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ABSTRACT The genus Brassica is an important resource for major agricultural products such as oils, vegetable and fodder. The
Brassiceae tribe-specific whole-genome triplication that occurred ~15.9 million years ago influenced the speciation and morphological
diversification that has been exploited in agriculture, making Brassica an excellent model system for studying polyploidi-
zation-mediated evolution. Genome sequencing and comparative genome analysis have revealed conserved structures and uncovered
the genome evolution of Brassica species. While chromosome shuffling and asymmetric subgenome gene retention are widely reported
in Brassica species, limited information is available about the dynamics of repetitive elements (REs), which are central to epigenetic
mechanisms and thus play a pivotal role in plant genome adaptation and evolution. The assembled reference genome sequences of B.
rapa (AA) and B. oleracea (CC), and their derived allotetraploid, B. napus (AACC), cover 58%, 86%, and 75% of their respective
estimated genome sizes. The remaining non-assembled genome portions vary between these three genome sequences, and the major
components remain hidden in each genome. Here, we review the dynamics of the major Brassica repeats that have played roles in
speciation of the AA, CC, and AACC genomes. We show that 10 major Brassica repeats appear to occupy more than 50% of each
respective unassembled genome sequence, yet represent less than 1% of assembled reference genome sequences. We have estimated
their genome proportions using whole-genome Illumina reads and cytogenetic analyses in an attempt to understand the role of these
repeats in genome evolution.
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INTRODUCTION

About 39 species and numerous morphologically
distinct varieties comprise the genus Brassica (http://www.
theplantlist.org/tpll.1/search?q=brassica). While many are
considered weeds, three diploids (B. rapa, AA; B. nigra,
BB; and B. oleracea, CC) and three allotetraploids (B.
Jjuncea, AABB; B. carinata, BBCC; and B. napus, AACC)
comprising the U’s triangle (Fig. 1), receive more attention
owing to their economic impact as sources of vegetable,
condiments, fodder, and oil (Nagaharu 1935; Cheng ef al.
2015a).

The genomes of the three diploid species are highly
syntenic and can be traced back to a whole-genome
triplication (WGT) event after the divergence of the tribe

Brassiceae and Arabidopsis lineages (Fig. 2) (Lysak et al.
2005; Panjabi et al. 2008; Cheng et al. 2015a). However,
several rounds of genomic rearrangements and re-diploidi-
zation have resulted in genomic downsizing and several
chromosome fission/fusion events, leading to the current
states of 2n=20, 2n=16, and 2n=18 in the extant AA, BB,
and CC genomes, respectively. This conclusion has been
supported by the observation of more rapid chromosomal
evolution in Brassica genomes than in animals and other
plants (Lagercrantz 1998).

In addition to biased gene loss, genomic data have
revealed that the fluctuating total genomic content of REs
has influenced the reduction/amplification of the genome
sizes of these three species (Wang et al. 2011b; Navabi et
al. 2013; Chalhoub et al. 2014; Liu et al. 2014). REs are
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Fig. 1. U’s Triangle diagram depicting the genomic rela-
tionships between the six economically important
Brassica species comprising three diploids (circles)
and three allotetraploids (hexagons). Darker gray
(diploid) and purple (tetraploid) backgrounds re-
present species included in the survey of Brassica
major repeats.

PM: pseudomolecule, TEs: transposable elements.
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actively involved in shaping these genomes. In fact, they
play roles in the formation of subgenome dominance in B.
rapa (Cheng et al. 2015b) and are central to the epigenetic
mechanisms that maintain cellular homeostasis (Fedoroff
2012).

Despite their importance, REs are often responsible for
bottlenecks in the genome assembly of short whole-
genome sequence (WGS) reads. Most plant genome
assemblies reported so far cover the euchromatic or
non-repetitive fractions, leaving the repetitive fractions
relatively unassembled (Michael and Jackson 2013). This
situation arises not because there is little interest in the
repetitive fractions, but rather due to the difficulty of
anchoring REs into assemblies because of limitations
inherent in current sequencing technologies and assembly
algorithms (Pop 2009; VanBuren et al. 2015). Along with
polyploidy, REs greatly influence the quality of genome
assemblies and ultimately the generation of high-resolution
pseudo-molecules (Michael and Jackson 2013). Con-

sequently, densely heterochromatic regions such as the
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centromere and peri-centromere are rarely represented in
assemblies, even for model plants such as rice and
Arabidopsis (Gao et al. 2015).

Despite these challenges, REs hold much information
related to epigenetic control mechanisms, chromosome
and genome dynamics, gene regulation, and genome
evolution (Nowak 1994; Mihai et al. 2002; Biémont and
Vieira 2006; Chadwick 2009; Biemont 2010; Claros et al.
2012; Schatz et al. 2012; Melters et al. 2013; Mehrotra and
Goyal 2014; Renny-Byfield and Wendel 2014). Hence,
they deserve genome-wide analysis. In fact, understanding
their genomic distribution would help elucidate their
contribution to genome dynamics, landscape, and origin.
Moreover, this information would complement studies in
structural and functional genomics (Biemont 2010; Wang
et al. 2011a; Choi et al. 2014).

The release of the AA, CC, and AACC reference genomes
has provided a foundation for deeper understanding of the
dynamics of Brassica REs through comparative studies.
Moreover, the presence of inter-crossing species, nume-
rous morphological variants within each species, and a
relatively recent WGT make Brassica an excellent model
system for studying polyploid evolution.

The aim of this review is to focus on the utility of WGS
data in understanding the roles of REs in the evolution of
the AA, CC, and AACC Brassica genomes. We survey the
abundance, distribution, diversity, and dynamics of the 10
major Brassica repeats in the AA, CC, and AACC Brassica
genomes (Table 1). We discuss how the tribe Brassiceae-
specific WGT could have affected these features, and how
they could have contributed to the diversification of

Brassica species and morphotypes during evolution.

EVOLUTIONARY HISTORIES OF THE
AA, CC, AND AACC Brassica GENOMES

Whole-genome duplications (WGDs), regarded as
drivers of speciation, can promote (but not cause) increased
diversification (Tank ef al. 2015). Like most extant
angiosperm species, the Brassica AA, CC, and AACC
genomes have undergone numerous cycles of genome
expansion and contraction through segmental or WGDs,

followed by genome downsizing (Bowers et al. 2003;
Yang et al. 2006; Barker et al. 2009). These cycles are
stimulated by environmental stresses, natural hybridi-
zation, or artificial selection (Kalendar et al. 2000;
Fedoroff 2012; Cheng et al. 2015b). Often, large DNA
segments — even whole chromosomes — are lost during this
process (Koo and Jiang 2008). Extant species like B. rapa,
B. oleracea, and B. napus are therefore survivors of several
great genomic struggles.

An ancienty WGT, and 3 and oo WGD, is shared by many
eudicots and Brassica species, but a more recent and tribe
Brassiceae-specific WGT has greatly influenced the
diversification of genomes of the extant Brassica species
(Fig. 2). Although estimates differ for genome duplication
events and species divergence times (Bell ez al. 2010; Jiao
etal 2012; Lysak et al. 2005), a 2014 study estimated that
this WGT occurred around 15.9 million years ago (Liu et
al. 2014), after the split of the tribe Brassiceac from
Arabidopsis (Lysak et al. 2005; Yang et al. 2006).
Comparison of the Brassica diploid genomes to that of
Arabidopsis revealed 24 common syntenic genomic blocks
(GBs) named A—X, which are triplicated (72 GBs) in the
Brassica diploid genomes (Cheng et al. 2015a).
Comparative analysis of orthologous genes in these GBs
showed that the BB genome is more distantly related to AA
or CC genomes. This was further corroborated by the
discovery of a major chromosomal rearrangement in the
BB genome (Navabi et al. 2013).

Despite several potential WGT scenarios, the generally
accepted hypothesis involves a two-step triplication similar
to that explaining the evolution of hexaploid wheat (Liu et
al. 2009; Cheng et al. 2015¢). In this process, a diploid
ancestral genome with seven chromosomes, known as
translocation Proto-Calepineae Karyotype (tPCK), likely
hybridized via an allopolyploidization event to form a
tetraploid with subgenomes, referred to as medium
fractionated (MF;) and most fractionated (MF,) (Cheng et
al. 2012; Tang et al. 2012; Cheng et al. 2015a). This was
followed by another allopolyploidization with another
diploid tPCK genome, least fractionated (LF), resulting in
a genome with three sets of tPCK subgenomes, each with
different levels of fractionation and reflecting different

evolutionary timescales (Cheng et al. 2015a; 2015b;
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2015c). Eventually, independent rounds of genome re-
organizations resulted in different chromosome numbers,
genome sizes, genes and RE content, and gene retention
and expression in different diploid Brassica species (Wang
et al. 2011b; Chalhoub ef al. 2014; Liu et al. 2014; Cheng
et al. 2015b). Finally, recurrent merging of the AA and CC
genomes occurred fewer than 1.0 million years ago,
resulting in the allotetraploid AACC genome (Mun ef al.
2009; Chalhoub et al. 2014).

GENOME STRUCTURES OF THE
Brassica AA, CC, AND AACC GENOMES

Reference genome assemblies were obtained from one
accession each for B. rapa and B. napus, and from two for
B. oleracea (Table 2). These assemblies covered 58, 86 and
76, and 75% of the estimated genome sizes of B. rapa, the
two B. oleracea accessions, and B. napus, respectively
(Wang et al. 2011b; Chalhoub et al. 2014; Liu et al. 2014;
Parkin et al. 2014). In most analyses, we used the 02-12 B.
oleracea accession because of high total assembly
coverage.

Most of the assembled fractions comprised non-repeti-
tive DNA, representing 45, 54, and 52% of each genome,
respectively (Fig. 3). Compared with B. oleracea, B. rapa
has fewer genes (41,174 vs. 54,475) and a smaller genome
size (485 Mb vs. 630 Mb) (Fig. 1, Table 2) (Wang et al.
2011b; Liu et al. 2014).

Sequences anchored to pseudo-molecules have even
lower values of 53, 61 and 69, and 63% relative to whole
genome sizes (Table 2) (Wang et al. 2011b; Chalhoub et al.
2014; Liu et al. 2014). REs occupy a space representing 13,

32, and 23% of the reference genome assemblies (Fig. 3),
with transposable elements (TEs) occupying up to 97% of
the total REs in the assemblies (Fig. 3). Class I TEs
represented 10, 24 and 22, and 20%, and Class II
represented 12, 15 and 15, and 14% of the assemblies with
N-gaps removed (Table 2). Additionally, about 42, 14, and
25% were not included in the reference genome assem-
blies. A survey of the unassembled fractions revealed an
abundance of tandem repeats (TR) compared to TEs (Fig.
3), corroborating the observation that REs, particularly
TRs, are difficult to assemble (Treangen and Salzberg
2011).

MAJOR REPEATS IN THE GENUS
Brassica

Most plant genomes contain a large proportion of class I
TEs, mainly of the LTR superfamily (Michael and Jackson
2013), while many nuclear TRs are of centromeric origin
(Melters et al. 2013). The 10 major repeats included in this
review represent Class I and Class II TEs, structural
satellite repeats, and housekeeping ribosomal RNA genes.
These include Brassica centromeric satellite repeats
(CentB1 and CentB2), DNA tandem repeats (5S and 455S),
Brassica subtelomeric repeats (BSTRa and BSTRD), a
centromeric retrotransposon in Brassica (CRB; Lim et al.
2007), a pericentromeric retrotransposon specific to B.
rapa (i.e., significantly abundant in B. rapa, but relatively
negligible in B. oleracea) (pCRBr; Lim et al. 2007), and
dispersed LTR and TIR elements, BoCop-1 and BoOCACTA,
respectively, specific to the B. oleracea genome. The

presence, absence, and differences in abundance of these

Table 2. Statistical summary of the composition of the three Brassica reference genome assemblies.

Genome Assembly Class I TE Class II TE No. of
0. O
Species Accessions size Pseudo-molecule Total Reference
genes
(Mb) (Mb) (coverage) (GP) (GP)
B. rapa Chiffu 485 257 (53%) 283.8 (58%) 282 (10%) 322 (12%) 41,174 Wang et al. (2011b)
B. oleracea  02-12 630 385 (61%) 539.9 (86%)  113.7 (24%) 715 (15%) 45,758 Liu et al. (2014)
TO1000 648 447 (69%) 488.6 (76%) 96.8 (22%)  65.0 (15%) 54,475 Parkin et al. (2014)
B. napus Darmor-bzh 1,130 712 (63%) 850.3 (75%)  148.0 (20%) 102.6 (14%) 101,040 Chalhoub et al. (2014)
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Fig. 3. Genomic proportions of assembled and unassembled sequences in Brassica napus and its diploid progenitors. (A)
B. rapa: Large inner pie chart represents the estimated total non-repeat genic fraction (yellow slice) and repeat
fraction (brown slice) of reference genomes. The outer doughnut chart represents the percentage of assembled
(purple slice) and unassembled (black slice) fractions relative to estimated genome sizes. Smaller pie charts at the
bottom left and right summarize the REs in the unassembled and assembled genome fractions, respectively. (B,
C) Same diagrams for B. oleracea and B. napus, respectively.

TEs: transposable elements, REs: repetitive elements, TRs: tandem repeats.

repeats in the Brassica genomes can be exploited to
understand their evolutionary dynamics, and perhaps the

roles they play in stabilizing their respective genomes.

REPRESENTATION OF REPEATS IN
THE AA, CC, AND AACC GENOMES

REs occupy a considerable proportion of both the
assembled and unassembled genomic fractions of B. rapa,
B. oleracea, and B. napus. Of the total genome sizes of B.
rapa (485 Mb), B. oleracea (630 Mb), and B. napus (1,130
Mb), only 58, 86, and 75% were assembled to scaffolds,
respectively (Fig. 3) (Wang et al. 2011b; Chalhoub ef al.
2014; Liu et al. 2014). Within these sequences, repetitive

DNA sequences accounted for 23, 41, and 35% (Wang et
al. 2011b; Chalhoub et al. 2014; Liu et al. 2014),
representing 13, 32, and 23% of each corresponding
genome (Fig. 3). On the other hand, non-REs representing
euchromatic regions covered 45, 54, and 52% of total
estimated genome sizes of B. rapa, B. oleracea, and B.
napus, respectively (Fig. 3).

Transposable elements (TEs) represented up to 97% of
total REs in the assembly (Fig. 3). By contrast, tandem
repeats (TRs) occupied only up to 3% (Fig. 3). Of the TEs,
retrotransposons or Class I TEs were more abundant than
DNA transposons or Class II TEs in B. oleracea and B.
napus, but not in B. rapa, which has a reverse pattern
(Waminal et al. 2016b). Class I TEs were mostly
represented by LTR retrotransposons, with 7y1/Copia
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more abundant than 7y3/Gypsy in both diploids (4.13
versus 3.42% in B. rapa, and 10.85 versus 8.86% in B.
oleracea), while present at comparable levels in B. napus
(8.05 versus 8.18%). Both diploid progenitors had different
major Class II TEs. Helitrons were more abundant than
CACTA elements in B. rapa (3.74 versus 1.94%), but the
reverse was observed in B. oleracea (3.96 versus 5.55%).
Accordingly, both elements had a similar representation in
B. napus (3.69 versus 3.83%).

TRs covered a much greater proportion of REs in the
unassembled genome fraction than TEs, although a
considerable proportion of TEs was also captured (Fig. 3).
By mapping assembly sequences and WGS reads of each
Brassica species to the 10 RE families used in this analysis,
a genomic proportion (GP) was estimated for the
assembled and unassembled fractions, respectively. In all
three species, the 10 repeats in the current assembly had less
than a 1% GP. On the other hand, these repeats had GPs of
19, 11, and 11% when WGS reads of B. rapa, B. oleracea,
and B. napus (Table 1), respectively, were analyzed. This
suggests that these 10 repeats were not included in the
original assemblies, but rather were mostly left in the
unassembled genome fraction.

Overall in the three species, while TEs tended to be more

abundant than TRs in the assembly, the opposite was
observed in the unassembled fraction. Accordingly, TRs
represent about 41, 47 and 35% of the unassembled
genome fractions of the AA, CC, and AACC genomes,
respectively (Fig. 3).

ABUNDANCE OF THE MAJOR REPEATS
IN Brassica

Of the three Brassica species, B. rapa had the highest
total GP of the 10 major repeats covering about 99 Mb
(19% of the genome), while B. oleracea and B. napus
covered 68 Mb (11%) and 124 Mb (11%), respectively
(Table 1). Of the 10 repeat families, CentB1 had the highest
GP in all three species, representing about 7, 3, and 4% of
the total genome size of the AA, CC, and AACC genomes
(Table 1). While the 45S nrDNA had the second highest GP
in B. rapa and B. napus, CentB2 was second in B. oleracea.
These in silico mapping results were corroborated by
fluorescence in situ hybridization (FISH) data, which
showed more ntDNA array loci in B. rapa and B. napus
than in B. oleracea (Fig. 4).

TRs had greater copy numbers than TEs. The shortest

Fig. 4. Fluorescence in situ hybridization mapping of the 45S (1) and 5S (2) rDNA in Brassica rapa (A), B. oleracea
(C), and B. napus (AC). Yellow arrows indicate hemizygous or highly reduced loci. Note the Bar=10 pm.
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Fig. 5. Fluorescence in situ hybridization mapping CentB1 (1) and CentB2 (2) in Brassica rapa (A), B. oleracea (C),
and B. napus (AC). Note the distinctive hybridization patterns in B. rapa and a more co-localized pattern in B.
oleracea. These patterns were mostly retained in B. napus (see idiogram in Fig. 7). Bar=10 pm.

elements, CentB1 and CentB2, had the highest genomic
representation (GR) in all three species (Table 1). Although
there is stark difference between the GR of CentB1 and
CentB2 in the AA and AACC genomes, a much smaller
difference was observed in the CC genome. Again, FISH
data corroborated this observation (Fig. 5). The next most
abundant repeat, in terms of copy number, was the BSTR
family. It is noteworthy that although BSTRa was pro-
minent in the AA genome, BSTRb was more abundant in
CC. Consequently, the abundances of BSTRa and BSTRb
were comparable within the AACC genome.

The GP of the CRB TE was comparable among the three
species. However, pCRBr and BoCACTA/BoCop-1
retained their A-genome and C-genome specificity, respec-
tively, even in the AA and CC subgenomes in the AACC
genome. These distributions of the 10 major repeats
demonstrate the dynamic amplification or contraction of

REs according to repeat family and host genome.

REPEATOMICS FOR IDENTIFICATION
OF SUBGENOMES AND INDIVIDUAL
CHROMOSOMES

FISH analysis and calculation of signal-to-whole-chro-
mosome area ratio allowed estimation of the 10 major
repeats to account for about 31% in all three genomes,
although individual repeats varied in abundance in each
genome (Table 1). FISH mapping revealed an abundance
of each repeat family that was proportional, despite being
higher in value, to that obtained from WGS read mapping.
It is, however, important to note that FISH signals could be
wider in area than the actual locus; thus, it is likely that
these values are overestimated. There is room for the
development of more accurate RE quantification tech-
niques, but both WGS read mapping and FISH used in this
analysis are plausible approaches towards this objective.

Identification of B. napus subgenomes has proven
difficult because of high homology between the AA and
CC subgenomes (Snowdon et al. 1997; Howell et al. 2008).
Meanwhile, genomic distribution of major repetitive DNA
has shown individual

potential for identifying

chromosomes and in resolving subgenomes without
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Fig. 6. Fluorescence in situ hybridization mapping of BoCop-1 (1) and BoCACTA (2) in Brassica rapa (A), B. oleracea

(C), and B. napus (AC). Note the C genome specificity of BoCop-1 and BoCACTA which is emphasized and
retained in B. napus. Bar=10 pm.
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Fig. 7. Karyotypic idiogram of Brassica rapa (upper left), B. oleracea (upper right), and B. napus (bottom) based on major
repeat distribution. Except for the genome-specific repeats (pCRBr, BoCop-1, and BoCACTA), all major repeats
are depicted. B. napus loci outlined in red depict hemizygous loci. Note the repeat dynamics such as the
rearrangements of the 45S rDNA loci in B. napus, especially the novel hemizygous locus in chromosome 5, and
the relative abundance of BSTR variants.

CRB: centromeric retrotransposon in Brassica.
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genomic in situ hybridization (GISH) (Macas et al. 2007,
Alix et al. 2008; Hribova et al. 2010; Choi et al. 2014). The
CC genome-specific hybridization of BoCACTA and
BoCop-1 elements enabled easy and accurate discrimi-
nation between AA and CC subgenomes without the need
for block DNA (Fig. 6) (Alix et al. 2008; Perumal et al. in
preparation). This was particularly useful in discriminating
the shorter CC chromosomes from the longer AA
chromosomes. It is important to note that although CC
chromosomes are generally longer than AA, shorter CC
chromosomes such as CC09 could be difficult to
distinguish from those in AA such as AA07 (Fig. 7).
Another important method to accurately identify chro-
mosomes is multicolor-FISH (Koo et al. 2004; Wang et al.
2012). This technique allows the mapping of several
probes (five probes in this case) in one FISH experiment
(e.g., Kato et al. 2004). Furthermore, if chromosomes are in
good condition, slides can be reprobed (Jiang and Gill
2006) four or five times, which increases the number of
probes (5 x 4~5 = 20~25) to be analyzed in a short period
of time while allowing more accurate characterization of
individual chromosomes from a single chromosome
spread. In this approach, illegitimate recombinations
involving REs may easily be detected by comparing signal
patterns from different probes. For example, the apparent
loss of a 45S rDNA locus in one AAO5 homolog resulted in
a hemizygous 45S rDNA AAO0S5 locus (Fig. 4 and 7).
Another 45S rDNA locus at CC08 had an unbalanced copy
number between the two homologs, as manifested by a
significantly reduced signal in one homolog. Similar
patterns were observed in some 5S rDNA loci (AA09 and
AA10) (Fig. 7). Compared with diploid B. rapa, the AA06
STRa locus was more greatly reduced (Waminal et al.
2015). These physically observed changes in locus size
could be explained by a recombination hotspot of repetitive
DNAs (Kolomietz et al. 2002; Plohl et al. 2012).
Genome specificity of some TEs, as observed in diploid
progenitors, has been retained within the B. napus genome.
C-genome specificity is retained in BoCop-1 and
BoCACTA, and pCRBr retained its A-genome specificity
(Fig. 6). How certain elements are retained in different
subgenomes, in the context of allopolyploidization, can be

explained by epigenetic control mechanisms (Fedoroff

2012; Plohl et al. 2012).

DYNAMICS OF MAJOR REPEATS IN
Brassica AND EVOLUTIONARY
IMPLICATIONS

Whole genome duplication and dynamic response of
REs

The seven-chromosome ancient karyotype of Brassi-
caceae was subjected to several rounds of genome
duplication and subsequent lineage-specific rearrange-
ments. This eventually resulted in nine B. oleracea and 10
B. rapa chromosomes, with B. oleracea having larger
chromosomes than B. rapa (Lysak et al. 2006; Liu et al.
2014; Cheng et al. 2015a). Comparative analysis of the
major repeats in B. oleracea and B. rapa genomes provides
two scenarios of RE dynamics for speciation of each
species. 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, thus
increasing the genome size of B. oleracea (630 Mbp) to
more than that of B. rapa (485 Mbp) (Liu ef al. 2014). The
second posits a rapid loss of transposable elements, e.g.,
BoCACTA, from B. rapa during divergence from B.
oleracea, which was possibly driven by a slower
reestablishment of epigenetic control. This could have
prevented homology-dependent, illegitimate recombi-
nation-induced repeat loss in B. rapa (Fedoroff 2012; Kelly
et al. 2015).

The merging of two genomes often results in genomic
shock (Fedoroff 2012; Fedoroff and Bennetzen 2013;
Renny-Byfield et al. 2013). This genomic shock initiates
genome reprogramming by altering the epigenetic makeup
that sometimes results in subgenome dominance, which is
observed in some plants (Paterson et al. 2012; Renny-
Byfield et al. 2012) including of the LF subgenome of B.
rapa, compared to its MF; and MF, subgenomes (Cheng et
al. 2012). Although the exact mechanisms and timeframe
by which these events happen is not yet fully understood
(Fedoroff 2013a), we know that they often lead to genome
downsizing through elimination of DNA segments (often
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repetitive DNA fragments) (Renny-Byfield et al. 2013;
Renny-Byfield and Wendel 2014), 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 expected. However, although increased genome sizes
have been reported (Renny-Byfield ef al. 2013), genome
downsizing after allopolyploidization seems to be a rule
rather than an exemption (Marhold and Lihova 2006).
Consequently, the resulting allopolyploid has a unique
genomic makeup relative to the diploid progenitors. REs
are, indeed, important players in a genome’s activity in the
onset of WGD.

Interspecific and intraspecific evolutionary footprints
of major Brassica repeats

Compared with its diploid progenitors, the assembled B.
napus centromeric repeats were the most greatly reduced,
followed by 45S rDNA, pCRBr, 5S tDNA, BoCACTA,
BoCop-1, and CRB (Table 1). BSTRs showed ampli-
fication in the B. napus genome compared with its diploid
progenitors, and BSTRb had more copies than BSTRa.
Satellite DNA regions are amplified/contracted in a very
short evolutionary time (for review on satellite DNA
evolution, Plohl ez al. 2012). Moreover, 45S rDNA loci are
often targets of rapid locus elimination and reorganization
among polyploids (Pellicer et al. 2010b; 2010c). An
increase of BSTRs in B. napus may have added benefits
and, consequently, could have wundergone positive
selection, whereas other extra elements of other repeat
families may not be necessary at all (Plohl ez al. 2012).

Aside from interspecific variations between the AA, CC,
and AACC genomes, variations in the copy number and GP
size of each major repeat family have also been observed in
the 11, 44, and nine B. rapa, B. oleracea, and B. napus
accessions, respectively (Unpublished data). In B. napus in
particular, seven of the nine accessions showed relatively
similar numbers of REs. However, the Bn-1 and Bn-2
accessions generally had fewer TR copies, although much
more 45S rDNA, compared with the other seven accessions
(Waminal et al. 2016b). Additionally, centromeric and

pericentromeric retrotransposons were more abundant in
these two accessions. A similar observation was reported
for several B. oleracea morphotypes (Waminal et al.
2016a), in which some morphotypes, such as cauliflower
and broccoli, had more CentBol than CentBo2. Some
morphotypes, or accessions, apparently have unique RE
compositions. We are aware of the limitations of in silico
analysis in quantifying these repeats, which could have
contributed to the observed value differences, especially
taking into account the fewer WGS reads used in Bn-1 and
Bn-2 (Waminal et al. 2016b). However, the higher
abundance of 45S rDNA and total TE in these two B. napus
accessions indicates an RE abundance independent from
the number of WGS reads used. This was also noted in our
previous study with B. oleracea (Waminal et al. 2016a).
Consequently, the impact of variation in RE abundance
warrants further analyses, especially considering a
previous report that demonstrated a link between variation
in TE abundance and environmental adaptation,
emphasizing the adaptive and evolutionary importance of
REs (Kalendar et al. 2000). Studying the fluctuation of the
RE fraction is therefore invaluable for understanding
phylogenetic relationships. Although no studies have yet
shown the direct phenotypic impact of variation in RE
fraction size on crop biology or phenotypic diversification
in Brassica, biased TE-regulated subgenome dominance in
B. rapa may have an influence on genes related to
production of phytohormones such as auxins, which are
involved in morphogenesis (Santner and Estelle 2009;
Cheng et al. 2015b). RE variance may thus be linked with
morphogenesis.

In Brassica, heterochromatins are mostly localized in
centromeric and pericentromeric regions (Lim ef al. 2007),
where most REs are localized. CRB is a common
centromeric component of the AA, BB, and CC genomes.
The absence of CentB hybridization in B. nigra supports
the earlier divergence of the BB genome from the AA and
CC genomes (Lim et al. 2007; Koo et al. 2011; Arias et al.
2014). FISH analysis has revealed genome-specific
evolution of the Brassica subtelomeric repeats (Waminal et
al. 2016) since their divergence. Compared with BSTRb,
BSTRa seemed to be preferentially selected in the B. rapa

genome, while the opposite was observed in B. oleracea.
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This eventually led to a greater abundance of BSTRb than
BSTRa in B. napus after the genome merger. Mechanisms
controlling their retention or elimination are being studied
and discussed in more detail (Fablet and Vieira 2011;
Fedoroft 2012).

The varying interspecific and intraspecific abundance of
different RE families provide an evolutionary footprint that
can be traced and studied to elucidate the evolutionary

pathways followed by each species or subspecies.

Epigenetic control of REs and crop improvement

Understanding epigenetics is of great importance in the
context of crop improvement, and number of studies have
revealed sophisticated plant epigenetic control mecha-
nisms (Slotkin and Martienssen 2007; Haag and Pikaard
2011; Fedoroff 2012; Bennetzen and Wang 2014). DNA
and histone modifications, which have a central feedback
control mechanism involving siRNAs, are at the core of
genome dynamics regulation to ensure genome homeo-
stasis (Peng and Karpen 2008; Haag and Pikaard 2011;
Fedoroff 2012; Fedoroff and Bennetzen 2013). Events
such as abiotic stress responses (Petit et al. 2010),
polyploidization, or small-scale duplications (De Smet et
al. 2013; Renny-Byfield er al. 2013) that disrupt this
homeostasis can initiate TE and TR removal or accumu-
lation. The tradeoff between the removal or accumulation
of TE and TR depends on the temporal reestablishment of
the epigenetic mechanisms buffering their adverse effects,
such as aneuploidy — or worse, sterility (Fedoroff 2012;
Kelly et al. 2015). Information locked in after reestablish-
ment of genome homeostasis is responsible for interspecies
and intraspecies variation and diversity. Exploitation of
these variations is an advantage for crop improvement, and
serves as a platform for further evolutionary processes.

The same mechanisms (i.e., unequal crossovers of
homologous sequences and repeat transposition) that are
responsible for DNA segment deletion are also models to
explain the homogenization and spread of repeats between
sister chromatids, homologous chromosomes, and non-
homologous chromosomes (Dover 1982; Walsh 1987;
Charlesworth ef al. 1994; Cohen et al. 2003; Hall et al.
2005). Unequal crossovers usually result in higher-order

repeat units consisting of more than one type of element,

and variation in array lengths (Hall et al. 2005; Talbert and
Henikoff 2010; Plohl ef al. 2012). Other mechanisms such
as gene conversion, repeat transposition, and rolling circle
replication may amplify satellite arrays and cause their
spread into non-homologous chromosomes (Dover 1986;
Hall et al. 2005; Plohl et al. 2012). Epigenetic control is an
active cellular mechanism that controls when recombi-
nation and transposition should occur. Nonetheless, clear
reasons as to how and why they happen in response to

abiotic stresses are unknown (Fedoroff 2013b).

SUMMARY AND PERSPECTIVES

Previous studies have demonstrated the feasibility of
using WGS mapping and FISH analysis to quantify those
repetitive genomic elements that are mostly left out of
assemblies (Macas et al. 2007; Hribova et al. 2010;
Waminal et al. 2015). This approach also enables com-
parative “repeatomics” analysis between B. napus and its
diploid progenitors, promoting understanding of repeat
dynamics and its contribution towards shaping the
Brassica genomes. We know that epigenetic control is at
the heart of genome plasticity; nevertheless, even with
recent advances in genomics and epigenetics, how and why
these REs respond to abiotic stresses remain unknown.
With further research, a robust explanation of the
mechanisms underlying the interconnectedness of environ-
ments, genome, and organisms may be determined.

Whether repeatomics has predictive value in relation to
agronomically favorable traits remains unclear, but is
perhaps worth pursuing. Additionally, the power of WGS
and FISH repeat quantification may be further improved by
long-read sequencing technologies like PacBio (Eid ef al.
2009; Ferrarini et al. 2013) and optical mapping (Lam et al.
2012; Tang et al. 2015) to provide accurate, single-
molecule resolutions of the mega-base tandem repeats that
represented a large portion of the unassembled fractions of
the three species in this work. Applications of this approach
would be particularly useful for analyzing RE fractions 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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