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Although the genetic regulation of recombination in allopolyploid species plays a pivotal role in evolution and plant breeding, it

has received little recent attention, except in wheat (Triticum aestivum). PrBn is themain locus that determines the number of

nonhomologous associations during meiosis of microspore cultured Brassica napus haploids (AC; 19 chromosomes). In this

study, we examined the role played by PrBn in recombination. We generated two haploid3 euploid populations using two B.

napus haploids with differing PrBn (and interacting genes) activity. We analyzed molecular marker transmission in these two

populations to compare genetic changes, which have arisen during meiosis. We found that cross-over number in these two

genotypes was significantly different but that cross-overs between nonhomologous chromosomes showed roughly the same

distribution pattern. We then examined genetic recombination along a pair of A chromosomes during meiosis of B. rapa3 B.

napus AAC and AACC hybrids that were produced with the same twoB. napus genotypes. We observed significant genotypic

variation in cross-over rates between the two AAC hybrids but no difference between the two AACC hybrids. Overall, our

results show thatPrBn changes the rate of recombination between nonhomologous chromosomesduringmeiosis ofB. napus

haploids and also affects homologous recombination with an effect that depends on plant karyotype.

INTRODUCTION

Polyploidy has played a pervasive and prominent role in the

evolution of plants (Otto, 2007). It is estimated that 30 to 80% of

extant flowering plants are polyploid (Masterson, 1994; Ramsey

and Schemske, 1998; Rieseberg and Willis, 2007) and that

almost all angiosperms have experienced at least one round of

whole-genome duplication during their evolution (De Bodt et al.,

2005; Cui et al., 2006). Some of the world’s most important crop

plants, such as wheat (Triticum aestivum), cotton (Gossypium

hirsutum), and oilseed rape (Brassica napus), are allopolyploids

(i.e., they originated as hybrids [followed by chromosome dou-

bling] and contain different sets of related but not completely

homologous chromosomes, called homoeologs). Given its im-

portance, polyploidy has attracted a great deal of interest, and

rapid progress has beenmade inmany fields (Comai, 2005; Udall

and Wendel, 2006; Chen, 2007).

The genetic regulation of recombination in allopolyploid spe-

cies is a pivotal issue in evolution and agronomy but has been

largely underexplored in recent years, except in wheat. Cross-

over (CO) suppression between homoeologous chromosomes is

required to ensure proper chromosome segregation and fertility;

therefore; this mechanism is a determining factor in polyploid

speciation. Otherwise, complex meiotic configurations would

lead to unbalanced gametes, aneuploid progenies, and, hence,

impaired fertility (Ramsey and Schemske, 2002). In most poly-

ploid species, CO formation is restricted to homologs by the

activity of genes that affect different processes throughout

premeiotic interphase and meiotic prophase (Jenczewski and

Alix, 2004). These same genetic systems hamper the incorpora-

tion of beneficial traits into crop plants from their wild relatives

because they suppress introgressions that rely on the formation

of cross-overs between nonhomologous chromosomes (Able

and Langridge, 2006; Martinez-Perez and Moore, 2008).

Wheat is the only species in which a large number of continu-

ing studies are devoted to characterizing loci that suppress COs

between homoeologous chromosomes (Pairing homeologous

loci). The main regulator, Ph1, was discovered 50 years ago
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(Riley and Chapman, 1958; Sears and Okamoto, 1958) and only

recently characterized at themolecular level (Griffiths et al., 2006;

Al-Kaff et al., 2007). However, the very peculiar nature of the Ph1

locus, which consists of a cluster of cyclin-dependant kinases

(cdk-like genes) and a segment of subtelomeric heterochroma-

tin, does not readily explain the multiple cytological effects

attributed to Ph1 (Feldman, 1993; Mikhailova et al., 1998;

Martinez-Perez et al., 2003; Prieto et al., 2005; Corredor et al.,

2007). On the other hand, Ph2, another suppressor of homoe-

ologous associations (Upadhya and Swaminathan, 1967; Mello-

Sampayo, 1971), was shown to affect synaptic progression

(Martinez et al., 2001) but the genes responsible for the pheno-

type are still to be identified (Sutton et al., 2003).

Recently, evidence was obtained that a system regulating

homoeologous associations might also exist in B. napus

(Jenczewski et al., 2003). B. napus (AACC; 2n = 38) is a young

allopolyploid species formed by the hybridization of ancestors of

Brassica oleracea (CC; 2n = 18) and Brassica rapa (AA; 2n = 20)

(U, 1935; Palmer et al., 1983). B. napus haploid plants (AC; 19

chromosomes), which contain half the somatic chromosome

number of euploidB. napus and thus no longer have homologous

chromosomes, were first demonstrated to undergo complete

meiosis to produce viable gametes containing one copy of each

of the 19 B. napus chromosomes (Morinaga and Fukushima,

1933; Olsson and Hagberg, 1955; Tai and Ikonen, 1988). Hap-

loids produced fromdifferentB. napus varieties were then shown

to display very different meiotic behavior at Metaphase I (MI)

(Olsson and Hagberg, 1955; Renard and Dosba, 1980; Attia and

Röbbelen, 1986; Jenczewski et al., 2003); haploids produced

from some varieties (such asDarmor-bzh) display a few univalents

and a lot of nonhomologous associations at MI, whereas hap-

loids produced from other varieties (such as Yudal) display mostly

univalents and only a few nonhomologous associations. These

differences are inherited in a Mendelian fashion consistent with

the presence of a major locus, called PrBn (for Pairing Regulator

in B. napus) (Jenczewski et al., 2003), that was subsequently

localized to a C-genome chromosome (in addition to four to six

other additive or epistatic quantitative trait loci; Liu et al., 2006).

In the absence of homologous chromosomes, the associa-

tions observed at MI during meiosis in B. napus haploids could

involve (1) homoeologous A and C chromosomes that have

diverged for 4 million years (Inaba and Nishio, 2002); (2) chro-

mosomes containing regions of intragenomic or intergenomic

homology, which arose by whole-genome duplications in the

common ancestor of B. rapa and B. oleracea 13 to 17 million

years ago (Parkin et al., 2003, 2005; Lysak et al., 2005); or (3)

chromosomes carrying segmental duplications that occurred

subsequent to these polyploidy events (Parkin et al., 2005; Yang

et al., 2006). As in wheat haploids (Martinez et al., 2005),

differences in meiotic behavior among B. napus haploids may

therefore indicate genotypic variation in the effectiveness of CO

suppression among nonhomologous chromosomes.

In this study, we aimed to further characterize the mode of

action of PrBn (and the genes it interacts with), notably their

effect on both the rate and distribution of meiotic COs between

related genomes in B. napus haploids and hybrids. We first

analyzed the transmission of molecular markers in two haploid3
euploid F1 populations to compare the rate and distribution of

chromosomal rearrangements generated by meiosis in two B.

napus haploids showing different numbers of univalents at MI

(and that therefore differ in PrBn and interacting genes activity).

This survey was required to ascertain that the differences ob-

served at MI between B. napus haploids were not simply due to

genotypic variation for (1) achiasmatic associations that are com-

monplace in polyhaploids and interspecific hybrids (Orellana,

1985; Zhang et al., 1999) or (2) an idiosyncratic distribution of

meiotic COs among and along chromosomes that may have

resulted in fragile chiasmatic associations (Lamb et al., 1996).We

then analyzed genetic recombination during meiosis between a

pair of A chromosomes in B. rapa 3 B. napus triploid and tetra-

ploid hybrids to understand if PrBn, and the genes it interacts with,

lead to variations in the number of CO between almost homol-

ogous chromosomes. Altogether, our results demonstrate that

PrBn suppresses both homoeologous and homologous recom-

bination, with a magnitude that depends on the karyotype of the

plants. Our study thus confirms that PrBn is another model to

compare and contrast with wheat Pairing homeologous genes.

RESULTS

The Number of Chromosomal Rearrangements Varies

between the Progenies of Darmor-bzh and Yudal Haploids

We assayed parental marker transmission within and between

two haploid 3 euploid F1 populations. The first population was

obtained by crossing five haploidDarmor-bzh plants (that display

five univalents at MI on average) with one euploid Yudal plant.

The second was generated from nine haploid Yudal plants (that

display 12 univalents atMI on average) crossedwith oneDarmor-

bzh euploid plant (Figure 1, experiment 1). A total of 150 (pop-

ulation one) and 141 (population two) markers, including 86

codominant markers that allowed direct comparisons (see Sup-

plemental Figure 1 online), were used to genotype these two F1

populations and compare the number of chromosomal rear-

rangements that were generated by meiosis of Darmor-bzh and

Yudal haploids that differ in PrBn (and interacting genes) activity.

We anticipated that meiotic COs would produce chromosomal

rearrangements during the first meiotic division, which would

then be subsequently transmitted to the progenies of each B.

napus haploid by unreduced gametes generated by an equa-

tional division of the sister chromatids (see Nicolas et al., 2007).

Losses and duplications of parental markers were observed in

the two F1 haploid 3 euploid populations, confirming that

chromosomal rearrangements were generated during meiosis

in Darmor-bzh and Yudal haploids. Very significant differences

were observed between the two F1 populations regardless of the

method used to score rearrangements (see Methods). For ex-

ample, the average frequency of haploid parent allele loss was

higher in the progeny ofDarmor-bzh haploids than in the progeny

of Yudal haploids (method 1 using codominant markers only: 5%

versus 1.5%; P < 0.01%). Likewise, a total of 342 chromosomal

rearrangements were detected in the 117 progeny of Darmor-

bzh haploids compared with only 111 rearrangements in the 103

progeny of Yudal haploids (method 2 using codominant and

dominant markers: P < 0.01%). We obtained the same results
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when comparisons were performed using only the codominant

markers; this confirmed that variations in the number of rear-

rangements did not result from slight variations in genome cov-

erage between the two genetic backgrounds (see Supplemental

Figure 1 online). Analysis with codominant markers also showed

that euploid parent alleles were missing at almost equal fre-

quencies in both populations (0.17% in euploid Yudal versus

0.24% in euploid Darmor-bzh), but their numbers were too low

for sound statistical comparisons.

Significant differences were also observed in the number of

chromosomal rearrangements per individual offspring (Figure 2).

For example, rearrangements were absent in only six plants (out

of 117) in the progeny of Darmor-bzh haploids compared with 34

plants (out of 103) in the progeny of Yudal haploids (x2 = 26.1; P <

0.01%). Furthermore, among the offspring of Yudal haploids, a

maximum of five missing regions was observed, whereas up to

nine were missing in two offspring of Darmor-bzh haploids. In

both cases, the distribution of the number of rearrangements per

individual matched a Poisson distribution (Figure 2); this indi-

cated that there was no, or only weak, selection against the

gametes and offspring that carried these rearranged chromo-

somes. Therefore, the observed differences between the two

populations likely reflect significant differences in the frequency

at which these rearrangements were generated during meiosis.

To confirm this, we compared the numbers of rearrangements

observed in the two F1 populations with those expected from the

cytological survey described by Jenczewski et al. (2003). We first

estimated that a total of 405 and 181 chromosomal rearrange-

ments should be observed among the 117 and 103 plants

surveyed in the progenies of Darmor-bzh and Yudal haploids,

respectively, if (1) every chromosome association observed atMI

was chiasmatic (i.e., triggered rearrangements that segregated

to half the gametes; see Nicolas et al., 2007) and (2) there was no

gametic/zygotic selection against rearranged chromosomes. In

the two populations, these estimates were significantly higher

than the total number of rearrangements detectedwithmolecular

markers spanning 75% of the genome (Darmor-bzh: x2 = 11; P <

0.001; and Yudal: x2 = 24; P < 0.001). Resampling procedures

were used to extrapolate the total number of rearrangements

that would have been detected if 100% of the genome was

covered (see Supplemental Figure 2 online). These extrapolated

numbers roughly matched expectations from the cytological

survey; in fact, we estimated that ;425 and ;137 rearrange-

ments should have been observed in the progenies of Darmor-

bzh and Yudal haploids, respectively, if 100% of genome was

covered. Given the substantial variability obtained across sim-

ulated data sets (see Supplemental Figure 2 online), these

estimates are reasonably close to expectation.

Thus, the higher number of bivalents/multivalents observed at

MI in Darmor-bzh compared with Yudal haploids is closely

paralleled by an increase in the number of chromosomal rear-

rangements, which could have arisen either from genome-wide

Figure 1. Genealogy of Plant Material.

AD, AY, and AR designate the A genome from B. napus cv Darmor-bzh, B. napus cv Yudal, and B. rapa cv Chicon (C1.3), respectively. Likewise, CD, CY,

and CO designate the C genome from B. napus cv Darmor-bzh, B. napus cv Yudal, and B. oleracea cv RC, respectively. ARD and ARY indicate that

chromosomes from B. rapa recombined with those of Darmor and Yudal, respectively. COD and COY indicate that chromosomes from B. oleracea

recombined with those of Darmor and Yudal, respectively. A’DC’D and A’YC’Y indicate that chromosome rearrangements partially reshuffled the A and C

genomes of Darmor-bzh and Yudal, respectively. (1) The two haploid progenies were used to compare the frequencies at which chromosome

rearrangements were generated during meiosis of haploid Darmor-bzh (ADCD) versus haploid Yudal (AYCY). (2) and (3) Progenies of triploid and

tetraploid hybrids were used to compare the effects of Darmor versus Yudal genotypes on the frequency of homologous recombination on A7/R7. [See

online article for color version of this figure.]
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or chromosome specific differences in recombination frequency.

To determine which of the two possibilities occurred, we com-

pared the distribution of rearrangements among linkage groups

between the two F1 populations.

The Difference between Darmor-bzh and Yudal Haploids Is

Not Due to Chromosome-Specific Differences

in Recombination

We observed that all linkage groups were rearranged at least

once in the two populations (except A5 in the progeny of Yudal

haploids; Figure 3), demonstrating that all chromosomes were

able to recombine in both genotypes. Significant differences in

the number of chromosomal rearrangements were found for 11

out of 17 linkage groups (two groups were not included in this

comparison because they showed extensive coverage differ-

ences between the two progenies). On average, chromosomes

were rearranged three times more often in the progeny of

Darmor-bzh versus Yudal haploids; the difference was higher

for A4 and A8, but lower for C7 and A2. A2 was the only linkage

group for which the same frequency of rearrangementswas seen

in the two populations (12 to 13%of rearranged plants; Figure 3).

We then observed that for six linkage groups in the progeny of

Darmor-bzh haploids, the proportion of plants with rearrange-

ments was not significantly different from that expected if the

corresponding chromosome systematically formed a chiasmatic

bivalent at meiosis (i.e., 25%; Figure 3). By contrast, this pro-

portion was observed for none of the linkage groups tested in the

progeny of Yudal haploids (Figure 3). It thus appears that at least

six chromosomes could systematically form cross-overs during

meiosis inDarmor-bzh haploids, while this was never the case for

any chromosome during meiosis of Yudal haploids. Randomiza-

tion tests then demonstrated that the highest frequencies of

linkage group rearrangements observed in the progenies of

Darmor-bzh and Yudal haploids would not be obtained if rear-

rangements occurred at random, with equal probabilities for all

linkage groups. This means that some linkage groups were

rearranged more often than expected by chance in these two

populations.

Chromosomal RearrangementsOccur in Similar Patterns in

the Progenies of Darmor-bzh and Yudal Haploids

We showed that the number of rearrangement breakpoints per

linkage group in the progeny of Darmor-bzh haploids was pos-

itively and significantly correlated to the number of rearrange-

ment breakpoints per linkage group in the progeny of Yudal

haploids (R2 = 0.7; P < 1%). This showed that the same linkage

groups were rearranged at a proportionally high, intermediate, or

low frequency in the two populations.

Figure 2. Distribution of the Number of Rearrangements per Individual

Offspring in the Progeny of Darmor-bzh versus Yudal Haploids.

Two Poisson distributions (diamond for Darmor-bzh and cross for Yudal)

are used to model the number of rearrangements per plant. The average

number of missing regions per plant (per progeny) is used as the average

rate for each of the two distributions.

Figure 3. Percentage of Plants with Rearrangements for Each Chromosome in the Progenies Darmor-bzh and Yudal Haploids.

The solid line indicates the expected proportion of plants with rearrangements when chromosomes systematically undergo a cross-over during haploid

meiosis. The dashed line indicates the lowest limit of the confidence interval around this expected proportion when a = 5%. Striped black and gray bars

(such as for C9) indicate the linkage groups that were poorly covered in Darmor-bzh and Yudal, respectively.
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We compared the proportion of rearrangements that entailed

concurrent losses and duplications of homoeologous haploid

parent alleles (i.e., for markers located in homoeologous regions)

between the two populations to assess the relative frequency of

homoeologous recombination (for methods, see Nicolas et al.,

2007). Table 1 summarizes the results obtained for homoeolo-

gous regions located on five different pairs of homoeologous

chromosomes. The low number of rearrangements detected in

the progeny of Yudal haploids resulted in huge locus-to-locus

variations that are certainly due to sampling variability and

hampered statistical comparisons. Averaging over loci, which

seldom has biological significance, suggested that ;55% of

rearrangements were derived fromCOs between homoeologous

chromosomes in the two F1 populations (x2 = 0.06, P = 0.81;

Table 1).

MI chromosomes were labeled with the BoB014O06 probe,

which specifically hybridizes to all C-genome chromosomes, to

determine the relative proportion of autosyndetic (A-A or C-C)

versus allosyndetic (A-C) bivalents. The average meiotic behav-

ior of Yudal haploids at MI is shown in Table 2. We observed that

autosyndesis was as proportionally commonplace at MI in Yudal

(Figure 4) as inDarmor-bzh haploids (Table 2; x2 = 0.99, P = 0.32)

and represented ;30% of the bivalents observed. We then

compared the distribution of COs along chromosomes in the two

F1 populations.

A wide variety of distal and interstitial rearrangements were

observed inbothprogenies,whichwereclassifiedaccording to the

number of breakpoints they caused on linkage groups. The mean

number of chromosomes per plant carrying single, double, and

triple breakpoints was higher in the progeny of Darmor-bzh hap-

loids than in theprogenyofYudalhaploids (Figure 5A).Bycontrast,

the relative proportion of rearranged chromosomes in each class

was strikingly similar in the two F1 populations (x2 = 0.28, P = 0.85;

Figure 5B). In otherwords, once a linkage groupwas rearranged in

any of the two populations, there was the same chance, irrespec-

tive of the haploid genotype, that this rearrangement entailed one

(;70 to 75%), two (;25%), or three (;3%) breakpoints.

We compared the positions of COs along chromosomes

between the two progenies, approximated by the positions of

single breakpoints. We compared the genetic size of the missing

distal regions between the two progenies. Linkage groups or

regions with extensive coverage differences between the two

progenies or that displayed only a few rearrangements were

excluded from this comparison. The relative genetic size of the

missing distal regions appeared to be slightly but significantly

higher in theDarmor-bzh progeny than in Yudal, regardless of the

way the breakpoints were located within the rearranged intervals

(Table 3). The margin was small, however, suggesting that CO

distribution along chromosomes was very similar during meiosis

of Darmor-bzh and Yudal haploids.

Table 1. Comparison of the Proportion of Chromosomal Rearrangements Derived from Homoeologous Recombination between the Progenies of

Darmor-bzh versus Yudal Haploids

Linkage

Groups

Locus Showing

Loss of HP Allelea

Homoeologous

Linkage

Groups

Corresponding

Homoeologous

Locus Showing

Duplicated

HP Allelesb

No. of Chromosomal

Rearrangements

That Entailed

Concurrent Loss and

Duplication of HP

Allelesb

No. of Chromosomal

Rearrangements

That Did Not Entail

Concurrent Loss and

Duplication of HP

Alleles

Chromosomal

Rearrangements

That Entailed

Concurrent Loss

and Duplication

of HP Alleles (%)

Darmor-bzh Yudal Darmor-bzh Yudal Darmor-bzh Yudal

N1 CB10081b N11 CB10081a 11 2 5 2 69 50

Ol12F11b Ol12F11a 3 0 2 0 60 nd

N11 CB10081a N1 CB10081b 5 2 6 1 45 67

Ol12F11a Ol12F11b 4 0 2 1 67 0

N14 Ol11D12 N4 CB10335 6 0 2 0 75 nd

E35M67ab CB10347 0 0 0 2 nd 0

N2 CZ5b703024b

(Y)/Brass037 (D)

N12 CZ5b703024a 2 6 6 2 25 75

Na12H09a (Y)/

Brass037 (D)

Na12H09b 1 2 0 0 100 100

N12 CZ5b703024a N2 CZ5b703024b nd 5 nd 2 nd 71

Na12H09b Na12H09c nd 2 nd 1 nd 67

N3 CB10021a N13 Ol10B08 0 0 4 4 0 0

CB10415-IH08a JLP011 0 0 1 1 0 0

N18 JLP042 N9 CZ0b687858 6 1 2 2 75% 33%

N9 Ol12F02b N18 Brass031 0 0 1 0 0% nd

All loci 38 20 31 18 55% 53%

aAlleles from the haploid parent.
bExact correspondence between homoeologous loci was ascertained when marker assays detected multiple loci mapping to colinear blocks

(Ol12F11a/b and CB10081a/b). When these markers were not available, we used markers anchored in Arabidopsis thaliana to find the most likely

homoeologs within colinear blocks (see Supplemental Data Set 1 online).
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Comparison of Homologous Recombination in Triploid and

Tetraploid Hybrids

Finally, genetic experiments were performed to compare the

frequency of meiotic COs on a pair of homologous chromo-

somes (linkage group A7) between two tetraploid hybrids pro-

duced by crossing the same resynthesized B. napus to Darmor

and Yudal, respectively (Figure 1, experiment 3). Using seven

markers common to the two maps (Figure 6A), we found that the

total genetic size of the linkage group was slightly (1.25-fold) but

not significantly higher (P = 0.002 > a9 a=0.01 = 0.001) in the

progeny of the tetraploid produced with Yudal compared with

Darmor. Likewise, no significant difference was observed when

we compared the number of cross-overs per interval (P = 0.2).

The frequency of homologous recombination between two

triploid hybrids, produced by crossing the same B. rapa plant

with Darmor and Yudal, respectively (Figure 1, experiment 2),

was then compared on the same A7 linkage group. We observed

a highly significant heterogeneity in genetic map distances

between the progeny of the triploid hybrid producedwithDarmor

(ARADCD) versus Yudal (ARAYCY) (Morton test extended to mul-

tiple loci; P < 1025; Figure 6B). The proportion of COs calculated

for every interval between adjacent markers on A7 was higher in

the ARADCD hybrid than the ARAYCY hybrid, although no signif-

icant differences were observed for COs in the vicinity of the

centromere (close to marker E43M70.643; Pouilly et al., 2008) or

at one end of the linkage group. Using 12 and 14 markers in the

ARADCD and ARAYCY progenies, respectively, we observed that

the mean number of exchange points per chromatid was 1.7

(ranging from 0 to 4) in the ARADCD hybrid and 1.0 (ranging from 0

to 3) in the ARAYCY hybrid.

These results demonstrate that changing the genotype of the

B. napus variety used to produce hybrids had a clear effect on

the frequency of homologous recombination across A7 for the

triploid hybrids but no effect for the tetraploid hybrids.

DISCUSSION

Natural euploid B. napus displays predominantly 19 bivalents at

MI and an almost strict disomic inheritance; this shows that the

vast majority of COs is formed between homologous chromo-

somes. Evidence for rare homoeologous exchanges have none-

theless been obtained in several B. napus cultivars (Parkin et al.,

1995; Sharpe et al., 1995; Lombard and Delourme, 2001; Osborn

et al., 2003; Piquemal et al., 2005; Udall et al., 2005), but their

frequency remains very low. By contrast, the slightly irregular

meiosis of resynthesized B. napus generates a higher proportion

of homoeologous exchanges when compared with natural B.

napus (Parkin et al., 1995; Sharpe et al., 1995; Udall et al., 2005;

Lukens et al., 2006; Gaeta et al., 2007; A.M. Chèvre, unpublished

results). These results collectively indicate that an element of

meiotic correction has been selected during the evolution of B.

napus. Evidence was recently obtained that amajor locus, called

PrBn, largely determines the number of bivalents and multiva-

lents that form at meiosis in B. napus haploids (AC; n = 19)

(Jenczewski et al., 2003; Liu et al., 2006). In this study, we

showed that PrBn controls the frequency, but not the distribu-

tion, of COs between homoeologous chromosomes in haploid

plants and between homologous chromosomes during meiosis

of triploid ArAnC plants. We also showed that PrBn has no effect

Table 2. Comparison of Allosyndesis and Autosyndesis at MI between Haploid Darmor-bzh and Yudal

Average Meiotic Behaviora

Autosyndesis Allosyndesis

No. of PMCs IA IC IIAA IICC IIAC III+IV (IIAA+ IICC)/IItot IIAC/IItot

Darmor-bzhb 37 3 (96) 2.2 (66) 0.8 (31) 0.7 (25) 5.2 (203) 0.14 (50) 0.22 0.78

Yudal 20 5.3 (106) 5.1 (103) 0.8 (16) 0.4 (8) 3 (60) 0 0.29 0.71

IA and IC indicate univalents belonging to the A and C genomes, respectively; IIAA and IICC indicate autosyndetic bivalents formed between a pair of A

or a pair C chromosomes, respectively; IIAC indicates allosyndetic bivalents formed between A and C chromosomes; IIAA + IICC + IIAC = IItot; III and IV

indicate trivalents and quadrivalents, respectively.
aTotal number of chromosomes present as IA, IC, IIAA, IICC, IIAC, III, and IV, respectively, are indicated in parentheses.
bData published by Nicolas et al. (2007).

Figure 4. Detection of Autosyndesis at Metaphase I Using BAC–

Fluorescence in Situ Hybridization on Pollen Mother Cells from Haploid

Yudal.

Staining with 49,6-diamidino-2-phenylindole was used on anther meio-

cytes to establish the meiotic behavior of every Yudal pollen mother cell

(PMC) at MI (A) and then combined with BoB014O06 fluorescence in situ

hybridization (FISH) signals (green), which identifies C chromosomes (B)

to distinguish autosyndetic and allosyndetic associations. Three biva-

lents (two autosyndetic, which are indicated by red and green arrows

between A and C chromosomes, respectively, and one allosyndetic) and

13 univalents were observed in the cell presented. Bar = 5 mm.
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on the level of homologous recombination in tetraploid ArAnCC

hybrids, suggesting that its effect on recombination depends on

plant karyotype.

Our study shows that the different meiotic behaviors observed

between Darmor-bzh and Yudal haploids are caused by a

threefold difference in the number of COs that are formed

between nonhomologous chromosomes. Given that these two

meiotic phenotypes are genetically determined by PrBn and the

genes it interacts with, we conclude that these loci have an effect

on recombination between nonhomologous chromosomes.

We first showed that the number of rearranged chromosomes

in the progenies of Darmor-bzh and Yudal haploids matched the

number of bound chromosomes at MI in each of the two haploid

genotypes. These findings indicate that achiasmatic associa-

tions between nonhomologous chromosomes (Orellana, 1985;

Zhang et al., 1999) do not (widely) occur during meiosis of

Darmor-bzh and Yudal haploids and incidentally extends the

conclusion from our previous study (Nicolas et al., 2007) to the

whole-genome level (for Darmor-bzh) and the Yudal genotype. It

appears that most rearrangements in the progenies of B. napus

haploids stem from COs between nonhomologous chromo-

somes and notably between homoeologous chromosomes

(Table 1).

We then proved that the contrasted meiotic behaviors be-

tween Darmor-bzh and Yudal haploids were not caused by a

difference in the number of chromosomes that are susceptible to

recombine (because of preexisting chromosomal rearrange-

ments, for example). Indeed, all chromosomes were able to

recombine during meiosis in Yudal haploids (Figure 3) even if

probably none of themsystematically underwent aCO.We found

that the chance, on average, of most chromosomes in Yudal

haploids recombining was three times less than in Darmor-bzh

haploids, indicating an overall reduction in recombination be-

tween nonhomologous chromosomes.

Finally, we found that the higher number of univalents ob-

served in Yudal haploids cannot result from premature bivalent

separation, a phenomenon that was previously observed for COs

that were too close to telomeres (Lamb et al., 1996). Indeed, the

placement of single exchange events was so similar in the two

progenies (Table 3), and the difference between the genetic and

cytological data so small, that susceptible chiasma configura-

tions are unlikely to play a significant role in generating the

observed univalents at MI.

This study thus highlights differences in the number of COs

between Darmor-bzh and Yudal haploids but not their distribu-

tion among chromosomes. For example, the number of rear-

rangement breakpoints per linkage group detected in the

progeny of Yudal haploids was highly and positively correlated

with the number in the progeny of Darmor-bzh haploids. Like-

wise, the relative proportions of autosyndesis (i.e., bivalents

between pairs of A or pairs of C chromosomes) versus allosynd-

esis (i.e., bivalents between A and C chromosomes) were found

to be very similar inDarmor-bzh and Yudal haploids (Table 2). We

also showed that COs were preferentially formed between

homoeologous chromosomes in the two progenies (Table 1).

These results demonstrate that CO distribution was not random

Figure 5. Typology of Chromosome Rearrangements in the Darmor-bzh and Yudal Haploid Progenies.

The mean number (A) and relative proportion (B) of rearranged linkage groups showing one, two, or three breakpoints are compared between the

Darmor-bzh and Yudal haploid progenies. Error bars indicate confidence intervals at a = 5%.

Table 3. Relative Genetic Size of Distal Rearrangements Compared

between the Progenies of Darmor-bzh versus Yudal Haploids

Position of Breakpoints

within the Rearranged

Intervalsa

Mean Genetic Size of the

Rearrangements, as an

Estimate Based on the

Inferred Position of the

Rearrangement Endpoint,

in the Progeny of:

Darmor-bzh

Haploids

Yudal

Haploids P Valueb

(1) At the position of the

first removed marker

26 cM 20 cM 0.045

(2) In the middle of the

interval

32.5 cM 26.5 cM 0.038

(3) At the position of the

last present marker

39 cM 33 cM 0.048

aThe missing distal regions that are considered to stretch away from the

breakpoint as far as the end of the linkage group.
bP value from a t test.
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(see randomization test) and followed roughly the same rules

during meiosis in the two genotypes. It notably appears that in

none of the genotypes were chromosomes randomly scattered

in the meiotic nucleus and recombined by chance only when

pairs of chromosomes happened to lie close to each other.

It is tempting to further interpret our data and infer that the

stringency at which divergence is scrutinized by the meiotic

machinery is the same in Darmor-bzh and Yudal haploids.

However, for this assumption to be made, a clear and precise

understanding of the level of divergence between all the regions

that recombined during meiosis of Darmor-bzh and Yudal hap-

loids is required. At present, this information is not available,

notably because only two complete sets of paralogous regions

were compared at the sequence level in either B. oleracea or B.

rapa (Town et al., 2006; Yang et al., 2006). Similarly, it is difficult to

interpret our results concerning autosyndesis inDarmor-bzh and

Yudal haploids because it is not possible to determine if

autosyndesis results from the occurrence of COs between

regions that were duplicated 13 to 17 million years ago in each

of the parental genomes and are now quite divergent, or con-

versely if it is caused by CO formation between recent and still

very similar segmental duplications that occurred after the di-

vergence between the rapa/oleracea lineages (Yang et al., 2006).

Finally, comparisons among Ph1-active and Ph1-defective

(ph1b) wheat haploids demonstrated that the same trend for

CO distribution among nonhomologous chromosomes can be

obtained (Jauhar et al., 1991 and references therein) regardless

of the fact that Ph1 increases the stringency at which recombi-

nation occurs (Dubcovsky et al., 1995; Luo et al., 1996). As a

consequence, conclusions cannot be made from this data

concerning the way divergence is scrutinized by Darmor-bzh or

Yudal haploids.

In this study, we showed that variations in COs between

nonhomologous chromosomes among B. napus haploids are

closely paralleled by a significant difference in recombination

between homologous chromosomes in two triploid ArAnC hy-

brids produced using Darmor-bzh or Yudal genotypes (Figure

6B). Using the same plants, Leflon et al. (2006) observed that the

frequency of homoeologous recombination was slightly but

proportionally higher in triploid hybrids produced with Darmor-

bzh (5.5%) compared with Yudal (3.3%).

In a set of very similar experiments, Dubcovsky et al. (1995)

and Luo et al. (1996) observed that recombination between

wheat chromosomes 1A and 5A and Triticum monococcum

chromosomes 1Am and 5 Am was severely repressed when Ph1

is active and concluded that this reduction was due to the highly

discriminatory activity of Ph1 that could recognize minor differ-

ences between the A and Am related chromosomes. The same

interpretation does not appear to apply in our case because the

Ar and An genomes of B. rapa and B. napus, respectively, have

not been diverging for very long (presumably <10,000 years) and

are therefore very closely related (Rana et al., 2004; Parkin et al.,

1995; Parkin and Lydiate, 1997). Likewise, it is very unlikely that

changes in the frequency of homoeologous recombination are

responsible for the difference in the number of recombinant

A chromosomes between the two triploid ArAnC hybrids

(Zwierzykowski et al., 1999). In both hybrids, only 8 to 9% of

PMCs had trivalents or tetravalents, and no less than 70% of

Figure 6. Map Comparison of Linkage Group A7 in Progenies of the Two Tetraploid and the Two Triploid Hybrids.

ARAYCYCO and ARADCDCO are two tetraploid hybrids (A) produced by crossing the same resynthesized B. napus to Yudal and Darmor, respectively.

ARAYCY and ARADCD are two triploid hybrids (B) produced by crossing the same plant of B.rapa to Yudal and Darmor, respectively. Genetic distances

are given in centimorgans (cM).
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PMCs showed nine univalents and 10 bivalents that mainly

consisted of pairs of A chromosomes (Leflon et al., 2006).

Instead, it is likely that the significant difference in recombination

detected between the two ArAnC hybrids is due to variations in

CO formation between homologous chromosomes. Given that

PrBn, and its interacting partners, determine the number of COs

that are formed between nonhomologous chromosomes in

B. napus haploids, we hypothesize that these loci also affect

the number of COs between homologous chromosomes in the

two triploid ArAnC hybrids.

Does this mean that the overall capacity for forming CO is

different between Darmor-bzh and Yudal? At least two observa-

tions do not support this hypothesis. One is that we did not

observe a clear genotypic effect on the level of homologous

recombination between the two tetraploid hybrids (Figure 6A).

The second issue is that the relative proportion of rearrange-

ments that entailed one, two, or three breakpoints was strikingly

similar in the progenies ofDarmor-bzh andYudal haploids (Figure

5B), suggesting that only first cross-over formation between

nonhomologous chromosomes differed between the two haploid

genotypes. These two results are unexpected if the two geno-

types only differ in the number of COs they are able to form and

clearly demonstrate that CO variations depend on plant karyo-

type (for other relevant examples, see Nicolas et al., 2008).

The underlying cause of this karyotypic effect on CO variation

is unknown, but at least two hypotheses deserve further inves-

tigation. First, a dosage effect by genes on the B. napus C

genome, notably PrBn, can be postulated; one copy of the gene

(s) carried by the Yudal C genome would lead to fewer COs than

one copy of the gene(s) carried by the Darmor-bzh C genome,

but two copies of gene(s) carried by the C genomeswould confer

the same numbers of COs irrespective of the genotype (this may

explain why there is no difference in the loss of markers from the

euploid parent of each genotype). Dosage effects were shown to

be commonplace among the genes regulating chromosome

pairing and recombination in polyploid species (Naranjo and

Palla, 1982; Ceoloni et al., 1986; Jauhar, 1975; Moore, 2002).

Second, the presence of chromosomes that remain unsynapsed

during meiosis (in haploids and triploids, but less frequently in

tetraploids) may trigger changes in the progression/completion

of important steps of meiosis that are genotype dependant (see

Discussion in Carlton et al., 2006; Martinez-Perez and Moore,

2008). Clearly, these mechanisms are speculative and should be

tested directly by further appropriately designed experiments.

Meiosis impacts the evolution of polyploid species by (1)

contributing to fertility, (2) enabling sexual propagation, and (3)

generating, through meiotic errors, large-scale chromosomal

variation uponwhich genetic drift and/or selection can act (Leitch

and Leitch, 2008). Overall, our results clearly show thatPrBn, and

the genes it interacts with, regulate the number of COs between

nonhomologous (usually homoeologous) chromosomes without

changing their distribution throughout the genome during mei-

osis in B. napus haploids. Our findings also suggest that these

loci may confer similar mechanisms, between homologous

chromosomes, in triploid hybrids but not in tetraploid hybrids.

Although new genetic and cytological experiments are required

to decipher the causes of map length heterogeneities between

triploid and tetraploid hybrids, it appears that the role played by

PrBn in suppressing recombination depends on a plant’s chromo-

somal composition. Given that cloning PrBnwill certainly require a

large amount of tedious and time-consuming work, the most

effective way forward to gain further insights into the mode of ac-

tion of this locus could be via an accurate and comparative cyto-

logical description of the different meiotic stages that occur during

meiosis in haploids with different numbers of univalents at MI.

METHODS

Plant Material

The production of haploid plants (AC; 19 chromosomes) from Brassica

napus cv Darmor-bzh, a dwarf winter B. napus cultivar (ADCD), and B.

napus cvYudal, a spring korean line (AYCY), was described by Jenczewski

et al. (2003). The production and selection of haploid3 euploid progenies

were described by Nicolas et al. (2007). Briefly, haploid plants were used

as female parents with the male euploids providing haploid pollen (Figure

1). A first F1 population was produced by crossing five Darmor-bzh

haploid plants with one Yudal euploid plant; in this study, we refer to it as

“the progeny of Darmor-bzh haploids.” A second F1 population was

obtained by crossing nine Yudal haploid plants with one Darmor-bzh

euploid plant; in this study, we refer to it as “the progeny of Yudal

haploids.” Genetic variation was not expected among the different

haploid plants that were used to produced each of the two progenies

because these haploids were isolated from almost homozygous euploid

lines that were recovered after more than six (Darmor-bzh) and 15

generations (Yudal) of single seed descent, respectively. A total of 117

and 103 plants carrying 38 chromosomes, which were derived from

unreduced gametes produced by the haploid plants (see Nicolas et al.,

2007), were sorted in the progenies of Darmor-bzh and Yudal haploids,

respectively. These two progeny populations were used to compare the

frequency and distributions of chromosomal rearrangements generated

during meiosis of haploid B. napus (Figure 1).

Two digenomic triploid hybrids (ARADCD and ARAYCY) were produced

by crossing one singleBrassica rapa cvChicon,C1.3 (ARAR; 2n = 20) plant

with Darmor (ADADCDCD; 2n = 38) and Yudal (AYAYCYCY; 2n = 38),

respectively (Figure 1). One single ARADCD and one single ARAYCY hybrid

were then backcrossed as female toDarmor and Yudal, respectively, and

two progeny populations of 116 and 112 plants were generated. The

same B. rapa plant, C1.3, was crossed, as male, with a Brassica oleracea

doubled haploid line, RC (COCO; 2n = 18) (Figure 1). The resulting

interspecific hybrid was colchicine doubled to produce one resynthe-

sized B. napus (ARARCOCO). The resynthesized B. napus was then

crossed as female toDarmor and Yudal; two digenomic tetraploid hybrids

(ARADCDCO and ARAYCYCO) were obtained. One single ARADCDCO and

one single ARAYCYCO hybrid were backcrossed as female to Darmor and

Yudal, respectively, and two progenies of 116 plants were generated. The

two progenies of digenomic triploid hybrids and the two progenies of

digenomic tetraploid hybrids were used to compare the rate of homol-

ogous recombination on one pair of A chromosomes (linkage group A7).

FISH with a Genome-Specific BAC Clone

FISH analyses were performed using the BAC clone BoB014O06 as

described by Leflon et al. (2006) and Nicolas et al. (2007). Fluorescence

images were captured using a CoolSnap HQ camera (Photometrics) on

an Axioplan 2 microscope (Zeiss) and analyzed using MetaVue (Universal

Imaging).

Molecular Analysis

GenomicDNAwasextracted fromyoung leavesaccording toLombardand

Delourme (2001). PCR and electrophoresis was performed using the same
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protocols as described by Nicolas et al. (2007) for RandomAmplified Poly-

morphic DNA, Single Sequence Repeat, and specific markers and Leflon

et al. (2007) for Amplified Fragment Length Polymorphism markers.

Detection of Chromosomal Rearrangements in the Haploid

Progenies with Molecular Markers

Chromosomal rearrangements generated during meiosis of haploid B.

napus were detected and quantified as described by Nicolas et al. (2007).

Most rearrangementsweredetectedby identifyingF1plants in theprogenies

ofDarmor-bzh andYudal haploids that lacked the haploid parent alleles at a

set of loci.Chromosomal rearrangementswere then scored in threedifferent

ways: (1) by scoring the presence/absence of haploid parent alleles at every

locus independently from the others, (2) by considering the concurrent loss

of linked loci as a consequence of a single rearrangement, thereby quan-

tifying the number of chromosomal rearrangements, and (3) by considering

the number of breakpoints on linkage groups, which occurred when one

marker was present while the marker located on the other side of the same

interval was absent. Duplications were scrutinized for a subset of loci by

combining a quantitative estimation of HP allele peak area (electrophoresis

with sequencer ABI Prism 3130xl analyzed with GeneMapper v3.7; Applied

Biosystems) with maximum likelihood analyses (Nicolas et al., 2007).

We used the chromosome/linkage group nomenclature that was re-

cently proposed as a reference by the Multinational Brassica Genome

Project Steering Committee where B. napus N1-N19 nomenclature is

replaced by A1-A10 and C1-C9 designations (http://www.brassica.info/

information/lg_assigments.htm; see Delourme et al. [2006] for corre-

spondence to former DY maps).

All the markers used in this study were from published maps (Foisset

et al., 1996; Lombard and Delourme, 2001; Delourme et al., 2006; Liu

et al., 2006) (see Supplemental Figure 1 online). We used 86 codominant

markers that cover 62% of the genetic reference map with an average

density of one marker per 17 cM; using these markers, the rate of

chromosomal rearrangements in the two progenies could be compared

at exactly the same physical position and therefore any bias for chromo-

somal rearrangements along chromosomes due to local variations, in

particular for COs, was avoided. These data set were completed using

dominant markers so that a total of 150 and 141 loci were examined in

progenies ofDarmor-bzh and Yudal haploids, respectively. By combining

dominant and codominant markers, 75% of the genetic reference map in

the two progenies was coveredwith an average density of onemarker per

12 cM. With the exception of three linkage groups (A10, C5, and C9) that

were not considered for comparative analyses, up to 50% of all linkage

groups was covered in the two progenies and most had similar genome

coverage between the haploid progenies (see Supplemental Figure

1 online).

Analysis of Genetic Recombination in the Two Triploid and Two

Tetraploid Hybrids

The different segregating populations were genotyped with 11 polymor-

phic markers positioned along linkage group R7/A7 (A genome). This

linkage group was chosen because it has been the focus of considerable

interest due to the presence of two resistance genes to the fungus

Leptosphaeria maculans (Leflon et al., 2007) and therefore includes the

highest number of polymorphic molecular markers that can be used to

compare recombination between the different genetic backgrounds.

Statistical Analyses

All statistical analyses were performed using R version 2.2.1 software (R

Development Core Team, 2006). x2 or exact fisher tests were computed

using the function chisq.test or fisher.test, respectively, while Student’s

tests were performed using the t.test function (package stats).

Estimation of the Number of Rearrangements Expected Given the

Number of Chromosomes Associated at MI

The data described by Jenczewski et al. (2003) were used to estimate the

total number of rearrangements that would be observed in the Darmor-

bzh and Yudal haploids progenies if (1) every chromosome association

observed at MI triggered rearrangements that segregated to half the

gametes (Nicolas et al., 2007) and (2) there was no gametic/zygotic

selection against rearranged chromosomes. We first estimated the prob-

abilities of detecting X rearrangements in the progeny of a haploid given

that there were Y bivalents at MI as the binomial distribution probabilities:

PðX=YÞ ¼ Y
X

� �
0:5Xð1� 0:5ÞY�X (Nicolas et al., 2007). Then, all P(X/Y)

probabilities were multiplied by the probability that a PMC showed

Y bivalents at MI, inferred from the data summarized by Jenczewski

et al. (2003): P(X) =P(X/Y)3P(Y). Average numbers of rearrangements per

plant were finally estimated by summing P(X)*X for all X, which directly

gave the expected total number of rearrangements in the two progenies.

Comparison of the Observed Rearrangement Distributions among

Linkage Groups with Those Expected if Rearrangements Occurred

at Random

For each genotype, randomization tests were performed on the rear-

rangement repartition. The null hypothesis was that the rearrangements

occurred at random in each haploid, with equal probabilities for all linkage

groups (LGs). Random sample sets (n = 1000) were simulated by setting

the same number of rearrangements for each haploid but drawing their

repartition among the LGs at random. The LG rearrangement frequencies

were calculated for each simulated sample set. Then, the observed

quantiles of these frequencies were compared with their distribution over

the simulated sample sets to determine whether the observed LG

rearrangement frequencies were compatible with a random distribution.

Comparison of Homologous Recombination Rates

Thegeneticmapsobtained inBCprogenieswere compared usingMorton’s

likelihood ratio test for heterogeneity of the fraction of cross-overs among

different families (Morton, 1956), extended to multiple linked loci (Lander

et al., 1987): ð2 ln 10Þ +n
i¼1LiðuÞ � LnðuÞ

� �
, where Li(u) and Lp(u) are the log-

likelihood values for linkage groupswith the sameset of adjacentmarkers in

population i and for data pooled from all n populations. This statistic is

asymptotically distributed as a x2with n2 1 degrees of freedom, where n is

the number of compared populations. As several markers were studied

simultaneously, significance levels had to be reevaluated, and we used the

approximate relationship 12 (12a9)m@aproposedbyLander andBotstein

(1989), where m is the number of markers.

The heterogeneity of cross-over rates among populations was also

assessed separately for every interval. x2 tests were performed for every

pair of loci, and a false discovery rate threshold (Benjamini andHochberg,

1995) was applied to account for multiple comparisons.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Localization of the Markers Used in This

Study and Coverage of the Frame Map Established for Each Linkage

Group by Delourme et al. (2006).

Supplemental Figure 2. Resampling-Based Estimation of the Rela-

tionship between Genome Coverage and the Number of Rearranged

Chromosomes Detected in the Progenies of Darmor-bzh or Yudal

Haploids.

Supplemental Data Set 1. Markers Used in This Study.
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