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Abstract—The grass subtribe Loliinae has great ecological and economic importance, as it includes community-dominant
species of mountain grasslands and the most extensively cultivated pasture, fodder, and turf grasses (fescues, ryegrasses).
Resolving the phylogeny of recently evolved Loliinae lineages has proven challenging due to frequent introgressions and
polyploidizations that occurred throughout their history. Here, we present the first target capture phylogeny of Loliinae
using 270 orthologous single-copy nuclear coding loci for a large sample of 132 representative taxa, covering all its 29 evo-
lutionary lineages. Additionally, we assembled plastome sequences to complement the inferred hybrid speciation history
of the Loliinae. Concatenated maximum likelihood and multispecies coalescent trees of ortho-homeolog single-copy genes
showed well-supported relationships for major lineages, which were generally consistent across analyses and genomes, and
with previous taxonomic and phylogenetic findings. However, they also revealed high levels of both nuclear and cytonu-
clear discordances estimated to be caused by hybridization and incomplete lineage sorting. We complemented this with a
phylogenetic network analysis with representative samples from the main clades to infer reticulation events in the evolution
of these grasses. Furthermore, we performed gene tree-species tree reconciliation methods using gene duplication and loss
models and multi-labeled trees for polyploidy analysis to estimate the proportion of duplicated genes and the nature of
polyploidy of the major Loliinae lineages. These analyses agreed that the fine-leaved (FL) Loliinae clade could have evolved
from hybridization between more ancestral broad-leaved (BL) Loliinae lineages and that both groups underwent ancestral
and recent hybridizations. The time-calibrated phylogeny of for the main Loliinae clades supports an early Miocene origin
for Loliinae and Mid-Late Miocene splits for its main BL and FL lineages, whereas current species-rich groups radiated in
the Late Miocene. Hybridization tests of nuclear data and topological incongruence assays between the nuclear single-copy
genes and plastome-based trees using various approaches and different sampling subsets confirmed the rampant hybridiza-
tion experienced by Loliinae at deep and shallow nodes. However, hybridization rates differed from lineage to lineage within
the major clades and were not correlated with time or ploidy level, but rather depended on their different propensities to
hybridize with species within and/or outside their own clade. Our analyses detected high hybridization rates in four BL
(Subulatae-Hawaiian, Tropical-South African, Mexico-Central-South American [MCSAI-II], and Leucopoa p.p.) and five FL
Loliinae lineages (American II, Aulaxyper, Afroalpine, American-Neozeylandic, and Australia-Tasmania) containing rogue
species that probably originated from trans-clade crosses and are more likely to hybridize greatly. In contrast, they recovered
low hybridization rates in four BL (Schedonorus-Lolium, Subbulbosae, Drymanthele-Pseudoscariosae-Lojaconoa, and Leu-
copoa p.p.) and six fine-leaved lineages (Festuca, Psilurus-Vulpia, American I, Exaratae-Loretia, American-Vulpia-Pampas,
and Eskia), with species derived from single ancestors that hybridize only with close congeners. Inferences from gene du-
plications and allopolyploidizations, along with inheritance probabilities from the phylogenetic network, point to the BL
Loliinae lineages as ancient hybrids or paleo-allopolyploids, whereas the FL lineages, especially those of the core FL clade,
correspond to more recent meso- or neo-allopolyploids. [Allopolyploidization; Festuca and related genera; lineage-specific
hybridization rates; nuclear and cytonuclear discordances; nuclear single-copy genes; phylogenomics; plastome.]
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Reconstructing the phylogenetic relationships of large
groups of organisms is often challenging because their
evolutionary histories are shaped by processes that vi-
olate simple bifurcating models. Hybridization, poly-
ploidization, genome fractions gains and losses, and lat-
eral gene transfers can obscure phylogenetic signal and
generate conflicting topologies across loci (Marcussen et
al. 2015; Dunning et al. 2019; Liu et al. 2019; Cui et al.
2025). These difficulties are particularly pronounced in
plant lineages with extensive reticulate evolution, where
repeated introgression events and auto- or allopoly-
ploidization followed by diploidizations have occurred
frequently and independently across lineages (Soltis et
al. 2016; Mandékova and Lysak 2018; Sancho et al. 2022).

Phylogenetic networks provide a framework to
model such reticulate histories by incorporating hy-
bridization and/or polyploidization events into evo-
lutionary reconstructions (Huber et al. 2006). How-
ever, accurate inference of these networks depends on
the availability of gene trees that adequately repre-
sent all parental subgenomes, which is often difficult
in allopolyploid complexes (Marcussen et al. 2015).
Coalescent-based approaches applied to multilocus and
multigenomic data sets offer an alternative by explic-
itly accounting for incomplete lineage sorting (ILS), in-
trogression, and gene duplication, thereby improving
phylogenetic inference across different taxonomic scales
(Baker et al. 2022). In this context, target capture of hun-
dreds of nuclear genes has become a powerful tool for
phylogenomic studies, particularly in non-model plant
groups and in taxa represented mainly by historical col-
lections (Johnson et al. 2019; Pérez-Escobar et al. 2021;
Thomas et al. 2021; Zuntini et al. 2021; Baker et al. 2022).
Recent methodological advances that quantify gene tree
conflict and cytonuclear discordance further enable the
dissection of complex evolutionary histories and the
testing of hypothesis linking reticulation to morpholog-
ical diversification (Pérez-Escobar et al. 2016; Minh et al.
2020; Hendriks et al. 2023).

The grass subtribe Loliinae represents one of the
most diverse lineages within cool seasonal pooid grasses
(Catalan 2006). It includes more than 600 species, many
of which have major ecological and economic impor-
tance as dominant components of grassland ecosys-
tems and as widely cultivated pasture, forage, and
turf grasses, such as fescues and ryegrasses. Loliinae
species occur mainly in temperate regions and tropical
mountain systems across all continents except Antarc-
tica (Minaya et al. 2017; Moreno-Aguilar et al. 2020;
Moreno-Aguilar, 2022a). The group comprises the large
genus Festuca, with more than 500 species, together with
13 smaller but closely related genera that together in-
clude about 50 species (Catalan 2006; Catalan et al.
2004; Catalan et al. 2007; Moreno-Aguilar, 2022a). Festuca
and four genera (Megalachne, Micropyropsis, Podophorus,
and Pseudobromus) contain perennial species, and the re-
maining nine consist exclusively (Ctenopsis, Dielsiochloa,
Hellerochloa, Micropyrum, Narduroides, Psilurus, Vulpia,

and Wangenheimia) or predominantly (Lolium) of annual
species.

Despite their morphological diversity, Loliinae
species share a conserved chromosome base number
of x = 7 and exhibit a wide range of ploidy levels,
from diploid (2n = 2x = 14) to high-level polyploid
(2n = 14x = 98) (Martinez-Sagarra et al. 2021). Hy-
bridization and polyploidization are pervasive, partic-
ularly within Festuca, where most species are allopoly-
ploid and southern hemisphere taxa are exclusively
polyploids (Dubcovsky and Martinez 1992; Cataldn

2006; Smarda et al. 2008; Moreno-Aguilar, 2022a).
Biogeographic reconstructions based on dispersal-
extinction-cladogenesis (DEC) models suggest that the
two major lineages of Loliinae, broad-leaved (BL) and
fine-leaved (FL), originated in the northern hemisphere
and later colonized the southern continents, where
polyploid lineages diversified extensively (Minaya et
al. 2017).

Previous phylogenetic and taxonomic studies have
provided a foundational framework for understand-
ing the evolution of Loliinae. Within this subtribe, Fes-
tuca has been shown to be paraphyletic, and its species
have been classified into 12 subgenera following Alex-
eev’s worldwide taxonomic treatment, with further sub-
division into sections and subsections by different au-
thors, whereas several species remain unranked at the
supraspecific level (Supplementary Table S1; Catalan et
al. 2007; Moreno-Aguilar, 2022a, and references therein).
Early phylogenetic analyses based on a limited number
of nuclear markers (ITS, b-amylase, GBSS) and plastid
loci (trnTL, trnLF) provided a preliminary evolutionary
framework for Loliinae (Inda et al. 2008; Diaz-Pérez et al.
2014; Minaya et al. 2015, Minaya et al. 2017). These stud-
ies consistently demonstrated that Loliinae is divided
into two major evolutionary lineages, BL and FL, each
comprising several subordinate lineages that were re-
covered across both nuclear and plastid-based topolo-

ies.
# More recent phylogenetic work using genome skim-
ming approaches reconstructed Loliinae relationships
from complete plastome sequences and nuclear 35S and
55 rDNA loci (Moreno-Aguilar et al. 2020; Moreno-
Aguilar, 2022a). These analyses were broadly congru-
ent with earlier multilocus phylogenies but revealed in-
creased topological incongruence within particular sub-
clades and expanded the sampling and recognition of
additional evolutionary lineages within the subtribe.
Successive phylogenies of Loliinae have shown that the
BL clade is formed by lineages of nine subgenera of BL
Festuca (F. subgen. Asperifolia, Coironhuecu, Drymanthele,
Erosiflorae, Leucopoa, Schedonorus, Subulatae, Subuliflorae,
and Xanthochloa) plus three annual or perennial gen-
era (Lolium L., Micropyropsis Romero Zarco & Cabezudo,
and Pseudobromus K. Schum.), whereas the FL clade is
formed by lineages of FL F. subgen. Festuca and some
BL fescues (F. subgen. Mallopetalon, Drymanthele pro
parte) plus 10 annual genera (Ctenopsis De Not., Diel-
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siochloa Pilg., Hellerochloa Rauschert, Megalachne Steud.,
Micropyrum (Gaudin) Link, Narduroides Rouy, Podopho-
rus Phil., Psilurus Trin., Vulpia C.C. Gmel., and Wangen-
heimia Moench) (Catalan 2006; Catalan et al. 2007; Inda
et al. 2008; Diaz-Pérez et al. 2014; Minaya et al. 2017;
Moreno-Aguilar et al. 2020; Moreno-Aguilar, 2022a).

Complementary analyses of the Loliinae repeatome
recovered a consensus network topology that closely
matched the nuclear 355 rDNA tree, supporting a
scenario of recurrent allopolyploidization followed
by partial diploidization. This evolutionary process
likely generated the large genome sizes observed
in BL diploids, which are significantly larger than
those of FL diploids (Moreno-Aguilar et al. 2022b).
Despite these advances, phylogenomic inferences
for Loliinae based on extensive sampling of single-
copy nuclear genes, and their potential congruence
with plastome, nuclear ribosomal, and repetitive ele-
ments data sets, have not yet been comprehensively
assessed.

Here, we present the first large-scale phylogenomic
analysis of Loliinae based on target capture data gen-
erated with the Angiosperms353 nuclear probe set
(Johnson et al. 2019) for 132 taxa representing all cur-
rently recognized evolutionary lineages. By integrating
these data with whole plastome sequences, we inves-
tigate the extent to which hybridization and ILS have
shaped the evolutionary history of the group. Specifi-
cally, we test whether introgression rates differ between
BL and FL Loliinae, whether hybridization is associated
with particular lineages, and whether these patterns are
related to divergence time or ploidy level. This inte-
grative approach allows us to evaluate lineage-specific
reticulation processes and to clarify the complex phylo-
genetic history of one of the most economically and eco-
logically important grass groups.

MATERIALS AND METHODS
Sampling

Samples of 132 species from eight genera of Loli-
inae (Festuca, 118; Lolium, 5; Vulpia, 4; Micropyropsis, 1;
Megalachne, 1, Wangenheimia, 1; Psilurus, 1; and Helle-
rochloa , 1) and three related outgroup grasses (Oryza
sativa, Hordeum vulgare, and Alopecurus aequalis) were
included in the study (Supplementary Table S1 and
Supplementary Fig. S1). The 132 Loliinae samples were
first analyzed to capture single-copy nuclear gene tar-
gets, 79 of them were analyzed for plastome data for
the first time, and 30 were not previously included in
phylogenetic studies (Supplementary Table S1). Sam-
pling was carried out from fresh materials collected in
the field, collections of silica-dried leaves, and herbar-
ium vouchers (Supplementary Table S1). Plastome data
retrieved from 49 previously studied taxa (Moreno-
Aguilar, 2022a; Moreno-Aguilar, 2022b) were incorpo-
rated into the analysis (Supplementary Table S1). The

selected taxa represent the 28 evolutionary lineages cur-
rently recognized within Loliinae (Minaya et al. 2017;
Moreno-Aguilar, 2022a).

Target Gene Capture and Genome Skimming Sequencing

Genomic library preparation and targeted enrich-
ment of Loliinae single-copy nuclear genes were
performed with the Angiosperms353 target capture
kit at Arbor Biosciences (Michigan, USA), following
the protocols outlined in Johnson et al. (2019). Tar-
geted sequence capture was performed in pools of
12 libraries following the myBaits v5 manual (https:
/ /arborbiosci.com/mybaits-manual/). Capture reac-
tions were pooled in equimolar ratios to form a
sequencing pool, which was sequenced on a par-
tial lane of the Illumina NovaSeq 6000 platform
in paired-end (PE) mode (2 x 150 bp). Output
reads from target enrichment sequencing were checked
with FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) and trimmed (Bolger et al. 2014)
preserving reads with a minimum length of 50 bp
(minlen: 50) to reduce the risk of potential misalign-
ments of short reads to genes and trimming bases at the
end of the reads with low quality (trailing: 30).

Genome skimming sequencing was performed on 79
Loliinae DNA samples at the Centro Nacional de Anali-
sis Genémico (CNAG) and Macrogen (Spain) to assem-
ble their plastome sequence (Supplementary Table S1).
Genomic sequencing of a multiplexed pool of PCR-
free KAPA libraries was performed on a HiSeq4000 or
HiSeq 2500 (TruSeq SBS Kit v4, Illumina, Inc) in PE
mode (2 x 101 bp) as described in Moreno-Aguilar et
al. (2020). Illumina PE reads were quality-checked using
FastQC and adapters and low-quality sequences were
trimmed and removed with Trimmomatic. Loliinae ge-
nomic samples used in subsequent analysis contained
between 1.5 and 35.0 million reads (average 16.0 million
reads) with insert sizes ranging between 69 and 260 bp
(Supplementary Table S1).

Sequence Assemblies of Target Capture Data, Gene
Orthology Assessments, and Hybrid Class Detection (AD
and LH metrics)

Loliinae single-copy nuclear genes were recovered
from the target-enriched PE reads using the HybPiper
v.2.3.2 pipeline (Johnson et al. 2016). This was done
by mapping the filtered reads against the template se-
quences of the 353 low-copy nuclear genes (available
at https:/ /github.com/mossmatters/ Angiosperms353)
using the Burrows-Wheeler Alignment (BWA v.0.7) (Li
et al. 2009), and then through de novo assembly of
mapped reads for each gene separately using SPAdes
v. 3.13 (Bankevich et al. 2012), with the default mini-
mum coverage threshold of 8 x (Supplementary Fig. S2).
The HybPiper script paralog_retriever was used to obtain
a data set from Loliinae, made of nuclear single-copy
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genes. Following this initial HybPiper assembly step, a
total of 352 genes were recovered across the 132 Loliinae
samples studied. This unfiltered data set (scg-raw data
set; Supplementary Appendix 1), which contains all ge-
netic and allelic diversity, was used for gene duplication
analyses and to assess the nature of polyploidy in Loli-
inae lineages. The homology of these 352 nuclear genes
was circumscribed using Orthofinder v. 3.0.1 (Emms and
Kelly 2015) to incorporate the coding sequence from
the reference genomes of the diploid outgroups Oryza
sativa (NCBI accession GCF_034140825.1), Hordeum vul-
gare (subsp. vulgare) (GCA_904849725.1), and Alopecu-
rus aequalis (GCA_964340505.1), and the diploid ingroup
Lolium perenne (P226/135/16) into the Loliinae gene cap-
ture data set. This initial filtering of homologous genes
was necessary to select appropriate outgroup reference
sequences for the target genes studied in the Loliinae
data set and did not affect subsequent tree-based orthol-
ogy filtering approaches, which focused primarily on
ingroup sequences. We then used ASTRAL-Pro (Zhang
et al. 2020) to construct a species tree using 325 of the
352 total loci that meet the constraint of fewer than 27
(20% of total taxa) missing taxa. We filtered the 352
groups based on this criterion and the constraint of the
maximum number of copies of the same taxon fewer
than 5, resulting in a total of 302 homologous clus-
ters. These clusters (scg-full data set; Supplementary
Appendix 2) were used for gene tree—species tree recon-
ciliation analysis using Notung and GRAMPA (see be-
low). They were further analyzed using the Yang and
Smith (2014) pipeline to obtain orthologs for all Loli-
inae samples under study. We initially tested all three
alternative tree-based orthology inference approaches,
including maximum inclusion (MI), monophyletic out-
groups (MO), and one-to-one (1-to-1) methods (Yang
and Smith 2014). For all these analyses, the minimum
number of taxa was 108 (allowing a maximum of 27
missing taxa) and for the MI method the long tip cut-
off was set at “0.2.” We selected the 270 genes filtered by
MI as a strict data set of reliable orthologous single-copy
genes (Supplementary Table S2). This was because the
270 gene trees retrieved from MI (scg-strict and inclusive
data sets; Supplementary Appendix 3) yielded a consen-
sus phylogeny regarding the placement of major clades
(concatenated IQ-TREE2 and ASTRAL trees) similar to
those obtained from the 184 gene trees retrieved from
MO and the 175 genes retrieved from 1-to-1 (see Re-
sults and Supplementary Appendices 3 and 4), but with
the highest average bootstrap support (BS) percentages
or posterior probability among the three data sets. Fur-
thermore, because the MO process retrieves MO genes
and 1-to-1 genes simultaneously, and of the 184 genes
retrieved by the MO process, 175 overlap with the 1-to-1
process, we will only show the result of the MO analysis
in the supplementary files (see below).

For the HybPiper 270 Ml-filtered orthologous single-
copy-genes data set (Supplementary Table S2), individ-
ual genes were aligned with MAFFT v.7.490 (Katoh and

Standley 2013) using the iterative refinement method
—maxiterate 1000. Empty genes for any Loliinae sam-
ple were removed from downstream analysis. trimAl v.
1.2rev59 (Capella-Gutiérrez et al. 2009) was used to re-
move sequences with insufficient coverage (-automated1)
in well-occupied columns of each gene alignment.
Gene alignments were visually inspected with Geneious
Prime to detect potentially misaligned sequences. Se-
quences with more than 60% of the total alignment
length consisting of gaps were removed to enhance
the quality of the data sets, filtering out species with
potentially low phylogenetic information. This process
generated the respective multiple sequence alignments
(MSAs). To check alignment quality, we estimated sum-
mary statistics of gene alignments using AMAS v.0.98
(Borowiec 2016). These statistics included alignment
length, missing data and number of parsimony informa-
tive sites.

We used HybPhaser v2.0 (Nauheimer et al. 2021) to
detect potential hybrids in our 270 orthogroups data
set of Loliinae. This tool maps raw sequence data to
the HybPiper contigs taking into account SNP varia-
tion using nucleotide ambiguities and quantifying di-
vergence between gene variants. The gene variants cor-
respond either to paralogs or to hybrids (“homeologs”
in allopolyploids; Sancho et al. 2022) (Supplementary
Table S3). Samples showing high SNP content in genes
are likely hybrids or polyploids and are phased for
the different copy variants (alleles) into phased hap-
lotypes (Nauheimer et al. 2021; Hendriks et al. 2023).
We ran HybPhaser to detect potential hybrid /polyploid
samples without ruling out putative “paralogs” and
generated a data set of phased accessions of Loliinae
(scg-inclusive data set) (Supplementary Table S3 and
Supplementary Appendix 3). We used R scripts to com-
pute two metrics indicative of hybridization, sample al-
lele divergence (AD, percentage of SNPs in all genes)
and locus heterozygosity (LH, percentage of genes with
SNPs). We classified the Loliinae samples into three
LH-versus-AD hybrid-type classes [1) low hybrid level:
low-to-medium LH (>10-<82.4) and low AD (>0-<1.7);
2) medium hybrid level: medium LH (>70-< 90) and
medium AD (>1.71-<2.8); and 3) high hybrid level:
high LH (>80) and high AD (>2.8)], which are biolog-
ically meaningful and reflect their hybridization history
(Nauheimer et al. 2021; Hendriks et al. 2023).

Sequence Assemblies of Plastomes

Whole plastome sequences for 79 new Loliinae sam-
ples were assembled from their respective genome skim-
ming PE reads, following the procedures indicated in
Moreno-Aguilar et al. (2020). Plastome assembly was
performed with Novoplasty v.2.7.1 (Dierckxsens et al.
2017) using the plastome of Festuca pratensis (JX871941)
as reference sequence and standardized parameters (k-
mer: 30-39, insert size: ~69-200 bp, genome range:
120,000-140,000 bp, and PE reads: 101-150 bp). Fur-
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thermore, to recover plastome sequences in data with
a low number and quality of total PE reads, plastome
assembly was performed using a read-mapping strat-
egy to, respectively, closely related Festuca plastomes
using Geneious Prime (Supplementary Table S1). The
data for 49 representative Loliinae taxa from previous
studies (Moreno-Aguilar et al. 2020; Moreno-Aguilar,
2022a, Moreno-Aguilar, 2022b) were incorporated into
existing plastome data set (Supplementary Table S1
and Supplementary Appendix 5). Whole plastome se-
quences were aligned separately with MAFFT v.7.031b,
and trimAl v. 1.2rev59 was used to remove poor-quality
regions from the MSA with the -automated1 parameter.

Phylogenomic Reconstructions and Intragenomic Nuclear
Discordance

We used three different approaches to analyze our
genomic data sets and reconstruct Loliinae phyloge-
nies. First, trimmed MSAs from the Loliinae scg-strict
data set (270 MI-filtered genes; Supplementary Table S2
and Supplementary Appendix 3) and different numbers
of MO-(184) filtered genes (Supplementary Appendix
4) were concatenated into their respective supermatri-
ces. Subsequently, they were used for maximum likeli-
hood (ML) phylogenetic reconstruction using IQ-TREE2
v. 2.2.2.6 (Nguyen et al. 2015; Minh et al. 2020), ap-
plying the “proportional to edges” partitioning model
with individual loci as partitions and model selection
implemented using ModelFinder (Kalyaanamoorthy et
al. 2017) for each partition. Branch support was calcu-
lated from 1000 UltraFast Bootstrap replicates (Hoang
et al. 2018) and gene concordance factors (gCF) and site
concordance factors (sCF, parameter —scf 1000; Minh et
al. 2020) for all nodes. Second, individual ML trees of
each single-copy nuclear gene, as well as ML trees of the
entire plastome MSA, were calculated separately using
the same IQ-TREE2 procedure. Oryza sativa, Hordeum
vulgare, and Alopecurus aequalis were used to root all
trees. Third, to consider potential ILS events between
closely related Loliinae lineages, a species tree was in-
ferred by analyzing the Loliinae 270 scg-strict data set
under the multispecies coalescence (MSC) using ASTER
package v.1-3.5 ASTRAL (Zhang et al. 2025), which was
fed with the individual ML gene trees from IQ-TREE2.
All gene trees were rooted using Oryza sativa, Hordeum
vulgare, and Alopecurus aequalis, with the pxrr function
in Phyx (Brown et al. 2017), except for four trees that
were rooted using the early divergent lineages of Fes-
tuca lasto and F. drymeja as the outgroup. Branches with
BS values < 30% in the gene trees were collapsed using
nw_ed from Newick Utilities 1.6.0 (Junier and Zdobnov
2010). To estimate intragenomic discordance in the nu-
clear data set, we analyzed in R the normalized quartet
scores generated for the main topology and the first and
second alternative topologies when inferring the MSC
species tree. An ASTRAL topology was also generated
for the MO-(184) data set. Although the MSC model is

only consistent when ILS is the sole source of gene tree
discordance, comparison with the supermatrix ML tree
can identify highly supported clades (Nauheimer et al.
2021).

To further characterize the impact of ILS versus in-
trogression/hybridization (IH) in Loliinae lineages, we
estimated the ILS and IH indices using Phytop v.1.0
(Shang et al. 2025), a pipeline that quantitatively as-
sesses ILS/IH magnitudes based on the nodal quartets’
supports (ql, q2, q3) derived from an ASTRAL nuclear
species tree inferred from 270-MI individual ML gene
trees. The inferred species tree served as the reference
topology for Phytop comparative analysis, allowing for
the quantification and visualization of Loliinae lineage-
specific ILS/IH values using topology matching algo-
rithms (Chen et al. 2025; Shang et al. 2025).

Species Network Analysis, Whole-Genome Duplications, and
Polyploidy Events

To assess the impact of reticulated evolution on the
observed conflicting nodes of the Loliinae nuclear co-
alescent tree, we applied a phylogenetic network ap-
proach based on a maximum pseudo-likelihood method
(Yu and Nakhleh 2015) implemented in PhyloNet v.
3.8.0 (Than et al. 2008; Wen et al. 2018) using the 270
scg-strict data set. This approach considers ILS in the
coalescent model and hybridization at the reticulating
nodes of the network (Keuler et al. 2020). Due to the
computational burden, we restricted our searches to
20 species representative of major Loliinae lineages re-
covered in the IQ-TREE2 and ASTRAL trees (BL: Leu-
copoa, Tropical-South African, Mexico-Central-South
American [MCSA] I, MCSAI, Schedonorus-Lolium; FL:
Eskia, American-Neozeylandic, American I, American
II, Subulatae-Hawaiian, Afroalpine, Exaratae-Loretia,
Aulaxyper, Festuca) and Oryza sativa as outgroup. We
performed network searches based on the reduced 270
scg-strict gene trees. Missing taxa were also allowed for
some orthologous gene trees in this 20-taxa data set. Net-
work searches were performed with the allowed net-
works (1 for the first search, 2 for the second, and sub-
sequently up to 10 for the tenth). For each search, 10
runs were performed with the parameter "-x 10." The
best-fitting networks obtained for each allowed reticu-
lation model were further optimized for branch lengths
and inheritance probabilities using a likelihood frame-
work, and the best-fitting network was selected using
the bias-corrected Akaike information criterion (AICc,
Sugiura 1978) and the Bayesian information criterion
(BIC, Schwarz 1978) by applying the number of pa-
rameters as the number of branches plus the number
of inheritance probabilities [(2n — 3) + (2h), where h
is the number of hybridizations in the network], fol-
lowing Morales-Briones et al. (2021). Complementar-
ily, we applied a gene tree reconciliation method to
detect gene duplication events in the ASTRAL phy-
logeny of Loliinae, applying the gene duplication and
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loss model implemented in Notung v. 2.6 (Stolzer et al.
2012). The 302 individual ML gene trees (scg-full data
set; Supplementary Appendix 2) were used as input
with a duplication cost of 1.5, following Koenen et al.
(2021). To account for gene tree estimation error, we also
filtered out genes whose outgroup did not form a mono-
phyletic clade and whose average bootstrap was less
than 60, and rerun Notung with these remaining 167
trees with the same parameters. The 167 filtered indi-
vidual ML genetic trees were used as input for Notung,
following the same procedure for those 302 individual
gene trees. The proportion of duplicated genes for each
branch was tallied from 302 homologous gene trees and
167 homologous gene trees, respectively. In addition,
we assessed whether branches with more than 10% du-
plicated genes could have undergone allopolyploidiza-
tion, autopolyploidization, or no-polyploidization, and
the identification of the possible parental lineages that
formed the allopolyploids, using the species tree recon-
ciliation approach from gene trees to multi-labeled trees
with GRAMPA v. 1.4.0 (Thomas et al. 2017). GRAMPA
performed least common ancestor reconciliation of all
gene family trees against both the singly labeled species
tree and all possible multi-labeled (MUL). The program
assigned a reconciliation score for each MUL considered
and the origin of homologs, scoring polyploid lineages
(H1 nodes) together with the possible locations of the
second parental lineage (H2 node) to infer genetic origin
(Yang et al. 2023). We tested possible Whole Genome Du-
plication (WGD) scenarios with the lowest parsimony
scores by comparing the scores obtained for the singly
labelled species tree (not WGD) with those of the MUL
tree (the node subject to WGD forms sister branches with
descendant paralogs [autopolyploidization] or not [al-
lopolyploidization]) to decide whether WGD was sup-
ported by GRAMPA and what type of polyploidization
was inferred. In our case, we tested the potential poly-
ploid nodes identified by Notung with more than 10%
of gene duplications with all the nodes along the phy-
logeny and to incorporate more gene copy variation, we
used the parameter “-c 14” when running GRAMPA.

Evaluation of Cytonuclear Topological Discordance and
Dating Analysis

To assess the degree to which the phylogeny retrieved
by the nuclear coding genome agrees with that of the
organelle (plastome) genome, we also applied the Pro-
crustean Approach to Cophylogeny (PACo) procedure
implemented in R (Balbuena et al. 2013; Hutchinson et
al. 2017) to the nuclear 270 scg-strict supermatrix ML
trees versus the plastome supermatrix ML trees (boot-
strap trees) of 128 common Loliinae species. PACo is a
global-fit method used to detect coevolutionary associ-
ations between different organisms or different nuclear
and (endosymbiotic) organellar genome trees of plants
(Balbuena et al. 2013; Pérez-Escobar et al. 2016). It as-
sesses phylogenetic congruence with the explicit goal of

testing the dependence of one phylogeny on another, ac-
commodating large-scale data and allowing for the ex-
amination of phylogenetic congruence between highly
enriched clades (Hutchinson et al. 2017). Due to the
high degree of intragenomic congruence of the Loliinae
plastome-coding genes (Minaya et al. 2017; Moreno-
Aguilar et al. 2020), whole plastome alignment was em-
ployed to generate 1000 bootstrap plastome trees. To do
this, a phylogenetic reconstruction was carried out using
IQ-TREE2, providing the program with partition infor-
mation for each nuclear and plastome alignment, exe-
cuting 1000 ultrafast bootstrap replicates and saving the
respective bootstrap trees (ufboot). This procedure eval-
uates the similarities between any pair of topologies by
comparing the Euclidean distances that separate the ter-
minals in both trees through the Procrustean superposi-
tion (Balbuena et al. 2013). The sum of the squared resid-
uals (the disparity between an observed value and a fit-
ted value derived from a model) for each association and
each pair of topologies evaluated can be interpreted as
a concordance score because it is directly proportional
to the magnitude of the topological conflict for the pair
of terminals considered (Pérez-Escobar et al. 2016). Dif-
ferences in terminal position between nuclear and plas-
tome ML trees were summarized in bar plots using the
R package ggplot2 (Wickham 2016). The sum of squared
residuals for each pair of nuclear and plastome gene ter-
minals was classified into quartiles, and the magnitude
of discordance was assessed by the proportion of genes
binned in quartiles 3 and 4 (50% and 75%) in each ter-
minal. The higher the number of genes binned in these
quartiles, the greater the discordance is (Pérez-Escobar
et al. 2021). Furthermore, we examined the congruence
of nuclear versus plastome topologies using generalized
Robinson-Foulds (gRF) distances, a metric that allows
matching of similar splits in the compared trees, giv-
ing similarity scores to each pair of splits and the over-
all similarity measure. gRF distances were calculated for
the Loliinae tree and for the major BL and FL lineages us-
ing the R package TreeDist, following Smith (2020) and
Hendriks et al. (2023).

Due to the relatively high cytonuclear concordance
detected for the main backbone Loliinae topologies,
we dated the origins of the Loliinae lineages us-
ing the concatenated IQ-TREE2 ML phylogeny with
branch length information and the treePL software
(Smith and O’Meara 2012). We constrained four nodes
of the tree using dates inferred from our previ-
ous studies. Three nodes were calibrated using sec-
ondary age constrains for the crown nodes of the
BOP (Oryza + Pooideae) clade (normal prior maxi-
mum = 55.08, minimum = 47.76 Ma), Loliinae clade
(normal prior maximum = 23.13, minimum = 16.02
Ma), BL Loliinae clade (normal prior maximum = 20.45,
minimum = 12.15 Ma), and a fourth node was cali-
brated using a minimum age constrain for the crown
node of FL Loliinae (lognormal prior maximum = 19.75,
minimum = 14.13 Ma) based on a Festuca sect. Festuca
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leaf macrofossil dated to the Early Miocene (Moreno-
Aguilar et al. 2020). The analyses were performed using
smoothing values of 0.1 to estimate the best optimiza-
tion parameter values (3-3-5), which were then used in a
subsequent analysis to calculate divergence times. Con-
fidence intervals of nodal ages estimates were calculated
from 1000 bootstrap replicates summarized in TreeAn-
notator 2.7.7 (Bouckaert et al. 2014) (Supplementary
Appendix 7).

REsuLTs

Sequencing Data, Nuclear Orthologous Single-Copy Gene
Filtering, Plastome Data

On average, 2.95 M PE reads per sample, ranging
from 1.29 M in F. pyrenaica to 8.64 M in F. californica,
were generated for target capture data. The average re-
covery of reads per genus was similar for Festuca (3.05
M), Vulpia (3.35 M), Wangenheimia (3.31 M), Micropyrop-
sis (3.69 M), and Psilurus (3.62 M), and slightly less for
Megalachne (2.59 M) and Lolium (2.42 M) (Supplementary
Table S1 and Supplementary Appendix 1). The total
number of Loliinae nuclear target genes obtained from
the Angiosperms353 kit was 352. The mean number of
genes recovered by HybPiper with >50% of the target
length for Loliinae samples across the entire sampling
was 275, representing 77.95% of the target loci, whereas
the mean number of genes with >75% of the target
length was 193 (54.70%) (Supplementary Appendix 1).
We obtained 270 MI single-copy genes (Supplementary
Table S2 and Supplementary Appendix 3), and 184 MO
genes, which contains 175 1-to-1 orthologs and 9 strict
MO orthologs (Appendix 4). Because the ASTRAL-Pro
topology computed from the 352-gene data set and the
concatenated IQ-TREE2 ML trees and ASTRAL-III coa-
lescent topologies computed from the filtered 270-gene
(MI) and 184-gene (MO) data sets showed high agree-
ment with each other (Figs. 1 and 2; Supplementary Fig.
53), we selected the MI data, which produced the phy-
logeny with the highest average posterior probability
and bootstrap percentages, as the optimal Loliinae scg-
strict data set, composed of 270 genes and 135 tips (132
Loliinae species plus three outgroups), representing,
on average, 68.27% of the 353 reference genes. Align-
ments of individual single-copy nuclear genes ranged
from 90 to 2217 bp, with a mean length of 677.04 bp
(Supplementary Table S2 and Supplementary Appendix
3). The final alignment of 270 concatenated and par-
titioned nuclear genes for 132 Loliinae species in the
scg-strict data set was 170,329 bp in length. The per-
centage of missing data was 13.74% and the percentage
of parsimony informative sites 23.1% (39,275 bp) (see
Supplementary Appendix 6). The number of “paralogs”
retrieved by HybPhaser for the 132 Loliinae across the
scg-inclusive data set ranged from 210 (F. modesta) to 269
(F. andicola), representing, respectively, 40.6% to 76.7% of
the total (270 genes) (Supplementary Table S3).

Genome skimming data from 79 newly sequenced
samples ranged from 1.56 M (H. livida) to 35.89 M (F.
glauca) PE reads. The newly assembled complete plas-
tomes ranged between 103,079 bp (H. livida) and 134,746
bp (F. costata), which is consistent with plastome length
values obtained in previous studies of Loliinae for the
respective FL and BL clades (Moreno-Aguilar, 2022a)
(Supplementary Table S1 and Supplementary Appendix
5). Most of the newly assembled plastomes showed
good read coverage (>40x). The MSA of the complete
plastomes was 135,268 bp in length [18,225 (13.5%) vari-
ablesites, 7210 (5.3%) parsimony informative sites], with
H. livida, V. muralis, and P. incurvus being the samples
with the highest percentage of missing data (21.6%)
(Supplementary Appendix 6).

Loliinae Nuclear Target Capture Phylogenies, Intragenomic
Discordances, ILS/IH Signals, and Hybrid-Level Detection

Phylogenetic trees recovered from the Loliinae 270
scg-strict data set using supermatrix ML and MSC ap-
proaches are largely consistent in topology (Figs. 1
and 2; Supplementary Fig. S4). Both phylogenies sup-
ported the divergences of the major BL (Drymanthele-
Phaeochloa + Scariosae + Lojaconoa + Pseudoscar-
iosa; Tropical-South Africa; Subbulbosae + Leucopoa,
Schedonorus-Lolium) and FL lineages (Eskia; American
II; American-Neozeylandic; American I; Psilurus-Vulpia
(px); Festuca + Wangenheimia; Afroalpine). However,
the two trees showed different placement regarding the
basal resolution of the BL clade (paraphyletic in the ML
tree, monophyletic in the MSC tree) and in the inferred
relationships of some BL (Mexico-Central American-
South American [MCSA] I and II) and FL (“interme-
diate” Subulatae-Hawaiian; American-Vulpia Pampas;
Loretia + Exaratae; Aulaxyper; Afroalpine (F. caprina)
lineages) (Supplementary Fig. S4). The main topolog-
ical discordances were related to the different place-
ments of the BL MCSA I (Glabricarpae, Asperifolia, Dry-
manthele s. 1.) and MCSA II (Erosiflorae, Ruprechtia,
Coironhuecu) groups, resolved as basal paraphyletic lin-
eages of the Subbulbosae-Leucopoa/Schedonorus clade
in the ML tree (Fig. 1), but nested into two sepa-
rate clades (Subbulbosae-Leucopoa, and Tropical-South
Africa clade) in the MSC tree (Fig. 2; Supplementary
Fig. S4). In both trees, all MSCA lineages descended
from MSCA ancestors except F. argentina (Coironhuecu),
which nested within the Subbulbosae + Leucopoa clade
and was resolved as sister of F. altaica (Figs. 1 and 2).
The Exaratae-Loretia group was divided into a clade
((V. membranacea/ V. sicula), F. plicata) sister to Psilurus-
Vulpia (px), and other lineages (F. hephaestophila, F. capil-
lifolia/F. pyrenaica), which showed different relation-
ships with Aulaxyper p.p. lineages and to Afroalpine or
to American-Vulpia-Pampas, American I and Festuca in
the ML and MSC trees (Figs. 1 and 2; Supplementary Fig.
54). Our large-scale sampling of taxa (Supplementary
Table S1) enriched the phylogenetic circumscriptions of
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FIGURE 2. Multispecies Coalescent (MSC) ASTRAL species tree of 132 Loliinae taxa inferred from 270 ML single-copy gene trees (scg-strict
data set). Numbers above branches show posterior probability support (PPS) values and below their consecutive numbering. Pie diagrams at
nodes correspond to quartet support values for branches of the best tree and the alternative topologies (41, 42, and 43; see color codes in the chart
and Supplementary Table S5). Oryza sativa was used to root the trees. Color codes of Loliinae lineages correspond to those of Figure 1.

several clades or groups with newly studied species
(Festuca: F. gracilior, F. kolesnikovii, F. marginata, F. mol-
lisima, F. reverchonii, F. yuvesii; Aulaxyper: F. raddei,
F. richardsonii; Australia-Tasmania: F. asperula, F. ple-
beia; American-Vulpia-Pampas: F. samensis; American-
Neozeylandic: F. kurtziana; American I: F. imbaburensis;
American II: F. carazana, F. dasyantha, F. distichovaginata,
E. dolichophylla, F. glumosa, F. humilior, F. laegaardii, F.
monguensis, F. procera, F. parciflora, F. rigidifolia, F. seti-
folia, F. sodiroana, F. subulifolia, F. versuta, F. weberbaueri;
Subulatae-Hawaiian: F. leptopogon; Eskia: F. acuminata, F.
woronovii; Asperifolia: F. lugens). Most of these species
clustered in the same groups in the ML and MSC trees,
although their phylogenetic placements differed in some
cases from tree to tree (Figs. 1 and 2; Supplementary
Fig. S4). The strongly supported Australian F. asperula/F.
plebeia clade (new 29th Loliinae lineage) was closely re-
lated to the Aulaxyper group, but constituted a separate
Australia-Tasmania lineage of this grade in both trees
(Figs. 1 and 2; Supplementary Fig. S4). The taxonomi-
cally and phenotypically diverse American II lineage in-
cluded species classified within the FL Hellerochloa (H.
livida) and Festuca sect. Festuca (e.g., E. andicola, F. ortho-
phylla) or within different FL supraspecific Festuca ranks
(e.g., F. versuta (F. subgen. Drymanthele sect. Texanae)/F.
subverticillata (F. subgen. Obtusae), F. flacca (F. subgen.
Subulatae sect. Subulatae)) (Supplementary Table S1), al-
though they were all nested in the same clade in both
trees. Our ML and MSC analyses indicate that F. sub-

verticillata belongs to the American II clade whereas F.
hephaestophila is not affiliated with the Festuca lineage
but could be placed within the Exaratae grade (Figs. 1
and 2; Supplementary Fig. S4). The BL species E. califor-
nica (F. subgen. Leucopoa sect. Breviaristatae) and F. sub-
uliflora (F. subgen. Subuliflora) were resolved as closely
related species (Figs. 1 and 2) in the MSC and ML phy-
logenies, nesting in early divergent lineages within the
FL clade. Festuca muelleri (F. subgen. Drymanthele sect.
Banksia) was strongly resolved as a sister lineage to the
Schedonorus-Lolium clade in both trees (Figs. 1 and 2).
The Eurasian BL F. modesta (F. subgen. Drymanthele sect.
Muticae) and F. calabrica and F. olgae (F. subgen Leu-
copoa), and the South African F. mekiste fell within an
expanded Tropical-South African+ (plus) clade in the
MSC tree, and all of them but F. calabrica (resolved as
sister to Drymanthele-Phaeochloa + Scariosae + Loja-
conoa + Pseudoscariosa) in the ML tree (Figs. 1 and 2;
Supplementary Fig. S4).

Node support was high for most tree branches in both
the ML (ultrafast median BS values mostly 100%) and
MSC (most median PPS values close to 1) trees (Figs.
1 and 2). However, the mean percentages of gCF and
sCF were medium-low, at 44.10% and 7.32%, respec-
tively in the ML tree (Fig. 1, Supplementary Table S4).
Similarly, genomic discordance between single-copy nu-
clear genes used to reconstruct the 270 scg-strict MSC
phylogeny of Loliinae was high for most lineages (Fig.
2; Supplementary Table S5 and Supplementary Fig. S5).
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The estimation of the proportion of gene tree quar-
tets concordant with the ASTRAL species tree via nor-
malized quartet scores indicated considerable intrage-
nomic incongruence. The nodes of the MSC tree ob-
tained values ranging from 33.76% to 82.83% for the
main topology (q1); 8.90% to 40.55% for the first al-
ternative topology (42), and 7.66% to 39.81% for the
second alternative topology (43), but with a mean of
only 42.78% across all nodes of the species tree (q1)
(Supplementary Table S5). The highest intragenomic
concordances were found for the crown nodes of Loli-
inae (81.32% for g1), Schedonorus-Lolium (82.83%),
Drymanthele-Phaeochloa (75.67%) and Psilurus-Vulpia-
px (60.71%) followed by the moderate concordance of
those of Subbulbosae (71.96%), FL Loliinae sensu lato
(including Subulatae-Hawaiian) (56.20%), and FL Es-
kia (56.2%), whereas the remaining lineages showed
very low concordances (Fig. 2; Supplementary Table
S5). These patterns suggest ILS as the primary driver
of topological discordance; however, quantitative eval-
uation of ILS versus IH nodal indices indicated that
other potential causes of discordance, such as in-
trogression, could be causing the incongruence be-
tween the gene trees and species trees (Supplementary
Fig. S5 and Supplementary Table S5). Phytop anal-
ysis revealed prominent ILS signatures (ILS-i, 24.47-
99.35%) across the Loliineae lineages, and consider-
able introgression probabilities (IH-i, 10.28-49.7%) for
18 nodes, with the highest IH-i probabilities detected
at divergence nodes N5 (BL clade, 49.7%), N9 (Es-
kia, 41.63%), N16 (American II + Subulatae-Hawaiian,
44.0%), N34 (Schedonorus-Lolium p.p., 42.0%), N43
(Festuca-Wangenheimia 4 Aulaxyper pp., 42.8%), N57
(Festuca + Wangenheimia, 48.7%), and N70 (Festuca,
38.4%) (Supplementary Fig. S5 and Supplementary
Table S5).

To obtain more precise data on hybridization rates in
specific Loliinae lineages, we analyzed the HybPhaser
data of the scg-inclusive data set using all 269 saved
alleles. Estimations of the proportion of LH and of
AD over all available genes per sample indicated that,
although some samples (35) showed low range values,
corresponding to non-hybrids or low-hybrid levels
(LH < 82.4%; AD < 1.7), others (97) displayed medium-
or high-hybrid signatures (Fig. 3 a,b; Supplementary
Fig. S6 and Supplementary Table S3). Within the latter
two classes, we were able to separate 87 samples
as high hybrids and 10 as medium hybrids (Fig.
3a,b; Supplementary Table S3 and Supplementary
Fig. S6). This low-medium-high hybrid-level clas-
sification matched well the diploid-tetraploid-high
ploidy levels and ancestral-to-recent evolutionary
histories of the studied taxa but with some excep-
tions (Supplementary Table S3). Afroalpine (100%),
American-Neozeylandic  (100%), American-Vulpia-
Pampas (100%), American I (100%), American II (100%),
Aulaxyper p.p. (60%), Australia-Tasmania (100%), Dry-
manthele s.l. (100%), Drymanthele-Muticae (100%),

Erosiflorae (100%), Fernandezian (100%), Leucopoa
(80%), Psilurus-Vulpia (100%), Subulatae-Hawaiian
(100%), Subuliflorae (100%), Coironhuecu (100%), and
Tropical-South African p.p. (66.6%) were the Loliinae
lineages richest in high-hybrid taxa, consistent with
their high ploidy levels and relatively recent origins,
whereas Asperifolia (100%) and Glabricarpae (100%)
had medium hybrid levels, in line with their tetraploid
genomes. In contrast, Drymanthele-Phaeochloa (100%),
Eskia (100%), Exaratae-Loretia p.p. (71.4%), Lojaconoa
(100%), Pseudoscariosa (100%), Scariosae (100%), and
Subbulbosae (100%) were the least hybrid lineages, in
accordance with their predominantly diploid levels
and evolutionary ancestry. Festuca and Schedonorus-
Lolium displayed a relatively balanced representation
of low and high hybrid levels (Festuca: 42.1% and
42.1%; Schedonorus-Lolium: 37.5% and 50%), with
Festuca also displaying medium hybrid levels (15.8%)
each fitting their corresponding diploid-tetraploid-high
ploidy levels and ancestral-intermediate-recent origins
(Fig. 3a,b; Supplementary Fig. S6 and Supplementary
Table S3).

Evidence of Widespread Reticulation, Gene Duplications,
and Allopolyploidizations in Loliinae

Species network analysis supported widespread
reticulate evolution in Loliinae (Fig 4a; Supplementary
Fig. 57 and Supplementary Table S6). Phylonet anal-
ysis and the AICc and BIC criteria suggested a com-
plex network of 10 reticulations as the best-fitting sce-
nario of all models analyzed, although the best-fit retic-
ulation scenario may not have been reached. Notably,
however, the four scenarios with the highest probabil-
ities and lowest AICc and BIC scores (7, 8, 9, and 10
reticulations) inferred a hybrid origin for FL lineages
from ancestral parental BL lineages or their derived FL
hybrid lineages (Supplementary Fig. S7). The optimal
scenario supported a hybrid origin for core lineages of
the FL clade (Exaratae-Loretia, Aulaxyper, Festuca) from
unknown ancestral and Leucopoa-type BL parental lin-
eages, for basal FL lineages (Eskia) from subbasal BL
lineages and the core FL clade, and for intermediately
evolved FL lineages from different combinations of BL
and FL parental lineages (Subulatae-Hawaiian, Ameri-
can II, Afroalpine) or from hybrid FL parental lineages
(American-Neozeylandic, American I). Reticulated ori-
gins for basal and subbasal BL lineages (Leucopoa p.p.,
MCSA) were also inferred from other lineages in nearby
clades (Fig. 4a).

Both Notung analyses (i.e., one based on 302 gene
trees from the scg-full data set and the other based on
167 filtered gene trees from scg-full data set that have
an average BS higher than 60) identified 14 branches of
the MSC tree of Loliinae with proportions of duplicated
genes greater than 10% (Fig. 4b; Supplementary Table
S7). We described here the result of those based on the
302 gene trees data set. The highest proportions were
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FIGURE 3. Scatterplots displaying the locus heterozygosity (LH) and allele divergence (AD) values of the studied Loliinae samples retrieved
from HybPhaser (see Supplementary Table S3). (a) Colored ellipses indicate three main hybrid classes: i) low hybrid level (low-to-medium LH
(>10-<82.4) and low AD (>0-<1.7)); ii) medium hybrid level (medium LH (>70-< 90) and medium AD (>1.71-<2.8)); and iii) high hybrid level
(high LH (>80) and high AD (>2.8)). (b) Color codes for ploidy levels of samples: i) diploids (2x), ii) tetraploids (4x), and iii) high-polyploids
(=6x). Color codes for hybrid classes and ploidy levels and symbols for Loliinae lineages are indicated in the respective charts.

those of the subcore FL clade (N10, 0.519), followed by
the Schedonorus-Lolium lineage (N22, 0.43), the core FL
clade (N28, 0.31) and the FL (N6, 0.26) and BL (N5, 0.21)
clades. Some of these duplications correspond to clades
with many confirmed allopolyploid taxa, such as those
in the Schedonorus-Lolium group, and others specific to
ancestral nodes, such as the BL and FL (total, subcore,
core) clades, could correspond to early WGD events (Fig.
4b). When we used GRAMPA to investigate the nature
of these duplications, the program yielded the lowest
parsimony scores for MUL trees for 14 nodes, indicat-
ing allopolyploidization scenarios for all these nodes
have better reconciliation scores than the singly labeled
species tree scenarios (Fig. 4b; Supplementary Fig. S8).

Plastome Phylogeny of Loliineae

The strongly supported plastome ML tree
(Supplementary Fig. S9) was generally consistent with
the single-copy nuclear gene ML tree in the placement
of major BL and FL clades (Fig. 1; Supplementary Fig.
510), although the composition and the relationships
between some lineages within these clades differed.
In the plastome BL clade, most of the MCSA taxa plus
South African F. scabra and F. longipes and Eurasian
F. calabrica formed a sister clade to the remaining BL
taxa. Within this last clade, successive splits separated
the lineages Lojaconoa-Pseudoscariosa, Drymanthele
(Phaeochloa)-Scariosae, Tropical-South African (plus
E. olgae), Subbulbosae-Leucopoa (plus F. valdesii), and

Schedonorus-Lolium. In the plastome FL (sensu lato)
clade, the “intermediate” American-Neozeylandic lin-
eage (F. californica/F. gracillima) split first, followed by
those of Subuliflorae + Leucopoa (Breviaristatae) (F.
altaica) + Eskia p.p. I (F. acuminata/F. pumila), and Eskia
p-p- IL (F. elegans, F. gautieri, F. woronowii) + Ameri-
can I + American II p.p. (F. monguensis, F. parciflora, F.
kurtziana). The divergence of two sister clades followed,
one including the successive splits of the American-
Vulpia-Pampas/Fernandezian,  Psilurus-Vulpia(px),
the Exaratae-Loretia grade, and Subulatae-Hawaiian
lineages, and the other the Festuca-Wangenheimia,
Aulaxyper-Vulpia (2x), and American II 4 Afroalpine
lineages (Supplementary Fig. S9).

Divergence Time Estimation Analysis

Our penalized likelihood divergence time analy-
sis performed on the single-copy nuclear gene ML
tree (Fig. 5) provided age estimates for the stem and
crown Loliinae nodes dating to the Late-Oligocene
(25.02 Ma) and Early Miocene (18.81 Ma), respec-
tively. Early-to-Mid-Miocene divergences were inferred
for the BL (16.87 and 16.48 Ma) and FL (16.14 Ma)
ancestors, and Mid-Miocene-to-Late-Miocene ages for
those of the more recently evolved BL [Drymanthele-
Phaeochloa + Lojaconoa + Scariosae + Pseudoscar-
iosa + Leucopoa (F. calabrica) (13.99 Ma), Tropical-
South Africa + Drymanthele-Muticae + Leucopoa (F.
olgae) (14.02 Ma), MCSA (13.41 Ma), MCSA 1I + Sub-

920z Aepy 2z uo Jasn ezobelez ap pepisiaAiun eo3101|qig Aq ¥0£6598/SE0BeAS/010SAS/E601 "0 | /I0p/3]o1IB-00UBAPR/0IgSAS/WO0 dNoolWapeoeR//:sdly Woll papeojumoq


https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag035#supplementary-data

12 MORENO-AGUILAR ET AL. - HYBRIDIZATION EPISODES IN LOLIINAE GRASSES VOL. 0

tu illata (4x) N
0.368 Festuca abyssmrca (4x)
e 0 y Festuca kurtziana (6x) @
/ 4 Sass—Festuca chimborazensis (6x) Q\&
Festuca elegans (4x)
Festuca pumila (2x)
0.484 Vulpia sicula (2x)
-Festuca iberica (6x)
Festuca indigesta (6x)
Festuca yvesii (8x)
stuca capillifolia (8x) &
0585 494 5505 Festuca parvigluma (4x) A @
Festuca costata (4x) &
— 57— Festuca caldasii (4x) &
0415 0 - Festuca calabrica (?) &
Festuca dichoclada (?)
I Lolium perenne (2x)
, L——Festuca mairei (4x)
1

——Festuca spectabilis (6x)
|~ L——Festuca altaica (4x)

Oryza sativa (2x)

Festuca gracilor,
b i
luca laevigata
)/VBS
IICB G anii
tuca S feita e

fica it
N —— [ T——"Fesfuca fiformis
stuca vparpidea
fle
Fosiuca moliss
—————T——Festuca kolesnikovii
rogea

Fostica k%tglaunculala
‘[esslucs Ievemhom
n
:ggsggg ey ;laeslophylle
Festuca nchardsonu
tuca rubra
Festuca nigrescens
Festuca francor .
itllca hennquesii
XU ia muyralis
tuca iberica ®
Fsslucag uerana
Festuca nievadensis N
Vilbia i Sicild & &
Vuloia membranacea &
estuca plicata &
Psilurus. lncurvu

*Allopolyploidization identified from Grampa ————————

Notung duplicated proportion

® 01
® 02

® o4

® Species selected for network inference

i milior
tuca dolichophylla
uca flacca
stuca dasyantha
stuca disichovaginata

fica porfers
Stiica parciio
luca jumosa

licola.

mca subifola
fuca asplundi

rv‘nnn

F sluca yalaensls
weberbaueri

tica subqvemc:llala .

&
uca exl mlonenlalls (‘(\
{uca paryi &
Festuca b eris® &
E >stuca aloha

Festuca pumila ~®
{uca acummata

i

et qum

e oot &
tuca spectabilis ®
Festuca altaica.

N22 N34 N48

°
T — fiica amp lssima
I tuca caldasii

T 2 i
Festuca drymeja

N7 — s dyme
eS| pseudes)
estuca seanosa

nflora "
curs sequalls
Ao s
ryea st

3.0

FIGURE 4. (a) Phylogenetic network of the reduced 20-taxon data set representing the major lineages of Loliinae plus Oryza sativa as the
outgroup, inferred by PhyloNet using maximum pseudo-likelihood under the best-fit 10-reticulation model scenario supported by AICc and BIC
(see Supplementary Fig. S7 and Supplementary Table S6). The blue branches indicate contributions of the lineages involved in the reticulated
histories, and the values next to or on top of it indicate the inferred inheritance probability. (b) Gene duplications mapped over the Loliinae
tree and inference of allopolyploid events. Proportions of duplicated genes estimated by Notung for branches of the Loliinae topology (red
dots) mapped on the MSC tree (see Supplementary Table S7); size of red dots indicates the proportion of duplicated genes (see chart), only
duplications >0.10 are indicated. The blue stars correspond to the 14 allopolyploidization events inferred by GRAMPA in the BL and FL clades of
Loliinae; all of these scenarios were supported by the lowest parsimony (reconciliation) scores compared with the highest scores of the non-WGD
scenarios in the GRAMPA tests (see Supplementary Fig. S8). The dashed lines connect the second putative parental lineage to each allopolyploid.
The 21 taxa selected for network inference (see Fig. 4a) are indicated with a gray circle.
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FIGURE 5. (a) Maximum penalized likelihood dated tree constructed with TreePL using the ML single-copy gene phylogeny of Loliinae
obtained from a concatenated supermatrix of 270 genes and 132 taxa and four calibrations. Nodal values show the inferred divergence ages;
stars indicate the calibrated nodes. Confidence intervals of time estimates were calculated from 1000 bootstrap replicates. (b) Boxplot showing
PACo normalized squared residual values obtained from 1000 random replicates of nuclear-plastome associations. The horizontal black line
equals 1/n = 0.0077, where n = 128 is the number of common nuclear-plastome terminal associations; median values above this threshold are
expected to be linked to species that show incongruence between nuclear and plastome-derived trees (orange boxes) whereas values below the
threshold correspond to topologically congruent species (green boxes) (see also Supplementary Fig. S7).
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bulbosae + Leucopoa (13.7 Ma), Schedonorus (9.17
Ma)] and FL [American-Neozeylandic (F. californica)
(14.89 Ma), Eskia (9.59 Ma), American I + American
II (F. monguensis) (10.54 Ma), American-Neozeylandic
(8.94 Ma), Afroalpine + American-Vulpias-Pampas +
Exaratae-Loretia p. p. (10.31 Ma), American II (9.6 Ma),
Subulatae-Hawaiian (6.25 Ma), Fernandezian (10.68
Ma), Exaratae-Loretia p.p. + Psilurus-Vulpia (8.25 Ma),
Aulaxyper-Vulpia (8.25-7.54 Ma), Australian-Tasmania
(5.67 Ma), Festuca-Wangenheimia (7.05 Ma)] lineages
(Fig. 5).

Cytonuclear Topological Incongruence Assessments

Topological incongruence analysis performed using
PACo on the single-copy nuclear gene ML trees versus
plastome ML gene trees suggested 56 terminals as po-
tentially conflicting (Fig. 1; Supplementary Figs. S9 and
510). The squared residual values of these terminals, cal-
culated individually for each nuclear gene tree and with
46% of their values assigned to quartiles 3 and 4, were
generally higher compared with 67 non-conflicting ter-
minals (Fig. 5; Supplementary Fig. S6).

Our cytonuclear discordance assessments using gRF
distances were performed for the entire Loliinae tree
and for nine lineages with more than three shared
species. The results showed a median gRF value of
relatively high concordance for the Loliinae (0.3082),
whereas those for specific lineages ranged from rel-
atively high to moderate concordance [Schedonorus-
Lolium (gRF = 0.3202), Tropical-South African (0.3075),
Exarateae-Loretia (0.4200), Eskia (0.4897), Festuca
(0.5206)] to increasing levels of discordance [Aulaxyper
(0.6248), Leucopoa (0.7734), American II (0.8058)]
(Supplementary Table S8).

DiscussioN

Utility of Single-Copy Nuclear Genes for Phylogenetic
Analyses in Loliinae and Plant Systematics

Our phylogenomic analyses provide the first evolu-
tionary reconstruction of Loliinae based on hundreds of
nuclear-coding loci and offer a detailed case study of
how large target capture data sets perform in a highly
reticulate, polyploid-rich plant lineage (Figs. 1 and 2;
Supplementary Figs. S4 and S10). Using 270 ortholo-
gous single-copy nuclear genes from the scg strict data
set, we recovered a well-resolved backbone phylogeny
that strongly supports the monophyly of Loliinae and
the early divergence of its two major evolutionary lin-
eages, BL and FL Loliinae. These relationships are re-
covered with high resolution and strong support in the
concatenated ML tree (Fig. 1). The inferred topology
is largely congruent with plastome-based phylogenies
(Supplementary Figs. S9, S10) and with earlier studies
based on a limited number of nuclear and plastid mark-
ers (Inda et al. 2008; Diaz Pérez et al., 2014; Minaya

et al. 2015, Minaya et al. 2017), as well as analyses
based on nuclear repetitive elements (Moreno-Aguilar
et al. 2022b). Together, these results demonstrate that
genome-wide nuclear data sets can robustly recover
deep and intermediate divergences even in groups char-
acterized by extensive hybridization and polyploidy,
and that nuclear and organellar genomic compartments
reconstruct a largely congruent evolutionary scenario
for the major lineages of Loliinae. This congruence pro-
vides a solid framework for testing phylogenetic and
statistical hypotheses about lineage origins and evolu-
tionary processes within the subtribe.

Despite the overall robustness of the inferred back-
bone relationships, branch support decreases and sev-
eral relationships differ between ancestral clades and
more recently evolved BL and FL sublineages in the
multispecies coalescent species tree inferred from single-
copy nuclear genes (Fig. 2). The topological incongru-
ences observed between the concatenated partitioned
ML tree and the MSC species tree are more evident in
the youngest Loliinae groups, such as the BL MCSA lin-
eages and the FL American II taxa (Figs. 1, 2, and 5;
Supplementary Fig. S4). These discrepancies are asso-
ciated with extensive intragenomic discordance, as re-
flected by the distribution of the quartet scores across
the MSC tree. Specifically, the quartets support values
for the main topology of the MSC species tree range
from moderate to high (33.76-82.83%) relative to those
of the first and second alternative topologies (Fig. 2;
Supplementary Table S5). For several of the ingroup
nodes, the main topology accounts for the highest pro-
portion of quartet support (mean g1 = 42.78%), indicat-
ing that a majority of gene trees are concordant with
the species tree. In contrast, other nodes exhibit nearly
equal support among the three alternative topologies
(g1 ~ g2 ~ q3 ~ 0.33), reflecting a near-random distribu-
tion of gene tree topologies (Fig. 2; Supplementary Table
S5).

These patterns indicate that many internal branches
in the Loliinae phylogeny have lengths close to zero, re-
sulting in effective polytomies that cannot be fully re-
solved even with the 270 single-copy loci. Part of this
extensive intragenomic discordance can be attributed to
ILS (Stull et al. 2023), particularly in recently evolved
Loliinae lineages that likely diverged during the Late
Pliocene to Quaternary, as inferred from conservative
divergence time estimates (Fig. 5; Minaya et al. 2017;
Moreno-Aguilar et al. 2020). However, our quantitative
assessments indicate that ILS alone does not account
for the observed levels and patterns of discordance. In-
stead, the MSC phylogeny reveals substantial signals of
reticulate evolution superimposed on pervasive ILS. ILS
was identified as the predominant source of topologi-
cal conflict for most incongruent nodes in the Loliinae
phylogeny, affecting 96 nodes, with ILS indices rang-
ing from 24.47% to 99.35%. At the same time, quantifi-
able introgression and hybridization contributed signifi-
cantly to topological incongruences for 18 lineages, with
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particularly high introgression indices detected in the
BL clade as a whole (49.7%) and in the Schedonorus-
Lolium lineage (42.0%), as well as in several FL lineages,
including Festuca + Wangenheimia (48.7%), Festuca-
Wangenheimia + Aulaxyper pp. (42.8%), Eskia (41.63%),
American II 4+ Subulatae-Hawaiian (40.87%), and Fes-
tuca (38.4%) (Supplementary Fig. S5; Supplementary
Table S5).

Although the conserved and predominantly single-
copy nuclear gene set of Angiosperms353 has proven
to be an invaluable tool for reconstructing phylogenetic
relationships at supraspecific levels in plants (Baker et
al. 2021, Baker et al. 2022; Zuntini et al. 2024), its re-
solving power at the species and intraspecific levels re-
mains variable. Some studies have demonstrated that
these loci can resolve complex relationships in recently
evolved lineages (Thomas et al. 2021), whereas others
have emphasized substantial challenges associated with
short internal branches, long branch attraction, and in-
trogression in rapidly radiating groups (Maurin et al.
2021). In extreme cases, even thousands of nuclear or-
thologous genes have failed to recover strong quartet
support for species in young, highly hybrid groups, such
as Brassicaceae, due to pervasive intragenomic discor-
dance (Ziist et al. 2020), or have required the exclusion
of most gene trees that are incongruent with diploid
backbone phylogenies, as in Brachypodium (Sancho et
al. 2022). Our results are consistent with these findings
and with broader theoretical expectations (Philippe et al.
2011; Maurin et al. 2021), indicating that simply increas-
ing the number of single-copy genes does not guaran-
tee resolution in recently radiated and hybrid rich plant
lineages.

Nevertheless, our analyses also show that careful
gene selection, rigorous orthology assessment, and the
combined use of concatenation and coalescent-based
approaches can recover biologically meaningful phy-
logenetic signal despite high levels of intragenomic
discordance (Smith et al. 2020). In Loliinae, the main
topologies inferred from both concatenated partitioned
ML and MSC consistently recover clades that corre-
spond closely to established taxonomic circumscrip-
tions and geographic distributions of species (Figs. 1
and 2; Supplementary Fig. S5; Catalan 2006; Cataldn
et al. 2007; Minaya et al. 2017; Moreno-Aguilar, 2022a).
These results highlight the value of integrative phy-
logenomic frameworks for disentangling complex evo-
lutionary histories and emphasize that conflict itself can
be an informative signal of the processes shaping diver-
sification in reticulate plant lineages.

Rampant Introgressions and Allopolyploidizations Framed
the Evolutionary History of the Loliinae

Resolving the phylogeny of Loliinae is particularly
challenging because most of its lineages have under-
gone multiple hybridization and allopolyploidization
events. This complexity is supported by the medium to

high hybridization levels, frequent gene duplications,
and repeated allopolyploidy inferences detected across
both BL and FL lineages in our analyses (Figs. 3 and 4;
Supplementary Figs. S6 and S7), in agreement with pre-
vious records for the group (Cataldn 2006; Moreno-
Aguilar et al. 2022b). Divergence times obtained us-
ing treePL indicate that the main diversification within
crown Loliinae occurred during the Early-to-Middle
Miocene, giving rise to the BL and FL lineages. The in-
ferred age of this split, approximately 18.81 Ma (Fig. 5a),
closely matches previous estimates (Minaya et al. 2017;
Moreno-Aguilar et al. 2020). Similarly, divergence times
inferred for the main BL and FL clades show limited
variation, with estimated ages of approximately 16.87
and 16.48 for BL lineages and 16.14 Ma for FL lineages
(Fig. 5).

Despite this general temporal congruence, our analy-
ses recovered differences in age estimates for several in-
ternal lineages, which are likely attributable to the larger
number of nuclear genes analyzed here and the inclu-
sion of newly sampled species. Examples include the
Festuca clade, dated from approximately 7.05 to 1.96
Ma, and the American II clade, dated from approxi-
mately 9.6 to 5.01 Ma (Fig. 5a). This expanded data set
increases phylogenetic resolution and provides a more
robust temporal framework for interpreting lineage di-
versification. In addition, the accelerated radiation of
species within Loliinae, particularly in the FL clade,
emerges as a key evolutionary feature and appears to
be closely associated with pronounced ploidy diversity
and the proliferation of recently evolved lineages such
as Festuca, Aulaxyper, and American II (Figs. 3a,b and
5a; Supplementary Table S1).

The pervasive nature of introgression in Loliinae is
further supported by complementary analyses based
on nuclear data and cytonuclear discordance. Medium
to high levels of hybridization were detected across
the subtribe through consistently high percentages of
LH exceeding 70% and AD values exceeding 1.7%
for the same set of nuclear genes across samples
(Fig. 3a,b; Supplementary Fig. S6). A clear association
emerges between low hybridization levels and ancestral
diploids, intermediate hybridization levels and moder-
ately evolved tetraploids, and high hybridization lev-
els and recently evolved high polyploids. These puta-
tive hybrid taxa are distributed across multiple Loli-
inae lineages (Fig. 3a,b), although their frequency varies
markedly among groups (Supplementary Fig. S6).

The complex reticulate scenario inferred from
the best-fitting Loliinae species network (Fig. 4a;
Supplementary Fig. S7) provides strong evidence that
hybridization played a crucial role in the diversification
of the subtribe. The inferred hybrid origin of all FL
lineages, mainly from BL ancestors, is consistent with
previous hypotheses proposing that more slender and
recently evolved FL originated from more robust BL
ancestors through reductions in genome and chromo-
some size accompanied by phenotypic changes (Catalan
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2006; Smarda et al. 2008; Moreno-Aguilar et al. 2022b),
although the functional significance of these processes
remains unresolved. In contrast, the putative hybrid
origin of certain BL lineages, particularly the polyploid
Leucopoa p.p. and the MSCA lineage, may be linked
to long-distance dispersal events and the ecological
adaptability of BL and FL ancestors in distinct paleobio-
geographic contexts, as well as to the high propensity
for hybridization and polyploidization among Southern
Hemisphere Loliinae species (Minaya et al. 2017).

The inclusion of both slender and robust species
within strongly supported FL lineages such as the
American II clade, which encompasses taxa classified
into disparate subgenera (Supplementary Table S1),
further supports the interpretation of extensive hy-
brid swarming within this group (Moreno-Aguilar et
al. 2020; Moreno-Aguilar, 2022a). Evidence for shared
WGD events across multiple BL and FL lineages, to-
gether with corroborated allopolyploid origins of the
BL, FL, and Schedonorus-Lolium groups (Fig. 4b;
Supplementary Table S7), aligns with earlier hypothe-
ses of post-allopolyploid diploidization in ancestral BL
lineages such as Drymanthele and Phaeochloa. These
hypotheses were originally inferred from genome size
evolution, repetitive element dynamics, nuclear ribo-
somal DNA families, and the pronounced two-fold
difference in genome size between these BL and FL
diploids (Moreno-Aguilar et al. 2022b). Our results
are also consistent with the genetically confirmed al-
lopolyploid nature of key forage species within the
Schedonorus-Lolium lineage (Kopecky and Studer 2014;
Minaya et al. 2015) and several lineages of the core
FL clade (Diaz-Pérez et al. 2014). Whether FL ances-
tors also acted as reciprocal progenitors in allopoly-
ploidization events involving homologous BL lineages
(Fig. 4b), which show similar inferred ages (Fig. 5),
remains unresolved and will require further genomic
investigation.

Cytonuclear incongruence analyses using PACo
and gRF distance, together with quantitative compar-
isons of ILS and hybridization effects, further sup-
port the hybrid nature of 56 terminals that show
strong but conflicting support in nuclear and plas-
tid trees (Fig. 5, Supplementary Figs. S9 and S510).
These terminals include lineages with both progeni-
tors evolving within the BL clade (Subulatae-Hawaiian,
Tropical-South African, MCSA) or FL clade (Ameri-
can I, Aulaxyper, Afroalpine, American-Neozeylandic),
as well as “transclade” species derived from distantly
related BL and FL ancestors, exemplified by F. al-
taica. In contrast, the most topologically congruent
lineages across nuclear and plastid phylogenies in-
clude BL Schedonorus-Lolium, Subbulbosae, Dryman-
thele (Phaeochloa) and Lojaconoa, and FL Eskia, Fes-
tuca + Wangenheimia and American-Vulpia-Pampas
groups (Fig. 5, Supplementary Figs. S9 and S510).
Many of the discordant terminals correspond to poly-
ploid taxa (Figs. 3 and 5; Supplementary Fig. 56 and

Supplementary Table S1), further reinforcing the perva-
sive role of allopolyploidy in shaping Loliinae evolution,
a pattern also supported by the strongly asymmetric
karyotypes reported for several of these taxa (Martinez-
Segarra et al. 2021; Moreno-Aguilar et al. 2022b).

Comparative analyses of nuclear LHand AD (LH-vs.-
AD) hybrid classes with cytonuclear PACo and gRF dis-
cordance measures across Loliinae reveal a broadly cor-
related trend. Diploid and ancient polyploid species that
are topologically congruent across nuclear and plastid
trees generally show absent to low hybridization levels,
as observed in BL Drymanthele-Phaeochloa, Lojaconoa,
Scariosa, and Pseudoscariosa and FL Psilurus-Vulpia.
In contrast, high-ploidy species exhibiting strong topo-
logical discordance typically display high hybridiza-
tion levels, as observed in BL Coironhuecu and FL
Afroalpine, American II, and Subulatae-Hawaiian (Fig.
3a,b; Supplementary Fig. S6). Several Loliinae groups
show internally consistent but variable LH-versus-AD
and PACo patterns, ranging from low hybridization lev-
els and congruent topologies in diploids and tetraploids
to high hybridization levels and incongruence in hexa-
to-deca-polyploids (e.g., BL Tropical-South Africa p.p.,
FL Festuca p.p., Aulaxyper p.p., and the Exaratae-
Loretia grade). However, some exclusively polyploid
lineages present hybrid yet topologically congruent
taxa, such as the BL MCSA I group and the FL. American
I, America-Vulpia-Pampas, and Fernandezian groups
(Fig. 3a,b; Supplementary Fig. S6).

Notably, we did not detect a consistent relation-
ship between hybridization levels or cytonuclear discor-
dance and divergence time or shared ancestry within
Loliinae (Fig. 5a,b). Sister or closely related lineages of
comparable age often show contrasting patterns, as il-
lustrated by the congruent American I and American-
Vulpia-Pampas lineages dated from approximately 8.87
to 6.62 Ma, compared with the incongruent American
II lineage dated from approximately 9.66 Ma. Similarly,
the recently evolved FL Festuca lineage dated at ap-
proximately 7.05 million years and the Aulaxyper lin-
eage dated from approximately 8.25 to 7.54 million
years show markedly different patterns, with high poly-
ploids of Aulaxyper exhibiting higher LH, AD, and
cytonuclear discordance than those of Festuca (Figs.
3a,b and 5; Supplementary Fig. S6). Conversely, the BL
Schedonorus-Lolium lineage, dated at approximately
9.17 Ma and encompassing a wide range of ploidy lev-
els from diploids to decaploids, shows relatively low to
moderate hybridization levels and no detectable topo-
logical discordance, even in well-known allopolyploids
such as F. arundinacea and F. letourneuxiana. (Figs. 3a,b
and 5a,b; Supplementary Fig. S6).

Taken together, these results suggest that evolu-
tionary isolation and hybrid interactions are the pri-
mary drivers of the heterogeneous hybridization pat-
terns observed in Loliinae. Species of the phylogenet-
ically isolated Schedonorus-Lolium lineage have hy-
bridized extensively among closely related taxa but
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rarely with members of other lineages (Kopecky and
Studer 2014; Glombik et al. 2021), explaining their high
cytonuclear congruence. In contrast, within the large
and phylogenetically non-isolated FL lineages, species
of the Festuca clade have formed hybrid swarms and
increased ploidy levels primarily through interactions
with closely related taxa, resulting in relatively low cy-
tonuclear discordance (Cataldan 2006). By contrast, the
highly cross-compatible hexaploid Aulaxyper taxa (Fes-
tuca sect. Aulaxyper) readily hybridize both within and
across FL clades and even with other FL genera such as
Vulpia (= Festulpia) (Catalan 2006; Catalan et al. 2007),
leading to pronounced topological discordance (Figs.
3a,b and 5a,b; Supplementary Fig. S6).

The high proportion of allopolyploid species in
Loliinae, representing approximately 70% of samples
with known ploidy levels (Supplementary Table S1),
likely exacerbated overall phylogenetic discordance.
Fully resolving the evolutionary histories of orphan al-
lopolyploids will ultimately require whole-genome or
transcriptome-scale data (Sancho et al. 2022), which are
currently lacking for most Loliinae lineages. Although
we do not claim to have reconstructed the complete evo-
lutionary history of Loliinae, the combined analysis of
nuclear single-copy genes and plastome data presented
here reveals critical patterns of hybridization and poly-
ploidization that have shaped diversification across the
subtribe and provides a framework for future genomic
investigations.

Interpreting the Loliinae Reticulated Scenario within a Broad
Angiosperm Evolutionary Framework

The reticulate evolutionary history inferred for Loli-
inae in this study closely parallels patterns reported
for other hybrid-rich and allopolyploid angiosperm lin-
eages of comparable diverging ages (Perez-Escobar et
al., 2016; Morales-Briones et al. 2018, 2021; Sanderson et
al. 2023; Hendriks et al. 2023; Stull et al. 2023), including
several closely related grass lineages within Pooideae
(Marcussen et al. 2015; Glémin et al. 2019; Zhang et al.
2022, Zhang et al. 2024). Despite this growing body of
evidence, the relative contributions of deep versus re-
cent hybridization and allopolyploidization events to
diversification in Loliinae and other Pooideae remain in-
completely resolved. Phylotranscriptomic and compar-
ative genomic studies have revealed multiple gene du-
plication events in Pooideae lineages, including dupli-
cations involving genes associated with vernalization,
cold tolerance, ecological adaptation, and spikelet de-
velopment (Zhang et al. 2022, Zhang et al. 2024). In ad-
dition to the ancient WGD inferred for the protograss
ancestor (Zhang et al. 2024), the existence of a more re-
cent paleopolyploid ancestor for Loliinae could not be
excluded. This possibility is supported by the inference
of allopolyploidization events in the ancestors of both
BL and FL Loliinae clades based on our GRAMPA anal-
yses (Fig. 4b), as well as by evidence for multiple WGDs

at the crown nodes of closely related Poeae lineages such
as Poa, Deschampsia, and Agrostis (Zhang et al. 2022).

The detection of ancient allopolyploidization signa-
tures, however, is complicated by rapid genomic rear-
rangements involving gene gains and losses and by the
superposition of successive hybridization events (Stull
et al. 2023). Resolving these complex evolutionary his-
tories also depends critically on dense taxonomic sam-
pling, as exemplified by the Triticum-Aegylops complex,
where extensive hybridization has made the origins of
polyploid wheat genomes difficult to disentangle. In
that system, multiple alternative scenarios involving an-
cient and recent homoploid hybridization and allopoly-
ploidization among different genome donor taxa con-
tinue to be debated to explain the origins of the B and D
subgenomes of polyploid wheats (Marcussen et al. 2015;
Glémin et al. 2019). In this context, the extensive sam-
pling of Loliinae lineages in our study, combined with
integrated nuclear and plastome-based phylogenomic
analyses, provides a robust framework for detecting
and interpreting hybridization and allopolyploidization
processes within the subtribe.

Although divergence time estimates suggest that the
origins of the BL and FL Loliinae lineages were nearly
contemporaneous (Fig. 5a), our results indicate that
the Early-to-Middle Miocene BL ancestors were slightly
older than the FL ancestor. Additional lines of evidence
support the interpretation of early diverging BL Loli-
inae lineages as ancient hybrids or paleo-allopolyploids
sensu Stull et al. (2023), in which gene flow has ceased
and genomes have subsequently stabilized. In contrast,
FL Loliinae lineages, particularly those within the core
FL clade, appear to represent more recent meso- or neo-
allopolyploids characterized by high genomic diversity
(Figs. 4 and 5). Consistent with this interpretation, our
Notung analyses revealed higher gene duplication rates
in FL clades than in BL clades, with the exception of the
recently evolved Schedonorus-Lolium lineage. More-
over, GRAMPA inferred allopolyploidization events in
BL lineages primarily involving outgroups or other BL
lineages, whereas basal FL lineages show clear signals
of allopolyploid origin from BL ancestors (Fig. 4b).

Inheritance probabilities estimated from the Loli-
inae phylogenetic network further support different hy-
bridization scenarios in the two major clades, a pattern
also observed in other angiosperms (Molero-Briones et
al. 2018). The asymmetric, and especially the low contri-
butions (<0.3), from alternative BL parental populations
to reticulated BL nodes are consistent with introgres-
sion among stabilized lineages. By contrast, the predom-
inantly symmetric inheritance probabilities close to 0.5
observed for reticulated FL nodes strongly support re-
cent allopolyploidization and hybrid speciation events
involving BL ancestors (Fig. 4a). These network-based
results corroborate cytogenomic evidence for ancestral
diploidization processes in early diverging BL lineages
inferred from repeatome composition and nuclear ri-
bosomal DNA analyses (Moreno-Aguilar et al. 2022b).
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They are also consistent with the pronounced reductions
in chromosome number and monoploid genome size ob-
served from diploid BL to FL lineages (Cataldn, 2006;

Smarda et al. 2008; Moreno-Aguilar et al. 2022b), which
likely facilitated the emergence of progenitor species
that later participated in recent FL allopolyploidization
events (Fig. 4).

Cytonuclear discordance and discordance between
nuclear gene trees have been used to detect ancient and
recent hybridization and allopolyploidization in plants
(Perez-Escobar et al., 2016; Morales-Briones et al. 2018,
2021; Hendriks et al. 2023; Sanderson et al. 2023; Stull
et al. 2023). Our exploratory analyses of cytonuclear in-
congruence in Loliinae lineages using PACo, together
with assessments of hybridization classes based on LH
and AD metrics, revealed clear contrasts between BF
and FL lineages. Most BL lineages exhibit high cytonu-
clear concordance, whereas most FL lineages show low
concordance, regardless of their inferred hybridization
class (Figs. 3 and 5b; Supplementary Fig. S6). These
contrasting patterns further support a scenario of older
and more stabilized allopolyploid histories in BL Loli-
inae compared with the more recent and dynamic al-
lopolyploid evolution of FL lineages. The divergent cy-
tonuclear patterns observed in the recently evolved and
closely related Festuca and Aulaxyper lineages are par-
ticularly informative. Despite potentially sharing com-
mon BL ancestors (Figs. 4 and 5), Festuca taxa ex-
hibit relatively high cytonuclear congruence, whereas
Aulaxyper taxa show pronounced incongruence. These
differences are likely explained by contrasting propen-
sities for hybridization, with Festuca species primarily
interbreeding within their own clade and Aulaxyper
species hybridizing more frequently both within and
beyond their clade (Cataldn 2006). These contrasting
hybridization tendencies are not associated with dif-
ferences in life cycle or mating system (Mitchell and
Whitney 2021; Stull et al. 2023), as species in both groups
are perennial and predominantly outcrossing (Catalan
2006; Catalan et al. 2007). Notably, highly polyploid
Aulaxyper taxa readily hybridize not only with peren-
nial congeners but also with diploid and polyploid an-
nual species of Vulpia (FL Aulaxyper and Exaratae-
Loretia lineages) and occasionally with distantly related
diploid Lolium species (BL Schedonorus-Lolium lineage)
(Catalan 2006). The demonstrated ability of hexaploid
Aulaxyper species to eliminate excess repetitive ele-
ments from their genomes (Moreno-Aguilar et al. 2022b)
may facilitate such wide hybridization by reducing ge-
nomic incompatibilities and stabilizing interspecific and
intergeneric hybrids.

Together, these results place the Loliinae within a
broader angiosperm framework in which ancient sta-
bilized allopolyploidy, recurrent recent hybridization,
and lineage specific differences in cross compatibility
interact to shape long-term evolutionary trajectories.
Fully testing these hypotheses and resolving the ge-
nomic mechanisms underlying these processes will re-

quire comprehensive whole-genome analyses, which re-
main largely unavailable for Loliinae. Nonetheless, the
phylogenomic framework presented here provides a
critical foundation for understanding reticulate evolu-
tion across grasses and flowering plants more generally.
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