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Abstract

Crossing over-based recombination is a powerful tool for
generating new allelic combinations during sexual repro-
duction. It usually occurs between homologous chromo-
somes. However, under some conditions, homoeologues
may also be capable of crossing over. Whether homologous
and homoeologous crossovers are equivalent and governed
by the same rules has never been established. Here we re-
port on chromosome distribution of homoeologous cross-
overs in a unique system of Festuca X Lolium hybrids. Unlike
in most other hybrids, in these intergeneric hybrids, ho-
moeologous chromosomes are capable of pairing and cross-
ing over with frequencies approaching that of homologues.
At the same time, genome divergence makes cytological
detection of chromosome recombination feasible. We
analyzed the distribution of homoeologous recombination
along individual chromosomes in a complete set of interge-

neric single chromosome substitutions from F. pratensis in-
to tetraploid L. multiflorum. Homoeologous recombination
sites were not evenly distributed along the chromosomes,
being concentrated in intercalary regions of the arms and
reduced in proximal and distal regions. Several recombina-
tion hotspots and cold spots were found along individual
chromosomes and the recombination was not affected by
the presence of a secondary constriction. Our results indi-
cate that despite the uneven distribution of homoeologous
recombination, introgression of any part of the F. pratensis
genome into L. multiflorum is feasible.

Copyright © 2010 S. Karger AG, Basel

Perennial ryegrass (Lolium perenne L.) and Italian rye-
grass (L. multiflorum Lam.) are among the most agricul-
turally important grass species in the temperate regions.
They are widely used for forage and turf. Both species are
cultivated in monocultures as well as in mixtures with
other species [Fojtik, 1994; Cernoch et al., 2003]. Possible
changes in the global climate call for broadening of the
gene pool of both species as a buffer against potentially
harsher growing conditions. Such broadening of the gene
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pool can be achieved by intra- and interspecific hybrid-
ization. Because of the generally poor survival rate of
both ryegrass species under abiotic stress conditions, the
latter strategy appears to be more appropriate [Jauhar,
1993]. Ideal donor species of tolerance to abiotic stresses
belong to Festuca subgen. Schedonorus. Species of this
subgenus are closely related to ryegrasses [Catalan et al.,
2004], and especially F. arundinacea Schreb. and F. pra-
tensis Huds. exhibit high tolerance to abiotic stresses,
such as drought and freezing [Jauhar, 1993].

The potential of interspecific hybridization for gene
transfer via introgression breeding is generally limited by
the inability of parental chromosomes to pair and recom-
bine. This is true also in allopolyploid species, which
often possess genetic systems preventing homoeologous
pairing such as PhI genes in wheat [Riley and Chapman,
1958; Sears and Okamoto, 1958] and PrBn in Brassica na-
pus [Jenczewski et al., 2003]. However, Festuca and Loli-
um species are unique, because their chromosomes pair
with each other and recombine freely [Thomas et al,
1994; Kopecky et al., 2008, 2009a].

There are 2 strategies of interspecific breeding. One is
the development of amphiploids. A good example of the
use of man-made amphiploids is hexaploid triticale
(X Triticosecale Wittmack), a wheat-rye hybrid. Perhaps
the main reason why this amphiploid is agronomically
successful is that both parents are cultivated species.
When one of the parent species is undomesticated, it
tends to contribute to the amphiploid not only desirable
but also weedy characteristics and these may require con-
siderable long-term breeding efforts to mitigate. Hence
the introgression breeding represents a strategy to intro-
gress only the desirable characteristics into a cultivated
species. In this approach, the initial cross is followed by
recurrent backcrosses to the recipient species, during
which the introgressed region is narrowed down, elimi-
nating the undesired genetic ballast while retaining the
specific traits of interest. Clearly, the success of this strat-
egy is dependent on the frequency and distribution of
recombination across parental genomes and it is known
that the distribution of crossovers along the chromo-
somes is not random.

In large genomes, such as wheat and barley, the fre-
quency of crossovers increases from centromeres to telo-
meres [Lukaszewski and Curtis, 1993; Kiinzel et al,,
2000]. However, the increase is not gradual and cross-
overs preferentially occur in certain regions of chromo-
somes called ‘recombination hotspots’. In contrast to
hotspots, there are regions where almost no crossovers
occur - the ‘recombination cold spots’ [Mézard, 2006].
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The total number of hotspots in humans was estimated
at ~50,000 [Buard and de Massy, 2007]. Meiotic recom-
bination hotspots have also been identified in several
plant species, such as Arabidopsis thaliana [Mézard,
2006], rice [Kurata et al., 1994], wheat [Gill et al., 1996]
and Lolium/Festuca [King et al., 2002]. In barley, hotspots
were preferentially localized to distal regions of chromo-
somes, but they were also found in interstitial positions
[Kiinzel et al., 2000]. In L. perenne/F. pratensis introgres-
sion lines, the hotspots were also localized in the distal
regions [King et al., 2002], but not in the most distal 10%
of the physical chromosome length as in barley [Kiinzel
et al., 2000].

Species-specific distribution of recombination hot-
spots was described by Winckler et al. [2005]. The authors
compared humans and chimpanzees and found that only
8% of recombination hotspots were common to both spe-
cies. Interestingly, the distribution of recombination hot-
spots can change during evolution. Several sites with high
recombination rates in humans show average or low re-
combination rates in chimpanzee, and vice versa [Jeffreys
et al., 2005]. The size of hotspots can be relatively small;
for example in human sperm cells, hotspots of ~2 kb
length were identified [Buard and de Massy, 2007]. In
plants, regions of extremely high recombination rates
may represent only a few kilobases [Dooner and Marti-
nez-Ferez, 1997; Okagaki and Weil, 1997].

The frequency and distribution of recombination
events is influenced by intrinsic and extrinsic factors,
such as sex [Lenormand and Dutheil, 2005], temperature
[Francis et al., 2007], chemical agents and physical stress
[Sinha and Helgason, 1969]. Differences in crossover
rates in specific regions of the genome were detected
among cultivars of many crop species, including barley,
suggesting the effect of the genotype [Sall et al., 1990].
Crossover frequency can also be changed by chromo-
some rearrangements. Thus, even a short terminal dele-
tion of a chromosome arm in L. perenne significantly re-
duced the frequency of crossovers [Jones ES et al., 2002].
In wheat and in rye, crossover distribution can be ma-
nipulated by structural aberrations [Sybenga, 1975; Jones
LE et al,, 2002; Qi et al., 2002], dramatically increasing
the crossover saturation rate in designated chromosome
segments when they are placed in terminal positions. On
the other hand, a whole-arm inversion in rye inverted the
pattern of chiasma distribution suggesting that the typi-
cal pattern of recombination in cereals, with its concen-
tration at the telomere and absence at the centromere may
in fact reflect an innate ability of specific chromosome
regions to form crossovers, along the line of the zygomere
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concept of Sybenga [1969] and ‘pairing centers’ of Magu-
ire [1986].

As mentioned earlier, the possibility to introgress just
one or a few attractive traits from one species to another
(usually an agronomically important crop) is of great im-
portance. For this, an association between the distribu-
tion of recombination events and the location of gene-
rich regions plays a key role in the success or failure of
introgression breeding. In wheat and maize, a high cor-
relation was observed between recombination frequency
and the distribution of gene-rich regions [Akhunov et al.,
2003a, b; Shah and Hassan, 2005; Anderson et al., 2006].
Similarly in barley, the distribution of recombination
hotspots was positively correlated with that of DNA
markers assumed to be gene-derived [Kiinzel et al., 2000].
However, such examples may not represent a general rule.
In Arabidopsis, most of the recombination events in hot-
spots were localized to non-coding regions [Drouaud et
al.,, 2006; Mézard, 2006]. Similarly, King et al. [2007]
found that most of the functionally annotated genes were
located in regions with low recombination rates in
Lolium/Festuca introgression lines.

In this study we performed a detailed analysis of the
distribution of homoeologous crossovers at the chromo-
somal level in L. multiflorum/F. pratensis substitution
lines. As the first step, we established the karyotypes, es-
timated nuclear genome sizes and determined molecular
chromosome sizes in both parental species. Subsequently,
we compared the relative lengths of individual homoeol-
ogous chromosomes and measured the positions of ho-
moeologous recombination events in each of the 7 chro-
mosomes of F. pratensis in L. multiflorum/F. pratensis
substitution lines.

Material and Methods

Plant Material

Nuclear DNA content was estimated in diploid cultivar ‘Ko-
lumbus’ (2n = 2x = 14) and tetraploid cultivar ‘Patra’ 2n = 4x =
28) of F. pratensis, and in diploid cultivar ‘Prolog’ (2n = 2x = 14)
and tetraploid cultivar ‘Lubina’ (2n = 4x = 28) of L. multiflorum.
Moreover, we also estimated nuclear DNA amounts in diploid
cultivar ‘Handicap’ (2n = 2x = 14) and tetraploid cultivar ‘Korok’
of L. perenne and hexaploid cultivar ‘Kora’ (2n = 6x = 42) of F.
arundinacea. Five plants of each species were used. With the aim
of analyzing the distribution of homoeologous crossovers at the
chromosomal level, single chromosome substitution lines of all 7
chromosomes of F. pratensis introgressed into the tetraploid L.
multiflorum were developed [Kopecky et al., 2008]. Plants of in-
dividual chromosome substitutions were intercrossed and their
progeny was analyzed.

Homoeologous Recombination in
Chromosomes of Festuca/Lolium

Estimation of Nuclear Genome Size

Seeds were germinated in 12-cm pots filled with substrate in
a greenhouse. After 3-4 weeks, we estimated the genome size of
5 plants of each cultivar by flow cytometry following Galbraith et
al. [1983]. Nuclear suspensions were prepared by simultaneous
chopping of 50 mg leaf tissue of an unknown sample and Pisum
sativum ‘Ctirad’, which was used as an internal reference standard
with 2C = 9.09 pg [Dolezel et al., 1998]. The tissues were homog-
enized with a razor blade in a Petri dish containing 0.5 ml of Otto
I solution (0.1 M citric acid, 0.5% Tween 20 [Otto, 1990]). The
nuclear suspension was filtered through 42-pm nylon mesh and
stained with 1 ml Otto II solution (0.4 M Na,HPO412H,0) con-
taining 2 mg/ml 3-mercaptoethanol, 50 pl/ml propidium iodide
and 50 pl/ml RNase ITA. Samples were stained for 10 min at room
temperature and analyzed using a CyFlow flow cytometer (Partec
GmbH, Miinster, Germany) equipped with a green solid-state la-
ser (532 nm). At least 5,000 events were analyzed per sample and
only histograms with a coefficient of variation of Go/G; peaks
lower than 4.0% were accepted. The analysis of each taxon was
repeated on 3 different days. A between-day threshold of 2% was
set and samples exhibiting larger variation were excluded and a
new sample was analyzed.

Karyotyping of F. pratensis and L. multiflorum

To establish karyotypes of F. pratensis (cv. Kolumbus’; 2n =
2x = 14) and L. multiflorum (cv. ‘Lubina’; 2n = 4x = 28), we mea-
sured chromosome lengths and determined centromeric indices
in both species. Individual chromosomes were identified by fluo-
rescence in situ hybridization (FISH) according to Kopecky et al.
[2008] with labeled probes for 5S and 45S rDNA and the F. pra-
tensis BAC clone 1G18. Chromosomes were numbered following
the Triticeae Chromosome Numbering System [Kopecky et al.,
2009b]. Chromosomes were counterstained with 1.5 ug/ml
4',6-diamidino-2-phenylindole (DAPI) prepared in Vectashield
antifade solution (Vector Laboratories, Burlingame, Calif., USA).
Observations were made using an Olympus AX70 microscope
equipped with epifluorescence and SensiCam B/W camera. Chro-
mosomes were measured in 10 metaphase plates in each species
using ScionImage software, and mean values were calculated.

Distribution of Homoeologous Crossovers at the

Chromosomal Level

Chromosome Preparations and Genomic in situ Hybridization.
Single chromosome substitution lines L. multiflorum/F. pratensis
were propagated by intermating within small populations of
plants with the same chromosome constitutions, in isolation from
all other sources of pollen. Seeds of the progeny thus obtained
were germinated in Petri dishes on wet filter paper and seedlings
were planted in 30-mm pots in the greenhouse. After 3-4 weeks,
plantlets were transferred to a hydroponic culture with aerated
solution of Hydroponex at 0.9 g/l (Hu-Ben, Ceréany, Czech Re-
public). Mitotic metaphase spreads were prepared from root tips
according to Masoudi-Nejad et al. [2002]. GISH was performed
according to Kopecky et al. [2005]. Total genomic DNA of F. pra-
tensis was labeled with digoxigenin using the DIG-Nick Transla-
tion Kit (Roche Applied Science, Indianapolis, Ind., USA) and
used as a probe. Genomic DNA of L. multiflorum was sheared to
200-500-bp fragments by boiling for 45 min and used as blocking
DNA. The probe to block ratio was 1:150 with minor variation.
Sites of probe hybridization were detected by anti-DIG-FITC con-
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Fig. 1. Histogram of relative fluorescence intensity obtained after
simultaneous analysis of nuclei isolated from Lolium multiflorum
cultivar ‘Prolog’ (Gy/G; nuclei, peak 1; G, nuclei, peak 4), Festuca
pratensis cultivar ‘Kolumbus’ (Gy/G; nuclei, peak 2; G, nuclei,
peak 5) and Pisum sativum cultivar ‘Ctirad’ (2C = 9.09 pg, as
an internal reference standard; Go/G; nuclei, peak 3; G, nuclei,
peak 6).

jugate (Roche). Fluorescence microscopy was performed as de-
scribed above and ScionImage and Adobe Photoshop software
were used for processing of color pictures.

Distribution of Homoeologous Recombination. To determine
the positions of intergeneric crossover points, we measured the
length of the introgressed segment(s) and the length of both arms
of recombined chromosomes in 5 metaphase plates per plant. Be-
cause the absolute lengths of individual pairs of homologues from
Festuca and Lolium are different, a direct calculation of the posi-
tions of crossover points along the chromosome length was not
possible. Thus, we transformed the measured lengths of the intro-
gressed Festuca segments using a calibration factor specific for
each chromosome (table 1). The factor was calculated based on the
DNA content and relative lengths of homoeologous chromosomes
of both species:

Calibration factor = 1CxL X RLF/1CxF X RLL

1CxL = Monoploid genome size of L. multiflorum

1CxF = Monoploid genome size of F. pratensis

RLL = Relative length of individual L. multiflorum
chromosome

RLF = Relative length of individual F. pratensis chromosome

For each chromosome, the position of over 100 independent
homoeologous recombination events was recorded.

Results and Discussion

Estimation of Nuclear Genome Size

Nuclear DNA content of diploid and tetraploid culti-
vars of L. multiflorum, L. perenne, F. pratensis and of a
hexaploid cultivar of F. arundinacea was estimated by
flow cytometry (table 2). In agreement with the previous
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Table 1. Calibration factor for the measurements of individual
homoeologous chromosomes of F. pratensis and L. multiflorum

Chromosome Calibration factor®

0.792
0.863
0.877
0.862
0.801
0.767
0.914

NN U W N

* Molecular size of L. multiflorum chromosome/molecular
size of F. pratensis chromosome. For calculation, see Material and
Methods.

study [Loureiro et al., 2007], histograms of relative DNA
content contained well-resolved peaks representing nu-
clei in G¢/G; and G, phases of the cell cycle (fig. 1). In
91.0% of the assays, the coefficient of variation (CV) of
Gy/G; peaks was below 3.0% and average CV ranged from
1.96-2.96%. The analyses revealed that monoploid ge-
nome sizes (1Cx) [Greilhuber et al., 2005] of F. pratensis
and L. multiflorum were significantly different. While
both cultivars of F. pratensis measured here had 1Cx =
3.25 pg, diploid L. multiflorum cultivar ‘Prolog’ had
1Cx = 2.62 pg and the tetraploid cultivar ‘Lubina’ had
1Cx = 2.75 pg. The difference between the 2 L. multiflo-
rum cultivars was statistically significant (p < 0.05).
These observations suggest that, on average, the molecu-
lar size of an F. pratensis chromosome is 18% larger as
compared to an L. multiflorum chromosome. This esti-
mate was confirmed independently by the measurement
of chromosome lengths (table 3). Estimation of genome
size and chromosome lengths in both species was essen-
tial to obtain the calibration factor for the analyses of the
physical distribution of homoeologous recombination.
With the aim of providing additional data on 1Cx val-
ues in Festuca and Lolium and average chromosome mo-
lecular size in the 2 genera, we estimated genome sizes in
1 cultivar of hexaploid F. arundinacea and in 2 cultivars
of L. perenne of different ploidy. The 1Cx value for F.
arundinacea was 11% lower as compared to that of F. pra-
tensis (table 2). This difference could be due to the reduc-
tion in genome size known to take place following poly-
ploidization [Leitch and Bennett, 2004], and which was
also observed in Festuca [Seal, 1983; Loureiro etal., 2007].
On the other hand, the 1Cx values for both cultivars of L.
perenne (table 2) were statistically not different from the
estimates for L. multiflorum with the same ploidy level.
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Table 2. Estimation of nuclear genome size in Lolium perenne, L. multiflorum, Festuca arundinacea and F. pra-

tensis
Species Cultivar 2C Nuclear DNA amount, pg 1Cx, pg DNA  1Cx, Mb
mean SD (n =5)

L. multiflorum (2n = 2x = 14) Prolog 5.25 0.042 2.62° 2,567

L. perenne (2n = 2x = 14) Handicap 5.36 0.047 2.68%0 2,623

L. multiflorum (2n = 4x = 28) Lubina 10.99 0.092 2.75b¢ 2,687

L. perenne (2n = 4x = 28) Korok 11.19 0.057 2.80¢ 2,735

F. arundinacea (2n = 6x = 42) Kora 17.45 0.078 2.914 2,845

F. pratensis (2n = 2x = 14) Kolumbus 6.49 0.078 3.25¢ 3,175

F. pratensis (2n = 4x = 28) Patra 13.01 0.050 3.25¢ 3,181

1Cx = Monoploid genome size. 1 pg DNA = 978 Mb [Dolezel et al., 2003].
Small letters label groups with no significant difference at p < 0.05 level according to a Bonferroni all pair-

wise multiple comparisons test.

Table 3. Length, DNA content and molecular size of chromosomes and chromosome arms of F. pratensis (cv. ‘Kolumbus’, 2n = 2x =

14) and L. multiflorum (cv. ‘Lubina’, 2n = 4x = 28)

Chr. Length % oftotal 1C 1C Chr. Length % oftotal 1C 1IC  Chr. Length % oftotal 1C 1IC CP
pm genome pg Mb* arm pm genome  pg Mb* arm pm genome  pg Mb?
F. pratensis Huds.
1 4.67 11.74 0.382 373 1S 1.71 4.30 0.140 137 1L 2.96 7.44 0.242 237 37
2 6.07 15.24 0.496 485 28 2.42 6.09 0.198 194 2L 3.64 9.15 0.298 291 40
3¢ 6.25 15.70 0.511 499 38 2.92 7.34 0.239 233 3L 3.33 8.36 0.272 266 47
4 6.79 17.07 0.555 543 4S 3.18 7.99 0260 254 4L 3.61 9.08 0.295 289 47
5 5.04 12.68 0.412 403 58 1.76 4.41 0.143 140 5L 3.29 8.27 0.269 263 35
6 4.93 12.38 0.403 394 6S 1.97 4.95 0.161 158 6L 2.95 7.42 0.241 236 40
7 6.05 15.21 0.495 484 7S 2.90 7.28 0237 231 7L 3.16 7.93 0.258 252 48
L. multiflorum Lam.
1 3.37 11.01 0.303 296 18 1.28 4.18 0.115 112 1L 2.09 6.83 0.188 183 38
2¢ 4.77 15.58 0.428 419 28 1.66 5.42 0.149 146 2L 3.11 10.16 0.279 273 35
3¢ 4.99 16.30 0.448 438 38 2.37 7.74 0.213 208 3L 2.62 8.56 0.235 230 47
4 5.33 17.41 0479 468 45 2.54 8.30 0228 223 4L 2.79 9.11 0.251 245 48
5 3.68 12.02 0.331 323 58 1.20 3.92 0.108 105 5L 2.48 8.10 0.223 218 33
6 3.44 11.23 0.309 302 6S 1.47 4.80 0.132 129 6L 1.97 6.43 0.177 173 43
7¢ 5.04 16.46 0.453 442 7S 2.31 7.54 0.207 203 7L 2.73 8.92 0.245 240 46

*1 pg DNA =978 Mb [Dolezel et al., 2003].

b CI = Centromeric index (length of the short arm/total chromosome length X 100).

¢ Chromosomes with NOR.

This suggests that the average chromosome molecular
size in L. multiflorum and L. perenne are similar.

The Karyotypes of F. pratensis and L. multiflorum

Measurements of chromosome length on 10 meta-
phase plates in each species established standard karyo-
types for the 2 parental species (table 3). Diploid F. pra-

Homoeologous Recombination in
Chromosomes of Festuca/Lolium

tensis has 7 pairs of chromosomes of which 3 are meta-
centric and 4 are submetacentric; of the metacentric
chromosomes, 1 pair (chromosome 3) has a secondary
constriction. The length of the chromosomes ranges
from 4.67 pm (chromosome 1) to 6.79 pm (chromosome
4) and the total length of the chromosome complement
was 39.79 wm. Based on the estimated 1Cx value in F. pra-
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Fig. 2. Molecular cytogenetics analysis (GISH) of chromosomes
in recombinant line Bdel21 (2n = 4x = 27), where a segment of F.
pratensis chromosome 2 has been introgressed into tetraploid L.
multiflorum. Total genomic DNA of F. pratensis was labeled with
FITC and used as a probe (green color); unlabeled total genomic
DNA of L. multiflorum was used as blocking DNA. Chromosomes
were counterstained with DAPI (shown in red pseudocolor). Inset
shows the chromosome measurement in detail.

tensis, the molecular size of individual chromosomes
ranges from approximately 373-543 Mb. Diploid L. mul-
tiflorum also has 7 pairs of chromosomes; 3 pairs are
metacentric and 4 pairs are submetacentric. Three pairs
of chromosomes (chromosomes 2, 3 and 7) carry 1 sec-
ondary constriction each. The length of individual chro-
mosomes ranges from 3.37 pwm in chromosome 1 to 5.33
pm in chromosome 4, and molecular sizes of chromo-
somes range from 296 Mb (chromosome 1) to 468 Mb
(chromosome 4). The length of the entire chromosome
complement was 30.62 pm.

Distribution of Homoeologous Recombination Points

To establish the distribution of recombination points
along individual chromosomes, we divided each chro-
mosome into 20 segments of equal size. Each segment
corresponded to approximately 20 Mb of DNA and its
size was chosen considering the spatial resolution of our
microscopy-camera system, where 1 pixel represents
0.98-1.43% of a chromosome length (fig. 2). Measure-
ments of recombined chromosomes in 5 different meta-
phase plates showed that variation in length of up to 5%
was not uncommon (data not shown). This variation
reflected differences in chromatin condensation among
different cells, differences in the labeling efficiency of
FISH, and spatial resolution of our optical detection sys-
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tem. Interestingly, King et al. [2002] were able to dissect
a chromosome into segments smaller than 0.4% of its en-
tire physical length.

The frequency of recombination events was estab-
lished for each of the 20 segments in each single chromo-
some substitution line. The results are graphically dis-
played in figure 3 in which the chromosome lengths are
given in relative values, so that the positions of recombi-
nation events are valid for both species. In most of the
chromosome arms, the distribution of recombination
events was fairly even with a slow gradient of increasing
recombination rates towards the telomeres. However,
there was a dramatic decrease in recombination at the
subtelomeric and telomeric regions. In each chromo-
some, the lowest recombination rates were in the pericen-
tromeric and centromeric regions. Absence of recombi-
nation in the centromeric/pericentromeric and telomer-
ic/subtelomeric regions was not entirely surprising as it
has been reported in triploid hybrids L. multiflorum X
F. pratensis and in the pentaploid hybrids F. arundinacea
X L. multiflorum [Zwierzykowski et al., 1998, 1999].

Gradients of recombination along chromosomes were
found in other grass species, including wheat [Dvorak
and Chen, 1984; Curtis and Lukaszewski, 1991; Erayman
et al., 2004], rye [Lukaszewski, 1992], barley [Leitch and
Heslop-Harrison, 1993; Kiinzel et al., 2000] and ryegrass
[Hayward et al., 1998]. In barley, Kiinzel et al. [2000]
found that 45% of the physical length of chromosome 3H
spanning the centromere showed no recombination at all,
while in wheat, Erayman et al. [2004] observed less than
1% of overall chromosome recombination in the 25%
around the centromere. Some of the decrease in recom-
bination rates in the vicinity of the telomere may be at-
tributed to detection problems. Given the resolution level
of FISH [Lukaszewski et al., 2005] it is possible that very
short segments of F. pratensis chromatin on L. multiflo-
rum chromosomes did not produce bright enough signals
to be observed while short terminal segments of L. mul-
tiflorum on F. pratensis chromosomes might have been
obscured by the halo of the probe. There are no conceiv-
able technical problems in scoring all remaining interca-
lary crossover events, including those in the vicinity of
the centromere.

A reduced frequency of recombination was observed
to correlate with the presence of the nucleolus organizing
regions (NOR) and was observed in NOR-bearing arms
such as wheat chromosome 1BS [Dvofak and Chen, 1984],
rye chromosome 1RS [Lawrence and Appels, 1986] and
chromosome 3 of the L. perenne/F. pratensis substitution
line [King et al., 2002]. The present study indicates that
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the relationship between the presence of a NOR and re-
combination may be more complex. While we did not
observe any reduction of homoeologous recombination
in the NOR region of chromosome 3, chromosome 7 had
lower frequency of recombination in the NOR region,
and chromosome 2 showed an absence of recombination
in the vicinity of the NOR. In the case of chromosome 3
of F. pratensis, the differences observed between our re-
sults and those of King et al. [2002] might have resulted
from the lower sequence homology between F. pratensis
and L. perenne [King et al., 2002] as compared to F. pra-
tensis and L. multiflorum (this study). In fact, our previ-
ous study indicated a closer relationship between the lat-
ter 2 species [Kopecky et al., 2009b]. The sequence homol-
ogy could also explain the differences in recombination
observed in chromosome 3 and chromosomes 2 and 7.
While chromosome 3 of both parental species (L. multi-
florum and F. pratensis) bears NORs, chromosomes 2 and
7 have NORs only in L. multiflorum. Thus, the absence of
recombination could be due to structural differences
rather than the presence of the NOR per se. This issue
clearly deserves further study.

Both F. pratensis and L. multiflorum are species with
typical distal chiasmata producing distinct ring bivalents
and end-to-end paired rods [Rees and Dale, 1974; Karp
and Jones, 1983]. Thus, the low frequency of homoeo-
logous recombination in the telomeric/subtelomeric re-
gions of Festuca X Lolium hybrids is difficult to explain.
Some part of it could be related to detection problems, as
explained earlier. However, the observations of Zwier-
zykowski etal. [1998, 1999] and King et al. [2002] confirm
that this phenomenon is typical for the Festuca X Lolium
hybrids. The decrease in frequency of recombination was
also observed at the very distal end of the short arm of
wheat chromosome 3B [Saintenac et al., 2009]. As in oth-
er chromosomal regions mentioned above, the explana-
tion could be due to lower sequence homology. In hexa-
ploid wheat, Akhunov et al. [2003b] observed a gradient
in gene density and recombination rate from the centro-
mere to the telomere of all chromosomes. Higher fre-
quency of recombination may explain a more rapid gene
evolution and faster differentiation of homoeologous
chromosomes from each other in distal regions [Akhu-
nov et al., 2003a]. As homoeologous chromosomes of
cross-pollinating species lose synteny faster than do ho-
moeologues of self-pollinating species [Akhunov et al.,
2003a], it is reasonable to expect reduced sequence ho-
mology between the distal parts of homoeologous chro-
mosomes of F. pratensis and L. multiflorum. Moreover,
the presence of telomere-associated repeats, which are

Homoeologous Recombination in
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presumably under low selection pressure, provides an-
other source of sequence variation. Telomeric hetero-
chromatin was suggested as a possible reason for the de-
crease of recombination in the distal part of the shortarm
of wheat chromosome 3B [Saintenac et al., 2009]. On the
other hand, if the hypothesis of zygomeres or pairing cen-
ters is ever confirmed [Sybenga, 1969], many aspects of
the particular crossover patterns would be easier to un-
derstand and explain.

Uneven distribution of recombination along chromo-
somes was described in a number of studies [Mézard,
2006; Buard and de Massy, 2007]. The molecular nature
of the regions with an unusually high or low frequency of
recombination is unclear [Akhunov et al., 2003; Mézard,
2006]. In this work, recombination hotspots and cold
spots were not frequently observed. Hotspots occurred in
the central parts of chromosome arms and were usually
located closer to telomeres. Hotspots with a frequency of
recombination 4 times higher than the average occur ata
physical distance of 25-30% in chromosome 4 and 85-
90% in chromosome 6 (fig. 3). Cold spots, or absence of
recombination, were generally localized to regions neigh-
boring centromeres. Moreover, several other parts of
chromosomes displayed reduced frequency of recombi-
nation. Unexpected cold spots occurred for example at a
physical distance of 75-80% of chromosome 5 and be-
tween 30 and 35% of chromosome 6 (fig. 3). The cumula-
tive length of regions with no recombination, excluding
the most distal segments, ranged from 0% in chromo-
somes 1, 4 and 5 to 15% in chromosomes 6 and 7. The
reduction of recombination frequency in the regions
around the NOR in chromosomes 2 and 7 was already
mentioned.

This study provides perhaps the most detailed map
of homoeologous recombination in the Festuca-Lolium
complex. In general, recombination frequency is the
highest in the distal chromosome regions and decreases
toward the centromere. In this sense, the pattern is simi-
lar to that observed in numerous other species. How val-
id this pattern is for homologous recombination is not
clear. While the Festuca-Lolium complex offers a unique
opportunity to visualize the parental genomes, chromo-
somes, and small chromosome segments in large num-
bers of progenies produced in a variety of ways, no such
system exists for homologous recombination. The rela-
tionship between homologous and homoeologous re-
combination has never been established in any convinc-
ing form. In wheat, homoeologous recombination follows
the same exact pattern of frequency distribution from the
telomere toward the centromere, with the exception of
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Fig. 3. Distribution of homoeologous recombination events along individual chromosomes of L. multiflorum/
F. pratensis substitutions. Each chromosome is divided into 20 segments, each representing 5% of the physical
length. The position of centromeres and NORs in parental species is marked by red (L. multiflorum) and green

arrows (F. pratensis).

the virtual absence of multiple crossovers per arm [Lu-
kaszewski, 1995], but the pattern does not necessarily in-
dicate much similarity at the DNA level. Moreover, ho-
moeologous recombination in wheat is infrequent, even
in the absence of the Phl locus. In the grasses studied
here, homoeologues pair and recombine so frequently

Homoeologous Recombination in
Chromosomes of Festuca/Lolium

that pairing preferences require considerable samples to
be detected [Kopecky et al., 2008]. From this perspective,
chances that similar chromosome regions are involved in
homologues as in homoeologues seem higher. But then
again, the human-chimpanzee example of recombina-
tion hotspots demonstrates that their relative importance
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may change over time and so in the species studied here
they may not be equivalent or even the same.
While this study detected some regions of higher and

lower recombination, crossover events occurred along
the entire lengths of chromosomes. Thus, in principle,

introgression of any chromatin segment from the donor
parental species (Festuca) into the recipient one (Lolium)
should be possible, but not necessarily equally simple.
However, introgression breeding can attempt to handle
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