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Abstract Molecular markers based on restriction frag-
ment length polymorphism (RFLP) were used to con-
struct a genetic linkage map in diploid meadow fescue,
Festuca pratensis Huds. (2n = 2x = 14, genomic desig-
nation PP), and to compare its genomic relationship
with a related species, hexaploid tall fescue (Festuca
arundinacea Schreb.; 2n =6x =42, PPG;G;G,G,).
Using a collection of 66 tall-fescue (heterologous)
markers, an RFLP linkage map was constructed in F.
pratensis. This map, which has a total length of
280.1 cM, includes seven linkage groups. A comparison
of 33 markers that were mapped in both F. pratensis
and F. arundinacea detected highly conserved linkage
groups between these two species. Our data are consis-
tent with the proposal that one of the genomes of F.
arundinacea was derived from F. pratensis. However,
since significant changes in marker sequences, map
distances, and homoeologous linkage groups were also
detected between the two species, it appears that the
P genome diverged substantially during evolution from
the diploid to the hexaploid Festuca.
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Introduction

The detection of RFLPs in plants has permitted genetic
mapping to be accomplished at the molecular level. As
a result, detailed linkage maps have been constructed in
many plant species. While rapid and significant pro-
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gress has been made in most crop species (Bernatzky
and Tanksley 1986; Bonierbale et al 1988; McCough et
al. 1988; Chao et al. 1989; Song et al. 1991), molecular
maps have been constructed in only a few forage spe-
cies such as Medicago sativa L. (Brummer et al. 1993)
and Festuca arundinacea Schreb. (Xu et al. 1995). An
informative RFLP linkage map is useful in analyzing
the structural organization of genomes (Berhan et al.
1993), locating and cloning agriculturally important
genes such as those conferring disease resistance
(Martin et al. 1993), generating physical maps of speci-
fic chromosomes through in situ hybridization using
DNA markers (Werner et al. 1992; Wanous and Gus-
tafson 1995), and improving the agronomic attributes
of the crop plant by marker-assisted selection. In addi-
tion, comparative RFLP mapping of related species has
the potential of providing significant insights into the
evolution of plant genomes (Ahn and Tanksley 1993;
Huang and Kochert 1994).

The objectives of the present research were two-fold:
first, to develop an RFLP linkage map in meadow
fescue, a diploid (2n = 2x = 14) cool-season forage
grass species, grown mainly in the temperate zone of
Europe (Sleper and Buckner 1995); and secondly, to
assess the evolutionary relationship of meadow fescue
with the hexaploid (2n = 6x = 42) tall fescue (F. arun-
dinacea var. genuine Schreb.). Tall fescue, which is culti-
vated worldwide, serves as an important source of
forage in the USA, Canada, Australia, North Africa
and some parts of Europe (Borill et al. 1976; Sleper
1985).

Both meadow fescue and tall fescue belong to the
genus Festuca, and a number of studies have suggested
a close genomic relationship between them. Based
largely on morphological characteristics and the pres-
ence of chromosome pairing (meiotic bivalents) in
F. arundinacea x F. pratensis F; hybrids (Chandra-
sekharan and Thomas 1971; Sleper 1985), the diploid
genome (PP) of F. pratensis has been proposed as
one of the progenitors of the hexaploid genome
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(PPG1G:1G,G,) of F. arundinacea. This hypothesis is
further strengthened by recent studies involving
RFLPs and genomic in situ hybridization between the
two species (Xu and Sleper 1994; Humphreys et al.
1995).

Despite the widespread use of meadow fescue in
agriculture, this species lacks useful genetic markers,
and, as a result, no genetic map is available for meadow
fescue. This deficiency prompted us to develop an
RFLP linkage map for this forage crop, which we have
constructed with the aid of tall-fescue RFLP markers
already available in our laboratory (Xu et al. 1995). In
addition, these molecular markers have allowed us to
compare and contrast the genomic organization of
meadow fescue with that of tall fescue.

Materials and methods
F, mapping population

A total of 56 F, individuals that served as the mapping population
were derived by self-pollinating a single F'; hybrid plant from a cross
between two genotypes of diploid F. pratensis, 307.1-1 and 309.1-2.
The crossing of these two parents was accomplished through man-
ual emasculation and pollination. The resulting 18 F; seeds were
harvested when still young and germinated on Murashige and
Skoog (MS) medium (pH 5.7) to form a large clonal population from
each Fy, followed by transplanting the F; plants in the field from
September to December to accomplish vernalization. Plants were
then moved to the greenhouse and four out of 18 F; plants were
randomly chosen to generate the F,s. Before anthesis, each Fy plant
was placed in isolation in a different greenhouse room and forced to
self-pollinate by employing emasculation and multiple pollination.
The efficiency of seed set ranged from 1.2 to 16.5% in the four
F, plants. One of the plants yielded 216 F, seeds, 98 of which were
planted and randomly selected to generate the final F, mapping
population of 56 plants.

DNA clones and RFLP detection

The heterologous RFLP markers used in this study were originally
isolated to construct an RFLP map in tall fescue; their isolation
from a PstI-genomic DNA library has been described previously (Xu
et al. 1991). A total of 267 clones were randomly chosen from
the library but all P-genome-specific probes were selected to
screen for polymorphism. These RFLP clones were designated with
a prefix (TF) and a laboratory number. The procedures for genomic
DNA isolation, restriction-enzyme digestion, electrophoresis,
Southern blotting, probe preparation and labeling, hybridization,
and washing have been described elsewhere (Chen et al. 1995). To
maximize the detection of polymorphism between the parental
stocks of F. pratensis, six different restriction enzymes, BamHI,
EcoRl, EcoRV, HindIll, Sstl and Xhol, were used individually in
this study.

Genetic map construction

Multipoint maximum-likelihood linkage analysis was performed
using Mapmaker version 2.0 of Dupont (Lander et al. 1987) on
a Power Macintosh 7100/66AV computer. The suspected linkage

group for co-dominant markers was established by two point/group
functions at a minimum LOD = 3.0 and maximum theta = 0.40. An
initial marker order for each linkage group was determined using the
three point/first order command. The LOD table command was
then used to select a core of six to seven markers that were not
closely linked but possessed high LOD scores. A multipoint max-
imum-likelihood core map was generated using the compare com-
mand. Markers, which were associated with the linkage group
established previously by the Group command, were then added to
the core map using the Try command. After each Try, the map was
checked with the Ripple command to confirm the best order with the
new marker. It was found that the Ripple command showed a value
of —3.0, or less, for all adjacent triplets. After all 55 co-dominant
markers were mapped, 15 dominant (presence/absence) markers
were analyzed. Finally, the map was run through the Drop Marker
command; however, localized distortions in marker distance were
not found. The Show Raw data command was run to check for
double crossovers. Autoradiographs were re-examined for markers
with double crossovers. Recombinant frequency was converted to
centiMorgans (cM) using the Haldane mapping function (Haldane
and Waddington 1931).

Results
Polymorphism

Overall, a high level of polymorphism between the two
parental genotypes of F. pratensis was detected using
heterologous tall-fescue clones. Of 267 probes em-
ployed, an average of 77.5% (207) hybridized to F.
pratensis DNA, of which 49.4% (132) detected poly-
morphism with one or more enzymes. Only slight dif-
ferences were observed in the ability of each of the six
restriction enzymes to produce polymorphisms, which
varied from 26.8 (Sstl) to 34.5% (EcoRI). Through
a combination of EcoRI and Hindlll, two relatively
inexpensive enzymes, tall-fescue RFLP probes detected
41.2% of the polymorphisms present in the two parents
of F. pratensis used in this study. For reasons that
remain unexplained, DNA digested by BamHI usually
exhibited stronger hybridization signals during South-
ern analysis than did the DNA digested with SstI or
Xhol.

Segregation in the F,

Of the 70 RFLP loci mapped, 26 (37.1%) showed
segregation distortion, evident as a deviation from
the expected progeny ratios of 1:2:1 for co-dominant
loci or 3:1 for dominant loci when tested by chi-
square analysis (P < 0.05, Table 1). Heterozygotes were
favored at approximately 70% (18 of 26) of the loci
with skewed segregation. Only 19% (4 of 26) were
highly skewed to favor male homozygotes. No signifi-
cant distortion was found toward the female genotype.
What caused these RFLP loci to segregate unevenly
in the progeny remains to be determined, possibly
it was due to self-incompatibility or inbreeding
depression.
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Table 1 F. pratensis RFLP loci with skewed segregation ratios (B:H:A)

Linkage Locus Ratio Linkage Locus Ratio Linkage Locus Ratio
group (B:H:A) group (B:H:A) group (B:H:A)
Toward H (heterozygote)

1 tf07 10:38:7 1 tf32A 10:38:7 I tf65 11:38:7
1 tf168 10:38:7 1 tf189 11:38:7 I tf50 4:33:19
11 tf151 3:36:17 v tf01 1:54:1 1AY tf96 3:52:1
v tf140 2:53:1 10Y tf153 5:44:7 10Y tf215 1:54:1
v tf223L 1:54:1 v t£249 1:54:1 1AY tf504B 2:53:1
v tf520 5:49:2 VI tf219 2:35:19

Toward A (male parent)

VI tf32B —:—28 VI tf44 3:25:28 VI tf130 —:—:36
VI tf198 1:17:38 VI tf542 —:—:38

Toward A and H

11 tf45 3:33:20 11 tf124 3:32:21 I tf543 3:33:20
VI tf74A 5:30:21

Meadow-fescue map

Out of the 70 RFLP markers mapped using an
F, population of 56 plants, four did not exhibit linkage
with any marker, and therefore were not used in the
construction of the map (Fig. 1). The other 66 markers
allowed the meadow-fescue genome to be divided into
seven linkage groups with a total length of 280.1 cM
(Table 2, Fig. 1). On average, each linkage group had
9.4 loci with a separation of 4.2 cM between adjacent
loci. The longest was linkage group VI with ten loci
spanning 70.8 cM. Only two loci were placed on link-
age group VIL

Only seven RFLP markers represented duplicate loci
and, except for tf358, which mapped to two separate
locations in linkage group VI, all duplicate RFLP
markers mapped to different linkage groups. Duplicate
loci mapped to five out of the current seven linkage
groups of F. pratensis.

A total of eight markers that displayed dominant
inheritance were mapped in this study. Except for the
dominant marker TFI83, which caused a significant
alteration of marker distance, and therefore was dis-
carded, all other dominant markers were mapped
(Fig. 1).

Map comparison of F. pratensis with F. arundinacea

A comparison of RFLP markers that could be localized
in both the F. pratensis and F. arundinacea linkage
maps showed the presence of highly conserved linkage
groups between these species. Of these 33 common
markers mapped in both species, 70% (23) were located
in corresponding linkage groups in F. pratensis and F.
arundinacea. Eight of the nine common markers that
mapped to linkage group I in F. pratensis were present

in the corresponding linkage group 1 a of F. arun-
dinacea. Although conservation of linkage to this ex-
tent was not observed in other linkage groups, large
blocks were obviously retained in linkage groups 11, 111,
and IV of F. pratensis and their counterparts in F.
arundinacea. However, even in regions that are conser-
ved among the two species, one difference was apparent
— the extent of linkage between markers. On average,
distances between adjacent markers were greater in the
F. arundinacea map (6.6 cM) than in the F. pratensis
map (3.4 cM). Of the six probable homoeologous link-
age groups, marker distance was increased in three,
decreased in one, and remained relatively similar in the
remaining two linkage groups in F. arundinacea
(Table 2).

The linear arrangement or order of loci within
conserved linkage blocks of F. pratensis and F. arun-
dinacea, while remaining unchanged for some
markers, was substantially rearranged for others. For
example, common markers in four pairs of linkage
groups, I/1 a, 1I/2 ¢, III/3 b and IV/4 ¢ are nearly
co-linear. However, markers of linkage group VI of F.
pratensis are completely rearranged in F. arundinacea.
Three common markers, TF74B, TF235 and TF199B,
of linkage group VI of F. pratensis are located in three
different linkage groups of the F. arundinacea map
(Fig. 2).

By using a set of 22 polymorphic markers mapped in
conserved linkage groups from both species, we also
assessed evolutionary changes in the copy (band) num-
ber of markers among these species (Table 2). A change
in copy number between the two species was observed
with 77% (17/22) of the probes, with 13 (72%) detecting
a higher copy number in F. arundinacea than in F.
pratensis. On average, the copy number of these
markers increased from 2.4 in F. pratensis to 4.1 in F.
arundinacea.
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Fig. 1 RFLP-based genetic map of F. pratensis. Linkage groups are
represented as thick vertical lines, with their number being indicated
at the top. Names of markers are on the right. Distances are given in
centiMorgans (cM) using the Haldane mapping function and are
shown to the left of the thick vertical lines. Duplicated loci detected
with same probe are labeled with uppercase letters, A or B. Symbols
* and # denote markers with distorted segregation ratios and
dominant markers, respectively

Discussion
Comparison of meadow-fescue and tall-fescue genomes

One objective of this study was to determine the degree
of genomic conservation between meadow fescue and
tall fescue. A number of studies have reported the close
genomic relationship of F. pratensis with tall fescue.
The initial evidence largely emerged from the morphol-
ogy of F; plants between these species and chromo-
some pairing behavior in their hybrids (Malik and
Thomas 1967). Recent results of RFLP comparisons
and genomic in situ hybridization between the two
species have supported the hypothesis that F. pratensis
may be the donor for the P genome of tall fescue (Xu
and Sleper 1994; Humphreys et al. 1995).
Genome-specific probes were identified on the basis
of their Southern hybridization with DNA from two
progenitor species, diploid F. pratensis and tetraploid
F. glaucescens, of tall fescue (Xu et al. 1991). P-genome-
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Table 2 Comparison of common loci and suspected homoeologous
linkage groups detected in F. pratensis (F.p.) and F. arundinacea
(F.a)

Linkage group Mapped No. of bands Ave. cM of
———— common adjacent loci
F.p. F.a. loci F.p. F.a. _
F.p. F.a.
I la 8 14 28 3.8 10.6
II 2b 4 8 16 3.5 43
111 3b 3 6 9 22 9.0
v 4c 3 5 15 0.0 2.4
\% 19 2 12 13 11.6 0.8
VI 2a 2 7 9 2.0 2.6
Weighted mean 3.7 2.4 4.1 34 6.6

specific probes only hybridized to DNA of F. pratensis
and was mapped on group I'V of meadow fescue and on
Sa of tall fescue. However, none of 14 G; or
G, genome-specific probes was mapped on the
P genome of meadow fescue. Comparative RFLP map-
ping between the F. pratensis and F. arundinacea
genomes has shown the presence of highly conserved
linkage groups and marker sequences, thereby provid-
ing further evidence that the ancestor of the P genome
in the hexaploid F. arundinacea may be the diploid
meadow fescue. Because a number of rearrangements
have also been detected in the location of a number of
RFLP markers, and marker distance has also generally
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Fig.2 Comparison of RFLP-based genetic maps between meadow
fescue and tall fescue based on the meadow-fescue linkage groups.
The co-linearity of markers between these two species is shown by
dashed lines across suspected homoeologous linkage groups

increased in tall fescue relative to meadow fescue, the
results suggest that the P genome has evolved in the
hexaploid tall fescue since its acquisition from the di-
ploid meadow fescue. It is apparent from a comparison
of the two maps that some of the changes that may
have contributed to the evolution of the P genome may
be brought about by gross chromosomal rearrange-
ments (Devos et al. 1993).

Cytogenetic analysis based on predictive mathemati-
cal formulae to quantify relationships between
genomes of different species also predicted that the
perennial ryegrass genome was more closely related to
one of the tall-fescue genomes than to the other two
(Kleijer 1984). Our comparative mapping study is also
compatible with this prediction; not only was there
a conserved P genome between F. pratensis and F.
arundinacea, but most of the linkage groups from the
P genome were closely related to those from the other
two genomes, G; and G,, of F. arundinacea (Fig. 2).
Compared to the tall-fescue map, linkage group I of F.
pratensis has a close relationship to 1a, 1b, and 1c of tall

fescue (Xu et al. 1995), suggesting the relatedness of P to
G; and G,. Close relationships among P, G; and
G, explain why more than seven bivalents sometimes
formed in 4 x F. pratensis x F. arundinacea hybrids.

The three genomes, P, G; and G,, of tall fescue have
complicated chromosomal relationships. G; can some-
times pair with G,. Even though P is distantly related
to either G; or G,, pairing between P and G; or
G, also occurs (Jauhar 1993; Sleper 1995). This is
validated by the genome mapping of tall fescue.
Homoeologous chromosomes were found to share high
levels of linkage similarity (Xu et al. 1995). Compara-
tive mapping between tall fescue and meadow fescue
further confirmed this relationship. For instance, link-
age group I of meadow fescue not only had a high level
of sequence conservation with linkage 1a of tall fescue,
but also shared some similarity with homoeologous
groups 1b and 1c (data not shown).

Implications for Festuca breeding and genome
evolution

The high degree of linkage conservation observed be-
tween the genomes of meadow fescue and tall fescue
indicates that it should be possible to begin uniting the
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genetics and breeding of the Festuca species, and it is
likely that most DNA markers can probably be used
interchangeably between them with the purpose of sat-
urating RFLP maps. These RFLP markers should be
useful for tagging genes for important traits, such as
high palatability and digestibility, contributed by the
F. pratensis genome.
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