

For simply determining the number of genomes per cell, the simplest
techniques can be used. Since the number of chromosomes determines the size
of the nucleus and indirectly the size of the cell, it is often sufficient to
determine the relative nucleus or cell size, or any attribute that depends
directly on the number of genomes or indirectly on their relation to nuclear or
cell size. Because of the variation in nuclear and cell size, and the indirect
relation between nuclear and cellular characteristics, it is not possible to derive
the number of genomes reliably from a single measurement. There are two
main levels of variation that must be taken into account:

1. Nuclear and cell characteristics vary not only between species, but also
between and sometimes within tissues of an individual; the least variable and
most accessible tissue must be selected.

2. The number of genomes is usually not proportional to the quantitative
measure of the characteristic analyzed and there is usually considerable
variation here even in the most favourable circumstances.

It is necessary, therefore, first to establish the relation between the
number of genomes and the characteristic measured, and then, on the basis of
the variation between observations, to determine the number of measurements
necessary to permit a reliable conclusion. In special cases, the results of the
analysis are sufficiently accurate to conclude that incomplete genomes are in
excess or deficient. Single chromosomes that are deficient or in excess, how-
ever, can almost never be traced.

The most direct measurement of the number of genomes (or, near the
haploid level, even segments of genomes) is by measuring the amount of DNA
per nucleus. Measuring UV absorption of unstained nuclei at a wavelength of
about 260 nm or visible light absorption in Feulgen stained nuclei at 565 nm in
microscopic cytophotometry is usually more laborious and not much more
reliable for the purpose than more indirect techniques as discussed below.

A very useful direct DNA measurement for scoring genome numbers is
the flow cytometry of isolated and fluorescent stained nuclei. Leaf segments,
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or parts of other organs with readily extractable nuclei, may be frozen in liquid
nitrogen, ground in a mortar, suspended and shaken in an appropriate fixative,
filtered to remove large debris, centrifuged to precipitate the isolated nuclei,
resuspended in the fluorescent dye (e.g. DAPI: 4,6-diamidino-2-phenylindole)
and run through the flow cytometer. Several variants are available. For pollen,
slightly different methods are used (van Tuyl et al. 1989). The numbers of
nuclei in each genome class are plotted. When the number of chromosomes
per nucleus is relatively small, aneuploid individuals can sometimes be recog-
nized by frequency peaks deviant from those of euploids. Because of the use
of autofluorescence, the shape of the nucleus is much less critical than with
absorption cytometry. It even appears possible to accurately determine and
compare the amount of DNA in the generative and vegetative nuclei of pollen
grains that have a very pronounced difference in DNA packing (van Tuyl et al.
1989). It is presently possible to have nuclear DNA amounts determined by
flow cytometry on a commercial basis.

Other direct methods are those in which nuclear characteristics directly
related to genome number are measured. As expected, the size of the mitotic
metaphase plate is proportional, although not simply, with the number of
chromosomes in the nucleus. Especially with small and numerous chromo-
somes, where direct counting, although not impossible, is laborious, measuring
the metaphase plate may be used to establish the number of genomes. The
accuracy is usually insufficient to detect aneuploidy, but is much better than
measuring interphase nuclei in the same tissues. It is necessary first to estimate
the variation between the measurements in order to establish the number of
observations required to reach acceptable conclusions.

Another approach is the estimation of the number of “prochromosomes”’,
conspicuous heterochromatic segments in interphase nuclei. When their
number in the standard material is relatively small and when they are large
enough and sufficiently well separated to be consistently recognized and reliably
counted, they can occasionally present a simple way to establish genome
numbers. Because of the fusion of heterochromatic bodies in interphase
nuclei, in combination with possibly some somatic pairing between homo-
logues, the increase of such bodies is not necessarily proportional to the
increase in the number of genomes. In organisms with heterochromatic sex
chromosomes (very rare among plants), these are good examples of countable
heterochromatic bodies in interphase cells.

The number of nucleoli per nucleus depends directly on the number of
genomes. It is a very general characteristic of nucleoli to fuse when more than
one per nucleus are present, but nucleolar fusion is usually not complete, and
in many cases the maximum number of nucleoli observed may be a good
indication of the ploidy level. There are several complications. One is that
occasional endopolyploid nuclei may give the impression that the entire organ-
ism has the ploidy level of those cells. A second complication is that some
organisms have more than one nucleolus per genome. A well-known example
of a crop species with two nucleoli per genome is barley. Tetraploid barley has
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Table 4.1. Stoma characteristics in relation of ploidy level

A The number of chloroplasts in the stoma cells in plants with different ploidy levels
(Gottschalk 1976)

Species: 2x 3x 4x 5x 6x
Beta vulgaris 12-16 17-22 22-28

Beta vulgaris 14.23 20.34 25.36 32.10

Beta vulgaris 15.61 20.01 25.26

Medicago sp. 9.2 9.1 12.8 15.2
Trifolium hybridum 8 14

Brassica campestris (var. rapa) 11.4 19.3

B The length of guard cells of stomata in plants with different ploidy levels, in
percentage of diploid number (Gottschalk 1976)*

Species: 3x 4x 5x 6x 8x
Brassica oleracea 121 159
Plantago coronopus 141 190
Funaria hygrometrica 144 162

Bromus inermis 131 165
Pirus malus 121 129 154

#Note: aneuploidy may affect cell size and number of chloroplasts per guard cell in a
specific way. This can disturb the analysis.

eight, but only very infrequently are all eight observed. When classifying
diploids, triploids and tetraploids, it becomes necessary to study distributions
per plant rather than maximum numbers, especially when incidental spon-
taneous (endo)polyploid cells occur.

Although these indirect nuclear methods are occasionally used for estab-
lishing genome numbers per nucleus, they are not much superior to indirect
cellular methods and they all have the disadvantage that reasonably compli-
cated preparations must be made.

Quantitative observations on cell characteristics, although not directly
related to genome number, have had considerable application because they
can often be made with very simple techniques. The most obvious is measure-
ment of cell size, but cell size is quite variable within the individual, sometimes
even within tissues, and some well accessible epidermis cells have shapes that
hardly permit measurement. The most favourable material with respect to
accessibility, lack of variation and ease of measuring are the cells, especially
the guard cells, of the leaf or stem stomata. Their size and the determination
of their number per unit leaf area have been in general use for determining
ploidy number (Gottschalk 1976; Table 4.1). Simple techniques for preventing
the underlying tissue from interfering with the measurements by making prints
on tape have been developed (Sarvella et al. 1961). Even then, it is necessary
first to establish the size distribution in order to know how many cells must be
measured or counted per area for a reliable distinction between ploidy levels.
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Frequencies

Relative DNA content

Fig. 4.1 Flow cytometry of the isolated metaphase chromosomes of a cell culture of
Haplopappus gracilis (2n = 4). A Cellular debris; B, C, D, E the four chromosomes,
modified during culture. Consequently, all four are different in size, but still in the
original diploid number. Complete interphase nuclei with the 4C and 8C DNA level in-
dicated on the ordinate. (After de Laat and Blaas 1984; courtesy of ITAL Wageningen)

Another frequently used attribute of stomatal guard cells is the number of
chloroplasts per cell. This is an even less variable parameter and closely
correlated to ploidy level (Gottschalk 1976; Table 4.1).

For the exact determination of chromosome number, especially when
aneuploids are expected, these approaches are usually insufficient. When the
number of chromosomes is relatively low, modern flow-cytometric DNA
determinations are sufficiently accurate to detect the presence or absence of
large single chromosomes. With larger numbers of chromosomes or when a
small chromosome is involved, the chromosomes must be made visible indi-
vidually. A variant is the flow-cytometric measurement of chromosomes
separated from the cell. An example is given in Fig. 4.1 of a Haplopappus
gracilis cell line cultured in vitro for many generations. It still has the diploid
number of four, but with clear morphological abnormalities (de Laat and
Blaas 1984). When this approach is insufficient or not available, light micro-
scopy reparations are required of tissues with sufficient mitotic activity. When
simple chromosome counts must be made, the quality requirements of the
preparations are much less stringent than for a complete karyotype analysis.
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The same is true when simple, well recognizable chromosome structural
variants are scored.

4.2.2 Exact Chromosome Number; Chromosome Morphology

The traditional karyotype descriptions refer to chromosomes in the contracted
state, i.e. they must be at prometaphase, metaphase or anaphase of mitosis,
exceptionally of meiosis. This prerequisite restricts the material suitable for
karyotype analysis to tissues with a high mitotic rate: root tips, very young
leaves, shoot tips, pollen during pollen mitosis, rapidly growing tissue, callus
or cell cultures. Except in in vitro cell cytogenetics, root tips are preferred
because of (usually) easy accessibility, suitability for preparation and often
high rate of cell division, which can be stimulated by cultural techniques.
However, several methods have been developed for studying chromosomes in
young leaves and vegetation points, which are generally the only material
available from established plants, shrubs and trees in the field. These methods
resemble those for root tips, with some modifications. The reader is referred
to the specialized literature. Occasionally, endosperm mitosis in developing
seed has been used for chromosome studies. In several instances pollen
mitosis has been found to be favourable material, notably because of the
haploid chromosome number. Yet its use has been limited, mainly because of
insufficient availability of pollen at the right stage, technical complications and
sometimes the compactness of the metaphase plate.

4.2.2.1 Techniques of Preparation

For details on techniques, the reader is referred to the specialized literature
(e.g. Darlington and LaCour 1976; Dyer 1979; Sharma and Sharma 1980; or
newer editions of these books), but research reports on chromosome studies of
specific plant species are usually the best source of information on how to
prepare mitotic cells for karyotype analysis. Here only a few main lines are
indicated. ~

The choice of the starting material is important. Because of accessibility
and ease of prepation, root tips are favoured when available. Techniques have
been developed to optimize mitotic frequency in root tips. A very simple
but also important prerequisite is that growing conditions for the plant are
optimal, with ample air and often minimal, although sufficient, moisture
around the roots. Pretreatments that suppress the spindle and that are primarily
intended to spread the chromosomes throughout the cell, to contract and
straighten them, also tend to accumulate metaphase cells because anaphase is
suspended. Large numbers of mitoses in young seedlings can be obtained by
choosing the optimal time after germination when waves of cell divisions occur
(Wolff and Luippold 1956). Synchronization can be induced by several sub-
stances that block development reversibly, such as hydroxyurea (Oud et al.
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1979) or S5-aminouracyl (Wagenaar 1966). Such techniques require experience
before they can be applied effectively and many cytogeneticists simply accept
the material as it comes.

The normal mitotic metaphase cell is usually not very suitable for detailed
analysis of the chromosomes: the chromosomes are not straight, unless they
are short by nature, and the equatorial plate is compact. Many treatments
have been developed to prevent microtubule polymerization and consequently
to prevent the spindle from being formed or maintained. This results in the
scattering of the chromosomes over the cell and in continued contraction.
As a consequence, after the proper treatment, the chromosomes come to lie
straight and well separated in the cell when the tissue is flattened by squashing
or spreading. A day in ice water (0°C) will often contract metaphase chromo-
somes and spread them over the cell. Colchicine in water (e.g. 0.5%) is
frequently used because of its usually good and reproducible result, but there
are several cheaper and less toxic alternatives.

After the pretreatment, the cell is usually fixed in the mixture of acetic
acid with alcohol (1:3), with or without chlorophorm added, but many
variants, most of them developed at the end of the last centrury, are known.
Many grass root tips are excellently fixed in 1N hydrochloric acid at 58—60°C.
This, at the same time, takes care of the next step: maceration.

Maceration is necessary to make the tissue soft enough for spreading out
into a single layer of flat cells by squashing or other spreading techniques. It
can be done simply in 1IN HCI at 60°C for 6—12min. Variations for special
material or special tastes are available. Too long a duration of maceration may
destroy the material or greatly reduce its stainability. For some techniques,
especially most banding techniques, a HCl-maceration strong enough to suf-
ficiently soften the material is not compatible with the further steps in the
procedure. Then, but also for many other situations, an excellent alternative is
a treatment with a mixture of cellulase and pectinase (each 1-2%) at the
prescribed temperature for a few hours. The softened tissue can be squashed
on the slide or, often quite effectively, suspended in aceto-alcohol and
dropped on a pretreated slide (Mouras et al. 1978; Pijnacker and Ferwerda
1990). This technique is especially suitable for C-banding and in situ hybrid-
ization (Sects. 4.2.4.1 and 4.2.4.2). Following maceration (for C-banding after
spreading on the slide), the material is stained.

The cells must be flat, in a single layer, but still complete. The last
requirement cannot often be realized when the first two have been met and
this can present serious problems for a reliable karyotype analysis. Squashed
or spread preparations can be made permanent by inclusion in resins that
harden in the air. Several different techniques are available.

4.2.2.2 Observations: Measurements

For simple counting and the recognition of a known chromosomal rearrange-
ment it is not necessary that the cell be entirely flat and not overlying another
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cell. For detailed karyotype analysis, the requirements are much more
stringent. An experienced cytologist will be able to make preparations with a
sufficient number of complete but flat cells, where the chromosomes not only
can be accurately counted, but also measured. Here a serious problem is
encountered. When the cell is flattened, the chromosomes are stretched. They
are more resistant to stretching than the cytoplasm, but they do stretch, and
stretching is not homogeneous. It has been shown that some chromosome
arms stretch relatively more than others, which will produce a bias (Sybenga
1959). After extended staining with orcein, chromosomes may even break. In
addition, the contraction is different not only between cells, as is expected
with slight differences in stage of (blocked) mitosis, but also within cells, even
between homologues and chromatids of the same chromosome. It is necessary,
therefore, to repeat the measurements in several cells and to analyse the
results statistically.

For measuring chromosomes in a cell, several techniques have been devel-
oped. It is possible to measure directly in the microscopic preparation, using
special measuring devices attached to the microscope. Static ocular micro-
meters are insufficiently accurate, but screw ocular micrometers are very
precise. They are not convenient, however, for measuring large numbers of
chromosomes in large numbers of cells. In addition, since the chromosomes
can not be marked after having been measured, a drawing or other help to the
memory must be made to indicate which chromosomes have had their turn.
More convenient and equally accurate are systems using a camera lucida,
provided these are equipped with satisfactory measuring devices. Simple pen
or pencil drawings measured with a ruler, or rulers which are aligned directly
along the chromosome in the microscopic image give insufficiently accurate
results. Much more accurate are thin white lines in a black background that
can be brought to the two ends of the chromosome or chromosome segment to
be measured. A fixed system of two lines under a small angle (Fig. 4.2),
between which the chromosome can be exactly fitted, was used by Sybenga
(1964). Such direct measurements do not require the cell to be completely flat,
provided the chromosomes are tilted only slightly. Partly automated variants
of this method are available, but have not been published. Their accuracy is
the same as measuring with the ocular screw micrometer, using the system in
Fig. 4.2 or measuring in highly magnified photographs. Only straight chromo-
some segments can be measured, but one advantage, besides accuracy and
convenience, is that the data can be processed directly when the measuring
device is linked to a computer.

Enlarged photomicrographs made with maximal resolution, or their
negatives projected on a screen, are quite useful, but the cells must be
completely flat or several photographs of the same cell must be made to
cover all chromosomes. With sufficent enlargment, the chromosomes can be
measured with a common ruler. When the photograph has been taken with a
lens with less than maximal resolution, replication of the measurement may, to
a great extent, compensate for the loss of accurracy. The same is true for
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Fig. 4.2 Sets of two white lines on a black background for measuring chromosomes in
the camera lucida. The chromosome segment to be measured is placed perpendicular to
the calibrated line and where it fits exactly between the two lines, the value on the
calibrated line is read. The units are arbitrary, but usually the optical system can be
adjusted to make them equal 1 mM. (Sybenga 1964)

direct measurement in a microscope (Sybenga 1959). Measurements on a
videoscreen connected to a videocamera on a microscope have been shown to
be insufficiently accurate because of the thickness of the glass and distortion
from electronic sources.

Most of the devices mentioned can measure straight objects only. A
bend in a centromere or other clearly marked place presents no problem,
but a bend, and even more a smooth curve, in a chromosome arm makes
exact measurement almost impossible. In several cases, especially with small
chromosomes, techniques are available to prepare sufficiently straight chromo-
somes. In other cases this is not possible and special solutions must be found.
Direct measurement of curved chromosomes in photomicrographs is possible
when marks can be made at the bends and the subdivisions can be measured
separately, although the accurracy is disappointing. Another simple, but not
very exact, solution is to overlay the chromosomes with pieces of wire and to
measure these. With the use of a graphics (digitizing) tablet, curved objects
can be measured directly through the camera lucida attached to the micro-
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scope. Here again, it is necessary for optimal resolution to have a black
background and a very small white dot or light source at the measuring point
in the “mouse”. A simple pen is not sufficient. The advantage of a graphics
tablet, besides being able to measure curved lines, is the possibility of feeding
the results directly into a computing system. It should be noted, however,
that measuring with a graphics tablet requires special corrections or special
programs in order to prevent over- or underestimation of the length of the
curved lines. The measurements can also be made indirectly from photomicro-
graphs, but this again requires completely flat cells or a series of photographs.
For C-banded preparations, this is usually no problem, but after gentle squash-
ing without an air-drying step, which usually gives less distortion, flatness is a
bottleneck.

There have been interesting developments in automated chromosome
measurement and idiogram construction. The basis is a digitized picture of a
cell produced by a video camera. By image processing, the chromosomes and
their landmarks, such as primary and secondary constrictions but also different
types of bands, are separated and individually processed. It is possible to
make a karyogram (Sect. 4.2.3.1) of an individual cell with the chromosomes
straightened out, aligned and ordered according to length and other character-
istics. Different karyograms of different cells can be combined and compared.
Data on length of chromosomes and location of well recognizable markers
can be recorded numerically. The processed images can be stored on disk.
Especially in human cytogenetics, considerable progress has been made
(Piper and Lundsteen 1987; Lundsteen and Piper 1989). Yet full automation
is usually not attained nor desired. Interaction between technician and ma-
chine appears to be more effective. The first steps in automation, automatic
metaphase cell-finding and autofocusing, have been available for a long time
(see, e.g. Green and Cameron 1972) and is applicable to plant cell prep-
arations. Chromosome separation, ordering and straightening are possible for
chromosomes lying free (see, e.g. Fukui 1986; Armstrong et al. 1987). The
most advanced system presently available for plant chromosomes is probably
that described by Houben et al. (1990). Especially when the chromosomes are
bent and contain several markers, simple computer straightening and lining
up is a great help. Without interaction with the operator, acceptable results
have not yet been attained, even when chromosome overlapping does not
occur. A gradual further development is expected. The bottleneck is not in the
machine, but in the preparation and the software.

4.2.3 Presenting the Karyotype

4.2.3.1 Karyogram and Idiogram

The karyotype is a characteristic of the genome: the number and morphology
of the chromosomes. It is not a figure. There are two main ways to present a
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karyotype graphically. The first is the karyogram (Fig. 4.3B), in which a
representative cell is photographed (Fig. 4.3A), the chromosomes cut out from
the photograph and collected in pairs of (presumed) homologues, and the
pairs lined up in descending order of length. It is a very demonstrative way,
but when the chromosomes do not have specific morphological characteristics
that make individual identification possible, it may be misleading. Variation in
the length of the chromosomes, not only the total length of the entire com-
plement as a result in differences of contraction but, more important, the
relative length of each chromosome in the complement, may be considerable.
This variation is not expressed in the karyogram. Consequently, the incorrect
impression is given that the differences between the chromosomes as shown in
the karyogram are real and that the chromosomes can be distinguished and
identified even when the actual differences between non-homologous chromo-
somes are small compared with the variation in the observations. Presenting
the karyotype as a simple karyogram with uniformly stained chromosomes
used to be the standard procedure for human chromosomes before the advent
of Giemsa-banding techniques. At present all human chromosomes can be
identified individually by their banding pattern and even small hetermorphisms
between homologues can be recognized. The order according to length is
maintained. Before G-banding was possible, large groups of chromosomes had
to be taken together, as they differed too little in size and location of the
centromere to be identified. For most plant species this is still the case, as
either banding is not possible with sufficient detail or the technical procedure
required is considered too tedious to be acceptable for large numbers of cells.
In such cases the chance of misclassification is considerable.

The alternative representation of the karyotype is the idiogram, an
ordered set of idealized chromosome diagrams, the length representing the
length of each chromosome, and the place of the primary and secondary
constrictions, as well as other recognizable markers like C-bands, drawn at the
proper locations. Figure 4.3C gives four (apparent) idiograms in addition to
the karyograms, but the lengths of the arms are not based on repeated
measurements. The measures given should be the averages for the same
chromosomes in a number of cells and should not represent a single example
as in the karyogram and in Fig. 4.3C. The chromosome length, and the length
of the arms or other recognizable segments as given in the idiogram, can be
the relative length (percentage of total genome length) as in Fig. 4.5D, or the
average length in pm at mitotic metaphase after a standard pretreatment.
Because of variation between cells in chromosome contraction, the pro-
portional length is usually preferred, with an average of the total complement
length in pm given as additional information. If desired, the actual average
chromosome length can then be derived.

The problem of non-identifiable chromosomes is even greater in an
idiogram than in a karyogram because, in an idiogram, the sizes are by
definition averages for particular chromosomes, which must first have been
identified. When this is not possible, the relative chromosome length or
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location of the primary constriction for a particular chromosome in one cell
need not at all correspond to the relative length or the location of the primary
constriction of the same chromosome in another cell. Several serious mistakes
have been made by simply ordering the chromosomes in each cell according to
length and centromere position and assuming that this is indeed always the
correct order. It is quite possible that, instead of homologues, merely the most
similar chromosomes are pooled to derive average length and centromere
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Fig. 4.3 A. C-banded squashed root tip cell of 6x triticale with 14 chromosomes of rye
(IR-7R), having pronounced telomeric heterochromatic bands in most of the arms,
and 28 chromosomes of wheat. The B-genome chromosomes (/ B—7B) of wheat have
pronounced banding around the centromeres. The A-genome (/A—7A) has a much less
characteristic banding pattern. B. The karyogram of A. C The karyograms of wheat
(Chinese Spring: 1A-7A, I1B-7B, 1D-7D) and rye (Danskowskie Zlote: /R-7R).
Diagrams of the banding pattern are given, resembling an idiogram, but not based on
measurements (cf. Fig. 4.5D). In C, the left chromosomes of the pairs are composed of
telocentrics. The nomenclature has not yet been adjusted to the generally accepted
view that 4A and 4B should be interchanged. (Courtesy of A. Lukaszewski)
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position. The result is an overestimation of the differences between chromo-
somes and a greatly reduced apparent variation in the sizes of the individual
chromosomes. Approaches to karyotype analysis when the chromosomes
cannot be individually recognized, and some of the statistics involved, will be
briefly discussed below.

4.2.3.2 Idiogram Construction: Coping with Variation

In simple cases, for instance for cytotaxonomic purposes, it suffices to give
approximate length and general location of the centromere, using generally
accepted codes as given by Levan et al. (1964). When the centromere is
located in or near the middle of the chromosome (a median centromere), the
chromosome gets the indication M (metacentric); when the centromere is in
the median region but not exactly in the middle, the chromosome is m and still
considered metacentric; a submetacentric chromosome is sm; a subacrocentric
chromosome with the centromere in the subterminal region is s¢; an acrocentric
chromosome with the centromere in the terminal region is ¢t and a really
telocentric chromosome is 7. Naranjo et al. (1983) present a simple template,
three diverging lines along which photographs of the chromosomes can be
aligned to see which category they belong to. The chromosome is thought to
be divided in eight equal segments and the transition arm ratios are considered
to be 5:3, 6:2 and 7:1. The karyotype can be simply described by giving the
number of chromosomes belonging to each category. Satellited chromosomes
(having a secondary constriction) are a separate category.

When more details are required, simple classification in categories is
insufficient, and accurate measurements and statistical methods for dealing
with variation are necessary.

There are seven sources of variation in chromosome and chromosome
segment size that are important for karyotype statistics. The following five
can be considered ‘random” variation: (1) errors in measurement; (2)
variation due to techniques (pretreatment, fixing, squashing, spreading); (3)
non-induced, non-intrinsic variation between chromosomes within cells,
possibly due to variations in contraction; (4) variation between cells due to
differences in cellular stage of contraction; and (5) variation between cells not
due to differences in cellular stage of contraction. Two sources of variation are
essential components of the idiogram itself: (6) intrinsic differences between
non-homologous chromosomes, and (7) intrinsic differences between hom-
ologous chromosomes (heteromorphism). The first five sources of variation
must be separated from the last two before a reliable idiogram can be
constructed.

A common and serious problem in karyotype analysis arises when the non-
intrinsic variation is of the order of magnitude of the differences between non-
homologues. Then non-homologues can not be reliably distinguished from
homologues. At the same time, chromosomes may look treacherously differ-
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ent and still fall statistically within the same confidence limits of size and
centromere location and, in fact, may be homologues. To aid in chromosome
definition in situations of unreliable recognition, different methods have been
applied. A first step is visualizing the distribution of the measurements of
chromosome segments, for instance by plotting pairs of different chromosome
characteristics against each other. The length of the short arm against the
length of the long arm, or the arm ratio against total chromosome length are
common combinations (Fig. 4.5). Such plots, however, are not sufficient in
themselves; they can even be misleading. And when they permit a direct,
unambiguous classification of the chromosomes, this would have been possible
without plotting. In order to construct the idiogram that best represents the
real situation in cases where direct classification is impossible or suspect, the
non-intrinsic or random sources of variation should be analyzed first.

1. Errors of Measurement

a) Gross mistakes in measurement or in recording, even though seemingly
improbable, appear to be inevitable. A simple check on the probability of each
measurement, although a boring excercise, is necessary to prevent such errors.
Similarly often overlooked, but of a quite different nature, is statistical
variation in the results of the measurements. This is mainly due to the dif-
ficulty of exactly determining where the chromosome segment considered
starts and where it ends. The use of a graphics tablet or other (usually less
accurate) devices introduce special errors, some of which can be corrected
by the proper data processing. Other technical problems, for instance the
difficulty of following the core or the outline of the chromosome with the
measuring point, require replication of the measurements. It should be clear
that, with small chromosomes, the errors of start and finish of each individual
measurement are more important than with large chromosomes. With curved
chromosomes, the difficulty of following the core or contours is important, and
large chromosomes tend to be more susceptible to bending than small ones.

b) The resolution of the optical system used is a factor of importance.
Sybenga (1959) compared the accuracy of measurement using a 40x, 0.65n.a.
lens with the accuracy using a 100x, 1.3n.a. lens on orcein-stained squash
preparations of rye root tips (Secale cereale). Measurements were made both
directly with an ocular screw micrometer and indirectly in the projection of a
photograph at large magnification. It appeared that the same reliability could
be obtained using several times the number of replications of measurement
and the 40x lens as compared to the 100x lens. The first was more convenient,
because the chromosomes did not have to be completely flattened. Flattening
does have an effect, as shown below. The effect of tilt of only slightly flattened
cells appeared to be smalll.

c) Automated karyotyping using a digitized video system has its own
requirements. The accuracy depends, in addition to the factors operating for
all other methods of measurement, on the electronic systems, especially the
number of lines used and the resolution within lines. It is possible to increase
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image definition by repeated registration of the image (image enhancement).
Special high-resolution cameras are useful only when the microscopic image
contains information that is not observed with standard cameras. With high
microscopic magnification this is not necessarily the case, because the re-
solution is limited by the optical system, including the wavelength of the light
used. With laser scanning microscopy, better resolution with relatively low
magnification can be obtained than with normal microscopy and then the
characteristics of the electronic system may become important. All these
refinements make sense only as long as other sources of error are not con-
siderably larger.

2. Variation due to Preparation

a) The clearness of chromosome outlines, as shown above, is an important
character for maximizing accuracy of measurement. Pretreatment, fixation and
staining affect not only the contours but also absolute and even relative
chromosome size. Exactly how serious the effects of the pretreatment are is
not clear. In any case, when presenting an idiogram with quantitative infor-
mation, it is necessary to mention the pretreatment used for conditioning the
chromosomes and the methods of fixation and staining.

b) Techniques of preparation, especially squashing and spreading, have
pronounced effects on chromosomes size. This is not detrimental to karyotype
analysis as long as all chromosome segments are equally affected. Mouras et
al. (1986) compared chromosome characteristics of haploid cells derived from
anther culture of Nicotiana plumbaginifolia after different preparative treat-
ments. They concluded that hypotonic treatment of protoplasts followed by
spreading and air drying did not result in chromosome sizes different from
those after squashing. Flame drying instead of air drying resulted in a triple
increase in chromosome volume. Variation in response between chromosomes
was not studied. Squashing itself can have considerable and non-homogeneous
effects. By comparing different intensities of squashing, Sybenga (1959) con-
cluded that, in rye, the ‘“better” the squash, i.e. the more flattened the
chromosomes after the most intensive squashing, the more the chromosomes
were stretched. More important was the observation that the long arms
increased in length more than proportionally compared to the short arms. It is
possible that differences in heterochromatin, which may be more compact and
consequently slightly more resistant to squashing, may play a role, but this
has been insufficiently documented. Several of the short arms of the non-
metacentric chromosomes of rye usually have a larger heterochromatic segment
than the long arms, which may be practically free of visible heterochromatin.

3. Random Variation Within Cells

Random variation in chromosome measurements within cells is best analyzed
by comparing homologues, provided these can be assumed to be identical
(which is not necessarily so) and can be distinguished from other chromo-
somes. Random variation between identical homologues gives an impression
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of the variation level in general. If polymorphisms in chromosome length are
analyzed, this type of variation plays a role, but cannot be directly determined.
This dilemma will be further considered in point 5.

4. Variation Between Cells due to Differences in Stage

a) Differences in contraction due to differences in mitotic stage result in
large size differences, because in many organisms the chromosomes continue
to contract during prometaphase-metaphase. The accumulation of cells in
metaphase after treatments with spindle suppressors makes it possible to select
cells with maximally contracted, and therefore straight, chromosomes, but
the variation in average chromosome length per cell cannot be completely
eliminated. The most obvious solution is not to express the length of chromo-
some segments in absolute length but in relative length, for instance as a
percentage of the total chromosome complement. Occasionally, one readily
recognizable chromosome is used as the standard and the other chromosomes
or their component segments are given as a percentage of that standard. This
is not a very attractive method from a statistical point of view. When compar-
ing different species, different genotypes or different (pre)treatments, some
information on absolute chromosome length may be desired. This may be the
length in micrometers of the total chromosome complement or of the average
chromosome. It should be noted that, because of the great change in chromo-
some length during mitosis, absolute chromosome length is not a very con-
sistent parameter. What is given as chromosome length is usually the length
after a certain pretreatment and a certain method of making the preparation.
For idiograms, it is customary to give relative chromosome segment length
when comparing different chromosomes and changes therein. The absolute
length can better be given in a separate scale.

b) In addition to overall differences in length as a result of differences
in contraction, there may be relative differences. Heterochromatin usually
contracts earlier in the course of prophase, and consequently less at later
stages than does euchromatin, and there may be more, less easily detected
differences between chromosome segments. As a result, differences between
chromosomes and even variation within chromosomes (between homologues
and between cells) may result from contraction differences. These are generally
difficult to trace and then are confounded with “random” variation between
cells.

5. Random Variation Between Cells

in (Relative) Chromosome Segment Length

The variation between cells within individuals is the most readily handled form
of variation. The cells may be considered genotypically identical (except for
rare systematic variation and incidental errors) and the number of replications
of the measurements can be chosen to meet the requirements of statistical
analysis. The between-cells variation can be estimated by measuring specific
recognizable chromosomes. When two homologues of each chromosome are
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present in each cell, both between-cells and within-cells variation can be
estimated, provided the homologues are a priori known to be identical. When
this is not known, the analysis becomes much more difficult. In principle it is
possible to detect a difference between two homologues by analyzing the
length distribution of the chromosome or of one or more of the chromosome
segments (usually two arms, occasionally one, with or without a satellite).
When this distribution can be statistically shown to represent two distinct
populations, the homologues may be assumed to be different. Such differences
can be the result of rearrangements, but also of polymorphism for hetero-
chromatic segments or of differences between homologues in facultative
heterochromatinization. When there is apparently only one population, this
does not exclude the possibility of slight differences, but large differences are
improbable.

Between—cell variation can be very disturbing in distinguishing between
different chromosomes with similar morphology. It may cause so much overlap
in size or location of the centromere, that mere classification on the basis of
direct measurement leads to misclassification in a large number of cases. Even
when only two pairs are considered, the four chromosomes together will not
usually permit a distinction of two different distributions even when the two
pairs are not identical. The best reported approaches for testing whether
closely similar pairs can be distinguished statistically are based on a pre-
liminary classification of length or arm-length ratio. Preclassification on such
an unreliable basis tends to increase the apparent difference between chromo-
somes, but is the simplest way in situations where differences between
chromosomes are small.

Kessous et al. (1968) ordered the chromosomes of Salamandra spp. (2n =
24) per cell in sequence of decreasing length, as is customary in karyotype
analysis. It appeared that three groups, each with four chromosome pairs,
could be distinguished: one group with long metacentric chromosomes; a
second group of metacentric to subacrocentric medium-sized chromosomes
and a third group of small submetacentric chromosomes. The presumed
homologues were pooled. Each set of two consecutive chromosomes in the
ordered series of 12 chromosomes was tested with respect to total relative
length and centromere index (length of short arm divided by total chromo-
some length) using the F-statistic. It appeared that, even after preclassification,
no statistically significant difference in chromosome length or in centromere
index between any of the chromosomes of the first and third groups (of the
four groups distinguished) could be demonstrated. Between the groups and
within the second group, length or centromere index differed, but not enough
to exclude at least some overlap.

More sophisticated, but based on a similar preclassification, is the stepwise
discriminant function analysis of Harris et al. (1973), applied to groups of
similar human chromosomes. The analysis was designed before the general
application of G-banding, which presently allows the distinction of all human
chromosomes, but the approach remains interesting for cases where such
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Fig. 4.4 Histogram of the distribution of 40 differences between the lengths of the
longer and the shorter arm of chromosome II of Larix decidua. The histogram shows a
folded distribution. The corresponding normal distribution is shown as a dashed line.
(Matern and Simak 1968)

distinction is not possible. In their analysis, Harris et al. (1973) only con-
sidered the lengths of the short and the long arms of each chromosome.
The frequency of misclassification could be estimated and gave an excellent
impression of the errors made in classical karyotype construction. For details,
the reader is referred to the original publication.

(Pre)classification on the basis of chromosome length, without strict
identification, results in reduced variation between chromosomes and in a
spurious increase in the difference, or in an unrealistic reinforcement of the
conclusion that the difference is real (Essad et al. 1966). Variation in the
difference between arms can also be spuriously reduced when the arm meas-
ured as the longer arm in (sub)metacentric chromosomes is systematically
considered to be always the same. This may lead to the erroneous conclusion
that the arms are different or that the difference is larger than it is in reality.
The effect was analyzed by Essad et al. (1966) for the ratio between the short
and long arms of specific chromosomes of diploid Lolium perenne, and by
Matérn and Simak (1968) for the difference between the two arms of a
representative chromosome in the haploid complement of Larix decidua
(Fig. 4.4). The frequency distribution of the transformed arm-length ratio and
of the arm-length difference showed truncation at ratio 1 (Essad et al. 1966)
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and difference 0 (Matérn and Simak 1968). Both can be considered a folded
normal distribution (if necessary after transformation of the original obser-
vations), from which the actual distribution can be reconstructed. Matérn and
Simak (1968) refer to Johnson (1962) for a method in applying this correction,
for which Essad et al. (1966) give their own solution. The mean of the
unfolded distribution corresponds to the actual ratio or difference. Matérn
and Simak (1968) also present a method for estimating the risk of arm reversal
when the arm-length ratio is close to 1.

The use of the haploid complement in karyotype analysis simplifies the
analysis considerably. In gymnosperms, haploid cells are readily obtainable
from endosperm tissue (Matérn and Simak 1968). In angiosperms, haploid
mitoses can be obtained from haploid plants (Mouras et al. 1986) developed
after in vitro embryogenesis in cultures of anthers or free spores, or arisen
parthenogenetically from unfertilized egg cells. Haploid cells are also found in
the spore divisions, especially in the readily available microspores either in the
anther or in the germinating pollen tube in the style. Several methods for
studying microspore mitosis have been available for many years (Conger 1953;
Kwack and Kim 1967).

There may be tissue-specific differences in chromosome characteristics.
Larsen and Kimber (1973), for instance, found that chromosome 5B of
bread wheat, when measured in meiotic telophase II, had a much larger arm
ratio (about 2.6) than the most heterobrachial chromosome in the somatic
karyotype in the same plants (about 2.1). When two telos of 5B were present
instead of the metacentric chromosome, it could be recognized without doubt
and again this ratio was found. The phenomenon may be of scientific interest;
for karyotype analysis it contains a warning.

4.2.3.3 Idiogram Construction: Plotting the Observations

The discussion in the preceding section of the different aspects of variation in
chromosome measurements and some suggestions for coping with it do not yet

N
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Fig. 4.5 Plots of the lengths of the chromosome arms of a homozygote of translocation
T662W (3R/6R) of rye, where the two translocation chromosomes can be recognized in
addition to the satellite chromosome. The short arm of this chromosome is measured
including the satellite. No C-banding is applied; five diploid cells: each chromosome
represented ten times.

A All chromosomes together. Ordinate Long arm; abscissa short arm, in % of total
genome length. The distribution of some chromosomes is apparently folded around the
line where the arms are equal. The recognizable chromosomes have not been marked.

B The three recognizable chromosomes: the small and large translocation chro-
mosomes (large dots) and the satellite chromosome (small dots). Ordinate Long arm;
abscissa short arm, both in % of total genome length. The two chromosomes from the
same diploid cell are connected by a line. The three chromosomes are readily dis-
tinguished and the averges and standard error for the arm lengths can be determined.
The distribution of the small translocation chromosome is clearly folded around the line
where the arms are equal
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provide a direct method for idiogram construction when, due to non-intrinsic
variation in the observations, unambiguous chromosome identification is not
possible. A common intermediate step is the construction of a graphic repre-
sentation of all measurements made. Because only two measurements are
available for most chromosomes that cannot be identified with certainty (the
two arms), a two-dimensional plot is usually sufficient. There are two basic
ways to plot the two chromosome characteristics. One is based on the usual
description of chromosome size and shape: total length and location of
primary constriction, the latter either in the form of centromere index (short-
arm length divided by total chromosome length, always smaller than 0.5) or
arm-length ratio (long-arm length divided by short-arm length, always larger
than 1), occasionally short-arm length divided by long-arm length (always
smaller than 1). The length is usually expressed as a percentage of total
karyotype length, which is independent of the degree of contraction. An
alternative is to plot the two arms against each other. The advantage of this
presentation is that any change involving a single arm can be traced to that
arm directly, which is not possible when arm ratios and total length are
plotted. A second advantage of direct plotting is that the distribution of the
length variation approaches a normal distribution better than does a ratio. In
the latter case, angular or other transformations are necessary for statistical

<
<

Fig. 4.5 C The four chromosomes that cannot be individually recognized in each cell
(unlike the chromosomes of A and B). Ordinate Ratio long/short arm; abscissa total
length.

There is considerable overlap. The length differences are quite small and the
ratios provide the most critical information for the distinction between the chromo-
somes. When groups of ten (from 5 cells, 2 in each cell) are taken separately (vertical
lines), the average ratios of these groups are reasonably representative for the actual
chromosomes.

The rightmost group (5R) must have two chromosomes overlapping with the next
group (4R), but which chromosomes cannot be deicided. The two chromosomes
derived from each cell are connected by lines, with the cell number (/-5) indicated.
This excludes certain combinations of 10 chromosomes. In a few more cases it cannot
be decided which chromosomes to choose, and a probable pair has been chosen. In
cells 3 and 4 the chromosomes attributed to SR were chosen because of their position at
the right side of the group around ratio 1.5. It could also have been the two more to the
left. This choice implies a potential error, reducing the variation actually present. This
error cannot be large when the positions in the scattergram are clear, and when it is
assumed that the difference between the two chromosomes within a cell is not ex-
cessive. On this basis, the average chromosome length and arm ratio, and their stan-
dard error can be reasonably well approximated.

With other recognizable translocations other sets of chromosomes can be charac-
terized.

D The idiogram based on the averages of the chromosome measures as identified
in the scattergrams. The standard errors have not been included, but can be readily
supplied. The satellite in IR is shown. Here, IR is the smallest chromosome, as in
many other genotypes. In others, it is 7R. This variation is mainly due to hetero-
morphism for telomeric heterochromatin, as stained by C-banding
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analysis. Moore and Gregory (1963), naming the long arm x and short arm y,
used artan y/x (in radians) as the parameter plotted against total length.
Because the variation in length tends to increase with increasing length (for
separate arms also), these authors used log(x + y) instead of total length.
Chromosome length again was given as a percentage of the total genome.

Another advantage of the arm/arm plot is the much lower increase in the
variance of the short arm itself than in the arm-length ratio with increasing
difference between the arms (Fig. 4.5).

From the plots of Fig. 4.5, where the individual pairs of chromosome
parameters form ‘‘clouds”, each representing a chromosome or pair of hom-
ologues, a number of aspects of the variation described in the previous section
appear. One is the compression of the clouds near the 45° line when the arms
are plotted individually and near the ordinate when total length and arm ratio
are used. Here the ‘“average’ (arm lengths or total length and ratio) for the
chromosome is not the centre of gravity of the cloud, but a value closer to the
line where the distribution folds back. The overlap between clouds is also clear
when no preselection has taken place. A classification of the chromosomes in
the plot is facilitated when the cells from which the chromosomes originate are
marked per point in the plot.

The step from a plot to an idiogram when the distributions of the chromo-
some characteristics are not well separated remains complex and is essentially
imperfect. The approach of Harris et al. (1973) developed for human chromo-
somes using discriminant function analysis (see above), although not as
reliable as suggested because of artificial reduction of variation by preclassifi-
cation, is interesting. It results in the delimitation of idealized areas of dis-
tribution of separate chromosomes from which length and arm ratio can be
derived. With considerable overlap, exaggeration of the differences between
chromosomes by this artificial separation is still inevitable and the real
averages are closer together than suggested. In such analyses, deformation of
the parameter distributions because of foldback of the distribution around the
ordinate can be corrected just as well, as shown by Essad et al. (1966) or
Matérn and Simak (1968) (discussed above). No applications of the model of
Harris et al. (1973) to plants have been reported.

To simplify the statistical approach, an attempt can be made to separate
fused distributions visually. Although not very exact, it may give a reasonable
approach and, with the proper precautions, acceptable results can be obtained,
as is shown by the example of Fig. 4.5. It is not relevant at present for rye
itself, because C-banding techniques make most chromosomes recognizable at
mitosis. The approach, however, is simple and can be applied to organisms
where neither the C-banding pattern nor chromosome gross morphology is
sufficiently discriminating to reliably identify the chromosomes. As seen in
Fig. 4.5, after removal of the three recognizable chromosomes, the four
remaining chromosomes vary in arm ratio but hardly in length. As in Sybenga
and Wolters (1972), only the arm ratio contains sufficient information for
distinction. The distribution appears to be continuous, so there must be con-
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siderable overlap, and the range covered is large: from 1 to more than 2.
When each chromosome is present twice, for five cells analyzed, groups of ten
chromosomes can be taken together and their limits indicated in the graph,
disregarding for the moment overlap between neighbouring groups. The
middle of each group of ten represents the average arm ratio for one particular
chromosome. This introduces inevitable errors that can only be approached in
a general way. The clearest is the error for the ten chromosomes on the right,
whereas the true average must be more to the left. Yet separation of the
averages is much better than visual inspection of the chromosomes in cells
would permit. This gives the average arm ratio per chromosome. The average
length can be derived from the original data.

In normal rye without marked translocation chromosomes, there are two
more chromosomes in the plot. One has an arm ratio close to 1 and here
two chromosomes coincide. In this case, the original two-dimensional plot is
necessary where total length can be analyzed also. Both chromosomes show a
foldback around ratio 1.

In rye, several translocations are available in which the shape of the
chromosomes has changed sufficiently to make them recognizable. One was
used in the example of Fig. 4.5 to simplify the analysis by eliminating the two
recognizable translocation chromosomes from the plot. At the same time,
the characteristics of both the normal and the translocated chromosomes
involved in the translocations can be identified by comparison with the normal
karyotype.

Using a Principal Components Analysis, developed originally for numerical
taxonomy, Fillion and Walden (1973) tested the detectability of changes in
chromosome morphology caused by six different interchanges in maize, all
involving chromosome 9. The effectiviness of this approach appeared to
depend on the stock used and on the chromosome involved besides 9, partly
because of the original shape (metacentric, sub-metacentric, acrocentric) and
partly because of other, not readily traceable, causes such as variation in
contraction. As a check, relative size of the chromosomes and breakpoints
of the translocations where known from pachytene analysis, where knobs
and chromomeres, but also the approximately 13 times greater length, made
analysis much easier than at mitotic metaphase. Decrements in size by trans-
locations were generally more easily detected in the somatic karyotype than
increments. A 50% decrease in pachytene length of the short arm of chromo-
some 9 was detected in mitosis, but a 40% increase was not. Surprisingly, an
increment of only 10% of 5L at pachytene could be recognized in mitosis.
This again demonstrates the difference in contraction of specific chromosome
segments in different tissues.

The identification of chromosomes involved in trisomy is usually more
complicated than that of chromosomes altered in shape. When the distri-
butions of the chromosome parameters overlap, it is difficult to detect exactly
where the extra chromosome fits in. Then it is usually better to rely on meiotic
analysis. Similarly, for many translocations and other chromosome structural
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rearrangements that give only minor changes in chromosome shape, meiotic
analysis is more suitable. In several cases, however, karyotype analysis will
serve the purpose just as well, and does not require the specifically marked
material often necessary for meiotic analysis (cf. Chap. 7).

Although several computer programs are available for aid in idiogram
construction on the basis of measurements when the chromosomes can be
visually distinguished, there is a clear need for more sophisticated systems that
make use of the different approaches discussed above. In most cases the
publications available do not contain sufficient technical details to apply
the analytical methods used. The combination of techniques and computer
programs necessary for a completely automated idiogram construction, when
overlap in size of chromosomes and of chromosome arms within chromosomes
occurs, has not been published.

Bennett (1984) suggests that the idiogram should contain information on
the position of the chromosomes relative to each other in the mitotic nucleus.
This has not become common practice, not only because of the difficulty in
obtaining the data required, but also because it is not generally accepted that
the chromosomes do consistently have a fixed position in the nucleus.

4.2.4 Markers Within Chromosome Arms
4.2.4.1 Chromosome Banding

The use of chromosomal markers other than primary and secondary con-
strictions has long been known for material where such bands can be observed
without special treatment. The most obvious example is the dipterous polytene
chromosome, where Painter (1934) first described the banding pattern for
Drosophila in detail. There are a few examples where bands in polytene
chromosomes in plants have been used for chromosome identification after
standard chromosome staining. Bennett and Smith (1975), for instance,
identified complete and translocated rye chromosomes as introgressive sub-
stitutions for wheat chromosomes in Feulgen-stained polytene antipodal cells
of different wheat varieties. Bands that identified the rye chromosome seg-
ments appeared at the same places at which C-bands are found in mitosis.

In a limited number of plant species, heterochromatic segments are
sentitive to low temperatures that induce them to be undercontracted at
metaphase, where they appear as lightly stained segments or bands, or
“tertiary”’ constrictions. Such less stainable segments were formerly supposed
to suffer ‘“‘nucleic acid starvation”. Striking examples are different species of
Trillium, where variation in the pattern of cold-sensitive segments permits
the distinction between species and even populations within species. See,
for instance, Fukada (1984), who also cites several other examples. For com-
mercial plant species, this type of chromosome structural differentiation has
not been reported to be superior to C-banding.
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Differential staining of segments that are generally considered hetero-
chromatic, because they tend to correspond with condensed interphase
chromatin, was first reported to be possible with the fluorochrome quinacrine
dihydrochloride, an acridine derivative, which is related to the non-fluorescing
actinomycin D, which reacts with specific DNA bases (Caspersson et al. 1968).
Shortly later, it appeared that quinacrine mustard gave better resolution than
quinacrine alone (Caspersson and Zech 1970). It is especially suitable for
high resolution microfluorometry along the length of the chromosome which
permits the quantitative analysis of even small differences between hom-
ologues. Because the technique is not as convenient as the later developed
banding techniques (since it requires special microscope adaptations and the
stain fades rapidly) and the pattern is usually very similar to that of G- or
C-banding, especially in plants (Vosa and Marchi 1972, see below), it is
presently only used for special purposes.

Shortly after 1970, techniques were developed that involved partial
denaturation of the chromatin in plants using Barium hybroxide denaturation,
followed by renaturation in 2x SSC (Standard Sodium Citrate) and staining
with Giemsa (BSG technique). This technique differentiates between segments
with tighter and segments with looser packing, which is one major difference
between euchromatin and heterochromatin. The bands obtained by such
methods tended to stain primarily centromeric heterochromatin and were
therefore called C-bands. Because such bands appeared also at other locations
in several species, C-banding was later understood to mean constitutive
heterochromatin banding.

More refined chromosome banding techniques involving different types of
denaturations and trypsin treatments were first developed for human chromo-
somes and appeared to give a pattern (G-banding pattern = Giemsa-banding
pattern) that is practically identical with that produced by quinacrine fluore-
scense (Evans et al. 1971; Seabright 1972). The major G-bands coincide with
late replicating segments. This can be demonstrated by tracing the moment of
tritiated thymidine incorporation. The late replicating segments can be seen
in micro-autoradiographs of metaphase chromosomes fixed after a minimum
interval after incorporation (Ganner and Evans 1971). Later developments
gave even better resolution and involved pulse labelling with BUdR and the
use of prophase instead of metaphase chromosomes.

It is assumed that typical G-banding is not possible in plants, because
treatments with trypsin or other proteolytic enzymes have no effect. Occasion-
ally, incompletely condensed chromosomes, as occur in prophase, may show a
beaded appearance after trypsin treatment followed by the normal procedures
for G-banding (Wang and Kao 1988; Yang and Zhang 1988). This may not be
equivalent to the G-banding obtained in many animal species. After extended
trypsin treatment, the major chromosome coil tends to become visible (Secale,
Hordeum, Vicia: Yang and Zhang 1988). This suggests that trypsin treatment
in plants reveals variations in the last period of chromosome condensation,
possibly involving acidic or other non-histone proteins in the major chromo-
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some scaffold. C-banding, on the other hand, clearly involves an earlier stage
in chromosome condensation, because small bands in the contracted chromo-
somes can be found, not as short segments across the entire chromatid, but as
small dark spots as the sides or in the middle of the chromatids (Fig 4.6). This
implies that they are inside the major coil. In the two chromatids of the same
chromosome and usually even in the two homologues, such dots are found on
equivalent sides of the chromatid, demonstrating the existence of a relatively
rigid system in coiling. Such spots are not normally found in mammals, where
even the smallest bands are seen as thin bands across the entire chromatid.

The rather detailed banding found in some species of plants (Anemone
spp., for instance; see Marks and Schweizer 1974) may look like G-banding,
but they are obtained by regular BSG-banding techniques. The reason that
genuine G-bands are not produced in plants has been attributed to the more
compact condensation of plant chromosomes, but this is not of major import-
ance because DNA density is not always higher in plants than in animals
(Schubert et al. 1984). There must be other reasons.

A great number of variants of the C-banding technique are in use and
there is considerable variation in the personal preference of different cytologists
for specific variants. It is clear that several work quite well, even when they
differ in the steps considered crucial.

Several other techniques have been developed for making specific chromo-
some segments visible, both for plants and animals: R-banding, which gives
the reversed pattern of Q-, G-, or C-banding (Schweizer 1976); Hy-banding,
involving special, usually rather excessive HCI hydrolysis and Feulgen or
carmine staining (Greilhuber 1974, 1975); N-banding, involving a drastic
modification of the C-banding technique (Funaki et al. 1975, later modified;
see, e.g. Endo and Gill 1983). N-banding was formerly believed to pre-
ferentially stain Nucleolar organizers, from which the name was derived.
Later it appeared that specific other segments with an unusual chromatin
composition would also stain with the same N-banding technique, sometimes
even when the NORs were not stained. The technique is relatively simple and
marks segments that are not differentiated with C-banding. It is, incidentally,
used in plants in addition to C-banding. Other banding systems have not found
general application. Specific NOR-staining with silver, which is not a banding
technique (Goodpasture and Bloom 1975, later adapted by others for many
different types of material), has become a useful addition to the arsenal of
techniques for marking specific chromosome segments.

There is considerable variation in banding patterns between species and
there often is polymorphism within species (Sybenga 1983b; Pilch and
Hesemann 1986; and several others). If a ‘“‘standard” banded karyotype is
presented, this is only the most frequent type, or it is based on the most
frequently observed bands. C-band polymorphism is a great disadvantage for
identifying specific chromosomes, especially when they occur as additions or
substitutions in alien species. Polymorphisms are, however, interesting as
markers in cytogenetic studies.
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A further refinement of the banding pattern can be obtained by using the
characteristic of BUdR (5-bromodeoxyuridine) to affect chromosome-staining
properties when it has been incorporated in the DNA. This was first applied
by Stubblefield (1975) to Chinese hamster chromosomes and adapted to plant
chromosomes (Allium) by Cortés et al. (1980), and Cortés and Escalza (1986).
BUdR is applied for a short time, washed out and replaced by thymidine, in
which the root tips are kept for several hours. In the subsequent mitosis,
the material is fixed and squashed, treated with RNAse, 1/2 SSC and the
fluorescent stain Hoechst 33258 for 0.5h. An extended period of intensive
irradiation with UV, followed by Giemsa staining, results in decreased staining
of the segments with BUdR. If BUdR had been given during the last stages of
DNA synthesis, the late replicating segments would appear as distinct light
bands. Given in intermediate stages, followed by a period of normal DNA
synthesis, the last segments replicated stain dark again, but the segments
replicated earlier contain BUdR and stain light. The pattern is more detailed
than after normal C-banding, especially in late prophase chromosomes that are
not fully contracted. The method has two disadvantages: the technique is
very critical and the banding pattern depends on the moment of BUdR
incorporation during S-phase.

Still another method of producing bands that has received attention in
mammalian cytogenetics is restriction-enzyme banding (Lima-de-Faria et al.
1980; Bianchi et al. 1985). After the necessary pretreatment, the chromosomes
are treated with one or more restriction enzymes. Segments where DNA
sequences that are specific for the enzyme used are abundant are partly
digested. The banding pattern, therefore, depends on the type of enzyme and
the location of specific highly repetitive DNA families. Attempts to make the
method applicable for plants have not yet been fully successful, but may
become so in the near future.

With a detailed banding pattern, the necessity of making an idiogram
based on repeated and statistically processed measurements of chromosomes
becomes much less urgent, and we see that, for instance in human and mouse
cytogenetics, karyograms are practically the only way karyotype morphology is
presented. Only when size as such is of interest, apart from being the major
characteristic for identification, is size given. For plants whose C-banding
pattern is often not sufficiently detailed to permit unequivocal recognition
of chromosomes and chromosome segments, especially for species with small
chromosomes, the idiogram remains of considerable interest. Whenever
possible, it should be augmented with any other characteristic available. In this
case, too, it appears that the analysis of size does not get the attention the
details of the data tend to suggest.

In the karyograms of humans, mice and a few other species, special code
systems for different chromosome segments have been adopted similar to
those used for Drosophila salivary gland polytene chromosomes. The sections
carry a letter and the sub-sections, a number. The sections should be bordered
by constant and readily identifiable bands. Occasionally this is possible and has
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been attempted in plants (Schubert et al. 1987), although it often remains
difficult because of limited reproducibility of some bands and the necessity first
to decide which are the consistent bands and which not. For plant chromo-
somes where insufficient bands are available for distinguishing more than one,
two and occasionally three segments, such detailed systems are not applicable.
A border between two segments, placed somewhere in an unmarked homo-
geneous region of a chromosome, cannot fulfil its function. Yet it is important
to be able to identify chromosome segments on the basis of universal coding
systems. It is regrettable, therefore, that, even for the two arms of a chromo-
some, no consistently used code is available. When long and short arms can be
distinguished, it makes sense to call the long arm L and the short arm S. In
wheat, for instance, this is the system used by most wheat cytogeneticists.
Some, however, use p for the short arm and q for the long arm, as in human
cytogenetics. Others again use a and b, or A and B, or I and II, etc. Especially
when the chromosome homoeology relations between species are the subject
of study, it is useful to use standard terminology. For rye, for instance, it has
been agreed (Sybenga 1983b) to follow the nomenclature of the Triticinae,
based on the nomenclature of wheat. As long as it has not been decided which
system the wheat geneticists will ultimately agree to follow (L and S as
previously, or p and q as in human cytogenetics), it is premature to decide
definitely on the system to be used for other Triticinae (see: several contri-
butions to the Proc. 7th Int. Wheat Genetics Symp. edited by T.E. Miller and
R.M.D. Koebner. IPSR, Cambridge 1988).

The interesting question of how one knows which chromosomes in dif-
ferent species are homoeologous when their morphology is too different for
identification will be considered in Chapter 9. In general, when the species are
not very closely related, there is little correspondence between morphological
and banding markers, partly because of large differences in the pattern of
repetitive DNA and heterochromatin and partly because of the occurrence of
translocations during speciation.

4.2.4.2 Molecular Markers

The use of molecular markers of specific chromosome segments preceded the
introduction of banding techniques. Applying tritiated thymidine at the end
of S-phase and subsequently determining the location of late replicating
segments in the chromosomes by microautoradiography has been in use since
the 1960s (Lima-de-Faria and Jaworska 1968). It is an effective way of marking
late replicating heterochromatin. It is molecular only in a marginal sense.
Hybridizing specific DNA or RNA with slightly denatured (single-strand)
DNA is the most direct molecular way of marking specific chromosome seg-
mients. Gall and Pardue (1969; see also Pardue and Gall 1969) were the first to
succeed in hybridizing external RNA and DNA in situ (in the preparation
where the morphology of the chromosome could be studied) with the hom-
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ologous DNA at the original chromosomal location. The DNA in the mouse
leucocyte preparations made for light microscope chromosome studies was
“molten” (thermally denaturated, i.e. made single-stranded) by moderate
heating, and free single-strand nucleolar RNA (and later DNA) were applied
to the preparation. This RNA was labeled with tritiated uridine and the
DNA with tritiated thymidine, and after permitting time for hybridization and
preparing for micro-autoradiography, the sites where the added nucleic acid
had been bound could be detected by microautoradiography. As expected,
with the use of nucleolar (ribosomal) RNA, these sites were the rDNA at the
NORs. Later, special satellite DNAs were used in the same way and these
hybridized with pericentromeric heterochromatin. The chromosomes were
stained with Giemsa, and soon it became clear that the same process of
denaturation used for in situ hybridization also caused differential staining
ability for Giemsa stains. This led to the discovery of C- and later of G-
banding.

In situ hybridization with known labeled DNA probes has become a very
effective way of locating specific DNA sequences in chromosomes. A certain
level of repetitiveness in the chromosome of the DNA involved is required
because the resolution of the technique is limited. The mouse rRNA locus of
the example given above represents a moderately repetitive gene. Highly
repetitive DNA as occurs in many plant species in segments that stain heavily
with C-banding techniques is especially favourable for in situ hybridization.
Originally, DNA was taken from the organism and repetitive DNA was
isolated as satellite DNA from Cesium chloride gradient preparations or from
preparations used for reassociation analyses.

By applying purification techniques and later also by cloning in bacterial
plasmids, different families of repetitive DNA with specific physical properties
could be separated and identified in rye and later also in other Triticinae
(Appels et al. 1978; Bedbrook et al. 1980; Flavell 1981; Appels and Mclntyre
1985). When these different families were hybridized in situ with denatured
rye chromosomes in cytological preparations, it appeared that most of the
terminal heterochromatin blocks contained most of the families. It was also
shown that removal of small segments from the blocks of heterochromatin
tended to remove specific DNA families. This showed that these families did
not occur in a mixture, but were physically separated. A few highly repetitive
DNAs were restricted to specific interstitial segments and another group was
distributed evenly over the chromosomes. Hybridization with related rye
species and with wheat showed that even closely related species showed very
different patterns of repetitive DNA. Several families are species-specific, but
others are shared by species that are not especially closely related, such as rye
and wheat.

To locate specific repetitive rye sequences on wheat chromosomes,
Rayburn and Gill (1985) used an alternative in situ hybridization technique. It
makes use of horseradish peroxydase, linked by avidin to biotin, which in turn
is associated with the DNA probe. The peroxidase converts colourless DAB
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(diaminobenzidine tetrahydrochloride) into a brown precipitate. Where the
probe hybridizes with the homologous DNA in the chromosome, a brown
color appears that contrasts with the blue Giemsa stain of the rest of the
chromosome. On several localized sites in the wheat chromosomes, segments
homologous with the rye probe pSc 119 were present. By using a probe
of rye repetitive DNA that is evenly distributed over the rye chromosomes
but is present in only a few wheat loci, Lapitan et al. (1986) could readily
trace rye chromosome segments introduced into wheat chromosomes. (Fig.
4.6A). With Tritium as the label, small segments could not be recovered
unequivocally.

Most initial experiments locating specific molecular markers on plant
chromosomes were done on Triticinae. Later other species followed. In the
polytene chromosomes in cultured cotyledon cells of Pisum, in situ hybrid-
ization could be carried out effectively (Davies and Cullis 1982). Especially the
technique of making “‘protoplasts” of fixed material by enzyme- (cellulase- and
pectinase-) digestion of cell walls (Mouras et al. 1978, 1986) appeared to be
very useful in preparing plant material for in situ hybridization. A 17kb T-
DNA segment introduced in Crepis by Agrobacterium transformation could be
located on the chromosomes by in situ hybridization with Tritium as well as
biotin labeling (Ambros et al. 1986). The position in its chromosome of a
low-copy-number kanamycin resistance gene, with promotor, introduced into
Nicotiana by Agrobacterium transformation, was demonstrated by in situ
hybridization (Mouras et al. 1987). Single genes have not yet been located by
this method in plant cells. When the gene is extended with a segment of
adjacent spacer DNA. or, possibly, other unique non-gene DNA, it may
become large enough. At present, segments that are small enough to be
cloned by standard recombinant DNA cloning systems are on the border of
the size requirement for making hybridization sufficiently frequent and for
making the marked locus detectable by microautoradiography or by bio-
chemical methods. Gustafson et al. (1990) located the seed storage protein loci
(Sec genes) in rye by in situ hybridization. These too are multicopy genes, but
with a low copy mumber (Fig. 4.6B).

»
»

Fig. 4.6 A Rye chromosome segment (1RS) translocated to Amigo wheat chromosome
arm 1AL (arrowheads), break point in the centromere. The rye segment has been
marked by hybridization with the rye probe pSc119 (Lapitan et al. 1986). It has been
derived from a repetitive DNA family of rye, where it is distributed relatively evenly
over the genome. It hybridizes with several short, distinct segments in the wheat
genomes. The difference in hybridization pattern makes a distinction between rye and
wheat segments possible (Courtesy of B.S. Gill). B The multicopy storage protein gene
Sec-1 of rye in 6x triticale (incomplete root tip cell), marked by in situ hybridization
with the pSc503 c-DNA clone from P. Shewry. The pair of strong signals is the
hybridization site of the Sec-1 locus on the satellite of 1RS, containing at least 10 copies
of the gene. The weaker signals are on 6RS where an inactive locus with fewer copies is
positioned. In other cells cross-hybridization with other storage protein genes is oc-
casionally observed (Gustafson et al. 1990; courtesy of J.P. Gustafson)
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The use of restriction fragment length polymorphism (RFLP, see Sect.
2.1.2) is of great interest for the molecular marking of chromosomes. In
several cultivated plant species, RFLPs have been genetically analyzed (e.g.
tomato: Bernatzky and Tanksley 1986; maize: Burr et al. 1988; Helentjaris et
al. 1988) and in some cases the DNA involved has been sequenced. However,
the segments, like those of the regular single-copy genes, are of insufficient
length. When they occur in repetitive sequences, they are no improvement
over the repetitive DNA itself.

4.2.4.3 Genetic Markers

Genetic markers can be introduced into the idiogram, which then turns into a
genetic chromosome map. Its construction is discussed in Section 8.3.



Chapter 5
Karyotype Variants A: Chromosome Structural Variants

5.1 Deficiencies

5.1.1 Types

A deficiency is the absence of a chromosome segment (of any size) that is
present in the normal karyotype. An alternative term is deletion, which by
some authors is used preferentially for the deficiency of a terminal segment
of a chromosome. Deletion of entire chromosome arms from metacentric
chromosomes results in telocentric chromosomes, also referred to as telosomes.
These will be discussed in Chapter 6.

Deficiencies of genetically important segments are infrequently viable in
diploids, even as heterozygotes. Homozygous deficiencies of genetic import-
ance are almost never viable. Absence of heterochromatin segments or other
forms of repetitive DNA is usually not considered a deficiency in the strict
sense, but is one of the manifestations of polymorphism, especially when
it is relatively frequent in a population. It is often too small to produce
typical diagnostic meiotic characteristics. Such ‘“‘deficiencies” are normally
homozygous-viable.

5.1.2 Origin

One way of somatic formation of a deficiency from mutagenic treatment, or
spontaneously, is shown in Figure 5.1. The meiotic origin from the special
segregational behaviour of translocations and inversions will be discussed with
these rearrangements in Sections 5.3 and 5.4. The combination of specific
translocations may produce specific deficiencies in the progeny. Simple mitotic
detachment of heterochromatic segments is occasionally assumed to be possible
and has been reported by Gustafson et al. (1983)

5.1.3 Relevance

Deficiencies are infrequently encountered in plant breeding programs, even
after mutagenic treatments applied for the induction of mutations. When
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Fig. 5.1 The origin of a duplication and a deficiency from the interaction between
lesions in two homologous chromosomes. The interstitial translocation of Fig. 5.16 can
also result in a comparable duplication and a deficiency in later generations, but then
due to special meiotic segregations of the chromosomes involved. (After Sybenga 1972)

specifically selected, they may be found (McClintock 1931). Deficiencies,
usually accompanied by duplications, segregate in the progeny of most in-
version and translocation heterozygotes (Sects. 5.3 and 5.4) and may then be
undesired.

There are few reasons to be interested in the application of deficiencies.
With molecular transformation, or when a gene is transferred by random
translocation from an alien addition chromosome into a chromosome of a
cultivated species (Sect. 10.4.4.2), the original gene is usually still present.
With low-frequency molecular transformation, the frequency of homologous
recombinational insertion (which removes the original allele) may be reason-
ably high, but the event itself is rare. With high frequency transformation,
using large amounts of transforming DNA, the frequency of transformation
may be higher, including multiple transformation, but it tends to be mostly
random insertion. Then the chance that the original allele is replaced is small.
If the original allele is dominant or epistatic and its expression not desired, it
may have to be removed before an introduced gene can be expressed. This
may be attempted by mutation or directed induced deficiency (Sect. 10.1).
Because of the usually deleterious accompanying effects, this is expected to be
feasible only in allopolyploids or highly duplicated diploids. The method is not
simple and mutation is often a better solution. When the mutation is a
deficiency, it may be difficult to find genotypes that compensate for a possibly
accompanying deleterious effect.
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The possibilities for the use of deficiences in differentiating homologous
chromosomes in programs of allopolyploidization of autopolyploids are limited
(Sect. 12.2.2).

5.1.4 Characteristics and Identification

Some larger deficiencies can be recognized in somatic chromosomes, especially
when clearly marked segments are involved and especially when entire arms
are involved (Melz and Winkel 1986). Large deficiencies may escape detection
and smaller deficiencies fall within the range of random somatic chromosome
size variation. Occasionally they include C-bands or other markers that make
them scorable. This requires special cytological techniques, not always readily
applicable on a scale large enough to identify deficiencies when their frequency
is low. Also, it must be certain that natural polymorphism for the bands does
not mimic the deficiency.

Deficiencies can be readily recognized in dipteran salivary gland or other
polytene chromosomes, even when small and including only a single band
(Sect. 8.3.2.2.1). The homologues are closely and very accurately paired. At
the place of the deficiency, the normal chromosome forms a small buckle
or loop opposite the place where the homologue has the deficiency. If the
banding pattern is thoroughly known, homozygous deficiencies, which do not
form a buckle or loop, can also be detected. Meiotic pairing is not as exact as
polytene chromosome pairing and small deficiencies are fully absorbed by the
pairing structures. Larger deficiencies, if heterozygous, form a small loop or
“buckle” at pachytene in light microscope preparations. In electron micro-
scope SC preparations the same may be found. Because the SC does not
contain the bulk of the chromatin, whereas in the pachytene bivalent in
regular light microscope preparations all components of the chromosome are
present, the probability of the appearance of a buckle is not necessarily the
same for both types of preparation. The buckle, if formed, is in the normal
chromosome opposite the deficiency, but pairing is often so inaccurate that the
size and the position of the buckle may vary, or the buckle may even be
invisible. In this respect they closely resemble duplications, which will be
discussed below (Sect. 5.2.4). A disadvantage of most SC analyses is that few
morphological chromosome markers are available for specifying the location
of the deficiency and the variation therein.

For checking if a mutation is a change at the DNA level or a (small)
deficiency at the chromosomal level, meiotic pairing normally has insufficient
resolution. Yet, if a deficiency is suspected because of an unexpected pattern
of mutation or a reduction of recombination in a specific chromosome seg-
ment, it may occasionally be worthwhile to analyze the pairing structures,
either at pachytene by light microscopy or in SCs (Fig. 5.2A). Whereas
absence of a detectable structural deviation does not justify a conclusion,
a positive result without further information must also be considered with
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Fig. 5.2 A Diagram of pairing in heterozygotes for an interstitial deficiency and a
duplication. The buckle would not be visible at pachytene in light microscope or SC
preparations when pairing ‘“‘correction’ results in a segment of non-homologous but
complete pairing in and around the segment involved. B Metaphase I bivalent of a
heterozygote for a large terminal deficiency. A terminal duplication would give a
similar, visibly heteromorphic bivalent. An interstitial chiasma makes the sister chro-
matids unequal at anaphase I (C). (After Sybenga 1975)

caution. Occasional presence of a pairing loop or buckle, for instance, may
be a simple pairing irregularity, or due to a chance duplication, which has
the same pairing morphology. When the pairing pattern does not give suf-
ficient information, other approaches may help. Biochemical methods (linked
isozymes) or, more effective but also more laborious, molecular methods
(linked restriction fragment length polymorphisms, RFLPs, or specific DNA
probes) may be necessary to distinguish gene mutations from deficiencies and
deficiencies from duplications.

Large deficiencies can be seen even at meiotic metaphase I as hetero-
morphic bivalents (Fig. 5.2B). Heteromorphic bivalents may have other
origins (heterozygous duplications, interstitial translocations), but when large
enough to be recognized, such rearrangements will show additional types of
configurations in other meiocytes, usually multivalents at metaphase I, which
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cannot result from deficiencies. These will be discussed later in this chapter
and in Chapter 7.

At anaphase, heteromorphic bivalents formed by deficiency heterozygotes
may have differently sized chromatids on the same chromosome as a result of
an exchange proximal to the rearrangement (Fig. 5.2C). The frequency of
heteromorphic chromatids at anaphase I and metaphase II is a good measure
of the frequency of genetic exchange in the segment between centromere and
deficiency and, as expected, appears to be correlated with the frequency of
chiasmata observed at metaphase I (Lilium: Brown and Zohari 1955; Allium:
Zen 1961; see also Sybenga 1975). The relation is not simple because two
exchanges may cancel each other (Sect. 8.2.1.4).

5.1.5 Consequences

If the gametes and the heterozygous (and possibly homozygous) diploid
progeny are viable, a deficiency will segregate like a gene. Small deficiencies of
mainly heterochromatic material will hardly affect segregation and will be
transmitted to the progeny through the male and female line. Larger de-
ficiencies, some small enough not to be cytologically recognizable, will not be
transmitted through the pollen because of reduction of the competitiveness in
the haplophase. Deficiencies, especially interstitial deficiencies, reduce the
effectiveness of pairing, usually in the close neighbourhood, but occasionally
also some distance away (Rhoades 1968).

It should be noted that the same local effects will occur with interstitial
translocations, where in one chromosome arm a segment is absent, but is pre-
sent elsewhere. These are not accompanied by similar drastic phenotypic effects
as deficiencies. In all such cases, disturbed pairing reduces recombination.

5.2 Duplications

5.2.1 Types

Duplications are segments of chromosomes present more than once in a
genome. When entire chromosomes are involved, either in their original form
or modified, it is polysomy (hyperploidy, cf. Sect. 6.2.2) and is not considered
duplication. The presence of entire extra genomes is polyploidy (Sect. 6.1.2).

Different types of duplications can be distinguished (Fig. 5.3), mainly on
the basis of their position relative to the original segment. In a few cases the
extra segment seems to be attached simply to the end of a chromosome. The
location may be in the same chromosome, in the same arm, in the other arm,
or in another chromosome. Interstitial duplications may have different locations
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Fig. 5.3 Diagrams of some of the possible duplication types, with a number of possi-
bilities for pairing, and the resulting secondary rearrangements after exchange

with respect to the original segment (Fig. 5.3). The orientation with respect to
the centromere may be the same as the original segment or inverted. Location
and orientation may have some effect on the functioning of the genes in the
segment involved, but the most pronounced effect of location is on the meiotic

behaviour.

In plants, duplications as incidental aberrations are not common. More
frequent are, as with deficiencies, polymorphisms for heterochromatic chromo-
some segments or segments that contain only non-coding DNA of other
types. These will not be considered here. Homozygous duplications are not
uncommon as a stable part of the normal genome, but are often not readily

recognized.
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5.2.2 Origin

Duplications can be induced by ionizing radiation, other mutagenic treat-
ments, or they can arise spontaneously. Tandem duplications are primarily a
result of symmetric exchange between homologous chromosome arms or
chromatids with breaks at different positions (Fig. 5.1). At the same time, a
deficiency is produced. The production of non-tandem duplications is more
complicated. It usually involves chromatid rather than chromosome rearrange-
ment, followed by special segregation of the chromatids. These will not be
discussed further here. The extremely low frequency of somatic induction of
duplication of specific chromosome segments makes it unsuitable for practical
purposes.

There are different ways for duplications to result from the specific meiotic
behaviour of other chromosomal rearrangements. Here also, at the same time,
a deficiency is produced, but occasionally the deficiency can be separated
from the duplication. This origin will be discussed with the rearrangements
causing them: inversions (especially pericentric inversions, Sect. 5.3.4), and
translocations (reciprocal and interstitial, including A-B chromosome trans-
locations, Sect. 5.4.2.4).

5.2.3 Relevance

There are different reasons for a plant breeder to be interested in duplications
and to wish to know where they may be expected, how they are recognized,
what their characteristics and effects are and possibly how they are induced.

Whereas small deficiencies may mimic recessive mutations when they
involve chromosome segments with readily recognized marker genes, small
duplications have only infrequently a readily recognized effect. Occasionally,
when they involve a gene with a pronounced dose effect, an apparent
dominant mutation may result, as in the case of the well-known Bar dupli-
cation of Drosophila melanogaster. Usually duplications have more general
effects, which nevertheless are rather specific for the segment involved.
Studies of gene dose effects in plants are rare and have been reported mainly
for polysomics and polyploids where entire chromosomes and genomes are
duplicated. There has been a certain interest in duplicating specific chromo-
some segments that carry commercially interesting genes with clear dose
effects and special programs to induce these duplications have been devel-
oped. These will be considered in Section 11.2. Translocations are the main
source. Such duplications have their disadvantages and homozygosity may be
difficult to realize. Multiple transformation or gene amplification would be
more promising if they were generally available (Sect. 11.2.1).

A different type of duplication that is of interest in plant breeding is the
induced transfer of an alien chromosome segment carrying a desired gene from
another species. Since it is most probably a related species, the segment is
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in principle a duplication when introduced by translocation and not by hom-
ologous recombination. The induction, consequences and application will be
discussed in Section 10.4.4.2.

5.2.4 Characteristics and Identification

Like deficiencies, and with the same limitations, duplications can be detected
at mitosis when they are large or involve clearly recognizable segments. When
specific segments are duplicated with a reasonable frequency by the meiotic
consequences of specific rearrangements (see below), cytological, biochemical
or molecular markers may be effectively used to detect their presence.

Heterozygotes for interstitial duplications are characterized at meiosis
by forming buckles or loops at pachytene, with the same limitations as
deficiencies (Sect. 5.1.4).

A special form of duplication has been reported by Brandham (1990) in
Aloeacea, where size differences between homoeologous chromosomes of
different species can at least in part be explained by pericentric inverted
duplications. In the hybrid between species with chromosomes of different
size, one of the duplicated segments in the larger chromosomes may pair with
the homoeologous segment in the corresponding smaller chromosome and
form a chiasma. If the inverted segment is involved, an E-type or L-S bridge is
formed.

Like deficiencies, duplications tend to disturb the normal pattern of
genetic exchange, but unlike deficiencies, duplications can undergo exchange
themselves, resulting in special diplotene-metaphase I configurations. These
can be analyzed in addition to the pairing pattern. The position of the dupli-
cation in relation to the original segment (Fig. 5.3) has considerable effect on
the characteristics of the resulting pairing and diakinesis-MI configurations
when the duplication pairs with the original segment. This is possible only
when it is relatively large. Figure 5.3 gives a few examples of the pairing
patterns and the result of exchange between the duplication and one of its
homologues in the original position. When the duplication is homozygous,
more possibilities arise than when it is heterozygous, but in that case it is more
probable that the duplication pairs with its similarly displaced homologue
than with the original segment, as in naturally occurring, homozygous older
duplications.

The morphology of the resulting metaphase I configurations is not always
sufficiently specific to justify the definite conclusion that a duplication is
involved. Meiosis in heterozygotes for terminal duplications, derived from
translocations with a terminal break point, may closely resemble the trans-
location from which they have been derived, and the distinction is often
possible only on the basis of quantitative characteristics. Large duplications
may form heteromorphic bivalents at metaphase I, and unequal chromatids at
anaphase I when exchange has taken place between the centromere and the
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duplication. This is very similar again to that seen in the deficiency bivalents in
deficiency heterozygotes.

When no normal partner is available, as in haploids, old displaced dupli-
cations of several kinds may be found to pair and even form chiasmata. The
often quite complete pairing of SCs in haploids should not be interpreted
as hom(e)ologous pairing between duplicated segments. Most of it is non-
homologous, extended late zygotene pairing which has special opportunities in
haploids where homologous partners are lacking. The initiation of such
pairing, however, may well be in old, duplicated segments. Already in 1934,
Lammerts reported pachytene pairing and metaphase bivalent frequency in a
haploid of tobacco that carried a known duplication in addition to possible
ancient duplications (cf. Sybenga 1975). The duplication was derived from a
translocation and was of considerable length. Since the configurations were
more complex than expected on the basis of the duplication alone, it may be
supposed that some homoeologous pairing between the two genomes of the
allotetraploid tobacco had also taken place. The duplication was displaced
and inverted, resulting in a bivalent and a fragment after exchange in the
duplicated segment. A detailed analysis of metaphase I bivalents and trivalents
involving C-banded chromosomes of a rye haploid by Neijzing (1982, 1985)
suggested several duplications in different chromosomes, but apparently not in
all arms. Several analyses of metaphase association of haploids, including
other rye haploids, and using SC analyses have been published. In poly-
haploids of allopolyploids, homoeologous pairing and metaphase I association
can be quite extensive, but this has a different character than pairing of single
duplications.

5.2.5 Consequences

Crossing-over in displaced duplications results in translocations between non-
homologous chromosomes, in haploids as well as diploids. In haploids the
probability of production of a translocation is considerable, but the probability
of recovery is small. Only when restitution nuclei are formed instead of an
(irregular) anaphase segregation will a functional gamete have a chance to
be formed. Since exchange in a duplication produces a bivalent that has
the possibility to maintain a functional spindle, the probability of anaphase
segregation is enhanced by such an exchange, and the probability of restitution
decreases. Nevertheless, translocations are a real possibility after recovery of
progeny from haploids.

Duplications in diploids usually have a very limited possibility for
exchange, but if it occurs, recovery of the resulting translocation is quite
possible. If there is only one duplication, large enough to undergo repeated
exchange, there will always be only one type of translocation. There is in-
sufficient information on spontaneous translocations to conclude whether they
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Fig. 5.4 Inversion heterozygote pairing at pachytene. For the structure of the loop, see
Figs. 5.5 and 5.6. A Small paracentric inversion in maize, the inverted segment is not
paired. B The same inversion, loop pairing (A and B courtesy of M.P. Maguire). C
Allium: hybrid between A. cepa and A. roylei; synaptonemal complex spread of a
nucleus containing a large pericentric inversion (courtesy of J.N. de Vries). Large
unpaired segments; one arm twisted around another SC
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are possibly the result of exchange in duplications or due to errors in repli-
cation or other relatively random effects.

5.3 Inversions

5.3.1 Types (Paracentric and Pericentric) and Origin

Inversions, as obvious from the name, are rearrangements in which a segment
within a chromosome is inverted. The inversion either involves a segment in
one arm, i.e. the inversion is at one side of the centromere (paracentric
inversion), or the centromere is in the inverted segment (pericentric inversion).
The paracentric inversion is the only type possible in telocentric chromosomes.
A pericentric inversion is equivalent to an interchange between the two arms
of the same chromosome. The most common origin is interaction between two
lesions in one chromosome, occurring spontaneously or caused by ionizing
radiation or radiomimetic substances (Fig. 2.4). Inversions can result from
meiotic exchange in some very special types of duplication (Fig. 5.3) but this is
not much more than a theoretical possibility.

5.3.2 Relevance

For plant breeding the main importance of inversions is negative: when occur-
ring as heterozygotes in hybrids between two cultivars or between a cultivar
and a wild relative, fertility is reduced. When a gene is to be transferred
from the wild chromosome with an inversion to the normal homologue of
the cultivar, recombination is reduced or even prevented. Relatively large
inversions may still (infrequently) show recombination (Sect. 10.4.1), and then
it is possible by meiotic analysis to estimate the probability of genetic exchange
and to determine the size of the population required for a sufficient number of
recombinants to be obtained. Inversions may be carried over to the cultivar
from a wild relative or another cultivar without being detected. They may be
carried over with a transferred gene or by accident. In later hybridization
programs this may have undesired consequences. When an inversion seriously
reduces the fertility of a hybrid, even transfer of genes from other chromo-
somes besides the inversion chromosome becomes difficult.

Inversions have been used relatively effectively in allopolyploididization of
autopolyploids (Sect. 12.2.2; Doyle 1963).

5.3.3 Characteristics and Identification

Changes in the somatic karyotype, merely in the length of chromosome arms,
are not observed with paracentric inversions, because the arm involved does
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Fig. 5.5 A Pairing loop of inversion heterozygote with three
chiasmata, one inside the loop and one on each side. B Diakinesis
“pretzel” resulting from the combination of chiasmata of A
(After Sybenga 1975). C Metaphase I “frying pan” or “spoon”
with one chiasma in the loop and one in a terminal segment in
the pericentric inversion heterozygote in the Allium hybrid of
Fig. 5.4C. With a chiasma in both terminal segments a small
“figure 8” is formed, as in B (courtesy of J.N. de Vries). D
Diagram of C.
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Fig. 5.6 A Paracentric inversion heterozygote, one chiasma in the loop; pairing and
anaphase I configuration. A bridge and an acentric fragment result. With an additional
chiasma in the interstitial segment (involving two specific chromatids as indicated) the
bridge is converted into an anaphase I loop, forming a bridge at anaphase II. B
Pericentric inversion heterozygote with one chiasma in the loop; pairing and anaphase I
configuration. The separating chromosomes each have one normal and one duplication-
deficiency chromatid. (After Sybenga 1975)

not gain or lose material. Detailed banding may reveal a change in pattern
compared to the normal chromosome, but for cultivated plants this has not
been reported.

Pericentric inversions may alter the length relations between the arms
when the centromere is not in the middle of the inverted segment. When it is,
the arms, although changed in genetic composition, do not change in length.
When the inversion is asymmetric with respect of the centromere, it is still not
detected merely on the basis of the length of the arms, when it changes the
length of one arm into that of the other and vice versa. Only quite asymmetric
pericentric inversions that cause the arms to change their length relations will
be recognized in the somatic karyotype without detailed banding.

The meiotic consequences of inversions are considerable and quite charac-
teristic (Figs. 5.4, 5.5, 5.6). Complete pairing requires that a loop be formed
(Fig 5.4B,C). When pairing initiation is ineffective in the inverted segment, no
loop will appear. This is common when the inverted segment is small, even
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when in principle pairing initiation would be possible. In electron microscope
SC preparations and even in light microscope preparations of pachytene in
favourable material, a short segment of unpaired chromosomes is then visible
(Fig. 5.4A), but often complete non-homologous pairing in the inverted seg-
ment makes its detection impossible. Most larger inversions may show all
three types of pairing, in different cells. When the centromere is not visible,
the distinction between the two types of inversion is not possible except on the
basis of general location in the chromosome in combination with knowledge of
the centromere position.

The consequences of inversion heterozygosity at later stages depend on
the formation of chiasmata in the loop. Due to pairing difficulties around the
inverted segment (Fig. 5.4C), chiasma formation is usually reduced. In organ-
isms with distal chiasma localization the typical, later meiotic consequences of
pericentric inversions are often undetected because of the necessarily proximal
location of the inverted segment, where chiasmata are rarely formed. Para-
centric inversions also often remain without consequences at diakinesis-
anaphase I or II because of interference with pairing and chiasma formation.
Because the somatic characteristics of inversions are usually not very clear,
and pairing stages not well accessible, inversions are much less frequently
reported in plants than reciprocal translocations (Sect. 5.4).

At diplotene, chiamata in the inverted segment result in typical pretzel-
shaped configurations. The details depend on the location of the chiasma(ta)
in the loop and those outside the loop. The position of the centromere is
not of importance at this stage (Fig. 5.5A,B; cf. Brown and Zohary 1955;
Darlington 1965). At metaphase I, after the centromeres have become acti-
vated, the diplotene shape is modified but still recognizable. With pericentric
inversions a ‘“frying pan” or ‘“spoon’ bivalent, or an E- or 8-shaped bivalent
appears (Levan 1941; de Vries 1989), depending on the combinations of
chromatids participating in the chiasmata in the inverted segment and distal
segments (Fig. 5.5.C,D).

A chiasma in the inverted segment of a paracentric inversion connects
the two centromeres of the exchange chromatids. This results in a bridge
(Fig. 5.6A), which can be drawn out and ultimately break at anaphase I.
The terminal segments together form an acentric fragment that lags at the
equator, but may also remain loosely attached to the bridge at or near the
point of exchange. The fragment may occasionally be so close to the groups of
segregating chromosomes that it is not immediately seen. The bridge and the
fragment at anaphase I are the most reliable criteria for the presence of a
paracentric inversion. However, the absence of a bridge with a fragment is
not proof for the absence of a paracentric inversion: insufficient chiasma
formation in the chromosome region concerned may conceal its presence. On
the other hand, there are other possibilities for bridges to be formed at meiotic
metaphase-anaphase I: spontaneous breakage resulting from premeiotic
imbalance, for instance in unstable genotypes, as well as errors in chiasma
formation (U-type exchanges, Jones 1969). In those cases the size of the
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fragment is variable, depending on the locations of the breaks or the chiasmata.
Paracentric inversions always have the same size fragment: that of the loop
plus the size of the two end segments. In favourable situations this can be a
sufficient criterion to distinguish between a paracentric inversion and other
causes of bridges in meiosis.

If, in addition to a chiasma in the paracentric inversion loop, one occurs
in the interstitial segment between the centromere and the inversion, the
anaphase bridge is converted into a loop in one of the chromosomes of the
original bivalent (Fig. 5.6A). The fragment remains. At anaphase II the loop
becomes a bridge that is not formed when a bridge is present at first anaphase.
Two chiasmata in the inversion loop and none in the interstitial segment,
usually restricted to large inversions, can either cancel each other’s effect
(reciprocal chiasmata) or lead to two bridges (complementary chiasmata) or to
a single bridge (the two types of disparate chiasmata). With two chiasmata in
the loop and a chiasma in the interstitial segment one or both bridges can be
converted to loops and anaphase II bridges. The frequency of anaphase I and
IT bridges provides an indirect estimate of recombination in the inverted
segment (Sybenga 1975).

Chiasmata in the inverted segment of pericentric inversions have quite
different effects at anaphase I (Fig. 5.6B). Bridges are not formed, but the
exchange leads to the interchange of end segments such that one of the two
homologues has two identical end segments of one type and the other has
two end segments of the other type. The resulting chromosomes are called
“pseudo-isochromosomes’: the arms of one chromosome are homologous
except for the segment around the centromere. Such a chromosome is not
functional. It carries a large duplication for one arm and a comparable
deficiency for the other arm. When the pericentric inversion is not symmetric
around the centromere, the effect of an exchange in the loop can also be seen
at anaphase I when the two chromatids of the separating chromosomes are
different lengths (Fig. 5.6B). This is usually not readily observed, but if it is, it
is a good indication of a pericentric inversion. The frequency of unequal
chromatids at anaphase I provides an estimate of the frequency of recombi-
nation in the inversion loop, as the frequency of anaphase I bridges does for
paracentric inversions. However, a difference between the sister chromatids of
an anaphase chromosome can also be observed in heterozygotes of other
chromosome structural variants: deficiencies, duplications, different types of
translocations (Sects. 5.1, 5.2, 5.4).

5.3.4 Consequences

The genetic and segregational consequences of inversions are derived directly
from the meiotic pairing and chiasma formation patterns. A major effect is
suppression of crossing-over, by interférence with pairing as well as by the
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elimination of the imbalanced cross-over gametes. In Drosophila, they were
known as ‘‘cross-over reducers’ before they were identified as inversions.

Inversions can be classified like genes when they are recognized by the
changes they cause in the karyotype, or, in heterozygotes, because of reduced
fertility, when the inverted segment is large enough to contain sufficiently
frequent cross-overs. Then they can be used as chromosome markers in a
linkage analysis in segregating progenies of heterozygotes for the inversion and
marker genes. If a gene is linked to an inversion, it is in the same chromo-
some; where in the chromosome is not immediately clear.

Fertility is reduced as a consequence of the formation of deficiencies in
both types of inversions, although by somewhat different mechanisms. In
paracentric inversions the bridges tend to break and result in deficiencies,
while the acentric fragments will be lost or are occasionally randomly included
in one of the gametes. In pericentric inversion heterozygotes, the deficiencies
are always accompanied by duplications. In a number of organisms, of which
several Drosophila species are good examples, the bridge of the paracentric
inversion does not break in the female and keeps the recombinant chromatids
together. The result is that in the second meiotic division the recombinant
chromatids remain associated with the new cell membrane and are included in
the secondary polar body. The non-recombinant chromatid is included in the
functional cell which becomes the egg. The result is complete fertility, but
no observed recombination in the inverted segment. In the male no recombi-
nation takes place anyway, so that with complete maintenance of fertility a
block of genes remains intact. This has population-genetic consequences that
need not be discussed in the present context (Swanson 1957). In maize,
paracentric inversions often, but not always (Burnham 1962), behave similarly
in the female. In pollen mother cells, in contrast to male Drosophila, crossing-
over in the loop is as frequent as in the female embryo sac mother cells, but
the crossing-over products are not eliminated. Consequently, pollen fertility is
reduced. Because of the excess of pollen normally present, this does not
seriously affect fertility.

5.4 Translocations

A translocation is the transfer (as well as the result of the transfer) of a
chromosome segment away from its original position to another position in the
genome. There are two basic types. The most common is the reciprocal
translocation or interchange and the other is the simple translocation. In the
simplest form of reciprocal translocation (Sect. 5.4.1), two chromosomes have
exchanged terminal segments (of any size), including the telomeres. There are,
basically, two types of ‘“‘simple” translocation (Sect. 5.4.3): the interstitial
translocation with different subcategories and the simple terminal trans-
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location, where a terminal chromosome segment appears to be attached to the
end of another chromosomes. This resembles the interchange in many respects
and will be discussed together with the interchange (Sect. 5.4.1).

5.4.1 Reciprocal Translocation or Interchange
and Simple Terminal Translocation

5.4.1.1 Types and Origin

There is only one basic type of reciprocal translocation, the interchange of
two terminal segments between two non-homologous chromosomes. The
reciprocal transfer of interstitial segments requires many more interactions
between chromosomal lesions and is so rare that it need not be considered
here. Occasionally, one of the interchanged segments is very small and can,
for all practical purposes, be neglected. Then, in practice the translocation is a
simple terminal translocation, from which it would be hard to distinguish.
Possibly all simple terminal translocations are just variants of the interchange.

It is not uncommon that a chromosome is involved in more than one
interchange. This introduces special complications that will be discussed
separately (Sect. 5.4.2).

Interchanges, and translocations in general, can be formed in somatic
or meiotic cells spontaneously or induced by ionizing radiation or other
mutagens. In principle, for reciprocal translocations, and also for simple
terminal translocations the interaction between two lesions is necessary (Fig.
2.4.). Present-day understanding of telomere structure does not exclude true
terminal, simple translocation which requires a new telomere to be formed
where the translocated segment is removed. A reciprocal translocation be-
tween the two arms of the same chromosome results in a pericentric inversion
(Sect. 5.3.1, Fig. 2.4).

The meiotic origin from duplications has been mentioned above (Fig. 5.3).
It is a rare event, but when a duplication, large enough to undergo regular
exchange with one of the original segments, happens to be present in an
individual or population, translocations can be relatively frequent in the
progeny. They are all identical.

5.4.1.2 Relevance

Interchanges are the most common type of spontaneous and induced chromo-
somal rearrangement. Different species and less frequently different cultivars
of the same species (wheat, for instance) may differ in one or more inter-
changes and these appear in a heterozygous state in their hybrids. Trans-
locations are often carried along unknowingly in breeding programs into new
varieties. When they occur in chromosomes that carry a specific gene, which is
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to be transferred from one cultivar or species into another, the level of
recombination by exchange (crossing-over) in specific chromosome segments
can be considerably reduced in the heterozygote, even to zero. In addition to
being reduced, recombination is affected in another way: the linkage relations
are altered, and all genes of the two or more chromosomes involved are linked
in the heterozygote (Sect. 5.4.1.4). Fertility is usually reduced (Sect. 5.4.1.4),
but not always. Homozygotes tend to be normal, but may occasionally show
slight irregularities in their phenotype and reproduction, probably due to
homozygous damage at the break points. In homozygotes the linkage groups
have changed compared to the original homozygote.

Translocations are used to transfer chromosome segments with specific
genes from an added alien chromosome to a chromosome of a cultivar
(Sect. 10.4.4.2.2), but for this purpose interstitial, simple translocations are
more suitable. Translocation heterozygotes can be used for making specific
duplications (Sect. 11.2.2) and they are a source of aneuploids, including
tertiary and compensating trisomics to be used in developing balanced
trisomics for hybrid breeding programs (Sect. 12.4.2.2). Their effect on linkage,
which is negative when specific genes must be transferred by exchange-
recombination, can be used to keep large groups of allelic combinations
together (permanent translocation heterozygosity: Sect. 12.3). Translocations,
as well as other rearrangements, may play a role in the artificial differentiation
of genomes in attempts to convert an autopolyploid into an allopolyploid:
allopolyploidization (Sect. 12.2.2.1). For genetic research, translocations and
their derivatives are used for gene localization (Sect. 8.3.2.2.2).

5.4.1.3 Characteristics and Identification

Translocations in plants have been extensively described by Burnham (1956).
Since then much new information has become available.

Karyotype. When the segments interchanged in a reciprocal translocation
differ in size, the morphology of the two chromosomes involved can change
sufficiently to be recognizable in the karyotype. With clearly different banding
patterns, recognition can be relatively easy. Even on the basis of chromosome
size, several reciprocal translocations can be recognized, especially with
careful karyotype analysis (Fig. 4.5). Drastic size changes make recognition
sufficiently simple for use in somatic classification of the translocation. How-
ever, in spite of considerable size differences in the interchanged segments,
recognition in the karyotype may still be difficult, for instance when the
reconstructed chromosomes resemble other, unchanged chromosomes in the
karyotype, or when the chromosomes have ‘exchanged morphology”, etc.
(Fig. 5.7).
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Fig. 5.7 A The chromosomes involved in a heterozygous reciprocal translocation
(interchange): 1 and 2 are the normal chromosomes, I° and 2’ the translocated chro-
mosomes. B The cross-shaped pairing configuration of A. There are six segments: O
and P (arms not involved); R and S (the interchanged segments); S and T (the
interstitial segments) of the translocated arms. Chiasmata have been drawn in four
arbitrary segments. (After Sybenga 1975)

Meiosis. Homozygous interchanges do not behave essentially different from
normal individuals in meiosis. Only when one of the chromosomes has become
exceptionally small, can an increased frequency of open bivalents and even
univalents for this chromosome be observed (Sybenga 1975). Heterozygotes,
however, show specific meiotic abnormalities. The characteristic meiotic
pairing behaviour of a reciprocal translocation (interchange) heterozygote is
shown in Fig. 5.7B. When all homologous segments pair, a cross is formed.
This can be seen in the synaptonemal complex and in favourable material at
pachytene in the light microscope (Fig. 5.8).

In the pairing cross the point where the pairing chromosomes exchange
partners is fixed at the place of the breaks in the chromosomes. Some variation
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Fig. 5.8 Light microscope photomicrograph of the translocation cross at pachytene of
interchange T8-10/N of maize. (Courtesy of M.M. Rhoades)

in pairing around the break point of a translocation heterozygote, even involv-
ing considerable stretches of non-homologous pairing (Burnham 1962; de Jong
et al. 1989), is quite common. When the banding or chromomere pattern of
the chromosomes is sufficiently specific to recognize individual chromosomes
or even segments, the location of the point of partner exchange can be seen, as
well as its variation. Chromomeres are clear at pachytene in a few species and
sometimes in specific cultivars. They are not visible in electron micrographs of
SCs, where the chromatin is either mostly removed or highly dispersed (basic
formaldehyde fixation). When present in the chromosomes involved in the
quadrivalent, nucleoli can be useful markers in the SCs of nucleolar chromo-
somes in EM preparations. Centromeres can be made visible more readily in
some materials than in others and if they are, they are good markers for the
location of the point of partner exchange, provided the distance is not too
large. In general, the identification of the break point of the interchange is not
very reliable in pachytene preparations. The difference in size relations be-
tween mitotic and meiotic chromosomes make the interpretation of the obser-
vations difficult.

When pachytene is not accessible, later stages must be used for the
recognition or identification of translocations and for studying their meiotic
behaviour. Chiasmata follow a genotype-specific system of frequency and
localization, which is affected by pairing problems encountered around the
pairing cross. The chiasmata keep the four chromosomes together, but the
original cross shape is not maintained when the homologues separate at
the end of pachytene. At diplotene, some remnant of the cross may be visible,
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Fig. 5.9 A-F Different combinations of chiasmata at pachytene and the corresponding
metaphase I configurations of interchange quadrivalents. G Chain quadrivalent in rye,
corresponding to B. H “Frying pan” quadrivalent in rye, the configuration formed with
the combination of chiasmata in Fig. 5.7. (After Sybenga 1975)

but at diakinesis this has disappeared. Most observations on meiotic con-
figurations are made in diakinesis or first metaphase, when the centromeres of
the four chromosomes in the quadrivalent stabilize their orientation on the
spindle poles. Depending on the presence or absence of chiasmata in the
different segments of the quadrivalent, different and specific metaphase I
configurations result (Figs. 5.9, 5.10). These contain information on the system
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Fig. 5.10 A The pairing cross of the interchange heterozygote of Delphinium of Jain
and Basak (1963). The interstitial segments are large and, like the non-translocated
arms, different in size. Chiasmata in both O and T produce a large ring of two of the
four chromosomes, seen at the left in 3 and 5 of B; chiasmata in U and P result in a
small ring as seen at the right in 2, 3 and 4 of B. B The metaphase configurations of this
interchange, drawn after Jain and Basak (1963). In 1 and 2 the segments of A are
indicated. In I chiasmata have been formed in T or U and in R or S; in 2 chiasmata
have been formed in P, T and U and in R or S; etc. From the morphological
characteristics of the multivalents the number and locations of the chiasmata can be
derived. (After Sybenga 1975)

of chiasma formation, and thus of genetic exchange. Therefore, from the
relative frequencies of these metaphase I configurations, conclusions on the
frequency of recombinational exchange in the different segments can be drawn
(Sect. 8.2.1.4), but this requires complex mathematical models (Sybenga
1975). Although occasionally important for estimating the probability of
recombination between a gene and an interchange or between two genes close
to an interchange, this very specialized analysis will not be discussed further
here. A number of different metaphase I configurations and their origin from
different combinations of chiasmata in the paired segments are shown in
Fig. 5.10. Many of them are characteristic for translocations, but also for
tetrasomic quadrivalents (Chap. 7).

At meiotic metaphase I, the most common interchange configurations are
the ring and the chain quadrivalents. With metacentric chromosomes, rings
result when chiasmata are formed in all end segments, including the two
interchanged segments (R and S) and the two non-translocated arms (O and P,
Fig. 5.7). Chains are formed when a chiasma is absent in any one of the four
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end segments, but with chiasmata in the other three. There are two more
segments of interest for the resulting metaphase I configuration: the interstitial
segments T and U (Fig. 5.7). A ring quadrivalent (Fig. 5.9A; Fig. 5.10, 6) is
converted into a real “figure 8 (Fig. 5.9F; Fig. 5.10, 3) when a chiasma is
formed in either one or both of the interstitial segments in addition to the
chiasmata in the four end segments. Depending on the length of the segments
and the degree of chromosome condensation, the locations of the interstitial
chiasmata may be visible in the metaphase I configuration. In the example of
Delphinium (Fig. 5.10) the differences between the segments permit recog-
nition of the location of the chiasmata in all segments even without C-banding.
When the chromosomes are more symmetric and the chiasmata tend to be
localized distally, as in rye (Fig. 5.9G,H), without C-banding this is only
possible with extreme differences between segment length. Meiotic C-banding
can be very helpful in locating chiasma positions. Delphinium is a typical
example of high frequency of chiasmata in the interstitial segments. An alter-
nate ring (Fig. 5.9A) and “figure 8" are easily mistaken for two partly over-
lapping ring bivalents (to the left in Fig. 5.9G) when not observed very
critically.

Quadrivalents are not always formed in interchange heterozygotes. Small
interchanged segments may fail to have chiasmata in some or even many of the
meiocytes and when chiasmata are present in the non-interchanged arms,
two bivalents are formed. These may be heteromorphic, depending on the
relative sizes of the different chromosomes and chromosome segments. With
low overall levels of chiasma formation, bivalent pairs and trivalents with a
univalent or even sets of four univalents or two univalents with one bivalent
may result. The frequency of multivalents may then become so low that
the interchange is not detected when a small number of cells is analyzed.
Examples are hybrids between species that are not closely related or where the
regulation of chiasma formation is disturbed by hybrid dysgenesis. Desynapsis
will have similar effects within species.

Interchanges between pronounced acrocentric or telocentric chromosomes,
where one arm is too short to form chiasmata, or even absent, have fewer
segments available for chiasmata and consequently fewer types of configur-
ations in the heterozygotes. In fact, although a pairing quadrivalent is formed
at pachytene, this is maintained at metaphase I only when there are chiasmata
in the interstitial segments in addition to at least one of the interchanged
segments. Few plant species have karyotypes with predominantly pronounced
acrocentric chromosomes, but in several plant species the occurrence of a few
(sub)acrocentric chromosomes is not uncommon. Heterozygotes for inter-
changes between acrocentric chromosomes with chiasmata predominantly in
the distal (or proximal) segments will not or very seldom form multivalents
at metaphase I and the interchange may go undetected. The segregational
irregularities inherent to interchanges will still appear, but it is difficult to
recognize the interchange as the cause of these irregularities. It has been
observed, however, that in such cases additional chiasmata may be formed
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Fig. 5.11 The origin of a terminal duplication by adjacent orientation of a terminal
translocation. A The chromosomes: N normal, T translocated. B Diagram of pairing
configuration. C Alternate orientation, leading to segregation of one complete normal
complement (top) and one complete translocation complement (bottom). D Adjacent
segregation: terminal duplication (fop) and deficiency (bottom)
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in segments usually not forming chiasmata. Then quadrivalents will appear
nevertheless (Parker 1987).

The orientation of the configurations of interchange and simple terminal
translocation heterozygotes is of considerable importance, because only special
combinations of the chromosomes of the complex result in balanced gametes.
In addition, the process of orientation is complex because of the large number
of co-orienting centromeres. Orientation and segregation will be discussed in
Section 5.4.1.4.

The meiotic behaviour of simple, terminal translocations differs from that
of interchanges only by not having a four-armed pairing cross but a three-
armed configuration (Fig. 5.11). At metaphase I a ring quadrivalent is not
formed, but a real ‘“figure 8” is possible, provided both interstitial segments
are large enough to have a chiasma simultaneously. The configurations formed
by simple, terminal translocation heterozygotes resemble those of the dupli-
cation that is readily formed by special segregation of this translocation (Fig.
5.11). There are only few reports of meiosis of both the simple, ‘terminal
translocation and the duplication derived from it, one is T242W in rye (Secale
cereale, Sybenga and Verhaar 1980).

>

Fig. 5.12 Different orientations of an interchange quadrivalent and the resulting
segregation. A With alternate orientation of a ring quadrivalent, four balanced but two
by two structurally different tetrad cells are formed B, C With the two adjacent
orientations, imbalanced spores are formed. This results in linkage between all genes in
the two pairs of chromosomes, but with the possibility of exchange recombination. D
By an interstitial chiasma (cf. Fig. 5.7B) two balanced, but structurally different spores
and two imbalanced spores and formed. (After Sybenga 1975)
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Fig. 5.12A-D
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5.4.1.4 Consequences: Orientation and Segregation

The most important consequences of the meiotic behaviour of interchange
heterozygotes result from the metaphase I orientation and the subsequent
anaphase I segregation of the configuration. The final orientation is not estab-
lished immediately at the beginning of centromere activation and attachment
to the spindle microtubules in prometaphase. However, the initial position of
the chromosomes and their centromeres in the nucleus have an effect on the
final orientation. Both initial orientation and subsequent reorientation depend
on various cellular and chromosomal factors. The subject is extremely com-
plicated and will be discussed here only briefly, in spite of its importance, not
only for interchanges but also for all situations in which multivalents are
formed.

The orientation and subsequent segregation of the two chromosomes of a
normal bivalent are relatively simple: as long as one of the chromosomes
moves to one pole and the other to the other pole, meiosis can continue its
normal course without undesired consequences. Two chromosome pairs in two
bivalents will normally segregate independently, which implies that in the
daughter cells the genes of the two pairs will occur in different combinations:
chromosome recombination (Fig. 3.12). Because the two chromosomes of
each bivalent are equivalent, no daughter cells with too few or too many
chromosomes or chromosome segments (deficiencies and duplications) will
result. In an interchange heterozygote this is different, because all four
chromosomes of the complex are different. Even when bivalents are formed,
not all combinations of two chromosomes will form a balanced set: chromo-
some recombination is mechanically still possible but in 50% of the cases it
leads to imbalanced and thus non-functional duplication-deficiency gametes.
When the exchanged segments or the original chromosomes differ consider-
ably in size, the bivalents can be seen to be ‘“heteromorphic”. At metaphase,
their orientation with respect to each other can then be scored directly in the
preparation.

The same imbalanced segregation may result from a quadrivalent. Only
the chromosomes in alternate positions in the quadrivalent form a balanced
combination, either the two normal chromosomes together, or the two inter-
change chromosomes together (Fig. 5.7). ‘“Alternate segregation’ after alter-
nate orientation (centromeres co-orient, which have alternating positions in
the quadrivalent) results in balanced gametes. “Adjacent segregation’ after
adjacent orientation (centromeres adjacent in the quadrivalent co-orient)
results in imbalanced gametes. Such imbalanced gametes will not normally
function in plants. In animals they may do so because the haplophase is
genetically not as demanding as in plants. In animals, however, the zygotes or
embryos are more sensitive to genetic imbalance and may fail to develop
properly. Occasionally, when the imbalance is minor, duplication and de-
ficiency progeny may arise from interchange heterozygotes, mainly through
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the mother, where there is no serious competition between the spores. Selection
against deviants through the male is usually strong. In exceptional cases, two
imbalanced gametes of complementary types will be combined by fertilization.
This results in a balanced, apparently normal heterozygote. In animals this is
not especially rare, but in plants it is quite unusual, because of the failure of an
imbalanced male spore to function.

Because the products of chromosome recombination are not viable,
there is no chromosome recombination between the interchange chromosomes
(Fig. 5.12), and all genes in both chromosomes appear to be linked as if in one
linkage group. This is an important consequence of interchanges and trans-
locations in general.

The least complicated multivalents are chain and ring quadrivalents, and
these show the straightforward behaviour of linkage of all genes in the two
chromosomes, only broken by exchange recombination, and further a reduction
in fertility due to the occurrence of non-functional gametes. The frequency
of these non-functional gametes depends on the frequency of adjacent orien-
tation. Some factors determining this frequency will be briefly discussed
below. Other configurations show additional complications. The trivalent with
univalent, for instance, will show similar consequences with respect to linkage,
but lower fertility because of the erratic behaviour of the univalent, which in
plants is often lost.

Configurations with interstitial chiasmata show a somewhat different
segregational pattern. As seen in Figs. 5.7 and 5.12, an interstitial chiasma
results in a structural difference between the two chromatids of two of the four
chromosomes. These chromosomes, originally one translocation chromosome
and one normal chromosome, have now become identical, but each with two
different chromatids. The other two chromosomes, originally also different,
without interstitial chiasma remain different. The example is a typical “frying
pan’’ quadrivalent at diakinesis/metaphase. Assuming disjunctional segregation
of the two chromosomes in the ‘“handle” of the pan, a 2:2 segregation results.
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