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ABSTRACT Locating centromeres on genome sequences can be challenging. The high density of repetitive elements in these regions
makes sequence assembly problematic, especially when using short-read sequencing technologies. It can also be difficult to distinguish
between active and recently extinct centromeres through sequence analysis. An effective solution is to identify genetically active
centromeres (functional in meiosis) by half-tetrad analysis. This genetic approach involves detecting heterozygosity along chromosomes
in segregating populations derived from gametes (half-tetrads). Unreduced gametes produced by first division restitution mechanisms
comprise complete sets of nonsister chromatids. Along these chromatids, heterozygosity is maximal at the centromeres, and
homologous recombination events result in homozygosity toward the telomeres. We genotyped populations of half-tetrad-derived
individuals (from Brassica interspecific hybrids) using a high-density array of physically anchored SNP markers (Illumina Brassica 60K
Infinium array). Mapping the distribution of heterozygosity in these half-tetrad individuals allowed the genetic mapping of all 19
centromeres of the Brassica A and C genomes to the reference Brassica napus genome. Gene and transposable element density across
the B. napus genome were also assessed and corresponded well to previously reported genetic map positions. Known centromere-
specific sequences were located in the reference genome, but mostly matched unanchored sequences, suggesting that the core
centromeric regions may not yet be assembled into the pseudochromosomes of the reference genome. The increasing availability of
genetic markers physically anchored to reference genomes greatly simplifies the genetic and physical mapping of centromeres using
half-tetrad analysis. We discuss possible applications of this approach, including in species where half-tetrads are currently difficult to
isolate.
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IN the age of next-generation sequencing, many new aspects
of the genome are being revealed (Metzker 2010). How-

ever, certain genomic features still remain recalcitrant to

sequence-based analysis. The most obvious of these are repeat
sequences; assembly of large repetitive regions using the cur-
rent generation of technologies is very difficult (Metzker
2010). Unfortunately, these repeat sequences also hide a
chromosomal feature of great interest to many geneticists:
the centromere. Assembly of centromeric sequences is noto-
riously problematic (Rudd and Willard 2004), and locating
the centromeres on both genetic and physical maps is difficult
to achieve (Copenhaver et al. 1999). Adding to the complex-
ity, previously active centromeres have been demonstrated to
become inactive (no longer functional in meiosis) after chro-
mosome fusion or polyploidization events (Han et al. 2006),
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and active centromeres donot always have associated sequence-
based motifs (Nasuda et al. 2005; Zhang et al. 2010).

Genetic mapping of centromeres using tetrads or half-
tetrads avoids these sequence-based pitfalls. Tetrad analysis
was developed in fungi (Mather and Beale 1942), but has
been rarely applied to locate functional centromeres in plant
genomes, with Arabidopsis thaliana being the most notable
exception (Copenhaver et al. 1999). The physical location of
functional centromeres on reference genomes can be inferred
from genetic map positions via physically anchored markers
(Copenhaver et al. 2000). Full-tetrad analysis in plants is
contingent on the availability of mutants where tetrads fail
to disassociate during pollen development (Copenhaver et al.
2000). Pollen tetrads have been reported in hundreds of spe-
cies to date (Copenhaver 2005); however, manual isolation
of individual tetrads can be challenging (Copenhaver et al.
2000; Ludlow et al. 2013). Half-tetrad analysis may be more
readily applicable: unreduced (2n) gametes have been re-
ported in a wide range of plant and animal species (Ramsey
and Schemske 1998). The frequency of unreduced gametes is
low in most species, but can be enriched in populations de-
rived from interspecific, interploid or translocation hybrids
(Ramsey and Schemske 1998; Ramanna and Jacobsen
2003; Mason et al. 2011b). Unreduced gamete production
can also often be induced or enhanced by environmental
stimuli (Ramsey and Schemske 1998; Mason et al. 2011b;
De Storme et al. 2012). Half-tetrad analysis has been carried
out in a number of animal species to map centromeres: zebra-
fish (Johnson et al. 1995), cape honeybee (Baudry et al.
2004), abalone (Nie et al. 2012), Japanese eel (Nomura
et al. 2006), oyster (Hubert et al. 2009), carp (Liu et al.
2013), turbot flatfish (Martinez et al. 2008), and sea cucum-
ber (Nie et al. 2011). Plant species centromeres have been
genetically mapped using half-tetrad analysis in maize
(Schneerman et al. 1998; Lin et al. 2001), alfalfa (Tavoletti
et al. 1996), mandarin (Cuenca et al. 2011; Aleza et al. 2015),
and potato (Park et al. 2007).

Many different mechanisms of unreduced gamete forma-
tion exist [reviewed by Bretagnolle and Thompson (1995),
Brownfield and Köhler (2011), and Veilleux (1985)]. For
half-tetrad analysis, unreduced gametes must be produced
by either a first-division restitution-like mechanism (FDR)
or a second-division restitution-like mechanism (SDR) that
in both cases permits homologous chromosome pairing at
metaphase I. In FDR, the first meiotic division fails to separate
nonsister chromatids, resulting in a mitosis-like division (but
often with homologous chromosome pairing). In SDR, the
second meiotic division fails to separate sister chromatids.
The principle of centromere mapping relies on the fact that
in FDR, both centromeres of each pair of nonsister chroma-
tids are transmitted to the resulting gamete, resulting in per-
fectly heterozygous centromere regions in every gamete.
Recombination events convert distal chromosome locations
from heterozygous to homozygous states. Therefore, across
the FDR gamete population the frequency of heterozygosity
decreases as the distance from the centromere increases, due

to homologous recombination events. In half-tetrad analysis
via SDR (failure of meiosis to separate sister chromatids), both
centromeres of each pair of sister chromatids are transmitted
to the resulting gamete. This results in perfectly homozygous
centromere regions in every SDR gamete, but with increasing
heterozygosity toward the telomeres across the SDR gamete
population due to homologous recombination events.

In previous half-tetrad analyses, centromere locations
were mapped using low-throughput marker (e.g., microsatel-
lite) genotyping of populations derived from interploid crosses
or chromosome translocation hybrids (Zhao and Speed 1998).
In the absence of reference genome sequences, these studies
used either highly sophisticated mapping algorithms or a two-
step approach whereby markers were first allocated to posi-
tions on chromosomes and then heterozygosity levels were
independentlymapped to identify centromere locations (Zhao
and Speed 1998). This technical complexity, along with the
relatively few systems with reproducibly high frequencies of
unreduced gametes, may in part explain why comparatively
few species have currently undergone half-tetrad analysis.

Here we demonstrate how current genomic technologies
can be applied for very simple mapping of centromeres, using
markers of known genomic locations. Using the recently re-
leased Illumina Infinium 60K SNP chip for Brassica napus, we
undertook centromere mapping in a population cultured
from unreduced microspores of B. napus 3 B. carinata hy-
brids (genome configuration CCAB), and B. juncea3 B. napus
hybrids (genome configuration AABC). Our results for half-
tetrad mapping of the C-genome chromosomes using a
smaller population were reported previously in Parkin et al.
(2014). Here, we describe our method in full and report its
application to the A-genome and to larger C-genome popu-
lations (providing greater resolution) and the results of
a sequence-based centromere placement approach. All active
Brassica centromeres were physically mapped to the 10
A- and 9 C-genome chromosomes in the recently released
B. napus reference genome sequence (Chalhoub et al. 2014)
using half-tetrad analysis.

Materials and Methods

Experimental material

The experimental material comprised populations derived by
two different methods: microspore culture (to map both A-
and C- genome centromeres) and test crosses (C-genome
centromeres only). An overview of the methods used to
generate the experimental material is provided in Figure 1.

To generate the novel A-genomemapping population, four
different B. juncea 3 B. napus first generation interspecific
hybrids (AABC genome configuration; Supporting Informa-
tion, Table S1) were cultured to produce 86 total microspore-
derived progeny. These progeny sets contained 20, 23, 23,
and 20 individuals, respectively. Microspore culture was car-
ried out according to protocols detailed in Takahira et al.
(2011).
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For C-genomemapping,microspore-derived progeny from
CCAB hybrids were from two different groups. The first group
comprised a population of 81 individuals derived from gam-
etes of B. napus 3 B. carinata hybrids (CCAB genome) via
microspore culture. Detailed information about the produc-
tion of this population was provided by Nelson et al. (2009)
and Mason et al. (2011a). In Mason et al. (2011a) SNP geno-
typing was carried out for DNA samples from the 57 plants in
10 progeny sets identified as (1) resulting from unreduced
gametes and (2) having nonidentical haplotypes. The results
from this set of individuals were previously reported in
Parkin et al. (2014). The second group (new to this study)
comprised a population of 75 individuals also derived from
gametes of B. napus 3 B. carinata hybrids (CCAB genome)
via microspore culture. This population was generated at The
University of Western Australia following protocols detailed
in Takahira et al. (2011) as above. Four different interspecific
hybrid genotypes were cultured to produce 18, 16, 23, and 18
progeny, respectively (Table S1).

Also for C-genomemapping, a novel third population of 65
individualswas produced through test crossing of sixB. napus3
B. carinata interspecific hybrid genotypes (CCAB genome
composition) to B. juncea (six progeny sets, Table S1). Cross-
ing was carried out according to methods detailed in Mason
et al. (2012), using the B. napus 3 B. carinata hybrid as the
female parent in the cross.

Marker genotyping and half-tetrad analysis to identify
centromere locations

Genomic DNA was extracted from embryos, cotyledons, or
true leaves of the progeny sets following the method of Chen
et al. (2008) for the microspore-derived embryos and follow-
ing the microprep method of Fulton et al. (1995) for the
cross-progeny. The Brassica 60K Infinium array (Illumina,
San Diego) was used to generate SNP marker data for the
experimental populations, parental species, and B. napus 3
B. carinata and B. juncea3 B. napus interspecific hybrid con-
trols (Mason et al. 2014a). Data were visualized in Genome
Studio (Illumina). In total, 7,168 A-genome-specific SNP
markers and 13,819 C-genome-specific SNP markers were
polymorphic between the two parent genotypes of at least
one progeny set in the experimental population and could
be uniquely located on the B. napus “Darmor” reference se-

quence (Chalhoub et al. 2014). This resulted in an average
SNP density of one SNP every 42 kbp in the A genome and
one SNP every 36 kbp in the C genome. Putatively multilocus
SNP markers (as evidenced by heterozygosity in the homo-
zygous parent lines or by multiple genotype clusters in
Genome Studio) and SNPs with haplotype patterns not
matching the chromosome on which they were putatively
located were removed from the analysis [see Mason et al.
(2014a) for a detailed description of this method]. SNP
markers that were monomorphic between parent genotypes
within a progeny set were set as missing values. Missing
values in haplotype blocks were imputed from flanking
markers when available and to the ends of chromosomes.
Resulting percentage of heterozygosity in each haplotype
block across the populationwas plotted for each chromosome
to identify “peaks” of high heterozygosity in FDR unreduced
gamete-derived individuals putatively representing the ge-
netic centromere locations. SNPs with the maximum hetero-
zygosity for each chromosomewere assumed to be within the
centromere region. The first SNP marker to show decreased
heterozygosity in the direction of each telomere was taken as
a flanking marker for the centromere boundary. SNP marker
locations were derived from the published B. napus Darmor
genome sequence (Chalhoub et al. 2014) using the best
match from BLAST alignments of the 50-bp probe sequences
(95% sequence identity, no gaps permitted).

Location of B. napus centromere- and pericentromere-
specific repeats

The (peri)centromere-specific repeat sequences CentBr1
and CentBr2 (176-bp centromere satellite repeats) were
retrieved from the BAC end sequences of the B. rapa clones
KBrH001B09 (GenBank accession CW978699) and
KBrH001E07 (GenBank accession CW978837), respectively
(Lim et al. 2005; Koo et al. 2011). These two sequences were
blasted (e-value: 1026) against the B. napus (Darmor v4.1)
genome sequence (Chalhoub et al. 2014) using BLASTn
(Altschul et al. 1990). Only BLAST results with at least 90% se-
quence similarity to the B. napus genome were kept for each
CentBr sequence, as the different copies of each class have
.90% sequence similarity, while CentBr1 and CentBr2 pre-
sent�82% sequence similarity (Lim et al. 2005). In addition,
BLASTn was used to align sequences (against the B. napus

Figure 1 Overview of the methods used to obtain unre-
duced gamete-derived individuals to map the Brassica A-
and C-genome centromere locations.
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genome) that are found in the pericentromeric heterochro-
matin blocks of Brassica chromosomes (Lim et al. 2007).
These comprised a centromere-specific Ty1/copia-like retro-
transposon of Brassica (CRB, BAC KBrH00P13: GenBank
accession AC166739); a 238-bp degenerate tandem repeat
(TR238, BAC KBrH015B20: GenBank accession AC166740);
and an 805-bp tandem repeat (TR805, BAC KBrH00P13: Gen-
Bank accession AC166739). Subsequently, only BLAST results
presenting at least 90% identity and a minimal alignment
length of 20% were considered [a low stringency was used
to improve the chance of detecting these difficult-to-assemble
repeat sequences, in line with the methodology of Cheng et al.
(2013)]. Finally, attempts were made to physically localize
centromere-specific histone H3 variant using the partial
B. napus CenH3 cDNA clone sequences [GenBank accession
HM582931, HM582932, HM582933, HM582934, HM582935,
HM582936, HM582937, and HM582938; Wang et al. (2011)],
by performing a BLASTp alignment against Darmor amino-acid
gene-coding sequences (Chalhoub et al. 2014). The physical
locations of these various (peri)centromere-specific sequences
on the B. napus (Darmor) genome were represented graphi-
cally (Figure 2, outer circle) using Circos software (Krzywinski
et al. 2009).

Gene and transposable element density

To determine the gene density on eachB. napus chromosome,
the start and end position of each of the 101,0140 gene
sequences (messenger RNA,mRNA) identified in B. napusDar-
mor by Chalhoub et al. (2014) and available from the Geno-
scope website (http://www.genoscope.cns.fr/brassicanapus/
data/) were recovered. For each chromosome, the gene den-
sity was defined using a sliding 1-Mb window; for each win-
dow, the genedensitywas calculated by dividing the number of
nucleotides annotated as gene sequences by the size of the
window (1,000,000 bp). Similarly, the density of transposable
elements (TEs) was calculated using the total number of nu-
cleotides annotated as TE divided by the size of the window
(1,000,000 bp) (Chalhoub et al. 2014).

Data availability

Genotypes and production methods to obtain 2n-gamete de-
rived progeny are presented in Table S1.Detailed information
related to the centromere positions and flanking SNP marker
locations on the genome reference sequence is presented
in Table S2. Sequence information produced by Chalhoub
et al. 2014 used to generate the Circos plot is available
from the Genoscope website (http://www.genoscope.
cns.fr/brassicanapus/data/).

Results

Production of unreduced gamete-derived individuals
through test crossing and microspore culture

A total of 86 individuals were generated from microspore
culture of four different B. juncea 3 B. napus interspecific
hybrids (same B. juncea parent, four different B. napus; AABC

genome; Table S1). Two pairs of twins were observed from
marker results. These plants may have resulted from second-
ary embryogenesis generating identically twinned embryos
during the tissue culture process (Raemakers et al. 1995;
Cousin andNelson 2009); one of each pair was removed from
the analysis. Of the remaining 84 individuals, 75 (89%) were
heterozygous at 38–86% (average 68%) of loci in the A
genome; heterozygosity was assessed as presence of both a
B. juncea and a B. napus parental allele at a single A-genome
locus (Figure 2A). These were considered to be derived from
unreduced AABC gametes from the hybrid parent via first-
division restitution-like mechanisms, where nonsister chro-
matids assorted into the same gamete after meiosis. The
remaining nine individuals were heterozygous at 6–15% of
loci in the A genome (Figure 2A). These were considered to
be derived from reduced gametes (residual heterozygosity
may have resulted from nonhomologous recombination
events), or from second division restitution, and were spread
evenly among the four progeny sets (Table S1). After removal
of clones and reduced gamete-derived individuals, 75 unique
experimental individuals were obtained for the A-genome
mapping population (87% of microspore-derived progeny).

Both microspore culture and test crosses were used to
generate unreduced gamete-derived progeny from B. napus 3
B. carinata interspecific hybrids (CCAB genome). A total of
124 microspore-derived progeny and 65 test-cross progeny
were produced from 14 different genotype combinations
(Table S1).

Of the 57 microspore-derived plants in 10 progeny sets
with nonidentical haplotypes in Mason et al. (2011a), an
additional eight individuals were conservatively excluded
for this study after SNP marker genotyping revealed that
they may have been clones (.95% similar genetic identity)
(Raemakers et al. 1995; Cousin andNelson 2009) (Table S1).
An additional four clone pairs were also identified in the new
microspore-derived progeny, and one of each pair was
excluded from further analysis. Of the remaining microspore-
derived progeny, 74% (80/112) were heterozygous at
29–97% of C-genome loci, where heterozygosity was
assessed as presence of both a B. napus and a B. carinata
allele (average 76%) (Figure 2B). These individuals were
therefore concluded to be derived from unreduced CCAB
gametes via a first division restitution mechanism. The
remaining microspore-derived progeny had 4.5–19% of loci
heterozygous for B. napus and B. carinata alleles (average
7.6%) and were assumed to be derived from reduced gam-
etes (or from second division restitution) [Figure 2B; the
13 reduced gamete-derived individuals from Mason et al.
(2011a) were not regenotyped using the SNP array and are
hence not included in the figure, but showed 0–16% hetero-
zygosity based on SSR markers]. In total, 65% of microspore-
derived progeny were unique and derived from unreduced
gametes via a first-division restitution-like mechanism.

Of the test-cross progeny from B. napus 3 B. carinata in-
terspecific hybrids (CCAB genome) crossed with B. juncea,
51% (34/67) were 45–100% heterozygous for parent
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B. napus and B. carinata alleles in the C genome (average 77%)
(Figure 2C). These were therefore determined to be derived
from CCAB unreduced gametes from the hybrid parent via a
first-division restitution-like mechanism. Of the remaining

test-cross progeny, 25/67 had 0–25% heterozygosity (aver-
age 4%) and were assumed to be derived from reduced
gametes from the CCAB parent (Figure 2C). The residual
heterozygosity was assumed to result from nonhomologous

Figure 2 Percentage of heterozygosity as assessed by presence
of both parental alleles at a single locus in the diploid genome in
individuals derived from (A) microspore culture of B. juncea 3
B. napus (2n = AABC) interspecific hybrids; (B) microspore culture
of B. napus 3 B. carinata (2n = CCAB) interspecific hybrids; and
(C) test crosses between B. napus 3 B. carinata (2n = CCAB)
interspecific hybrids and B. juncea.
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recombination events. Another 8 individuals had 34–58%
heterozygosity (Figure 2C) but contained multiple whole
chromosomes that were completely heterozygous or com-
pletely homozygous and were unable to be classified as de-
rived from standard FDR, SDR, or reduced gametes (twomay
have resulted from SDR with minor additional abnormali-
ties), and hence were not included in the half-tetrad analysis.

Locations of the active centromeres deduced by half-
tetrad analysis

SNP markers with known physical locations in the B. napus
genome and peaks of heterozygosity within each chromo-
some were used to determine the genetic locations of
functional centromeres (Table 1, Figure 3, Table S2). Cen-
tromeric regions were delineated based on the SNP marker
haplotypes containing the highest proportion of heterozygos-
ity on each chromosome, and a conservative estimate of the
chromosome region containing the centromere was obtained
for each of the 19 Brassica chromosomes. The size of the
centromere-containing region delineated on the reference
genome sequence ranged from 20 kbp to 10.7 Mbp (average
1.8 Mbp; Table 1). These regions were strongly correlated
with observable peaks and troughs in TE and gene density,
respectively (Figure 3).

Distribution of polymorphic SNP markers and
haplotype-based inferences

SNP markers that were polymorphic and amplified only a
single locus in the genotypes used in our study were distrib-
uted across the B. napus Darmor reference genome. A lower
density of useable polymorphic SNP markers was found

around the centromere regions for all A-genome chromo-
somes except A04 and A10 and for all C-genome chromo-
somes except C2, C4, and C6. Most chromosomes appeared
to have small physical regions of reduced polymorphism
around centromeres based on SNP marker distribution on
the Illumina Infinium Brassica 60K array, with the exception
of chromosomes A02 and C5.

Surprisingly, one progeny set did not show inheritance of
chromosome A10 expected from homologous recombination
between B. napus and B. juncea. Instead, the unrecombined
B. napus parent chromosome was present in 8/22 individuals
with no B. juncea alleles present, and hence no centromere
region could be identified in these individuals. As well, four
large (.3 Mbp) putative inversions were observed based on
haplotype analysis of all genotypes used in this study relative
to the B. napus Darmor reference genome sequence. These
ranged from 4.62 to 6.01 Mbp in size and were located over
the centromere regions on chromosomes C1, C2, and C7
(Table S2). One additional putative inversion was present
in only two progeny sets and comprised a 7.90-Mbp region
on chromosome C5 (Table S2). Several other smaller puta-
tive inversions or rearrangements (,3 Mbp) were also iden-
tified and are listed in Table S2.

Distribution of known Brassica centromeric and
pericentromeric sequences in the B. napus genome

A total of 206 sequences for CentBr1 and 710 sequences for
CentBr2 were identified in the B. napus genome using the
criteria of .90% identity and .20% alignment length.
Of these, only 26% (56) and 58% (415) of CentBr1 and
CentBr2 sequence locations, respectively, were on assembled

Table 1 Locations of the Brassica A- and C-genome centromeres

Chromosome Start (Mbp) End (Mbp)
Size of centromere-containing

region (Mbp)*
Chromosome

length (Mbp)**

A01 13.1 14.1 1.0 23.1
A02 13.9 14.2 0.3 24.7
A03 28.0 29.7 1.7 29.7
A04 5.8 6.3 0.5 19.1
A05 10.9 10.9 0.07 23.0
A06 11.1 11.1 0.02 24.3
A07 3.3 5.2 1.9 24.0
A08 3.9 5.2 1.4 18.9
A09 15.6 15.9 0.3 33.7
A10 2.9 5.3 2.4 17.3
C1 17.9 24.2 6.2 38.3
C2 31.8 32.2 0.3 46.1
C3 40.6 41.9 1.3 60.6
C4 17.1 19.4 2.3 48.9
C5 17.6 28.3 10.7 42.6
C6 8.0 8.4 0.5 37.2
C7 5.4 7.2 1.8 44.5
C8 5.8 6.4 0.6 38.3
C9 23.1 23.4 0.3 48.4

* Represents the conservative outer boundaries within which the active centromeric region must fall. SNPs with the maximum
heterozygosity for each chromosome were assumed to be within the centromere region. The first SNP marker to show decreased
heterozygosity in the direction of each telomere was taken as a flanking marker for the centromere boundary.

** As covered by polymorphic SNP markers in the assembled B. napus Darmor v4.1 reference genome sequence (Chalhoub et al.
2014).
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chromosomes. Most of these CentBr2 signals were predom-
inantly localized on chromosomes A10 (88% of the BLAST
results specifically located on A pseudochromosomes as op-
posed to unanchored scaffolds) and C4 (71% of the BLAST
results specifically located on C pseudochromosomes). A
total of 14 of the 19 A- and C-genome chromosomes had

either a CentBr1 or CentBr2 sequence identified in the pu-
tative genetic centromere region (Figure 3). However, only
chromosomes C6 and A01 contained CentBr sequences
solely in the active centromere region, rather than also
being present in other locations along the chromosome
(Figure 3).

Figure 3 Gene density, TE density, and percentage of heterozygosity (the latter in a population derived from first-division restitution-type unreduced
gametes) along each B. napus chromosome represented in a Circos plot (Krzywinski et al. 2009). The B. napus chromosomes belonging to the A and C
subgenomes are in blue and red, respectively. The size of each chromosome in megabase pairs is indicated above each chromosome and a ruler is drawn
underneath each chromosome, with larger tick marks every 10 Mbp and smaller tick marks every 2 Mbp. Locations of active centromeres are visible as
peaks of increased heterozygosity, increased TE density, and decreased gene density. Dots indicate BLAST-located centromeric and pericentromere
sequences: CentBr1 sequences (red), CentBr2 sequences (yellow), TR238 sequences (green), and TR805 sequences (blue).
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A total of 197 TR238 sequences, 18 TR805 sequences, and
4 CRB sequences were identified, of which 2 (1%), 4 (22%),
and none could be mapped to assembled chromosomes. The
four TR805 sequences localized to the C2 genetic centromere
region, whereas the two sequences from TR238 were not
found in active centromere regions (Figure 2). The eight
CENH3 query protein sequences all aligned to a single loca-
tion in the B. napus genome that was on an unanchored
C chromosome location. This B. napus protein sequence
was identical to one of the CENH3 query proteins (GenBank
accession HM582935).

Discussion

Based on genomic sequence information from B. napus, we
located the 19 active Brassica A- and C-genome centromeres
on the reference genome. Thiswas achieved byhigh-resolution
genotyping of populations of microspore- and test-cross-
derived progeny generated from unreduced gametes of in-
terspecific Brassica hybrids. With the increasing availability
of high-throughput genotyping methodologies and refer-
ence genome sequences, this half-tetrad mapping approach
can be readily carried out to locate centromeres in other
species of interest known to produce unreduced gametes.

The physical size of the centromere regions in A. thaliana
ranges from0.5 to 1.79Mbp (Copenhaver et al. 1999; Hosouchi
et al. 2002). Assuming that centromere size is similar or
greater in B. napus, and from the fact that the majority of
centromere-specific sequences did not find matches in the
assembled pseudochromosomes, we expect that the majority
of the centromere regions in the B. napus reference genome
sequence are not yet assembled and/or genetically anchored.
This is not unexpected, due to the difficulty in assembling the
complex repetitive elements that make up these regions us-
ing next-generation sequencing approaches. However, for all
centromeric regions there were distinctive patterns in the
surrounding genome sequence that provide additional land-
marks indicating their presence, in particular, an observable
drop in gene density and generally a concomitant increase in
TE density (Figure 3). Centromeres C4 and A10 appear to be
the most represented centromere regions in the current ref-
erence genome sequence, based on the number of localized
repeats (the majority of CentBr sequences identified were on
these two chromosomes). The observation of CentBr se-
quence alignments outside the predicted genetic centromeres
may represent small-scale misplacements of these particular
scaffolds relative to the reference genome sequence. Alterna-
tively, these could represent defunct centromere regions
remaining after the Brassica polyploidization events (Cheng
et al. 2013), or the repeat sequences may simply not underlie
the active centromeres, as centromeric repeats are not always
necessary for centromere activity (Nasuda et al. 2005; Liu
et al. 2015).

The physically anchored genetic centromere locations
identified here correlated with the chromosome structures
reported previously using cytogenetic methods (Olin-Fatih

and Heneen 1992; Cheng et al. 1995; Xiong and Pires
2011). Chromosomes C7 and C8 had subterminal centro-
meres, and the remainder of the C-genome chromosomes
approximately median or submedian centromeres, support-
ing the molecular cytogenetic karyotyping of Xiong and Pires
(2011). The orientation of chromosomes in the C-genome
reference sequence is based on the reference genetic map
of Parkin et al. (1995) and Parkin et al. (2014). Here we
confirm the previous proposal by Howell et al. (2002) that
several C-genome linkage groups (e.g., C2 and C3) were
inverted, relative to the convention of orienting chromo-
somes with the short arm on top and long arm at the bottom.
Further validation of these results is pending a more com-
plete genome assembly. Koo et al. (2004) identified two me-
dian, five submedian, two subtelocentric, and one acrocentric
centromere in the B. rapa genome; Xiong and Pires (2011)
show chromosome A07 as acrocentric and A04 and A10 as
subtelocentric, reasonably congruent with our results (Table
S2). Chromosomes A01, A02, and A03 in the current genome
reference sequence were inverted relative to the “short arm
on top” convention, most significantly for A03 with centro-
mere positioned at the end of the chromosome assembly.
Hence, our centromere-positioning analysis suggests that
the short arm of chromosome A03 has not been assembled
in the published Darmor reference genome. This is not sur-
prising as the short arm of chromosome A03 is a known
nucleolar organizing region (NOR), composed of repetitive
elements and arrays; Mun et al. (2010) were also unable to
identify any BACs localized to this chromosome arm in their
sequence and assembly of A03.

Cheng et al. (2013) performed an extensive investigation
of paleocentromeres in B. rapa using a sequence-based ap-
proach. Their placement of 8/10 A-genome centromeres cor-
responded perfectly to our identified genetic centromeres;
only for chromosomes A02 and A09 was an inactive region
selected as the active centromere (and for both A02 and A09
a “trace” centromere region was identified by Cheng et al.
(2013), which aligned with our active genetic centromere
region). This result supports the utility of half-tetrad analysis
in identifying active vs. paleocentromeres, but also shows
that combining both sequence-based and genetic mapping-
based approaches can yield the most useful genomic infor-
mation. This was also demonstrated by the close correlations
between the placement of the centromeres using TE and
gene density and the placement using the half-tetrad map-
ping approach in our study.

Several large inversions and a number of small rearrange-
mentswere observed in our study based onhaplotype analysis
relative to the B. napus Darmor reference genome. Chromo-
somes C1, C2, and C7 all had large inversions over the
centromere region (Table S2); for chromosome C1 (and to
a lesser extent C2) this was directly observable as the pres-
ence of two peaks of heterozygosity (instead of one peak)
indicating the centromere region (Figure 3). These re-
arrangements may result from actual genotypic differences
between the genotypes used in this experiment and Darmor
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or from misassembly of the B. napus genome sequence. The
lack of resolution of the C5 centromere in our studymay also
be related to putative chromosome structural rearrange-
ments between the parents of our mapping populations, as
few polymorphic SNPs were identified between our parent
lines for this region; but SNPs were present in this region on
the array. Future validation using a wider range of geno-
types could be helpful to confirm this and to improve the
accuracy of the C5 centromere mapping. The accurate ge-
netic anchoring and orienting of sequenced scaffolds closely
associated with centromeres is often impeded by limited
recombination in the proximity of the centromere. Differ-
ences between genotypes for SNP probe specificity may
also cause differences between our results and the reference
genome sequence. However, such differences are more
likely to result in A- or C-genome probe aspecificity (e.g.,
amplification of a homeologous region in our lines, instead
of the region in the reference identified through BLAST)
than inversions and small-scale rearrangements. Further
investigation of the genotypic variation for chromosome re-
arrangements present within B. napus would be useful in
confirming our observations. Although a number of homeol-
ogous translocation events have been previously character-
ized in B. napus (Osborn et al. 2003), the recent availability
of a reference genome sequence and high-throughput geno-
typing tools such as the Illumina Infinium Brassica 60K array
is expected to shed light on the B. napus core and disposable
genome.

We used both microspore culture and test crosses to pro-
duce unreduced gamete-derived individuals for half-tetrad
analysis (Nelson et al. 2009; Mason et al. 2011a). Although
microspore culture is not practicable in most species, unre-
duced gametes are also commonly observed in interspecific
and interploid hybrids (Ramsey and Schemske 1998; De
Storme and Mason 2014; Mason and Pires 2015), which
can be used to generate suitable populations in a wider range
of species through test-cross approaches. In our study, both
test-crossing and microspore culture yielded .50% unre-
duced gamete-derived progeny using a number of different
interspecific hybrid genotypes. It is interesting to note that
test crossing of a single genotype of B. juncea 3 B. napus
interspecific hybrid to two genotypes of B. carinata in a pre-
vious study yielded only reduced gamete-derived individuals
(Mason et al. 2012). In this study, the same hybrid genotype
of B. juncea3 B. napuswas successfully used to generate 87%
unreduced gamete-derived progeny through microspore cul-
ture (Table S1, A_MD_03). This supports previous research
that microspore culture preferentially selects unreduced
gametes in interspecific Brassica hybrids (Nelson et al.
2009; Mason et al. 2011a).

Progeny were most commonly derived from first division
restitution-like mechanisms: an example mechanism is par-
allel spindlesatmeiosis II,whichhaspreviouslybeenobserved
in these Brassica hybrids (Nelson et al. (2009); however,
many suchmechanisms exist [see Bretagnolle and Thompson
(1995); De Storme and Geelen (2013), and De Storme and

Mason (2014)]. The common observation of FDR rather than
SDR is not surprising: in these AABC and CCAB hybrid types,
FDR produces gametes with a similar chromosome composi-
tion to the parents, but SDR results in either zero or two
copies of single copy (univalent) chromosomes, with proba-
ble detrimental effects on viability. The observation of what
appears to be indeterminate meiotic restitution [where some
homologous chromosomes separate and some sister chroma-
tids separate, but not all; see Lim et al. (2001) for a descrip-
tion of this phenomenon] in some of the test-cross progeny
was surprising, but this form of meiotic restitution has also
been observed previously in other species and hybrid types
(Lim et al. 2001; Ramanna and Jacobsen 2003). Another
explanation for the failure to detect heterozygous regions
for some centromeres may be the undetected occurrence of
double cross-over events (a cross-over on either side of the
centromere) very close to the centromere region, where SNP
marker coverage was poor and the genome assembly more
likely to contain gaps.

The Brassica model is unusually amenable for generating
interspecific hybrids in many combinations of A, B, and C
genomes (Chen et al. 2011), with largely regular chromo-
some pairing and segregation between homologous chromo-
somes derived from different species (Leflon et al. 2006;
Mason et al. 2014b). However, even in this system we found
an unusual example of failure of homologous Brassica chro-
mosomes to segregate normally. The microspore-derived
progeny of hybrid genotype A_MD_02 (Table S1) failed to
show expected segregation patterns and recombination be-
tween chromosome A10 from B. napus and chromosome A10
from B. juncea. Missegregation of homologous chromosomes
is thought to be uncommon but has been observed occasion-
ally in Brassica interspecific hybrid types (Mason et al. 2015),
and such meiotic abnormalities may occur more frequently in
interspecific hybrids of other plant genera (De Storme and
Mason 2014). The failure to detect heterozygosity associated
with the A10 centromere in several individuals from one ge-
notype group in this studymay also be related to the presence
of a genotype-specific chromosome rearrangement; this
could either hinder pairing between the homologous chro-
mosomes or hinder detection of cross-over events over the
centromere region.

Interspecific hybrids are an extremely common phenome-
non in many genera (Mallet 2007). The tendency for inter-
specific hybrids to produce high frequencies of unreduced
gametes is not only frequently observed (Ramsey and
Schemske 1998), but is predicted to be moderately universal,
due to the common chromosome mechanics involved [for a
review see De Storme and Mason (2014) and De Storme and
Geelen (2013)]. This study demonstrates the utility of both
test crosses and microspore culture in generating unreduced
gamete-derived progeny from interspecific hybrids: such ap-
proaches should also be feasible in other genera. In future, as
single-molecule genome sequencing technologies become
available, it may also become possible to sequence unreduced
gametes sorted by size using flow cytometry (Pan et al. 2004;
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De Storme et al. 2013), bypassing the often technically chal-
lenging stage of developing an adult population and offering
a potential avenue for half-tetrad analysis in an even broader
range of species.
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