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Preface

Dear Festulolium community,

one hundred years have passed from the first reported artificial hybridization of 
fescues with ryegrasses and development of the first man-made hybrid, later on 
named Festulolium. The attempts at interspecific hybridization were not original. 
In those days, it was well known that species of these two genera can cross with 
each other and produce hybrids. However, these hybrids were sterile and ap-
peared to represented an evolutionary dead-end. Only after the implementation 
of biotechnology techniques in the 1960’s, such as induced polyploidization and 
embryo rescue, breeders succeeded in the development of fertile tetraploid hy-
brids. Since then, synthetic Festulolium hybrids have been developed in numer-
ous breeding programs and some were released as cultivars. The original idea to 
combine agriculturally beneficial traits, such as yield and nutrition from ryegrass 
with stress tolerance from fescues, has turned into reality, as for some traits and 
in some locations Festulolium cultivars outperform their parental species. As 
such, they became a valuable part of grass mixtures and found their place in seed 
marketing. Over the years, Festulolium cultivars have become popular among 
farmers and growers, and their acreage has gradually increased. Predictions of 
future climate open new utilization of Festulolium hybrids. A higher probability 
of adverse events in the near future, such as flooding and periods of drought and 
heat during summer, calls for the development of new genotypes to withstand 
such conditions and mitigate the effect of these abiotic stresses. Enormous vari-
ability of Festulolium and the potential to combine traits from various species is 
envisaged as the main drive of Festulolium breeding for future conditions. 

Apart from their breeding value, Festulolium hybrids came into focus of plant 
evolutionary biologists and geneticists due to their unique features. Chromo-
somes of the parental species pair and recombine in the hybrids, generating 
highly heterogeneous progeny. At the same time, parental chromosomes can 
be “painted” by in situ hybridization with labeled DNA probes and thus, allow 
tracking of individual chromosomes in the progeny. These two features opened 
the way to broaden our knowledge on the principles of meiotic chromosome 
pairing, evolution of hybrid genomes and competition and collaboration of two 
distinct genomes in a single organism. Moreover, several studies increased our 
understanding of the transmission and regulation of specific traits from one 
species into the other.

In 2019, we decided to compile a special issue of Biologia Plantarum entitled 
“Festulolium – from the nature to modern breeding”. This special issue contains 



viii

14 articles, including eleven original research papers and three reviews, which 
are focused on genetics, ecology, physiology, biotechnology and the breeding 
value of Festulolium and various species within the Festuca-Lolium complex. As 
a follow-up, we resolved to publish this special issue as a book, to commemorate 
the anniversary of first targeted Festulolium hybridization. Apart from the papers 
published in the special issue of Biologia Plantarum, we also include two ad-
ditional articles and an Appendix to show the beauty of our amazing crop. One 
of these articles, by Z. Zwierzykowski and D. Kopecký provides a brief history 
of the Festulolium research and breeding and as nearly a complete bibliography of 
Festulolium as possible, while the other, by D. Kopecký, lists all combinations of 
parental species generated in the development of Festulolium hybrids. 

We would like to thank all the authors for submitting such a broad range of 
interesting papers. We are grateful to all reviewers for providing critical feedback, 
which greatly helped to improve the quality of the manuscripts. Special thanks 
go to the authors of wonderful photos and figures, which are included in the 
Appendix. Finally, we would like to express our gratitude to our sponsors and 
home institutions for a great support, which made publishing this book available. 

We wish you good reading and enthusiasm and energy in your future research 
and breeding of our beloved grass. 

David Kopecký and Arkadiusz Kosmala

Editors
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Festulolium, a century of research and breeding and its 
increased relevance in meeting the requirements for 
multifunctional grassland agriculture

M.W. Humphreys1* and Z. Zwierzykowski2

Abstract

Festulolium are grasses formed through interspecific hybridisation of ryegrass (Loli-
um) and fescue (Festuca) species. The Lolium-Festuca genome complex represents a 
vast array of heterogeneous and largely outbreeding grass species that have evolved, 
diverged, and adapted, allowing their world-wide colonisation of temperate grass-
lands. While strategies for grass improvement have focused primarily on intraspecific 
breeding and, in particular, on the agronomically desirable species Lolium perenne 
and Lolium multiflorum, a growing interest has emerged in interspecific hybrids as 
alternatives. The principal driver has been the increased appreciation of the capabil-
ity of wide hybridisation to extend phenotypic variation beyond the ranges available 
within a single species. Lolium and Festuca species share complementary and desir-
able traits, and the prime aim in Festulolium (Festuca × Lolium) cultivar development 
has been to combine the agronomic performance of Lolium and the stress resistance 
of Festuca species. Advances in Festulolium development are timely, and support 
strategies aimed at delivering a more sustainable future for livestock agriculture, with 
grass cultivars that are persistent and productive. Festulolium hybrids occur naturally, 
including examples that demonstrate extreme heterosis with adaptations sufficient to 
sustain growth in harsh conditions. However, they are largely sterile and their perpetu-
ity depends mainly on vegetative propagation. Synthetic Festulolium hybrids suitable 
for plant breeding require genome stability and fertility, sufficient for a cost-effective 
seed production. To this end, suitable amphiploid and introgression-breeding ap-
proaches have been developed. Herein, we provide detailed selected highlights in 
the research and breeding of Festulolium. In addition, recognising the multifunctional 
properties of grasslands and the development of enabling technologies that permit 
their study, we review additional benefits likely to accrue from Festulolium that may 
mitigate climate change effects and provide valuable ecosystem services.

Submitted 3 May 2020, last revision 13 July 2020, accepted 14 July 2020.
Abbreviations: GISH – genomic in situ hybridisation; GM – genetic modification; QTL – quantitative trait 
locus.
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conditions.

Introduction

In an agricultural context, the species deemed most suitable for use as live-
stock fodder reside within the Lolium-Festuca complex and are: Italian ryegrass 
(L. multiflorum Lam., 2n = 2x = 14), perennial ryegrass (Lolium perenne L., 2n 
= 2x = 14), meadow fescue (F. pratensis Huds., 2n = 2x = 14), and tall fescue 
(F. arundinacea Schreb., 2n = 6x = 42). These Lolium and Festuca species of-
fer a range of complementary agronomic traits, such as high nutritive value of 
ryegrasses, and persistency and stress tolerance commonly associated with the 
fescues (Thomas and Humphreys 1991). These attributes can be combined in 
interspecific hybrids and genotypes with greatest potential advanced through 
breeding programmes with novel cultivars later assessed for their suitability for 
inclusion in agricultural systems.

The Festuca genus contains around 600 species (Cheng et al. 2016) and is the 
largest within the Poaceae family and comprise a series from diploid (2n = 2x = 
14) to dodecaploid (2n = 12x = 84) (Clayton and Renvoize 1986, Loureiro et al. 
2007). Species within the Festuca genus are widely distributed and combine a 
diverse range of edaphic and climatic adaptations. The Lolium genus comprises, 
in contrast to Festuca, only ten species, and all are diploid (2n = 2x = 14) (Jauhar 
1993, Cheng et al. 2015).

Intergeneric hybrids between species of the Lolium and Festuca genera are 
termed Festulolium and include hybrids that may have evolved naturally, but 
also increasing numbers as synthetic hybrid cultivars including some with novel 
genome combinations, all generated through the use of conventional plant breed-
ing technologies.

Prior to 2004, there were strict limitations to the widespread marketing and 
commercial use of Festulolium cultivars within the European agricultural con-
text. This was a consequence of certain European Union directives (66/401/EEC 
and 92/19/EEC), whereby marketing of grass cultivars under the Festulolium 
label was restricted to just a single Lolium and Festuca species combination. This 
hybrid, also found naturally, and classified as Festulolium braunii (K. Richter) 
A. Camus, derives from cross-pollination of Lolium multiflorum Lam. (Italian 
ryegrass), a highly productive biennial forage grass, and Festuca pratensis Huds. 
(meadow fescue), its close relative, a more resilient perennial species, but inferior 
to the ryegrass in its forage quality.

Subsequent to 2004, and in recognition that previously EU regulations had 
prevented commercial exploitation of alternative and promising Lolium spp. × 
Festuca spp. hybrids, a more inclusive definition was agreed. This amended EU 
directive (2004/55/EC) enabled all Lolium/Festuca species combinations with 
potential value for use in agriculture to be developed and marketed as Festulo-
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lium. The changes arose following research outcomes undertaken as part of an 
EU FPV Programme funded as SAGES (QLRT 30764). The project included use of 
a range of alternative species’ combinations with traits deemed suitable for crop 
production tailored to contrasting European locations and growth conditions. 
SAGES research was undertaken by a consortium of leading European-based 
Festulolium researchers, supported by commercial partners based in the UK, 
Poland, France, and Norway, and its objectives endorsed by additional allied 
EU grass seed companies. The redrafted definition for Festulolium embraces in 
a much more effective manner, the full range of opportunities presented to plant 
breeders following access to the vast array of genetic and phenotypic variation 
present within the Lolium-Festuca genome complex.

The recognition that Lolium and Festuca species hybridise naturally has al-
lowed commercial exploitation of Festulolium to proceed in Europe without 
the constraints applied to other crops that rely on genetic modification (GM) 
technologies to introduce or enhance expression by a chosen trait.

For this review, some key highlights are provided in Festulolium research and 
breeding. However, while in part retrospective, the review aims to highlight some 
recent novel findings and scopes suggestions for future targets for Festulolium 
research and breeding. These can be achieved through incorporation of the latest 
high-throughput genomic-assisted breeding (e.g., Kole et. al. 2015), combined 
with phenomic technologies to screen target traits (e.g., for improved root ar-
chitecture and ontogeny; Marshall et al. 2016). Through a targeted “designer-
breeding” approach, specific Lolium/Festuca species combinations can be created, 
aimed at specific traits deemed appropriate for “climate-smart” strategies relevant 
to location for intended use and to specific function requirements. For example, 
the provision of sustainable yields of high-quality fodder will depend on whether 
the crop has the necessary resilience sufficient to withstand an abiotic stress it is 
likely to encounter (Humphreys et al. 2012, Macleod et al. 2013). Breeding targets 
should become more holistic in order to encompass whole ecosystems, and in 
so doing, agricultural systems can then be developed that provide efficient win/
win scenarios (Humphreys et al. 2014a). For example, it is entirely feasible to 
provide sustainable, healthy, and efficient fodder for livestock, while alongside 
also mitigating some of the worst scenarios of climate change (e.g., combat-
ing incidents of flooding; Macleod et al. 2013). While many of the ecosystem 
services likely to benefit from cultivation of Festulolium relate to their root/soil 
interactions, others emanate from their foliar properties and their interactions 
as feed for livestock. There is growing evidence that certain novel Festulolium 
hybrids are capable of delivering better efficiencies in protein use by ruminants 
than currently provided by existing grass cultivars (e.g., Humphreys et al. 2014b, 
Kamau et al. 2020).
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Development of forage grass breeding using 
Lolium, Festuca, and Festulolium

The concept that genotypes selected from heterogeneous and primarily obli-
gate outbreeding species should be selected on the basis of their phenotypes, 
and those having advantageous trait expression be inter-crossed and advanced 
through plant breeding programmes in cultivar development, dates back a hun-
dred years. The plant breeding approach may have lacked finesse, and has some-
times been described as “crossing the best with the best, and hoping for the best”, 
but nevertheless, it has been largely successful.

With a few exceptions e.g., L. temulentum, and F. microstachys, that as in-
breeding species, have largely entered an evolutionary cul de sac, the majority 
of species within the Lolium/Festuca complex are outcrossing, in unison pro-
viding a vast resource of diverse allelic and phenotypic variants. These variants 
collectively convey alternative edaphic and climatic adaptations which, by in-
corporating the latest screening technologies, can be selected and advanced in 
breeding programmes. New high-throughput genotype and phenotype selection 
technologies provide greater reliability in trait selection across generations. Their 
use often circumvents costly, lengthy, and frequently unreliable field trials during 
cultivar development.

Over the years of forage grass breeding, there has been progression in per-
formance, with successive cultivars demonstrating ever-increasing agronomic 
gain, providing largely cost-effective, healthy, and sustainable livestock fodder. 
Grassland agriculture frequently does not compete to any significant extent with 
standard cropping systems as grass cultivars are particularly well adapted to 
growth on marginal land, areas deemed unsuitable for alternative crop produc-
tion, such as cereals. In such marginal areas, grasslands provide a vital contribu-
tion in the support of frequently fragile rural economies. The ryegrasses, and in 
particular perennial ryegrass (L. perenne) and Italian ryegrass (L. multiflorum), 
considered optimal providers of forage of high nutritive value for livestock, are 
unfortunately susceptible to severe winter and/or summer stresses. Where abiotic 
stresses are encountered regularly, more resilient grass species are often used 
including timothy (Phleum pratense L.) and cocksfoot (Dactylis glomerata L.). 
Fescue species may also be used, in particular the broad-leaved fescues such as 
meadow fescue (F. pratensis Huds.), and tall fescue (F. arundinacea Schreb.), the 
close relatives of ryegrass (Humphreys et al. 2006b).

The Welsh Plant Breeding Station (WPBS), which in 2019 celebrated its cen-
tenary was at the forefront in the development of grass and clover cultivars, with 
the first perennial ryegrass cv. S23 released in 1931 (Humphreys et al. 2006b). For 
many subsequent years, equivalent breeding approaches were practised widely 
across Europe, the Americas, Asia, and Australasia, involving species and hy-
brids with adaptations tailored to their end-user and location. In general, plant 
breeding procedures were based on recurrent selection of individual plants or 
their half-sib families (Humphreys et al. 2006b). Initial advances were accelerated 
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significantly in the UK following the end of the World War II, when the need 
for food self-sufficiency was recognised as a major driver and was considered 
essential to future national security (Stapledon and Davies 1948).

As with ryegrass, Festulolium research dates back at least 100 years. Even as 
long ago as 1790, suggestions were made for possible progenitors for the natu-
rally occurring Festulolium species, Festulolium loliaceum (Hudson) P. Fournier 
(Jenkin 1924, 1933). Clearly, from the infancy of grass breeding, researchers 
 recognised the potential value of interspecific Lolium/Festuca hybrids. This view 
has steadily gained strength, and now is widely accepted (Essad 1964, Thomas 
and Humphreys 1991). The benefits are particularly evident in situations where 
it is deemed necessary to extend the range of genetic diversity and plant adapta-
tion beyond that available within a single grass species.

Heterosis has long been recognised as advantageous, and is frequently dem-
onstrated amongst Festulolium hybrids, where it is evident by the plant vigour, 
competitive capabilities, and adaptations to stresses. In permanent grasslands, 
triploid and diploid cytotypes of Festulolium loliaceum (L. perenne × F. pratensis) 
grow well on waterlogged soils where the performance of the parent species was 
often suboptimal (Gymer and Whittington 1973, Humphreys and Harper 2008). 
Extreme examples of heterosis have been observed at high altitudes in Alpine 
meadows where naturally occurring triploid hybrids between F. pratensis (2x) 
and F. pratensis subsp. apennina (De Not.) Hegi (4x) demonstrate remarkable 
growth and vigour (Boller and Kopecký 2020). Generally, naturally occurring 
Festulolium hybrids have little or no male or female fertility (Humphreys and 
Harper 2008, Kopecký et al. 2016), and rely to a large extent on vegetative propa-
gation. Using F. pratensis subsp. apennina as an example, a capability to hybridise 
and to form hybrids with closely-related species growing in their close proximity 
provides opportunities for novel genome combinations and plants that frequently 
thrive in harsh mountain habitats where their complementary or additive traits 
provide them a selective advantage. Over the millennia, events involving Lolium 
and Festuca species that have generated advantageous genome combinations 
through species’ hybridisation, and provided them a selective advantage, have 
become fixed, and may further led to speciation. Whilst the Lolium genus com-
prises only diploid species, the Festuca genus if far larger and more complex, and 
includes many species that have evolved following interspecific hybridisation. For 
such species to evolve from interspecific hybrids, it is necessary that they acquire 
fertility. This was achieved by chromosome doubling, and led to the creation of 
a polyploid series in the Festuca genus. Chromosome doubling in fescue species 
is thought to have arisen largely as a consequence of unreduced gametes formed 
by their constituent parent species, during meiosis (Kopecký et al. 2016). Chro-
mosome doubling within hybrids not only provided fertility, but also enabled 
advantageous genome complements having been assembled during hybridisation 
to be retained over generations, in perpetuity. This is achieved through sets of 
homologous chromosomes in fescue hybrid species pairing at meiosis in a pref-
erential manner as intraspecific homologous chromosome associations. These 
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segregate during gamete formation so that all constituent genome complements 
are maintained and transferred into subsequent generations.

Amongst polyploid fescues, the most studied is tall fescue, F. arundinacea 
(6x). A detailed cytological study involving genomic in situ hybridisation (GISH) 
(Humphreys et al. 1995) showed that it evolved following hybridisation of F. pra-
tensis (2x), endemic to northern and western Europe, and F. arundinacea var. 
glaucescens (4x), a grass species indigenous to southern Europe with adapta-
tions to Mediterranean climates. The hybridisation of the two fescue species, 
and subsequent intermediary events that enabled genome duplication, led over 
the millennia to the speciation of hexaploid F. arundinacea Schreb. (tall fescue). 
Genome interactions between the constituent genomes of tall fescue provided 
it with considerable adaptive plasticity and tolerance to contrasting temperature 
extremes and water availabilities. 

Detailed genetic studies demonstrated that the strict homologous intraspe-
cific chromosome pairing practised by tall fescue led to diploid-like meiosis 
and disomic inheritance (Lewis et al. 1980) ensuring the advantageous species’ 
combinations were always maintained. Jauhar (1975) proposed that in addition 
to structural affinities that encouraged preferential homologous chromosome 
pairing in tall fescue and related polyploid fescue species, this property was 
supported further through the activity of a genetic chromosome pairing control 
regulator. Jauhar (1975) proposed the regulator in the fescues to be hemizygous 
ineffective, so that subsequent to hybridisation with another species it becomes 
non-functional, which would then permit homoeologous chromosome recom-
bination to proceed unhindered and enable interspecific genetic transfers.

The broad-leaved fescues regularly employed in Festulolium research and 
breeding (Ghesquière et al. 2010a, b) belong to Festuca subg. Schedonorus and 
comprise two geographical lineages, the African clade (F. mairei, F. arundinacea 
subsp. atlantigena, and F. arundinacea var. letourneuxiana), and the European 
clade (F. pratensis, F. arundinacea, F. pratensis var. apennina and F. arundinacea 
var. glaucescens) (Torrecilla and Catalan 2002). An unknown diploid progenitor 
species is believed to be the source of the chromosome pairing regulator and 
to be common and central to speciation events within the European and most 
likely the African Schedonorus clade. It is speculated that this species contributed 
a common genome to F. pratensis var. apennina, F. arundinacea var. glaucescens 
and F. arundinacea (Kopecky et al. 2016).

All species from the European clade, with the exception of F. pratensis var. 
apennina, have been involved in the Festulolium cultivar development, but from 
the African clade, so far only F. mairei has been so involved. Breeding successes 
using F. mairei were reported initially by Chen and Sleeper (1999), and later by 
Humphreys et al. (2014b, 2018) who developed cv. AberRoot, which recently 
gained entry onto the 2020 UK National List.

Humphreys (1989) was the first to describe the use of a pentaploid L. multi-
florum × F. arundinacea (2n = 5x = 35) hybrid as part of a backcross-breeding 
programme aimed at transferring F. arundinacea traits into Lolium. Humphreys 
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and Ghesquière (1993) later demonstrated the efficacy of the procedure using a 
polyallelic isozyme marker capable of discriminating isoalleles at orthologous 
chromosome sites on each of the five constituent genomes in the pentaploid 
hybrid. They demonstrated different frequencies in recombination rates between 
the Lolium and Festuca homoeologous chromosomes carrying the marker. In-
trogression of alleles from tall fescue into ryegrass favoured chromosome trans-
fers from the F. pratensis genome more than from those of F. arundinacea var. 
glaucescens (a more distant relative). The research was the first to demonstrate 
conclusively that all three tall fescue genomes were accessible for gene transfers 
into ryegrass, and that a pentaploid hybrid between L. multiflorum and F. arun-
dinacea was an effective starting point for introgression breeding programmes 
involving these species.

It has been long recognised that knowledge of the taxonomical and evolu-
tionary relationships among species within the Lolium-Festuca complex would 
aide species selection and guide the strategy for interspecific plant breeding pro-
grammes. The complex phylogenetic relationships of Lolium and Festuca spe-
cies and their grass relatives have been studied repeatedly by many researchers. 
Species’ hybrids were studied, initially using morphological traits and also their 
cytological behaviour (e.g., Malik and Thomas 1966, Borrill et al. 1980). The 
cytology was later given significant support through the use of genomic in situ 
hybridisation (GISH) technologies (e.g. Thomas et al. 1994, Zwierzykowski et al. 
1998, 2008, Canter et al. 1999, Kopecký et al. 2005). The application of GISH to 
mitotic and meiotic chromosome spreads of interspecific hybrids contributed 
new understanding of genome constitutions (e.g., Humphreys et al. 1995), and 
opportunities to physically locate the DNA of large chromosome translocations 
(>1 kb). By integrating cytogenetic and phenotypic studies, researchers were 
able to locate several quantitative trait loci (QTL) that governed expression of 
important traits, such as drought tolerance on chromosome 3 (Humphreys and 
Pašakinskienė 1996).

More detailed understanding of phylogenetic relations within the Lolium-
Festuca complex was made possible by the applications of chloroplast (e.g., Cheng 
et al. 2016), nuclear DNA markers (e.g. Stammers et al. 1995), rDNA nucleo-
tide sequence analysis (e.g., Torrecilla and Catalàn 2002), and markers such as 
sequence related amplified polymorphism (SRAP) (Cheng et al. 2015). More 
broadly, these studies provided understanding of relationships with other grass 
and cereal crop species within the Poaceae, and permitted comparative studies 
of genome organisation and function (e.g., Yamada et al. 2005, Armstead et al. 
2007).

Species classification and the nomenclature used within this review have been 
employed consistently over the last century and appear regularly in publications 
by most European researchers, including those by the current authors, and are 
also used widely elsewhere (e.g. in Cheng et al. 2016). The term Festulolium 
conforms to specific EU directives and is applied to all ryegrass/fescue hybrid 
cultivars, irrespective of their species derivation, and is used in their commercial 
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marketing. As a consequence, it would seem unlikely, that a change to the cur-
rent nomenclature, will be forthcoming in Europe. However, it should be stated 
that the above species’ nomenclature, classification and use are not consistently 
applied world-wide. In particular, in the USA, any reference to Lolium and Fes-
tuca species are usually replaced by alternative nomenclature and incorporated 
regularly on certain databases. It was suggested that the broad-leaved fescues 
in subgen. Schedonorus should better be included within Lolium (Darbyshire 
and Warwick 1992). The suggestion arose despite the obvious differences in the 
inflorescence morphology between ryegrasses and fescues, the fescues having 
open panicles and the ryegrasses with compact spikes. Other taxonomists have 
suggested a split of the subgen. Schedonorus into an independent genus, Schedo-
norus (e.g. Sorreng and Terrell 1997). In order to assist in their cross-reference, 
those fescue species used most frequently in Festulolium breeding (see Table 1 
Suppl.) are listed below with some (but not all) of their alternative nomenclature. 
Meadow fescue (Festuca pratensis) is Lolium pratense (Huds.) Darbysh, or Sche-
donorus pratensis (Huds.) P. Beauv. Tall fescue (F. arundinacea) is Lolium arun-
dinaceum (Huds.) Darbysh., or Schedonorus arundinaceus (Schreb.) Dumort.

A growing understanding of genome synteny in Poaceae crop species (e.g., 
Yamada et al. 2005, Armstead et al. 2006) allowed researchers to “fast-track” 
knowledge transfers of genome structure from extensively studied crop species, 
to those far less explored species, including species within the Lolium-Festuca 
complex. The strategy enabled the successful prediction of QTL location relevant 
to a range of complex traits, and enabled their respective genome sequences to 
be compared effectively. For example, Alm et al. (2011) described two major 
frost/tolerance/winter survival QTL on F. pratensis chromosome 5 that are likely 
to correspond to equivalent Fr-A1 and Fr-A2 loci found on chromosome 5A of 
wheat. They also described a large QTL for drought tolerance on F. pratensis 
chromosome 3 that would likely incorporate orthologous gene sequences report-
ed in F. arundinacea and F. arundinacea var. glaucescens. These had, subsequent 
to their introgression onto chromosome 3 of L. multiflorum from the fescue 
species, been shown conclusively to confer to it an enhanced drought tolerance 
(Humphreys and Pašakinskienė 1996, Humphreys et al. 2005).

Identifying QTL locations by associations to gene markers aligned along 
specific chromosome linkage groups has been a helpful support to Lolium-Fes-
tuca spp. genome studies. QTL-maps were constructed for traits of importance 
both in Festuca pratensis (Alm et al. 2011), and in Lolium perenne (Turner et al. 
2008). Unfortunately, there are frequently practical difficulties in translating 
knowledge of QTL location derived from experimental genetic mapping popu-
lations for use in alternative germplasm, including breeders’ lines used in cultivar 
development.

Introgression-mapping is a technology that attempts to integrate genomic and 
phenotypic studies. From a plant breeding perspective, it has advantages over 
QTL analysis in that alien genome sequences are targeted specifically for selec-
tion across generations. This can be achieved whilst otherwise maintaining the 
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host genome intact and limiting incidents of linkage drag that might otherwise 
deteriorate crop performance. Two exemplar studies demonstrate the efficacy of 
introgression-mapping and its direct applications into plant breeding and culti-
var development. The first involved a simple gene trait, the recessive stay-green 
mutant Sid, and the second, a complex quantitative trait for drought tolerance. 
In the first example, introgression-mapping enabled the location and transfer 
of a stay-green mutant Sid onto a distal location of chromosome 5 in Lolium. 
In order to function, recessive gene Sid has to be transferred onto homologous 
Lolium spp chromosome sites. A L. perenne turf grass cv. AberNile, homozygous 
for the Sid gene, was commercialised and used widely as an amenity and sports 
grass in the 1980s. To this day, the stay-green gene remains the most extensively 
researched example of the use of introgression-mapping relevant to the Lolium-
Festuca complex. It is an excellent example of the use of marker-assisted selection 
as a technique to aide trait selection within cultivar development (Thomas et al. 
1997). The Sid gene, which has been isolated and sequenced, was later discovered 
to be orthologous to the gene for yellow/green cotyledon polymorphism reported 
by Gregor Mendel in 1886 (Armstead et al. 2007). Introgression-mapping for 
complex traits, and QTL selection, has been more challenging, but there have 
been notable successes. One involved plants derived from a backcross introgres-
sion-breeding population exposed to simulated prolonged drought conditions. In 
the best drought survivors, it was found, firstly by GISH, and subsequently using 
associated genetic markers that an identical Festuca-derived DNA sequence was 
recovered. Consistent amongst the best drought survivors were genotypes that 
carried a translocated F. arundinacea var. glaucescens DNA sequence at the same 
distal location of the L. multiflorum chromosome 3 (Humphreys et al. 2005). The 
fescue-derived sequence retained effective expression of drought tolerance over 
generations and in a broad array of alternative genetic backgrounds. The marker-
assisted transfer of the fescue genes into a L. multiflorum breeding population 
led to the development of the IBERS-bred and UK National Listed Festulolium 
cultivar AberLink. The fescue-derived sequence was transferred subsequently 
from the L. multiflorum cultivar into a L. perenne breeding population where its 
drought tolerance was retained (Humphreys et al. 2012).

However, introgression-mapping for major QTL in Lolium-Festuca popula-
tions has not always been as successful. Harper et al. (2018) found, when in-
vestigating genotype-phenotype association within a genome-characterised 
L. perenne/F. pratensis introgression-mapping population, that phenotype ex-
pression attributed to a fescue chromosome was on occasions subsequently lost 
in progeny, despite the retention of the relevant fescue-based translocations.

Introgression-mapping frequently supports plant physiology investigations. 
Through its targeted approach, it provides an opportunity for complex traits to 
be effectively “dissected” so that their underlying mechanisms are revealed. A 
good example was a drought tolerant experimental Festulolium cultivar Bx509 
(Humphreys et al. 2018). This cultivar contained a F. arundinacea-derived DNA 
sequence introgressed onto the long arm of chromosome 3 of L. perenne cv. Ab-
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erStar, at a proximal location. Using high-throughput and detailed phenotyping, 
it was demonstrated that Bx509 had a significantly larger and deeper root system 
compared to cv. AberStar, which in all likelihood aided its drought tolerance. 
The introgression-mapping technologies also helped to identify genes involved 
in the photosystem II cold-acclimation in F. pratensis (Humphreys et al. 2006a), 
and in Festulolium cultivars (Rapacz et al. 2004).

Whilst the potential for Festulolium use has been recognised widely, until 
recently it is only in Central and Eastern Europe that there has been a consistent 
strategy for Festulolium breeding, and there is a continuous pipeline of develop-
ing new cultivars. However, recent political, economic and environmental drivers 
have refocused thoughts and priorities elsewhere, and, especially the UK, aimed 
at seeking new and more environment-friendly and sustainable solutions in ag-
ricultural production. In this new scenario, and taking into account essential 
requirements to mitigate climate change, there are ever-increasing opportunities 
for Festulolium cultivar use (Humphreys et al. 2014b), which should broaden 
their global appeal.

Breeding of Festulolium cultivars

Throughout the history of Festulolium breeding, the primary objective has been 
to combine the high yield and quality of ryegrasses with abiotic stress toler-
ance of fescues. This was to enhance grassland persistence, and to maintain 
sustainable forage production (Ghesquière et al. 2010a). As previously described, 
Festulolium cultivars can be developed via the amphiploid approach, with the 
intention to combine entire Lolium and Festua genome complements, or via the 
introgression-breeding approach, where specific genes from a donor species are 
incorporated into the otherwise undisturbed genome of the host species (Ghes-
quière et al. 2010a).

The first amphiploid Festulolium cultivar Elmet [= × Festulolium braunii 
(K. Richter) A. Camus], is amphidiploid (2n = 4x = 28) and was developed in 
the early 1970s at the Welsh Plant Breeding Station, Aberystwyth, UK (Lewis et 
al. 1973). The cultivar was obtained by hybridising colchicine-induced autotetra-
ploid (2n = 4x = 28) forms of diploid L. multiflorum (2n = 2x = 14) and F. praten-
sis (2n = 2x = 14). The same research group, using the same breeding approach, 
produced the allotetraploid cv. Prior from hybrids of L. perenne (4x) × F. pratensis 
(4x) [= × Festulolium loliaceum (Huds.) P. Fourn.]. Cv. Prior gained entry onto 
the Swedish National Recommended List and was also employed in breeding 
programmes elsewhere, such as in the USA (Casler et al. 2001), and in Norway 
(Østrem et al. 2013). The cultivar was later assessed in the UK for additional 
ecosystem service properties (Macleod et al. 2013). However, neither cv. Elmet 
nor cv. Prior were ever registered onto the UK National Recommended Lists, a 
prerequisite to their commercial use. In the 1980–2000s, multiple successes in 
breeding of Festulolium amphiploid cultivars followed, especially in Central and 
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Eastern Europe, and several cultivars were registered as × Festulolium braunii. 
In Czechoslovakia (now, the Czech Republic), at the Hladké Životice Breeding 
Station (recently DLF Seeds, s.r.o.), Antonin Fojtik and his co-workers developed 
several Festulolium cultivars which were commercialized in many countries, and 
still remain on the OECD list.

The restrictive definition of Festulolium prior to 2004, which limited market-
ing to single species combination (Festulolium braunii), was a significant obstacle 
to Festulolium breeding. F. arundinacea (tall fescue) has over many years been 
considered as incorporating many traits deemed desirable for inclusion in a 
persistent grass cultivar (e.g. drought tolerance, large root biomass).  Effective 
breeding programmes to introduce F. arundinacea traits into Lolium were initi-
ated (e.g. Humphreys and Ghesquière, 1993). However, the constraints prior 
to 2004 prevented their inclusion as Festulolium. As a consequence, promising 
cultivars derived from L. multiflorum/ F. arundinacea hybrids, were included on 
tall fescue National Lists. In the USA, at the Kentucky Agricultural Experiment 
Station, Lexington, Buckner et al. (1977, 1983) developed two hexaploid tall 
fescue cultivars, Kenhy (1977) and Johnstone (1983) through an introgression-
breeding approach. These derived from fertile colchicine-induced amphiploids 
(2n = 8x = 56), produced from initially sterile tetraploid hybrids of L. multiflorum 
(2x) × F. arundinacea (6x).

In the Czech Republic, at the Breeding Station Hladké Životice, Fojtik (1994) 
developed an extensive breeding programme in which partly female fertile F1 
hybrids of L. multiflorum (2x) × F. arundinacea (6x) were backcrossed either 
onto hexaploid F. arundinacea or tetraploid L. multiflorum. In the former case, 
fourteen hexaploid tall fescue introgression cultivars including Felina (1989), 
Hykor (1991) and Korina (1997) were produced, and in the latter, five tetraploid 
Italian ryegrass introgression cultivars, such as Bečva (1989) and Lofa (1997).

Seventy-eight Festulolium cultivars have been released globally (listed in 
Table 1 Suppl.). These comprise 33 cultivars derived through the amphiploid 
approach, and 45 cultivars derived from the introgression approach. Of these, 
53 are registered on the 2020 OECD List, a prerequisite for seed marketing in 
most countries.

Ghesquière et al. (2010a) reviewed progress in Festulolium cultivar develop-
ment between the 1970s and 2010. They listed a total of 42 cultivars (incorpo-
rated into Table 1 Suppl.), of which 23 were amphiploid and 19 were introgressive 
forms. During the last 10 years, Festulolium breeding has advanced consider-
ably. Most striking are the increased numbers of cultivars derived through the 
introgression-breeding approach. Compared to earlier times, the number of such 
cultivars currently available has more than doubled, from 19 in 2010 to 46 in 
2020. Some of the cultivars listed in Table 1 Suppl. no longer remain on the 
OECD List (e.g., Elmet, Rakopan, Prior, Lueur, Lusilium and Luxane), and new 
cultivars (e.g., Hopej, Honor, Hypnos, Lukida, and Naos) have yet to become 
registered on the OECD List.
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Cultivars derived through an amphiploid-breeding approach (see Table 1 
Suppl.): Thirty-three Festulolium cultivars, all tetraploid (2n = 4x = 28), have 
been developed using the amphiploid-breeding approach. Twenty-three cultivars 
derive from reciprocal L. multiflorum (4x) ♀ × F. pratensis (4x) and F. pratensis 
(4x) ♀  L. multiflorum (4x) hybrid combinations. Of these, seven were developed 
in the Czech Republic (Fojtik 1994, V. Cernoch, personal communication), four 
in Poland (Zwierzykowski et al. 1994, 1998, Jokś et al. 1995), four in Germany 
(e.g., Netzband 1991), three in Lithuania (Nekrošas et al. 1995, Nekrošas and 
Kemešytė 2007), two in the UK (e.g., Lewis et al. 1973), one in Japan (Kubota 
et al. 2015), and one each in Argentina and Italy. Among the five amphiploid 
cultivars derived from hybrids of L. perenne (4x) × F. pratensis (4x), two were 
developed in Norway (Østrem et al. 2013), one in the UK (Lewis et al. 1973), 
and one in Japan (Kubota et al. 2015).

In addition to F. pratensis, the other progenitor species involved in the evo-
lution of hexaploid F. arundinacea is the Mediterranean fescue, F. arundinacea 
var. glaucescens (4x) (Humphreys et al. 1995). Although, not used as regularly as 
F. pratensis or F. arundinacea in plant breeding, F. arundinacea var. glaucescens 
is now receiving increased interest and involvement. From tetraploid hybrids of 
L. multiflorum (4x) × F. arundinacea var. glaucescens (4x), three cultivars were 
developed in France (Ghesquière et al. 1996, 2010a, b).

Although it is yet to gain entry onto National Lists, an amphiploid cultivar 
(Bx514) of the hybrid between L. perenne and F. arundinacea var. glaucescens 
(4x) with good overall agronomic performance has also demonstrated valuable 
ecosystem services (Humphreys et al. 2014). The cultivar has demonstrated its 
potential to support efficient ruminant nutrition and for combating soil com-
paction (Humphreys et al. 2014, Kamau et al. 2020, Muhandiram et al. 2020).

Festulolium cv. AberAtlas has been included onto the 2020 UK National List 
and globally is the first L. perenne × F. mairei amphiploid cultivar (Humphreys 
et al. 2014, 2018, Kamau et al. 2020).

Casler et al. (2001), in the USA, developed cv. Spring Green by inter-pollinat-
ing four existing Festulolium cultivars:  Elmet, Tandem and Kemal (all L. multi-
florum × F. pratensis), and cv. Prior (L. perenne × F. pratensis).

Pedersen et al. (1990) registered germplasm KY-2N56 (2n = 8x = 56), which 
originated from two hybrids: L. multiflorum × F. arundinacea and F. arundinacea  
F. gigantea.

Cultivars derived through an introgression-breeding approach (see Table 1 
Suppl.): Forty-five Festulolium cultivars have been developed following the 
introgression-breeding approach. These involved backcrossing Lolium-Festuca 
hybrids into either L. multiflorum, or L. perenne (for introducing fescue traits 
into ryegrass), or into F. arundinacea (for introducing ryegrass traits into tall fes-
cue). For several introgression-bred cultivars, e.g. Evergreen, Kemal and Tandem 
(L. multiflorum × F. pratensis) and Barfest, Duo, Barier, Matrix, Revolution and 
Ultra (L. perenne × F. pratensis), knowledge over their fescue content is somewhat 
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limited. The cultivars were classified as introgression lines based primarily on 
their phenotypes and Lolium-like appearance (Ghesquière et al. 2010a). 

Twenty-four introgression-bred Festulolium cultivars derive from L. mul-
tiflorum  F. arundinacea hybrids. Their development centred primarily at the 
Breeding Station Hladké Životice. As a starting point, tetraploid hybrids between 
L. muliflorum (2x) and F. arundinacea (6x) were, backcrossed onto one of the 
parent species (e.g., Fojtik 1994, Kopecký et al. 2005). Amongst 21 Czech Festu-
lolium cultivars, 14 (all hexaploid, 2n = 6x = 42) derived via introgression of L. 
multiflorum traits into F. arundinacea, and seven cultivars (all tetraploid, 2n = 4x 
= 28) via introgression of F. arundinacea traits into L. multiflorum (V. Cernoch, 
personal communication).

Eight cultivars developed via an introgression breeding were obtained from 
backcrosses of L. multiflorum (4x) × F. pratensis (4x) hybrids onto L. multiflo-
rum (4x). Three of those were produced in the USA (Casler et al. 2001), two in 
Switzerland (Ch. Grieder, personal communication), and the remaining in the 
UK (M. W. Humphreys, personal communication), Japan (Kubota et al. 2015) 
and Uruguay.

Seven Festulolium cultivars were developed by introgression of F. pratensis 
genes into L. perenne from initial L. perenne × F. pratensis hybrids. Amongst 
these, four cultivars, all diploid, were developed in New Zealand (A. Stewart, 
personal communication). Three cultivars, all tetraploid, were obtained from 
backcrosses of L. × boucheanum (= L. perenne × L. multiflorum) hybrids into 
F. pratensis, two in Latvia (Bērziņš et al. 2018) and one in Belgium (J. Baert, 
personal communication).

There are two known examples of use of a targeted approach aimed at specific 
genetic transfers, in both cases from a donor fescue species into ryegrass that 
have led to cultivar registration. An integrated physical and genetic mapping ap-
proach involved using diploid drought-tolerant L. multiflorum genotypes incor-
porating F. arundinacea var. glaucescens genes as the starting point (Humphreys 
et al. 2005). These were the source of germplasm that led to the development of 
the drought-tolerant cv. AberLink (Humphreys et al. 2014b). Unique in Table 1 
Suppl., as it is an amenity and not a forage grass, cv. AberNile was the first 
confirmed Festulolium introgression-line, and is a diploid L. perenne turf grass, 
homozygous for the recessive F. pratensis-derived allele Sid for the stay-green 
trait (Thomas et al. 1997).

Genomic constitution of Festulolium cultivars

Over the years, cultivar development of synthetic Festulolium amphiploids has 
been seriously compromised by an inability to restrict pairing to true homolo-
gous chromosome partners. Incidents of homoeologous chromosome pairing 
that likely lead to aneuploidy, and over generations, compromise cultivars’ genet-
ic stability and fertility are regularly witnessed (Thomas and Humphreys 1991).
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Cytogenetic studies using genomic in situ hybridization (GISH) have con-
firmed the significant extent of homoeologous pairing and interspecific genome 
recombination that occurs within Festulolium progenies (e.g., Zwierzykowski et 
al. 1998, 2006, 2011, Canter et al. 1999, Pašakinskienė and Jones 2003, Kopecký 
et al. 2005, 2006, 2017, Kubota et al. 2015). Zwierzykowski et al. (1998) were 
first to describe extensive homoeologous recombination in four F8 populations 
derived from F. pratensis × L. multiflorum hybrids (2n = 4x = 28). These popula-
tions were registered in Poland as cultivars Agula, Felopa, Sulino, and Rakopan. 
Genome constitutions of these cultivars deviated greatly from the expected 50 % 
Lolium: 50 % Festuca. The percentage of the L. multiflorum chromatin ranged 
from 49.2 to 66.7 %. This would infer increasing genomic imbalance and the 
favoured transmission of Lolium as compared to Festuca chromatin. These con-
clusions were confirmed in other independent studies. Extensive incidents of 
genome imbalance and homoeologous recombination were observed in the F8 
genotypes derived from the amphiploid L. perenne (4x) × F. pratensis (4x) cv. 
Prior (Canter et al. 1999). Similar findings were made in the Lithuanian cv. Punia 
(F. pratensis (4x)  L. multiflorum (4x) (Pašakinskienė and Jones 2003).

Zwierzykowski et al. (2006, 2011) reported extensive interspecific chromo-
some recombination between the parental genomes in successive F2 – F8 genera-
tions of breeding populations developed from F. pratensis (4x) ♀× L. perenne (4x) 
hybrids. They also reported multiple incidents of substitution of whole Festuca 
chromosomes by those of Lolium. The total number of Lolium chromosomes 
present increased from the mean of 14.4 in the F2 to 17.6 in the F8, while the 
corresponding Festuca chromosome number decreased from 13.6 to 10.5.

Kopecký et al. (2006) analysed the genomic constitution of 26 Festulolium 
cultivars generated via both amphiploid and introgression-breeding approach-
es. They reported large variations in the proportions of parental genomes and 
in the extent of generic recombination in eleven amphiploid cultivars derived 
from reciprocal hybrids of L. multiflorum (4x) × F. pratensis (4x), and also in 
a L. perenne (4x)  F. pratensis (4x) cultivar, supporting earlier observations by 
Zwierzykowski et al. (1998) and Canter et al. (1999). In Festulolium cultivars 
developed by backcrossing L. multiflorum (2x) × F. arundinacea (6x) hybrids onto 
F. arundinacea, GISH analysis indicated a prevalence of the Festuca genome, and 
a high number of recombinant Lolium-Festuca chromosomes. In cultivars devel-
oped from L. multiflorum (2x) × F. arundinacea (6x) hybrids backcrossed onto 
L. multiflorum (4x), Kopecký et al. (2006) observed only Lolium chromosomes, 
and sporadically one or more recombined chromosomes. In three other culti-
vars, they were unable to detect the presence of any Festuca derived chromatin.

A multi-location three-year field trial was constructed in eight European 
countries by the members of a consortium within the EUCARPIA Fodder Crops 
and Amenity Grasses Section, Festulolium Working Group (Kopecký et al. 2018). 
Each site included the same 15 elite Festulolium cultivars and representative culti-
vars of their parental species, used as controls. In addition to comparative studies 
in their field performance, a detailed investigation of their genome constitution 
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using both GISH and Diversity Arrays Technology (DArT), was undertaken. The 
Festulolium cultivars included forms from both amphiploid and introgression-
breeding. Species combinations included L. multiflorm x F. arundinacea var. 
glaucescens, L. multiflorum x F. arundinacea, L. multiflorum x F. pratensis, and 
L. perenne x F. pratensis. Over the wide range of cultivars of distinct and different 
origins, the genome study found widespread predominance in the retention of 
Lolium, compared to Festuca-derived chromatin. 

Differences in genome compositions within Festulolium amphiploid cultivars 
were often larger than those between cultivars, thereby illustrating the diffi-
culties for breeders in achieving the necessary uniformity required for cultivar 
registration. The extent of the variation in genomic constitution, both within 
and between cultivars, is likely to be affected by the number of generations of 
seed multiplication undertaken subsequent to generating the initial F1 hybrids. 
Unfortunately, there is only limited data available in this regard. All Czech and 
Polish allotetraploid Festulolium cultivars investigated are derived from advanced 
breeding materials, i.e., F8 – F9 generations (Kopecký et al. 2006).

The genome instability in the Festulolium allotetraploid hybrids listed above 
all refer to Lolium spp. in hybridisation to F. pratensis. It is possible that in less 
investigated and more distant Lolium/Festuca spp. hybrid combinations that ge-
nome integrity may be greater.

Kopecký et al. (2018) reported that L. multiflorum × F. arundinacea var. 
glaucescens cv. Lueur (4x) has nearly equivalent amounts of chromatin from its 
parental species. Cv. Lueur, and more recently, L. perenne × F. mairei cv. AberRoot 
(4x) (M.W. Humphreys, unpublished results) are the only known amphiploid 
Festulolium cultivars to retain, to a large extent, a balanced genome constitution 
(i.e. at least over ca F8 – F9 generations). In addition to factors encouraging pref-
erential chromosome pairing, incorporation of a functional chromosome-pairing 
regulator, proposed by Jauhar (1975) as an important stage in the evolution of 
fescue polyploids, would further improve hybrid genome integrity across genera-
tions, and support cultivar development.

Festulolium for ecosystem services

Grasslands are now increasingly recognised for their wide contributions to so-
ciety and for their delivery of “public good” service, in addition to their better 
acknowledged roles for use in livestock agriculture (Abberton et al. 2008, Hum-
phreys et al. 2014b). Amongst their numerous and diverse properties, grass-
lands provide carbon and water catchment provisions. They help regulate the 
acquisition and storage of rainfall in soils, and its subsequent release into river 
systems. They have an important role in preventing soil erosion and in assisting 
the regulation and retention of essential plant nutrients. Thereby, grasslands 
help to prevent river pollution and to maintain water quality. Grasslands are also 
important for in situ conservation of genetic resources, and are major providers 
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of habitat for essential insect pollinators required for seed and fruit production 
by many crop species.

Festulolium cultivars have been developed to help maintain sustainable forage 
crop production, and through their resilience, to provide farmers some security 
against onsets of climatic stress. Although Festulolium cultivars have in the main 
involved only two fescue species (F. pratensis and F. arundinacea), they increas-
ingly now derive from alternative species’ combinations. Even when having the 
same species combination, cultivars may vary in the proportions of their con-
stituent Lolium and Festuca genomes (Kopecký et al. 2006, 2018, Ghesquière et al. 
2010a,b). Moreover, the parent species used to generate Festulolium cultivars are 
highly heterogeneous. Cultivars developed in different breeding programmes, 
even if the species’ combinations are the same, will be genetically dissimilar. As 
a consequence, the extent of the various ecosystem services provided by Festu-
lolium cultivars, will differ. If they are to achieve their intended function, it is 
essential that they are chosen and used only in the locations and for the purposes 
for which they were designed.

An important feature of perennial grasslands is the enormous biomass they 
produce below ground (Newman et al. 1989), a feature considered highly rel-
evant to the provisions of ecosystem services (Bardgett et al. 2014). A survey of 
old grassland in the UK carried out by Dickinson and Polwart (1982) measured 
root biomass of around 5 t ha-1 (0.5 kg m-2) in the top 15 cm of soil. Fescue 
species characteristically have larger and deeper root systems than ryegrasses 
(Cougnan et al. 2017). Festulolium cultivars frequently demonstrate combined 
rooting characters found in their parent species. Like ryegrasses, Festulolium 
cultivars frequently have significantly higher root branching, in particular in soils 
near to the surface, than are found in fescues. However, compared to ryegrass, 
Festulolium generally have superior root biomass and root depth (Cougnan et al. 
2017, Humphreys et al. 2018). In a small but detailed study, Durand et al. (2007) 
using O18 demonstrated that Festulolium hybrids extracted water at soils depths 
inaccessible to Lolium cultivars, which would clearly assist them in providing 
greater drought tolerance. 

Many ecological and environmental benefits emanate from the interactions 
between the roots of Festulolium and the soils in which they grow, for example, 
for flood mitigation (Macleod et al. 2013).

Until recently, grass breeding targets had focused only on the above-ground 
traits, mainly due to the difficulties in root phenotyping and selection. As a con-
sequence, plant breeders have largely neglected improvements to root design and 
behaviour. New high-throughput root phenotyping technology is now becoming 
incorporated in plant selection, and into new breeding strategies. The incorpora-
tion of detailed root imaging undertaken at the National Plant Phenomics Centre 
(NPPC) in Aberystwyth is an example where detailed characteristics of root 
ontogeny and turn-over over entire growing seasons are now measured regularly, 
and with increasing efficiency, both in grasses and clovers (Marshall et al. (2016).
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Festulolium cultivars have demonstrated their hidden values through their 
beneficial root-soil interactions. The first registered Festulolium loliaceum culti-
var, cv Prior, produced in the 1970s has demonstrated a very timely ecosystem 
service, at a time of increased rainfall intensity. Through its deep rooting proper-
ties and significant root senescence at depth at the end of the growing season, cv 
Prior has demonstrated an ability to enhance soil structure and thereby increase 
soil porosity aiding soil water retention and mitigating surface flooding. This 
property was demonstrated within two consecutive multidiscipline BBSRC-
funded programmes, initially using replicated field plots within the “SuperGrass” 
project (Macleod et al. 2013) project. Subsequently, the cultivar was tested both 
with or without white clover at the field scale, and including the use of livestock 
within the “SureRoot” project (BB/L009889/1; www.sureroot.uk).

Using hydrologically isolated field plots in the BBSRC “SuperGrass” project 
at Rothamsted Research North Wyke Research Station, it was demonstrated how 
cv. Prior, when compared to cultivars of its parental species, consistently reduced 
rates of surface run-off (a 70 % reduction compared to a registered perennial 
ryegrass cultivar, and a 43 % reduction compared to a meadow fescue cultivar). 
The results suggested a role for Festulolium for flood mitigation. The hypothesis 
was subsequently tested within the BBSRC “SureRoot” project. Using hydrologi-
cally isolated fields at the North Wyke Farm Platform (NWFP), an independent 
modelling study (Li et al. 2017) demonstrated the benefits to soil hydrology 
from cv. Prior in delaying surface run-off, especially following extreme rainfall. 
The “SureRoot” project demonstrated that the benefits of Festulolium were even 
greater when grown in mixtures with white clover. Through root senescence, Li 
et al. (2017) also demonstrated that the Festulolium cultivar could contribute to 
carbon sequestration in soils. In their modelling study, Festulolium cv. Prior was 
predicted to have potential to fix more, and to lose less C through soil respira-
tion than a current registered L. perenne cultivar. In their calculations, Li et al. 
(2017) suggested that soil C storage with reseeded cv. Prior gradually increases 
by 0.525 t(C) ha-1 (0.052 5 kg(C) m-2) in two years following reseeding.

In order to enhance efficiencies in C soil deposition in grassland soils and 
for future benefit to the environment, C sequestration from grass root turn-over 
should focus primarily on those more biologically inert deep soil profiles (Kell 
2011). Recent root research, such as that of Macleod et al. (2013) and Li et al. 
(2017), would suggest a role in this regard for deep rooting Festulolium cultivars.

Other research undertaken on working farms within the “SureRoot” project 
involved trials comparing field performance of the Festulolium cv. AberNiche, 
an Italian-ryegrass-like introgression cultivar and registered hybrid ryegrass cul-
tivar as a control. Root biomass was found to be higher for cv. AberNiche when 
grown on farms with sandy soils. Similar to the outcomes reported in Macleod 
et al. (2013), the autumn water infiltration rates were higher across all farms and 
livestock systems in the Festulolium areas [30.7 ± 5.87(SEM) cm h-1] compared 
to the ryegrass areas [16.6 ± 2.1(SEM) cm h-1] (Powell et al. 2018).

http://www.sureroot.uk
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Another outcome of the “SureRoot” project, (C. Marley, personal communi-
cation), was the finding that number of earthworms found was far greater in soils 
under Festulolium cv. AberNiche (L. multiflorum × F. pratensis) and cv. AberRoot 
(L. perenne × F. mairei) than in adjoining soils under ryegrass at the same farm 
location and under the same field managements.

The technologies now becoming available to researchers and breeders provide 
the means to monitor root growth throughout the growing season and offer new 
insight into grass crop development. Precision root-scan photography provided 
the first detailed comparisons in root ontogeny of ryegrass, Festulolium amphi-
ploid hybrids, and Festulolium introgression lines throughout a growing season 
(Humphreys et al. 2018). An experimental amphiploid population of L. perenne 
× F. arundinacea var. glaucescens (Bx514), and of Festulolium cv. AberAtlas (L. pe-
renne × F. mairei), both with forage growth equivalent to control L. perenne 
cultivar (Humphreys et al. 2014a), had significantly greater root biomass and 
root depth (Humphreys et al. 2018). The greater root growth of the Festulolium 
hybrids showed no negative impact to compromise their forage production.

Root phenomics demonstrated that Bx509, a Festulolium population with a 
sequence of F. arundinacea-derived genes for drought tolerance in an otherwise 
complete genome of L. perenne cv. AberStar, had significantly greater root bio-
mass than cv.  AberStar, a likely explanation for its superior drought tolerance 
(Humphreys et al. 2018). 

In a L. perenne linkage-mapping population, Turner et al. (2008) demon-
strated that QTLs associated with large root systems were also associated with 
drought tolerance and foliar growth. The findings, later supported by Humphreys 
et al. (2018), were that grasses with high forage production frequently have large 
root systems providing them some resilience to soil water deficits.

As far as the authors are aware, breeding to mitigate impacts from soil com-
paction derived either from livestock or machinery compressions and often 
exacerbated by prolonged droughts or floods, have until recently been absent. 
Soil compaction affects both soil and forage productivity. A recent investigation 
compared the impacts from machinery-derived soil compaction, both on field 
performance, and on underlying soil characters using plots with grass species of 
different root biomass, including three Festulolium cultivars (Muhandiram et al. 
2020). Overall, findings showed that alternative grass root structures conveyed 
differing resilience to compaction. Amongst the L. perenne, F. arundinacea and 
Festulolium cultivars tested, it was a L. multiflorum × F. arundinacea var. glauce-
scens population (Bx514), that provided resilience to soil compaction without 
compromising forage productivity (Muhandiram et al. 2020).

However, the benefits of Festulolium are not restricted solely to the below 
ground properties, and, compared to ryegrass, include improved efficiencies in 
ruminant nutrition through better protein provision for livestock. An increase 
in the protein-use-efficiency by ruminants should result in reduced nitrogenous 
wastes and greenhouse gas emissions that are frequently associated with live-
stock agriculture (Humphreys et al. 2014, Kamau et al. 2020). There is grow-
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ing evidence that Festulolium cultivars may provide some additional ecosystem 
services via their positive impacts on ruminant nutrition. Livestock agriculture 
is increasingly criticised for its negative impacts on the environment, and in 
particular, for the associated releases of nitrous wastes and greenhouse gasses: 
ammonia, nitrous oxide and methane, a consequence of inefficient plant protein 
use by ruminants. This is largely due to plant-mediated proteolysis of fodder 
when ingested by ruminants and is catalysed by both microbial, but initially, 
endogenous plant proteases (Kamau et al. 2020). 

Alternative grass breeding approaches have been undertaken over recent 
years to improve feed efficiencies in ruminants. The best known are the de-
velopment of high sugar ryegrasses, designed to increase rumen microbes and 
through their activities, enhance the nitrogen uptake from fodder (Wilkins and 
Humphreys 2003). However, an alternative strategy that involves Festulolium 
instead of ryegrass, provides a possible complementary approach. This focuses 
on lowering of the initial protein intake by ruminants, and subsequently, to sup-
port ingested protein retention, in order to allow greater time for uptake by the 
animal and conversion into meat and dairy products. Through a series of in vitro 
studies, it has been demonstrated that certain fescue species, like F. arundinacea 
var. glaucescens have, compared to ryegrass, up to four times greater protein 
retention when subjected to rumen-like conditions (Shaw 2006). The fescue 
trait for decreased rates of endogenous protein degradation remains expressed 
in certain amphiploid Festulolium cultivars. Moreover, this trait is accompanied 
by overall forage yields and quality equivalent to ryegrass (Humphreys et al. 
2014a, O’Donovan 2015).

Under simulated rumen-conditions, both the amphiploid Festulolium popu-
lation Bx514 (L. multiflorum × F. arundinacea var. glaucescens, and Festulolium 
cv. AberRoot (L. perenne × F. mairei) demonstrated significantly lower plant-
mediated proteolysis than their ryegrass control (Kamau et al. 2020). Although 
no differences in microbial protein synthesis were observed during early fer-
mentation (0–6h after feeding), an increase in microbial N flow in cv. AberRoot 
(+30%) and in Bx514 (+41%) was observed during late fermentation (6–24h after 
feeding). There were higher overall microbial N flows (+13.5% for cv. AberRoot, 
and +20.2% for Bx514) when compared to the ryegrass control (Kamau et al. 
2020). These observations indicate the potential for Festulolium cultivars that 
express the slow plant-mediated proteolysis trait to improve on efficiencies of 
forage protein capture and to decrease the releases of N pollutants onto the land.

The research described above focused only on freshly harvested Festulolium 
plant material and its impacts on ruminant nutrition. Very recently, this has been 
extended further on whether similar benefits might be evident in 90 day-old 
silage (Muhandiram et al. 2020). The initial findings are promising and indicated 
that crude protein content obtained from silage generated from cut foliage of the 
Festulolium population Bx514 (L. perenne × Festuca arundinacea var. glaucescens) 
was significantly higher than corresponding silage obtained from a high yielding 
current high sugar ryegrass cultivar.
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Conclusions

Grasslands are multifunctional; using a holistic breeding approach, new cultivars 
would be evaluated not only as fodder for livestock, but also for the provision 
and range of important ecosystem benefits. It is increasingly necessary to de-
velop high yielding cultivars with resilience against the various climate-change 
scenarios they may encounter. Festulolium cultivars may provide the necessary 
phenotype plasticity that brings such multiple benefits and bespoke options that 
can be tailored to the specific requirements of farmers and society. By incor-
porating new high-throughput phenomic and genomic technologies, complex 
advantageous traits may be assembled together in single cultivars. 

The geographic range of Festulolium could expand in future years due to 
their resilience to abiotic stresses and to their ecosystem services. They offer 
potential sustainable high yielding and high-quality forage grasses that can bring 
economic and social benefits to farmers in developing countries. For example, 
a recent study undertaken by farmers in Kenya compared the field performance 
of IBERS-bred grasses; two UK National Listed perennial ryegrass cultivars and 
five Festulolium cultivars (Mwendia et al. 2019). The grasses were compared over 
one growing season on clay loam soils at Ol-joro-Orok in the central highlands 
of Kenya at about 2600–2800 m a.s.l. An evaluation by 61 local dairy farmers 
rated the grasses on criteria they nominated as being important, including dry 
matter yield, growth rate, height, frost tolerance, disease tolerance and leafi-
ness. The Festulolium cultivars collectively outperformed the ryegrass cultivars. 
Mwendia et al. (2019) concluded that the grasses had definite potential for future 
commercial use in grassland livestock systems in Kenya. The results in Kenya, 
and elsewhere show there is an increasing range of new opportunities for use of 
Festulolium cultivars.
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Table 1 Suppl. A global overview of Festulolium cultivars bred from alternative Lolium  Festuca hybrid combinations (cultivars in 
bold registered on the 2020 OECD list). Specific data on two Festulolium cultivars, Hba2544 and LE 16-26, registered on the OECD 
list 2020, were not recognized. 
 

Initial hybrid combination Breeding approach Cultivar Ploidy level a Country of origin 

Lolium multiflorum  Festuca pratensis amphiploidy Elmet tetraploid United Kingdom 
amphiploidy Emrys tetraploid United Kingdom 
amphiploidy Achilles tetraploid Czech Republic 
amphiploidy Helus tetraploid Czech Republic 
amphiploidy Hopej tetraploid Czech Republic 
amphiploidy Hostyn tetraploid Czech Republic 
amphiploidy Hyperon tetraploid Czech Republic 
amphiploidy Perseus tetraploid Czech Republic 
amphiploidy Perun tetraploid Czech Republic 
amphiploidy Lifema tetraploid Germany 
amphiploidy Lina DS tetraploid  Lithuania 
amphiploidy Puga tetraploid Lithuania 
amphiploidy Rakopan tetraploid Poland 
amphiploidy Festum tetraploid Italy 
amphiploidy Tatay II tetraploid Argentina 
introgression AberNiche tetraploid United Kingdom 
introgression Evergreen tetraploid United States 
introgression Kemal tetraploid United States 
introgression Tandem tetraploid United States 

Festuca pratensis  Lolium multiflorum amphiploidy Paulita tetraploid Germany 
amphiploidy Paulena tetraploid Germany 
amphiploidy Fedoro tetraploid Germany 
amphiploidy Agula tetraploid Poland 
amphiploidy Felopa tetraploid Poland 
amphiploidy Sulino tetraploid Poland 
amphiploidy Punia DS tetraploid Lithuania 
amphiploidy Nakei 1 tetraploid Japan 
introgression Tohoku 1 1 tetraploid Japan 
introgression Merlin tetraploid Uruguay 
introgression Felovia tetraploid Switzerland 
introgression Felimare 2 tetraploid Switzerland 

Lolium perenne  Festuca pratensis amphiploidy Prior tetraploid United Kingdom 
amphiploidy Spring Green 3 tetraploid United States 
amphiploidy Fabel tetraploid Norway 
amphiploidy Frosta tetraploid Norway 
amphiploidy North fest tetraploid Japan 
introgression Matrix diploid New Zealand 
introgression Revolution diploid New Zealand 
introgression Ultra diploid New Zealand 
introgression Barrier 4 diploid New Zealand 
introgression AberNile 5, b diploid United Kingdom 
introgression Barfest tetraploid Netherlands 
introgression Duo tetraploid United States 

Lolium spp.  Festuca pratensis introgression Icarus 6 tetraploid Japan 
Lolium  hybridum  Festuca pratensis introgression 

introgression 
introgression 

Saikava 
Vizule 
Festilo 

tetraploid 
tetraploid 
tetraploid 

Latvia 
Latvia 
Belgium 

Lolium multiflorum  Festuca arundinacea 
var. glaucescens 

amphiploidy Lueur tetraploid France 
amphiploidy Lusilium tetraploid France 
amphiploidy Luxane tetraploid France 
introgression AberLink diploid United Kingdom 

Lolium multiflorum  Festuca arundinacea introgression  Honor b diploid Czech Republic 
 introgression Horimir b diploid Czech Republic  

introgression  Bečva tetraploid Czech Republic  
introgression  Hathor tetraploid Czech Republic 
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Initial hybrid combination Breeding approach Cultivar Ploidy level a Country of origin 
 

introgression Hermes tetraploid Czech Republic  
introgression  Hypnos tetraploid Czech Republic  
introgression Lofa tetraploid Czech Republic  
introgression Vėtra tetraploid Lithuania  
introgression Diagram hexaploid Czech Republic  
introgression Felina hexaploid Czech Republic  
introgression Fojtan hexaploid Czech Republic  
introgression  Hemsut hexaploid Czech Republic  
introgression Hipast hexaploid Czech Republic  
introgression Honak hexaploid Czech Republic  
introgression  Hykor hexaploid Czech Republic  
introgression  Kebo hexaploid Czech Republic  
introgression Korina b hexaploid Czech Republic  
introgression  Lesana b hexaploid Czech Republic  
introgression Lukida hexaploid Czech Republic  
introgression  Mahulena hexaploid Czech Republic  
introgression Naos hexaploid Czech Republic  
introgression Rebab hexaploid Czech Republic  
introgression  Kenhy hexaploid United States  
introgression Johnstone hexaploid United States  
amphiploidy KY-2N56 7 octoploid United States 

Lolium perenne  Festuca mairei amphiploidy AberRoot 8 tetraploid United Kingdom 
Lolium spp.  Festuca spp. introgression Splice 9 tetraploid New Zealand 

 
a diploid (2n = 2x = 14); tetraploid (2n = 4x = 28); hexaploid (2n = 6x = 42), octoploid (2n = 8x = 56);   
b turf cultivars (V. Cernoch, pers. comm.); 
1 cv. Tohoku 1 was developed from inter-crossing of three cvs: Evergreen, Paulita and Tandem (A. Kubota, personal communication); 
2 cv. Felimare was developed from intercrossing of cv. Felovia with L.  hybridum (Ch. Grieder, pers. com.); 
3 cv. Spring Green was developed from intercrossing of four cvs: Elmet, Kemal, Tandem and Prior (Casler et al. 2001);  
4 cv. Barrier (meadow fescue type) was developed from intercrossing of F. pratensis with cvs Matrix, Revolution and Ultra (A. Stewart, 
personal communication); 
5 cv. AberNile – L. perenne introgression line of amenity grass with a homozygous recessive mutant “stay-green – sid” gene transferred 
from F. pratensis conferring disrupted leaf senescence (Thomas et al. 1997); 
6 cv. Icarus was developed from intercrossing of four cvs: Evergreen, Paulita, Tandem, and Duo (A. Kubota, personal communication); 
7 KY-2N56 germplasm – the first tall fescue hybrid derivative of L. multiflorum  F. arundinacea and F. arundinacea  F. gigantea 
hybrids (Pedersen et al. 1990); 
8 cv. AberRoot – the first L. perenne  F. mairei amphiploid cultivar (formerly referred to in publications as Bx511 and Lp  Fm), 
having gained entry onto the UK National List 2020 (M. Humphreys, personal communication);  
9 cv. Splice (Italian ryegrass type) was developed from intercrossing of L. multiflorum, L. perenne, F. pratensis and F. arundinacea 
(A. Stewart, personal communication). 
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Spontaneous natural formation of interspecific hybrids 
within the Festuca-Lolium complex

B. Boller1, J. Harper2, E. Willner3, J. Fuchs4, M. Glombik5,6,  
J. Majka5,7, V. Mahelka8, C. Zhao9, and D. Kopecký5*

Abstract

Interspecific and intergeneric hybridization within the Festuca-Lolium complex is 
frequently used in forage plant breeding. However, little is known about the natural 
occurrence and competitiveness of such hybrids. We collected naturally formed hy-
brids between Festuca apennina, Festuca pratensis, and Lolium perenne in different 
habitats of Switzerland and the British Isles and studied their origin, the ease of their 
spontaneous formation, and their competitiveness with parental species. A special 
attention was paid to the largely sterile triploid forms and their rare sexual progeny. 
The triploid hybrid F. apennina × F. pratensis proved to be widespread and often highly 
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competitive in Swiss permanent pastures. The majority of these hybrids originated 
from F. apennina as the seed parent although little or no F. apennina grew nearby. 
In an experimental setting with ample F. pratensis pollen provided by neighbouring 
plants, up to 20 % of seeds from open pollinated F. apennina plants were interspe-
cific hybrids; among seeds collected in natural habitats, only 0.35 % were hybrids. 
At an experimental site at 1 000 m altitude, these triploid hybrids grew much more 
vigorously than corresponding tetraploid pure F. apennina, confirming their great 
competitiveness at such altitudes in permanent grasslands. The triploid hybrids were 
only marginally fertile suggesting that vegetative propagation by rhizomes is the 
cause of their competitive success in grassland. Moreover, triploid progeny retained 
the chromosome constitution of their mother plants indicating the possibility of 
apomixis. Natural triploid F. pratensis × L. perenne hybrids were partially female fer-
tile (a seed set of 0.1 % or less) whereas diploid hybrids did not produce any viable 
seeds. Progenies of these triploids showed considerable chromosome alterations, 
such as loss of a genome or recombination due to homoeologous pairing, and only 
rarely the chromosome constitution of the triploid mother plant was retained. It was 
concluded that natural triploid interspecific hybrids could expand the range of their 
progenitor species and might function as bridges transferring genes between them.

Additional key words: Festuca apennina, Festuca pratensis, Lolium perenne, triploid 
hybrid.

Introduction

Contrary to animals, plant species frequently engage in hybridization with rep-
resentatives of different species, or even genera. Rieseberg (1997) reported that 
about 11 % of plant species arose from interspecific hybridization, ranging from 
22 % for British flora to 5.8 % for the mountain flora of North America. This 
would account for 27 500 hybrids among the 250 000 described plant species. 
Interspecific hybridization is often accompanied by whole genome duplication 
in the process called allopolyploidization, one of the key mechanisms of plant 
speciation. Allopolyploids represent a source of genetic, biochemical, and evo-
lutionary novelty (Soltis and Soltis 1993). Wide hybridization may produce con-
siderable heterosis, providing competitive advantage for the hybrids over their 
diploid progenitors (Comai 2005), masking deleterious recessive alleles leading 
to increased mutational robustness (Madlung 2013), and conveying increased 
stress tolerance through such mechanisms as delayed reproduction, fostering 
slower development, longer life span, and increased defense against herbivores 
and pathogens (Lohaus and Van de Peer 2016). In general, allopolyploids display 
broader adaptation to novel environmental niches compared to their progeni-
tor species, allowing them to expand their range beyond those of the parental 
species (Te Beest et al. 2012). A well-known example within the Festuca-Lolium 
complex is the hexaploid grass species tall fescue (Festuca arundinacea Schreb.), 
which originated by a hybridization event involving winter hardy F. pratensis 



29Spontaneous natural formation of interspecific hybrids within the Festuca-Lolium complex

Huds. with drought-resistant F. glaucescens Boiss. (Humphreys et al. 1995) and 
was subsequently capable of colonizing climatically diverse European grasslands.

Besides the key role that allopolyploidy plays in plant evolution and diver-
sification, these processes are key to the origin of many crops including wheat, 
banana, rapeseed, and cotton (Wendel 2015 and references therein). Interspecific 
hybridization is also frequently used in plant breeding. Targeted merging of two 
genomes into a single organism offers an opportunity to combine agriculturally 
important characteristics of two species, to introgress one or a few traits from a 
contrasting cultivated or a wild relative into elite cultivars of crops, or to widen 
the gene pools of a crop. It seems that some plant families are more prone to in-
terspecific hybridization and allopolyploidization than others. It has been shown 
that Poaceae species are among those with a high proportion of allopolyploids 
(Ellstrand 1996). Interspecific hybridization was used to introgress agriculturally 
beneficial traits from wild or cultivated relatives to wheat, one of the three key 
crops for human’s food consumption (Matsuoka 2011).

The Festuca-Lolium complex is represented by ryegrasses (Lolium spp.) and 
broad-leaved fescues (Festuca spp.) from subgenus Schedonorus. Close phyloge-
netic relationship of the species enables numerous hybridization combinations 
within the complex, giving rise to hybrids found in nature (Banfi et al. 2017). 
The most frequent among such natural hybrids known so far are L. perenne × F. 
pratensis found in the British Isles and Northwestern Europe (Farragher 1975, 
Lewis 1975). These hybrids occur in mature meadows and are often found on 
waterlogged soils (Humphreys and Harper 2008). As they occur in soils prone to 
episodic flooding in lowland areas in old grassland and water meadows through-
out the UK (Stace 1975), they are thought to offer breeding opportunities for 
adaptation to waterlogged soils. This may become an important plant breeder′s 
objective, given increased occurrences of localized or widespread flooding ex-
acerbated by climate change (Humphreys and Harper 2008).

In 2015, we conducted an expedition in the Swiss Alps to collect specimens 
of F. apennina De Not. This allotetraploid arose from hybridization of F. praten-
sis with a so-far unidentified fescue species and thus, it is closely related to F. 
pratensis (Kopecký et al. 2016). Due to the morphological similarity between F. 
apennina and F. pratensis, some authors (e.g. Conert and Hegi 1998) describe 
F. apennina as a subspecies of F. pratensis. However, cytological evidence con-
clusively shows it as a distinct allopolyploid species (Kopecký et al. 2016) and 
it should be referred to as F. apennina De Not., paying tribute to the original 
description by De Notaris (1844). Surprisingly, in our 2015 collection, we found 
many triploid plants along with tetraploid F. apennina and diploid F. pratensis (it 
is difficult to distinguish all three cytotypes from each other in their vegetative 
stage). Our cytogenetic and molecular analysis revealed that triploids are hybrids 
of the two, and originated from reciprocal crosses between F. apennina and F. 
pratensis where both could be the maternal species, though F. apennina is the 
maternal parent more frequently. The presence of these three cytotypes is altitude 
dependent, with tetraploid F. apennina growing over 1 200 m a.s.l. and diploid 
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F. pratensis below 1 800 m a.s.l. Triploid hybrids occur in the overlapping zone, 
often in sympatry with at least one, or both parents. However, in some locations, 
triploids were the only cytotype identified indicating their high competitiveness 
(Kopecký et al. 2018). Besides these two, other hybrids were sporadically found 
in nature with various taxonomical treatment (Holub 1998, Banfi et al. 2017).

It is believed that naturally formed hybrids of the Festuca-Lolium complex are 
generally sterile (at least male sterile) and thus, will not lead to the establishment 
of a new (hybrid) species (Jauhar 1993). However, they may persist by vegetative 
reproduction. We observed that triploid hybrids of F. apennina × F. pratensis 
readily propagate vegetatively via rhizomes, which may distribute an individual 
over long distances. Our analysis revealed clones of an individual dispersed up 
to 14.4 m in Swiss swards (Kopecký et al. 2018). Another means of transmission 
of the hybrid genome into subsequent generations might be via backcrosses of 
a partially female-fertile hybrid to one of the parental species. Natural hybrids 
of L. perenne × F. pratensis in British Isles and France were found to be diploids 
and triploids formed by fusion of reduced and unreduced gametes (with both 
combinations LLF and LFF) (Peto 1933, Wit 1964, Essad 1966, Gymer and Whit-
tington 1973, Humphreys and Harper 2008). Although fertility of the hybrids was 
low, normal viable pollen grains were occasionally recovered from both diploid 
and triploid hybrids (Humphreys and Harper 2008). This indicates that gene 
flow is likely between natural populations of the hybrids and their progenitors.

This paper aimed to provide an update on interspecific and intergeneric hy-
bridization within the Festuca-Lolium complex.  Special attention was paid to 
the origin of hybrids, their establishment in natural stands, and competitiveness 
over the parental species.

Materials and methods

Survey of altitudinal distribution of broad-leaved Festuca species: The altitudi-
nal distributions of diploid F. pratensis, tetraploid F. apennina, and their triploid 
hybrids were studied by sampling plants in six natural grassland areas represent-
ing four different Swiss cantons (Table 1 Suppl.). A majority of the sampling sites 
were used as pasture for cattle grazing. However, at low altitudes, some grasslands 
were used for hay or silage making and had to be included where no grazed areas 
were available. At highest altitudes, some scrubby zones with little grazing were 
included. For each of the grassland areas, one or two contiguous pastures of at 
least 2 000 m2 at mid-altitude (1 350 to 1 550 m a.s.l.) were chosen. A 20 × 20 m 
grid was pre-defined by a geographic information system (GIS) in each pasture. 
Starting with a random square of 20 × 20 m within this grid, the broad-leaved 
Festuca plant closest to the centre of the square was sampled. This was contin-
ued with adjacent squares until at least 50 plants were sampled. Squares with no 
Festuca present were skipped. Starting from the 2 000 m2 pastures, an altitudinal 
gradient up and down the slope was followed. Additional sampling was carried 
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out in horizontal transects every 50 m of altitude. Six plants were sampled at each 
altitude (+/- 10 m) with a distance of about 15 m (20 steps) between the plants. 
For each of the six grassland areas, a total of 18 to 21 such horizontal transects, 
covering altitudes of 850 to 1950 m a.s.l. were included (Fig. 1 Suppl.). The high-
est and the lowest horizontal transects at each locality were from 2.7 to 4.9 km 
far from each other. From each plant, a ramet was detached and planted into a 
Quickpot tray. Ramets were then allowed to develop in a greenhouse.

Ploidy was determined by flow cytometry (FCM) in two laboratories, Olo-
mouc, Czech Republic and Gatersleben, Germany. At Olomouc, each ramet was 
measured separately as described by Doležel et al. (2007). Nuclear suspensions 
were prepared from 50 mg leaf tissues of each sample with Pisum sativum cv. 
Ctirad used as the reference standard having 2C = 9.09 pg (Doležel et al. 1998). 
At Gatersleben, nuclear suspensions were prepared from equal amounts of 50 mg 
leaf tissues of each of one to three ramets together with Vicia faba, cv. Tinova 
(IPK gene bank accession number: FAB 602) as internal reference standard using 
the CyStain PI Absolute P reagent kit (Sysmex, Norderstedt, Germany) according 
to manufacturer's instructions. When ploidy deviations were observed within 
the pools of up to three ramets, each ramet was measured individually, together 
with V. faba. Diploid plants were considered as F. pratensis, tetraploid plants as 
F. apennina, and triploid plants as hybrids of the two. In each locality, 12 triploid 
plants were selected for determination of maternity. They were selected to best 
cover the altitudinal range of triploid plant occurrence at each locality. Mater-
nity was determined by analysis of two cpDNA loci. Firstly, a 5-bp indel in the 
trnL-trnF intergenic spacer differentiated between F. pratensis and F. apennina 
haplotypes (Kopecký et al. 2018), but it does not differentiate between F. praten-
sis and L. perenne (another potential mating partner) haplotypes. Therefore, a 
second marker, the gene coding for maturase K (matK), was used to differentiate 
between F. pratensis and L. perenne haplotypes. Analysis of Genbank records 
showed that the matK region contained three differentiating positions (based 
on accession HM453060): 514 (C/A), 612 (T/A), and 884 (T/C). The analysis 
of trnL-trnF intergenic spacer was done as described in our previous report 
(Kopecký et al. 2018). matK region was amplified using primers F318poales 
and R1460poales (De Vere et al. 2012) as follows: reaction volumes of 25 mm3 
contained 12.5 mm3 of Combi PPP MasterMix (TopBio, Vestec, Czech Republic), 
9.5 mm3 of ddH2O, 0.5 μM of each primer, and 5–10 ng of genomic DNA. The 
thermocycling profile was as follows: 95 °C/5 min, 35 × (95 °C/30 s, 53 °C/30 s, 
72 °C/1 min), 72 °C/10 min. PCR products were purified using the QIAquick 
PCR purification kit (Qiagen, Hilden, Germany) and sequenced (GATC Biotech, 
Cologne, Germany) using the PCR primers.

Formation of triploid F. apennina × F. pratensis hybrids under controlled 
open pollination: For the assessment of the formation of triploid hybrids un-
der controlled pollination, we used F. apennina (Fape) and F. pratensis (Fp) 
plants as well as their triploid hybrids which ploidy was confirmed by FCM 



32 B. Boller et al.

as described above. The plants originated from a small collection in different 
European countries carried out in 2017 and were cultivated in an experimental 
field of Agroscope in Reckenholz. Broad-leaved Festuca was collected in Aus-
tria (Arlberg region), Bulgaria (Rila mountains), Italy (Cortina d’Ampezzo re-
gion), Liechtenstein (Alp Malbun region), Romania (Transylvanian Alps), and 
Switzerland (Glaubenbielen and Steiner Berg regions, see Table 1 Suppl.). All 
plants were collected from permanent grassland at altitudes between 1 310 and 
2 000 m a.s.l. They were planted at random at 0.5 × 0.25 m distances in an 11 × 
2.5 m field plot at Zürich-Reckenholz in August 2017. Plants were trimmed to 
5 cm stubble height in autumn 2017. During the spring growth in 2018, inflo-
rescence emergence was observed visually at 3- to 4-d intervals and the date of 
the inflorescence emergence interpolated. Flowering synchrony between a pair 
of plants was estimated based on the date of inflorescence emergence, assuming 
an equal delay between inflorescence emergence and flowering. After completion 
of inflorescence emergence, 29 Fape, 34 Fp, and 25 triploid hybrid plants were 
selected so that each country of origin was represented by at least two genotypes 
of Fape. Selected plants were allowed to flower and cross-pollinate openly; all 
remaining plants were trimmed to 5 cm stubble height. No feral Festuca plants 
flowered closer than 200 m from the selected plants. Seeds were harvested in-
dividually from each plant at the start of shedding. Further investigation was 
initiated with the seeds obtained from Fape and triploid hybrid plants. About 
200 seeds for each of the Fape mother plant were germinated at room tempera-
ture. However, the germination rate was low (2.7 %). Therefore, remaining seeds 
were subjected to consecutive cycles of cold treatment (4 °C for 14 d) followed 
by two weeks at room temperature. Up to three cycles were applied to increase 
the germination rate which reached 73.7 %, on average. All seeds collected from 
triploid hybrids (0 to 5 seeds per plant, 1.5 on average) were subjected to cold 
treatment (4 °C for 21 d) and then allowed to germinate at room temperature. 
Ploidy of seedlings was determined by FCM as described above. We analyzed 
all seedlings from Fape mother plants germinating without cold treatment and 
a sample of seedlings germinating with one, two, or three cycles of cold treat-
ments. All seedlings obtained from triploid mothers, 8 in total, were analyzed.

Formation of triploid hybrid progeny in situ and their performance: Seeds 
were collected individually from a total of 49 F. apennina plants at 11 natural 
grassland localities in Switzerland in 2017, at the altitudes of 1 525 to 1 850 m 
a.s.l. Five localities were in the grassland areas of Glaubenbielen (two localities), 
Kamor, Steiner Berg and Selamatt (see Table 1). Six further localities were in the 
municipalities of Trimmis and Sedrun (ct. Graubünden), Boltigen and Guttan-
nen (ct. Bern), Bedretto (ct. Ticino) and Ulrichen (ct. Wallis). The ploidy of each 
plant (and thus, their assignment to Fape) was determined from single leaves 
by FCM. Ploidy of at least 35 individuals randomly sampled in the surrounding 
area of the plants was determined by FCM using the pooling approach of up 
to three ramets, as described above. At all sites except Guttannen and Sedrun, 
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triploid hybrids were observed in the neighborhood of the Fape plants from 
which the seeds were collected. Depending on availability, up to 50 seeds per 
plant were subjected to two cycles of cold treatment (4 °C for 14 d) and seed-
lings were planted to Quickpot boxes in the greenhouse. At least three seedlings 
were obtained from each of 46 Fape mother plants (out of 49 plants; three plants 
did not produce any seeds). In total, 860 seedlings reached the stage (at least 
two leaves) for ploidy determination. Ploidy of all seedlings was determined by 
FCM as described above. Plants with ploidy other than tetraploid were studied 
for chromosome constitution by genomic in situ hybridization (GISH). Mitotic 
metaphase spreads prepared from root tips and GISH were performed according 
to Masoudi-Nejad et al. (2002). The allotetraploid F. apennina consists of two 
genomes, one of F. pratensis (Fp) and the other one close to current F. glaucescens 
(Fg-like; Kopecký et al. 2016). In order to determine genome composition, total 
genomic DNAs of F. pratensis and F. glaucescens were used as probes labelled 
with digoxigenin and tetramethyl-rhodamine-5-dUTP, respectively, using Nick 
Translation kits according to manufacturer’s recommendation (Roche Applied 
Science, Penzberg, Germany). Total genomic DNA of L. multiflorum was sheared 
to 200–500 bp fragments by boiling for 45 min and used as blocking DNA. 
The probe to block ratio was 1:150 with minor variation. The digoxigenin la-
belled probe was detected by the Anti-DIG-FITC (Roche Applied Science). Chro-
mosomes were counterstained with 1.5 µg/ml 4',6-diamidino-2-phenylindole 
(DAPI) in Vectashield antifade solution (Vector Laboratories, Burlingame, CA, 
USA). Slides were evaluated with an Olympus AX70 epifluorescent microscope 
equipped with a SensiCam B/W camera (Olympus, Tokyo, Japan). ScionImage, 
and Adobe Photoshop software were used for processing and pseudo-colouring 
of the images.

Field performance of triploid, tetraploid, and hexaploid progeny obtained 
from in situ pollination was tested at two sites, Reckenholz (440 m a.s.l.) and 
Früehbüehl (1 000 m a.s.l.). Each of three 3x and four 6x genotypes were com-
pared to five 4x genotypes to which they were half-sibs. Since each of the 3x 
and 6x genotypes was from a different Fape mother, 5 × (3+4) = 35 tetraploid 
genotypes were used. Ten genotypes of the autotetraploid F. pratensis cv. Tetrax 
were used as a control. The 52 (three triploids, four hexaploids, 35 tetraploids, 
and 10 autotetraploid Fp) genotypes were clonally propagated to 6 ramets each. 
Field experiments were in spring 2018 in a completely randomized block design 
(0.5 × 0.3 m). At each site, three replications (blocks) were used with separate 
randomization of the 52 genotypes in each block. Performance of the genotypes 
was estimated by vigor scores on a 9 (very vigorous) to 1 (plant dead) scale. Vigor 
was scored three times at Reckenholz and twice at Früehbüehl in the planting 
year A0 (2018), and five times at Reckenholz and four times at Früehbüehl in 
the first full harvest year H1 (2019).

Fertility and gene flow in natural L. perenne × F. pratensis hybrids: Natural 
hybrids were collected from waterlogged soils in the Thames valley near Oxford 
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based on their inflorescence morphology (Humphreys and Harper 2008). The 
plants were checked for ploidy using Cyflow space flow cytometer (see above). 
Three plants were found to be mixoploids with diploid and triploid tillers; these 
plants were divided into individual tillers and each tiller was analyzed using flow 
cytometer before the plants were put into isolation units. Chromosome counts 
and GISH (see above) were used to confirm the chromosome numbers and reveal 
the genomic constitution of the plants. The natural hybrids were subsequently 
classified into three groups: diploid FpLp, triploids FpFpLp and LpLpFp.

Pollen fertility of the hybrids and their progeny was estimated by acetocar-
mine staining (Shreiber 1954). To investigate the possibility of production of 
new hybrids and the potential gene flow between species, controlled pollination 
experiments in pollen-proof isolation units were initiated. The isolation units 
had positive displacement of air through filters to ensure no rogue pollen could 
enter the unit. The natural hybrids were cloned, and two clonal ramets of each 
hybrid genotype were put into each isolation unit with different combinations 
of diploid and tetraploid L. perenne and F. pratensis (each genus represented by 
at least 10 different genotypes). In isolation units 5 and 6, a single genotype of 
L. perenne or F. pratensis was separated into 10 clonal ramets.

Six different isolation units involved these genotypes:
1) natural hybrids (2x and 3x) and F. pratensis and L. perenne (both species 2x 
and 4x)
2) natural hybrids only (2x and 3x)
3) natural hybrids (2x and 3x) and L. perenne (2x)
4) natural hybrids (2x and 3x) and F. pratensis (2x)
5) natural hybrids (2x and 3x) and a single genotype of diploid L. perenne
6) natural hybrids (2x and 3x) and a single genotype of diploid F. pratensis.

After flowering, the plants were removed from the isolation units and the 
number of florets and seed were counted for an estimate of seed yield and hence 
fertility of the natural hybrids in different isolation combinations. A sample of 
the progeny produced from these isolation units was established and analyzed 
for chromosome number, genomic constitution using GISH and fertility.

Results

A general altitudinal pattern of the distribution of diploid Festuca pratensis (2x 
Fp), Festuca apennina (4x Fape), and their triploid (3x) hybrids was found in all 
six sampled grassland areas in the Swiss Alps (Fig. 1). Diploid Fp was the sole 
species at the lowest altitudes, and tetraploid Fape was the sole species at the 
highest altitudes, except for the grassland area Reichenbachtal. Triploid hybrids 
prevailed at mid-altitudes at variable frequencies but were often the most abun-
dant and sometimes even the sole cytotype. However, the six grassland areas 
differed in the altitudinal levels at which dominance of a cytotype changed. For 
example, 3x hybrids were strictly restricted to a zone between 1 150 and 1 350 m 
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Fig. 1. The distribution of ploidy of broad-leaved Festuca individuals sampled in six permanent 
grassland areas at different altitudes scaled by 50 m. A – Glaubenbielen, B – Kamor, C – Oberseetal, 
D – Reichenbachtal, E – Steiner Berg, and F – Selamatt. Light grey – diploid Festuca pratensis, dark grey – 
tetraploid F. apennina, grey – triploid hybrids.

a.s.l. in the grassland area Oberseetal. Conversely, triploids were found between 
1 000 and 1 950 m a.s.l. in Reichenbachtal. Fp and Fape did not co-occur in 
balanced abundance frequently. In just one out of 8 pastures of over 2 000 m2 
each with at least 47 specimens, at locality Passhöhe in grassland area Glauben-
bielen, the less frequent species of 2x Fp and 4x Fape occurred with more than 
4 % (Table 1). Triploid hybrids and just one of the parents were present in three 
2 000 m2 pastures, and only triploid hybrids were present in one pasture. In the 
remaining three pastures, both Fp and Fape were present, but the less frequent 
of the two was present with only 2 to 3.5 %. Similarly, among the 108 additional 
horizontal transects shown in Fig. 1 with six plants sampled, at only 5 transects 
both Fp and Fape were found. At 42 transects 3x hybrids and only one of the 
parent species were found, and at 10 transects all samples were 3x hybrids. At the 
remaining 51 transects, either Fp or Fape were the sole species found.
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Table 1. The distribution of ploidy among at least 47 randomly sampled broad-leaved Festuca species in 
8 pastures of at least 2 000 m2 in the Swiss Alps with a different mean elevation. Fp – Festuca pratensis, 
Fape – Festuca apennina.

Elevation    
[m a.s.l.] Locality Grassland area Number of 

samples 2x Fp 3x hybrids 4x Fape

1364 Mörlialp Glaubenbielen 59 30.5   69.5   0.0
1566 Passhöhe Glaubenbielen 48 31.3   47.9 20.8
1406 Loch Kamor 48   0.0 100.0   0.0
1372 Saaftenboden Oberseetal 47   2.1   25.5 72.3
1398 Chaltenbrunnen Reichenbachtal 50 64.0   34.0   2.0
1385 Ahorn Steiner Berg 70   0.0   98.6   1.4
1445 Zinggen Selamatt 57   3.5   54.4 42.1
1526 Schribersboden Selamatt 51   0.0   49.0 51.0

Table 2. The maternity of 3x hybrids sampled in six Swiss grassland areas at different altitudes compared 
to the relative occurrence of their parent species, Festuca pratensis and F. apennina (1 – plus one plant 
from a Lolium perenne mother; 2 – two plants from less than 1 025 m a.s.l., both from F. apennina mother). 
Fp – Festuca pratensis, Fape – Festuca apennina.

Altitudinal range 
[m a.s.l.]

Distribution of ploidy 
of randomly sampled 
Festuca plants

    Maternity of 
selected 3x 
hybrids

 

  2x Fp 3x hybrids 4x Fape Fp [%] Fape [%]
< 1225 76.1 23.9 0 2 (18.2)   9 (81.8) 2)

1225 to 1325 45.7 47.1 7.1 3 (33.3)   6 (66.7)
1325 to 1425 20.1 66.8 13.2 3 (13.6) 19 (86.4)
1425 to 1525 11.9 54.5 33.6 3 (27.3) 1)   7 (63.6)
1525 to 1625 13.8 42.8 43.4 1 (7.7) 12 (92.3)
>1625    1.9     21.4 76.7 0 (0.0)    6 (100.0)

A great majority (82 %) of randomly selected 72 triploid hybrids among the 
plants represented in Fig. 1 was derived from Fape as the seed parent (Table 2). 
Just 17 % of triploids were derived from a Fp mother. One of the 72 plants (1 %) 
was derived from a Lolium parent and was identified by GISH to be a Festulolium 
hybrid Lolium perenne × F. apennina. The analysis of cpDNA revealed Lolium 
as the maternal parent of this hybrid. The altitudinal distribution of maternity 
of the hybrids was not related to the relative frequency of the parental species at 
respective altitudes (Table 2). One might expect that at lower altitudes, relatively 
more hybrids would be derived from Fp mother, and less so at higher altitudes 
where Fp are less frequent compared to Fape. However, even at altitudes below 
1 225 m a.s.l. where no Fape plants were found in any of the grassland areas 
investigated, over 80 % of triploid hybrids were derived from a Fape mother.

At least some seeds were obtained from 27 out of 29 Fape plants, with each 
of the seven countries of origin (Austria, Bulgaria, Italy, Romania, Liechtenstein, 
and Switzerland) represented, when exposed to open pollination of the set of 
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29 plants of Fape, 34 plants of Fp, and 25 plants of triploid hybrid in an isolated 
experimental field plot of about 30 m2. However, triploid hybrids did not shed 
any pollen. Out of 116 seedlings which germinated without cold treatment 113 
(97 %) were 3x hybrids; the remaining three seedlings were tetraploid Fape. 
From the seedlings germinating after one, two, or three cycles of cold treatment, 
only 14, 8, and 4 % were 3x hybrids, respectively, and the rest were tetraploids. 
When tetraploid progeny of a given mother plant required several cycles of cold 
treatment for germination, about half of the triploid progeny of that plant also 
required cold for germination. Although a single cycle of cold treatment was 
sufficient for germination of the majority of the tetraploid progeny of a mother 
plant, a large majority of its triploid hybrid progeny germinated without cold 
treatment. Based on this observation, we calculated a linear regression of the per-
centage of triploid progeny germinating without cold treatment on the number of 
cold treatment cycles required for germination of the remaining, predominantly 
tetraploid, progeny of the same tetraploid mother plant. This regression was used 
to estimate the total number of triploid progeny for those mother plants where 
only the number of triploid progeny germinating without cold treatment and 
the cold requirement for germination of the remaining seeds was determined.

Fig. 2. The occurrence of triploid (3x) seedlings in progenies of 28 individual Festuca apennina (4x) plants 
originating from 6 European countries plotted against the relative chance of each F. apennina to be pollinated 
by a 2x F. pratensis plant and thus yielding 3x progeny. Individual Festuca apennina plants were exposed 
to open pollination by a fixed number of randomly distributed 2x F. pratensis and 4x F. apennina plants. 
Relative chances were calculated on the basis of distances to neighboring plants and flower synchrony 
with them. The regression coefficient r2 = 0.297.
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Formation of 3x progeny was significantly (r2 = 0.55, n = 29) correlated with 
relative chances of pollination by Fp plants based on the distance and flowering 
synchrony of neighboring Fape and Fp plants in the field (Fig. 2). The chances 
were calculated assuming a drop in the pollination chance within the square of 
the metric distance between two plants, and with a 10 % drop per day of flower-
ing asynchrony. According to the linear regression shown in Fig. 2, the receptivity 
of a 4x Fape stigma was about six times less for pollen of Fp than for pollen of 
Fape. However, there were differences among regions of origin and plants within 
a region of origin. Both Fape plants from Italy, three out of four from Romania 
and two out of eight from Bulgaria were clearly less prone to form 3x hybrids 
than those from other regions. Three Fape individuals, one each from Austria, 
Liechtenstein, and Switzerland, produced more than double the number of 3x 
hybrid progeny than would be expected from the respective pollination prob-
ability by a neighboring Fp plant.

Out of 860 seedlings obtained from 49 Fape plants collected at 11 localities in 
Switzerland, just three seedlings (0.35 %) were triploid hybrids (Table 2 Suppl.). 
GISH confirmed that they originated from in situ pollination with a Fp pollen. 
Each of these three seedlings was from a different Fape mother plant, but two of 
them grew in the same locality, Schribersboden (grassland area Selamatt). The 
third one was collected in the locality Küeschte (grassland area Kamor). Both 
these grassland areas were also the object of an extensive survey of the occurrence 
of Fp, Fape, and their 3x hybrids reported above (see Fig. 1 Suppl.). At Küeschte, 
several potential Fp pollen donors were found in the vicinity of the Fape plant, 
the closest one at a distance of 47 m. However, no Fp was found among 51 in-
dividuals sampled in the pasture around the Fape mothers at Schribersboden. 
The nearest Fp plant in that survey was at a distance of about 1 400 m from the 
Fape plants which were mothers of those two triploid seedlings. The rare occur-
rence of triploids among the progeny of Fape was in contrast with the abundance 
of triploid plants in these localities. The frequency of triploid seed emergence 
from Fape plants at the localities Schribersboden and Küeschte was 0.63 % (two 
out of 317 seedlings) and 0.68 % (one out of 147 seedlings), however, 49 % 
(25 out of 51 plants), and 33 % (19 out of 57) plants found in nearby pastures, 
respectively, were triploids. This was only slightly higher than the frequency of 
triploids identified among 540 broad-leaved Festuca plants collected over all 
11 localities (26 %).

However, not all of the remaining seedlings (out of 860) had the expected 4x 
ploidy. Five of them were hexaploid. The GISH revealed that they resulted from 
fertilization involving one reduced and one unreduced gamete of Fape. All three 
triploid and four of the five hexaploid seedlings developed sufficiently to assess 
their vigor in a field experiment (see below).

We investigated the vigour of the three triploid and four hexaploid seedlings 
compared to their tetraploid half-siblings and ten genotypes of tetraploid Fp cv. 
Tetrax. For each of the triploid and hexaploid seedlings, five randomly selected 
tetraploid half-siblings were chosen. All three triploid hybrid genotypes out-
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Table 3. Annual averages of vigor scores (scale 1 to 9, 9 is best) of three 3x hybrid and four 6x Festuca 
apennina genotypes compared to the average of 5 regular 4x F. apennina progeny of the corresponding F. 
apennina mother plant, or 10 genotypes of 4x F. pratensis cv. Tetrax. Means within a row not followed by the 
same letter are significantly different (P < 0.05) (1 – comparisons 3x vs. 4x and 4x vs. 6x: the F-test for the 
factor “ploidy” in an analysis of variance with a model of y = ploidy mother replication; 2 – comparisons with 
4x F. pratensis Tetrax: Duncan’s multiple range test, model y = ploidy replication). Fp – Festuca pratensis, 
Fape – Festuca apennina.

Trial site (altitude) Year Comparison 3x hybrid1 4x Fape1 6x Fape1 4x Fp Tetrax2

Früehbüehl (1000 m a.s.l.) A0 3x vs. 4x 8.83a 7.26b   6.76b

    4x vs. 6x   6.67b 5.63c  
  H1 3x vs. 4x 8.94a 6.45b   6.59b

    4x vs. 6x   6.20b 4.69c  
Reckenholz (450 m a.s.l.) A0 3x vs. 4x 7.85a 3.51b   6.99a

    4x vs. 6x   3.22b 2.27c  
  H1 3x vs. 4x 6.49a 1.93b   7.29a

    4x vs. 6x   1.37b 1.00b  

performed their tetraploid Fape half-siblings at both experimental locations, 
Früehbüehl (1000 m a.s.l) and Reckenholz (450 m a.s.l.) (Table 3). The differ-
ence increased from the planting year (A0) to the first full harvest year (H1). At 
Früehbüehl, 3x hybrids were also significantly more vigorous than the tetraploid 
Fp cv. Tetrax. At Reckenholz, there was no significant difference between the 
performance of 3x hybrids and Tetrax. Tetraploid Fape performed similarly to 
Tetrax at Früehbüehl but much poorer at Reckenholz. Hexaploid plants were 
always less vigorous compared to the tetraploid siblings. The difference was sig-
nificant for all years and locations, except for Reckenholz in H1. Similar as 4x 
Fape, 6x Fape plants performed much better at Früehbüehl (1 000 m a.s.l.) when 
compared to Reckenholz (450 m a.s.l).

Indehiscent anthers were observed in all 3x hybrids at the flowering stage, 
indicating complete male sterility (Fig. 2 Suppl.). This characteristic allows visual 
identification of triploids in the field. However, a certain, though an extremely 
low female fertility was observed. Out of 25 triploid hybrids allowed to reach 
the seed ripening stage in a field at Reckenholz grown in the presence of 29 Fape 
and 34 Fp plants, 15 plants produced a few (one to five) seeds, 28 in total. The 
germination rate of these seeds was only 25 % (seven out of 28), compared to 
74 % of Fape and 90 % of Fp. Those seven germinating seeds originated from four 
3x mother plants (Table 3 Suppl.). Compared to Fape and Fp plants of similar 
vigour, this corresponds to 0.02 and 0.004 % viable seed set of these cytotypes, 
respectively.

Of the 7 progenies of triploid hybrids, 4 were tetraploid and 3 were triploid. 
Tetraploids were less vigorous than triploids and only one tetraploid plant was 
still alive when GISH analysis was carried out. Chromosome constitution of this 
4x progeny plant was 21Fp + 7Fg-like chromosomes, suggesting a scenario of 
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an unreduced egg cell of the triploid hybrid (14Fp + 7Fg-like) pollinated with 
a haploid pollen of Fp (7Fp). All three triploid progeny plants had the same 
chromosome constitution (14Fp + 7Fg-like) as their mother plant. Different 
scenarios are possible in this case, such as a haploid 7Fp egg cell after complete 
loss of the Fg-like genome during meiosis, pollinated by a diploid pollen of 4x 
Fape (7Fp and 7Fg-like) or apomictic propagation from an unreduced egg cell 
of the triploid hybrid.

Pollen fertility, seed set, and seed germination from the isolation units, of 
natural hybrids of L. perenne × F. pratensis is shown in Table 4 Suppl. The pollen 
fertility was somewhat lower in the diploid hybrids with 3.9 % (FpLp), compared 
to 7.8 % in LpLpFp triploid and 8.1 % in FpFpLp triploid. In diploid hybrids, 
seed set was 0.5 % but the seed did not germinate, and no viable plants were pro-
duced. Seed set in the triploids LpLpFp and FpFpLp was 0.5 and 0.8 % with the 
germination rate of 22.0 % (13 plants produced) and 2.1 % (14 plants produced), 
representing the fertility rate of 0.10 and 0.02 %, respectively.

The 13 progenies from maternal triploids LpLpFp came from isolation units 
2 and 3, and 14 progenies from maternal FpFpLp came from isolation units 1, 
2, 3, and 6. The progenies produced from triploid hybrids (either with each 
other or with parental species) varied in genome composition (Table 4). Eight 
progeny plants were studied in detail. Seven of these plants retained the triploid 
chromosome constitution (including triploidy with one missing chromosome). 
The combination of parental gametes involved in the hybridization events could 
not be unambiguously determined, however, FpFpLp hybrids, hybridized with 
each other or with parental species (isolation units 2 and 1) produced progeny 
(four plants analyzed) with the genome constitution LpLpFp (one plant with 
evidence of homoeologous recombination). This means, that one genome of F. 
pratensis was replaced by one genome of L. perenne. The reciprocal of this was 
not observed, L. perenne genome has never been replaced by the genome of F. 
pratensis; the progeny of LpLpFp hybrids either possessed the same genomic 
composition as their mother plant (one plant), had substitutions of two Fp chro-
mosomes by two Lp chromosomes (one plant) or showed elimination of one Fp 

Table 4. The genome composition and pollen fertility of the progeny of the triploid hybrids.

Mother plant Progeny Isolation unit Genome composition Pollen fertility [%]

LpLpFp 1 2 2n=28; 21Lp + 7Fp 62
  2 3 2n=21; 16Lp + 5Fp   2
  3 3 2n=20; 14Lp + 6Fp 36
  4 3 2n=21; 14Lp + 7Fp   4
FpFpLp 1 1 2n=21; 14Lp + 7Fp 27
  2 1 2n=21; 14Lp + 7Fp 29.7
  3 2 2n=21; 14Lp + 7Fp 30.7
  4 2 2n=21; 14Lp + 7Fp  

+ recombinations
17.7
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chromosome. The only tetraploid progeny plant with genome constitution 21Lp 
+ 7Fp chromosomes (thus, being LpLpLpFp) probably arose from the merge of 
unreduced gamete of the triploid and a normal gamete of diploid L. perenne.

The progeny of a LpLpFp mother plant differed in pollen fertility. While 
tetraploid plant (No. 1) had pollen fertility at 62 %, only 2 % pollen fertility was 
observed in the triploid plant (No. 2) with genome constitution 16Lp + 5Fp. Un-
expectedly, aneuploid plant (No. 3) had high pollen fertility (36 %), much above 
that of all euploid triploids. On the contrary, all four triploid progeny plants from 
mother plant FpFpLp had similar pollen fertility ranging from 17.7 to 30.7 %.

In natural hybrids, aerial tillering and vivipary were noted. These traits were 
also observed in a number of the progeny from these plants.

Discussion

Triploid hybrids between diploid F. pratensis and tetraploid F. apennina occurred 
frequently and with a clear altitudinal pattern in all six investigated grassland 
areas of the Swiss Alps. This confirms and expands the previous results (Ko-
pecký et al. 2018) where triploids were found much more frequently at about 
1 350 m a.s.l. than at 1 550 and 1 750 m a.s.l. The sympatric appearance of both 
parental species does not seem to be necessary for the widespread distribution 
of their triploid hybrids. Triploid hybrids were found at lower altitudes down 
to 996 m a.s.l. whereas no F. apennina was found in grassland below 1 236 m 
a.s.l. (Fig. 1). Similarly, triploid hybrids occurred up to 1 943 m a.s.l. while no F. 
pratensis was found above 1 702 m a.s.l. Moreover, the maternity of the triploid 
hybrids sampled at different altitudes did not reflect the altitudinal distribution 
of their parental species. Even at the lowest altitudes (below 1 225 m a.s.l.) where 
no F. apennina was found, most triploid hybrids were derived from a F. apennina 
mother (Table 2). Therefore, wind pollination of locally growing F. pratensis 
by more distant F. apennina plants growing at higher altitudes and subsequent 
shedding of hybrid seeds in the vicinity of the F. pratensis was not primarily 
responsible for the downward expansion of the triploid hybrids. Long-distance 
seed dispersal is likely to play a more important role for the spread of the triploid 
hybrids far beyond zones of co-occurrence of the two parent species than pollen 
dispersal by wind. Haymaking at high altitudes is not common in the grassland 
areas studied, thus human-mediated seed dispersal by fodder transport prob-
ably plays only a minor role. However, grazing cattle are often moved over long 
distances in the summer grazing systems prevailing at the regions of study. Near 
the end of the summer period when seeds are ripe on Fape, cattle are transferred 
from higher to lower altitudes to graze the regrowth, and are good candidates 
as vectors for the downward seed dispersal. “Bristly” grass seeds such as Nardus 
stricta or Festuca ovina, to which we may rightly also assign Festuca apennina 
seeds with their awns remain attached to coats of grazing animals when moving 
through grassland (Mouissie et al. 2005), more on sheep but also on cattle coats. 
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Seeds are retained sufficiently long on sheep wool to be transported beyond 1 km 
distance but not as long on cattle coats. A more likely mode of long-distance 
dispersal of F. apennina seeds is endozoochory, a passage through the digestion 
system and deposition with faeces. Cosyns et al. (2005) studied the emergence 
of seedlings from cattle dung after the animals had grazed on extensively used 
grassland. Grasses of the genera Poa, Holcus, and Agrostis were among the most 
frequent species emerging. Festuca rubra seedlings also emerged, though at lower 
frequencies. Different Gramineae were also among the species that emerged from 
white-tailed deer pellets in the study of Myers et al. (2004). The frequent occur-
rence of both 4x F. apennina and 3x hybrids in places were grazing cattle like to 
rest (so-called “Läger”), as observed in our previous study (Kopecký et al. 2018), 
supports the hypothesis that cattle faeces may be the main vector of the long-
distance seed dispersal of F. apennina seed. Additionally, dung deposits boost 
the availability of nutrients and thus help to create an optimal environment for 
the establishment of the high nutrient demanding F. apennina and 3x hybrids.

Triploid hybrids formed spontaneously in an experimental setting with open 
pollination among Fape and Fp (Fig. 2). In this field trial, we investigated the 
formation of hybrids in the progeny of Fape mothers only because most hybrids 
in nature are derived from Fape mothers. Moreover, hybrid progenies are much 
more easily detected when Fape is the seed parent due to the differential ger-
mination behavior of tetraploid and triploid seeds. While tetraploid Fape seeds 
require cold treatment for germination (Tyler et al. 1978), a seed that develops 
into a triploid hybrid has a much smaller requirement for cold treatment (Boller 
et al. 2018). This finding was confirmed in the study presented here. Almost all 
(97 %) of seedlings germinating without cold treatment were triploid hybrids, 
whereas a great majority of seedlings germinating after one or more cold treat-
ment cycles were tetraploid (86, 92, and 96 % for one, two, or three cycles of 
the cold treatment, respectively). Analysis of the frequency of hybrid forma-
tion identified the metric distance and flowering synchrony to pollinating Fp or 
Fape plants growing nearby as a major source of variation. Assuming no self-
pollination, the formation of triploid hybrids was only about six times less likely 
than would be expected from the vicinity to pollinating Fp vs. Fape plants. Thus, 
the compatibility of Fp pollen on a Fape stigma was at least 16 % of the com-
patibility of Fape pollen. If a certain rate of self-pollination of Fape is assumed, 
the relative fertilization success of Fp pollen on Fape was even higher. The easy 
cross-fertilization of Fape pollinated with Fp contrasts with the cumbersome 
production of interspecific and intergeneric hybrids observed earlier in breeding 
programs; the seed parent is usually emasculated to avoid self-fertilization, but 
even then, the cross-fertilization rate is low. For example, Jenkin (1933) obtained 
only 12 F1 hybrids from 8 000 manually emasculated florets of diploid L. perenne 
pollinated by diploid F. pratensis. Gröber et al. (1974) obtained less than 1 % seed 
per emasculated florets of F. pratensis when pollinated with Lolium species. In 
their study, the combination F. pratensis × F. arundinacea yielded the most viable 
seeds, 5.9 % seeds per emasculated floret when diploid F. pratensis was the seed 
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parent, and even 14.6 % when F. arundinacea was the seed parent pollinated with 
autotetraploid F. pratensis. In our present study, some Fape plants produced much 
more hybrid progeny than expected from the vicinity to Fp pollinators. The high-
est rate of triploidy among progeny was 20.32 % for a plant which had a 51.7 % 
chance to be pollinated by 2x Fp. Therefore, on this particular plant, fertilization 
success of pollen of 2x Fp was (20.32/51.7)×100 = 40.01 %. Four more plants had the 
fertilization success above 32 % (double of the average 16 %) of Fp pollen. This 
may suggest a genetic variation for the tendency to produce interspecific hybrids. 
Genetic systems controlling interspecific crossability are known in other plant 
species including Kr system in wheat (Krolow 1970). However, the heritability 
of this character has not been studied in this study.

Despite a relatively good chance of obtaining triploid hybrids in an experi-
mental setting, hybrid seedlings were rare when the seed was collected on Fape 
plants in natural grassland (Table 2 Suppl.). The low number of hybrid seedlings 
contrasted with the high number of triploid hybrids occurring nearby. At the 
two localities where triploid seedlings were identified among the progeny of 
open-pollinated Fape, the abundance of triploid hybrids in nearby grassland was 
49 and 21 %, but the abundance of triploid progeny from Fape was only 0.53 
and 0.66 %. Thus, the abundance of triploid hybrids in the grassland was 32 to 
92-times higher than the proportion of triploid progeny among seedlings. There 
are several possible explanations for this discrepancy.

1) Triploid hybrids may have a better chance of establishment under the spe-
cific conditions of these mid-altitude sites due to their reduced cold requirement 
for germination. The cold requirement is a defense mechanism to avoid winter 
kill of young seedlings germinating in the autumn. However, direct germination 
after seed shedding may be more advantageous at lower altitudes with milder 
winters, as providing competitiveness to well-established seedlings in the spring. 
As climate change accelerates, triploid seed may be able to germinate and estab-
lish at higher altitudes and where there is a reduced cold period, and tetraploid 
seed may increasingly fail to germinate increasing the advantage of triploid seed.

2) Triploid hybrids exhibit extraordinary heterosis (hybrid vigor). Mid-parent 
heterosis of triploid hybrids over their Fp and Fape parents of up to 600 % was 
observed by Boller et al. (submitted). All three triploid hybrids raised from open-
pollinated Fape plants listed in Table 3 were markedly more vigorous than their 
corresponding tetraploid Fape half-sibs. A difference in vigor score of 2.5 units 
(8.94 vs. 6.45), as reported for the 1 000 m a.s.l. site in the year after planting, H1, 
translated into a 3-fold higher dry mass yield according to the exponential regres-
sions reported by Boller et al. (submitted). Thus, triploid hybrids are expected 
to be much more competitive in the pasture than tetraploid Fape. However, 
hexaploid seedlings (formed from the fusion of reduced and unreduced gametes 
of Fape) were significantly less vigorous than their tetraploid Fape half-sibs at 
high altitudes (Table 3), indicating their low competitiveness in the pastures. In 
these seedlings, no hybridization but polyploidization is involved, which did 
not show any benefits to plants studied here. Indeed, in the survey of the ploidy 
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levels in six grassland areas reported here, none of the 1044 Festuca plants was 
hexaploid Fape. 

3) The rates of triploid hybrids among seeds of open-pollinated Fape may 
have been much higher in the past when their parental species were more fre-
quently co-occurring than today. This possibility is illustrated by pastures com-
posed of triploid hybrids in the absence of both parental species (Table 1 and 
Fig. 1). Indeed, in the pasture “Loch” in the region Kamor with all 48 Festuca 
plants being triploid hybrids, these hybrids were also very competitive in the 
grassland biotopes. Over the 48 individual sampling points, we estimated that on 
average they contributed 32 % (s.d. 21) to the yield of all grassland species pres-
ent. Similarly, we did not find any other cytotype but triploids in several Swiss 
alpine pastures during our collection expedition in 2015 (Kopecký et al. 2016).

4) Many triploid hybrid seeds may have been brought to the pastures through 
long-distance seed dispersal from sites of more balanced co-occurrence of Fp 
and Fape, rather than having been formed and spread by seed shedding at the 
sites themselves.

Triploid hybrids were mostly sterile, but a small number of seeds were re-
covered from such plants exposed to pollen of Fp and Fape. However, their 
viability was low with just 0.29 of viable seeds per plant compared to Fape with 
1 572 of seeds per plant. They produced seedlings that were either triploid like 
their mother, or tetraploid. Unreduced eggs of a triploid Fape × Fp mother were 
likely involved in the formation of tetraploid progeny. Triploid seedlings may 
have arisen via apomixis. Gröber et al. (1974) created interspecific and interge-
neric hybrids of various species of Festuca, Lolium, and Bromus. They found that 
hybrids between parents of different ploidy were largely sterile, but particularly 
vigorous, and suggested that apomictic propagation of otherwise sterile hybrids 
might be a promising way to exploit their high yield potential in breeding. Apo-
mictic propagation might contribute, in addition to rhizomatous expansion, to 
the large horizontal spread (up to 14.4 m) of individual triploid hybrid genotypes 
observed by Kopecký et al. (2018). However, this contribution is probably small. 
The establishment of a triploid seedling originating from a new hybridization 
event between Fape and Fp seems more likely than the establishment of a triploid 
seedling from one of the very rare seeds of a triploid hybrid plant. In their natural 
habitats, open pollinated Fape plants form about 0.35 % of hybrid seeds (Table 2 
Suppl.), but in an experimental setting, triploid hybrid plants formed only 0.02 % 
of viable seeds compared to Fape plants (Table 3 Suppl.). Thus, seed propagation 
of triploid hybrids may be a significant way of spreading only when none or very 
little 4x Fape is present in the vicinity. Indeed, at the locality Ahorn, with 99 % 
triploid hybrids among all Festuca sampled, Kopecký et al. (2018) found all 18 
randomly sampled individuals of triploid hybrids to be genetically different, thus 
arisen from different hybridization events.

Diploid and triploid L. perenne × F. pratensis hybrids, commonly known as 
Festulolium loliaceum, are found throughout the UK and Western Europe. This 
suggests that these hybrids can originate wherever the progenitor species grow 
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sympatrically. These diploid and triploid hybrids differed: the diploids had a 
somewhat lower pollen fertility (3.9 %) and produced no viable plants from the 
476 seeds which were allowed to germinate while triploids had higher pollen 
fertility (7.8 % in LpLpFp and 8.1 % in FpFpLp) with relatively high germination 
rates in triploid LpLpFp hybrids (~22 %) and lower, but still some germina-
tion in triploid FpFpLp hybrids (~2 %). The reason why triploids outperform 
diploids in the germination rate and, to a lesser extent, pollen fertility remains 
unknown. One may expect that homoploid (LpFp) will show reduced (or com-
pletely absent) pairing of homoeologous chromosomes during meiosis leading to 
unbalanced and non-functional gametes. However, chromosomes of Festuca and 
Lolium display promiscuous pairing and recombination in Festulolium hybrids, 
including diploid homoploid of L. perenne × F. pratensis (Kopecký et al. 2008; for 
visualization of meiosis in diploid L. perenne × F. pratensis hybrids, see https://
olomouc.ueb.cas.cz/getattachment/Research-groups/Kopecky-group/Meiosis-
With-Labeled-Parental-Genomes.pdf.aspx?lang=en-US).

The fact that several germinating seeds of triploid mother plants were ob-
tained from the isolation unit consisting exclusively of hybrids (unit 2), suggests 
that triploids represent the evolutionarily successful type. This is in line with the 
hypothesis of Husband (2004) that a ‘triploid bridge’ is expected to be a more 
frequent strategy for the establishment of hybrid genomes than via polyploidiza-
tion of homoploid hybrids due to the low probability of fusion of two unreduced 
gametes in natural populations.

In some cases, pollen fertility increased considerably in the subsequent gen-
eration of these hybrids (up to 62 %.), which further increases the chances of 
their establishment in native grasslands. Besides increased pollen fertility, they 
also developed alternative strategies to persist in different environments: vivipary 
and aerial tillering. This mode of reproduction is not unexpected, as these hy-
brids frequently occur in water meadows subjected to seasonal flooding. The 
offspring of these hybrids, once backcrossed to L. perenne, retains the aerial 
tillering and vivipary, suggesting a genetic mechanism behind these traits, not 
triggered by the environment alone. These traits and increased fertility lead to 
increased competitiveness of Fl. loliaceum. Gymer and Whittington (1976) and 
Kulik (2011) reported that Fl. loliaceum can compete with other grass species 
in a sward under disturbed conditions. This agrees with the observations on 
other allopolyploids. In general, they display broader adaptation to novel en-
vironmental niches compared to their progenitor species, hence a greater abil-
ity to colonize disturbed and harsher habitats (Te Beest et al. 2012), leading to 
increased invasiveness (Pandit et al. 2011). The natural L. perenne × F. pratensis 
hybrids used in this experiment were collected from water meadows and their 
ability to survive waterlogging for at least a part of the year might be assumed to 
be an adaptive advantage. Similarly, Gymer and Whittington (1976) and Graiss 
(2011) studied the performance of Festulolium hybrids in plot experiments with 
L. perenne and F. pratensis under different experimental regimes and found that 
hybrids increased in proportion over time in most of the conditions. This may 

https://olomouc.ueb.cas.cz/getattachment/Research-groups/Kopecky-group/Meiosis-With-Labeled-Parental-Genomes.pdf.aspx?lang=en-US
https://olomouc.ueb.cas.cz/getattachment/Research-groups/Kopecky-group/Meiosis-With-Labeled-Parental-Genomes.pdf.aspx?lang=en-US
https://olomouc.ueb.cas.cz/getattachment/Research-groups/Kopecky-group/Meiosis-With-Labeled-Parental-Genomes.pdf.aspx?lang=en-US
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trigger potential utilization of natural Festulolium hybrids in breeding programs, 
as sources of novel gene combinations for areas prone to flooding.

The hybrid genomes were modified over generations. In two out of four 
progeny plants of LpLpFp, a reduction of F. pratensis chromosomes was seen. 
Similarly, in all four progeny plants of FpFpLp, one entire genome of Fp was 
replaced by that of Lp, giving the genome composition of progeny LpLpFp. The 
predominance of Lolium genome over that of Festuca has been observed in other 
studies on the genome constitution of Festulolium hybrids. All commercial cul-
tivars of L. multiflorum × F. pratensis and L. perenne × F. pratensis exhibit the 
prevalence of Lolium chromosomes over those of Festuca (Kopecký et al. 2006). 
Zwierzykowski et al. (2006, 2011) conducted a study over eight successive gen-
erations of such hybrids and observed a slow but consistent replacement of the 
Festuca by Lolium chromosomes.

In seven out of eight progeny plants, triploidy of the mother plants persisted. 
How these plants retain triploidy is an intriguing question. Some species of water 
frogs can reproduce via hybridogenesis. This means that during gametogenesis of 
triploids (ABB), they discard the genome of one of the parental species (A) and 
produce diploid gametes of the other parental species (BB). The hybrid triploidy 
(ABB) is restored by fertilization of these gametes with haploid gametes from 
the parental species whose genome was eliminated (A). Thus, the population is 
always at the pseudo-F1 generation (Christiansen and Reyer 2009). However, this 
requires absence of homoeologous chromosome pairing and the chromosomes 
of Lolium and Festuca pair regularly. Alternatively, retention of triploidy might 
be triggered by apomixis. This appears as an unlikely general scenario, as only 
one out of six triploid progenies with 21 chromosomes had the same genome 
composition as the maternal plant. Thus, the retention of triploidy in our hybrids 
remains a mystery.

Conclusions

This paper demonstrates that even rare interspecific hybridization events may 
allow a new hybrid not only to survive but thrive and extend beyond the range 
of its progenitor species. As we move into an era of climate change with extremes 
of weather becoming the norm, new hybrids within the Lolium-Festuca complex 
may find new niches to colonize (Ghesquiere et al., 2010). In some cases, they 
might even outcompete and replace their progenitors: the triploid F. apennina 
× F. pratensis hybrids reported here which do not require cold to germinate, 
and have superior vigour, are replacing the tetraploid parent F. apennina which 
needs a cold treatment to germinate. With milder winters at higher altitudes 
becoming the norm, tetraploid F. apennina may become less competitive with 
other species and even its hybrids, which germinate in the autumn and thus, 
have a head start over the parental species in the spring. As with natural hybrids 
between L. perenne and F. pratensis, which have found a niche in flooded areas 
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where their parental species cannot compete, they offer possibilities of genetic 
combinations that can be utilized in breeding programs.

These hybrids can be the bridging species in transferring genes between the 
progenitor species. There is a certain degree of fertility in the hybrids allowing 
them to transfer their genetic material in hybridization events with their progeni-
tor species creating unlimited new intra- and interspecific combinations. The 
frequent occurrence of easily detectable triploid hybrids lets us speculate that the 
formation of hybrids in nature may be far more common than generally believed.

A natural hybrid has several options to survive: 1) through apomixis or clonal 
reproduction via rhizomes in diploid or triploid hybrids; 2) through limited 
pollen fertility that allows mating with other hybrids or progenitor species; and 
3) through unreduced gametes creating new allopolyploid combinations with 
increased fertility by restoration of diploid-like chromosome pairing behavior 
during meiosis.
We envisage that interspecific hybrids enabling the transfer of agriculturally ben-
eficial genes and traits between species will play a crucial role in future breeding 
to mitigate the impacts of climate change.
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Table 1 Suppl. Study regions for the survey of altitudinal distribution of 2x Festuca pratensis, 4x F. apennina and their 3x hybrids 
(* horizontal distance between the highest and lowest point m). 
 

Grassland area Canton Municipality Locality of pasture Co-ordinates of the center of pastures 
longitude latitude altitude (range) distance* 

Glaubenbielen Obwalden Giswil Mörlialp 8 6.53 E 46 49.48 N 1364  
(908-1912) 

4919 

Passhöhe 8 5.05 E 46 49.16 N 1566 
(908-1912) 

Kamor St. Gallen Altstätten/Rüthi Loch 9 29.69 E 47 18.04 N 1406 
(953-1779) 

4802 

Oberseetal Glarus Glarus Nord Saaftenboden 8 58.00 E 47 3.77 N 1372 
(893-1856) 

2992 

Reichenbachtal Bern Schattenhalb Chaltenbrunnen 8 10.12 E 46 42.04 N 1398 
(889-1950) 

2997 

Steiner Berg St. Gallen Stein Ahorn 9 14.69 E 47 12.78 N 1385 
(852-1788) 

2684 

Selamatt St. Gallen Wildhaus-Alt St. 
Johann 

Zinggen 9 17.90 E 47 10.54 N 1445 
(915-1795) 

4757 

Schribersboden 9 17.09 E 47 10.17 N 1526 
(915-1795) 

 
 
 
Table 2 Suppl. The distribution of ploidy in progenies of in situ pollinated Festuca apennina plants compared to occurrence of ploidy 
in randomly sampled Festuca plants at corresponding localities in Switzerland. 
 

Locality Schribersboden Küeschte total (11 localities) 
Elevation [m a.s.l.] 1525 to 1545 1540 to 1700 1525 to 1850 

Distribution of ploidy in progenies of in situ pollinated F. apennina plants 
Number of 4x Fape mother plants   18     8   49 
Number of progeny 375 151 860 
Number of 3x hybrid progeny     2     1     3 
% 3x hybrid progeny     0.53     0.66     0.35 
Number of 4x Fape progeny 369 150 852 
Number of 6x Fape1) progeny     4     0     5 
Distribution of ploidy in randomly sampled Festuca plants at corresponding localities 
Number of  plants sampled   51   98 540 
Fp %     0.0   13.3     2.8 
3x hybrids %   49.0   21.4   25.9 
4x Fape %   51.0   65.3   71.3 

 
 
 
Table 3 Suppl. The seed set and chromosome constitution of seedlings of triploid Festuca apennina × F. pratensis mother plants grown 
as spaced plants at Reckenholz (1 all mother plants had chromosome constitution 14Fp + 7Fg-like; 2 plant did not survive after planting 
to the field). 
 

Ploidy Seed yield g plant-1 Number of germinable seeds plant-1 

2x Fp 15.03 6763 
3x hybrid <0.1 0.29 
4x Fape 4.16 1572 
Chromosome constitution of seedlings 
3x hybrid mother plant1 seedling ID ploidy chromosome constitution 
313 313/1 4x n.a.2 
313 313/2 4x 21Fp + 7Fg-like 
313 313/3 3x 14Fp + 7Fg-like 
317 317/1 4x n.a.2) 
324 324/1 3x 14Fp + 7Fg-like 
319 319/1 3x 14Fp + 7Fg-like  
319 319/2 4x n.a.2 
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Table 4 Suppl. The pollen fertility, seed set, and germination rate of natural Lolium perenne × Festuca pratensis hybrids and their 
parental species. 
 

Genotype Pollen fertility Total florets Seed set %  Germination rate %  Plants established 

LpFp 3.9 92131   0.51   0   0 
LpLpFp 7.8 12630   0.46 22.0 13 
FpFpLp 8.1 81282   0.82   2.1 14 
Lp 2x 89.1 17472 44.67 46.5 - 
Fp 2x 91.0 17466 33.03 51.0 - 

 
 

 
 
Fig. 1 Suppl. The sampling design for the determination of the distribution of broad-leaved Festuca individuals sampled in mountainous 
permanent grassland areas at different altitudes. 
 
 
 
 
 

 
 
Fig. 2 Suppl. The flowering panicle of a triploid Festuca apennina × F. pratensis hybrid with bright yellow indehiscent anthers 
(a)vivipary tillering (b), and aerial tillering (c) observed in Lolium perenne × F. pratensis hybrids. Photos: Beat Boller (a) and John 
Harper (b,c). 
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Abstract

Climate change calls for new methods and plant materials to breed crops adapted 
to new environmental conditions. Sustainable forage and amenity grass production 
during periods of severe drought and heat waves during summer, and unequal distri-
bution of precipitation over the year will require drought-tolerant genotypes. However, 
high-yielding ryegrasses (Lolium spp.), which are the most commonly used grass 
species, suffer during abiotic stresses. Introgression of drought and heat tolerance 
from closely related fescues (Festuca spp.) offers an opportunity to develop superior 
hybrid cultivars to mitigate the negative impact of climate change. Intergeneric cross-
hybridization and the development of Festulolium (Festuca × Lolium) hybrids was 
initiated 100 years ago and resulted in registration of almost one hundred cultivars. 
For a long time, their genome composition was not known and was debated by breed-
ers and geneticists. In the last three decades, molecular cytogenetic and genomic 
approaches have enabled their detailed characterization. These studies revealed a 
gradual replacement of Festuca chromosomes by those of Lolium in consecutive 
generations leading to an almost complete elimination of Festuca chromatin in the 
introgression forms. On the other hand, amphiploid cultivars seem to be more stable 
with the optimal proportions of the Lolium to Festuca genomes at about 2:1. In this 
mini review, we discuss recent advances in the analysis of the genome composition 
of Festulolium hybrids with a specific focus on genome (in)stability.
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Submitted 9 June 2020, last revision 18 June 2020, accepted 20 June 2020.
Abbreviations: GISH – genomic in situ hybridization.
Acknowledgments: This research was funded by the Czech Science Foundation (grant award 20-10019S) 
and by the European Regional Development Fund OPVVV project “Plants as a tool for sustainable 
development” number CZ.02.1.01/0.0/0.0/16_019/0000827 supporting Excellent Research at CRH. 
MM has been supported by the Foundation for Polish Science.

* Corresponding author: e-mails: majkaj@ueb.cas.cz, jcho@igr.poznan.pl
1  Czech Academy of Sciences, Institute of Experimental Botany, Centre of the Region Hana for 
Biotechnological and Agricultural Research, CZ-77900 Olomouc, Czech Republic

2  Institute of Plant Genetics, Polish Academy of Sciences, PL-60479 Poznan, Poland

mailto:majkaj@ueb.cas.cz


53Cytogenetic insights into Festulolium

Introduction

Grasslands are one of the largest ecosystems in the world covering about one-
third of the Earth’s terrestrial surface and comprising 80 % of the agriculturally 
productive land (Boval and Dixon 2012). Grasses (Poaceae), a family of mono-
cotyledonous plants, encompass cereals, turf, and pasture grasses, and other 
economical species such as bamboos and energy grass Miscanthus. They are 
adapted to a full range of environmental conditions, spanning from hot equato-
rial areas to the coldest regions towards the poles, and from deserts to aquatic 
habitats. They play an essential role in agriculture, being a major staple for animal 
diets, and also provide valuable ecosystem services. Grasses reduce water runoff 
(Macleod et al. 2007), stabilize the soil profile and prevent soil erosion. They also 
have an aesthetic role and serve as ground cover for cultural and recreational 
needs such as sport and amenity lawns.

Recently, cultivation of grasses is heavily impacted by the climate change. The 
last four years were the hottest on record and severe drought periods are more 
frequent (Trnka et al. 2013, Zahradnicek et al. 2015). Models of future climate 
predict continuing change in the next few years with a higher frequency of dry 
and hot periods during summers and more uneven distribution of precipitation 
over the year (UN Climate Action Summit 2019). Climate change affects humans 
globally and in response, new market requirements have emerged, especially in 
agriculture. To mitigate the impact of climate change and to meet new demands, 
it is necessary to incorporate new strategies into plant breeding to develop new 
cultivars suitable for future use.

The gene pool of each species has its limits of genetic variation, and this 
variation is regularly narrowed down even further during cultivar development. 
Thus, widening of the gene pool and introgression of genes underlying beneficial 
traits seem a prerequisite for breeding progress and development of cultivars 
with the ability to withstand future climatic conditions. One of the approaches 
already applied with considerable success is interspecific (wide) hybridization.

Interspecific hybridization

Interspecific hybridization, frequently accompanied by whole genome duplica-
tion (process called allopolyploidization) refers to mating of individuals from 
different species. Allopolyploidization is widespread in nature and has been an 
important force in plant evolution and speciation (Soltis and Soltis 2009). Many 
economically important species are allopolyploids, including wheat, rapeseed, 
cotton, and banana (Morgan et al. 2011). Besides these ancient allopolyploids, 
which have originated thousands of years ago, recent and ongoing natural in-
terspecific hybridization and allopolyploidization events are known, including 
Tragopogon and Senecio (Hegarty and Hiscock 2009).
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Interspecific hybridization has been used in plant breeding with various aims: 
1) merging of entire genomes of parental species to combine their desirable traits 
(amphiploid forms), 2) merging of entire genomes of parental species to broaden 
the gene pools, and 3) introgressions of desirable trait/traits from one (frequently 
wild) species into elite cultivars of another species (introgression forms). One 
of the most successful interspecific hybrids synthetically developed is Triticale, 
a hybrid of wheat (Triticum) and rye (Secale). It combines high yielding prop-
erty of wheat with the ability to grow in harsher conditions due to abiotic stress 
tolerance inherited from rye (Arseniuk 2015). Similarly, several agronomically 
important traits have been transferred from wild relatives into cultivars by wide 
hybridization such as the soft grain endosperm structure from Aegilops speltoides 
into bread wheat (Pshenichnikova et al. 2010), black rot resistance from Bras-
sica carinata into cauliflower (Sharma et al. 2017), and leaf rust resistance from 
Aegilops tauschii to triticale (Majka et al. 2018).

Festulolium cultivars

The wide hybridization approach has also been used in the forage grass breed-
ing. Festulolium hybrids obtained by crossing Festuca ssp. (fescues) with Lolium 
spp. (ryegrasses), combine complementary agronomic attributes of the parental 
species. Ryegrasses are important fodder crops with high seed yield, excel in di-
gestibility and palatability and show highly desirable rapid and intensive spring 
growth. Fescues, on the other hand, provide traits associated with abiotic and 
biotic stress tolerance, such as drought tolerance, freezing tolerance, winter har-
diness, and resistance to fungal diseases (Thomas and Humphreys 1991, Jauhar 
1993, Płażek et al. 2018). To date, 78 Festulolium cultivars have been released 
worldwide – 33 developed by the amphiploid breeding and 45 resulting from 
the introgression breeding (Humphreys and Zwierzykowski 2020). Amphiploid 
cultivars are developed by intermating of F1 hybrids followed by selection of 
hybrids with about equal proportions of parental chromatin. On the other hand, 
introgression cultivars originate from an interspecific F1 hybrid (frequently cre-
ated from parents of different ploidy), followed by one or more backcrosses to 
one of the parents. This results in the forms morphologically close to recurrent 
parent, but with one or a few improved characteristics introgressed from the 
other species.

Festulolium cultivars are produced from diverse intergeneric hybrids. The 
most common cross combinations are L. muliflorum × F. pratensis (amphiploid 
forms) and L. muliflorum × F. arundinacea (introgression forms; Humphreys 
and Zwierzykowski 2020). However, a recent need for drought tolerance in new 
cultivars calls for the introduction of different species into the mating schemes. 
According to Černoch and Kopecký (2020), F. glaucescens and F. mairei are 
the most promising fescue species for initial hybridization with ryegrasses and 
the development of resilient Festulolium cultivars. Mating in such combina-
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tions has already been initiated at IBERS (Institute of Biological, Environmental 
and Rural Sciences, Aberystwyth) and DLF Seeds & Science (Humphreys and 
 Zwierzykowski 2020, V. Černoch, personal communication).

For a long time, the genetic constitution of many Festulolium hybrids re-
mained unknown. Only the availability of molecular methods provided tools 
for comprehensive investigation of the genome composition of hybrids at either 
chromosomal, or DNA levels (Thomas et al. 1994, Kopecký et al. 2011). Fes-
tulolium hybrids show a unique combination of two features: 1) the similarity 
between parental Festuca and Lolium chromosomes at the DNA sequence allows 
for their pairing in meiosis (homoeologous pairing), and, on the other hand, 
2) repetitive elements of the two parental species diversified enough for unam-
biguous identification of the Festuca and Lolium chromosomes in hybrids by 
the genomic in situ hybridization (GISH) (Fig. 1). Combination of GISH with 
high-throughput genotyping, e.g., using diversity arrays  technology and single 
nucleotide polymorphism  platforms, provides an invaluable tool for tracking 
genome structure and evolution during the development of new cultivars and 
for the protection of existing cultivars.

Homoeologous chromosome pairing and recombination

It is a general feature of wide hybrids that chromosomes from the parental spe-
cies (homoeologues) do not pair and recombine in meiosis. The absence of ho-
moeologous chromosome pairing can be a consequence of the DNA sequence 

Fig. 1. The genomic constitution of the amphiploid form (cv. Paulita, A) and introgression form (cv. Lofa, B) 
of Festulolium. The genomic DNA of Festuca (green fluorescence), chromatin of Lolium was counterstained 
with propidium iodide (red fluorescence). Scale bars are 5 µm. (Photo: D. Kopecký).
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dissimilarity or the presence of a genetic system(s) that prevent such pairing. 
Several meiotic regulators have been identified in allopolyploids including Ph1 
(pairing homoeologous 1) in wheat (Riley and Chapman 1958, Sears and Oka-
moto 1958) and PrBn (pairing regulator in Brassica napus) in rapeseed (Jenc-
zewski et al. 2003). There are exceptions to the no-pairing rule in wide hybrids, 
several such hybrids have been identified where homoeologous chromosome 
pairing does occur, such as Allium and Lilium hybrids (Van Heusden et al. 2000, 
Khan et al. 2009). Similarly, promiscuous pairing of the Festuca and Lolium 
chromosomes has been observed in Festulolium hybrids, indicating high pairing 
affinity and interchangeability of homoeologous chromosomes from these two 
genera, and the absence of a meiotic regulator (Humphreys and Pasakinskiene 
1996, Zwierzykowski et al. 1998). This feature does lead to extensive meiotic 
recombination and enormous genetic variability among the progeny, but also 
to their genomic instability.

Compared to other wide hybrids in plants, the frequency of homoeologous 
chromosome pairing and recombination in Festulolium is extraordinarily high 
and in some combinations almost reaches the level of homologous pairing. The 
actual frequency differs among hybrid combinations. Zwierzykowski et al. (2008) 
observed 9:1 ratio of homologous vs. homoeologous pairing in tetraploid F. 
pratensis × L. perenne hybrids. In L. multiflorum (Lm) × F. glaucescens (Fg) hy-
brids, 8.54 paired Lm-Lm arms, 7.83 Fg-Fg arms and 4.09 associations between 
homoeologous Lm-Fg arms were observed (Kopecký et al. 2009), similarly to 
the results of Morgan et al. (2001), who reported the 5:1 ratio. Detailed analysis 
of tetraploid F1 hybrid of L. multiflorum × F. arundinacea indicated a possible 
association between the phylogenetic distance separating the parents and the 
frequency of homoeologous chromosome pairing (Kopecký et al. 2009).

The extent of homoeologous chromosome pairing seems to be affected by 
the proportion of the total numbers of chromosomes from both parents and by 
competition for pairing partners. Kopecký et al. (2008) studied the frequency 
of homoeologous chromosome pairing in monosomic and disomic substitution 
lines of F. pratensis chromosome(s) in tetraploid L. multiflorum and found that 
the observed frequency of homoeologous pairing was slightly lower than random 
in disomic lines (where two F. pratensis and two L. multiflorum chromosomes 
were present in each orthologous group) suggesting a slight preference for ho-
mologous pairing. On the other hand, perfectly normal pairing of homoeologues 
was observed in monosomic lines (where only a single F. pratensis chromosome 
was present).

Frequent homoeologous chromosome pairing in Festulolium leads to exten-
sive recombination of the parental genomes via intergeneric chromosome trans-
locations (Thomas et al. 1994, Pasakinskiene et al. 1997, Humphreys et al. 1998). 
The translocation breakpoints in the recombined Festuca-Lolium chromosomes 
are fairly evenly distributed along the chromosome arms, from the centromere to 
the telomeres, but with infrequent recombination at the most distal and proximal 
regions (Zwierzykowski et al. 1998, 1999). Accordingly, Kopecký et al. (2010) 
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reported the highest frequency of homoeologous recombination in the intersti-
tial to distal parts of the chromosomes. Recombination cold spots (regions with 
decreased frequency of recombination) were found in the pericentromeric and 
centromeric regions, and also in the subtelomeric and telomeric regions (the 
most distal segments representing 10 % of the chromosome length) (Kopecký 
et al. 2010). It is worth noting that both parental species of the analyzed hybrids, 
i.e., L. multiflorum, F. arundinacea, and F. pratensis are known to have localized 
distal chiasmata (Rees and Dale 1974, Karp and Jones 1983) so in hybrids, the 
patterns of crossing over change quite drastically.

A high level of homoeologous pairing may suggest that a meiotic regulator 
such as the wheat Ph1 is not present in Festulolium hybrids. This may not be en-
tirely true. Jauhar (1975) concluded that F. arundinacea possesses a diploid-like 
pairing regulator. Subsequently, this regulator was identified in all broad-leaved 
fescues of the Schedonorus subgenus (Jauhar 1975, 1993, Kopecky et al. 2009). 
The system, however, differs from the Ph1, it is hemizygous-ineffective, or haplo-
insufficient (Jauhar 1993). As hemizygous-ineffective it is non-functional in the 
F1 hybrids, such as Lolium × F. arundinacea. This haplo-insufficiency hampers 
its direct utilization in stabilization of hybrid genomes and one may expect re-
activation of its function only after the locus doubling. The origin of this system 
remains unknown. However, Kopecký et al. (2009) showed that F. arundinacea 
inherited it from F. glaucescens, one of its progenitor, rather than from F. pra-
tensis, the other progenitor.

Genome balance and stability of hybrids

In general, the fertility of allopolyploids relies on regular meiosis, and meiotic 
irregularities, such as multivalent formation, reduce fertility and may lead to 
complete sterility. This is not an issue in Festulolium. Despite the formation of 
quadrivalents and meiotic irregularities leading to frequent aneuploidy (up to 
80 % in cvs. Hostýn and Perseus), fertility is high and seed set is sufficient for 
commercial production (Ghesquiere et al. 2010, Kopecký et al. 2017).

Another issue affecting the extent of use of Festulolium in the grass business 
is the stability of hybrid genomes and the potential for the elimination of chro-
matin of one of the species in consecutive generations of sexual reproduction. It 
has been observed that the Lolium chromatin prevails in the Festulolium hybrids 
(Zwierzykowski et al. 1998, 2006, 2011, Kopecký et al. 2006, 2019, Książczyk et 
al. 2015, Majka et al. 2018a, 2019). Zwierzykowski et al. (2006, 2011) observed 
slow and gradual replacement of the Festuca chromosomes by those of Lolium in 
consecutive generations of F. pratensis × L. perenne hybrids (Fig. 2). As this was 
observed in breeding materials, it was not entirely clear if the gradual elimina-
tion of the Festuca was a natural or a selection-induced process. A comparison 
of unselected and selected F2 – F4 progenies of F. pratensis × L. perenne verified 
process as natural and independed of selection, suggesting the dominance of the 
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Lolium chromatin over that of Festuca (Zwierzykowski et al. 2012). Similarly, J. 
Majka et al. (2018) observed a decreasing number of Festuca chromosomes across 
the F2 – F9 generations of F. pratensis (4x) × L. perenne (4x) together with increas-
ing proportion of rearranged Festuca chromosomes (with translocated Lolium 
segment). Interestingly, Majka et al. (2019) observed no preference in the trans-
mission of either Festuca or Lolium alleles to the subsequent generations of F. 
pratensis × L. perenne hybrid using inter-simple sequence repeat (ISSR) markers. 
However, that results might have been compromised by the dominant character 
of the ISSR markers. Similarly, all amphiploid Festulolium cultivars analyzed to 
date show a higher number of chromosomes of Lolium origin compared to those 
from Festuca (Zwierzykowski et al. 1998, Kopecký et al. 2005, 2006).

Genome composition of Festulolium seems to reflect the phylogenetic rela-
tionship of the parental species. Thus, cv. Lueur developed from a L. multiflorum 
× F. glaucescens hybrid had fewer recombined chromosomes than cultivars de-
veloped from L. multiflorum × F. pratensis hybrids (Kopecký et al. 2006). One 
of the possible explanations is that of a closer relationship of L. multiflorum to 
F. pratensis than to F. glaucescens. Differences in the genome composition can 
also mirror different breeding strategies. Closely related cvs. Perun and Perseus 
(L. multiflorum × F. pratensis) differ in their genome compositions, which is 
consistent with their breeding history. Perun is the oldest Czech L. multiflorum 
× F. pratensis cultivar with more equal proportion of the parental genomes. On 
the contrary, Perseus was developed by selection of plants from Perun, primarily 
for use in Western Europe and with high seed yield, late heading date, and high 
dry-matter yield. Thus, its genome composition with a higher proportion of the 
Lolium chromatin can be expected (Kopecký et al. 2017). Cv. Spring Green has 
the lowest proportion of the Festuca chromatin among all amphiploid cultivars 
of L. multiflorum × F. pratensis. It was developed from intercross of cvs. Kemal, 

Fig. 2. Genome dominance in subsequent generations of Festuca pratensis × Lolium perenne. Means ± SEs 
(adopted from Zwierzykowski et al. 2006, 2011).
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Elmet, Prior, and Tandem, and the small amount of Festuca chromatin could be 
a consequence of the fact that cv. Kemal does not carry any Festuca chromatin 
detectable by GISH (Kopecký et al. 2006).

Genome stability differs between amphiploid and introgression cultivars of 
Festulolium (Kopecký et al. 2019). While amphiploids display relatively stable 
genome composition and no further shifts towards Lolium genome, elimina-
tion of introgressed segment(s) has been observed in the introgression forms. 
Stabilization of the hybrid genome in amphiploid cultivars is observed at about 
2:1 proportion of Lolium vs. Festuca chromosomes (Kopecký et al. 2017). This 
ratio probably creates optimal combinations of parental alleles and the highest 
heterosis. On the other hand, introgression cultivars appear to be highly unstable 
and a reversion to the parental (Lolium) forms may be completed even within 
four generations of multiplication, unless the introgressed segment confers a 
strong selective advantage (Kopecký et al. 2019). In some cultivars, the Festuca 
chromatin was not detected in any individual analyzed (Kopecký et al. 2006).

Importantly, the rate of elimination of Festuca chromatin is different for dif-
ferent chromosomes. King et al. (2013) estimated the transmission rates of pa-
rental chromosomes in consecutive generations of seven monosomic substitution 
lines developed from hybrids between Lolium perenne and Festuca pratensis. 
They found a much higher transmission of complete Lolium chromosomes com-
pared to complete Festuca chromosomes in the successive generation after the 
backcross of diploid monosomic substitution lines of L. perenne × F. pratensis 
(13L+1F, the proportion was 89:11, instead of expected 1:1) to Lolium parent. 
Unfortunately, the authors did not indicate the parental origin of the translocated 
chromosomes and therefore, the overall Festuca chromatin elimination could 
not be assessed from their study. However, chromosomes 2F, 4F, 5F, and 6F were 
eliminated more frequently than the remaining three Festuca chromosomes. 
Similarly, Kopecký et al. (2019) found that chromosome 5F was eliminated more 
frequently than other Festuca chromosomes in tetraploid monosomic L. multi-
florum × F. pratensis substitution lines.

From the breeder’s point of view, the mode of operation of the mechanisms 
causing shift in genome composition is far from a trivial detail, as it determines 
the ease of transfer of a chromosome segment with the trait of interest to the 
progeny and its proper transmission to subsequent generations.

Conclusions

Growing number of new Festulolium cultivars as well as the interest among 
growers demonstrate that Festulolium has become an integral part of the grass 
industry. Festulolium cultivars are grown throughout the world and their role 
and diversification of their uses will likely keep expanding along with the global 
climate change impacts. We envisage three main tasks for the future Festulolium 
research and breeding: 1) development of a platform for high-throughput and 
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cheap determination of genome composition, cultivar identification, and legal 
protection to replace the time-consuming and labourious GISH method, and the 
costly (per plant, not per datapoint) DArTseq method, 2) finding appropriate 
combinations of parental species and proper genome balance between Festuca 
and Lolium for different climatic conditions to increase the potential of Festu-
lolium, and 3) identification of the chromosome pairing regulator in polyploid 
fescues as a prerequisite to develop new and stable Festulolium cultivars with 
fescue-derived tolerance to abiotic stresses. A close collaboration between the 
research and breeding should secure a rapid integration of the new knowledge 
into breeding programs to mitigate the impact of climate change by developing 
resilient and high-yielding Festulolium cultivars.
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Festulolium synthetics with improved yield and 
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Abstract

In order to introduce drought tolerance and improved cell wall digestibility from fes-
cue in fodder ryegrasses, we developed two amphiploid Festulolium synthetics. One 
is a synthetic composed of three selected drought tolerant F1 hybrid genotypes from 
a cross between tetraploid Lolium multiflorum and hexaploid Festuca arundinacea, 
further on called LMFA. The other is a synthetic composed of five selected geno-
types with soft leaves from a cross between tetraploid Lolium perenne and tetraploid 
Festuca pratensis, further on called LPFP. We produced seeds in polycrosses of two 
generations of both amphiploids, i.e., syn1 and syn2, and tested them in plot trials to 
determine the yield and fodder quality. The syn1 of both Festulolium populations had 
a higher annual dry matter yield than the reference Lolium cultivars and Festulolium 
cultivars composed of the same parental species. However, the syn2 of LMFA did 
not show an improved drought tolerance during a dry growing season compared to 
other Festulolium cultivars, and the seed yield of LMFA syn1 was low and dropped 
extremely in syn2. The number of chromosomes of LMFA also decreased gradually 
from F1 to syn2, and there was a clear shift in chromosome composition towards the 
Lolium genome. The LPFP synthetic performed better. Although the sugar content 
was significantly lower than the sugar content of the perennial ryegrass cultivars, 
organic matter digestibility (OMD) of LPFP was as high as OMD of the tetraploid 
perennial ryegrass cultivars. The cell wall digestibility (NDFD) of LPFP was signifi-
cantly higher than the NDFD of both parental species and higher than the NDFD of 
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all tested Festulolium cultivars. The seed yield of LPFP was the same in syn1 and 
syn2. The chromosome number remained on average the same and no clear shift 
of the chromosome composition to one of the composing genomes was observed. 
Overall, chromosome analysis revealed a high number of aneuploidy in syn1 and 
syn2 generations of both LMFA and LPFP and a lot of variation in number of Lolium, 
Festuca and recombinant chromosomes, and in the Lolium:Festuca genome ratio was 
observed among different genotypes of the same population. Therefore, selection 
for genotypes with a more stable genome composition will be a prerequisite for a 
sufficient seed yield and a broader exploitation of these new Festulolium synthetics.

Additional key words: Festuca arundinacea, genomic in situ hybridization, forage 
yield, Lolium multiflorum, seed yield, GISH.

Introduction

Perennial ryegrass (Lolium perenne L.; Lp) and Italian ryegrass (Lolium multiflo-
rum Lam.; Lm) are the most common fodder grasses in NW Europe. They have 
a high yield and a good digestibility. Due to global warming, dry spells during 
summer will more often occur in this temperate maritime region. Drought peri-
ods cause severe reductions in dry matter yield of ryegrass (Aper et al. 2013). Tall 
fescue (Festuca arundinacea Schreb.; Fa) is more drought tolerant than Lolium 
because of its higher root biomass (Cougnon et al. 2016). However, the digest-
ibility of the organic matter of tall fescue is at least 5 % points lower compared 
to Lp (Cougnon et al. 2013). In recent years the digestibility of perennial rye-
grass was improved by breeding for a higher sugar content, though a high sugar 
content in the grass may cause rumen acidosis. Therefore it might be better to 
improve the digestibility of the cell wall in order to further improve the organic 
matter digestibility. Meadow fescue (Festuca pratensis Huds., Fp) has a higher cell 
wall digestibility than diploid perennial ryegrass (Baert et al. 2013). Interspecific 
hybridization of ryegrass with tall fescue or meadow fescue may improve yield, 
especially under drought conditions, and cell wall digestibility of the ryegrass. It 
is known that the genome composition in Festulolium is not stable. Kopecky et al. 
(2006) performed genomic in situ hybridisation (GISH) on over 600 Festulolium 
plants and revealed a large range of variation in Lolium:Festuca genome compo-
sition and intergenomic recombination. The result is a highly variable progeny 
with every single plant having a unique chromosome constitution (Kopecky et 
al. 2017). Due to genomic instability, the seed yield of amphiploid Festulolium 
cultivars may be low (Ghesquière et al. 2010).

Here, we bred two novel amphiploid Festulolium populations, one from a 
Lm × Fa cross and one from a Lp × Fp cross and studied their agricultural value 
and genomic composition.
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Materials and methods

Interspecific crosses, evaluation of F1 progeny plants, and composition 
of polycrosses: In 2011 we made interspecific hand crosses between Lolium 
and Festuca. Tetraploid genotypes of Lolium perenne (Lp) cultivars Meltador 
and Maurizio were crossed with tetraploid genotypes of Festuca pratensis (Fp), 
obtained after tetraploidization of the diploid cultivar Merifest by colchicine 
treatment. Tetraploid genotypes of Lolium multiflorum (Lm) cv. Livictory were 
crossed with hexaploid genotypes of Festuca arundinacea (Fa) cv. Barolex. The 
F1 plants together with their parents were visually scored for spring and summer 
growth, crown rust resistance, leaf softness and winter hardiness in the field in 
2012 and for drought tolerance in a rain-out shelter in 2013. From the cross Lm 
× Fa we selected 3 F1 genotypes with a high score for drought tolerance. From 
the Lp × Fp cross we selected 5 F1 genotypes with a high score for leaf softness. 

All selected plants had average to good scores for growth, rust resistance, and 
winter hardiness (Table 1). With these two groups we carried out two polycrosses 
in 2013. The synthetic population originating from the Lm × Fa F1 hybrids is 
called further on LMFA and from the Lp × Fp F1 hybrids LPFP.
Forage yield, feed quality, and seed yield of new amphiploid synthetics: The 
syn1 seeds of the polycrosses were sown in a plot (8 m²) trial on a sandy loam 
soil in Belgium, Merelbeke (50°58'55"N, 3°46'18"E) in April 2014 together with 
the Festulolium cv. Festilo, a registered cultivar in Belgium resulting from a cross 
between tetraploid Festuca pratensis and tetraploid Lolium hybridum (Lh), and 
other reference cultivars of Lp cvs. Abermagic and Aberbite, of Lm cvs. Podium 
and Caballo, of Fp cv. Merifest, of Fa cv. Kora, and of Festulolium amphiploids 

Table 1. Characteristics of parents and selected F1 amphiploid genotypes used in polycrosses (scores 
1–9; 9 = best).

Parent/
F1

Species + 
cultivar

Poly-
ploidy

Headings Inflores-
cence

Spring 
growth 

Summer 
growth

Rust 
resist.

Winter 
hard.

Leaf          
soften.

Drought 
toler.

Poly-
cross

P Lm Livictory 4x 30 Apr ear 7 2 4 5 7 2  
  Lp1 Maurizio 4x 12 May ear 6 6 7 5 9 2  
  Lp2 Meltador 4x 9 Jun ear 5 5 4 5 7 4  
  Fa Barolex 6x 25 Apr panicle 6 6 3 7 3 7  
  Fp Merifest 4x 4x 12 May panicle 5 7 7 4 7 5  
F1 Lm × Fa 5x 28 Apr panicle 8 8 8 7 7 7 LMFA
  Lm × Fa 5x 5 May panicle 8 8 8 7 7 9  
  Lm × Fa 5x 5 May panicle 8 8 8 5 7 9  
  Lp1 × Fp 4x 12 May ear 8 5 5 7 7 5 LPFP
  Lp1 × Fp 4x 12 May ear 6 6 6 7 9 5  
  Lp1 × Fp 4x 8 May ear 8 6 6 9 9 8  
  Lp1 × Fp 4x 22 May ear 7 8 7 7 9 3  
  Lp2 × Fp 4x 22 May ear 7 7 6 7 9 3  
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Lp × Fp cvs. Prior and Fabel, of Lm × Fa cvs. Becva and Lofa, and Lm × Fp 
cvs. Aberniche and Achilles. These reference cultivars were also included in 
the Eucarpia multisite Festulolium trial (Kopecky et al. 2018). Three replicates 
of each entry were arranged in a randomized complete block design. The plots 
were mown and sampled at 4 cuts in 2015 and 5 cuts in 2016 to determine the 
dry matter (DM) yield and the quality parameters: organic matter digestibility 
(OMD), water soluble saccharide content (WSC), and neutral detergent fibre 
digestibility (NDFD) by near infrared reflectance spectroscopy (NIRS). There-
fore, the samples were scanned on a FOSS XDS monochromator instrument with 
ISIscan v. 2.85.1 software (Foss, Hilleroed, Denmark). The calibration develop-
ment was executed with WINSI v. 4.9.0. software using modified partial least 
squares regression (Shenk and Westerhaus 1991). The reference methods for 
the NIRS calibrations were: the pepsin cellulase method described by De Boever 
et al. (1988) for OMD, a iodometric titration for WSC (Wiseman et al. 1960) 
and the determination of cell wall digestibility described by Goering and Van 
Soest (1970) for NDFD. The data were analysed by ANOVA using the Statistica 
(v.13.5.0.17, Tibco, Palo Alto, CA, USA) software.

At the end of the second harvest year of the plot trial, 1 000 plants of each 
of the two syn1 populations LMFA and LPFP were randomly sampled in the 
plots and multiplied to syn2 seeds in 2017. Seed yield (kilogram of germinating 
seeds per square meter) of the synthetics was determined on the isolation plots 
of the polycrosses and multiplications. The seed yield of tetraploid Lp and Lm 
synthetics and of the Festulolium cv. Festilo was measured on adjacent isolation 
plots as a reference. In May 2018 the syn2 seeds of the new synthetics LMFA 
and LPFP were sown in a plot trial following a randomized complete block de-
sign on a sandy loam soil in Merelbeke together with Festulolium reference cvs. 
Aberniche, Achilles, and Festilo. The plots were mown and sampled at 5 cuts in 
2019 to determine the DM yield and the OMD, WSC, and NDFD, according the 
methods described above. In 2019 spring and summer were dry in Merelbeke. 
The rainfall in April/May and July/August was 54 and 79 mm, respectively, com-
pared to 103 mm and 141 mm in ten years before.

Determination of the genome stability of the Festulolium synthetics: We per-
formed genomic in situ hybridisation (GISH) on at least 7 genotypes of the 
syn1 and syn2 of the two Festulolium synthetics LMFA and LPFP and of the 
syn3 and syn4 of the cv. Festilo for comparison. For this we made chromo-
some spreads from young apical root tips according to the “SteamDrop” method 
(Kirov et al. 2014). Root tips were pre-treated with ice-cold water and fixated 
in a  ethanol:acetic acid 3:1 (v/v) solution at room temperature for 45 min. Cell 
suspensions were made from the fixated root tips after digestion with 0.6 % en-
zyme mixture [0.6 % (m/v) cellulase Onozuka RS (Duchefa Biochemie, Haarlem, 
The Netherlands), and 0.6 % (m/v) pectolyase Y-23 (Duchefa Biochemie] during 
105 min at 37 °C. Chromosome spreads were prepared with 1:1 (v/v) ethanol: 
acetic acid as fixative 1 and 0:1 (v/v) ethanol:acetic acid as fixative 2. Total ge-
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nomic DNA of Lm, Lp, Fa, and Fp was extracted from 100 mg of fresh young 
leaves using the cetyltrimethylammonium bromide (CTAB) protocol (Doyle 
and Doyle 1987). The genomic DNA was labelled as a probe by biotin-16-dUTP 
or digoxigenin by nick translation after sonication (40 V, 15 s). Block DNA was 
obtained by sonication (40 V, 4 min 30 s) of genomic DNA to fragments of 
100–300 bp. Denaturation, hybridization, and detection was performed as de-
scribed in Van Laere et al. (2010) with a probe:block ratio of 1:20. Stringency 
wash was done by washing the slides twice in 2× saline sodium citrate (SSC) at 
room temterature for 15 min, twice in 0.1 × SSC at 50 °C for 7 min and twice in 
2 × SSC at 50 °C for 5 min to RT. Biotin and digoxigenin labelled probes were de-
tected with streptavidin-Cy3 (Sigma-Aldrich, St. Louis, USA) and anti-dig-FITC 
(Roche, Mannheim, Germany). The chromosomes were counterstained with 0.1 
mg cm-3 DAPI and mounted in Vectashield (1:100; v/v). Chromosome analysis 
was done with an AxioImager M2 (Zeiss, Zaventem, Belgium) fluorescence mi-
croscope equipped with an Axiocam MRm camera (Zeiss). Images were captured 
by ZEN software (Zeiss). Analysis of hybridization signals was carried out on at 
least 5 well-spread metaphases of each genotype. The number of Lolium, Festuca, 
and recombined chromosomes and the proportion of the Lolium and Festuca 
genome in the Festulolium synthetics were analysed using DrawID (Kirov et al. 
2017). As a control for cross hybridisation between Festuca and Lolium, GISH 
was performed on Fp chromosome spreads using the Lm probe and on Lm and 
Lp chromosome spreads using the Fp probe.

Results

The dry mass yield of syn1 of LMFA was intermediate between the DM yield of 
both parental species but significantly higher than the cvs. Becva and Lofa with 
the same parental composition (Table 2). LMFA syn1 had a similar DM yield as 
the Festulolium reference cvs. Aberniche, Achilles, and Festilo. The digestibility 
of LMFA syn1 was slightly superior to cvs. of the parental species because of the 
combination of a similar WSC content to the Lolium parent and a similar NDFD 
to the Festuca component. Although LMFA syn1 was composed of drought toler-
ant components, the DM yield of the syn2 was not superior to the Festulolium 
reference cultivars in the dry season of 2019 (Table 3). On the contrary, cv. Ab-
erniche outyielded LMFA.

The dry matter yield of the syn1 of LPFP was superior to the DM yield of 
cvs. of the parental species and significantly higher than the cvs. Fabel and Prior 
with the same parental composition (Table 2). The DM yield of LPFP syn1 was 
very similar to the yield of the Festulolium reference cvs. Aberniche, Achilles, 
and Festilo. The digestibility of LPFP was as high as the OMD of the tetraploid 
perennial ryegrass cultivars but the WSC content was significantly lower than 
the WSC content of the perennial ryegrass cultivars. The NDF digestibility was 
significantly higher compared to both parental species and higher than all Fes-
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Table 2. Total annual dry matter (DM) yield, organic matter digestibility (OMD), sugar content (WSC), and 
NDF digestibility (NDFD) of two new Festulolium synthetics (syn1) compared to cultivars of their parental 
species and commercial Festulolium cultivars measured in 2015 and 2016. Means followed by different 
letters are significantly different at a 5 % level (Duncan’s multiple range test).

Cultivar Species Ploidy DM yield 
[kg m-2 year-1]

OMD  
[%]

WSC  
[% of DM]

NDFD  
[%]

Podium Lm 2x 1.56 bc 72.2 fg 15.2 cde 66.2 e
Caballo Lm 4x 1.48 de 72.8 efg 15.6 bcde 65.7 e
Kora Fa 6x 1.75 a 69.9 g 14.4 de 70.1 cd
Becva Lm × Fa 4x 1.34 f 76.1 cd 15.9 bcde 69.7 cd
Lofa Lm × Fa 4x 1.38 f 75.7 cde 14.9 cde 69.3 d
LMFA syn1 Lm × Fa 5x 1.59 bc 74.2 def 15.1 cde 70.1 cd
Abermagic Lp 2x 1.52 cd 79.7 ab 20.1 a 70.2 cd
Aberbite Lp 4x 1.43 ef 81.0 a 19.8 a 71.9 bc
Merifest Fp 2x 1.35 f 78.5 abc 13.6 e 73.1 ab
Fabel Lp × Fp 4x 1.43 ef 79.7 ab 17.0 bc 73.0 b
Prior Lp × Fp 4x 1.35 f 79.3 ab 17.7 b 70.4 cd
LPFP syn1 Lp × Fp 4x 1.59 bc 80.8 a 15.7 bcde 75.4 a
Aberniche Lm × Fp 4x 1.58 bc 75.4 cde 17.6 b 68.8 d
Achilles Lm × Fp 4x 1.58 bc 77.3 bcd 15.4 bcde 72.2 bc
Festilo Lh × Fp 4x 1.62 b 78.6 abc 16.4 bcd 74.1 ab

Table 3. Total annual dry matter (DM) yield, organic matter digestibility (OMD), sugar content (WSC) and 
NDF digestibility (NDFD) of two new Festulolium synthetics (syn2) compared to commercial Festulolium 
cultivars in the dry year 2019. Means followed by different letters are significantly different at a 5 % level 
(Duncan’s multiple range test).

Cultivar Hybrid type DM yield  
[kg m-2 year-1]

OMD  
[%]

WSC  
[% of DM]

NDFD  
[%]

Aberniche Lm × Fp 1.55 a 75.7 b 14.6 a 73.6 b
Achilles Lm × Fp 1.46 ab 76.1 b 12.4 b 75.7 b
Festilo Lh × Fp 1.46 ab 78.7 ab 13.6 ab 77.4 ab
LMFA syn2 Lm × Fa 1.48 ab 77.1 b 14.3 ab 74.7 b
LPFP syn2 Lp 3 Fp 1.40 b 83.3 a 13.9 ab 80.4 a

tulolium cultivars. In 2019, the total DM yield of the syn2 of LPFP was lower 
than the DM yield of the Festulolium reference cultivars but the digestibility was 
significantly higher due to the significantly higher cell wall digestibility (Table 3).

The seed yield of both new amphiploid synthetics was much lower than the 
seed yield of the Lolium species (Fig. 1). The seed yield of LPFP remained rather 
stable in the two consecutive generations at about 30 % relative to the perennial 
ryegrass reference. The seed yield of LMFA dropped extremely from syn1 to 
syn2, from 18 to 5 % relative to the Italian ryegrass reference. For comparison: 
the seed yield of the Lh × Fp amphiploid cv. Festilo increased from 66 % in syn3 
to 77 % in syn4 relative to the Italian ryegrass reference.
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Fig. 1. The seed yield of syn1 (2013) and syn2 (2017) of Lolium perenne (Lp) × Festuca pratensis (Fp) and 
Lolium multiflorum (Lm) × Festuca arundinacea (Fa) amphiploid Festulolium compared to the seed yield of 
tetraploid synthetics of Lp (A) and Lm (B) in the same harvest years, and syn3 (2012) and syn4 (2017) of 
Festulolium cv. Festilo (C) (unreplicated plots on the same fields).

Fig. 2. Genomic in situ hybridisation of the parental species: A – Fp chromosomes (blue) hybridised with 
an Lp probe (red). B – Lm chromosomes (blue) hybridised with an Fp probe (red). C – Lp chromosomes 
(blue) hybridised with an Lm probe (red). Bars are 10 µm.

First we confirmed the chromosome number of the parental species: Lp: 
2n=4x=28, Lm: 2n=4x=28, Fp: 2n=4x=28, Fa: 2n=6x=42. Second, we determined 
the amount of cross hybridisation between Festuca and Lolium by GISH. Al-
though Kopecky et al. (2008) reported no staining of Festuca chromosomes by 
a Lolium probe, we could observe that there is little (9.68 ± 8.66 %) cross hy-
bridisation between these 2 parental species (Fig. 2), most probably accounting 
for conserved repetitive sequences. Lm and Lp share 47.25 ± 9.86 % similarity 
(Fig. 2). However, overall, we can conclude that it will be possible to distinguish 
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Fig. 3. Chromosome composition of F1, syn1, and syn2 genotypes of Lolium perenne (Lp) × Festuca 
pratensis (Fp) hybrids (A) and Lolium multiflorum (Lm) × Festuca arundinacea (Fa) hybrids (B), and of syn3 
and syn4 genotypes of cv. Festilo (C).
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Table 4. The Lolium multiflorum (Lm) : Festuca arundinacea (Fa) genome ratio in the F1, syn1, and syn2 
genotypes of the Lm × Fa hybrid.

Genotype Lm genome [%] Fa genome [%] Genotype Lm genome [%] Fa genome [%]

F1_1 41.04 ± 1.04 58.96 ± 1.12 Syn2_1 50.91 ± 1.34 49.09 ± 1.34
F1_2 40.17 ± 1.92 59.83 ± 1.89 Syn2_2 75.33 ± 6.23 24.67 ± 6.23
Syn1_1 45.78 ± 3.82 54.22 ± 3.82 Syn2_3 56.61 ± 9.82 43.40 ± 3.61
Syn1_2 48.07 ± 3.36 51.93 ± 3.36 Syn2_4 63.72 ± 5.24 36.28 ± 5.24
Syn1_3 47.35 ± 4.42 52.65 ± 4.42 Syn2_5 56.34 ± 2.61 43.66 ± 2.61
Syn1_4 54.81 ± 2.91 45.19 ± 2.91 Syn2_6 51.00 ± 6.33 49.01 ± 6.33
Syn1_5 44.70 ± 6.85 55.31 ± 6.85 Syn2_7 56.86 ± 5.09 43.14 ± 5.09
Syn1_6 59.49 ± 10.78 40.51 ± 10.78 Syn2_8 62.26 ± 4.82 37.74 ± 4.82
Syn1_7 50.30 ± 2.51 49.70 ± 2.51 Syn2_9 63.06 ± 3.81 36.95 ± 3.81
Syn1_8 47.11 ± 3.70 52.89 ± 3.70 Syn2_10 58.01 ± 0.47 42.00 ± 0.47
Syn1_9 51.24 ± 1.10 48.76 ± 1.10
Syn1_10 47.93 ± 4.20 52.07 ± 4.20

Table 5. The Lolium perenne (Lp) : Festuca pratensis (Fp) genome ratio in the F1, syn1, and syn2 Lp × Fp 
amphidiploid genotypes.

Genotype Lp genome [%] Fp genome [%] Genotype Lp genome [%] Fp genome [%]

F1 48.99 ± 0.83 51.02 ± 0.83 Syn2_1 47.47 ± 0.92 52.53 ± 0.92
Syn1_1 44.23 ± 4.42 55.77 ± 4.42 Syn2_2 47.63 ± 10.20 52.37 ± 10.20
Syn1_2 43.92 ± 3.87 56.03 ± 3.87 Syn2_3 45.78 ± 4.41 54.22 ± 4.41
Syn1_3 43.78 ± 4.42 56.48 ± 4.20 Syn2_4 27.70 ± 6.94 72.30 ± 6.94
Syn1_4 48.62 ± 7.65 51.35 ± 7.65 Syn2_5 45.27 ± 2.96 54.73 ± 2.96
Syn1_5 47.91 ± 1.03 52.09 ± 1.03 Syn2_6 50.53 ± 3.74 49.47 ± 3.74
Syn1_6 38.70 ± 3.99 61.32 ± 3.95 Syn2_7 56.39 ± 5.99 43.62 ± 5.99
Syn1_7 48.36 ± 0.69 51.64 ± 0.69 Syn2_8 65.37 ± 0.48 34.63 ± 0.48
Syn1_8 41.69 ± 8.56 58.31 ± 8.56
Syn1_9 60.74 ± 7.96 39.26 ± 7.96
Syn1_10 55.48 ± 2.89 44.52 ± 2.89

Table 6. The Lolium (L) : Festuca pratensis (Fp) genome ratio in the syn3 and syn4 Festulolium cv. Festilo.

Genotype L genome [%] Fp genome [%] Genotype L genome [%] Fp genome [%]

Syn3_1 71.80 ± 1.29 28.20 ± 1.26 Syn4_1 72.26 ± 8.35 27.74 ± 8.35
Syn3_2 78.12 ± 2.65 21.88 ± 2.35 Syn4_2 66.58 ± 16.42 33.42 ± 16.42
Syn3_3 77.88 ± 4.88 21.70 ± 5.53 Syn4_3 66.48 ± 6.23 33.52 ± 6.23
Syn3_4 56.20 ± 4.90 43.80 ± 4.90 Syn4_4 63.03 ± 4.84 36.97 ± 4.83
Syn3_5 56.38 ± 6.96 43.63 ± 6.96 Syn4_5 68.24 ± 7.23 31.77 ± 7.53
Syn3_6 46.47 ± 6.05 53.53 ± 6.05 Syn4_6 71.35 ± 4.36 28.65 ± 4.36
Syn3_7 49.97 ± 7.84 50.03 ± 7.84 Syn4_7 67.77 ± 4.95 32.23 ± 4.95
Syn3_8 48.91 ± 4.98 51.09 ± 4.98
Syn3_9 47.12 ± 8.35 52.88 ± 8.35
Syn3_10 46.92 ± 6.87 53.08 ± 6.87
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Fig. 4. A,B – genomic in situ hybridisation of syn1 Lolium multiflorum (Lm) × Festuca arundinacea (Fa) 
(syn1_6, A) and syn2 Lm × Fa (syn2_2, B); red – Lm probe, blue – Fa block. C,D – GISH analysis of syn1 
Lolium perenne (Lp) × Festuca pratensis (Fp) (syn1_7, C) and syn2 Lp × Fp (syn2_8, D); red – Lp probe, blue 
– Fp block. E,F – GISH analysis of syn3 cv. Festilo (syn3_5, E) and syn4 cv. Festilo (syn4_5, F); red – Lolium 
(L) probe, blue – Fp block. Bars are 10 µm.

between the Festuca and Lolium parental genomes in the Festulolium amphidip-
loids using GISH.

For the F1 genotypes of LMFA, we could observe 35 chromosomes, which 
could be expected based on the chromosome numbers of the parental species. 
Since this odd number of chromosomes in the F1 generation, we expected chro-
mosome instability in the further generations. The syn1 genotypes that were 
analysed contained between 28 and 40 chromosomes, of which 13 to 18 Lm 
chromosomes, 8 to 16 Fa chromosomes, and 5 to 9 recombinant chromosomes. 
Remarkably, the syn2 genotypes had only left between 23 and 34 chromosomes 
(Figs. 3B and 4A,B), of which 10 to 15 came from Lm, 3 to 11 from Fa, and 6 to 
18 were recombinant. Due to the GISH procedure, we could observe that some-
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times chromosomes break down at the centromeres, which makes it not always 
possible to count the exact number of chromosomes, explaining the chromosome 
amount variation within one genotype.

The Lm:Fa genome ratio in the F1 genotypes is expected to be 40:60, which is 
confirmed by our GISH analysis (Table 4). Determination of the Lm:Fa genome 
ratio revealed for most syn1 genotypes a genome composition showing a slight 
shift towards the Lm genome (Table 4). In the syn2 generation this shift towards 
the Lm genome is more clear and present for all tested syn2 genotypes (Table 4). 
The genotype syn2_2 for example has about 75 % Lm genome and only about 
25 % Fa genome left. This genotype also has only 23 chromosomes, so most 
probably this genotype just lost many of the Fa chromosomes.

The F1 genotype of LPFP contained 28 chromosomes (2n=4x=28), i.e., 14 Lp 
and 14 Fp chromosomes. Since both parental species are tetraploids with a simi-
lar chromosome amount, we could expect to observe 2n=4x=28 chromosomes 
in further generations. Indeed, half of the 10 syn1 and 8 syn2 genotypes that 
were analysed by GISH contained 28 chromosomes, but a high number of an-
euploidy was also observed (Figs. 3A and 4C,D). Also here it has to be taken into 
account that due to the breakdown of some chromosomes at the centromeres 
during the GISH procedure, it is not always possible to count the exact number 
of chromosomes of each genotype. High frequencies of aneuploidy were also 
seen in Festulolium studies before (Kopecky et al. 2017), e.g., in Fp × Lp hybrids 
(Majka et al. 2019). In our syn1 and syn2 genotypes, there was a large variation 
of Lp, Fp, and recombinant chromosomes. In the syn1 genotypes between 10 
and 16 Lp and between 9 and 15 Fp chromosomes were observed. In addition, 
between 2 and 7 chromosomes were recombinant (Figs. 3A and 4C,D). The Lp:Fp 
genome ratio is expected to be 50:50. By calculating the percentage Lp and Fp 
genome present in the F1, syn1, and syn2 genotypes, we could conclude that 
this Lp:Fp genome ratio is quite stable, with some exceptions (Table 5). In most 
genotypes the percentage Lp and Fp is about 50 %. The genotypes syn1_6 and 
syn2_4 showed a shift towards the Fp genome, while the genotypes syn1_9 and 
syn2_8 had a shift towards the Lp genome (Table 5).

As a comparison, we also did GISH analysis on syn3 and syn4 genotypes of 
the commercial tetraploid Lh × Fp Festulolium cv. Festilo. As a probe, we used a 
mix of Lp and Lm labelled genomic DNA. We could observe a high number of 
recombinant chromosomes both in syn3 and syn4 genotypes. The syn3 genotypes 
had between 0 and 15 Lolium chromosomes, between 1 and 5 Fp chromosomes, 
and between 10 and 27 recombinant chromosomes (Figs. 3C and 4E,F). Most 
syn3 genotypes had a rather stable genome composition, only 3 syn3 genotypes 
showed a clear shift towards the Lolium genome (Table 6). Syn4 genotypes had 
7 to 13 Lolium chromosomes, 1 to 4 Fp chromosomes, and 17 to 22 recombinant 
chromosomes. However, due to the breakage of some chromosomes during the 
GISH procedure, the exact number of chromosomes is difficult to determine per 
genotype. In syn4 generation the shift towards the Lolium genome was much 
more pronounced in all genotypes (Table 6).
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Discussion

By crossing Lm and Fa we aimed at breeding a drought tolerant synthetic Festulo-
lium cultivar. The F1 genotypes composing the LMFA synthetic population were 
at least as drought tolerant as the tall fescue parent. Although the syn1 of LMFA 
was higher yielding than Lm × Fa reference cultivars and had a similar yield as 
Lm × Fp cultivars, the syn2 showed no DM yield improvement compared to the 
Lm × Fp Festulolium cultivars during the dry growing season of 2019. A possible 
reason might be the reduction of the Fa genome in LMFA from F1 to syn2 result-
ing in less drought tolerance. Syn2 seeds were harvested on syn1 plants sampled 
in plots at the end of two management years and might be affected by a kind of 
natural selection. In switch grass and timothy natural selection for survivorship 
increased biomass yield (Casler and Smart 2013, Reheul et al. 2003). Here this 
effect was not observed. On the one hand, the sampling might have caused a shift 
towards the more persistent component, i.e. tall fescue. On the other hand, syn1 
genotypes with a larger Lolium/Festuca ratio might have been advantaged directly 
after sowing because of their faster establishment. In mixtures with perennial 
ryegrass the content of Fa was lower than the sown proportion in the first year 
after sowing but increased over the years and dominated after 3 years (Cougnon 
et al. 2013). Also the seed yield of LMFA was very low. This could be expected 
when producing seeds from pentaploid F1 genotypes. The seed yield dropped 
from syn1 to syn2. This coincided with a decrease of the chromosome number 
and a clear shift of the genome composition towards the Lolium genome. We 
can expect a continued shift towards the Lolium genome in further generations 
of the Lm × Fa amphiploid selection. Kopecky et al. (2018) found in cvs. Becva 
and Lofa, all developed from Lm × Fa hybrids followed by backcrossing onto 
tetraploid Lm, a large proportion of plants with no evidence for the presence 
of any Festuca chromatin. This indicated the rapid elimination of the Festuca 
chromatin and a preferential transmission of Lolium chromosomes or advantage 
gained by genotypes having predominance of the Lolium genome complement.

The breeding goal of the Lp × Fp cross was to develop a highly digestible 
Festulolium cultivar. For that the LPFP synthetic was really successful with a sig-
nificantly better digestibility than all Festulolium cultivars in all growing seasons. 
It was as digestible as the tetraploid perennial ryegrass cv. Aberbite. The high 
digestibility of Aberbite was due to its high sugar content. The high digestibility 
of LPFP was due to its outstanding cell wall digestibility, contributed by the Fp 
genome. The DM yield of the new LPFP synthetic was significantly better than 
the DM yield of existing Lp × Fp cultivars. Also the seed yield of syn1 and syn2 
of LPFP was stable. The chromosome number remained the same in the succes-
sive generations of this Lp × Fp amphiploid and GISH revealed no clear shift to 
one of the composing genomes. However the seed yield was lower than the seed 
yield of the Lh × Fp cv. Festilo containing Lm in its genomic composition. This 
might be due to a closer relationship between Fp and Lm than between Fp and 
Lp resulting in a more stable genomic composition because of more frequent 
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homoeologous recombination between Fp and Lm than between Fp and Lp 
(Kopecky et al. 2018).

Festilo is a registered cultivar listed in Belgium and commercially available. 
Yet it shows some instability in genome composition. There is still a shift towards 
the Lolium genome from syn3 to syn4. GISH analysis by Kopecky et al. (2017) 
of 3 consecutive generations (1st generation the one for cultivar registration) 
of 3 Festulolium cultivars revealed that the gradual shift towards Lolium is ob-
served in the early generations and reaches a plateau in later generations where 
the proportions of parental genomes become stabilized. This was also seen by 
Zwierzykowsky et al. (2006, 2011), where a gradual shift towards Lolium was 
observed from F2 to F7 and then a genome stabilisation between F7 and F8. So it 
will be important to evaluate our 2 selected amphidiploid synthetics over further 
generations. Stabilization of the genome composition will be a prerequisite for 
a stable and sufficient seed yield and a broader exploitation of the Festulolium 
synthetics. Backcrossing to Lolium may improve seed yield but reduces the Fes-
tuca genome in the genomic composition of the Festulolium. There is a lot of 
variation in seed yield among single genotypes of the new Festulolium synthetics. 
We will try to improve the seed yield by selecting single tetraploid genotypes 
with a high seed yield.
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Festulolium field performance under fluctuating 
growing conditions in Lithuania

V. Kemešytė1, K. Jaškūnė1, and G. Statkevičiūtė1*

Abstract

Festulolium cultivars are widely utilized in Lithuania because they are persistent under 
abiotic stresses and are high yielding. However, changing climate challenges the 
existing Festulolium cultivars to adapt to new growing conditions and still maintain 
the yield. In this study, we aimed at evaluating the yield stability of two Festulolium 
cultivars in field trials under fluctuating Lithuanian conditions. The mean total dry 
matter yield (DMY) of both Festulolium cultivars fluctuated greatly between the years 
and ANOVA analysis showed a significant effect of environment on total DMY as well 
as DMY of each cut, but the genotype × environment interaction was not significant. 
There was a high difference between the total DMY of 1st year and 2nd year of use of 
plots in each year of observation. The highest DMYs were harvested in the years 2015 
and 2016. Dry matter yield of the 1st cut was the largest component of the total DMY 
for most of the years. The plants overwintered the first winter after sowing very well 
over the whole study period, resulting in excellent spring growth. The winter survival 
scores of 2nd year of use of plots were lower than 1st year of use and strongly corre-
lated with the 1st cut DMY of 2nd year of use (r = 0.81). Spring growth of plants at 2nd 
year of use was poorer, the correlation between winter survival and spring growth of 
2nd year of use was 0.62. The scores of regrowth after the cuts of 1st and 2nd years of 
use were very similar for most of the experimental years and moderately correlated 
with the sum of DMYs after cuts (r = 0.55 and r = 0.5, respectively).

Additional key words: crown rust, dry matter yield, intergeneric hybrids, leaf spot 
diseases, winter survival.
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Introduction

In recent years, the observed weather anomalies left no doubts about climate 
change and its effect on crop productivity in Europe and worldwide. Climate 
change trends, in particular rising temperatures, altered amounts and pattern 
of precipitation, prolonged growing season affects overwintering, growth and 
development of forage grasses at the cultivar or even species level resulting in 
frequent losses of yield (Kipling et al. 2016). Moreover, climate change may im-
pact grassland composition and grassland quality, having consequences on feed 
production for livestock (Ergon et al. 2018). In order to meet the challenges that 
climate change will bring and to improve the production of perennial herbage 
plants, both breeders and farmers should carefully choose the cultivated species.

The breeders aim at combining the best traits of different species and even 
genera resulted in a new grass genus – Festulolium. It is the hybrid between 
fescue (Festuca) species and ryegrass (Lolium) species offering the possibility 
of combining superior agricultural traits, such as excellent feeding quality of 
ryegrass with the persistency and stress tolerance of fescue into one single plant 
(Ghesquière et al. 2010a, Thomas et al. 2003). Festulolium is valued for quick 
establishment, weed suppression determined by its aggressive growth, as well as 
very good winter survival and regrowth capacity, thus high yields (Ghesquière 
et al. 2010b, Østrem et al. 2013, Jiao et al. 2017).

In Lithuania, Festulolium breeding program was initiated in 1979 when the 
first interspecific crosses were performed at LAMMC Institute of Agriculture, 
former Lithuanian Institute of Agriculture. Various crossing combinations have 
been used in breeding programs which resulted in four cultivars, namely Punia 
DS, Puga, Vėtra, and Lina DS, registered in the Common European Variety List. 
Two of the registered cultivars, Punia DS and Puga, were obtained from crosses 
between F. pratensis and L. multiflorum ssp italicum, Vėtra was developed from 
crossing F. arundinaceae and L. multiflorum ssp italicum, and Lina DS resulted 
from crossing F. pratensis and L. multiflorum ssp multiflorum (Nekrošas and 
Kemešytė 2007). All cultivars are highly tolerant to diseases and have good over-
wintering, in particular Punia DS, where the maternal plant was Festuca pratensis 
(Lemežienė et al. 2004, Nekrošas and Kemešytė 2007). Festuca species are known 
for their persistence under unfavourable conditions (Sandve et al. 2011), thus 
Festulolium cultivars maintaining these agriculturally important traits become 
increasingly relevant with more extreme environmental conditions. In terms of 
Lithuanian climatic conditions, Festulolium cultivars are widely utilized because 
of their good winter survival over the harsh winters and still the production of 
high yields (Lemežienė et al. 2004). However, due to climate change, winter pat-
terns have changed to milder requiring adaptation of plants to prolonged veg-
etation season, to cope with spells of freezing temperatures with less or without 
snow cover. Moreover, increased air temperature, water shortage and unpredict-
able precipitation distribution during the growing season challenge Festulolium 
cultivars to maintain the yield over the whole growing season.
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In this study we have chosen two Festulolium cultivars of different cross 
combination and aimed at 1) evaluating their performance in field trials over 
the period of seven years and 2) assessing the yield stability under fluctuating 
weather conditions.

Materials and methods

Plants and field experiments: Two tetraploid loloid type Festulolium cultivars 
Punia DS and Lina DS were evaluated in the field experiments. The experiments 
were carried out at LAMMC Institute of Agriculture (55°23'N, 23°57'E) over the 
period of 2013–2019. One experimental cycle, which started in 2014 and com-
prised of a year of sowing and two years of use, was omitted. The experiment 
was set up in 7.5–13.25 m2 test plots using a randomized complete block design 
with 3 replications.

The soil of the experimental fields was Endocalcari – Epihypogleyic Cam-
bisols (CMg-p-w-can), characterized by a homogeneous texture, pH KCl 
7.3–7.0, humus content 1.9–2.2 %, available P2O5 206–270 mg kg-1, and K2O 
101–154 mg kg-1. In the autumn of each year of use 6 g (P2O5) m-2 and 9 g 
(K2O) m-2 fertilizers were applied. Nitrogenous fertilizers were applied each year 
of herbage use in several applications: in spring 6 g (N) m-2, and 4.5 g (N) m-2 
after each cut, except the last one.

To determine the dry matter yield (DMY), 0.5 kg of fresh biomass of each 
sample was oven-dried at 105 °C to constant mass. The plots were harvested 3–4 
times per year depending on the meteorological conditions; herbage yield (kg m-2) 
was assessed as production per plot. At the beginning of heading stage plots were 
cut for the first time, while the second, third, and fourth cuts were taken after the 
plants reached ≥ 20 cm height. Winter survival and spring growth, disease resis-
tance, re-growth after cuts were assessed in scores, where 1 is very low, 3 – low, 
5 – medium, 7 – high, 9 – very high value of the trait. The beginning of the head-
ing was recorded when more than 50 % of plants emerged.

Meteorological data: According to the environmental stratification of Europe, 
Lithuania is assigned to nemoral zone with a cool temperate climate and quite 
short growing season of 190–195 d (Metzger et al. 2012). Daily meteorologi-
cal data (mean, minimal, and maximal temperatures, precipitation and snow 
cover) over the period of 2013–2019, recorded at the meteorological station in 
Noreikiškės, Kaunas region (54°52'N, 23°50'E) were obtained from the Ogimet 
repository by using ‘climate’ package for R (Czernecki et al. 2020).

Winter period was considered to start since the first day when Tmin ≤ -10 °C, 
cold days were considered when Tmin is ≤ -15 °C, while the warm days when Tmean 
≥ 0 °C (Bélanger et al. 2002, Thorsen and Höglind 2010). Degree days (DD) were 
calculated with the base temperature of 5 °C. The average annual precipitation 
at the experimental site is 550–600 mm and the average annual temperature is 
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6.0–6.5 °C (Fig. 1 Suppl.). The mean length of winter season over the experimen-
tal period was 110.3 d. The shortest winter season was in 2013/2014 lasting for 
66 d, while the winter of 2013 and 2015 was the longest – 134 d. The winter of 
2013 was distinguished by permanent snow cover and mean temperatures below 
0 °C, however without extreme cold spells (Fig. 1 Suppl.). The winter season of 
2018 was short, lasting 86 d, nevertheless, it was characterized by the highest 
number of cold days, when the minimum temperature dropped below –15 °C 
and with very low snow insulation. Cool and rainy spring was recorded in 2017, 
while in August 2015 and June 2016 the drought occurred, no precipitation was 
recorded for 25 and 20 d, respectively. The longest vegetation season was in 
summer of 2017, though this season was the coolest, characterized by the lowest 
value of DD throughout all the cuts (Table 1 Suppl.). The same trends were also 
observed for the summer of 2016. The shortest growing season was observed 
in 2015; moreover, it was one of the driest, with only 174,9 mm of rainfall, and 
one of the coolest (Table 1 Suppl.). Summers of 2018 and 2019 were character-
ized by the highest DDs over all periods from one cut to another, also as very 
dry seasons having the least amount and frequency of rainfall. In contrast, the 
vegetation season of 2017 is featured the highest percentage of rainy days (87 %) 
and the most intensive rainfall of 477.4 mm (Table 1 Suppl.).

Statistical analysis was implemented in the open-source R statistical environ-
ment v. 4.0.2 (R Core Team 2020, R Foundation for Statistical Computing, Vienna 
2020). Basic descriptive statistics was calculated using R package ‘metan’ function 
desc_stat (Olivoto and Lúcio 2020), analysis of variance and post-hoc tests were 
conducted using the R package ‘agricolae’ (De Mendiburu and Yaseen 2020). To 
estimate genotype and environment interaction and effect on DMY, ANOVA 
and subsequently post hoc Tukey HSD test was applied. The Kruskal-Wallis test 
was used for analyzing the influence of year on qualitative traits and Fisher's 
least significant difference with Bonferroni correction was applied to test for 
significant differences between the trait means.

Results

The mean total DMY of both Festulolium cultivars fluctuated greatly between the 
years, ranging from 0.67 to 1.22 kg m-2 in 1st year of use (Y1) and from 0.19 to 
0.64 kg m-2 in 2nd year of use (Y2) (Fig. 1). ANOVA analysis showed a significant 
effect (P < 0.001) of the environment on total DMY as well as DMY of each 
cut. However, the genotype and environment interactions were not significant; 
therefore, only means over the two cultivars are reported. The lowest total DMY 
of Y1 was obtained in 2013, whereas the highest total DMY of Y1 was obtained 
in 2016. The highest total DMY of Y2 was recorded in 2015, the lowest in 2018. 
The dry matter yield of the 1st cut (DMY1) was the largest component of the total 
DMY except for 2013 and 2014, when it did not differ from the 2nd cut (DMY2) 
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Fig. 1. The mean dry matter yield (DMY) of two Festulolium cultivars during the period of seven years. Means 
± SDs, n = 6. Within either the first year of use (A) or the second year of use (B), individual cuts denoted 
with the same letter, and total annual DMY columns topped with the same symbol, are not significantly 
different (Tukey’s honestly significant difference test, P > 0.05).

Fig. 2. The mean score of winter survival, re-growth in spring, and after the cuts of two Festulolium cultivars 
over the period of 2013–2019. The scores of the first year of use are presented in A and the scores of the 
second year of use in B. Means ± SDs, n = 6. The letters indicate difference among years, where winter 
survival is specified with a lowercase letter, while regrowth in spring, and after cuts are represented by 
uppercase and underlined letters, respectively (Fisher’s least significant difference test with Bonferroni 
correction, P < 0.05).
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Fig. 3. The mean values of plant height and heading date of two Festulolium cultivars over the period of 
2013–2019. Plant height is shown in A, where the difference between the first and second years of use 
are specified with lowercase and uppercase letters, respectively (Tukey’s honestly significant difference 
test, P < 0.05). Heading date is given in B, where lowercase letters denote differences between years of 
the first year of use, and uppercase of the second year of use (Fisher’s least significant difference test with 
Bonferroni correction, P < 0.05). Means ± SDs, n = 6.

in the Y1 plots and was the smallest part of total DMY of the Y2. In 2016 and 
2017 it was possible to harvest the 4th cut in Y1, and in both Y1 and Y2 in 2019. 
DMY3 was the most variable DMY part in the Y1, cv = 48 %; DMY1 was the 
most variable yield component in the Y2 (cv = 69 %). Total DMY of Y2 plots was 
significantly lower than that of Y1 plots (considered 100 %), with a reduction of 
43.5 % (2019) to 79 % (2018) and an average reduction of 61.4 % over all years. 
The highest yield difference was estimated in 2014 between the DMY1 (84.5 %) 
and the lowest one was in DMY3 of 2017, only 0.4 %.

The Y1 plots survived the first winter of the cycle very well, mean winter 
survival (WS) was 8.3 to 9, with the only exception being 2014 (mean WS 
score 6.4) (Fig. 2). The WS of Y1 was the only trait with significant cultivar 
effect: the differences between Punia DS and Lina DS were not statistically 
significant in each year, however, Lina DS scored steadily lower, resulting in 
lower mean winter survival (P < 0.05) over the whole period of investigation. 
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Fig. 4. The mean score of crown rust and leaf spot diseases of two Festulolium cultivars over the period 
of seven years. A and B show the mean scores of the first and second years of use, respectively. Means 
± SDs, n = 6. Differences among years are denoted with lowercase letters for crown rust and uppercase 
letters for leaf spot diseases (Fisher’s least significant difference test with Bonferroni correction, P < 0.05).

The WS scores of Y2 plots were lower than Y1 but still rather high, the mean 
scores of 2015–2019 varied from 7.8 to 8.8. The plots suffered a greater winter 
damage only in 2013 and 2014 (WS score 4.7 to 5) (Fig. 2B). Strong correla-
tion was estimated between WS of Y2 and DMY1 of Y2 (r = 0.81, P < 0.001, 
n = 12). Spring growth (SG) score of Y1 plants was high in all years, rang-
ing from 7.9 to 9 (SD = 0.40). Y2 plots exhibited poorer SG and higher varia-
tion of this trait (SD = 1.36), with minimum SG score 4.8 (2013) and maxi-
mum 8.8 (2015 and 2017). The correlation between WS and SG of Y2 was 0.62 
(P < 0.001). Regrowth after cuts (RG) score ranged from 6.7 to 8.8 in Y1 and from 
4 to 7.5 in Y2. RG scores of Y1 and Y2 were very similar in 2013 and 2019, the 
highest RG score difference was reported in 2018 (RG of Y1 score was 7.1, RG 
of Y2 score was 4). A moderate correlation was estimated between RG and sum 
of DMYs after cuts in both Y1 and Y2 plots (r = 0.55 and r = 0.5, respectively, 
P < 0.01).

Plant height fluctuated between 53 to 107 cm (Y1) and 44 to 112 cm (Y2) 
during 2013–2019 period (Fig. 3A). In general, Y1 plots tended to be taller than 
Y2 plants except for 2014. The greatest height difference was measured in 2018, 
when Y2 plots were shorter that Y1 plots by 47 %. There was a moderate correla-
tion between plant height and total DMY for the Y1 trials (r = 0.49, P < 0.05).
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In all years of investigation, the heading was recorded in May, ranging from 
21st to 31st (Fig. 3B). The latest heading date of both Y1 and Y2 trials was recorded 
in 2017. Punia DS and Lina DS reached the heading stage at the same time or 
differed by only 1 d.

The mean crown rust and leaf spot disease infection scores ranged from 1 to 
5.5 (Fig. 4). Both diseases were most prevalent in 2013 (mean crown rust score 
5.2, mean leaf spot score 5.4) and least prevalent in 2019. The two cultivars did 
not differ in their disease resistance, the only significant environmental effect 
was confirmed by analysis of variance.

Discussion

Festulolium grasses, the interspecific hybrids between Lolium and Festuca, have 
been developed as an alternative to existing Lolium and Festuca cultivars as they 
featured superior resilience against abiotic stresses compared to perennial rye-
grass (Ghesquière et al. 2010a,b, Humphreys et al. 2010). Festulolium cultivars 
are of similar forage quality as ryegrass (Humphreys et al. 2003), but their winter 
hardiness is typically lower than their parental Festuca species (Brink et al. 2010). 
The main reason limiting the cultivation of ryegrasses in the Baltic region is 
their susceptibility to harsh winter conditions and subsequently low persistence 
(Kemesyte et al. 2017). It was demonstrated in the previous 13 years-long study, 
that perennial ryegrass is the least winter-hardy, compared to other forage grass 
species (Lemežienė et al. 2004), including Festulolium, under Lithuanian condi-
tions. Festulolium cultivars, used in this study, offered high winter survival in the 
first year of use and excellent spring growth, resulting in high dry matter yields 
of the first cut. The record of low yield in 2013 was most likely determined by a 
short spring growth period rather than harsh winter. In general, autumn periods 
became longer and warmer than the long-term average in the recent decade in 
Lithuania as well as elsewhere in the Northern-Baltic region (Ergon et al. 2018). 
This phenomenon allowed to harvest the 4th cut in the first year of use in 2016, 
2017 and 2019. Furthermore, long warm autumns allow successful cultivation 
of southern-adapted forage grass populations (Dalmannsdóttir et al. 2015), thus 
expanding the choice of cultivar for farmers. However, high autumn tempera-
tures delay the start of the hardening period, which can negatively impact plant 
resistance to stress factors during winter (Ergon et al. 2018). Insufficient accli-
mation most likely reduced winter survival in 2014: most of the winter period 
was much warmer than 2013, but a sudden drop of mean temperatures below 
-12 °C for 2 weeks with thin snow cover led to lower winter survival scores. The 
similar winter weather pattern was observed in 2016, but plants were most likely 
protected by the thicker snow cover. The highest total dry matter yield was ob-
tained in the rather cool and rainy growing season of 2016, whereas heatwaves 
and drought spells of 2018 and 2019 significantly reduced the yields. Festulolium 
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of loloid type is less resistant to drought than fescues, especially tall fescue (Fari-
aszewska et al. 2016), but more resistant than perennial ryegrass, most likely due 
to the deeper, better-developed root system (Humphreys et al. 2018), making it a 
more suitable high-quality forage source in the future. Another concern related 
to climate change is the possibility of increased incidence and severity of plant 
diseases in the Northern regions (Ergon et al. 2018). Crown rust and leaf spots 
were observed in all years of this study, however, the infection was not severe 
except in 2013, indicating that at least for the nearest future forage grass breeders 
do not have to shift their efforts in this direction. However, the sward persistence 
was still the major issue. Both Festulolium cultivars suffered high yield reduction 
in the second year of use, especially in the growing season of 2018, which was 
the hottest and driest throughout the span of seven years of study, indicating that 
long-lasting grasslands can only be achieved with significant improvement of 
plant drought resistance. However, breeding for winter hardiness should not be 
abandoned either. Even though winters are predicted to get warmer in Northern 
Europe, the lack of adequate acclimation together with extreme weather events 
during winter can still lead to substantial yield losses.

Festulolium breeding, even though rather complicated due to the nature of 
interspecific crossing, can potentially be highly rewarding as the resulting hybrids 
can comprise the best traits of parental species, far exceeding the trait variation 
boundaries of parental species. The vast majority of Festulolium cultivars were 
developed by crossing Lolium perenne or L. multiflorum on the Lolium genus side 
and Festuca pratensis or to the lesser extent F. arundinacea on Festuca genus side 
(Kopecký et al. 2008). However, Festuca is a large genus, its complex phylogeny is 
being explored to this day (Cheng et al. 2016, Qiu et al. 2019), so the possibilities 
for the breeders to experiment are nearly limitless. Both Festulolium cultivars in 
this study came from the crosses with F. pratensis. However, this fescue species 
might not be the best choice as it is less resistant to drought and has a lower 
root mass and diameter than F. arundinacea (Wilman et al. 1998, Cougnon et 
al. 2017). Other fescue species, successfully applied in the development of highly 
productive hybrids, are F. arundinacea var. glaucescens and F. mairei (Ghesquière 
and Bourgoin, 2010, Humphreys et al. 2014). F. arundinacea and F. rubra has 
been included in the recently re-opened Festulolium breeding programme in 
Lithuania as well, however, further investigation is needed to evaluate whether 
these new hybrids have superior stress tolerance and persistence compared to 
currently grown cultivars.
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Table 1 Suppl. The agro-climatic variables of the winter season and the vegetation period during the experimental years of 2013-2019. 
The winter period was considered to start since the first day when Tmin ≤ -10°C, the cold days were considered when Tmin ≤ -15°C, and 
the warm days when Tmean ≥ 0°C. * - refers to the season of 2012/2013, 2013/2014, etc. 
 

Period Agro-climatic variable Year 
2013 2014 2015 2016 2017 2018 2019 Mean 

Winter* length [d] 134   66 134 100 125   86 127 110 
Tmean [°C]    -3.1    -1.4     1.1    -0.8    -0.04     0.08    -2.1    -0.89 
cold days [%]     8   14     1   12     2   17     5     7 
warm days [%]   28   62   63   58   56   38   61   52 

Vegetation to 
1st cut 

length [d]   37   65   51   52   63   50   54   53 
degree days 327 380 281 315 304 491 360 351 
Tmean [°C]   13.7   10.6   10.5   11.1     9.3   14.9   11.5   11.7 
precipitation [mm]   50 121   65   83   48   54   53   68 
rainy days [%]   46   37   47   37   35   26   20   35 

Vegetation to 
2nd cut 

length [d]   42   42   49   47   46   47   49   46 
degree days 565 422 549 585 511 596 652 554 
Tmean [°C]   18.4   15.0   16.3   17.5   15.8   17.6   18.3   17.0 
precipitation [mm]   67 100   66 135 131 116   60   96 
rainy days [%]   41   60   35   43   54   34   35   43 

Vegetation to 

the last cut 
length [d]   70   62   44   83   80   70   77   69 
degree days 889 860  633 922 822 989 879 856 
Tmean [°C]   17.3   18.7   19.4   15.7   15.1   18.8   16.2   17.3 
precipitation [mm] 206 139   44 177 199   52 195 159 
rainy days [%]   36   31   32   33   50   30   30   34 

 
 
 

 
 

Fig. 1 Suppl. Meteorological conditions during 2013 to 2019 in the Kaunas region, Lithuania. A - precipitation, B - mean daily air 
temperature, C - yearly snow cover. Long-term meteorological measures are represented as dashed blue line and means are indicated 
as solid black lines.  
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Abstract

Festulolium are hybrids between species within the Lolium and Festuca genera. They 
are attractive candidates for hybridisation due to their complementary characteris-
tics in the context of forage production and environmental challenges, with Lolium 
exhibiting greater digestibility and Festuca possessing superior resilience to abiotic 
stress. To establish the extent of the representation of these characteristics in dif-
ferent Festulolium hybrids, a five-year field experiment was undertaken in a mild 
Atlantic climate. Four alternative species combinations and six pure species (con-
trols) were evaluated for dry matter yield and persistency from 2014 to 2018, and 
various nutritional parameters in the first silage cut were measured from 2015 to 
2017. Festulolium hybrids derived from L. multiflorum were found to group with both 
Lolium and Festuca pure species for a mean ground score to evaluate persistency 
(P < 0.05). Hybrid types of the L. perenne lineage were found to have ground score 
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values more alike to their Lolium component and distinct from the F. pratensis pure 
species. In terms of dry matter yield, the majority of L. multiflorum hybrids observed 
formed a higher yielding group with the tetraploid L. multiflorum pure species and 
distinct from diploid F. pratensis pure species, whereas all other hybrid types and 
controls shared groups in common. For the nutrient content parameters including 
dry matter digestibility, water soluble sugars, and buffering capacity, Lolium pure spe-
cies exhibited more favourable values, whereas hybrids were largely found to display 
intermediate to low values. Festuca pure species consistently exhibited poorer values 
with the exception of crude protein content where F. pratensis displayed the high-
est values and also the 2017 measurement of buffering capacity. In conclusion, the 
Festulolium hybrids shared characteristics with both parental types, but they often 
showed a greater likeness to the Lolium component. 

Additional key words: Festuca, Lolium, ground cover, nutritional value.

Introduction 

Forages such as Lolium and Festuca represent a low cost source of feed in ru-
minant agriculture in temperate regions worldwide (Wilkins and Humphreys 
2003). Areas in Europe, which traditionally support forages, are projected 
to experience increased instances and intensities of extreme weather such as 
drought and flooding due to climate change (Roudier et al. 2016). Forages with 
wide adaptability and also the productivity potential to support intensive graz-
ing systems are required to meet these challenges (Lin 2011, O’Donovan et al. 
2011). Festulolium is natural and artificial interspecific hybrid derived from the 
genera Festuca and Lolium, and species from each of these genera exhibit such 
complementary characteristics in the context of forage production, qualifying 
them as suitable candidates for hybridisation (Thomas and Humphreys 1991). 
Lolium species are widespread in ruminant agriculture in temperate regions glob-
ally, with Italian ryegrass (L. multiflorum) and perennial ryegrass (L. perenne) 
cultivars being most widely sown (Wilkins and Humphreys 2003). Perennial 
ryegrass cultivars are considered high performance forage cultivars, withstand-
ing extended periods of grazing and demonstrating favourable palatability and 
productivity in response to inputs. Italian ryegrass is a biennial forage crop with 
rapid establishment but comparatively lower persistency, suited for short-term 
swards. Fescues are not noted for their agronomic performance; they exhibit 
poorer palatability and lower digestibility relative to ryegrasses. Fescues, how-
ever, display great resistance to abiotic stresses, such as drought and flooding, 
attributed to well-developed root systems. Meadow fescue (F. pratensis) or tall 
fescue (F. arundinacea) most widely sown for forage, typically utilised species 
rich permanent pasture. 

The level of integration of genomic material in hybrids is dependent on breed-
ing strategy, through the generation of an amphiploid hybrid or by way of intro-
gression. The former entails each parent donating at least one pair of chromo-
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somes, though often resulting in Lolium chromatin dominating the proportion 
of genetic material (Kopecký et al. 2017). Introgression involves a backcrossing 
strategy with the ryegrass genome representing a greater proportion of the ge-
nomic material (Humphreys et al. 2003). Both methods allow for grasses with 
adequate yield and nutrition and increased hardiness and persistency providing 
ecosystem services (Macleod et al. 2013, Grogan et al. 2018). Festulolium has 
been shown to out yield perennial ryegrass on marginal land for biomass produc-
tion, illustrating the potential of hybrids under suboptimal growing conditions 
(Meehan et al. 2017). Though the production model in Ireland is based on grazed 
grass, silage is a significant constituent in beef and dairy production because 
grass growth is seasonal and yield varies within the year. The role of silage is to 
“conserve” grass nutrients and meet demand in the production system during 
the winter period (Shalloo et al. 2004, Mayne and O’Kiely 2005, McEvoy et al. 
2011). As it directly influences productivity, dry matter yield (DMY) has been the 
primary focus of breeding programmes in the improvement of perennial ryegrass 
cultivars, including those destined for silage production (McDonagh et al. 2016). 
Persistency refers to stability of yield and this relationship with production has 
led persistency to be identifiable as an economically important trait. It is assessed 
both for pasture profit index (PPI), the Irish index for economic value of cultivars 
and value cultivation and use, for cultivars to be published on recommended 
lists (Grogan and Gilliland 2011, O’Donovan et al. 2016). Persistency is widely 
quantified by ground score cover (GC), a 1–9 scale, for referral to recommended 
lists (Grogan and Gilliland 2011). Grass silage production involves mechanical 
cuts, with first and second cuts responsible for the greatest proportion of dry 
matter yield. Subsequent preservation under anaerobic conditions requires ad-
equate amount water soluble sugars (WSS) to ensure production of lactic acid 
and fermentation through microbial activity, and a relatively low buffering capac-
ity (BC; the acid required to lower the pH from 6 to 4) (Muck et al. 1988, Davies 
et al. 1998). Thus the nutrient profile of cultivars not only impacts the quality of 
animal nutrition but also the quality of silage production.

This trial was one part of a multinational collaboration coordinated by the Eu-
carpia Fodder Crops and Amenity Section Festulolium Working Group whereby 
the same cultivars were assessed across Europe in nine field trials and under 
contrasting growth conditions (Ghesquière et al. 2016). Partial results from this 
trial has been published previously, with data over a 3 year period (Grogan et 
al. 2018). The aim of this study was to further investigate the agronomic per-
formance of Festulolium hybrids, in comparison to their Lolium and Festuca 
parental species, under conservation management over a five year period under 
an Atlantic climate. Specifically, persistency, dry matter yield, and nutrient value 
of cultivars of the hybrid types were observed and whether the merits of each 
species are represented in their hybrids was investigated. 
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Materials and methods 

Experimental design: This experiment was carried out in Athenry, Co. Galway, 
adjacent to the DAFM recommended list trial site (53°18’N, 8°45’W), on a peaty 
loam soil. Meteorological data (Fig. 1 Suppl.) were obtained from a weather sta-
tion located on site.

Cultivars were donated, through EUCARPIA, from breeders across Eu-
rope, including six control species, representing Lolium and Festuca hybrid pa-
rental species, and 15 hybrids (Table 1 Suppl.). Trials were sown on 21st May, 
2013 in field plots of 11.41 m2 utilising a randomised complete block design with 
plots replicated in 3 blocks. Nitrogen (N) fertiliser (High Sulphur CAN, 27.5 % N 
+ 7 % S) was applied 6 times for a total annual rate of 31 g(N) m-2. Based on an-
nual soil analysis, no application of phosphorus was used, and potassium was 
applied twice a year to a total of 40 g(K) m-2. The trial was cut using a conserva-
tion/silage protocol, incorporating two silage cuts and three after-grass cuts per 
year. The first two cuts were taken when the trial had reached stem extension/
heading growth stage, while the later harvests were cut to schedule at vegetative 
growth stages.

Measurements: Plots were harvested using a Haldrup plot harvester at cutting 
heights of ca. six cm. Total plot yield was recorded and a subsample (about 300 
g) was oven-dried at 80 °C for 16 h to determine dry matter yield (DMY). Dried 
samples from the first silage cut in mid-May (in three years 2015, 2016 and 2017), 
were analysed utilising established wet chemistry methods at Teagasc Grange. A 
subsample was dried at 40 °C for 48 h, milled through a 1 mm screen and ana-
lysed for in vitro DM digestibility (DMD, Tilley and Terry 1963), crude protein 
content (CP, using the LECO FP-628 nitrogen analyser), water WSS (using the 
anthrone method, Thomas 1977) and buffering capacity (BC, Playne and Mc-
Donald 1966). Ground cover scores on a 1 to 9 scale, where 1 represented bare 
ground and 9 a fully grass-covered plot, were recorded by visual assessment at 
the end of each harvest year (procedure of visual scoring described in Lynch et 
al. 2015).

Statistical analysis: Analysis was carried out in R (R Core Team 2014, version 
3.4.1; https://CRAN.R-project.org/package=emmeans). To investigate relation-
ships between the measured parameters, type III analysis of variance (ANOVA) 
was implemented from the car package (Fox and Weisberg 2019).

To further investigate the response of DMY of cultivars over time, a gen-
eralised least squares model was carried out, where correlation between years 
was modelled using a repeated measures covariance structure in the nlme pack-
age (Pinheiro et al. 2020; R Core Team: nlme: Linear and Nonlinear Mixed 
Effects Models – R package version 3.1-148,https://CRAN.Rproject.org/

https://CRAN.R-project.org/package=emmeans
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package=nlme>). The response of total DMY was measured using the following 
models:
Yijk = µ + Ti + Rj + Ck + (Ti x Ck) + 𝜖ijk (model 1)
Yijl = µ + Ti + Rj + Hl + (Ti x Hi) + 𝜖ijl  (model 2)
Where Yijk denotes the total DMY for the year (T) i (2013 to 2018), replicate (R) 
within a block j (1-3), cultivar (C) k (1-21) and 𝜖ijk denotes the residual error. To 
investigate the response of DMY to hybrid type/pure species control the follow 
model was formulated where Yijk denotes the total DMY for the year i (2013 to 
2018), replicate within a block j (1-3), hybrid type/pure species control l (1-10) 
and 𝜖ijk denotes the residual error. A similar model was formulated to investigate 
the response of ground score to year:
Pijk = µ + Ti + Rj + Ck + (Ti x Ck) + 𝜖ijk (model 3)
Pijl = µ + Ti + Rj + Hl + (Ti x Hl) + 𝜖ijl (model 4)
Where Pijk denotes the total ground score for the year (T) i (2013 to 2018), 
replicate (R) within a block j (1-3), cultivar (C) k (1-21) and 𝜖ijk denotes the 
residual error. To investigate the response of DMY to hybrid type/pure species 
control (model 3). The follow model was formulated where Yijk denotes the total 
ground score for the year (T) i (2013 to 2018), replicate (R) within a block j (1-
3), hybrid type/pure species control (H) denoted by l (1-10) and 𝜖ijk denotes the 
residual error. A similar model to investigate the response of ground score to 
year (model  4). Post-hoc testing for significant differences between means was 
carried out using the emmeans package (Lenth 2020; https://CRAN.R-project.
org/package=emmeans). Assumptions for analysis were checked and met.

Results

Overall the trial had adequate ground cover (GC) for the first four years after field 
establishment, however, ground cover deteriorated in year 5 (Fig. 1). The mean 
GC for all years varied significantly from one another, besides the years 2015 
and 2016, which were found not to be significantly different (Table 2 Suppl.). The 
lowest GC scores were observed in 2018, and the highest GC scores were found in 
2014 (Table 3 Suppl.). Year, cultivar, hybrid type, and block were all found to have 
a significant effect on GC score, and there were significant interactions between 
year and cultivar, and between year and hybrid type (Tables 2 and 4 Suppl.).

No significant differences were observed within hybrid types for the first three 
years, however within the L. multiflorum × F. pratensis hybrid type, Sulino was 
found to vary significantly from AberNiche, Perseus, and Achilles for mean GC 
score in 2018 (Table 5 Suppl.). While within L. multiflorum × F. arundinacea 
hybrids, Lofa and FuRs0352 varied significantly in 2017 and 2018, and FuRs0352 
and Bečva exhibited significant differences from one another in 2018 (Table 5 
Suppl.). There were no significant differences observed between hybrids within L. 
perenne × F. pratensis for GC score within any experimental year (Table 5 Suppl.). 

https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
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Fig. 1. Trends in the mean ground cover score for each Festulolium hybrid type: A – Lolium perenne × 
Festuca pratensis, B – L. multiflorum × F. arundinacea, C – L. multiflorum × F. pratensis, and D – L. multiflorum 
× F. arundinacea var. glaucescens, alongside their respective control species over a five-year period.

Of the pure species, both tetraploid and diploid L. perenne cultivars exhibited the 
highest GC over time, followed by pure F. pratensis (Table 6 Suppl.).

From the Festulolium hybrids the best GCs were obtained from L. perenne × 
F. pratensis hybrids, with the cv. Fabel exhibiting the highest GC in comparison 
to all other cultivars (Table 6 Suppl.). The poorest GC from the beginning to the 
end of the trial was obtained by the Festulolium hybrid Lueur of the L. multiflo-
rum × F. arundinacea var. glaucescens type, while FuRs0352, a L. multiflorum × 
F. arundinacea hybrid, was the cultivar with the lowest over all mean GC (Table 
6 Suppl.). Three statistically significant groups are present from mean GC across 
5 years, with tetraploid L. perenne and hybrid L. perenne × F. pratensis belonging 
to the highest performing group, while the remaining hybrids and F. pratensis 
allocated in the group with the lowest GC. The remaining pure species overlap 
with these groups and share a group among themselves (Table 6 Suppl.).

The first cut of silage accounted for, on average, 46.6 % of total DMY, while 
the second cut accounted for an average of 26.2 % of total DMY. The remaining 
percentage of total DMY was comprised of the subsequent three cuts. Similar 
trends in total DMY production were observed across hybrid types, with the 
establishment year exhibiting lower yields, increasing in 2015, declining in 2016, 
recovering in 2017, and then finally declining in 2018 (Fig. 2). This was reflected 
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Fig. 2. Trends in the mean dry matter yield (DMY) for each Festulolium hybrid: A – Lolium perenne × Festuca 
pratensis, B – L. multiflorum × F. arundinacea, C – L. multiflorum × F. pratensis, and D – L. multiflorum × 
F. arundinacea var. glaucescens alongside with their respective control species over a five-year period.

when comparing the mean yield for each year, the mean yields for 2014 and 2016 
did not differ significantly, likewise, the mean yield for 2018 and 2016 did not 
exhibit significant differences (Table 7 Suppl.). Year and cultivar had a significant 
effect on DMY, with the interaction among the cultivars was not found to be sig-
nificant. Statistically significant differences in yield were also observed amongst 
hybrid types with a significant interaction with year. L. multiflorum × F. pratensis 
hybrids Hostyn and Perseus outperformed other cultivars of the same hybrid 
type in yield, though there was no statistical significance between the cultivars 
for each year. Similarly, the L. multiflorum × F. arundinacea hybrid Bečva per-
formed well across years in comparison to Lolium pure species, however mean 
DMY for the cultivar declined significantly from 2015 to 2016, with 2018 yields 
also found to be significantly different from 2015. Lower yielding cultivars and 
pure species exhibited no such significant decrease in yield. Overall, cultivars, 
which exhibited lower yield in earlier years remained consistent, while higher 
yielding cultivars declined in yield in 2018.

Two distinct groups were observed when the mean yield of hybrid types were 
compared, L. mutiflorum tetraploid control was allocated to the highest yielding 
group, along with the Festulolium hybrids L. multiflorum × F. pratensis and L. 
multiflorum × Festuca (Table 1). Festuca pratensis diploid plant was categorised 
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Table 1. The mean total dry matter yield (DMY, g m-2) per cultivar for each year, and the overall mean for 
a five-year period, including a mean and a standard deviation (SD) for yield per hybrid type for each year 
and a five-year mean. Fa – Festuca arundinacea, Fg – Festuca glaucescens, Fp – Festuca pratensis, Lm – 
Lolium multiflorum, Lp – Lolium perenne. Means within a column with different letters in superscript differ 
significantly (P < 0.05).

Cultivars 2014 2015 2016 2017 2018 Mean SD

Pure species              
AberBite (Lp4x) 1443 1764 1306 1592 1140 1449a,b 246
AberMagic (Lp2x) 1453 1810 1337 1561 1355 1503a,b 226
Caballo (Lm4x) 1554 1004 1367 1692 1391 1607b 262
Podium (Lm2x) 1209 1918 1411 1585 1488 1522a,b 263
Fure (Fp2x) 1106 1334 1165 1310 1290 1241a 121
Kora (Fa6x) 1273 1523 1348 1315 1425 1377a,b 127

LpFp              
Fabel 1504 1650 1282 1574 1307 1464 221
FuRs0142 1457 1611 1377 1484 1320 1450 220
Prior 1332 1612 1250 1543 1305 1410 180
Mean 1431 1626 1303 1534 1311 1441a,b -
SD   181   193   158   172   121 - 204

LmFa              
FuRs0352 1267 1698 1250 1543 1304 1396 240
Bečva 1547 1949 1486 1744 1237 1593 380
Lofa 1496 2036 1436 1823 1261 1610 299
Mean 1437 1894 1398 1636 1300 1533b -
SD   163   183   132   132   202 - 285

LmFp              
AberNiche 1383 1864 1402 1499 1105 1451 279
Agula 1455 1704 1285 1453 1251 1430 243
Felopa 1479 1775 1398 1582 1224 1492 178
Sulino 1426 1704 1362 1480 1332 1461 252
Hostyn 1534 1925 1577 1869 1396 1660 252
Perseus 1619 1936 1515 1872 1475 1683 217
Perun 1483 1753 1438 1770 1368 1544 246
Achilles 1522 1882 1426 1644 1368 1568 234
Mean 1488 1818 1425 1646 1303 1536b -
SD   112   201   129   230   154 - 246

LmFg              
Lueur 1245 1538 1263 1508 1294 1370a,b 153
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Fig. 3. Quality parameters over three years, dry matter digestibly (DMD), water soluble sugars (WSS) 
buffering capacity (BC), and crude protein (CP) for each Festulolium hybrid: A – D – Lolium perenne × 
Festuca pratensis, E – H – L. multiflorum × F. arundinacea, I – L – L. multiflorum × F. pratensis, M – P – L. 
multiflorum × F. arundinacea var. glaucescens alongside with their respective control species over a three 
year period.
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into the second, lower yielding group, with the remaining hybrids/pure species 
overlapping with either group.

Year, cultivar, and hybrid type all had a highly significant effect (P < 0.001) 
on all recorded nutritional parameters of the first silage cuts over a three year 
period (2015 to 2017) (Tables 2 and 4 Suppl.). There were no significant interac-
tions between year and cultivar or year and hybrid type for any for the parameter, 
with the exception of a significant interaction observed in WSS between year 
and cultivar. 

Dry matter digestibility steadily declined over the three year period, across all 
hybrid types and pure species (Fig. 3). The hybrids exhibiting the highest mean 
DMDs in 2015, 2016, 2017 were observed to be L. perenne × F. pratensis [mean 
= 689.96 g kg-1(d.m.), standard deviation = 46.90] and the pure species; and 
highest mean over all was the tetraploid L. perenne [mean = 760.67 g kg-1(d.m.), 
SD = 46.24]. L. multiflorum × F. arundinacea var. glaucescens was the hybrid 
type which exhibited the lowest mean DMD [mean = 689.96 g kg-1(d.m.), SD = 
46.90], and F. arundinacea was the control with lowest DMD over all three years 
[mean = 696.70 g kg-1(d.m.), SD = 38.23]. 

Values for WSS declined in 2016 and recovered in 2017, and similar to the 
trends in DMD, trends were largely conserved across all hybrid types and pure 
species. Higher WSS was observed in L. multiflorum pure species, L. perenne 
and hybrids exhibiting intermediate to lower WSS, and Festuca pure species 
the lowest (Fig. 3). The hybrid type which had the highest observed mean WSS 
was L. multiflorum × F. arundinacea [mean = 241.67 g kg-1(d.m.), SD = 59.36], 
with tetraploid L. multiflorum the pure species control with the highest mean 
WSS [mean = 280.82 g kg-1(d.m.), SD =45.59]. The hybrid L. multiflorum × F. 
arundinacea var. glaucescens exhibited the lowest WSS in 2015, 2016, 2017 [mean 
= 152.22 g kg-1(d.m.), SD = 14.25] and the pure species F. pratensis [mean = 
129.92 g kg-1(d.m.), standard deviation = 18.38].

Higher BC was observed in Festuca pure species and Festulolium hybrids 
than in Lolium pure species and L. multiflorum × F. arundinacea var. glaucescens 
[mean = 361.44 g kg-1(d.m.), SD = 62.99] and pure species control F. arundinacea the 
control F. pratensis [mean = 394.28 g kg-1(d.m.), standard deviation = 44.13]. A de-
crease in BC was observed over time (Fig. 3), with some exceptions F. arundinacea, 
gaining BC from 2016 to 2017 [means = 315.32 g kg-1(d.m.) and 383.64 g kg-1(d.m.), 
SDs = 25.52 and 96.33]. Lowest BC was observed in the L. multiflorum pure 
species and intermediate BC in L. multiflorum and L. perenne hybrids (Fig. 3). 

Trends in CP were similar to that of BC; there was a steep decline between 
2015 and 2016 with a more gradual between 2016 and 2017, and though there 
was generally consistency in this trend among pure species and hybrid types 
there were some exceptions. In the pure species F. arundinacea increased CP 
between 2016 to 2017 was observed and [mean = 88.28 and 94.26 g kg-1(d.m.), 
SDs = 3.91 and 2.2, respectively] and slightly increased in L. multiflorum 
× F. arundinacea [means = 68.99 and 71.20 g kg-1(d.m.), SDs = 17.37 and 
96.33, respectively] and in L. perenne × F. pratensis [means = 66.36 and 
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71.06 g kg-1(d.m.), SDs = 21.08 and 0.79, respectively] (Fig. 3). Consistently 
across all years, F. pratensis [mean = 125.63 g kg-1(d.m.), SD = 25.23] exhibited 
the highest CP. The lowest mean CP across three years was observed in the tet-
raploid L. multiflorum [mean = 77.92 g kg-1(d.m.), SD = 13.17], followed by the 
hybrid L. multiflorum × F. arundinacea [mean = 79.85 g kg-1(d.m.), SD = 21.43].

Discussion

Festulolium hybrids are of interest for forage production due to their comple-
mentary characteristics, with Lolium exhibiting greater quality attributes and 
Festuca possessing superior resilience to abiotic stress. We carried out a five year 
field experiment to evaluate dry matter yield, ground cover and persistency, and 
nutritional parameters of Festulolium hybrids under a conservation management 
in a mild Atlantic climate.

Persistency is a complex trait controlled by many interacting genetic and 
environmental factors, and it has been identified as a trait for selection in peren-
nial ryegrass breeding programmes due its economic importance associated with 
sward stability and renewal (Conaghan and Casler 2011). The trends in persis-
tency were conserved among hybrid types, and they most aligned more closely 
to the Lolium pure species controls. Values for ground score, however, demon-
strated comparability between L. multiflorum pure species, hybrid types, and 
Festuca pure species when five year means were grouped. L. perenne pure species 
exhibited greater persistency, this was expected (Wilkins and Humphreys 2003), 
while the hybrid L. perenne × F. pratensis also displayed ground score and similar 
to that of its Lolium component. L. multiflorum pure species were expected to be 
the least persistent, however, they were found to have intermediate persistency 
(Wilkins and Humphreys 2003). There was some deviation within hybrid types, 
with some cultivars deviating significantly from hybrid groups in later years of 
the trial. The Festulolium hybrid cv. Spring Green demonstrated superior ground 
cover in colder climate in a multisite study in the USA, while performing poorer 
in warmer regions in comparison to the Festulolium hybrids from which it was 
derived (Casler et al. 2002) This indicates the variation in adaptability of Festu-
lolium in terms of persistency. Festuca pure species exhibited poorer persistency 
based on ground score. Due to the resilience to abiotic stress observed in Festuca, 
it was expected for these cultivars to exhibit enhanced persistency. However, 
ground score cover as a measure of abundance and does not necessarily reflect 
productivity as demonstrated by the F. pratensis cv. Fure. Although ground score 
decreases, DMY increases after an extended period, perhaps due to the broad 
leaf morphology of Fescue species in comparison to Lolium species (Gymer and 
Whittington 1973). Despite the presence of open ground indicated by the low GC 
score, the larger leaf area and subsequent larger volume of biomass may account 
for the disparity between GC score as a measure of persistency and the observed 
yield. Though GC score is the widely accepted measurement of persistency for 
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national list in Ireland, it is not without limitations. Ground score measures the 
abundance of a species within a sward rather than the biomass of the surviving 
plants, failing to account for yield stability. Methods have been proposed such 
as reporting the relationship between short term and medium term yields to 
describe persistency (Dodd et al. 2018).

In addition to ground cover scores, the change in dry matter yield over time 
is also an important component of persistency. The results from this trial for 
DMY demonstrate that Festulolium hybrids perform well in terms of produc-
tivity and in some cases out yield Lolium pure species. Similarly, Meehan et al. 
(2017) found that Festulolium hybrids along with F. arundinacea were capable 
of producing greater DMY than L. perenne under suboptimal conditions, over a 
two year period for biomass production. Studied years tended to exhibit poorer 
yields in grasses as well as sharp declines in DMY in 2016 and 2018. Though 
DMY during these years declined, higher yielding hybrid types still exhibited 
higher DMY values than more stable yielding cultivars. Yield stability is more 
prevalent in lower yielding hybrids and similar results were found in two Swedish 
regions where Festulolium cultivars which yielded higher declined more quickly, 
while Festulolium cultivars with lower yields remained stable (Halling 2012). 
In a Lithuanian climate Festulolium exhibited superior yields to both Festuca 
and Lolium with L. perenne displaying much lower yields (Lemežienė 2004). 
The decline in DMY in 2016 and 2018 observed in this study was likely due 
to low rainfall during the late spring and early summer months (April 2016 = 
49.2 mm, May 2016 = 56.7 mm, May 2018 = 62.5 mm, June 2018 = 25.2 mm). 
Based on historical data, low summer rainfall is generally not a limiting factor 
in Irish climatic conditions, except when values for total monthly rainfall were 
between 20–60 mm during the late spring to summer period, as observed in 
both 2016 and 2018 (Hurtado-Uria et al. 2014). The climatic influence causing 
variability among hybrids over a single year was observed in a multisite study 
including that described here (Ghesquière et al. 2016). In terms of yield in this 
study, the hybrids yields appear to more closely follow their Lolium component 
than their Festuca component. This was also observed when foliar characteristic 
and DMY were observed in Festulolium hybrids and compared to that of Lolium 
pure species (Humpreys et al. 2014, Muhandiram et al. 2020) This may be due 
to breeding strategy, genome instability after successive generations, or dispar-
ity between integration of source genomes, such as ampliploid or introgressed 
hybrids. We did observe some variability among hybrid cultivars, where some 
cultivars exhibited comparable yields to Festuca while others out yield Lolium, 
though these cases were not found to be significant.

In general, Lolium has been observed to possess higher digestibility, therefore, 
in this study we expected that Lolium pure species would exhibit relatively higher 
quality, followed by Festulolium hybrids and finally, Festuca pure species with 
the lowest quality (Wilkins and Humphreys 2003, Banzhaf and Boberfeld 2005). 
We observed that all pure species cultivars and hybrids were affected equally by 
different experimental years which points towards a good silage quality under 
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marginal conditions. Festulolium cultivars exhibited intermediate levels for both 
WSS and BC parameters, indicating they would be suitable for silage production. 
Similarly, no significant differences between Festulolium hybrids Lolium perenne 
pure species were observed in a previous study when digestibility of hybrids was 
investigated (Kamau et al. 2020) The F. arundinacea cultivar Kora had the highest 
levels of CP across all years. This was replicated in a Danish study where cv. Kora 
was found to have higher CP content in the first cut in comparison to Festulolium 
hybrid (Solati et al. 2018) with CP declining similarly in both cultivars in the 
autumn. This is likely due to maturity as the range of heading dates will affect 
the move from vegetative to reproductive phase.

Overall, Festulolium hybrids performed at a very similar level as Lolium spe-
cies in terms of persistency, yield, and ensilability in this five year study. This 
makes Festulolium hybrids very suitable to be grown as a silage crop under a 
mild Atlantic climate, even under marginal conditions.

References

Banzhaf, K., Boberfeld, W.O.V.: Ensilability and silage quality of different Festulolium hybrids in comparison 
to Festuca arundinacea. – In: Park, R.S., Stronge, M.D.: XX International Grassland Conference: Offered 
paper 472, Wageningen Academic Publishers, Wageningen 2005.

Casler, M.D., Peterson, P.R., Hoffman, L.D., Ehlke, N.J., Brummer, E.C., Hansen, J.L., Mlynarek, M.J., Sulc, 
M.R., Henning, J.C., Undersander, D.J., Pitts, P.G.: Natural selection for survival improves freezing 
tolerance, forage yield, and persistence of Festulolium. – Crop Sci. 42: 1421–1426, 2002.

Conaghan, P., Casler, M.D.: A theoretical and practical analysis of the optimum breeding system for perennial 
ryegrass. – Irish J. Agr. Food Res. 50: 47–63, 2011.

Davies, D.R., Merry, R.J., Williams, A.P., Bakewell, E.L., Leemans, D.K., Tweed, J.K.S.: Proteolysis during 
ensilage of forages varying in soluble sugar content. – J. Dairy Sci. 81: 444–453, 1998.

Dodd, M.B., Chapman, D.F., Ludemann, C.I., Griffiths, W., Tozer, K.N., Donnelly, L.: The measurement of 
perennial ryegrass persistence. – J. New Zeal. Grassland 80: 161–168, 2018.

Fojtik, A.: Methods of grass improvement used at the Plant Breeding Station Hladke Zivotice. – Genet. 
Pol. 35: 25–31, 1994.

Fox, J., Weisberg, S.: A Companion to Applied Regression. Third Edition. https://socialsciences.mcmaster.
ca/ jfox/Books/Companion/Sage 2019.

Ghesquière, M., Emile, J.C., Jadas Hécart, J., Mousset, C., Traineau, R., Poisson, C.: First in vivo assessment 
of feeding value of Festulolium hybrids derived from Festuca arundinacea var. glaucescens and selection 
for palatability. – Plant Breed. 115: 238–244, 1996.

Ghesquière, M., Baert, J., Barth, S., Černoch, V., Grogan, D., Humphreys, M.W., Murray, P., Østrem, L., 
Sokolović, D., Paszkowski, E., Zwierzykowski, Z.: Enhancing the productivity in forage grasses on the 
European scale using interspecific hybridization. – In: Roldán-Ruiz, I., Baert, J., Reheul, D. (ed.): Breeding 
in a World of Scarcity. Pp. 199–204. Springer, Cham 2016.

Grogan, D., Gilliland, T.J.: A review of perennial ryegrass variety evaluation in Ireland. – Irish J. Agr. Food 
Res. 50: 65–81, 2011.

Grogan, D., Barth, S., Grant, J., O’Riordan, E., Hanley, M.: Festulolium in Ireland – seasonal yield and quality 
assessment. – In: Horan, B., Hennessy, D., O’Donovan, M., Kennedy, E., McCarthy, B., Finn, J.A., O’Brien, 
B. (ed.): Sustainable Meat and Milk Production from Grasslands. Pp. 206–208. Wageningen Academic 
Publishers, Wageningen 2018.

Gymer, P.T., Whittington, W.J.: Hybrids between Lolium perenne and Festuca pratensis II. Comparative 
morphology. – New Phytol. 72: 801–865, 1973.

https://socialsciences.mcmaster.ca/
https://socialsciences.mcmaster.ca/


102 N. Curran et al.

Halling, M.A.: Yield stability of Festulolium and perennial ryegrass in southern and central Sweden. – 
Grassland Sci. Eur. 17: 118–120, 2012.

Houdek, I.: Festulolium ‘Perseus’. – Czech J. Genet. Plant Breed. 41: 35–36, 2005.
Humphreys, M.W., Canter, P.J., Thomas, H.M.: Advances in introgression technologies for precision breeding 

within the Lolium Festuca complex. – Ann. appl. Biol. 143: 1–10, 2003.
Humphreys, M.W., O'Donovan, S.A., Farrell, M.S., Gay, A.P., Kingston Smith, A.H.: The potential of novel 

Festulolium (2n= 4x= 28) hybrids as productive, nutrient use efficient fodder for ruminants. – Food 
Energy Security 3: 98–110, 2014.

Hurtado-Uria, C., Hennessy, D., Shalloo, L., O'Connor, D., Delaby, L.: Relationships between meteorological 
data and grass growth over time in the south of Ireland. – Irish Geography 46: 175–201, 2013.

Kamau, S., Belanche, A., Davies, T., Rees Stevens, P., Humphreys, M., Kingston-Smith, A.H.: A route to 
decreasing N pollution from livestock: Use of Festulolium hybrids improves efficiency of N flows in 
rumen simulation fermenters. – Food Energy 9: e209, 2020.

Kopecký, D., Šimoníková, D., Ghesquière, M., Doležel, J.: Stability of genome composition and recombination 
between homoeologous chromosomes in Festulolium (Festuca × Lolium) cultivars. – Cytogenet. Genome 
Res. 151: 106–114, 2017.

Lemežienė, N., Kanapeckas, J., Tarakanovas, P., Nekrošas, S.: Analysis of dry matter yield structure of 
forage grasses. – Plant Soil Environ. 50: 277–282, 2004.

Lewis, E.J., Tyler, B.F., Chorlton, K.H.: Development of Lolium-Festuca hybrids. – Annu. Rep. Welsh Plant 
Breed. Stat. for 1972: 34–37, 1973.

Lin, B.B.: Resilience in agriculture through crop diversification: adaptive management for environmental 
change. – BioScience 61: 183–193, 2011.

Lynch, T.M.H., Barth, S., Dix, P.J., Grogan, D., Grant, J., Grant, O.: Ground cover assessment of perennial 
ryegrass using digital imaging. – Agron. J. 107: 2347–2352, 2015.

Macleod, C., Humphreys, M., Whalley, W.R., Turner, L., Binley, A., Watts, C.W., Skøt, L., Joynes, A., Hawkins, 
S., King, I.P., O'Donovan, S., Haygarth, P.M.: A novel grass hybrid to reduce flood generation in temperate 
regions. – Sci. Rep. 3: 1–7, 2013.

Mayne, C.S., O’Kiely, P.: An overview of silage production and utilisation in Ireland (1950–2005). – In: Park, 
R.S., Stronge, M.D. (ed.): Proceedings of the XIV international silage conference. Pp. 19–34. Wageningen 
Academic Publishers, Wageningen 2005.

McDonagh, J., O’Donovan, M., McEvoy, M., Gilliland, T.J.: Genetic gain in perennial ryegrass (Lolium perenne) 
varieties 1973 to 2013. – Euphytica 212: 187–199, 2016.

McEvoy, M., O’Donovan, M., Shalloo, L.: Development and application of an economic ranking index for 
perennial ryegrass cultivars. – J. Dairy Sci. 94: 1627–1639, 2011. 

Meehan, P., Burke, B., Doyle, D., Barth, S., Finnan, J.: Exploring the potential of grass feedstock from marginal 
land in Ireland: does marginal mean lower yield? – Biomass Bioenerg. 107: 361–369, 2017.

Muck, R.E.: Factors influencing silage quality and their implications for management. – J. Dairy Sci. 
71: 2992–3002, 1988.

Muhandiram, N.P., Humphreys, M.W., Fychan, R., Davies, J.W., Sanderson, R., Marley, C.L.: Do agricultural 
grasses bred for improved root systems provide resilience to machinery derived soil compaction?. – 
Food Energy Security 9: 227, 2020.

O’Donovan, M., Lewis, E., O’Kiely, P.: Requirements of future grass-based ruminant production systems in 
Ireland. – Irish J. Agr. Food Res. 50: 1–21, 2011.

O’Donovan, M., McHugh, N., McEvoy, M., Grogan, D., Shalloo, L.: Combining seasonal yield, silage dry matter 
yield, quality and persistency in an economic index to assist perennial ryegrass variety selection. – J. 
agr. Sci. 155: 556–568, 2016.

Østrem, L., Volden, B., Larsen, A.: Morphology, dry matter yield and phenological characters at different 
maturity stages of × Festulolium compared with other grass species. – Acta agr. Scand. B Soil Plant 
Sci. 63: 531–542, 2013.

Playne, M.J., McDonald, P.: The buffering constituents of herbage and of silage. – J. Sci. Food Agr. 
17: 264–268, 1966.

Roudier, P., Andersson, J.C., Donnelly, C., Feyen, L., Greuell, W., Ludwig, F.: Projections of future floods and 
hydrological droughts in Europe under a + 2°C global warming. – Climatol. Change 135: 341–355, 2016.



103
Persistency, yield, and silage quality of Festulolium cultivars over a consecutive five-year period 
under a mild Atlantic climate

Shalloo, L., Dillon, P., O'Loughlin, J., Rath, M., Wallace, M.: Comparison of a pasture based system of milk 
production on a high rainfall, heavy clay soil with that on a lower rainfall, free draining soil. – Grass 
Forage Sci. 59: 157–168, 2004.

Solati, Z., Manevski, K., Jørgensen, U., Labouriau, R., Shahbazi, S., Lærke, P.E.: Crude protein yield and 
theoretical extractable true protein of potential biorefinery feedstocks. – Ind. Crops Prod. 115: 214–226, 
2018.

Thomas, H., Humphreys, M.O.: Progress and potential of interspecific hybrids of Lolium and Festuca. – 
J. agr. Sci. 117: 1–8, 1991.

Thomas, T.A.: An automated procedure for the determination of soluble carbohydrates in herbage. – J. Food 
Agri. 28: 639–642, 1977.

Tilley, J.M.A., Terry, R.A.: A two stage technique for the in vitro digestion of forage crops. – Grass Forage 
Sci. 18: 104–111, 1963.

Wilkins, P.W., Humphreys, M.O.: Progress in breeding perennial forage grasses for temperate agriculture. 
– J. agr. Sci. 140: 129–150, 2003.

Zwierzykowski, Z., Tayyar, R., Brunell, M., Lukaszewski, A.J.: Genome recombination in intergeneric hybrids 
between tetraploid Festuca pratensis and Lolium multiflorum. – J. Hered. 89: 324–328, 1998.



104 N. Curran et al.

Table 1 Suppl. Description of cultivars including the species/hybrid type (Lp = Lolium perenne, Lm - Lolium multiflorum, Fp - Festuca 
pratense, Fg - Festuca glaucescens, Fa - Festuca arundinacea), ploidy (2x = diploid, 4x= tetraploid, 6x = hexaploid, all hybrids studied 
are tetraploids), hybridization, associated breeder and publication.

Cultivar Mode of hybridisation Breeder Reported in

Controls AberBite (Lp4x) IBERS, UK
AberMagic (Lp2x) NA IBERS, UK
Caballo (Lm4x) NA DLF, Czech Repblic
Podium (Lm2x) NA DLF, Czech Repblic
Fure (Fp2x) NA Graminor Ltd., Norway
Kora (Fa6x) NA DLF, Czech Repblic

LpFp Fabel amphiploid Graminor Ltd., Norway Østrem et al. (2013)
 FuRs0142 amphiploid Graminor Ltd., Norway

Prior amphiploid IBERS, UK Lewis et al. (1973)
LmFa FuRs0352 introgression Graminor Ltd., Norway

Bečva introgression DLF, Czech Republic Fojtik (1994)
Lofa introgression DLF, Czech Republic Fojtik (1994)

LmFp AberNiche introgression IBERS, UK
Agula amphiploid Szelejewo, Poland Zwierzykowski et al. (1998)
Felopa amphiploid Szelejewo, Poland Zwierzykowski et al. (1998)
Sulino amphiploid Szelejewo, Poland Zwierzykowski et al. (1998)
Hostyn introgression DLF, Czech Republic
Perseus amphiploid DLF, Czech Republic Houdek (2005)
Perun amphiploid DLF, Czech Republic Fojtik (1994)
Achilles amphiploid DLF, Czech Republic

LmFg Lueur amphiploid INRA, France Ghesquiere et al. (1996)

Table 2 Suppl. Results of ANOVA, investigating the effect of year and cultivar for traits dry matter yield (DMY) and ground cover 
score (GC) (over five years), and quality parameters including water soluble sugars (WSS), buffering capacity (BC), protein content 
(CP) and dry matter digestibility DMD (over 3 years) (*** - P< 0.001); ** - P< 0.01; * - P< 0.05); ns - not significant). 

N Sum square DF F-value Pr (>F) Significance

GC
Block 3           3.2 2 4.205 0.0162 *
Year 5 111.9 4 88.4499 < 2.2e-16 ***
Cultivar 21 233 20 42.5648 < 2.2e-16 ***
Year :cultivar 26         54.4 80 2.6468 1.43E-08 ***
DMY
Block 3         10 2 2.2049 0.1128 ns
Year 5 453 4 94.0058 < 2.2e-16 ***
Cultivar 21 202 20 7.7019 2.86e-16 ***
Year:cultivar 26 146 80 1.3137 0.0643 ns
DMD
Block 3 4232 2 4.54e+00 0.0125 *
Year 3 146369 2 2.43e+02 < 2.2e-16 ***
Cultivar 21 49049 20 6.28e+00 2.58e-11 ***
Year:cultivar 24 9960 40 1.01e+00 0.4658 ns
WSS
Block 3 3465 2 1.9355 0.148688 ns
Year 3 53554 2 58.5692 < 2.2e-16 ***
Cultivar 21 240788 20 16.5316 < 2.2e-16 ***
Year:cultivar 24 29674 40 2.0323 0.001627 **
BC
Block 3 1605 2 0.3363 0.715 ns
Year 3 156132 2 62.2085 < 2.2e-16 ***
Cultivar 21 112698 20 4.289 2.07e-07 ***
Year:cultivar 24 40290 40 0.8692 0.6888 ns
CP
Block 3 2452 2 8.7232 0.0002854 ***
Year 3 36854 2 218.6549 < 2.2e-16 ***
Cultivar 21 24879 20 11.9325 < 2.2e-16 ***
Year:cultivar 24 4491 40 1.468 0.0572 ns
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Table 3 Suppl. Results of ANOVA, investigating the effect of year and hybrid type for traits dry matter yield (DMY) and ground score 
(GC) (over five years), and quality parameters including water soluble sugars (WSS), buffering capacity (BC), protein content (CP) 
and dry matter digestibility DMD (over 3 years). (*** - P< 0.001); ** - P< 0.01; * - P< 0.05); ns - not significant)

N Sum square DF F-value Pr (>F) Significance

GC
Block 3           3.2 2 2.126 0.1213
Year 5 111.9 4 36.9569 < 2.2e-16 ***
Control/hybrid type 10 233 9 34.1947 < 2.2e-16 ***
Year: control/hybrid type 15         54.4 36 1.9963 0.0011 **
DMY
Block 3         10 2 1.863 0.1572 ns
Year 5 453 4 42.9865 < 2.2e-16 ***
Control/hybrid type 10 202 9 8.4908 3.83e-11 ***
Year:control/hybrid type 15 146 36 1.5355 0.0314 *
DMD
Block 3 4232 2 4.35e+00 0.0144 *
Year 3 146369 2 1.51e+02 < 2.2e-16 ***
Control/hybrid type 10 49049 9 1.12e+01 1.95e-13 ***
Year:control/hybrid type 13 9960 18 1.14e+00 0.3204 ns
WSS
Block 3 3465 2 1.3001 0.2754
Year 3 53554 2 20.0953 1.70e-08 ***
Control/hybrid type 10 240788 9 20.0782 < 2.2e-16 ***
Year:control/hybrid type 13 29674 18 1.2372 0.2381 ns
BC
Block 3 1605 2 0.2927 0.7467 ns
Year 3 156132 2 28.4754 2.81e-11 ***
Control/hybrid type 10 112698 9 4.5675 2.32e-05 ***
Year:control/hybrid type 13 40290 18 0.8165 0.6789 ns
CP
Block 3 2452 2 6.4483 0.0020 **
Year 3 36854 2 96.9226 < 2.2e-16 ***
Control/hybrid type 10 24879 9 14.5398 < 2.2e-16 ***
Year:control/hybrid type 13 4491 18 1.3123 0.1867 ns

Table 4 Suppl. The mean ground cover visual score on a scale from 0 to 9 (0 - no ground cover, 9 - full ground cover) per cultivar for 
each year and the overall mean for a five year period, including mean yield per hybrid type for each year and five year mean.
Superscripts indicate significant differences in mean GC score among cultivars.

Cultivar 2014 2015 2016 2017 2018 Mean SD 

Pure species controls
AberBite (Lp4x) 7.0 6.5 5.0 6.5 4.7 5.9b,c 1.0
AberMagic (Lp2x) 7.3 6.3 5.8 6.3 4.3 6.0c 1.1
Caballo (Lm4x) 4.8 4.3 4.1 4.5 3.5 4.2a,b,c 0.6
Podium (Lm2x) 4.6 4.5 3.8 4.1 3.0 4.0a,b 0.8
Fure (Fp2x) 4.6 5.0 3.8 5.5 0.5 3.9a 1.9
Kora (Fa6x) 6.2 3.1 5.0 5.8 3.7 4.8a,b,c 1.3
LpFp
Fabel 6.6 6.8 5.7 6.5 5.3 6.2 0.9
FuRs0142 6.3 6.5 5.5 6.1 5.0 5.9 1.0
Prior 5.5 5.8 4.5 5.3 3.5 4.9 1.0
Mean
SD

6.1
0.7

6.3
1.0

5.2
0.8

6.0
0.8

4.6
1.2

5.7c

-
-
1.1

LmFa
FuRs0352 3.8 1.8 2.2 2.2 0.8 2.1 1.1
Bečva 4.6 3.5 3.6 4.1 3.3 3.9 0.7
Lofa 5.7 3.8 4.0 4.7 3.5 4.3 1.0
Mean
SD

4.7
0.9

3.1
1.2

3.3
0.9

3.7
1.3

2.6
1.3

3.5a

-
-
1.3

LmFp
AberNiche 4.1 3.4 3.5 3.7 4.0 3.7 0.6
Agula 4.8 4.0 3.0 3.7 2.5 4.3 1.0
Felopa 4.3 3.8 3.8 3.8 1.8 3.6 1.1
Sulino 4.8 4.0 4.0 3.8 1.7 3.7 1.3
Hostyn 5.3 4.7 4.7 5.3 3.8 4.8 0.7
Perseus 5.5 4.7 5.0 5.7 4.8 5.1 0.7
Perun 4.7 5.0 4.3 5.0 3.5 4.5 0.7
Achilles 4.8 4.8 4.1 5.3 4.3 4.7 0.8
Mean
SD

4.9
0.6

4.3
0.9

4.1
0.7

4.5
1.0

3.3
1.3

4.2a

-
-
1.0

LmFg
Lueur 4.3 2.7 2.3 3.2 2.1 2.9a 0.9
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Table 5 Suppl. Pairwise comparisons for mean ground score cover between years. 
 

Contrast Estimate SE df t-ratio P-value

2014 - 2015 0.85277778 0.16116935 41.9052586 5.29119081 3.94E-05
2014 - 2016 1.22013889 0.11323099 43.8176721 10.7756619 1.61E-12
2014 - 2017 0.45555556 0.12986536 51.3380887 3.50790655 0.00807482
2014 - 2018 2.24513889 0.16874102 66.7445902 13.3052348 0
2015 - 2016 0.36736111 0.14326250 43.9378863 2.56425165 0.09500125
2015 - 2017 -0.3972222 0.11311882 47.2348778 -3.5115486 0.00839385
2015 - 2018 1.39236111 0.14742419 69.9780075 9.44459073 0
2016 - 2017 -0.7645833 0.10408807 53.4716520 -7.3455422 1.18E-08
2016 - 2018 1.0250000 0.15345620 63.3539210 6.67943019 6.98E-08
2017 - 2018 1.78958333 0.12400305 56.9409938 14.4317689 1.10E-11

Table 6 Suppl. Pairwise comparisons for mean ground score cover between cultivars of the same hybrid type for each year. Due to 
number of comparisons, only significantly different (< 0.05) comparisons shown.
 

Year 1 Cultivar 1 Year 2 Cultivar 2 Estimate SE df t-ratio P-value

2014 Fabel 2018 Prior 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Fabel 2016 Prior 2.3333 0.5096 150.1115 4.5791 0.0301
2015 Fabel 2018 Prior 3.3333 0.5096 150.1115 6.5415 0.0000
2017 Fabel 2018 Prior 3.0000 0.5096 150.1115 5.8874 0.0001
2014 FuRs0142 2018 Prior 2.8333 0.5096 150.1115 5.5603 0.0005
2015 FuRs0142 2018 Prior 3.0000 0.5096 150.1115 5.8874 0.0001
2017 FuRs0142 2018 Prior 2.6667 0.5096 150.1115 5.2332 0.0023
2015 Prior 2018 Prior 2.3333 0.4116 60.3205 5.6690 0.0015
2014 Bečva 2015 FuRs0352 2.8333 0.5096 150.1115 5.5603 0.0005
2014 Bečva 2016 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2014 Bečva 2017 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2014 Bečva 2018 FuRs0352 3.8333 0.5096 150.1115 7.5227 0.0000
2015 Bečva 2018 FuRs0352 2.6667 0.5096 150.1115 5.2332 0.0023
2016 Bečva 2018 FuRs0352 2.8333 0.5096 150.1115 5.5603 0.0005
2017 Bečva 2015 FuRs0352 2.3333 0.5096 150.1115 4.5791 0.0301
2017 Bečva 2018 FuRs0352 3.3333 0.5096 150.1115 6.5415 0.0000
2018 Bečva 2018 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2018 Bečva 2014 Lofa -2.3333 0.5096 150.1115 -4.5791 0.0301
2014 FuRs0352 2018 FuRs0352 3.0000 0.4875 48.0426 6.1537 0.0005
2015 FuRs0352 2014 Lofa -3.8333 0.5096 150.1115 -7.5227 0.0000
2015 FuRs0352 2017 Lofa -2.8333 0.5096 150.1115 -5.5603 0.0005
2016 FuRs0352 2014 Lofa -3.5000 0.5096 150.1115 -6.8686 0.0000
2016 FuRs0352 2017 Lofa -2.5000 0.5096 150.1115 -4.9061 0.0088
2017 FuRs0352 2014 Lofa -3.5000 0.5096 150.1115 -6.8686 0.0000
2017 FuRs0352 2017 Lofa -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 FuRs0352 2014 Lofa -4.8333 0.5096 150.1115 -9.4852 0.0000
2018 FuRs0352 2015 Lofa -3.0000 0.5096 150.1115 -5.8874 0.0001
2018 FuRs0352 2016 Lofa -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 FuRs0352 2017 Lofa -3.8333 0.5096 150.1115 -7.5227 0.0000
2018 FuRs0352 2018 Lofa -2.6667 0.5096 150.1115 -5.2332 0.0023
2014 AberNiche 2018 Felopa 2.3333 0.5096 150.1115 4.5791 0.0301
2014 AberNiche 2018 Sulino 2.5000 0.5096 150.1115 4.9061 0.0088
2015 AberNiche 2017 Perseus -2.3333 0.5096 150.1115 -4.5791 0.0301
2018 AberNiche 2018 Sulino 2.3333 0.5096 150.1115 4.5791 0.0301
2014 Achilles 2018 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2014 Achilles 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2014 Achilles 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Achilles 2018 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2015 Achilles 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2015 Achilles 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2016 Achilles 2018 Felopa 2.3333 0.5096 150.1115 4.5791 0.0301
2016 Achilles 2018 Sulino 2.5000 0.5096 150.1115 4.9061 0.0088
2017 Achilles 2016 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2017 Achilles 2018 Agula 2.8333 0.5096 150.1115 5.5603 0.0005
2017 Achilles 2018 Felopa 3.5000 0.5096 150.1115 6.8686 0.0000
2017 Achilles 2018 Sulino 3.6667 0.5096 150.1115 7.1957 0.0000
2018 Achilles 2018 Felopa 2.5000 0.5096 150.1115 4.9061 0.0088
2018 Achilles 2018 Sulino 2.6667 0.5096 150.1115 5.2332 0.0023
2014 Agula 2018 Agula 2.3333 0.4875 48.0426 4.7862 0.0354
2014 Agula 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2014 Agula 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Agula 2018 Sulino 2.3333 0.5096 150.1115 4.5791 0.0301
2016 Agula 2014 Hostyn -2.3333 0.5096 150.1115 -4.5791 0.0301
2016 Agula 2017 Hostyn -2.3333 0.5096 150.1115 -4.5791 0.0301
2016 Agula 2014 Perseus -2.5000 0.5096 150.1115 -4.9061 0.0088
2016 Agula 2017 Perseus -2.6667 0.5096 150.1115 -5.2332 0.0023
2018 Agula 2014 Felopa -2.3333 0.5096 150.1115 -4.5791 0.0301
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Table 6 Suppl. Pairwise comparisons for mean ground score cover between cultivars of the same hybrid type for each year. Due to 
number of comparisons, only significantly different (< 0.05) comparisons shown.
 

Year 1 Cultivar 1 Year 2 Cultivar 2 Estimate SE df t-ratio P-value

2014 Fabel 2018 Prior 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Fabel 2016 Prior 2.3333 0.5096 150.1115 4.5791 0.0301
2015 Fabel 2018 Prior 3.3333 0.5096 150.1115 6.5415 0.0000
2017 Fabel 2018 Prior 3.0000 0.5096 150.1115 5.8874 0.0001
2014 FuRs0142 2018 Prior 2.8333 0.5096 150.1115 5.5603 0.0005
2015 FuRs0142 2018 Prior 3.0000 0.5096 150.1115 5.8874 0.0001
2017 FuRs0142 2018 Prior 2.6667 0.5096 150.1115 5.2332 0.0023
2015 Prior 2018 Prior 2.3333 0.4116 60.3205 5.6690 0.0015
2014 Bečva 2015 FuRs0352 2.8333 0.5096 150.1115 5.5603 0.0005
2014 Bečva 2016 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2014 Bečva 2017 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2014 Bečva 2018 FuRs0352 3.8333 0.5096 150.1115 7.5227 0.0000
2015 Bečva 2018 FuRs0352 2.6667 0.5096 150.1115 5.2332 0.0023
2016 Bečva 2018 FuRs0352 2.8333 0.5096 150.1115 5.5603 0.0005
2017 Bečva 2015 FuRs0352 2.3333 0.5096 150.1115 4.5791 0.0301
2017 Bečva 2018 FuRs0352 3.3333 0.5096 150.1115 6.5415 0.0000
2018 Bečva 2018 FuRs0352 2.5000 0.5096 150.1115 4.9061 0.0088
2018 Bečva 2014 Lofa -2.3333 0.5096 150.1115 -4.5791 0.0301
2014 FuRs0352 2018 FuRs0352 3.0000 0.4875 48.0426 6.1537 0.0005
2015 FuRs0352 2014 Lofa -3.8333 0.5096 150.1115 -7.5227 0.0000
2015 FuRs0352 2017 Lofa -2.8333 0.5096 150.1115 -5.5603 0.0005
2016 FuRs0352 2014 Lofa -3.5000 0.5096 150.1115 -6.8686 0.0000
2016 FuRs0352 2017 Lofa -2.5000 0.5096 150.1115 -4.9061 0.0088
2017 FuRs0352 2014 Lofa -3.5000 0.5096 150.1115 -6.8686 0.0000
2017 FuRs0352 2017 Lofa -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 FuRs0352 2014 Lofa -4.8333 0.5096 150.1115 -9.4852 0.0000
2018 FuRs0352 2015 Lofa -3.0000 0.5096 150.1115 -5.8874 0.0001
2018 FuRs0352 2016 Lofa -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 FuRs0352 2017 Lofa -3.8333 0.5096 150.1115 -7.5227 0.0000
2018 FuRs0352 2018 Lofa -2.6667 0.5096 150.1115 -5.2332 0.0023
2014 AberNiche 2018 Felopa 2.3333 0.5096 150.1115 4.5791 0.0301
2014 AberNiche 2018 Sulino 2.5000 0.5096 150.1115 4.9061 0.0088
2015 AberNiche 2017 Perseus -2.3333 0.5096 150.1115 -4.5791 0.0301
2018 AberNiche 2018 Sulino 2.3333 0.5096 150.1115 4.5791 0.0301
2014 Achilles 2018 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2014 Achilles 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2014 Achilles 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Achilles 2018 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2015 Achilles 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2015 Achilles 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2016 Achilles 2018 Felopa 2.3333 0.5096 150.1115 4.5791 0.0301
2016 Achilles 2018 Sulino 2.5000 0.5096 150.1115 4.9061 0.0088
2017 Achilles 2016 Agula 2.3333 0.5096 150.1115 4.5791 0.0301
2017 Achilles 2018 Agula 2.8333 0.5096 150.1115 5.5603 0.0005
2017 Achilles 2018 Felopa 3.5000 0.5096 150.1115 6.8686 0.0000
2017 Achilles 2018 Sulino 3.6667 0.5096 150.1115 7.1957 0.0000
2018 Achilles 2018 Felopa 2.5000 0.5096 150.1115 4.9061 0.0088
2018 Achilles 2018 Sulino 2.6667 0.5096 150.1115 5.2332 0.0023
2014 Agula 2018 Agula 2.3333 0.4875 48.0426 4.7862 0.0354
2014 Agula 2018 Felopa 3.0000 0.5096 150.1115 5.8874 0.0001
2014 Agula 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2015 Agula 2018 Sulino 2.3333 0.5096 150.1115 4.5791 0.0301
2016 Agula 2014 Hostyn -2.3333 0.5096 150.1115 -4.5791 0.0301
2016 Agula 2017 Hostyn -2.3333 0.5096 150.1115 -4.5791 0.0301
2016 Agula 2014 Perseus -2.5000 0.5096 150.1115 -4.9061 0.0088
2016 Agula 2017 Perseus -2.6667 0.5096 150.1115 -5.2332 0.0023
2018 Agula 2014 Felopa -2.3333 0.5096 150.1115 -4.5791 0.0301
2018 Agula 2014 Hostyn -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Agula 2017 Hostyn -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Agula 2014 Perseus -3.0000 0.5096 150.1115 -5.8874 0.0001
2018 Agula 2016 Perseus -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 Agula 2017 Perseus -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 Agula 2018 Perseus -2.3333 0.5096 150.1115 -4.5791 0.0301
2018 Agula 2015 Perun -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 Agula 2017 Perun -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 Agula 2014 Sulino -2.3333 0.5096 150.1115 -4.5791 0.0301
2014 Felopa 2018 Felopa 3.0000 0.4875 48.0426 6.1537 0.0005
2015 Felopa 2018 Felopa 2.0000 0.4116 60.3205 4.8592 0.0227
2017 Felopa 2018 Felopa 2.0000 0.4023 41.1632 4.9717 0.0255
2014 Felopa 2018 Sulino 3.1667 0.5096 150.1115 6.2144 0.0000
2018 Felopa 2014 Hostyn -3.5000 0.5096 150.1115 -6.8686 0.0000
2018 Felopa 2015 Hostyn -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Felopa 2016 Hostyn -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Felopa 2017 Hostyn -3.5000 0.5096 150.1115 -6.8686 0.0000
2018 Felopa 2014 Perseus -3.6667 0.5096 150.1115 -7.1957 0.0000
2018 Felopa 2015 Perseus -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Felopa 2016 Perseus -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 Felopa 2017 Perseus -3.8333 0.5096 150.1115 -7.5227 0.0000
2018 Felopa 2018 Perseus -3.0000 0.5096 150.1115 -5.8874 0.0001
2018 Felopa 2014 Perun -2.8333 0.5096 150.1115 -5.5603 0.0005
2018 Felopa 2015 Perun -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 Felopa 2016 Perun -2.5000 0.5096 150.1115 -4.9061 0.0088
2018 Felopa 2017 Perun -3.1667 0.5096 150.1115 -6.2144 0.0000
2018 Felopa 2014 Sulino -3.0000 0.5096 150.1115 -5.8874 0.0001
2014 Hostyn 2018 Sulino 3.6667 0.5096 150.1115 7.1957 0.0000
2015 Hostyn 2018 Sulino 3.0000 0.5096 150.1115 5.8874 0.0001
2016 Hostyn 2018 Sulino 3.0000 0.5096 150.1115 5.8874 0.0001
2017 Hostyn 2018 Sulino 3.6667 0.5096 150.1115 7.1957 0.0000
2014 Lueur 2016 Lueur 2.0000 0.4000 37.8596 5.0000 0.0264

Table 7 Suppl. Pairwise comparisons for mean yield between years-
 

Contrast Estimate SE df t-ratio P-value

2014 - 2015 -3.4332144 0.18918192 46.2463517 -18.147688 0
2014 - 2016 0.51681037 0.20120762 21.4016891 2.56854275 0.11241351
2014 - 2017 -1.6443402 0.23079725 44.8882221 -7.1246092 6.64E-08
2014 - 2018 1.02235219 0.24966421 23.7566568 4.09490888 0.00351045
2015 - 2016 3.95002475 0.18390082 50.6120289 21.4791037 0
2015 - 2017 1.7888742 0.1871537 57.731573 9.55831593 1.57E-11
2015 - 2018 4.45556658 0.27702434 75.2798891 16.0836645 0
2016 - 2017 -2.1611506 0.22230151 51.3615298 -9.7217088 0
2016 - 2018 0.50554183 0.23921519 36.2726765 2.11333495 0.23653939
2017 - 2018 2.66669238 0.26824327 64.414876 9.94132073 6.64E-12
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Fig.1 Suppl. Meteorological data for experimental years, including total rainfall (grey bars) maximum temperature (solid lines) and 
minimum (dashed lines) for each month. April 2013 values missing for this site.
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Morphological diversity of seeds of Polish Festulolium 
cultivars depending on weather conditions
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Abstract

Morphological traits of seeds of Festulolium braunii (K. Richt.) A. Camus cultivars 
were studied in relation to weather conditions. The obtained results show that mor-
phological traits of seeds varied among cultivars and years of cultivation. The values 
of seed characteristics were higher in year 2016 due to more favorable weather con-
ditions for plant growth. It was found that the husked seeds of Festulolium cultivars 
were characterized by a similar length and width regardless of the year, whereas 
naked seeds significantly differed in these characteristics. Mean values (from the 
research years) of seed parameters, such as thousand seed mass, area, convex 
area, shape factor, rectangle, as well as naked seed width showed variations among 
cultivars. At the same time, it was found that the mass of 1 000 seeds of individual 
cultivars showed the smallest variability in both years of the study (2.56–4.86 %) 
indicating a high stability of this trait. Thousand seed mass was significantly cor-
related with husked seed length / husked seed width ratio and husked seed length, 
and weakly correlated with yield.
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seed mass.
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Introduction

Festulolium braunii (K. Richt.) A. Camus plays an important role in agriculture. 
This is a relatively new species obtained by the crossing of meadow fescue (Fes-
tuca pratensis Huds.) with Italian ryegrass (Lolium multiflorum Lam.), combining 
feeding quality of ryegrass with the persistency and stress tolerance of fescue 
(Yamada et al. 2005, Ghesquière et al. 2010). European Commission extended 
the definition of Festulolium to all hybrids resulting from the crossing of a spe-
cies of a genus Festuca with a species of a genus Lolium regardless the ploidy, 
chromosome number, and potential application of backcross during the cultivar 
development (Commission Directive 2004/55/EC). Consequently, Festulolium 
may at present include any amphiploid or introgression form derived from any 
Lolium × Festuca hybrid combination (Ghesquière et al. 2010). According to 
the EU Common catalogue of agricultural plant species, which is required for 
seed marketing over most countries in the world, 53 cultivars of Festulolium are 
registered (2019). Polish Festulolium cultivars (e.g. Agula, Felopa, Sulino) are all 
tetraploids (2n = 4x = 28) and have been bred using an amphiploidy approach. 
They derived mostly from reciprocal hybrids of L. multiflorum × F. pratensis and 
F. pratensis × L. multiflorum. Present Festulolium cultivars are as much the result 
of breeding as that of antagonistic selective forces at genome and phenotype level. 
The first two Polish cultivars Felopa and Sulino were registered in 1998 and still 
are on the Polish National List of Agricultural Plants (2020). Recently, Festulo-
lium cultivars are gaining increased interest as sources of reliable, productive, 
and nutritive fodder for livestock agriculture and for their potential ecosystem 
services (MacLeod et al. 2013, Humphreys et al. 2014).

Festulolium provide novel alternatives to existing grass cultivars that may 
either lack the fodder quality of Festulolium or their resilience against abiotic or 
biotic stresses (Ghesquière et al. 2010). This species is known for its higher yield 
of green fodder and dry matter compared to parental species L. multiflorum and 
F. pratensis and improved fodder quality (Skládanka et al. 2010). Festulolium 
braunii is characterised by a higher seed yield potential, in some conditions com-
parable with L. multiflorum (Nekrošas and Kemešyte 2007). The characteristic 
feature of this crossbred is also improved tolerance to environmental stresses 
such as winter hardiness (Nekrošas and Kemešyte 2007, Šimkūnas et al. 2009, 
Abdelhalim et al. 2016) and tolerance to periodic droughts (Fariaszewska and 
Staniak 2015, Staniak and Harasim 2018, Perlikowski et al. 2019). This species 
can be also a valuable component in mixtures for temporary grassland, and 
can even be used for renovation of permanent meadows on mucky organic soil 
(Czyż et al. 2015).

As a fodder, Festulolium is characterized by good digestibility, favorable con-
tent of protein and soluble saccharides (Downing and Gamroth 2007, Czyż et al. 
2015). Studies of Staniak and Harasim (2018) and Staniak (2019) showed that 
the effect of drought stress on the food value of Festulolium was smaller than on 
the yield. In the future, the interest of Festulolium will be certainly growing, due 
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to its sustainable production during the expected climate change conditions. 
Moreover, this species is also useful for organic grass-seed production (Deleuran 
et al. 2010). In addition, there are appearing possibilities of using Festulolium 
for non-forage purposes such as amenity grass (Rzeźnik and Goliński 2013).

Due to the agriculturally favorable traits of Festulolium braunii, the demand 
for its sowing material increases (Ghesquière et al. 2010). Seed yield is always 
one of the key objective of research programs, because even top-yield cultivars 
are not competitive on the seed market if their seed yield is poor (Nösberger 
and Staszewski 2002). Similar to other grass species, seeds yield of Festulolium 
differs among cultivars and it is dependent on the nitrogen fertilizer rate and 
climatic conditions (Gūtmane and Adamovičs 2005). In fodder cultivation, ap-
propriate fertilization is necessary to obtain the highest possible yield of vegeta-
tive mass (Mastalerczuk et al. 2017a,b) whereas in seed crops, it should ensure 
even flowering of plants and seed maturation (Obraztsov et al. 2018a). Many 
experiments were carried out to determine reactions of Festulolium cultivars to 
soil structure, the amount of seeds sown, and the nitrogen fertilization (Hamp-
ton and Fairey 1997, Czyż and Kitczak 2015). In these experiments, there were 
estimated height of generative shoots, structure of inflorescences and spikelets, 
and seed set to select breeding material. Positive correlation between number of 
flowers and seed per spikelet was observed (Rzeźnik et al. 2014). Some studies 
also evaluated the methods to reduce shatter losses in the pre-harvesting period 
(Obraztsov et al. 2018b). In Festulolium braunii, rachilla of spikelets situated in 
the upper parts of the inflorescence tended to break with lower strength than 
those located in its lower parts (Rzeźnik et al. 2013). The examined genotypes 
were characterized regarding seed retention strength in spikelets, consequently 
by variability in susceptibility to kernel shedding. Research on the improvement 
of seed quality of this species has shown that the seed mass is a good indicator of 
their quality, there was a significant relationship between the seed germination 
capacity and the thousand seed mass (Orzeszko-Rywka et al. 2013). The results 
obtained by Smith et al. (2003) showed that the mass of an individual seed was 
a major determinant of all of the components of early vigor of Lolium perenne.

However, little information is available about biometric traits of Festulolium 
seeds and their influence on the mass of one thousand seeds. Hence, the aim 
of this study was to assess the morphological features of seeds of Festulolium 
cultivars in relation to weather conditions.

Materials and methods

Plants and growth conditions: The collection trials were carried out at the Plant 
Breeding Station in Szelejewo in Poland (51° 54' 00" N, 17° 12' 00" E). Festulolium 
braunii (K. Richt. A. Camus) tetraploid Polish cultivars Agula, Felopa, and Sulino 
were sown on reproductive plantations on brown loam soil (IIIa valuation class). 
Annual plantations were established in 2015 and 2017 and seeds were sown in 
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the 3rd decade of August. The sowing rate was 2.0 g m-2 and row spacing of 25 cm. 
Seeds characterized purity approx. 99 % and germination rate 78 - 80 %. Planta-
tions were established in accordance with the requirements for the production 
of certified seeds and for this species 200 m isolation from other cultivars was 
maintained to prevent pollination contamination.

Fertilizers were used in two terms (g m-2 in pure ingredient) – in autumn: N 
0.9, P 1.32 and K 3.74; in spring: N (dose divided into 6.0 and 3.4), P 1.32 and 
K 3.74. Chemical plant protection was used in the spring during the tillering 
phase of plants (application of herbicide Chwastox Extra 300 SL – active ingredi-
ent 4-chloro-o-tolyloxyacetic acid at a dose of 0.3 cm3 m-2). The date of harvest 
depended on the maturity of the seeds and was carried out in the first decade of 
July in 2016 and 2018.

Seeds were collected in two stages: mowing and drying of the plants on swaths 
followed by threshing with a combine harvester. Average yields of seeds from re-
productive plantations in 2016 were 100.03 g m-2 for Agula, 85.02 g m-2 for Felopa 
and 85.04 g m-2 for Sulino. In 2018, the seed yield of Agula was 90.05 g m-2, and of 
the other two cultivars 80.00 g m-2. After harvest, the cleaned seeds were cooled 
and dried to a moisture content below 14 %. Seed material of each Festulolium 
cultivar representing the reproductive years was collected in three lots of 500 g.

Seed traits: Biometric research to examine the variability in morphological seed 
traits were carried out on randomly selected 50 seeds in two replicate samples 
per cultivar obtained from each year harvest (2016 and 2018). In the labora-
tory, seeds were measured individually using a digital microscope TAGARNO 
Trend (TAGARNO A/S, Horsens, Denmark). The following traits were assessed: 
1) on seeds enclosed by the persistent husks (HS) – the length of seed (HSL), 
the width of seed (HSW) and the rachilla length (RL); 2) on naked seeds (NS) 
(after soaking the seeds and removing the husks) – seed length (NSL) and seed 
width (NSW).

Seed traits of husked seeds were also recorded using a binocular and digitized 
images of seeds applying microscopy Soft Imaging System (Münster, Germany).

The following traits were assessed:
–  area (A, mm2) – the area of a particle is (number of pixels of the particle) times 

(calibration factors in X and Y direction);
–  convex area (CA, mm2) – the area of the convex cover of the particle;
–  equivalent circle diameter (ECD, mm) – the equivalence is referring to the area 

of the particle. The ECD is the diameter of a circle that has an area equal to the 
area of the particle, where a = area;

–  diameter (D, mm) – the arithmetic mean of all diameters of particle (for angles 
= 1°, 2°, 3°,….180°);

–  perimeter (P) – the sum of the pixel distances along the closed boundary;
– convex perimeter (CP) – the perimeter of the convex cover of the particle;
–  shape factor (SF) – the shape factor provides information about the “round-

ness” of the particle. For a spherical particle the shape factor is 1, for all other 
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particles it is smaller than 1. The formula for this calculation is: shape factor = 
4πa/p2, where a is area and p is perimeter;

–  feret (F, mm) – the arithmetic mean distance of parallel tangents at opposing 
particle borders;

–  Martins radius (MR, mm) – the mean separation of a particles center of gravity 
from its boundary points;

–  rectangle (R, mm2) – the area of the arithmetic mean rectangle which sides 
consist of tangents to the particle borders.

The evaluation of the mass of 1 000 seeds was performed in accordance with 
the ISTA rules (2019), i.e., 8 repetitions of 100 seeds per cultivar in each year of 
harvest (from collected lots).

Data analysis: All calculations were made using the Statistica v. 13.3 package 
(Statsoft, Tulsa, USA). As part of the empirical data analysis, variability of the 
examined features was calculated (mean, standard deviation, coefficient of varia-
tion). The experimental data were analyzed using 2-way ANOVA. Tukey’s mul-
tiple range F test was used to test for the effects of the treatments. Significant 
differences among the assessed traits of seeds were determined (P ≤ 0.05, P ≤ 
0.01). Multidimensional variation among the morphological traits of seeds and 
yield of Festulolium cultivars as well as weather conditions in years were sum-
marized using principal component analysis (PCA).

Weather conditions: Meteorological conditions in individual years of research 
(obtained from Szelejewo Station) varied (Table 1 Suppl., Fig. 1 Suppl.). Precipita-
tion in the period from September 2015 to June 2016 was approx. 467 mm and 
was 26 % higher compared to the multi-year period (2001–2015). On the other 
hand, precipitation from September 2017 to June 2018 was approx. 340 mm and 
was less by about 8 % compared to the multi-year period. The greatest amount 
of precipitation during the growing season from April to June was recorded 
in 2016 (150.9 mm). In relation to them, precipitation in 2018 accounted for 
approx. 50 %. This year, little precipitation also occurred in the winter (Janu-
ary – February, 45 mm). Precipitation in the period April – May in 2016 was 
clearly greater (103.6 mm) than in 2018 (40.6 mm) and quite even (from 46 to 
57 mm). The thermal conditions during the growing season were similar (aver-
age 8.5 °C). However, there were differences in the number of frost days during 
the winter and early spring, in 2018 negative temperatures were for 55 d, while 
in 2016 only for 36 d.

Results and discussion

It was found that seeds with husks of Festulolium cultivars have similar length 
(7.04–7.11 mm) and width (1.51–1.54 mm) regardless of the year of cultivation 
(Table 1). On the other hand, it was found that naked seeds of tested cultivars, 
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Table 1. Mean morphological seed traits of Festulolium cultivars in 2016 and 2018. Means with the same 
lower-case letters within columns are not significantly different at P ≤ 0.01. * and ** – significant differences 
between treatments at P ≤ 0.05 and 0.01, respectively. HSL – husked seed length, HSW – husked seed 
width, RL – rachilla length, NSL – naked seed length, NSW – naked seed width, TSM – thousand seed mass.

Factors HSL  
[mm]

HSW  
[mm]

RL  
[mm]

NSL  
[mm]

NSW  
[mm] 

HSL/ 
HSW

NSL/ 
NSW

TSM  
[g]

Year (A) 2016 7.28b 1.55b 1.64b 4.94b 1.51b 4.75b 3.32a 3.93b

  2018 6.88a 1.51a 1.53a 4.75a 1.42a 4.60a 3.38a 3.48a

Cultivar (B) Agula 7.11a 1.51a 1.58ab 4.96b 1.44a 4.73a 3.47b 3.78b

Felopa 7.04a 1.53a 1.53a 4.85ab 1.50b 4.65a 3.19a 3.94c

  Sulino 7.08a 1.54a 1.65b 4.72a 1.42a 4.65a 3.38ab 3.40a

Year (A)   ** ** ** ** ** ** ns **
Cultivar (B) ns ns ** ** ** ns ** **
A × B   ** ** ** * * * ** **

Table 2. Interactions between the cultivar and year in morphological seed traits of Festulolium. Means 
with the same lower-case letters within columns and rows are not significantly different at P ≥ 0.01; * and 
** represent significant differences between treatments at P ≤ 0.05 and 0.01, respectively. SE – standard 
error, CV – coefficient of variation; for explanation of other abbreviations see Table 1.

Trait Cultivar 2016       2018      
    Mean ± SE Min Max CV [%] Mean ± SE Min Max CV [%]

HSL** Agula 7.44±0.81c 5.79 9.47 10.89 6.79±0.76a 4.87 8.19 11.19
[mm] Felopa 7.30±0.90bc 5.17 9.82 12.33 6.78±0.70a 4.42 8.40 10.32
  Sulino 7.10±0.71b 5.57 9.30 10 7.06±0.75ab 5.13 8.68 10.62
HSW** Agula 1.56±0.24b 1.17 1.56 15.38 1.46±0.18a 0.99 1.91 12.33
[mm] Felopa 1.55±0.23b 1.03 2.20 14.85 1.51±0.18ab 1.07 2.11 11.92
  Sulino 1.52±0.17ab 1.13 1.94 11.18 1.55±0.18b 1.07 1.91 11.61
RL** Agula 1.70±0.29c 0.94 1.70 17.06 1.46±0.27a 0.95 2.52 18.49
[mm] Felopa 1.56±0.29ab 0.95 2.36 18.59 1.49±0.29a 0.79 2.44 19.57
  Sulino 1.65±0.32bc 0.94 2.69 19.54 1.64±0.33bc 1.02 2.61 19.46
NSL* Agula 4.80±0.46bc 3.92 5.76 9.58 5.12±0.59d 3.79 6.03 11.52
[mm] Felopa 5.05±0.55cd 3.68 6.19 10.89 4.65±0.49ab 3.25 5.70 10.54
  Sulino 4.96±0.67bcd 3.10 6.18 13.51 4.47±0.51a 3.14 5.71 11.41
NSW* Agula 1.44±0.14a 1.14 1.70 9.72 1.44±0.16a 0.96 1.66 11.11
[mm] Felopa 1.63±0.16b 1.06 1.97 9.82 1.44±0.15a 1.19 1.74 10.42
  Sulino 1.45±0.20a 1.01 1.82 13.79 1.38±0.21a 0.92 1.83 15.22
HSL/HSW* Agula 4.78±0.49b 3.75 6.64 10.25 4.68±0.55ab 3.53 6.18 11.75
  Felopa 4.77±0.61b 3.13 6.64 12.79 4.54±0.53a 3.09 6.26 11.67
  Sulino 4.70±0.55ab 3.17 5.95 11.62 4.59±0.54ab 3.61 6.43 11.76
NSL/NSW** Agula 3.36±0.31abc 2.70 4.12 9.23 3.58±0.38c 2.66 4.07 10.61
  Felopa 3.12±0.46c 2.37 4.84 14.74 3.26±0.45ab 2.22 4.52 13.8
  Sulino 3.48±0.67bc 2.44 5.78 19.25 3.28±0.49a 2.07 4.62 14.94
TSM** Agula 3.91±0.19c 3.62 4.17 4.86 3.65±0.14b 3.42 3.86 3.84
[g] Felopa 4.62±0.14e 4.17 4.62 3.03 3.51±0.09ab 3.34 3.60 2.56
  Sulino 3.92±0.18ab 3.35 3.92 4.59 3.28±0.09a 3.13 3.38 2.74
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independent of the year, significantly differed in these characteristics among 
cultivars and cv. Sulino had the lowest values. It was also shown that the length 
of naked seeds was 30 % (Agula) to 33 % (Sulino) shorter, while the width was 
smaller by only 2 % (Felopa) to 8 % (Sulino) compared to husked seeds. Cv. 
Felopa had the largest mass of a thousand seeds, while cv. Sulino the smallest. 
According to Orzeszko-Rywka et al. (2013), Festulolium seed mass is a good 
indicator of the quality of seeds and there is a high positive correlation between 
germination capacity and thousand seed mass. The authors also reported that 
a significant improvement in the seed quality of this species can be achieved by 
fractionating the seed lot to discard about 15–20 % of the seeds with the lowest 
mass. Smith et al. (2003) also stated that high seed mass has a large impact on the 
early vigor of seedlings of Lolium perenne cultivars, which suggests that similar 
regularity may occur in Festulolium.

There were also significant differences between the years. The values of all 
seed characteristics were higher in 2016, presumably due to weather conditions 
more favorable for plant growth. In 2016, the cultivars generally developed seeds 
of higher mass. This is in line with results of Czyż and Kitczak (2015) who also 
indicate a clear impact of weather conditions on Festulolium seed yield. The 
authors obtained the highest yield of Festulolium seeds in the year, which was 
distinguished by the large amount of precipitation.

On average, husked seed length ranged from 6.78 to 7.44 mm among all cul-
tivars and years (CV 10.00–12.33 %), while mean seed width varied from 1.46 to 
1.56 mm (CV reached even 15.38 % in 2016) (Table 2). Mean rachilla length was 
higher in 2016 (1.70, on average) and showed higher variability than previous 
seed characteristics (17.06–19.57 %). In contrast, less variation was found for 
the characteristics of seeds after removal of husks, especially for the Agula and 

Table 3. Seed traits of Festulolium depending on cultivar and year of determination. Means with the same 
lower-case letters within each trait in columns and rows are not significantly different at P ≥ 0.01. A – area 
of a particle, CA – convex area, ECD – equivalent circle diameter, D – diameter, P – perimeter, CP – convex 
perimeter, SF – shape factor, F – feret, MR – Martins radius, R – rectangle.

Year Cultivar A [mm2] CA 
[mm2]

ECD 
[mm] 

D  
[mm] 

P  
[mm]

CP  
[mm]

SF F  
[mm] 

MR 
[mm]

R  
[mm2] 

2016 9.98b 11.17b 3.55b 7.36b 17.98b 17.93b 0.40a 5.57b 1.49b 27.33b

2018 9.03a 9.81a 3.37a 6.58a 16.16a 16.16a 0.44b 5.03a 1.42a 22.45a

Agula 9.07a 9.81a 3.38a 6.73a 16.34a 16.45a 0.43b 5.11a 1.42a 23.18a

Felopa 10.16b 11.12b 3.58b 7.00ab 17.20b 17.21b 0.44b 5.36b 1.52b 25.52b

Sulino 9.28a 10.54b 3.42a 7.18b 17.68b 17.47b 0.39a 5.42b 1.44a 25.96b

2016 Agula 10.08c 10.96c 3.57c 7.29cd 17.48b 17.75cd 0.42b 5.51cd 1.49bc 26.62bcd

Felopa 10.34c 11.36c 3.61c 7.20bcd 17.60b 17.63bcd 0.43b 5.49bcd 1.53c 26.70cd

Sulino 9.53bc 11.20c 3.47bc 7.60d 18.88c 18.41d 0.36a 5.71d 1.45bc 28.65d

2018 Agula 8.07a 8.67a 3.19a 6.17a 15.20a 15.15a 0.44b 4.72a 1.34a 19.74a

Felopa 9.99c 10.88bc 3.55c 6.81bc 16.81b 16.79bc 0.45b 5.23bc 1.51c 24.34bc

Sulino 9.02b 9.88b 3.37b 6.75b 16.47b 16.53b 0.43b 5.14b 1.42b 23.28b
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Felopa (9.58–11.52 %). It was also found that the mass of one thousand seeds of 
individual cultivar showed the smallest differentiation in both years of the study 
(2.56–4.86 %). Small values of the coefficient of variation of the thousand seeds 
mass of all cultivars indicate high TSM stability (in years and repetitions) as 
compared to the clearly higher values of this coefficient in relation to the other 
analyzed seed traits (CV from 9.23 to 19.57 %). This correlates with the results 
of Volterrani et al. (1999) and Goliński and Walerowska (2007), who also noted 
low CV values for TSM.

Also the morphological traits of seeds varied among Festulolium cultivars 
(Table 3). Cultivar Agula was characterized by the lowest values of all evaluated 
seed characteristics (except SF), while Felopa had similar or significantly higher 
values (e.g. A, ECD, SF, MR) of these parameters compared to Sulino cultivar. 
It was found that Felopa formed seeds with the area 10.16 mm2 while the other 
two cultivars between 9.07 and 9.28 mm2. It was also found that in 2016, the dif-
ferences in the values of almost all individual traits between cultivars were not 
significant. Only Sulino had a significantly higher perimeter (P) and significantly 
lower shape factor (SF) values compared to others. On the other hand, variability 
among cultivars in most of the traits was significant in 2018, when rainfall was 

Fig. 1. The deviation of seed traits of Festulolium cultivars (Agula, Felopa, Sulino). Means from the years 
of determination (2016 and 2018) demonstrated on a radar plot. Values of each trait were treated in scale 
– the mean value is 100 %. * – significant differences between traits at P ≤ 0.01.
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small. Cultivars Felopa and Sulino were characterized by significantly higher 
values of seed parameters compared to Agula, which may indicate higher drought 
tolerance by the former two cultivars compared to Agula.

Our study revealed that cultivars differed significantly only in TSM (Fig. 1). 
At the same time, no differences were found among the cultivars in the case of 
HSL and HSW. The other traits showed a variability among cultivars, but it was 
not always significant for all cultivars. Similarly, variability in seed morphologi-
cal characteristics among different cultivars were observed in Dactylis glomerata 
(Borawska-Jarmułowicz 2018).

Variation has been tested by PCA (principal component analysis). The first 
component PC1 explains 56.88 % of the variation, while the second component 
PC2 accounts for 16.28 % (Fig. 2 Suppl.). Growth conditions and cultivar (com-
bination) most strongly affected F, R, D, and P. It was found that A, CA, ECD, 
MR, and HSW also depended on these factors to a significant, but slightly smaller 
extent. TSM was most strongly correlated with HSL/HSW ratio and HSL, while 
weaker correlation was observed with yield. At the same time, it was shown that 
these features reached the highest values in all tested cultivars in 2016 (year with 
favorable weather conditions). Significant relationships between seed traits and 
the thousand seed mass in conditions of higher rainfall and moderate tempera-
tures during the period from the April to the time of seed collection was also 
reported in Dactylis glomerata (Borawska-Jarmułowicz 2018).

The results of this study indicate that the length of the husked seeds and 
the ratio of the length of the husked seeds to their width correlates well with 
the thousand seeds mass. At the same time, the relationship between yield and 
thousand seeds mass was less clear. These characteristics are also most closely 
related to the weather conditions for all Festulolium cultivars evaluated. Relatively 
high and evenly distributed rainfall has a positive effect on the values of these 
parameters. It was also found that the mass of one thousand seeds of individual 
cultivar is a stable feature characterized by the lowest variation.
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Table 1 Suppl. The mean temperature and the sum of precipitation in months (from September to June) in 2015/16 and 2017/18. 
 

Year Month 
Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. 

 

 
Temperature [°C] Mean

2015/16 15.2 8.6 6.7 6.2 -1.0 4.1 4.4 9.3 15.5 18.6 8.8 
2017/18 13.8 11.1 5.8 3.1 2.5 -2.0 1.3 13.6 17.0 18.9 8.5 
2001 - 2015 14.4 9.5 5.0 0.9 0.6 0.1 4.0 9.7 14.0 17.1 7.5  

Precipitation [mm] Sum 
2015/16 29.8 20.0 47.0 34.8 42.8 45.4 64.2 46.2 57.4 79.2 466.8 
2017/18 53.4 67.8 33.0 30.2 40.2 5.4 32.5 16.6 24.0 36.6 339.7 
2001 - 2015 46.3 31.7 32.6 26.8 35.0 23.5 36.1 25.6 56.8 53.8 368.2 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Suppl. The mean daily temperature [°C] and the sum of precipitation [mm] in 5-d periods from April to June in 2016 (A) and 
2018 (B). 
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Fig. 2 Suppl. Results of principal component analysis (PCA): A - relationships among the traits: A - area of a particle, CA - convex 
area, CP - convex perimeter, D - diameter, ECD - equivalent circle diameter, F - feret, HSL - husked seed length, HSW - husked seed 
width, HSL/HSW - husked seed length/husked seed width ratio, MR - Martins radius, NSL - naked seed length, NSW - naked seed 
width, NSL/NSW - naked seed length/naked seed width ratio, P - perimeter, R – rectangle, RL - rachilla length, SF - shape factor, TSM 
- thousand seed mass, Yield - dry mass of seeds; B - the combinations tested (two years of studies: 2016, 2018, and cultivars of 
Festulolium). 
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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. prat-
ensis × L. perenne hybrids to tetraploid L. perenne. We constructed two interspecific 
linkage maps: FLBC2A (143 DNA markers, 301.2 cM 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 F. 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 

Submitted 27 December 2019, last revision 9 April 2020, accepted 14 April 2020.
Abbreviations: AFLP – amplified fragment length polymorphism; GISH – genomic in situ hybridization; LG 
– linkage group; LOD – logarithm of odds; SIM – simple interval mapping; QTL – quantitative trait locus.
Acknowledgements: We thank Toshiyuki Takeichi, Shuji Yanagiya, Machiko Fujimori, Yumi Hosokawa, 
Sanae Sudo, Hanae Nishizuka, and Satomi Shimada (Hokkaido Agricultural Research Center, NARO) for 
their technical assistance in the field and laboratory work.

†  Present address: Japan Grassland Agriculture and Forage Seed Association, 406 Higashi-Nopporo, 
Ebetsu, Hokkaido 069-0822, Japan

* Corresponding author; e-mail: tamuken@affrc.go.jp 
1 Institute of Livestock and Grassland Science, NARO, Nasu-shiobara, Tochigi 329-2793, Japan
2 Hokkaido Agricultural Research Center, NARO, Toyohira, Sapporo 062-8555, Japan
3 Tohoku Agricultural Research Center, NARO, Shimo-kuriyagawa, Morioka, Iwate 020-0198, Japan



123
Quantitative trait loci for winter hardiness and other agronomic traits in the progeny of two amphiploid 
Festulolium hybrids (Festuca pratensis × Lolium perenne) backcrossed twice to tetraploid Lolium perenne

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.

Additional key words: breeding, forage, inflorescences, interspecific linkage map-
ping, vigor.

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 (Ghesquière et al. 2010). In Hokkaido, northern Japan, 
L. perenne and F. pratensis cultivars are used mainly in pastures (Tamura et al. 
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 × 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 re-
gions involved in winter hardinessorfreezing tolerance when introgressed into 
the Lolium genome (Grønnerød et al. 2004, Kosmala et al. 2006, 2007, Hum-
phreys et al. 2007, 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 neces-
sarily available in the interspecific hybrids, and interspecific linkage mapping 
approach is appropriate to obtain valuable information for Festulolium breeding. 
As diploid Festuca × Lolium F1 hybrids are sterile (Ghesquière et al. 2010), fertile 
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allotetraploid Festulolium hybrids should be used for interspecific linkage map-
ping. However, such approach has not been reported so far.

In theory, the first generation of the progeny of allotetraploid F. pratensis 
× L. perenne hybrids backcrossed to tetraploid L. perenne (BC1) is expected to 
have three sets of L. perenne chromosomes and a single set of F. pratensis chro-
mosomes 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, Kopecký et al. 2010). The second 
generation after backcrossing to tetraploid L. perenne (BC2) 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 (Kopecký 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 versatil-
ity in breeding, two different interspecific mapping populations generated from 
L. perenne × (F. pratensis × L. perenne) backcrosses were used for QTL analyses.

Materials and methods

Plants: We crossed two F2 amphiploid Festulolium genotypes, D5-2 and E6-2, 
derived from NARO breeding materials generated from multiple crosses among 
tetraploid F. pratensis × L. perenne F1 hybrids that showed superior winter hardi-
ness 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 BC1 populations, we selected 
genotypes 10EC12 and 13EP4, which showed moderate to high freezing toler-
ance (unpublished data) and crossed these with another genotypes from cvs. 
Chinita and Pokoro, respectively. The resultant BC2 populations FLBC2A (n = 
164) and FLBC2C (n = 113) were used for the following QTL analyses.
Genomic in situ hybridization (GISH) of BC1 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 BC2 populations: Plants of the two BC2 populations (FLBC2A and 
FLBC2C) and their parents, raised in plastic nursery pots (5 × 5 × 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 × 50 cm in a 
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randomized block design with a basal fertilization at 4.2 g(N) m-2, 5.8 g(P2O5) m-2, 
4.2 g (K2O) m-2. 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-2, 1.6 g(P2O5) m-2, 2.1 g (K2O) m-2]. 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 BC2 genotyping, 
from 412 markers, we selected markers associated with bands amplified in the 
two F. pratensis genotypes used as parents of the F1 hybrids and in the BC1 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 
GenomeLab GeXP genetic analysis system (Beckman Coulter, Brea, CA, USA) as 
described in its manual. Fragments amplified in the F. pratensis parents and BC1 
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). 
BC1 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 BC2 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 et al. 2015).
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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.

Statistical analysis: Broad-sense heritability:
(h2 = σg

2 / (σg
2 + σe

2); σg
2

 and σe
2 are genetic and environmental variances, re-

spectively) 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 BC2 population. All statistical analyses were 
performed in JMP 9 software (SAS Institute, Cary, NC, USA).

Results

Compared with the L. perenne parents, the BC1 parents used to generate the 
BC2 populations had superior vigor after planting, superior winter hardiness, 
more dry matter before winter, a longer inflorescence, more spikelets per inflo-
rescence, wider leaves, and wider stubble (Table 5 Suppl.). In both BC2 popula-
tions, 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.). Cor-
relations 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, 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 BC2 genotypes 
had a lower WHI than their BC1 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, t-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. 2A), 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 trans-
locations in both BC1 parents, but we could not confirm them clearly in this 
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Fig. 1. Distribution of winter hardiness index (1–9) of FLBC2A (A,B,C) and FLBC2C (D,E,F) populations in 
2014 (A,D), 2015 (B,E), and 2016 (C,F). Arrows show the bins, which include the parental values: Lp – Lolium 
perenne (female parent), BC1 –  amphiploid Festulolium (Festuca pratensis × L. perenne) BC1 (male parent).

Fig. 2. Analysis of genomic in situ hybridization of BC1 plants used as male parents to generate BC2 mapping 
populations: 10EC12, male parent of FLBC2A (A); 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.
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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 BC2 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 origi-
nated 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 sig-
nificant difference in the F. pratensis-derived allele ratio at marker loci was seen 
only on LG1 (χ2 = 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 cM 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 ef-
fect 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 popula-
tions, 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.

Fig. 3 (on the next page). Quantitative trait loci related to winter hardiness and other agronomic traits in the 
amphiploid Festulolium BC2 mapping populations FLBC2A (A) and FLBC2C (C). Vertical bars – 1.5-logarithm 
of odds (LOD) support intervals; △ – 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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Discussion

To construct linkage maps based on the segregation of the presence/absence of F. 
pratensis-derived alleles, we generated two populations by two subsequent back-
crosses of allotetraploid F. pratensis × L. perenne to autotetraploid L. perenne. BC1 
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 BC1 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. 2006); 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 men-
tioned 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 chromo-
somes is lower than that of homologous recombination in each species. Kopecký 
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 chromo-
somes 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 fre-
quency 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 et al. 2017), and so may be common in Lolium/Festuca hybrids.
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We observed large variations in WHI in the Festulolium BC2 populations, 
and identified QTLs for WHI on LGs 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 de-
rived 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. praten-
sis 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 Os09g34970, which lies about 30 kb from the CBF/DREB gene 
cluster (OsDREB1A, OsDREB1B, OsDREB1H) on rice 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 (Vágújfalvi et al. 2003, Francia et al. 2004, Miller et al. 2006, 
Tondelli et al. 2006). Zhu et al. (2014) and Würschum 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 in-
clude putative orthologs of genes for regulation of flowering time – LpFT3 (Hd3) 
and LpCO (Hd1) – whose allelic variation contributes to variation in flowering 
time in L. perenne (Armstead et al. 2004, 2005, Martin et al. 2004, Skøt 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 (Os06g06320) and Hd1 (Os06g16370), and that in FLBC2C seems to 



132 K. Tamura et al.

lie closer to Hd1 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 (un-
published 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 et 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 al-
leles, 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 dis-
tance 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 sta-
tistical 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 ge-
nomic regions introduced into the tetraploid L. perenne background. QTLs de-
pending on intraspecific variation or those with negative effects of F. pratensis 
introgression suggest that breeders should regard Festuca introgression into Lo-
lium 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.
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Table 1 Suppl. Nine traits phenotyped in amphiploid Festulolium BC2 mapping populations. 

 

Trait Investigated year/date Notes  
2013 2014 2015 2016 

 

Vigor index after planting 5 Nov 
   

On a scale of 1 (poor growth) to 9 (high growth), where 5 
indicates the median of each genotype 

Winter hardiness index 
 

24 Apr 6 Apr 14 Apr On a scale of 1 (no sprouting) to 9 (very vigorous) according to 
the vigor of sprouting after snowmelt, where 5 indicates 
moderate sprouting across the stub but with some injured parts 
(Tamura et al. 2017) 

Heading date 
 

after 1 May after 1 May 
 

Date when the tips of ≥3 inflorescences appeared from the flag 
leaf sheath after 1 May 

Dry matter at 5th cut [g] 
 

15 Oct 16 Oct 
 

In the last cutting before winter in each year, measured after 
drying at 70 °C for 72 h 

Plant growth habit 
 

23 May 26 May 
 

On a scale of 1 to 9, where 3 is semi-erect, 5 is midway, and 7 is 
semi-prostrate, following the UPOV guideline for Festulolium, 
2008 

Inflorescence length [cm] 
 

17 Jun 21 Jun 
 

Means of 3 inflorescences per clone (not investigated in 
FLBC2C in 2014) 

Number of spikelets  
[inflorescence-1] 

 
17 Jun 21 Jun 

 
Means of 3 inflorescences per clone (not investigated in 
FLBC2C in 2014) 

Leaf width [mm] 
 

3 Jun 
  

Means of 4 leaves 1 lower than the flag leaves per clone   
6 Oct 1 Oct 

 
Means of 4 randomly selected intact leaves per clone 

Stubble width [cm] 
 

17 Jul 1 Oct 
 

Parallel to the 80-cm interval between clones 
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Table 2 Suppl. Lolium/Festuca intron-flanking markers used in this study; CAPS - cleavage amplified polymorphic sequence, indel - 

insertion/deletion, A - FLBC2A, C - FLBC2C. 

 

Marker name 
(corresponding rice 
TIGR public locus) 

(corresponding rice 
RAP-DB public 
locus) 

Reference Marker type Restriction 
enzyme 

Mapped 
population 

Linkage 
group 

Os01g01010 Os01g0100100 Tamura et al. 2009 CAPS XspI 
  

Os01g01080 Os01g0100900 Tamura et al. 2009 indel 
 

A LG6 
Os01g02880 Os01g0118000 Tamura et al. 2009 CAPS AfaI C LG3 
Os01g08190 Os01g0177100 Tamura et al. 2012 indel 

 
C LG3 

Os01g25370 Os01g0355900 Tamura et al. 2009 CAPS AfaI C LG3 
Os01g34480 Os01g0528800 Tamura et al. 2009 indel 

 
C LG3 

Os01g35184 Os01g0536000 Tamura et al. 2012 indel 
 

C LG3 
Os01g36930 Os01g0550100 Tamura et al. 2009 indel 

 
C LG3 

Os01g43250 Os01g0620100 Tamura et al. 2009 CAPS DdeI 
  

Os01g49330 Os01g0687500 Tamura et al. 2009 CAPS TaqI C LG3 
Os01g53250 Os01g0733600 Tamura et al. 2009 indel 

 
C LG3 

Os01g55540 Os01g0760600 Tamura et al. 2009 CAPS DdeI C LG3 
Os01g57066 Os01g0778700 Tamura et al. 2012 indel 

 
C LG3 

Os01g60650 Os01g0821700 Tamura et al. 2009 CAPS MseI 
  

Os01g64720 Os01g0867200 Tamura et al. 2009 CAPS DdeI 
  

Os01g65660 Os01g0878400 Tamura et al. 2012 indel 
   

Os01g65660 Os01g0878400 Tamura et al. 2012 indel 
 

C LG3 
Os01g66240 Os01g0885600 Tamura et al. 2009 CAPS SacII 

  

Os01g68710 Os01g0915800 Tamura et al. 2009 indel 
   

Os01g73790 Os01g0969100 Tamura et al. 2012 indel 
   

Os02g03260 Os02g0125100 Tamura et al. 2012 indel 
 

A LG6 
Os02g03890 Os02g0131700 Tamura et al. 2009 CAPS HaeIII 

  

Os02g14730 Os02g0244300 Tamura et al. 2012 indel 
 

A LG6 
Os02g17870 Os02g0280000 Tamura et al. 2009 CAPS TaqI A LG6 
Os02g29530 Os02g0498700 Tamura et al. 2009 CAPS DdeI 

  

Os02g30800 Os02g0511900 Tamura et al. 2009 CAPS AfaI C LG3 
Os02g36740 Os02g0577100 Tamura et al. 2009 CAPS AfaI 

  

Os02g43350 Os02g0649700 Tamura et al. 2009 CAPS DdeI A LG6 
Os02g45650 Os02g0680400 Tamura et al. 2012 indel 

 
A LG6 

Os02g47310 Os02g0701600 Tamura et al. 2009 CAPS AfaI A LG5 
Os02g50360 Os02g0736500 Tamura et al. 2012 indel 

   

Os02g57160 Os02g0816600 Tamura et al. 2009 CAPS DdeI A LG6 
Os02g58650 Os02g0833400 Tamura et al. 2009 CAPS EcoRI 

  

Os03g07300 Os03g0169100 Tamura et al. 2009 CAPS AfaI 
  

Os03g23950 Os03g0355600 Tamura et al. 2009 indel 
 

AC LG4 
Os03g27320 Os03g0390700 Tamura et al. 2012 indel 

 
AC LG4 

Os03g29950 Os03g0412800 Tamura et al. 2009 CAPS AfaI 
  

Os03g32490 Os03g0439700 Tamura et al. 2012 indel 
 

AC LG4 
Os03g36750 Os03g0565200 Tamura et al. 2009 CAPS AfaI A LG7 
Os03g38980 Os03g0586800 Tamura et al. 2009 indel 

 
AC LG4 

Os03g43760 Os03g0638800 Tamura et al. 2009 CAPS Sau3AI A LG4 
Os03g46410 Os03g0666700 Tamura et al. 2012 indel 

 
AC LG4 

Os03g50480 Os03g0712700 Tamura et al. 2009 indel 
 

AC LG4 
Os03g56300 Os03g0774200 Tamura et al. 2009 CAPS DdeI A LG4 
Os03g60090 Os03g0815200 Tamura et al. 2009 CAPS AfaI AC LG4 
Os03g64210 Os03g0859600 Tamura et al. 2009 indel 

   

Os04g02000 Os04g0110600 Tamura et al. 2009 indel 
   

Os04g06790 Os04g0151900 Tamura et al. 2009 indel 
 

AC LG4 
Os04g11880 Os04g0195000 Tamura et al. 2009 indel 

 
C LG2 

Os04g16680 Os04g0234600 Tamura et al. 2009 indel 
 

C LG3 
Os04g23890 Os04g0304200 Tamura et al. 2012 indel 

   

Os04g27860 Os04g0346100 Tamura et al. 2009 CAPS DdeI A LG2 
Os04g30420 Os04g0372700 Tamura et al. 2009 indel 

   

Os04g31210 Os04g0381100 Tamura et al. 2012 indel 
   

Os04g32950 Os04g0402100 Tamura et al. 2009 CAPS AluI A LG6 
Os04g37619 Os04g0448900 Tamura et al. 2009 CAPS AfaI 

  

Os04g43220 Os04g0511600 Tamura et al. 2009 CAPS AfaI 
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Marker name 
(corresponding rice 
TIGR public locus) 

(corresponding rice 
RAP-DB public 
locus) 

Reference Marker type Restriction 
enzyme 

Mapped 
population 

Linkage 
group 

Os04g45490 Os04g0538100 Tamura et al. 2012 indel 
 

AC LG2 
Os04g46620 Os04g0551800 Tamura et al. 2009 indel 

   

Os04g48230 Os04g0570800 Tamura et al. 2009 CAPS EcoRI AC LG2 
Os04g54410 Os04g0636600 Tamura et al. 2009 indel 

 
C LG2 

Os05g01750 Os05g0108000 Tamura et al. 2012 indel 
 

A LG1 
Os05g01970 Os05g0110300 Tamura et al. 2012 indel 

   

Os05g04190 Os05g0132500 Tamura et al. 2009 CAPS AfaI C LG1 
Os05g06330 Os05g0155300 Tamura et al. 2009 CAPS TaqI 

  

Os05g11850 Os05g0209100 Tamura et al. 2009 indel 
   

Os05g13780 Os05g0224800 Tamura et al. 2009 CAPS AfaI A LG4 
Os05g14170 Os05g0230600 Tamura et al. 2009 CAPS MseI 

  

Os05g19630 Os05g0277300 Tamura et al. 2009 indel 
   

Os05g24550 Os05g0310500 Tamura et al. 2009 indel 
   

Os05g28280 Os05g0350500 Tamura et al. 2009 CAPS HaeIII 
  

Os05g32140 Os05g0387200 Tamura et al. 2009 indel 
 

AC LG1 
Os05g38330 Os05g0457700 Tamura et al. 2009 CAPS DdeI 

  

Os05g43360 Os05g0509200 Tamura et al. 2009 CAPS AfaI 
  

Os05g48510 Os05g0558900 Tamura et al. 2009 indel 
 

AC LG5 
Os05g51700 Os05g0595400 Tamura et al. 2009 indel 

 
A LG1 

Os05g51754 Os05g0596200 Tamura et al. 2012 indel 
 

AC LG1 
Os06g04280 Os06g0133900 Tamura et al. 2009 CAPS DdeI AC LG7 
Os06g05180 Os06g0143900 Tamura et al. 2012 indel 

   

Os06g11040 Os06g0213400 Tamura et al. 2009 indel 
 

AC LG7 
Os06g15420 Os06g0265000 Tamura et al. 2009 CAPS AfaI 

  

Os06g16350 Os06g0274800 Tamura et al. 2012 indel 
 

AC LG7 
Os06g21560 Os06g0320100 Tamura et al. 2009 CAPS AluI AC LG7 
Os06g27760 Os06g0472000 Tamura et al. 2009 indel 

 
AC LG7 

Os06g41790 Os06g0622900 Tamura et al. 2009 indel 
 

AC LG7 
Os06g44890 Os06g0659300 Tamura et al. 2012 indel 

   

Os06g49500 Os06g0708700 Tamura et al. 2012 indel 
 

A LG7 
Os06g50110 Os06g0715000 Tamura et al. 2009 indel 

 
AC LG5 

Os06g51029 Os06g0725900 Tamura et al. 2009 indel 
   

Os07g01480 Os07g0105600 Tamura et al. 2009 CAPS DdeI A LG2 
Os07g01760 Os07g0108300 Tamura et al. 2012 indel 

 
AC LG2 

Os07g01930 Os07g0110300 Tamura et al. 2009 CAPS SspI C LG7 
Os07g04840 Os07g0141400 Tamura et al. 2009 indel 

   

Os07g19030 Os07g0290800 Tamura et al. 2009 CAPS MseI 
  

Os07g22350 Os07g0406300 Tamura et al. 2009 indel 
 

C LG2 
Os07g25430 Os07g0435300 Tamura et al. 2009 indel 

 
AC LG2 

Os07g30774 Os07g0490200 Tamura et al. 2009 CAPS MseI A LG2 
Os07g30840 Os07g0490800 Tamura et al. 2009 CAPS TaqI AC LG2 
Os07g38620 Os07g0573800 Tamura et al. 2009 CAPS AfaI 

  

Os07g39630 Os07g0585100 Tamura et al. 2009 CAPS AfaI A LG2 
Os07g48920 Os07g0688800 Tamura et al. 2009 CAPS MseI 

  

Os07g49300 Os07g0693700 Tamura et al. 2012 indel 
   

Os07g49320 Os07g0693900 Tamura et al. 2009 indel 
 

C LG2 
Os08g01350 Os08g0104100 Tamura et al. 2009 CAPS DdeI C LG7 
Os08g03390 Os08g0127700 Tamura et al. 2009 CAPS AfaI 

  

Os08g09940 Os08g0199300 Tamura et al. 2009 CAPS TaqI AC LG7 
Os08g15080 Os08g0249400 Tamura et al. 2009 CAPS DdeI 

  

Os08g23320 Os08g0322600 Tamura et al. 2009 CAPS DdeI 
  

Os08g27010 Os08g0359000 Tamura et al. 2009 CAPS TaqI 
  

Os08g31810 Os08g0412200 Tamura et al. 2009 CAPS TaqI 
  

Os08g33630 Os08g0433100 Tamura et al. 2009 CAPS TaqI AC LG7 
Os08g36774 Os08g0471900 Tamura et al. 2009 indel 

 
C LG5 

Os08g38720 Os08g0496000 Tamura et al. 2012 indel 
 

AC LG7 
Os08g41830 Os08g0530400 Tamura et al. 2009 CAPS TaqI AC LG7 
Os08g41910 Os08g0531300 Tamura et al. 2012 indel 

   

Os08g44930 Os08g0563300 Tamura et al. 2009 CAPS AluI C LG7 
Os09g03610 Os09g0123200 Tamura et al. 2009 indel 

 
AC LG5 

Os09g06499 Os09g0240500 Tamura et al. 2012 indel 
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Marker name 
(corresponding rice 
TIGR public locus) 

(corresponding rice 
RAP-DB public 
locus) 

Reference Marker type Restriction 
enzyme 

Mapped 
population 

Linkage 
group 

Os09g08660 Os09g0261300 Tamura et al. 2009 indel 
   

Os09g15820 Os09g0327400 Tamura et al. 2009 CAPS SspI 
  

Os09g20640 Os09g0372800 Tamura et al. 2009 CAPS AfaI 
  

Os09g20880 Os09g0375600 Tamura et al. 2009 CAPS AfaI 
  

Os09g23650 Os09g0401300 Tamura et al. 2012 indel 
 

AC LG5 
Os09g24650 Os09g0413000 Tamura et al. 2012 indel 

 
AC LG5 

Os09g26730 Os09g0438700 Tamura et al. 2009 indel 
 

A LG5 
Os09g30466 Os09g0482680 Tamura et al. 2009 indel 

 
AC LG5 

Os09g34970 Os09g0521500 Tamura et al. 2009 indel 
 

AC LG5 
Os10g02980 Os10g0119300 Tamura et al. 2009 CAPS DdeI 

  

Os10g10244 Os10g0182000 Tamura et al. 2009 CAPS DdeI 
  

Os10g11140 Os10g0189100 Tamura et al. 2009 CAPS TaqI C LG1 
Os10g17280 Os10g0320400 Tamura et al. 2009 CAPS Sau3AI 

  

Os10g36470 Os10g0508400 Tamura et al. 2012 indel 
 

AC LG1 
Os10g39930 Os10g0546600 Tamura et al. 2009 CAPS TaqI 

  

Os11g02580 Os11g0118000 Tamura et al. 2009 indel 
 

A LG4 
Os11g09280 Os11g0199200 Tamura et al. 2009 indel 

 
AC LG4 

Os11g20689 Os11g0311300 Tamura et al. 2009 indel 
   

Os11g29380 Os11g0484300 Tamura et al. 2009 CAPS AfaI A LG4 
Os11g34130 Os11g0544000 Tamura et al. 2009 CAPS TaqI 

  

Os11g36440 Os11g0572700 Tamura et al. 2012 indel 
   

Os11g38020 Os11g0592700 Tamura et al. 2009 CAPS TaqI AC LG4 
Os11g43900 Os11g0660500 Tamura et al. 2009 CAPS AfaI 

  

Os11g47710 Os11g0703400 Tamura et al. 2009 CAPS AfaI 
  

Os11g48040 Os11g0707800 Tamura et al. 2009 CAPS TaqI A LG4 
Os12g02390 Os12g0116000 Tamura et al. 2009 CAPS MseI 

  

Os12g08810 Os12g0190000 Tamura et al. 2009 CAPS DdeI 
  

Os12g13320 Os12g0235800 Tamura et al. 2009 CAPS AfaI 
  

Os12g23180 Os12g0420200 Tamura et al. 2009 CAPS DdeI 
  

Os12g27830 Os12g0464400 Tamura et al. 2009 CAPS DdeI A LG4 
Os12g40550 Os12g0597500 Tamura et al. 2009 CAPS AfaI 

  

Os12g42980 Os12g0625000 Tamura et al. 2009 CAPS DdeI 
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Table 3 Suppl. Festuca arundinacea expressed sequence tag simple sequence repeat markers (Saha et al. 2004) used in this study; 

A - FLBC2A, C - FLBC2C. 

 

Marker name Mapped population Linkage group 

NFA001 
  

NFA002 
  

NFA005 
  

NFA008 
  

NFA011 
  

NFA013 
  

NFA014 
  

NFA015 
  

NFA016 
  

NFA017 
  

NFA018 
  

NFA020 
  

NFA021 
  

NFA026 
  

NFA029 
  

NFA030 C LG2 
NFA031 

  

NFA033 
  

NFA034 
  

NFA035 
  

NFA037 
  

NFA039 
  

NFA040 
  

NFA043 
  

NFA045 
  

NFA046 
  

NFA047 
  

NFA048 A LG6 
NFA051 

  

NFA057 
  

NFA059 AC LG5 
NFA060 

  

NFA062 
  

NFA065 
  

NFA067 
  

NFA068 
  

NFA070 
  

NFA071 AC LG4 
NFA072 

  

NFA073 AC LG1 
NFA074 

  

NFA075 AC LG1 
NFA077 

  

NFA079 
  

NFA082 
  

NFA084 
  

NFA086 
  

NFA087 
  

NFA088 A LG1 
NFA089 

  

NFA090 
  

NFA092 AC LG2 
NFA094 

  

NFA096 
  

NFA097 AC LG2 
NFA098 

  

NFA101 
  

NFA103 
  

NFA104 C LG4 
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Marker name Mapped population Linkage group 

NFA105 
  

NFA107 
  

NFA108 
  

NFA109 
  

NFA110 
  

NFA111 
  

NFA112 A LG1 
NFA113 

  

NFA115 
  

NFA116 
  

NFA117 
  

NFA119 A LG6 
NFA120 A LG1 
NFA123 

  

NFA126 
  

NFA129 
  

NFA130 
  

NFA131 
  

NFA134 AC LG1 
NFA135 

  

NFA138 A LG1 
NFA140 AC LG1 
NFA142 

  

NFA145 
  

NFA146 
  

NFA153 
  

NFA154 
  

NFA155 A LG1 
NFA157 
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Table 4 Suppl. Lolium perenne expressed sequence tag simple sequence repeat markers (Studer et al. 2010) used in this study; 

A - FLBC2A, C - FLBC2C. 

 
Marker name Mapped population Linkage group 
G01_001 

  

G01_002 
  

G01_007 
  

G01_010 
  

G01_013 
  

G01_022 A LG2 
G01_024 

  

G01_025 
  

G01_027 
  

G01_031 
  

G01_035 
  

G01_037 
  

G01_038 
  

G01_039 
  

G01_040 
  

G01_043 
  

G01_044 
  

G01_045 
  

G01_046 
  

G01_047 
  

G01_048 
  

G01_054 
  

G01_063 
  

G01_073 AC LG7 
G01_080 

  

G01_081 
  

G01_086 
  

G01_090 
  

G01_094 
  

G01_095 C LG5 
G01_097 

  

G01_098 
  

G02_004 
  

G02_016 
  

G02_017 
  

G02_018 
  

G02_021 
  

G02_022 
  

G02_025 
  

G02_029 
  

G02_032 
  

G02_035 
  

G02_037 
  

G02_041 
  

G02_043 
  

G02_047 
  

G02_048 AC LG7 
G02_049 

  

G02_053 
  

G02_057 
  

G02_058 
  

G02_069 
  

G02_079 
  

G02_080 
  

G02_081 
  

G02_092 
  

G02_098 
  

G03_002 
  

G03_003 
  

G03_010 
  

G03_013 AC LG4 
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Marker name Mapped population  Linkage group 
G05_070 

  

G05_071 
  

G05_073 
  

G05_076 AC LG2 
G05_081 

  

G05_088 
  

G05_089 
  

G05_092 
  

G05_094 
  

G05_099 
  

G05_100 
  

G05_107 
  

G05_108 
  

G05_112 
  

G05_121 
  

G05_122 
  

G05_124 
  

G05_127 AC LG5 
G05_129 

  

G05_130 
  

G05_134 
  

G05_139 
  

G06_006 
  

G06_021 
  

G06_022 
  

G06_029 
  

G06_041 
  

G06_043 A LG4 
G06_049 A LG1 
G06_072 A LG7 
G06_078 

  

G06_079 
  

G06_088 
  

G06_089 AC LG4 
G06_096 C LG5 
G07_024 

  

G07_025 
  

G07_037 
  

G07_038 
  

G07_045 A LG5 
G07_056 

  

G07_057 
  

G07_058 
  

G07_065 AC LG5 
G07_066 

  

G07_071 
  

G07_074 
  

G07_075 
  

G07_083 
  

G07_088 
  

G07_098   
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Table 5 Suppl. Variation in investigated agronomic traits between two amphiploid Festulolium BC2 mapping populations FLBC2A and 

FLBC2C. Lp - Lolium perenne, h2 - broad-sense heritability; a -  scores (1 - 9) were assigned as described in Table 1 Suppl. 

 

Trait   FLBC2A FLBC2C  
year date mean SD min. max. BC1 

parent 
Lp 
parent 

h2  mean SD min. max. BC1 
parent 

Lp 
parent 

h2 

Vigor index after planting a 2013 5 Nov   5.7 0.8   2.7   7.7   5.0   3.0 47   5.9 1.1   2.3   8.0   3.0   2.3 63 
Winter hardiness index a 2014 24 Apr   5.3 1.1   2.0   7.7   5.0   2.7 68   6.3 0.9   4.0   8.0   6.0   2.7 62  

2015 6 Apr   4.2 0.9   1.3   6.0   5.0   3.0 41   5.2 1.3   1.0   7.3   5.0   3.3 56  
2016 14 Apr   3.6 1.5   1.0   7.0   6.7   2.3 54   4.1 1.7   1.0   8.0   5.0   3.3 57 

Heading date (days after 1 May) 2014 – 34.0 1.6 30.3 41.0 33.7 34.3 83 34.9 1.8 32.3 41.7 37.3 36.7 73  
2015 – 31.9 2.1 28.0 47.3 33.0 31.0 82 34.0 3.1 30.0 46.0 34.0 34.0 81 

Dry matter before winter [g] 2014 15 Oct 22.2 6.1   2.8 35.6 21.0 16.7 51 24.2 7.4   2.2 39.5 15.2   3.1 63  
2015 16 Oct 20.9 8.4   0.0 43.4 16.5 14.5 59 18.9 8.6   0.0 44.2 10.1   5.1 63 

Plant growth habitat a 2014 23 May   5.7 1.1   2.7   8.3   5.7   5.3 71   5.4 1.0   2.7   7.7   5.0   4.7 70  
2015 26 May   4.8 0.9   2.7   7.7   3.7   6.0 62   4.3 0.8   3.0   7.0   5.0   4.0 61 

Inflorescence length [cm] 2014 17 Jun 23.3 3.5 14.3 33.3 29.4 18.0 75 
       

 
2015 21 Jun 19.7 2.8 11.6 26.6 22.2 15.5 70 23.2 2.6 14.9 27.9 24.9 20.4 62 

Number of spikelets 
[inflorescence-1] 

2014 17 Jun 17.8 1.9 11.6 23.0 18.7 15.6 76 
       

 
2015 21 Jun 16.2 1.5 11.4 19.6 16.4 15.0 71 18.9 1.7 14.6 23.0 20.0 19.3 65 

Leaf width [mm] 2014 3 Jun   6.7 0.7   5.0   9.1   7.4   5.2 68   7.4 0.8   5.7   9.6   7.5 5.9 71  
2014 6 Oct   4.9 0.5   3.6   7.0   5.9   4.2 60   5.1 0.6   3.8   6.7   6.8 3.8 61  
2015 1 Oct   4.3 0.5   3.3   7.1   4.6   4.0 48   4.0 0.5   2.9   6.0   5.8 3.8 62 

Stubble width [cm] 2014 17 Jul 22.5 3.2 13.0 29.7 24.7 15.0 56 23.5 3.6   9.3 31.0 17.7 10.7 71  
2015 1 Oct 22.7 5.6   0.0 31.3 24.3 18.7 59 23.1 5.6   0.0 30.7 17.7 10.3 63 

 

 

 

 

Table 6 Suppl. Parameter values of linkage maps based on the presence/absence of Festuca pratensis-derived alleles of two amphiploid 

Festulolium BC2 mapping populations FLBC2A and FLBC2C. * P < 0.05, ** P < 0.01, *** P < 0.001- Chi-squared goodness-of-fit test 

for 1:1 segregation; NS - not significant; ND - no data. 

 

Linkage FLBC2A     FLBC2C     
group number of 

markers 
distance 
[cM] 

mean 
interval 
[cM]  

mean F. pratensis-
derived allele 
frequency [%]  

segregation 
distortion  

number of 
markers 

distance 
[cM]  

mean 
interval 
[cM]  

mean F. pratensis-
derived allele 
frequency [%]  

segregation 
distortion 

LG1   19   74.7 4.2 58 *   13   29.4 2.5 75 *** 
LG2   19   31.8 1.8 48 NS   21   59.1 3.0 52 NS 
LG3 ND   24   30.6 1.3 48 NS 
LG4   33   33.0 1.0 38 **   24   56.5 2.5 46 NS 
LG5   25   67.2 2.8 47 NS   21   40.3 1.9 49 NS 
LG6   17   52.4 3.3 51 NS ND 
LG7   30   42.1 1.5 53 NS   23   40.9 1.9 48 NS 
Total 143 301.2 2.2 48 NS 126 256.2 2.1 52 NS 
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Table 7 Suppl. Quantitative trait loci for winter hardiness and other agronomic traits in the amphiploid Festulolium BC2 mapping 

populations FLBC2A and FLBC2C; a - defined as the additive effect of Festuca pratensis alleles, b - scores (1 - 9) were assigned as 

described in Table 1 Suppl, c - values of the second logarithm of odds (LOD) peak in parentheses, d - values of the second and third LOD 

peaks in parentheses. 

 

Traits  FLBC2A FLBC2C  
year LG max. 

LOD 
pos. 
[cM] 

1.5-LOD 
supp. 
interval 
[cM] 

max. 
LOD 
value 

LOD 
threshold 

R2 [%] weight a LG max. 
LOD 
pos. 
[cM] 

1.5-LOD 
supp. 
interval 
[cM] 

max. 
LOD 
value 

LOD 
threshold 

R2 
[%] 

weight 

Vigor index after 
planting b 

2013 4 11.8   8.4-12.8 3.9 2.5 10.4 0.6 2 28.7 0.0-34.1 2.6 2.3   9.9 -0.7 

Winter hardiness index b 2014 4 11.8   9.7-13.8 2.8 2.3   7.7 0.7 
       

 
2015 1 33.2 22.3-44.4 2.6 2.3   7.0 0.5 1   6.4   0.0-21.6 3.0 2.3 11.6 1.1   

5 18.9 
(36.8)c 

  7.0-22.4 
(24.9-58.3) 

c 

3.4 
 

  9.0 
(8.5) c 

0.6 (0.5) 

c 

       

  
2 21.8   0.0-31.1 2.5 

 
  6.6 -0.5 

       
 

2016 
       

1   6.4   0.0-12.8 4.2 2.4 15.8 1.6 
Heading date 2014 

       
7 21.6 11.6-35.1 3.1 2.3 11.7 1.2 

(days after 1 May) 2015 7   7.9   2.0-20.6 2.7 2.1   7.4 1.2 
       

Dry matter before winter 
[g] 

2014 
       

2 29.1   3.0-33.1 2.8 2.4 10.8 -4.9 

Plant growth habitat b 2014 
       

4 35.1 26.6-56.5 2.4 2.3   9.2 -0.6 
Inflorescence length [cm] 2014 7 11.4   8.9-16.9 4.9 2.4 12.9 2.5 

       
 

2015 7   4.6   0.0-18.1 3.5 2.4   9.7 1.7 
       

  
2 31.8 12.0-31.8 3.5 

 
  9.6 1.7 

       

No. spikelets 
[inflorescence-1] 

2015 7 11.4   0.0-19.1 3.7 2.3 10.2 0.9 
       

Leaf width [mm] 2014 
(spring) 

7 15.9 
(25.6, 
21.6)d 

  9.9-25.6 
(24.7-25.6, 
20.6-22.7) d 

5.4 (4.6, 
3.9) d 

2.5 14.0 
(12.1, 
10.4) d 

0.5 (0.5, 
0.5) d 

       

 
2014 
(autumn) 

7 37.1 
(14.5) 

c 

30.7-42.1 
(0.0-19.1) c 

2.7 (2.6) 

c 
2.4   7.2 

(6.9) c 
0.3 (0.3) 

c 

       

Stubble width [cm] 2014 4 11.8   7.4-13.8 2.8 2.4   7.5 1.8 
       

 
2015        1 16.1   0.0-29.4 2.3 2.2   8.9 3.8 
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Abstract

Drought resistance in plants can be associated with four different strategies to 
cope with water stress. These strategies are classified as drought escape, avoid-
ance, tolerance, and recovery. The expression of each strategy depends on plant 
species and its genetic potential, but also on the environmental conditions, 
including the stress intensity and duration. Often, prolonged drought condi-
tions are associated with drought escape or avoidance, whereas short but severe 
drought periods induce drought tolerance. To analyze the components of drought 
resistance in forage grasses, we applied two Lolium multiflorum/Festuca arun-
dinacea introgression forms into a comprehensive research. Obtained results 
clearly show that the response of plants to severe short term drought condi-
tions with limited rhizosphere did not reflect their response to long progressive 
drought conditions, which did not limit root growth. The BC4-INT-40 introgres-
sion form with extensive and deep roots was characterized by a more efficient 
drought avoidance and regeneration mechanisms under long-term drought, 
whereas the BC4-INT-66 form with shorter roots revealed a lower productivity 
and re-growth capacity under the prolonged drought. On the other hand, this 
form had also a better photosynthetic performance under short and intensive 
drought conditions with a limited space for root development.

Additional key words: drought avoidance, drought tolerance, osmoprotectants, pho-
tosynthesis, phytohormones, recovery.
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Introduction

Plants in areas with a temperate climate are frequently affected by events of water 
deficit, occurring during vegetative as well as reproductive growth. Drought is 
one of the main environmental factors responsible for reduction of plant yield 
(Bray et al. 2000). Drought resistant plant species are able to modify their mor-
phology and metabolism in order to survive drought periods and to restore 
normal functioning after the stress cessation (Dos Reis et al. 2012). Among plant 
reactions to water deficit, associated with drought resistance, several different 
strategies can be specified: 1) drought escape, which relies on the synchroniza-
tion of plant life cycle with the seasonal drought, and the termination of plant 
 vegetative growth before stress conditions occur, 2) drought avoidance, respon-
sible for rearrangements in plant morphology as well as in cellular metabolism 
(e.g., development of deeper root systems, stomatal closure, and leaf rolling) to 
avoid/reduce water deficit in plant organs and tissues, especially during prolonged 
stress conditions, 3) drought tolerance, associated with the induction of remod-
eling of cellular metabolism to reduce cellular damage, caused by water deficit 
in plant tissues, usually under short-term but severe periods of drought, and 4) 
drought recovery, which determines the plant capacity to regenerate metabolism 
after the stress cessation (McCue and Hanson 1990). Under short-term drought, 
the plant’s ability to tolerate stress conditions plays the most significant role, since 
it allows maintenance of the photosynthetic reactions in plant tissues, mainly in 
leaves. To accomplish this aim, the plant needs to maintain the cellular homeo-
stasis during the absence of sufficient water supply. This can be achieved by a 
remodeling of cellular biochemistry, including the fixation of membrane lipid 
composition in order to reduce damage of cellular membranes and to maintain 
their functions (Yu and Li 2014), or by a synthesis of several, different in origin, 
chemical compounds, such as: specific sugars, alcohols, or amino acids, which 
can increase cell osmotic potential, protecting cellular environment from a de-
hydration and maintaining the activities of enzymes (Yancey 2005). However, 
during prolonged water limitations, those modifications in plant metabolism 
are not enough to keep the plant alive; thus, other adjustments are required to 
adapt plants to these adverse environmental conditions including morphology 
and metabolism of plant root system (Farooq et al. 2009). Very often, even the 
development of deep and extensive root system is not sufficient to supply the 
plant with water and severe damage or even death can occur. Some plant species 
have developed the ability to efficiently regenerate their damaged tissues or to 
re-grow new organs after stress cessation.

Grass species from Lolium (ryegrass) and Festuca (fescue) genera, often 
named as the Lolium-Festuca complex, are the most important forage grasses, 
cultivated in the temperate climate zone. These grass species are characterized by 
numerous complementary agronomic traits (Thomas and Humphreys 1991). For 
example, L. multiforum Lam. (Italian ryegrass), one of the most important forage 
grass species cultivated in Europe, is characterized by a high forage quality and 
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productivity under comfortable growing conditions, but also by a low resistance 
to environmental stresses, such as water deficit, low temperature, or soil salin-
ity (Humphreys and Thomas 1993). On the other hand, F. arundinacea Schreb. 
(tall fescue) has the ability to avoid water deficit conditions, possessing a high 
potential for developing a deep and extensive root system (drought avoidance 
strategy). This species is able to tolerate water deficit conditions, reprogramming 
its cellular metabolism in different organs, including leaves (drought tolerance 
strategy). However, F. arundinacea is not as good as L. multiflorum in terms of 
forage quality and productivity under comfortable environment conditions (opti-
mal air temperature and soil hydration) (Humphreys and Thomas 1993, Kosmala 
et al. 2012). Interestingly, L. multiflorum (2n = 4x = 28) and F. arundinacea (2n 
= 6x = 42) can be crossed with each other to create partially fertile F1 pentaploid 
(2n = 5x = 35) F. arundinacea × L. multiflorum hybrids. This phenomenon gives 
a possibility to transfer of different components of drought resistance from F. 
arundinacea to L. multiflorum by backcrossing of pentaploid hybrid to diploid 
or tetraploid cultivars of L. multiflorum, and to dissect drought resistance to its 
different components, present in different introgression forms (Perlikowski et 
al. 2014, 2016a,b 2019).

In this review, we demonstrate the results of the research, performed during 
the last few years by our scientific team, on two tetraploid L. multiflorum/F. arun-
dinacea introgression lines, BC4-INT-40 (primary named as 4/10) and BC4-
INT-66 (primary named as 7/6), with respect to their ability to express different 
strategies of drought resistance, depending on the environmental conditions of 
growth.

Drought avoidance is a crucial survival strategy during 
mild and prolonged periods of water deficit particularly in 
conditions, which do not limit a development of plant roots

Plants growing under comfortable field conditions are usually not limited by 
the soil area to produce an extensive root system to supply the photosynthetic 
organs with sufficient amounts of water. However, under prolonged drought, a 
decreasing soil water potential influences firstly the roots and can stimulate root 
elongation growth in order to search water source in deeper soil layers, which 
is the most important attribute of drought avoidance strategies (Verslues et al. 
2006). Thus, simulated field conditions seem to be perfect to analyze a plant’s po-
tential for drought avoidance. One possible approach is the subjection of plants 
to grow under ‘rainout shelters’, which successively protect the experimental area 
from rainfall and simultaneously do not affect other environmental parameters, 
such as air temperature (Perlikowski et al. 2014). However, it is rather difficult to 
analyze the parameters associated with root development under field conditions. 
Thus, experiments under ‘rainout shelters’ are usually used to select plants with 
respect to their capacity to avoid drought, but the root systems of the selected 
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plants are further analyzed using different experimental strategies, e.g., a system 
of tubes filled with soil placed in a phytotron or a glasshouse.

Experiments in the field: In the first step of our research, a plant selection with 
respect to drought resistance was performed. Population of 35 randomly selected 
BC4 tetraploid L. multiflorum/F. arundinacea introgression forms were subjected 
to 14 weeks of progressive water deficit conditions under ‘rainout shelters’, fol-
lowed by two weeks of re-watering (Perlikowski et al. 2014). Clones of each 
genotype were divided between three ‘rainout shelters’ with simulated drought 
conditions and one ‘irrigated shelter’ in the field. Plants were evaluated according 
to four traits: bonitation, dry and fresh matter mass, and re-growth after cut at 
four time-points: before drought initiation, after 4, 10, 14 weeks of drought, and 
2 weeks after initiation of re-watering. Under water deficit conditions, the BC4-
INT-40 form revealed the best yield with respect to its dry and fresh biomass. 
The values of yield parameters for this introgression form were comparable to 
the values revealed for control plants under non-stress conditions. On the other 
hand, the BC4-INT-66 form demonstrated a significantly lower yield under water 
deficit conditions, compared to the control conditions, and to the BC4-INT-40 
form under drought period. Interestingly, the dry and fresh biomass of BC4-
INT-66 form were even higher under control conditions, compared with the 
BC4-INT-40 form (Perlikowski et al. 2014). Thus, we hypothesized that drought 
avoidance could be the main survival strategy under analyzed environmental 
conditions in the BC4-INT-40 form. However, the other components of drought 
resistance could be also important for this introgression form. Furthermore, 
we also hypothesized that the BC4-INT-40 form was able to produce a deeper 
and more extensive root system under prolonged conditions of water deficit, 
which was the main trait responsible for the capacity of drought avoidance in 
this introgression form. To prove these hypotheses we performed another sets 
of experiments on the selected plants, using ‘a pot system’ to evaluate drought 
tolerance and ‘a tube system’ to evaluate drought avoidance under simulated 
water deficit in the analyzed plants. Although, the experiments in pots were 
performed following the field study (Perlikowski et al. 2014), we decided in this 
review to discuss first the later work performed in tubes (Perlikowski et al. 2019).

Experiments in a 'tube system': For more detailed evaluation of root morphol-
ogy and metabolism under water deficit conditions, a tube system was shown to 
be more suitable, since it allowed an extensive root growth and simultaneously an 
easier extraction of intact roots from soil for further biochemical and molecular 
analyses (Perlikowski et al. 2019). In this approach, the selected introgression 
forms, BC4-INT-40 and BC4-INT-66, were subjected to progressive water deficit 
for 64 d followed by 14 d of re-watering, to analyze the contribution of their root 
systems in a different capacity of drought avoidance (Perlikowski et al. 2014). 
Multiple clones of each genotype were planted into separate 1 m long tubes filled 
with the mixture of sand and Vermiculite and watered for 28 d with Long-Ashton 
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(Garczyński and Garczyńska 2007) nutrient solution. After that, watering was 
stopped in half of the tubes and plants were subjected for progressive water 
deficit, other half of the plants (controls) were watered until end of experiment. 
The plants were grown in the greenhouse under natural irradiance and photo-
period, day/night temperatures ~25/~17 ºC, and a ~60 % air humidity. Roots 
and leaves were collected at five time-points of experiment: 1 d before drought, 
after 7, 21, and 64 d of drought, and 14 d after re-watering. We analyzed: root 
and leaf morphological parameters, leaf relative water content (RWC), water 
content, electrolyte leakage, gas exchange, chlorophyll fluorescence, hormones 
accumulation, and root metabolism (accumulation of primary metabolites and 
membrane lipids). The progression of drought was relatively gradual, to allow 
the plants to adapt for changing environmental conditions in tubes. Moreover, 
after 64 d of water deficit, the water was still accessible to be extracted by roots 
from the bottom of the tubes.

Under given conditions, morphology of shoots and roots was disturbed by 
the stress conditions, in both analyzed introgression forms, however, clear dif-
ferences were observed between the BC4-INT-40 and BC4-INT-66 forms. The 
most important difference was associated with the morphological characteristics 
of the root system, which, in our opinion, had a significant influence on the 
physiological parameters. The BC4-INT-40 form, starting from the 21st day of 
water deficit, was characterized by a significantly better development of the roots, 
including higher number, dry mass, and average length of roots, compared with 
the BC4-INT-66 form. Furthermore, the maximum root length reached almost 
the maximum capacity of the tubes after 64 d of water deficit, and the most 
distant roots were characterized by the presence of short root tip hairs, which 
might improve water uptake, only in the BC4-INT-40 form (Fig. 1a). Also, me-
tabolism of the root cells changed during the experiment and clear differences 
between the analyzed introgression forms were observed. A significantly higher 
accumulation of sucrose and glucose was noticed in the form BC4-INT-40 on 
the 64th day of water deficit, and this phenomenon could have been associated 
with the reposition of energy resources to the roots and might have a significant 
impact on the higher capacity of this introgression form to develop roots (Fig. 
1b). Moreover, the highly accumulated saccharides together with a higher ac-
cumulation of proline in roots of the BC4-INT-40 form on the 64th day of water 
deficit, could also decrease the root osmotic potential, thereby increasing the 
root capacity to water uptake (Fig. 1c) (Perlikowski et al. 2019). A better root 
performance under drought conditions in the BC4-INT-40 form could have been 
also related to the early remodeling of root membrane lipids, which consequently 
could have had a significant impact on a higher stability of root membranes in 
a dehydrated state, resulting in a better root functioning under such the condi-
tions (Fig. 1d). These differences in the root parameters observed between the 
analyzed introgression forms influenced significantly the functioning of above-
ground parts of plants, and had the reflection in the differences in the physiologi-
cal parameters, describing performance of shoots in two analyzed introgression 
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Fig. 1. A comprehensive scheme of reactions in analyzed introgression forms in response to water deficit 
conditions: a – a more intensive root growth of the BC4-INT-40 form improves water uptake under drought 
conditions (Perlikowski et al. 2019); b – a reposition of saccharides to roots in the BC4-INT-40 form under 
drought influences root development (Perlikowski et al. 2019); c – accumulated osmoprotectants decrease 
osmotic potential of roots in the BC4-INT-40 form (Perlikowski et al. 2019); d – an early remodeling a root 
membrane lipidome enhances root functioning under drought in the BC4-INT-40 form (Perlikowski et al. 
2019); e – an increased water uptake in the BC4-INT-40 form has a positive impact on shoot growth under 
drought (Perlikowski et al. 2019); f – an improved stress signaling and a higher abscisic acid content in 
the BC4-INT-40 form under drought influence root lipid composition (Perlikowski et al. 2019); g – stable 
amounts of auxins and cytokinins in the BC4-INT-40 form are responsible for growth and morphological 
modifications of roots and shoots under drought (Perlikowski et al. 2019); h – a higher efficiency of 
the Calvin cycle in the BC4-INT-66 form under drought is associated with a higher CO2 assimilation rate 
(Perlikowski et al. 2014); i – the BC4-INT-66 form with a higher photosynthetic rate accumulates higher 
amounts of primary metabolites (Perlikowski et al. 2016a); j – a higher carbon assimilation rate in the 
BC4-INT-66 form has also an impact on lipid metabolism and accumulation of triacylglycerol (TAG) lipids 
under drought (Perlikowski et al. 2016b); k – an early remodeling a leaf membrane lipidome and a more 
intensive accumulation of osmoprotectants in leaves of the BC4-INT-40 form under drought are associated 
with efficient stress signaling (Perlikowski et al. 2016a,b); l – the regeneration ability of the BC4-INT-40 form 
has a significant impact on re-growth capacity after stress cessations (Perlikowski et al. 2014); m – a higher 
accumulation of primary metabolites in roots after re-watering enhances a new root development in the 
BC4-INT-40 form (Perlikowski et al. 2019); n – a new root production could be at least partially associated 
with more efficient signaling in the BC4-INT-40 form (Perlikowski et al. 2016b, 2019); o – new roots increase 
water uptake and photosynthetic capacity of the BC4-INT-40 form during recovery (Perlikowski et al. 2019); 
p – an enhanced photosynthesis of the BC4-INT-40 form after re-watering has a positive impact on re-growth 
capacity (Perlikowski et al. 2014); q – a higher membrane regeneration capacity of the BC4-INT-40 form after 
stress cessation is associated with accumulation of osmoprotectants (Perlikowski et al. 2016a); r – an 
enhanced signaling the environmental changes might be responsible for faster membrane lipid remodeling 
and regeneration ability in the BC4-INT-40 form (Perlikowski et al. 2016b).
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forms. Thus, the introgression form BC4-INT-40 also had lower leaf membrane 
damage under drought conditions and higher shoot biomass, compared to the 
BC4-INT-66 form (Fig. 1a,e). It has been already recognized that the shoot and 
root growth parameters are under hormonal control, since abscisic acid (ABA) 
accumulation was proved to significantly inhibit shoot growth and stimulate root 
development under water deficit conditions (Kang and Zhang 2004, Alvarez et al. 
2008). Simultaneously, drought was shown to have a negative impact on the accu-
mulation of other plant hormones including auxins and cytokinins (Schachtman 
and Goodger 2008). Both introgression forms, BC4-INT-40 and BC4-INT-66, 
exhibited a similar increase of ABA content during progression of water deficit, 
but the BC4-INT-40 revealed a slightly higher accumulation of ABA in leaves on 
the 64th day of water deficit which might influence root lipid remodeling in this 
form (Fig. 1f) (Golldack et al. 2014). The accumulation of auxins and cytokinins 
could be also important for increased shoot and root development in BC4-INT-40 
form (Fig. 1g) since in roots, zeatine and indole-3-acetic acid content was stable 
compared to control and leaves; indole-3-acetic acid content even increased 
under drought, however, not all the observed differences among the analyzed 
introgression forms were statistically significant (Perlikowski et al. 2019).

To sum up this part of our review, we conclude that by the applying ‘a tube 
system’ to simulate drought conditions, we succeeded to prove that two analyzed 
introgression forms, BC4-INT-40 and BC4-INT-66, selected in the field condi-
tions as plants with a different capacity to avoid drought, had in fact, a different 
capacity to develop deep and extensive roots under prolonged drought condi-
tions. This differentially expressed drought avoidance strategy was also, at least 
partially, associated with differences in root metabolism, observed between the 
analyzed introgression forms.

Drought tolerance can be a crucial survival strategy 
during short-term but severe water deficit especially 
when plant root development is limited

The research on plant drought tolerance is usually focused on leaf physiology 
and metabolism under stress conditions, when plants are subjected to simulated, 
severe water deficit in pots with limited root growth and development. In such 
conditions, the amount of water used by plants is strictly controlled. Soil water 
deficit, which strongly affects water content in leaves, results in their wilting in a 
relatively short time. Usually, this type of stress is lethal for plants during longer 
periods of stress duration. Thus, to evaluate the potential of drought tolerance for 
the BC4-INT-40 and BC4-INT-66 forms, with respect to their leaf metabolism, 
the previously selected plants were subjected to short-term drought treatment 
(Perlikowski et al. 2014). Clones of each genotype were transferred to 1.75-dm3 

pots with exact amount of soil. Pots were weighted and equalized during the 
whole experiment to maintain the same level of soil humidity between the clones 
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and genotypes. This trail was performed under controlled phytotron conditions 
with a day/night temperatures of 22/17 ºC, 16-h photoperiod, an irradiance of 
200 µmol m-2 s-1, and a 30 % air humidity. The experiment lasted for 21 d and was 
divided into 11 d of drought and 10 d of re-watering. All the measurements were 
performed at the same time of day at five selected time-points: before drought, 
after 3, 6, and 11  d of drought and 10 d after re-watering. During this trial we 
analyzed: RWC, water content, electrolyte leakage, gas exchange, chlorophyll 
fluorescence, and accumulation of proteins, primary metabolites, and membrane 
lipids.

During these studies, we focused on the performance of photosynthesis, 
which was proved to be very sensitive to water deficit conditions (Munns 2002). 
The inhibitory effect of severe drought on photosynthesis may be associated 
either with the low availability of CO2, resulting from reduction of gas diffusion 
through stomata (stomatal regulations), and from reduction of carbon metabo-
lism (non-stomatal regulations) (Flexas et al. 2004, Flexas and Medrano 2001). 
Metabolic limitations of carbon metabolism under drought stress can be related 
mainly to the inhibition, or at least, to the reduced activity of essential enzymes 
of the Calvin cycle, responsible for CO2 assimilation (Ma et al. 2008, Lawlor 
2009, Uematsu et al. 2012).

There were no significant differences between the BC4-INT-40 and 
BC4-INT-66 forms, with respect to their leaf RWC and to membrane damage on 
the 11th day of water deficit in pots. The RWC and membrane integrity similarly 
decreased in both introgression forms. On the other hand, the BC4-INT-66 form 
was characterized by a higher CO2 assimilation rate on the 11th day of water defi-
cit, compared to the BC4-INT-40 form. Interestingly, both introgression forms 
decreased similarly stomatal conductance under water deficit, which consequent-
ly resulted in a reduction of transpiration rate in these plants compared with the 
controls. However, with the same stomatal conductance, the form BC4-INT-66 
was also characterized by a higher CO2 assimilation rate (Perlikowski et al. 2014), 
associated to a high probability with a higher efficiency of the Calvin cycle in this 
form (Fig. 1h). In fact, our further comprehensive proteomic study revealed that 
the BC4-INT-66 form demonstrated a higher accumulation and activity of chlo-
roplast fructose 1,6 bisphosphate aldolase under drought and control conditions 
(Perlikowski et al. 2014, 2016a). Photosynthesis is the main source of compounds 
required for synthesis of sugars, amino acids, and others important for plant 
growth and development (Dolferus 2014). Thus, the reduction of photosynthesis 
reflects in inhibition of growth, biomass production, and metabolite accumula-
tion (Chaves et al. 2010). The introgression form BC4-INT-66, with a higher 
photosynthetic efficiency under drought conditions, was simultaneously char-
acterized by a significantly higher accumulation of several primary metabolites, 
including glucose in leaves (Fig. 1i) (Perlikowski et al. 2016a). Moreover, also a 
higher accumulation of triacylglycerol lipids was found in the BC4-INT-66 form 
during drought period (Perlikowski et al. 2016b). Triacylglycerol lipids can act as 
energy storage compounds in forage grasses and their higher accumulation might 
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be associated with a higher photosynthetic activity observed in the BC4-INT-66 
form (Perlikowski et al. 2014, 2016a,b). On the other hand, we also recognized 
that BC4-INT-40 form in short-term drought conditions was characterized by 
a significantly faster response to water deficit by remodeling of the leaf mem-
brane lipids composition and accumulating higher amounts of osmoprotectants 
(Fig. 1k) (Perlikowski et al. 2016a,b); those reactions are under control of ABA 
(Golldack et al. 2014). This might indicate a better stress signaling in this form 
which was also supported by a faster response of root development observed in 
the BC4-INT-40 form in tubes trial (Perlikowski et al. 2019).

To sum up this part of our review, we conclude that in the environment 
with a limited space for root development, two analyzed introgression forms 
selected earlier in the field conditions, BC4-INT-40 and BC4-INT-66, revealed a 
similar rate of tissue dehydration and cellular membrane damage. However, the 
efficiency of photosynthesis in the BC4-INT-66 form was higher under drought 
conditions, due to a higher efficiency of the Calvin cycle, associated with a higher 
accumulation and activity of chloroplast aldolase. This phenomenon was accom-
panied by a higher accumulation of some primary metabolites and storage lipids 
in the BC4-INT-66 form. On the other hand, all results presented in the set of 
our papers (Perlikowski et al. 2014, 2016a,b, 2019) revealed that the strategy of 
drought tolerance could not be as crucial to survive prolonged drought condi-
tions in the field compared to drought avoidance.

Regeneration of cellular metabolism and plant recovery 
after stress cessation are associated with both drought 
avoidance and drought tolerance strategies

A regeneration of plant metabolism after the cessation of stress conditions refers 
mainly to the plant’s ability to restore growth capacity and fresh biomass pro-
duction (Luo 2010). The ability of the selected introgression forms, BC4-INT-40 
and the BC4-INT-66, to recover was analyzed in all experimental conditions 
described earlier – in the field (Perlikowski et al. 2014), in tubes (Perlikowski 
et al. 2019), and in pots (Perlikowski et al. 2014, 2016 a,b).

After 14 weeks of drought under the ’rainout shelters’ in the field, both in-
trogression forms differed significantly in the parameter of re-growth after sub-
sequent re-watering (Fig. 1l). The BC4-INT-40 form revealed excellent and the 
BC4-INT-66 poor yield (Perlikowski et al. 2014). Resumption of watering had 
also a significant impact on regeneration of plant metabolism after 64 d of pro-
gressive drought in the tube system. Clear differences were observed between 
the BC4-INT-40 and the BC4-INT-66 introgression forms. After the stress cessa-
tion, the introgression form BC4-INT-40 was characterized by a higher capacity 
to repair biological membranes (Perlikowski et al. 2014) and intensive new root 
development (Perlikowski et al. 2019). This trait might be associated with observed 
accumulation of primary metabolites in the root tissues after re-watering (Fig. 1m) 
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(Perlikowski et al. 2019) and more efficient signaling in this genotype (Fig. 1n). A 
higher number of roots could significantly increase water uptake, which leads to 
increased transpiration and CO2 assimilation rate compared with the BC4-INT-66 
form (Fig. 1o, Perlikowski et al. 2019). A higher photosynthetic rate of BC4-
INT-40 form during recovery might be a reason for better re-growth capacity 
of this form (Fig. 1p) (Perlikowski et al. 2014).

After the stress cessation in pots, both introgression forms increased their 
RWC to the values observed before the initiation of drought stress. However, 
only the BC4-INT-40 form revealed the better ability to regenerate its biological 
membranes after rehydration, compared with the BC4- INT-66 form (Perlikowski 
et al. 2014). This phenomenon could be partially associated with a higher accu-
mulation of proline, melibiose, and galactaric acid on the 11th day of water deficit 
in the BC4-INT-40 form (Fig. 1q) (Perlikowski et al. 2016a). Osmotic regulation is 
considered as one of the most important mechanisms of plant resistance to water 
deficit, and also could play a key role in the plant’s ability to regenerate after stress 
cessation (Fig. 1q) (Morgan 1984). Other cellular alterations potentially involved 
in a greater capacity of BC4-INT-40 form to regenerate after re-watering, and to 
repair damaged cellular membranes, could be associated with membrane lipids 
(Fig. 1r) (Perlikowski et al. 2016b). Most of the chloroplast membrane lipids and 
many extra-chloroplast lipid species, as well as double bond index for most lipid 
classes, revealed a faster response to drought conditions in the BC4-INT-40 form 
compared the BC4-INT-66 form. These lipids started to increase their abundance 
on the third day of stress treatment in the BC4-INT-40 form and this could be 
associated with more efficient stress signaling pathways in that plant (Fig. 1k). 
Furthermore, after re-hydration, the BC4-INT-40 form showed a significant re-
duction of most chloroplast lipids, compared to the 11th d of drought (‘lipidome 
turnover’) (Fig. 1r). An effective stress signaling in the BC4-INT-40 form might 
refer also to a higher phosphatidylinositol and myo-inositol accumulation under 
the control and drought conditions (Perlikowski et al. 2016a,b). Myo-inositol and 
its derivatives are an important source of compounds used during the synthesis 
of a wide spectrum signaling molecules, including phosphatidylinositol (Liu 
et al. 2013, Zhai et al. 2015). Phosphatidylinositol is an important membrane 
component associated with stress signaling and regulation of cell metabolism in 
response to environmental factors, including soil water deficit (Xue et al. 2009).

Summarizing this part of the review, we conclude that the ability of plants to 
recover after stress cessation can significantly improve their capacity of drought 
resistance. This can be achieved by fast regeneration of cell metabolism and 
resumption of photosynthesis, which finally reflects in a higher yield produc-
tion. Thus, with respect to prolonged severe drought conditions, this strategy of 
drought resistance can be crucial for plant survival.
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Prolonged drought stress induced changes in yield 
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Abstract

Water deficit is one of the main environmental factors, and the recognition of plant 
response to drought stress seems to be crucial for the yield improvement of the im-
portant crops. The aim of the study was to investigate the effect of prolonged drought 
stress on dry matter yield, gas exchange parameters, and relative chlorophyll content 
in the leaves of Festulolium braunii and Trifolium repens grown in pure stands and in 
mixture. In the pot experiment, different levels of soil moisture (well-watered condi-
tions and drought stress) and of cultivation method (pure stand and mixture) have 
been applied. The study has shown that all measured parameters were affected by 
drought stress. Dry mass yield, net photosynthetic rate (PN), transpiration rate (E), and 
stomatal conductance were significantly lower under drought stress than under well-
watered conditions in all treatment types. T. repens showed the strongest response 
to stress, whereas F. braunii the weakest when both those species were grown in the 
pure stand. Under drought conditions, the yield of the mixture was similar to that of 
F. braunii cultivated in the pure stand, and significantly higher than that of T. repens 
cultivated in the pure stand. It was also found that under the stress, PN and E of both 
species in the the mixture was higher than in the pure stand. The highest water use 
efficiency was observed in F. braunii grown in the mixture. Our research shows, that 
in regions with limited rainfall, T. repens is more useful for growing in a mixture with 
F. braunii, than in the pure stand.
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Introduction

The increase in averages of annual air temperature that we have seen in recent 
years has led to a decrease in the amount of rain and snow, which leads to a 
deepening of the water deficit, especially during the summer months. Water 
deficiency in soil affects the metabolism of plants, limits their growth and de-
velopment, and consequently, decreases their yield (Lipiec et al. 2013, Golldack 
et al. 2014, Gray and Brady 2016). According to Lisar et al. (2012) water stress 
can reduce crop yields by up to 50 %. Gerten and Rost (2010) report that 2/3 of 
the world's food production takes place under conditions of water stress. Under 
these conditions for many grassland areas, drought is likely to increase in impor-
tance as a driver of future grassland community structure (Shinoda et al. 2010).

Trifolium repens is one of the most important small-seeded legumes in the 
world (Frame and Newbould 1986). It is the most important forage legume 
in the temperate zone and its cultivation can contribute to a more sustainable 
production system, because it replaces N mineral fertilization, whose manu-
facturing and transport cause pollution and consume fossil energy (Elgersma 
and Schlepers 1997). It is widely used on pasture land in different climatic con-
ditions and soils, showing high ecological plasticity. An important ecological 
factor limiting the share and yield of T. repens in the sward is its sensitivity to 
long-term drought (Stypiński 1991, Annicchiarico and Piano 2004). This is due 
to the specificity of the root system, because 80 % of its mass is located in the 
0–20 cm layer, which dries easily. Under drought conditions, the production 
of new roots and hairs is also limited (Caradus 1990). Under water deficit con-
ditions, a considerable weakening of Rhizobium activity and worse symbiotic 
nitrogen fixation, have been observed (Murphy 1988). Legume-grass mixtures 
are less sensitive to unfavorable environmental conditions, due to differences 
in the structure of root systems and different environmental requirements of 
individual components. They have better yield, which is extremely important for 
the management of permanent grassland. Serajchi et al. (2017) reported, that an 
ideal forage mixture composed of grasses and legumes has the potential to adopt 
to a greater range of environmental conditions and may provide a more reliable 
forage yield with nutritional quality under different environmental conditions. 
Moreover, in forage mixture, legumes provide N to accompanying grass through 
atmospheric N fixation, which reduces N fertilizer requirements (Franche et al. 
2009). According to Wilkins et al. (1998), the widespread use of small-seeded 
legumes in feed production in the northern part of the European Union will 
allow saving fertilizers.

The cultivation of legume-grass mixtures, which are a valuable source of 
protein in animal nutrition and enable the production of fodder under condi-
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tions of low N fertilization, is particularly important under sustainable farming. 
A major role in this respect is attributed to T. repens, which gives a high yield 
in the mixture with Festulolium braunii giving high quality fodder (Olszewska 
2008). F. braunii is an intergeneric hybrid formed from Festuca pratensis and 
Lolium multiflorum. It is characterized by a high yield potential, similar to L. 
multiflorum, and its more developed root system contributes to better durabil-
ity and wintering, similar to F. pratensis (Šimkūnas et al. 2009, Østrem et al. 
2013). However, studies on the cultivation of T. repens in the mixture with F. 
braunii are scarce and require further investigation, especially under drought 
stress conditions. It is known that hybrids can be a valuable source of variability 
for increasing resistance to abiotic and biotic stresses (Perlikowski et al. 2014, 
2019). According to Saeidnia et al. (2017), conducting research on the tolerance 
of crops to water stress based on the reduction of dry matter yield under drought 
conditions compared to optimal conditions is of great diagnostic value, especially 
in the context of breeding programs.

Photosynthetic apparatus is the most stress-sensitive and is the first respond-
ing to any changes in the environment (Fang and Xiong 2015). The gas exchange 
rate depends on many environmental factors such as: irradiance, temperature, 
O2 and CO2 concentrations, water availability, and also on a number of internal 
factors such as: leaf structure, chlorophyll content, accumulation of photosyn-
thetic products, enzyme activities, mineral supply, or physiological age of leaves 
(Kalaji and Łoboda 2010). It generally differs also in different development stages, 
beeing the highest during the flowering period and the lowest during seed de-
velopment. Drought has an inhibitory effect on photosynthesis and this may be 
associated with low CO2 availability, due to the limitation of its diffusion through 
the stomata (Flexas and Medrano 2002, Lawlor 2002, Perlikowski et al. 2016). The 
first symptoms of wilting usually appear in older leaves, where photosynthesis is 
reduced and translocation of assimilates is inhibited (Akhtar and Nazir 2013). 
According to Kacperska (2004), inhibition of photosynthesis is one of the plant 
dysfunctions that has a high diagnostic value and can be a way of assessing the 
plant's response to stress.

The net photosynthetic rate is closely related to the chlorophyll content in 
leaves (Kura-Hotta et al. 1987, Croft et al. 2017). Kozłowski et al. (2001) reported 
that chlorophyll can be also considered an indicator of the annual grass yield 
and grass regrowth, because there is a positive correlation between its content 
in grass leaf blades and dry matter yield. The content of this pigment in leaves is 
a characteristic feature of species and even of the cultivar, but also depends on 
many external factors such as: type of soil, weather conditions, and availability 
of nutrients (Loka et al. 2018).

This research was conducted to investigate the effect of prolonged drought 
stress on dry matter yield, gas exchange parameters, and relative chlorophyll 
content of T. repens and F. braunii grown in pure stands and in mixture.
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Materials and methods

Plants and growth conditions: Pot experiment was conducted in the greenhouse 
of the Institute of Soil Science and Plant Cultivation – State Research Institute in 
Puławy, in Poland [51° 24' 59" N, 21° 58' 9" E]. The experiment was conducted 
by completely randomized block method, in four replications. Festulolium brau-
nii (K. Richt. A. Camus) cv. Felopa (FB) and Trifolium repens (L.) cv. Romena 
(TR) were grown in pure stands and in the mixture (50 % FB + 50 % TR) (MX). 
Seeds were sown in Mitcherlich pots containing 7 kg of soil. For all treatments, 
20 seeds were planted and following emergence plants were thinned to 8 per pot 
(in mixture – 4 FB and 4 TR). Pots were filled with light silty loam (0–30 cm) 
mixed with sand in 5:2 ratio. The content of available nutrients was as follows 
(mg per 100 g soil): P – 24.8, K – 14.2 and Mg – 2.2, soil pH in 1 mol KCl was 
7.4. Plants were fertilized at doses (g∙pot-1): 0.5 N, 1.0 P, 1.5 K, and 0.5 Mg in the 
form of solutions: NH4NO3, KH2PO4, K2SO4, and MgSO4 · 7 H2O before sowing 
and 0.5 N after each cutting of grass in pure stand and half of this dose after 
each cutting of mixture. Trifolium repens in the pure stand was not fertilized by 
nitrogen (except for the start dose). The K dose was divided into two parts; one 
part was used in spring and the other after second cut. In each year, microele-
ments nutrient solution was applied in spring.

Water treatment began 8 weeks after sowing (first year), and in the second 
and third year of growing – 2 weeks after starting of vegetation. There were two 
different irrigation treatments: 70 % field water capacity (FWC) as well-watered 
conditions and 40 % FWC as a drought stress. The capillary capacity of the soil 
was determined in Vanschaffe cylinders. The water treatments were stopped after 
last cut and plants were watered as needed. The pots were outside during day 
and during night and rain they were inside the greenhouse.

Methods and measurements: Gas exchange parameters: net photosynthetic rate 
(PN), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 
concentration (ci) were measured three times in the first year and four times in 
the second and third year of growing. Water use efficiency (WUE) was calcu-
lated as a ratio of light saturated PN to E (PN/E). These parameters (PN, E, gs, ci) 
were measured one day before each cut with the CIRAS-2 Portable Photosynthe-
sis System (PP Systems Internatinal, Amesbury, MA, USA). Leaf gas exchange 
parameters were measured between 7:00–11:00, on the young, fully exposed 
leaves in six replications, operating at 390 µmol mol-1 ambient CO2 concentra-
tion, an irradiance of 1 000–1 200 μmol m-2 s-1 of photosynthetic active radiation, 
a temperature of 17–25 °C, a chamber flow rate of 200 ml min-1, and a relative 
humidity of 50 %. Relative chlorophyll content (SPAD index) was measured in 
the same scheme as gas exchange parameters with a SPAD 502 (Minolta, Tokyo, 
Japan) chlorophyll meter in four replications. This device measures the difference 
between light absorption at wavelength of 650 and 940 nm, and the quotient 
of these values is presented as leaf greenness, i.e. indexed chlorophyll content 
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(Blackmer and Schepers 1994). The result is given in the SPAD (Soil and Plant 
Analysis Development) units in the range from 0 to 800. Measurements were 
taken at weekly intervals throughout the growing season of the plants (30 leaves 
were measured in each pot).

Plant material was collected three times during the first growing season, 
and four times during second and third vegetation year. Harvest was carried 
out at the beginning of T. repens flowering. Dry matter was obtained by drying 
samples in a ventilated oven at 70 oC until constant mass. Dry mass yield (DMY) 
and agricultural drought index (YR) were evaluated. The YR determining yield 
reductions due to water shortage in the soil, was calculated according to the 
formula (Łabędzki 2006): YR = 1 – (Yre/Yp), where Yre is the yield reduced due 
to soil water deficit, and Yp is the potential yield under optimal soil moisture.

Statistical analysis: The presented data are the mean values from the years 2012–
2014, as a result of the similar reaction of the plants examined to different soil 
moisture and cultivation method uncovered during three year study. The results 
were statistically analyzed with the use of the analysis of variance (ANOVA) 
for the completely randomized design, using Statistica v.10.0 software. Tukey’s 
multiple comparison test was used to compare differences between the means for 
main effects (factors: water regime and treatment), whereas confidence intervals 
for the means of least significant difference (α = 0.05) were used to compare 
means from subclasses (interactions).

Results

The effect of the main factors, such as water regimes (W) and treatments (T) as 
well as the interaction W×T, on dry mass yield (DMY) was significant (P < 0.05) 
in all years (Table 1). Drought stress resulted in a significant decrease in the 
annual DMY of the tested plants in all years of the study and total yields, as 
compared to well-watered conditions, regardless of the species and cultivation 
method (Table 1). The highest yield reduction occurred in the first year of grow-
ing season (by 35.1 %), lower in the second year (by 26.5 %), and the lowest in 
the third year (by 17.2 %). The most drought sensitive was T. repens cultivated in 
pure stand, which showed the highest DMY decrease under drought conditions 
(in subsequent years by 47.7, 47.8, and 32.0 %, respectively, total yield by 41.9 %) 
(Fig. 1). Cultivation of T. repens in a mixture with F. braunii contributed to a sig-
nificantly lower DMY reduction under stress conditions (by 37.8, 23.8, and 3.4 % 
respectively, total yield by 24.8 %). The most resistant to drought was F. braunii 
cultivated in pure stand, which only in the third year of growing season showed 
a significant decrease in DMY under soil water deficit (by 12.3 %). Fig. 2 shows a 
comparison of biomass of T. repens, F. braunii, and mixtures under well-watered 
conditions and drought stress in the third year of growing. Taking into account 
the total DMY for the three-year period, T. repens cultivated in pure stand under 
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well-watered conditions gave the highest yields, and under drought stress the 
lowest. The DMY of F. braunii cultivated in pure stand and DMY of mixture 
were similar and significantly higher than DMY of T. repens in pure stand under 
water stress. The reduction of DMY of T. repens and F. braunii, expressed by the 
agricultural drought index, remained within the limits from 0.104 to 0.477 in 
the first year, from 0.065 to 0.478 in the second, and from 0.034 to 0.320 in the 
third year of growing (Fig. 3). The highest values of YR index in all years were 
found in pure stand of T. repens, while the lowest in F. braunii in the first and 
second year, and in the mixture in the third year of growing.

An important factor affecting the yield of plants is their gas exchange. The soil 
water deficiency caused significant decrease in PN, E, gs, ci, in average by 6.1, 10.9, 
19.7, and 5.4 % respectively, regardless of the species and cultivation method 
(Table 2). Moreover, T. repens exhibited significantly higher PN, E, and gs than F. 
braunii, irrespective of soil moisture and cultivation method. T. repens showed 
the highest PN under well-watered conditions, regardless of the cultivation meth-
od, but under drought conditions, its PN was significantly higher when cultivated 
in mixture (Fig. 4A). F. braunii showed significantly higher PN when grown in a 
mixture both in well-watered conditions and during drought stress. The lowest 
PN in both T. repens and F. braunii cultivated in pure stand, regardless of the water 
conditions, was observed in the first year of growing – 8.5 and 6.6 μmol(CO2) 
m-2 s-1, respectively, higher in the second year – 10.8 and 8.4 μmol(CO2) m-2 s-1, 
and the highest in the third year – 15.0 and 12.2 μmol(CO2) m-2 s-1. The soil 
moisture did not significantly affect E of T. repens and F. braunii grown in pure 
stands, but significantly reduced it when these species were grown in a mixture 

Table 1. Mean values of dry mass yield (DMY) [g pot-1] as affected by water regime (W) and cultivation 
method (a pure stand or a mixture, T). WW – average DMY of tested plants (regardless of species and 
cultivation method) under well-watered conditions, DS – average DMY of tested plants (regardless of 
species and cultivation method) under drought stress, TR – Trifolium repens, FB – Festulolium braunii, MX 
– mixture, first year – sum of three cuts, second and third year – sum of four cuts, total DMY – sum of three 
years. Means ± SDs, n = 4. Different letters indicate significant difference according to Tukey’s test, P < 0.05.

Water regime (W) DMY first year DMY second year DMY third year Total DMY 

WW   57.8  ± 12.6b 83.5 ±  8.1b 77.2 ± 17.0b 218.5 ± 21.5b
DS   37.5  ±   4.0a 61.4 ± 13.8a 63.9 ± 10.4a 162.7 ± 19.5a

Treatment (T)

TR   51.7 ± 17.8b 64.0 ± 22.5a 74.5 ±   7.6b 190.2 ± 55.4a
FB   39.3 ±   2.7a 74.5 ±   5.1b 73.0 ± 16.3ab 186.7 ± 11.8a
MX   51.9 ± 13.5b 78.9 ± 12.5b 64.2 ±   8.7a 194.9 ± 29.3a

ANOVA summary F-ratio P F-ratio P F-ratio P F-ratio P

W 171.66 0.000 78.35 0.000 24.03 0.000 161.29 0.000
T   28.98 0.000 12.42 0.000 27.00 0.000     1.32 0.292
W×T   29.04 0.000 16.43 0.000   5.53 0.013   28.22 0.000
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Fig. 1. The decrease of dry matter yield of Trifolium repens and Festulolium braunii grown in a pure stand 
and in a mixture under different water regimes. TR – T. repens in pure stand, FB – F. braunii in pure stand, 
MX – mixture; first year – sum of three cuts, second and third year – sum of four cuts. Means ± SDs, n = 4; 
different letters represent significant differences among treatments (Tukey’s test, P < 0.05).

Fig. 2. Trifolium repens (A), Festulolum braunii (B), and their mixture (C) under well-watered conditions 
(WW) and drought stress (DS) in the third year of growing.

(Fig. 4B). The highest gs under well-watered conditions was found in T. repens, 
regardless of the cultivation method, and in F. braunii grown in the mixture. 
Under stress conditions, T. repens showed significantly lower values of gs in pure 
stand, while F. braunii exhibited significantly lower gs in mixture (Fig. 4C). The 
water use efficiency under drought conditions was significantly higher only in F. 
braunii grown in a mixture, which proved the most effective water management 
in this type of cultivation (Fig. 4D).
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Fig. 3. Agricultural drought index for Trifolium repens, Festulilum braunii, and their mixture in subsequent 
growing years. TR – T. repens in  a pure stand, FB – F. braunii in a pure stand, MX – mixture.

A significantly higher SPAD index was found in T. repens than in F. brau-
nii, irrespective of cultivation method and soil moisture conditions (Table 2). 
Higher SPAD indexes were also recorded under stress conditions, irrespective of 
the species and cultivation method. However, no interaction between the main 
experimental factors and the SPAD index was detected.

Discussion

Drought stress reduces crop yield, which is a major agricultural problem. The 
growth inhibition of plants is accompanied by reduced export of assimilates from 
leaf blades to other organs and disturbances in their transport and distribution 
(Lu and Zhang 1998). The results of our research confirmed a significant decrease 
in DMY of T. repens and F. braunii in response to water stress, regardless of the 
cultivation method. T. repens growing in pure stand was the most stress-sensitive. 
Cultivation of this species in a mixture contributed to a smaller reduction in 
yield under drought stress, which indicated greater suitability of mixtures for 
cultivation in areas with limited rainfall. Higher yield potential of legume-grass 
mixtures under drought conditions, compared to pure legume stands, has also 
been found in the studies on mixtures of Medicago lupulina with Lolium perenne 
(Küchenmeister et al. 2013), and in the previous studies related to mixtures 
of Medicago×varia with F. braunii (Staniak et al. 2018) and Trifolium pratense 
with F. braunii (Staniak et al. 2019). These studies also showed that legumes and 
F. braunii cultivated in a pure stand and in a mixture have a higher decrease in 
total yield in drought conditions in the first year of growing, than in the second 
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Table 2. Mean values over three years of net photosynthetic rate (PN) [μmol(CO2) m-2 s-1], transpiration rate 
(E) [mmol(H2O) m-2 s-1], stomatal conductance (gs) [mmol(H2O) m-2 s-1], intercellular CO2 concentration (ci) 
[μmol mol-1], water use efficiency (WUE) [μmol(CO2) mmol(H2O)-1], and relative chlorophyll content (SPAD 
index) for different water regimes (W) and cultivation methods (T). WW – average traits of tested plants 
(regardless of species and cultivation method) under well-watered conditions, DS – average traits of tested 
plants (regardless of species and cultivation method) under drought stress, TR-ps – Trifolium repens in pure 
stand, FB-ps – Festulolium braunii in pure stand, TR-mx – T. repens in mixture, FB-mx – F. braunii in mixture. 
Means ± SDs, n = 6. Different letters indicate significant difference according to Tukey’s test, P < 0.05.

Water 
regime (W)

PN E gs ci WUE SPAD

WW 11.18 ± 1.65b   3.12 ± 0.36b 293.5 ± 57.6b 243.2 ±   7.4b 3.81 ± 0.37a 439.6 ± 56.2a
DS 10.15 ± 1.28a   2.78 ± 0.24a 235.6 ± 38.9a 230.1 ± 12.4a 3.92 ± 0.39a 476.7 ± 66.0b

Treatment (T)

TR-ps 11.45 ± 1.07c   3.06 ± 0.27b 275.5 ± 48.1b 234.5 ± 11.9a 3.98 ± 0.36bc 516.8 ± 53.1b
TR-mx 12.31 ± 0.85d   3.16 ± 0.30b 299.8 ± 57.7c 234.8 ± 14.9a 4.17 ± 0.25c 502.1 ± 36.3b
FB-ps   9.05 ± 0.39a   2.75 ± 0.25a 222.1 ± 31.4a 240.9 ± 10.9a 3.41 ± 0.24a 399.2 ± 21.0a
FB-mx   9.85 ± 0.45b   2.83 ± 0.35a 260.8 ± 62.4b 236.3 ± 10.9a 3.91 ± 0.39b 414.5 ± 28.8a

ANOVA 
summary F-ratio P F-ratio P F-ratio P F-ratio P F-ratio P F-ratio P
W 30.27 0.000 23.79 0.000 41.36 0.000 18.10 0.000 1.61 0.211 10.28 0.003
T 94.47 0.000 10.10 0.000 12.53 0.000   0.57 0.641 8.18 0.000 26.81 0.000
W×T   3.78 0.017   2.41 0.049   3.52 0.023   0.97 0.416 2.71 0.050   0.41 0.750

and third year. It is related to the lower photosynthesis in the first year than in 
the following years and probably due to plant adaptation to drought conditions, 
which was confirmed in the current research.

Inhibition of plant growth in dry conditions is a defensive response of the 
plants. A water shortage in the soil reduces the water potential of shoots and 
stimulates the growth of roots. A direct reflection of these reactions in the plant 
is a change in the distribution of assimilates, resulting in a lower yield (Farooq et 
al. 2009, Blum 2011). In our research, the most resistant to long-term stress was F. 
braunii growing in pure stand. Fodder grasses have a more developed and deeper 
root system than T. repens, so their resistance to drought is relatively higher. This 
was revealed by Skinner and Comas (2010) who showed, that drought stress 
significantly increase the proportion of deep roots for grasses, but has no effect 
on the proportion of deep roots for legume. An extensive root system and the 
availability of root distribution at deeper soil layers during drought stress plays 
an important role in the persistence and drought tolerance of plants (Gewin 
2010, Sokolovic et al. 2013). 

The negative effect of drought on the DMY might be due to the key role of 
water in physiological processes, like photosynthetic rate, which affects plant dry 
mass production (Abdalla and El-Khoshiban 2007). Our research showed that 
water stress reduced the PN and E of T. repens and F. braunii, but the cultivation 
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Fig. 4. Mean values over three years of net photosynthetic rate (PN) [μmol(CO2) m-2 s-1], transpiration rate 
(E) [mmol(H2O) m-2 s-1], stomatal conductance (gs) [mmol(H2O) m-2 s-1], and water use efficiency (WUE) 
[μmol(CO2) mmol (H2O)-1] for different water regimes and cultivation methods  of Trifolium repens and 
Festulolium braunii grown in a pure stand and in a mixture. TR-ps – T. repens in pure stand, FB-ps – F. braunii 
in pure stand, TR-mx – T. repens in mixture, FB-mx – F. braunii in mixture. WW – plants growing under well-
water conditions, DS – plants growing under drought stress. Means ± SDs, n = 6; different letters represent 
significant differences among treatments (Tukey’s test, P < 0.05).

method was important. Both species growing in the mixture assimilated CO2 

more intensively and limited transpiration to a more extent than in pure stands. 
Olszewska (2008) demonstrated a higher PN in F. braunii when it was grown in 
mixture with T. repens (by 49 %) and Lotus corniculatus (by 24 %), compared to 
pure stands. Other studies confirmed the negative impact of soil water deficit 
on PN, E, and gs in T. repens (Grieu et al. 1993), T. pratense (Staniak et al. 2019), 
Medicago×varia (Staniak et al. 2018), F. braunii, L. multiflorum, F. pratensis, 
Dactylis glomerata (Staniak and Kocoń 2015). The reduction in PN due to water 
scarcity in the soil is most likely associated with decrease in RuBisCo activity and 
decrease in the the availability of CO2 in the intercellular spaces due to decreased 
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gs (Jones 1998, Lu and Zhang 1998, Hura et al. 2007, Galmes et al. 2011). Stomata 
control the access of CO2 to the mesophyll and the diffusion of water vapour 
between a leaf and an environment and positive correlation between leaf water 
potential and stomatal conductance has been suggested (Hepworth et al. 2015). 
A large reduction in the PN in grasses may also be a result of the increased share 
of photorespiration in the gas exchange, which in dry conditions is one of the 
energy dissipation mechanisms (Flexas and Medrano 2002).

Water use efficiency is often used to describe the relationship between plant 
yield and water consumption, and its magnitude can reflect the ability of plants 
to adapt to arid environments (Peng et al. 2011). It is dependent on the PN and 
E under specific conditions. The highest WUE under drought conditions was 
found in F. braunii cultivated in a mixture, which indicated economical water 
management under unfavorable conditions. Other studies also showed a sig-
nificantly higher WUE in F. braunii growing in the mixture with T. repens and 
L. corniculatus, compared to pure stands (Olszewska 2008). According to Hall 
(1990), a high WUE allows maintaining a high plant yield rate even during 
drought. In turn, Blum (2009) noticed, that WUE is not associated with drought 
resistance, as some species resistant to drought show low WUE, which is associ-
ated with a deeper root system and higher use of water. According to this author, 
the increase in crop yield under drought conditions is closely connected with 
the growth and development of the root system, especially at the beginning of 
the growing season.

The direct use of leaf chlorophyll content has a physiological basis due to the 
inherent dependence of photosynthesis on chlorophyll molecules as the primary 
means of harvesting light energy to drive electron transport reactions (Croft et 
al. 2017, Kosmala et al. 2012). The chlorophyll content in leaves varies among 
species and cultivars, but also depends on soil and climate conditions, availability 
of nutrients, and development stage of plants (Loka et al. 2018). The results of our 
research showed the increase in SPAD index in T. repens and F. braunii under 
drought conditions, which was confirmed by research of other authors indicating 
a similar response of legume plants T. repens, L. corniculatus (Olszewska 2008) 
and fodder grasses F. braunii, D. glomerata, F. pratensis, L. multiflorum (Staniak 
and Kocoń 2015) to drought. Rising chlorophyll content with declining water 
supply may be associated with a decrease in leaf area and an increase in leaf 
thickness and chloroplast density in stressed plants (Dastborhan and Ghassemi-
Golezani 2015). This could be a defensive response to reduce the harmful effects 
of drought stress (Farooq et al. 2009). Increasing chlorophyll content under stress 
condition could help leaves to cope with environmental stress and to compensate 
for any damage that could affect the integrity and function of the photosynthetic 
system.

In summary, our analysis clearly showed that reactions to water deficit, 
including dry matter yield, gas exchange parameters, and relative chlorophyll 
content were different in T. repens and F. braunii. Drought significantly reduced 
DMY, the most in T. repens (by 41.9 % on average in 3 years), less in the mixture 
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(by 24.8 %), and the least in F. braunii (by 9.6 %). Under prolonged drought 
conditions, gas exchange parameters of both tested species were lower than in 
optimally moistened treatments. Higher rate PN and E was shown in both species 
when grown in a mixture than in pure stands. The water use efficiency in F. brau-
nii growing in a mixture was significantly higher in conditions of drought stress 
compared to pure stands, which indicates a greater stability and resistance of this 
species when grown in the mixture. Water deficit in the soil contributed to the 
increase of SPAD index in the tested species regardless of the cultivation method. 
We noticed that in regions with periodic water deficits, T. repens is more suit-
able for cultivation in mixture with F. braunii than in pure stands, due to lower 
yield loss and more effective physiological processes under drought conditions.
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Drought tolerance and regrowth capacity revealed 
in the Festuca-Lolium complex

V. Černoch1 and D. Kopecký2*

Abstract

The climate change appears to have accelerated in recent years, and more changes 
are envisaged in the near future. With this in mind, breeders should consider the 
choices of materials to be used in breeding for the future to potentially mitigate the 
impacts of changes. In forage grasses, a special attention has to be paid to drought 
and heat tolerance. Here, in a screening trial of numerous accessions, we investi-
gated drought tolerance and after-drought recovery rates among the species of the 
Festuca-Lolium complex, including cultivars and breeding materials as well as various 
ecotypes of wild species. Experimental trials were done using rainout shelters during 
three successive years 2017–2019. The most drought tolerant genotypes belonged to 
the species F. glaucescens and F. mairei, followed by F. atlantigena, F. arundinacea, and 
some genotypes of F. pratensis. These genotypes should be considered as suitable 
candidates for intergeneric hybridization with L. multiflorum and L. perenne. Our test 
shows that Festulolium krasanii (L. multiflorum × F. arundinacea) is a good candidate 
to replace pure tall fescue (F. arundinacea) stands. It has the same or similar drought 
tolerance and drought recovery as tall fescue and at least some cultivars are known 
for their high feeding value, unlike tall fescue itself. A large variability for drought 
tolerance and recovery rates in Fl. braunii (the L. multiflorum × F. pratensis hybrid) 
and Fl. loliaceum (the L. perenne × F. pratensis hybrid) permit selection of genotypes 
that can outperform the original L. multiflorum and L. perenne.

Additional key words: intergeneric hybridization, climatic adaptation, Festulolium 
krasanii, Festulolium braunii, Festulolium loliaceum.
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Introduction

Plant production is the sector presumed to be the most seriously affected by 
projected climate changes in future. In general, climate change will likely have a 
negative impact on plant production, thereby threatening global food security 
(Cai et al. 2015). Climate change with increased temperatures will be further 
exacerbated by longer growing periods of crops with increased water require-
ments, soil erosion, faster desertification in places like Mediterranean areas, pest 
pressures and the risk of increased salinity (Eitzinger et al. 2013). Apart from 
long-term trends and shifts of climatic variables, such as precipitation and tem-
perature, climate change projections also predict increasing frequency, intensity, 
and duration of extreme events, such as drought, flood, and heat waves lasting 
from a few weeks to several months. The frequency of such events has increased 
over the past 60 years and the frequency and intensity of these events will pre-
sumably be amplified even more in the future. Trnka et al. (2013) predicted that 
the probability of xeric years (i.e., years when soil is dry throughout the profile 
during most of the summer) in Central Europe will increase from “very rare” to 
events occurring at least once every 20 years by 2050 and once every 10 years 
by 2100.

It is evident, that the occurrence of extreme events, especially droughts, will 
play a key role in future agriculture and farming and, consequently, food produc-
tion and food security (Eitzinger et al. 2013). Drought causes considerable losses 
in agricultural production through multiple factors such as water deficit, heat 
stress, and extensive spread of insects during periods of drought (Eitzinger et al. 
2013). Zahradníček et al. (2015) reported that drought in summer 2012 caused 
severe reduction of winter crop yields such as winter wheat in the important 
eastern cereal-producing regions in the Czech Republic to the lowest absolute 
levels since 1961 (which is when the database was first established). Droughts 
are expected to intensify in the future in many regions, including Central and 
Southern Europe, the Mediterranean area, central North America, Australia, 
southern Africa, and north-east Brazil (Intergovernmental Panel on Climate 
Change 2012).

In general, water availability is the key factor through which climate change 
affects crop yields. To mitigate the negative effects of climate change, and espe-
cially of uneven distribution of precipitation, increased temperature and more 
frequent and severe periods of drought, immediate actions are required in many 
regions of the world (Cai et al. 2015). Various adaptations and adequate policies 
are already necessary to cope with the impact of climate change, especially for 
agricultural risk management. Reliable recommendations about early risk rec-
ognition and the implementation of anticipatory adaptation strategies are more 
effective and less costly than forced, last-minute, or emergency adaptations (Ei-
tzinger et al. 2007). However, the coping capacity of some countries (e.g. Czech 
Republic) is limited by a lack of suitable environments, such as long-lasting 
snow peaks, glaciers, natural lakes, and/or aquifers. Besides governmental input, 
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farmers can modify their crop mixes, the timing of their agricultural activities, 
and the irrigation efficiency. The development and utilization of cultivars with 
improved abiotic-stress tolerance is one of the most suitable ways to cope with 
climate changes and mitigate their negative impacts. This will be extremely im-
portant especially in the areas which already experience the most severe increase 
of extremes including drought and heat waves, such as in the Mediterranean area 
and the Central and Eastern Europe (Zhao et al. 2015).

Grasslands cover around 30 % of the agricultural land in Europe (Kipling 
et al. 2016). Apart from their ecological role in the maintenance of biodiversity, 
anti-erosion capacity, and very important carbon sequestration, they are the main 
source of feed intake for livestock in many regions (O’Mara 2012). Changes in 
their productivity and quality due to changes in water availability and increased 
temperature may strongly affect animal reproductive rates (Harle et al. 2007). 
Thus, drought tolerance is becoming one of the main tasks in the breeding of 
forage and turf grasses for future conditions. Among grasses, ryegrass species 
belong to the agriculturally most important. They are widely used for permanent 
and temporary pastures and meadows as well as for hay and silage production. 
However, their future utilization will be limited by their generally poor drought 
tolerance. One would assume that identification of ecotypes with outstanding 
drought tolerance and their introgression into elite cultivars would mitigate the 
impact of climate change (Hulke et al. 2007). However, Bothe et al. (2018) re-
ported that drought tolerance in various ecotypes of perennial ryegrass is lower 
than that of commercial cultivars. On the other hand, fescue species may provide 
the potential source for improvement of the grassland cultivars. 

Both genera are phylogenetically related, with ryegrasses presumably having 
evolved from meadow fescue (F. pratensis Huds.) about 3 million years ago (Cata-
lan et al. 2004). Due to this relatively close relatedness, species of fescues and 
ryegrasses are crossable and their hybrids have been found in nature. In breeding 
programs, targeted crosses of selected fescue and ryegrass species gave arise to 
Festulolium cultivars (Ghesquiere et al. 2010) with various genome composition 
(Kopecký et al. 2006). These hybrids may combine high persistence and abiotic-
stress tolerance of fescues with high yield and feeding quality of ryegrass. In the 
past, the most frequently used cross combination was L. multiflorum pollinated 
with F. pratensis (reviewed in Kopecký et al. 2008). However, due to the rela-
tively low drought tolerance of both parental species, this trait is not sufficiently 
expressed in such hybrids. For that reason, selection of suitable drought toler-
ant fescues for crosses with ryegrasses can considerably increase the efficiency 
of Festulolium breeding in the future. Newly released hybrids can replace pure 
ryegrass and Festulolium cultivars and increase yields of grass mixtures in dry 
conditions while maintaining similar animal feeding quality.

The aim of this work was to estimate the potential of various fescue species to 
withstand periods of dry and hot summer weather. We estimated their drought 
tolerance and subsequent regrowth ability in six fescue (sub)species, two ryegrass 
species and several Festulolium hybrids during three years under semi-controlled 
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conditions. This is the first such multi-species phenotyping for drought in the 
Festuca-Lolium complex and as a preliminary study is quite rudimentary. On 
the other hand, the experiments were from the start planned with breeder needs 
in mind, and so strict layouts and designs with proper statistical treatment of 
the results, or providing functional analyses of the molecular or physiological 
mechanisms of the plant responses to drought stress were not among the goals. 
We are aware that our results can be only indicative and further validation is de-
sirable. However, we believe that they provide some valid insight of the drought-
tolerance potential of the species and hybrids within the Festuca-Lolium complex.

Materials and methods

Plants: We selected 48 genotypes to assess drought tolerance and drought recov-
ery rates in each year (only 24 genotypes in 2019). Some of the genotypes were 
used repeatedly. The genotypes included cultivars of perennial ryegrass (L. pe-
renne L.), Italian ryegrass (L. multiflorum Lam.), meadow fescue (F. pratensis 
Huds.), and tall fescue (F. arundinacea Schreb.) and cultivars and breeding mate-
rial of Fl. krasanii (L. multiflorum × F. arundinacea), Fl. braunii (L. multiflorum 
× F. pratensis), and Fl. loliaceum (L. perenne × F. pratensis). Besides these, eco-
types of F. arundinacea subsp. glaucescens Boiss. (referred here as F. glaucescens), 
F. mairei St.-Yves, F. arundinacea subsp. atlantigena (St.-Yves) Auquier (referred 
here as F. atlantigena), and F. pratensis subsp. apennina De Not. (referred here 
as F. apennina) were also tested. All genotypes are listed in Table 1 Suppl. Each 
genotype (represented by a single plant) was cloned into 12 plants and grown in 
growth chambers before being transplanted into the experimental greenhouses.

Field experiments and phenotyping: All genotypes were planted during 
late March/early April of each year into the eight experimental greenhouses 
(2.5 × 5.5 m) at the Institute of Experimental Botany in Olomouc (Czech Re-
public). The soil type in the experimental greenhouses was Gleyic Fluvisol. The 
planting design in each greenhouse involved 12 genotypes, each represented by 
six clones planted in a row. Second replicates (in a different greenhouse) were 
planted in different order of the rows to minimize the possible effect of the posi-
tion of genotypes within the greenhouse.

Drought was simulated during three successive years 2017–2019. In summer, 
once the plants were well developed, irrigation was withheld for five to seven 
weeks. The irrigation was restarted based on visual observations of severe defects 
of plants and once the first clones started dying. Visual observations were made 
once a week starting on the day when irrigation was stopped, during the drought 
and recovery period, and finished about 5 - 7 weeks after the restart of irrigation. 
Visual scoring was from 9 (vigorous healthy plant) to 1 (plant death). In 2017, 
the simulated drought period started on July 22, recovery period with irrigation 
started on August 30, and the experiment was terminated on October 3. In 2018, 
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the drought period started on June 8, recovery period started on August 10, and 
the last scoring was on October 5. In 2019, the drought period started on July 1, 
recovery period started on August 19, and the last scoring date was October 7. 
Temperatures during the experiment are given in Table 2 Suppl.

In the years 2017 and 2018, there was no precipitation, or precipitation was 
low, during the drought period and plant performance was not affected by pre-
cipitation outside the greenhouses. In the year 2019, several rains appeared in 
the period of simulated drought. It was clearly evident that plants close to the 
greenhouse walls performed much better than the plants from inner parts of 
the greenhouses. For that, the two plants affected by the precipitation out of the 
greenhouse were discarded from the further calculations. 

The performance of each genotype during drought and recovery periods was 
expressed as the difference (in percentage) of the score (average for 12 clones) 
on a particular scoring date from the initial score. 

Results and discussion

All entries in the experiments differed significantly in their reaction to drought 
and in the regrowth capacity. The most drought-tolerant species were F. glauce-
scens, F. mairei, and F. atlantigena in all years of the study (Fig. 1). These three 
species continued to grow during the first three weeks of the imposed drought, 
followed by stagnation (but not decline) during the rest of the drought period. 
Once irrigation was restarted, they initiated regrowth leading to full vigour at 
the end of the scoring period. This is not surprising as these species naturally 
grow in habitats with low or uneven precipitation in Northern Africa (all spe-
cies), Spain and France (F. glaucescens) (Devesa et al. 2013). Unfortunately, these 
species are not particularly suitable per se in agricultural production due to a low 
rate of establishment and of leaf growth, a low dry matter production and low 
feeding quality compared to traditional agricultural grass species. In addition, 
rigid, highly-lignified leaves, typical of all three species, additionally reduces their 
feeding value and palatability (Ghesquiere et al. 1996). On the other hand, they 
might be utilized for intergeneric hybridization with ryegrass species. Such an ap-
proach has already been applied in breeding of French cultivars Lueur, Lusilium, 
and Luxane (Ghesquiere et al. 2010). However, these cultivars were not primar-
ily selected for drought tolerance and further selection would be necessary to 
develop cultivars with significantly improved drought tolerance. Cultivar Lueur 
has been evaluated in the EUCARPIA Festulolium Working group multi-site field 
trial and displayed a similar reaction to drought stress in the Czech Republic 
to that of tall fescue cv. Kora (V. Černoch, pers. comm.). High variability in 
genome composition of L. multiflorum × F. glaucescens cultivars gives hope that 
improved drought tolerance similar or close to that of F. glaucescens might be 
achieved in future. Ghesquiere et al. (1996) were able to select genotypes of these 
hybrids with improved palatability, up to that of the highest ranked tall fescues, 
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far exceeding pure F. glaucescens. Intergeneric hybridization between ryegrasses 
and F. mairei has been used in the breeding program of IBERS in Wales, and 
the hybrids displayed improved ruminal nitrogen-use efficiency in feeding of 
grazing cattle due to higher conversion rates of nitrogen into microbial protein 
(Kamau et al. 2018).

Tall fescue (F. arundinacea) is reported as the most drought tolerant grass 
with forage and turf utilization within the Festuca-Lolium complex. Using a com-
bined approach of rainout shelters and hydroponic system with polyethylene 
glycol, Bothe et al. (2018) showed that tall fescue outperformed diploid meadow 
fescue and perennial ryegrasses in drought tolerance. This is in agreement with 
our results, as F. arundinacea outperformed diploid meadow fescues, Italian 
ryegrass, and to some extent also perennial ryegrasses. Good drought tolerance 
in tall fescue populations was also apparent in a study by Ebrahimiyan et al. 
(2012). On the other hand, accessions of tetraploid meadow fescue outperformed 
tall fescues during drought stress, but did not have as much ability to regrowth 

Fig. 1. Drought tolerance and recovery in grasses. Performance of the grass species within the Festuca-
Lolium complex and their hybrids at the end of the drought stress period (A) and at the end of the recovery 
period (B) in three consecutive years (2017–2019). The values represent changes of the score from the 
initial state on the day prior to the start of the drought stress period. Numbers of genotypes (in parentheses) 
varied between various species and years. Fg – F. glaucescens, Fm – F. mairei, Fatl – F. atlantigena, Fa 
Med – F. arundinacea (Mediterranean morphotype), Fa – F. arundinacea (Continental morphotype), Fp – 
F. pratensis, FpxFape – triploid hybrid of F. pratensis × F. apennina, Fape – F. apennina, Lp – L. perenne, 
Lm – L. multiflorum, FL – Festulolium, LpFa – hybrid of L. perenne × F. arundinacea, Lofa sel – selected 
plants of cv. Lofa.
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Fig. 2. The performance of the plants under drought stress and during a recovery period in summer 2018 
with one-week intervals. A – diploid accessions of meadow fescue (orange) suffered much more than 
autotetraploids (yellow), and their recovery was also worse. B – both ryegrasses performed similarly under 
the drought stress, however, perennial ryegrass (yellow) recovered much better after restart of irrigation 
compared to Italian ryegrass (red). The colored areas represent values between maximum and minimum 
scores of the particular species, and the bolded line shows a mean score (all as percentages of the change 
from the initial score). Fp 2x – diploid meadow fescue, Fp 4x – autotetraploid meadow fescue, Lm – Italian 
ryegrass, Lp – perennial ryegrass.

as tall fescues (Bothe et al. 2018). In our study, we observed rapid regrowth of 
tetraploid meadow fescues after the restart of irrigation (see below). Tall fescue 
genotypes used in our study performed with no or only marginal decay dur-
ing the drought period and substantial regrowth after the restart of irrigation. 
Among tall fescues, the highest potential as a source of drought tolerance has 
the Mediterranean morphotype. An accession of this morphotype was tested in 
2018 and it withstood drought and provided regrowth similar to F. atlantigena. 
This morphotype is characterized by summer dormancy as a drought avoidance 
mechanism and exhibits greater growth during autumn (Dierking et al. 2015, 
Kopecký et al. 2019b).

During the first year (2017), we observed that a tetraploid cultivar of F. pra-
tensis performed much better than diploid cultivars (Fig. 2A). The tetraploid 
performed even better during the drought period than F. arundinacea itself, 
and showed decline only in the last week of the drought stress, followed by rapid 
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regrowth after irrigation restarted. On the contrary, diploid genotypes suffered 
early on from the drought stress period, and their regrowth was very slow rela-
tive to all other entries. Therefore, in the second year of the experiment (2018) 
we tested more tetraploid genotypes (three cultivars). All three tetraploid F. pra-
tensis cultivars outperformed all three diploid cultivars during both the drought 
and the recovery periods and thereby confirming observations from 2017. This 
is not entirely surprising; polyploids are frequently found in extreme environ-
ments, perhaps as a consequence of a higher colonization ability, greater stress 
resistance, and broader ecological tolerance relative to their diploid progenitors 
(Stebbins 1984, Te Beest et al. 2012). This is likely caused by the neofunctionaliza-
tion (acquiring a new function) of the duplicated genes, a phenomenon often ob-
served after whole genome duplication events (Parisod et al. 2010). For example, 
autotetraploid genotypes of sea barley (Hordeum marinum subsp. gussoneanum) 
had significantly higher drought tolerance relative to diploids presumably due to 
a higher efficiency of the saccharide synthesis and energy storage due to higher 
photosynthetic rate in autotetraploids (Zhou et al. 2019). Similarly, Xu et al. 
(2019) simulated drought stress using the polyethylene glycol solution in clones 
of poplar (Populus ussuriensis) with different ploidy and observed that the trip-
loids had the highest drought tolerance followed by tetraploids and diploids. On 
the other hand, autotetraploidy did not significantly increase drought tolerance 
in Italian and perennial ryegrasses in our experiments (data not shown). This 
is in contrast of the study of Bothe et al. (2018), who reported a higher drought 
tolerance in tetraploid L. perenne than in its diploid accessions. 

Considerable variation in drought tolerance was evident in F. apennina, an 
allotetraploid species naturally growing in Alpine and Apennine meadows. Gen-
erally, its tolerance to drought stress was poor and most accessions suffered 
during the drought period and did not recover well after re-watering (stagnated 
or showed reduced plant scores). However, a few genotypes had relatively good 
drought tolerance and good regrowth after re-watering (some F. glaucescens and 
F. mairei genotypes). During the first two years, we also explored a triploid hybrid 
of F. pratensis × F. apennina from Swiss Alpine meadows. These triploids showed 
about the same trend in their behaviour under drought stress and during the 
re-watering period as the parental species, meadow fescue and F. apennina. That 
is, they seriously suffered during drought stress and showed little or no regrowth 
once irrigation was restarted. On the other hand, slight heterosis for drought 
tolerance appeared among the triploids. We are aware that we did not compare 
the hybrids directly to their parents. However, the overall heterosis for this trait, 
as evidenced from mean scores for all genotypes of triploid hybrids and the 
F. pratensis and F. apennina accessions, was +124 and +127 % at the end of the 
drought stress period and +154 and +181 % at the end of the recovery period in 
2017 and 2018, respectively. Extraordinary heterosis for annual biomass yield was 
observed in these triploid hybrids in our previous study, reaching up to +508 % 
(Boller and Kopecky, submitted). In this sense, it was mildly disappointing that 
heterosis for drought tolerance was only marginal. On the other hand, drought 
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tolerance is probably not the key evolutionary trait of these hybrids, as they nor-
mally grow at sites with relatively often precipitation. Interestingly, the opposite 
trend was observed in meadow fescues: tetraploids showed higher drought toler-
ance relative to diploids, but similar or lower yield (V. Černoch, pers. comm.).

Italian and perennial ryegrasses showed distinctly different reactions 
(Fig. 2B). While both species suffered significantly during drought (especially 
at the end of the drought period), Italian ryegrass accessions were unable to 
recover well and stagnated in growth after the restart of irrigation, especially in 
2018 and 2019. On the other hand, perennial ryegrasses showed an extraordinary 
recovery ability with very fast regrowth immediately after the restart of irrigation. 
At the end of the scoring period, their overall performance was similar to that of 
F. arundinacea accessions, which developed better during the period of drought. 
A high ability to recover after drought in perennial ryegrass has been described 
earlier (Cheplick et al. 2010, Turner et al. 2012, Bothe et al. 2018).  

One of the main aims of this study was to evaluate the potential of various 
Festulolium hybrids (both cultivars and breeding lines) to combine or introgress 
stress-related traits from fescues into high yielding and nutritious ryegrasses. 
Data show that Italian ryegrass cultivars suffer significantly under drought. It 
was not surprising, as selection during breeding of these cultivars was focused 
on yield characteristics, and no drought tests were included during the breed-
ing process. Thus, any improvement in drought tolerance might increase their 
utilization in the near future with the predicted climate conditions with frequent 
mid-term periods of drought. Such introgression might be beneficial even if it 
also (slightly) negatively affects some yield characteristics. This would provide 
farmers a safer strategy of yield stability, even if at a somewhat lower fodder yield. 
There are several studies reporting successful introgressions of drought tolerance 
from F. mairei into L. perenne and from F. glaucescens and F. arundinacea into 
L. multiflorum (Cao et al. 2003, Humphreys et al. 2005, reviewed in Kopecký et al. 
2008). However, these attempts did not result in new cultivar releases, perhaps 
for two reasons. Linkage drag associated with interspecific hybridization ham-
pers sufficient yield production and other key characters in the forage business, 
or the introgressions were not stable. Instability and elimination of F. pratensis 
chromatin introgressed into L. multiflorum has been observed in cultivars of 
Fl. braunii (Kopecký et al. 2019a). 

In this study, the highest potential seems to be in the Fl. krasanii (tall fes-
cue-type) cultivars: [L. multiflorum × F. arundinacea] × F. arundinacea. Three 
entries showed the same or very similar trends as tall fescues in all three years 
of the study. They generally showed minimal or no damage caused by drought, 
with slow development after the irrigation re-start. A wide range of variation in 
drought tolerance was evident among cultivars of Fl. braunii (L. multiflorum × 
F. pratensis) and Fl. loliaceum (L. perenne × F. pratensis). They generally followed 
the trends of their parents – meadow fescue and ryegrasses. Generally, genotypes 
of Fl. braunii showed similar development to that of L. multiflorum, but some 
of them showed significantly less damage under drought, with better regrowth 
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after the restart of irrigation. Genotypes of Fl. loliaceum followed the pattern of 
their L. perenne parent, with good regrowth during the recovery period.

The end-users, such as farmers, should also consider what strategies are more 
suitable for their grass field utilization and economics; either good maintenance 
of the biomass production under moderate water limitation, or drought survival 
with no or minor productivity during severe drought but good recovery after 
rehydration (Bothe et al. 2018). If the first one is the goal, wild species with 
extraordinary drought tolerance, such as F. mairei and F. glaucescens should be 
included either in mixtures (after selection for the genotypes with improved 
yield and digestibility) or as potential parents for interspecific hybridization 
with ryegrass species. Fl. krasanii (tall fescue-types) seems to be also a good 
potential source for the improvement of tall fescues. Better digestibility of some 
of Fl. krasanii cultivars brings the possibility to replace pure tall fescue cultivars 
and the increase the feeding value of grass mixtures (V. Černoch, pers. comm.). 
If the minor or no productivity during severe drought but a good recovery after 
rehydration is the key character, selections from perennial ryegrass, Fl. loliaceum 
(L. perenne × F. pratensis) and Fl. braunii (L. multiflorum × F. pratensis) with high 
heterosis for this trait in some genotypes would be probably the most suitable 
option. However, perennial ryegrasses (and presumably Fl. braunii and Fl. lolia-
ceum) will suffer under the anticipated climate conditions, as modelled by Lee 
et al. (2019). Therefore, efforts made into interspecific hybridization of perennial 
ryegrasses with drought tolerant fescues should be seriously considered.

Drought tolerance is a complex trait with various mechanisms used by plant 
species to cope with the water deficiency (Mickelbart et al. 2015). They can be 
divided into short-term responses such as stomatal closure and decreased C 
assimilation in leaves, inhibition of growth in shoots and osmotic adjustment 
in roots and long-term responses including reduced transpiration area, meta-
bolic acclimation, sustained root growth, and increased root/shoot (Chaves et al. 
2003). The research on drought tolerance is primarily focused on the identifica-
tion of tolerant lines and uncover the genes/QTLs and mechanisms involved 
in cellular and whole-plant responses. A QTL for long-term drought tolerance 
was identified on chromosome 3F of F. pratensis (Alm et al. 2011). Several other 
studies suggest that this genome region is an excellent source of tolerance towards 
drought stress (Kosmala et al. 2003, Humphreys et al. 2005). The coincident 
location of several stress tolerance QTL in Festuca with QTL and genes in Tri-
ticeae species, notably dehydrins, CBF transcription factors and vernalisation 
response genes indicate the action of structural or regulatory genes conserved 
across evolutionarily distant species (Alm et al. 2011).

To conclude, our results, as preliminary as they are, indicate a wide range of 
variation for drought tolerance and after-drought recovery within the species of 
the Festuca-Lolium complex. It appears that species-diverse swards may improve 
the grassland resilience to changing climatic conditions (MacDougall et al. 2013). 
Indeed, high biomass systems with low diversity of species showed a greater bio-
mass reduction in response to drought than low multi-species biomass systems 
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did (Wang et al. 2007). As such, species mixtures are believed to perform best 
under climate change (Kipling et al. 2016). Together with the development of the 
interspecific hybrids, exhibiting heterosis for drought tolerance (and presumably 
various yield-related traits) species mixtures would be another way of mitigating 
the impacts of climate change on grassland communities in the near future. Wild 
polyploid species F. glaucescens, F. mairei, and F. atlantigena appeared here as 
the most promising components for intergeneric hybridization with ryegrasses 
(presumably perennial ryegrass). Successful introgression of drought tolerance 
was confirmed among the Fl. krasanii accessions (L. multiflorum × F. arundinacea 
hybrids), which in association with higher digestibility may possibly replace pure 
tall fescue cultivars and increase the feeding value of grass mixtures. Similarly, 
large variability for drought tolerance and after-drought recovery in Fl. braunii 
(L. multiflorum × F. pratensis hybrid) and Fl. loliaceum (L. perenne × F. praten-
sis hybrid) can allow selection of genotypes outperforming original L. multi-
florum and L. perenne cultivars. Apart from those, new interspecific hybrids 
of ryegrasses with drought tolerant fescues should be explored to mitigate the 
impacts of climate change. Changed climate with more frequent extreme events, 
including agriculturally most demanding periods of droughts, will significantly 
affect grassland productivity, and hence may menace the food security and the 
continuity of supply from grassland systems (Kipling et al. 2016). Thus, identi-
fication of new sources of drought tolerance among wild relatives of crops and 
better understanding of the molecular and physiological mechanisms involved 
in plant ability to withstand drought stresses are of urgent need.
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Table 1 Suppl. A list of Festuca, Lolium, and Festulolium plant genotypes used in a field trial during 2017-2019. 
 

2017 2018 2019 

F. apennina 24 F. apennina B29 Fl. krasanii – Festuca type 2 
F. apennina 25 F. apennina B34 F. arundinacea 1 
F. apennina 26 F. apennina B43 Fl. braunii 4 
F. apennina 27 F. apennina B44 Fl. braunii 5 
F. apennina 28 F. apennina B45 Fl. braunii 6 
F. apennina 29 F. apennina B47 Fl. braunii 7 
F. apennina 30 F. apennina B49 Fl. braunii 8 
F. apennina 31 F. apennina B53 Fl. braunii 9 
F. apennina 32 F. apennina C108 Fl. braunii 10 
F. apennina 33 F. apennina C92 Fl. braunii 11 
F. apennina 34 F. apennina C93 F. glaucescens 3 
F. apennina 35 F. apennina 31 L. perenne × F. arundinacea 2 
F. apennina 36 F. apennina 41 L. perenne × F. arundinacea 3 
F. apennina 37 F. apennina 39 L. perenne × F. arundinacea 4 
F. apennina 38 F. glaucescens 20 Lofa_selection 1 
F. apennina 39 F. glaucescens 3 Lofa_selection 2 
F. apennina 40 F. mairei 283312 F. mairei 283312 
F. apennina 41 F. mairei GR12850 F. pratensis (4x) 1 
F. apennina 42 F. atlantigena 1 Fl. braunii 12 
F. glaucescens 1 F. atlantigena 2 Fl. braunii 1 
F. glaucescens 14 F. arundinacea 3 L. multiflorum (4x) 2 
F. glaucescens 17 F. arundinacea 1 L. perenne (4x) 2 
F. glaucescens 20 F. arundinacea – Mediterr. morph. L. perenne (4x) 4 
F. glaucescens 3 F. arundinacea 4 Fl. loliaceum 7 
F. glaucescens 8 Fl. loliaceum 1  
F. mairei 283312 Fl. krasanii – Festuca type 2  
F. mairei 283313 Fl. krasanii – Lolium type 1  
F. mairei 535747 Fl. braunii 2  
F. mairei 577097 Fl. krasanii – Festuca type 1  
F. mairei 610941 Fl. braunii 1  
F. mairei GR12850 Fl. krasanii – Festuca type 3  
F. pratensis × F. apennina 43 Fl. braunii 3  
F. pratensis × F. apennina 44 F. pratensis (2x) 1  
F. pratensis × F. apennina 45 F. pratensis (2x) 3  
F. pratensis × F. apennina 46 F. pratensis (2x) 4  
F. pratensis × F. apennina 47 F. pratensis (4x) 2  
F. pratensis × F. apennina 48 F. pratensis (4x) 1  
F. arundinacea 1 F. pratensis (4x) 3  
Fl. krasanii – Lolium type 1 F. pratensis × F. apennina 43  
Fl. krasanii – Festuca type 1 F. pratensis × F. apennina 46  
Fl. braunii 1 F. pratensis × F. apennina 48  
F. pratensis (2x) 1 L. multiflorum (2x) 1  
F. pratensis (2x) 2 L. multiflorum (2x) 2  
F. pratensis (4x) 1 L. multiflorum (4x) 1  
Fl. krasanii – Festuca type 2 L. perenne (2x) 1  
F. arundinacea 2 L. perenne (2x) 2  
L. multiflorum (4x) 1 L. perenne (4x) 2  
L. perenne (4x) 1 L. perenne (4x) 3  

 
 
 
Table 2 Suppl. Average and maximal (in parenthesses) air temperatures °C during drought and recovery periods in Olomouc 
(2017 - 2019).  
 

Year Drought period Recovery period 

2017 20.9 (34.6) 13.7 (24.2) 
2018 21.6 (34.1) 18.5 (29.1) 
2019 20.8 (34.4) 21.0 (31.8) 
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Rapid increases in β-1,3-glucanase and chitinase 
activities are markers of resistance to Microdochium 
nivale in grasses of the Lolium-Festuca complex

K. Marzec-Schmidt1*, K. Hura, and A. Płażek1

Abstract

Microdochium nivale causes pink snow mould – a destructive disease of seedlings, 
stem bases, and ears of winter grasses and cereals. Glucanase and chitinase be-
long to pathogenesis-related proteins and exhibit a specific activity in response to 
pathogens. The aim of this study was to investigate changes in the activity of these 
enzymes in the leaves of chosen forage grasses during Microdochium nivale infec-
tion. Different cultivars of Festuca arudinacea, F. pratensis, Festulolium brauni, Lolium 
multiflorum, and L. perenne were prehardened at 12 °C and hardened at 2 °C and then 
inoculated with M. nivale mycelium. Leaf samples were collected before infection, 
as well as two, four, and eight days after inoculation. Each cultivar showed a specific 
pattern of changes in the enzymatic activities in response to M. nivale infection. We 
conclude that a rapid increase in glucanase and chitinase activities after M. nivale 
attack enhanced resistance to this pathogen and may be recognized as a physiologi-
cal marker of grass resistance to this snow mould.
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Introduction

Microdochium nivale (Fr) Samuels & Hallet is a hemibiotrophic fungus causing 
pink snow mould (Płażek et al. 2018). The disease affects many species of winter 
cereals, turf, and forage grasses in Poland and other countries of the Northern 
Hemisphere (Gaudet et al. 1999). The pathogen destroys seedlings, stem bases 
and ears, especially when the air temperature in winter drops below 0 ºC and 
plants are under snow cover for several months (Jamalainen 1974, Prończuk 
and Zagdańska 1993, Wiśniewski et al. 1997). The damage caused by M. nivale 
is visible shortly after snow thawing – the leaves are dry, pinkish, and pressed 
down against the soil (Jamalainen 1974). However, long periods of consistently 
cold (4–15 ºC) and rainy weather, typical for maritime climates, are also favour-
able for the development of the pathogen. Such cases have been observed in 
North American Pacific Northwest, Canadian British Columbia, Great Britain, 
and northern Europe (Dahl 1934, Strömqvist and Jarvis 2005, Watschke et al. 
2013). In the absence of snow cover, Microdochium patches are usually pink or 
reddish-brown, occasionally grey rings of M. nivale mycelium around patches 
may occur (Watschke et al. 2013).

Plant defence responses include a number of physiological and biochemical 
processes triggering synthesis of intermediary compounds that induce expres-
sion of the resistance genes or stimulate expression of structural genes. This 
results in the synthesis of new specific molecules such as reactive oxygen species 
(ROS) (Marzec-Schmidt et al. 2018), phenolic compounds, phytoalexins, and 
pathogenesis-related (PR) proteins (Hammond-Kosack and Jones 1996). The 
most important defensive mechanisms include hypersensitive reactions (HR), 
gene-to-gene resistance, and signal transduction (Hammond-Kosack and Jones 
1996). Pathogenesis-related proteins are divided into 17 classes (Okushima et al. 
2000), and each of them exhibits specific activity against pathogens. Endo-β-1,3-
glucanase belongs to the PR-2 class of proteins, and it hydrolyzes β-1,3-glucan. 
Endochitinases are hydrolases belonging to classes PR-3, 4, 8, and 11 that degrade 
chitin, which is the main component of a fungal cell wall (Mauch et al. 1988). 
β-1,3-Glucanase and chitinase protect plants against pathogen attack in two 
ways. Firstly, their hydrolytic activity towards the pathogen cell walls may re-
lease signalling molecules that activate various defence mechanisms (Ryan 1988). 
Secondly, these enzymes can also directly affect the fungal cell walls and destroy 
the fungus (Yun et al. 1997, Garcia-Olmedo et al. 1998). PR proteins induced by 
cold and then stored in the apoplast may be also important for the development 
of resistance to the fungus causing snow mould in grasses and winter cereals 
(Ergon et al. 1998, Gaudet et al. 2000, Kuwabara et al. 2002). Some PR proteins 
synthesized during frost hardening may promote resistance to both factors, i.e., 
low temperature and snow mould (Gaudet et al. 2000, Kuwabara et al. 2002). 
Plant response to snow mould attack is similar to plant reaction to other biotic 
and abiotic stresses. In late autumn, winter, and early spring, winter cereals en-
hance amount of lipid transfer proteins (LTPs) and phenylalanine ammonia-lyase 

https://en.wikipedia.org/wiki/Phenylalanine_ammonia-lyase
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(PAL) – a key enzyme of the phenolic pathway (Gaudet et al. 2000). Glucanases 
and chitinases are commonly found in plant tissues. Some of them participate 
in various metabolic processes, other in plant defence against pathogen attack, 
or protection against other biotic and abiotic stresses. The presence of these 
proteins positively correlates with disease resistance (Stintzi et al. 1993). Yu and 
Griffith (1999, 2001) confirmed the presence of antifreeze proteins in rye and 
wheat apoplast. These proteins are structurally similar to glucanase, chitinase, 
and thaumatin. Hardened winter rye plants accumulate β-1,3-glucanase and 
chitinase, both preventing the freezing of water in the apoplast and showing 
antifungal properties (Hon et al. 1994, 1995). Contrary to that, β-1,3-glucanase 
and chitinase produced after inoculation of unhardened spring rye plants with 
M. nivale exhibited only antibiotic properties and did not prevent freezing (Na-
kajima and Abe 1996, Ergon et al. 1998). PR proteins are encoded by small gene 
families, and possibly different isoforms are produced in various stress situations 
(Collinge et al. 1993, Margis-Pinheiro et al. 1993, Stintzi et al. 1993).

Italian ryegrass, perennial ryegrass, and meadow fescue are commonly grown 
in Poland and they are of great importance among forage grasses. Their signifi-
cance for agriculture makes them the objects of numerous research studies, e.g., 
on breeding new cultivars more resistant to biotic and abiotic stresses or with 
better quality in terms of biochemical composition and health-promoting quali-
ties. Festuca and Lolium species were used for crossbreeding to obtain interspe-
cific Festulolium hybrids, combining the most desirable features of both parental 
species, i.e., good overwintering ability or drought resistance (from fescue) and 
tastiness, high sugar content and digestibility (from ryegrass) (Perlikowski et 
al. 2013, Ghesquière et al. 2016, Masajada et al. 2018, Płażek et al. 2018). Spe-
cies from Lolium-Festuca complex also differ in their susceptibility to M. nivale, 
e.g., Festuca pratensis is more resistant to snow mould than F. arundinacea and 
Lolium multiflorum, while Festulolium hybrid (F. pratensis × L. multiflorum) 
demonstrates pathogen tolerance similar to meadow fescue. Moreover, differ-
ences in susceptibility to snow mould are observed even within the same species, 
e.g., L. perenne cv. Taya is more resistant to M. nivale than L. perenne cv. Darius 
(Prończuk et al. 2003).

The aim of this study was to find out if the activity of β-1,3-glucanase and 
chitinase affects the resistance of the studied forage grasses to M. nivale infec-
tion, and if it could be identified as a physiological marker of their resistance.

Materials and methods

Plants and growth conditions: The experiment involved plants of tall fescue 
(Festuca arundinacea Schreb.) cv. Kord, meadow fescue (Festuca pratensis Hack.) 
cv. Skra, Festulolium (Festulolium braunii Richt.) cv.  Felopa, Italian ryegrass 
(Lolium multiflorum Lam.) cv. Tur, and perennial ryegrass (Lolium perenne L.) 
cvs. Darius and Taya differing in their susceptibility to M. nivale. Seeds of cvs. 
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Kord, Skra, Felopa, and Tur were obtained from Danko Hodowla Roślin, Szele-
jewo, Poland, while seeds of cvs. Darius and Taya were obtained from the Institute 
of Plant Breeding and Acclimatization, Radzików, Poland. Seeds were sown into 
4 dm3-pots filled with commercial gardening soil (pH = 6.0) (EKO-Ziem, Kronen, 
Lasland, Cerkwica, Poland). Plants (20 seedlings per pot) were grown in October 
at 18 °C in a greenhouse in natural irradiance for two weeks. After that, they were 
prehardened for two weeks at a temperature of 12 °C, a 10-h photoperiod, and 
photosynthetic photon flux density (PPFD) of 250 µmol m-2 s-1, and hardened 
for three weeks at 2 °C, a 8-h photoperiod, and PPFD of 250 µmol m-2 s-1 in a 
phytotronic chamber (Agro Philips Euronext, Amsterdam, Netherland). Next, 
they were inoculated with M. nivale mycelium and incubated with the fungus 
at 2 °C in darkness for 30 d.

Inoculation with Microdochium nivale: Microdochium nivale (Fr) Samuels 
&Hallet mycelium (highly aggressive isolate 3/98), originally isolated from pe-
rennial ryegrass in Norway in 1998, was used to prepare the inoculum. The 
mycelium was grown on potato dextrose agar (PDA, Sigma-Aldrich, St. Louis, 
MO, USA), in Petri dishes at 20 °C in darkness for seven days. Then the fun-
gus was cultured on soil medium (soil/peat/sand; 2/2/1; v/v/v), containing 5 % 
(m/m) of grounded wheat kernels, at 18–20 °C in darkness for the next 7 d. The 
soil was macerated after being colonized by the mycelium. One gram of the in-
oculum per plant was used for inoculation as previously described by Prończuk 
and Zagdańska (1993). The non-inoculated (control) and inoculated plants were 
covered with moistened blotting paper and black plastic foil to keep high humid-
ity and imitate the conditions under the snow cover. Afterwards, all plants were 
incubated at 2 °C in darkness for 35 d. Subsequently, the blotting paper and foil 
were removed and the plants were grown at 2 °C and PPFD of 100 μmol m-2 s-1 for 
3 d and next at 12 °C and the same PPFD for 7 d. The resistance to snow mould 
was evaluated based on the disease severity, assessed directly after removing the 
cover, and regrowth ability rated after 10 d.

Evaluation of snow mould resistance: Disease severity symptoms were assessed 
after 35 d of incubation at 2 °C in darkness, according to the visual rating sys-
tem (0–5) previously described by Hartman et al. (1984), and slightly modified 
by Płażek and Żur (2003), where ‘0 means a healthy plant without any disease 
symptoms and ‘5 means an entirely infected plant. Next, the average severity 
index (ASI) was calculated according to a formula: ASI = (n × 0) + (n × 1) + ... 
+ (n × 5)] × N-1, where n is the number of plants corresponding to each disease 
severity category (0–5), and N is the total number of tested plants. The higher 
ASI value the greater susceptibility to the pathogen.

Plant ability to regrow after M. nivale inoculation was visually evaluated after 
10 d of regrowth, using a 0–4 scale described by Prończuk and Zagdańska (1993), 
where 0 means a healthy plant without any disease symptoms and 4 means a dead 
plant without any signs of regrowth ability after infection. The average regrowth 
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index (ARI) was calculated according to the formula: ARI = (n × 0) + (n × 1) 
+ ... + (n × 4)] × N-1, where n is the number of plants corresponding to each 
disease category (0–4), and N is the total number of all tested plants. The higher 
ARI value, the greater susceptibility to the pathogen.

The calculations represented an average from 5 repli cates, where one pot 
means one replicate, with 20 plants per pot.

Glucanase activity: The activity of β-1,3-glucanase (GLC) was measured using 
Finks et al. (1988) method modified by Mohase and Westhuizen (2002). Leaf 
samples were collected prior to the infection, and 2, 4, and 8 d after inoculation 
(dai). Frozen leaves were ground in liquid N2 to a fine powder with a chilled mor-
tar and pestle. Then, the powder was homogenized with 100 mM acetic sodium 
buffer (pH 5.6) with 1 mM EDTA at 4 °C and centrifuged at 16 000 g for 15 min. 
The reaction mixture consisted of 336 mm3 of a measuring buffer (50 mM acetic 
sodium buffer, pH 5.6), 350 mm3 of laminarin (2 mg laminarin in 1 cm3 of the 
measuring buffer) and 14 mm3 of plant extract. The mixture was heated at 37 °C 
for 30 min. After that, 700 mm3 of Somogyi reagent (Somogyi 1952) were added 
and incubated at 95 °C for 10 min. The mixture was cooled down and 700 mm3 
of Nelson reagent (Nelson 1944) were added. The amount of glucose detached 
from laminarin by the enzyme in plant extract was measured at λ = 540 nm 
with a spectrophotometer (Ultrospec 2100 pro Biosciences, Amersham, Sweden). 
A standard curve obtained by measuring the absorbance of different glucose 
concentrations was used to calculate glucanase activity. Glucanase activity was 
measured for five replicates per each studied cultivar.

Chitinase activity: The activity of chitinase (CHT) was measured using Legrand 
et al. (1987) method modified by Hiilovaara-Teijo et al. (1999). Leaf samples 
were collected prior to infection, and 2, 4, and 8 dai. Frozen leaves were ground 
in liquid N2 to a fine powder with a chilled mortar and pestle. Then the pow-
der was homogenized with 0.5 M acetic sodium buffer (pH 5.2) at 4 °C and 
centrifuged at 10 000 g for 10 min. The reaction mixture consisted of 0.5 mg of 
colloidal chitin, 400 mm3 of 0.1 M acetic sodium buffer (pH 5.2) and 100 mm3 
of plant extract. The mixture was incubated overnight at 37 °C using a rotatory 
mixer and centrifuged at 10 000 g for 10 min. Then, the supernatant (300 mm3) 
was supplied with 20 mm3 of 3 % (m/v) glucuronidase (in 0.1 M acetic sodium 
buffer, pH 5.2) and incubated at 37 ºC for 60 min. After that, 100 mm3 of 0.6 M 
potassium tetraborate were added and the mixture was boiled for 3 min. It was 
then cooled down and 1 cm3 of 4-(dimethylamino)benzaldehyde (DAMB) (10 %, 
m/v) in glacial acetic acid and 11.5 M hydrochloric acid, 87.5:12.5, v/v) diluted 
(1:2) with glacial acetic acid were added. The mixture was incubated at 37 ºC for 
20 min. The amount of N-acetyl-glucosamine released from chitin by the enzyme 
in plant extract was measured at λ = 585 nm using the same spectrophotom-
eter. Enzyme activity was expressed as catal, where 1 catal defines the activity 
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of enzyme releasing 1 M N-acetyl-glucosamine after 1 s. Chitinase activity was 
measured for five replicates per each studied object.

Soluble protein content: Soluble protein content was determined according to 
Bradford (1976). A reaction mixture consisted of 500 mm3 of distilled water, 
75 mm3 of an extraction buffer, 50 mm3 of Bradford reagent and 25 mm3 of plant 
extract. The mixture was shaken and incubated for 15 min at room temperature. 
Absorbance was measured at λ = 595 nm. A standard curve obtained by mea-
suring the absorbance for different concentrations of bovine serum albumin 
was used to calculate the protein content. The measurement was done in five 
replicates per each studied object.

Statistical analysis: Statistical analyses ANOVA/MANOVA and Duncan’s mul-
tiple range test (at α = 0.05) were performed using the Statistica 12.0 software 
(Statsoft, Tulsa, OK, USA). Data are presented as means ± SEs.

Results

The most visible leaf damage after 35 d of incubation occurred in Festulolium 
plants cv. Felopa (Table 1), followed by a slightly lower ASI of cvs. Skra, Darius, 
and Kord. However, no statistically significant differences were observed between 
cultivars mentioned above. Leaf damages of cvs. Tur and Taya were significantly 
lower than the ASI of the rest of studied plants.

Ten days after finishing the incubation with M. nivale, the plant ability to 
regrowth was evaluated (Table 1). Cultivar Skra regrew most effectively, even 
though it was among the cultivars showing the most severe damage caused by 
the pathogen. Also, cultivars Tur and Taya exhibited high regrowth ability. Re-

Table 1. The resistance of grass cultivars to Microdochium nivale on the basis of average severity index (ASI) 
assessed after 35 days of incubation at 2 °C in darkness, and average regrowth index (ARI) evaluated 10 days 
after finishing the plant incubation with the pathogen. Studied species: tall fescue (Festuca arundinacea) 
cv. Kord, meadow fescue (Festuca pratensis) cv. Skra, Festulolium (Festulolium braunii) cv. Felopa, Italian 
ryegrass (Lolium multiflorum) cv. Tur and perennial ryegrass (Lolium perenne) cvs. Darius and Taya. Means 
± SEs, n = 5; different letters in the same column indicate significant differences at P < 0.05.

Cultivar ASI ARI

Kord 3.92 ± 0.06a 2.16 ± 0.08c
Skra 4.07 ± 0.04a 0.19 ± 0.02a
Felopa 4.29 ± 0.04a 0.87 ± 0.07b
Tur 3.12 ± 0.26b 0.21 ± 0.20a
Darius 4.05 ± 0.11a 0.76 ± 0.10b
Taya 3.05 ± 0.23b 0.32 ± 0.04a
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Fig. 1. Glucanase and chitinase activities in the leaves of grass cultivars: before inoculation (0) and 2, 4, and 
8 days after Microdochium nivale inoculation. Studied species: tall fescue (Festuca arundinacea) cv. Kord, 
meadow fescue (Festuca pratensis) cv. Skra, Festulolium (Festulolium braunii) cv. Felopa, Italian ryegrass 
(Lolium multiflorum) cv. Tur, perennial ryegrass (Lolium perenne) cvs. Darius and Taya. Means  ± SEs, n = 5.

growth in cvs. Darius and Felopa was significantly weaker, and the plants of cv. 
Kord demonstrated significantly lower ability to regrow after M. nivale attack in 
comparison to other studied cultivars.

In the leaves of cv. Kord, the activity of GLC was lower in infected plants vs. 
control at 4 dai but the difference was not significant (Fig. 1). In cv. Skra, GLC 
activity was lower in control plants than in the inoculated ones on the second 
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day of the experiment. In the case of cv. Felopa, a significant increase in GLC at 
8 dai was observed in inoculated plants, while in the control and infected leaves 
of cv. Tur, an unspecific pattern of enzyme activity occurred with the highest 
increase in glucanase activity on 4 dai. Both Darius and Taya showed a gradual 
increase in GLC activity in control and infected plants. Control plants of cv. 
Darius showed higher GLC activity after two days of the experiment, whereas in 
plants of cv. Taya there was no difference in the activity of this enzyme between 
control and infected variants. Response of studied plants to M. nivale infection 
in regard to GLC activity was cultivar specific.

In the leaves of cv. Kord, the activity of chitinase (CHT) decreased at 2 and 
4 dai but it increased after 8 dai (Fig. 1). In cv. Skra, chitinase activity in the 
inoculated plants was higher than in the controls at 2 and 8 dai. In the case of 
cv. Felopa, the difference between treatments in favour of the infected plants 
was visible only at 4 dai. In cv. Tur, the highest chitinase activity was recorded 
in the inoculated plants at 4 dai. However, total CHT activity in Italian ryegrass 
was very low, when compared with the other studied species. In infected plants 
of cv. Darius, the activity of CHT increased two times after 4 dai and four times 
at 8 dai, as compared with the controls, and was the highest among all studied 
plants. In cv. Taya, the activity of CHT was significantly higher in the inoculated 
plants at 2 and 8 dai. In general, activity of CHT remained rather low in both 
inoculated and non-inoculated leaves of cvs. Kord, Skra, Felopa, and Tur, while 
two cultivars of L. perenne, Darius and Taya, exhibited significantly higher CHT 
activity, especially in inoculated leaves of cv. Darius. 

Discussion

We evaluated the response of forage grasses with varying degrees of susceptibility 
to M. nivale based on the activity of glucanase and chitinase that belong to patho-
genesis related proteins. Our findings demonstrated highly specific response of 
all studied species to the pathogen attack.

After the inoculation, the activity of glucanase and chitinase increased. 
Some studies suggest that the presence of these proteins in plants is associ-
ated with disease resistance (Stintzi et al. 1993). Hydrolysis of β-1,3-glucan 
and chitin in the pathogen cell wall by endo-β-1,3-glucanase and chitin-
ase may result in direct destruction of infectious filaments (Ryan 1988). 
At the same time, as a result of activity of hydrolytic enzymes secreted by 
fungi (pectinases, cellulases), oligomers like chitosan or glucan fragments 
are formed that also work as signal molecules triggering the plant defence 
system. Some studies advocate synergistic effects of β-1,3-glucanase and 
chitinase in response to pathogen attack (Mauch et al. 1988, Jongedijk et al. 
1995). Expression of the glucanase gene in barley after powdery mildew infec-
tion is significantly lower in susceptible genotypes than in the resistant ones 
whereas the activity of glucanase in susceptible and resistant non-infected 
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plants is low and do not change significantly over time (Jutidamrongphan 
et al. 1991). An experiment with barley, wheat, rice, and sorghum infected 
with Bipolaris sorokiniana (Jutidamrongphan et al. 1989) identified the ex-
pression of β-1,3-glucanase gene as a typical response to fungal infection in 
cereals; resistant and susceptible sorghum exhibit an increase in chitinase 
and β-1,3-glucanase activity after fungal infection, although, the amount of 
β-1,3-glucanase is higher in resistant plants. Wheat inoculated with Puccinia 
graminis f.sp. tritici shows no changes in activities of most enzymes as com-
pared to control plants, however, an increase in glucanase and chitinase is 
observed. Moreover, resistant cultivars respond more rapidly to the infection 
than susceptible ones (Münch-Garthoff et al. 1997). A significant increase in 
β-1,3-glucanase as well as chitinase in rice infected with Rhizoctonia solani 
vs. non-infected plants has been also reported (Anuratha et al. 1996). Glu-
canase and chitinase may accumulate in winter rye apoplast in response to 
the fungus causing snow mould, and supposedly inhibit development of the 
pathogen (Hiilovaara-Teijo et al. 1999).

In the present study, the resistance of five species of forage grasses: tall fescue, 
meadow fescue, Festulolium, Italian ryegrass, and perennial ryegrass to pink 
snow mould was examined. Cultivar Kord (tall fescue) was moderately damaged 
by M. nivale, with ASI not significantly different from cvs. Skra, Felopa, and Dar-
ius, but its leaf regrowth was significantly weaker than that of other studied culti-
vars. Based on these observations, cv. Kord was considered the most susceptible 
to the pathogen. Cultivar Skra (meadow fescue) was among cultivars significantly 
damaged by M. nivale but also showed the best leaf regeneration. Statistically, cv. 
Skra was not significantly different in terms of leaf emergence from cvs. Tur and 
Taya, but definitely different from cvs. Kord, Felopa and Darius. These results 
indicate that cvs. Skra, Tur, and Taya are the most resistant to snow mould, while 
cvs. Kord, Felopa, and Darius are more susceptible. Even though the leaves of 
all tested cultivars were significantly damaged by the pathogen, we observed 
huge differences in their ability to regrow. Our findings corroborate previous 
evaluations made during field trials by Prończuk et al. (2003), showing that cv. 
Darius was less resistant to snow mould than cv. Taya. According to Żur et al. 
(2011), winter rye plants with root-shoot junction and root system not seriously 
affected by M. nivale infection regenerated better and plants were able to recover. 
Therefore, we assumed that this could explain the strong regrowth ability of cvs. 
Skra, Tur, and Taya, even after severe leaf damage by the pathogen.

For cvs. Kord, Darius, and Taya, we found no significant differences in GLC 
activity after M. nivale attack as compared to the control plants. Cultivars Skra 
and Felopa showed an increase in GLC activity but at different times after in-
fection, while cv. Tur exhibited an initial decline followed by a strong increase 
in glucanase activity in response to the pathogen attack. Hiilovaara-Teijo et al. 
(1999) claimed that rye plants infected with M. nivale spores enhanced glucanase 
activity vs. the control plants. Among all studied cultivars, only Skra, Felopa, 
and Tur responded in this way to M. nivale infection. Cultivar Skra, considered 
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resistant to snow mould, responded to the inoculation with a rapid increase 
(at 2 dai) in glucanase activity. Perhaps, this is one of the elements of the effec-
tive defence strategy against fungal infection. Jutidamrongphan et al. (1991), 
who studied the response of barley to Erysiphe graminis, showed a drop in GLC 
activity in sensitive plants withstanding the pathogen attack, and an increase 
in resistant plants. We found no such relationship in the cultivars investigated 
in our study. Glucanase activity remained unaffected by the pathogen in cvs. 
Darius and Kord (susceptible to M. nivale), and Taya (resistant to M. nivale). 
The results on increasing GLC activity in cv. Skra were partially consistent with 
Jutidamrongphan et al. (1991) studies.

In the case of Skra, Tur, Darius, and Taya, chitinase activity increased in the 
infected plants vs. controls. In cvs. Kord and Felopa, the initial decrease was 
followed by an increase in CHT activity in the infected plants. The lowest activ-
ity of this enzyme was observed in the leaves of cv. Tur. Cultivars Kord, Skra, 
and Felopa exhibited similar chitinase activity, higher than in cv. Tur, while the 
highest activity of the enzyme was seen in both cultivars of perennial ryegrass 
(Darius and Taya). Hiilovaara-Teijo et al. (1999) demonstrated that hardened rye 
plants infected with M. nivale spores exhibited lower chitinase activity than non-
infected hardened plants, however, the difference was not statistically significant. 
In our cultivars, the decline in CHT activity in M. nivale infected plants was 
perceptible only in cvs. Kord and Felopa. This differs from the results of Legrand 
et al. (1987), who showed a gradual increase in chitinase activity from the first 
day after infection in tobacco inoculated with Tobacco mosaic virus. Kuźniak 
and Urbanek (1997) also showed increasing chitinase activity in pea plants in 
response to Botrytis cinerea infection. We found the same pattern of chitinase 
activity in cvs. Skra, Tur, Darius, and Taya. Żur et al. (2013) demonstrated that 
low temperature during hardening suppressed β-1,3-glucanase and chitinase 
activity in winter triticale cv. Magnat (susceptible to M. nivale), while in resis-
tant cv. Hewo only a decrease in CHT activity was observed. In this work, an 
increase in GLC occurred during pathogenesis in both resistant and susceptible 
cultivars. In our study, resistant cvs. Skra and Tur enhanced their GLC activity 
relatively early after inoculation with M. nivale mycelium, whereas in susceptible 
cv. Felopa GLC activity did not rise until the eighth dai. Żur et al. (2013) reported 
that CHT activity increased and remained high even 7 d after inoculation, but 
only in the resistant cv. Hewo. This is partially consistent with our study, where 
CHT activity in the resistant Skra, Tur, and Taya rose in the infected plants vs. 
the control ones, but it also did in susceptible cv. Darius.

In conclusion, improved resistance to M. nivale infection seems to depend 
on more than a single mechanism. In meadow fescue cv. Skra, plant resistance 
to the snow mould is due to a rapid increase in the activity of glucanase and 
chitinase after the pathogen attack. A similar but slightly delayed reaction was 
also typical of the relatively resistant Italian ryegrass cv. Tur. In perennial rye-
grass cv. Taya, resistance may result from the rapid growth of chitinase activity 
caused by pathogen inoculation, but also as a side effect of the elevated glucanase 
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activity. Therefore, we suggest that an increase in both glucanase and chitinase 
activity after snow mould infection could be recognized as one of markers of 
grass resistance to M. nivale.
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Tensile strength of the rachilla in spikelets of Polish 
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Abstract

The aim of this study was to evaluate the tensile strength of the rachilla in spikelets 
of Polish cultivars of Festulolium braunii (K. Rich.) A. Camus during seed development 
and maturation. The investigations were carried out in 2009–2010 at the Plant Breed-
ing, Szelejewo, Poland. The inflorescences were randomly harvested in June – July 
from plant collection in maintenance breeding of three Polish cultivars (Agula, Felopa, 
and Sulino). Using a specifically developed testing machine, tensile strength of the 
rachilla of individual spikelets were determined. Regardless of the F. braunii cultivar, 
the tensile strength of the rachilla decreased through consecutive growth stages. 
The highest tensile strength of the rachilla was observed during the phase of kernel 
watery ripe stage (BBCH 71) – it ranged from 510.1 mN in ‘Agula’ to 592.0 mN in 
‘Felopa’. At the fully ripe phase (BBCH 89), the value of this trait ranged from 19.2 mN 
in ‘Agula’ to 45.0 mN in ‘Felopa’. It was also observed that in all tested cultivars of 
F. braunii, the spikelets located in the lower part of the spike were characterised by 
the highest tensile strength of the rachilla, whereas those in the upper part were 
characterised by the lowest values of this trait. This means that the caryopses in 
the spikelets located at the lower part of the inflorescence were less susceptible to 
shedding. Seed shedding the Polish F. braunii cultivars, especially ‘Agula’  and ‘Sulino’, 
may start as early dough and soft dough phases. By contrast, seed shedding ‘Felopa’ 
is moved to the later phases of seed maturation.

Additional key words: growth stage, seed development, seed maturation, seed 
shedding.
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Introduction

Festulolium braunii cultivars, obtained from crossing autotetraploid forms 
of meadow fescue and Italian ryegrass in combinations Festuca pratensis 
(2n=4x=28) × Lolium multiflorum (2n=4x=28), are valuable components of 
seed mixtures designed for ley farming, and can even be used for renovation 
of permanent grassland (Kryszak et al. 2002, Opitz von Boberfeld and Banzhaf 
2006, Wolski et al. 2006, Olszewska 2008, Ghesquière et al. 2010, Černoch and 
Groenbaek 2015, Wyss and Frick 2019). The high nutritional value and high dry 
matter yield potential of these cultivars provide an opportunity to reduce the 
costs of milk and beef production. 

Due to these beneficial traits of F. braunii the demand for seed of registered 
cultivars is increasing. Therefore, an important research issue is to assess the seed 
potential of Festulolium, both in creating new cultivars (Baert et al. 2019) and 
their reproduction (Humphreys and Marshall 2000). In the evaluation of initial 
material used for cross-breeding, one of the most important biological traits is 
fertility, the level of which in hybrid forms is decisive for the reproduction of 
new breeding material (Zwierzykowski et al. 1998). In turn, the crucial issue to 
improve the profitability of seed plantations of already existing F. braunii culti-
vars is to increase the seed yield (Ghesquière et al. 2010, Goliński et al. 2010).

The biological traits that require quantification for increasing the efficiency of 
grass seed plantations and the selection of shedding-resistant forms is the seed 
retention strength in spikelets and tensile strength of the rachilla (Coolbear et 
al. 1997). There are complex physical and physiological changes in the elements 
of the inflorescence structure during the maturing process of grasses (Sexton 
and Roberts 1982). In many grass species, they lead to seed shedding, which 
often limits breeding achievements, due to reduced seed yield of their cultivars 
(Lorenzetti 1993, Humphreys and Marshall 2000). F. braunii belongs to the group 
of such species. Therefore, it becomes necessary to evaluate this phenomenon by 
means of precise measuring devices monitoring the process of seed shedding, in-
cluding the tensile strength of the rachilla in spikelets. This will allow assessment 
of the diversity of this biological trait in F. braunii genotypes. Research results 
in this field can be helpful for production of cultivars, in particular optimizing 
seed harvesting technology.

The objective of this study was to evaluate the tensile strength of the rachilla 
in spikelets of Polish cultivars of F. braunii in subsequent growth stages during 
seed development and seed maturation.

Materials and methods

The study was conducted in 2009–2010 on plant material obtained from Polish 
cultivars of Festulolium braunii (K. Richter) A. Camus at Plant Breeding, Szele-
jewo, Poland. The experimental material was a plant collection (51°51'30'' N, 
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17°09'34'' E) used in maintenance breeding of three Polish cultivars: Agula, 
Felopa, and Sulino (loloid type) of F. braunii, currently maintained by Danko 
Plant Breeding. These cultivars have been registered on the Polish National List 
since 1998 (‘Felopa’ and ‘Sulino’) and 2002 (‘Agula’ ) and are included in the 
EU common catalogue of cultivars of agricultural plant species. The clones of 
cultivars were planted in 2008 on Cambisols soil (pHKCl  – 5.8, humus – 1.04 %, 
and P – 0.219, K - 0.109, and Mg – 0.074 mg g-1). The weather conditions during 
the period of vegetative growth and maturation of generative shoots in 2009 and 
2010 were similar to multiyear averages. Only in 2009 higher rainfall (156 mm) 
occurred in June, which, in combination with relatively low air temperatures 
(daily average 10.4 °C), delayed the beginning of the seed maturation process. 
However in 2010, high rainfall was recorded in May (155 mm), and rainfall 
lower than multiyear averages was recorded in June (33 mm) and July (52 mm). 
The analytical material consisted of 30 inflorescences of each cultivar randomly 
collected from the plant collection during June-July in the subsequent eight 
growth stages of seed development and maturation (Table 1) according to the 
Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie scale 
(Meier 2001). F. braunii ears were collected in the first (2009) and second (2010) 
year of seed yield.

The tensile strength of the rachilla in individual spikelets of Festulolium brau-
nii inflorescences was tested with a prototype machine for measuring tensile 
strength of biological material. The construction of the machine was based on 
components manufactured by Höttinger Baldwin Messtechnik (Darmstadt, Ger-
many), i.e., strain gauges with appropriate nominal ranges, special measuring 
amplifiers with analogue/digital processing with a resolution of 24 bits. Mechani-
cally compensated sensors are largely independent of not centric power trans-
mission and they guarantee high accuracy (0.02 %). Due to digital filtration the 
amplifier guarantees an accuracy of 0.01 %. The whole machine was connected 
to a digital recorder system using the MS Windows operating system. A platform 
with the latest generation of the PW 4 MC 3 sensor was used to measure the 
tensile strength of the rachilla in spikelets. The breakage of the rachilla occurred 
in the abscission layer, which forms between the individual florets, as a result of 
manual force along the direction of spikelet axis by means of a special handle 
and tweezers (Goliński 2009).

The tensile strength of the rachilla in individual spikelets was tested in 30 
replicates for each of the cultivars. The results for individual cultivars were given 
as the average values from two years of research for subsequent growth stages. 
Due to different sizes of F. braunii inflorescences, special attention was given 
to the 12 spikelets growing on the spike axis, counting from the bottom of the 
inflorescence, according to the methodology described by Golińska (2009). The 
zones of position of the spikelets in the inflorescence were accounted for (lower 
– spikelets 1 to 4, middle – spikelets 5 to 8, upper – spikelets 9 to 12). The results 
of measurement of the tensile strength of the rachilla in individual inflorescence 
zones were given for specific cultivars in the first and second year of seed yield.
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The data were analysed using ANOVA. The main effects on the cultivar were 
tested with F-tests. The means were separated by the least squared difference 
(LSD) at a significance level α = 0.05. The standard deviation and coefficient of 
variation were also calculated. As far as the position of the spikelet in the inflo-
rescence is concerned, the average values at individual growth stages were used 
to calculate trends of changes in the tensile strength of the rachilla by means of 
linear regression.

Table 1. Tensile strength [mN] of the rachilla of Polish Festulolium braunii cultivars in subsequent growth 
stages during seed development and seed maturation.

Growth stage (BBCH scale) Cultivar Mean SD Variation coefficient [%]

Kernels watery ripe (71) Agula 510.1 169.3 33.2
Felopa 592.0 110.9 18.7
Sulino 519.9 154.8 29.8

LSD0.05   45.6 - -
Early milk (73) Agula 412.4 112.4 27.3

Felopa 434.0   86.5 19.9
Sulino 411.7   85.1 20.7

LSD0.05 ns - -
Medium milk (75) Agula 369.8 116.1 31.4

Felopa 382.8 112.9 29.5
Sulino 372.5 101.4 27.2

LSD0.05 ns - -
Late milk (77) Agula 230.7   70.0 30.4

Felopa 240.9   75.7 31.4
Sulino 257.1   74.1 28.8

LSD0.05 ns - -
Early dough (83) Agula 160.7   30.9 19.3

Felopa 227.4   73.6 32.4
Sulino 171.1   39.8 23.3

LSD0.05   18.19 - -
Soft dough (85) Agula 122.0   39.0 31.9

Felopa 180.0   58.0 32.2
Sulino 144.0   44.9 31.2

LSD0.05   15.4 - -
Hard dough (87) Agula   43.1   13.1 30.5

Felopa 110.7   24.7 22.3
Sulino   89.1   20.9 23.5

LSD0.05     6.4 - -
Fully ripe (89) Agula   19.2     5.8 30.4

Felopa   45.0   12.5 27.7
Sulino   36.3   11.1 30.6

LSD0.05     2.9 - -



203Tensile strength of the rachilla in spikelets of Polish Festulolium braunii cultivars

Results

The results showed that the tensile strength of the rachilla decreased in all the 
F. braunii cultivars from phase BBCH 71 to BBCH 89 (Table 1). At the growth 
stage of kernels watery ripe, ‘Felopa’ was characterised by a significantly greater 
force necessary to break the rachilla. At the subsequent growth stages (BBCH 
73–77) the differences between the cultivars were not significant. There were 
noticeable differences between the cultivars at the end of seed maturation, from 
phase BBCH 83 to BBCH 89. At the early dough growth stage, ‘Felopa’ exhibited 
a significantly higher tensile strength of the rachilla, by 33 % compared to ‘Sulino’ 
and 42 % relative to ‘Agula’ . This difference was also observed at the subsequent 
growth stages. At the soft dough phase all the cultivars differed significantly in 
the tensile strength of the rachilla. The highest tensile strength of the rachilla was 
observed in ‘Felopa’ (180 mN), whereas the lowest tensile strength of the rachilla 
was measured in ‘Agula’  (122 mN). These differences between the cultivars were 
also observed at the subsequent final stage of seed maturation. The higher tensile 
strength of the rachilla of ‘Felopa’ showed that this cultivar was characterised by 
greater resistance to caryopses shedding than other cultivars. By contrast, ‘Agula’  
was characterised by the highest susceptibility to seed shedding, because the 
tensile strength of its rachilla was the lowest, especially at the last stages of seed 
maturation – the hard dough and fully ripe stages.

It is noteworthy that the tests of the tensile strength of the rachilla revealed 
considerable variability, which was reflected by the values of standard deviation 
and coefficient of variation. This means that despite the careful collection of 
inflorescences at individual growth stages, there was high variation in the ten-
sile strength of the rachilla. The value of this trait is influenced not only by the 
phase of plant development but also by other factors, e.g., the weather conditions 
during the maturity of generative shoots. In addition, the research results cover 
two years of the seed yielding of F. braunii cultivars, which differed in weather 
conditions during plant maturation.

Analysing the differences in the tensile strength of the rachilla of the F. braunii 
cultivars in more detail, the position of the spikelets on the inflorescence axis 
in the subsequent years of seed yield were taken into account. The changes in 
the tensile strength of the rachilla during the seed development and maturation 
of ‘Agula’  in the first (Fig. 1A) and second year of yield (Fig. 1B) show that the 
rachilla of the spikelets located in the upper part of the inflorescence was char-
acterised by smaller tensile strength than in the spikelets located in the middle 
and lower zones. The linear regression showed that as the seed maturation phase 
progressed, there were fewer differences in the tensile strength of the rachilla be-
tween the spikelets, depending on their position on the spike axis. Nevertheless, 
in both years at each growth stage the lowest value of this trait was measured in 
the upper spikelets. Although at the early stage of seed development there were 
noticeable differences in the middle and lower spikelets, they were practically 
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Fig. 1. Tensile strength of the rachilla of cv. Agula in subsequent growth stages during seed development 
and seed maturation in the first (A) and second (B) year of seed yield in regard to position of the spikelets 
on the inflorescence axis.

Fig. 2. Tensile strength of the rachilla of cv. Felopa in subsequent growth stages during seed development 
and seed maturation in the first (A) and second (B) year of seed yield in regard to position of the spikelets 
on the inflorescence axis.
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non-existent at the final stage of seed maturation, i.e., at phases BBCH 87 and 
BBCH 89.

The changes in the tensile strength of the rachilla of ‘Felopa’ at individual 
growth stages were similar to those of ‘Agula’ . The regression lines showed lower 
values of this trait in the upper spikelets both in the first (Fig. 2A) and second 
year (Fig. 2B) of seed yield. In the first year the differences between the spikelets 
in the tensile strength of the rachilla tended to decrease as the seed matura-
tion period progressed. In the second year these differences were still observed 
between the upper and lower spikelets at all the phases. The value of this trait 
in the middle spikelets decreased faster at the subsequent growth stages. As a 
consequence, at the final stages of seed maturation the differences between the 
middle and upper spikelets were minimal.

The tensile strength of the rachilla of ‘Sulino’ at the subsequent growth stages 
exhibited significant differences between the years of seed yield (Fig. 3A,B). In 
the first year the values of this trait at the early stage of seed development were 
higher than in the second year of the research, especially in the upper and mid-
dle spikelets. Then, as the development progressed, the tensile strength of the 
rachilla decreased in all the spikelets according to the regression lines. The tensile 
strength of the rachilla in ‘Sulino’ was much higher in the lower spikelets, which 
suggests their high resistance to seed shedding.

Fig. 3. Tensile strength of the rachilla of cv. Sulino in subsequent growth stages during seed development 
and seed maturation in the first (A) and second (B) year of seed yield in regard to position of the spikelets 
on the inflorescence axis.
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Discussion

Despite the use of optimal agrotechnical procedures in grass seed plantations, 
the reproduction of cultivars may fail due to seed shedding, which may be com-
pounded by the weather conditions, such as strong wind and heavy rainfall dur-
ing the advanced stage of seed maturity in a field (Rolston and Chynoweth 2010). 
Shedding causes a loss of 15–60 % seed yield in grass plantations (Falkowski 
et al. 1996). F. braunii is a grass species that develops multi-flower spikelets in 
inflorescences. The shedding of individual caryopses or fragments of the spikelet 
occurs due to breakage of the rachilla, which is caused by mechanical forces and/
or complex physical and physiological processes. According to Elgersma et al. 
(1988), seed shedding is the result of stresses occurring in the thin-walled layer 
of cells, which cause the abscission layer to crack. Sexton and Roberts (1982) 
reported, that shedding depends on the enzymatic activity of cellulase and poly-
galacturonase, which cause decomposition of the cell wall. As given by González-
Carranza et al. (1998), there are three phases of the process of the breakage of the 
rachilla. Initially, one or more morphogenetic signals cause cell differentiation 
in the abscission layer. Stress, the presence of abscisic acid, polyamines, and the 
ageing of cells cause the production of ethylene, which promotes the expression 
of genes responsible for the production of polygalacturonase, cellulase, and per-
oxidase. These enzymes degrade the cell wall and cause division of the abscission 
layer. The process appears to be subject to hormonal control in that high content 
of auxin inhibit, while abscisic acid and ethylene promote abscission (Boelt and 
Studer 2010). During seed maturation physical and physiological changes occur 
in various elements of the inflorescence (Sexton and Roberts 1982). They affect 
the tensile strength of the rachilla (Coolbear et al. 1997). Therefore, research 
on the effects of these processes in the form of tests of the tensile strength of 
the rachilla in various F. braunii genotypes helps to explain the seed shedding 
process, which may occur at early stages of seed maturation.

In an earlier study on the tensile strength of the rachilla of L. multiflorum the 
force necessary to break the rachilla tended to decrease as the period of maturity 
passed and subsequent growth stages progressed (Golińska 2009). Similar re-
sults were observed in this study. Regardless of the F. braunii cultivar, the tensile 
strength of the rachilla decreased as consecutive growth stages began. The highest 
tensile strength of the rachilla was observed at the phase of kernels watery ripe 
(BBCH 71) and decreased at the fully ripe phase (BBCH 89). Finding differences 
in the tensile strength of the rachilla enables identification of the genotypes that 
are resistant to caryopses shedding, which contributes to progress in breeding 
(Goliński 2009). Seeds are harvested at growth stages BBCH 83–87, which in-
volve mowing and threshing. In our study in these seed maturity phases, ‘Felopa’ 
was characterised by the highest tensile strength of the rachilla. It was followed by 
‘Sulino’ and ‘Agula’ . These results imply differences in seed shedding of F. braunii 
cultivars, indicating that ‘Felopa’ is the most resistant to seed loss. Differences 
between cultivars were also observed in the study conducted by Goliński (2009).
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The tensile strength of the rachilla in the spikelets of F. braunii cultivars was 
characterised by high variability. It was reflected by the values of standard devia-
tion and variation coefficient. Golińska (2009) made similar observations in a 
study on L. multiflorum, where the variation coefficient for the tensile strength 
of the rachilla of different genotypes of this species at the soft dough phase 
amounted to 60 %.

The tensile strength of the rachilla of individual spikelets in the inflorescence 
of F. braunii cultivars differed depending on their position on the inflorescence 
axis. Regardless of the cultivar, the spikelets located in the lower part of the 
spike were characterised by the highest tensile strength of the rachilla, whereas 
those in the upper part were characterised by the lowest values of this trait. 
Apart from that, the difference between the tensile strength of the rachilla in 
the upper, middle, and lower spikelets tended to decrease as the phase of seed 
development and maturation progressed. Golińska (2009) also observed that the 
tensile strength of the rachilla of L. multiflorum tended to decrease depending 
on its position on the inflorescence axis. The author found that the caryopses in 
the spikelets located in the middle and upper part of the spike were more sus-
ceptible to shedding caused by mechanical factors such as wind and rain. This 
study resulted in a similar conclusion. The seed shedding of the Polish F. braunii 
cultivars, especially ‘Agula’  and ‘Sulino’, may start as the early dough and soft 
dough phases. By contrast, the seed shedding of the ‘Felopa’ cultivar is shifted 
to the later phases of seed maturation.
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Abstract

Grasslands play a significant role in livestock fodder production and thus, contribute 
to food security worldwide while providing numerous additional ecosystem services. 
However, how agroclimatic conditions and adverse weather events relevant for grass-
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lands will change across the European grassland areas has not been examined to 
date. Using a single reference setup for soil and management over 476 European 
sites defined by climate stations, we show the probability of eight selected adverse 
weather events with the potential to significantly affect grassland productivity under 
climate change and how these events vary regionally across Europe. Changes in 
these eight key agroclimatic indicators create markedly specific spatial patterns. We 
found that by 2050, the exposure of the south and west European grasslands to heat 
and drought may double in comparison with today and that the area with frequent oc-
currences of heat and drought will expand northwards. However, across Ukraine, Be-
larus, and the Baltic countries to southern Finland and Sweden, the likelihood of these 
events is likely to decrease. While changing cultivars and management strategies are 
unavoidable, shifting grassland production to other regions to reduce the risk may 
not be possible as the risk of adverse events beyond the key grassland-growing areas 
increases even further. Moreover, we found marked changes in the overall thermal 
and water regimes across European regions. The effect of adverse weather events 
in the future could be different in other regions of the world compared to regions in 
Europe, emphasizing the importance of conducting similar analyses for other major 
grassland producing regions. To mitigate the impact of climate change, new ways 
of maintaining grassland productivity need to be developed. These methods include 
more efficient selection of species mixtures for specific regions, including increased 
use of legumes and forbs; incorporation of new genetic resources, including the 
development of hybrid cultivars, such as Festulolium hybrids; and incorporation of 
state-of-the-art technologies in breeding programs and new grazing management.

Additional key words: climate change, extreme events, grassland productivity, 
LARS-WG.

Introduction

The current European grasslands have developed over millennia under natural 
conditions and/or in interaction with human management. Grasslands are char-
acterized by multiple functions and values. In the context of agricultural food 
production, grasslands are mainly used for grazing livestock at pasture and for 
the production of hay and silage (Nita et al. 2019). Apart from their basic role in 
feeding herbivores and ruminants, grasslands also provide important ecosystem 
services, including soil erosion control, maintenance of species diversity, water 
retention, and water purification (Peeters 2008, Veen et al. 2009). Lesschen et 
al. (2014) distinguished between production grasslands, which are dedicated to 
producing fodder, and seminatural grasslands, which beside services listed above 
(e.g. providing forage for livestock) also provide biodiversity maintenance. For 
production grasslands, the main differentiating factors are between permanent 
and temporary grasslands and the level of intensification. Grasslands are very 
diverse in terms of management and yield and range from seminatural grasslands 
with low yields to highly productive agricultural grasslands, which include silage 
and hay fields and pastures under intensive production (Smit et al. 2008). Some 
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of these intensive agricultural grasslands are rotated with arable crops in mixed 
livestock production systems (Herzog et al. 2006).

Arable land, which includes land for cereals and other annual crops, ac-
counted for 60 % of the utilized agricultural area in the EU-28 in 2013 (EURO-
STAT 2019). Permanent grasslands, which are composed of pastures, meadows, 
and rough grazing areas, represented 34 %. Grasslands have a dominant share of 
agricultural land use in most mountainous European regions, such as in the Alps, 
supporting their high regional importance (Buchgraber et al. 2011). Similarly, 
the share of permanent grasslands of total agricultural land associated with live-
stock rearing (notably dairy and sheep farming) exceeded 50 % in Luxembourg, 
Slovenia, the United Kingdom, and Ireland, while it was below 2 % in Cyprus, 
Finland, and Malta. The regional shares of grassland are depicted in Fig. 1. De-
spite the fundamental economic, ecological, and aesthetic roles of grasslands, 
the overall area of permanent grasslands has been decreasing significantly since 
1960s across EU-28 (Huyghe et al. 2014). This decrease has several negative 
environmental consequences, including biodiversity loss, increased greenhouse 
gas emissions and soil erosion. 

The seasonality of grassland and forage production are primarily affected by 
temperature and soil moisture, which constrain the length and determine the 
intensity of the growing season. In most of Europe, the main seasonal trends in 
plant growth are determined by temperature. However, in southern and eastern 
Europe, summer growth is conditioned by the availability of soil moisture (Laid-
law et al. 2006, Trnka et al. 2006). In addition to temperature and the amount 
and timing of precipitation, grass production is also highly dependent on fer-
tilization and land management, including grassland renewal, to maintain high 
productivity (Blanke et al. 2018).

Observed climate change trends and weather anomalies have affected grass-
land productivity across Europe (Kipling et al. 2016). The annual average tem-
perature has increased in recent decades, with the greatest warming in northern 
Europe during winter and in southern Europe during summer. Precipitation 
has generally increased in northern and a large part of central Europe and has 
decreased in southern Europe. High temperature extremes and heavy precipi-
tation events have become more frequent and more common across Europe 
(Seneviratne et al. 2012, Kovats et al. 2014). Increased drought stress and short-
ening of the active growing season, which in some regions become increasingly 
squeezed between cold winters and hot summers (Trnka et al. 2011), can affect 
water balance, grassland composition, biomass accumulation, and fodder quality, 
which have major consequences for feed production for livestock (Hoffstätter-
Müncheberg et al. 2014, Huyghe et al. 2014). 

Studies on the impacts of climate change on European grasslands have shown 
regionally specific responses and have demonstrated the necessity of analyzing 
both the overall shifts of agroclimatic conditions and the impacts of changes in 
weather variability. For example, Goliński et al. (2018) investigated the effects of 
climatic trends on grassland productivity in two contrasting locations in Europe. 
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Fig. 1. Altitude map of the domain of interest with the locations of the 476 weather stations used in the 
study (thin lines are Thiesen polygons) (A); environmental zones as developed by Metzger et al. (2005) 
covering most of the domain of interest (B); the grassland subregions considered in the study (C); the 
proportion of the combined grassland, pasture and forage crop areas in each Thiesen polygon based 
on Monfreda et al. (2008) (D); and in panel E, the color and size of the circle correspond to the share of 
European grassland area per polygon.

In central Poland, the dry matter yield of agriculturally improved grasslands had 
been reduced over time due to increasing temperatures, in particular, during 
summer. On the other hand, no significant effects on grassland yield from climate 
variables were found in northern Norway. In the Mediterranean region of Eu-
rope, reduction in rainfall increases the risks associated with overgrazing, which 
cause dramatic declines in the functional diversity of Mediterranean grasslands, 
potentially compromising their stability and resilience over time (Carmona et 
al. 2012). Walter et al. (2012) showed that increased rainfall variability may re-
duce grassland productivity and forage quality in central Europe, independent of 
mowing frequency. Craine et al. (2012) analyzed a long-term dataset of grassland 
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productivity and found that drought, precipitation intensity and heat waves af-
fected productivity differently throughout the growing season.

European grasslands are generally vulnerable to climate extremes, such as 
early or delayed snowmelt, heat waves, and droughts (Galvagno et al. 2013, De 
Boeck et al. 2016). The impacts of these extremes mainly depend on their inten-
sity and timing (Sippel et al. 2016), ecosystem species composition and diversity, 
resilience of the grassland ecosystem, and interaction of biotic and abiotic fac-
tors (Hoover et al. 2014). Field observations (Inouye 2008) and model results 
(Rigby and Porporato 2008, Bennie et al. 2010) indicate that an earlier onset of 
the growing season without change in the timing of late frost events may even 
lead to an increased risk of damage to grassland species.

To assess and analyze grassland productivity and conditions, several grassland 
yield prediction and modeling approaches have been developed and applied in 
climate change impact studies in Europe (Graux et al. 2013, Höglind et al. 2013). 
These approaches have been applied not only to study the effects of climate 
change on grassland productivity but also to assess other effects, in particular, the 
impact of climate change on soil carbon storage in grasslands (Sándor et al. 2016, 
Chang et al. 2017). In some cases, these models have had difficulty dealing with 
climatic variability and extremes due to their complex effects on the grassland 
ecosystem, where resilience and recovery effects also play a key role (Ruppert 
et al. 2015, Kipling et al. 2016). Therefore, combining information from process 
oriented models maybe complemented by assessments of adverse weather events 
as shown in case of wheat (Trnka et al. 2015).

Outcomes from models of future climate conditions are an extremely valuable 
source of knowledge for grass breeders. Considering the outcrossing mode of 
reproduction and mostly perennial lifestyle of forage grass cultivars, development 
and registration take a long time (approximately ten years in the case of Italian 
ryegrass and 15 years for Festulolium). Similarly, an efficient breeding and man-
agement strategy considers that an individual cultivar will be commercialized for 
at least 20 to 30 years (Vladimir Cernoch, pers. comm.). Breeders must therefore 
take into the account the future climate conditions, for which they actually breed 
new cultivars. Prediction of the climatic conditions across Europe over the next 
30–50 years is therefore a key component of the breeding process, which will 
allow the adoption of genetic resources with agricultural traits beneficial for 
coping with the likely impacts of climate change.  

In this study, we seek to answer the following two research questions: to 
what extent will climate change alter the agrometeorological conditions that 
are important for grassland production stability (using a three cut regime and 
homogenous soil as the reference), and how will climate change affect the prob-
ability of selected adverse weather events.
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Fig. 2. Baseline (1981–2010) values of the three selected parameters: mean annual temperature (Tavg, A); 
sum of the mean temperatures on days with a daily mean above 10 °C (TS10, E); number of tropical days, 
i.e. days with a daily maximum above 30 °C (tropical days, I). The expected change compared to baseline 
is provided in the next three columns for the CSIRO-RCP4.5 (B,F,J), GISS-RCP4.5 (C,G,K), and HadGEM-
RCP4.5 (D,H,L) scenarios, which represent the period 2041–2060. The size of the circle corresponds to 
the standard deviation (STD) of the given parameter over 300 individual yearly simulations. The STD of the 
anomaly represents an increase (when STD > 1.0) or decrease (when STD < 1.0) in the annual variability of 
the given indicator with respect to the baseline.
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Fig. 3. Baseline (1981–2010) values of the annual sum of precipitation (precipitation, A); climatological 
water balance calculated as the difference between the annual sum of precipitation and the sum of potential 
evapotranspiration (water balance, E); number of days in which the soil moisture in the topsoil is reduced 
below the point of decreased availability, i.e. days with a soil moisture less than 50 % of the maximum 
available water holding capacity (reduced soil moisture, I). The expected change compared to baseline is 
provided in the next three columns for the CSIRO-RCP4.5 (B,F,J), GISS-RCP4.5 (C,G,K), and HadGEM-RCP4.5 
(D,H,L) scenarios, representing the period 2041–2060. The size of the circle corresponds to the standard 
deviation (STD) of the given parameter over 300 individual yearly simulations. The STD of the anomaly 
represents an increase (when STD > 1.0) or decrease (when STD < 1.0) in the annual variability of the given 
indicator with respect to baseline. 
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Fig. 4. Baseline (1981–2010) values of the number of frost days, i.e. days with a daily minimum temperature 
below 0 °C (frost days, A); number of days with snow cover above 3 cm (snow days, E); sum of effective 
global radiation (EGR) during days with a daily mean temperature above 5 °C and daily minimum 
temperatures above -2 °C and no occurrence of significant water stress (EGR, I). The expected change 
compared to baseline is provided in the next three columns for the CSIRO-RCP4.5 (B,F,J), GISS-RCP4.5 
(C,G,K), and HadGEM-RCP4.5 (D,H,L) scenarios, representing the period 2041–2060. The size of the circle 
corresponds to the standard deviation (STD) of the given parameter over 300 individual yearly simulation. 
The STD of the anomaly represents an increase (when STD > 1.0) or decrease (when STD < 1.0) in the 
annual variability of the given indicator with respect to baseline.
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Materials and methods

This paper first focuses on three types of agroclimatological characteristics rel-
evant to grassland productivity in relation to temperature, water, and winter con-
ditions. In the next step, the frequency of weather events that can be considered 
“adverse”, i.e. conditions that are detrimental to grassland yield, is considered. The 
specific thresholds are described in Table 3 Suppl. We prefer the term “adverse” 
rather than “extreme”, as the latter term is usually defined by the frequency of 
occurrence at a given site/region. 

Study area and climate data: Simulation of agroclimatic conditions and adverse 
weather events for grasslands was performed for 476 European weather stations 
that represent the study domain (Fig. 1). In total, 36 European countries are 
represented in the study, covering the current European grassland-producing 
regions with the exception of Russia (Fig. 1C,D). The domain also covered all 
environmental zones (Fig. 1B) as defined by Metzger et al. (2005). Three global 
circulation models (GCM) from the CMIP5 ensemble (Fig. 1 Suppl., Table 1 
Suppl.) were used to represent the known variability in the rate of temperature 
change and precipitation patterns. The model CSIRO-MK36 (CSIRO) was used 
as the central estimate, while GISS-E2-R-CC (GISS) represented a lower rate of 
temperature change and modest increase in dryness, and HadGEM2-ES (Had-
GEM) represented higher climate sensitivity with a hotter and dryer climate 
(Fig. 1 Suppl.).

The representative concentration pathway, RCP4.5, was used for the con-
struction of local-scale climate scenarios with the climate models. The climate 
projections from GCMs were downscaled to local-scale daily weather by the 
LARS-WG 6.0 weather generator using so called ELPIS dataset of site-specific pa-
rameters across Europe (Semenov et al. 2010, Semenov and Stratonovitch 2010). 
This database is based on combinations of GCMs and representative concentra-
tion pathway for downscaling. For each site and GCM, we generated 300 years 
of daily site-specific weather, representing the baseline scenario corresponding 
to 1981–2010, and 300 years for the future climate scenario corresponding to 
2041–2060. In each simulation, the first 50 years were used to initialize the cal-
culation of AgriClim soil moisture model, and the remaining 250 years of data 
were retained for subsequent analyses. 

Agroclimate modeling: For each site, we used a predefined set of agroclimatic 
conditions and adverse events definitions. The entire set of the indicators was 
estimated using the AgriClim software (Trnka et al. 2011, 2014), with the pa-
rameters set according to those shown in Table 2 Suppl. and Table 3 Suppl. 
The grasslands were all assumed to be under a three-cut management regime 
to estimate the impact on the leaf area index and thus the crop specific coeffi-
cients. The cutting dates were determined automatically by dividing the growing 
season into three equal periods. The growing season was defined as the period 
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with mean daily temperatures continuously above 5 °C, minimum temperatures 
greater than -2 °C and no snow cover. When calculating evapotranspiration, an 
adjustment for the atmospheric CO2 concentration was made by reducing the 
reference evapotranspiration by a scaling factor (Kruijt et al. 2008). The value 
of the scaling factor for 2050 was estimated to be 0.96 of the baseline value for 
RCP4.5. We used one soil profile for all of the sites to enable comparison, with 
homogeneous soil properties assumed throughout the top and subsoil layers. 
The plant-available water at field capacity was assumed to be 270 mm for the 
entire profile (to a depth of 1.3 m). We assumed a single free-draining soil with 
good water-holding properties and a relatively deep profile, allowing between-
site comparisons of the climate signal.

Agroclimatic conditions: The agroclimatic characteristics relevant for grass-
lands and their likely development in the coming decades were divided into 1) 
temperature conditions during the growing season; 2) water availability; 3) cold 
season conditions; and 4) indicators of potential productivity. The vegetation 
season temperature conditions were described as the mean annual temperature 
(Tavg), sum of temperatures above 10 °C (TS10), and number of tropical days 
(i.e. number of days with a daily maximum temperature above 30 °C). The water 
regime parameters included the annual sum of precipitation, difference between 
the annual sum of precipitation and potential evapotranspiration, and number 
of days with reduced soil moisture availability in the topsoil, i.e. to a depth of 
0.4 m. The winter characteristics were described by the number of frost days 
(when the daily minimum temperature was below 0 °C) and number of days 
with a snow cover above 3 cm. The indicator of potential productivity (effective 
global radiation) was calculated as the sum of daily global radiation on days when 
the mean air temperature exceeded 5 °C without snow cover or frost occurrence 
and when plants were not severely limited by a lack of water. This indicator was 
assessed using the ratio of actual (ETa) and reference (ETr) evapotranspiration, 
with a minimum value of 0.4. Grassland growth on a given day was considered as 
not being significantly limited by water if the daily ratio of ETa to ETr exceeded 
0.5. For this study, we deliberately chose a low threshold (0.4) to avoid overes-
timation of water shortage by the selected indices. Water shortage served as a 
component of a proxy for calculating potential productivity by summing global 
radiation only on days with temperature and soil moisture content permitting 
crop growth and development.

The indices were calculated for each of the climate stations, and Thiessen 
polygons (Fig. 1) were used to assign areas represented by each site. Then, the 
area of grasslands in each polygon was estimated using data from Monfreda 
et al. (2008). The weight of each polygon in the total grassland area (Fig. 1C) 
was calculated based (Fig. 1D) on gridded information on grassland acreage 
(Monfreda et al. 2008). Finally, to perform a more region-specific analysis, the 
data were aggregated into 13 subregions (Fig. 1C) for which the adaptation and 
breeding recommendations were formulated by the authors.
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AgriClim software: The agroclimatic parameters listed in Table 2 Suppl. and 
Table 3 Suppl. were calculated using the AgriClim software package (Trnka et al. 
2011). The software utilizes daily maximum and minimum temperatures, daily 
sums of global radiation and rainfall, mean daily wind speed and mean daily 
relative air humidity. For all ETr and ETa calculations, the grassland canopy was 
considered using the single crop coefficient (Kc) approach defined by Allen et 
al. (1998). Compared to the original methodology (Allen et al. 1998), AgriClim 
also accounts for the degree-day driven changes in Kc and grassland height. The 
model also distinguishes between solid and liquid precipitation (Trnka et al. 
2010) and considers the effect of snowmelt on soil water content. An evaluation 
of the soil moisture routine has been presented by Hlavinka et al. (2011). The 
climate data and weather generator tools used to prepare the paper can be found 
at LARSWG (https://sites.google.com/view/lars-wg/) and the CMIP5 ensemble 
distribution site (http://pcmdi9.llnl.gov/).

Results

Under the present climate, there is a considerable north-south gradient in the 
mean annual temperature, with the lowest variability in the mean temperature in 
the southern and western parts of Europe (Fig. 2A). The projected temperature 
increase (Fig. 2B-D) is largest in the north according to all three models and 
most pronounced for the HadGEM model. Strong warming is also expected in 
the eastern and central parts of Europe. While the baseline spatial patterns of the 
TS10 compared to Tavg are very similar (Fig. 2E), they differ considerably for 
the future climate (Fig. 2F-H). The highest increase in the TS10 is expected in 
the south according to all the models, primarily because there are relatively few 
days with a mean temperature above 10 °C in the northern, central, and eastern 
parts of Europe compared to southern Europe. There is a substantial increase 
in the projected number of tropical days (i.e. days with Tmax above +30 °C), as 
shown in Fig. 2I-L. In many regions of Europe (e.g. central and south-western), 
the number of tropical days is likely to nearly double by 2050, and a considerable 
increase compared to the current near-absence of these days is likely for areas 
of northern Germany, Poland, Denmark, and southern Scandinavia (Fig. 2J-L). 

Grassland productivity is closely linked to sufficient and sustained water 
availability. Fig. 3 shows different aspects of water availability. There is a consid-
erable precipitation gradient from west to east, with areas of low rainfall found 
across southern parts of Europe, throughout the central and eastern Balkans, 
Pannonia, and eastern Scandinavia. Fig. 3B-D demonstrates the large uncertainty 
in the GCM projections of precipitation change across Europe. While CSIRO and 
HadGEM projections tend to show a major precipitation decline in the western 
Mediterranean, the GISS model tends towards higher and more variable precipi-
tation in the same region. Nevertheless, all three models agree on a decrease in 
precipitation in large parts of France and central Europe (to various degrees) and 

https://sites.google.com/view/lars-wg/
http://pcmdi9.llnl.gov/
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an increase in precipitation in most of Scandinavia. With the exception of the 
Mediterranean (for CSIRO and HadGEM), most areas are expected to display an 
increase in precipitation variability (Fig. 3B-D). Not surprisingly, the parameter 
combining the potential requirement of water and water availability, i.e. the an-
nual water balance, shows clearer patterns in the expected shifts of agroclimatic 
conditions (Fig. 3E-H). Under all the GCMs, most of the analyzed European 
domain shows a tendency towards a more negative water balance and larger 
variability (Fig.3F-H). Most of Scandinavia and the northern parts of the Brit-
ish Isles show the opposite tendency but also have markedly higher interannual 
variability. The tendency towards changes in the water balance is associated with 
an increased risk of drought or dry spells, as seen at Fig. 3I-L. The number of dry 
days will likely increase across most of Europe, with a consistent increase in the 
number of dry days in central Europe and the central Mediterranean (Fig. 3J-L). 

With regards to the winter aspects of agroclimatic conditions (Fig. 
4), the tendency towards milder winters in terms of a reduced num-
ber of frost days is clearly observed in all three GCMs. A much larger shift 

Fig. 5. Cumulative probability of the occurrence of a single adverse event under the baseline (A) and 
projected climate scenarios (B-D) as well as the change in the adverse event frequency (E-G). A – The 
baseline period (1981–2010) and B to G – the climate scenarios (2035–2065) for CSIRO-RCP4.5 (B,E), 
GISS-RCP4.5 (C,F), and HadGEM-RCP4.5 (D). 



Future agroclimatic conditions and implications for European grasslands 221

Fig. 6. Dominant type of adverse event and expected frequency for the baseline (1981–2010) (A), and 
expected dominant types of adverse events and changes in frequencies under future (2041–2060) 
climate conditions according to the three GCMs (B-D), with the size of the circle corresponding to the 
event frequency. Panels E-G shows the type of adverse event that showed the largest change compared 
to the baseline for three considered GCMs: A – the baseline period (1981–2010) and B to G) – the climate 
scenarios (2041–2060) for CSIRO-RCP4.5 (B,E), GISS-RCP4.5 (C,F), and HadGEM-RCP4.5 (D,G). Note: 
individual adverse events are aggregated into groups based on Table 3 Suppl.

towards fewer frost days is observed in the eastern part of the domain 
(Fig. 4B-D), particularly in the north-east, where the number of frost days is 
largest under baseline conditions. The decrease in the number of frost days is 
accompanied by a significant reduction in the number of days with continuous 
snow cover, as presented in Fig. 4E-H. In many of the regions in the Baltic states, 
Belarus, and Scandinavia, the duration of snow cover might decrease by more 
than a month, indicating that the fraction of precipitation accumulated in snow 
will decrease also, which is an important factor for soil water supply in spring at 
the onset of the vegetation season. 

The agroclimatic potential for grassland productivity may be best estimated 
through effective global radiation (EGR) during the growing season. An area of 
high EGR is concentrated in western Europe and the British Isles, with areas with 
very low EGR found both in the southern and northern parts of the domain. 
Central and eastern Europe as well as the southern part of Scandinavia represent 
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areas with somewhat lower, but still favorably high, EGR (Fig.4I). Under the 
projected future climate (Fig. 4J-L), a major reduction of EGR is expected in 
the current areas of highest EGR, across the Mediterranean, through the Balkan 
Peninsula, and in central Europe.

Under the present climate, the occurrence of weather conditions that adverse-
ly influence grassland production, yield stability and fodder quality differs greatly 
over the domain (Fig. 5A). Europe can be divided into three areas with different 
probabilities of adverse events. The first area, with a very small probability of ad-
verse events, spans from southern Scandinavia through Denmark, northern and 
western Germany, Benelux, and France to the Pyrenees in the south and most of 
the British Isles in the north-west. An area with a higher probability of adverse 
event occurrence, but still below 50 %, covers most of eastern Germany and 
central Europe. The last area is on the borders of the domain, and some adverse 
weather conditions generally occur there each season. The core areas with a low 
probability of adverse events under the present climate are also those with large 
areas of grasslands and high fodder production. The projected impact of climate 
change on the probability of adverse weather events corresponds well among 
all three climate models (Fig. 5B-G). The majority of the “core” grassland area 
in Europe with the most suitable conditions will remain unaffected by adverse 
weather events and will still include most of the British Isles, southern Sweden 
and Norway, Denmark, and Benelux; large parts of western Germany; and east-
ern and central France. Eastern and north-eastern Europe will likely experience a 
significant decrease in the probability of adverse events, but as these regions suf-
fer from frequent adverse events under baseline conditions, even large reductions 
will not alleviate the risk entirely (Fig. 5B-D). On the other hand, a significant 
increase in the probability of adverse weather events that would be damaging to 
grassland productivity can be seen in southern Europe and is associated with the 
northward expansion of heat and drought stressed areas. A significant increase 
in the projected adverse weather event probability is also visible in Ireland and 
Scotland as well as western France and western Spain.

Fig. 6 shows that under current conditions, excess of water is the most fre-
quent limitation for grassland production over much of the northwestern coastal 
area of the continent and the British Isles, while snow related limitations affect 
production in the northeastern and eastern part of the domain and in Alpine 
areas. Drought is projected to become the major limiting factor for grass produc-
tion over most of the Mediterranean region, with heat stress dominating only for 
small areas in Turkey and central Europe. Low temperatures dominate as a cause 
of adverse events in parts of Scandinavia and central Europe. According to our 
estimates for future climatic conditions, overly wet conditions will become an 
increasing problem across the northwestern European grasslands (Fig. 6B-G), 
whereas snow-related issues together with the occurrence of inconveniently low 
temperatures will likely be a major concern in eastern and northeastern Europe 
as well as in the Alpine region (Fig. 6B-G). Even the relatively modest RCP4.5 
emission scenario would lead not only to a sharp increase in the probability of 
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heat stress (according to all GCMs) but also to drought. A major shift in the 
dominance of drought- and heat-related adverse events would occur across the 
whole Mediterranean region, but these events are also likely to increase for much 
of France, Germany, Denmark, Southern Sweden, Hungary, and the Czech Re-
public. There would also be an increase in drought as the single most important 
adverse event in eastern parts of the UK. The high degree of correspondence 
among all three GCMs indicates that the projections are quite robust. 

Based on these results, a further aggregation of the expected changes for 
476 stations into 13 predefined subregions was performed (Fig. 1C). For these 
subregions, the changes in the main agroclimatic parameters and frequency of 
adverse weather events are summarized in Table 4 Suppl. Then, using expert 
knowledge, recommendations for the breeding programs in each of the regions 
are made, including specific advice for Festulolium breeders (Table 4 Suppl.). 

Discussion

Existing studies estimating the effect of climate change on grassland produc-
tion rely on a set of either empirical or process-based crop models that are not 
optimized to recognize the impacts of the majority of adverse events considered 
here (Finger et al. 2010, Chang et al. 2016, Kipling et al. 2016, Ghahramani et 
al. 2019). This is the case for the former class of models because of their reli-
ance on monthly or seasonal data, and it is also the case for the latter class of 
models because the model algorithms do not account fully (or at all) for the ef-
fects of adverse weather events, which can cause production decreases or quality 
deterioration (Kipling et al. 2016). Therefore, process-based grassland models 
may be complemented by estimates of adverse weather events made by simpler 
methods (e.g. as presented here) to obtain more realistic estimates of climate 
change impacts. 

Some effort has been made towards improving grassland climate resilience 
(Černoch and Kopecký 2020, Humphreys and Zwierzykowski 2020), but there 
has been little emphasis on agroclimatic conditions or the adverse weather events 
relevant for grassland production and their ecosystem services. To date, research 
has focused on optimizing yield and quality under the prevailing climatic condi-
tions without considering a broader range of climatic risks, as shown in a recent 
review by Ghahramani et al. (2019). Thus, targeting grassland management and 
genotypes that provide good matches to the environment still relies on monthly 
or even seasonal climatological parameters and often does not reflect the fre-
quency of adverse events. Even in cases in which research focuses on extreme/
adverse weather, there seems to be a bias towards certain types of events, which 
are addressed in detail without considering other coexisting potential threats. In 
recent years, substantial research efforts in breeding strategies have focused on 
the effect of drought and especially of heat stress (e.g. to improve stress tolerance 
of new crop or grass cultivars; Casler and Van Santen 2010). However, it is well 
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known that grass production is not always affected by only one adverse event 
but rather by a combination of various events within one season, including their 
interactions (Kipling et al. 2016). For example, final yield may be affected not 
only by the frequency of days with high temperatures but also by the occurrence 
of late and severe frost without adequate snow cover or by overly wet and cool 
weather, which could enhance the occurrence of diseases. These interactions 
complicate the harvest and makes crop management more difficult. 

Rising temperatures in cooler climates, associated with sufficient rainfall and 
an elevated CO2 concentration, would positively affect grassland productivity 
(Hopkins and Del Prado 2007), which would allow an increase in the grassland 
management intensity over Europe with higher than current potential annual 
grass forage yield, grazing capacity and livestock density and a shift in seasonal 
grazing capacity. However, the projected increase in the interannual variability 
of grassland productivity in some regions may reduce farmers’ ability to take 
advantage of the increased long-term mean productivity in the face of more 
frequent and more severe declines in productivity (Chang et al. 2017). This risk 
is supported by projected increases in adverse weather event occurrence over 
some regions in our study, especially in the area just north of the Mediterranean 
(Figs. 5 and 6).

Dellar et al. (2018) evaluated the expected changes in yield, quality of pasture, 
and forage species caused by changes in air temperature, water availability, atmo-
spheric CO2 concentration, and soil nitrogen content across different European 
regions. They concluded that areas with expected warmer and wetter condi-
tions (in particular the northern region and parts of the Alpine and continental 
regions) can expect higher pasture yields but a reduction in forage N content, 
whereas warmer and drier areas (particularly southern Europe and parts of the 
continental region) would experience a reduction in both yield and N content. 
Our results support this spatial pattern in terms of the risks of drought and heat 
stress but also point to an increased occurrence of excessive rain or snow, which 
may pose challenges in some European grassland regions. This finding was also 
reported by Hopkins and Del Prado (2007), who concluded that increased tem-
peratures and CO2 concentration have the potential to increase herbage growth 
and to favor legumes over grasses but that changes in seasonal precipitation 
would reduce these benefits, particularly in areas with low summer rainfall. 
Further implications for grasslands may arise from an increased frequency of 
extreme droughts, precipitation, storms, and other events. In some cases, there 
will even be changes in the dominant type of adverse weather events (Fig. 6), 
which may necessitate changes in grassland management strategies. Even if the 
frequency of adverse event occurrence decreases in some regions, a change in 
the dominant type of extreme event (Fig. 6B-G) can have serious short- to long-
term implications (e.g. change of grassland composition) and could markedly 
change grassland productivity. While the risk of extended frost and/or snow risk 
can be alleviated by management practices, it is much more difficult to alleviate 
a decrease in water availability or risk of heat stress. 
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The increased occurrence of late frosts and frosts without snow cover, as 
shown by Fig. 2 Suppl., will likely negatively impact grasslands, in particular, in 
central and eastern Europe. Warmer extended autumns could shift the cold ac-
climation of plants to months when less light is available and impair the freezing 
tolerance of many grass species. Repeated freeze-thaw cycles, which are linked 
to warmer winters in central and northern Europe, also increase the risk of 
impermeable layers of ice forming in grasslands, which can cause substantial 
winter losses due to the anoxic conditions that arise under ice (Höglind et al. 
2010, Dalmannsdottir et al. 2017). However, these conditions are not well cov-
ered by our indices of adverse weather conditions during winter. In addition, 
unstable winter and early spring temperatures with a risk of freezing can cause 
dehardening of plants, i.e. the loss of winter hardiness that protects plants during 
winter (Jørgensen et al. 2010). 

Kreyling et al. (2012) investigated the local adaptation of grassland species 
to late frost on the continental scale and the influence of previous exposure 
to drought and warming on late frost sensitivity. They found that the biomass 
productivity of common European grass species decreased on average by ap-
proximately 20 % in response to a single late frost event. However, there are still 
large uncertainties and research issues associated with the measuring the impacts 
of frost events on grassland productivity (Rapacz et al. 2014).

As indicated in Figs. 4E-H, Fig. 2 Suppl. and Fig. 3 Suppl., the snow cover 
duration will, in general, decrease substantially both in eastern Europe and in 
the mountain and highland areas of central Europe. The changes in snow melt 
timing and snow amount depend on the region and climate model. A sufficient 
snowpack of approximately 10 cm of freshly fallen snow is, in some regions, 
closely linked to grassland productivity, as it protects against severe frost dam-
age, and its benefit has been shown especially in the cases of first and second 
cuts (Trnka et al. 2006, Peng et al. 2010). Xie et al. (2020) showed that snowmelt 
timing has a larger influence on the start of the season than snow cover depth. In 
addition, the timing and volume of snow cover are determining factors for water 
balance and earlier greening of grasslands during spring, which in turn, affects 
the annual carbon balance. Without snow cover, carbon dioxide assimilation in 
grasslands is controlled by temperature, with a threshold of approximately 5 °C 
for soil temperature (Zeeman et al. 2017). On the other hand, deepen winter 
snow cover enhances water balance and stabilizes plant community composition 
and productivity in temperate grasslands, which ultimately mitigate the impacts 
of chronic drought during the growing season in semiarid regions (Li et al. 2020). 

Summer heat waves negatively affect lowland grasslands in much of southern 
and central Europe, but in alpine grasslands, when water balance is non-limiting, 
climate change will increase canopy greenness significantly by extending the 
green period in late summer and early autumn (Corona-Lozada et al. 2019). 
While Fig. 2I-L indicates an increase in tropical days across most of Europe, the 
occurrence of more severe heat waves will be limited mostly to southern Europe. 
However, according to all the models and HadGEM in particular, severe heat 
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waves may affect much of central Europe by 2050 (Fig. 4 Suppl.). While higher 
elevations appear less affected, the combined risk of heat and drought stress 
will also increase (Fig. 4 Suppl. and Fig. 5 Suppl.), which could negatively affect 
alpine grasslands (De Boeck et al. 2016). The increase in heat stress occurrence 
should be of concern even in these mountain systems (Cremonese et al. 2017).

Drought is a major natural hazard that can reduce plant productivity, lead 
to widespread plant dieback and restrict the geographical distribution of plant 
species (Tilman and El Haddi 1992). The effect of drought on grassland produc-
tivity is known to be significant even with relatively mild droughts (Trnka et al. 
2006) and moderated by both nitrogen acquisition strategies and the nitrogen 
availability (Hofer et al. 2017a,b). Additionally, grassland types react differently 
to drought, as shown by Finn et al. (2018) or Wang et al. (2019). Their results 
indicate that different grassland types showed different resistance and resilience 
to drought disturbances with the latter confirming importance of species diver-
sity in mitigating drought impacts. Natural grasslands in Europe have devel-
oped specific ecotypes adapted to the local temperature and drought conditions 
(BeierKuhnlein et al. 2011). The reaction to drought occurs at various levels, 
as demonstrated by De Vries et al. (2016), who quantified the root response of 
grassland species with contrasting ecological strategies to drought and assessed 
the changes in root biomass and traits. Reduced root biomass increased soil 
inorganic nitrogen availability, but did not directly affect root carbon exudation. 

The increased CO2 concentration is, however, expected to increase the water 
use efficiency of the grasslands, which has been partially accounted for by using 
scaling factors according to the Kruijt et al. (2008) study. The most pronounced 
positive effect of CO2 on reducing drought frequency can be seen in areas where 
drought risk is increasing but rainfall is still relatively high (e.g. Central Europe, 
Alpine grasslands). In these regions even small increase of water use efficiency 
can moderate the increase of the evaporative demand. Despite some degree of 
resilience of grasslands to drought, the profound increase of the probability of 
drought events (Fig. 5 Suppl.) and reduced soil moisture availability (Fig. 3I-L) 
indicate a negative impact, especially in lowland areas. Finger et al. (2013) ana-
lyzed the economic impacts of summer drought on Swiss grassland yields and 
grassland composition and calculated up to a 37 % annual yield loss in lowland 
and sub-Alpine localities of Switzerland, similar to findings reported by Brázdil 
et al. (2009) for the 20th century droughts in the Czech Republic. 

Changes in environmental factors such as temperature, rainfall and soil con-
ditions are expected to alter the production conditions for temperate grasslands, 
affecting grassland productivity, production risks, fodder quality, and the fre-
quency of occurrence of weed species in grasslands (Soussana and Lüscher 2007). 
Grassland yields in most European areas are expected to increase under future 
climatic conditions only if the benefits of the increasing atmospheric concen-
trations of CO2 are taken into account. Increases in the marginal productivity 
of nitrogen application induced by CO2 fertilization might lead to more inten-
sive grassland management (Finger et al. 2010, Lazzaroto et al. 2010). Research 
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strategies similar to the one developed by Taube et al. (2014) for grasslands in 
northwest Europe are necessary to maintain grassland sustainability. They rec-
ommended to focus research on sustainably intensifying grassland production 
and reducing the environmental impacts of the grassland‐based dairy industry. 
However, as our study shows, western and northwestern Europe are expected to 
experience much less change in agroclimate and adverse weather event frequen-
cies than the rest of the continent, where such strategic studies would be even 
more necessary and have a stronger focus on measures to manage and cope with 
adverse weather events. 

In general, productive grassland management targets an optimal balance 
among forage yield, forage quality, yield stability, and persistence (plant survival 
or reproduction). In the face of unstable and uncertain future climatic condi-
tions, adaptation approaches are focused on the maintenance of a high diversity 
of cultivated forage species, implementation of a gene pool from wild relatives of 
crops to increase abiotic and biotic stress tolerance, optimization of defoliation 
and new fertilization strategies, improvement of soil management by irrigation 
or drainage, flexibility of grazing plans, and renovation or re-establishment of 
the grassland (Höglind et al. 2013, Golińska et al. 2016, Joyce et al. 2016, Klaus 
et al. 2016, Ergon et al. 2018). Higher species richness can enhance yield stability 
in both extensively and intensively managed grasslands and increase drought 
tolerance but only if there is a sufficient amount of water available (Ergon et al. 
2018). In the context of species richness (grassland composition), permanent 
grasslands particularly contribute to a large degree of regional biodiversity, in-
cluding the rich insect populations that is currently decreasing drastically across 
Europe (Deguines et al. 2014). Agricultural policy and adaptation strategies will 
need to consider these aspects in the future as well (Cole et al. 2020), especially 
in the context of grassland intensification strategies (Di Giulio 2001).

One of the adaptation strategies for reducing the risk of adverse weather 
events is stress avoidance through shifts in either time or space. Avoidance can be 
achieved by either escape from the stress at a given growing area through man-
agement strategies that shift the most sensitive growing stages to more suitable 
time of the year or by moving production elsewhere. However, our results show 
that moving production elsewhere could be problematic because areas where 
a decrease in adverse event frequency is expected (e.g. eastern Europe) usually 
show poor grassland growing conditions compared to areas where worsening 
conditions are expected (Fig. 4I). Avoiding the stress temporally by shortening 
the grassland production season inevitably leads to a lower amount of global ra-
diation intercepted by plants and thus lower yield potential (unless the radiation-
use efficiency of grassland species can be significantly improved). Avoidance 
in space can also be achieved by shifting grassland production to new growing 
areas, which may be less endangered by the projected increase in adverse event 
frequency and whose climate conditions may improve. The northward (and up-
ward, i.e. to higher altitudes) expansion of grasslands into areas with a currently 
different land use (either forest or arable land) seems to be a potentially viable 
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strategy from an agroclimatic point of view, but the available data indicate that 
conditions for such a change exist only in a few regions (Fig. 4J-L). 

As shown by Trnka et al. (2014, 2015), the severity and frequency of some 
adverse events (e.g. drought stress) would, in general, be higher in soils with a 
low water-holding capacity, both under baseline and future climate conditions. 
The soil water holding capacity of the rooting zone used in this study was chosen 
to be above that of the majority of agricultural land. If we select actual soils (with 
water holding capacity in most cases much below 270 mm), the probability of 
adverse events as defined in the study will increase. However, this study did not 
consider influence of soil conditions in general nor the moderating influence of 
the high underground water tables that sustain grasslands with water in some of 
the key grassland producing areas in Europe (e.g. in the lowlands or along rivers 
and streams). Under these conditions, grasslands would be capable of mitigating 
the impact of some adverse events (especially of drought stress) but could equally 
be subjected to flooding or prolonged periods with high water table, which would 
limit grass growth and prevent access to the grassland areas. Our study also did 
not consider irrigation, as the large majority of European grassland production 
is rainfed. While the use of irrigation would decrease the overall exposure of 
grassland production to drought and would eventually allow a longer growing 
season, it would be limited by existing water scarcity in some areas and by legal 
requirements for water extraction from water bodies (Monaghan et al. 2013).

We adopted a simplified scheme for calculating agroclimatic indices and 
adverse weather events. These indices have by nature general applicability and 
may not represent specific threats to plants in all cases, although the effects of 
frost and drought are probably well described. However, the risk of ice encase-
ment through subsequent thawing and freezing, which may increase in much of 
northern and northeastern Europe, is much more difficult to model (Kipling et 
al. 2016). Therefore, there is a need for better data on the biophysical details of 
such situations to develop and validate models that can quantify these situations 
and project possible changes.

We focused on climate changes from the mid-20th century, and we thus opted 
to use a set of three GCMs from the CMIP5 ensemble, which are representative 
of the range of temperature and precipitation changes observed over the whole 
CMIP5 ensemble. Since the differences between the representative concentration 
pathways RCP4.5 and RCP8.5 remain relatively small up to 2050, RCP4.5 was 
chosen as the reference. The method used for the GCM downscaling through 
LARS-WG does not allow to consider fully changes in the inter-annual vari-
ability (Semenov 2007) especially those caused by large scale changes in the 
atmospheric circulation. These changes could include changes in number of rainy 
days as a consequence of higher persistency of anticyclonic or blocking patterns 
or changes in strength of the North Atlantic Oscillation. Therefore, changes in the 
variability of adverse events presented in this study reflect shifts of the monthly 
means of key weather variables not their variability. There may well be further 
regional uncertainties in the projected impacts through climate modeling and 
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the associated downscaling (Madsen et al. 2012), but we consider that the major 
uncertainties in projected climate changes have been captured.

Conclusions

Under future climate scenarios, all of the 476 investigated sites in Europe will 
experience marked changes in agroclimatic conditions important for grassland 
productivity. Most of the sites will display a higher risk of different types of ad-
verse weather events than today and/or higher chances of adverse weather event 
occurrence. Therefore, the target traits for grassland species and cultivars and 
strategies for grassland management should account for these spatially varying 
adverse events associated with climate change. Additionally, other ecosystem 
services provided by grasslands must be considered for future regional adapta-
tion strategies, such as biodiversity maintenance, soil protection and soil carbon 
storage. Failing to address these challenges through proper adaptation measures 
could lead to a substantial reduction in European grassland productivity and 
fodder quality in the near future. Other key grassland-producing regions of the 
world could also be severely affected by adverse weather conditions, which calls 
for similar analyses to identify future risks for grassland productivity and ecosys-
tem services to supplement impact assessments based on crop growth models.
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Table 1 Suppl. Global climate models from the CMIP5 ensemble incorporated in the LARS-WG weather generator. Scenarios are based 
on RCP4.5 representative concentration pathways. 
 

 Research Centre Country Global climate model Grid resolution  

1 The Centre for Australian Weather and Climate 
Research 

Australia ACCESS1-3 1.25° × 1.88°   

2 Beijing Climate Center China BCC-CSM1.1 2.77° × 2.81°  
3 Canadian Centre for Climate Modelling and Analysis Canada CanESM2,  2.77° × 2.81°  
4 Centro Euro-Mediterraneo sui CambiamentiClimatici Italy CMCC-CM 0.74° × 0.75°  
5 CNRM-GAME &Cerfacs France CNRM-CM5 1.40° × 1.40°  
6 Australia's Commonwealth Scientific and Industrial 

Research Organisation 
Australia CSIRO-MK36 1.85° × 1.88°  

7 EC-Earth consortium Europe EC-EARTH 1.125° × 1.125°  
8 Goddard Institute for Space Studies USA GISS-E2-R-CC 2.00° × 2.50°  
9 UK Meteorological  Office UK HadGEM2-ES 1.25° × 1.88°  
10 Institute for Numerical Mathematics Russia INM-CM4 1.50° × 20°  
11 Institute Pierre Simon Laplace France IPSL-CM5A-MR 1.27° × 2.50°  
12 University of Tokyo, National Institute for Envir. 

Studies, Japan Agency for Marine-Earth Science 
&Technology 

Japan MIROC5 1.39°×1.41°  

13 University of Tokyo, National Institute for Envir. 
Studies, Japan Agency for Marine-Earth Science 
&Technology 

Japan MIROC-ESM 2.77° × 2.81°  

14 Max-Planck Institute for Meteorology Germany MPI-ESM-MR 1.85° × 1.88°  
15 Meteorological Research Institute Japan MRI-CGCM3 1.11° × 1.13°  

16 National Centre for Atmospheric Research USA NCAR-CCSM4 0.94° × 1.25°  
17 National Centre for Atmospheric Research USA NCAR-CESM1-CAM5 0.94° × 1.25°  
18 Norwegian Climate Centre Norway NorESM1-M 1.90° × 2.50°  

  

Table 2 Suppl. Overview of the indicators used to define grassland relevant agroclimatic indicators in this study. 
 

Indicator name Acronym/unit Description  

1. Mean annual temperature 2. Tavg 
3. [°C] 
 

Mean annual temperature based on complete daily data for the given period. 
The calculation of the daily mean was based on averaging daily maximum 
(Tmax) and minimum (Tmin) temperature measured under standard conditions 
(in a shelter) at 2 m height over a grass surface.  

4. Sum of temperatures 
above 10 °C;  
5.  

TS10 
6. [°C] 
 

Mean of annual accumulated temperature sum (growing degree days) above 10 
°C during the frost-free period of the year 

7. Number of tropical days 8. Tropical days 
9. [d . year-1] 
 

Mean of annual number of days per year with Tmax1 above 30 °C 

10. Mean annual sum of 
precipitation 

11. Precipitation 
12. [mm] 
 

Mean annual sum of precipitation based on daily precipitation data for the 
given period. 

13. Annual mean of the 
climatological water balance 

Water balance 
14. [mm] 
 

Difference between mean annual sum of precipitation and mean annual sum of 
potential evapotranspiration. Daily ETr estimates were based on the Penman-
Monteith method (Allen et al. 1998) using the SoilClim model (Hlavinka et al. 
2011) 

15. Number of days with 
limited topsoil water 
availability 

Reduced soil moisture 
16. [d.year-1] 
 

Number of days with limited soil water availability1 (soil water content in the 
top 40 cm of the soil below 50 % of maximum water holding capacity) as 
calculated by the SoilClim model (Hlavinka et al. 2011) 

17. Number of days with frost 18. Frost days 
19. [d. year-1] 
 

Mean of annual number of days per year with the Tmin3 below 0 °C per year  

20. Number of days with 
snow cover 

21. Snow days 
22. [d.year-1] 
 

Mean of annual number of days with the snow cover4 more than 3 cm deep. 

23. Effective global radiation EGR 
24. [MJ.m-2.year-1] 
 

The mean annual sum of the effective global radiation estimated as the sum of 
daily global radiation on days when the mean air temperature exceeded of 5 °C 
(without snow cover or frost occurrence) and when there plants were not 
limited by lack of water (ETa5/ETr6 > 0.4).  

Notes:  
1The Tmax maximum daily temperature was measured 2 m above ground. 
2The soil moisture was calculated assuming three cuts per year for grassland surface assuming a soil water-holding capacity of              
0,27 m and a maximum rooting depth of 1.3 m. For number of days only soil moisture in the topsoil, i.e. 0-0.4 m was considered.  
3The Tmin minimum daily temperature was measured 2 m above ground; thus, the actual grass temperature might be even lower. 
4The snow cover was estimated using a model validated by Trnka et al. (2010). 
5The ETa refers to the actual evapotranspiration calculated for winter wheat assuming a soil water-holding capacity of 0,27 m and a 
maximum rooting depth of 1.3 m. 
6The ETr refers to the same crop surface as 1 but for reference evapotranspiration; the crop parameters were set according to Allen et 
al. (1998) 
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Table 3 Suppl. Overview of the adverse weather condition definitions used in this study. 
 

Indicator name Expected effect on grasslands Indicator description – situation must occur at least once per 
season to be counted 

25. Frost with no snow Symptoms including leaf chlorosis; 
burning of leaf tips to cut back plant 
growth or even to plant death 

Event is triggered when Tmin1 is equal to or below -20 °C 
for at least one day with no or very limited snow cover2 
(less than 1 cm of freshly fallen snow) 

26. Late frost Its occurrence after loss of the winter-
hardiness leads to leaf chlorosis, burning of 
leaf tips, floret sterility, damage to lower 
stem and consequently medium to severe 
yield losses 

Event is triggered when the Tmin1 is equal to or below -2 °C 
after the start of a window, determined as the period when 
the mean air temperature is continuously above 10 °C (for 
at least 5 d) and does not drop below 10 °C for more than 2 
d in a row 

27. Snow suffocation   Event is triggered when the Tmax3 temperatures are above 10 
°C with snow cover is above 3 cm and less than 30 cm and 
this situation lasts more than 10 d 

28. Excess snow Snow mold occurrence, high mortality and 
low quality of the grass 

Event is triggered when the snow cover above 10 cm 
continuously covers the ground for at least 60 d in the given 
winter (October - April) or within this period, snow cover of 
at least 3 cm lasts for 90 d  

29. Extremely wet early 
season 
 

Restricts growth and reduces yield through 
the occurrence of diseases, nitrate leaching, 
waterlogging and root anoxia  

Event is triggered if the soil moisture4 is at or above the 
field capacity for more than 60 d from January till May 31. 
Days with a mean temperature below 3 °C are not counted 

30. Extremely wet late 
season 
 

Restricts growth and reduces yield through 
the occurrence of diseases, nitrate leaching, 
waterlogging and root anoxia  

Event is triggered if the soil moisture4 is at or above the 
field capacity for more than 60 d from June 1 till October 
31. Days with a mean temperature below 3 °C are not 
counted 

31. Early season heat stress 
 

Causes partial or complete sterility of the 
florets with a severe effect on yield 

Event is triggered when the Tmax3 is above +31 °C for at 
least 2 d during the period from April to June. 

32. Late season heat stress Speeds up development and decreases 
yield until the growth stops, resulting in a 
substantial yield reduction 

Event is triggered when the Tmax3 is above +35 °C for at 
least 3 d during the period from June to October 

33. Severe early drought Causes a severe reduction of growth or 
plant dieback  

Event is triggered if ETa5/ETr6 is less than 0.15 for at least 
10 consecutive days between January 1 to May 31st. Days 
with a mean temperature below 3 °C are not considered for 
period January 1 and May 31 

34. Severe late drought  Causes a severe reduction of growth or 
plant dieback  

Event is triggered if ETa5/ETr6 is less than 0.15 for at least 
10 consecutive days between June and October 

35. Severely dry season  Causes severe reduction of growth or plant 
dieback  

Event is triggered if ETa5/ETr6 is less than 0.15 for at least 
21 d during the period January to December; the days with a 
mean temperature below 3 °C are not considered 

1The Tmin minimum daily temperature was measured 2 m above ground; thus, the actual grass temperature might be even lower. 
2The snow cover was estimated using a model validated by Trnka et al. (2010). 
3The Tmax maximum daily temperature was measured 2 m above ground. 
4The soil moisture was calculated assuming three cuts per year for grassland surface assuming a soil water-holding capacity 0,27 m 
and a maximum rooting depth of 1.3 m. 
5The ETa refers to the actual evapotranspiration calculated for winter wheat assuming a soil water-holding capacity of 0,27 m and a 
maximum rooting depth of 1.3 m. 
6The ETr refers to the same crop surface as 1 but for reference evapotranspiration; the crop parameters were set according to Allen et 
al. (1998) 
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Table 4 Suppl. Overview of the projected shifts of the agroclimatic conditions based on the HadGEM GCM model for the period 2041 
- 2060 for grassland sub-regions defined in the Fig. 1C together with the set of general and Festuolium sp. specific breeding 
recommendations. 
 

Sub-
region 

Expected climate conditions for the subregion (Fig. 1) Breeding recommendation (general): Breeding 
recommendation 
(Festulolium) 

1a Increase of mean temperatures by 2.1 °C; large increase of TS10 
out of all zones and major increase in tropical days (to 79 per 
year); major decrease of precipitation by 15 %, further deepening 
of the water balance deficit from -557 mm to -733 mm leading to 
major decrease of effective global radiation which becomes even 
lower than those in zone V; substantial increase in the heat and 
drought stress 

Non-dormant alfalfa with increased usage 
of short-term ryegrasses and Festulolium 
(Lolium-types of LmFa) on arable land 
(sowing in autumn - cutting in spring) 

 

LmFa (Lolium-
types) 

1b Increase of mean temperatures by 2.2 °C; largest increase of TS10 
out of all zones and major increase in tropical days (to 79 per 
year); basically no change in annual precipitation but further 
deepening of the water balance deficit from -338 mm to -439 mm 
leading to major decrease of effective global radiation which 
becomes even lower than those in zones Va and Vb; substantial 
increase in the heat and drought stress 

Drought and heat-tolerant and less-dormant 
alfalfa cultivars; alfalfa-grass mixtures with 
drought-tolerant species such as 
Mediterranean germplasms of tall fescue, 
cocksfoot and potentially Festulolium 
(Festuca-types of LmFa) (northern part), 
tall oatgrass and Bromus (southern part) 

LmFa (Festuca-
types), LmFg, 
LpFm  

2a Lowest increase of temperature from all regions (1.5 °C) with half 
of the region I TS10 increase and almost no increase in tropical 
days; no change in the precipitation is expected but water balance 
will decrease by 45 mm from current surplus of 370 mm on 
average; overall the effective global radiation will grow to the 
highest value among the subregions; risk of extremely wet 
conditions in the first half of growing season will increase and 
constitutes the dominant adverse weather risk for this region 

Increasing usage of species tolerant to 
abiotic stresses, especially flooding 
(increased soil porosity due to the root 
systems rotting, better recovery after 
flooding events and reduced loss of 
nutrients (wash-out) prior to uptake) and 
drought-tolerant species such as tall fescue 
and fescue-types of LmFa (as alternative to 
perennial ryegrass), increasing usage of red 
clover. Priorities for Festulolium will be 
root systems for improved soil hydrology, 
reduced soil compaction, enhanced C 
sequestration and drought tolerance to 
ensure stable livestock feeding during the 
drought periods in growing season 

Greater use of Lp 
based Festulolium 
especially LpFm 
and LpFg, in 
addition to LpFp 
and LmFp and 
additional use of 
fescue-type of 
LmFa for drought 
tolerance 

2b Temperature increase is expected to be at 2 °C with marked 
increase in TS10 and more than doubling in number of tropical 
days; precipitation is expect to decrease substantially and will 
decrease from positive 70 mm to deficit of -90 mm per year this 
leads also to increase in number of days with soil moisture deficit 
from 107 to 125 d; decreasing water availability greatly reduces 
the effective global radiation so the originally most productive 
subregion rates 4th after IIa, IIc and IIIb regions. The reduction of 
EGR is the largest and greater than in case of Ia 

alfalfa and alfalfa-grass mixtures; reduction 
of perennial ryegrass and increased usage 
of cocksfoot, tall fescues and Festulolium 
(Festuca-types of LmFa); increased usage 
of short-term ryegrasses and Festulolium 
(Lolium-types of LmFa) on arable land 
(sowing in autumn - cutting in spring) 

LmFa (both 
Festuca- and 
Lolium-types), 
LmFg, LpFm 

2c Temperature increase is with 2.2 greatest from region 2 with 
increase of TS10 and number of tropical days being moderate; 
Precipitation is expected to decrease slightly and water balance 
will worsen from slightly positive to values below 0; increase in 
days with soil moisture deficit is relatively pronounced by 21 d; 
due to longer growing season however the effective global 
radiation increases slightly making it the subregion with third 
highest EGR; the zone IIc has the lowest score in adverse weather 
event risk both under the present and expected climate 
 

Continuity of established systems with 
dominant alfalfa and alfalfa-grass mixtures 
(south-west part) and red/white clover and 
clover-grass mixtures (northern and central 
part); increased usage of short-term 
ryegrasses and Festulolium on arable land 
(sowing in autumn - cutting in spring); 
reduction of perennial ryegrasses and 
increase usage of Festulolium (all types) for 
long-term grasslands 

LmFp, LpFp, 
LmFa (both 
Lolium- and 
Festuca-types) 
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3a Larger temperature increase by 2.8 °C is expected together with 
major increase in tropical days from about 20 to 60. Precipitation 
decreases by 32 mm and water balance by 150 mm which leads to 
overall deficit of 440 mm shifting the IIIa water balance to 
relatively high deficit. This leads to relatively significant decrease 
of EGR; Major increase in probabilities of drought stress is 
accompanied by even larger increase of heat stress probabilities 
which would occur almost every second year 

Alfalfa and alfalfa-grass mixtures (tall 
fescue, Festulolium); increased usage of 
short-term ryegrasses and Festulolium 
(Lolium-types of LmFa) on arable land 
(sowing in autumn - cutting in spring) 

LmFp, LmFa 
(Festuca-types) 

3b Temperature increase by 2.7 °C is expected as well as increase of 
TS10; currently rare tropical days (4) will increase to 20. 
Precipitation decreases but given the large altitudinal gradient 
local differences will be high. Despite major reduction in water 
balance (170 mm) the balance will remain positive but the number 
of days with water balance deficit will increase from 65 to 95 d; 
reduction in the frost and snow days is expected and overall 
increase of EGR is likely albeit small; prolonged snow cover will 
remain the major adverse weather event negatively affecting 
grasslands 

Continuity of established systems; 
increased usage of tall fescues and 
Festulolium (Festuca-types of LmFa), red 
clovers and presumably alfalfa in lowlands 

LmFa (Festuca-
types) 

3c Temperature increase is 2.8 °C leading to higher TS10 values and 
increase in the tropical days number similar to IIIb. Precipitation 
decreases by 45 mm and water balance by 130 mm leading to 
overall mean deficit of 170 mm per year and increase of days with 
soil moisture deficit to 140; major reduction of snow cover is 
expected together with small reduction of effective global 
radiation; but given the large altitudinal gradient local differences 
will be high. Despite major reduction in water balance (170 mm) 
the balance will remain positive but the number of days with water 
balance deficit will increase from 65 days to 95; reduction in the 
frost and snow days is expected and overall increase of EGR is 
likely albeit small; long snow cover will still be the main limiting 
factor negatively affecting grasslands but increase of drought 
probability is reason for concern even in this zone 

Increased use of alfalfa and alfalfa-grass 
mixtures (tall fescues, Festulolium 
(Festuca-types of LmFa), tall oatgrass and 
Bromus) and reduction of red-clover and 
red clover-grass mixtures (southern and 
central part); continuity of established 
systems with red clover and red clover-
grass mixtures with meadow fescue, 
increased mixture rate of Festulolium 
(LmFp and Festuca-types of LmFa) and 
perennial ryegrass and decreased mixture 
rate of timothy (northern part). For short-
term and permanent grasslands: tall fescue, 
Festulolium (LmFp, Festuca-types of 
LmFa); increased use of short-term 
ryegrasses and Festulolium (Lolium types 
of LmFa) on arable land (sowing in autumn 
- cutting in spring; southern part) 

LmFp, LmFa (both 
Lolium- and 
Festuca-types) 

4a The sub region shows largest (+3.3 °C) temperature increase with 
the highest increase in TS10 but relatively low number of tropical 
days; precipitation is expected to be reduced by about 70 mm 
resulting in water balance deficit of 140 mm; largest increase of 
days with water deficit is expected together with major reduction 
in number of frost and snow days. Therefore, EGR will change 
only slightly and remain in the middle among the subregions; 
increase of risk without snow and heat stress occurrence is 
probable with excess of snow being major adverse type of adverse 
event 

Continuity of established systems with red 
clover and red clover-grass mixtures with 
timothy, meadow fescue, cocksfoot; 
increased use of Festulolium (LmFp and 
Festuca-types of LmFa); increased use of 
short-term ryegrasses and Festulolium 
(Lolium-types of LmFa) on arable land 
(sowing in autumn - cutting in spring) 

LmFp and LmFa 
(both types) 

4b The expected temperature increase by 2.7 °C is markedly lower 
than in IVa but still will increase TS10 considerably as well as 
number of tropical days 55 from current man of 25; rainfall 
reduction with temperature increase will deeper the water balance 
deficit from 330 mm to 460 mm which is similar to the baseline 
deficit in the region I; number of days with soil moisture deficit 
will also reach similar levels as subregion Ib; while frost and snow 
days will be reduced also EGR will decrease making it subregion 
with the third lowest EGR value; while excess of snow will 
remain to be the major adverse event there are major increases in 
the frequency of heat and drought stress to be expected 

Alfalfa and alfalfa-grass mixtures with 
Bromus, tall fescue, Festulolium (Festuca-
types of LmFa), and cocksfoot 

LmFa (Festuca-
types) 
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5a Subregion temperature will increase by 2.6 °C with TS10 
increasing but less than regions in the south. Number of tropical 
days will remain very low, precipitation will remain very similar 
as today and water balance will shift towards lower value but still 
stay highly positive; This will mean relatively small number of 
days with water deficit. Major decrease in snow and frost days is 
expected and that overall leads to slight increase in the EGR and 
the subregion will remain on the average of all subregions; excess 
of snow will remain the dominant adverse effect but occurrence of 
severe frost without snow cover will increase considerably 

Minimal changes and continuity of 
established systems; usage of grass and red 
clover-grass mixtures with timothy, 
meadow fescue, perennial ryegrass; 
increased usage of tall fescue and 
Festulolium (Festuca-types of LmFa) to 
replace meadow fescue and LmFp and 
LpFp to replace perennial ryegrass. 

LmFp, LpFp, 
LmFa (Festuca-
types) 

5b Temperature increase over 3 °C shifting the current temperature 
regime and TS10 towards baseline conditions in Va; precipitation 
is likely to increase and water balance will remain slightly 
positive; Frost and snow days will decrease while EGR will 
increase to levels currently find in Va; excess of snow and risk of 
major frost without snow cover will be of major concern with 
regards of the adverse weather conditions 

Continuity of established systems without 
major changes with meadow fescue and 
timothy (cultivars bred for local conditions 
with strong reaction to short day-length) 

LpFp, LmFa 
(fescue type) 

5c Temperature increase over 3.1 °C but TS value will remain low 
despite the conditions coming close to current Vb subregion; 
precipitation will increase and water balance will stay positive 
with days with low soil moisture remaining low; while EGR is 
growing the most of the subregions it still remains on low levels 
similar to Ib subregion; the adverse event shifts are similar to Va 
and Vb 

Continuity of established systems without 
major changes 

no use 

 
Abbreviations: LmFa (Festuca-types) - Lolium multiflorum × Festuca arundinacea (backcrossed to F. arundinacea), such as cv. Hykor; 
LmFa (Lolium-types) - L. multiflorum × F. arundinacea (backcrossed to L. multiflorum), such as cv. Becva; LmFg - L. multiflorum × 
F. glaucescens, such as cv. Lueur; LmFp - L. multiflorum × F. pratensis, such as cv. Felopa; LpFm - L. perenne × F. mairei, such as 
cv. AberRoot; LpFp - L. perenne × F. pratensis, such as cv. Prior. 
 

 

 
 
Fig. 1 Suppl. Absolute changes in mean annual temperature [oC] and relative changes in annual mean precipitation calculated over 
Northern Europe (NEU, red) and Mediterranean Basin (MED, blue) regions between future 2080 - 2100 and GCM baseline 1995 - 
2005 for 18 GCMs from the CMIP5 ensembles. GCMs descriptions are given in Table 1 Suppl. with [8] standing for the GISS model, 
[6] for CSIRO model and [9] for the HadGEM model. Values are calculated for land grid-cells from the 1-degree land mask. Note: the 
period 2080 - 2100 has been used to indicate better the differences between the GCMs.  
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Fig. 2 Suppl. Probability of occurrence of severe frost without protective snow cover (a) during 1981 - 2010 baseline as well as 
probability of the late frost occurrence (e). The expected change compared to baseline is provided in the next three columns for CSIRO-
RCP4.5 (b,f), GISS-RCP4.5 (c,g), and HadGEM-RCP4.5 (d,h) scenarios that represent period 2041 - 2060. The size of the circle in 
corresponding to the standard deviation (STD) of the given parameter over 300 individual yearly simulation. The STD of the anomaly 
represents increase (when STD > 1.0) or decrease (when STD < 1.0) of annual variability of the given indicator with respect to the 
baseline.  
 

 

 

 
Fig. 3 Suppl. Probability of occurrence of excess of snow (a) during 1981-2010 baseline as well as probability of prolonged period 
with water saturated soils (e). The expected change compared to baseline is provided in the next three columns for CSIRO-RCP4.5 
(b,f), GISS-RCP4.5 (c,g), and HadGEM-RCP4.5 (d,h) scenarios that represent period 2041 - 2060. The size of the circle is 
corresponding to the standard deviation (STD) of the given parameter over 300 individual yearly simulation. The STD of the anomaly 
represents increase (when STD > 1.0) or decrease (when STD < 1.0) of annual variability of the given indicator with respect to the 
baseline. 
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Fig. 4 Suppl. Probability of occurrence of at least 2 d with Tmax >+31 °C in the early season (January - May) (a) and Tmax > +35 °C 
for the period of late (June - October) season during 1981 - 2010 (e). The expected change compared to baseline is provided in the next 
three columns for CSIRO-RCP4.5 (b,f), GISS-RCP4.5 (c,g), and HadGEM-RCP4.5 (d,h) scenarios that represent period 2041 - 2060. 
The size of the circle is corresponding to the standard deviation (STD) of the given parameter over 300 individual yearly simulation. 
The STD of the anomaly represents increase (when STD > 1.0) or decrease (when STD < 1.0) of annual variability of the given indicator 
with respect to the baseline.  

 

 

 
Fig. 5 Suppl. Probability of occurrence of severe drought, i.e. at least 10 consecutive days with severe water stress in the early season 
(January - May) (a) and late season (June - October) during 1981 - 2010 (e). The expected change compared to baseline is provided in 
the next three columns for CSIRO-RCP4.5 (b,f), GISS-RCP4.5 (c,g), and HadGEM-RCP4.5 (d,h) scenarios that represent period 2041 
- 2060. The size of the circle in corresponding to the standard deviation (STD) of the given parameter over 300 individual yearly 
simulation. The STD of the anomaly represents increase (when STD > 1.0) or decrease (when STD < 1.0) of annual variability of the 
given indicator with respect to the baseline.  
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A brief history and (nearly) complete bibliography of 
Festulolium

Z. Zwierzykowski1* and D. Kopecký2

Abstract

Spontaneous interspecific hybridization is one of the key mechanisms in plant spe-
ciation. However, members of two distinct species (or even genera) can also be 
hybridized artificially under controlled conditions in breeding and research programs. 
One example of such distant hybridization is Festulolium, a generic name for hybrids 
of ryegrasses and fescues. These hybrids have become valuable contributors to the 
grass industry as well as a unique model to study evolutionary aspects of merging 
two diverse genomes in single organisms. All these efforts resulted in the devel-
opment and release of almost 80 cultivars and publication of numerous research 
papers. The aim of this report is to provide a brief history of research and breeding 
of Festulolium and as complete bibliographic record as possible. This may serve as 
a unique resource for any Festulolium breeders and researchers. 

Festulolium history

The term Festulolium refers to hybrids between members of two genera: fescue 
(Festuca L.) and ryegrass (Lolium L.). It is difficult to judge who was the first one 
to use the word Festulolium, but two of the first papers using it were a list of ac-
cessions in a grass collection book of a gardener Friedrich Ludwig Brinkmann, 
who found this hybrid at the forest-meadows borders near Rostock (Mecklen-
burg, Germany), and more sophisticated Synopsis der Mitteleuropaischen Flora 
by Paul Ascherson and Paul Graebner published in 1902 (Vol. 2, p. 769). They 
proposed the taxonomic name Festulolium Brinkmannii A. u. G. for the hybrid 
of Festuca gigantea × Lolium perenne. Since then, many reports have been pub-
lished on natural hybridization within the Festuca-Lolium complex, including 
the one published in this book (Boller et al. 2020). These hybrids came into focus 
of breeders and researchers soon after its discovery (Jenkin 1924). Both groups 
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imitated natural hybridization and aimed into mating appropriate parents to 
develop hybrids with a breeding potential. However, it was a long road towards 
the release of the first cultivars, in 1970’s (Lewis et al. 1973, Buckner et al. 1977). 
Similarly, it took some time for commercialization and wide production and uti-
lization of Festulolium in the grass seed market. This is not surprising, as the main 
goal of farmers is sustainable production while yields of new species or hybrids, 
with little track record, is viewed as risky and their adoption may reduce profits. 
However, beneficial attributes of both genera, such as high yield and nutrients 
of ryegrasses and stress tolerance and persistency of fescues, combined in the 
Festulolium led to ever increasing usage of this crop in the grass industry. Since 
then, many attempts have been made in different countries and breeding stations 
during the last 70 years. This led to registration of 78 cultivars, of which 53 ap-
pear on the Organisation for Economic Co-operation and Development (OECD) 
List (Humphreys and Zwierzykowski 2020). Based on the climatic models which 
predict rapid shifts in climatic conditions, we can envisage even wider utilization 
of Festulolium cultivars in forage and turfgrass production and breeding in the 
near future. It seems that the combination of complementary characteristics from 
both parents (as mentioned above) may be a good way to mitigate the potential 
impacts of climate change (Černoch and Kopecký 2020). 

Hand in hand with breeding, research on genetics, physiology, ecology and 
evolutionary biology has also expanded during the last 25 years. Festulolium 
gained much popularity with the successful development of the genomic in situ 
hybridization techniques (GISH; Thomas et al. 1994). These methods enable vi-
sualization of parental chromatin in spreads of mitotic or meiotic chromosomes 
of hybrids, virtually at any stage of the cell cycle. This was the moment when 
Festu lolium became an excellent model for tracking changes associated with 

Fig. 1. Number of papers on Festulolium published in scientific journals and proceedings. Based on our 
bibliography with 5-year interval between 1901 and 2020. 
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mergers of divergent genomes in a single organism, for studying the transmis-
sion rates of parental contributors, the stability of hybrid genomes, the basic 
mechanisms of meiotic division, as well as resolving a long standing question 
of basic genetics (Zwierzykowski et al. 2006, 2011, Kopecký et al. 2006, 2019, 
Ferreira et al. 2021). The interest in Festulolium is growing and the number of 
papers published in scientific journals keeps accelerating (Figure 1). This little 
paper provides a very brief history of the Festulolium breeding and research 
(Table 1) and as complete bibliography of this model plant and highly valuable 
crop as possible. 
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1973 Development of the first Festulolium cultivars Elmet and Prior in the UK
1977 Development of tall fescue cultivar Kenhy derived from Festulolium hybrids in the USA
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List of interspecific hybrids observed within the 
Festuca-Lolium complex

D. Kopecký1

Interspecific hybridization is frequent within the Festuca-Lolium complex. The 
list of interspecific hybrids observed in their natural habitats is provided below. 
Because of the discrepancies in the taxonomic treatment of the genus (Festulo-
lium vs. Festuca vs. Lolium vs. Schedonorus), it is omitted and only the species 
identification is given. 

×aschersonianum (Dörfl.): F. arundinacea × F. pratensis (Banfi et al. 2017)

×brinkmannii (A. Braun): L. perenne × F. gigantea (Banfi et al. 2017)

×braunii (K. Richt.) A. Camus: L. multiflorum × F. pratensis. 
 This is the most frequently created hybrid in breeding programs (Kopecký et 

al. 2006; Ghesquière et al. 2010). However, hybridization of L. multiflorum 
with F. pratensis has not been observed in nature. 

×czarnohorense (Zapał.): F. apennina × F. gigantea (Banfi et al. 2017)

×fleischeri (Rohl.): F. gigantea × F. arundinacea (Holub 1998) 

×hercynicum (Wein): F. rubra × F. pratensis (Banfi et al. 2017)

×holmbergii (Dörfl.): L. perenne × F. arundinacea (Banfi et al. 2017)

×krasanii (H.Scholz): L. multiflorum × F. arundinacea (Banfi et al. 2017)

×loliaceum (Huds.): L. perenne × F. pratensis (Holub 1998)

×pseudofallax (Wein): F. ovina × F. pratensis (Banfi et al. 2017)

×schlickumii (Grantzow): F. gigantea × F. pratensis (Holub 1998) 

×subnutans (Holmb.) = ×boucheanum (Kunth.) = ×hybridum (Hausskn.): L. 
multiflorum × L. perenne (Banfi et al. 2017). This hybrid is frequently pro-
duced by deliberate hybridization in grass breeding leading to cultivars mar-
keted as hybrid ryegrass.

×wippraense (Wein): F. heterophylla × F. pratensis (Banfi et al. 2017)

1  Institute of Experimental Botany, Czech Acad Sci, Centre of the Region Haná for Biotechnological and 
Agricultural Research, Olomouc, 77900, Czech Republic, email: kopecky@ueb.cas.cz
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Other hybrids found in nature without any taxonomic treatment include L. pe-
renne × F. rubra (Nilsson 1933), F. apennina × F. arundinacea and F. apennina × 
F. pratensis (Kopecký et al. 2016). 

References

Banfi, E., Galasso, G., Foggi, B., Kopecký, D., Ardenghi, N.M.G.: From Schedonorus and Micropyropsis to 
Lolium (Poaceae: Loliinae): New combinations and typifications. – Taxon 66: 708–717, 2017.

Ghesquière, M., Humphreys, M.W., Zwierzykowski, Z.: Festulolium. – Fodder Crops and Amenity Grasses 
5: 293–316, 2010.

Holub, J.: Reclassifications and new names in vascular plants 1. Preslia 70: 97–122, 1998.
Kopecký, D., Loureiro, J., Zwierzykowski, Z., Ghesquière, M., Doležel, J.: Genome constitution and evolution 

in Lolium x Festuca hybrid cultivars (Festulolium). – Theor. Appl. Genet. 113: 731–742, 2006.
Kopecký, D., Harper, J., Bartoš, J., Gasior, D., Vrána, J., Hřibová, E., Boller, B., Ardenghi, N.M.G., Šimoníková, 

D., Doležel, J., Humphreys, M.W.: An Increasing Need for Productive and Stress Resilient Festulolium 
Amphiploids: What Can Be Learnt from the Stable Genomic Composition of Festuca pratensis subsp. 
apennina (De Not.) Hegi? – Front. environ. Sci. 4, 2016.

Nilsson, F.: A spontaneous hybrid between Festuca rubra and Lolium perenne. – Hereditas 18: 1–15, 1933.





Appendix



284 Appendix

Fig. 1. Inflorescences of Italian ryegrass (Lolium multiflorum Lam.), Festulolium (L. multiflorum × 
F. pratensis) and meadow fescue (Festuca pratensis Huds), from left to right. Photo: D. Kopecký

Fig. 2. Inflorescences of Festuca pratensis, Lolium perenne and Festulolium (left) and L. multiflorum × 
F. glaucescens hybrids (right). Photos: E. Pabrinkis and M. Ghesquière
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Fig. 3. L. perenne × F. pratensis 
hybrid inflorescence from col-
chicine treated tillers that had 
begun floral initiation showing 
both tetraploid (upper spikelets) 
and diploid (lower spikelets) 
sectors. The upper spikelets’ 
anthers are anthesing producing 
fertile pollen whereas the lower 
anthers are non-dehiscent and 
sterile. Photo: D. Thorogood

Fig. 4. Polish cultivar Felopa (F. pratensis × L. multiflorum). Photos: Z. Zwierzykowski
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Fig. 5. Lithuanian cultivar PUNIA DS (F. pratensis × L. multiflorum). Photo: V. Kemešytė

Fig. 6. Festulolium cultivars Fedoro (F. pratensis × L. multiflorum) from DSV (left) and Aberniche 
(F. pratensis × L. multiflorum) from IBERS (right). Photos: V. Černoch
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Fig. 7. Festulolium cultivars Hostyn (L. multiflorum × F. pratensis; left) and Hykor (L. multiflorum × 
F. arundinacea; right), both from DLF Hladké Životice. Photos: V. Černoch

Fig. 8. Field trials at IBERS, Aberystwyth. Photo: J. Harper
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Fig. 9. Nurseries 
at DLF breeding 
station in Hladké 
Životice. Photo:  
V. Černoch

Fig. 10. Nurseries 
at INRA, Lusignan. 
Note the variability 
of heading date 
in spring among 
L. multiflorum × 
F. glaucescens 
progenies in 
nursery of isolated 
plants; early tall 
Festuca sp. control 
in the middle. 
Photo:  
M. Ghesquière

Fig. 11. Field trials 
at INRA, Lusignan. 
Growth variability in 
early spring among 
L. multiflorum × 
F. glaucescens 
progenies. Photo: 
M. Ghesquière
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Fig. 12. Festulolium 
polycross in rye at 
Szelejewo Breeding 
Station. Photo:  
Z. Zwierzykowski

Fig. 13. Field trials in 
Athenry, Co. Galway. 
Photo: D. Grogan

Fig. 14. Festulolium 
field trial at DLF, 
Hladké Životice. 
Photo: V. Černoch
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Fig. 15. Crossing units at IBERS, Aberystwyth. Photo: J. Harper

Fig. 16. Drought bins after 3 months of drought. Photo: J. Harper
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Fig. 17. Survival 
of L. multiflorum × 
F. glaucescens progenies 
within plots having gone 
through a drought tolerance 
test the year before 
with distinct row within 
plot typical of Festuca 
sp. controls. Photo: 
M. Ghesquière

Fig. 18. Mobile greenhouse 
SICLEX to assess summer 
drought tolerance in 
Festulolium at URP3F/
INRAe, Lusignan. Photo:  
M. Ghesquière

Fig. 19. Drought tolerance 
phenotyping at IEB, 
Olomouc. Note cv. Hipast 
in the middle row. Photo: 
V. Černoch
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Fig. 20. Meeting of 
Polish team of project 
SAGES at Łopuszna 
Station in 2002. Photo: 
Z. Zwierzykowski 

Fig. 21. During the 
EUCARPIA Fodder Crops 
and Amenity Grasses 
Section conference in 
Vrnjačka Banja (Serbia) in 
2013. From left to right: 
Mike Humphreys, Arek 
Kosmala, Ulrich Poselt, 
Dawid Perlikowski and 
David Kopecký. Photo: 
Z. Zwierzykowski

Fig. 22. Excursion to 
the DLF Hladké Životice 
during the 5th Festulolium 
Working Group Workshop 
in 2016 (Olomouc). 
From left to right: Marc 
Ghesquière, Zbyszek 
Zwierzykowski, Mike 
Humphreys, Dagmara 
Gasior, Wojciech Jokś, Liv 
Østrem and John Harper. 
Photo: Z. Zwierzykowski
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Fig. 23. During the 
5th Festulolium 
Working Group 
Workshop in 2016. 
In front of the birth 
house of G. J. 
Mendel in Hynčice-
Vražné. Photo: 
D. Kopecký

Fig. 24. Marc 
Ghesquière at 
his field trial in 
Lusignan. Photo: 
Z. Zwierzykowski

Fig. 25. Wojciech 
Jokś and Zbyszek 
Zwierzykowski at 
their field trial in 
Szelejewo. Photo: 
Z. Zwierzykowski
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Fig. 26. Plant breeder 
Antonín Fojtík in Hladké 
Životice. Photo: unknown

Fig. 27. Intergenomic 
rearrangements 
between F. pratensis and 
L. perenne chromosomes 
of F. pratensis × 
L. perenne hybrids (A). 
Based on rDNA-mapping 
it was revealed that some 
of the rearrangements 
took place in rDNA-
bearing chromosomes 
(B). A) Chromosomes 
of L. perenne (green); 
chromosomes of 
F. pratensis (red/
orange); B) 35S rDNA 
(green); 5S rDNA (red); 
chromosomes were 
counterstained with DAPI 
(blue). Photo: J. Majka
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Fig. 28. Variability 
within genome 
composition of cultivar 
Perseus (L. multiflorum 
× F. pratensis) 
revealed by genomic 
in situ hybridization. 
Chromosomes of 
F. pratensis (green); 
chromosomes of 
L. multiflorum (red). 
Photo: D. Kopecký 

Fig. 29. Genome composition 
of Festulolium cultivars 
(L. multiflorum × F. pratensis). 
Number of complete 
L. multiflorum chromosomes 
(red), number of recombined 
chromosomes (stripes), 
number of complete 
F. pratensis chromosomes 
(green). Adopted from 
Kopecký et al. (2006).

Fig. 30. Shift in genome 
composition in subsequent 
generations of F. pratensis × 
L. perenne hybrids towards 
Lolium genome. Adopted from 
Zwierzykowski et al. (2006).
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