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Exploitation of interspecific diversity for monocot crop
improvement

J King1, I Armstead2, J Harper2, L Ramsey3, J Snape4, R Waugh3, C James2, A Thomas2, D Gasior2,
R Kelly2, L Roberts2, P Gustafson5 and I King1

In many cultivated crop species there is limited genetic variation available for the development of new higher yielding varieties
adapted to climate change and sustainable farming practises. The distant relatives of crop species provide a vast and largely
untapped reservoir of genetic variation for a wide range of agronomically important traits that can be exploited by breeders for
crop improvement. In this paper, in what we believe to be the largest introgression programme undertaken in the monocots,
we describe the transfer of the entire genome of Festuca pratensis into Lolium perenne in overlapping chromosome segments.
The L. perenne/F. pratensis introgressions were identified and characterised via 131 simple sequence repeats and 1612 SNPs
anchored to the rice genome. Comparative analyses were undertaken to determine the syntenic relationship between L. perenne/
F. pratensis and rice, wheat, barley, sorghum and Brachypodium distachyon. Analyses comparing recombination frequency and
gene distribution indicated that a large proportion of the genes within the genome are located in the proximal regions of
chromosomes which undergo low/very low frequencies of recombination. Thus, it is proposed that past breeding efforts to
produce improved varieties have centred on the subset of genes located in the distal regions of chromosomes where
recombination is highest. The use of alien introgression for crop improvement is important for meeting the challenges of
global food supply and the monocots such as the forage grasses and cereals, together with recent technological advances
in molecular biology, can help meet these challenges.
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INTRODUCTION

Global population levels are set to increase from 6 to 9 billion by 2050
with the result that we need to increase food production by 70% just
to maintain our present nutrition levels, which already includes one
billion severely malnourished and a further 100 million at near
starvation level (Gustafson et al., 2010). It takes 7–10 years to breed a
new forage grass or wheat variety, that is, the crosses that will lead to
the development of varieties in 2020 have already been made.
Furthermore, although we need to increase yield in many countries,
food production has levelled out either due to climate change, for
example, increased temperature, etc, or, in crops such as wheat, a lack
of sufficient genetic variation, thus limiting the ability of breeders
to develop higher yielding plant varieties. The identification and
exploitation of genetic variation for the development of superior high
yielding varieties adapted to the changing environment is therefore of
critical importance to meet the challenges of global food security.

The transfer of genetic variation from the near and distant relatives
of our key crop species, so called alien introgression, provides a vast
and virtually untapped reservoir of genetic variation for agronomi-
cally important traits that can be utilised by plant breeders for the
development of superior high yielding adapted crops. In the mono-
cots, alien introgression has already had a significant impact on

agricultural production. Examples of previous introgressions from
alien species in the forage grasses includes genes that confer resistance
to disease and tolerance to abiotic stress, etc. (for example, Roderick
et al., 2003; Humphreys et al., 2005; Armstead et al., 2006b).
In addition, hybrids between the world’s major temperate forage
grass Lolium perenne (high yielding, highly digestible) and Festuca
species (low digestibility, but highly tolerant to abiotic and biotic
stresses) such as Festuca pratensis are being directly exploited
commercially. In wheat, examples of key introgressions include those
from Aegilops umbellulata (which saved US wheat production from
catastrophic failure in 1960; Sears, 1956, 1972); resistance to a range
of diseases, tolerance to acid soils, increased yield advantage and
stability from rye (in the late 90 s a 1B/1R translocation was present in
the majority of world wheat varieties and a number of the present
global top varieties, for example, ‘Rialto’, still carry it; Ammar et al.,
2004); a gene from Ae. ventricosa conferring resistance to eyespot has
been exploited in breeding programmes (Garcia-Olmedo et al., 1977);
many of the top wheat varieties in Europe, for example, ‘Robigus’, are
derived from unknown introgressions from Triticum dicoccoides; 30%
of all wheat varieties produced at International Maize and Wheat
Improvement Center are derived from crosses between normal wheat
and ‘synthetic’ wheat (synthetic wheat is derived from crosses between
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Ae. squarrosa, DD genome, and tetraploid wheat, AABB genomes
followed by chromosome doubling via colchicine; Dreisigacker
et al., 2008).

Alien introgression, in its simplest form, involves the sexual
hybridisation of different species to form an inter-specific F1 hybrid.
Alien introgression occurs in the F1 hybrid (or its derivatives) when
related, that is, homoeologous, chromosomes from the two parental
species (that is, chromosomes that carry orthologous genes in
essentially the same order) recombine at meiosis resulting in the
generation of inter-specific recombinant chromosomes. These recom-
binant chromosomes are then transmitted to the next generation
through the gametes. The repeated backcrossing of the F1 hybrid, or
its derived amphiploid, to one of the parental genotypes results in
the generation of lines which carry the majority of the genome of one
species but also carry one or more chromosome segments from the
other parental species.

Although the value of genetic variation from alien species has been
clearly demonstrated, only a fraction of their full potential in breeding
has so far been exploited in breeding programmes. In the past, this
has been as a direct result of the lack of robust high throughput
screening procedures that enable the rapid identification and char-
acterisation of introgressed chromosome segments. However, recent
advances in conventional and next generation sequencing platforms
and technology in combination with the sequencing of the crop
and model plant genomes, for example, rice and Brachypodium
(Febrer et al., 2010), are now enabling the development of strategies
to fully exploit the potential of alien species for crop improvement,
for example, (Griffiths et al., 2006).

The forage grasses are one example where modern technology is
being exploited to introgress interspecific genetic variation into an
important crop species, that is, the L. perenne/F. pratensis introgres-
sion system (King et al., 1998, 1999, 2002a,b; Moore et al., 2005;
Armstead et al., 2006a,b; King et al., 2007; Armstead et al., 2007a;
Harper et al., 2011). The Lolium/Festuca introgression system is based
on a series of seven monosomic substitution lines. In each of these
seven lines one of the chromosomes of L. perenne (2n¼ 2x¼ 14; DNA
content¼ 2034 Mbp; Bennett and Smith, 1976), has been replaced by
its equivalent (homoeologous) chromosome from F. pratensis (2n¼ 2
x¼ 14; DNA content¼ 2181 Mbp; Bennett et al., 1982). The mono-
somic substitution line carrying F. pratensis chromosome 3 was
selected and backcrossed to the normal L. perenne parental genotype.
Recombination occurred between F. pratensis chromosome 3 and its
L. perenne group 3 homoeologous partner during meiosis in the
monosomic substitution. The resulting progeny from the cross
therefore carried a range of different size F. pratensis chromosome 3
segments. The F. pratensis chromosome segments in each of the
progeny were then identified and characterised using genetic markers
and genomic in situ hybridisation. Thus, as a result a series of lines
carrying overlapping F. pratensis chromosome segments were devel-
oped for F. pratensis chromosome 3, that is, an introgression series
(King et al., 2007). Further characterisation of the L. perenne/
F. pratensis introgressions was achieved via the bin mapping of
sequences derived from functionally annotated gene models on circa
every 5th–10th BAC/PAC clone (BP) from rice chromosome 1 mini-
mum tiling path (MTP), that is, thus providing a means of
establishing the syntenic relationship between L. perenne/F. pratensis
chromosome 3 and the sequenced rice chromosome 1 pseudomole-
cule (PM).

In this paper, we describe the exploitation of genomic strategies to
transfer the entire genome of F. pratensis into L. perenne in over-
lapping segments. In addition, we describe the relationship between

recombination frequency throughout the genome relative to gene
content and describe the relationship between key monocot relatives
and L. perenne and F. pratensis. The availability of these genetic stocks
and their relationship to other species has major implications for food
production and security in the monocots.

MATERIALS AND METHODS
Plant material
Seven L. perenne/F. pratensis monosomic substitution lines were developed

with L. perenne as the recipient and F. pratensis as the donor (as previously

described in King et al., 2002a,b; King et al., 2007; Harper et al., 2011). Thus,

each monosomic substitution was diploid carrying 13 L. perenne chromosomes

and 1 F. pratensis chromosome (each substitution line containing a F. pratensis

chromosome from a different linkage group). Each substitution line was

backcrossed (as both the male and female parent) to the diploid L. perenne

parent to produce BC2 mapping populations (King et al., 2002a,b;

King et al., 2007). During meiosis in the monosomic substitution lines

recombination occurs between the F. pratensis chromosome and its L. perenne

homoeologue. As a result of this homoeologous recombination, a proportion

of individuals making up the seven BC2 mapping populations were expected to

carry L. perenne/F. pratensis recombinant chromosomes, (the size and position

of the F. pratensis chromosome segment in each BC2 individual being

determined by the site of homoeologous recombination at meiosis in the

gametes of the monosomic substitution).

Development of introgression maps
The BC2 populations were genetically mapped using simple sequence repeats

generated by Vialactia Biosciences, Auckland, New Zealand (Gill et al., 2006),

the Institute of Grassland and Environmental Research (King et al., 2008) and

those available in the public domain. The genetic profiles of each of the

substitution lines were used to select recombinant genotypes where recombi-

nation between L. perenne and the F. pratensis had occurred at different

locations along the chromosomes. Mitotic root tip preparations of the selected

genotypes were then analysed using genomic in situ hybridisation and the

F. pratensis segments measured as in King et al. (2002a) except slides were

analysed using a Leica DM5500B epifluorescence microscope (Leica Micro-

systems (UK) Ltd, Milton Keynes, UK), photographs were taken using a Leica

DFC 350FX digital camera (Leica Microsystems (UK) Ltd) and images

analysed and measured using the ImageJ package (http://rsbweb.nih.gov/ij/).

The measured Festuca segments were used to produce introgression maps of all

seven Festuca linkage groups (Figure 1) as described in King et al. (2002a).

DNA extraction, PCR and purification
Genomic DNA was extracted using an AutoGen 740 (AutoGen, Holliston, MA,

USA).

All PCR amplifications carried out in this work were performed using

Faststart TAQ DNA polymerase and the manufacturer’s buffer system (Roche,

Lewes, UK) in ABI9700 thermocyclers (Applied Biosystems, Warrington, UK).

Thermo cycling was performed beginning with 5 min at 96 1C; followed by 10

cycles of 1 min at 95 1C, 1 min at 60 1C (with the temperature reduced by

0.5 1C per cycle), 3 min at 72 1C; followed by 30 cycles of 1 min at 95 1C, 1 min

at 55 1 and 3 min at 72 1C; and a final extension step of 7 min at 72 1C. For a

small number of primers the initial annealing temperature was either raised

to 65 1 (dropping to 60 1C over the course of the first 10 cycles) or dropped to

55 1C (dropping to 50 1C over the course of the first 10 cycles).

DNA was purified either directly from the PCR amplification using the

QIAquick PCR Purification Kit (Qiagen, Crawley, UK) or from an agarose gel

using the QIAquick Gel Extraction Kit (Qiagen).

Single nucleotide polymorphism marker (SNP) development
Primers were developed from conserved orthologous gene sequences of rice.

Primers were designed using the Primer 3 software (http://primer3.sourcefor-

ge.net) following the strategies outlined in; (King et al., 2007) and incorporat-

ing Festuca expressed sequence tag sequences available in public databases. The

latter were used in BLAST searches against rice coding sequences to identify

potential high confidence orthologs between Lolium/Festuca and rice.
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Figure 1 Introgression maps of L. perenne/F. pratensis linkage groups 1–7. Physical distances are shown on the left. Alternating blue and yellow colours are

used to show the points of recombination between Lolium and Festuca delineating the physical bins. Centromeres are drawn in red. Bin allocation of rice

BPs is shown on the right of each diagram (GenBank accession numbers for each clone can be found in Supplementary Data). Where two rice PMs map to

one Lolium/Festuca linkage group the BPs from the different rice groups are shown in red or blue. BPs in bold and underlined map out of order as

compared with rice. The chequered area on linkage group 3 represents the NOR (King et al., 2002a).
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All primers were initially tested by the PCR amplification of genomic DNA

from the plants involved in the production of the monosomic substitution

lines (F. pratensis, L. perenne-diploid, L. perenne-tetraploid, F. pratensis/

L. perenne/L. perenne triploid) and the monosomic substitution lines

themselves with the amplification products run on a 1% agarose gel. The

amplified bands were cut from the gel, cleaned and sequenced using an ABI

3100 (Applied Biosystems). The sequences obtained were aligned using

Genedoc (http://www.psc.edu/biomed/genedoc). The aligned sequences were

then characterised for polymorphisms between the parental F. pratensis

genotype and the two L. perenne genotypes. The presence of SNP markers

between Festuca and Lolium were confirmed by their presence in the sequences

of the triploid hybrid and the relevant substitution line. Primers flanking SNPs

distinguishing the Lolium and Festuca backgrounds on different linkage

groups were used to assign the SNP markers to a bin on the relevant linkage

group (Figure 1).

The BPs on each rice PM were numbered 1 to x according to the MTP from

the MSU Rice Genome Annotation Project at the start of the project, that is,

April 2007. This numbering is used in all figures. Supplementary Information

Supplementary Table 1–12 give the GenBank accession number for each BP,

the locus identifier of the functionally annotated gene model used and full

primer details.

Introgression mapping of SNPs
Having established the presence of a SNP between F. pratensis and L. perenne in

any specific substitution line, the primers were used to amplify the genomic

DNA of the derived BC2 genotypes. Screening for the presence or absence of

these SNPs in the BC2 genotypes allowed each SNP to be assigned to a bin on

the appropriate introgression map. The sequence data from F. pratensis was

BLASTN searched back against the rice genome to confirm that the products

were orthologous to the original sequence obtained from rice.

Determination of the distribution of recombination frequency
throughout the genome relative to gene content
In order to determine the relationship between physical distance (as

determined via introgression mapping) and genetic distance, bin mapped

SNPs were used to genetically map a L. perenne� L. perenne mapping

population. The F2 mapping population used was derived from a cross

between the varieties Perma and Aurora which has already been extensively

mapped with a variety of other genetic markers, for example, restriction

fragment length polymorphisms (RFLPs), simple sequence repeats, etc. (Turner

et al., 2006). The selection of primer pairs from the bin mapped SNPs for use

in the genetic mapping was achieved as follows. Primer pairs of each bin

mapped SNP were used to generate amplicons using pooled DNA from 96

genotypes of the F2 mapping family. Where sequencing of these amplicons

identified potential SNPs, the surrounding sequence was used for primer

design for the KASPar SNP genotyping platform (KBioscience, unit 7 Maple

Park, Hoddesdon, Herts, England; http://www.kbioscience.co.uk); 96 geno-

types from the F2 mapping family were subsequently scored for segregation of

SNP markers. (The genetic mapping data for the bin mapped SNPs segregating

in the Aurora�Perma L. perenne� L. perenne mapping population is available

in Supplementary Table 13 of the Supplementary Information.)

Comparative mapping
For the comparisons with rice, Brachypodium distachyon and Sorghum bicolor,

where L. perenne/F. pratensis sequences had been generated for mapped

markers in this study (for example, the SNP markers) or were already

published (many restriction fragment length polymorphism markers), these

sequences were aligned with the complete PM assemblies for rice (Rice

Genome Annotation Project; http://rice.plantbiology.msu.edu/; version_6.1;

all.con.gz), Brachypodium distachyon (Phytozome; http://www.phytozome.net/,

B.distachyon_114.fa) and Sorghum (Phytozome; S.bicolor_79.fa) using BLAST-

generated sequence alignments (cut-off threshold e¼o1e-005). In each case,

only the most significant BLAST alignment was used to assign putative

orthology between the L. perenne/F. pratensis marker sequences and the PM

sequences for rice, Brachypodium and Sorghum. The comparative relation-

ships were described as plots of the genetic positions (cM) of sequenced

markers on the L. perenne/F. pratensis linkage groups against the physical

positions (bp) of the putative orthologues on the rice, Brachypodium and

Sorghum PMs. In all cases, the genetic and physical positions were expressed as

percentages of the total genetic distance of the linkage group or the complete

PM length.

For the comparisons with barley and wheat, wheat expressed sequence tag

and bin map positions were obtained from GrainGenes (http://wheat.pw.us-

da.gov/cgi-bin/westsql/map_locus.cgi) and barley sequence and genetic map

information was obtained from (Close et al. 2009). The comparative relation-

ships were described in terms of the introgression (L. perenne/F. pratensis),

genetic (L. perenne and barley) or deletion bin (wheat) positions on each

chromosome of mapped, sequenced, markers relative to the position (bp) of

each marker’s most significant BLAST alignment on the rice PMs.

RESULTS

Introgression map development
131 polymorphic simple sequence repeats were used to screen the
seven BC2 populations derived by inter-crossing the seven monosomic
substitutions with the diploid L. perenne parent. In total, 2784 BC2

individuals were screened, that is, 204, 218,126, 548,188, 1335 and 165
from monosomic substitution lines 1, 2, 3, 4, 5, 6 and 7, respectively
(this does not include the BC2 plants used to generate the initial
introgression map for L. perenne/F. pratensis linkage group 3 (King
et al., 2007)). Cytogenetic analysis enabled introgression maps to be
generated for the remaining six linkage groups, that is, linkage groups
1, 2, 4, 5, 6 and 7, which were divided into 12 (11 BC2 genotypes), 18
(16 BC2 genotypes), 19 (18 BC2 genotypes), 16 (15 BC2 genotypes), 15
(14 BC2 genotypes) and 27 bins (25 BC2 genotypes), respectively. The
previously published introgression map of linkage group 3 (King et al.,
2002a, 2007) was increased in resolution from 18–26 bins (using a
total of 22 BC2 genotypes) (Figure 1).

SNP development and bin mapping
Four thousand three hundred and thirty three new primer pairs were
designed and tested for the production of amplification products
from all three parental genotypes (primers designed and tested for the
initial introgression mapping of L. perenne/F. pratensis linkage group 3
(King et al., 2007) are not included). The frequency of successful
amplification varied slightly between rice PMs but, in all cases, at least
90% (usually greater than 95%) could be taken forward to the
sequencing stage (Table 1). Thirty five per cent of the primers
designed were successful in mapping a SNP to a bin on the
introgression maps. However, the success rate varied depending on
the rice PM origin of the target sequences (rice PMs 1–12 gave success
rates of 28%, 31%, 45%, 38%, 39%, 35%, 42%, 35%, 32%, 26%, 31%
and 33%, respectively). Hence, the lowest success rate was with the
primers designed from PM 10 (26%) and the highest success rate was
with primers designed from PM 3 (45%) (Table 1). Rice PM 1
showed a relatively low level of success (28%). This could be directly
attributed to the difficulty in designing primers which spanned
Lolium/Festuca polymorphisms from two specific regions of this
PM. Between BACs 108 and 191 on rice PM 1, 27 pairs of primers
were designed of which only three were successful in bin mapping a
SNP; a success rate of 11%. In a second region (between BACs 275
and 301) 25 pairs of primers were designed, of which again, only three
were successful; a success rate of 12%. Although the success rate of
mapping a SNP marker to a bin was lowest with primers designed
from rice PM 10, the lowest percentage of BPs represented on the bin
maps were from rice PMs 10 (27% of total BPs mapped), 11 (27% of
total BPs mapped) and 12 (29% of total BPs mapped) (Table 1). This
result is consistent with our previously published results on heat maps
between Lolium/Festuca and rice (Armstead et al., 2007b) which
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showed a lower level of synteny between rice PMs 10, 11 and 12 and
Lolium/Festuca.

Over the course of the programme, a number of the primers were
tested in other systems, for example, Lolium temulentum/Festuca
pratensis hybrids, Lolium multiflorum/Festuca glaucescens hybrids,
bread wheat (Triticum aestivum) and some wheat wild relatives
including Thinopyrum bessarabicum, Aegilops sp., Triticum urartu,
rye (Secale cereale), etc. In the other grass hybrids, generally over 90%
of the primers tested, produced amplification products and in
L. temulentum/F. pratensis hybrids 95% gave SNP polymorphisms.
In wheat and its wild relatives 75% and 63%, respectively, of the
primers tested produced amplification products. Circa 45% of the
primers tested identified polymorphisms between T. aestivum and
the wild species with which it was being compared (data not shown).

One thousand six hundred and twelve SNPs were bin mapped on
the seven L. perenne/F. pratensis introgression lines derived from 1376
BPs from the rice MTP (Figure 1). Table 1 shows the rice-anchored
markers which map to each L. perenne/F. pratensis linkage group.
Only L. perenne/F. pratensis linkage groups 3 and 6 were mapped with
SNPs anchored to just one rice PM (PMs 1 and 2, respectively). All
other L. perenne/F. pratensis linkage groups were mapped with SNPs
anchored to two rice PMs. Where SNPs anchored to two different rice
PMs were bin mapped to the same L. perenne/F. pratensis linkage
group, it was common to find the SNPs anchored to one of the rice
PMs inserted into the middle of the SNPs anchored to the other rice
PM. The exception to this is Lolium/Festuca linkage group 5 where
one end is syntenic to rice PM 9 and the other end to rice PM 12.

Comparative relationship between the forage grasses and rice
The data obtained enabled the determination of the macro-syntenic
relationships between the rice PMs and the L. perenne/F. pratensis
genomes. It should be noted that bin mapping only places a gene
from a BP within a bin; the relative order within each bin is derived
according to the BP order in the rice MTP for that rice PM (Figure 1).
For simplicity, the order and identity of orthologous genes from rice,
which have been mapped into Lolium/Festuca bins is described in
terms of the BP order in the MTP; that is, BP 1, a rice gene(s) present
on the first BP in the MTP for that rice PM.

The results show that five of the Lolium/Festuca linkage groups are
composed of regions syntenic to two rice PMs (thus accommodating
the difference in the number of linkage groups between the two
species while maintaining a high level of synteny at the macro level).
In the four cases, one rice PM has been translocated into another rice
PM, that is, L. perenne/F. pratensis linkage groups 1, 2, 4, 7, and in a
further case one rice PM has been translocated on to the end of
another linkage group, that is, L. perenne/F. pratensis linkage group 5
(Figures 1 and 2).

The bin map order of genes on L. perenne/F. pratensis linkage
groups 4 and 6 was consistent with the order of their orthologues on
the rice PMs that is, there were no obvious chromosomal inversions
at this level of resolution. In contrast, when compared with their
order on the syntenic rice PMs, the bin map order of genes on the
introgression maps of L. perenne/F. pratensis linkage groups 1, 2, 3, 5
and 7 showed at least one disruption in macro-colinearity (Figure 1).
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Figure 2 Conserved syntenic relationships between Lolium/Festuca, L. perenne and rice, S. bicolor and B. distachyon. The x axes represent the introgression

(Lolium/Festuca) or genetic (L. perenne) positions on each chromosome of mapped, sequenced, markers relative to the position (bp) of each marker’s most

significant BLAST alignment on the rice, S. bicolor or B. distachyon PMs (y axes).

Table 1 The number of primers designed from sequences from each

of the rice linkage groups and their success rate in amplifying

products in all the parental genotypes, bin mapping SNPs and bin

mapping individual rice BPs on the seven Lolium/Festuca

introgression maps

Rice

linkage

group

Number of

primers

designed

Number of primers

giving amplification

products (%)

Number of

SNPs

mapped (%)

Number of BACs

mapped (% total

BACs mapped)

1 314 307 (98) 87 (28) 76 (19)

2 426 398 (94) 131 (31) 119 (33)

3 603 590 (98) 274 (45) 221 (68)

4 407 397 (98) 156 (38) 123 (42)

5 364 357 (98) 140 (39) 127 (44)

6 377 338 (90) 131 (35) 109 (39)

7 373 366 (98) 155 (42) 141 (49)

8 341 331 (97) 120 (35) 105 (38)

9 296 282 (95) 94 (32) 83 (37)

10 239 230 (96) 63 (26) 55 (27)

11 273 264 (97) 85 (31) 69 (27)

12 320 318 (99) 107 (33) 79 (29)

Abbreviations: BACs, bacterial artificial chromosome; SNPs, single-nucleotide polymorphisms.
(The numbers shown for rice PM 1 do not include primers and mapped SNPs already
published—King et al., 2007).
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Lolium/Festuca linkage group 1 (rice PMs 5 and 10)
There are three disruptions in macro-colinearity between rice PM 5
and L. perenne/F. pratensis linkage group 1 (as determined by the
linear order of the BPs from rice PM 5 relative to their bin mapped
position in the L. perenne/F. pratensis introgression map of linkage
group 1). No disruptions were found in macro-colinearity between
rice PM 10 and L. perenne/F. pratensis linkage group 1.

Lolium/Festuca linkage group 2 (rice PMs 4 and 7)
This linkage group exhibits only one disruption in macro-colinearity
relative to rice involving BPs from rice PM 4.

Lolium/Festuca linkage group 3 (rice PM 1)
The two disruptions to the linear order of the rice 1 BPs on
L. perenne/F. pratensis linkage group 3 were reported in our last
paper (King et al., 2007). However, the first of these linkages was
originally thought to comprise only BPs 1–5 in a small inversion. The
increased resolution of the linkage group 3 introgression map now
shows that this disruption actually involves an inversion of all BPs at
the end of the chromosome, that is, BPs 1–21.

Lolium/Festuca linkage group 5 (rice PMs 9, 11 and 12)
The introgression map of L. perenne/F. pratensis linkage group 5
shows no disruption to the linear order of the BPs from rice PM 9 but
two disruptions to the linear order of the BPs from rice PM 12.

Lolium/Festuca linkage group 7 (rice PMs 6 and 8)
The linear order of the BPs from rice PM 6 is disrupted three times
while that from rice PM 8 is disrupted once. The first disruption to
the BPs from rice PM 6 is the only disruption to clearly precede
the fusion of the two rice PMs making up Lolium/Festuca linkage

group 7. Rice 6 BPs 121–156 have been inverted and rice PM 8 has
then inserted into the middle of this inversion between BPs 133 and
143. (Supplementary Table 14 in the supplementary Information gives
a summary of the disruptions to macro-colinearity found between
rice PMs 1–12 and L. perenne/F. pratensis linkage groups 1–7.)

As stated, the linear order of the BPs from rice PM 2 remain in
the expected order on L. perenne/F. pratensis linkage group 6. It is
interesting to note, however, that no BPs from rice PM 2 mapped to
either end of the chromosome (15% of the physical distance of the
chromosome at one end of the chromosome and 17% of the physical
distance of the chromosome at the other end). These bins remain
‘empty’ of SNP markers as no BPs from any of the other rice PMs are
physically mapped to them. We did, however, map one microsatellite
marker to the end bin covering 15% of the physical distance and two
microsatellite markers plus five DArT markers to the other end bin
(data not shown). Hence, all the markers we have mapped to the end
two bins were from genomic libraries.

Comparative relationships between L. perenne/F. pratensis,
B. distachyon, S. bicolor, barley and wheat
Initial analyses were also made of the syntenic relationships between L.
perenne/F. pratensis and S. bicolor, B. distachyon, wheat and barley
(Figures 2 and 3). For both S. bicolor and B. distachyon there are clearly
strongly conserved blocks of genomic synteny with L. perenne/F.
pratensis distributed across the 10 (S. bicolor) and 5 (B. distachyon)
linkage groups of the two species. The patterns of conserved synteny
observed between L. perenne/F. pratensis, S. bicolor and B. distachyon
are very similar to those reported by (Mayer et al. 2011) for
the conserved syntenic relationships between barley, S. bicolor and B.
distachyon, indicating the close evolutionary distance between
L. perenne/F. pratensis and barley. This close relationship is also
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illustrated by the comparisons of L. perenne/F. pratensis with wheat
and barley (Figure 3). The one major exception to this conserved
synteny occurs on linkage groups 4 and 5. L. perenne/F. pratensis
linkage group 4 contains all the mapped BPs from rice PM 3. However,
in barley and wheat, one end of rice PM 3 has been translocated to the
end of linkage group 5 in these species. Thus, wheat and barley show a
chromosome 4/5 translocation relative to L. perenne/F. pratensis.

Determination of the frequency of meiotic recombination
throughout the genome relative to gene content
Two hundred and eighty-three bin mapped primer pairs spanned SNPs
that segregated in the Perma�Aurora mapping population. With very
few exceptions, the position of SNPs determined by genetic mapping
was the same as that determined via bin mapping. (Supplementary
Information Supplementary Table 13 shows the genetic mapping data
for the 283 bin mapped SNPs that segregate in the Perma�Aurora
mapping population.) The main exceptions observed were as follows:
SNPs 364 and 392 from rice PM 1 both bin mapped to L. perenne/F.
pratensis linkage group 3. On the genetic map, however, SNP 364 was
located on L. perenne/F. pratensis linkage group 6 and SNP 392 on
linkage group 5. SNP 41 from rice PM 6 bin mapped to L. perenne/F.
pratensis linkage group 7 but on the genetic map was located on linkage
group 1. SNP 138 from rice PM 11 also genetically mapped to L.
perenne/F. pratensis linkage group 1 but bin mapped to linkage group 4.
Finally, we bin mapped two SNPs from the same putative gene locus on
rice PM 9. One of the SNPs bin mapped to L. perenne/F. pratensis
linkage group 5 as expected but the other SNP bin mapped to linkage
group 6. Only the second SNP segregated in the Perma�Aurora
mapping population. In this case the genetic mapping confirmed the
bin mapping by placing this SNP on linkage group 6.

Figure 4 estimates the relationship between the physical positions
of bin mapped SNPs relative to their genetic positions as determined
from the Perma�Aurora mapping family. The highest levels of
recombination were observed at the two distal regions of each
chromosome. Low to very low levels of recombination were observed
in the proximal regions of the chromosomes. The exception to this
was chromosome 5, which showed a peak of recombination in only
one of the two distal regions.

Although regions of high and low recombination were observed,
the cumulative frequency of SNP markers is reasonably evenly

distributed, physically, along the length of each chromosome. Hence,
recombination does not reflect SNP (mapped gene) content; that is,
while some genes lie in regions of high recombination, a significant
proportion of genes in the L. perenne/F. pratensis genome lie in
regions of low/very low recombination frequency.

The syntenic relationship between L. perenne/F. pratensis and rice is
such that four L. perenne/F. pratensis linkage groups carry a region
syntenic to a rice PM in a proximal region (Figures 1 and 2). Three of
the proximal regions in L. perenne/F. pratensis that are syntenic to rice
PMs 10, 11 and 8 (L perenne/F. pratensis linkage groups 1, 4 and 7,
respectively) undergo very low frequencies of recombination.
L. perenne/F. pratensis linkage group 2 is composed of two distal
regions, which are syntenic to rice PM 4 and a region syntenic to rice
PM 7 between the two rice PM 4 regions. Part of the region syntenic
to rice PM 7 does undergo a higher frequency of recombination.
However, while this region covers the proximal part of L. perenne/
F. pratensis linkage group 2, it also extends into the distal region of
one arm with only a relatively small region of genes syntenic to rice
4 located terminally to it.

Similar patterns are observed in the comparisons between
L. perenne/F. pratensis and S. bicolor (Figure 2). The highest
frequencies of recombination occur distally with the lowest occurring
proximally. Furthermore, proximal regions of L. perenne/F. pratensis
syntenic with complete S. bicolor PMs undergo a very low frequency
of recombination. An analysis of the relationship of recombination
between L. perenne/F. pratenesis and B. distachyon again revealed that
higher recombination is observed in the distal regions of the
chromosomes and low frequencies of recombination occur at the
proximal regions (Figure 2).

DISCUSSION

This paper describes the transfer of the entire genome of F. pratensis
in overlapping chromosome segments into L. perenne and also the
development of 1612 bin mapped SNP markers anchored to the rice
genome. It has also demonstrated that the primers developed are of
value for genetic mapping of SNPs in the Aurora�Perma L.
perenne� L. perenne mapping population. In addition, many of the
primers developed, amplify and identify SNPs in wheat and its wild
and cultivated relatives (data not shown). These are presently being
exploited in a wheat/alien introgression programme.
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Exploitation of Lolium/Festuca introgression lines
Determination of the genetic control of target traits. The F. pratensis
introgressions generated, provide a new and important source of
genetic variation for agronomically important target traits within the
grasses for the development of new varieties and fundamental
research. The strategy for utilising this resource for the identification
and determination of the genetic control of target traits leading to
exploitation in breeding programmes is as follows: (1) The seven
monosomic substitution lines (and the four parental genotypes) will
be screened for variation for a target trait. (2) Once a substitution
line(s) that shows variation for the target trait has been identified the
overlapping recombinant series derived from it will be screened for
the presence or absence of the trait thus enabling the gene(s)
responsible to be mapped to a specific bin. The SNPs that map
within the bin will then be used to transfer the gene into elite
breeding material and also provide a platform from which the gene
can be isolated (for example, Armstead et al., 2006a, 2007a).

Comparative analysis between Lolium/Festuca and other monocots.
The bin mapping of the BPs from rice showed that L. perenne/
F. pratensis linkage groups 3 and 6 were collinear with rice PMs1 and
2, respectively. The remaining L. perenne/F. pratensis linkage groups,
that is, 1, 2, 4, 5 and 7, were each colinear with two rice PMs (LF1,
R5þR10, LF2, R4þR7, LF4, R3þR11, LF5, R9þR12, LF7,
R6þR8). Analogous macro-syntenic relationships have previously
been reported between rice and the Triticeae (initially by Moore, 1995;
Moore et al., 1995). L. perenne/F. pratensis linkage groups 1, 2, 4 and 7
are composed of two colinear rice PMs, where one rice PM has been
inserted into another PM. The insertion of one rice chromosome into
the middle of the second, leading to a reduction in chromosome
number, is also consistent with previous findings from other Poaceae
species, for example barley—(Korzun and Künzel, 1996); finger
millet—(Srinivasachary et al., 2007); wheat—(Salse et al., 2008);
(Luo et al., 2009).

The presence of a chromosome 4/5 translocation (confirming the
previous observation by Alm et al., 2003) in wheat and barley
demonstrated one example where synteny at the macro level had
broken down between these species and L. perenne/F. pratensis. A
possible further break down in synteny between these species has been
reported, that is, a putative insertion of wheat/barley linkage group 2
at one end of Lolium/Festuca linkage group 6 (Alm et al., 2003).
However, it was not possible to confirm this as no SNPs were bin
mapped to the ends of Lolium/Festuca linkage group 6.

It has been postulated that the progenitor of the monocots had five
chromosomes, which then underwent an increase in chromosome
number to 12, as seen in rice, followed by a reduction in chromosome
number to seven in the Poeae, Triticeae and Aveneae grasses (Murat
et al., 2010). The fact that: (1) with one exception, all the inversions
observed in Lolium/Festuca relative to rice were observed in a single
rice PM and (2) that the macro synteny in L. perenne, F. pratensis,
wheat and barley has largely been maintained indicates that the
inversions observed relative to rice occurred in the 12 chromosome
progenitor of the Poaceae.

The centromeric positions have been established for the 12 rice
PMs (web site) (Rice Genome Annotation Project—Ouyang et al.,
2007, rice.plantbiology.msu.edu/) and with the resolution of the
introgression maps it is possible to compare the location of the 12
rice centromeres with those of the seven Lolium/Festuca centromeres.
In L. perenne/F. pratensis, linkage groups 3 and 6, which showed
synteny to only one rice PM, the bin containing the physical location
of the Lolium/Festuca centromere, also contains BPs surrounding the

relevant rice centromere. For example, the rice genome annotation
project gives the centromeric position of rice PM 1 centromere as BP
B1061G08 (BP 157 as described in this paper). BPs on either side of
157, that is, 147 and 181, have been mapped to the bin located
between 47 and 53% of the physical distance along the chromosome,
which also contains the L. perenne/F. pratensis linkage group 1
centromere. The same occurs in L. perenne/F. pratensis linkage group
6 although the bin containing the centromere covers a much larger
physical distance, that is, from 41–80%.

In the L. perenne/F. pratensis linkage groups showing synteny to two
rice PMs, the ‘functional’ rice centromeric location maps to the bin
containing the L. perenne/F. pratensis centromere. In L. perenne/
F. pratensis linkage group 1 the rice 10 centromeric position is located
in the same bin as the L. perenne/F. pratensis centromere with the
centromeric position of rice PM 5 being located two bins away. The
rice PM 7 centromere is located in the same bin as the L. perenne/
F. pratensis linkage group 2 centromere. In L. perenne/F. pratensis
linkage group 7 the position of the centromere from rice PM 8 is
located to the same bin as the L. perenne/F. pratensis centromere.
However, in L. perenne/F. pratensis linkage groups 4 and 5 the
centromeric position of both syntenic rice PMs is located to the bins
containing the L. perenne/F. pratensis centromeres.

The distribution of recombination along the L. perenne/F. pratensis
chromosomes. A comparison of recombination along the length of
each of the seven L. perenne/F. pratensis chromosomes revealed that
the distal regions showed the highest frequencies of recombination
while the proximal regions showed the lowest frequencies of
recombination. SNP analysis indicated that genes were distributed
both proximally and distally along each of the seven L. perenne/
F. pratensis chromosomes, that is, in areas of both high and low
recombination frequency. This data is in agreement with previous
data that showed (1) that genes were distributed throughout the
length of L. perenne/F. pratensis chromosome 3 and (2) that a large
proportion of genes on chromosome 3 (c. 75%) were located in
regions of the genome that showed low/very low frequencies of
recombination (King et al., 2007). Furthermore, L. perenne/F. pratensis
linkage groups 1, 4 and 7 (and to a lesser extent linkage group 2)
carry regions of DNA syntenic to whole rice linkage groups. Although
in rice these linkage groups recombine normally, in the Poaceae they
are proximally located, and thus undergo a reduced frequency of
recombination. It has previously been postulated that recombination
was localised to the distal regions of the genome because these were
the regions that were thought to be gene rich while proximal regions
of chromosomes were thought to be gene poor (Akhunov et al.,
2003). However, it appears more likely that the reduction in
recombination may result from physical restraints of the proximal
location of DNA in large monocot chromosomes as seen in wheat,
L. perenne and F. pratensis, barley and rye as compared with smaller
genome monocots such as rice.

Plant breeders require novel genetic variation to develop new
superior plant varieties. This variation is derived from new allelic
combinations that are generated via recombination at meiosis in
breeding material. In Lolium/Festuca, where only very low frequencies
of recombination occur at proximal regions of the chromosomes, the
majority of new allelic combinations will be generated from the distal
regions of the chromosomes. Thus, due to very low frequencies of
recombination among a large proportion of the genes that are located
in the proximal regions of the genomes of Lolium/Festuca and are
being under-utilised to generate novel allelic combinations. Therefore,
plant breeders are not able to fully exploit a large proportion of the
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potential genetic variation available for variety development. Low
frequencies of recombination in proximal regions in chromosomes
are not restricted to L. perenne and F. pratensis. Wheat and barley have
a similar syntenic arrangement relative to L. perenne and F. pratensis
at the macro level, with the exception of the 4/5 translocation
described. Both of these species have also been shown to have distally
located chiasmata (Lukaszewski and Curtis, 1993; Künzel et al., 2000;
Akhunov et al., 2003).

There has been considerable interest in the exploitation of genetic
variation from distant relatives of crop species for many years.
However, only limited use of this enormous source of genetic
variation in strategic plant breeding programmes has been possible
up to now. In this paper we have described how marker technology
can be used to introgress small chromosome segments into crops for
exploitation in plant improvement programmes. This approach is
now being applied in plant improvement programmes for both cereal
and forage grass species.
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