Mason et al. BVIC Plant Biology (2015) 15:173

DOI 10.1186/512870-015-0555-9
BMC

Plant Biology

RESEARCH ARTICLE Open Access

Microspore culture reveals complex meiotic ® e
behaviour in a trigenomic Brassica hybrid

Annaliese S. Mason'*?", Junko Takahira®, Chhaya Atri*®, Birgit Samans®, Alice Hayward"? Wallace A. Cowling®,
Jacqueline Batley'** and Matthew N. Nelson*®

Abstract

Background: Development of synthetic allohexaploid Brassica (2n = AABBCC) would be beneficial for agriculture, as
allelic contributions from three genomes could increase hybrid vigour and broaden adaptation. Microspore culture
of a near-allohexaploid hybrid derived from the cross (B. napus x B. carinata) X B. juncea was undertaken in order to
assess the frequency and distribution of homologous and homoeologous crossovers in this trigenomic hybrid. SNP
and SSR molecular markers were used to detect inheritance of A, B and C genome alleles in microspore-derived
(MD) progeny. SNP allele copy number was also assessed. The MD progeny were also compared to progeny derived
by self-pollination and open-pollination for fertility (estimated by self-pollinated seed set and pollen viability) and
DNA ploidy (measured by flow cytometry).

Results: In the trigenomic hybrid, homologous chromosome pairs A-A", B-B and C"-C° had similar meiotic
crossover frequencies and segregation to that previously observed in established Brassica species, as demonstrated
by marker haplotype analysis of the MD population. Homoeologous pairing between chromosomes A1-C1, A2-C2
and A7-C6 was detected at frequencies of 12-18 %, with other homoeologous chromosome regions associating
from 8 % (A3-C3) to 0-1 % (A8-C8, A8-C9) of the time. Copy number analysis revealed eight instances of additional
chromosomes and 20 instances of chromosomes present in one copy in somatically doubled MD progeny. Presence of
chromosome A6 was positively correlated with self-pollinated seed set and pollen viability in the MD population. Many
MD progeny were unable to produce self-pollinated seed (76 %) or viable pollen (53 %), although one MD plant
produced 198 self-pollinated seeds. Average fertility was significantly lower in progeny obtained by microspore
culture than progeny obtained by self-pollination or open-pollination, after excluding MD progeny which had not
undergone chromosome doubling.

Conclusions: Based on SNP data analysis of the microspore-derived progeny, crossover frequency per chromosome in
the allohexaploid hybrid was found to be similar to that in established Brassica species, suggesting that the higher
chromosome number did not significantly disrupt cellular regulation of meiosis. SNP allele copy number analysis
revealed the occurrence not only of homoeologous duplication/deletion events but also other cryptic duplications
and deletions that may have been the result of mitotic instability. Microspore culture simplified the assessment of
chromosome behaviour in the allohexaploid hybrid but yielded progeny with lower fertility and a greater range of
ploidy levels compared to progeny obtained by self- or open-pollination.
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Background

The Brassica genus comprises a large number of culti-
vated crop species, including oilseeds (canola, rapeseed),
vegetables (cabbage, turnip, broccoli, cauliflower, pak
choi, buk choy) and condiments (mustards) [1]. Six of
the cultivated Brassica species share a unique genomic
relationship. Brassica rapa (2n=2x = AA =20), B. nigra
(2n=2x=BB=16) and B. oleracea (2n=2x=18) are
diploids. Ancestral hybridisation events between these
species gave rise to the allotetraploid species B. juncea
(2n=4x=AABB =36), B. napus (2n=4x=AACC =38)
and B. carinata (2n = 4x = BBCC = 34) (2, 3]. Due to this
genomic relationship, there exists great potential for
transfer of useful alleles between these species for agri-
cultural benefit [4]. The allotetraploid crops (canola,
rapeseed, mustards) can be recreated from the modern-
day diploids to broaden their genetic bases for breeding
purposes [5]. This involves introgressing novel genetic
variation and useful alleles from the diploid species,
which include many wild species, countering recent reduc-
tions in genetic diversity in the crop-type allopolyploids
[5-7]. In addition, a new species could potentially be cre-
ated with genomic composition 2n =6x = AABBCC =54
from crosses between the diploids and/or allotetraploids,
with greater potential for allelic heterosis and hence hybrid
vigour [4].

However, a major obstacle to the success of these
breeding approaches is the high rate of abnormal mei-
osis in resynthesised Brassica allopolyploids [5, 8]. This
has been demonstrated in both synthetic B. napus (2n =
AACC) recreated from crosses between B. rapa (2n=
AA) and B. oleracea (2n=CC) [8, 9], as well as in allo-
hexaploids (2n = AABBCC) created from crosses be-
tween B. rapa (2n=AA) and B. carinata (2n=BBCC)
[10, 11]. This meiotic instability manifests as non-
homologous interactions between the closely related A-
and C-genome chromosomes during meiosis [12—14],
and results in loss of chromosomes, instability of gener-
ational inheritance and infertility in subsequent genera-
tions [15-17]. In contrast, B. napus (2n=AACC) is a
functionally diploid species, with a regular disomic mode
of chromosome inheritance [18, 19], despite the close re-
lationship of the A and C genomes [20]. This improved
genetic control may have arisen soon after the formation
of B. napus via mutation resulting in novel genetic vari-
ation or by accumulation of minor alleles inherited from
the parent diploids. Alternatively, the diploid progenitors
of the first B. napus lines may have had inherently
greater genetic control of meiosis than the B. rapa and/
or B. oleracea germplasm used to experimentally
resynthesise B. napus. Quantitative trait loci (QTL) con-
tributing to genetic regulation of meiotic behaviour in B.
napus have been identified [21, 22]. However, strong
qualitative effects on homoeologous pairing, such as
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those observed for the Phl locus of wheat [23], have yet
to be discovered.

Previously, we developed a novel method for generating
allohexaploid Brassica using only allotetraploid species
[24]. In a two-step process, crosses between B. juncea,
B. napus and B. carinata generated a novel near-
allohexaploid plant with the hypothesis that they would
inherit meiotic stability alleles from each of the natural
allotetraploid species [24]. Hypothetically, meiotic sta-
bility alleles from natural allotetraploid Brassica species
may be effective in regulating homologous chromosome
pairing and transmission in this synthetic allohexaploid
Brassica hybrid. We also assessed A- and C-genome al-
lele and chromosome transmission in an F, population
derived from this F; hybrid [25].

In this study, we developed 75 microspore-derived
(MD) progeny from the novel near-allohexaploid hybrid
(Fig. 1) and genotyped these progeny using the Illumina
60K Brassica SNP chip and SSR markers. Hence, hom-
ologous and homoeologous crossover frequency and dis-
tribution across and between each of the A, B and C
genomes could be assessed for the first time in a trige-
nomic Brassica hybrid. DNA content (flow cytometry
and allele copy number) and fertility (self-seed set and
pollen viability) data were also collected and compared
to 50 self-pollinated ([25], previously published data)
and 50 open-pollinated (OP) progeny derived from the
same hybrid.

Results

Genome coverage of molecular markers

Of the 52157 SNP markers on the Brassica 60K Infinium
SNP chip, 7651 were selected on the basis of poly-
morphism between the parental lines and lack of evi-
dence of cross-amplification between the A and C
genomes in this population. The set of SNP markers
used in this study was manually clustered in Genome
Studio for these genotypes previously (see [25]) and
markers that showed more than three genotype clusters
or were heterozygous in the control genotypes (indicative
of cross-amplification between the A and C genomes)
were removed. In total, 2667 markers in the A genome
and 4984 in the C genome were retained; with poly-
morphic SNP markers per chromosome ranging from 123
to 1283 (average 402 per chromosome) (Additional file 1:
Table S1). SNP genotyping of the population of 75
microspore-derived (MD) progeny showed that 74 MD
progeny had only one parental allele at most loci, indi-
cating that these progeny were derived from reduced
(haploid) gametes. One MD progeny (MD_047, Additional
file 1: Table S1) was heterozygous at most A- and C-
genome loci, consistent with its derivation from an unre-
duced gamete by first division restitution; this individual
was removed from subsequent analyses. Three pairs of
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Fig. 1 The four-generation (Generation 1 to Generation 4) pedigree used in this experiment. Interspecific hybridisation between B. napus and B.
carinata (Generation 1) generated an unbalanced CCAB hybrid (Generation 2). An unreduced, aneuploid gamete from the CCAB hybrid combined
with a reduced gamete from B. juncea to produce a near-allohexaploid hybrid (Generation 3) missing three B. napus A-genome chromosomes
and two B. carinata B-genome chromosomes. The near-allohexaploid was subjected to microspore culture to produce a population of 75

838909 = 34

B. juncea
2n = A10A10B8BE = 36

reduced gamete
l n=A"0B8=18

Near-allohexaploid hybrid
2n = ~ ATOATBEE6CSCY = 49

l l l microspore culture

individuals had identical molecular marker results, con-
sonant with their production from twinned embryos dur-
ing the microspore culture process [26]. One individual
from each pair was removed from subsequent analyses
(MD_012, MD_056 and MD_070).

Of the 163 SSR primer pairs screened, 55 detected
polymorphisms in the B genome between the B. juncea
and B. carinata parent genotypes, amplifying 90 B-
genome specific alleles. Of these 90 B-genome marker
alleles, 49 were contributed by the B. juncea parent and
41 by the B. carinata parent. Coverage of the B. juncea and
B. carinata B-genome chromosomes ranged from 4 to 8
SSR loci per chromosome (Additional file 2: Table S2).

Molecular karyotype of the near-allohexaploid hybrid

The molecular karyotype of the near-allohexaploid hybrid
as deduced from the presence and absence of parental
SNP and SSR marker alleles in the four-generation pedi-
gree is shown in Fig. 2. Inheritance of marker alleles in the
microspore-derived population was used to infer the mo-
lecular karyotype of the near-allohexaploid hybrid.

All B. juncea A-genome (A)) chromosomes were
present in the near-allohexaploid hybrid, but three B.
napus A-genome chromosomes (A"2, A"6 and A"9)
were lost in the formation of the AABBCC hybrid (be-
tween Generations 2 and 3; Figs. 1 and 2, Additional file 1:

Table S1). All other A-genome chromosomes were
present and unrecombined, except for an A"7 — C°
homoeologous non-reciprocal translocation (Fig. 2), a
duplication of part of chromosome A"10 that appeared to
be pre-existing in the parental B. napus line, as described
previously [25]; and a small C*4 duplication — A"4 dele-
tion. All eight B. juncea B-genome (B') chromosomes were
present in the near-allohexaploid hybrid (Fig. 1; Additional
file 2: Table S2), but two B. carinata chromosomes (B3
and B®7) were lost, with no alleles present from either
chromosome (Fig. 2). All C-genome chromosomes were
transmitted to the near-allohexaploid hybrid (Fig. 2). Ex-
tensive homologous recombination between the B. napus
and B. carinata C genomes (C" and C® respectively) in
the C"C“A"B* hybrid resulted in fixation (homozygosity)
of 22 % of C genome loci in the MD population (Fig. 2;
Additional file 1: Table S1). Recombinant C"*/C® chromo-
somes resulting from normal homologous recombination
in the C"C°A"B* hybrid meiosis were also detected in the
MD population as sudden reversals of allelic scoring phase
(see notes in Additional file 1: Table S1, Fig. 2).

Transmission of alleles to the MD population

The normality of meiosis in the near-allohexaploid hy-
brid was first assessed by measuring the transmission
frequencies of marker alleles to the MD population
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Fig. 2 Graphical representation of the chromosome composition of the near-allohexaploid hybrid used in this experiment, inferred from molecular
karyotyping of a four-generation pedigree (Fig. 1). The asterisk indicates a homoeologous non-reciprocal translocation from C°6 to A"7. Note
that homologous recombination occurred in the CCAB hybrid (Generation 2) to produce recombinant C-genome chromosomes
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(Additional file 3: Table S3). Transmission frequencies
did not significantly deviate from the expected 50 % for
618 of the total 707 marker allele bins (87.5 %) distrib-
uted across the A genome (Additional file 4: Figure S1).
The most significant deviations were observed for alleles
located on the ends of chromosomes A7 and A10, where
B. napus alleles were present more often than predicted
by chance. Alleles located on the three A-genome chro-
mosomes that were unpaired (A2, A’6, AJ9; Fig. 2) each
behaved differently: A’9 alleles were retained more often
than predicted by chance in the population (~70 % of
the time), A6 alleles were present as often as expected
(~45 % of the time) while A2 alleles were lost a little
more often than expected (~present 35 % of the time)
(Additional file 4: Figure S1). Excluding univalent chro-
mosomes on which non-homologous recombination
events had occurred, only inheritance of A’9 significantly
deviated from expected inheritance ratios for a univalent
chromosome in the A genome (Additional file 1: Table S1;
Additional file 4: Figure S1).

Marker alleles located on pairs of B-genome chromo-
somes showed no detectable bias towards retention of
either B. juncea or B. carinata alleles (Additional file 2:
Table S2; Additional file 4: Figure S2). By contrast, univa-
lent chromosomes B'3 and B'7 both showed highly signifi-
cant deviation from expected transmission ratios: B'3 was
preferentially retained (~95 % of the time) and B'7 was
preferentially lost (present 25 % of the time) (Additional
file 4: Figure S2).

Most B. napus and B. carinata C-genome marker alleles
were transmitted normally from the near-allohexaploid hy-
brid to the MD population (481 out of 608 alleles (79.1 %);
Additional file 3: Table S3; Additional file 4: Figure S3).
Strong segregation distortion towards retention of B. napus
alleles was observed at the bottom of chromosome C4
(Additional file 4: Figure S3). Other regions of segregation
distortion were observed on chromosomes C1 and C7, with
a more significant bias towards retention of B. carinata
C-genome alleles at the top of chromosome C5 (Additional
file 4: Figure S3).
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Copy number analysis of A, B and C genome
chromosomes in the MD population
Standard SNP marker genotyping does not capture the
full extent of homoeologous chromosome interactions,
which can result in changes in allele copy numbers.
Therefore, we conducted SNP marker allele copy number
analysis to detect the deviations from regular chromosome
transmission in the MD progeny. Deviations from ex-
pected copy numbers were indeed observed, including 8
instances of anomalous extra chromosomes and 20 in-
stances of chromosomes present in only a single copy in
“2n” progeny (Fig. 3). Duplication/deletion events involv-
ing partial chromosomes were also assessed. Twice as
many deletion events (36) were observed in the popula-
tion compared to duplication events (18), excluding the
pre-existing duplication on chromosome A10 (25).
Unbalanced translocations, where a duplication of a
homoeologous region was not accompanied by a corre-
sponding deletion in another homoeologous region,
were more common than balanced translocations (38,
excluding chromosomes A7/C6 and A10). However, bal-
anced translocations were far more likely to be observed
than expected (p<0.0001, Pearson’s y* test) assuming
Mendelian segregation of a single homoeologous trans-
location event between two chromatids in a homoeolo-
gous set (e.g., A1/A1/C1/C1).

Pairwise allele associations reveal regular homologous
chromosome interactions

The regularity of meiotic interactions between homolo-
gous chromosomes in the near-allohexaploid hybrid was

Page 5 of 15

assessed by detecting associations between all pairs of al-
leles segregating in the MD population, following the
novel method described in [27]. All A//A™ alleles for
which a homologous chromosome pair was present (i.e.,
excluding A’2, A’6 and AJ9; Fig. 2) segregated with high
fidelity in the MD population, as evidenced by the strong
diagonal in the allele association plot shown in Fig. 4a.
Exceptions were the bottom third of chromosome A10
and an interstitial part of chromosome A7 (Fig. 4a). In the
B genome, all B and B alleles for which a homologous
chromosome pair was present (i.e., excluding B'3 and B'7)
segregated with high fidelity (Fig. 4b). All C"/C® alleles
showed regular segregation and putative homologous
pairing as assessed by allele transmission to the MD popu-
lation (Fig. 4c), except for the bottom ends of C6 and C4.

The potential occurrence of meiotic interactions be-
tween non-homologous chromosomes was investigated
using the same allele association approach. There was
no statistical support for autosyndetic allele segregation
(i.e., between non-homologous chromosomes from the
same genome) as seen by the absence of off-diagonal as-
sociations in Fig. 4. Two significant allosyndetic allele
segregation associations were observed: one association
between parts of A7 and C6; and one terminal associ-
ation (approximately 2 Mbp) between A4 and C4.

Haplotype block analysis in the MD population reveals
frequency of homologous and homoeologous meiotic
recombination in the near-allohexaploid hybrid

Putative crossover events during meiosis in the near-
allohexaploid hybrid were inferred by inspection of allele
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Fig. 4 Allele segregation indicative of pairing between homologous (a) A-genome chromosomes (A'-A"), (b) B-genome chromosomes (B'-B°)
and (c) C-genome chromosomes (C"-C) in a near-allohexaploid hybrid. Allele segregation was assessed in a population of 71 progeny derived
from microspores of a 2n = AA"BIBC"CE hybrid. Only non-redundant SNP alleles are presented, arranged sequentially according to their genetic
location (not drawn to scale). The Bonferroni multiple testing p-value correction for p < 0.05 significance is p < 0.000000050 in this analysis

segregation patterns for each chromatid in the six paren-
tal subgenomes (A, A®, B, B, C° and C") in the MD
population. Recombination breakpoints were evidenced
by the presence of alleles from one parental subgenome
for only part of one chromatid; lack of recombination
was evidenced either by complete presence or complete
absence of all alleles from that parental subgenome on
that chromatid for any given MD individual. If the pres-
ence of one allele perfectly matched the absence of

another allele from a homologous or homoeologous gen-
ome, a recombination event was predicted to have
occurred.

Univalent chromosomes A’2, A6, A9, B'3 and B'7
were transmitted intact 85 to 97 % of the time (Tables 1
and 2), but evidence for occasional homoeologous re-
combination events was found for every univalent
chromosome (most commonly for A)2 and least com-
monly for B'3). Homologous chromosomes in the A, B
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Table 1 Summary of homologous and homoeologous chromosome pairing in the Brassica A and C genomes of a near
allo-hexaploid hybrid from assessment of recombination breakpoints in 71 microspore-derived progeny

Al A2° A3 A4 A5 A6 ° A7 A8 A9 @ A10
homologous 85 % 86 % 83 % 94 % 92 % 96 % 79% (59% ®) 99 % 89 % 96 % (76 % ©)
homoeologous 13 % (C1)  14% (C2) 8% (C3) 0% 4% (C5) 3% (C5);, 17 % (C6) 0% 1% (C8); 0%

1% (C7) 6 % (C9)
other® 3% 0 % 8 % 5% 4% 0% 5% 1% 4 % 4 %

@ 2 a C4 5 (€5) c7 (@] 9
homologous 83 % 82 % 90 % 9 % (73 % °) 90 % 68 % 97 % 99 % 90 %
homoeologous 13 % (A1) 14 % (A2) 8% (A3) 0% 49% (AS5) 17 % (A7) 1% (A6) 19% (A9) 6% (A9)

3 % (A6)
other® 4% 4 % 1% 4% 1% 15 % 1% 0% 4 %

@Univalent inheritance assessed rather than homologous pairing

PIncluding translocation region for which two copies of one parental allele were present, confounding assessment
“Recombination or non-segregation events which could not be unambiguously attributed to homoeologous recombination; includes probable univalent formation
for homologous pairs and possible loss of chromosome fragments resulting from translocation heterozygotes (e.g., A7/C6)

and C genomes with no pre-existing duplications or re-
arrangements (i.e., excluding A7/C6 and A10) showed
allele segregation indicative of normal homologous re-
combination with their homologue 83 to 100 % of the
time (Tables 1 and 2). The highest degree of homoeolo-
gous recombination (12 to 18 %) was detected between
chromosomes Al and C1, between A2 and C2 and be-
tween A7 and C6 (Table 1).

The average number of recombination breakpoints per
chromosome was 0.84 in the A genome, 0.84 in the B
genome and 1.25 in the C genome (Fig. 5). Counting only
chromosomes with homologous partners, recombination
breakpoints per chromosome averaged 0.99 in the A gen-
ome and 0.94 in the B genome. Using both measures, the
A and B genomes were similar to each other in number of
breakpoints per chromosome but significantly different to
the C genome (Student’s ¢-test, p < 0.05).

DNA content of MD progeny as estimated by flow cytometry
DNA ploidy levels in the MD population were inferred
from relative DNA content, and ranged from 0.26 to 1.0
of the expected DNA content for a 2n = AABBCC = 54
allohexaploid (Fig. 6). MD progeny with consistent
ploidy results fell into two groups: putatively doubled
chromosome number (hereafter referred to as “2n”) (53
plants including the unreduced gamete-derived progeny,
ploidy range (relative DNA content) 0.76-1.0 and un-
doubled chromosome number (hereafter referred to as
“n”) (6 plants, ploidy range 0.26—0.46) (Fig. 6). Of the 41
MD progeny which were sampled 2—4 times, 12 progeny

had >40 % variation between readings, suggestive of
chimeric tissue (both “2n” and “n” chromosome number
in sectors of the same plant) (Additional file 5: Table S4).
The percentage variation between the maximum and
minimum readings for each of the B. rapa, B. napus and
B. carinata samples was 2-4 % (Additional file 5:
Table S4). However, while some MD, SP and OP
plants fell into the 0-5 % variation range, variation
within the 5-37 % range was also observed for some
plants and in the near-allohexaploid hybrid controls
(Additional file 5: Table S4).

Correlations of chromosome transmission with fertility
and ploidy in the MD progeny

As described above, the near-allohexaploid hybrid con-
tained univalent chromosomes for A2, A6, A9, B3 and
B7. Of these, only the presence of chromosome A6 was
positively correlated with higher self-pollinated seed set
(p=0.04) and pollen viability (p = 0.03) (Additional file 5:
Table S4). Inheritance of parent alleles located on bivalent
chromosomes was not significantly associated with fertility
(seed set or pollen viability) or ploidy increase across
the population using a mixed linear modelling approach
after multiple testing corrections. Suggestive correla-
tions (uncorrected p-value < 0.05) were found between
self-pollinated seed set and marker alleles on the bot-
tom of chromosome A5, top of A6 and top of A3; be-
tween pollen viability and the top of chromosome C6,
bottom of C7, A3 and B5 and between ploidy status and
markers mid-C3, mid-C6, mid-A10 and mid-C7.

Table 2 Summary of homologous and non-homologous chromosome pairing in the Brassica B genome of a near allo-hexaploid hy-
brid from assessment of recombination breakpoints in 71 microspore-derived progeny

B1 B2 B3® B4 B5 B6 B7° B8
homologous 99 % 97 % 97 % 75 % 97 % 100 % 86 % 100 %
non-homologous 1% 3% 3% 25% 3% 0 % 14 % 0%

2Univalent inheritance assessed rather than homologous pairing
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Contrasting fertility of MD, SP and OP progeny

We investigated whether microspore culture yielded
progeny with different fertility than self-pollinated (SP)
or open-pollinated (OP) progeny. Average seed produc-
tion per MD individual was 40, which was significantly
lower (p <0.05; Student’s ¢-test) than average seed pro-
duction in SP progeny (78) and OP progeny (68). Of 71
MD plants, 51 (73 %) produced no seed at all (Fig. 7,
Additional file 5: Table S4), including 5/6 “n” MD
plants. Of the “2n” MD progeny only 30 % (16/53) pro-
duced seed, setting 1-198 seeds (40 on average; Fig. 7;
Additional file 5: Table S4). In comparison 79 % of OP
plants (38/48) and 81 % of SP plants (36/44) set at least 1
self-pollinated seed.

Pollen viability ranged from 0 to 91 % in the MD
population (Fig. 8) with 58 % of the assayed MD
plants being male-sterile (38/66). Similar pollen via-
bility ranges were observed in the SP (0-84 %) and
OP (0-94 %) populations, but only 12.5 % (5/40)
and 11 % (5/46) of individuals in the SP and OP
populations respectively were male-sterile (Fig. 8).
Significant correlations (p < 0.01) between pollen via-
bility and seed set were present across all individuals
and within each of the three populations (Additional
file 4: Figure S4, r*=0.25 for all samples). Fertility
as measured by either pollen viability or seed set
was not significantly associated with DNA ploidy
level in any population (p > 0.05), with the exception
of a weakly significant association (p =0.043, r* = 0.07)
between ploidy and pollen viability in the MD population.
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Discussion
By tracking SNP allele inheritance along individual chro-
matids in the MD population, we could identify chromo-
some rearrangements and predict the frequency of
homologous and non-homologous recombination events
during meiosis in the near-allohexaploid hybrid. Al-
though a low level of non-homologous recombination
between each of the A, B and C genomes was identified,
A-A", B-B° and C"-C° homologous chromosomes
recombined and segregated with high fidelity in the
near-allohexaploid hybrid, with mostly regular allele
transmission and minimal non-homologous interactions.
Examples of irregular meiosis were almost entirely re-
lated to illegitimate pairing between homoeologues, but
occasionally due to putative univalent inheritance or in-
teractions between other non-homologous chromosome
regions. The majority of non-homologous associations
were predicted to involve both pre-existing translocation
events and univalent chromosomes. Use of an MD popula-
tion allowed clear, detailed inferences about crossover
frequency and gamete production in the trigenomic hybrid.
Recently, significant progress has been made in the
Brassica model in determining how crossover formation
during meiosis is regulated, and what role this plays in
subsequent chromosome rearrangements and meiotic
stability [13]. At least two different but complementary
gene pathways are responsible for regulating the location
and frequency of crossover formation and resolution
during meiosis [28]. However, it appears that crossover
frequency is at least in part regulated by cell chromosome
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number: the number of crossovers observed in series of
hybrids and haploids is known to increase with increasing
numbers of univalent chromosomes [14, 29, 30]. Recent
work has also shown that retention or loss of particular in-
dividual chromosomes, such as C9, can also affect cross-
over frequency [31]. Our results suggest that crossover
frequency was higher per chromatid in the C genome of
the B. napus x B. carinata CCAB hybrid (Fig. 2; average
3.0 chromatid breakpoints detected per chromatid) than
in the allohexaploid hybrid (1.25 breakpoints) and in syn-
thetic B. napus (1.0 crossovers per recombining chromo-
some; [14]). This confirms previous speculation regarding
increased crossover frequency in diploid genomes in this
and similar hybrid types containing high numbers of
additional univalent chromosomes [19, 30] and matches
observations in allotriploid (AAC) hybrids relative to dip-
loids (AA) and allotetraploids (AACC) [14]. In addition,
the higher frequency of recombination in the C genome
(1.2 breakpoints/chromatid) compared to the A and B
genomes (0.84 breakpoints/chromatid) in the near-
allohexaploid hybrid (Fig. 4) may suggest that increased
sequence similarity between C"° chromatids resulting
from the previous C"-C° recombination events facilitates
crossover formation, relative to more distinct chromatids
in unrecombined B'-B° and A)-A™ chromosome pairs.

Bias towards inheritance of univalent chromosomes
appeared to be regulated somewhat differently than bias
towards inheritance of alleles from homologous chromo-
some pairs. In this study, several univalent chromosomes
showed strong bias towards retention or loss in the
population, although few strong effects were observed

for chromosomes present as homologous pairs. In par-
ticular, B'7 was preferentially lost, whereas A'9 and B'3
were preferentially retained (Additional file 4: Figures
S1 and S2), putatively through selective pressure for or
against particular alleles present on those chromosomes.
This is not entirely expected due to the high degree of
genomic redundancy offered by the presence of three re-
lated genomes in these hybrids, but could be related to
disruptions to gene dosage balance rather than to absolute
loss or gain of effect [32]. Interestingly, although there was
no bias towards retention or loss of chromosome A6 in
the MD population, presence of this chromosome was
positively associated with both seed set and pollen viability
(Additional file 4: Figure S4). No other univalent chromo-
some had an effect on fertility, despite the extreme bias to-
wards inheritance of some chromosomes, suggesting that
some chromosomes or chromosomal loci may be more
important for somatic viability but not fertility and vice
versa. Although B genome inheritance was not assessed in
the self-pollinated population analysed previously [25],
bias towards inheritance of chromosome A'9 was com-
mon to both populations. Hence, A9 may contain genetic
factors related to hybrid embryo viability.

The A7-C6 translocation is a known feature of many
B. napus genotypes [33], and so it was not surprising to
observe this in the B. napus cross parent of our study
(and in our previous work with a related population
[25]). The presence of a large scale duplication of loci on
chromosome A10 was also observed in this B. napus
parent (see [25]). We were unable to identify a deleted
genomic region in the C genome corresponding to this
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duplication, but possibly a region of homoeologue C9 was
deleted. An approximately 2 Mbp duplication of part of
chromosome C4 was also detected and determined to
have arisen from a non-reciprocal translocation with A4,
probably during meiosis in the B. napus x B. carinata hy-
brid. Interestingly, the two pre-existing genomic features
in B. napus (the A7-C6 translocation and the A10 duplica-
tion) were responsible for the vast majority of homologous
pairing disruption observed in our study, similarly to the
sister population derived from self-pollination events [25].
The genomic architecture of B. juncea, B. carinata and B.
napus appears to be otherwise remarkably conserved
(Additional file 4: Figures S1-S3), considering the widely
spaced timing of the independent speciation events which
gave rise to each allotetraploid species [34].

On average, MD progeny fertility was much lower
than that of the SP and OP populations (Figs. 7 and 8),
despite the fact that most MD progeny had doubled
chromosome number during microspore culture (Fig. 6).
This may suggest that non-viable chromosome re-
arrangement events have been fixed in the sterile plants,
or that accumulation of more duplication and deletion
events present in two copies rather than one is more
likely to result in disruption of alleles related to fertility
[35]. However, this effect may also be partially attribut-
able to the additional stress exerted on this material by
the microspore culture process. At least 12 of the MD
plants were chimeric, containing sectors of doubled and
undoubled tissue (Additional file 5: Table S4). While this
is not unexpected in Brassica progeny derived from
microspore culture [36], a high level of variation between
readings was observed in most higher-ploidy MD progeny,
but not in established species controls (Additional file 5:
Table S4). Furthermore, deviations from the expected two
copies of chromosome pairs were observed in many pu-
tatively “2n” MD progeny (Additional file 4: Figure S5,
Additional file 5: Table S4), and cannot be explained by
any known meiotic mechanism. A likely source of these
anomalies is mitotic instability that may have occurred
either as a result of the hybrid status of these progeny,
response to colchicine treatment or to the microspore
culture processes, or a combination of these factors.
This finding may inspire further investigations of the
mechanisms governing mitotic instability in microspore
culture, an important tool in Brassica breeding and gen-
etics research.

Assessment of meiotic behaviour was greatly assisted
in this study by the availability of a population of
microspore-derived progeny, which sampled individual
male gametes from the near-allohexaploid hybrid. Such
technology is currently available in few plant species.
However, as next-generation sequencing techniques ad-
vance, single-cell sequencing may allow gametes (pollen,
ovules) to be isolated and sequenced directly without the
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medium of microspore culture to develop embryos and
plants, broadening the species applicability of this ana-
lysis approach. High-throughput molecular karyotyping
approaches are being increasingly available to answer
biological questions. The use of SNP chip arrays may
rapidly become superseded by genotyping-by-sequencing
[37]. However, the analytical power provided by the SNP
chip arrays over other molecular marker types, com-
bined with developed pipelines for data analysis [27]
have allowed us to determine meiotic behaviour in this
allohexaploid rapidly and effectively.

Conclusions

SNP marker segregation patterns in the microspore-
derived (MD) population, each of which result from single
male meiosis in a near-allohexaploid Brassica F1 hybrid,
allowed us to infer detailed meiotic behaviour in this hy-
brid. Crossover frequencies per chromosome in the allo-
hexaploid were determined to be similar to frequencies
expected in established Brassica species, suggesting that
higher chromosome numbers are not disruptive to cellular
regulation of crossover events. The MD population was
found to have lower average fertility and highly variable
DNA ploidy levels compared to SP and OP populations
grown under the same experimental conditions [25]. Pro-
duction of a new, stable and fertile allohexaploid Brassica
crop species through genomic breeding, bringing together
all the genetic diversity of the cultivated Brassica species
and concentrating allelic heterosis, offers a pathway of
significant interest for crop geneticists.

Methods

Experimental material

A four-generation pedigree was employed in this experi-
ment (Fig. 1). Generation 1 and Generation 2 involved
intercrossing three allotetraploid Brassica species resulting
in a near-allohexaploid hybrid (2n =49; Generation 3),
named “N1C1.J1-1” by Mason et al. [24]. This crossing ap-
proach relied on the phenomenon of unreduced gamete
formation in the CCAB hybrid to produce gametes with a
CCAB genome composition (Generation 2), rather than
the 9C+0-10A +0-8B chromosome complement ex-
pected for a reduced gamete from this hybrid type. The
parental genotypes used were: doubled-haploid lines of
Brassica napus (“Surpass400-024DH”) and B. carinata
(“195923.3.2_01DH”); and the B. juncea experimental
breeding line “JN9-04” [24]. The near-allohexaploid hybrid
was subjected to microspore culture according to proto-
cols of Takahira et al. [36] and Cousin and Nelson [26]
(using the chromosome doubling agent, colchicine), and
resulted in a population of 75 microspore-derived (MD)
progeny (Generation 4). After removal from tissue cul-
ture, the MD population was grown to maturity in a
controlled environment room (16 h photoperiod with a
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light intensity of 200 pmol m™2 s™* at 18 °/10 °C day/night)
at The University of Western Australia.

A population of 50 seeds derived from self-pollination
(SP) and 50 seeds derived from open-pollination (OP) of
the same near-allohexaploid hybrid were planted ap-
proximately 5 weeks after removal of the MD progeny
to the controlled environment room. Open-pollinated
seeds were collected from racemes of the hybrid growing
in proximity to other experimental hybrids and allotetra-
ploid Brassica lines, and so could have resulted from
either cross-pollination or self-pollination. A total of 44
SP seeds and 48 OP seeds germinated, after which all
individuals in the three populations were grown to full
maturity and self-seed set under the same environmental
conditions. DNA ploidy level (flow cytometry), pollen
viability and self-pollinated seed set data for the plants
derived from self-pollination of the near-allohexaploid
hybrid were previously reported in Mason et al. [25].

DNA extractions, flow cytometry and fertility

DNA was extracted from leaf tissue of experimental pro-
geny, parents and hybrids using the Illustra Nucleon
Phytopure Genomic DNA Extraction kits (GE Health-
care) according to manufacturer’s instructions. Flow cy-
tometry was carried out according to protocols detailed
in Mason et al. [25]. Each MD plant was sampled 1-4
times: 34 plants were sampled once, 22 plants were sam-
pled twice, 13 plants were sampled 3 times and 6 plants
were sampled 4 times. SP plants were also sampled 1-4
times: 18 plants were sampled once, 15 plants were sam-
pled twice, 10 plants were sampled 3 times and one
plant was sampled 4 times. OP plants were sampled
once (26 plants) or twice (21 plants), and data were not
obtained for one plant. Plants from parental B. napus
and B. carinata genotypes were each sampled four times
and B. rapa “Chiifu” was sampled five times. A propa-
gated cutting of the near-allohexaploid hybrid plant was
sampled four times. In order to assess technical variabil-
ity in DNA ploidy estimates, three different cuttings
from another trigenomic hybrid resulting from the same
cross (plant “A2” in Mason et al. [24]) were each sam-
pled 3-4 times. Lettuce (Lactuca sativa) was used as an
internal control and samples were normalised to 1.0 = B.
rapa + B. carinata ploidy levels (2n = ~AABBCC). Self-
pollination of all plants was encouraged by enclosing ra-
cemes in microperforated plastic bread bags, and pollen
viability was estimated using 1 % acetocarmine stainability
according to methods detailed in Mason et al. [25].

Molecular markers

DNA from all parents, hybrids and MD progeny in the
four-generation pedigree were genotyped using Illumina
Brassica 60K SNP chips (Illumina Inc., San Diego, USA),
according to manufacturer’s instructions. Chips were
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scanned using a HiScanSQ (Illumina Inc). SNP marker data
were visualised using Genome Studio V2011.1 (Illumina
Inc, San Diego, USA). SNP markers that were polymorphic
between the B. napus and B. carinata parents (C genome)
and between the B. napus and B. juncea parents (A gen-
ome) were retained, and SNP marker clustering manually
checked. SNP markers were ordered within their respective
chromosomes with reference to the sequenced A genome
of B. rapa [38] and C genome of B. oleracea [39] and mis-
placed contigs relocated by manual inspection of haplotype
continuity.

Copy number variation for the subset of SNPs used in
this study was analyzed based on the log R ratio (LRR) cal-
culated in Genome Studio, in line with a previously estab-
lished and validated methodology for detection of copy
number variation using SNP genotyping arrays [40, 41].
The LRR, which defines the observed fluorescence inten-
sity relative to the expected fluorescence intensity (derived
from the average of all SNPs in that genotype cluster)
transformed on log scale, and the B allele frequencies
(BAF), which measure the relative contribution of the B
alleles to the combined A and B allele signals, were
exported from Genome Studio and plotted for each SNP
along their putative chromosomal positions in the Bras-
sica napus genome (Additional file 4: Figure S5) [42].
LRRs which cluster around 0 are assumed to have no copy
number variation, i.e., a copy number of 2 in most species
and in somatically doubled MD progeny. The BAF values
mainly cluster around 0, 0.5 and 1, corresponding to the
genotypes AA, AB and BB (Additional file 4: Figure S5).

Molecular karyotyping of B-genome chromosomes was
performed using SSRs which were selected after first
screening for polymorphism between the B. carinata and
B. juncea B-genome parents. These markers comprised: (1)
a set of 48 B genome-specific SSR primers of known gen-
omic location [43, 44] provided by Agriculture and Agri-
Food Canada (AAFC) (Isobel Parkin, personal communica-
tion) and previously screened across a panel of U Triangle
species samples [35]; (2) 115 publically available markers
developed for the Brassica A and C genomes, but which
also amplified B-genome alleles (Isobel Parkin, personal
communication; http://aafc-aac.usask.ca/BrassicaMAST/).
Polymorphic SSR markers were then used to genotype
the MD population along with hybrid and parental con-
trols. B-genome markers with known genome locations
from set 1 were used to place B-genome alleles with un-
known locations (set 2) on linkage groups (Additional
file 1: Table S1) using a linkage mapping approach. Frag-
ment analysis was performed using an AB3730x] DNA
sequencer (Applied Biosystems, Scoresby, Victoria) with
fluorescently-labelled primers, or via agarose gel electro-
phoresis [45]. The resulting B-genome linkage groups
were named B1 to B8 following the numbering convention
established by Lagercrantz and Lydiate [46].
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Statistical analyses

Pearson’s x* test was used to detect deviation from 1:1
segregation ratios (AA: BB genotype calls) expected for
an MD population. Chromosome segments were deter-
mined to be absent if more than five contiguous SNPs
had no call (NC) scores within a single individual but
were present in other members of the MD population.
Linear models in the R version 3.0.0 base package (The
R project for statistical computing) were used to calcu-
late F statistics, r* correlation coefficients and p-values
for the relationship between DNA ploidy level, seed-set
and pollen viability in and across each of the three popu-
lations (function Im()). Generalised linear models (func-
tion glm()) using the binomial distribution were used to
assess the impact of presence/absence of individual
chromosomes and particular translocation, deletion and
duplication events on self-pollinated seed set and pollen
viability.

Heatmaps were generated using the “heatmap.2” func-
tion in the gplots package of R version 3.0.0 and formatted
using Microsoft PowerPoint 2010 (Microsoft Corporation).
Redundant SNP marker alleles were reduced to a single
representative per “marker bin” using an R script that com-
pared allele inheritance across the population and removed
each progeny that matched a previous progeny exactly,
treating missing values as wild cards [27]. Fisher’s exact test
for count data in R was used on count summaries gener-
ated for each marker allele pair: both alleles present, nei-
ther allele present, first allele present or second allele
present. Expected value tables to account for unequal allele
frequencies were produced using 2 x 2 contingency tables.

Association analysis

Association analysis was performed using a compressed
mixed linear modelling approach ([47]) implemented in
the “GAPIT” package of R ([48]), in order to determine
if any genomic regions were significantly associated with
phenotypic traits. R function “na.gam.replace” in the
“gam” package was used to replace missing genotypic
values with SNP marker averages for the population.
Pollen viability, seed set and ploidy status were used as
phenotypic input variables.

Availability of supporting data
The data sets supporting the results of this article are in-
cluded within the article and its additional files.

Additional files

Additional file 1: Table S1. Segregating SNP loci in the A and C
genomes of an allohexaploid Brassica ((B. napus X B. carinata) X B. juncea)
microspore-derived (MD) population.
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Additional file 2: Table S2. Segregating SSR loci in the B genome of an
allohexaploid Brassica ((B. napus X B. carinata) X B. juncea) microspore-derived
(MD) population.

Additional file 3: Table S3. Allele presence and absence in the A and C
genomes in an allohexaploid Brassica ((B. napus x B. carinata) X B. juncea)
microspore-derived (MD) population. “NA” indicates no ampilification or
missing data; “Aj"” the B. juncea A genome, "An" the B. napus A genome, “Bc”
the B. carinata B genome, “Bj" the B. juncea B genome, “Cc” the B. carinata
genome and “Cn" the B. napus genome.

Additional file 4: Figure S1. Transmission frequencies of B. juncea and
B. napus A-genome SNP marker alleles from a near-allohexaploid hybrid
to a population of 71 microspore-derived progeny. Horizontal dotted
lines show thresholds for significant deviation from 50 % inheritance

(p < 0.05, Pearson’s chi-squared test). * Chromosomes A"2, A"6 and A"9
were absent in the near-allohexaploid hybrid. Figure S2. Transmission
frequencies of B. juncea and B. carinata B-genome SSR marker alleles from
a near-allohexaploid hybrid to a population of 71 microspore-derived
progeny. Horizontal dotted lines show thresholds for significant deviation
from 50 % inheritance (p < 0.05, Pearson’s chi-squared test). * Chromosomes
B3 and B7 were absent in the near-allohexaploid hybrid. Figure S3.
Transmission frequencies of B. napus and B. carinata C-genome SNP marker
alleles from a near-allohexaploid hybrid to a population of 71 microspore-
derived progeny. Horizontal dotted lines indicate significant deviation
from 50 % inheritance (p < 0.05, Pearson’s chi-squared test). Figure S4.
The relationship between pollen viability estimates and self-pollinated
seed production in three populations derived from microspore culture, self-
pollination and open-pollination of the same trigenomic hexaploid hybrid
resulting from the cross (B. napus x B. carinata) x B. juncea. Figure S5. Copy
number variation (CNV) for A and C genome SNP alleles in A) B. carinata, b)
an allohexaploid hybrid and C) the microspore-derived progeny MD_042. In
the upper plots, for each SNP the Log R Ratio is plotted according to
chromosomal position in the Brassica napus genome. Dots (SNPs) above
the line indicate a higher copy number for those SNPs relative to the
other SNPs and dots below the line indicate a lower copy number of those
SNPs relative to the other SNPs. The lower plots show the corresponding B
allele frequencies which assign the relative contribution of each B allele to
all signals from both the A to B alleles, where a ratio of 0.5 indicates
heterozygosity (AB) and 0 or 1 homozygosity (presence or absence of
the B allele). A) B. carinata - absence of all A-genome chromosomes
and presence of two identical copies of each C-genome chromosome.
B) Allohexaploid hybrid - one copy of chromosomes A2, A6 and A9 and two
copies of all other chromosomes. C) Example microspore-derived progeny
MD_042 from the near-allohexaploid hybrid - absence of chromosomes A2,
A6 and part of C6, an extra copy of chromosome A5 and a duplication of part
of chromosome A7.

Additional file 5: Table S4. Pollen viability, self-pollinated seed set and
DNA ploidy level as estimated by flow cytometry in three populations derived
from microspore culture (MD), self-pollination (SP) and open-pollination (OP)
of the same trigenomic hexaploid hybrid resulting from the cross (B. napus x
B. carinata) X B. juncea, along with parent and trigenomic hybrid (5-6x three
genome aneuploid) controls.
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