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Abstract

To clarify the effects of the introduction of Festuca pratensis-derived genomic regions in a tetraploid Lolium perenne
genomic background, we analyzed quantitative trait loci (QTLs) for winter hardiness and eight other agronomic traits
using two mapping populations generated by sequential backcrosses of two different amphiploid F. pratensis x L. perenne
hybrids to tetraploid L. perenne. We constructed two interspecific linkage maps: FLBC2A (143 DNA markers, 301.2 ¢ctM
total) and FLBC2C (126 markers, 256.2 ¢cM), based on F. pratensis-derived alleles, with 72 markers in common. Interval
mapping detected QTLs for seven traits in FLBC2A and for six traits in FLBC2C. In both populations, QTLs for winter
hardiness with a positive effect of the £ pratensis allele were detected around common markers on linkage group (LG) 1.
In FLBC2A, other additional QTLs for winter hardiness with a positive effect of the F. pratensis allele were detected on
LG4 and LG5, and one with a negative effect was detected on LG2. In both populations, a QTL for heading date was
detected on LG7. Quantitative trait loci for vigor after planting and stubble width were detected on different LGs between
populations. Quantitative trait loci for dry matter yield before winter, plant growth habit, inflorescence length, number of
spikelets per inflorescence, and leaf width were detected in only one population. Population-dependent QTLs thought to
be involved in intraspecific variation in addition to interspecific one. On the other hand, QTLs found in the two different
populations could lead to the development of versatile markers for Festulolium breeding.
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Introduction

Festulolium refers to intergeneric hybrids generated
naturally or artificially from crosses between species of the
closely related genera Lolium and Festuca. Some hybrids
are used for forage in temperate regions. As Festulolium
hybrids often show complementary characteristics derived
from both species, grass breeders aim to work out the
optimal parental combinations to select progeny suitable
for their breeding objectives (Ghesquicre et al. 2010). In
Hokkaido, northern Japan, L. perenne and F. pratensis
cultivars are used mainly in pastures (Tamura ef a/. 2017).
For more than a dozen years, a breeding program designed
to combine the superior forage quality and palatability of L.
perenne with the excellent winter hardiness of F. pratensis
has been conducted in Hokkaido. In the Festulolium

breeding of F. pratensis x L. perenne, amphiploid hybrids
are generated from crosses of autotetraploids F. pratensis
(2n = 4x = 28) with L. perenne (2n = 4x = 28), followed
by several cycles of phenotyping and crossing. The
amphiploid hybrids can be used for further backcrossing
to parental species to generate introgression cultivars.
Information on quantitative trait loci (QTLs) for winter
hardiness and other agronomic traits involved in phenotypic
differences between Lolium and Festuca would be useful
for Festulolium breeding, for example for the introgression
of F. pratensis chromosome fragments carrying genes
involved in winter hardiness into L. perenne. Previous
studies revealed several Festuca-derived genomic regions
involved in winter hardinessorfreezing tolerance when
introgressed into the Lolium genome (Grennered et al.
2004, Kosmala et al. 2006, 2007, Humphreys et al. 2007,
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Tamura et al. 2017) by analyzing superior genotypes
selected from diploid introgression populations. To
more comprehensively search for QTLs throughout the
genome, a linkage mapping approach using progeny with
segregation of target traits derived from parents with
contrasting characteristics is needed. Linkage mapping was
used to search for QTLs of winter hardiness throughout
the genomes of L. perenne and F. pratensis (Yamada et al.
2004, Alm et al. 2011). QTLs found in the intraspecific
mapping population are not necessarily available in the
interspecific hybrids, and interspecific linkage mapping
approach is appropriate to obtain valuable information
for Festulolium breeding. As diploid Festuca *x Lolium
Fi hybrids are sterile (Ghesquicre et al. 2010), fertile
allotetraploid Festulolium hybrids should be used for
interspecific linkage mapping. However, such approach
has not been reported so far.

In theory, the first generation of the progeny of
allotetraploid £ pratensis x L. perenne hybrids backcrossed
to tetraploid L. perenne (BC,) is expected to have three sets
of L. perenne chromosomes and a single set of F. pratensis
chromosomes considering preferential homologous
chromosome pairing. However, some homoeologous
pairing and recombination, as evidenced in several studies
may result in a change in the proportion of chromosomes
from parental genomes (Zwierzykowski et al. 2008, Majka
et al. 2019, Kopecky et al. 2010). The second generation
afterbackcrossingtotetraploid L. perenne (BC,)is expected
to display frequent formation of intergenomic multivalents
during meiosis among the three L. perenne and one
Festuca homoeologous chromosomes and subsequently,
large extent of homoeologous recombinations (Kopecky
et al. 2008), resulting in the segregation of F. pratensis-
derived loci in the tetraploid L. perenne background.

The aim of this study was to clarify the effect of
the introduction of F. pratensis genomic regions in the
tetraploid L. perenne background throughout the genome
for future applications in Festulolium breeding. To find
QTLs with high versatility in breeding, two different
interspecific mapping populations generated from
L. perenne x (F. pratensis x L. perenne) backcrosses were
used for QTL analyses.

Materials and methods

Plants: We crossed two F, amphiploid Festulolium
genotypes, D5-2 and E6-2, derived from NARO breeding
materials generated from multiple crosses among tetraploid
F. pratensis x L. perenne F, hybrids that showed superior
winter hardiness in Hokkaido (unpublished data), as male
parents with tetraploid L. perenne cultivars as female
parents: D5-2 with a genotype from cv. Chinita and E6-2
with a genotype from cv. Pokoro. From the respective
BC, populations, we selected genotypes 10EC12 and
13EP4, which showed moderate to high freezing tolerance
(unpublished data) and crossed these with another
genotypes from cvs. Chinita and Pokoro, respectively. The
resultant BC, populations FLBC2A (n =164) and FLBC2C
(n=113) were used for the following QTL analyses.
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Genomic in situ hybridization (GISH) of BC, parents was
performed according to Akiyama et al. (2010) with slight
modifications. The GISH signals were detected by direct
labeling of genomic DNA of L. perenne with fluorescein-
12-dUTP and of F. pratensis with Texas Red-5-dUTP (both
stains from PerkinElmer, Billerica, MA, USA).

Phenotyping BC, populations: Plants of the two BC,
populations (FLBC2A and FLBC2C) and their parents,
raised in plastic nursery pots (5 X 5 X 5 cm) in a greenhouse,
were transplanted to the field nursery of the Hokkaido
Agricultural Research Center, NARO, Sapporo, Japan
(43° 00" N, 141° 25" E), on 22 August 2013. Three clones
of each genotype were planted at a spacing of 80 x 50 cm
in a randomized block design with a basal fertilization at
4.2 g(N) m?, 5.8 g(P,Os) m?, 4.2 g (K,O) m?. After the
snow had melted completely in each spring, inorganic
fertilizer was applied at the same rate as basal fertilization.
The first cut was made after the complete appearance
of at least three inflorescences per clone in all plants,
and the following cuts were made when the plant length
reached 30 - 40 cm, at a height of 7 cm above the ground,
followed by the application of a fertilizer [2.1 g(N) m?,
1.6 g(P,Os) m?, 2.1 g (K,0) m?]. The plants were cut on
18 June, 15 July, 8 August, 17 September, and 15 October
2014; and on 26 June, 15 July, 28 August, 16 September,
and 16 October 2015. Clones of all plants were phenotyped
for nine agronomic traits : vigor index after planting,
winter hardiness index (WHI), heading date, dry matter
before winter, plant growth habit, inflorescence length,
number of spikelets per inflorescence, leaf width, and
stubble width (Table 1 Suppl.). If a clone died for any
reason, heading date, growth habit, inflorescence length,
number of spikelets, leaf width, and stubble width were
not evaluated.

Genotyping and linkage mapping: We used three types
of PCR-based markers: Lolium/Festuca intron-flanking
markers (Table 2 Suppl.; Tamura et al., 2009, 2012) and
EST-SSR markers of Festuca arundinacea (Table 3 Suppl.,
Saha et al. 2004) and L. perenne (Table 4 Suppl., Studer
et al. 2010). For BC, genotyping, from 412 markers, we
selected markers associated with bands amplified in the
two F. pratensis genotypes used as parents of the F; hybrids
and in the BC, parents and not amplified in the L. perenne
parents used for backcrossing. Genotyping was performed
using agarose or acrylamide gel -electrophoresis as
described in Tamura et al. (2009, 2012, 2017). Amplified-
fragment-length polymorphism (AFLP) analysis using
12 combinations of primer sets were also performed on
a GenomelLab GeXP genetic analysis system (Beckman
Coulter, Brea, CA, USA) as described in its manual.
Fragments amplified in the F. pratensis parents and BC,
parents and not amplified in the L. perenne parents were
used as markers. Names of AFLP markers were based
on the 3’ terminal sequences of the two primers used for
the second amplification and the fragment length (shown



in Fig. 3). BC, parents were assumed to have one set of
chromosomes from F. pratensis and three from L. perenne.
To investigate the segregation of genetic loci derived from
F. pratensis in the BC, tetraploid population, we regarded
the marker type showing the F. pratensis-derived allele as
heterozygous and that not showing the F. pratensis-derived
allele as homozygous for L. perenne. Linkage analysis was
performed in JoinMap v. 4.0 software (Van Ooijen 2006).
The population type was set as “BC1” to make a linkage
map based on the segregation of F. pratensis-derived
alleles. Marker order and genetic distance were calculated
by a regression mapping algorithm with the Kosambi’s
mapping function with the logarithm of odds (LOD)
threshold = 10. Linkage group (LG) and direction were
based on the chromosome of the Lolium/Festuca intron-
flanking markers (Tamura et al. 2009) and GenomeZipper
data (Byrne ef al. 2015).

Analyses of QTLs was conducted by using the simple
interval mapping (SIM) procedure in MapQTL 6 software
(Van Ooijen 2009). Permutation tests (1000 iterations)
were performed to determine LOD threshold, and loci
with a LOD score above the threshold (P < 0.05) were
considered as significant QTLs. When multiple peaks in
SIM were detected in a single LG, multiple QTL mapping
(MQM) was conducted using the nearest markers to
the LOD peaks of QTLs in the SIM as co-factors. If all
multiple QTLs in a single LG disappeared in MQM, they
were regarded as a single QTL.

QUANTITATIVE TRAIT LOCI IN FESTULOLIUM HYBRIDS

Statistical analysis: Broad-sense heritability:

7 = o / (06 + o); o, and o’ are genetic and
environmental variances, respectively) was estimated
using the variance components calculated by analysis of
variance (ANOVA). One-way ANOVA was conducted on
genotypes having data of all three replications in each BC,
population. All statistical analyses were performed in JMP
9 software (SAS Institute, Cary, NC, USA).

Results

Compared with the L. perenne parents, the BC, parents
used to generate the BC, populations had superior vigor
after planting, superior winter hardiness, more dry matter
before winter, a longer inflorescence, more spikelets
per inflorescence, wider leaves, and wider stubble
(Table 5 Suppl.). In both BC, populations, significant
genotypic effects in all investigated traits (P < 0.001,
ANOVA) and wide variations in each trait (Table 5 Suppl.
and Fig. 1) were confirmed. The broad-sense heritabilities
of heading date were the highest among traits, 73 -
83 %, whereas those of WHI were lower, 41 - 68 %
(Table 5 Suppl.). Correlations between 2014 and 2015
ranged from 0.59 (WHI in FLBC2C) to 0.86 (inflorescence
length in FLBC2A).

After winter, disease caused by snow molds, mainly
Typhula ishikariensis, was detected in both populations.
After the first winter, all clones survived in both
populations, but after the second and third winters,
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Fig. 1. Distribution of winter hardiness index (1 - 9) of FLBC2A (4,B,C) and FLBC2C (D,E,F) populations in 2014 (4,D), 2015 (B,E),
and 2016 (C,F). Arrows show the bins, which include the parental values: Lp - Lolium perenne (female parent), BC, - amphiploid

Festulolium (Festuca pratensis * L. perenne) BC, (male parent).
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Fig. 2. Analysis of genomic in situ hybridization of BC, plants used as male parents to generate BC, mapping populations: 10EC12,
male parent of FLBC2A (4); 13EP4, male parent of FLBC2C (B). Orange signals are derived from the Texas red-labeled Festuca probe,
green signals are derived from the fluorescein-12-labeled Lolium probe. Arrows show F. pratensis-derived chromosomes, and a dotted
arrow shows a F. pratensis-derived chromosome fragment recombined with L. perenne-derived one.

15 and 69 clones (3.0 and 14.0 %) in FLBC2A and 12 and
38 clones (3.5 and 11.2 %) in FLBC2C died; the WHI of
these clones was evaluated as 1. After three winters, most
BC, genotypes had a lower WHI than their BC, parent
(Fig. 1C,F). Means of WHI decreased and SD increased by
year in both populations (Table 5 Suppl.). FLBC2A had a
lower WHI in all years than FLBC2C (P < 0.01, #-test).
The GISH analysis, which can discriminate between
Festuca- and Lolium-derived chromosomes, revealed
that 10EC12, the male parent of FLBC2A, had eight
F. pratensis-derived chromosomes and 20 L. perenne-
derived chromosomes (Fig. 24), and 13EP4, the male parent
of FLBC2C, had six F. pratensis-derived chromosomes
and 20 L. perenne-derived chromosomes (one of them
display translocation from F. pratensis) (Fig. 2B). There
might be more terminal translocations in both BC, parents,
but we could not confirm them clearly in this analysis.
Segregation analysis identified 143 markers in FLBC2A
and 126 markers in FLBC2C with dominant F. pratensis
alleles, which were grouped in six of the expected seven
LGs, with the exceptions of LG3 in FLBC2A and LG6 in
FLBC2C (Table 6 Suppl.). In FLBC2A, several markers
previously mapped on Festuca/Lolium LG3, including
Festuca/Lolium intron-flanking markers corresponding
to genes located on rice chromosome 1, showed the
F. pratensis marker type in most BC, individuals (data not
shown), indicating that the extra chromosome detected
by GISH was chromosome 3, corresponding to LG3. In
FLBC2C, one additional LG composed of four markers
was formed at LOD 9 but broke at LOD 10, set as the
threshold in this study. This LG included Os02g57160,
ACT-CTC 324, and ACC-CTA_285, mapped on LG6 in
FLBC2A (Fig. 3), indicating that the partially recombined

F. pratensis-derived chromosome fragment originated
from chromosome 6.

Significant distortion of segregation was seen on LG1 of
both populations and on LG4 of FLBC2A (Table 6 Suppl.).
In a comparison between maps, a significant difference in
the F. pratensis-derived allele ratio at marker loci was seen
only on LG1 (y* = 7.2068, P = 0.007; chi-squared test).
The total length and mean intervals of the linkage maps
were 301.2 and 2.2 ¢cM in FLBC2A and 256.2 and 2.1 ctM
in FLBC2C (Table 6 Suppl.; Fig. 3). The two populations
had 72 markers in common with a generally consistent
genetic order (Fig. 3).

Interval mapping detected QTLs for seven of the
nine traits in FLBC2A and for six traits in FLBC2C
(Table 7 Suppl.; Fig. 3). QTLs for WHI with a positive
effect of the F pratensis allele were detected around
markers NAF073 and NAF075 on LG1 in both FLBC2A
(2015) and FLBC2C (2015 and 2016). In FLBC2A, other
QTLs for WHI with a positive effect of the F. pratensis
allele were detected on LG4 in 2014 and on LG5 in 2015,
and one with a negative effect was detected on LG2 in
2015. A QTL for heading date was detected on LG7 in
both populations, but only in one year each. QTLs for
vigor index after planting and stubble width were detected
on different LGs between FLBC2A and FLBC2C. QTLs
for plant growth habit, inflorescence length, number of
spikelets, leaf width, and dry matter before winter were
detected in only one population.

Discussion

To construct linkage maps based on the segregation of

Fig. 3 (on the next page). Quantitative trait loci related to winter hardiness and other agronomic traits in the amphiploid Festulolium
BC, mapping populations FLBC2A (4) and FLBC2C (C). Vertical bars - 1.5-logarithm of odds (LOD) support intervals; A - first (solid
line), second and third (broken line) LOD peaks. Diagonal lines connecting 72 common marker loci indicate a genetic linearity between
the maps. DM - dry matter before winter; GH - plant growth habitat; HD - heading date; IL - inflorescence length; LW - leaf width; SN
- number of spikelets per inflorescence; SW - stubble width; VI - vigor index after planting; WHI - winter hardiness index. Numbers 13

to 16 show years when the traits were evaluated (2013 to 2016).
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the presence/absence of F. pratensis-derived alleles, we
generated two populations by two subsequent backcrosses
of allotetraploid F. pratensis % L. perenne to autotetraploid
L. perenne. BC, parents used for the second backcross
were disomic at F. pratensis chromosome 3 (FLBC2A)
or had Lolium/Festuca chromosome rearrangement on
chromosome 6 (FLBC2C), so each population had six out
of the seven expected LGs, omitting LG3 in FLBC2A and
LG6 in FLBC2C. If the BC, parent had one complete set
of F pratensis chromosomes and three sets of L. perenne
chromosomes without any homoeologous recombinations,
seven LGs would be constructed in one segregating
population. By combining the two populations, we
could perform QTL analysis of the whole genome. Even
allowing for the lack of one LG, the total map lengths of
FLBC2C (301 cM) and FLBC2A (257 cM) were shorter
than those of previous intraspecific genetic linkage
maps: in L. perenne, 811 cM of ILGI (Jones et al. 2002),
490.4 cM of VrnA (Jensen et al. 2005), 628 cM of F2/
WSC (Turner et al. 2006), and 804 cM of Xtg-ART (Studer
et al. 20006); and in F. pratensis, 581.5 and 602.3 cM of
B14/16xHF2 (Alm et al. 2003). Generally, a short map
length is attributed to a low recombination frequency if
enough markers are used. Although fewer markers were
used to construct our maps than those mentioned above
except for VrnA, we believe that our maps are adequately
saturated since they are constructed mainly from intron-
flanking markers homologous to rice genes dispersed
across the rice genome (Tamura et al. 2009). Moreover,
all genetic distances between commonly mapped SSR
markers on the same LG were shorter in our populations
than in the L. perenne consensus linkage map (Studer et al.
2010; data not shown); e.g., genetic distances between
G04 034 and G06_089 in LG4 were 10.7 cM in FLBC2A
and 13.3 ¢cM in FLBC2C, but 59.9 ¢cM in the L. perenne
map. Therefore, our results suggest that the frequency
of homoeologous recombination between F. pratensis
and L. perenne chromosomes is lower than that of
homologous recombination in each species. Kopecky
et al. (2008) reported that in monosomic introgression of
individual F. pratensis chromosomes in an autotetraploid
L. multiflorum background, the choice of a homologous or
homoeologous partner at meiosis was completely random.
On the other hand, F. pratensis monosomic introgression
lines in a diploid L. perenne background had significantly
fewer L. perenne/F. pratensis recombinant chromosomes
than expected on the basis of chiasma frequency on
chromosomes 2, 4, 5, and 6, although they had more
on chromosome 1 (King et al. 2013). Therefore, in a
tetraploid L. perenne background, some mechanism that
reduces the frequency of homoeologous recombination
might occur during meiosis. Significant segregation
distortion was found in both populations along the entire
LG1 with high frequency of F. pratensis-derived alleles.
This phenomenon was reported in progeny of a triploid
hybrid backcrossed to diploid L. perenne (King et al. 2013,
Tamura ef al. 2017), and so may be common in Lolium/
Festuca hybrids.

We observed large variations in WHI in the Festulolium
BC, populations, and identified QTLs for WHI on LGs
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1,2, 4, and 5. Except for QTLs on LG2 in FLBC2A, the
direction of the effect of QTLs was positive when the
allele were derived from F. pratensis, which has superior
winter hardiness to L. perenne. QTLs on LG1 seem to be
more reliable than the others because they were detected
around common genetic markers in both populations. A
QTL for WHI on LG4 detected after the first winter was
located at the same maximum LOD position as the QTL
for vigor index after planting before the first winter with
positive effects of the F. pratensis allele. Thus, this locus
might be only involved in vigor of the plants and the
detection of the WHI QTL was affected by the vigor of
the plants. Harper et al. (2018) reported that monosomic
introgression of F. pratensis chromosome 4 into diploid
L. perenne improved plant vigor (increased tiller number,
shoot growth, and root growth), also supporting this
hypothesis. QTLs on LG2 in FLBC2C for vigor after
planting and dry matter before winter detected after the
planting year seem also to be involved in plant vigor, with
a positive effect of the L. perenne allele. The second LOD
peak of the QTL for WHI on LG5 detected in FLBC2A
was located near the intron-flanking EST marker position
homologous to 0s09g34970, which lies about 30 kb from
the CBF/DREB gene cluster (OsDREBIA, OsDREBIB,
OsDREBI1H) onrice chromosome 9 (Mao and Chen 2012).
CBF/DREB genes encode the most important transcription
unit involved in cold acclimatization in plants (Nakashima
and Yamaguchi-Shinozaki 2006). In the Triticeae, a
conserved QTL related to low-temperature tolerance, Fr-
2, assigned to the long arm of homoeologous group 5, was
linked to the CBF/DREB gene cluster (Vagujfalvi et al.
2003, Francia et al. 2004, Miller et al. 2006, Tondelli et
al. 2006). Zhu et al. (2014) and Wiirschum et al. (2017)
reported that polymorphism or copy number variation
of CBF/DREB genes at the Fr-A2 locus is an essential
component of freezing tolerance and winter survival
in wheat. In L. perenne, a CBF/DREB gene cluster was
identified in the syntenic genomic region on chromosome
5 (Tamura and Yamada 2007). In F pratensis, QTLs for
winter survival and freezing tolerance were found near
the CBF/DREB locus (Alm et al. 2011). Although further
detailed genetic mapping around this genomic region
is required, these results suggest that CBF/DREB is a
candidate locus responsible for the difference in winter
hardiness between F. pratensis and L. perenne.

We also detected QTLs for other agronomic traits.
Several studies reported heading-date QTLs on LG7 of
L. perenne (Armstead 2004, 2005, Byrne et al. 2009),
as we found in both populations here. Candidate genes
for these QTLs include putative orthologs of genes for
regulation of flowering time - LpFT3 (Hd3) and LpCO
(HdI) - whose allelic variation contributes to variation in
flowering time in L. perenne (Armstead et al. 2004, 2005,
Martin et al. 2004, Sket et al. 2011, Fé et al. 2015). From
the collinearity between rice and Lolium/Festuca and the
map positions of rice orthologous markers Os06g04280
and Os06g16350, the LOD peak of the QTL for heading
date in FLBC2A seems to lie between the rice loci Hd3
(0s06g06320) and Hdl (0s06g16370), and that in
FLBC2C seems to lie closer to Hd!I than to Hd3. Further



detailed analysis using a candidate gene approach could
clarify the genomic basis of these QTLs.

Festuca pratensis used in this study have wider
leaves than the L. perenne (unpublished data). A QTL
for leaf width was detected on LG7 in FLBC2A, with
a positive effect of the F. pratensis allele. We could not
judge whether this QTL has an additive effect due to the
presence of an F. pratensis-derived genomic region or a
dominant effect due to heterosis owing to the constitution
of our mapping populations. Inflorescence (spike) length
and spikelet number per inflorescence are important
components of seed yield (Abel ef al. 2017). Byrne et al.
(2009) identified coincident QTLs for heading date, spike
length, and spikelets per spike on LG4 in L. perenne. We
found QTLs for inflorescence length and spikelet number
per inflorescence near the QTL for heading date on LG7 in
FLBC2A, suggesting a relationship between heading date
and seed yield components.

The proportion of variance explained by the QTLs
detected here ranged from 6.6 to 15.8 %, comparable to
those in QTL analyses of intraspecific populations. We
used linkage maps based on only the presence/absence of
F. pratensis alleles, so QTLs derived from the variation
in L. perenne alleles in the tetraploid background cannot
be observed. Therefore, the total variance of QTLs in
this study might be not as small as suggested. Despite
the interspecies approach, however, the moderate QTL
effects found here suggest a close evolutionary distance
between the two species, as discussed by Harper et al.
(2018), who did not find clear positive, negative, or even
destructive effects of Festuca introgression in a genome-
wide sub-chromosomal introgression population except
for the positive effect on plant vigor mentioned above. We
detected many QTLs in only one population, although we
have to take into account that the lower number of QTLs
in FLBC2C when compared to FLBC2A may be due to
the lower statistical power with a smaller population size
(n =114 in FLBC2C vs. n = 164 in FLBC2A). Moreover,
in genomic regions where F. pratensis introgression in
L. perenne affected agronomic traits in previous studies,
we did not necessarily detect QTLs; for example a QTL for
winter hardiness with a positive effect of the F. pratensis
region in L. perenne found on LG7 in the same nursery as
in our study (Tamura et al. 2017) was not detected here.
These suggest that these QTLs do not necessary determine
phenotypic differences between the two species and are
involved instead in intraspecies variation.

In conclusion, we identified QTLs associated with
F. pratensis-derived genomic regions introduced into the
tetraploid L. perenne background. QTLs depending on
intraspecific variation or those with negative effects of
F. pratensis introgression suggest that breeders should
regard Festuca introgression into Lolium as the expansion
of variation in the gene pool rather than as a unidirectional
improvement in phenotypic performance. On the other
hand, identification of QTLs with positive effects of
F. pratensis alleles, especially commonly found in two
different population such as those for winter hardiness,
could lead to the development of markers with high
versatility in Festulolium breeding.

QUANTITATIVE TRAIT LOCI IN FESTULOLIUM HYBRIDS
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