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Interspecific hybridization has varied consequences for offspring fitness, with implications for the maintenance of species integrity.
Hybrid vigour, when it occurs, can peak in first-generation (F1) hybrids and then decline in advanced-generation (F2+) hybrids. This
hybrid breakdown, together with the processes affecting patterns of hybridization and hybrid fitness, determine the evolutionary
stability of hybrid zones. An extensive hybrid zone in North America involving the cattails Typha latifolia, T. angustifolia, and their
invasive hybrid T. × glauca is characterized by hybrid vigour among F1s, but the fitness of advanced-generation hybrids has not
been studied. We compared seed germination and plant growth of T. latifolia (parental L), F1 T. × glauca (F1), hybrid backcrosses to
T. angustifolia (bcA) and T. latifolia (bcL), and advanced-generation (F2) hybrids. Consistent with expectations under hybrid
breakdown, we found reduced plant growth for F2 hybrids in comparison with F1s (plant height and above-ground biomass) and
parental Ls (above-ground biomass). Backcrossed hybrids had intermediate measures of plant growth and bcLs were characterized
by reduced seed germination in comparison with parental Ls. Hybrid breakdown could make the formation of F1s in North America
finite because (1) hybridization among cattails is asymmetric, with T. angustifolia but not T. latifolia subject to genetic swamping,
and (2) T. angustifolia is less common and subject to competitive displacement by F1s. Hybrid breakdown is therefore expected to
reduce hybrid frequencies over time, contributing to the long-term maintenance of T. latifolia – the only native cattail in the study
region.

Heredity (2022) 129:195–201; https://doi.org/10.1038/s41437-022-00557-7

INTRODUCTION
The fitness of hybrids has important consequences for the ecology
and evolution of plant populations. Hybrid sterility or inviability
can lead to steep geographic clines in species distributions (Barton
and Hewitt 1985; Burton et al. 2013; Curry 2015; Bersweden et al.
2021) and the maintenance of species barriers (Orr 1995; Abbott
2017; Irwin 2020). Alternatively, fertile hybrids can obscure species
boundaries via gene flow and introgression (Abbott et al. 2013).
Hybridization can also be a source of adaptive (Barton 2008) or
otherwise novel phenotypes, and can thereby facilitate speciation
(Rieseberg 2006). Many hybridization events yield outcomes that
fall somewhere between these extremes, and combinations of
hybrid vigour with hybrid breakdown—the reduction in hybrid
fitness among recombinant hybrids (e.g., advanced-generation
hybrids including F2 hybrids; e.g., Johansen‐Morris and Latta 2006)
—can lead to evolutionarily dynamic hybrid zones (Barton 2001;
Buggs 2007; Runemark et al. 2019). Hybridization is widely
recognized as an important evolutionary process (Stebbins 1959;
Buggs 2007; Runemark et al. 2019), and recent genetic studies
have underscored the range of outcomes that are possible in plant
hybrid zones (Rendón-Anaya et al. 2021; Zalmat et al. 2021; Durán-
Castillo et al. 2022; Mitchell et al. 2022).
In North America, and around the Laurentian Great Lakes (LGL) in

particular, there is a geographically extensive hybrid zone involving

the broadly distributed wetland plants—the cattails (Typha spp.). In
this region, F1 hybrids (Typha× glauca Godr.) are formed asymme-
trically following the pollination of narrow-leaf cattail (T. angustifolia L.)
by the native broadleaf cattail (T. latifolia L.); T. angustifolia in most
instances is the maternal parent (Pieper et al. 2017). All three taxa are
clonal (rhizomatous), emergent aquatic perennials common to a
variety of wetland habitats, including natural marshes and con-
structed wetlands such as road-side ditches. In the LGL F1 hybrids are
considered invasive (Bansal et al. 2019), and characterized by hybrid
vigour for vegetative traits (Bunbury-Blanchette et al. 2015; Zapfe and
Freeland 2015) but also by partial sterility (Pieper et al. 2017). All three
taxa (the two parental species and their hybrid) are highly abundant
within the LGL, have overlapping ranges (Grace and Harrison 1986)
and often co-occur within the same wetland without spatial
segregation (McKenzie‐Gopsill et al. 2012; Pieper et al. 2018). The
hybrid zone in the LGL region appears to have a relatively recent
origin; molecular genetic evidence indicates that T. angustifolia was
introduced to North America from Europe following European
settlement (Ciotir et al. 2013). Population-genetic analyses indicate
that the hybrid zone in the LGL region is overall dominated by F1
hybrids and T. latifolia, and that T. angustifolia, advanced-generation
hybrids, and introgressed genotypes (i.e., back-crossed hybrids) occur
at lower frequencies (Travis et al. 2011; Freeland et al. 2013; Pieper
et al. 2020). Frequencies of F1, advanced-generation, and introgressed
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genotypes vary across regions of contact between T. angustifolia and
T. latifolia in North America (Kirk et al. 2011; Freeland et al. 2013;
Pieper et al. 2020; Tangen et al. 2021) despite high levels of gene flow
among populations for both progenitor species (Pieper et al. 2020).
Moreover, high levels of clonal diversity indicate frequent sexual
recruitment and ongoing hybrid formation within the LGL hybrid
zone (McKenzie‐Gopsill et al. 2012; Pieper et al. 2020). Recurrent
hybrid formation, regional variation in hybrid frequencies, and
strongly asymmetric hybridization that can lead to the genetic
swamping of T. angustifolia but not T. latifolia (Pieper et al. 2017)
collectively indicate that this hybrid zone is evolutionarily dynamic.
Ultimately, these dynamics will be affected by the fitness of advanced
generation and introgressed plants: selection against these plants
might stabilize the hybrid zone (Barton 2008), but if these plants have
similar or greater fitness than parental cattails, species boundaries
may be eroded via introgression and (e.g., Behm et al. 2010). To date,
the fitness of advanced generation and introgressed plants has not
been assessed.
Characterizing hybrid zones facilitates comparison with other

hybrid zones and can provide insights into their evolutionary
stability (Curry 2015). However, the cattail hybrid zone is not easily
classified and has features associated with different types of
hybrid zones (Barton and Hewitt 1985; Curry 2015). The two
parental species have broadly overlapping, circumpolar distribu-
tions and therefore the geographic clines in gene frequencies
often associated with hybrid zones are not expected. Within the
LGL region, F1 hybrids appear to benefit from heterosis (Bunbury-
Blanchette et al. 2015), but in other parts of North America there
may be selection against F1 hybrids (Tisshaw et al. 2020). This
pattern could be consistent with some degree of bounded hybrid
superiority (Abbott and Brennan 2014). The hybrid zone in the LGL
can also be superficially be characterized as a mosaic. Hybrids are
common in the LGL region, gene frequencies vary across
wetlands, and hybrids are rare-to-absent in other regions of
sympatry (Zhou et al. 2016; Ciotir et al. 2017). However, mosaic
zones are typically characterized by environmentally-dependent
selection against hybrids and F1 hybrids appear to be favoured in
all environments across the entire LGL region (Bansal et al. 2019
and references therein). Moreover, in areas where introgression
occurs, hybrid frequencies can be difficult to determine without
the assistance of genetic markers. As a result, hybrid frequencies
have been estimated in an insufficient number of sites to fully
characterize the hybrid zone as a mosaic (Travis et al. 2010;
McKenzie‐Gopsill et al. 2012; Pieper et al. 2020). Finally, there
appears to be a paucity of F2s and introgressed hybrids (jointly
referred to here as F2+; Travis et al. 2010; McKenzie‐Gopsill et al.
2012; Freeland et al. 2013; Pieper et al. 2020), which might indicate
selection against advanced-generation hybrids. If so, dynamics
typically associated with tension zones, within which gene
frequencies are determined by a balance between selection and
dispersal, might also apply (Barton and Hewitt 1985). Ultimately,
the stability of the hybrid zone, and the persistence of invasive F1
genotypes, will depend on the occurrence of selection against
advanced-generation hybrids.
Here, we investigated intrinsic selection against advanced-

generation cattail hybrids by hand-crossing known parental and
hybrid genotypes from the LGL region and growing the progeny
under standardized conditions. We measured seed set and
germination rates for each cross, and then transplanted seeds and
compared patterns of seedling growth among cross types. We
hypothesized that the apparently low frequency of F2+ hybrids is
explained by selection against these plants. Accordingly, we
predicted that F2+ hybrids have lower fitness than de novo F1
hybrids. Additionally, because we were also interested in processes
that might contribute to the maintenance of native cattails, which
remain abundant in the LGL region, we compared seed-set,
germination, and plant growth between F2+ hybrids and T. latifolia.

METHODS
Site selection
Sampling, hand crosses, and seed collection took place between June and
October 2019. Cattails from multiple wetland types in and around
Peterborough ON, Canada, were used as parents. Sites included roadside
ditches, the edges of lakes and rivers, and municipal storm ponds
(Supplementary Materials Table S1 and Fig. S1). Cattails at these sites grew
in variable water depths, with some growing at depths > 1m, however, for
logistical reasons only plants growing in accessible areas in water depths <
60 cm were used as parents for our crosses.

Plant identification
Cattails were provisionally identified to taxon in the field using
morphological characters (leaf width, plant height and the gap between
the male and female florets; Smith 1967). However, morphological
characteristics cannot differentiate F1, advanced-generation (AGH), and
introgressed (back-crossed hybrids, BCH). We therefore collected leaf
samples from all maternal plants and from all T. × glauca pollen donors for
taxonomic verification of parent species and F1 hybrids via genotyping
(Kirk et al. 2011). Parental T. angustifolia and T. latifolia can be identified by
examining pollen characteristics: T. angustifolia has monad pollen, T.
latifolia has tetrad pollen, and hybrids (F1s, AGH, and BCH) have variable
pollen that is a mix of monads, dyads, triads, tetrads (Smith 1967). Pollen
was examined in the field by removing part of the male segment of an
inflorescence, immersing its pollen in water and examining it at 100×
magnification using a Wild M11\111 compound microscope (Wild,
Heerbrugg, Switzerland). Leaf samples were collected by removing a
12–15 cm segment from the youngest leaf of each plant, and placing it
into a coin envelope. Leaf samples were desiccated by storing them in re-
sealable bags containing Sorbead orange silica beads (eCompressedair,
Oklahoma).

Hand crosses
Cattails are protogynous and monoecious, with distinct female (proximal)
and male (distal) inflorescence segments, sometimes with a gap between
the female and male segments (as for T. angustifolia and some hybrid
genotypes). Cattails within sites were monitored daily to determine when
female florets had started to mature but male florets remained immature.
Maternal plants were selected prior to pollen dehiscence but after the male
segment of the inflorescence had completely emerged from the sheath (a
gap between female and male inflorescence segments can assist with
taxonomic identification; Smith 1967). Once maternal plants were selected,
the male inflorescence segment was removed, and the remaining female
segment was covered with a Canvasback® (Seedburo, Des Plaines, IL)
pollination bag to prevent pollen contamination.
To avoid crossing plants from the same clone, intra-taxon crosses

involved pairs of plants from different sites (some inter-taxon crosses
involved plants from the same site; Supplementary Materials Table S2).
There was one exception to this rule involving site 11, and for this cross
parents were located more than 3m apart. To reduce the probability that
different seed families shared the same maternal parent (i.e., to avoid using
replicate shoots from the same clone in our crosses), maternal parents
within each site were spaced a minimum of 2 m from other plants of the
same taxon. We used a maximum of 10 maternal plants for each inter-
taxon cross-type from a single site.
Daily monitoring of sites continued so that the maturity of male florets

could be tracked. Pollen was considered ready to collect when florets
appeared bright yellow and pollen was dehiscing. Pollen was collected by
removing the male segment of an inflorescence and shaking pollen into a
9.5 × 11 glassine envelope. The envelope was then labeled, sealed with
tape, packed individually into a re-sealable bag, and stored in a refrigerator
for up to 14 days. Cattail pollen maintains approximately 90% viability
when stored for up to 50 days in a refrigerator (Buitink et al. 1998).
Pollinations were conducted using clean, 1-inch angular slash paint

brushes. Brushes were sterilized the day before pollination by washing
them in undiluted bleach, rinsed in hot tap water, and left to dry overnight.
Each hand-pollination was conducted on maternal plants that had been
bagged for 7–8 days. Pollen was applied using a brush saturated with
pollen from a single donor by brushing the length of the inflorescence, re-
coating the brush with pollen and repeating the application until female
florets were evenly covered with pollen. After pollination, the inflorescence
was re-covered with the pollination bag, with the opening stapled shut to
prevent the wind from dislodging the bag. Pollination bags were removed
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approximately 2 weeks after hand-pollination and after all Typha at the site
had completed their male phase.
Pollinations yielded the following types of offspring: T. latifolia (L from

Lm × Lp crosses, where m and p refer to the maternal and paternal parent,
respectively), F1 T. × glauca (F1 from Am × Lp crosses), F2s (F2 from
F1m × F1p crosses), backcrosses to T. latifolia (bcL from F1m × Lp crosses)
and backcrosses to T. angustifolia (bcA from F1m × Ap crosses). Cross-types
included within-taxon crosses (generating L and F2 offspring) and
between-taxon crosses (generating F1, bcL, and bcA offspring). All BCH
were generated using F1 T × glauca as the maternal parent, as a previous
study demonstrated that F1s are receptive to pollen from both parental
species but T. latifolia is not receptive to F1 pollen (Pieper et al. 2017). In
total, we obtained 38–41 replicate crosses for each cross-type (Supple-
mentary Materials Table S2).

Genotyping
Leaf samples were stored in Sorbead silica beads for a minimum of 72 h
prior to genotyping. From each sample approximately 2 cm2 (~10–50mg)
of desiccated leaf tissue was ground into a semi-fine powder using a
Retsch® MM300 mixer mill (Haan, Germany). DNA was extracted from the
sample using EZNA extraction kits (Omega Bio-Tek, Inc., Georgia USA)
following the manufacturer’s protocol for extracting from dried leaf
samples, and eluted into 100 µL of buffer. Extracted DNA was then stored
in the freezer (−18 °C).
DNA was amplified at four microsatellite loci (TA3, TA5, TA8, and TA20;

Tsyusko‐Omeltchenko et al. 2003). The alleles at these loci are species-
specific for Typha latifolia and T. angustifolia (Snow et al. 2010; Kirk et al.
2011). The forward primers were fluorescently labeled with hex (TA3, TA5)
or fam (TA8, TA20). Loci TA3, TA8, and TA20 were amplified together in a
multiplex reaction, while the TA5 locus was amplified separately; all
reactions used Type It Microsatellite PCR Kits (Qiagen). Each multiplex
reaction contained 5.5 uL of 1× Master Mix, either 0.2 µM (TA3 and TA8) or
0.1 uM (TA20) of primers, 2.95 µL of ddH2O, and 2 µL DNA, in a total
volume of 11 µL. The TA5 amplifications included 1× Master Mix (5.5 µL),
0.2 µM of each primer, 3.28 µL ddH2O, and 2 µL DNA, in a total volume of
11 µL.
DNA was amplified using a Mastercycler thermocycler (Eppendorf). The

multiplex reaction began with a 95 °C denaturation for 5 min, followed by
35 cycles of 30 s denaturation at 95 °C, 90 s annealing at 57 °C, and 30 s
extension at 72 °C, with a final extension for 30m at 60 °C. The TA5
amplifications followed the same cycling parameters, but with an
annealing temperature of 51 °C. A subset of PCR amplifications was
visualized using gel electrophoresis (1.5% agarose gel and 1× TBE buffer),
with a 100 BP DNA Ladder (ThermoFisher Scientific) as a size standard.
Multiplexed amplifications were then diluted with nuclease-free deionised
water using a 1:20 ratio, while single amplifications were diluted using a
1:25 ratio. Each diluted PCR sample was added to a 9 µL HiDi/ROX-500
(Applied Biosystems) solution, made by adding 4 µL of ROX to 1mL of
HiDi® (myPOLS). Dilutions mixed with the HiDi/Rox solutions were
submitted to the Natural Resources DNA Profiling and Forensic Centre in
Trent University for genotyping on a 3730 DNA Analyzer (Applied
Biosystems). DNA fragments were then sized using GeneMarker® v. 1.91
(Soft-Genetics).
Plants with only T. latifolia or T. angustifolia alleles were classified as T.

latifolia or T. angustifolia respectively. Plants heterozygous for T. latifolia
and T. angustifolia alleles at all four loci were classified as F1 T. × glauca.
Plants that were heterozygous for T. latifolia and T. angustifolia alleles at
some but not all loci were classified as F2+ (AGH or BCH). Crosses
involving F2+ plants were omitted from the experiment, but with only
four loci there is a possibility that some F2+were incorrectly identified as
F1s, T. latifolia, or T. angustifolia.

Seed set and germination
In early autumn sites were monitored regularly to track fruit maturity.
Mature fruits were placed into 13 × 7.9 × 27 cm paper bags and dried at
room temperature for a minimum of 7 days. Achenes were then separated
from the inflorescence stalk, placed into re-sealable plastic bags, and
stored in a fridge at 4 °C. Seeds were separated from their achenes over a
period of 10 days in February 2020 following protocols outlined in Ahee
et al. (2015). Briefly, approximately 0.5 g of fruit from each of 194 maternal
plants was weighed to the nearest mg using an XP105 DeltaRange
weighing scale (Mettler Toledo, Ohio, USA) and placed into a blender filled
with a soap and water solution. The solution was blended for 1 min to
separate the seeds from other materials, including empty and otherwise

inviable seeds. Seeds were then rinsed with tap water and transferred to a
single, labelled petri dish filled with deionized (DI) water. Between 16 and
20 petri dishes were prepared per day, and the order in which different
cross-types were processed was randomized each day.
The viability of seeds produced from each cross was evaluated using the

index of seed-set developed by Ahee et al. (2015), in which seed-set is
estimated as the number of seeds produced per gram of fruit tissue. Seed-
set was counted using a macro script run using ImageJ software (Rasband
2014; for details see Ahee 2013). To estimate germination rate, processed
seeds were kept in covered petri dishes in a greenhouse for 7 days at
15–20 °C and ambient light. Germination rate was scored as the proportion
of germinated seeds in each petri dish after 8 days.

Growing seedlings
Immediately after counting germinated seeds, 1–20 seedlings from each
cross (mean number of seedlings transplanted per offspring type F1:
16.86 ± 6.39 SD; F2: 17.98 ± 5.91 SD; L: 19.95 ± 0.33 SD; bcL: 17.33 ± 5.64 SD;
bcA: 13.78 ± 8.06 SD) were transplanted into 200-cell plug trays filled with
pre-moistened Sunshine Professional Soil Mix #3 (Sun Gro Horticulture,
Brantford, Canada). Each tray contained seedlings from between 8 to 10
different crosses. The trays were kept under ambient greenhouse
conditions (temperatures ranging from 15–28 °C), watered with reverse-
osmosis (RO) water, and covered with a clear plastic dome to maintain
higher-than ambient levels of humidity until the plants were tall enough to
touch the dome (approximately 3 weeks), at which time the domes were
removed. When seedlings were approximately 60 days old (in April 2020),
up to 5 seedlings of each cross were transplanted into 4 round pots filled
with Sunshine Mix #1. There were 34 F1, 30 L, 31 F2, 30 bcL, and 23 bcA
crosses per offspring type yielding a total of 559 plants in the experiment.
Up to 10 pots were randomly placed into propagation trays previously
filled with RO water. Following transplantation, plants were fertilized using
approximately 500mL of 0.5 g/L 20:20:20 N:P:K fertilizer (Plant-Prod,
Leamington, Ontario) per tray. The height of the tallest leaf of each plant
was measured when plants were between 80–90 days old (in May 2020), all
aboveground biomass from each plant was harvested After a total of
82 days in the greenhouse, and placed it into individual 8 ¼ × 5 5/16 × 16
1/8 paper bags. Biomass samples were dried at 65 °C for 24 h immediately
after harvesting in a Binder BD 720 oven (Binder GmbH, Tuttlingen,
Germany). The dry weight was recorded immediately after removing plants
from the oven.

Statistical analyses
Variation in seed set among cross types was analysed using a linear mixed-
effects model with the number of seeds per gram of fruit tissue as the
dependent variable, cross type as the independent variable (five levels:
L × L, A × L, F1 × F1, F1 × A, F1 × L), and maternal site of origin as a random
effect. For this analysis, the dependent variable was square-root-
transformed to meet model assumptions. Variation in the germination
and growth of the progeny arising from the different cross types were also
evaluated using linear mixed-effects models. For germination rate we first
considered a generalized linear mixed model (GLMM) approach to logistic
regression. Here, the number of germinated/ungerminated seeds was the
dependent variable, progeny type (five levels: L, F1, F2, bcA, bcL) was the
independent variable, and maternal site of origin was included as a
random effect. However, even after correcting for overdispersion various
aspects of model fit were poor. A linear mixed-effect model using the
proportion of germinated seeds as the dependent variable fit model
assumptions and was used for analysis of these data. Variation in plant
height (dependent variable: height of the tallest shoot in cm) and above-
ground biomass (dependent variable: dry biomass in g) were also
evaluated using linear mixed effects models. For all of these models,
progeny type was the fixed effect, and maternal site of origin was included
as a random effect. Because we measured the height and biomass from
replicate progeny from each cross (seed family), we included seed family as
a nested random effect (nested within maternal site of origin) for analyses
of those dependent variables. Biomass data were square-root-transformed
to meet model assumptions. All model parameters, including for the
analysis of seed set, were estimated using the ‘lmer’ function from the
‘lme4’ package (v. 1.1–27.1; Bates et al. 2016). Significance of fixed effects
(cross type for seed set, progeny type for the other models) was assessed
using a type-II Wald chi-square test, calculated using the ‘Anova’ function
from the ‘car’ package (v. 3.0–12; Fox and Weisberg 2019) using R (v. 4.1.0;
R Core Team 2021). Differences among cross- and progeny types were
assessed by comparison of least-square means using the Tukey adjustment
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for pairwise tests, calculated using the ‘emmeans’ function from the
‘emmeans’ package (v. 1.7.1-1; Lenth et al. 2021).

RESULTS
Seed set and germination
Seed-set was highly variable among cross types (Fig. 1A). All
crosses involving F1 T. × glauca as the maternal parent had
significantly lower seed-set (mean number of seeds per gram
F1 × F1: 743.7 ± 891 SD; F1 × A: 489.4 ± 791.1 SD; F1 × L:
1349.6 ± 1359.4 SD) than the parental cross (mean number of
seeds per gram L × L: 3125.0 ± 1843.1 SD), consistent with partial
sterility of F1 T. × glauca (Fig. 1A; Supplementary Materials Table
S3). Seed set was also highly variable for the A × L cross type
(mean number of seeds per gram: 3124.5 ± 2814.3 SD) with a
coefficient of variation (CV= 1.61) that exceeded those for all
crosses combined (CV= 1.16).
Germination rates were also highly variable and bcL progeny

had the lowest average germination rates (mean proportion of
germinated seeds: 0.48 ± 0.33 SD), significantly lower than for L
progeny (0.74 ± 0.21 SD; Fig. 1B; Supplementary Materials Table
S4). The proportion of germinated seeds for the remaining
progeny types were intermediate to L and bcL and not

significantly different from them (F1: 0.61 ± 0.35 SD; F2:
0.64 ± 0.27 SD; bcA: 0.63 ± 0.26 SD; Fig. 1B; Supplementary Materi-
als Table S4). Again, the cross yielding F1 progeny (cross type
A × L) was associated with the most variation and germination
rates for this progeny type spanned the entire range of values
(from 0 to 0.99; Fig. 1B).

Plant growth
F2s grew poorly in comparison to the other types of progeny
produced in our experiment. The height of F2 plants was, on
average, the lowest among all types of cattails in the experiment
(mean plant height F2: 86.2 cm ± 26.8 SD; Fig. 1C), and significantly
lower than the height of F1s (F1: 100.1 cm ± 24.6 SD; Supplemen-
tary Materials Table S5). Backcrossed hybrids had intermediate
plant heights (mean plant height bcA: 97.8 cm ± 18.9 SD; bcL:
95.9 cm ± 18.3 SD) that were, on average, not significantly
different from those of parental L (L: 92.0 cm ± 23.4 SD) or F1s.
Patterns for above-ground biomass mirrored those for plant

height: F2s produced the least above-ground biomass (mean dry
biomass F2: 3.84 g ± 2.44 SD; Fig. 1D) and were significantly
smaller than L (6.25 g ± 3.80 SD) and F1s (5.31 g ± 3.24 SD;
Supplementary Materials Table S6). Backcrossed hybrids were
again of intermediate size (mean dry biomass bcA:
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4.35 g ± 2.05 SD; bcL: 5.29 g ± 2.86 SD) and, on average, not
significantly different from parental L or F1 hybrids.

DISCUSSION
Our study reveals that the heterotic effects of hybridization
previously observed for F1 cattails do not extend to later
generations: F2s, and to a more limited extent, introgressed
hybrids (bcA and bcL) grew poorly in comparison with parental T.
latifolia and de novo F1 hybrids. Our findings are consistent with
expectations under hybrid breakdown and help explain the
pattern identified from surveys of natural populations around the
LGL that advanced-generation hybrids are less common than F1
hybrids (Travis et al. 2011; Freeland et al. 2013; Pieper et al. 2020).
Our results also provide insights into the long-term stability of the
cattail hybrid zone. Previous studies have inferred that F1s appear
capable of competitively displacing both types of parental taxa
and that asymmetric hybrid formation usurps the ovules of T.
angustifolia and not T. latifolia (Freeland et al. 2013; Pieper et al.
2017, 2018). Moreover, parallel studies have provided evidence for
regular sexual recruitment in Typha populations (Kirk et al. 2011;
Travis et al. 2011; McKenzie‐Gopsill et al. 2012; Pieper et al. 2020).
As we discuss in more detail below, the ongoing formation of
advanced-generation hybrids together with asymmetric hybridi-
zation, competitive displacement, and—as shown here—hybrid
breakdown, and should supress the recruitment of T. angustifolia
in the hybrid zone, with downstream effects on the frequency of
heterotic F1s in the LGL region.

Hybrid breakdown
F1 hybrid cattails are characterized by a mixture of partial sexual
sterility and vegetative vigour, the balance of which favours F1s
compared to T. latifolia when grown under the same conditions
(Bunbury-Blanchette et al. 2015). This combination of reduced
sexual fertility combined with enhanced vegetative growth has
been observed in other plant hybrid zones (Marques et al. 2011).
However, heterotic and partially sterile hybrids are not typical of
plant hybrid zones—the fitness consequences of hybridization for
F1 progeny are variable. In some cases F1s are neither sterile nor
heterotic (Ross et al. 2012), and in others F1s are inferred to be
fully fertile and heterotic (Johansen‐Morris and Latta 2006). For
cattails, reduced sexual fertility of F1s should limit introgression
and the rate of hybrid spread within hybrid zones (Pieper et al.
2017). However, these limitations have not prevented F1 hybrids
from becoming the dominant cattail in the LGL region.
Our findings indicate that any beneficial effects of hybridization

for F1 cattails are transient and by the F2 generation hybrid
cattails are subject to hybrid breakdown. In this study, F2s were
smaller than F1s in terms of their height and biomass, and smaller
than parental T. latifolia in terms of biomass. This is consistent with
earlier studies showing that F2+ plants did not grow as tall as F1s
(Zapfe and Freeland 2015), and that hybrids with unbalanced
alleles from the two parent species (presumed F2+ plants) were
smaller (in terms of biomass) than presumed F1s under controlled
growth conditions (Bunbury-Blanchette et al. 2015). Transient
effects of heterosis and subsequent hybrid breakdown have also
been demonstrated for Avena barbata and A. fatua hybrids,
although F2s remained heterotic and evidence for hybrid break-
down occurred among later-generation hybrids (F6 hybrids;
Johansen‐Morris and Latta 2006). The loss of heterosis and the
expression of hybrid breakdown after a single generation could be
explained by epistatic interactions between loci (e.g., parental
AAbb and aaBB genotypes yielding heterozygous AaBb F1s and
recombinant AABB and aabb F2s, i.e., Bateson-Dobzhansky-Muller
incompatibilities, or BDMIs; Orr 1995). Indeed, epistatic effects,
including cyto-nuclear incompatibilities, have been proposed as
contributing to the asymmetry of F1 hybrid formation and/or to

the partial sterility of F1 hybrids in the gametophyte (haploid)
phase of the life cycle (Pieper et al. 2017). Although asymmetric
hybridization, which characterizes this hybrid zone, is consistent
with cyto-nuclear incompatibilities, patterns of F2+ hybrid break-
down are not. Cyto-nuclear incompatibilities should have resulted
differences in seed set between backcrosses and the two parental
taxa that were opposite to what was found. Average seed set was
lower for bcA than for bcL, however, because F1 hybrids have T.
angustifolia cytoplasms (Kuehn et al. 1999; Freeland et al. 2017;
Pieper et al. 2017) we would expect backcrossing to T. angustifolia
to have ameliorated rather than exacerbated any negative
epistasis between nuclear and cytoplasmic genes. Indeed, the
effects of hybrid breakdown were weaker among introgressed
hybrids than for F2s, a pattern that points to the possible
importance of epistatic effects between nuclear loci in the
regulation of hybrid breakdown.
Several mechanisms underlying hybrid incompatibility and

breakdown have been characterized, each with their own mode
of operation and diagnostic phenotypes. These include cyto-
nuclear incompatabilities, chromosomal rearrangements, and
nuclear BDMIs (reviewed in Fishman and Sweigart 2018). None
of these mechanisms of hybrid incompatibility can be the sole
explanation for the combination of asymmetric hybridization,
partial hybrid sterility, and – as shown in this study—hybrid
breakdown that characterizes cattails in the LGL region. As argued
in the previous paragraph, cyto-nuclear incompatibilities are
inconsistent with patterns of seed set among backcrosses. Nuclear
BDMIs and chromosomal rearrangements are not expected to
yield strongly asymmetric patterns of hybridization (Tiffin et al.
2001). Moreover, other phenotypes commonly found in other
incompatible plant hybrids, including chlorotic or necrotic hybrids,
and unfertilized or aborted seeds (Fishman and Sweigart 2018),
were either not evident among our crosses or - in the case of seed
phenotpyes - not observable because of how seeds were cleaned
prior to germination. A profitable first step in identifying the
mechanisms of hybrid incompatability would be to compare the
phenotypes of seeds and offspring among F1 crosses using plants
whose origins span regions of sympatry within which hybridiza-
tion does and does not occur (e.g., LGL versus China; Zhou et al.
2016).

Hybrid zone stability
The evolutionary stability of hybrid zones is determined by (1)
patterns of selection against hybrids and (2) the net movement of
genes across the zone (Barton and Hewitt 1985; Curry 2015). In
terms of selection, our results indicate that the persistence of
hybrid cattails in the LGL region of North America requires the
ongoing recruitment of F1 hybrids. Although F1s are heterotic
(Travis et al. 2011; Larkin et al. 2012; Bunbury-Blanchette et al.
2015; Zapfe and Freeland 2015) and appear to be competitively
dominant (Tuchman et al. 2009), their reduced sexual fertility
(Pieper et al. 2017), combined with the reduced germination and
vegetative vigour of their advanced-generation hybrid offspring
found in this study indicate that the maintenance of hybrids in the
LGL depends on the recurrent formation of F1s: any process that
reduces the formation of F1s should also limit the stability of the
hybrid zone. In terms of the movement of genes across the hybrid
zone, high rates of gene dispersal (Pieper et al. 2020) together
with asymmetric hybrid formation (Pieper et al. 2017) point to the
net movement of genes from T. latifolia populations into T.
angustifolia populations – a unidirectional form of genetic
swamping (Todesco et al. 2016). The erosion of T. angustifolia
populations via unidirectional gene flow from T. latifolia and
selection against advanced-generation hybrids should ultimately
combine to limit the formation of new hybrids. This process could
be assisted by the targeted removal of non-native T. angustifolia
from wetlands in the LGL region.
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