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Abstract

In North America, hybridisation between Typha angustifolia and T. latifolia results
in the highly impactful T. x glauca. In Europe, where its parental taxa are also sympatric,
T. x glauca is scarce, suggesting stronger reproductive isolation on this continent. Using
genomic data from the two species in North America and Europe, we reconstructed their
demographic histories and characterised barrier loci between them. Demographic
modelling suggests that the initial contact between the two species in Europe occurred
~800,000 years ago, indicating sympatry in that region since the Middle Pleistocene. In
North America, their contact likely happened within the last centuries and was potentially
driven by the human-mediated dispersal of T. angustifolia. We identified 47 candidate
barrier loci between species in Europe, 6 of which are associated with reproductive
functions. No barrier loci were found in North America. Our results suggest that
prolonged sympatry can promote the evolution of reproductive barriers, whereas
prolonged allopatry can reduce the likelihood of their development. Future studies could
help determine whether time in sympatry is a predictor of the strength of reproductive
isolation between hybridising taxa. Preventing invasions by hybrid taxa will require
limiting the human-mediated dispersal of Typha (and other allopatric species) lacking
reproductive isolation.
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Introduction

Hybridisation is an important evolutionary mechanism (Abbott et al. 2013); it can
cause the emergence of new species if reproductive barriers develop between parental and
hybrid lineages, or lead to genetic swamping and the extinction of parental taxa
(Runemark et al., 2019). More commonly, hybridisation results in the formation of hybrid
zones—geographic areas where parental and hybrid individuals of one or more
generations coexist (Hewitt, 1988). Hybrid zones provide an opportunity to characterise
the genetic architecture of interspecific gene flow and reproductive isolation (Taylor &
Larson, 2019)

The formation and persistence of hybrid zones are influenced by species
boundaries (Larson et al., 2014). Different types of reproductive barriers maintain these
boundaries (Harrison & Larson, 2014), with “barrier loci” referring to genetic regions that
underlie the traits controlling reproductive isolation between species (Barton &
Bengtsson, 1986). Barrier loci can act prezygotically by impeding interbreeding events
(Elmer, 2019), or postzygotically by making hybrids sterile, inviable, or unfit
(Stankowski & Ravinet, 2021). Prezygotic barrier loci are often under divergent selection
(Wu, 2001). For instance, in Heliconius butterflies, the optix and WntA wing' |patterning
loci govern mate recognition and limit interspecific courtship (Merrill et al., 2019).
Postzygotic barrier loci frequently arise from intrinsic epistatic incompatibilities, as those
explained by the Bateson—Dobzhansky—Muller (BDM) model, in which mismatched
allele combinations from different loci decrease hybrid fitness (Bateson, 2009;
Dobzhansky, 1936; Muller, 1942); in Icterus orioles, a large inversion on the Z

chromosome accumulates alleles that cause hybrid breakdown (Walsh et al., 2023).
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Understanding the role of barrier loci to reproductive isolation is key to explaining how
species boundaries evolve.

Different approaches have been used to investigate the loci that affect
reproductive isolation between taxa (e.g., Moyle and Payseur 2009; Schumer et al. 2014;
Haenel et al. 2021). In recent years, methods for identifying barrier loci from genome-
wide sequencing data have been developed (Burban et al., 2024; Laetsch et al., 2023).
These methods use coalescent-based simulations and explicitly incorporate demographic
inferences (i.e., divergence times, population sizes, migration rates) (Fraisse et al., 2021).
Demographic-informed approaches to identify barrier loci overcome two limitations of
methods based on genomic scans: (i) that the genomic landscapes of diversity and
differentiation (e.g., Fsr, dxy, ) can emerge from evolutionary forces not directly related
to reproductive isolation (e.g., historical bottlenecks, genetic drift, local adaptations), and
(i) that there is no universal summary statistic for barrier loci, as the emergence of these
barriers depends on multiple factors, reflected on multiple summary statistics. Identifying
barrier loci through demography-aware methods can provide insights into how
reproductive isolation evolves throughout species’ histories.

Across the Great Lakes, Prairie Pothole, and Midwestern regions of North
America, the hybrid cattail Typha x glauca is a highly impactful invader (reviewed in
Bansal et al. 2019). Hybrid cattails outcompete their parental species—T. angustifolia and
T. latifolia—(Freeland et al., 2013, 2024; Geddes et al., 2021; Pieper et al., 2020; Zapfe &
Freeland, 2015), reduce biodiversity and alter freshwater functions (Angeloni et al., 2006;
Boers et al., 2007; Farrer & Goldberg, 2014; Tuchman et al., 2009), and are expanding
across their already broad range (Joyee et al., 2024). Contrastingly, T. x glauca is scarce

in Europe and has not been reported in Asia, where its parental species also co-occur
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(Ciotir et al., 2017; Nowinska et al., 2014; Volkova & Bobrov, 2022; Zhou et al., 2016).
A key difference in the history of both parental species in North America and Europe is a
longer time inhabiting Europe, where they might have been sympatric since the
emergence of the younger, T. latifolia, ~5.7 Ma (Zhou et al., 2018), or once it recovered
from a severe demographic decline and subsequently expanded ~800,000 years ago
(Aleman et al., 2025). Typha latifolia arrived in North America via the Beringian Land
Bridge from Eastern Eurasia—the centre of origin of Typha—between the Late Miocene
and Early Pliocene, i.e., from 5.7 to 3.5 Ma (Zhou et al., 2018), while T. angustifolia
likely arrived centuries ago, potentially due to human dispersal (Ciotir et al., 2013).
Although we cannot rule out the possibility that the two species might have experienced
contact in East Eurasia before T. latifolia arrived in North America, the available
information indicates that T. latifolia has been isolated from T. angustifolia since it
entered North America and until T. angustifolia was introduced (Ciotir et al., 2013; Ciotir
& Freeland, 2016).

The broad distribution of the T. x glauca hybrid swarm in North America suggests
that reproductive barriers between T. latifolia and T. angustifolia are weak on this
continent. In contrast, the scarcity of T. x glauca in Europe suggests that there are strong
reproductive barriers between its two parental species in this region. Aleman et al. (2025)
identified introgressive hybridisation from T. latifolia to T. angustifolia in North America
and Europe, which, together with the scarcity of T. x glauca in Europe, suggests that the
two species hybridised in the past in Europe and reproductive barriers emerged later.

We hypothesised that (i) in North America, the time in isolation that T. latifolia
experienced before T. angustifolia entered the continent reduced the possibility for natural

selection to drive the evolution of reproductive isolation between the two species,
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whereas (ii) in Europe, their longer coexistence and historical hybridisation led to the
development of reproductive barriers. Therefore, we expected to identify more barrier loci
between the two species in Europe than in North America. Characterising these loci could
help inform why T. x glauca is a highly impactful invader in some parts of North
America but not in Europe. Understanding what limits hybridisation between the two
species in Europe should receive special consideration, since Typha is frequently
transported between continents via garden centres (Ciotir & Freeland, 2016). If barriers to
hybridisation are genetic—rather than ecological—the human-mediated movement of
Typha could lead to the contact of species lacking reproductive isolation, facilitating
future invasions by novel hybrids. From a theoretical standpoint, the time in sympatry for
T. angustifoliaand T. latifolia in North America and Europe is uniquely positioned to test
whether barriers to hybridisation could be stronger between taxa that have experienced
prolonged periods of contact than those whose time in sympatry is very recent.
Materialsand Methods
Genomic data processing

Raw sequencing data from T. angustifolia (36 from North America, 16 from
Europe) and T. latifolia (47 from North America, 23 from Europe) were obtained from
Aleman et al. (2025) and supplemented with data from additional samples (Figure 1;
Supplementary Table S1), generated following Aleman et al., (2024). The quality of the
demultiplexed raw sequences was evaluated using FastQC 0.11.9 (Andrews, 2017) and
MultiQC 1.14 (Ewels et al., 2016). Read pairing and adapter trimming were performed
using Trimmomatic 0.39 (Bolger et al., 2014), removing reads shorter than 100 bp after
trimming. Cleaned reads were mapped to the T. latifolia nuclear (GenBank accession

JAIOKV000000000.2 (Widanagama et al., 2022)) and chloroplast (GenBank accession
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NC_013823 (Guisinger et al., 2010)) genomes using BWA 0.7.17 (Li & Durbin, 2009).
Mapping statistics were generated using SAMtools 1.15.1 (Li et al., 2009). Genotyping
was conducted using ANGSD 0.93 (Korneliussen et al., 2014). SNPs were called for all
samples, requiring minimum mapping and sequencing scores of 20, as well as a minimum
p-value of 1°°°. Sites mapped to the plastome were removed using VCFtools 0.1.16
(Danecek et al., 2011). Two SNP datasets were generated based on two missing data
thresholds across all samples (i.e., without considering taxonomy or geographic location):
20% for the genetic structure analysis, to ensure high-confidence genotypes for accurate
sample classification (Yi & Latch, 2022), and 50% for the demographic history and
barrier locus characterisation, to maximize SNP retention, since coalescent-based
methods explicitly model genotype uncertainty and require larger datasets for robust
parameter estimation (Fraisse et al., 2021). To confirm the samples’ species membership,
their genetic relationships were evaluated by a neighbour-joining (NJ) tree analysis,
conducted using Plink 1.9 (Purcell et al., 2007).
Genetic composition of the T. x glauca hybrid swarm

To assess the genetic composition of hybrids across the T. x glauca swarm,
sequencing data were generated from 38 hybrid samples following Aleman et al. (2024).
Thirty-six of these samples were from North America, whereas only two were found in
Europe, despite an extensive collecting trip that aimed to maximise the number of
sampled hybrids (Ciotir et al., 2017). In North America, the 36 hybrids were collected
during two previous studies (Pieper et al., 2020; Tisshaw et al., 2020) (Figure 1;
Supplementary Table S1). Raw sequences were quality-inspected, cleaned, and mapped to
the T. latifolia reference genome following the Genomic data processing steps above.

SNPs were called for the 42,167 sites (see Results) used in the genetic structure analysis
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for T. angustifolia and T. latifolia. The nuclear composition of hybrids was assessed using
ADMIXTURE 1.3.0 (Alexander & Lange, 2011), which tested K clusters from 1 to 10 for
all samples in this study. The optimal K number was chosen via a cross-validation
procedure. To assess whether hybrids had the plastome of T. angustifolia and T. latifolia,
the plastomes of all samples in this study were assembled using the reference-based
approach in Aleman et al. (2024), and SplitsTree4 (Huson & Bryant, 2006) was used to
reconstruct a phylogenetic network for all samples in this study.
Demographic history and characterisation of barrier loci

To reconstruct the demographic history of T. angustifolia and T. latifolia in North
America and Europe, and to identify barrier loci between the two species, RIDGE
(Burban et al., 2024) was run between species within and between continents (e.g., North
American T. angustifolia with European T. latifolia); i.e., four independent analyses were
conducted (Table 1). No hybrids were included in these analyses. Before the demographic
inferences, several summary statistics were computed in 5 kb windows, including the
genetic differentiation between species through Fst (Hudson et al., 1992), dxy (Nei &
Miller, 1990), d, (Nei & Li, 1979), and their joint Site Frequency Spectrum jSFS
(Wakeley & Hey, 1997), and the diversity within each species through = (Nei & Li, 1979),
Watterson’s 6 (Watterson, 1975), and Tajima’s DI (Tajima, 1989). Four demographic
scenarios of divergence between species were simulated using an Approximate Bayesian
Computation framework: strict isolation, ancestral migration, secondary contact, and
isolation—migration. These scenarios included both homogeneous and heterogeneous
population sizes, as well as interspecific gene flow rates over time (Figure 2). The prior
distributions of species’ divergence times and effective population sizes were determined

based on the summary statistics observations (Supplementary Table S2). To avoid having
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more than two orders of magnitude between the prior bounds of the time at which the two
species diverged from a common ancestor, the minimum divergence time was adjusted to
two-thirds of the estimated maximum divergence time. However, the priors for the
minimum and maximum population sizes were left unadjusted. During each of the four
independent analyses, 7.5 M sites were computed over 560 simulations.

Simulation results were used to build a demographic hypermodel, where each
parameter was obtained from the weighted likelihood of the four scenarios tested. The
hypermodel was used to simulate 1.5 M barrier and non-barrier loci, i.e., with m= 0 and
m > 0, respectively, where mis the effective gene flow rate between species. The
probability that a simulated locus was accurately identified as a barrier or non-barrier
locus was estimated to obtain a false-positive and false-negative correction (Q). The
simulation results were used to calculate the likelihood that a real-life locus was a barrier
to hybridisation. The identification of a locus (i.e., a 5 kb window) acting as a barrier to
hybridisation was determined by a Bayes Factor of 10, given the correction Q (known as
“BF_approxQ”); this meant that a barrier locus was at least 10 times more probable to be
a barrier to hybridisation than a non-barrier locus. Barrier loci identified in each run were
compared, and summary statistics for barrier and non-barrier loci were evaluated.

BEDTools Intersect (Quinlan & Hall, 2010) was used to identify the genes
associated with barrier loci from the T. latifolia annotation (Widanagama et al., 2022).
The ratio of nonsynonymous to synonymous substitution rates (dN/dS) for all barrier loci
was calculated among the four groups of taxa (i.e., the two species from the two
continents) using MEGA 12 (Kumar et al., 2024). Barrier loci that could not be associated
with genes from the T. latifolia annotation were screened using BLAST+ to search for

homologous genes (Camacho et al., 2009).
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Results

Using 42,167 SNPs, the NJ tree confirmed that in each continent, parental samples
clustered into two groups (Figure 1). The ADMIXTURE analysis, including parental and
hybrid samples, established the most likely number of genetic clusters as two (K = 2). In
North America, 19 hybrids were F1s and 17 were backcrosses with T. angustifolia, with a
nuclear proportion of ~70% from this species; all hybrids (F1s and backcrosses) had the
T. angustifolia plastome. In Europe, one hybrid was an F1 and had the T. latifolia
plastome, and the other was a backcross with both a higher nuclear proportion (70%) and
the T. angustifolia plastome (Figure 1).

The demographic history and barrier locus analyses used 6,735,717 SNPs. In each
of the four demographic history reconstructions of T. angustifolia and T. latifolia,
secondary contact and isolation—migration received the highest likelihood weights; these
scenarios consistently indicated heterogeneous rates of interspecific gene flow and
population sizes over time (Figure 2, Table 1, Supplementary Table S3). The four
reconstructions successfully fitted the observed data, with a posterior goodness-of-fit
value greater than 0.05. The estimates of divergence and contact times were consistent
across all analyses. The mean divergence time between the two species was estimated to
be ~1.25 M generations ago, and the mean time of secondary contact was ~400,000
generations ago.

Atotal of 49 barrier loci between T. angustifolia and T. latifolia were identified,
47 of those in Europe (Figure 3). No barrier loci were identified in North America. Two
barrier loci were found between North American T. angustifolia and European T. latifolia

(one of those was also a barrier locus in Europe), and two barrier loci were found between
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European T. angustifolia and North American T. latifolia (one of those was also a barrier
locus in Europe).

Of the total 49 barrier loci, 12 were annotated to 10 genes (3 were to the same
gene) from the T. latifolia reference, and BLAST predicted other 34 to be genes
(Supplementary Table S4). In the 47 barrier loci from Europe, European T. angustifolia
had a mean diversity (= = 0.0028) lower than the rest of its genome (z = 0.0073), and no
diversity differences were observed the other three groups of taxa; 10 barrier loci were
highly differentiated for Fst between species with values above the 95th percentile, of
those, 1 of those was also highly differentiated for dxy and 3 were genes; of the other 7
genes found in barrier loci, 1 was under purifying selection between species in Europe
(dN/dS < 1), and 1 was under positive selection (dN/dS > 1) in all groups of taxa except
European T. angustifolia.

Discussion

The number and identity of loci associated with species’ reproductive isolation can
shed light on how species boundaries evolve along their genomes and through time
(Gavrilets, 2003; Ravinet et al., 2017). Additionally, understanding the evolutionary
histories of the parental species of T. x glauca and the mechanisms that promote or limit
their interbreeding can help us prevent further invasions by novel Typha hybrids. This
study provides insights into the demographic histories and barriers to hybridisation
between T. angustifolia and T. latifolia; our results suggest that in Europe, where very few
hybrids have been identified, secondary contact between the two parental species
occurred ~400,000 generations ago. Typha angustifolia likely entered North America
within the last centuries, where it interbreeds with T. latifolia, and their hybrids are

generally invasive.
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Hybridisation between T. angustifolia and T. latifolia in North America is highly
asymmetric, with T. angustifolia often being the maternal parent (Ball & Freeland, 2013;
Pieper et al., 2017). Consistent with this, the 19 North American F1 hybrids in this study
had the T. angustifolia plastome. Since hybrid classes go beyond F1, the T. x glauca
hybrid zone is a swarm; F1s can backcross bidirectionally with T. angustifolia,
asymmetrically with T. latifolia as the paternal parent, or reproduce with other F1s
(Bhargav et al., 2022; Freeland et al., 2013). Pieper et al. (2017) observed that no seeds
are set when T. latifolia is pollinated by hybrid cattails. In line with this, we identified 17
backcrosses with a higher nuclear proportion and the plastome of T. angustifolia; this
observation suggests that T. angustifolia is almost always present during backcrossing
events. Asymmetric hybridisation can reflect early reproductive isolation, as seen in
Rhododendron delavayi and R. cyanocarpum azaleas (Ma et al., 2016), Primula vulgaris
primroses and P. veris cowslips (Keller et al., 2021), or Erysimum mediohispanicum and
E. nevadense wallflowers (Abdelaziz et al., 2021). However, across the North American
Great Lakes, Prairie Pothole, and Midwest, hybrids are generally invasive and outnumber
their parental taxa (Bansal et al., 2019; Geddes et al., 2021; Tangen et al., 2022)—
suggesting that this prospective barrier is ineffective.

In this study, only two hybrids were observed in Europe, despite an extensive
collecting trip that aimed to maximise the number of sampled hybrids (Ciotir et al., 2017).
One of these hybrids was an F1 and had the T. latifolia plastome. Freeland et al., (2013)
and Pieper et al., (2017) identified occasional T. latifolia cpDNA in hybrids. The presence
of the T. latifolia plastome in some European hybrids raises the question of whether
another mechanism of reproductive isolation between the two species in Europe could be

related to the frequency of hybridisation events involving T. latifolia as maternal parent.
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While T. angustifolia and T. latifolia are not sister species, they belong to two
sister clades, and T. latifolia appears to have originated between 2 and 3 M generations
ago (Aleman et al., 2025), i.e., ~4 to 6 Mya, in line with Zhou et al (2018), assuming a 2-
year generation time (Yeo, 1964). Our underestimation of their divergence time (~1.25 M
generations ago) is partially explained by the fact that they are not sister species; the
missing branches between them might have inflated the species coalescence rates, making
their divergence appear younger. Another factor contributing to this underestimate is that
coalescent rates can anchor to periods of elevated demographic sizes (Wang et al., 2016);
consistent with this, our divergence time estimation overlaps with a historical
demographic peak observed in T. latifolia (Aleman et al., 2025). The successful posteriors
goodness-of-fit (>0.05), similitude among the time of divergence and secondary contact
estimations across all analyses and in this study (~1.25 M generations ago), and the
estimated time of secondary contact between the two species (~400,000 generations
ago)—coincident with the most recent demographic expansion experienced by T. latifolia
(Aleman et al., 2025)—support the validity of our inferences.

Our estimated time of secondary contact between T. angustifolia and T. latifolia in
North America was ~430,000 generations ago, which predates the potential introduction
of T. angustifolia to North America (Ciotir et al., 2013). When T. angustifolia entered
North America, it would have carried the genomic signatures of contact with T. latifolia in
Europe, which is how this date should be interpreted. It is expected that a coalescence
approach would identify this historical contact in Europe, which reflects historical gene
flow into T. angudtifolia and is in line with Aleman et al. (2025), who observed

introgressive hybridisation from T. latifolia into T. angustifolia in Europe.
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Typha latifolia underwent a cycle of demographic declines and expansions
between ~2 M and 400,000 generations ago (equivalent to ~4 M and 800,000 years) in
North America and Europe (Aleman et al., 2025). Consistent with this, we estimated that
T. angustifoliaand T. latifolia came into contact ~400,000 generations ago (equivalent to
~800,000 years ago), suggesting the two species have been sympatric in Europe since at
least the Middle Pleistocene, after the last expansion of T. latifolia. After coming into
secondary contact, they likely hybridised and later developed reproductive barriers
(Aleman et al., 2025).

Atotal of 47 candidate barrier loci between T. angustifolia and T. latifolia were
identified in Europe, whereas none were identified in North America. This finding
supports the hypothesis that reproductive barriers between the two species are stronger in
Europe than in North America. A possible explanation for the rise of reproductive barriers
between T. angustifolia and T. latifolia in Europe could be selection against hybrids
(Hopkins, 2013; Pfennig, 2016)—future evidence will be necessary to support this idea.
Identifying barrier loci in Europe but not in North America also supports the hypothesis
that barriers to hybridisation could be stronger between species that have experienced
prolonged periods in sympatry than those whose time in sympatry is short; further
research could help determine if this is a general pattern of hybridisation. In flycatchers
(Ficedula albicollis x F. hypoleuca) and oaks (Quercus mongolica x Q. liaotungensis),
hybridisation rates are lower in older than younger areas of sympatry (Haavie et al., 2004;
Liao et al., 2019). Similar patterns of reduced hybridisation in regions of prolonged
sympatry have been observed in Bombus bumblebees and Heliconius butterflies, where
selection strengthened reproductive barriers over time in contact (Christmas et al., 2021,

Lewis et al., 2020).
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Of the 47 barrier loci identified in Europe, 12 belonged to 10 genes associated
with ubiquitin-mediated regulation and degradation (At4g11680) (Stone et al., 2005),
protein modification and assembly (CASP1, CCB2, UGT80A2) (DeBolt et al., 2009;
Lyska et al., 2007; Roppolo et al., 2011), membrane traffic and localization (VAMP714,
ALMT12) (Gu et al., 2021; Sanderfoot, 2007; Sasaki et al., 2010), and important
regulatory roles (I1AA19, CINV1, PAIR2, and PDCD2). Notably, IAA19—which spanned
three barrier loci (15 kb) and is under purifying selection between species in Europe—is
involved in mediating auxin’s effects on plant growth (Kohno et al., 2012); CINV1 is
involved in primary root elongation, lateral root formation, floral transition, and pollen
development (Barratt et al., 2009); PAIR2 is essential for meiotic chromosome pairing
(Nonomura et al., 2006); and PDCD?2 is involved in apoptosis (Reape & McCabe, 2008).
These genes are good candidates for causing reproductive barriers, supporting the role of
barrier loci in contributing to reproductive isolation in Europe by impeding interbreeding
events or making T. x glauca inviable or unfit.

The absence of barrier loci between T. angustifolia and T. latifolia in North
America is consistent with the broad ranges of T. x glauca hybrids across the Great
Lakes, Prairie Pothole, and Midwestern regions (reviewed in Bansal et al. 2019). On this
continent, T. latifolia was potentially isolated since its arrival, between 5.7 and 3.5 Ma
(Zhou et al., 2018), and until the potential arrival of T. angustifolia (Ciotir et al., 2013;
Ciotir & Freeland, 2016). This time in isolation appears to have reduced the likelihood of
reproductive barriers evolving between the two species, in contrast to Europe, where they
have been sympatric for a prolonged time and reproductive barriers emerged after they
hybridised in the past (Aleman et al., 2025). Alternatively, if barriers to hybridisation

between the two species arose during a potential contact in Eurasia before T. latifolia
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arrived in North America, these barriers might have been lost during the time T. latifolia
was isolated. In allopatry, selective pressures against (potentially maladaptive) hybrids are
eliminated; without these pressures, local genetic differences driven by drift and
adaptations might erode reproductive barriers that once prevented hybridisation
(Coughlan & Matute, 2020). This dynamic—where reproductive isolation strengthens in
sympatry due to selection against hybrids but weakens in allopatry due to its absence—is
a common feature of species with cycles of isolation and contact (Kulmuni et al., 2020).
Conclusions

Contributing to the results from Ciotir et al. (2013), Zhou et al. (2018), and
Aleman et al. (2025), we propose that after diverging in allopatry due to drift-driven
events ~4 to 6 Mya, T. angustifolia and T. latifolia experienced secondary contact in
Europe ~400,000 generations ago (equivalent to ~800,000 years ago), hybridised, and
later developed reproductive isolation (reflected in 47 barrier loci). Typha latifolia arrived
in North America from East Eurasia between 5.7 and 3.5 Ma and remained isolated until
T. angustifolia arrived on this continent, potentially due to human dispersal. No barrier
loci have arisen between the two species in North America. Future research could apply
similar methods to T. angustifolia and T. latifolia in Eastern Asia—where they do not
hybridise, and we predict more barrier loci should be found. Additionally, future research
could investigate if selection against hybrids is the cause of reproductive barriers arising
between T. angustifolia and T. latifolia in Europe. The lack of reproductive isolation
between these two species in North America suggests that preventing future hybrid
invasions will require limiting the movement of Typha and other allopatric species, which

most likely lack reproductive barriers.
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Figure 1. Top: Approximate sampling sites (black marks) in this study; sample sizes are
not represented graphically. Middle: NJ trees for Typha angustifolia and T. latifolia in

this study; branches represent samples, and colours indicate species, as labelled. Bottom:

Genetic composition of T. x glauca samples across the hybrid zone.
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Figure 2. Demographic history of T. angustifolia and T. latifolia in North America and

Europe proposed in this study. *Parameter estimated by RIDGE in this study.
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Figure 3. Distribution of loci predicted to be responsible for reproductive isolation
between T. angustifolia and T. latifolia in Europe in this study. Centromeres were

predicted using RepeatObserver (Elphinstone et al., 2025) with the default settings.
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Table 1. Demographic history of T. angustifolia and T. latifolia in North America and

Europe. Parameters estimated by RIDGE. *Ciotir et al. (2013) showed that T. angustifolia

potentially arrived in North America within the last centuries, which is the accepted time

of secondary contact between the two species.

T. angudtifolia
T. angudtifolia (Europe) —
North
Europe (North America)— T. latifolia
America
T. latifolia (Europe) (North
America)

Demaographic

Isolation—  Secondary Isolation—
scenario with Secondary Contact

Migration ~ Contact Migration
highest likelihood
Time of divergence

1,296,184 1,177,131 1,282,128 1,262,273
(generations)
Time of secondary
contact 430,621* 368,064 379,596 387,936
(generations)
Number of barrier

0 47 0 0

loci


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

References

Abbott, R., Albach, D., Ansell, S., Arntzen, J. W., Baird, S. J. E., Bierne, N., Boughman,
J., Brelsford, A., Buerkle, C. A., Buggs, R., Butlin, R. K., Dieckmann, U.,
Eroukhmanoff, F., Grill, A., Cahan, S. H., Hermansen, J. S., Hewitt, G., Hudson,
A. G, Jiggins, C., ... Zinner, D. (2013). Hybridization and speciation. Journal of
Evolutionary Biology, 26(2), 229-246. https://doi.org/10.1111/j.1420-
9101.2012.02599.x

Abdelaziz, M., Mufioz-Pajares, A. J., Berbel, M., Garcia-Mufioz, A., Gomez, J. M., &
Perfectti, F. (2021). Asymmetric Reproductive Barriers and Gene Flow Promote
the Rise of a Stable Hybrid Zone in the Mediterranean High Mountain. Frontiers
in Plant Science, 12, 687094. https://doi.org/10.3389/fpls.2021.687094

Aleman, A., Dorken, M. E., Shafer, A. B. A, Patel, T., Volkova, P. A., & Freeland, J. R.
(2024). Development of genomic resources for cattails (Typha), a globally
important macrophyte genus. Freshwater Biology, 69(1), 74-83.
https://doi.org/10.1111/fwb.14194

Aleman, A., Shafer, A., Freeland, J., & Dorken, M. (2025). Allopatric speciation in
cattails. Genomicsreveal bottlenecks, balancing selection, and adaptive
introgressions in Typha, a wetland ecosystem engineer (p. 2024.07.02.601742).
bioRxiv. https://doi.org/10.1101/2024.07.02.601742

Alexander, D. H., & Lange, K. (2011). Enhancements to the ADMIXTURE algorithm for
individual ancestry estimation. BMC Bioinformatics, 12(1), 246.

https://doi.org/10.1186/1471-2105-12-246


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Andrews, S. (2017). FastQC: A quality control tool for high throughput sequence data.
2010.

Angeloni, N. L., Jankowski, K. J., Tuchman, N. C., & Kelly, J. J. (2006). Effects of an
invasive cattail species (Typha x glauca) on sediment nitrogen and microbial
community composition in a freshwater wetland. FEMS Microbiology Letters,
263(1), 86-92. https://doi.org/10.1111/j.1574-6968.2006.00409.x

Ball, D., & Freeland, J. R. (2013). Synchronous flowering times and asymmetrical
hybridization in Typha latifolia and T. angustifolia in northeastern North America.
Aquatic Botany, 104, 224-227. https://doi.org/10.1016/j.aquabot.2012.08.006

Bansal, S., Lishawa, S. C., Newman, S., Tangen, B. A., Wilcox, D., Albert, D., Anteau,
M. J., Chimney, M. J., Cressey, R. L., DeKeyser, E., Elgersma, K. J., Finkelstein,
S. A, Freeland, J., Grosshans, R., Klug, P. E., Larkin, D. J., Lawrence, B. A.,
Linz, G., Marburger, J., ... Windham-Myers, L. (2019). Typha (Cattail) Invasion
in North American Wetlands: Biology, Regional Problems, Impacts, Ecosystem
Services, and Management. Wetlands, 39(4), 645-684.
https://doi.org/10.1007/s13157-019-01174-7

Barratt, D. H. P., Derbyshire, P., Findlay, K., Pike, M., Wellner, N., Lunn, J., Feil, R,
Simpson, C., Maule, A. J., & Smith, A. M. (2009). Normal growth of Arabidopsis
requires cytosolic invertase but not sucrose synthase. Proceedings of the National
Academy of Sciences of the United States of America, 106(31), 13124-13129.
https://doi.org/10.1073/pnas.0900689106

Barton, N., & Bengtsson, B. O. (1986). The barrier to genetic exchange between
hybridising populations. Heredity, 57(3), 357-376.

https://doi.org/10.1038/hdy.1986.135


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Bateson, W. (2009). Heredity and Variation in Modern Lights. In A. C. Seward (Ed.),
Darwin and Modern Science: Essaysin Commemoration of the Centenary of the
Birth of Charles Darwin and of the Fiftieth Anniversary of the Publication of The
Origin of Species (pp. 85-101). Cambridge University Press.
https://doi.org/10.1017/CB09780511693953.007
Bhargav, V. V., Freeland, J. R., & Dorken, M. E. (2022). Evidence of hybrid breakdown
among invasive hybrid cattails (Typha x glauca). Heredity, 129(3), Article 3.
https://doi.org/10.1038/s41437-022-00557-7
Boers, A. M., Veltman, R. L. D., & Zedler, J. B. (2007). Typha x glauca dominance and
extended hydroperiod constrain restoration of wetland diversity. Ecological
Engineering, 29(3), 232-244. https://doi.org/10.1016/j.ecoleng.2006.04.011
Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for
[llumina sequence data. Bioinformatics, 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btul70
Burban, E., Tenaillon, M. 1., & GIémin, S. (2024). RIDGE, a tool tailored to detect gene
flow barriers across species pairs. Molecular Ecology Resources, 24(4), e13944.
https://doi.org/10.1111/1755-0998.13944
Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., &
Madden, T. L. (2009). BLAST+: Architecture and applications. BMC
Bioinformatics, 10(1), 421. https://doi.org/10.1186/1471-2105-10-421
Christmas, M. J., Jones, J. C., Olsson, A., Wallerman, O., Bunikis, ., Kierczak, M.,
Peona, V., Whitley, K. M., Larva, T., Suh, A., Miller-Struttmann, N. E., Geib, J.
C., & Webster, M. T. (2021). Genetic Barriers to Historical Gene Flow between

Cryptic Species of Alpine Bumblebees Revealed by Comparative Population


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Genomics. Molecular Biology and Evolution, 38(8), 3126—-3143.
https://doi.org/10.1093/molbev/msab086

Ciotir, C., & Freeland, J. (2016). Cryptic intercontinental dispersal, commercial retailers,
and the genetic diversity of native and non-native cattails (Typha spp.) in North
America. Hydrobiologia, 768(1), 137-150. https://doi.org/10.1007/s10750-015-
2538-0

Ciotir, C., Kirk, H., Row, J. R., & Freeland, J. R. (2013). Intercontinental dispersal of
Typha angustifolia and T. latifolia between Europe and North America has
implications for Typha invasions. Biological Invasions, 15(6), 1377-1390.
https://doi.org/10.1007/s10530-012-0377-8

Ciotir, C., Szabo, J., & Freeland, J. (2017). Genetic characterization of cattail species and
hybrids (Typha spp.) in Europe. Aquatic Botany, 141, 51-59.
https://doi.org/10.1016/j.aquabot.2017.03.005

Coughlan, J. M., & Matute, D. R. (2020). The importance of intrinsic postzygotic barriers
throughout the speciation process. Philosophical Transactions of the Royal
Society B: Biological Sciences, 375(1806), 20190533.
https://doi.org/10.1098/rstb.2019.0533

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A,,
Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean, G., Durbin, R.,
& 1000 Genomes Project Analysis Group. (2011). The variant call format and
VCFtools. Bioinformatics, 27(15), 2156-2158.
https://doi.org/10.1093/bioinformatics/btr330

DeBolt, S., Scheible, W.-R., Schrick, K., Auer, M., Beisson, F., Bischoff, V., Bouvier-

Navé, P., Carroll, A., Hematy, K., Li, Y., Milne, J., Nair, M., Schaller, H., Zemla,


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

M., & Somerville, C. (2009). Mutations in UDP-Glucose:Sterol
Glucosyltransferase in Arabidopsis Cause Transparent Testa Phenotype and
Suberization Defect in Seeds. Plant Physiology, 151(1), 78-87.
https://doi.org/10.1104/pp.109.140582

Dobzhansky, T. (1936). STUDIES ON HYBRID STERILITY. Il. LOCALIZATION OF
STERILITY FACTORS IN DROSOPHILA PSEUDOOBSCURA HYBRIDS.
Genetics, 21(2), 113-135. https://doi.org/10.1093/genetics/21.2.113

Elmer, K. R. (2019). Barrier Loci and Evolution. In eLS (pp. 1-7). John Wiley & Sons,
Ltd. https://doi.org/10.1002/9780470015902.a0028138

Elphinstone, C., Elphinstone, R., Todesco, M., & Rieseberg, L. H. (2025).
RepeatOBserver: Tandem Repeat Visualisation and Putative Centromere
Detection. Molecular Ecology Resources, €14084. https://doi.org/10.1111/1755-
0998.14084

Ewels, P., Magnusson, M., Lundin, S., & Kaller, M. (2016). MultiQC: Summarize
analysis results for multiple tools and samples in a single report. Bioinformatics,
32(19), 3047-3048. https://doi.org/10.1093/bioinformatics/btw354

Farrer, E. C., & Goldberg, D. E. (2014). Mechanisms and reversibility of the effects of
hybrid cattail on a Great Lakes marsh. Aquatic Botany, 116, 35-43.
https://doi.org/10.1016/j.aquabot.2014.01.002

Fraisse, C., Popovic, |., Mazoyer, C., Spataro, B., Delmotte, S., Romiguier, J., Loire, E.,
Simon, A., Galtier, N., Duret, L., Bierne, N., Vekemans, X., & Roux, C. (2021).
DILS: Demographic inferences with linked selection by using ABC. Molecular

Ecology Resources, 21(8), 2629-2644. https://doi.org/10.1111/1755-0998.13323


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Freeland, J., Ciotir, C., & Kirk, H. (2013). Regional differences in the abundance of
native, introduced, and hybrid Typha spp. In northeastern North America
influence wetland invasions. Biological Invasions, 15(12), 2651-2665.
https://doi.org/10.1007/s10530-013-0481-4

Freeland, J., Kowalcyk, O., Brennan, M., & Dorken, M. (2024). Quality not quantity:
Seedlings of the invasive hybrid cattail Typha x glauca outcompete the more
abundant seedlings of their maternal parent T. angustifolia. Research Square.
https://doi.org/10.21203/rs.3.rs-5299042/v1

Gavrilets, S. (2003). Perspective: Models of speciation: what have we learned in 40
years? Evolution; International Journal of Organic Evolution, 57(10), 2197-2215.
https://doi.org/10.1111/j.0014-3820.2003.th00233.x

Geddes, P., Murphy, L., Astudillo-Scalia, Y., Blasini, D., Nugent, S., Rios, M. J.,
Schirmer, A. E., & Olfelt, J. P. (2021). Microsatellite Markers Reveal
Unprecedented High Frequencies of Hybridization among Typha Species in the
Midwestern US. Wetlands, 41(2), 24. https://doi.org/10.1007/s13157-021-01429-2

Gu, X., Fonseka, K., Agneessens, J., Casson, S. A., Smertenko, A., Guo, G., Topping, J.
F., Hussey, P. J., & Lindsey, K. (2021). The Arabidopsis R''SNARE VAMP714
is essential for polarisation of PIN proteins and auxin responses. The New
Phytologist, 230(2), 550-566. https://doi.org/10.1111/nph.17205

Guisinger, M. M., Chumley, T. W., Kuehl, J. V., Boore, J. L., & Jansen, R. K. (2010).
Implications of the Plastid Genome Sequence of Typha (Typhaceae, Poales) for
Understanding Genome Evolution in Poaceae. Journal of Molecular Evolution,

70(2), 149-166. https://doi.org/10.1007/s00239-009-9317-3


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Haavie, J., Borge, T., Bures, S., Garamszegi, L. Z., Lampe, H. M., Moreno, J.,
Qvarnstrom, A., Torok, J., & Seetre, G.-P. (2004). Flycatcher song in allopatry and
sympatry — convergence, divergence and reinforcement. Journal of Evolutionary
Biology, 17(2), 227-237. https://doi.org/10.1111/j.1420-9101.2003.00682.x

Haenel, Q., Oke, K. B., Laurentino, T. G., Hendry, A. P., & Berner, D. (2021). Clinal
genomic analysis reveals strong reproductive isolation across a steep habitat
transition in stickleback fish. Nature Communications, 12(1), 4850.
https://doi.org/10.1038/s41467-021-25039-y

Harrison, R. G., & Larson, E. L. (2014). Hybridization, Introgression, and the Nature of
Species Boundaries. Journal of Heredity, 105(S1), 795-8009.
https://doi.org/10.1093/jhered/esu033

Hewitt, G. M. (1988). Hybrid zones-natural laboratories for evolutionary studies. Trends
in Ecology & Evolution, 3(7), 158-167. https://doi.org/10.1016/0169-
5347(88)90033-X

Hopkins, R. (2013). Reinforcement in plants. New Phytologist, 197(4), 1095-1103.
https://doi.org/10.1111/nph.12119

Hudson, R. R., Slatkin, M., & Maddison, W. P. (1992). Estimation of Levels of Gene
Flow from DNA Sequence Data. Genetics, 132(2), 583-589.
https://doi.org/10.1093/genetics/132.2.583

Huson, D. H., & Bryant, D. (2006). Application of Phylogenetic Networks in
Evolutionary Studies. Molecular Biology and Evolution, 23(2), 254-267.
https://doi.org/10.1093/molbev/msj030

Joyee, S. D., Dorken, M., & Freeland, J. (2024). Range expansion of the invasive hybrid

cattail Typha x glauca exceeds that of its maternal plant T. angustifolia in the


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

western Prairie Pothole Region of North America. Biological Invasions.
https://doi.org/10.1007/s10530-024-03439-7

Keller, B., Ganz, R., Mora-Carrera, E., Nowak, M. D., Theodoridis, S., Koutroumpa, K.,
& Conti, E. (2021). Asymmetries of reproductive isolation are reflected in
directionalities of hybridization: Integrative evidence on the complexity of species
boundaries. New Phytologist, 229(3), 1795-1809.
https://doi.org/10.1111/nph.16849

Kohno, M., Takato, H., Horiuchi, H., Fujita, K., & Suzuki, S. (2012). Auxin-
nonresponsive grape Aux/IAAL9 is a positive regulator of plant growth.
Molecular Biology Reports, 39(2), 911-917. https://doi.org/10.1007/s11033-011-
0816-0

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD: Analysis of Next
Generation Sequencing Data. BMC Bioinformatics, 15(1), 356.
https://doi.org/10.1186/s12859-014-0356-4

Kulmuni, J., Butlin, R. K., Lucek, K., Savolainen, V., & Westram, A. M. (2020).
Towards the completion of speciation: The evolution of reproductive isolation
beyond the first barriers. Philosophical Transactions of the Royal Society B:
Biological Sciences, 375(1806), 20190528. https://doi.org/10.1098/rsth.2019.0528

Kumar, S., Stecher, G., Suleski, M., Sanderford, M., Sharma, S., & Tamura, K. (2024).
MEGA12: Molecular Evolutionary Genetic Analysis Version 12 for Adaptive and
Green Computing. Molecular Biology and Evolution, 41(12), msae263.

https://doi.org/10.1093/molbev/msae263


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Laetsch, D. R., Bisschop, G., Martin, S. H., Aeschbacher, S., Setter, D., & Lohse, K.
(2023). Demographically explicit scans for barriers to gene flow using giMble.
PLOS Genetics, 19(10), €1010999. https://doi.org/10.1371/journal.pgen.1010999

Larson, E. L., White, T. A., Ross, C. L., & Harrison, R. G. (2014). Gene flow and the
maintenance of species boundaries. Molecular Ecology, 23(7), 1668-1678.
https://doi.org/10.1111/mec.12601

Lewis, J. J., Van Belleghem, S. M., Papa, R., Danko, C. G., & Reed, R. D. (2020). Many
functionally connected loci foster adaptive diversification along a neotropical
hybrid zone. Science Advances, 6(39), eabb8617.
https://doi.org/10.1126/sciadv.abb8617

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics, 25(14), 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,
Abecasis, G., Durbin, R., & 1000 Genome Project Data Processing Subgroup.
(2009). The Sequence Alignment/Map format and SAMtools. Bioinformatics,
25(16), 2078-2079. https://doi.org/10.1093/bioinformatics/btp352

Liao, W.-J., Zhu, B.-R., Li, Y.-F., Li, X.-M., Zeng, Y.-F., & Zhang, D.-Y. (2019). A
comparison of reproductive isolation between two closely related oak species in
zones of recent and ancient secondary contact. BMC Evolutionary Biology, 19(1),
70. https://doi.org/10.1186/512862-019-1399-y

Lyska, D., Paradies, S., Meierhoff, K., & Westhoff, P. (2007). HCF208, a Homolog of

Chlamydomonas CCB?2, is Required for Accumulation of Native Cytochrome b6


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

in Arabidopsis thaliana. Plant and Cell Physiology, 48(12), 1737-1746.
https://doi.org/10.1093/pcp/pcm146

Ma, Y.-P., Xie, W.-J., Sun, W.-B., & Marczewski, T. (2016). Strong reproductive
isolation despite occasional hybridization between a widely distributed and a
narrow endemic Rhododendron species. Scientific Reports, 6(1), 19146.
https://doi.org/10.1038/srep19146

Merrill, R. M., Rastas, P., Martin, S. H., Melo, M. C., Barker, S., Davey, J., McMillan,
W. 0., & Jiggins, C. D. (2019). Genetic dissection of assortative mating behavior.
PLOSBiology, 17(2), e2005902. https://doi.org/10.1371/journal.pbio.2005902

Moyle, L. C., & Payseur, B. A. (2009). Reproductive isolation grows on trees. Trendsin
Ecology & Evolution, 24(11), 591-598. https://doi.org/10.1016/j.tree.2009.05.010

Muller, H. (1942). Isolating mechanisms, evolution, and temperature. In Biol. Symp. (\Vol.
6, p. 71). https://cir.nii.ac.jp/crid/1370290617850391810

Nei, M., & Li, W. H. (1979). Mathematical model for studying genetic variation in terms
of restriction endonucleases. Proceedings of the National Academy of Sciences of
the United Sates of America, 76(10), 5269-5273.

Nei, M., & Miller, J. C. (1990). A simple method for estimating average number of
nucleotide substitutions within and between populations from restriction data.
Genetics, 125(4), 873-879. https://doi.org/10.1093/genetics/125.4.873

Nonomura, K., Nakano, M., Eiguchi, M., Suzuki, T., & Kurata, N. (2006). PAIR2 is
essential for homologous chromosome synapsis in rice meiosis I. Journal of Cell

Science, 119(Pt 2), 217-225. https://doi.org/10.1242/jcs.02736


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Nowinska, R., Gawronska, B., Czarna, A., & Wyrzykiewicz-Raszewska, M. (2014).
Typha glauca Godron and its parental plants in Poland: Taxonomic characteristics.
Hydrobiologia, 737(1), 163-181. https://doi.org/10.1007/s10750-014-1862-0

Pfennig, K. S. (2016). Reinforcement as an initiator of population divergence and
speciation. Current Zoology, 62(2), 145-154. https://doi.org/10.1093/cz/zow033

Pieper, S., Dorken, M., & Freeland, J. (2020). Genetic structure in hybrids and
progenitors provides insight into processes underlying an invasive cattail (Typha x
glauca) hybrid zone. Heredity, 124(6), Article 6. https://doi.org/10.1038/s41437-
020-0307-y

Pieper, S. J., Nicholls, A. A., Freeland, J. R., & Dorken, M. E. (2017). Asymmetric
Hybridization in Cattails (Typha spp.) and Its Implications for the Evolutionary
Maintenance of Native Typha latifolia. Journal of Heredity, 108(5), 479-487.
https://doi.org/10.1093/jhered/esx036

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D.,
Maller, J., Sklar, P., de Bakker, P. I. W., Daly, M. J., & Sham, P. C. (2007).
PLINK: A Tool Set for Whole-Genome Association and Population-Based
Linkage Analyses. The American Journal of Human Genetics, 81(3), 559-575.
https://doi.org/10.1086/519795

Quinlan, A. R., & Hall, I. M. (2010). BEDTools: A flexible suite of utilities for
comparing genomic features. Bioinformatics, 26(6), 841-842.
https://doi.org/10.1093/bioinformatics/btq033

Ravinet, M., Faria, R., Butlin, R. K., Galindo, J., Bierne, N., Rafajlovi¢, M., Noor, M. a.

F., Mehlig, B., & Westram, A. M. (2017). Interpreting the genomic landscape of


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

speciation: A road map for finding barriers to gene flow. Journal of Evolutionary
Biology, 30(8), 1450-1477. https://doi.org/10.1111/jeb.13047

Reape, T. J., & McCabe, P. F. (2008). Apoptotic-like programmed cell death in plants.
The New Phytologist, 180(1), 13-26. https://doi.org/10.1111/j.1469-
8137.2008.02549.x

Roppolo, D., De Rybel, B., Tendon, V. D., Pfister, A., Alassimone, J., Vermeer, J. E. M.,
Yamazaki, M., Stierhof, Y.-D., Beeckman, T., & Geldner, N. (2011). A novel
protein family mediates Casparian strip formation in the endodermis. Nature,
473(7347), 380-383. https://doi.org/10.1038/nature10070

Runemark, A., Vallejo-Marin, M., & Meier, J. I. (2019). Eukaryote hybrid genomes.
PLOS Genetics, 15(11), e1008404. https://doi.org/10.1371/journal.pgen.1008404

Sanderfoot, A. (2007). Increases in the Number of SNARE Genes Parallels the Rise of
Multicellularity among the Green Plants. Plant Physiology, 144(1), 6-17.
https://doi.org/10.1104/pp.106.092973

Sasaki, T., Mori, I. C., Furuichi, T., Munemasa, S., Toyooka, K., Matsuoka, K., Murata,
Y., & Yamamoto, Y. (2010). Closing Plant Stomata Requires a Homolog of an
Aluminum-Activated Malate Transporter. Plant and Cell Physiology, 51(3), 354—
365. https://doi.org/10.1093/pcp/pcq016

Schumer, M., Cui, R., Powell, D. L., Dresner, R., Rosenthal, G. G., & Andolfatto, P.
(2014). High-resolution mapping reveals hundreds of genetic incompatibilities in
hybridizing fish species. eLife, 3, €02535. https://doi.org/10.7554/eLife.02535

Stankowski, S., & Ravinet, M. (2021). Defining the speciation continuum. Evolution,

75(6), 1256-1273. https://doi.org/10.1111/ev0.14215


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Stone, S. L., Hauksddttir, H., Troy, A., Herschleb, J., Kraft, E., & Callis, J. (2005).
Functional analysis of the RING-type ubiquitin ligase family of Arabidopsis.
Plant Physiology, 137(1), 13-30. https://doi.org/10.1104/pp.104.052423

Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics, 123(3), 585-595.
https://doi.org/10.1093/genetics/123.3.585

Tangen, B. A., Bansal, S., Freeland, J. R., Travis, S. E., Wasko, J. D., McGonigle, T. P.,
Goldsborough, L. G., Gow, K., Marburger, J. E., & Meier, J. A. (2022).
Distributions of native and invasive Typha (cattail) throughout the Prairie Pothole
Region of North America. Wetlands Ecology and Management, 30(1), 1-17.
https://doi.org/10.1007/s11273-021-09823-7

Taylor, S. A., & Larson, E. L. (2019). Insights from genomes into the evolutionary
importance and prevalence of hybridization in nature. Nature Ecology &
Evolution, 3(2), Article 2. https://doi.org/10.1038/s41559-018-0777-y

Tisshaw, K., Freeland, J., & Dorken, M. (2020). Salinity, not genetic incompatibilities,
limits the establishment of the invasive hybrid cattail Typha x glauca in coastal
wetlands. Ecology and Evolution, 10(21), 12091-12103.
https://doi.org/10.1002/ece3.6831

Tuchman, N. C., Larkin, D. J., Geddes, P., Wildova, R., Jankowski, K., & Goldberg, D.
E. (2009). Patterns of environmental change associated withTypha xglauca
invasion in a Great Lakes coastal wetland. Wetlands, 29(3), 964-975.

https://doi.org/10.1672/08-71.1


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Volkova, P. A., & Bobrov, A. A. (2022). Easier than it looks: Notes on the taxonomy of
Typha L. (Typhaceae) in East Europe. Aquatic Botany, 176, 103453.
https://doi.org/10.1016/j.aquabot.2021.103453

Wakeley, J., & Hey, J. (1997). Estimating Ancestral Population Parameters. Genetics,
145(3), 847-855. https://doi.org/10.1093/genetics/145.3.847

Walsh, J., Billerman, S. M., Butcher, B. G., Rohwer, V. G., Toews, D. P. L., Vila-Coury,
V., & Lovette, 1. J. (2023). A complex genomic architecture underlies
reproductive isolation in a North American oriole hybrid zone. Communications
Biology, 6(1), 154. https://doi.org/10.1038/s42003-023-04532-8

Wang, J., Santiago, E., & Caballero, A. (2016). Prediction and estimation of effective
population size. Heredity, 117(4), 193-206. https://doi.org/10.1038/hdy.2016.43

Watterson, G. A. (1975). On the number of segregating sites in genetical models without
recombination. Theoretical Population Biology, 7(2), 256-276.
https://doi.org/10.1016/0040-5809(75)90020-9

Widanagama, S. D., Freeland, J. R., Xu, X., & Shafer, A. B. A. (2022). Genome
assembly, annotation, and comparative analysis of the cattail Typha latifolia. G3
Genes|Genomes|Genetics, 12(2), jkab401.
https://doi.org/10.1093/g3journal/jkab401

Wu, C.-I. (2001). The genic view of the process of speciation. Journal of Evolutionary
Biology, 14(6), 851-865. https://doi.org/10.1046/j.1420-9101.2001.00335.x

Yeo, R. R. (1964). Life History of Common Cattail. Weeds, 12(4), 284-288.

https://doi.org/10.2307/4040755


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.12.675895; this version posted September 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Yi, X., & Latch, E. K. (2022). Nonrandom missing data can bias Principal Component
Analysis inference of population genetic structure. Molecular Ecology Resour ces,
22(2), 602—-611. https://doi.org/10.1111/1755-0998.13498

Zapfe, L., & Freeland, J. R. (2015). Heterosis in invasive F1 cattail hybrids
(Typhal Ix[Iglauca). Aquatic Botany, 125, 44-47.
https://doi.org/10.1016/j.aquabot.2015.05.004

Zhou, B., Tu, T., Kong, F., Wen, J., & Xu, X. (2018). Revised phylogeny and historical
biogeography of the cosmopolitan aquatic plant genus Typha (Typhaceae).
Scientific Reports, 8(1), Article 1. https://doi.org/10.1038/s41598-018-27279-3

Zhou, B., Yu, D., Ding, Z., & Xu, X. (2016). Comparison of genetic diversity in four
Typha species (Poales, Typhaceae) from China. Hydrobiologia, 770(1), 117-128.

https://doi.org/10.1007/s10750-015-2574-9


https://doi.org/10.1101/2025.09.12.675895
http://creativecommons.org/licenses/by-nd/4.0/

