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ABSTRACT

Due to climate change, the requirement for increased resilience by grassland systems to onsets of ever-increasing drought stresses
makes the development of drought-resistant forage crops a priority for future food and energy security. Novel XFestulolium
(Festuca x Lolium) cultivars offer unique opportunities to combine complementary traits from both genera, delivering agronomic
and ecosystem benefits in sustainable grassland systems. Here, we present a cytological and drought-resistance assessment of
X Festulolium cultivar “AberRoot” (L. perenne X F. mairei), an elite cultivar on the UK National Recommended Grass and Clover
List. We show that successive breeding generations lead to progressive elimination of most F. mairei chromosomes, whilst termi-
nal F. mairei introgressions were retained in 76.7% of genotypes, with up to eight introgressions detected on six L. perenne chro-
mosomes. Genotypes that carried F. mairei introgressions exhibited substantially lower mortality under drought (11.1%-14.8%)
compared with non-introgressed lines and the L. perenne cultivar used as control (29.6%-35.7%). GAMM analysis revealed a sig-
nificant interaction between the genomic group and the experimental phase (y?=14.29, p=0.027), confirming that introgressed
genotypes maintained superior growth trajectories during stress and recovered more rapidly upon re-watering. Most notably,
over 46% of genotypes that carried a F. mairei introgression on the short arm of L. perenne chromosome 3 were associated with
grasses with the most statistically robust drought resistance response (p <0.001 during Recovery). This finding is consistent with
previous evidence linking chromosome 3 in Festuca species to drought tolerance, water-use efficiency, and deep rooting. These
results demonstrate, using a high-performing cultivar, how a strategy of targeted chromosomal introgression of genes for drought
resistance sourced from related stress-tolerant grass species can provide novel and stable adaptive variation without compromise
to agronomic performance. The outcomes provide a practical framework for the breeding of climate-resilient forage grasses.

1 | Introduction However, the accelerating pace of climate change increasingly
challenges this longevity. Cultivars bred for historical climatic
The development of new forage and turf grass cultivars typically ~ conditions may progressively lose adaptation as environmental

requires a decade or more from initial parental selection to com- stress intensifies. Breeding strategies must therefore anticipate
mercial registration. Once released, successful cultivars often future climates and prioritize resilience to abiotic stress, particu-
remain on the market for several decades (Reheul et al. 2010). larly drought. Advances in climate modelling, high-throughput
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phenotyping, and genomic tools have strengthened the capacity
to design such forward-looking breeding programs (Kopecky
and Studer 2014; Trnka et al. 2020; Humphreys et al. 2018).

Across Europe, grasslands are exposed to increasingly fre-
quent and severe climatic extremes, including heatwaves and
prolonged droughts. Projections indicate that by 2050, the fre-
quency and intensity of drought events in southern and western
Europe may double, with similar conditions expanding north-
wards (Trnka et al. 2020). Drought is among the most significant
constraints on grassland productivity, reducing biomass yield,
seed production, persistence, and the overall agronomic perfor-
mance (Casler and van Santen 2010; Staniak and Kocon 2015).
For grassland-based livestock systems, such reductions directly
threaten forage supply and production stability. One of the prin-
cipal drought-avoidance mechanisms in grasses is the devel-
opment of deep and extensive root systems, enabling access to
residual soil moisture (Fu et al. 2004). This adaptive response
has been documented across multiple grass species under water
deficit conditions (Fry and Butler 1989; Qian and Fry 1996, 1997;
Huang et al. 1997; Fu et al. 2007a, 2007b; Qian et al. 1997).

Substantial interspecific variation in drought resistance exists
among forage grasses. Perennial and Italian ryegrasses (Lolium
perenne L. and L. multiflorum Lam.) are highly productive, nu-
tritious, and palatable but typically drought-sensitive. In con-
trast, fescues (Festuca spp.) are recognized for superior drought
tolerance, attributable in part to their deeper and more extensive
root systems (Rognli et al. 2010; Humphreys et al. 2018). Tall fes-
cue (F. arundinacea Schreb.) has long been regarded as the most
drought-tolerant cultivated species; however, recent evidence
suggests that certain wild relatives, notably F.mairei St.-Yves
and F. glaucescens Boiss., may exhibit even greater resilience
under water deficit (Cernoch and Kopecky 2020). Additionally,
cytotypic variation influences drought performance: while dip-
loid meadow fescue (F. pratensis Huds.) generally shows limited
drought tolerance, autotetraploid cytotypes can display mark-
edly enhanced resistance, in some cases approaching that of
F. mairei and F. glaucescens (Cernoch and Kopecky 2020).

Despite their adaptive value, direct use of wild fescues in forage
systems is constrained by unfavorable agronomic traits. Species
such as F. mairei and F. glaucescens produce coarse, less palatable
foliage and form uneven swards. Autotetraploid F. pratensis, al-
though drought-tolerant, often exhibits reduced seed set associated
with multivalent formation during meiosis (Kopecky et al. 2009).
Consequently, the most effective strategy to exploit fescue-derived
drought tolerance is introgression breeding, whereby specific
chromosomal segments carrying adaptive genes are transferred
into agronomically superior ryegrass backgrounds. Such trans-
fer is facilitated by homoeologous chromosome pairing and re-
combination between Festuca and Lolium genomes (Humphreys
et al. 1995; Kopecky et al. 2008; Majka et al. 2020).

Multiple studies have demonstrated successful introgres-
sion of drought-related loci from Festuca into Lolium species.
Quantitative trait loci (QTLs) conferring drought resistance have
been transferred from F. arundinacea into L. multiflorum, with ge-
nomic in situ hybridization (GISH) revealing discrete chromatin
segments integrated within ryegrass chromosomes (Humphreys
and Thomas 1993; Humphreys and Pasakinskiene 1996). Notably,

several independent studies have identified chromosome 3 as a key
reservoir of stress-resistance genes. Introgressed segments derived
from F. glaucescens or F.pratensis and localized to chromosome
3 in Lolium backgrounds have been associated with enhanced
drought tolerance (Humphreys et al. 2005; Barnes et al. 2014).
QTL analyses in F. pratensis further identified a major locus span-
ning much of chromosome 3 that contributes to severe drought
resistance (Alm et al. 2011). Together, these findings highlight
chromosome 3 as a conserved and recurrent source of adaptive
variation for water-deficit tolerance across Festuca species.

Among wild fescues, the North African xeromorphic species
F.mairei represents a particularly valuable source of drought-
adaptive traits. Although phylogenetically more distant from
Lolium than other broad-leaved fescues (Catalan et al. 2004), sub-
stantial homoeologous pairing between L. perenne and F. mairei
enables effective chromosomal recombination and introgression
(Chen and Sleper 1999; Cao et al. 2000, 2003). The xXFestulolium
cv. “AberRoot”, derived from crosses between autotetraploid
L. perenne 2n =4x =28) and F. mairei (2n =4x =28), was devel-
oped through such an approach and is currently listed on the
UK National Recommended Grass and Clover List (Humphreys
et al. 2014).

In this study, we address several previously unexplored aspects of
X Festulolium biology and breeding. Specifically, we assessed the
presence and frequency of introgressed F. mairei chromosomal seg-
ments and tested their association with drought-resilience pheno-
types, with particular emphasis on F. mairei introgressions located
on the terminal region of the short arm of L. perenne chromosome
3. To our knowledge, this is the first detailed report documenting
the transfer of drought resistance from Festuca mairei, a highly
drought-adapted North African fescue, into perennial ryegrass,
together with a comprehensive cytological characterisation of the
resulting introgressions. Furthermore, this represents the largest
combined cytological and phenotypic study ever undertaken on
a single XFestulolium cultivar, providing unprecedented resolu-
tion of the relationship between genome composition and drought
response at the individual plant level. Finally, we report for the
first time in a Festulolium polyploid introgression population that
gene dosage does not appear to influence phenotypic outcome.
Genotypes carrying a F. mairei introgression on chromosome 3 in
a single dose exhibit drought resistance equivalent to those car-
rying it in higher doses, suggesting that even a single copy of the
introgressed segment is sufficient to confer a functionally mean-
ingful agronomic advantage. Together, these findings advance our
understanding of how targeted chromosomal introgression can
stabilise adaptive variation within elite forage germplasm and pro-
vide a practical framework for breeding climate-resilient grasses
capable of sustaining productivity under increasing environmen-
tal stress.

2 | Material and Methods

2.1 | Plant Material

We used seeds of xFestulolium cv. AberRoot (2n =4x =28). This
cultivar was developed following the initial interspecific hy-

bridization of autotetraploid Lolium perenne HSGs (High Sugar
Grass) cultivar with the allotetraploid drought and heat-tolerant
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North African species Festuca mairei (Atlas fescue), as de-
scribed in Humphreys et al. (2014). As there is currently no allo-
cation of a specific XFestulolium section within the UK National
Recommended Grass and Clover List (NRGCL; https://ahdb.org.
uk/), cv. AberRoot was included (2022-2026) with, and com-
pared directly to, intermediate heading and best-performing
tetraploid perennial ryegrasses. AberRoot is at F-F, generation
after the initial hybridization. As a control for drought toler-
ance tests, 14 plants of widely used autotetraploid L. perenne cv.
Kertak were used.

2.2 | Karyotyping

Seeds were germinated in Petri dishes on wet filter paper and
seedlings were planted in 30-mm pots and kept in the growth
chamber (14h/20°C day, 10h/17°C night). After 3-4weeks,
plantlets were transferred to a hydroponic culture with aer-
ated solution of Hydroponex at 0.9g/L (Hu-Ben, Cercany,
Czech Republic). After about 1week, actively growing root
tips were collected from individual plants to ice water for
26-28h, fixed in a 3:1 mixture of absolute ethanol and gla-
cial acetic acid at 37°C for 7days, and handled according to
Kopecky et al. (2005). In situ probing with total genomic DNA
(GISH) was done according to Masoudi-Nejad et al. (2002).
Total genomic DNA of F. mairei was labeled with digoxigenin
using DIG-Nick Translation Kit (Roche Applied Science,
Indianapolis, IN, USA) according to the manufacturer's rec-
ommendation and used as a probe. For the 45S rDNA probe,
clone pTa71 (Gerlach and Bedbrook 1979) containing a 9kb
EcoRI fragment of wheat ribosomal DNA was labeled with
biotin by nick translation. This 9kb fragment carries the
18S-5.8S-26S cluster of ribosomal RNA genes (here referred to
as 45S rDNA). Total genomic DNA of L. perenne was sheared
to 200-500-bp fragments by boiling for 45min and used as
a block, with the probe to block ratio of ca. 1:100. The sites
of probe hybridization were detected using Anti-DIG-FITC
(Roche Applied Science) and streptavidin-Cy3 conjugate
(Amersham, Piscataway, NJ, USA); counterstaining was with
1.5ug/mL 4',6-diamidino-2-phenylindole (DAPI) made in
Vectashield antifade solution (Vector Laboratories, Newark,
CA, USA). Slides were viewed under an Axio Imager Z.2 Zeiss
microscope equipped with Cool Cube 1 camera (Metasystems,
Altlufheim, Germany). ISIS software v.5.4.7 (Metasystems)
and ADOBE PHOTOSHOP software were used for picture pro-
cessing. In total, 120 plants of cv. AberRoot were karyotyped.

2.3 | Drought Resistance Tests

The drought treatments were divided temporally into three
successive experimental phases [“Experimental Phase”]:
[1] growth during irrigation prior to the drought treatment
(50days, the first scoring was done after 1week of growth;
the “Establishment” phase), [2] no irrigation (50days; the
“Drought” phase), and [3] regrowth following irrigation
after the drought treatment (29 days; the “Recovery” phase).
All plants used were randomly selected genotypes drawn
from four distinct genomic groups [“Genomic group”]: those
with introgressed segment(s) from F.mairei in the terminal
region of the short arm of chromosome 3 [“3S_int”], plants

with introgression(s) on different chromosomes [“other_int”],
plants with no detectable introgressions [“no_int”], and plants
of the L. perenne cv. Kertak without fescue-derived introgres-
sions [“Kertak”]. All plants were planted in a randomized
design on April 16th, 2024, in four experimental rainout shel-
ters (2.5x5.5m) at the Institute of Experimental Botany in
Olomouc (Czech Republic). The soil type was Gleyic Fluvisol.
A total of 40 plants were established in each rainout shelter,
including four plants of L. perenne cv. Kertak. A border of tall
fescue plants surrounded the experimental plants within each
rainout shelter to prevent water entry from the outside (for the
design, see Table S1). Initially, plants were regularly irrigated
by tap water to ensure moist soil and rapid development (the
“Establishment” phase; until June 5th). After 7weeks of plant
establishment, irrigation was withheld and plants were main-
tained without water for 7weeks (the “Drought” phase; until
July 25th). Subsequently, the irrigation was recommenced
(“Recovery” phase). Visual observations were made weekly
throughout the trial from the day of planting, through estab-
lishment, and the subsequent drought and recovery periods.
Visual scores were completed after 4weeks of the recovery
phase. The growth response was assessed visually on an ordi-
nal scale ranging from 1 (plant death) to 9 (vigorous, healthy
growth). The temperatures during the drought trial are given
in Table S1.

2.4 | Statistical Analysis

The primary response variable consisted of ordinal scores of
the plant growth response (“Growth response”; 1 to 9), and
was first visualized using boxplots over each assessed time,
and for each of the four genomic groups over three experimen-
tal phases. The growth response of individual plants was ana-
lyzed using a Generalized additive mixed model (gamm). This
approach was chosen to account for the nonlinear dynamics of
the experimental phases and the hierarchical structure of the
repeated measures design (Wood 2017). The model was fitted
using the ocat family (ordered categorical) with an identity
link function, which is appropriate for cumulative link mod-
eling of ordinal data (Sullivan and Artino, 2013). The fixed ef-
fects structure included a full interaction between “Genomic
group” (representing the groups of plants described above) and
“Experimental Phase” (the three successive phases: “initial”,
“drought”, and “recovery”) used to assess baseline differences
between groups across phases. To capture the nonlinear tem-
poral dynamics, factor-smooth interactions were employed.
Specifically, separate thin-plate regression splines were fitted
for each combination of “Genomic group” and “Experimental
Phase”. Based on preliminary analyses, the basis dimension
was set to k=5 and restricted with a cubic shrinkage penalty
(bs="cs”) to prevent overfitting while allowing the model to
penalize nonlinear trends down to zero (linearity) where sup-
ported by the data. To account for the dependency of repeated
measurements within the same subjects, random intercepts
for genotype (“Genotype”) and individual plant (“ID”) nested
within Genotype were included as random smooth terms
(bs="“re”) (Pedersen et al. 2019). Model parameters were
estimated using Restricted Maximum Likelihood (REML).
Convergence was verified via the Hessian matrix and inspec-
tion of the eigenvalue range. The basis dimension (k) was
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validated using the gam.check procedure to ensure that the
effective degrees of freedom (edf) did not saturate the basis
size. Statistical significance of the smooth terms was assessed
using Wald-type tests.

During model refinement, Genotype was found to explain a neg-
ligible proportion of the total variance, with the estimated vari-
ance component approaching zero. Furthermore, inclusion of
Genotype as a random factor did not lead to a lower AIC (Akaike
Information Criterion) or improved model performance.
Therefore, Genotype was removed from the final specification
to ensure model parsimony. The final random effects structure
consisted of a random intercept for ID to account for the depen-
dency within repeated measurements. Two gamm models were
performed: the first (gamm1) included all four genomic groups,
including L. perenne cv. Kertak, whilst the second (gamm?2) was
restricted to the three XFestulolium genomic groups. All other
model settings remained identical.

To visualize the temporal dynamics, the estimated smooth func-
tions for each genomic group were plotted alongside their 95%
point-wise confidence intervals (CI). Within each experimental
phase, the divergence between genomic groups was assessed on
the degree of overlap between these 95% confidence intervals.
Periods where the confidence intervals of two groups did not
overlap were interpreted as intervals of significant difference in
response levels. To ensure a fair visual representation of the ex-
periment's timeline, the x-axis for each phase was scaled propor-
tionally to its actual duration using a free-space facet grid layout.
Additionally, to compare specific group differences, Estimated
Marginal Means (EMMs; Lenth 2024) were used to compare the
average response level between treatments within each phase,
using both post hoc pairwise comparisons and specific con-
trasts (gamm?2: no_int vs. each other genomic group, no_int vs.
mean of other genomic groups). All statistical analyses were per-
formed in R version 4.3.2 (R Core Team 2023). Generalized ad-
ditive mixed models were fitted using the mgcv package (Wood
2017). Post hoc pairwise comparisons were conducted using
the emmeans package (Lenth 2024), and model diagnostics and

FIGURE1 |

visualizations were supported by the gratia (Simpson 2024) and
ggplot2 (Wickham 2016) packages.

3 | Results
3.1 | Genome Composition

Using GISH, we assessed the genome composition of all 120
plants of XFestulolium cv. AberRoot. In all plants, the L. pe-
renne genome predominated, whereas F. mairei chromosomes
had been partially or completely eliminated over successive gen-
erations of seed multiplication following the initial development
of the F, hybrid, in which the chromosome complements of the
two species must have been equal.

However, the F.mairei-derived chromatin was still evident in
the majority (76.7%) of AberRoot plants, only in the form of in-
trogressions located on L. perenne chromosomes, resulting from
preceding interspecific crossover events. In all cases, F. mairei
chromatin was present as short terminal introgressions on L. pe-
renne chromosomes, with the terminal introgression on the
short arm of chromosome 3 being the most frequent (present in
46.7% of plants; Figure 1a).

Three types of F. mairei introgressions were distinguished:

a. A terminal segment on the short arm of L. perenne chro-
mosome 3. This chromosome arm carries a secondary
constriction. Although chromosomes 2 and 7 also pos-
sess secondary constrictions, chromosome 3 can be read-
ily distinguished from the other two by the position of
the 45S rDNA probe signal (Thomas et al. 1996; Kopecky
et al. 2010). This type is hereafter referred to as the 3S
introgression;

b. Terminal segments on the arms of various L.perenne
chromosomes. Based on chromosome lengths and arm
ratios, these are most frequently located on chromosomes

Cytological analysis of different plants of cv. AberRoot. Genomic in situ hybridization was performed using total genomic DNA of

Festuca mairei (green color) and 45S rDNA (red color) as probes and blocking DNA of Lolium perenne. Chromosomes were counterstained by DAPI

(blue color). The position of the 45S rDNA locus identifies chromosome 3. Note the variability in genome composition ranging from (A) plants with 3S

introgression (red arrow), terminal introgressions on different chromosomes (white arrows) and introgressions on both arms of a single chromosome

(white arrowhead) to (B) a plant with no detectable introgression.
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1, 5, or 6, according to the published L. perenne karyotype
(Thomas et al. 1996; Kopecky et al. 2010);

c. Terminal introgressions on both arms of a single chromo-
some, other than chromosome 3.

The frequency of alien F.mairei introgressions varied among
plants, with a maximum of eight introgressions on six L. perenne
chromosomes (Table 1; Table S1). The F. mairei chromatin on
the short arm of chromosome 3 was relatively frequent (56 of
120 plants), most commonly present in a single dose, with the
remaining homoeologous L. perenne chromosome copies intact.
Out of these 56 plants, only 19 solely carried F. mairei introgres-
sions. Four plants were found to carry this introgression in a
double dose, whilst 15 plants carried the 3S introgression in sin-
gle dose. Chromosomes with F.mairei introgressions on both
arms were rare; observed in 17 of the 120 plants studied (14.1%).
Overall, there were 0.62 3S introgressions per plant and 1.03 in-
trogressions at other chromosomal locations per plant. Among
all plants examined, 28 (23.3%) showed no detectable F. mairei

chromatin and thus fully resembled the chromosome constitu-
tion of the maternal L. perenne parent (Figure 1b).

3.2 | Performance Under Drought Stress
and During the Recovery Period

The plants were divided into groups based on the type of intro-
gressions: “3S-int” refers to the plants that carried at least one
introgression in the distal part of the short arm of chromosome 3
(irrespective of whether this introgression was in single or dou-
ble dose, or if other introgressions were also present), “other_
int” refers to plants that carried at least one introgression other
than on the short arm of chromosome 3 and “no_int” refers to
plants without any detectable F. mairei introgression (which rep-
resented controls). Based on descriptive data (Figure 2), these
groups differed in their response to drought. In general, plants
carrying F. mairei introgressions performed better during and
after drought stress compared with the L.perenne cv. Kertak

TABLE1 | Number of plants of cv. AberRoot having various F. mairei introgressions in different doses (frequencies in parentheses).

Type of introgression Single dose Double dose Triple dose None

3S 40 (33.3) 14 (11.7) 2(1.7) 64 (53.3)

Other (single arm) 53 (44.1) 11 (9.2) 2(1.7) 54 (45.0)

Other (both arms) 13 (10.8) 4(3.3) 0(0.0) 103 (85.8)
establishment drought recovery

Growth response (ordinal scale)

0 20 28 43 50 58 64
Time (absolute days)

69 74 8 93 101 105 111 122

Genomic group B Kertak EF 3s_int BF no_int EF other_int

FIGURE2 |

Performance of the plants with different genome composition before, during, and after drought stress. The plant vigour was evaluated

weekly using a 9-graded scale for all plants and scored throughout the entire 4 months of the experiment. Plants were scored as 1 =dead plant, 2 =se-

verely stressed, but retaining one green leaf, 9—highly vigorous healthy plant (with no evidence of wilting). In order to illustrate the plant growth

responses, boxplots of plant growth were generated for each genomic group across the three experimental phases. Data are presented by recording

time within the Establishment, Drought, and Recovery phases, with lines connecting the medians to highlight temporal trends.
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and the AberRoot genotypes lacking F. mairei chromatin, which
served as controls. Approximately one-third of plants with-
out F.mairei introgressions (29.6%) and L. perenne cv. Kertak
plants (35.7%) died during the drought and recovery periods.
In contrast, plants containing F.mairei introgressions exhib-
ited substantially lower mortality rates: 14.8% in plants with a
3S introgression and 11.1% in plants with alternative F. mairei
introgressions (Table 2). All groups maintained growth during
the first week of drought. Thereafter, plants from all four groups
began to show stress symptoms following water withdrawal,
leading to a significant decline in plant health after 6 weeks of
drought. At the end of the 7-week drought phase, irrigation was
restored, and surviving plants reinitiated growth and began re-
covery, particularly during the first 2weeks of re-watering.

During the initial pre-drought phase, only minor differences in
growth were observed among the four genomic groups. However,
water withdrawal had a substantially greater and differential im-
pact across groups. Stress effects were most pronounced in plants
lacking F. mairei introgressions. Among plants retaining F. mairei
chromatin, those with a 3S introgression were the least affected
(Figure 2). Differences among genomic groups were most evident
during the recovery period. Plants containing F. mairei chromo-
somal segments recovered more rapidly and more effectively than
those without introgressions (Figure 2). To rigorously evaluate ge-
nomic group effects while accounting for repeated measures and
subject-specific variability, two gamm models were constructed.
Both yielded highly consistent results (Table 3). In both models,
the fixed effects (Genomic group, Experimental Phase, and their
interaction) and smooth terms (temporal dynamics) explained
approximately 7%-8% of total deviance (gamm]l: 7.83%; gamm?2:
7.24%). When accounting for random effects, the full mixed
model explained 45.38% and 44.21% of the total deviance, respec-
tively. Substantial increase of explained deviance indicates that
a substantial proportion of the variance is attributable to inter-
individual differences. In both models, analysis of deviance (Wald-
type tests; Table 3) revealed a significant interaction between
Genomic group and Experimental Phase, indicating that genomic

TABLE 2 | Mortality of plants with different genome composition
during drought and recovery period.

Mortality Mortality
during during
No. of drought recovery
Genotype plants period period
3S 56 (54) 14.8% 14.8%
introgression
(3S_int)
Other 36 (36) 8.3% 11.1%
introgression
(Other_int)
No 28 (27) 18.5% 29.6%
introgression
(No_int)
L. perenne cv. 14 (14) 28.6% 35.7%

Kertak

Note: Only plants that survived until the beginning of the drought period (in
brackets) were taken into account for the mortality assessment.

group effects varied across phases (Establishment, Drought,
Recovery). While the main effect of the Genomic group was not
significant, the Experimental Phase exhibited a strong main effect
(¥*=40.34, p<0.001), reflecting substantial physiological shifts
across the study period. The analyses further demonstrated that
growth dynamics were highly phase-dependent in both models.
All smooth terms representing temporal trends within specific
genomic group X experimental phase combinations were highly
significant (p<0.001 in most cases; Table 3). The fitted smooth-
ing functions for each genomic group were almost identical in
both gamm models, confirming a consistent pattern: an increase
during Establishment, a decline during Drought, and a secondary
increase during Recovery (Figure 3).

3.2.1 | Initial Progression (Establishment Phase)

All genomic groups showed a significant upward trend. All
XFestulolium cultivar genomic groups followed similar non-
linear trajectories, with the “3S_int” group showing the most
complex and steepest increase (edf=2.84). The L. perenne
“Kertak” group displayed the most stable profile with the lowest
degree of nonlinearity (edf=1.53), indicating a slower and more
linear baseline shift.

3.2.2 | Reversal During Stress (Drought Phase)

The Drought phase was characterized by a statistically signif-
icant decline in growth scores across all genomic groups. All
XFestulolium genomic groups displayed rapid and highly non-
linear decrease (edf ~2.16-3.03) in response to the drought. The
L. perenne “Kertak” group followed a simpler downward trend
(edf=1.87).

3.2.3 | Secondary Increase (Recovery Phase)

Re-watering resulted in renewed growth, with recovery patterns
differing significantly among genomic groups. The “3S_int” and
“Other_int” groups showed robust and significant re-growth
(edf ~1.8-1.9). The “No_int” group exhibited a more attenu-
ated, nearly linear increase (edf=1.15). The L. perenne “Kertak”
group showed the slowest increase, which was only marginally
significant (edf=0.77, p=0.049).

Post hoc pairwise comparisons (Tukey-adjusted) of estimated
marginal means (EMMs) for each experimental phase, rep-
resenting model-predicted responses averaged across phase
duration, demonstrated progressive differentiation among ge-
nomic groups in both models (Table S2). In the gamm1 model,
which included all genomic groups with L. perenne “Kertak” as
the reference, no significant differences were observed among
genomic groups during the establishment phase, confirming a
uniform baseline prior to drought. During the Drought phase,
the “3S_int” group differed significantly from the L.perenne
“Kertak” group (p=0.023), whereas the “No_int” and “Other_
int” groups did not (p=0.565 and p=0.227, respectively). In the
Recovery Phase, divergence among groups increased further.
Both “3S_int” (p <0.001) and “Other_int” (p=0.022) groups ex-
hibited significantly higher growth scores than the L. perenne
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TABLE 3 | Results of the analysis of deviance for two fitted gamm models (gamm1 and gamm?2).

gamml: with L. perenne cv. Kertak

gamm?2: without L. perenne cv. Kertak

Factor df/edf Chi-square (?) p df/edf Chi-square (x?) p
Parametric terms (fixed effects)
Genomic group 3 7.28 0.064 2 0.34 0.849
Experimental phase 2 40.34 <0.001 2 92.06 <0.001
Genomic group: 6 14.29 0.027 4 13.29 0.01
Experimental phase
Smooth terms (temporal dynamics)
Phase 1: Establishment
Kertak 1.53 35.95 <0.001 — — —
3S_int 2.84 382.22 <0.001 2.84 376.7 <0.001
no_int 2.7 142.34 <0.001 2.69 140.18 <0.001
other_int 2.52 215.83 <0.001 2.51 213.89 <0.001
Phase 2: Drought
Kertak 1.87 72.06 <0.001 — — —
3S_int 3.03 602.01 <0.001 3.02 590.28 <0.001
no_int 2.16 235.33 <0.001 2.16 230.95 <0.001
other_int 2.48 399.86 <0.001 2.48 393.73 <0.001
Phase 3: Recovery
Kertak 0.77 3.28 0.049 — — —
3S_int 1.89 90.16 <0.001 1.89 89.31 <0.001
no_int 1.15 19.16 <0.001 1.15 19.07 <0.001
other_int 1.82 60.6 <0.001 1.82 60 <0.001
Random effects
Individual subject (ID) 122.66 3131.76 <0.001 110 2722.54 <0.001

Note: Parametric terms represent the main effects and their interaction, while smooth terms describe the nonlinear temporal trajectories for each group within

experimental phases. Significant p values (p <0.05) are in bold.

Abbreviations: y* Wald-type chi-square statistic; edf: Effective degrees of freedom.

“Kertak” group. The “No_int” group occupied an intermediate
position, showing a trend toward higher growth scores that did
not reach statistical significance after multiple comparison ad-
justments (p=0.306).

In the gamm2 model focusing on XFestulolium genomic groups
with “No_int” as the reference group (Table S2), contrast com-
parisons revealed only one significant difference: between “3S_
int” and “No_int” groups during the recovery phase. Similarly, a
specific contrast comparing “No_int” against the mean response
of the “3S_int” and “Other_int” groups showed a single signif-
icant difference in the recovery phase (logit estimate=—-1.44,
SE=0.68, t=-2.131, p=0.033) but not in the Establishment
(logit estimate=0.35, SE=0.74, t=0.47, p=0.636) and Drought
phases (logit estimate =—0.83, SE=0.61, t=-1.36, p=0.174).

These results are consistent with the predicted 95% confidence
intervals of the mean scores for each genomic group across
the three experimental phases (Figure 3). Specifically, they

highlight a significantly higher response in plants of the “3S_
int” group, and partially also the “Other_int” group during the
recovery phase when compared to plants of the “No_int” and
“Kertak” genomic groups.

4 | Discussion

This study advances previous work on the development and
use of novel xFestulolium cultivars within a holistic breeding
framework aimed at delivering climate-smart and sustainable
grassland agriculture. To our knowledge, this is the first de-
tailed report demonstrating the efficacy of a targeted breeding
programme designed to enhance drought resistance in Lolium
perenne through controlled introgression of alien chromatin
from the North African fescue Festuca mairei (Atlas fescue).
Previous studies using the closely related species F.pratensis
(meadow fescue) have shown that drought resistance, a complex
quantitative trait, is distributed widely across the fescue genome
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FIGURE3 | Predicted longitudinal trajectories of growth scores across the experimental timeline. The plot displays the predicted mean scores for
each treatment group across the three experimental phases: (1) Establishment, (2) Drought, and (3) Recovery. The solid lines represent the fitted val-

ues derived from the Generalized Additive Mixed Model (GAMM), calculated as the weighted average of predicted probabilities for each ordinal cat-

egory. The shaded areas around each line indicate the 95% confidence intervals, representing the group-level effects after excluding subject-specific

random variation (ID). Two vertical dashed lines separate a week period between two consecutive phases (time-compressed), which correspond to

the initial changes of environment between phases and hence are not incorporated into the model.

(Alm et al. 2011). A similar genomic architecture would be ex-
pected in F. mairei. From this perspective, it might appear im-
probable that introgression of only limited fescue chromosomal
segments into Lolium could deliver meaningful gains in drought
resistance. However, our results show otherwise and are con-
sistent with earlier work on other Lolium X Festuca hybrids
(Humphreys and Thomas 1993; Humphreys et al. 2005).

Three key processes appear to underpin the success of this strat-
egy: (1) interspecific recombination events involving F. mairei
chromatin that, in combination with the Lolium background,
enhance drought resistance; (2) their apparent selective advan-
tage across generations, given the high frequency of the same
introgression; and (3) near-complete elimination of the remain-
ing fescue genome, thereby minimizing linkage drag and pre-
serving elite agronomic performance. Together, these processes
have enabled the development of a climate-resilient, high-quality
ryegrass-type cultivar. Cv. AberRoot analysed here is included
on the current UK National Recommended Grass and Clover
List (NRGCL) and exhibits agronomic performance equivalent
to or superior to the best-performing tetraploid intermediate-
flowering L.perenne cultivars currently available on the UK
seed-market (Humphreys et al. 2014).

Cytological screen using GISH to detect F. mairei chromatin in
AberRoot is perhaps the most extensive effort undertaken in
a XFestulolium cultivar. More than 75% of AberRoot individ-
uals screened carried F.mairei introgressions. In all cases, in-
dividuals with these introgressions showed improved drought

resistance relative to their sister AberRoot genotypes lacking
the fescue chromatin. Notably, the introgressions were typically
present in a single dose within the tetraploid genome, with three
homologous L.perenne chromosome copies retaining native
(Lolium) alleles at the corresponding loci. Despite this numerical
disadvantage, the fescue-derived segments must have remained
functionally effective, conferring both enhanced tolerance to
drought stress and improved recovery following re-watering.
Multiple crossovers over several (seven to eight) generations
resulted in the retention of only terminal segments of alien
(Festuca) chromatin. Preferential homoeologous chromosome
recombinations in the subtelomeric regions have been observed
in other Festuca X Lolium hybrids (Kopecky et al. 2010). Among
these introgressions, a segment translocated to the distal part of
the short arm of L. perenne chromosome 3 was both the most fre-
quent (~50% of all genotypes) and the most strongly associated
with drought resistance (p<0.001). Its preferential retention
suggests selective advantage and highlights chromosome 3 as a
conserved hotspot for drought-adaptive loci.

These findings align with earlier reports of drought-resistant
derivatives of Lolium X Festuca hybrids (Humphreys and
Thomas 1993; Humphreys and Pasakinskiene 1996; Humphreys
et al. 2005), in which chromosomal segments from F. arundina-
cea or F. glaucescens were similarly translocated to the short arm
of Lolium chromosome 3. In each case, transfer of fescue chro-
matin conferred improved drought resistance relative to the rye-
grass parent. Importantly, those earlier breeding programmes
employed diploid introgression lines, where fescue alleles were
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presentin a 1:1 ratio with homologous Lolium alleles. In contrast,
the present study demonstrates that in tetraploid AberRoot, fes-
cue alleles remain effective despite being outnumbered three to
one by L. perenne homologues. Previous work has also shown
that XFestulolium introgression lines, including AberRoot,
possess deeper and more extensive root systems and improved
water-use efficiency compared with Lolium parental genotypes
(Humphreys et al. 2018; Humphreys and Zwierzykowski 2020).
Thus, it appears plausible that the effects observed here are re-
lated to the root system characteristics.

Cv. AberRoot originated from tetraploid L. perenne X F.mairei
F, hybrids containing equal parental genome complements. The
present study demonstrates that successive intermating led to
substantial genome restructuring: most of the F. mairei chroma-
tin was eliminated, leaving a limited number of introgressions,
all in terminal position on otherwise intact L. perenne chromo-
somes. Such genome instability and progressive Lolium domi-
nance have been widely reported in amphiploid xFestulolium
hybrids, particularly those involving F. pratensis or F. arundina-
cea (Glombik et al. 2020; Humphreys and Zwierzykowski 2020).
Our previous work showed that silencing of Festuca alleles of
several kinetochore genes prior to and during meiosis leads to
occasional improper kinetochore assembly on Festuca chro-
mosomes, followed by their non-attachment to karyokinetic
spindle, lagging in anaphases, micronucleation and loss (Majka
et al. 2023). It appears certain that in hybrids with Lolium, some
Festuca chromosomes are more prone to elimination than oth-
ers (Kopecky et al. 2019). This dominance of Lolium parental
genome in Festuca X Lolium hybrids was observed also at the
level of transcription of nuclear and rDNA genes (Glombik
et al. 2021; Mahelka et al. 2023). While hampering genome sta-
bility in subsequent generations of amphiploid cultivars, it cre-
ates a valuable opportunity for effective introgression breeding.
AberRoot reverted from the initial amphiploid state to a tetra-
ploid L. perenne-like introgression line. The limited number and
terminal positioning of fescue segments suggest minimal link-
age drag, consistent with the superior fertility, seed production,
and agronomic performance of XFestulolium cultivars, which
comprises the desirable attributes of both its Lolium and Festuca
parents.

Increasingly, holistic approaches in forage breeding are becom-
ing more frequently employed that embrace targets additional to
food production, and in particular, ecosystem services capable
of lowering the “environmental footprint” of livestock agricul-
ture (Humphreys and Zwierzykowski 2020). AberRoot and al-
ternative XFestulolium cultivars have demonstrated improved
efficiency of protein utilization by ruminants compared with
Lolium cultivars (Humphreys et al. 2014; Kamau et al. 2020;
Muhandiram et al. 2023). Kamau et al. (2020) demonstrated
using simulated ruminant conditions that proteolysis was lower
in the two XFestulolium cultivars than in L. perenne and L. mul-
tiflorum. Muhandiram et al. (2023) subsequently found similar
advantages in protein provision from ensiled plant material
using the same two xFestulolium cultivars. Taken together,
these studies indicate a potential environmental advantage and
lowering harmful greenhouse gas emissions (GHG) by livestock
using XFestulolium cultivars with more efficient protein reten-
tion. Heat-shock proteins, active in drought- and heat-tolerant
fescues such as F.mairei, have been proposed to potentially

mitigate proteolysis in ruminants and support better protein re-
tention (Shaw, 2006). If confirmed, cultivars such as AberRoot
may contribute simultaneously to climate resilience and re-
duced livestock-associated emissions.

Drought resistance in xFestulolium is closely associated with
deeper and more extensive rooting systems providing access
to water reserves inaccessible to shallow rooting grasses like
Lolium species (Barnes et al. 2014; Cernoch and Kopecky 2020).
A detailed phenomics study on the root growth over four consec-
utive months revealed that both L. perenne X F. mairei including
cv. AberRoot and L. perenne X F. glaucescens hybrids have larger
deeper roots than L. perenne (Humphreys et al. 2018). The cor-
relation between the presence of Festuca 3S introgression, deep
rooting and increased drought resistance was revealed also in
other studies (Humphreys et al. 2005; Barnes et al. 2014). An
association between the presence of fescue genes at the terminal
region of L. perenne chromosome arm 38, leaf extension and root
growth under drought stress has been observed also in chromo-
some substitution lines (Turner et al. 2010). The drought resis-
tance reported here in AberRoot combined with its known deep
and extensive rooting properties is likely to be interconnected.
Kell (2011) promoted the development of deep rooting grasses
for improved carbon-sequestration in soils. Through their large
root systems, XFestulolium cultivars like AberRoot have in-
deed demonstrated their positive impact on soil C acquisition
(Gregory et al. 2013; Li et al. 2017). The use of xXFestulolium cul-
tivars has also improved soil structure and helped reduce soil
compaction (Muhandiram et al. 2020). Compacted soils caused
by drought periods reduce aeration, water transport, access to
soil nutrients, and root growth. Heavily compacted soils also en-
courage surface flooding after the rains return. xFestulolium
cultivars have been shown to improve soil structure, increas-
ing soil porosity and after heavy rains, reduce surplus overland
flows of water that can lead to flooding (Macleod et al. 2013).
In addition to their potential for improved water-use-efficiency
(WUE), XFestulolium varieties including AberRoot demon-
strate improved nitrogen-use-efficiency (NUE) when compared
to Lolium cultivars (Muhandiram et al. 2024).

We are aware of the limitations of our study, most notably that the
phenotypic evaluation was conducted over a single growing sea-
son, and that replication across multiple years and environments
would strengthen the robustness of our conclusions. Future work
should also incorporate direct assessment of root architecture and
physiological traits to further elucidate the mechanisms underly-
ing the enhanced drought tolerance conferred by F. mairei intro-
gressions. Despite this, our pilot study provides a clear rationale
for expanding cytogenetically informed introgression breeding as
a practical strategy for developing climate-resilient forage grasses.
Future breeding programmes should prioritise the targeted re-
tention of chromosome 3 introgressions from drought-adapted
Festuca species, given the consistent and robust association with
drought resistance demonstrated here and in previous studies.
From a genetic perspective, a key future research direction is
the identification of genes and their regulatory elements present
in Festuca but absent in Lolium that may be responsible for the
observed drought response, particularly those located within
the chromosome 3 introgression region. Complementing this,
physiological investigations aimed at elucidating which specific
drought-resistance mechanisms (such as osmotic adjustment,
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stomatal regulation, or root hydraulic conductance) are deployed
by Festuca species will be essential for fully understanding the
basis of the enhanced resistance. Marker-assisted selection tar-
geting the chromosome 3 region could subsequently accelerate
cultivar development and improve the precision with which adap-
tive variation is captured within elite ryegrass-type germplasm.
Beyond drought resistance, the broader portfolio of beneficial
traits documented in XFestulolium cultivars including deeper
rooting, improved carbon sequestration, reduced soil compaction,
enhanced nitrogen- and water-use efficiency, and more efficient
protein retention in ruminants suggests that future varieties could
simultaneously address multiple sustainability challenges facing
grassland agriculture. Crucially, AberRoot demonstrates that
these attributes can be assembled without compromise to forage
yield or quality, as evidenced by its continued inclusion on the UK
National Recommended Grass and Clover List. As climate projec-
tions indicate increasingly frequent and severe summer droughts
across temperate grassland regions, deploying X Festulolium cul-
tivars combining the agronomic performance of Lolium with the
stress resilience of Festuca represents one of the most immediately
practical and scalable responses available to grassland farmers
and breeders.
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Supporting Information section. Table S1: Genome composition of in-
dividual plants, phenotypic data for each plant across monitored period
and meteorological data for the period of plant cultivation in Olomouc,
Czech Republic. Table S2: Results of the post hoc multiple comparison
tests or specific contrast for genomic groups from two gamm models
(gamml, gamm?2). The estimates from the gamm models represent
changes on the latent logit scale. Post hoc pairwise comparisons were
performed using the emmeans package, with p values adjusted for mul-
tiple comparisons via the Tukey method. Significant p values (p <0.05)
are in bold.
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