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Summary

Perennial ryegrass (Lolium perenne L.) is the most important grass species for temperate grassland agriculture.
The level and distribution of genetic variation in gene bank ecotype collections is still largely unknown but of
great interest for the planning of breeding programs. The objectives of this study were to (i) assess the molecular
diversity of Polish ecotypes of perennial ryegrass, and (ii) compare the relationship between this group and German
ecotypes and European cultivars investigated previously. A total number of 166 polymorphic marker bands were
detected among the 171 individual plants of the 9 Polish ecotypes. In a joint analysis with 9 Polish and 22 German
ecotypes, and 22 European cultivars 172 polymorphic RAPD markers could be found. Genetic distance among the
Polish ecotypes ranged from 0.31 to 0.51, while for all 53 populations a broader range was detected (0.25–0.67). An
analysis of molecular variance (AMOVA) revealed a much larger variation within populations (71%) than among
them (29%). The Polish ecotypes contained the highest within population variation (74%). The largest among group
difference (15%) was found between the Polish ecotypes versus all other accessions. We conclude that the Polish
ecotypes represent a valuable genetic resource for enlarging the genetic variation in the West European germplasm
pool of perennial ryegrass.

Introduction

Perennial ryegrass (Lolium perenne L.) is the most im-
portant grass species in temperate climates of the world.
It is extensively cultivated for forage and amenity pur-
poses in Northwest Europe. Perennial ryegrass is a
diploid species (2n = 2x = 14) with a two-locus self-
incompatibility system, which ensures a high degree of
genetic variation in populations. Days to flowering is
a prominent example for the large variation present in
this species with a range of 35 days from the earliest to
the latest flowering population. Populations generally
show a substantial overlap in their distribution for quan-
titative traits. At the beginning of commercial plant
breeding, grass breeders collected their base materials
from permanent grassland and developed new cultivars
via intra-population improvement using phenotypic

selection. Since the 1970s, commercial grass breed-
ing was intensified and breeders collected ecotypes
in various regions of Northwestern Europe. Moreover,
breeding materials from various sources, including cul-
tivars were intercrossed. With a few exceptions, culti-
vars from the descriptive list of cultivars in Germany
share a common gene pool (Bolaric et al., 2005a).

At present large collections of ecotypes are stored
in gene banks. So far, only part of this material has
been characterized for those traits being of interest
to breeders. Because of this fact, breeders prefer to
undertake their own collection trips rather than use
gene bank accessions (personal communications from
various breeders). Instead of maintaining thousands of
accessions in gene banks, it was suggested by Brown
(1989) to extract ca. 10% of the accessions into “core
collections” which would cover most of the variation.
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From a practical point of view, it would be more real-
istic to assess a core of less than 100 populations com-
pared to thousands of accessions. For plant breeding
purposes, it was suggested to pool accessions according
to “ideotypes” (Guy et al., 1989; Paul, 1989). In prac-
tice, time of flowering is the most important character
for the grouping of germplasm to establish germplasm
pools. Following this approach, Paul et al. (1994) estab-
lished pre-breeding populations from a large collection
of Polish ecotypes.

Description and classification of perennial ryegrass
cultivars and ecotypes has been mainly based on mor-
phological traits or isozymes (reviewed by Fernando
et al., 1997). Assessment of genetic diversity with
molecular markers is a promising alternative. Molec-
ular characterization can also be re-applied after years
of maintenance and new accessions can be related to
existing collections. Moreover, molecular characteri-
zation of genetic diversity provides a base information,
which can be used to select a promising range of ac-
cessions for different breeding programs (Roldan-Ruiz
et al., 2001). Molecular DNA markers such as Random
Amplified Polymorphic DNA (RAPD; Huff, 1997;
Bolaric et al., 2005a) and Amplified Fragment Length
Polymorphism (AFLP; Roldan-Ruiz et al., 2001) have
been used for diversity and identification studies in
perennial ryegrass cultivars. Only few studies investi-
gated the molecular genetic diversity among perennial
ryegrass ecotypes (Cresswell et al., 2001; Skøt et al.,
2002; Ghesquiere et al., 2003). A comparison between
cultivars and ecotypes of perennial ryegrass was
published recently (Bolaric et al., 2005b).

The objectives of this study were to (i) assess
the molecular diversity of Polish ecotypes, and (ii)
compare their relationship with German ecotypes and
European cultivars of perennial ryegrass.

Material and methods

Plant materials

Three groups of perennial ryegrass (Lolium perenne L.)
materials (Table 1) were investigated: The 9 Polish pre-
breeding populations trace back to a collection of Pol-
ish ecotypes from the gene bank at Radzikov/Poland.
About 32,000 individual plants (800 accessions with
40 plants each) were surveyed for various agronomic
traits. According to the time of flowering 9 groups
from early to very late were formed, and the 100 best
performing plants of each group were intermated and

Table 1. Description of 9 ecotypes from Poland, 22 ecotypes origi-
nating from North (N), Middle (M) and South (S) of Germany, and
22 European cultivars of perennial ryegrass

German Ecotypes European Cultivars Polish Ecotypes
code genebank # abbreviation name code genebank #

N1 GR 5097 Abe Aber Elan P3N GR 3403

N2 GR 5111 Ara Arabella P4N GR 3409

N3 GR 5114 Ari Arion P5N GR 3423

N4 GR 5110 Cal Calibra P6N GR 3437

N5 GR 5099 Fen Fennema P7N GR 3452

N6 GR 5100 Gre Gremie P8N GR 3453

N7 GR 5113 Lih Lihersa P9N GR 3455

N8 GR 5091 Lim Limes P10N GR 3457

N9 GR 5092 Lip Lipondo P11N GR 3460

N10 GR 5098 Liv Livonne

N11 GR 5101 Lor Loretta

N12 GR 5102 Lpr Liprinta

M1 GR 5093 Lps Lipresso

M2 GR 5109 Lrt Lorettanova

M3 GR 5104 Mar Marika

M4 GR 5103 Mat Matura

S1 GR 5105 Moy Moy

S2 GR 5094 Sir Sirius

S3 GR 5106 Syn Synthetic

S4 GR 5107 Vig Vigor

S5 GR 5095 Wei Weigra

S6 GR 5108 Yat Yatsyn

once more multiplied for performance trials (Paul et al.,
1994). Seed samples were kindly supplied by Willner
from the German gene bank in Malchow/Poel. The 22
German ecotypes originated from North (N), Middle
(M), and South (S) of Germany (Bolaric et al., 2005b).
A set of 22 cultivars of perennial ryegrass originating
mainly from European breeding companies (Bolaric
et al., 2005a) were used for comparison with the two
groups of ecotypes.

From seed lots of all accessions, plants were grown
and leaves collected for DNA isolation.

DNA isolation
Genomic DNA was isolated from a total of 1100 indi-
viduals as described previously (Bolaric et al., 2005a).
The presence of high-molecular weight genomic DNA
was verified using 0.8% agarose gel in 0.5× TBE
buffer. The DNA resuspension was diluted to a con-
centration of 2 ng DNA/µl and used for RAPD-PCR
amplification.
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DNA amplification
DNA amplification was carried out with six Operon
primers (Roth GmbH) as previously described (Bolaric
et al., 2005a). Amplified DNA products were separated
on a 1.4% agarose gel in 0.5× TBE buffer, stained with
ethidium bromide, visualized on a UV transillumina-
tor, photographed and digitalized. RAPD marker bands
within the range of 300–1800 bp were scored for pres-
ence or absence.

Statistical analysis

Modified Rogers’ distance
Modified Rogers’ distance (MRD) was calculated as
described previously (Bolaric et al., 2004) and is based
on 19 individuals for each of the 53 populations:

dRAPD
i j

√
[�(Yia − Y ja)2]

A

where Yia and Y ja denote the frequency of a band “a”
in populations i and j, and summation is over 172 poly-
morphic loci that will be explained later (a = 1, 2. . .A,
with A = 172). In this case, MRD is proportional to
the Euclidean distance on band frequencies. MRD was
computed with SAS (SAS 1990).

Cluster and principle coordinate analyses
The distance matrices were used as input data for clus-
ter analysis based on unweighted pairgroup method of
arithmetic averages (UPGMA) and to perform a prin-
ciple coordinate analysis (PCoA) with the NTSYS-pc
software program (Rohlf, 1998).

AMOVA
An analysis of molecular variance (AMOVA) was car-
ried out using the ARLEQUIN 1.1 software (Schneider
et al., 1997). The level of significance for variance com-
ponent estimates was determined by non-parametric
permutation procedures using 1000 permutations.

Results

Degree of polymorphism and genetic distance

A total number of 166 polymorphic marker bands were
detected among the 171 individual plants of the 9 Pol-
ish ecotypes. In the joint analysis of all ecotypes and
the European cultivars, 172 polymorphic bands were
used (Table 2). The additional bands in the joint anal-
ysis originated from the European cultivars. Genetic

Table 2. Analysis of molecular variance (AMOVA) for 9 Polish eco-
types (PL) in comparison with a group of 22 German ecotypes and 22
European cultivars (D) of perennial ryegrass each with 19 individuals
based on 172 RAPD marker bands

Source of Variance Percentage P-
variation df SSD∗ component of variance value

Among groups 1 989 3.07 15 <0.001
(PL vs. D)

Among 51 5973 5.52 27 <0.001
populations

Within 954 11669 12.23 58 <0.001
populations

Among D 43 5047 5.56 32 <0.001
populations

Within D 792 9248 11.67 68
populations

Among PL 8 927 5.31 26 <0.001
populations

Within PL 162 2421 14.95 74
populations

∗Sum of squared deviations.

distance (GD) among the Polish ecotypes ranged from
0.31 to 0.51. GD for all 53 accessions was much broader
(0.25–0.67). In the dendrogram (Figure 1) based on
MRD, P3N was the most distant accession and clus-
tered separately from all other populations. Besides two
main clusters, several subclusters were formed.

Molecular variance

The molecular variance among the group of cultivars
and German ecotypes accounted for only 2% of the
variation and thus were regarded as one group (Bolaric
et al., 2005). The variance among this joint group and
the Polish ecotypes accounted for 15% of the variation
(Table 2). The molecular variance within populations

Figure 1. Association among 9 Polish ecotypes of perennial ryegrass
revealed by UPGMA clustering based on modified Rogers’ distance
(MRD) calculated from 166 RAPD markers.
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was higher within Polish ecotypes (74%) as compared
to the joint group (68%). In a previous study it was
discovered (Bolaric et al., 2005) that ecotypes from
Middle and South Germany were not significantly dif-
ferent from each other, and thus can be classified as one
group or germplasm pool. Comparing this pool with
ecotypes from North Germany, a significant difference
of 4% of the variance could be detected.

Principle coordinate analysis (PCoA)

In the joint PCoA of the molecular data of 22 European
cultivars, 22 German and 9 Polish ecotypes, the first
(PC1) and second principle coordinate (PC2) explained
9.19 and 4.49% of the total molecular variation of all
53 populations (Figure 2). PC1 clearly separated the
Polish ecotypes from all other accessions. Ecotypes
from Middle and South of Germany were mainly
assigned to quadrant IV, whereas the Northern group
was distributed among quadrants III and IV. The most
distinct ecotypes N6 and N11 were separated from
all other North German Accessions by PC2, and were
located in quadrant III. Most cultivars clustered in
quadrants III and IV with a substantial overlap with
the German ecotypes.

Figure 2. Association among 9 Polish ecotypes, 22 German ecotypes, and 22 cultivars of perennial ryegrass revealed by principal coordinate
analysis (PCoA) based on modified Rogers’ distance (MRD) calculated from 172 RAPD markers.

Discussion

Genetic resources in perennial ryegrass

Permanent grassland in Europe provides breeders with
a wealth of variation in perennial ryegrass. Grass breed-
ers took advantage from this opportunity and created a
large number of cultivars. In 2002 a total of 111 cul-
tivars were on the German descriptive list of varieties
(BSA 2002) compared to only 27 in 1972. Further-
more, over 100 cultivars for amenity purpose have been
bred in this time period. During the past 40 years a
large acreage of old permanent grassland in Germany
was re-sown with new cultivars (Posselt, 2000). Con-
sequently, a large number of ecotypes have been ousted
and replaced by more uniform cultivars. To reduce the
habitat risk special collections have been undertaken
in Great Britain (Humphreys, 2003). However, in the
broadest sense, cultivars too, are genetic resources. Uti-
lization of gene bank accessions by breeders is very
restricted due to the poor characterization of these ge-
netic resources and a widening gap between improved
and unimproved materials (Humphreys, 2003). In per-
formance trials comparing ecotypes with a range of
cultivars, German ecotypes yielded only 5% less than
cultivars (Posselt and Willner, unpublished data), while
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unadapted ecotypes from South-East Europe yielded
10% less (Feuerstein, personal communication).

Until 1990, breeders had little access to ecotypes
from East European countries. This material enlarges
the available germplasm pool in Western Europe. Traits
like winterhardiness or drought tolerance are expected
to be present in perennial ryegrass from these regions.
The improvement of winterhardiness was the main ob-
jective for the establishment of the pre-breeding popu-
lations from Polish ecotypes (Paul, 1989).

Molecular genetic diversity

In this study, 53 populations each with 19 individual
plants were investigated with six RAPD primers result-
ing in 172 polymorphic markers. Compared with the
ecotypes, cultivars were slightly more polymorphic.
This is probably due to the fact that breeding mate-
rial from other geographic areas was included in the
germplasm pool of the investigated cultivars. Genetic
distance (GD) among populations ranged from 0.25
(Gremie vs. N7) to 0.67 (Limes vs. P10N). Among the
Polish ecotypes (Figure 1) the range in GD is smaller
(0.31–0.51) than among the German ecotypes or the
cultivars.

Based on the three groups of accessions, a struc-
tured AMOVA was applied to the dataset. The largest
fraction of variation was found within populations
(71%) and a smaller variation among populations
(29%), which is in accordance with an ecotype study
in fescue (Kölliker et al., 1999), and is expected for an
allogamous species. The Polish ecotypes displayed the
highest within population variation (74%) which re-
flects their genetic composition. They are pre-breeding
populations rather than single ecotypes (Paul et al.,
1994). Cultivars and German ecotypes were rather sim-
ilar (Bolaric et al., 2005b).

In an AFLP marker study of 80 perennial rye-
grass ecotypes originating from 17 European countries,
Ghesquiere et al. (2003) detected 93.8% of the variation
within ecotypes. The high number of markers, but also
the small sample size could explain this high percent-
age of within accession variation. Differences among
accessions within countries accounted for 3.6% and
among the 17 countries for only 2.5% of the total vari-
ation. This low variation among countries could lead to
the conclusion that there is a meta-population of peren-
nial ryegrass in Europe. However, due to diverse eco-
logical conditions, a variety of diverse subpopulations
evolved.

In the PCoA graph (Figure 2) based on RAPD data,
the first two dimensions accounted for 13.68% of the
total variation. This was sufficient to group the Pol-
ish ecotypes separately from all other accessions. The
overlap in molecular diversity between cultivars and
German ecotypes in the graph is striking. Furthermore,
it can be concluded, that the Polish germplasm pool was
not yet exploited in West European cultivar breeding.

Germplasm pool structure and utilization

According to the results of this study, German and Pol-
ish ecotypes can be divided into two major groups
based on RAPD markers. Furthermore, two distinct
groups among the German ecotypes could be identified
(Bolaric et al., 2005b). These divergent groups corre-
spond to possible germplasm pools. However, it still
needs to be shown, whether these germplasm pools are
heterotic groups in the sense that crosses among them
would give a positive heterotic response for important
traits. For quantitative characters such as yield, het-
erotic response is expected to increase with the parental
genetic distance (Melchinger, 1999). Following this
assumption, maximal heterosis could be expected by
crossing ecotypes from Poland with genetically distant
ecotypes from either North or South Germany. Among
the cultivars, only few are known to trace back to single
ecotypes (Feuerstein, personal communication). Most
new cultivars were generated from different source ma-
terials and, therefore, no clear clustering among culti-
vars was possible. The molecular characterization of
populations and elite materials could be a useful pre-
screening method in a breeding program to fully exploit
existing diversity and to maximize heterosis in newly
developed cultivars.

For selection, breeders are interested in marker trait
associations. However, genetic diversity pattern for
molecular markers does not necessarily reflect that for
morphological and physiological traits of agronomic
importance. In a previous study (Bolaric et al., 2004)
the morphological data of an ecotype collection were
only weakly associated with the molecular distances
(r = 0.10). Similar results were reported by Roldan-
Ruiz et al. (2001) for AFLP and STS molecular markers
also in perennial ryegrass. These authors argued, that
AFLPs are neutral markers not being linked to genes
underlying the phenotypic traits. However, it could be
shown by Skøt et al. (2002) using AFLP markers, that
particular band combinations were closely associated
with frost tolerance. A novel analytical approach that
may be helpful is based on linkage disequilibrium (LD)
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in natural populations (Humphreys, 2003). In grass
breeding where natural populations are available, this
approach could be a valuable alternative to mapping
populations. Another new technology are SNP mark-
ers to study allelic variation. So far, little information
has been generated in grasses (Humphreys, 2003), but
this approach seems promising for the future.
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