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Abstract
Earlier, classical cytogenetics played a key role
in taxonomic studies through identification of
chromosome number and morphology. Simi-
larly, the first identifications of polyploid
species, and the analysis of relationships
between different species from interspecific
hybrids, were based on the observation of
chromosome pairing during metaphase I of
meiosis. Cytogenetics subsequently got a boost
with the development of mapping and of
next-generation sequencing technologies,
enabling the development of modernmolecular
cytogenetics. In this chapter, we present the
major impacts of molecular cytogenetics: shed-
ding new light on genome organization and

evolution as well as regulation of meiosis in the
economically important genusBrassica and the
tribe Brassicaceae. First, we present how com-
parative chromosome painting (CCP) using
pools of Arabidopsis thaliana BAC clones is
used to establish genome organization in
diploid and polyploid species in conjunction
with genotyping and sequencing data. This
method complements phylogenetic analyses in
establishment of the common ancestral genome
and in the description of the three differentially
fractionated Brassica ancestral subgenomes.
Secondly, intergenomic relationships can be
determined by BAC-fluorescent in situ
hybridization (BAC-FISH) and genomic
in situ hybridization (GISH); these techniques
allow identification of the different genomes
and chromosomes to quantify homologous and
non-homologous pairing in haploids and
hybrids, identifying structural rearrangements
within allopolyploid species and between
genomes in interspecific hybrids. Thirdly,
meiosis and meiotic recombination in Brassica
napus and its close relatives can be studied
using antibodies developed against Arabidop-
sis proteins. From all these data, we show how
molecular cytogenetics is essential for our
understanding of genetics and genomics in the
genus Brassica and how cytogenetics will
undoubtedly play a significant role in the times
to come.
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2.1 Introduction

Cytogenetics refers to the study of genetics at the
cellular level, and most particularly to chromo-
some observations at mitosis and/or meiosis.
Despite being an old method, it is still commonly
used in high-quality scientific studies. Cytoge-
netics can deduce chromosome number, genome
structure, and relationships between genomes in
natural or artificial interspecific hybrids. Data
generated by cytogenetics approaches have been
widely used in taxonomic studies and to explore
genetic diversity in genera, species, and popula-
tions and in breeding programs. The recent advent
of next-generation sequencing (NGS) technolo-
gies has given a fresh boost to cytogenetics,
allowing the development of molecular cytoge-
netics and providing new insights into bioinfor-
matically obtained questions and information
related to genome organization, evolution, and
regulation.

The Brassicaceae tribe is one of the 49 tribes in
the Brassicaceae family (Al-Shehbaz 2012). The
first cytogenetic analyses in this tribe described
220 species in 46 genera, with 37 species
belonging to the Brassica genus (Gomez-Campo
1980; Al-Shehbaz 2012 for review). These stud-
ies revealed chromosome numbers ranging from
n = 7 to 75 in this tribe, thus including species of
various ploidy levels. Within the Brassica genus,
which is the main focus of this chapter, estab-
lishment of the karyotypes of the different species
revealed that several chromosomes shared the
same morphology in different species, probably
due to their common origin (Prakash et al. 2009
for review). The genome structure of the diploid
Brassica species (with chromosome numbers
ranging from 7 to 12) was first analyzed from
karyotypes and meiotic behavior in metaphase I
of pollen mother cells. The comparison of
autosyndetic pairing (non-homologous chromo-
some pairing between different chromosomes of
the same genome) in haploids with the rate of
chromosome pairing in interspecific hybrids
allowed the first establishment of intra- and
intergenomic relationships. These cytogenetic
analyses revealed that each genome carried
duplications. From chromosome morphology and

chromosome pairing data, these studies postu-
lated that genomes of Brassicaceae tribe species
were derived from a common ancestor with six or
seven chromosomes, with subsequent duplication
(Mizushima 1980 for review).

The origin of the allopolyploid species was
first depicted in the famous U triangle figure (U
1935). Confirming results from Morinaga (1934),
U showed that Brassica napus (AACC,
2n = 38), B. juncea (AABB, 2n = 36), and B.
carinata (BBCC, 2n = 34) originated from nat-
ural interspecific hybridization events between B.
rapa (AA, 2n = 20), Brassica oleracea (CC,
2n = 18), and B. nigra (BB, 2n = 16). All three
allotetraploid species show relatively strict dis-
omic inheritance, indicating preferential pairing
between homologous chromosomes with the
formation of bivalents in metaphase I. However,
occasional multivalents were also observed,
suggesting that homeologous (non-homologous)
pairing between chromosomes of related gen-
omes can also generate exchanges between the
two genomes in each of the allotetraploids (Pra-
kash and Hinata 1980; Prakash et al. 2009 for
review). These data were confirmed by the
establishment of genetic maps with molecular
markers (Parkin 2011 for review), and allelic
segregation distortion revealed that homeologous
exchanges did indeed generate reciprocal (Lom-
bard and Delourme 2001; Osborn et al. 2003;
Piquemal et al. 2005) and non-reciprocal (Udall
et al. 2005) translocations in different B. napus
varieties. Comparison of the published B. rapa
(Wang et al. 2011) and B. oleracea (Liu et al.
2014; Parkin et al. 2014) genome sequences to
the B. napus “Darmor” reference sequence
revealed numerous small translocations and other
rearrangements between the A and C genomes in
the established allopolyploid B. napus genome
(Chalhoub et al. 2014) relative to the diploid
genomes, as already suggested by earlier work
(Cheung et al. 2009). Structural variations such
as translocations, deletions, duplications, and
inversions are not purely of academic interest.
Increasing evidence suggests that structural
variation may play an important role in genome
evolution (Chester et al. 2012; Edwards et al.
2013), gene expression regulation (Wang et al.
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2012), and even in crop phenotypes (Zou et al.
2011; Schiessl et al. 2014). These homeologous
rearrangements fundamentally result from
ancestrally shared homeology between chromo-
somes from different subgenomes and are medi-
ated by genetic control of chromosome pairing.

Variation for genetic control of chromosome
pairing was later described in B. napus. Two
main meiotic behaviors (high or low frequency
of chromosome pairing) were detected in AC
haploids of different B. napus varieties (Renard
and Dosba 1980; Attia and Röbbelen 1986;
Cifuentes et al. 2010). After the production of F1
hybrids from varieties with contrasting meiotic
behavior, meiotic analyses of large segregating
AC haploid populations combined with genetic
mapping allowed identification of QTL for
genetic control of homeologous recombination.
A major QTL, PrBn (for pairing regulator in B.
napus) was identified, plus minor QTL and epi-
static interactions (Jenczewski et al. 2003; Liu
et al. 2006). This control was subsequently
determined to mainly affect the frequency of
crossovers between homeologous chromosomes
(Nicolas et al. 2009; 2012).

Interspecific hybrids have frequently been
produced in order to introduce agronomic traits
from one species to another (Prakash et al. 2009
for review). Different strategies have been
developed in Brassica: trait introgression via
interspecific hybrids can be achieved by either
direct crossing between diploid species, crosses
between tetraploid species and parental diploid
species, or by crosses between tetraploid species
(Prakash et al. 2009 for review). Crosses between
diploids produce interspecific hybrids (allohap-
loids or digenomic haploids) that are generally
sterile (the few viable gametes produced are
generally unreduced); colchicine doubling is
classically used to produce new synthetic
allopolyploids from these lines. Crosses between
tetraploids and progenitor diploids generate
hybrids with a diploid genome plus a haploid

one; for example, B. napus crossed with B. rapa
produces AAC hybrids, with a majority of cells
containing 10 AA bivalents and 9 C univalents at
metaphase I (Leflon et al. 2006). These plants
can be fully fertile and also show boosted
homologous recombination in the A genome
(Leflon et al. 2010). Crosses between diploids
and tetraploids that do not share a genome are
also possible: Such trigenomic ABC hybrids can
be used either as bridge species, subsequently
backcrossed to introduce new variability in
crops, or can be induced by colchicine doubling
to generate allohexaploids, which may have
potential as a new crop species (Chen et al.
2011). Finally, crosses between pairs of allote-
traploid species can also be used with subsequent
backcrossing for allotetraploid crop improvement
and also increase the chance that homeologous
recombination will occur between divergent
genomes. Three genome hybrids with one gen-
ome at the diploid stage (e.g., AABC, BBAC,
and CCAB) generated by crosses between the
allotetraploids revealed more bivalents between
remaining haploid genomes than the corre-
sponding dihaploid (AC, BC, and AB) hybrids
(Nagpal et al. 1996; Mason et al. 2010).

All these data highlight the role of classical
cytogenetics in increasing our knowledge of
genome structure and evolution, as well as how
regulation of chromosome pairing between gen-
omes can be manipulated to introduce new
genetic variability into crops. However, in the last
two decades, the development of new molecular
cytogenetic techniques, including genomic in situ
hybridization (GISH), fluorescent in situ
hybridization (FISH), and immunolocalization of
crossover proteins has opened new avenues of
research. In this chapter, we will present the major
impacts of molecular cytogenetics: shedding new
light on the phylogenetic relationships between
Brassica species, genome organization and evo-
lution as well as regulation of meiosis in the
agronomically important genus Brassica.
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2.2 New Insights from Molecular
Cytogenetics in Genome
Organization and Evolution

Recently published genome assemblies of B.
napus (Chalhoub et al. 2014) and its parental
genomes (Wang et al. 2011; Liu et al. 2014)
along with the available paleogenomic hypothe-
ses (Lysak et al. 2006; Schranz et al. 2006;
Mandáková and Lysak 2008) have permitted
reconstruction of the origin and later evolution of
Brassica genomes.

Even the first generations of Brassica
researchers, working only with classical cytoge-
netics techniques, realized that Brassica species
with diploid-like chromosome numbers (n = 7–
12) were probably “balanced secondary poly-
ploids,” characterized by intra-genomic chromo-
somal homeologies (e.g., Catcheside 1934;
Röbbelen 1960). However, it took almost
40 years until a genome triplication theory
gained more solid ground due to results from
comparative genetic mapping (Lagercrantz and
Lydiate 1996; Lagercrantz 1998), and the
ancestral hexaploid nature of the diploid Bras-
sica and Brassicaceae genomes was eventually
confirmed by cross-species (Arabidopsis thali-
ana, B. napus) restriction fragment length poly-
morphism (RFLP) mapping (Parkin et al. 2005)
and, of course, comparative cytogenetic analysis
(Lysak et al. 2005, 2007; Ziolkowski et al. 2006).
Pools of chromosome-specific BACs from A.
thaliana (Arabidopsis henceforth) were applied
to paint large homeologous chromosome regions
on pachytene chromosomes in Brassica and
Brassicaceae species (Lysak et al. 2005, 2007;
Ziolkowski et al. 2006). The technique has
become known as comparative chromosome
painting (CCP, Lysak et al. 2006). Howell et al.
(2005) used Arabidopsis BACs as individual
in situ probes to analyze a region on B. oleracea
chromosome O6 which, from genetic mapping,
was thought to be composed of two homeolo-
gous copies of a *5 Mb region on the bottom
arm of A. thaliana chromosome At1. Eleven
Arabidopsis and three B. oleracea BAC clones
were applied separately to pachytene spreads
with a B. oleracea chromosome O6 BAC as a

marker. The two copies were shown to be adja-
cent with the proximal one inverted relative to
the homeologous region in Arabidopsis. How-
ever, this approach was designed specifically to
investigate the Brassica region, and because only
the signals on chromosome O6 could be
unequivocally identified, signals seen elsewhere
were not analyzed and the presence of further
copies of the Arabidopsis region was not inves-
tigated (E. Howell, pers. comm.). Lysak et al.
(2005) analyzed a *8.7 Mb BAC contig from
Arabidopsis chromosome At4 (genomic block U
in Schranz et al. 2006) by CCP in 21 crucifer
species traditionally classified as members of the
tribe Brassicaceae or being closely related.
Despite the contrasting chromosome numbers
(2n = 14–38), the analyzed segment was found
as three copies (in 13 species) or as six copies in
four species of Brassicaceae (including the six
Brassica species of U’s triangle). The homeolo-
gous chromosome segments resembled the Ara-
bidopsis-like structure or were modified by
paracentric inversions and translocations. To
confirm the initial findings, CCP with BAC
contigs covering the majority of the longer arm
of Arabidopsis chromosome At3 (block F in
Schranz et al. 2006) was carried out in ten spe-
cies traditionally treated as members of the
Brassicaceae. Three homeologous copies of the
contig were identified per haploid chromosome
complement in Brassicaceae species with
2n = 14, 18, 20, 32, and 36. In high polyploid
species (n � 30; n = 30, 34, and 60), six or 12
copies of the analyzed block have been revealed.
Congruent data have been published by Ziolk-
owski et al. (2006). These authors analyzed BAC
contigs from Arabidopsis chromosomes At1,
At2, and At3 (*8.3 Mb in total) in B. oleracea.
Except for a short contig from At1, all Ara-
bidopsis probes were found to be triplicated in
the karyotype of B. oleracea (n = 9). The largest
analyzed segment (*5.4 Mb) from the bottom
arm of At3 was found to occur in three home-
ologous copies on three different B. oleracea
chromosomes (O4, O6, and O8).

All the studies reviewed here suggested that
single-copy Arabidopsis chromosome segments
have usually three or six homeologous
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counterparts within Brassicaceae and Brassica
genomes. The presence of three copies in
“diploid” species with n = 7–12 and of six or
twelve copies in neopolyploid Brassicaceae spe-
cies was most parsimoniously explained by
descent from a mesohexaploid ancestor. The
cytogenetic comparative studies and “the tripli-
cation theory” gained further support from
comparative genetic mapping. Parkin et al.
(2005) mapped over 1000 B. napus RFLP
markers to Arabidopsis to estimate the level of
genome colinearity shared by the two species. At
least, 21 so-called conserved genomic units
(analogous to genomic blocks sensu Schranz
et al. 2006) were identified in the Arabidopsis
genome, making up almost 90% of the B. napus
genetic map. Conserved segments were present
between four and seven times within the B.
napus genome, with 86% of conserved units
found in at least six copies. Again, these findings
strongly supported the idea that “diploid” Bras-
sica species are descendants of a hexaploid
ancestor. In agreement with cytogenetic data,
Parkin et al. also showed that “diploid” Brassica
genomes underwent chromosome reshuffling
following the Arabidopsis–Brassica split. Some
rearrangements were shared by the A and C
genomes of B. napus and, thus, most likely
predated the divergence of B. rapa and B. oler-
acea. The authors conclude that “genome tripli-
cation followed by a small number of insertions/
deletions/translocations would provide the sim-
plest explanation for the present structure of the
Brassica diploid genome” (Parkin et al. 2005).
Indeed, the triplicated nature of Brassica gen-
omes has been unambiguously confirmed by
whole-genome and transcriptome sequencing in
B. oleracea, B. rapa, B. juncea, and B. napus
(Chalhoub et al. 2014; Liu et al. 2014; Paritosh
et al. 2014; Parkin et al. 2014; Wang et al. 2011),
and by reconstructing the origin and evolution of
an ancestral mesohexaploid genome (Cheng et al.
2013, 2014). Moreover, the recently constructed
sequence-based genome maps are to a larger
extent congruent with pioneering cytogenetic
analyses, as shown for the localization of block
U in the B. nigra genome (Fig. 2.1).

For phylogenetic studies, Mandáková and
Lysak (2008) showed that genomes in several
tribes, including the Brassicaceae and falling into
the so-called extended lineage II (Franzke et al.
2011), have descended from a common ancestral
genome with seven linkage groups—the
Proto-Calepineae Karyotype (PCK). The PCK
genome is a younger derivative of the older
Ancestral Crucifer Karyotype (ACK) with eight
chromosomes, differentiated from it by a
translocation-based chromosome fusion “that
reduced the number of chromosomes from n = 8
to n = 7”. In a younger clade of the extended
lineage II, the structure of PCK was altered by a
whole-arm reciprocal translocation to form the
tPCK ancestral genome (t standing for translo-
cation). When Mandáková and Lysak (2008)
compared the A subgenome structure within the
B. napus genome (Parkin et al. 2005) with the
PCK (tPCK), two PCK-specific rearrangements
were identified. Later on, whole-genome
sequencing of B. rapa identified three differen-
tially fractioned subgenomes, subsequently
named MF1, MF2, and LF (Wang et al. 2011),
which offered a new possibility to substantiate
the hypothesis that the PCK is the ancestral
genome of the genus Brassica. Cheng et al.
(2013) showed that all three B. rapa subgenomes
contain associations of genomic blocks
(V/K/L/Wa/Q/X and O/P/W/R) diagnostic for
both PCK and tPCK; moreover, associations D/V
and M/E pointed to the younger tPCK genome.
The authors thus concluded that the quasi-diploid
genome of B. rapa and most likely genomes of
all other Brassica species originated through
re-diploidization of the hexaploid ancestor
merging together three very similar diploid gen-
omes, structurally resembling the seven chro-
mosomes of tPCK. Considering the most
parsimonious scenario for the origin of the
Brassica mesohexaploid genome, three diploid
tPCK-like genomes each with seven chromo-
somes were merged through hybridization/
polyploidization to form a hexaploid genome
with 21 chromosome pairs (2n = 42). Conse-
quently, the 24 ancestral genomic blocks identi-
fied by Schranz et al. (2006) and comprising each
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of the three hybridizing genomes were multiplied
to 72 blocks.

How was this hexaploid Brassica ancestor
actually formed? Similar to the allohexaploid
bread wheat (AABBDD, Marcussen et al. 2014),
the origin of the Brassica hexaploid was probably
via a two-step process of tetraploidization first,
later followed by hybridization between this tet-
raploid and another diploid ancestor (Ziolkowski
et al. 2006; Wang et al. 2011; Tang et al. 2012).
This scenario is supported by the differential
fractionation of the three (MF1, MF2, and LF)
subgenomes in B. rapa (Wang et al. 2011; Tang
et al. 2012; Cheng et al. 2013, 2014) and was also
indicated by earlier cytogenetic studies (Lysak
et al. 2005, 2007; Ziolkowski et al. 2006). The
first to occur was an auto- or allotetraploid
(XXXX or XXX1X1, n = 14) genome formed
through a hybridization between two tPCK-like

genomes (XX or X1X1, n = 7), followed by
hybridization with a third tPCK-like genome (ZZ,
n = 7). The second hybridization event was
mediated either by the union of unreduced
gametes or polyploidization of the primary tri-
ploid (XXZ or XX1Z, 2n = 21) to form the allo-
hexaploid genome (XXXXZZ or XXX1X1ZZ,
n = 21). This scenario is plausible considering
the frequency with which intraspecific autote-
traploid “chromosomal races” (sensu Müntzing
1936) and tetraploid species (n = 14) apparently
originate(d) via autopolyploidy in tribes
descending from PCK- to tPCK-like ancestral
genome(s) (Mandáková and Lysak 2008; Man-
dáková et al. 2015). In the autotetraploid Gold-
bachia laevigata (n = 14, 2n = 28), a genome
derived from the PCK ancestor, the two dupli-
cated chromosome sets are structurally identical
apart from three chromosomes differentiated from

Fig. 2.1 Cross-specific localization of genomic block U
on pachytene chromosomes of Brassica nigra and its
position on chromosomes of B. nigra (B2, B7, and B8) and
B. rapa (A1–A3, A5–A10). Block U was localized based
on in situ hybridization of A. thaliana BAC contigs
(labeled by yellow, red, and green fluorochrome, respec-
tively) homeologous to this block in B. nigra (adopted
from Lysak et al. 2005). The genomic block arrangement
of three B genome chromosomes in B. juncea was based

on single nucleotide polymorphism/intron polymorphism
markers (adopted from Paritosh et al. 2014). Gene blocks
on the B genome linkage groups (LGs) that show
homeology to corresponding blocks on the A genome
LGs are shown by the connecting lines. Genomic blocks
assigned to the subgenomes LF (red), MF1 (green), and
MF2 (blue) are color coded according to Cheng et al.
(2013). Blocks showing variations in their fragmentation
pattern in the B genome are shown in bold with an asterisk
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their homeologous partners by three pericentric
inversions (Mandáková and Lysak 2008). These
intra-genomic rearrangements illustrate how
re-diploidization of the Brassica autotetraploid
may have proceeded, to be followed by subse-
quent hybridization with another tPCK-like
diploid genome.

2.3 Molecular Cytogenetics
Provides New Insights
into Intergenomic Relationships

A range of different molecular cytogenetics
techniques exists to distinguish between gen-
omes and individual chromosomes and to iden-
tify specific chromosome structural features.
These molecular cytogenetic approaches can
allow for quantification of homologous and
non-homologous chromosome pairing in inter-
specific hybrids, investigation of genome struc-
tural variation such as duplications, deletions,
and inversions, and can be used to characterize
genomic introgressions and chromosome addi-
tion lines for crop improvement.

2.3.1 Using rDNA, GISH,
and BAC-FISH Techniques
to Distinguish Between
Genomes and Individual
Chromosomes

Initial molecular cytogenetic experiments on
chromosome structure and identification were
performed on ribosomal DNA loci, which are an
effective cytogenetic marker for Brassica chro-
mosomes but are difficult to map and organize
after sequencing due to the large number of
repeats at each locus. The rDNA units are com-
posed of 500 to more than 40 000 genes copies
per genome, arranged in tandem repeats on sev-
eral loci (Long and Dawid 1980; Rogers and
Bendich 1987). Recently, the sequence compo-
sition and gene content of the short arm of rye
(Secale cereale) chromosome 1 (1RS) have been
published: The short arm of rye 1R contains
genes coding for 45S rRNA. The number of the

45S rDNA genes was estimated to be about
2000, amounting to about 3% of 1RS DNA. The
5S rDNA locus contained about 5000 copies of
the 5S rDNA gene, constituting about 0.4% of
1RS DNA (Fluch et al. 2012). Shotgun 454
pyrosequencing of DNA was also obtained from
flow-sorted 1RS. This novel approach permitted
a detailed description of the gene space and the
repetitive portion of this important chromosome
arm. However, although NGS technologies offer
powerful tools to generate suitable sequence
reads, detection of different copies expected in
these genomes is still challenging. FISH experi-
ments with 45S and 5S rDNA probes enabled far
more reliable identification of individual chro-
mosomes (Maluszynska and Heslop-Harrison
1993; Snowdon et al. 1997; Fukui et al. 1998).

Combined FISH with 5S and 45S rDNA
probes enables the discrimination of a number of
chromosomes of diploid and tetraploid Brassica
species of the “U triangle,” allowing otherwise
indistinguishable chromosomes to be identified.
Twelve out of 20 chromosomes can be identified
in diploid B. rapa (A genome) using a 45S rDNA
probe. The strong FISH signal located on the A3
chromosomes likely reflects a large tandem
repeat array of 45S rDNA sequences. The A3
locus has been shown to be the only one that
carries transcriptionally active genes of the A
genome nucleolar-organizing regions (NORs)
(Hasterok and Maluszynska 2000). The second
gene-rich locus is located on chromosome A1,
proximal to the centromere. The remaining sites
are located on cytogenetically undistinguishable
A5, A6, and A9 chromosomes, collectively
grouped as Brassica chromosomal type VIII
(Hasterok et al. 2006). The 5S probe hybridizes
to two major sites on the A10 and A1 chromo-
somes and to a minor site on chromosome A3
adjacent to the NOR. Based on the signal inten-
sity, the small A10 metacentric chromosome
contains the largest number of 5S genes. B.
oleracea (C genome) has two pairs of chromo-
somes (C7 and C8) containing 45S loci. The
active site is located on chromosome C8
according to Howell et al. (2002); it shows more
decondensation, while loci on C7 are fully con-
densed. The 5S probe hybridizes to a unique
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locus on chromosome C4. In natural B. napus
allotetraploids, twelve 45S rDNA signals are
observed. Four rDNA sites occur on C genome
chromosomes (stained by GISH-like BAC-FISH
specific for the C genome) implying that the C
and A genomes carry four and eight sites,
respectively. The decondensed signals are found
on morphologically distinct A3 chromosomes
(NORs), which are actively expressed (Chen and
Pikaard 1997; Książczyk et al. 2011), while both
C8 NORs are always condensed. Eight 5S rDNA
sites are visible, with three loci in the A genome
and one in the C genome (Fig. 2.2). The origin of
the latter is evidenced by staining of chromo-
some C4 by GISH-like, with dispersed signals
along the chromosome, and by the 5S probe
which provides a highly condensed signal close
to the centromere.

The first step to tie together cytogenetics and
molecular genetics was to reconcile chromosome
number and linkage group nomenclature. RFLP
probes used for genetic map establishment were
used either directly or to identify the corre-
sponding BAC to design the different chromo-
somes; for example, the nomenclature of the

different B. oleracea chromosomes was redefined
by Howell et al. (2002), allowing the nine link-
age groups of the B. oleracea genetic map to be
assigned to the nine chromosomes of the kary-
otype derived from mitotic metaphase spreads of
B. oleracea using BAC-FISH.

Use of GISH labeling of DNA from one
parent can identify both genomes in interspecific
hybrid or allopolyploid Brassica plants. This
method is efficient for distinguishing chromo-
somes from the B genome (B. nigra) from A or C
chromosomes, but the A and C genomes are too
similar to be differentiated using GISH. Two
strategies were developed to overcome this dif-
ficulty: the use of either rDNA as a blocking
agent at the same time than B. oleracea DNA
labeled (Howell et al. 2008) or a GISH-like
method using B. oleracea BAC, BoB014O06
which selectively hybridizes to all C genome
chromosomes in B. napus (Leflon et al. 2006;
Nicolas et al. 2007) (Fig. 2.3).

Recently, a new technique for BAC-FISH
analysis has been developed to allow identifica-
tion of each chromosome in B. napus (Xiong and
Pires 2011). This technique relies on a double

Fig. 2.2 FISH analyses of
somatic metaphase
chromosomes using 45S
rDNA (green) and 5S rDNA
(red) on B. rapa (a), on B.
oleracea (b), and on B. napus
(c). Bar = 5 µm
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hybridization of the same slide, using a different
set of three to four probes each time (45S, 5S,
centBr1, centBr2, two BACs with multiple
hybridization signals and a BAC that contained a
C genome repeat to label the C genome chro-
mosomes), and so is technically difficult. How-
ever, it was used successfully to identify

chromosome rearrangements, duplications, and
deletions in advanced resynthesized B. napus
lines, showing selection for total number of
homeologs (e.g., four copies of either A1 or C1,
such as A1/C1/C1/C1 or A1/A1/A1/A1) in a
“dosage balance” effect (Fig. 2.4) (Xiong et al.
2011; Grandont et al. 2014).

Fig. 2.3 FISH was carried
out using BACs BoB014O06
probe (red) and 54B2 (green).
FISH analyses of somatic
metaphase chromosomes of
B. rapa (a), B. oleracea (b),
and B. napus (c).
Chromosomes were
counterstained with DAPI
(blue). Bar = 5 µm

Fig. 2.4 FISH was carried
out using BAC KBrB055A02
probe (A1/C1) (red) and 45S
rDNA (green). FISH analyses
of somatic metaphase
chromosomes of B. rapa (a),
B. oleracea (b), B. napus
(DN) (c), and resynthesized B.
napus line (d). Chromosomes
were counterstained with
DAPI (blue). Bar = 5 µm
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2.3.2 Quantifying Homologous
and Non-homologous
Pairing Between
Genomes in Haploids
and Hybrids

Genomic sequence similarity is perhaps the
primary factor in determining whether chro-
mosomes will pair and recombine during
meiosis I (Bozza and Pawlowski 2008),
although genetic factors certainly play a role
(Jenczewski and Alix 2004). In allopolyploid B.
napus, mapping and sequencing data have
revealed that the constitutive A and C genomes
show highly conserved homeologous genomic
regions along whole chromosomes, chromo-
some arms, and smaller genomic regions
(Chalhoub et al. 2014; Parkin et al. 1995, 2003).
Similar homeologous regions have been infer-
red between the less closely related B genome
and the A and C genomes (Lagercrantz and
Lydiate 1996; Navabi et al. 2013). This
sequence homeology can lead to pairing and
recombination between chromosomes belong-
ing to related species during meiosis.
Using FISH and GISH techniques as described
above, the relative frequency of autosyndesis
(pairing between chromosomes from the same
genome) and of allosyndesis (pairing between
the different genomes) can be determined in
metaphase I of meiosis.

In haploid AC plants with one copy of each
genome, it is possible to determine frequencies of
both allosyndesis (AC) and autosyndesis (AA
and CC). In these plants, autosyndetic bivalents
are always observed to represent close to 20% of
bivalents in metaphase I of meiosis; this result
suggests that rearrangements between paralogous
regions can occur (Nicolas et al. 2007, 2009).
Similar analyses using genome labeling FISH
and GISH in hybrids between B. napus, B. car-
inata, and B. juncea (genome compositions
AABC, BBAC, and CCAB) also confirmed this

result, as well as showing autosyndesis in the
haploid B genome and AB, BC, and AC
allosyndesis at metaphase I (Mason et al. 2010)
(Fig. 2.5). Complementary analyses using BACs
specific to particular homeologous chromosome
pairs in B. napus haploids revealed that the rate
of homeologous pairing depends on the pair of
homeologs concerned (A1/C1, A3/C3, A10/C9,
or A7/C6) and on the B. napus variety (Grandont
et al. 2014). In AC hybrids produced from
crosses between B. rapa and B. oleracea, the
frequency of homeologous pairing is even higher
than in B. napus haploids (Cifuentes et al. 2010;
Szadkowski et al. 2011). This high rate of
homeologous exchange was also observed in
synthetic B. napus obtained by crosses between
B. rapa and B. oleracea. GISH-like methods
showed that A and C chromosomes frequently
paired during the first meiosis in resynthesized
AACC S0 plants, suggesting that the first meiosis
acts as a genome blender (Szadkowski et al.
2010). These results were also confirmed by
analyzing the dynamics of rDNA loci rear-
rangements in advanced generations of synthetic
B. napus (Książczyk et al. 2011). However,
when one genome is diploid and the other is
haploid, such as in AAC hybrids, GISH-like
methods show that the nine C chromosomes
generally remain as univalents, with only low
frequencies of homeologous pairing observed
between the A and C genomes (Leflon et al.
2006). On the contrary, homeologous pairing is
promoted between two haploid genomes when a
third genome is at the diploid stage in the same
plant: These data were confirmed by GISH and
GISH-like analysis in AABC, BBAC, and
CCBA hybrids by Mason et al. (2010). All of
these molecular cytogenetic studies not only
contribute to our understanding of meiosis and
genomic relationships, but provide useful infor-
mation for breeders targeting genomic intro-
gressions or promoting non-homologous
chromosome exchange for crop improvement.
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2.3.3 Identifying Structural Variation
and Homeologous
Exchanges Between
Genomes

It is now clearly established that homeologous
pairing can generate different structural rear-
rangements in natural allotetraploid species
(Schubert and Lysak 2011) and that these rear-
rangements are difficult to detect only by map-
ping and sequencing strategies. Specifically,
identification of reciprocal translocations and
inversions between genotypes is extremely
challenging using short-read sequencing tech-
nologies (Talkowski et al. 2011). This hinges on
the fact that mapping of sequence reads to a
reference genome assembly is the preferred
method of comparing between genotypes or
cultivars within a species. However, with this
approach sequence inversions and reciprocal

translocations will be almost invisible: Sequen-
ces from the target genotype will still map to the
reference genome, but in incorrect locations
determined by the reference genome rather than
by the genome of the target genotype. Genetic
mapping can assist with this by analysis of
marker distortion, but requires the availability of
linkage mapping populations for every genotype
of interest. Despite the amount of work and
inference involved, this method has been efficient
in detecting translocations in several B. napus
varieties (Lombard and Delourme 2001; Osborn
et al. 2003; Piquemal et al. 2005). Similarly in
hybrids carrying A, B, and C genomes, structural
rearrangements between genomes are large
enough to be detected by GISH using B. nigra
labeled DNA to identify the B genome and GISH
using the B. oleracea BAC BoB014O06 hybri-
dized specifically to all C genome chromosomes
(Howell et al. 2002). In near-allohexaploid lines

Fig. 2.5 a–c FISH analysis of metaphase I PMCs: FISH
was carried out using BAC BoB014O06 which identifies
all the C chromosomes (green). Nine C bivalent chromo-
somes and ten unmarked A bivalents (in blue DAPI) on B.
napus (a) and nine C univalent chromosomes on AAC
hybrid (b). Detection of autosyndesis (AA pairing)/
allosyndesis (AC pairing) at metaphase I using BAC
BoB014O06 (green) and 54B2 specific of 3 A

chromosomes (red) on pollen mother cells at MI from
haploid Darmor-bzh (c); d FISH using genome labels for
chromosomes in second-generation progeny derived from
a near-allohexaploid Brassica (2n = AABBCC) plant
[(B. napus � B. carinata) � B. juncea]: A genome
chromosomes are blue (DAPI, background stain), B
genome chromosomes are labeled red, and C genome
chromosomes are labeled green. Bar = 5 lm
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containing the A, B, and C genomes, this com-
bined labeling technique effectively identified
AC, AB, and BC recombinant chromosomes
(Mason et al. 2014). It is important to also
mention that this molecular cytogenetics tech-
nique is the best and perhaps only method
available to detect rearrangements at the
heterozygous stage (Fig. 2.4).

Loss of genomic regions resulting from
non-reciprocal translocations (duplication/
deletion events) can be detected in next-
generation sequencing by lack of sequences from
the target genotype mapping to the reference
genome over the deletion region. However, this
approach requires high sequence coverage to
accurately identify copy number variants: Enough
sequencing depth must be generated that absence
of mapped reads (or presence of twice as many
mapped reads in the case of duplications) in a
chromosomal region can be definitively identified
as a deletion (or duplication) event, rather than just
natural variation in sequence coverage (Alkan
et al. 2011). Both SNP array data and fluorescently
labeled microsatellite marker data have also been
used to assess duplication/deletion events in
Brassica hybrids, although detection of duplica-
tions using relative allele fluorescence is chal-
lenging (Mason et al. 2011, 2015). Translocations
can be directly physically detected at the
homozygous and heterozygous stages by com-
bining GISH and BAC-FISH, if the genomic
regions are large and if a BAC is available specific
to the translocated regions. Inversions, which are
the most challenging of all to identify using
sequencing data, can be readily confirmed by the
use of several chromosome-specific BAC probes
to hybridize to the chromosome of interest, as was
done to integrate genetic and physical maps in B.
oleracea (Howell et al. 2002). In future, tech-
nologies currently under development (such as
optical mapping) may allow easier identification
of structural rearrangements such as
non-reciprocal translocations and inversions.
Currently, the most direct and unambiguous
method to assess these variants is still molecular
cytogenetics.

2.3.4 Characterizing Chromosome
Addition Lines
and Genomic
Introgressions for Crop
Improvement

So-called chromosome addition lines provide a
valuable resource for breeding and genetics
analyses. These lines consist of a core genome,
usually diploid, with the addition of a single
chromosome from another genome, present in
either one copy (monosomic addition line) or two
copies (disomic addition line). The phenotypic
characterization of these chromosome addition
lines can allow localization of the trait of interest
to particular chromosomes, as has been previ-
ously demonstrated for the yellow-seededness
trait in Brassica AA + C addition lines by Hen-
een et al. (2012). However, the generation of
these lines can be technically challenging. To
produce lines with, for example, a complete
diploid A genome with single additional C gen-
ome chromosomes in Brassica, usually a hybrid
with 2n = AAC, will first be produced from
crosses between B. napus (or resynthesized B.
napus from the cross B. rapa � B. oleracea).
This hybrid will then be backcrossed to B. rapa
in order to eliminate all but one C genome
chromosome. However, this approach offers
plentiful opportunities for non-homologous
recombination to occur, as well as being techni-
cally challenging. The use of FISH and GISH
techniques to identify which chromosomes are
present and in how many copies and to check for
large-scale rearrangements such as translocations
between the diploid genome and the addition
chromosome/s is invaluable. Several studies have
reported such analyses (e.g., Snowdon et al.
1997; Chèvre et al. 2007; Heneen et al. 2012;
Mason et al. 2014), and BACs specific to dif-
ferent chromosomes allowed their identification
in metaphase I (e.g., Suay et al. 2014).

The movement of traits from wild relatives or
related species into crops first requires the pro-
duction of a hybrid between the wild relative and
the crop species. This hybrid must then allow
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recombination between chromosomes from the
crop genome and the donor species to occur to
produce recombinant chromosomes. These
recombinant chromosomes must then be suc-
cessfully transferred in a backcross to crop to
become an integral, stable part of the crop gen-
ome to establish the genomic transfer of the trait
loci. Depending on the degree of genomic
divergence between genomes (as well as genetic
factors), a greater or fewer number of recombi-
nation events may occur in the hybrid. Currently,
only cytogenetic analyses allow assessment of
the chromosome number and genomic structure
of subsequent introgressed plants. If only very
few recombination events occur, then subsequent
backcrossing may fail to recover any introgres-
sion events in the B. napus background. In this
case, whole chromosomes may be retained if
selection for the phenotype of interest is carried
out, but these are generally less desirable as
additional chromosomes or chromosome pairs
from alien genomes can be frequently lost or
selected against (Heneen et al. 2012). If a large
number of recombination events take place, then
many recombinant chromosomes may be trans-
mitted in backcross generations. This can also
cause problems, as many of these recombinants
may carry undesirable allelic variants or have a
negative effect on crop phenotype.

The larger the population size, the greater the
chance of finding an individual with a single
recombinant chromosome carrying desirable
genomic introgressions for the phenotypic locus
or loci of interest. However, the screening
method is also critical: If individual lines of
interest can be identified early and accurately,
chances of success and cost-effectiveness and
efficiency are greatly increased. For most species
crossed to Brassica crop genomes, GISH is an
efficient technique to determine the number and
location of independent introgression events, as
well as the size of the introgression in some cases
(Snowdon et al. 1997; Fredua-Agyeman et al.
2014). In future, the development of BAC-FISH
probes specific to introgression regions may offer
a solution to detect smaller introgressions.

2.4 New Insights into Meiosis

Cytology and cytogenetics are central to all
meiotic studies. Meiosis consists of two rounds
of cell division during which chromosome
number is halved (from diploid to haploid) and
gametes are generated. In most organisms,
accurate separation of homologous chromosomes
during the first division requires that they first be
connected to one another by crossovers (COs),
which are one of the products of meiotic
recombination. Meiotic COs are the reciprocal
exchange of genetic material between chromo-
somes; they are formed during prophase I
between all pairs of homologous chromosomes
and start to become visible as chiasmata from
diakinesis (they are more clearly resolved at
metaphase I). Non-reciprocal recombination
events, the so-called non-crossovers (NCOs), can
also be recovered genetically but are not amen-
able to cytological analysis.

Despite its small chromosomes, A. thaliana
has become a powerful model system for the
analysis of meiosis and characterization of mei-
otic mutants (Mercier et al. 2015 for review).
This has paved the way to meiotic studies in
Brassica. Most notably, the high degree of pri-
mary sequence similarity between A. thaliana
and B. napus has recently made possible the use
of the antibodies developed against Arabidopsis
proteins to study meiosis and meiotic recombi-
nation in B. napus and its close relatives. The
first of these studies aimed to decipher the mei-
otic behavior of Brassica allotetraploid (AACC)
and allotriploid (AAC) hybrids (Leflon et al.
2006). Polyclonal Arabidopsis antibodies that
recognize the meiotic proteins ASY1, which
associates with chromosome axis, and ZYP1,
which is involved in the synaptonemal complex
(SC) formation, were successfully used to
demonstrate that some chromosomes were com-
pletely synapsed at pachytene (intimately asso-
ciated by a fully formed SC along their length)
while other remained unsynapsed even at a latter
meiotic stage (i.e., diplotene). These unsynapsed
chromosomes likely correspond to the C genome
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chromosomes that remained as univalents
(chromosomes that failed to form COs) at
metaphase I, while the synapsed bivalents most
probably correspond to pairs of homologous A
chromosomes between which COs are formed.
Actually, COs get a boost in the AAC hybrids
compared to AA diploids (Leflon et al. 2010).
Immunolocalization of Arabidopsis MLH 1
antibodies, which specifically mark the main
fraction of COs (also called class I CO or CO I;
Chelysheva et al. 2010), indicated that these
crossovers undergo a 1.7-fold increase during
male meiosis in the AAC hybrids compared to
diploid controls. An even higher increase was
detected in female meiosis by comparing genetic
map distances (Leflon et al. 2010), suggesting
either a sex-specific effect or a greater boost of
the otherwise minority type of COs (which are
not marked by MLH1). Although this has yet to
be resolved, this study confirms the importance
of combining both genetic and cytological
approaches to study such an intricate biological
process as meiotic recombination.

Finally, a wider range of cytological and
cytogenetical tools was recently used to investi-
gate the formation, progression, and completion
of several key hallmarks of meiosis in B. napus
allotetraploids (AACC) and allohaploids (AC, 19
chromosomes) (Grandont et al. 2014). This study
has provided a thorough comparative description
and analysis of sister chromatid cohesion, chro-
mosome axes, the synaptonemal complex, and
meiotic recombination in two representative B.
napus accessions (Cifuentes et al. 2010). Anal-
yses of surface-spread prophase I nuclei with
electron microscopy have demonstrated a pre-
cocious and efficient sorting of homologous
versus homeologous chromosomes during early
prophase I in the two B. napus varieties that
otherwise show a genotypic difference in the
progression of homologous recombination. Most
notably, the spatial-temporal localization of
HEI10, an essential protein that can be used to
follow the progressive channeling of recombi-
nation intermediates into the class I CO pathway
(see Chelysheva et al. 2012 for details), was

shown to vary from one genotype to another and
to correlate with the two main meiotic behavior
described at the haploid stage (see introduction).
Moreover, the detailed comparison of meiosis in
allohaploid and allotetraploid plants showed that
the mechanism(s) promoting efficient chromo-
some sorting in allotetraploids is adjusted to
promote crossover formation between homeologs
in allohaploids. This suggests that, in contrast to
other polyploid species, the threshold for com-
mitting a pair of chromosomes to form a CO is
not fixed once and for all in B. napus, but
depends on the operating chromosomes (Gran-
dont et al. 2014). This probably remains an
error-prone process, and a few COs can be
expected to occasionally form between home-
ologs and generate homeologous exchanges in
the allotetraploid plants (see Sect. 2.3.3). FISH
analyses were also carried out to characterize CO
formation between individual chromosomes
during meiosis in allohaploid B. napus; these
analyses indicated that both chromosome- and
genotype-specific effects change the odds of
forming a CO between a given pair of homeol-
ogous regions in these plants.

Interestingly, the cytological survey of meio-
sis in B. napus has tentatively pointed toward
some of the genomic features of the B. napus
genome. First, observation of genotype-specific
bivalents in the allohaploids has led to the
assumption that several chromosome(s) may
carry the products of homeologous exchanges
(HEs) (Grandont et al. 2014); the presence of
numerous HEs was confirmed when assembling
the B. napus genome sequence (see Sect. 2.3.3;
Chalhoub et al. 2014). Likewise, the limited
extent to which synaptic multivalents persisted to
pachytene in B. napus allotetraploids has led to
suppose that most interhomeolog recombination
intermediates abort early and are redirected into
intersister or non-crossover pathways (Grandont
et al. 2014). Evidence for very short
non-reciprocal exchanges between homeologous
sequences, which possibly originated from mei-
otic non-crossovers, was recently obtained by
Chalhoub et al. (2014). More work is needed to
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confirm that all these HEs, whether they are large
or small, have originated during or affect the
meiotic behavior of B. napus.

2.5 Conclusions

Although cytogenetics as a technique signifi-
cantly predates molecular genetics, let alone
genome sequencing, this methodology and sub-
sequent advances to molecular cytogenetic tech-
niques provide extremely valuable information
on physical organization of genomes that com-
plements both mapping and sequencing data.
Cytogenetics can provide new information on the
genomic structure of ancient and recent poly-
ploid species and shed light on evolutionary
processes of genomic rearrangements, genome
regulation, and genome structure variation.
Cytogenetics can also be used to detect home-
ologous exchanges between constitutive gen-
omes in interspecific hybrids or addition lines
and to track chromosome introgressions from
one genome to another. Comparative cytogenet-
ics can be used for phylogenetic and taxonomic
analysis, complementary to sequencing-based
approaches, and can show evolutionary changes
in functional features such as rDNA loci. Cyto-
genetics is of course essential for our basic
understanding of meiosis, and progressively
more sensitive molecular biology techniques are
allowing visualization of this important biologi-
cal process in Brassica. Use of interspecific
hybridization coupled with cytogenetic analysis
allows a deep insight into the occurrence and
control of homologous and non-homologous
chromosome pairing. Cytogenetics techniques
are also currently the primary means of validat-
ing chromosome rearrangements such as dupli-
cations, deletions, and inversions, acting in a
complementary fashion to confirm the
sequence-based analysis. From the past to the
future, cytogenetics has contributed a great deal
to our understanding of genetics and genomics in
the Brassica genus, and undoubtedly, cytoge-
netics will play a significant role in the times to
come.
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