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Abstract
Repetitive elements (REs) play major roles in
genome organization, size, and evolution, but
are often underrepresented in genome assem-
blies. The recent genome assembly of the
allotetraploid Brassica napus genome revealed
that 48% of the genome comprised REs,
including transposons and tandem repeats. In

the present work, we show the overall quantity
and comparative analyses of major repeat
families in both the assembled and unassem-
bled portions of the referenceB. napus genome.
We surveyed the abundance, distribution,
diversity, and dynamics of ten major REs in
the B. napus genome, which represented less
than 1%of the total 1130 MbB. napus genome
in the current assembly. However, in silico
mapping of raw whole-genome sequence reads
from nine B. napus accessions revealed about
11% of the genome as represented by these ten
repeat families. Comparative analyses of these
major repeats showed their evolutionary
dynamics in the B. rapa (Ar), B. oleracea
(Co), and B. napus (AnCn) genomes as well as a
considerable inter- and intraspecies repeat
diversity among different B. napus accessions.
Cytogenetic mapping of these major repeats
showed their genomic abundance and distribu-
tion, with some families having a conserved
subgenomic distribution pattern in the B. napus
genome. Finally, the impact of genetic changes
to REs and their corresponding epigenetic
readjustments during B. napus evolution are
also discussed in this chapter.

6.1 Introduction

We have come to a pinnacle in the history of
genomics when enormous volumes of nucleotide
sequence information can be gathered cost
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effectively in a short time (Soltis et al. 2013;
Schatz et al. 2012; Zhou et al. 2010), allowing
the genome assembly of many important crop
species at an unprecedented pace and accuracy.
This permits a better understanding of the overall
genome landscape and provides sufficient evi-
dence leading to the negation of the pejorative
‘junk’ status of repetitive DNA fractions in a
genome (Eddy 2012). In contrast, these repeats
are fundamental components for the holistic
function of a cell (Fedoroff 2012; Plohl et al.
2008; Freeling et al. 2015).

Despite advancements in next-generation
sequencing (NGS) technology and assembly
algorithms, efficient genome assemblies of
repetitive sequences are still hindered especially
when using short NGS sequences (Alkan et al.
2011; Claros et al. 2012; Hamilton and Buell
2012). This is even more difficult in plants,
which often harbor abundant repetitive DNA and
experienced various extents of polyploidization,
(for reviews, see Schatz et al. 2012; Claros et al.
2012; Mihai et al. 2002; Renny-Byfield and
Wendel 2014). Due to abundant REs such as
tandem repeats (TRs) and transposable elements
(TE), NGS-based genome assembly causes
shrinkage of the actual repeat copies in a gen-
ome, even down to a few copies in an assembly
(Macas et al. 2007; Alkan et al. 2011; Claros
et al. 2012; Mihai et al. 2002; Schatz et al. 2012;
Tang et al. 2015). Moreover, polyploidy or
whole-genome duplication (WGD) and
small-scale duplications further exacerbate this
challenge by creating duplicate copies of genes
or larger genomic regions. This redundancy
drives mis-assemblies that could occur along
these large-scale duplications (Paterson and
Wendel 2015; Claros et al. 2012).

For example, in the two diploid progenitors of
Brassica napus, B. rapa and B. oleracea, about
40 and 38% of respective genomes have not been
included in pseudo-molecules, mainly due to
REs (Waminal et al. 2015, 2016). Evidently, REs
and polyploidy greatly influence the quality of
genome assemblies and ultimately the acquisition
of high-resolution pseudo-molecules. Although

longer reads are offered by single-molecule, or
third-generation sequencing technologies, they
are still insufficient in resolving mega-base
length tandem repeat regions (Schatz et al.
2012; Schadt et al. 2010). Consequently, densely
heterochromatic regions such as the centromere
and pericentromere have very little representa-
tion, or none at all, in some reference genome
assemblies, even for model plants such as rice
and Arabidopsis (Gao et al. 2015).

Although REs remain largely unassembled
and unexplored in many sequenced plant gen-
omes (Michael and Jackson 2013; Liu et al.
2014; Wang et al. 2011b), it holds a plethora of
information about chromosome and genome
dynamics, gene regulation, genome evolution,
and epigenetic control (Biemont 2010; Biémont
and Vieira 2006; Nowak 1994; Chadwick 2009;
Melters et al. 2013; Mehrotra and Goyal 2014).
Hence, they deserve a fair genome-wide analysis.
Understanding their genomic distribution would
provide a more enhanced comprehension of the
holistic genome landscape and origin. Moreover,
they complement studies in structural and func-
tional genomics (Biemont 2010; Wang et al.
2011a; Choi et al. 2014).

B. napus (2n = 4x = 38, AnAnCnCn genome)
is an allopolyploid oilseed crop that formed
within the past 7,500 years through hybridization
between its progenitor genomes, B. rapa
(2n = 2x = 20, ArAr genome) and B. oleracea
(2n = 2x = 18, CoCo genome). The recent release
of the allopolyploid B. napus genome revealed an
aggregated 72 � genome multiplication since the
origin of angiosperms (Chalhoub et al. 2014).
This advance has provided a suitable foundation
for deeper understanding of the dynamics of its
REs through comparative studies with its pro-
genitor diploid species, B. rapa and B. oleracea.
In the present study, we surveyed the genomic
abundance, chromosomal distribution, diversity,
and dynamics of the major Brassica repeats in
nine B. napus accessions (Table 6.1). We further
discussed the role of epigenetic readjustments and
its interplay with genetic changes in response to
allopolyploidization.
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6.2 Repeats in the Ar, Co, and AnCn
Reference Genomes

Assembled sequences represented 58, 82, and
75% of total genome sizes of 485 Mb, 630 Mb,
and 1130 Mb for B. rapa, B. oleracea, and
B. napus, respectively (Fig. 6.1) (Wang et al.
2011a; Chalhoub et al. 2014; Liu et al. 2014). Of
these sequences, repetitive DNAs represented 23,
41, and 35% for B. rapa, B. oleracea, and
B. napus, respectively (Table 6.2). Relative to
their respective estimated genome sizes, these
values were reduced to 13, 32, and 23%
(Table 6.2 and Fig. 6.1). Non-REs representing
euchromatic regions covered 45, 50, and 52% of
total estimated genome sizes of B. rapa, B.
oleracea, and B. napus, respectively (Fig. 6.1).

Of the repeats in the reference assemblies,
TEs represented the bulk fraction with 97, 96,
and 97% followed by TR with 2, 3, and 2%. The
rest were unclassified sequences (Fig. 6.1).
While retrotransposons (Class I TE) were more
abundant than DNA transposons (Class II TE) in
B. oleracea and B. napus, the reverse was
observed in B. rapa (Table 6.2). Among Class I
TEs, LTR retrotransposons represented the
majority with Ty1/Copia being more abundant
than Ty3/Gypsy in both diploids (4.13 vs. 3.42%
in B. rapa and 10.85 vs. 8.86% in B. oleracea),
while about the same amount was present in B.
napus (8.05 vs. 8.18%). Both diploid progenitors
had different major Class II TEs. Helitrons were

more abundant than CACTA elements in B. rapa
(3.74 vs. 1.94%), but the reverse was observed in
B. oleracea (3.96 vs. 5.55%). Accordingly, both
elements had a similar representation in B. napus
(3.69 vs. 3.83%).

Obviously, a considerable proportion of REs
have not yet been included in the assembled
sequences. In the following sections, we ana-
lyzed the genome proportion of several reported
RE families in the current assembly and in the
total whole-genome sequences (WGS), and we
checked for types of repeats captured in both
assembled and unassembled fractions. The RE
families that were used in this analysis repre-
sented less than 1% of the current assembly;
therefore, the values we obtained in this work
mostly reflect the portions in the unassembled
fraction. While TEs were more abundant in the
assembled fractions, TRs were most prevalent in
the unassembled, representing 41, 47, and 35%
in B. rapa, B. oleracea, and B. napus, respec-
tively (Fig. 6.1).

6.3 The Major Repeats
of the Brassica Genomes

The difficulty in accounting for RE sequences in
genome assembly scaffolds often leaves them in
the ‘hidden fraction’ of a genome. REs can be
subcategorized into dispersed or tandem repeats
based on genomic distribution (Cizkova et al.
2013; Heslop-Harrison 2000; Plohl et al. 2012).

Table 6.1 Summary of Brassica napus accessions used for the survey of major repeatsa

ID Accession/cultivar Origin/type Amounts (Mbp) Genome coverage (x)

Bn-1 Zhongsuang11 Winter rapeseed 2,126.6 1.9

Bn-2 M083 Semi-winter rapeseed 1,273.8 1.1

Bn-3 Aburamasari Asian (Japan) oilseed rape 13,900.7 12.3

Bn-4 Aviso European oilseed rape 8,679.2 7.7

Bn-5 Darmor-bzh European winter oilseed rape 6,029.7 5.3

Bn-6 Siberian kale Kale 13,323.1 11.8

Bn-7 B. napus ‘H165’ Resynthesized 15,928.4 14.1

Bn-8 Rutabaga Swede sensation 14,923.5 13.2

Bn-9 Yudal Asian (Korea) oilseed rape 14,105.3 12.5
aAll the sequences above were provided by Shengyi Liu and Boulos Chalhoub
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Dispersed repeats include TEs, which are
distributed in the entire genome, subgenome, or
specific chromosomal regions (Choi et al. 2014;
Lim et al. 2007). TRs are organized in a
head-to-tail arrangement in distinct chromosomal
regions (Coluccia et al. 2011; Sharma et al. 2013).

Most sequenced plant genomes contain a large
proportion of Class I TE, mostly of the LTR
superfamily (Michael and Jackson 2013). While
up to 50% of TRs (Plohl et al. 2008) has been
reported; the highest representation are mostly
those with centromeric origins (Melters et al.
2013). In this chapter, we focused our survey on
the major repeats representing Class I and Class II
TEs, structural satellite repeats, and housekeeping
ribosomal RNA genes in the B. napus genome.
The analysis of major repeats in its progenitor
genomes provides an enhanced understanding in
choosing major repeat elements for the survey of
the B. napus genome (Waminal et al. 2015,
2016). The major repeats include centromeric

satellite repeats (CentBn1 and CentBn2), rDNA
tandem repeats (5S and 45S), subtelomeric
repeats (BnSTRa and BnSTRb), centromeric
retrotransposon in Brassica (CRB; Lim et al.
2007), pericentromeric retrotransposon specific to
B. rapa (pCRBr; Lim et al. 2007), and dispersed
LTR and TIR elements specific to the B. oleracea
genome, BoCopia and BoCACTA, respectively.

Centromeric repeats of B. napus are catego-
rized into two groups, CentBn1 and CentBn2,
and are homologous to their diploid progenitors
(CentBr1/CentBr2 and CentBo1/CentBo2 from
B. rapa and B. oleracea, respectively) (Perumal
et al. 2017). Collectively, we refer to them as
centromeric repeats of Brassica (CentB). The 5S
and 45S rDNA sequences are conserved among
the Ar, Co, and AnCn. The subtelomeric satellite
repeats, BnSTRa and BnSTRb, have orthologs in
both Ar (Waminal et al. 2015) and Co (Waminal
et al. 2016) genomes. Collectively, we refer to
them as Brassica subtelomeric repeats, BSTRa

Fig. 6.1 Genomic proportions of both the assembled and
unassembled sequences in the Brassica napus and its
diploid progenitors. a Large inner pie chart represents the
estimated total non-repeat genic fraction (yellow slice) and
repeat fraction (brown slice) of B. napus genome. The
outer doughnut chart represents the percentage of assem-
bled (purple slice) and unassembled (black slice) fractions

relative to the estimated genome size of 1130 Mb as
calculated by Chalhoub et al. (2014). Smaller pie charts at
the bottom left and right summarize the REs in the
unassembled and assembled genome fractions, respec-
tively. b, c Same diagrams for B. rapa and B. oleracea,
respectively
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and BSTRb (Perumal et al. 2017). Centromeric
retrotransposon of Brassica (CRB), a Ty1/copia
LTR retrotransposon, which is mostly associated
with heterochromatic regions and is intermingled
with CentB (Lim et al. 2007) in the Oleracea
lineage (Ar and Co) chromosomes, remained
conserved in the AnCn genome. Sequences of
genome-specific transposons such as the peri-
centromeric retrotransposon of B. rapa (pCRBr),
B. oleracea Ty1/Copia retrotransposon (BoCo-
pia), and B. oleracea CACTA transposon
(BoCACTA) remained conserved in AnCn gen-
ome (Lim et al. 2007; Perumal et al. 2017;
Waminal et al. 2016).

6.4 Genomic Abundance
and Distribution of Major
Repeats in B. napus

Plant genomes sequenced to date have consid-
erable amount of unassembled fractions (Michael
and Jackson 2013). Assembly statistics often
only provide a general view of what was effi-
ciently anchored in the genome assembly; hence,
it does not provide the proportional genomic
abundance of these elements based on the actual
genome content (Waminal et al. 2015; Schatz
et al. 2012). Reasonably, estimating their abun-
dance can be achieved by read mapping of WGS
reads on the repeat unit sequence and by
molecular cytogenetic mapping through fluores-
cence in situ hybridization (FISH). These
approaches will elucidate their proportional
abundance, genomic distribution, and impact for
evolution (Waminal et al. 2015, 2016, 2018;
Schatz et al. 2012; Lee et al. 2017).

6.4.1 In Silico WGS Read Mapping
and Cytogenetic Mapping

Based on current available data, only about 75%
of the 1130 Mbp B. napus genome was assem-
bled into scaffolds (Fig. 6.1). Of these scaffolds,
only 57% (645 Mbp) was anchored unambigu-
ously into pseudo-chromosomes (Chalhoub et al.

2014). Among the ten repeat families included in
this survey (Table 6.3), BSTRb and BSTRa had
the highest and second-highest genome propor-
tion (GP) in the pseudo-chromosomes, respec-
tively, followed only, but with considerably lower
copy numbers, by CentB1 and CentB2. No rDNA
or TE sequences were represented in the anchored
assembly, except for the truncated BoCopia ele-
ment. From the unanchored sequences in the
current assembly, several copies of 5S rDNA, and
a single copy each of CACTA and pCRBr ele-
ments were added to the total captured REs
(Table 6.3). Nevertheless, still no 45S rDNA and
CRB were included in the total assembly. Their
long sequence, highly repetitive nature, and
pericentromeric location could help explain their
exclusion in the current assembly (Pop and
Salzberg 2008; Wang et al. 2011a). Altogether,
these major repeats covered only about 2.3 Mbp
or less than 1% in the current assembly
(Table 6.3). As expected, this assembly did not
provide robust information about the proportional
abundance of major REs in the B. napus genome.

Upon read mapping of WGS to representative
sequences of these elements, the captured ele-
ments increased dramatically to about 124 Mb,
which is equivalent to about 11% of the genome
(Table 6.3). All elements were well represented,
even the 45S rDNA, which was not represented in
the assembly, was about double the copies of both
BSTRs together. In fact, it had the second-highest
genome proportion (2.7%), second only to
CentB1 (3.6%). In terms of copy number, the
shortest elements, CentB1 and CentB2, had the
most numbers (228,030 and 51,093, respec-
tively), and the dispersed BoCopia had the least
(284 copies). Overall, based on total accumulated
length of all ten repeat elements, the in silico
WGS read mapping captured 55 times more than
what was present in the current assembly. This
corroborates the observed accumulation of major
repeats in the unassembled portions.

In the current B. napus genome assembly,
about 35% comprises TEs alone—excluding TRs
(Chalhoub et al. 2014). This represented 97% of
the total REs included in the assembly (Fig. 6.1).
With the RE families in this work, we captured
11% of the total genome which represented 45%
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of the total unassembled fractions. The remaining
55% of this fraction needs to be analyzed further.
Considering that only four TEs and six TRs were
used in this survey could partially explain why
only 11% of the genome was captured. Appar-
ently, it may be necessary to also check other
elements, especially other non-LTR retrotrans-
posons, Ty1/Copia, other CACTA elements,
miniature TEs, and Helitrons, which are well
represented in the current assembly (Chalhoub
et al. 2014). Other members may not have been
captured in the assembly and not included in our
current analysis. However, an underestimation is
possible considering several limitations and bia-
ses in identifying and estimating REs through
computational analyses (Macas et al. 2007;
Schatz et al. 2012; Treangen and Salzberg 2011).

To address this concern in quantifying geno-
mic abundance while simultaneously checking
genomic distribution of major REs, we carried out
molecular cytogenetic analysis using FISH with
the ten REs as probes. By signal-
to-whole-chromosome area ratio, FISH facili-
tated estimation of this hidden fraction to about
31% (Table 6.3). CentB1 occupied the largest
genomic portion followed by 45S rDNA, a pattern
in congruence with that observed through WGS
mapping. There is a general proportional increase
of repeats estimated through molecular cytoge-
netics compared with those from in silico analysis.
However, it is important to note that it is possible
that these results could be an overestimate con-
sidering the wider area covered by fluorescence
than the actual physical size. Thus, there is room
for the development of more accurate RE quan-
tification approaches. However, presently both
WGS read mapping and FISH present a plausible
approach toward this objective.

6.4.2 Cytogenetic Mapping of Major
Repeats Discriminates
Subgenomes
and Individual
Chromosomes

Identification of individual chromosomes is nec-
essary for integrating genetic linkage groups and

physical maps (Jiang and Gill 2006), and in
understanding the dynamics of genomes in com-
parative cytogenomic studies (Iourov et al. 2008),
particularly in the context of crop improvement.
However, this has often been difficult especially
among crops with small chromosome sizes,
monomorphic chromosome arm ratios, and sim-
ilar chromosome lengths (Waminal et al. 2012;
Pich et al. 1995). Even with the availability of
several routinely used cytogenetic markers such
as 5S and 45S rDNA, which are localized to only
a few chromosomes, other chromosomes are
often difficult to identify. This is further aggra-
vated by polyploidy, which increases chromo-
some number (Vrána et al. 2015). For instance,
identifying subgenomes in B. napus has proven
difficult due to the high homology of the An and
Cn subgenomes (Snowdon et al. 1997). Although
genomic in situ hybridization (GISH) studies
have discriminated these two subgenomes, clear
distinct discriminating signals are often difficult
to obtain (Snowdon et al. 1997; Howell et al.
2008). Meanwhile, genomic distribution of major
repetitive DNA has shown potential for identi-
fying individual chromosomes and in resolving
subgenomes without GISH (Macas et al. 2007;
Hribova et al. 2010; Alix et al. 2008; Choi et al.
2014).

The Cn subgenome-specific hybridization of
BoCACTA and BoCopia elements enabled easy
and accurate discrimination between An and Cn

subgenomes without many background signals
using a general FISH procedure without the need
for block DNA such as needed in GISH
(Fig. 6.2; Alix et al. 2008). This was particularly
useful in discriminating the overlapping chro-
mosome lengths of the shorter chromosomes of
Cn from longer chromosomes of An. It is
important to note that although Cn chromosomes
are generally longer than An, the shorter chro-
mosomes of Cn such as Cn09 could be difficult to
distinguish from those in An such as An07.

Another important method to accurately
identify chromosomes is multicolor-FISH (Koo
et al. 2004; Wang et al. 2012). This allows
mapping of several probes (five probes in this
case) in one FISH experiment (e.g., Kato et al.
2004), and if chromosomes are in good condition,
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slides can be reprobed (Jiang and Gill 2006) up to
four or five times; thus, increasing the number of
probes (5 � 4 * 5 = 20 * 25) to be analyzed

in a shorter period of time while allowing more
accurate characterization of individual chromo-
somes from a single chromosome spread. In this

Fig. 6.2 Genomic distribution and evolution of major
repeats in Brassica napus. a Karyogram of B. napus
based on the distribution of major DNA repeats. Yellow
and red arrows indicate major chromosomal rearrange-
ments within the AnAn and CnCn subgenomes, respec-
tively. Note that the CnCn chromosomes, although fewer
in number, are generally larger than those of the AnAn,
reflecting the genomic difference between the two diploid
species. CRB is seen in all chromosomes while
BoCACTA elements are specific to CnCn subgenome.

Bar = 10 lm. b Karyotype idiogram of B. napus rDNA
with red border represents hemizygous loci, most likely
from homeologous unequal crossover. Darker chromo-
somes of the Cn subgenome indicate preferential
hybridization of BoCACTA and BoCopia transposable
elements. c Evolutionary dynamics of Brassica major
repeats. Blue and red arrows indicate GP increase and
decrease, respectively. Green circles indicate subgenome
specificity of repeats
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approach, illegitimate recombinations involving
REs could also be easily detected by comparing
signal patterns from different probes. For exam-
ple, an apparent loss of a 45S rDNA locus in one
An05 homolog resulted to a hemizygous 45S
rDNA An05 locus (Fig. 6.2). Additionally,
another 45S rDNA locus at Cn08 had an unbal-
anced copy number between the two homologs as
manifested by a considerably reduced signal in
one homolog. Similar patterns were observed in
some 5S rDNA loci (An09 and An10). Compared
with diploid B. rapa, the An06 STRa locus was
more reduced (Waminal et al. 2015). These

physically observed changes in locus size could
be explained by homologous recombination-
mediated unequal crossovers, and tandem
repeats are hot spots of these events (Kolomietz
et al. 2002; Plohl et al. 2012).

Hence, cytogenetic mapping of these ten REs
enabled an estimation of their genome abun-
dance, easy discrimination of subgenomes, and
identification of individual chromosomes and
some associated illegitimate recombinations.
A summary of individual chromosome features
observed through FISH analysis is listed in
Table 6.4.

Table 6.4 Features of individual Brassica napus chromosomes based on cytogenetic mapping of major repeats

An01 5S and 45S rDNA loci colocalized on the pericentromeric area of the long arm, CentBo1 on centromere,
major BoSTRa/b locus at the telomeric area of the short arm, a weak proximal BoSTRc signal on the short
arm, CRB

An02 CentBo1 on centromere and a weak BoSTRc on the subtelomere of the long arm, CRB

An03 NOR at the short arm, 5S rDNA at proximal region of short arm, CentBo2 on centromere, no STR signals,
CRB

An04 CentBo1 on centromere, BoSTRc on subtelomeric region of both arms with stronger signal on short arm,
CRB

An05 CentBo2 on centromere, major BoSTRc at telomeric region of long arm, and another weaker BoSTRc on the
subtelemeric region of the short arm, hemizygous 45S rDNA translocation on pericentric region of short arm,
pCRBr, CRB

An06 45S rDNA locus at the pericentromeric area of long arm, CentBo1 on centromere, the major BoSTRa/b locus
at telomeric region of short arm is reduced compared to its ortholog in B. rapa (Ar), weak colocalized
BoSTRc locus on short arm, pCRBr, CRB

An07 CentBo1, CRB

An08 CentBo1, weak BrSTRb at telomeric region of short arm, CRB

An09 Increased 45S rDNA signal at the intercalary region of the long arm when compared with its ortholog in B.
rapa, CentBo1 on centromere, BoSTc at telomeric region of long arm, pCRBr, CRB

An10 Weak 5S rDNA locus at intercalary region of short arm, CentBo1, weak BoSTRc on long arm, CRB

Cn01 Increased CentBo2 signal compared to its paralog in B. oleracea, no other readily observable repeat signals,
CRB

Cn02 CentBo1 signal, weak centromeric BoSTRc and telomeric BoSTRc on both arms, CRB

Cn03 CentBo2, telomeric BoSTRc at both arms, CRB

Cn04 With 5S rDNA at the pericentromeric area of long arm, CentBo1 and CentBo2, telomeric BoSTRc at both
arms with major signal on short arm, CRB

Cn05 With CentBo1 and CentBo2, centromeric and telomeric BoSTRa/b on short arm being the only major
BoSTRa/b signal, weak telomeric BoSTRc, CRB

Cn06 CentBo1, major BoSTRc signal on long arm, CRB

Cn07 45S rDNA on short arm, CentBo1, CRB

Cn08 Weak 45S rDNA on short arm, CentBo2, weak BoSTRc on both arms, CRB

Cn09 CentBo1 and weak CentBo2, weak telomeric BoSTRc on long arm, CRB
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6.5 Comparative Repeatomics
Reveals the Dynamics of Major
Repeats in Brassica Species

The ancestral karyotype of the family Brassi-
caceae consisted of eight chromosomes which
underwent several rounds of genome duplication
and subsequent lineage-specific rearrangements,
particularly involving REs, resulting to nine
chromosomes of B. oleracea being larger than
those of the ten chromosomes of B. rapa
(Liu et al. 2014; Lysak et al. 2006). Comparative
analysis of major repeats between B. oleracea
and B. rapa genomes provides two scenarios of
RE dynamics. The first suggests a continuous
amplification of TEs and TRs in the B. oleracea
genome over time after its divergence with
B. rapa about 4.6 million years ago, increasing
the genome size of B. oleracea (630 Mbp) to
more than that of B. rapa (540 Mbp) (Liu et al.
2014). The second posits a rapid loss of trans-
posable elements, e.g., BoCACTA, in B. rapa
during divergence from B. oleracea, which was
possibly driven by a slower reestablishment of
epigenetic control that could have prevented
homology-dependent, illegitimate recombination-
induced repeat loss in B. rapa (Fedoroff 2012;
Kelly et al. 2015).

During allopolyploidization, the merging of
two genomes often results in genomic shock
(Fedoroff and Bennetzen 2013; Fedoroff 2012;
Renny-Byfield et al. 2013). This consequently
initiates genome reprogramming by altering
epigenetic makeup. Although the exact mecha-
nisms and timeframe by which these events
happen is not yet fully understood (Fedoroff
2013a), we know that this often leads to genome
downsizing through elimination of DNA seg-
ments (Renny-Byfield et al. 2013; Renny-Byfield
and Wendel 2014), often repetitive DNA frag-
ments, a process aimed at reestablishing stable
meiotic pairing and fertility in incipient
allopolyploids (Fedoroff 2012; Renny-Byfield
and Wendel 2014). In the absence of genome
downsizing and element amplification in
allopolyploids, an additive number of elements
relative to the diploid progenitors can be expec-
ted. However, genome downsizing after

allopolyploidization seems to be a rule rather
than an exemption, although increased genome
sizes have been reported (Renny-Byfield et al.
2013). DNA loss could even be biased toward a
specific subgenome such as those observed in
Nicotiana tabacum (Renny-Byfield et al. 2012),
and allopolyploid cotton (Paterson et al. 2012).
Consequently, the resulting allopolyploid often
has a unique genomic make up relative to the
diploid progenitors.

Accordingly, eight of the ten B. napus repeat
elements in this survey showed a non-additive
reduction of size; in fact, about a 24% GP
reduction than what was expected relative to the
genome sizes of the diploid progenitors
(Figs. 6.2 and 6.3). The assembled centromeric
repeats were the most reduced, followed by 45S
rDNA, pCRBr, 5S rDNA, BoCACTA, BoCopia,
and CRB (Fig. 6.3). However, BSTRs show
non-additive amplification in the B. napus gen-
ome compared with its diploid progenitors, with
BSTRb having more copies than BSTRa
(Figs. 6.2 and 6.3). Satellite DNA regions are
amplified/contracted in a very short evolutionary
time as a result of unequal crossover between
homologous sequences (for review on satellite
DNA evolution, Plohl et al. 2012). Moreover,
45S rDNA loci are often targets of rapid locus
elimination and reorganization among polyploids
(Pellicer et al. 2010b, c). An increase of BSTRs
in B. napus may have added benefits and con-
sequently could have undergone positive selec-
tion, whereas other extra elements of other repeat
families may not be necessary at all (Plohl et al.
2012).

Aside from interspecific variations with its
diploid progenitors, copy number and GR size
variation among the nine B. napus accessions
were also observed (Fig. 6.4). Seven of the nine
accessions showed relatively similar amounts of
REs. However, two accessions, Bn-1 and Bn-2,
generally had much lower TR copies, although
they have much more 45S rDNA, compared with
the other seven accessions (Fig. 6.4a, c). Addi-
tionally, centromeric and pericentromeric retro-
transposons were more abundant in these two
accessions (Fig. 6.4b, d). A similar intra-species
repeat number variation was reported among

6 Quantity, Distribution, and Evolution … 121



several B. oleracea morphotypes (Perumal et al.
2017). In this previous study, some morphotypes,
such as cauliflower and broccoli, had more
CentBo1 than CentBo2. Some morphotypes, or
accessions, apparently have unique RE compo-
sitions. We are aware of the limitations of in
silico analysis in quantifying these repeats, which

could have contributed to the observed value
differences, especially considering the fewer
WGS reads used in Bn-1 and Bn-2 (Table 6.1).
However, the stark higher abundance of 45S
rDNA and total TE in these two B. napus
accessions indicate RE abundance independent
from the amount of random WGS reads used.

Fig. 6.3 Comparative analysis of major repeats in B.
rapa, B. oleracea, and B. napus. a Copy number of each
repeat family in each genome analyzed. Values for TR

and TE are shown in separate charts. b Genome propor-
tions of major repeats for each genome analyzed
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Consequently, the impact of variation in RE
abundance warrants further analyses, especially
when taking into account a previous report that
demonstrated a link between TE abundance
variation and environmental adaptation (Kalen-
dar et al. 2000).

Meanwhile, genome specificity of some TEs,
as observed in the diploid progenitors, has been
retained within the B. napus genome. BoCopia
and BoCACTA retained their Cn specificity, and
pCRBr its An specificity (Figs. 6.2 and 6.3). How
certain elements are retained in different sub-
genomes, in the context of allopolyploidization,
can be explained by epigenetic control mecha-
nisms (Plohl et al. 2012; Fedoroff 2012), which
will be discussed further in the following section.

6.6 Evolutionary Implications
for Fluctuation of RE Fraction

Genome size variation within and among species,
regardless of organism complexity or the number
of protein coding genes, is commonly known as
the C-value paradox (Pagel and Johnstone 1992;
Freeling et al. 2015; Rosbash et al. 1974; Eddy
2012), and is attributed, as mentioned above,

mainly to the size fluctuation of REs copy
number. For instance, differential accumulation
of several TE families, including tandem repeats,
has defined the genomes of several Fritillaria
species in the absence of WGD (Kelly et al.
2015). This phenomenon also caused intra-
species genome size variations in Helianthus
annuus and other plants (Price and Johnston
1996; Wendel and Wessler 2000). Moreover,
growing evidence supports the importance of this
genomic fraction in proper genome function and
evolution (Wei et al. 2013; Nowak 1994; Shapiro
and von Sternberg 2005; Pardue and DeBaryshe
2003; Hall et al. 2005; Biémont and Vieira 2006;
Freeling et al. 2015; Kalendar et al. 2000), par-
ticularly regarding their significant roles in
chromosome segregation, gene expression, and
heterochromatin maintenance (Pardue and
DeBaryshe 2003; Biemont 2010; Sarilar et al.
2011; Sampath et al. 2013; Wolfgruber et al.
2009; Goodier et al. 2012; Peng and Karpen
2008). An important study by Kalendar et al.
(2000) revealed the link between RE content
fluctuation among individuals within a species
and environmental adaptation. These examples
demonstrate the adaptive and evolutionary
importance of REs.

Fig. 6.4 Summary of major repeat composition in the
nine B. napus accessions based on reference mapping. a,
b Copy number-based genomic representation of tandem

repeats and transposable elements among nine B. napus
accessions. c, d Corresponding length in kilobase from
a, b
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Studying the fluctuation of RE fraction is
therefore an invaluable approach in understand-
ing phylogenetic relationships, since genomic
changes are quantifiable and can reveal variations
among accessions and species. For example, the
RE composition of B. rapa and B. oleracea are
unique for each species (Waminal et al. 2015), so
are the RE compositions among accessions in B.
oleracea (Waminal et al. 2016) and B. napus.
However, in Brassica, no studies have yet shown
the direct phenotypic impact of RE fraction size
variation to crop biology.

In Brassica, heterochromatins are mostly
localized in centromeric and pericentromeric
regions (Lim et al. 2007), where most REs are
localized (Fig. 1A, B). CRB is a common cen-
tromeric component of the B. rapa (Ar), B. nigra
(Bn), and B. oleracea (Co) genomes. However,
the absence of CentB hybridization in B. nigra
supports the earlier divergence of the Bn genome
from the Ar and Co genomes (Lim et al. 2007;
Koo et al. 2011; Arias et al. 2014). However,
FISH analysis of Brassica STR showed
genome-specific evolution of these subtelomeric
repeats (Waminal et al. 2016) since their diver-
gence. BSTRa seemed to be ‘preferentially’
selected in the B. rapa genome compared with
BSTRb, while the opposite was observed in B.
oleracea. This eventually led to a greater abun-
dance of BSTRb than BSTRa in B. napus after the
genome merger. Mechanisms that control their
retention or elimination are being studied in more
detail (Fedoroff 2012; Fablet and Vieira 2011).

Understanding how REs are controlled is
necessary to exploit their underlying potential for
crop improvement. Studies on sophisticated plant
epigenetic control mechanisms, (Haag and
Pikaard 2011; Slotkin and Martienssen 2007;
Fedoroff 2012; Bennetzen and Wang 2014) for
example, have elucidated this objective. DNA
and histone modifications, which have a central
feedback control mechanism involving siRNAs,
are at the core of genome dynamics regulation to
ensure genome homeostasis (see Haag and
Pikaard 2011; Peng and Karpen 2008; Fedoroff

and Bennetzen 2013; Fedoroff 2012). Events such
as abiotic stress responses (Petit et al. 2010),
polyploidization, or small-scale duplications
(Renny-Byfield et al. 2013; De Smet et al. 2013)
that disrupt this homeostasis can initiate TE and
TR removal or accumulation. The trade-off
between removal and accumulation of repeat
elements depends on the temporal reestablish-
ment of the epigenetic mechanisms that buffer the
adverse effects of TEs and TRs, such as aneu-
ploidy—or worse, sterility (Kelly et al. 2015;
Fedoroff 2012). After genomic shock, rapid
reestablishment of epigenetic control enables
regulation of REs, locking them to recombina-
tionally inert heterochromatin, resulting in larger
genomes than when epigenetic mechanisms were
reestablished more slowly. The latter provides
more opportunities for homologous and illegiti-
mate recombinations that removes DNA frag-
ments and causes genome downsizing to occur
(Kelly et al. 2015; Fedoroff 2012).

The same mechanisms (i.e., unequal cross-
overs of homologous sequences and repeat
transposition) that are responsible for DNA seg-
ment deletion are also models that explain the
homogenization and spread of repeats between
sister chromatids, homologous chromosomes,
and non-homologous chromosomes (Walsh
1987; Cohen et al. 2003; Hall et al. 2005;
Charlesworth et al. 1994; Dover 1982). Unequal
crossovers usually result in higher-order repeat
units consisting of more than one type of element
and variation in lengths of arrays (Hall et al.
2005; Talbert and Henikoff 2010; Plohl et al.
2012). Other mechanisms such as gene conver-
sion, repeat transposition, and rolling circle
replication may amplify satellite arrays and cause
their spread into non-homologous chromosomes
(Hall et al. 2005; Dover 1986; Plohl et al. 2012).
Epigenetic control is an active cellular mecha-
nism that controls when recombination and
transposition should occur. Nonetheless, clear
reasons regarding how and why they happen in
response to abiotic stresses are unknown (Fedo-
roff 2013b).
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6.7 Summary and Perspectives

As demonstrated in previous studies in Pisum
sativum (Macas et al. 2007), Musa acuminata
(Hribova et al. 2010), and some Brassica species
(Waminal et al. 2015; Perumal et al. 2017;
Waminal et al. 2016), a survey of plant genomes
using NGS data and reference-guided mapping
(Kim et al. 2015) together with FISH analysis is
an excellent approach for quantifying and phys-
ically mapping repetitive genomic elements that
are mostly omitted during assembly. This
approach captured about 11% of the B. napus
genome and enabled comparative ‘repeatomics’
analysis with its diploid progenitors. The fluctu-
ating pattern of total RE fraction between B.
napus and its diploid progenitors, as well as
among different B. napus accessions further
demonstrates that RE dynamics is responsible for
the huge genome size variations among acces-
sions of the same species (Wendel and Wessler
2000) or species in the same genus (Kelly et al.
2015; Renny-Byfield et al. 2013). We know that
epigenetic control is at the center of this fluctu-
ation; nevertheless, even with the current
advances in genomics and epigenetics, accurate
reasons for how and why these REs respond to
abiotic stresses remain unknown. However, with
further research, a robust explanation of the
mechanisms that underlie the interconnectedness
of the environment, genome, and organisms will
be determined.

The empirically demonstrated correlation of
TE size variation and environmental adaptation
within species (Kalendar et al. 2000) is interest-
ing, but whether repeatomics could have a pre-
dictive value in relation to agronomically
favorable traits is questionable, but perhaps
worth pursuing, particularly in the context of
crop improvement, such as the oil content in B.
napus (Delourme et al. 2006). Additionally, the
power of WGS and FISH estimation approaches
may further be corroborated by optical mapping
(Tang et al. 2015; Lam et al. 2012) to provide
accurate, single-molecule resolutions of
mega-base tandem repeats, which represented a
large portion of the unassembled fractions of the
three species in this work. This would be

particularly useful in analyzing RE fractions to
support sequencing projects of species with large
genomes, such as Allium species (Jakse et al.
2008), Fritillaria species (Kelly et al. 2015), and
Paris japonica (Pellicer et al. 2010a).
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