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ABSTRACT

In wheat (Triticum aestivum L.), the crossover (CO) frequency increases gradually from the centromeres
to the telomeres. However, little is known about the factors affecting both the distribution and the intensity
of recombination along this gradient. To investigate this, we studied in detail the pattern of CO along
chromosome 3B of bread wheat. A dense reference genetic map comprising 102 markers homogeneously
distributed along the chromosome was compared to a physical deletion map. Most of the COs (90%)
occurred in the distal subtelomeric regions that represent 40% of the chromosome. About 27% of the
proximal regions surrounding the centromere showed a very weak CO frequency with only three COs found
in the 752 gametes studied. Moreover, we observed a clear decrease of CO frequency on the distal region of
the short arm. Finally, the intensity of interference was assessed for the first time in wheat using a Gamma
model. The results showed m values of 1.2 for male recombination and 3.5 for female recombination,
suggesting positive interference along wheat chromosome 3B.

N most eukaryotes, meiotic recombination plays a key
role in ensuring correct segregation of the chromo-
somes during gamete formation and for generating
diversity in the progeny. Comparative analyses between a
wide range of species including human, mouse, yeast, and
Arabidopsis suggested a conserved process for recombi-
nation starting with the formation of a double-strand
break (DSB) and proceeding through either crossover
(CO) or non-CO pathways (for review see ANDERSON and
Stack 2002; HAMANT et al. 2006; BAUDAT and DE MAssy
2007; CroMIE and SmiTH 2007). At least one CO per
bivalent is required because the obligate chiasma con-
straint ensures a good segregation of chromosomes at
meiosis. Additional COs are subjected to interference that
inhibits the formation of a CO in the vicinity of another
one (JoNEs and FRANKLIN 2006). The number of COs on
a chromosome is thus highly controlled, presumably be-
cause of the deleterious effect of having too many or too
few COs (JonNEs and FRANKLIN 2006). Their distribution
can be analyzed by comparing physical and genetic maps
or by studying linkage disequilibrium patterns. Studies
performed in human, mouse, Arabidopsis, and rice (Wu
el al. 2003; DROUAUD et al. 2006; ARNHEIM el al. 2007)
provided insight into some of the major features of
recombination distribution with the identification of hot
and cold regions of recombination along the chromo-
! Corresponding author: UMR 1095, Genetic, Diversity and Ecophysiology

of Cereals, Domaine de Crouél, 234 Ave. du Brézet, 63100 Clermont-
Ferrand, France. E-mail: pierre.sourdille@clermont.inra.fr

Genetics 181: 393-403 (February 2009)

somes as well as a general suppression of COs in cen-
tromeric and pericentromeric regions (for a review see
JonEs 1987). In some plants with large genomes such as
maize [2.5 Gigabase (Gb)], barley (5 Gb), and wheat
(17 Gb), recombination was shown to follow particular
patterns with a gradual increase from the centromeres to
the telomeres (Lukaszewskr and CUrTis 1993; KuNzEL
et al. 2000; TENATLLON et al. 2001; ANDERSON et al. 2003).

To date, no consistent relationship has been estab-
lished between recombination rate and sequence com-
position, e, gene or repetitive DNA content. This
question was addressed in humans (KoNG et al. 2002),
where recombination rates were found to be signifi-
cantly correlated with both cytogenetic structures
(staining intensity of G bands) and sequence composi-
tion [GC content, CpG motifs, and poly(A)/poly(T)
stretches]. In rice, hotspots are generally associated with
high gene density (Wu et al. 2003) while in maize,
ANDERSON ¢t al. (2006) have shown that recombination
is localized to the distal part of the chromosomes and is
correlated strongly with the distribution of expressed
sequenced tags (ESTs). Further, a recombination hot-
spot has been identified in a highly gene-rich region at
the maize bz locus and characterized at a fine scale (Fu
et al. 2001). In contrast, in Arabidopsis (DROUAUD et al.
2006) fine-scale analysis failed to establish a correlation
between recombination and gene density.

Previous studies in wheat indicated that recombina-
tion occurs mainly in the telomeric regions of the
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chromosomes with a gradient from the centromeres to
the telomeres (LukaszEwskl and CURTIS 1993; ERAYMAN
et al. 2004; SipHU and GILL 2004; SkE el al. 2006). The
recombination gradient was proposed to be correlated
with gene content. For example, ERAYMAN et al. (2004)
suggested that 95% of the recombination occurs in 48
gene-rich regions covering 29% of the physical size of
the wheat genome. A striking example was observed for
a gene-rich region encompassing only 4% of the long
arm of chromosome 5B yet explaining at least 30% of
the recombination of the entire chromosome (FARrIs
et al. 2000). In addition, high recombination rates were
found to be related to the decrease of synteny either
between homeologous chromosomes (AKHUNOV et al.
2003a) or between wheat and rice orthologous chro-
mosomes (AKHUNOV et al. 2003b). Chromosomal rear-
rangements such as deletions and duplications were
also found to be more frequently located in highly
recombinant regions (DvORraAK et al. 2004; DVORAK and
AxnHUNOV 2005). To date, very little is known about the
factors underlying the gradient of recombination along
the wheat chromosomes as most of the studies were
performed at low resolution with a limited number of
markers and in the absence of physical maps (finger-
printed BAC libraries organized into genetically an-
chored contigs) and of a genome sequence for wheat.

In this work, we have used the largest hexaploid wheat
chromosome (3B, 995 Mb) as a model to perform de-
tailed recombination studies and identify factors that
govern recombination in wheat. By comparing genetic
and physical deletion maps, we established a fine-scale
profile of CO distribution along the chromosome and
confirmed that recombination is restricted mainly to
distal regions with a decrease in the very telomeric re-
gions. Comparison of male and female CO rates in-
dicated an effect of both male and female meiosis on
local CO variations. Finally, using the Gamma model, we
provide the first evidence and characterization of pos-
itive interference on a wheat chromosome and discuss
the implications of these finding for genetic mapping in
wheat.

MATERIALS AND METHODS

Plant material and molecular analyses: Genetic mapping
populations: The wheat cultivars Chinese Spring (Cs) and
Renan (Re) were crossed and grains of the F; individuals were
dissected 20 days after pollination. Each embryo was cultivated
on a rich medium (Muller) and grown in a growth chamber
until the first two leaves emerged. Plants were then potted and
grown for 2 weeks in cool conditions (17° day and 12° night,
12 hrofday) and then for 2 months at 24° dayand 18° nightwith
16 hr of day. F; plants were subsequently selfed and 376 seeds
were sown to obtain the CsRe Fy population. This population
was then used to study CO distribution along chromosome 3B.

Interference and sex-specific recombination were studied
using two different doubled-haploid (DH) populations orig-
inating from the cross between Cs and Courtot (Ct). The
androgenetic (CsCt-A) population is described in FELIX et al.

(1996) and a subset of 182 lines was used in the present study.
For the gynogenetic population (CsCt-G), Chinese Spring and
Courtot were crossed and F; individuals were grown in a
greenhouse. The spikes were emasculated and pollinated 1-3
days after with maize pollen (LAURIE and BENNETT 1988).
Haploid seeds were then dissected and embryos were rescued
and grown on rich medium until doubling with colchicine
treatment. A set of 185 DH lines was used for the study.

Aneuploid lines: To assign markers to chromosome 3B, we
used the nullisomic-tetrasomic line N3BT3A, two ditelocentric
lines (Dt3BL and Dt3BS), and 14 chromosome 3B deletion
lines described earlier (SEArs 1954, 1966; SEARS and SEARS
1978; ENpO and GILL 1996). Each deletion line is defined by
the fraction length of the arm that remains present on the
deleted chromosome (for example, line 3BS4-0.55 conserves
the proximal 55% and lacks the distal 45% of the short arm
of chromosome 3B). These deletion lines define 16 deletion
bins: 3BL7-0.63-1.00, 3BL.10-0.50-0.63, 3BL.9-0.38-0.50, 3BL1-
0.31-0.38, 3BL8-0.28-0.31, 3BL2-0.22-0.28, C-3BL.2-0.022,
C-3BS5-0.07, 3BS5-0.07-0.33, 3BS1-0.33-0.55, 3BS4-0.55-0.56,
3BS2-0.56-0.57, 3BS9-0.57-0.75, 3BS7-0.75-0.78, 3BS8-0.78-
0.87, and 3BS3-0.87-1.00. Each deletion bin is defined by the
fraction lengths of two successive deletion lines (for example,
the deletion bin 3BS4-0.55-0.56 is the chromosome fragment
covering the region between 55 and 56% of the short arm of
chromosome 3B and delimited by deletion lines 3BS4-0.55
and 3BS2-0.56). The estimated sizes of the bins (in megabases)
are indicated in Figure 1.

DNA extraction: DNA was extracted using a sodium meta-
bisulfite protocol. Briefly, 100 mg of fresh tissue were ground
in fine powder in liquid nitrogen. Then 600 wl of extraction
buffer (0.1 M Tris, 0.05 m EDTA, 0.5 m NaCl, 0.02 m sodium
metabisulfite, 0.2 M RNAse) were added, mixed, and in-
cubated for 45 min at 95°. After centrifugation, 430 wl of the su-
pernatant were collected and added to 425 pl of isopropanol/
ammonium acetate 7.5 M (16/1 vol/vol). After centrifugation
DNA pellets were washed in 70% ethanol and resuspended in
100 pl of Tris 1 mm-EDTA 0.1 mm buffer.

Markers and PCR conditions: A total of 102 molecular markers
(76 SSRs and 26 insertion site-based polymorphisms, ISBPs)
for the CsRe population and 32 SSR markers for the two CsCt
populations were selected for linkage analysis on the basis of
their distribution in the different deletion bins (Table 1).

Ninety SSRs originating from different sources were ampli-
fied using either the M13 protocol (N1coT et al. 2004) or the
cresol red protocol (HODGES et al. 1997). The 26 ISBP (Paux
et al. 2006) markers were amplified using either the SYBR
GREEN protocol or the cresol red protocol (supplemental
Table S1).

For the M13 protocol, PCR reactions were carried out in
6.5 wl of 0.2 units Taq, 50 nm forward-M13-tailed primer, 500
nM reverse primer, 3.4 pmol labeled M13 primer, and 5.4 nmol
dNTP. Amplification was done following a touchdown pro-
cedure (PAux et al. 2006). Amplification products were visu-
alized using an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA).

For the SYBR GREEN protocol, PCR reactions were carried
outin 10 wl of 0.25 units Taq, 0.5 wMm for each primer, 1 X SYBR
Green, 0.4 mM for each dNTP, and 1 M betaine. Amplification
was done with the same touchdown program as for condition 1
(PAaux et al. 2006). Visualization of PCR products was done
using a quantitative PCR machine (ABI7900HT, Applied
Biosystems) by analyzing dissociation curves with SDS 2.2.1
software.

For the Cresol red protocol, PCR reactions were carried out
in 10 pl of 0.25 units of Taq, 0.5 pm of each primer, 0.4 mm of
each dNTP, and 1 wM cresol red. Amplification was done using
a classical PCR protocol (94° for 5 min; 30 cycles of 94° for
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30 sec, 60° for 30 sec, and 72° for 30 sec; and a final step of 72°
for 5 min). PCR products were directly visualized on a 4%
agarose gel stained with Ethidium Bromide.

Statistical analyses: Algorithmic procedures for statistical
analyses are presented in supplemental material 1.

Linkage analysis: Genetic maps were constructed with the
Mapmaker software (LANDER et al. 1987). Linkage groups were
obtained using default parameters. The “order” command
was used to order the loci and the “map” function was further
used to generate the genetic map, using the Kosamsr (1944)
mapping function. When markers were not placed on the map
at LOD < 2, the function “compare” was used and the best
order was retained. The “error detection” and “genotypes”
commands permitted us to identify potential genotyping
errors. The individuals concerned were scored again to check
and eliminate these potential genotyping errors.

Comparison of CO frequency: The significance of the differ-
ences interval-by-interval between male and female genetic
maps was tested using a Pvalue approach. We determined the
probability of having recombination rate differences atleast as
large as the values we found in our data sets under the
hypothesis Hy that the recombination rate is sex independent
(supplemental material 1). For multiple testing, we used Bon-
ferroni correction (HOCHBERG 1988).

Test of the mno-interference hypothesis: The no-interference
hypothesis H, was tested via the statistics of distances between
recombination events. In this procedure, the (theoretically
derived) histogram of these distances was established and
tested to determine whether it is compatible with the
experimental histogram, from which it is possible to derive a
Pvalue (supplemental material 1).

Coefficient of coincidence: Interference strength was estimated
using the coefficient of coincidence C, thatis the frequency of
observed double COs divided by their theoretical frequency in
the absence of interference. For this measure, we consider two
nonoverlapping intervals associated with locus pairs (A, B) and
(C, D). If ryg and r¢p are the recombination rates for intervals
(A, B) and (C, D), the coefficient of coincidence is

J(AB, CD)
YABYCD

where f(AB, CD) is the frequency of double COs. By
construction and in absence of interference, C; = 1 while
interference effects are strong when C; is close to 0. To
display the putative distance dependence of (4, we defined
the distance dy, as the distance between the two midpoints of
the intervals. Since small intervals may result in large
statistical errors in the estimations of 745 or r¢p, leading to
erroneous C; values, we did not consider intervals for which
r < 0.05. From the list of C, values, we performed a binning
on d4 and computed the mean C; in each of the 30 bins. The
error bars on these mean values are given by the standard
deviation divided by the square root of the number of C;
values contributing to each bin.

Gamma model: The Gamma model (McPEEK and SPEED
1995; BRomaN and WEBER 2000) can be considered as an
extension of the counting model (STAHL et al. 2004), allowing
for noninteger values of m (supplemental material 1). The
advantage over the counting model is that m is continuous,
allowing for a broader range of interference effects. When
m = 0, the model reduces to HALDANE’s (1919) model of no
interference. For each mvalue (taken in practice in steps of 0.1
or 0.2), we simulated the statistical properties of recombina-
tion events and compared the simulated values to the
experimental ones. The simulations produced 107 gametes
using the Gamma model. We constructed the histogram of the
distances between recombinant intervals, restricted to gam-

Ci(AB, CD) =

etes where there are exactly two recombinant intervals (A, B)
and (C, D), where A and B are adjacent, just as Cand D are.
Letting this histogram of binned distances have the frequen-
cies f1, f. f5 - - -, we can then associate the likelihood f;to a DH
plant that has two recombinant events at a distance falling in
the bin j. The LOD score for a given m is then the sum of the
logarithm of each plant’s likelihood. The best fit is obtained
for the value of m that maximizes this score (see supplemental
material 1).

Confidence inlerval for the estimate of m: Let m be the in-
terference parameter obtained by fitting to the experimental
data and N be the number of experimental DH plants (182
plants for male meiosis and 185 for female meiosis). We
generated 10° simulated data sets, each one producing N
gametes via the Gamma model of parameter m. The fitting was
done for each data set, i.e., for the current set of N simulated
crosses. The best adjusted interference parameter m. was
found through scanning. By simulations, 10° realizations of
this random variable m were generated. The confidence
interval on m was then given by the two values m_ and m.
such that the probability of finding m. < m_ or me. > my is
0.025. Significance of male—female differences in interference
strength was tested through the H, hypothesis (the same
interference parameter describes the male and female data
sets) by the bootstrap method based on data reshuffling
(supplemental material 1).

RESULTS

CO distribution along chromosome 3B: To study the
distribution of COs in wheat, comparisons were made
between genetic and physical maps of the largest (995 Mb)
hexaploid wheat chromosome (3B). Since no particular
CO distribution has been observed previously for
chromosome 3B compared to other wheat chromo-
somes (Lukaszewskl and CurTis 1993; AKHUNOV et al.
2003b), this chromosome provides a good model to
study CO distribution in wheat.

Linkage analysis using an Fy Chinese Spring X Renan
population with 102 selected markers resulted in a
genetic map of 179.1 cM in length (Figure 1), which is
in the range of the genetic map length reported for
chromosome 3B in the literature (QUARRIE et al. 2005;
SUENAGA et al. 2005; AKBARI et al. 2006). This repre-
sented an average of 1 marker for every 1.75 cM. On this
genetic map, a strong concentration of markers was
found in the proximal part of the chromosome and a
few gaps remained at the distal end of the long arm, in
particular between loci Xgpw3233 and Xgwm247, where
a gap of 30 cM was observed (Figure 1). No segregation
distortion was observed among the 102 loci.

Physical mapping was performed using aneuploid
stocks of chromosome 3B developed from cv. Chinese
Spring by SEARS (1954, 1966; SEARS and SEARs 1978) and
Expo and GILL (1996). The chromosome 3B deletion
map consisted of 16 deletion bins, ranging from 4 Mb
(3BS4-0.55-0.56 and 3BS2-0.56-0.57) to 208 Mb (3BL7-
0.63-1.00) with an average size of 62 Mb (Figure 1, Table
1). The density of markers per bin ranged from one
marker per 1.4 Mb in bin 3BS8-0.78-0.87 to one marker
per 36 Mb in bin 3BS5-0.07-0.33, with an average of one
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marker per 9.7 Mb. Very good correlation was found
between the physical and genetic maps as all markers
assigned to the same deletion bin were linked on the
genetic map and the bin order was conserved on the
genetic map.

CO frequency (centimorgans per megabase) was
calculated for each bin (Figure 1, Table 1) and ranged
from 0 in the centromeric region (C-3BS5-0.20, C-3BL2-
0.22) to 0.85 in the terminal bin of the short arm (3BSS8-
0.78-0.87) with an average of 0.18 cM/Mb for the entire
chromosome 3B. Crossovers occurred mostly in the
distal 40% of the chromosome arms, with the two distal
bins 3BS8-0.78-0.87 and 3BL7-0.63-1.00 corresponding
to 25% of the physical size of the chromosome account-
ing for 77% of the COs. There were no COs in the most
proximal centromeric regions (bins C-3BL2-0.22 and
C-3BS5-0.07) and only three were observed in bin 3BS5-
0.07-0.30 (Table 1, Figure 1). Interestingly, slight differ-
ences were found between the two arms in terms of both
average CO frequency and CO distribution. The short
arm displayed an average CO frequency of 0.14 cM/Mb
and a clear gradient of CO from the centromere to the
telomere with a peak (0.85 cM/Mb) in bin 3BS8-0.78-
0.87 (Figure 1). In addition, CO frequency decreased
dramatically in the most telomeric bin 3BS3-0.87-1.00
with a value of 0.1 cM/Mb only. In the long arm, the
average CO frequency was higher (0.21 cM/Mb) with
87% of the crossovers occurring in bin 3BL7-0.63-1.00
(58% of the whole chromosome CO). In contrast to the
short arm, no decrease in the CO frequency was ob-
served in the telomeric part of the long arm. However,
the large size of the terminal deletion bin (208 Mb)
precluded the fine-scale study of the CO gradient in the
telomeric region and possibly prevented the identifica-
tion of such a decrease. Finally, bin 3BL1-0.31-0.38
showed a higher CO rate than bins 3BL.9-0.38-0.50 and
3BL10-0.50-0.63 (Figure 1), though it was difficult to
draw any conclusion due to the paucity of markers in
these regions.

Similar results were observed using androgenetic and
gynogenetic CsCt DH populations with a distribution of
COs in bins 3BS8-0.78-0.87 and 3BL7-0.63-1.00 explain-
ing 74% of the COs in the male and 81% in the female
maps (supplemental Figure 1). Interestingly, the same
decrease in CO number was observed in both maps at
the end of the short arm of chromosome 3B.

These results clearly demonstrate that COs on chro-
mosome 3B are localized mainly in two distal regions
(bins 3BS8-0.78-0.87 and 3BL7-0.63-1.00) that repre-
sent 247 Mb and 25% of the chromosome and that 27%

of the chromosome in the centromeric region is devoid
of crossovers. In addition, the decrease of CO frequency
observed in bin 3BS3-0.87-1.00 and the average rate
observed in bin 3BL.1-0.31-0.38 strongly suggest that the
density of COs is not increasing uniformly from the cen-
tromere to the telomere.

Positive interference along chromosome 3B: To
study the interference between COs and potential dif-
ferences between male and female meiosis, we used two
mapping populations produced by andro- or gynogen-
esis from the cultivars Chinese Spring and Courtot.

No significant difference between the two popula-
tions was noted in terms of map size (190.3 and 193.8 cM;
supplemental Figure 1) and average number of COs per
gamete (male, 1.82; female, 1.87). However, among the
31 intervals studied, one from the distal region of
the long arm (Xwmml133-Xwmm702, Pvalue = 10°%
supplemental Figure 2) showed a 17-fold increase in
female CO rate, suggesting a local impact of sex on CO
distribution.

These 31 intervals (mean size 6.2 c¢M; range 0.5-
27.2 cM) were then used for interference analysis. In the
absence of interference, COs produced during meiosis
are independent. The noninterference hypothesis H
(expected CO distribution without interference equals
observed CO distribution) was tested using the fre-
quency of the distance between two crossovers, referred
as intercrossover distances on the CtCs andro- and
gynogenetic maps (Figure 2). H, Pvalues of 0.084 for
male and 3.6 X 10°* for female recombination sug-
gested interference in both male and female meioses
with a larger effect in female than in male meiosis.

The intensity of interference was computed using the
Gamma model in which the parameter m provides a
measure of the degree of interference on the basis of
the genetic distances between successive COs. Positive
interference, i.e., the inhibition of crossovers by nearby
crossovers, is indicated by m values >0. We used the
frequency of the genetic distance between two cross-
overs for male and female meiosis (Figure 2) and
compared it with the theoretical distribution obtained
with the Gamma model. For male meiosis, the fitted
value for m was 1.2, ranging from 0 to 6.1 with a 95%
confidence interval. For female meiosis, m varied from
0.95 to 12.75 with a fitted value of 3.5. While these results
confirmed the previously suggested greater interfer-
ence in female meiosis than in male meiosis, the dif-
ference was too weak to be statistically significant when
tested by bootstrap analysis (Pvalue = 0.25). Interfer-
ence was further investigated using the coefficient of

FiGUure 1.—Distribution of COs along chromosome 3B. (A) Genetic map of chromosome 3B. Markers are indicated with the
same color code as for the deletion bins. (B) Deletion map of chromosome 3B. The deletion bins used to assign markers are
represented with the number of markers in each bin (left of the chromosome) and the size of the bin in megabases (right).
(C) Schematic representation of the CO frequency along chromosome 3B. CO frequency calculated in centimorgans per mega-
base is represented by a colored bar for each bin. The two gray bars indicate bins with no markers that were grouped together. The
plotted lines represent the average CO frequency for the chromosome.
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TABLE 1

Detailed analysis of the comparison between the chromosome 3B cytogenetic map and the F, CsRe genetic map

3BL7-

3BS7- 3BS9- 3BS2- 3BS4- 3BS1- 3BS5- C- C- 3BL2- 3BL8- 3BL1- 3BL9- 3BLI1O -
0.75- 3BS5- 3BL2- 0.28— 0.38-

3BS8-

3BS3-

0.63—

0.50—

0.31-

0.22—

0.56— 0.55- 0.33- 0.07-

0.57-

0.78-

0.87-

0.87 0.78 0.75 057 056 0.55 0.33 0.07 0.022 028 0.31 0.38  0.50 0.63 1.00 Chr®

27
39

1.00

Deletion bins

102
992

28
208

[29]

10

Marker no.

108 34 124 33 17 39 67 73

13 78 95

56

Size of the bin (Mb)

11.92  12.99 37.01

6.94
3.93

587  3.02

3.33

22.06
12.50

7.85
3.43

24.94
10.89

3.00 18.01 0.92 092 2194
0.40  0.40

1.31

01

9.

12.93

% of physical size per arm

% of physical size

7.36 20.97

6.75

1.71

9.58

7.86

3.93

5.65

per chromosome
Recombination values on the

104.15 179

1.55 0.85  0.00 1.55  1.55 155  6.20 4.15 3.45

0.65

13.35

4.85

5.20 33.05

Fy CsRe map (cM)
% of recombination per arm

% of recombination

87.15

2.89
1.93

3.47
2.32

2.61 1.43  0.00 1.30 130 1.30  5.19
0.47  0.00 0.87 0.87 0.87 3.46

0.87

1.09
0.36

8.15 22.44

8.74 55.55

2.91

58.18

271  7.46

18.46

per chromosome
Marker/Mb/bin

9.73
0.18

43

18.25 7.

33.50

9.75
0.16

34.80

34.80 34.80

144 325  8.67 2.00 19.00 36.00  8.50
0.37  0.17 0.08 0.00

0.85

11.30

0.05 0.50

0.01  0.01 0.06

0.01

0.01

0.02

0.09

Crossover frequency (cM/Mb)
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“Chr, whole chromosome.

coincidence (C), which corresponds to the ratio be-
tween the frequency of observed double recombinants
and the expected frequency in the absence of interfer-
ence. Here, we used the C; parameter (see MATERIALS
AND METHODS) that allows evaluating the distance range
in which interference is effective. The results showed
that positive interference is strong within short distances
(<10 cM, Figure 3) and decreases with distance to the
point where it becomes very weak at distances >45 cM
(Cy > 0.75).

The results also indicated small C, values <1 for in-
tervals spanning the centromere in male meiosis (Figure
3), suggesting that interference extends through the
centromere and that CO formation in the two arms of
chromosome 3B is not independent. Moreover, and in
contrast to the other regions of the chromosome, inter-
ference in the centromeric regions acts on long genetic
distances of at least 31 cM (Figure 3). No such pattern
was observed for female meiosis.

DISCUSSION

CO distribution along chromosome 3B: The con-
struction of a dense genetic map of wheat chromosome
3B comprising 102 markers well distributed across the
genetic and deletion maps was challenging in a species
with a large genome of 17 Gb (ZONNEVELD et al. 2005),
consisting of ~90% of repeated sequence (FLAVELL and
SmrtH 1977; L1 et al. 2004; PAUX et al. 2006), for which
no genome sequence is available and showing a low level
of polymorphism (CHAO et al. 1989; KAM-MORGAN et al.
1989; CADALEN et al. 1997). The development of the
CsRe genetic map of chromosome 3B was facilitated
greatly by the construction of a BAC-based physical map
(PAaux et al. 2008) that provided a large source of
markers well distributed along the minimal tiling path
(MTP) of this chromosome. ISBP markers (PAux et al.
2006) derived from the BAC end sequences of the MTP
were particularly useful for filling gaps on the genetic
map and ensuring a homogeneous marker distribution
along the chromosome.

Comparison of the CsRe genetic map with the
physical deletion map showed that the order of the loci
is highly conserved between the two maps. This is pro-
bably due to the fact that Chinese Spring was used as one
of the parents in our mapping population and for the
construction of the physical map. Thus, the CsRe
mapping population seems very well adapted for order-
ing contigs of the physical maps from the other
chromosomes of cv. Chinese Spring that are currently
under construction in the framework of the Interna-
tional Wheat Genome Sequencing Initiative (see http://
www.wheatgenome.org for further information).

Analysis of the CO distribution along chromosome 3B
showed a recombination gradient from the centromere
to the telomeres on both arms and a suppression of COs
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FiGure 2.—Frequency distribution of distances between
two COs referred to as intercrossover distances estimated
from recombinant intervals. Distances are relative to chromo-
some genetic map length, which is 190 cM in the male map
and 194 cM in the female map. Open bars, female meiosis;
hatched bars, male meiosis; wide bars, experimental data; nar-
row bars, distribution of simulated gametes generated using
the Gamma model (see MATERIALS AND METHODS). Curves:
theoretical expectations under the hypothesis of no crossover
interference for male (hatched line and open symbols) and
female (solid line and symbols) meiosis.

in 27% of the chromosome in the proximal regions.
This latter phenomenon was observed in the first-
generation deletion bin maps of group-7 chromosomes
(WERNER et al. 1992) and the other homeologous group
chromosomes of wheat (for review see ERAYMAN et al.
2004). The absence of CO at the centromere is a general
feature of most of the species studied so far indepen-
dently of their genome size and complexity (ANDERSON
et al. 2003; Wu et al. 2003; JENSEN-SEAMAN et al. 2004;
DrouAuD et al. 2006). Thus, our results on chromosome
3B confirm the general trend and demonstrate that even
if itis the largest chromosome (995 Mb), the CO pattern
is representative of all other wheat chromosomes.
Interestingly, the high resolution of the maps allowed
us to observe a dramatic decrease in the COs’ gradientat
the very distal end of the short arm, suggesting sup-
pressed recombination in this region. This decrease was
also observed in the cross between Courtot and Chinese
Spring (Figure 1 in supplemental material 2) as well as
in an unrelated population developed between the
cultivars Arche and Recital (data notshown), suggesting
that the pattern observed in the CsRe map reflects a
general behavior of CO distribution on chromosome
3B. A possible explanation could be the lack of markers
close to the telomere that would lead to an under-
estimation of the total CO number and of the CO fre-
quency for the terminal bin. However, synteny with rice
suggests that the most distal marker (Xgwm389) is very
close to the telomere. Indeed, although the synteny with
Xgwm389 could not be determined because it is a
microsatellite, two BAC contigs located proximal to
Xgwm389 and carrying the SSR markers Xgwml034 and
¢/b6012 and also ESTs BE404656 and BJ302829 corre-
spond to sequences containing the orthologous genes
0OS01G01960 and OS01G03100 located on positions

Coefficient of coincidence C,

0,0 0,2 0,4 06 0.8 1,0

Genetic distance d, between middles of intervals

FIGURE 3.—Variation of coefficient of coincidence C; as a
function of the distance d; between intervals. Distances are
relative to chromosome genetic map length, which is 190 cM
in the male map and 194 cM in the female map. Each point
represents the mean value of C; for all interval pairs with dy
falling into the bin. Solid lines and symbols, female meiosis;
dashed lines and open symbols, male meiosis. Circles, all in-
terval pairs; triangles, only interval pairs spanning the centro-
mere (one interval on the short arm and one on the long
arm). The dashed horizontal line indicates the expected value
of C, in the absence of interference.

500 kb—1 Mb, respectively, on rice chromosome 1 (data
not shown). Thus, these results suggest that the whole
deletion bin is covered and that most of the COs oc-
curring in the telomeric bin are included in our genetic
map. Another possibility to explain the reduced or
suppressed recombination in the terminal region is the
high heterochromatin content of the telomeric end of
wheat chromosome 3B (GILL et al. 1991), with hetero-
chromatin being well known to inhibit crossover forma-
tion (GAUT et al. 2007). Our findings, observed on four
different populations, conflict with the previous study of
ERAYMAN et al. (2004), who observed high recombina-
tion frequency in the most distal bin (3BS3-0.87-1.00)
and no recombination in the subterminal bin 3BS8-
0.78-0.87. The discrepancy probably originates from
differences in the relative position of markers on the
genetic and deletion maps between the two studies that
likely result from the use of a consensus deletion map
from the A, B, and D group-3 chromosomes and a non-
systematic assignation of markers in deletion bins by
ERAYMAN et al. (2004).

In contrast, no decrease in CO number was observed
at the telomere of the long arm of chromosome 3B.
Lukaszewskl and CurTis (1993) showed that the CO
frequency was higher in the subtelomeric region of the
long arm of chromosome 3B, suggesting a pattern sim-
ilar to the one we observed on the short arm. Probably
the size of terminal deletion bin 3BL7-0.63-1.00
(208 Mb) precluded the detection of such a decrease in
our study. Decreasing CO number at the end of chromo-
somes was also reported in a cross between rye and wheat
(Lukaszewski et al. 2004) and in the telomeric parts
of chromosome 3, in the orthologous chromosome of
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wheat chromosome 3B, in a cross between Lolium and
Festuca (KING et al. 2002, 2007) . Additional mapping data
on chromosome 3B and other wheat chromosomes for
which high-resolution genetic and physical maps
are underway at the international level (http:/www.
wheatgenome.org) will help to confirm the CO pattern
in the telomeric ends of the chromosomes. The fact that
70% of the recombination occurs in the most distal part
(23 Mb) of the long arm of chromosome 4B (SEE et al.
2006) may indicate that each chromosome has a specific
pattern of recombination distribution in the telomeric
regions.

In addition to the decrease of CO frequency in the
distal part of the short arm, we observed an increase of
CO frequency in the middle part of the long arm (bin
3BL1-0.31-0.38). Thus, it appears that at least along
chromosome 3B, CO frequency does not follow a simple
gradient from the centromeres to the telomeres. This
implies that cloning a gene in a distal position on a
wheat chromosome may sometimes be more difficult
than expected while cloning a gene in the middle part
would be possible without developing very large segre-
gating populations.

CO distribution was shown to be correlated with genes
in human (KoNG et al. 2002), mouse (PAIGEN et al. 2008),
rice (Wu et al. 2003), and maize (ANDERSON et al. 2006).
In wheat, ERAYMAN et al. (2004) showed that seven gene-
rich regions (GRRs) are present on a consensus chro-
mosome 3 map (three on the short arm and four on the
long arm) and that most of the recombination occurs
within the GRRs. In our study, we also observed a
correlation between the CO frequency and the presence
of the GRRs on the long arm. Especially, the increase of
CO frequency that was found in bin 3BL1-0.31-0.38
corresponded exactly to the major GRR (3L0.3) men-
tioned by ERAYMAN et al. (2004) in the middle of this
arm. In contrast, we did not find the same correlation on
the short arm. Maximal recombination was observed in
bin 3BS8-0.78-0.87, which does not correspond to one
of the GRR regions that was defined on the short arm of
chromosome 3B. As discussed previously, this is likely
due to the nonsystematic assignment by ERAYMAN et al.
(2004) of markers in deletion bins and the identification
of the GRR on the short arm might need to be reassessed
with more markers and on individual chromosomes.

If a large recombination gradient can be observed in
large genome species such as wheat, barley (KUNZEL ¢t al.
2000), and maize (ANDERSON et al. 2003), recombina-
tion is more evenly distributed in species with smaller
genomes such as rice (Wu et al. 2003). In the small
genome species Arabidopsis thaliana, no gradient has
been observed (DrouAUD et al. 2006), suggesting that
the pattern of CO distribution is correlated with genome
size. In species displaying a CO gradient, the high CO
rates observed in subtelomeric regions are explained
generally by the distal position of these regions. This
hypothesis is supported by the fact that chromosomes

with terminal deletions show increased CO number in
regions that were formerly proximal (JONES et al. 2002;
Qr et al. 2002). Higher CO rates in distal subtelomeric
regions of chromosomes have been related to the onset
of meiosis with the bouquet formation occurring in the
vicinity of these regions thereby favoring CO formation
(CorrREDOR ¢t al. 2007). This feature, however, is a
common feature of meiosis and thus also appears in
species with small genomes that do not show such
contrastin CO rate between distal and proximal regions.
Moreover, very recently, Lukaszewskr (2008) showed
that a rye chromosome with an inverted long arm where
the telomeric regions are located at the centromere
exhibited simultaneously an inverted pattern of chiasma
distribution; i.e., recombination was higher close to the
neocentromeric regions. He concluded that CO fre-
quency along a chromosome is not position dependent
but sequence dependent. In contrast to species with
small genomes, those with large genomes show exten-
sive chromosome remodeling in their subterminal chro-
mosomal regions (DAWE et al. 1994; PrIETO et al. 2004),
thereby suggesting that high CO rates are due to re-
modeling in these regions. A recent study (CoLAs el al.
2008) of the meiotic behavior of translocated rye
chromosomes showed that when chromosome remod-
eling is inhibited in the heterozygous subterminal
regions of rye chromosome 1R in a 1BL.1RS wheat-rye
translocation line, COs are also inhibited. To confirm
this hypothesis, it would be interesting to study whether
remodeling is observed in new distal regions of deleted
chromosomes or chromosomes with inverted arms.

Positive interference along chromosome 3B: In
addition to the frequency of individual CO formation,
recombination is influenced by interference, i.e., the
effect of one CO on the occurrence of other COs in its
vicinity. Here, we analyzed for the first time in wheat the
intensity of the interference on a chromosome, using a
Gamma model. Estimates of the interference parameter
mof 1.2 for male meiosis and 3.5 for female meiosis were
found. In tomato, late recombination nodules observa-
tions indicated mvalues of 1.3 and 1.9 for chromosomes
1 and 2, respectively (LHUISSIER el al. 2007). Similar
values were obtained from genetic mapping data, in
human (m = 2.3) (BroMAN and WEBER 2000) and
Arabidopsis (m = 3-9) (COPENHAVER et al. 2002),
whereas mvalues between 5.0 and infinity were observed
in mouse (BROMAN ¢t al. 2002). Understanding the
molecular basis of interference intensity difference is a
very challenging task that is under progress in model
species such as yeast and Arabidopsis.

On the basis of the coefficient of coincidence, our
results indicated strong positive interference at distan-
ces <10 cM. We confirmed this interference in a
different cross where the screening of >1400 Fo CsRe
using two markers separated by 12 cM and localized in
the distal part of the short arm showed an absence of
double COs (Pvalue = 0.015, data not shown). In wheat
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and barley, PENG et al. (2000) and EscH and WEBER
(2002) reported negative interference within short dis-
tances. However, in contrast to our study that is based on
doubled-haploid populations, PENG et al. (2000) used
Fy plants. Estimation of the coefficient of coincidence
with this type of population is biased because two
independent gametes are considered as one. To deal
with dependency, an expectation-maximization (EM)
procedure needs to be used on Fs populations for
distinguishing independent meiotic events present in
an Fo individual. In any case, using an Fy population
results in substantial loss of statistical power to detect
interference compared to DH populations in which
individual gametes are considered. Moreover, in their
studies, PENG et al. (2000) and Esca and WEBER (2002)
considered intervals with very small numbers of re-
combinants (<10), thereby introducing another bias in
the measurement of the coefficient of coincidence and
leading to potentially large overestimations (MARTIN
and HosprTaL 2006). Thus using an Fy population and
analyzing small intervals result in an overestimation of
double recombination events, in high values for the
coefficient of coincidence (C> 1), and, finally, in what
appears to be negative interference.

The coefficient of coincidence analysis also shows
that interference acts across the centromere in male
meiosis, a phenomenon that has been seen already in
other species (CoLomBo and Jones 1997; DrouauD
et al. 2007; L1IAN et al. 2008). Our results suggest that, in
wheat, the interference range differs between proximal
and distal regions by acting on longer genetic distances
around the centromere (30 cM) compared to the other
regions (10 cM). In humans and mice (CopINA-PASCUAL
et al. 2006; PETKOV el al. 2007), interference was shown
to be correlated with the synaptonemal complex len-
gth and therefore was constant on physical distances
measured in micrometers along the entire chromo-
some. However, distances estimated in micrometers
depend on chromatin compaction, implying that 1 pm
represents a longer physical distance measured in
megabases in condensed regions compared to less
condensed regions. As proximal regions of chromo-
some 3B are rich in heterochromatin (GILL et al. 1991),
they are probably highly condensed and 1 pm in these
regions represents a much larger physical size in mega-
bases compared to 1 pm in the distal regions. Conse-
quently, more COs can occur in the large physical
(megabases) proximal regions, which could explain
the longer genetic interval observed for the interference
range around the centromere.

Genetic mapping in wheat: The CsRe mapping data
presented in this article showed that chromosome 3B
exhibits on average 3.60 COs per bivalent at each
meiosis. This is slightly higher than the 2.97 chiasmata
observed by SALLEE and KIMBER (1978) and is probably
due to the difficulty to accurately estimate chiasma num-
ber on this very large chromosome since the frequency

of two close COs on the same arm is more frequent than
on short chromosomes. However, it confirms that the
coverage of the genetic map was complete and took
into account all the possible CO events. With 48.3
chiasma suggested for the entire genome (SALLEE and
KiMBER 1978), the size of a wheat genetic map should be
~2400 cM. Considering the slight underestimation of
chiasma number, the size should rather be between 2400
and 3000 cM. Wheat genetic maps that were developed
initially were smaller than expected (1700-1800 cM; for
areview see VARSHNEY et al. 2004). However, these maps
covered only poorly the whole genome with sometimes
chromosomes that were not represented (CADALEN et al.
1997). The actual sizes of wheat genetic maps range
from 2500 to 4000 cM (SOURDILLE et al. 2003; QUARRIE
et al. 2005; SUENAGA et al. 2005; ARBARI el al. 2006;
ToraDpA et al. 2006; XUE et al. 2008), indicating that some
of them exceed the expected value. This may suggest
genotyping errors, the use of not well-adapted mapping
functions, or differences in CO frequencies between
different wheat varieties and provides a note of caution
on the quality of the genetic maps of wheat. Analysis of
the coefficient of coincidence showed that interference
is strong at short distances, inhibiting the formation of
double COs. This was proved by the size of our genetic
map that was similar to previously published maps even
though a larger number of markers (102) were used in
our study. Thus, these results confirm that the size
increase of genetic maps that results from the addition
of markers reflects genotyping errors rather than double
COs.

Conclusions: In this work, we analyzed the recombi-
nation gradient and the interference, two factors that
influence recombination on wheat chromosome 3B. At
least one additional factor affects recombination distri-
bution and rate: sequence similarity between the ho-
mologous chromosomes. This was demonstrated in yeast
(DATTA et al. 1997), in mammalian cells (LUKACSOVICH
and WALDMAN 1999), and in Arabidopsis (OPPERMAN
et al. 2004). In wheat, genetic maps obtained from
interspecific crosses are shorter than those issued from
intraspecific crosses (Luo et al. 2000), suggesting lower
recombination rates in the former case. Moreover,
recombination is known to be reduced at the level of
introgressed segments (J1 and CHETELAT 2007). The
direct effect of sequence similarity has not been studied
so far in wheat because large stretches of sequence from
different varieties are not available yet. Crossover distri-
bution is best studied in species for which whole genome
sequences are available. To better study this essential
phenomenon in wheat, we are currently sequencing and
comparing large stretches of DNA originating from
recombinant and nonrecombinant regions in different
wheat varieties.
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