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Abstract Species belonging to the Festuca–Lolium

complex are important forage and turf species and as such,

have been studied intensively. However, their out-crossing

nature and limited availability of molecular markers make

genetic studies difficult. Here, we report on saturation of

F. pratensis and L. multiflorum genetic maps using Diver-

sity Array Technology (DArT) markers and the DArTFest

array.The 530 and 149 DArT markers were placed on

genetic maps of L. multiflorum and F. pratensis, respec-

tively, with overlap of 20 markers, which mapped in both

species. The markers were sequenced and comparative

sequence analysis was performed between L. multiflorum,

rice and Brachypodium. The utility of the DArTFest array

was then tested on a Festulolium population FuRs0357 in an

integrated analysis using the DArT marker map positions to

study associations between markers and freezing tolerance.

Ninety six markers were significantly associated with

freezing tolerance and five of these markers were geneti-

cally mapped to chromosomes 2, 4 and 7. Three genomic

loci associated with freezing tolerance in the FuRs0357

population co-localized with chromosome segments and

QTLs previously indentified to be associated with freezing

tolerance. The present work clearly confirms the potential

of the DArTFest array in genetic studies of the Festuca–

Lolium complex. The annotated DArTFest array resources

could accelerate further studies and improvement of desired

traits in Festuca–Lolium species.

Introduction

The Festuca–Lolium species complex includes some of the

world’s most important forage grasses. Even though these

species are closely related to major cereal crops and share

many characteristics with wheat (Triticum aestivum L.),

barley (Hordeum vulgare L.) and other well studied crops,

the species of the Festuca–Lolium complex possess a

number of biological and genomic features unique to this

group; for example, the perenniality of many forage grasses

as compared to the annuality of temperate cereals, and

chromosome rearrangements specific for the Festuca–

Lolium complex (Alm et al. 2003). The species within the
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complex possess a range of complementary characteristics,

which are often explored in grass hybrid breeding. Italian

ryegrass (Lolium multiflorum Lam.) and perennial ryegrass

(L. perenne L.) are two of the most important forage

grasses of temperate regions. Italian ryegrass is especially

valued for its high dry matter yield and its excellent forage

quality. Although primarily used for hay and silage pro-

duction in temporary leys, it is also a substantial compo-

nent of permanent grassland (Peter-Schmid et al. 2008). On

the contrary, perennial ryegrass is cultivated mainly for

grazing. It forms the main component of productive per-

manent grassland mainly due to its incomparable peren-

niality. However, Lolium species often suffer from limited

persistence under abiotic stress.

On the other hand, Festuca species generally have a

better tolerance to abiotic stress when compared to Lolium

species. Meadow fescue (Festuca pratensis Huds.) is a

forage grass which constitutes a significant component of

species-rich permanent pastures and hay fields in alpine

and eastern regions of Europe. In Scandinavia, it is also a

major component of intensively managed swards cut for

silage (Rognli et al. 2010). Because of their close evolu-

tionary relationships, introgression of Festuca genes into

Lolium genomes through the development of Festuca 9

Lolium hybrids may allow to improve forage grass stress

resistance (Humphreys et al. 2005). In this respect,

F. pratensis is often used to improve freezing tolerance in

Festuca 9 Lolium hybrids (Kosmala et al. 2006). Genome-

wide molecular markers are essential for characterization

of such hybrids and identification of introgressed chro-

mosome segments.

Diversity Arrays Technology (DArT, Jaccoud et al.

2001) is a high-throughput sequence independent geno-

typing method based on the reduction of genome com-

plexity and DNA microarray hybridization. Through the

past decade, it has become a valuable source of markers for

genomes with limited sequence information. DArT arrays

have been developed for crop species like banana (Musa

acuminata Colla), cassava (Manihot esculenta Crantz),

cereals as well as for model plants such as Arabidopsis, rice

(Oryza sativa L.) and sorghum (Sorghum bicolor L.) (for a

complete list of species see http://www.diversityarrays.com/

genotypingserv.html). DArT markers were often used for

diversity studies, and for construction and saturation of

genetic maps (Wenzl et al. 2006; Tinker et al. 2009). DArT

markers have also been used in the analysis of important

agricultural traits, for example in an association study of tan

spot resistance in hexaploid wheat (Singh et al. 2010).

Recently, Kopecký et al. (2009) developed a DArTFest

array for the Festuca–Lolium complex. This printed

microarray contains 7,680 probes derived from methyl-

filtered genomic representations of three Festuca (F. arun-

dinacea Schreb., F. glaucescens Boiss. and F. pratensis) and

two Lolium (L. multiflorum and L. perenne) species. The

DArTFest array has a potential to provide important

insights into the genome structure and evolution of the

species within the Festuca–Lolium complex. Many of the

DArT markers cross-hybridize with several different spe-

cies, which enables comparative genomic studies. DArT

markers can also be sequenced and physically mapped to

genomes of fully sequenced model species to further

understand the syntenic relationships between chromo-

somes of forage grasses and model plants. This may in turn

lead to more efficient identification of genes underlying

important agricultural traits. To date, DarTFest array has

been used to study genetic diversity (Kopecký et al. 2009)

and to determine genomic constitution of Festulolium cul-

tivars (Kopecký et al. 2011).

Following the breeding priorities, molecular dissection

of agronomic traits in L. multiflorum has so far mainly been

focused on resistance to diseases such as crown rust or

bacterial wilt (Studer et al. 2006, 2007). In this context, a

genetic linkage map based on 306 F1 individuals has been

established (Xtg-ART) and more recently been used for

construction of a consensus linkage map in Lolium using

EST-derived SSR markers (Studer et al. 2010). Alm et al.

(2003) established a F. pratensis mapping population

(HF2/7 9 B14/16) consisting of 138 F1 individuals and

mapped 446 RFLP, AFLP and SSR markers. This popu-

lation has been used for the analysis of freezing and

drought tolerance, winter hardiness, and vernalization

sensitivity (Alm et al., unpublished; Ergon et al. 2006). In

this study, we (1) saturated and improved these genetic

maps of F. pratensis and L. multiflorum with DArT

markers, (2) sequenced the mapped markers to investigate

the genomic origin of DArT markers and the syntenic

relationships to model genomes, and (3) used these new

DArTFest array resources in an integrated analysis of

agriculturally important trait freezing tolerance in a

L. perenne 9 F. pratensis hybrid population.

Materials and methods

Plant material

The HF2/7 9 B14/16 mapping family consisting of 138

F1-offspring was used for the construction of the F. prat-

ensis map (Alm et al. 2003). For the L. multiflorum map,

288 F1 individuals of the Xtg-ART mapping population

(Studer et al. 2006) were used. In the association study, the

Festulolium population (FuRs0357) was used. The

FuRs0357 population (L. perenne 9 F. pratensis) origi-

nates from a wide genetic pool from several initial hybrids

made from either Festulolium cv. Prior (LpFp, 4x) crossed

with L. perenne (2x) or crosses between L. perenne (4x)
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and F. pratensis (2x). The initial hybrids were backcrossed

twice onto diploid L. perenne to obtain BC2 progenies and

then put through two generations of seed propagation.

Twenty one plants belonging to either a high freezing

tolerance (HFT) group (11 plants) or a low freezing tol-

erance (LFT) group (10 plants) were used in the study.

DArT screening

Genomic DNA was isolated from individual plants from

both mapping populations and from the Festulolium pop-

ulation FuRs0357 using Invisorb Spin Plant Mini Kit

(Invitek, Berlin, Germany). The previously developed

DArTFest array (Kopecký et al. 2009) was hybridized with

fluorescently labelled genomic representations of individ-

ual plants, which were prepared from genomic DNA by the

same PstI/TaqI complexity reduction method as used for

preparing the array (for details see Akbari et al. 2006).

Hybridization signals were converted into 0–1 scores using

the DArTsoft software package developed at Diversity

Arrays Technology Pty Ltd (DArT P/L, Yarralumla,

Australia).

Genetic mapping

Genetic maps of F. pratensis and L. multiflorum were

constructed in JoinMap 4.0 using the Kosambi mapping

algorithm. As DArT markers are dominant, marker files

were coded for double haploid populations (DH) and maps

were calculated for each parent separately. Only markers

segregating close to the expected 1:1 ratio ([0.4 and\0.6)

were used. Maps were then combined using bridging

markers present in both parents. The inclusion of markers

was decided by the following procedure. First, all markers

were grouped into putative linkage groups based on Like-

lihood Ratio Odds (LOD) grouping. Next, initial maps

were calculated and all markers with a Chi-square value of

[3 (highly distorted segregation) were removed. Sub-

sequent recalculation of maps was performed until no

markers had a Chi-square score of [3. Finally, the two

parental maps for each LG were combined into one. All

final linkage maps were edited and finalized using the

MapChart software (Voorrips 2002).

Association of DArT markers with freezing tolerance

Freezing tolerance was measured with the re-growth

method (Larsen 1978). In brief, 300 genotypes from

FuRs0357 were put through controlled freezing stress

which resulted in differential freezing induced damage and

survival. Plants were grouped randomly in five boxes using

six replicates per genotype. The resulting HFT (high

freezing tolerance) and LFT (low freezing tolerance) plants

belonged to the 10% of phenotypes with the highest and

lowest freezing tolerance, respectively. The HFT group had

an average freezing tolerance score of 7.06 (±0.22) and the

LFT group had an average freezing tolerance score of 2.59

(±0.61) [range; 0 (dead) to 9 (no damage)]. Associations

between DArT marker genotypes and freezing tolerance

groups were tested using Fisher’s Exact test. The null

hypothesis was that the DArT marker genotypes were not

associated with freezing tolerance; hence we expected

random distribution of genotypes in HFT and LFT groups.

We calculated the corresponding q values from the Fisher

Exact test p values (Storey 2002) to correct for multiple

testing and false positives. A significance threshold of

q \ 0.05 was used. Statistical analyses were carried out in

R (R Development Core Team 2009) using the ‘‘fish-

er.test’’ and ‘‘q value’’ functions in the q-value package.

Sequencing of selected clones/markers

All DArT markers, which were placed on the genetic maps

of F. pratensis and L. multiflorum and/or significantly

associated with freezing tolerance, were sequenced. Reac-

tion mix for cycle sequencing was prepared using standard

BigDye chemistry (BigDye� Terminator v3.1 Cycle

Sequencing Kit, Applied Biosystems). The dilution of

reaction components was scaled to a final volume of 10 ll

containing 3.2 pmol of universal M13 (forward or reverse)

primer and 20 ng of sequence-ready (DArT clones) tem-

plate. The reaction products were purified using the

CleanSEQ kit (Agencourt Bioscience Corp., Beckman

Coulter Comp., Beverly, MA, USA) and analyzed on an

ABI 3730xl DNA analyzer (Applied Biosystems, Foster

City, CA, USA). The raw sequence data were assembled

and edited using the DNA Baser software v.2 (Heracle-

Software, http://www.DnaBaser.com). Vector and adaptor

sequences were removed prior to further analysis. All

sequences were deposited in GenBank under accession

numbers HN266254-HN266937.

Sequence analysis

All mapped markers were compared to each other to deter-

mine the extent of redundancy in DArT clones. Stand alone

blastn software was used for the search with E value set to

e-10. Only reciprocal blast hits were taken into account. The

map position of markers with significant hits was checked

and markers which mapped to different map positions were

not considered redundant. Groups of markers, which shared

significant homology to each other and mapped to the same

genetic position, are hereafter referred to as ‘bins’. The

sequences were further compared to known plant repeat

sequences. To analyze repeat content, TREP Release 10

(http://wheat.pw.usda.gov/ITMI/Repeats/) was merged with
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TIGR Plant Repeat Databases for Brassicaceae, Fabaceae,

Poaceae and Solanaceae (Ouyang and Buell 2004). This

database contains 8,432 repetitive elements from 18 differ-

ent genera. Repeat analysis was performed using Repeat-

Masker software (http://repeatmasker.org) with CrossMatch

search engine (http://www.phrap.org/phredphrapconsed.

html) and default settings. We compared DArT sequences

with non-redundant protein sequences (nr) and non-human,

non-mouse ESTs database (est_others) at GenBank in order

to estimate the number of DArT markers derived from

expressed loci. The protein search (blastx) was performed

using blastcl3 with default settings and BLOSUM62 scoring

matrix. Nucleotide search (blastn) was also performed by

blastcl3 with default settings but reward for a nucleotide

match was set to 2. Only the best blast hits (with lowest

E value) were taken into account.

Comparison of mapped DArTs to model genomes

The sequences of the mapped DArT markers were com-

pared to the Oryza sativa ssp. japonica cv. ‘Nipponbare’

genome and the Brachypodium distachyon Bd21 genome

using blastn with E value set to e-10. Twelve pseudomol-

ecules for the rice chromosomes (Build5) were downloaded

from the IRGSP website (http://rgp.dna.affrc.go.jp/E/

IRGSP/Build5/build5.html). The Bd21 genome was

downloaded from Brachybase.org (http://files.brachypodium.

org/). Only the best blast hits with alignment lengths of at

least 50 bp were taken into account.

GISH analysis of Festulolium plants

Twelve individuals from the Festulolium population

FuRs0357 (six with high freezing tolerance, HFT, and six

with low freezing tolerance, LFT) were used for the analysis

of genomic constitution using genomic in situ hybridization

(GISH). The other plants suffered under conditions optimal

for preparation of chromosome spreads (root growth and

accumulation of cells in metaphase). GISH was performed

as described by Kopecký et al. (2005). Briefly, total genomic

DNA of F. pratensis was labeled with digoxigenin using

DIG-Nick Translation Kit (Roche Applied Science, India-

napolis, IN, USA) and used as a probe. Genomic DNA of

L. perenne was sheared to *200 bp fragments and used as

blocking DNA. Sites of probe hybridization were detected

by anti-DIG-FITC conjugate (Roche). Chromosomes were

counterstained with 1.5 lg/ml 40,6-diamidino-2-pheny-

lindole (DAPI) prepared in Vectashield antifade solution

(Vector Laboratories, Burlingame, USA). Observations

were made using an Olympus AX70 microscope equipped

with epi-fluorescence and SensiCam B/W camera. Scion-

Image and Adobe Photoshop software were used for

processing of color pictures.

Results

Genetic mapping

DArTFest array contains 2,257 probes positively scored

in F. pratensis and 2,761 probes positively scored in

L. multiflorum (Kopecký et al. 2009). In total we placed

659 markers on genetic maps, 149 markers in the F. prat-

ensis population HF2xB14, and 530 markers in the

L. multiflorum population Xtg-ART (Table 1; Fig. 1). The

effectiveness of DArT mapping was 6.6 and 19.2% for

F. pratensis and L. multiflorum, respectively. Only 20

markers could be mapped in both species. Out of them, 17

mapped to homologous linkage groups and three markers

D355658, D557428, D558076 mapped to Fp4 and Lm1,

Fp5 and Lm7, Fp1 and Lm7, respectively.

Sequencing and sequence analysis of mapped markers

Out of the 659 mapped markers, 620 yielded 302,808 bp of

sequence with an average length of 488.4 bp. Sequencing

of the remaining 39 DArT markers failed due to technical

reasons. A total of 398 DArT markers (64.2%) were found

to be singletons, while the 222 remaining markers were

redundant and were assigned to 90 marker bins. The big-

gest bin consisted of six markers. Hence, 489 non-redun-

dant DArT markers/bins were mapped when considering

each bin a unique locus (Table 2). Nevertheless, markers

belonging to one bin can slightly differ in their precise map

position (see Fig. 1). This could be due to inaccuracy

during the array hybridization leading to genotyping errors

and variation in estimated numbers of recombinants,

inaccuracies in the consensus map estimation, or duplicated

genes in tandem arrays.

Table 1 Distribution of genetic markers among linkage groups

Festuca pratensis Lolium multiflorum

Non-DArT

markersa
DArT Non-DArT

markersb
DArT

LG1 61 23 63 67

LG2 26 10 43 73

LG3 34 22 49 73

LG4 68 22 61 106

LG5 70 12 43 71

LG6 49 27 35 63

LG7 65 32 68 76

Total 373 148 352 529

a AFLP, RFLP, SSR markers and isozymes, see Alm et al. (2003) for

details
b SSR and AFLP markers, see Studer et al. (2006) for details
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P32M50_305131.6
D560297133.9
D356211135.8
P39M49_338137.3
D560950138.5
D556486140.9
P38M50_192146.0
E39M50_100146.3
D356112149.5
D56253360149.8
D55651660150.3
P42M61_130151.3
D561153152.5
D35588334154.1
D556231154.4
D56047034156.4
D560307157.8
D356037161.5
D55548651162.8
D56176851164.3
P38M50_150167.3
D561653167.5
P35M59_97168.0
P39M49_97168.4
P41M50_185170.1
E45M59_164171.0
M15-185175.4
D560067177.7
P42M61_117178.9
E35M50_96179.4
PR3181.2
E41M47_90181.9
P42M61_212183.6
P41M50_103183.8
D355701186.3
D556324187.0
D560378188.9
E41M47_257189.4
D555465191.7
D560884193.5

Lm2

Xcdo4560.0

D55771614.7

Xpsr150b25.3

Xpsr150c31.6

P64M17_23536.5

Xpsr66647.0

Xibf42853.2
P76xM72_559.2
Xibf42660.6
Xibf58960.9
Xibf50961.8
D55885462.9
D55775863.0
D5600787563.1
D5617727563.2
Xpsr90163.3
D56192563.5
D55623163.6
Xplpgp30564.6
Xplmc08064.7
Xplpgp10665.0
P77M66_30566.5
P77M72_17866.8
P77M66_39067.4
P77M72_760
P66M43_46067.6

P64M17_17267.7
P64M17_28368.5
P65M78_73070.4
P76xM72_278.9
P65M44_450
P65M44_46080.1

D55759092.5
D55540193.1
Xbcd512104.3

D555259127.5

Fp2

Fig. 1 Genetic maps of seven F. pratensis and L. multiflorum
chromosomes. DArT markers are labeled with D and clone number

(six digits) and are indicated by red color. Markers belonging to one

redundant marker bin are indicated by the same superscript. Markers

associated with freezing tolerance are indicated by green color
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D5617450.0
D5578452.1
D5603472.4
D5572637.5
D5567008.4
D55975918.1
LPSSRK03G0523.8
D56230232.5
P39M49_8134.4
D56076437.6
D55765642.3
P39M61_20945.1
LPSSRK12H0848.4
E35M50_17749.7
P32M50_26850.6
D55998252.5
D55828653.6
P32M49_12456.9
E35M48_342
E35M50_11958.4
E39M50_36358.5
E35M48_19561.4
D35604162.0
E41M47_29963.3
D55862367.8
E39M48_12069.7
LPSSRHXX24270.5
LpSSR4271.4
E39M48_19571.8
E41M47_17774.2
D35608275.6
D55758577.6
D55798869

D5580066978.2
D3563504479.3
D5574244479.4
D55572979.9
D56208281.0
D5608086681.2
D5576546681.3
D35585933

D3559793382.9
D55554254

D5618375486.0
D56052087.4
P38M50_6188.3
LmSSR0790.0
E35M48_14991.1
D56072893.6
D56125296.0
E39M48_10097.4
P39M61_18797.8
D5617448298.7
D5613178298.8
D56113599.6
D557371102.1
E41M47_163105.0
E35M48_234108.5
E41M47_294110.9
E32M48_310111.3
P38M50_466
P38M50_298111.4
E41M47_157113.1
D561304116.1
D558883117.0
P42M61_320118.0
E35M48_220120.2
E35M50_69123.8
P42M61_397124.7
P42M61_314124.9
D355674125.6
D562678127.6
D557797128.9
P35M59_89130.9
E35M50_267132.1
D561787134.8
D558309136.0
E35M48_88137.6
D557720138.8
D560526139.1
E45M59_288141.7
P32M50_178141.8
D562424143.2
E39M50_87143.3
B3-B8144.6
FASSR88146.1
E35M50_290146.4
E39M48_118146.8
P42M61_116147.0
E35M48_258147.6
D56199563149.1
D55725763149.7
D56189065150.2
D55741665150.6
D556197151.8
D562232153.5
D56063578

D56063478154.9
D556093155.8
E42M59_268157.6
D556011158.4
D355880159.1
D560234160.9
D55647821163.0
D56060521163.3
D56207221163.4
D35606237

D35606537170.1
P32M50_348171.4
E45M59_278172.4
D555502174.2
D55606510176.5
D56271110

D55712510177.7
D55597810177.8
D562198178.6
D558497178.7
D562375179.9
D355894180.2
D560646180.7
D556533183.1
D557112183.9

Lm3

Xinpf5680.0

P66M68_16716.9
Xcdo46025.5
Xibf53730.6
P77xM44_1232.1
D56149033.5
D55712037.0
Xr161337.5
Xwg11039.0
Xibf58739.3
D55736440.1
D55769940.5
Xibf55441.5
Xpsr39441.8
Xibf455b42.0
Xibf44742.2
Contig29_TC236551_hT
ST1-31-1
ST1-31-2

42.3

D55810659

D5601252

D5580262

D5604392

D557371
D35585933

D558883
D35597933

D561625
D55625759

D5613822

D558765

42.8

D558017
D5609662

D5611402
42.9

D55684543.5
D55778743.7
D55759144.1
Xibf596f44.3
Xpsr59844.8
P65M78_16245.3
Xbcd102a45.8
P77xM44_1046.0
P63M77_8846.8
P65M78_33047.1
P66M68_28847.2
Xcdo345b_4
Xcdo345b
Xcdo345b_3

47.8

P77M75_7748.3
P65M73_10949.7
Xr192751.2
Xrgc122a52.7
P66xM70_1159.8
P77M72_69062.6
Xrgc122b75.5

Fp3
P39M61_570.0
E41M47_2910.5
D5615672.5
D5558314.9
D5603335.7
D558752687.2
D557949687.3
D3558577.7
D55746513.0
D55748913.4
D55784917.9
D5605087720.0
D5620007720.2
P35M59_22523.3
D35630926.3
D56241129.0
E45M59_30029.9
D56047933.9
D56075835.4
D3557173038.5
D5613653038.6
D355744545.6
D5604475

D356099546.1
D560556546.2
D55969846.5
D56109247.7
E39M50_12751.5
D56240251.6
E33M59_6954.2
D55742156.7
E35M48_36657.0
P38M50_6757.3
P32M50_41061.4
P32M49_134
E32M48_12766.1
P35M59_18366.6
E33M59_33468.1
E39M50_9869.2
D5605121971.9
D5558021972.4
D5600961973.3
D56122675.5
D35573676.4
D55733177.2
E35M50_14578.5
P35M59_142
P35M59_14178.9
D5587592581.2
D5606012581.5
D5624642581.7
E39M50_22783.2
D56172484.7
P38M50_25286.3
P32M49_10786.6
D56187688.5
LPSSRK05A1188.8
D56248189.8
P32M50_18494.0
E45M59_165
P42M61_12394.4
P32M49_5995.0
E39M50_7095.3
D5624793697.4
D3560293698.0
D3560953899.1
D5564763899.2
D556653100.2
D55599757100.5
D55973457101.7
D56253672102.4
D55870172102.6
D561255103.9
D55865670105.2
D55808970105.5
D56233542106.8
D35622742107.0
D3557354108.7
D3558254108.8
D5555584108.9
D356094109.0
D3558494109.3
D560215111.8
D561835113.0
D56099545114.2
E35M48_73
E32M48_68114.6
D55531945114.7
D556120115.5
D55518348116.5
D55810048116.6
D55768758117.3
D55603158117.8
E39M50_255118.3
D356157120.1
E39M50_118121.1
E35M50_297122.1
P41M50_211122.8
D56134415123.4
P38M50_381123.5
P32M49_141123.7
D55527015

D55975015124.1
P39M49_189124.2
E32M48_158124.5
D556909126.1
D555680126.6
P32M49_171126.7
D560644127.5
D556517128.0
E39M48_89128.7
D557472128.8
D356397
D558728129.9
D355918130.3
D557387131.8
D557363132.0
D562560132.1
D562110132.8
D356402134.3
D56204588135.2
D56208688136.1
E39M50_144136.5
D556568137.4
D558678140.5
D562145142.0
D355830144.4
D561942145.6
D559771145.8
D556508146.4
E39M48_221149.3
P32M49_113150.0
P39M61_113150.8
D561921154.4
E35M48_150157.4
P39M49_315159.1
P39M49_385159.4
E35M48_158161.2
E41M47_162163.7
P39M61_220165.5
P35M59_307167.4
D560356167.8
E41M47_173178.1
E33M59_153178.5
E41M47_111179.7
D356055180.1
E32M48_165182.9
D557505184.2
D355876185.6
D559895188.6
D56251435189.6
D35588835189.9
D561943195.4
D561806195.8
D55593156

D55598656198.0
D555587198.9
P38M50_377202.7
E41M47_199203.1
E33M59_82205.0
P32M50_244205.5
D555598207.6
P35M59_137207.7
D562718207.9
LPSSRK02D08218.1
P39M61_283219.4
PR10235.2

Lm4

D5602690.0
D5575611.7
D55534750

D555323502.9
Xibf5337.5
Dhn4/5g12.8
Dhn4/5h
Dhn4/5d13.6
D55586223.5
Xcsu3335.8
Xibf16_2
Xibf16_139.6
P65M44_29243.5
Xwg11448.5
Xpsr115_4(Pk)
Xpsr115_3(Pk)49.5
Xpsr115(Pk)50.9
Xpsr115_1(Pk)
Xpsr115_2(Pk)52.2
Xcdo678b52.9
Xibf29_2
Xibf29_155.6
D35565857.0
D55995474

D5607167459.6
Xsb66361.1
Xibf514_262.8
P77M72_18564.5
P77M75_11964.6
P64M17_63564.9
D55703665.2
P65M44_10965.8
P64M17_24065.9
P65M78_9866.1
P77xM44_266.8
P64M17_73067.4
Xibf544d68.9
Xibf543a69.2
Xibf596h69.7
Xrgc496b(Adh)70.3
D56084170.9
Xbcd808(TubA)72.1
D356301
D5569166272.2
D56027462

Xcdo54272.3
D55695272.8
D55726873.3
D557926
D355885
D556924
D556159
D557387

73.4

Xibf441
Xplmc092_3
Xplmc092_4
Xplmc092
Xibf580a
Xplpgp037
Xibf443b_2
Xibf432
Xibf599a
Xibf450
Xibf573

73.8

Xibf43473.9
Xibf1674.4
Xibf596b
Xibf43574.5
Xibf544b74.6
P65M73_11874.7
Xcdo520_3(SerRS)75.1
Xcdo938(eIF2beta)75.2
Xrz141d75.9
P65M73_5076.0
Xcdo407
Xcdo520(SerRS)76.8
Xbcd026577.0
Xibf47678.4
P66xM70_1281.0
D55807981.8
P77xM44_582.6
D55668886.4
mtd12_b(Aco)87.3
Xwg114_487.9
P77xM44_988.2
Xwg114_389.6
P77M66_67094.0
P65M65_86095.4
P77M75_95113.1
jjl003.c04r120.3

Fp4

Fig. 1 continued
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D5585000.0
D5559626.4
D5576958.0
D560480
D56260110.1

D55510811.5
D55739911.7
D3558433114.2
D5623163114.4
D35633517.9
P35M59_19519.4
E45M59_31620.1
D56170024.8
P35M59_38727.9
E35M50_11229.0
D56237829.7
P32M49_285
P42M61_7629.9

D56207984

D5614498430.5

D56249632.2
D555996
D55991333.2

D55678233.8
E32M48_12835.4
P32M49_28836.1
FASSR1837.2
P32M49_14337.7
E41M47_24438.0
P32M49_19039.0
P39M49_252
P35M59_25239.7

FASSR3940.2
E39M48_20843.5
D5566742844.3
D3559492844.4
P32M50_21644.6
D5568226145.1
D5567986145.3
D56124147.4
D35601548.2
D56022651.4
D55720852.6
D55655055.1
E42M59_12056.1
D5620938957.4
D5627278957.7
D55990858.7
E41M47_13359.5
D5614441659.7
D556836
D5552751660.0

D5571721660.2
D562162760.3
D5578087

D562280760.4

D356290760.5
D55809061.6
D56095163.8
D55559364.6
D35615966.5
D56208469.7
D56215773.8
D56191774.6
D56186076.3
E35M50_31778.7
P32M49_26879.8
E41M47_28380.6
E39M48_130
E39M48_13185.1

D56030885.6
P39M61_37186.0
E39M50_7186.4
E35M50_29487.1
D55969396.2
D56262598.0
D56188698.4
E42M59_209101.2
E35M50_91101.7
D562362104.7
D55967526106.4
D55986626

D56234026106.5

D355973108.3
E33M59_102115.5
E39M50_132116.4
P32M50_384117.3
E45M59_253119.4
E33M59_169120.7
D556694121.8
D560712122.5
D561677125.5
P39M61_262126.1
D556229128.0
P32M49_262128.4
D356104130.9
D558556131.1
D561285132.5
D56233032134.5
D35597532134.6
E35M50_223136.3
D560153136.6
E35M50_369137.5
D5618448

D5618998

D5572928

D5574448

139.7

D557433141.3
P42M61_230143.8
P32M50_377146.3
E41M47_94147.2
E35M50_89149.2
D555104151.0
P38M50_101155.2

Lm5
P63M77_590.0
Xcdo36521.1
Xcdo459(Imb2)24.4
Xcdo459_2(Imb2)25.2
P64M17_27027.0
P63M77_21627.7
D56203527.9
D55742828.9
D557616
D55808613

D56074013

D35618713

29.0

D55764529.6
Xibf455c29.9
Xcdo344c_430.0
Xibf529c
Xcdo344c30.3

Xsb11330.6
Xcdo344c_1
Xibf563
Xcdo344c_2

30.7

Xplpgp095_3
Xplpgp095_4
Xcdo459_1(Imb2)
Xibf578e
Xplpgp095

30.8

Xplpgp094
Xcdo344a30.9

Xplpgp095_1
Xplpgp095_231.0

Xibf596e31.2
Xibf529a_131.5
Xibf60331.6
Xibf529a31.7
D559798
Xwg364a_131.8

Xplmc127
Xibf455f31.9

Xcdo590_132.2
Xcdo412_2
Xcdo412_132.3

Xibf578a32.5
Xcdo41232.6
Xcdo412_433.0
Xcdo590_333.4
P77M72_33033.6
P66M43_17034.1
P77M72_37534.2
P77M76_27034.6
Xibf43034.8
Xcdo59035.7
Xibf1136.6
P76xM66_1437.2
P77M75_20739.0
D55661139.1
P76xM66_739.5
P77M75_11541.4
Xibf466d41.8
D56217442.3
Xibf57543.1
P63M77_6143.6
P77M72_128
P77M66_37044.2

P65M65_43544.9
D56157247.1
P77M75_63047.7
P77M76_68348.4
Xibf565_1
Xibf565_250.0

Xibf56551.1
Xibf565_3
Xibf565_452.2

Xcdo0400_457.9
Xcdo040058.6
Xcdo0400_2
Xcdo0400_159.1

Dhn1/2f71.0
Xpsr2021c77.7
P77M76_61080.1
D55702685.9
Dhn1/2d86.3
Dhn1/2e87.8

Fp5

D5578810.0
D3560261.3
D5615712310.0
P39M49_20013.9
LPSSRK05B1114.9
E35M48_27319.8
E41M47_23524.0
D56034332.0
D5576382336.3
D56085136.8
D56198438.0
D55759638.5
D5616388639.3
D56097439.6
P41M50_20342.2
E41M47_26144.1
D5586655248.5
D5555225248.6
D56200348.7
D55984750.4
D55753853.5
D56038153.7
P41M50_16754.1
D5617928755.0
D55968655.1
D5619578755.7
D56095658.1
E41M47_24662.3
P35M59_181
P32M49_22062.5

D56017164.0
D55716664.3
D56221365.4
D56054866.6
D55992770.0
D56103572.4
P39M61_6472.7
P39M61_13573.1
E39M48_37075.1
E45M59_199
E39M48_19875.4

P39M49_88
P32M49_17876.1

E41M47_8676.3
E35M48_39476.5
P39M61_14479.4
D56190381.9
D56159283.6
D55654284.0
D55552884.3
D56059284.8
D55722084.9
D5564182085.2
D557884
D55739420

D56083620
85.3

D5605181888.0
D5573171888.1
D5555241888.3
D56019388.7
D55796689.0
D56072389.4
D5567422990.3
D5611642990.4
D55603891.3
D55679993.3
E35M48_7493.6
D56035998.8
D557683101.1
E35M48_66101.9
D557011104.6
D559789107.7
E39M50_396114.0
E42M59_303116.5
D561874117.0
D558770118.5
D561293119.2
E39M50_165120.9
D56216743121.9
D35624643122.6
D557397123.2
P32M49_150125.6
D355838125.8
D557419127.8
D558776131.1
P42M61_302131.8
LpSSR40132.7
P39M61_123
E45M59_322134.5

E42M59_290134.9
LmSSR14137.1
E39M48_216138.1
D560092140.1
P32M50_432141.7
FASSR28143.9
D562262146.0
D55667822148.5
D55657822

D55792822148.6

Lm6

Xcdo395a(sGTPbp)0.0
Xcdo395a_3(sGTPbp)4.0
P66M43_16415.5
Xpsr601(Ubq)19.1
D55562020.1
P77M75_8720.7
D55592422.4
Xibf59530.3
Xibf59831.1
Xibf598_4
Xibf598_2
Xibf598_1
Xibf595_2

31.2

D5576382335.3
D5625452335.4
Xibf466b37.3
P65M65_45037.9
Xcsu14838.1
P64M17_30538.5
D5614478339.0
FpCAD_339.2
D56239039.4
Xrz476
Xcdo497
Xibf495a
Xibf555
Xibf90
Xcsu148_3

39.7

Dhn1/2b39.9
P77M75_24540.0
D561414
Xibf556a
D355727

40.1

D5617168340.2
D56163886

D56099327

D56153327

D561916
D560910
D556701
D560015
D56162086

40.3

P65M44_53040.4
FpC4H_140.7
FpC4H_340.8
P77M72_11441.5
Xibf547_3
Xpsr371a_342.0

D55768667

D5577626742.5

Xcdo51643.0
Xibf54743.3
D55797244.4
Xpsr371a_445.0
Dhn1/2a45.4
Xpsr371a46.1
Xpsr371a_246.2
Dhn1/2c48.6
Xpsr2021d(ABA2)49.3
Xsb85450.1
Dhn6a51.0
Dhn4/5a52.0
P66M43_6754.1
P63M77_30355.0
D55883856.9
Xibf47559.7
P65M44_22965.4
D5610276

D5581826

D3562616
77.4

D557123677.5
Xcdo1395c85.7
D55600989.4
Xibf60493.1
Xibf599e94.0
D556559110.9

Fp6

Fig. 1 continued
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To estimate the number of DArT markers derived from

repetitive DNA elements, we performed blast search

against an in-house built composite plant repeat database.

Only 44 (7.1%) of the DArT markers contained repetitive

elements supporting the notion that DArT markers repre-

sent hypo-methylated low copy genomic regions (Wenzl

et al. 2006). In the repeat containing DArT sequences, the

retrotransposons (27) dominated DNA-transposons (13).

The remaining four hits in the plant repeat database were

unclassified. To estimate the impact of repeat elements on

marker redundancy, we compared DArT markers derived

from repetitive elements with the marker bins. Interest-

ingly, repetitive elements could explain the presence of

redundant markers only for seven (7.8%) of the marker

bins. This indicates that the majority of redundant markers

in bins are either due to multiple cases of cloning the same

sequence during the random marker development proce-

dure, or they come from tandem duplicated genes.

In order to estimate the proportion of expressed

sequences among our mapped DArT markers, we per-

formed a blastn search against GenBank ‘‘est_others’’

database. This identified 368 (59.4%) DArT markers with

significant homology to expressed sequences. Blastx search

against non-redundant protein sequences (nr) revealed 162

(26.1%) DArT markers with significant homology to

known and hypothetical proteins, and of these 152 were

also identified as expressed sequences in blastn search. In

total, 378 DArT markers (293 non-redundant bins) were

identified as potentially gene-derived sequences.

Comparison of mapped DArTs to model genome(s)

The genetically mapped DArT markers were compared to

the rice and Brachypodium genomes in order to map the

sequences in silico and investigate the synteny between the

model genomes and those of the Festuca–Lolium complex.

Using the defined criteria for blast search, mapped DArT

Table 2 Redundancy of sequenced DArT markers

Extent of

redundancy

Number

of bins

Number

of markers

Frequency of

markers (%)

Unique 399 399 64.3

Duplicates 64 128 20.6

Triplicates 15 45 7.2

4/bin 8 32 5.2

5/bin 1 5 0.8

6/bin 2 12 1.9

Total 489 621 100

D5615413

D5618953

D3560223

D5601763

0.0

D56036430.1
D560441531.2
D555529531.7

E39M50_7916.4

P35M59_15627.4
E45M59_35127.5
D35580248.4
G03_055_a52.3
E41M47_8254.0
P39M61_36655.5
E39M48_6656.4
P38M50_31057.9
D55622461.1
G05_07362.5
G04_04363.2
D56060464.1
D56225166.1
D55784866.2
D35616168.1
E45M59_25072.6
D56081373.5
D56024776.7
E45M59_23378.8
E35M48_19178.9
P32M49_38679.6
P38M50_242
E32M48_194
P39M49_247
P35M59_246

80.4

P39M61_8383.7
E39M48_10284.0
P35M59_22486.4
E39M48_311
P39M61_25286.6
E39M48_17387.1
E35M48_19888.0
P42M61_10988.2
P39M61_31189.0
P35M59_12389.3
D56026890.5
P41M50_12791.9
P38M50_321
P41M50_20192.0
D55987794.5
D55986795.2
D5554431795.9
D5559561796.0
D55807696.7
D55611497.0
D558116
D56031297.3
D56071997.8
D5609186498.4
D56081698.5
D5573216498.8
D557834100.3
D559873100.6
D561256101.8
D561791101.9
D55972649102.9
D35635149103.3
D561977103.7
D555936105.2
P32M50_234105.5
P35M59_386106.3
G07_066108.0
P39M61_362110.7
D562154113.1
LPSSRK14C07114.6
D561799116.7
G01_010118.7
P32M50_80120.0
E35M48_86
D556341120.7
P32M50_122121.5
P32M50_126122.1
P32M49_322125.1
D560012125.2
P38M50_71126.6
G03_045127.0
D560905128.4
D556838129.4
D560971129.8
D561734130.8
D555909131.5
D356304133.2
D56239711134.4
D561633
D56021711

D56062311
134.5

D56223811134.7
P35M59_162135.3
P38M50_333135.6
D562648136.4
D562509137.2
E35M50_241
E39M48_69138.5
P42M61_104138.8
D559896139.2
B3-B6139.4
D559780141.0
E32M48_84141.5
E33M59_119143.3
LmSSR3144.4
D560352147.0
D558415147.9
P39M49_278150.3
D557280153.3
D559960154.1
D561936155.4
D561142156.9
D35622941

D35621841

E45M59_179
158.1

D562446
D356357160.3
D556340163.4
D557980166.2
D560745
D555303167.0
D557428168.5
P39M49_288169.4
E41M47_211171.2
E32M48_115172.4
G03_055_b172.9
E35M50_68176.9
LP165178.1
P41M50_156179.3
E35M50_159184.4
P39M61_190184.7
P39M61_165185.0
D558653189.3
D560065193.7
G03_092196.8
E33M59_105200.2
G05_112202.5
D562613206.8
D559978209.3
D356316211.0
D557564213.6
D560062221.8

Lm7
Xpsr3120.0
Xpsr371b2.2
P76xM66_118.2
Xrgc39013.1
djf20b15.3
P66M43_16219.0
P77M66_15019.4
P64M17_12019.9
P65M44_35020.2
P65M44_7220.4
P65M44_55020.8
P65M44_51020.9
P77M75_69021.4
D56043321.9
D5607291422.7
Xr207122.8
Xpsr150a_4(Hsp82)
D55631823.0
D5554221423.1
Xpsr150a(Hsp)23.3
Xpsr150a_1(Hsp)
Xpsr150a_2(Hsp)23.6
Xplpgp23523.7
P65M73_17723.8
Xibf57624.0
D556463
D56131640

Xibf455e
D555717
D556341
Xibf549
D35612540

D560813
D555909

24.2

Xibf556b
Xpsr150a_3(Hsp)
Xabg387_4(Atc)
Xabg387_3(Atc)
Xibf494

24.4

Xabg387(Atc)
Xibf544g24.5
Xabg387_2(Atc)
Xabg387_1(Atc)
Xibf420
Xibf23
Xibf442
Xibf578d

24.6

Xcdo17_1
Xcdo17_224.9
Xcdo1725.0
Xcdo347c
Xcdo17_4
Xcdo17_3

25.1

D560674
D35623114

Xibf596k
25.5

D55874825.8
Xibf495b25.9
djf1626.3
Xibf52426.6
D55718026.7
D3563514927.1
D55703827.3
D557872
D35584127.4
D5597264927.5
Xrz14427.8
D55888117

D5559561728.1
P65M65_178
D56041928.4
D55715328.5
D55554128.7
Los228.8
D5554431729.5
D55543531.0
Xibf57931.4
D55673031.9
D56195932.7
Xcdo1400_4
Xcdo1400_334.8
P77M66_55036.0
P76xM66_537.9
D56174039.2
D55693539.9
Xabg65240.8
Xcdo1400_2
Xcdo1400_152.0
DP65M65_7052.7
Xpsr119c(Fedr)53.2
D55511157.2
P65M73_6959.0
D55723170.5
Xpsr119b(Fedr)72.4
Xrgc122c73.9
Xcdo347b81.5
P65M65_14188.5

Fp7

Fig. 1 continued
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markers in L. multiflorum produced 227 (162 non-redun-

dant bins) and 299 (227) hits against rice and B. distachyon

genomes, respectively. Of the markers mapped in F. prat-

ensis, 50 (40) and 70 (54) produced blast hits in rice and

Brachypodium genomes, respectively. Due to the low

number of hits of the F. pratensis markers, the analysis of

syntenic relationships was limited to comparisons between

L. multiflorum and rice (Table 3) and L. multiflorum and

Brachypodium (Table 4). All significant homologies are

listed in Supplementary Tables 1 and 2.

We identified 11 syntenic regions with more than 5

markers shared between particular L. multiflorum and rice

chromosomes. The highest degree of synteny was found

between the chromosomes/linkage groups Lm3 and Os01,

where 71.4% of markers presented in Lm3 had a homol-

ogous sequence on Os01. In comparison, 12 syntenic

regions with more than 5 shared markers were found

between the genomes of L. multiflorum and Brachypodium.

The most conserved syntenic relationships were found

between Lm5-Bd4 and Lm3-Bd2, with 76.9 and 76.5% of

the L. multiflorum markers having homologues in corre-

sponding Brachypodium chromosome, respectively.

Analysis of markers associated with freezing tolerance

Out of 1,868 DArT markers segregating in the Festulolium

FuRs0357 population, about 5% (96) had a significantly

different distribution of genotype scores among HFT and

LFT plants (q \ 0.05). Unfortunately, only five markers

(four non-redundant bins) could be mapped. These five

markers were mapped to linkage groups Fp4 (D556159)

and Fp7 (D560433) in F. pratensis and Lm2 (D560530)

and Lm4 (D558701, D562536) in L. multiflorum (Table 5;

Fig. 1). The FuRs0357 population was in fact derived from

a cross between L. perenne and F. pratensis. Nevertheless,

one can expect that map positions of DArT markers in

L. perenne to be highly co-linear with their position in

L. multiflorum due to the close evolutionary relationship

(Catalán et al. 2004, Studer et al. 2010). Seventy two of the

freezing tolerance-associated markers were sequenced for

the purpose of studying their putative genomic origin and

localization in model genomes in silico. Several markers

associated with freezing tolerance were found to map Bd1,

and nine of these markers were flanking Vrn1 gene para-

logs on Bd1 (Fig. 2). This further supports the presence of

a freezing tolerance QTL on chromosome 4 in L. perenne

and F. pratensis as Bd1 has syntenic relationship to chro-

mosome 4 of species in the Festuca–Lolium complex. We

performed functional analysis of all DArT markers asso-

ciated with freezing tolerance using blast2go (Conesa et al.

2005). For 18 of these markers a gene functional class

could be assigned based on the homology to known pro-

teins and transcription is the most frequent one (4 markers).

All markers associated with freezing tolerance are listed in

Supplementary Table 3.

Table 3 Synteny of L. multiflorum and rice as revealed by mapped

DArT markers

Lm1 Lm2 Lm3 Lm4 Lm5 Lm6 Lm7

Os01 1 1 15 1 1 1 –

Os02 2 – 1 3 2 16 –

Os03 – 1 – 18 – – 2

Os04 2 10 2 2 2 1 –

Os05 7 – 1 1 – – –

Os06 – – – 2 – – 15

Os07 – 7 – 1 – 2 –

Os08 – 2 – – – – 7

Os09 – – – – 7 1 –

Os10 7 – – – 1 1 –

Os11 1 – 1 6 1 2 1

Os12 – – 1 – 3 – 1

Total 20 21 21 34 17 24 26

Numbers correspond to non-redundant bins mapped to each rice

chromosome. Chromosome relationships with highest synteny are

bold

Table 4 Synteny of L. multiflorum and Brachypodium as revealed by

mapped DArT markers

Lm1 Lm2 Lm3 Lm4 Lm5 Lm6 Lm7

Bd01 1 11 3 30 1 3 22

Bd02 12 1 26 2 4 2 1

Bd03 10 2 1 4 1 20 8

Bd04 1 1 3 9 20 5 1

Bd05 1 15 1 1 1 1 2

Total 25 30 34 46 27 31 34

Numbers correspond to non-redundant bins mapped to each Brac-
hypodium chromosome. Chromosome relationships with highest

synteny are bold

Table 5 Mapped markers having significantly (Fisher Exact test)

different distributions among HFT (high freezing tolerance) and LFT

(low freezing tolerance) plants

DArT ID q value Presence LG cM

D560433 0.028 LFT LG7 F. pratensis 21

D556159 0.042 HFT LG4 F. pratensis 73

D558701 0.042 LFT LG4 L. multiflorum 103

D562536 0.042 LFT LG4 L. multiflorum 102

D560530 0.044 HFT LG2 L. multiflorum 115

‘‘Presence’’ denotes if a marker presence signal is associated with the

LFT or HFT group
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GISH analysis of Festulolium plants

Microscopic analysis of mitotic metaphase plates of six

LFT and six HFT plants revealed that the FuRs0357

Festulolium population contained plants with different

ploidy levels. Four of the LFT plants were tetraploid, with

the remaining two diploid, while all six HFT plants were

diploid. Such a large difference is not likely to occur by

chance (Fisher Exact test; P = 0.045), which indicates that

the polyploidy levels could be functionally linked to

freezing tolerance. The higher ploidy level could affect the

proportion of markers which cannot be called as ‘‘0’’ or

‘‘1’’ when converting fluorescence signal since it increases

signal to noise ratio. Exactly this pattern was observed in

the FuRs0357 population. The average numbers of not

called DArT marker genotypes per plant were 14 in HFT

and 127 in LFT (T test; P = 0.0003), reflecting the higher

ploidy level in the LFT group.

GISH analysis revealed F. pratensis chromatin only in a

small subset of plants, no matter if they were freezing

tolerant or not. Two recombined chromosomes carrying

terminal F. pratensis segments were found in one tetraploid

LFT plant (Fig. 3a). Festuca pratensis chromatin was not

detected in any other LFT plant. Two HFT plants contain

Fig. 2 Syntenic relationships between F. pratensis, L. multiflorum,

and Brachypodium chromosome 4. Comparative map shows the

syntenic relationships between the freezing tolerance QTL in F.
pratensis and the DArT markers associated with freezing tolerance

phenotype closely linked to VRN1 paralogs in the Brachypodium
genome. The position of the DArT markers on Bd1 are extrapolated

from the best blastn hit in the Bd genome. Red color text denotes

bridging markers between maps. Green color text denotes DArT

markers significantly associated with freezing tolerance phenotype

flanking FUL1 and FUL2. For the Bd1 chromosome, the left side
numbers are physical position in base pair. Left side numbers for all

other maps are genetic distances in cM. The rightmost map is

reproduced from Alm et al. (unpublished results) where the black bar
represents the 95% confidence interval for a freezing tolerance QTL
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chromosomes carrying terminal F. pratensis segments

(Fig. 3b). No F. pratensis chromatin was found in the

remaining four HFT plants.

Discussion

Mapping of DArT markers

The DArT technology has become a valuable molecular

tool for many plant species. More than thousand DArT

markers have been genetically mapped in rye (Secale

cereale L.) (Bolibok-Bragoszewska et al. 2009) and oat

(Avena sativa L.) (Tinker et al. 2009), and more than 2,000

have been mapped in barley (Wenzl et al. 2006). Here we

have used the recently developed DArTFest array (Kopecký

et al. 2009) to map genetically hundreds of DArT markers

in the Festuca–Lolium complex. Different numbers of

markers could be mapped in the two species and compared

to F. pratensis, four times more markers were mapped in

L. multiflorum. Among the 2,257 probes detected in

F. pratensis, 1,078 (47.8%) were previously found poly-

morphic within this species. Similarly, 2,184 out of 2,761

probes (79.1%) were found polymorphic among the same

number of L. multiflorum accessions (Kopecký et al. 2009).

Based on this, we expect significantly lower number of

markers to be mapped in F. pratensis. The discrepancy in

the number of markers mapped in L. multiflorum compared

to F. pratensis could be also due to low genetic variation

between the parents of the F. pratensis mapping population.

A higher level of polymorphism in L. multiflorum ecotypes

compared to those of F. pratensis was also observed when

using co-dominant SSR markers (Peter-Schmid et al. 2008).

Based on studies of cpDNA variation, Fjellheim et al.

(2006) concluded that meadow fescue in Europe went

through a bottleneck during or after the last glaciations.

Thus, the number of genetically mapped markers may

reflect the overall diversity within a particular species.

Unexpectedly, only 20 markers could be mapped in both

species. To understand this, we used data collected by

Kopecký et al. (2009) and examined markers mapped in

L. multiflorum for their presence and polymorphism among

F. pratensis accessions and vice versa. The detailed analysis

revealed that the low number of shared markers was not due

to the absence of markers in the other species but due to the

lack of polymorphism in the other mapping population.

These 20 shared markers represent 7.0% of markers mapped

in L. multiflorum and present in F. pratensis and at the same

time 18.3% of markers mapped in F. pratensis and present

in L. multiflorum. Consequently, these findings are in

agreement with overall performance of markers available at

DarTFest array (for details see Table 6).

Fig. 3 Analysis of Festulolium plants with low (LFT) and high

(HFT) freezing tolerance using genomic in situ hybridization (GISH).

GISH in L. perenne 9 F. pratensis LFT149 (a) and HFT152

(b) plants. Total genomic DNA of F. pratensis was labeled with

FITC and used as a probe (green color); genomic DNA of L. perenne
was used to block hybridization of common sequences. Chromosomes

were counterstained by DAPI (shown in red pseudocolor). Tetraploid

LFT149 plant (2n = 4x = 28) has two recombined chromosomes

with small terminal translocations of F. pratensis (arrows), while

diploid HFT plant (2n = 2x = 14) has one recombined chromosome

with small terminal F. pratensis translocation (arrow)
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Sequence analysis of DArT markers

Among the sequenced DArT markers, 64.2% were found to

be unique. In similar studies, Wittenberg et al. (2005) and

Tinker et al. (2009) found 56.3 and 48.1% unique markers

among DArTs developed for Arabidopsis and oat, respec-

tively. The levels of redundancy are strikingly similar

despite the great difference in genome size, ranging from

157 Mbp for A. thaliana to 12,961 Mbp for oat (Bennett

and Leitch 2005), and contrasting repeat content in the

three species. Sequence analysis revealed that only about

7% of the mapped DArT markers were of repetitive origin

and the effect of repetitive DNA on marker redundancy

seems to be negligible. Sources of DArT marker redun-

dancy are most likely related to the PCR amplification

involved in array development and possibly also the pres-

ence of duplicated genes in tandem arrays which are fre-

quent in plant genomes (Rizzon et al. 2006; Hanada et al.

2008).

DArT markers are derived from genomic representa-

tions prepared with methyl-sensitive restriction enzymes

and hence should represent low-copy genomic regions. As

expected, a majority of the sequences were found to be

derived from expressed parts of the genomes. About 60%

of all markers had homology to the NCBI EST databases

and one fourth had homology to the NCBI protein data-

base. These groups are overlapping extensively, resulting

in slightly more than 60% expressed non-redundant

markers/bins. This is similar to the finding of Tinker et al.

(2009) in oat. Interestingly, also most of the DArT markers

with repetitive origin had blast hits to ESTs and proteins.

This further supports the tendency of DArT markers to

originate from expressed genomic loci.

Synteny with rice and Brachypodium

Genome-wide comparisons of L. multiflorum to rice and

Brachypodium based on DArT markers revealed syntenic

regions shared among the species. These regions corre-

sponded to the established syntenic relationships between

L. multiflorum and the model species for all chromosomes

but Lm5 (see Tables 3, 4). Syntenic blocks between Lm5

and Os03 and Os12 could be expected (Bolot et al. 2009).

We identified markers shared between Lm5 and Os12,

however, not enough markers to meet our definition of a

syntenic relationship, neither did we observe the expected

syntenic relationship between Lm5 and Bd1 (The Interna-

tional Brachypodium Initiative 2010). The number of

DArT markers used to infer syntenic regions in this paper

is small, and many grass chromosomes have complex

syntenic relationships (The International Brachypodium

Initiative 2010). Thus, the lack of expected syntenic blocks

in our study could be due to uneven and low marker cov-

erage of L. multiflorum chromosomes. We also found an

additional syntenic relationship between chromosomes

Lm6 and Bd4, identified neither between wheat and

Brachypodium nor between barley and Brachypodium (The

International Brachypodium Initiative 2010). However, the

number of markers shared is the lowest we have accepted

and this syntenic relationship requires confirmation using

additional markers.

The DArTFest resources and marker-trait analysis

As an example of how we can integrate genetic maps and

DArT marker sequence information generated in this study,

we performed a marker-trait association study in Festulo-

lium populations with divergent freezing tolerance levels.

We identified DArT markers associated with the freezing

tolerance phenotype on chromosomes 2, 4 and 7, corre-

sponding to QTLs and chromosome segments associated

with freezing tolerance in previous studies.

One DArT marker (D556159) and one bin (D558701,

D562536) associated with freezing tolerance mapped in the

same genomic region of chromosome 4 in F. pratensis and

L. multiflorum, respectively. This observation is in line

with the results obtained by Kosmala et al. (2006) using

GISH, who found that Festulolium hybrid plants carrying a

large central part of F. pratensis chromosome 4 exhibited

increased freezing tolerance. Three DArT markers mapped

to a chromosomal region corresponding to a freezing tol-

erance QTL in F. pratensis closely linked to the Vrn1 gene

(Alm et al., unpublished). This QTL is also found in some

species of Triticeae where it is referred to as Fr-1 (Galiba

Table 6 Extent of DArT markers’ polymorphism and effectiveness of genetic mapping

Fp presenta Fp polymorphic Fp mapped Lm presenta Lm polymorphic Lm mapped

DArTFestb 2,257 1,078 (47.8%) 149 (6.6%) 2,761 2,184 (79.1%) 530 (19.2%)

Fp mapped – – – 109 77 (70.6%) 20 (18.3%)

Lm mapped 287 146 (50.9%) 20 (7.0%) – – –

a Number of markers detected in at least one accession of particular species. Based on data collected by Kopecký et al. (2009)
b DArTFest array contains 7,680 probes derived from five species of Festuca–Lolium complex (Kopecký et al. 2009)
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et al. 2009). Figure 2 shows a comparative map between

LG4 in forage grasses and the syntenic relationship to the

Brachypodium chromosome 1. The existence of two Vrn1

paralogs in grasses (Preston and Kellogg 2007) complicates

the analysis of syntenic relationships. In rice, the two Vrn1

paralogs (also referred to as FUL1 and FUL2) are situated

on different chromosomes (Os03 and Os07), while both are

found on Bd1 in Brachypodium (Higgins et al. 2010).

Syntenic relationships between forage grass LG4 and both

regions with Vrn1 copies on Bd1 are revealed by blast

analysis of the significant DArT markers (Fig. 2). Markers

close to both Vrn1 paralogs were significantly associated

with freezing tolerance, and as many as nine significant

DArT markers were clustering close to the BdVrn1b/

FUL2. This strongly supports the notion that the significant

markers on Lm4 and Fp4 reflect the same underlying QTL

located close to the Vrn1 gene.

It has been debated whether the gene underlying Fr-1

QTL is directly involved in freezing tolerance or if FR-1

QTL is a pleiotropic effect of the vernalization response

gene Vrn1. Vrn1 is a transcription factor involved in the

transition from vegetative to reproductive phase in Pooi-

deae grasses (Cattivelli et al. 2002; Trevaskis et al. 2007).

Recently, polymorphisms in Vrn1 were shown to exhibit a

pleiotropic effect on freezing tolerance by directly or

indirectly affected expression of genes involved in the cold

acclimation pathway (e.g. CBF genes) (Dhillon et al.

2010). This might indicate that the DArT markers associ-

ated with freezing tolerance on LG4 in forage grasses are

linked to differences in the vernalization control rather than

differences in the ability to withstand freezing.

Another DArT marker associated with freezing toler-

ance (D560530) is mapped to central part of L. multiflorum

chromosome 2. As in case of chromosome 4, also this

chromosome was implicated to carry genes associated with

freezing tolerance. Using GISH, Kosmala et al. (2006)

identified hybrid Festulolium plants carrying terminal

F. pratensis segment on the short arm of L. multiflorum

chromosome 2 with increased tolerance. Moreover, Shin-

ozuka et al. (2006) mapped a glycine-rich RNA binding

protein putatively associated with freezing tolerance to the

long arm of L. perenne chromosome 2, and this could also

be a candidate QTL underlying the significant marker

on Lm2. Because the genetic position of centromere on

chromosome 2 is not known, we were unable to decide on

which chromosome arm the marker D560530 resides. The

last of DArT markers associated with freezing tolerance

(D560433) are mapped to F. pratensis chromosome 7,

about 1.5 cM proximal to the previously reported QTL on

Fp7 (Alm et al., unpublished).

High freezing tolerance in Festulolium hybrids is usu-

ally explained by F. pratensis introgressions carrying

desired alleles into L. multiflorum genomic background

(Kosmala et al. 2006). We used GISH to investigate

genomic constitution of Festulolium hybrids with the aim

to of detecting F. pratensis introgressions in L. perrenne

background. However, they were detected rarely in LFT

and HFT plants. This observation indicated that the

freezing tolerance is either not caused by F. pratensis

introgressions, at least in this particular case, or that the

introgressions were too small to be detected by GISH. This

study, however, revealed that several LFT plants were

tetraploid. A common notion is that polyploid plants have

improved stress tolerance compared to their diploid pro-

genitors (Jackson and Chen 2010, Zhang et al. 2010).

However, the tolerance to physical stress as freezing may

decrease. A tetraploid C2 population of F. pratensis was

shown to be less freeze tolerant and display a lower genetic

variation than the original diploid population (Larsen 1979,

1994). This is in agreement with our findings as the fre-

quency of tetraploid individuals was significantly higher in

(sub)population with low freezing tolerance. The Festulo-

lium FuRs0357 population was developed from crosses

between autotetraploid L. perenne and tetraploid or diploid

F. pratensis, with further backcrossing to diploid L. per-

enne for two generations. This scheme should result

in diploid hybrid plants with introgressed segments of

F. pratensis chromosomes. Tetraploid hybrid plants among

the BC2 progenies could have originated from unreduced

gametes of tetraploid L. perenne parent, and if this is the

case, they contain nearly pure Lolium genomes. It has been

observed that autotetraploid L. perenne has lower cold

tolerance than diploid L. perenne (Sugiyama 1998).

Conclusion

This work marks a significant advance in improving

genetic maps of important grass species F. pratensis and

L. multiflorum, which are also used frequently as parents to

develop increasingly popular hybrid Festulolium cultivars.

As the DArTFest array became available recently, we

chose to use DArT markers, because of high-throughput

and low cost per data point. Sequencing genetically map-

ped DArT markers not only revealed that a majority of

them originated from transcribed low- and single-copy

genomic regions, but also allowed to establish syntenic

relations with sequenced genomes of rice and Brachypo-

dium. All these resources and knowledge mark significant

step forward in analyzing genome structure and evolution

in important grass species and expand the range of

molecular tools available for breeding. Identification of

DArT markers associated with freezing tolerance may help

in elucidating molecular mechanisms underlying this trait

and contribute to the development of resistant varieties of

forage grasses.
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