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Abstract

The ecological and evolutionary outcomes of plant—fungal interactions are strongly
influenced by genome size and ploidy, yet the ploidy level of both partners is rarely
assessed simultaneously. Epichloé symbioses with Pooideae grasses are established
model systems for exploring these dynamics, but associations between polyploid hosts
and haploid endophytes remain poorly documented. In this study, the association of
the Iberian endemic Festuca rothmaleri—which includes tetraploid, hexaploid, and
octoploid cytotypes—with Epichloé fungal endophytes is documented for the first time.
An integrative, method-rich framework combining cytogenetics, morphometrics, and
multilocus phylogenetics revealed a strikingly asymmetric interaction, with all cytotypes
harboring a single haploid strain of Epichloé festucae. Two methodological innovations
were developed: (i) an image-based tool for automated measurement of asexual
structures, including the novel metric “conidial area,” and (ii) a flow cytometry protocol
for estimating fungal genome size. Despite morphological variability, all fungal isolates
shared similar genome sizes and formed a well-supported monophyletic lineage in a
coalescent species tree based on nuclear loci sequences (actG, CalM, ITS, tefA, tubB).
This work provides the first comprehensive characterization of a haploid Epichloé
endophyte spanning multiple naturally distributed host ploidy levels and highlights a
rare but promising system for future evolutionary, physiological, and ecological studies
of plant-fungal interactions.
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Introduction

Plant—fungal symbioses are among the most ecologically and evolutionarily signif-
icant interactions in terrestrial ecosystems, with an estimated one-third of true fun-
gi engaging in finely tuned associations with plants (Kendrick 1991). Among other
factors, ploidy—an important aspect of genomic architecture—has been shown
to influence these relationships. Host ploidy variation can alter infection frequen-
cy, vertical transmission, and physiological processes (e.g., Gundel et al. 2012
Vézquez de Aldana et al. 2013), while heteroploidization in fungal endophytes can
broaden host range (Moon et al. 2004) and diversify alkaloid biosynthesis (Schardl
et al. 2013). Despite these insights, the ploidy of both partners in the interaction
is rarely assessed simultaneously and its role in shaping compatibility and co-ad-
aptation remains poorly explored. Within this context, the symbiotic associations
between cool-season grasses (Poaceae, Pooideae) and endophytic fungi of the
genus Epichloé Fr. (Clavicipitaceae, Ascomycota; Leuchtmann et al. 2014) are
among the most intensively studied plant—microbe interactions and serve as a
model system to assess the evolutionary, physiological, and ecological dynam-
ics of symbiosis (Saikkonen et al. 2016). These interactions are widespread and
diverse, with outcomes ranging from mutualism to antagonism, and depend on
factors such as the onset of the endophyte’s sexual cycle or hyphal growth regula-
tion (Scott et al. 2018). Beyond host performance, endophyte-mediated trait shifts
can cascade to changes in plant community composition, herbivore interactions,
and ecosystem processes, highlighting their broader ecological relevance (e.g.,
Saikkonen et al. 2016; Xia et al. 2018). The prevailing evidence supports its role
as a “defensive mutualism” (Clay 1988), in which the endophyte gains nutritional,
reproductive, and dispersal advantages, while the host enhances its tolerance to
abiotic (e.g., drought, salinity; Wang et al. 2020) and biotic stresses (e.g., herbivory,
pathogens; Xia et al. 2018; Hewitt et al. 2021) through protective alkaloids pro-
duced by the fungal partner (Schardl et al. 2013). Moreover, this interaction has
far-reaching physiological and agroeconomic implications, underpinning its use
in pasture and turf systems to enhance persistence, productivity, and resistance
to grazing and pests; thereby contributing to more sustainable and resilient grass-
based agriculture (e.g., Cagnano et al. 2019; Caradus and Johnson 2020).

Epichloé fungal endophytes are biotrophic symbionts characterized by
host-specific interactions, systemic colonization of aerial tissues, and a
marked propensity for hybridization (Schardl 1996; Clay and Schardl 2002;
Moon et al. 2004; Gentile et al. 2005; Leuchtmann and Schardl 2005). They
inhabit the apoplast of their hosts, reproducing sexually, asexually, or through
mixed life cycles. Asexual reproduction occurs via vertical transmission
through host seeds, whereas sexual reproduction entails stromata formation,
ascospores production, and horizontal transmission at the expense of host
inflorescences—a phenomenon known as “choke disease” (Leuchtmann et al.
2014; Tadych et al. 2014). According to Moon et al. (2004) and Tadych et al.
(2014), sexual reproduction is largely confined to haploid, non-hybrid species,
whereas asexual transmission predominates in haploid and hybrid heteroploid
taxa, with only a few exceptions (Yan et al. 2011).

The genus Festuca L., within the subtribe Loliinae, is among the most di-
verse and ecologically important grass genera. It is distributed worldwide and
comprises more than 600 species (Catalan 2006; Moreno-Aguilar et al. 2022;
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Plants of the World Online [https:/powo.science.kew.org/taxon/urn:lsid:ipni.
org:names:328907-2], accessed September 30, 2025), including many major fo-
rage, pasture, and lawn grasses (Catalan 2006; Kopecky and Studer 2014). The
complex phylogenetic relationships among these species have been extensively
studied (Catalan et al. 2004; Inda et al. 2008; Smarda et al. 2008; Cheng et al. 2016;
Minaya et al. 2017; Moreno-Aguilar et al. 2020, 2022), and recent analyses support
the divergence of two major fine-leaved (FL) and broad-leaved (BL) Loliinae clades,
as well as up to 29 globally distributed sublineages (Moreno-Aguilar et al. 2024).
The Festuca—Epichloé interactions have been extensively studied, leading
to the identification and characterization of isolated Epichloé strains, but rarely
examining the plant host in depth (Suppl. material 1: table S1). Methodologies
applied include macroscopic and microscopic morphology (Leuchtmann 1994;
Scott etal. 2012; Tian et al. 2020), mating compatibility (Schardl and Leuchtmann
1999; Chen et al. 2015), chemotypic diversity (Saikkonen et al. 2016; Soto-
Barajas et al. 2019), and molecular approaches ranging from barcoding markers
such as elongation factor 1-a and B-tubulin (Moon et al. 2002; Gentile et al.
2005) to whole-genome sequencing (Winter et al. 2018; Thiinen et al. 2022).
Among these endophytes, E. festucae sensu lato (s.l.) is the most widespread
symbiont across the genus, reported primarily in fine-leaved Loliinae taxa
(e.g., Moon et al. 2004; Zabalgogeazcoa et al. 2006a; Gibert and Hazard 2011;
Véazquez De Aldana et al. 2015; von Créautlein et al. 2021) and more rarely in
broad-leaved Loliinae (Bush et al. 1997; Cagnano et al. 2019) and intermediate
Loliinae lineages (Leuchtmann et al. 1994; Niones and Takemoto 2014). Some
studies have also reported E. festucae in polyploid Festuca species, including
F. rubra s.l. (tetraploid, hexaploid, and octoploid cytotypes; Dirihan et al. 2016)
and F. vivipara (tetraploid; Gundel et al. 2014), but without a direct examination
of the genome size or ploidy of the fungal partner (Suppl. material 1: table S1).
Furthermore, documented cases such as E. coenophiala in the allohexaploid
grass F. arundinacea (Tsai et al. 1994) indicate that hybrid or polyploid hosts
can influence endophyte diversity and may facilitate hybridization events.
Phylogenetic analyses of nuclear loci (Schardl et al. 1994; Moon et al. 2004) have
also suggested that the hybrid origins of some heteroploid Epichloé endophytes
parallel the allopolyploid nature of their hosts, implying that host hybridization
and subsequent somatic fusion (Shoji et al. 2015) may drive the formation of
multi-genome endophytes. Hybrid endophytes have also been described in
diploid hosts, such as E. hybrida in Lolium perenne (Moon et al. 2004), revealing
that genomic complexity can arise in the fungal partner even when the host is
not polyploid. Nevertheless, few studies have examined the potential correlation
between ploidy levels and genome size in Festuca hosts and their Epichloé
endophytes (Suppl. material 1: table S1). This gap is particularly relevant when
a single haploid endophyte colonizes the same host species with different
ploidy levels, offering a natural framework to study how symmetry in genome
content and ploidy is tolerated or maintained, and the extent of its ecological
and evolutionary consequences (Schardl et al. 2004; Bonfante and Genre 2010).
To address this matter, this work presents the first comprehensive character-
ization of a natural system in which a single haploid E. festucae strain colonizes
three different cytotypes of the F. rothmaleri (Litard.) Markgr.-Dannenb. polyploid
complex. F. rothmaleri is endemic to the northwestern Iberian Peninsula and is
characteristic of mountain and dehesa pastures (Loureiro et al. 2007). It displays
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distinctive morphoanatomical features distinguishing it from related species, as
well as notable phenotypic plasticity (De la Fuente and Sanchez 1987) and cy-
totypic diversity, with tetraploid, hexaploid, and octoploid populations reported
(Saikkonen et al. 2019; Devesa et al. 2020). Phylogenetically, it belongs to the
Aulaxyper lineage (F. rubra group) within the fine-leaved Loliinae clade (Inda et
al. 2008). Previous surveys detected Epichloé endophytes in populations of the
F. rubra complex across Europe (Zabalgogeazcoa et al. 1999; Vazquez De Aldana
et al. 2015), but the specific host taxa involved were not identified at species level.
Hence, a multi-method approach was applied to characterize the interaction
between F. rothmalericytotypes andasingle haploid strain of E. festucae, assessing:
(a) endophyte incidence; (b) mating-type composition of the endophyte as a proxy
for sexual potential; (c) morphology of diagnostic structures in both symbionts;
(d) cytogenetic features of both symbionts; and (e) multilocus phylogenetic
characterization of the endophyte. Moreover, two methodological advances were
developed: a digital image—based software to automatically measure conidial
traits (e.g., conidial area) and the first application of flow cytometry to estimate
Epichloé€ genome size. Together, these efforts provide the first detailed description
of this endemic grass—endophyte system and establish a new platform to further
explore how ploidy asymmetry shapes ecological and evolutionary dynamics.

Methods
Sampling and characterization of host plants
Sampling and taxonomic identification

Individuals of Festuca rothmaleri representing three putative ploidy levels (tetra-
ploid, hexaploid, and octoploid) were collected from three mountainous sites in
northwestern Spain, Montemayor del Rio (Mon), Candelario (Can), and El Cabaco
(Cab) (Salamanca province), located 20-50 km apart and separated by mountain
ranges (Suppl. material 1: fig. S1). Between 20 and 35 individuals were sampled
per site during two consecutive flowering seasons (June 2022 and June 2023). To
reduce the likelihood of clonal sampling due to the rhizomatous growth habit of the
species, individuals were collected at a minimum distance of 3 meters from one
another. Plants were transplanted into pots with universal substrate (Blumenerde,
Gramoflor) and maintained in a greenhouse under relatively constant temperature
conditions (22-27 °C) and watering regimes (adjusted according to seasonal
needs, on average three times per week) throughout the study.

Taxonomic identification of the host plants was performed based on morpho-
anatomical examination and measurements of vegetative and reproductive
structures, following the diagnostic criteria and identification keys provided by
De la Fuente and Sanchez (1987), Al-Bermani et al. (1992), De la Fuente et al.
(2001), Loureiro et al. (2007), and Devesa et al. (2020).

Cytogenetic characterization

The host plant genome size was determined by flow cytometry (Ploidy Analyzer,
Sysmex) in fresh mature leaf tissue, following the protocol and reagents (Otto |
and Otto Il) described by DoleZel et al. (2007). A preliminary analysis confirmed
the existence of three genome size categories corresponding to different ploidy
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levels. Based on these results, up to 15 individuals were selected per population
of origin and ploidy level (Mon4x, Can4x, Cabéx, and Can8x), analyzing two
technical replicates in each case. Measurements were made on more than
5,000 nuclei with a coefficient of variation (CV) < 3%. Primary standards included
Solanum lycopersicum ‘Stupicképolnirané’ (1.96 pg/2C) for tetraploids, Pisum
sativum ‘Ctirad’ (9.09 pg/2C) for octoploids, and Secale cereale ‘Dankovské’
(16.19 pg/2C) for hexaploids according to Dolezel et al. (2007).

Chromosome number was determined from meristematic cells of the root
tip using the protocol of Jenkins and Hasterok (2007). For each ploidy level,
five independent counts were performed for each of three randomly selected
individuals from the genome-size dataset, resulting in a total of 15 counts
per detected ploidy level. Images were obtained at 400x magnification using
a Zeiss Axio Lab.A1 phase-contrast microscope equipped with a Canon EOS
2000D digital camera.

Comprehensive multi-method characterization of Epichloé endophytes

Detection, isolation and incidence

The presence of the endophyte in the host’s aerial tissues was initially detected
by aniline blue staining (Florea et al. 2015). In parallel, fragments of floral stems
or the bases of vegetative tillers from all collected specimens, with the surface
disinfected, were cultured on potato dextrose agar (PDA, Potato Dextrose Agar
EP/USP/BAM, Condalab) plates containing chloramphenicol (Chloramphenicol
BioChemica, PanReacAmpliChem; 25 pg/ml) to inhibit bacterial growth. When
an Epichloé-like endophyte emerged from the host tissue, it was isolated on PDA
plates and cultured at room temperature (22-25 °C) in the dark. The incidence of
Epichloé endophytes in Festuca hosts varies by holobiont and locality (Zabalgo-
geazcoa et al. 1999; Saikkonen et al. 2000; Clement et al. 2001; Bazely et al. 2007;
Gundel et al. 2014). Thus, the proportion of infected individuals was estimated by
sampling site (Mon, Can, Cab), host ploidy level (4x, 6x, 8x), and their combination
(Mon4x, Can4x, Cab6éx, Can8x), considering both detection methodologies.

Exploratory mating-type composition screening

During field collections, no stromata were observed in F. rothmaleri individuals.
Therefore, the sexual reproduction potential of the endophyte was evaluated
through exploratory PCR screening for the MAT1-1 (785 bp) and MAT1-2 (215 bp)
idiomorphs (Florea et al. 2015) in 4-6 F. rothmaleri individuals per sampling
site (Mon, Cab, Can). Sample sizes were adjusted to ensure detection of both
idiomorphs at each location, using total DNA extracted from leaf tissue. Primer
sequences and PCR conditions are provided in Suppl. material 1: table S2.

Morphological analyses and growth rate

Asexual reproductive structures (conidia and conidiophores) have proven to be a
valuable taxonomical trait for the identification of Epichloé endophytes (Gentile et
al. 2005; Leuchtmann and Schardl 2005; McCargo et al. 2014; Campbell et al. 2017;
Thiinen et al. 2022). The dimensions of these structures have also been correlated
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with the putative ploidy level of the endophytes (Kuldau et al. 1999). To assess
the natural variability in these traits and their potential link to ploidy, four Epichloé
isolates from hosts with differing source population and ploidy levels (i.e., Mon4x,
Can4x, Cab6x, Can8x) were analyzed, with three biological replicates per isolate.
Microscopic preparations consisted of 1 mm? sections of mycelium, grown for
three weeks on water agar (WA; European Bacteriological Agar, Condalab), which
were carefully melted and sealed under a coverslip. The length and width of 10
conidia, along with the total length and width at the base of 10 conidiophores,
were recorded for each replicate, yielding a total of 30 entries per isolate. To
morphometrically characterize these endophytes, a novel software —Epichloé
conidia— was developed using Matlab version 9.3 (R2017b; see Suppl. material
1: appendix S1) to automatically detect and estimate conidial area. Only spores
photographed in sagittal plane were analyzed to ensure comparability, using both
Imaged v154g (Schneider et al. 2012) and custom software, with a fixed scale
of 15.8097 pixels/um. Morphometric differences among groups were assessed
using PERMANOVA based on Euclidean distances with 10,000 permutations (R
package ‘vegan’'v2.6.10; Oksanen et al. 2025), which does not assume multivariate
normality and is suitable for nested designs. Pairwise permutation tests (R
package ‘coin’ v1.4.3, Hothorn et al. 2008) were also performed with 10,000
resamples, considering the clustering structure of the study: sampling sites (n =
3), host ploidy levels (n = 3), individuals per source population and host ploidy level
(n = 4), and replicates within individuals (n = 10). P-values were adjusted using the
Holm-Bonferroni method, with significance set at p < 0.05.

Additionally, exploratory multivariate analyses, including Principal Compo-
nent Analysis (PCA, R package ‘FactoMineR’ v2.11, Lé et al. 2008) and Linear
Discriminant Analysis (LDA, R package ‘MASS’ v7.3.60.2), were carried out
to identify potential patterns of endophyte diversification associated with
population origin, host ploidy level, or their interaction. These analyses were
performed under three data clustering schemes: (i) individual-level mean-pooled
measurements (n = 16); (ii) replicate-level mean-pooled measurements (n = 48);
and (iii) resampling-level individual measurements (n = 469). This hierarchical
structuring of sample sizes was designed to help identify the main sources
of variability within the system. To statistically evaluate the morphological
variation revealed by PCA, linear models (LM) and analyses of variance (ANOVA)
were developed on the scores of the first two principal components (PC1 and
PC2), including host ploidy level, population of origin, and their interaction as
explanatory variables, using the R package “stats” v4.4.1. The performance of
the LDA models was assessed using cross-validation procedures implemented
with the R package “caret” v6.0.94 (Kuhn 2008).

Since the growth rate of fungal cultures on PDA medium has been used as a trait
to characterize Epichloé species, 1.5 mm? sections of four two-week-old isolates
per population were simultaneously grown on PDA plates at room temperature in
the dark for 24 days to estimate endophyte growth rate. Three technical replicates
perisolate were analyzed. Culture growth was monitored every eighth day by taking
pictures and measuring the diameter of the culture. Growth front was considered
the external limit for this measure and a digital vernier caliper was used to record
culture diameter. Growth rate (GR; mm/day) was calculated for each individual
sample following the equation GR = (Diameter, -Diameter,) / A, where Diameter,
is the initial diameter of the culture, Diameter, is the final diameter and A, is the
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total number of days. Mixed-effect models were fitted due to the dependency
between the measurements registered (i.e., diameter measured through time) and
the hierarchical structure of the experimental design using the R package ‘Ime4’
v1.1.35.5 (Bates et al. 2015). The effect of the source population, host ploidy
level, and their interaction (fixed effects) on fungal growth rate (mm/day) was
analyzed, including individuals or replicates as random effects to account for intra-
individual variability and make more precise estimates without inflating standard
errors. ANOVAs and subsequent pos-hoc pairwise tests assessing differences
by marginal means (EMMs) applying Tukey’s HSD correction were carried out to
test the significance of these models and detect potential sources of variability
using the R package ‘emmeans’ v1.10.5 (Lenth 2024). All these analyses were
performed in R v4.4.1 (R Core Team 2024) using a custom script (script1.Rmd)
created with R Markdown (rmarkdown’ v2.29; Allaire et al. 2024).

Genome size estimation

DAPI-stained slides were prepared to confirm that the endophyte conidia were
uninucleate before performing genome size estimations. Two-week-old 1 mm?
slices of mycelium were grown on a nutrient-deficient medium, consisting
of water agar, for 15 days at room temperature and in the dark to facilitate
sporulation. Photographs were taken with a fluorescence microscope (Miotic
BA410) equipped with the Miotic MoticamPro 285D camera.

Existing protocols for other fungal species were adapted to the endophytes
under study by flow cytometry (Ploidy Analyzer, Sysmex) to determine their
genome sizes and infer the ploidy levels of the endophytes isolated from the
different F. rothmaleri cytotypes. Colletotrichum acutatum strain PT812 (68 Mb
or ~ 0.069 pg/1C) was included as primary standard following Talhinhas et al.
(2017). Each Epichloé isolate and the standard were ground with a sterile mortar
and pestle in 700 pl of ddH,0 and grown for 7-10 days in PDA plates with a
sterile cellophane disk to increase the availability of active young mycelia. A
0.5 cm? portion was extracted and grounded in a glass petri dish with 1 ml of
LBO1 buffer (Dolezel et al. 2007) using a sharp blade. The nuclear suspension
was filtered through a 20 ym nylon mesh filter before being stained with
50 pl of propidium iodide. After a brief incubation on ice (3—5 minutes), samples
were analyzed using the Ploidy Analyzer flow cytometer (Sysmex). Sample
processing was carried out on ice (~ 4 °C) to ensure nuclear stability. Three
isolates were considered to establish the genome sizes of endophytes from
each source population and the ploidy level of the host (Mon4x, Can4x, Cabéx,
Can8x), measuring 4 technical replicates in each case (n = 12). Here, a minimum
threshold of 5000 nuclei was set for each measurement, and coefficients of
variation (CV) were considered acceptable when they were below 10%, following
previous flow cytometry analysis standards in other fungi (Bourne et al. 2014).

Molecular and phylogenetic analyses

Epichloé isolates were grown for 7-10 days on PDA plates covered with sterile
cellophane disks to facilitate mycelial recovery. DNA was extracted using a
modified version of the CTAB-based DNA extraction protocol (Doyle and Doyle
1987; see Suppl. material 1: appendix S2). Quality and concentration were
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assessed using a Biodrop spectrophotometer (pLite) and a Qubit 3.0 fluorometer.
PCR amplified products from four nuclear loci [y-actin (actG), calmodulin (CalM),
translation elongation factor 1-a (tefA), and B-tubulin (tubB)], as well as the ITS
region of rDNA, were subjected to bidirectional Sanger sequencing (Moon et al.
2004; McCargo et al. 2014; Chen et al. 2019; Thiinen et al. 2022; Wang et al.
2022), using optimized primers and cycling programs detailed in Suppl. material
1: table S2. Two isolates per combination of source population and host ploidy
level (Mon4x, Can4x, Cab6x, Can8x) were selected for molecular characterization.

Sequences were trimmed and aligned in Geneious Prime version 2024.0.5
(Biomatters Ltd, New Zealand) using MAFFT algorithm v7.490 (Katoh and Standley
2013) and subsequently processed manually. Single nucleotide polymorphisms
(SNPs) calling was performed with a threshold value of a minimum variant
frequency of 25% due to the small sample size of our dataset. Reference sequences
for the five studied loci were obtained from published Epichloé genomes and two
Claviceps purpurea strains that were used as outgroups (Suppl. material 1: table
S3). Only haploid genomes (i.e., single-copy loci) were included, verified using a
custom bash script (script2.sh). Single-gene maximum likelihood phylogenetic
trees were obtained using IQ-TREE 2 (Minh et al. 2020) with 1000 UltraFast
Bootstrap (BS) replicates (Hoang et al. 2017). For visualization, the lengths of
all branches were transformed using x*.Subsequently, both the concatenated
maximum likelihood tree and a coalescence-based species tree were obtained
using IQ-TREE 2 and ASTRAL-IIl (Zhang et al. 2018), respectively. The likelihood-
based site concordance factor (sCFL) was calculated using 1000 replicates for
the concatenated ML tree (Mo et al. 2023), and quartet scores for the species tree
and its two alternative topologies (Sayyari and Mirarab 2016) were inferred using
ASTRAL-II. All trees were generated, edited, and formatted with two custom
scripts created with bash and R Markdown (script3.sh, script4.Rmd).

Results

Taxonomic identification and cytogenetic profile of Festuca rothmaleri
populations

Sampled specimens of Festuca rothmaleri were morphologically studied and
assigned to this taxon (Fig. TA-C). Qualitatively, one of the best diagnostic
traits of F. rothmaleri is its V-shaped leaf cross section with square-shaped ribs
and non-scalloped abaxial surface (De la Fuente and Sanchez 1987; Devesa et
al. 2020), observed in all samples studied (Fig. 1C).

Cytogenetic analyses confirmed that the sampling covered all three known
ploidy levels of F. rothmaleri. Chromosome counts and genome size estimations
detected the existence of tetraploid (2n = 4x = 28; 7.54 + 0.21 pg/2C), hexaploid
(2n = 6x = 42; 12.81 + 0.16 pg/2C) and octoploid (2n = 8x = 56; 15.58 + 0.28
pg/2C) cytotypes (Figs 1F, G, 2; Suppl. material 1: table S4). While two of
the studied populations were composed exclusively of tetraploid (Mon) or
hexaploid (Cab) individuals, a third mixed population (Can) included both
tetraploids and octoploids. Tetraploid individuals in the mixed Can population
did not differ significantly in genome size measurements from the tetraploids
in the homogenous tetraploid population Mon (ANOVA, p > 0.05; Fig. 2; Suppl.
material 1: table S4).
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Figure 2. Asymmetrical genome size variation in the host Festuca rothmaleri (left panel) contrasts with the stable genome
size of its endophyte Epichloé festucae (right panel) across the three polyploid cytotypes of the host. Boxplots show nuclear
DNA content (Y-axis) for tetraploid (4x), hexaploid (6x), and octoploid (8x) cytotypes (X-axis) in F. rothmaleri individuals
(pg/2C) and their respective E. festucae isolates (pg/1C). Both tetraploid populations (Mon4x and Can4x) showed no
significant differences (ANOVA, p > 0.05) and were therefore pooled. Different letters indicate significant differences among
cytotypes (ANOVA and Tukey’s HSD; p < 0.05). Whiskers indicate values within 1.5 times the interquartile range (IQR).

Characterization of Epichloé endophytes inhabiting Festuca rothmaleri
Incidence rates

The presence of Epichlo€ was assessed in all F. rothmaleri specimens collected
from each population, with both detection methods yielding consistent
results across all individuals. The incidence rates of this interaction ranged
from relatively high (77.1% Mon, 82.4% Can) to very high levels (90.9% Cab).
When considering the different host ploidy levels, the incidence rates were
81.5% among tetraploids (considering individuals from the Mon4x and Can4x
populations), 90.9% among hexaploids (Cab6éx), and 80.0% among octoploids
(Can8x). Based on these results, this symbiont is widely distributed and likely
occurs in other F. rothmaleri populations in the study area.

Exploratory mating type screening

Both MAT1-1 and MAT1-2 idiomorphs were detected across the three sampling
sites (Mon, Cab and Can), with at least one endophyte genotype carrying each
mating type in every site (Suppl. material 1: table S5). These findings suggest
a potential for sexual reproduction among the studied Epichloé festucae
individuals in all cases, even though no stromata have been observed to date in
the studied F. rothmaleri populations.

Morphology and growth rate

The growth habit (macroscopic appearance) of the studied Epichloé endophytes
was consistent with previous descriptions of E. festucae (Kuldau et al. 1999;
Zabalgogeazcoa et al. 2006b; Scott et al. 2012) forming a white, fluffy mycelium
with phenotypic plasticity (Fig. 1D, E, Suppl. material 1: fig. S2). Mixed-effects
models for culture growth rate (GR) showed no significant effect of population,
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ploidy, or their interaction (all p > 0.75), indicating that growth rate was not
structured by these factors. The average GR across all the studied E. festucae
isolates was 1.69 + 0.21 mm/day (Mean % SD).

Conidial dimensions (Fig. 1H) ranged from the smallest values in isolates
from F. rothmaleri hosts belonging to Cab6x and Mon4x to the highest values in
isolates from tetra- and octoploid F. rothmaleri hosts from the mixed population
Can (Can4x, Can8x), with differences between the mean values of the two groups
being marginally significant (Fig. 3; Suppl. material 1: table S6). Variability in
conidial dimensions was mainly caused by differences in area (6.8 + 0.9 vs. 7.3
+ 1.0 um?) and length (4.3 + 0.4 vs. 4.5-4.6 + 0.4 ym); while width remained
stable across populations (2.0-2.1 + 0.2 ym). These values were not positively
correlated in all cases with conidiophore length, which ranged from the shortest
in endophytes isolated from Cab6x host plants (11.7 £ 0.2 ym) to the longest in
thosebelongingtothetetraploid Mon4x population (13.1+2.2 um). Conidiophore
width remained constant across all populations and cytotypes (1.8-1.9 + 0.3~
0.4 um). The smallest values for conidia and conidiophore dimensions were
found in endophytes isolated from the hexaploid population Cabéx (Fig. 3;
Suppl. material 1: table S6). PERMANOVA tests revealed that all factors tested
(individuals, source population, host ploidy level, and the interaction between
source population and host ploidy level) contributed significantly to the variation
in conidial morphology, being individual identity the factor that explained the
largest proportion of variance (R? = 0.150, F,, = 5.331, p < 0.001; Suppl. material
1: table S7). The traits that most contributed to morphological differences at
the group level (source population, host ploidy level, and the combination of
both) were conidial length, width, and area and conidiophore length, which were
significantly different in most pairwise comparisons, whereas conidiophore
width remained consistently non-significantly different (Suppl. material 1: table
S8). As a result, conidiophore width was excluded from the PCA due to its low
contribution to group-level variance but was retained in the LDA models for its
potential classification value.

Principal component analyses (PCAs) revealed that morphological differen-
tiation among Epichloé isolates was more clearly resolved at individual-level
(n = 16; Fig. 4) and less at the replicate-level (n = 48; Suppl. material 1: fig.
S3). When considering the resampling-level dataset (n = 469), no patterns were
detected and consequently this dataset was not included in the results section.
The cumulative variance explained by the first two principal components (PC1
and PC2) at individual-level was 86.6% (Suppl. material 1: table S9A); conidial
traits (length, width and area) strongly loaded on PC1 (0.777), while conidiophore
length dominated PC2 (0.936). PCA plots showed partially overlapping but
distinguishable clusters by source population (Fig. 4) and ANOVA tests
confirmed a significant effect of source population on PC1 and PC2 scores
(p <0.05), whereas ploidy had no consistent effect (Suppl. material 1: table S9B).
Conversely, LDA models (Fig. 4, Suppl. material 1: fig. S3) using host ploidy level
as the grouping factor achieved the highest cross-validated accuracy value,
reaching up to at the individual level (68.8%; k = 0.459; Fig. 4; Suppl. material 1:
table S10). In all cases, classification models based on the interaction between
population of origin and host ploidy level showed the weakest discriminative
power (Suppl. material 1: table S10). Although these findings support source
population as the main driver of morphological variation and host ploidy level

IMA Fungus 16: €162692 (2025), DOI: 10.3897/imafungus.16.162692 1



Conidial length (um)

_

_

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Conidial width (um) Conidial area (um?)
S — - .
B N - I E
QIHHH ‘n‘n
N . —

L —_

Mon4x Can4x Cab6x Can8x

Conidiophore length (pum)

Mon4dx Candx Cab6x Can8x

Mon4x Can4x Cab6x

Can8x

Conidiophore width (um)

—_ I . _
o | T -
: , . H H ! :
S : = ' = e : ; ;
- 1 ! i . o . : :
! ) ' ' ' : 1 H
1 : ' ' ' 1 H
A : : | ! : '
s | :
o~ | I
! |
(=T ! ' |
= ' ; 1
! 1 | \ v 0 '
— H 1 - ' ' 1 H
% . ' H 1 H
Nl o | . —_
—_

Mon4x Candx Cab6x

Can8x Mon4x Candx Cab6x Can8x

Figure 3. Morphometric variation in asexual structures of Epichloé festucae isolates from the diverse Festuca rothmaleri
cytotypes and sampling spots (Mon4x, Can4x, Cab6x, and Can8x). Boxplots in the top panels show conidial length (um),
width (um), and area (um?); whereas bottom panels display conidiophore length (um) and width (um). Different letters
indicate significant differences among groups (ANOVA and Tukey’s HSD, p < 0.05). Whiskers indicate values within 1.5
times the interquartile range (IQR). Raw data is provided in Suppl. material 1: table S6.

as the most reliable predictor, variance proves to be very high within groups (see
ellipses in Fig. 4, Suppl. material 1: fig. S3) despite the apparent patterns that
emerge when considering the mean values in both datasets.

Genome size estimations

DAPI staining of asexual structures detected only one nucleus in all the
Epichloé festucae isolates evaluated (Suppl. material 1: fig. S4), corroborating
the suitability of our specimens for the flow cytometry approach. Genome
size measurements of E. festucae isolates were reliable only within the first
6-10 days of culture; beyond this period, measurement quality declined
markedly, with coefficients of variation (CV) exceeding 10%. Our genome
size estimates showed mean genome size values of 0.044 + 0.002 pg/1C
for Mon4x samples, 0.045 + 0.002 pg/1C for Can4x, 0.045 + 0.003 pg/1C for
Cab6x, and 0.046 + 0.002 pg/1C for Can8x (Fig. 2; Suppl. material 1: table
S11). No significant differences in genome size were detected between or

IMA Fungus 16: 162692 (2025), DOI: 10.3897/imafungus.16.162692 12



I;%QUAS Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Population Accuracy = 0.562; k = 0.263
® Mon ® Cab ® Can 75
75
5.0
5.0
= S 25
° v
S as a
) a
S 2 Q'
o :
NG
25 ( 25
-5.0
-5 0 s 3 4 2 0 2 1
Al PC1 (59.2%) LD1 (70.5%) B1
Host ploidy level Accuracy = 0.688; k = 0.459
@ Tetraploids (4x) ® Hexaploids (6x) ® Octoploids (8x)
=N
2
4
0
g 2 =
= 8 2
L N
«~ a
|9) i -
-9 /// -4
2
4 -6
-5 0 5 -6 3 0 3 6
A2 PC1 (59.2%) LDI1 (64.9%) B2
Population x Host ploidy level
Accuracy = 0.500; k = 0.333
@ Mon4x o Candx ©® Cab6x ® Can8x 6
7.5
5.0 }
S =
S 25 N
o oo
o
~ o
~ =]
€ oo =
~T 3
-2.5 \/ -
-5.0
-5 0 5 5.0 25 0.0 25 50
A3 PC1 (59.2%) LD1 (53.5%) B3

Figure 4. Bidimensional plots of multivariate morphological analyses of Epichloé festucae (n = 16, individual means).
A. Principal Component Analysis (PCA) and B. Linear Discriminant Analysis (LDA), shown by grouping factors: source
population (A1, B1), host ploidy (A2, B2), and their interaction (A3, B3). Axes indicate variance explained (PCA; Suppl.
material 1: table S9) or trace proportion (LDA). LDA panels also show cross-validation accuracy and k values (LOOCYV;
see Suppl. material 1: table S10). Triangles mark group centroids.
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within populations or host ploidy levels, evidencing the same ploidy level in
all E. festucae samples from F. rothmaleri hosts, regardless of their cytotype
(Figs 11, 2).

Genetic characteristics and phylogenetic reconstruction

Single-gene alignments of the five loci considered were obtained for 33 accessions,
including 8 newly sequenced Epichloé isolates from Festuca rothmaleri (Suppl.
material 1: table S12), as well as 23 haploid Epichloé specimens and 2 Claviceps
purpurea outgroups (Suppl. material 1: table S3). All sequences from these
individuals passed our tests to assess the number of gene copies present in the
genomes (orthologous single copy for protein-coding genes and one predominant
ribotype for the ITS region). For the tefA gene, two different fragments were
recovered and uploaded to the database independently. The newly obtained
sequences from two E. festucae isolates from separate host plants of each
F. rothmaleri population and ploidy level (Mon4x, Can4x, Cab6x and Can8x) were
deposited in GeneBank as 48 new accessions (Suppl. material 1: table $12).

The multiple alignment of the actG dataset included 265 variable and
potentially informative positions out of 1036 (25.6%), CalM 385 out of 1037
(37.1%), ITS 77 out of 517 (14.9%), tefA 202 out of 644 considering both
recovered fragments (31.4%), and tubB 223 out of 1003 (22.2%). All maximum
likelihood phylogenetic trees reconstructed separately from each alignment
showed similar topologies and were consistent in placing the newly sequenced
Epichloé specimens of F. rothmaleri within a strongly supported E. festucae clade
containing other E. festucae sequences (Suppl. material 1: fig. S5). While the
single-gene phylogenetic trees actG, ITS, and tefA showed different topological
placements for the novel E. festucae sequences, interspersing those from other
samples within the E. festucae clade (Suppl. material 1: fig. S5A, C, D), the single-
gene phylogenetic trees CalM and tubB united the novel E. festucae isolated
from F. rothmaleri into a monophyletic clade (Suppl. material 1: fig. S5B, E). The
CalM gene alignment showed two polymorphic mutations specific to the novel
E. festucae sequences at positions 699 and 731, which separated the novel
samples from the rest of the E. festucae specimens, contributing to the high
support of their E. festucae—F. rothmaleri subclade (98% BS; Suppl. material 1: fig.
S5B). In contrast, in the tubB alignment, the four polymorphic positions were not
private, with the novel E. festucae sequences sharing positions with E. festucae
AL9436 (889), E. festucae FI1 (940), and E. festucae FG1 (706, 916), which was
reflected in the moderately supported E. festucae—F. rothmaleri subclade (74% BS;
Suppl. material 1: fig. S5E). The newly generated E. festucae act, G, ITS, and tefA
gene sequences were virtually identical to those previously published (E. festucae
AL9436, E. festucae FI1, E. festucae FG1), with only a few single-bp polymorphisms
varying between samples. Therefore, CalM alignment positions 699 and 731 could
be potential new barcodes for the E. festucae samples isolated from F. rothmaleri.

The multispecies coalescent (MSC) tree and the concatenated ML
phylogenetic tree based onthe dataset of the five Epichloé nuclear locirecovered
topologies that were highly congruent with each other (Fig. 5, Suppl. material
1: fig. S6). In the MSC Astral tree, constructed from the five independent gene
trees, nodes of the major Epichlo€é lineages showed strong overall posterior
probability support (PP) values and high q1 values, supporting the best topology
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Figure 5. Multispecies coalescent tree of Epichloé festucae constructed with ASTRAL Il using as inputs the independent
actG, CalM, ITS, tefA, and tubB IQTREE2 ML trees (see Suppl. material 1: fig. S5). Newly analyzed samples (Suppl. material
1: table S12) are in bold; sequences of other Epichloé species and the outgroup Claviceps purpurea were obtained from
NCBI (Suppl. material 1: table S3). Values on branches correspond to posterior probability support (PPS). Quartet values
indicate nodal support for the best tree (q1; purple) and the first (q2; orange) and second (g3; white) alternative topologies.
Node numbers are indicated in the phylogenetic tree and quartet values are listed in Suppl. material 1: table S13.
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(Fig. 5; Suppl. material 1: table S13). Similarly, the concatenated ML tree
showed high bootstrap support values and moderate to low SCFL values for
the main Epichloé clades (Suppl. material 1: fig. S6). Both phylogenies retrieved
a strongly supported E. festucae clade (0.99 PP and q1 = 1 in the Astral species
tree, 100 BS and 73.3% SCFL in the concatenated ML tree). Within this clade,
the new E. festucae samples from F. rothmaleri coalesced into an independent
lineage showing high (0.82 PP, q1 = 0.67, in the Astral tree) to moderate (53%
BS, 37.6% SCFL, in the concatenated ML tree) support.

Discussion

The polyploid endemic species Festuca rothmaleri hosts a haploid
Epichloé festucae strain

This study demonstrates the existence of a geographic area where F. rothmaleri
individuals of three known ploidy levels (Figs 1F, G, 2, Suppl. material 1: fig.
S1; Suppl. material 1: table S4) could live in sympatry or, at least, in probable
occasional contact with each other due to the outcrossing nature, wind-
mediated pollination, and seed dispersal zoochory of this grass (Catalan 2006).
As in other Festuca taxa (x = 7; Catalan 2006; Martinez-Sagarra et al. 2021),
these cytotypes show genome sizes of 7.54 + 0.21 pg/2C (4x), 12.81 + 0.16
pg/2C (6x), and 15.58 + 0.28 pg/2C (8x), supported by chromosome counts
(Fig. 1F). These values match other members of F. sect. Aulaxyper (Smarda et
al. 2008; Moreno-Aguilar et al. 2022) except for tetraploids, and unlike many
high-polyploids in the group, they do not show the strong monoploid genome
reduction (1Cx) reported elsewhere (Smarda et al. 2008; Garnatje et al. 2023).

Incidence rates of Epichloé endophytes in Festuca species can vary greatly
depending on the population and the holobiont considered, ranging from 10%
to almost 100% (e.g., Siegel et al. 1984; Zabalgogeazcoa et al. 2006b; Wali et
al. 2007; lannone et al. 2009; Gundel et al. 2014; Mcgranahan et al. 2015). The
establishment of this symbiotum has proven to be advantageous for the host
as long as the endophyte is asexually transmitted, without forming stromata
(Xia et al. 2018; Wang et al. 2020; Hewitt et al. 2021). Thus, for mainly asexual
species such as E. festucae, the enhanced tolerance that this interaction
promotes against abiotic stress factors may positively select the high incidence
of this endophyte in F. rothmaleri populations in the NW of the Iberian Peninsula,
which is known to have dry periods and harsh conditions during the flowering
season of this grass. Supporting this hypothesis, the highest incidence rate
(90.9%) was detected in a dehesa ecosystem (Cab), which is characterized by
high coverage of herbaceous pasture (Prieto-Guijarro et al. 1999). In contrast,
the other two sampling spots are located in forested and humid areas, close to
streams (Mon, Can). Interestingly, the host’s ploidy level does not appear to limit
the endophytic association, since the host polyploids (4x, 6x and 8x) did not
display wide variation in the incidence rates, pointing out the high adaptability
of this E. festucae strain to the diverse physiological contexts.

Exploratory mating-type screening showed that the Epichloé festucae strain
infecting Festuca rothmaleri harbors both mating types across all source
populations, yet no stromata were observed, suggesting that sexual reproduction
is either absent or extremely rare. Stromata are essential for horizontal
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transmission and recombination in Epichloé (Leuchtmann et al. 2014), and
vertical inheritance through seed would maintain a single maternal genotype.
Intraspecific ploidy variation has not been reported in Epichloé€, and heteroploids
appear to arise mainly through interspecific hybridization, often involving E.
typhina (Tsai et al. 1994; Leuchtmann et al. 2014). For such events, ascospores
from stromata of another species would need to infect ovules already colonized
by E. festucae. Although stromata of E. typhina are common on sympatric
grasses (e.g., Dactylis, Holcus, Brachypodium, Lolium; personal observations),
hybridization with F. rothmaleri seems rare, likely due to host specificity and
biochemical barriers. Occasional exceptions (e.g., L. perenne; Moon et al. 2004)
show that barriers can fail, but our findings suggest that this endophyte might
persist as a haploid vertically transmitted lineage. That said, recent research
has shown that certain Epichloé species can produce asexual conidia on the
surface of leaf blades, and experimental evidence indicates that these epiphytic
spores may facilitate water-mediated horizontal dispersal (Tadych et al. 2007;
Tadych et al. 2014; Becker et al. 2016). It would therefore be valuable to examine
whether epiphytic conidia are produced in this host—endophyte system.
Morphological analyses assessing the asexual reproductive structures revealed
phenotypic plasticity in Epichloé festucae (Leuchtmann and Schardl 2005). In our
study, both source population and host ploidy level influenced morphological
traits, with conidial size showing the clearest differentiation among groups
(Fig. 4, Suppl. material 1: fig. S3; Suppl. material 1: tables S6—S10). Host ploidy
was a stable predictor across models, suggesting a possible biological effect. All
Festuca rothmaleri cytotypes appear to host the same E. festucae strain, producing
asexual spores measuring 4.4 + 0.4 [3.4-5.5] pm x 2.0 + 0.2 [1.5-2.6] pm and
conidiophores 12.4 + 2.3 [5.7-18.7] um x 1.8 + 0.4 [1.0-2.9] ym (Fig. 3; Suppl.
material 1: table S6). We also report the first estimate of conidial area (7.1 + 1.0
[4.8-9.8] um?), a potentially informative trait given the diversity of spore shapes
in Epichloé (lannone et al. 2009; McCargo et al. 2014; Thiinen et al. 2022). These
dimensions overlap with haploid strains such as E. festucae E189 and E. typhina E8
(Leuchtmann 1994; Kuldau et al. 1999) but are smaller than those of heteroploid
taxa like E. coenophiala E19 (8.2 £ 1.4 x 2.2 + 0.5 ym) and E. hybrida Lp1 (5.5 £
0.5 x 2.4 + 0.3 ym). Overall, spore shape and size are consistent with previously
described haploid E. festucae isolates (Zabalgogeazcoa et al. 1999; Gundel et
al. 2014). Regarding the macroscopic characteristics of the E. festucae cultures,
the growth rates of all specimens were similar and did not present significant
differences considering any of the grouping factors (Suppl. material 1: fig. S2).
This result demonstrates that this E. festucae strain maintains a consistent growth
rate regardless of its origin and can be used as a defining characteristic when
considering the same experimental conditions. Furthermore, high phenotypic
plasticity was detected in terms of appearance, which is consistent with previous
studies that have reported this characteristic in this genus (Du et al. 2024).
Genome size has been estimated for only a handful of Epichloé taxa,
traditionally by electrophoretic karyotyping or quantitative Southern blotting
(Kuldau et al. 1999) and more recently through genome sequencing (e.g., Winter
et al. 2018; Thiinen et al. 2022). Reported haploid genomes range from ~26 Mb
in E. elymi E757 to ~45 Mb in E. typhina subsp. clarkii 1605, with E. festucae
strains typically spanning ~29-36 Mb. Heteroploid species such as E. uncinata
€167 (diheteroploid; 53 Mb) and E. coenophiala 1033/212 (triheteroploid; 84—-88
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Mb; Lee et al. 2025) are substantially larger. Some discrepancies exist between
methods; for example, E. typhina E8 was estimated at 28.8 Mb by karyotyping
but 41.4 Mb by sequencing, likely reflecting technical biases and the structural
complexity characteristic of Epichloé genomes (Treindl et al. 2021). Here we
provide the first flow cytometry estimates for Epichloé. All E. festucae isolates
from F. rothmaleri contained a single nucleus and averaged 0.045 + 0.002 pg/1C
(~42.8 Mb), slightly larger than many published E. festucae assemblies but
still within the haploid range and close to E. typhina. These results underscore
lineage-specific variation and suggest that genome size within Epichloé may
vary more than previously recognized. Importantly, flow cytometry offers a rapid,
scalable way to capture this diversity. Expanding this approach across the genus
could clarify ploidy, reveal structural patterns, and improve our understanding of
genome evolution in these ecologically and agronomically important symbionts.

Lastly, the phylogenetic analyses of five nuclear loci are highly consistent
in placing our Epichloé specimens within the E. festucae clade (Fig. 5, Suppl.
material 1: figs S5, S6). All five loci showed strong phylogenetic signal since, as
the overall topology recovered for the species is very similar to that obtained
by Thiinen et al. (2022) using 2828 single-copy genes. Therefore, although
some supporting values (quartet frequencies and SCFL) should be interpreted
with caution due to the low number of gene trees considered, our phylogenies
proved to be reliable, and the use of these five nuclear loci allowed us to
unambiguously classify our samples within a separate monophyletic lineage of
the E. festucae clade. Further whole-genome analyses will be essential to refine
the phylogenetic placement of these isolates and to uncover potential adaptive
or genomic features unique to this lineage.

Altogether, these results provide the first detailed view of this host—endo-
phyte association and establish a robust baseline for future functional and
evolutionary studies.

A unique framework: asymmetric ploidy in the Festuca—Epichloé
symbiosis

Polyploidy is a major driver of plant evolution, altering physiology, morphology,
and ecological performance, and often reshaping interactions with other
organisms (Chen 2007; Heslop-Harrison et al. 2023). In grasses, polyploidy is
linked to increased adaptability, changes in symbiont incidence, and shifts in
community dynamics (Dirihan et al. 2016; Saether 2024). At the genomic scale,
whole-genome duplication affects gene expression, epigenetic regulation, and
chromosomearchitecture, all of which may influence compatibility with symbionts
(Bonfante and Genre 2010; Madlung 2013). Fungal endophytes of the genus
Epichloé reflect these dynamics: several taxa are natural heteroploids formed
through interspecific hybridization and carry larger, more complex genomes
(E. coenophiala, E. uncinata, E. tembladerae, E. novae-zelandiae; Moon et al. 2004;
Chen et al. 2009; Leuchtmann et al. 2019; Lee et al. 2025). These hybrid, asexual
endophytes often occur in hybrid or polyploid hosts, as in the classic Festuca
arundinacea—E. coenophiala system, where host allopolyploidization paralleled
endophyte hybridization (Schardl et al. 1994, 2004; Suppl. material 1: table S1).
In contrast, Festuca rothmaleri presents an unusual scenario: across its three
cytotypes (tetraploid, hexaploid, octoploid), all plants host the same haploid
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E. festucae strain, confirmed by identical barcodes and congruent phylogenies
(Figs 2, 5; Suppl. material 1: tables S4, S11). This asymmetry—a polyploid
host paired with a haploid symbiont—has not been documented before in the
genus and, to our knowledge, represents the first detailed report of a haploid
Epichloé consistently infecting multiple polyploid host cytotypes. Although the
auto- or allopolyploid origins of these cytotypes remain unclear, the consistent
association suggests strong host specificity and long-term compatibility.
Crucially, it raises new questions about how a single fungal genotype copes with
the genomic and physiological changes imposed by host polyploidy. Do different
cytotypes present differences in the production and diversity of protective
alkaloids? Could polyploid hosts alter endophyte gene expression or metabolic
pathways? Do these holobionts, despite sharing the same haploid Epichloé,
differ in their responses to drought, pathogens, or grazing? Might cytotype
diversity impact endophyte population structure and genetic stability over time,
with downstream effects on host fitness, plant community composition, and
ecosystem processes? These questions highlight a particularly important area
for future research in which this system provides a rare opportunity to isolate
the effects of plant genome duplication on a stable fungal partner. Coupled with
the methodological advances introduced here—digital morphometric analysis
of conidia and the first flow-cytometry genome size estimates for Epichloé—the
ploidy-asymmetric symbiosis between F. rothmaleri and E. festucae offers a
powerful model to examine how genomic complexity and symbiosis co-evolve,
with implications for basic research and grassland management.

Conclusions

In this study, by integrating cytogenetic, morphological, and molecular approaches,
andintroducingtwomethodological advances—flow cytometryfor Epichlo€ genome
size estimation and digital conidial morphometry—a previously undocumented
symbiosis is described: a haploid Epichloé€ festucae strain consistently colonizing
the Iberian endemic Festuca rothmaleri across its three polyploidy cytotypes
(4x, 6x, 8x). This stability against a backdrop of host polyploidy contrasts with
other Loliinae—Epichloé associations, where both partners often show increased
genomic complexity. We establish a solid baseline for future work, providing a useful
framework to explore how host genome variation influences symbiotic partners
and provides tools that can be applied to other grass—endophyte interactions.

Acknowledgements

Wethank Dr. Jaume Pellicer for his valuable advice in adapting the flow cytometry
protocol for Epichloé specimens, the corresponding author of Talhinhas et al.
(2017) for kindly providing the fungal primary standard Colletotrichum acutatum
strain PT812, the editors of the Flora Iberica, volume XIX (Poaceae), for granting
permission to reproduce the image of Festuca rothmaleri, and Dr. Karolina
Gorzynska, one anonymous reviewer, and associate editor Dr. Jose Macia-
Vicente for their valuable suggestions, which helped improve the quality of a
preliminary version of our manuscript. We gratefully acknowledge Dr. Christopher
L. Schardl, Dr. Padmaja Nagabhyru and Dr. Simona Florea for allowing us to use
their facilities to carry out the exploratory screening of mating types.

IMA Fungus 16: €162692 (2025), DOI: 10.3897/imafungus.16.162692 19



FuRgUS Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Additional information

Conflict of interest

The authors have declared that no competing interests exist.

Ethical statement

No ethical statement was reported.

Use of Al

No use of Al was reported.

Adherence to national and international regulations

All the fungal strains used in this study have been legally obtained, respecting the
Convention on Biological Diversity (Rio Convention).

Funding

This research was supported by the Spanish Ministry of Science and Innovation (grants
TED2021-131073B-100, PDC2022-133712-100, and PID2022-140074NB-100) and the
Bioflora project of the Government of Aragon and the European Social Fund (grant
A01-23R), awarded to PC, LAI, and ASA. Additional support was provided through a
predoctoral contract from the Government of Aragon (DGA, Spain) awarded to ASA.

Author contributions

PC, IZ and ASA designed the study. ASA, IZ and PC collected samples. ASA, LAI, IZ, EA
and PC conducted and supervised the analyses. ASA, LAI, IZ and PC wrote the original
draft, and all authors reviewed it.

Author ORCIDs

Alba Sotomayor-Alge @ https://orcid.org/0000-0003-2317-0873
Luis A. Inda ® https://orcid.org/0000-0002-1214-375X

Ernesto Angel-Beamonte @ https://orcid.org/0009-0002-6714-7106
ifiigo Zabalgogeazcoa © https://orcid.org/0000-0002-9524-7799
Pilar Catalan ® https://orcid.org/0000-0001-7793-5259

Data availability

The sequence data generated for this project is available in the NCBI GeneBank database
under the accession numbers summarized in Suppl. material 1: table S12. The data and
scripts underpinning the analysis reported in this paper are deposited in the associated
Dryad (https://doi.org/10.5061/dryad.hx3ffbgsb) and GitHub (https://github.com/
Bioflora/FrothmaleriEpichloe) repositories. Georeferenced sampling records have been
deposited in GBIF.

References

Al-Bermani AK, Cataléan P, Stace CA (1992) A new circumscription of Festuca trichophylla
(Gaudin) K. Richter (Gramineae). Anales del Jardin Botanico de Madrid 50: 209-220.

Allaire JJ, Xie Y, Dervieux C et al. (2024) rmarkdown: Dynamic Documents for R. https://
github.com/rstudio/rmarkdown

IMA Fungus 16: 162692 (2025), DOI: 10.3897/imafungus.16.162692 20


https://orcid.org/0000-0003-2317-0873
https://orcid.org/0000-0002-1214-375X
https://orcid.org/0009-0002-6714-7106
https://orcid.org/0000-0002-9524-7799
https://orcid.org/0000-0001-7793-5259
https://doi.org/10.5061/dryad.hx3ffbgsb
https://github.com/Bioflora/FrothmaleriEpichloe
https://github.com/Bioflora/FrothmaleriEpichloe
https://github.com/rstudio/rmarkdown
https://github.com/rstudio/rmarkdown

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Bates D, Machler M, Bolker BM et al. (2015) Fitting linear mixed-effects models using
Ime4. Journal of Statistical Software 67: 1-48. https://doi.org/10.18637/jss.v067.i01

Bazely DR, Ball JR, Vicari M et al. (2007) Broad-scale geographic patterns in the distribution
of vertically-transmitted, asexual endophytes in four naturally-occurring grasses in
Sweden. Ecography 30: 367—-374. https://doi.org/10.1111/j.2007.0906-7590.04985.x

Becker M, Becker Y, Green K et al. (2016) The endophytic symbiont Epichloé festucae
establishes an epiphyllous net on the surface of Lolium perenne leaves by development
of an expressorium, an appressorium-like leaf exit structure. New Phytologist 211:
240-254. https://doi.org/10.1111/nph.13931

Bonfante P, Genre A (2010) Mechanisms underlying beneficial plant - fungus interactions
in mycorrhizal symbiosis. Nature Communications 1: 48. https://doi.org/10.1038/
ncomms1046

Bourne EC, Mina D, Gongalves SC et al. (2014) Large and variable genome size
unrelated to serpentine adaptation but supportive of cryptic sexuality in Cenococcum
geophilum. Mycorrhiza 24: 13-20. https://doi.org/10.1007/s00572-013-0501-3

Bush LP, Wilkinson HH, Schardl CL (1997) Bioprotective alkaloids of grass-fungal
endophyte symbioses. Plant Physiology 114:1-7. https://doi.org/10.1104/pp.114.1.1

Cagnano G, Roulund N, Jensen CS et al. (2019) Large scale screening of Epichloé
endophytes Infecting Schedonorus pratensis and other forage grasses reveals a
relation between microsatellite-based haplotypes and loline alkaloid levels. Frontiers
in Plant Science 10: 765. https://doi.org/10.3389/fpls.2019.00765

Campbell MA, Tapper BA, Simpson WR et al. (2017) Epichloé hybrida, sp. nov., an
emerging model system for investigating fungal allopolyploidy. Mycologia 109: 715-
729. https://doi.org/10.1080/00275514.2017.1406174

Caradus JR, Johnson LJ (2020) Epichloé fungal endophytes—From a biological curiosity
in wild grasses to an essential component of resilient high performing ryegrass and
fescue pastures. Journal of Fungi 6: 1-44. https://doi.org/10.3390/jof6040322

Catalén P (2006) Phylogeny and Evolution of Festuca L. and Related Genera of Subtribe
Loliinae (Poeae, Poaceae). In: Plant Genome: Biodiversity and Evolution, 255-303.

Catalan P, Torrecilla P, Lopez-Rodriguez JA et al. (2004) Phylogeny of the festucoid
grasses of subtribe Loliinae and allies (Poeae, Pooideae) inferred from ITS and
trnL-F sequences. Molecular Phylogenetics and Evolution 31: 517-541. https://doi.
org/10.1016/j.ympev.2003.08.025

Chen L, Li X, Li C et al. (2015) Two distinct Epichloé species symbiotic with Achnatherum
inebrians, drunken horse grass. Mycologia 107: 863—873. https://doi.org/10.3852/15-019

Chen T, Li C, White JF et al. (2019) Effect of the fungal endophyte Epichloé bromicola on
polyamines in wild barley (Hordeum brevisubulatum) under salt stress. Plant and Soil
436: 29-48. https://doi.org/10.1007/s11104-018-03913-x

Chen Y, Ji Y, Yu H et al. (2009) A new Neotyphodium species from Festuca parvigluma
Steud. grown in China. Mycologia 101: 681-685. https://doi.org/10.3852/08-181

Chen ZJ (2007) Genetic and epigenetic mechanisms for gene expression and phenotypic
variation in plant polyploids. Annual Review of Plant Biology 58: 377-406. https://doi.
org/10.1146/annurev.arplant.58.032806.103835

Cheng Y, Zhou K, Humphreys MW et al. (2016) Phylogenetic relationships in the Festuca-
Lolium complex (Loliinae; Poaceae): New insights from chloroplast sequences.
Frontiers in Ecology and Evolution 4: 89. https://doi.org/10.3389/fevo.2016.00089

Clay K (1988) Fungal endophytes of grasses: a defensive mutualism between plants and
fungi. Ecology 69: 10—-16. https://doi.org/10.2307/1943155

IMA Fungus 16: €162692 (2025), DOI: 10.3897/imafungus.16.162692 21


https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.2007.0906-7590.04985.x
https://doi.org/10.1111/nph.13931
https://doi.org/10.1038/ncomms1046
https://doi.org/10.1038/ncomms1046
https://doi.org/10.1007/s00572-013-0501-3
https://doi.org/10.1104/pp.114.1.1
https://doi.org/10.3389/fpls.2019.00765
https://doi.org/10.1080/00275514.2017.1406174
https://doi.org/10.3390/jof6040322
https://doi.org/10.1016/j.ympev.2003.08.025
https://doi.org/10.1016/j.ympev.2003.08.025
https://doi.org/10.3852/15-019
https://doi.org/10.1007/s11104-018-03913-x
https://doi.org/10.3852/08-181
https://doi.org/10.1146/annurev.arplant.58.032806.103835
https://doi.org/10.1146/annurev.arplant.58.032806.103835
https://doi.org/10.3389/fevo.2016.00089
https://doi.org/10.2307/1943155

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Clay K, Schardl C (2002) Evolutionary origins and ecological consequences of endophyte
symbiosis with grasses. The American Naturalist 160: S99-S127. https://doi.
org/10.1086/342161

Clement SL, Elberson LR, Youssef NN et al. (2001) Incidence and diversity of Neoty-
phodium fungal endophytes in tall fescue from Morocco, Tunisia, and Sardinia. Crop
Science 41: 570-576. https://doi.org/10.2135/cropsci2001.412570x

von Crautlein M, Helander M, Korpelainen H et al. (2021) Genetic diversity of the
symbiotic fungus Epichloé festucae in naturally occurring host grass populations.
Frontiers in Microbiology 12: 756991. https://doi.org/10.3389/fmich.2021.756991

Devesa JA, Martinez-Sagarra G, Lopez-Nieto E et al. (2020) Flora Iberica. Plantas
vasculares de la Peninsula Ibérica e Islas Baleares (Vol. XIX). In: Devesa JA, Romero-
Zarco C, Buira A, Quintanar A, Aedo C (Eds) Flora Ibérica. Real Jardin Botanico, CSIC,
Madrid, 200—-373.

Dirihan S, Helander M, Vare H et al. (2016) Geographic variation in Festuca rubra L. ploidy
levels and systemic fungal endophyte frequencies. PLOS ONE 11: e0166264. https://
doi.org/10.1371/journal.pone.0166264

DolezZel J, Greilhuber J, Suda J (2007) Estimation of nuclear DNA content in plants using flow
cytometry. Nature Protocols 2: 2233-2244. https://doi.org/10.1038/nprot.2007.310

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small quantities of fresh
leaf tissue. Phytochemical Bulletin 19: 11-15.

Du M, Wang T, Li C et al. (2024) Discovery and characterization of Epichloé fungal endo-
phytes from Elymus spp. in northwest China. Microorganisms 12: 1497. https://doi.
org/10.3390/microorganisms12071497

Florea S, Schardl CL, Hollin W (2015) Detection and isolation of Epichloé species, fungal
endophytes of grasses. Current Protocols in Microbiology 2015: 19A.1.1-19A.1.24.
https://doi.org/10.1002/9780471729259.mc19a01s38

Garnatje T, Catalan P, Inda LA et al. (2023) Genome size of grass Festuca mountain
species from the southwestern European Pyrenees: variation, evolution, and new
assessments. Plant Systematics and Evolution 309: 29. https://doi.org/10.1007/
s00606-023-01867-x

Gentile A, Rossi MS, Cabral D et al. (2005) Origin, divergence, and phylogeny of Epichloé
endophytes of native Argentine grasses. Molecular Phylogenetics and Evolution 35:
196-208. https://doi.org/10.1016/j.ympev.2005.01.008

Gibert A, Hazard L (2011) Endophyte infection of Festuca eskia enhances seedling
survival to drought and cutting at the expense of clonal expansion. Journal of Plant
Ecology 4: 201-208. https://doi.org/10.1093/jpe/rtr009

Gundel PE, Martinez-Ghersa MA, Omacini M et al. (2012) Mutualism effectiveness and
vertical transmission of symbiotic fungal endophytes in response to host genetic
background. Evolutionary Applications 5: 838—-849. https://doi.org/10.1111/j.1752-
4571.2012.00261.x

Gundel PE, Dirihan S, Helander M et al. (2014) Systemic fungal endophytes and ploidy
level in Festuca vivipara populations in North European Islands. Plant Systematics
and Evolution 300: 1683-1691. https://doi.org/10.1007/s00606-014-0994-z

Heslop-Harrison JS, Schwarzacher T, Liu Q (2023) Polyploidy: its consequences and
enabling role in plant diversification and evolution. Annals of Botany 131: 1-9.
https://doi.org/10.1093/aob/mcac132

Hewitt KG, Popay AJ, Hofmann RW et al. (2021) Epichloé - a lifeline for temperate
grasses under combined drought and insect pressure. Grass Research 1: 7. https:/
doi.org/10.48130/GR-2021-0007

IMA Fungus 16: 162692 (2025), DOI: 10.3897/imafungus.16.162692 22


https://doi.org/10.1086/342161
https://doi.org/10.1086/342161
https://doi.org/10.2135/cropsci2001.412570x
https://doi.org/10.3389/fmicb.2021.756991
https://doi.org/10.1371/journal.pone.0166264
https://doi.org/10.1371/journal.pone.0166264
https://doi.org/10.1038/nprot.2007.310
https://doi.org/10.3390/microorganisms12071497
https://doi.org/10.3390/microorganisms12071497
https://doi.org/10.1002/9780471729259.mc19a01s38
https://doi.org/10.1007/s00606-023-01867-x
https://doi.org/10.1007/s00606-023-01867-x
https://doi.org/10.1016/j.ympev.2005.01.008
https://doi.org/10.1093/jpe/rtr009
https://doi.org/10.1111/j.1752-4571.2012.00261.x
https://doi.org/10.1111/j.1752-4571.2012.00261.x
https://doi.org/10.1007/s00606-014-0994-z
https://doi.org/10.1093/aob/mcac132
https://doi.org/10.48130/GR-2021-0007
https://doi.org/10.48130/GR-2021-0007

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Hoang DT, Chernomor O, von Haeseler A et al. (2017) UFBoot2: improving the ultrafast
bootstrap approximation. Molecular Biology and Evolution 35: 518-522. https://doi.
org/10.1093/molbev/msx281

Hothorn T, Hornik K, Wien W et al. (2008) Implementing a class of permutation tests: the coin
package. Journal of Statistical Software 28: 1-23. https://doi.org/10.18637/jss.v028.i08

lannone LJ, Cabral D, Schardl CL et al. (2009) Phylogenetic divergence, morphological
and physiological differences distinguish a new Neotyphodium endophyte species in
the grass Bromus auleticus from South America. Mycologia 101: 340-351. https://
doi.org/10.3852/08-156

Inda LA, Segarra-Moragues JG, Miller J et al. (2008) Dated historical biogeography of
the temperate Loliinae (Poaceae, Pooideae) grasses in the northern and southern
hemispheres. Molecular Phylogenetics and Evolution 46: 932-957. https://doi.
org/10.1016/j.ympev.2007.11.022

Jenkins G, Hasterok R (2007) BAC “landing” on chromosomes of Brachypodium
distachyon for comparative genome alignment. Nature Protocols 2: 88-98. https://
doi.org/10.1038/nprot.2006.490

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software version
7: Improvements in performance and usability. Molecular Biology and Evolution 30:
772-780. https://doi.org/10.1093/molbev/mst010

Kendrick B (1991) Fungal symbioses and evolutionary innovations. In: Margulis L, Fester
R (Eds) Symbiosis as a source of evolutionary innovation: Speciation and Morpho-
genesis. The MIT Press, Cambridge, 249-261.

Kopecky D, Studer B (2014) Emerging technologies advancing forage and turf grass
genomics. Biotechnology Advances 32: 190-199. htips://doi.org/10.1016/j.
biotechadv.2013.11.010

Kuhn M (2008) Building predictive models in R using the caret package. Journal of
Statistical Software 28: 1-26. https://doi.org/10.18637/jss.v028.i05

Kuldau GA, Tsai H, Schardl CL (1999) Genome sizes of Epichloé species and anamorphic
hybrids. Mycologia 91: 776-782. https://doi.org/10.2307/3761531

De la Fuente V, Sanchez D (1987) Datos sobre Festuca rothmaleri (Litard.) Markgr.-
Dannenb. y F. nevadensis (Hackel) K. Richter (Gramineae). Anales del Jardin Botanico
de Madrid 43: 361-373.

De la Fuente V, Ferrero LM, Ortufiez E (2001) Chromosome counts in the genus Festuca
L. section Festuca (Poaceae) in the lIberian Peninsula. Botanical Journal of the
Linnean Society 137: 385-398. https://doi.org/10.1111/j.1095-8339.2001.tb02333.x

Lé S, Josse J, Husson F (2008) FactoMineR: An R package for multivariate analysis.
Journal of Statistical Software 25: 1-18. https://doi.org/10.18637/jss.v025.i01

Lee K, Bentz P, Vaughn J et al. (2025) Genomic characterization of novel endophyte
strains from tall fescue shows genome fragmentation post-hybridization. bioRxiv.
https://doi.org/10.1101/2025.02.07.637142

Lenth R (2024) emmeans: estimated marginal means, aka least-squares means.
American Statistician 34. https://CRAN.R-project.org/package=emmeans

Leuchtmann A (1994) Isozyme relationships of Acremonium endophytes from twelve
Festuca species. Mycological Research 98: 25-33. https://doi.org/10.1016/S0953-
7562(09)80331-6

Leuchtmann A, Schardl CL (2005) The Epichloé endophytes of grasses and the symbi-
otic continuum. In: Dighton J, White JF, Oudemans P (Eds) The Fungal community:
its organization and role in the ecosystem. Taylor & Francis, 475-503. https://doi.
org/10.1201/9781420027891.ch24

IMA Fungus 16: €162692 (2025), DOI: 10.3897/imafungus.16.162692 23


https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.18637/jss.v028.i08
https://doi.org/10.3852/08-156
https://doi.org/10.3852/08-156
https://doi.org/10.1016/j.ympev.2007.11.022
https://doi.org/10.1016/j.ympev.2007.11.022
https://doi.org/10.1038/nprot.2006.490
https://doi.org/10.1038/nprot.2006.490
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.biotechadv.2013.11.010
https://doi.org/10.1016/j.biotechadv.2013.11.010
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.2307/3761531
https://doi.org/10.1111/j.1095-8339.2001.tb02333.x
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1101/2025.02.07.637142
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/S0953-7562(09)80331-6
https://doi.org/10.1016/S0953-7562(09)80331-6
https://doi.org/10.1201/9781420027891.ch24
https://doi.org/10.1201/9781420027891.ch24

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Leuchtmann A, Schardl CL, Siegel MR (1994) Sexual compatibility and taxonomy of a
new species of Epichloé symbiotic with fine fescue grasses. Mycologia 86: 802-812.
https://doi.org/10.1080/00275514.1994.12026487

Leuchtmann A, Bacon CW, Schardl CL et al. (2014) Nomenclatural realignment of
Neotyphodium species with genus Epichlo€. Mycologia 106: 202-215. https://doi.
org/10.3852/13-251

Leuchtmann A, Young CA, Stewart AV et al. (2019) Epichloé novae-zelandiae, a new
endophyte from the endemic New Zealand grass Poa matthewsii. New Zealand
Journal of Botany 57: 271-288. https://doi.org/10.1080/0028825X.2019.1651344

Loureiro J, Kopecky D, Castro S et al. (2007) Flow cytometric and cytogenetic analy-
ses of Iberian Peninsula Festuca spp. Plant Systematics and Evolution 269: 89-105.
https://doi.org/10.1007/s00606-007-0564-8

Madlung A (2013) Polyploidy and its effect on evolutionary success: old questions
revisited with new tools. Heredity 110: 99-104. https://doi.org/10.1038/
hdy.2012.79

Martinez-Sagarra G, Castro S, Mota L et al. (2021) Genome size, chromosome number
and morphological data reveal unexpected infraspecific variability in Festuca
(Poaceae). Genes 12: 906. https://doi.org/10.3390/genes12060906

McCargo PD, lannone LJ, Vignale MV et al. (2014) Species diversity of Epichloé symbiotic
with two grasses from southern Argentinean Patagonia. Mycologia 106: 339-352.
https://doi.org/10.3852/106.2.339

Mcgranahan DA, Burgdorf R, Kirkman KP (2015) Epichloae infection in a native South
African grass, Festuca costata Nees. Plant Biology 17: 914-921. https://doi.
org/10.1111/plb.12307

Minaya M, Hackel J, Namaganda M et al. (2017) Contrasting dispersal histories of broad-
and fine-leaved temperate Loliinae grasses: range expansion, founder events, and the
roles of distance and barriers. Journal of Biogeography 44: 1980-1993. https://doi.
org/10.1111/jbi.13012

Minh BQ, Schmidt HA, Chernomor O et al. (2020) IQ-TREE 2: new models and efficient
methods for phylogenetic inference in the genomic era. Molecular Biology and
Evolution 37: 1530-1534. https://doi.org/10.1093/molbev/msaa015

Mo YK, Lanfear R, Hahn MW et al. (2023) Updated site concordance factors minimize
effects of homoplasy and taxon sampling. Bioinformatics 39: btac741. https://doi.
org/10.1093/bioinformatics/btac741

Moon CD, Miles CO, Jérlfors U et al. (2002) The evolutionary origins of three new
Neotyphodium endophyte species from grasses indigenous to the Southern Hemisphere.
Mycologia 94: 694-711. https://doi.org/10.1080/15572536.2003.11833197

Moon CD, Craven KD, Leuchtmann A et al. (2004) Prevalence of interspecific hybrids
amongst asexual fungal endophytes of grasses. Molecular Ecology 13: 1455-1467.
https://doi.org/10.1111/j.1365-294X.2004.02138.x

Moreno-Aguilar MF, Arnelas |, Sdnchez-Rodriguez A et al. (2020) Museomics unveil
the phylogeny and biogeography of the neglected Juan Fernandez archipelago
Megalachne and Podophorus endemic grasses and their connection with relict
pampean-ventanian fescues. Frontiers in Plant Science 11: 819. https:/doi.
org/10.3389/fpls.2020.00819

Moreno-Aguilar MF, Inda LA, Sdnchez-Rodriguez A et al. (2022) Evolutionary dynamics
of the repeatome explains contrasting differences in genome sizes and hybrid and
polyploid origins of grass Loliinae lineages. Frontiers in Plant Science 13: 901733.
https://doi.org/10.3389/fpls.2022.901733

IMA Fungus 16: 162692 (2025), DOI: 10.3897/imafungus.16.162692 24


https://doi.org/10.1080/00275514.1994.12026487
https://doi.org/10.3852/13-251
https://doi.org/10.3852/13-251
https://doi.org/10.1080/0028825X.2019.1651344
https://doi.org/10.1007/s00606-007-0564-8
https://doi.org/10.1038/hdy.2012.79
https://doi.org/10.1038/hdy.2012.79
https://doi.org/10.3390/genes12060906
https://doi.org/10.3852/106.2.339
https://doi.org/10.1111/plb.12307
https://doi.org/10.1111/plb.12307
https://doi.org/10.1111/jbi.13012
https://doi.org/10.1111/jbi.13012
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/bioinformatics/btac741
https://doi.org/10.1093/bioinformatics/btac741
https://doi.org/10.1080/15572536.2003.11833197
https://doi.org/10.1111/j.1365-294X.2004.02138.x
https://doi.org/10.3389/fpls.2020.00819
https://doi.org/10.3389/fpls.2020.00819
https://doi.org/10.3389/fpls.2022.901733

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Moreno-Aguilar MF, Viruel J, Calderéon D et al. (2024) Genic and phylogenomic
discordances reveal conflicting hybridization episodes in temperate Loliinae grasses.
https://doi.org/10.1101/2024.10.25.620283

Niones JT, Takemoto D (2014) An isolate of Epichloé festucae, an endophytic fungus of tem-
perate grasses, has growth inhibitory activity against selected grass pathogens. Journal
of General Plant Pathology 80: 337-347. https://doi.org/10.1007/s10327-014-0521-7

Oksanen J, Simpson GL, Blanchet FG et al. (2025) Package “vegan”: community ecology
package (version 2.6-10). https://CRAN.R-project.org/package=vegan

Prieto-Guijarro A, Puerto-Martin A, Parra-Garcia JL et al. (1999) Especies de flora y
fauna de la dehesa salamantina: abundancia relativa, intervencién humana y reg-
ulacion. Salamanca, Revista de Estudios 42: 329-384. hitps://digital.csic.es/
bitstream/10261/35126/1/SRPE1999329.pdf

R Core Team (2024) R: A language and environment for statistical computing. https://
www.r-project.org/

Saether AHG (2024) The impact of polyploidy on plant evolution and speciation. Journal
of Agricultural Science and Botany 8: 253. https://www.alliedacademies.org/articles/
the-impact-of-polyploidy-on-plant-evolution-and-speciation-30036.html

Saikkonen K, Ahlholm J, Helander M et al. (2000) "Endophytic fungi in wild
and cultivated grasses in Finland. Ecography 23: 360-366. https:/doi.
org/10.1034/j.1600-0587.2000.d01-1645.x

Saikkonen K, Young CA, Helander M et al. (2016) Endophytic Epichloé species and their
grass hosts: from evolution to applications. Plant Molecular Biology 90: 665-675.
https://doi.org/10.1007/s11103-015-0399-6

Saikkonen K, Dirihan S, Véare H et al. (2019) Phenotypic and genetic variation in natural
populations of Festuca rubra s.l. in Europe. Plant Ecology and Diversity 12: 441-456.
https://doi.org/10.1080/17550874.2019.1654551

Sayyari E, Mirarab S (2016) Fast coalescent-based computation of local branch support
from quartet frequencies. Molecular Biology and Evolution 33: 1654-1668. https://
doi.org/10.1093/molbev/msw079

Schardl CL (1996) Epichloé species: Fungal symbionts of grasses. Annual Review of
Phytopathology 34: 109-139. https://doi.org/10.1146/annurev.phyto.34.1.109

Schardl CL, Leuchtmann A (1999) Three new species of Epichloé symbiotic with North
American grasses. Mycologia 91: 95-107. https://doi.org/10.2307/3761196

Schardl CL, Leuchtmann A, Tsai H-F et al. (1994) Origin of a fungal symbiont of perennial
ryegrass by interspecific hybridization of a mutualist with the ryegrass choke
pathogen, Epichloé typhina. Genetics 136: 1307-1317. htips://doi.org/10.1093/
genetics/136.4.1307

Schardl CL, Leuchtmann A, Spiering MJ (2004) Symbioses of grasses with seed-
borne fungal endophytes. Annual Review of Plant Biology 55: 315-340. https://doi.
org/10.1146/annurev.arplant.55.031903.141735

Schardl CL, Florea S, Pan J et al. (2013) The epichloae: alkaloid diversity and roles in
symbiosis with grasses. Current Opinion in Plant Biology 16: 480-488. https://doi.
org/10.1016/j.pbi.2013.06.012

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image
analysis. Nature Methods 9: 671-675. https://doi.org/10.1038/nmeth.2089

Scott B, Becker Y, Becker M et al. (2012) Morphogenesis, Growth, and Development of the
Grass Symbiont Epichloé€ festucae. In: Pérez-Martin J, Di Pietro A (Eds) Morphogenesis
and Pathogenicity in Fungi. Springer, 211-232. https://doi.org/10.1007/978-3-642-
22916-9_12

IMA Fungus 16: €162692 (2025), DOI: 10.3897/imafungus.16.162692 25


https://doi.org/10.1101/2024.10.25.620283
https://doi.org/10.1007/s10327-014-0521-7
https://CRAN.R-project.org/package=vegan
https://digital.csic.es/bitstream/10261/35126/1/SRPE1999329.pdf
https://digital.csic.es/bitstream/10261/35126/1/SRPE1999329.pdf
https://www.r-project.org/
https://www.r-project.org/
https://www.alliedacademies.org/articles/the-impact-of-polyploidy-on-plant-evolution-and-speciation-30036.html
https://www.alliedacademies.org/articles/the-impact-of-polyploidy-on-plant-evolution-and-speciation-30036.html
https://doi.org/10.1034/j.1600-0587.2000.d01-1645.x
https://doi.org/10.1034/j.1600-0587.2000.d01-1645.x
https://doi.org/10.1007/s11103-015-0399-6
https://doi.org/10.1080/17550874.2019.1654551
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1146/annurev.phyto.34.1.109
https://doi.org/10.2307/3761196
https://doi.org/10.1093/genetics/136.4.1307
https://doi.org/10.1093/genetics/136.4.1307
https://doi.org/10.1146/annurev.arplant.55.031903.141735
https://doi.org/10.1146/annurev.arplant.55.031903.141735
https://doi.org/10.1016/j.pbi.2013.06.012
https://doi.org/10.1016/j.pbi.2013.06.012
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/978-3-642-22916-9_12
https://doi.org/10.1007/978-3-642-22916-9_12

fungus

Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Scott B, Green K, Berry D (2018) Morphogenesis, growth, and development of the grass
symbiont Epichloé festucae. Current Opinion in Plant Biology 44: 32-38. https://doi.
org/10.1016/j.pbi.2018.01.010

Shoji JY, Charlton ND, Yi M et al. (2015) Vegetative hyphal fusion and subsequent
nuclear behavior in Epichlo€ grass endophytes. PLOS ONE 10: e0121875. https://doi.
org/10.1371/journal.pone.0121875

Siegel MR, Johnson MC, Varney DR et al. (1984) A fungal endophyte in tall fescue: Incidence
and dissemination. Phytopatology 74: 932-937. https://doi.org/10.1094/Phyto-74-932

Smarda P, Bure$ P, Horova L et al. (2008) Genome size and GC content evolution of
Festuca: ancestral expansion and subsequent reduction. Annals of Botany 101: 421-
433. https://doi.org/10.1093/aob/mcm307

Soto-Barajas MC, Vazquez de Aldana BR, Alvarez A et al. (2019) Sympatric Epichloé
species and chemotypic profiles in natural populations of Lolium perenne. Fungal
Ecology 39: 231-241. https://doi.org/10.1016/j.funeco.2019.02.013

Tadych M, Bergen M, Dugan FM et al. (2007) Evaluation of the potential role of water
in spread of conidia of the Neotyphodium endophyte of Poa ampla. Mycological
Research 111: 466—472. https://doi.org/10.1016/j.mycres.2007.02.002

Tadych M, Bergen MS, White JF (2014) Epichloé spp. associated with grasses: New
insights on life cycles, dissemination and evolution. Mycologia 106: 181-201. https://
doi.org/10.3852/106.2.181

Talhinhas P, Tavares D, Ramos AP et al. (2017) Validation of standards suitable for
genome size estimation of fungi. Journal of Microbiological Methods 142: 76-78.
https://doi.org/10.1016/j.mimet.2017.09.012

Thiinen T, Becker Y, Cox MP et al. (2022) Epichloé scottii sp. nov., a new endophyte
isolated from Melica uniflora is the missing ancestor of Epichlo€ disjuncta. IMA
Fungus 13: 2. https://doi.org/10.1186/s43008-022-00088-0

Tian P, Xu W, Li C et al. (2020) Phylogenetic relationship and taxonomy of a hybrid
Epichloé species symbiotic with Festuca sinensis. Mycological Progress 19: 1069—
1081. https://doi.org/10.1007/s11557-020-01618-z

Treindl AD, Stapley J, Winter DJ et al. (2021) Chromosome-level genomes provide in-
sights into genome evolution, organization and size in Epichloé€ fungi. Genomics 113:
4267-4275. https://doi.org/10.1016/j.ygeno.2021.11.009

Tsai H-F, Liu J-S, Stabent C et al. (1994) Evolutionary diversification of fungal
endophytes of tall fescue grass by hybridization with Epichloé species. Proceedings
of the National Academy of Science of USA 91: 2542-2546. https://doi.org/10.1073/
pnas.91.7.2542

Vézquez de Aldana BR, Garcia-Ciudad A, Garcia-Criado B et al. (2013) Fungal endophyte
(Epichloé festucae) alters the nutrient content of Festuca rubra regardless of water
availability. PLOS ONE 8: €84539. https://doi.org/10.1371/journal.pone.0084539

Vazquez De Aldana BR, Soto-Barajas MC, Zabalgogeazcoa | (2015) Epichloé
endophytes in pastures of the Iberian Peninsula. Pastos 45: 6—18. https://digital.
csic.es/bitstream/10261/131980/1/hongos%20endofitos%20epichlo%C3%AB%20
pastos%20peninsula%20iberica%2C%20vazquez-de-aldana.pdf

Wili PR, Ahlholm JU, Helander M et al. (2007) Occurrence and genetic structure of the
systemic grass endophyte Epichlo€é festucae in fine fescue populations. Microbial
Ecology 53: 20-29. https://doi.org/10.1007/s00248-006-9076-2

Wang J, Hou W, Christensen MJ et al. (2020) Role of Epichloé endophytes in improving
host grass resistance ability and soil properties. Journal of Agricultural and Food
Chemistry 68: 6944-6955. https://doi.org/10.1021/acs.jafc.0c01396

IMA Fungus 16: 162692 (2025), DOI: 10.3897/imafungus.16.162692 2


https://doi.org/10.1016/j.pbi.2018.01.010
https://doi.org/10.1016/j.pbi.2018.01.010
https://doi.org/10.1371/journal.pone.0121875
https://doi.org/10.1371/journal.pone.0121875
https://doi.org/10.1094/Phyto-74-932
https://doi.org/10.1093/aob/mcm307
https://doi.org/10.1016/j.funeco.2019.02.013
https://doi.org/10.1016/j.mycres.2007.02.002
https://doi.org/10.3852/106.2.181
https://doi.org/10.3852/106.2.181
https://doi.org/10.1016/j.mimet.2017.09.012
https://doi.org/10.1186/s43008-022-00088-0
https://doi.org/10.1007/s11557-020-01618-z
https://doi.org/10.1016/j.ygeno.2021.11.009
https://doi.org/10.1073/pnas.91.7.2542
https://doi.org/10.1073/pnas.91.7.2542
https://doi.org/10.1371/journal.pone.0084539
https://digital.csic.es/bitstream/10261/131980/1/hongos%20endofitos%20epichlo%C3%AB%20pastos%20peninsula%20iberica,%20vazquez-de-aldana.pdf
https://digital.csic.es/bitstream/10261/131980/1/hongos%20endofitos%20epichlo%C3%AB%20pastos%20peninsula%20iberica,%20vazquez-de-aldana.pdf
https://digital.csic.es/bitstream/10261/131980/1/hongos%20endofitos%20epichlo%C3%AB%20pastos%20peninsula%20iberica,%20vazquez-de-aldana.pdf
https://doi.org/10.1007/s00248-006-9076-2
https://doi.org/10.1021/acs.jafc.0c01396

FuRgUS Alba Sotomayor-Alge et al.: Characterization of an asymmetric Festuca-Epichloé symbiosis

Wang T, Chen T, White JF et al. (2022) Identification of three Epichloé endophytes
from Hordeum bogdanii Wilensky in China. Journal of Fungi 8: 928. https://doi.
org/10.3390/jof8090928

Winter DJ, Ganley ARD, Young CA et al. (2018) Repeat elements organise 3D genome
structure and mediate transcription in the filamentous fungus Epichloé festucae.
PLOS Genetics 14: €1007467. https://doi.org/10.1371/journal.pgen.1007467

Xia C, Li N, Zhang Y et al. (2018) Role of Epichloé endophytes in defense responses of
cool-season grasses to pathogens: a review. Plant Disease 102: 2061-2073. https://
doi.org/10.1094/PDIS-05-18-0762-FE

Yan K, Yanling J, Kunran Z et al. (2011) A new Epichloé species with interspecific hybrid
origins from Poa pratensis ssp. pratensis in Liyang, China. Mycologia 103: 1341-
1350. https://doi.org/10.3852/10-352

Zabalgogeazcoa |, Vazquez De Aldana BR, Garcia Criado B et al. (1999) The infection of
Festuca rubra by the fungal endophyte Epichloé festucae in Mediterranean permanent
grasslands. Grass and Forage Science 54: 91-95. https://doi.org/10.1046/].1365-
2494.1999.00155.x

Zabalgogeazcoa |, Garcia Ciudad A, Vazquez de Aldana BR et al. (2006a) Effects of
the infection by the fungal endophyte Epichloé festucae in the growth and nutrient
content of Festuca rubra. European Journal of Agronomy 24: 374-384. https://doi.
org/10.1016/j.eja.2006.01.003

Zabalgogeazcoa |, Romo M, Keck E et al. (2006b) The infection of Festuca rubra subsp.
pruinosa by Epichloé festucae. Grass and Forage Science 61: 71-76. https://doi.
org/10.1111/j.1365-2494.2006.00509.x

Zhang C, Rabiee M, Sayyari E et al. (2018) ASTRAL-IIl: polynomial time species tree
reconstruction from partially resolved gene trees. BMC Bioinformatics 19: 153.
https://doi.org/10.1186/s12859-018-2129-y

Supplementary material 1

Suppl. appendices S1, S2, figs S1-S6, tables S1-S13

Authors: Alba Sotomayor-Alge, Luis A. Inda, Ernesto Angel-Beamonte, ifiigo Zabalgo-
geazcoa, Pilar Catalan

Data type: docx

Explanation note: figure S1. Geographic map showing the locations of the Festuca
rothmaleri populations containing Epichloé festucae endophytes under study in
NW Spain (Salamanca province). figure S2. Growth of Epichloé festucae cultures
on 5.5 cm PDA plates at 2 days (A1-D1), 1 week (A2-D2), 2 weeks (A3-D3), and
3 weeks (A4-D4) after inoculation. figure S3. Bidimensional plots of multivariate
morphological analyses of Epichloé festucae (n = 48, replicate means). figure
S4. Asexual structures of Epichloé festucae stained with DAPI to visualize nuclei.
figure S5. Maximum-likelihood phylogenetic trees (IQ-TREE2) of Epichloé festucae
based on five nuclear loci: (A) y-actin (actG), (B) calmodulin (CalM), (C) ITS region,
(D) translation elongation factor 1-a (tefA), and (E) B-tubulin (tubB). figure S6.
Concatenated maximume-likelihood phylogeny of Epichloé festucae based on five
nuclear loci (actG, CalM, ITS, tefA, and tubB), constructed with IQ-TREE2. table S1.
Ploidy information for 22 pooid host grasses and their Epichloé endophytes. table S2.
Information on primers pairs and PCR programs used in the amplification of the five
barcoding loci (actG, CalM, ITS, tefA, tubB) and both mating type idiomorphs (MAT1-1
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data aggregation levels. table S10. Performance and discriminant coefficients of
Linear Discriminant Analysis (LDA) of morphological traits of Epichloé festucae
studied by dataset and grouping factor. table S11. Genome size estimates (pg/1C)
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