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Abstract

Polyploidy, resulting from whole-genome duplication (WGD), is widespread among plants and
originates in sympatry with their lower-ploidy progenitors. New polyploids can only succeed
when they overcome the competitive disadvantage against their progenitors or through
sufficient niche differentiation as resulting in a negative frequency dependent growth. Because
polyploidy is frequently associated with cold, dry, and saline environments, stress is anticipated
to be the key to polyploid success.

We examined the invasion of neotetraploid duckweed (Spirodela polyrhiza) strains in
populations of their direct diploid progenitors, in control and salt stress conditions in replicated
microcosms. We also tested the reverse scenario, that is, the invasion of diploids in
neotetraploid populations, to determine if the initial proportion of tetraploids affects the
outcome of competition.

Our results showed that the proportion of tetraploids declined in all tetraploid and all diploid
invasions and it did so at a different rate than expected from only differences in intrinsic growth
rate. Salt stress affected the decline in tetraploid proportion differently across strains. We also
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found evidence for negative frequency dependent growth that, nonetheless, was insufficient to
overcome competitive disadvantages of neopolyploids towards their diploid progenitor.

We showcase a robust quantitative pipeline from flow cytometry of mixed-ploidy populations
to population model fitting. In doing so, we demonstrate the important effect of competition
and frequency dependency on neopolyploid establishment. Therefore, we caution for inferring

neopolyploid success from intrinsic growth rates alone.
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Introduction

Polyploid organisms possess more than two sets of chromosomes as a consequence of whole
genome duplication (WGD, Otto and Whitton, 2000; Stebbins, 1971, 1950). Unreduced
gametes that are the result of cell cycle errors may pair with other unreduced gametes to form
an autopolyploid in sympatry with its progenitors (Felber, 1991; Kauai et al., 2023; Ramsey
and Schemske, 1998). The establishment of a polyploid variant is determined by the immediate
phenotypic effect that accompanies such a drastic genomic change (Bomblies, 2020; Clo and
Koldr, 2021), but remains to be fully understood to this day. A newly emerged polyploid, called
neopolyploid, first needs to grow in numbers to establish a viable population while interacting
with all co-occurring organisms. Barring a simultaneous colonization event, neopolyploids
tend to emerge in sympatry, and in competition, with their abundant lower-ploidy progenitors.
Therefore, mechanisms underlying polyploid establishment can only be unraveled by

examining the outcome of competition between the neopolyploid and its progenitors.

Competition between reproductively isolated cytotypes, comparable to interspecific
competition, may result in their coexistence or competitive exclusion based on the population
growth rate of both cytotypes. However, many neopolyploids grow and reproduce slower than
their direct progenitors (Clo and Kola¥, 2021) and therefore are on first glance not expected to
establish. The intrinsic growth rate is typically reduced in polyploids because of intrinsic costs
associated with WGD, such as an increased polyploid cell size, larger N and P demands to
produce DNA, and genomic shock (Anneberg et al., 2023; Comai, 2005; Guignard et al., 2016).
Polyploid population growth also suffers from sexual incompatibility with their progenitor
cytotype, which occurs at high frequency (Husband and Sabara, 2004; Ramsey and Schemske,
1998) leading to minority cytotype exclusion (MCE, Fowler and Levin, 1984; Husband, 2000;
Levin, 1975; Rodriguez, 1996). These costs to polyploidy put a neopolyploid at an inherent

disadvantage compared to its progenitors (Clo and Kolaf, 2021).

While differences in intrinsic growth rates are important, the faith of two co-occurring
cytotypes is also determined by their responses to intra- and intercytotype competition
(Chesson, 2000; Mortier et al., 2024). A reduced intrinsic growth rate of the neopolyploid
compared to its progenitor can be overcome if the polyploid copes better with competition (i.e.,

increasing population densities) across all cytotypes. A reduced intrinsic growth rate can also
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be overcome if the strength of intercytotype compared to intracytotype competition is reduced,
which results in a negative effect of a cytotype’s frequency on its growth. Such negative
frequency-dependency is considered a characteristic of niche differentiation and promotes
species/cytotype coexistence (Fig. 1; Chase and Leibold, 2003; Gause, 1934). Alternatively,
positive frequency-dependent effects on growth can cause a higher-frequency cytotype to
maintain its dominance by the time a later cytotype arrives, so called priority effects (De
Meester et al., 2016; Fukami, 2015). Examples of positive feedback are expected when, same-
cytotype individuals facilitate each other’s growth or different-cytotype individuals interact
more negatively than just resource competition (Fukami, 2015). Positive frequency-dependent
effects counteract possible coexistence promoting effects of niche differentiation (Fowler and
Levin, 1984; Grainger et al., 2019a). The outcome of competing populations, including effects
of cytotype frequency, can be predicted by the mutual invasion criterion (Grainger et al.,
2019b). The mutual invasion criterion poses that both populations can coexist stably (i.e., long-
term) if both grow at low density when the competitor is at high density. Conversely, only one
population may be able to invade the other but not vice versa (i.e., deterministic exclusion) or
both populations may be unable to invade the other (i.e., priority effects, Fig. 1). Modern
coexistence theory builds upon the mutual invasion criterion by quantifying the frequency-
independent effects (relative fitness difference) and frequency-dependent effects (niche
difference) on competition outcomes (Barabds et al., 2018; Chesson, 2000; Grainger et al.,
2019a). Modern coexistence theory explains competition between cytotypes most effectively
when cytotypes are (almost completely) reproductively isolated, such as is often the case with
strong MCE, strong assortative mating and asexual reproduction (discussions and models on
the effect of incomplete isolation: Gaynor et al., 2024; Irwin and Schluter, 2022). The expected
survival or exclusion of a neopolyploid in competition with its progenitor is, therefore,
determined by how polyploidy influences frequency independent and frequency dependent

effects on population growth.
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Fig. 1: conceptual framework of modern coexistence theory adapted from (Grainger et al., 2019a) visualizing how the
combination of frequency-independent effects on population growth on the y-axis, called ‘Fitness differences’, and frequency-
dependent effects, called ‘Stabilizing differences’, on the x-axis determine the outcome of competition between species or
cytotypes. We visualize fitness differences as the “average” fitness of the competitively inferior proportional to that of the
superior. Large fitness differences lead to deterministic competitive exclusion. Negative frequency-dependency stabilizes
coexistence (right) by preventing the dominance of high-proportion species/cytotypes, while positive frequency-dependency
destabilizes coexistence and leads to priority effects (left). Different genotypic backgrounds or different environments can
affect the outcome of competition between cytotypes (circles with different shades of blue). A more neutral outcome essentially
means that species or cytotypes are similar to such an extent that fitness becomes equal (y = 1), and frequency dependency
disappears (x = 0), at which point the outcome is more amenable to stochasticity.

Conversely, polyploidy provides potential avenues to improve the overall frequency
independent competitiveness of the polyploid. Greater vigor and body size are anticipated to
confer an immediate competitive advantage (Otto and Whitton, 2000; te Beest et al., 2012).
However, evidence for polyploids as superior competitors is mixed. Polyploids have been
found to be superior (Gerstein and Otto, 2011; Guo et al., 2023; Maceira et al., 1993; Sugiyama,
1998), equal (Miinzbergové, 2007; Thompson et al., 2015), or inferior competitors (Anneberg
etal., 2023), and even recording superior artificial polyploids but inferior natural polyploids in
the same study (Castro et al., 2024). In contrast, polyploidization can also introduce frequency
dependent effects on population growth. Sexual incompatibility between cytotypes, which
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causes MCE, has the minority cytotype encountering more incompatible gametes than the
majority cytotype. MCE, therefore, results from an important positive frequency dependent
effect on sexual polyploids. This depresses reproductive success for the minority cytotype,
which has similar negative consequence to population growth than, for instance, effects of
competition. The negative frequency dependent effects of niche differentiation are regarded as
an important avenue to overcome MCE and competition with the progenitor (Fowler and Levin,
1984; Rodriguez, 1996; Thompson and Lumaret, 1992). Niche differentiation between
polyploids and close relatives arises regularly by means of microgeographic differentiation
(Hao et al., 2013; Mraz et al., 2012; Sonnleitner et al., 2016), stress tolerance (Anneberg et al.,
2023; Bafort et al., 2023; Buggs and Pannell, 2007; Duchoslav et al., 2017; Lumaret et al.,
1987; Raabova et al., 2008; Ramsey, 2007), avoiding competition for pollinators and other
mutualists (Segraves and Anneberg, 2016), avoiding MCE altogether with selfing and
asexuality (Chawla et al., 1997; Gustafsson, 1948; Horandl and Hojsgaard, 2012; Miller and
Venable, 2000; VVan Drunen and Husband, 2018). Niche differentiation can even be caused by
simple differences in the response to competition at different densities and frequencies between
cytotypes (Chesson, 1994). Therefore, the effects of polyploidization on the competitive
interaction of the neopolyploid with its progenitor are expected to play an important role in the
establishment of polyploids, in both frequency independent and dependent effects. Stress is

anticipated to be a strong mediator of these competitive interactions.

In this study, we tested the “mutual invasion” criterion in cytotype invasion experiments to
understand polyploid establishment in competition with its direct diploid progenitors in
replicated microcosms of the asexual Spirodela polyrhiza (greater duckweed). We tested the
invasion of each cytotype in a population of the other cytotype for 12 weeks (>24
generations), in four neotetraploid-diploid progenitor strain pairs to accurately determine
whether there is deterministic competitive exclusion of one cytotype or whether strong
enough frequency dependent effects cause either stable cytotype coexistence or the certain
exclusion of the invading cytotype. We compared the observed change of cytotype frequency
with what is expected from differences in intrinsic growth rate alone to infer the importance
of competition when testing expected polyploid establishment success. We additionally fitted
population growth models to the observed invasion dynamics to estimate relative fitness and
niche differences (Godwin et al., 2020). We used the classic Lotka-Volterra competition

model, which incorporates intra- and interspecific competition (as developed in Chesson,
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2000). This enabled us to quantify frequency dependent and independent effects, as defined
within the modern coexistence framework. This theoretical framework should be especially
applicable due to complete reproductive isolation. We tested invasions in control and salt-
stressed conditions to infer how stress affects both cytotype’s success. Overall, we assessed
to which degree competition and frequency dependent processes in mixed-ploidy populations

promote polyploid success in benign and salt stressed conditions.
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Materials and Methods

Model system and strains

Greater duckweed (Spirodela polyrhiza) is one of the smallest and fastest growing flowering
plants. The species has a cosmopolitan distribution and thrives on freshwater surfaces that are
undisturbed. Its short generation times and ease of laboratory culturing, makes it a good
model system in ecology and evolution (Laird and Barks, 2018). S. polyrhiza also reproduces
clonally, which means that the invading cytotype does not suffer from an inhibited sexual
reproduction (MCE). We produced neotetraploid strains from four different diploid strains
using a colchicine treatment (Hoagland’s E medium (Okunowo and Ogunkanmi, 2010) with
0.7% colchicine and 0.5% DMSO for 24h; details in Bafort et al., 2023). All neotetraploids
are stable euploids. We started from four genetically different strains (9242, 9346, 9316,
0013) from the Landolt collection in Zurich, each a member of the four population genetic
clusters of S. polyrhiza (Xu et al., 2019). All colchicine-induced neotetraploid strains are
larger but show a slower intrinsic growth rate than their progenitors in benign conditions
(results published in Bafort et al., 2023), similar to neopolyploids in other species (Clo and
Kolat, 2021). Larger plant size may, however, help in competing for available water surface

and nutrients (higher take-up rates).

Mutual invasion microcosms

We initiated populations with ten neopolyploid fronds (i.e., individuals) of a single strain and
190 diploids of its progenitor strain to test tetraploid invasion (tetraploid invasion
experiment). We separately initiated populations with 190 neotetraploids of a single strain with
ten diploids of its progenitor strain to test diploid invasion (diploid invasion experiment). Each
population was added to a rectangular black plastic container (surface area 14cm x 9cm,
volume 11) containing 0.21 growth medium and a transparent lid. The lid covered the container
almost entirely but not completely to allow gas exchange and prevent air moisture build-up.
Each week, we took a dry weight and a flow cytometry sample (see further). The remaining
population was transferred to a clean black container with 0.21 fresh medium. Evaporated water
was compensated by adding water (type 1) throughout the week, not exceeding the 0.2] volume
to not dilute the treatment. These populations were maintained in controlled conditions (L/D
16h/8h, £23°C).

We tested tetraploid (initial tetraploid proportion of 0.05) and diploid invasion (initial tetraploid

proportion of 0.95) in four different tetraploid-diploid progenitor pairs (each given a name,
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9242, 9346, 9316 and 0013, derived from the Landolt collection). We tested each pair in 2
different treatments: 1) a control treatment with Hoagland’s E medium (Okunowo and
Ogunkanmi, 2010) and 2) a salt stress treatment with Hoagland’s E supplemented with 2.5 g/l
NaCl. We choose a salt concentration for which earlier growth tests (in other lab conditions)
found that two of our strains have a similar to higher tetraploid relative intrinsic growth rate
relative to its progenitor (Bafort et al., 2023). Each combination was replicated six times.
Because we expected the genotypes to remain genetically conserved, we spread the
experiments in time with the 48 populations of the tetraploid invasion in the spring of 2022 and
the 48 populations of the diploid invasion in the spring of 2023.

Cytotype proportion with flow cytometry

We estimated cytotype proportion (i.e., frequency) every week. We therefore sampled 50
individuals from the population, across all life stages. To have a representative sample, we
sampled in different locations of the surface after stirring the population spatial structure. These
50 individuals implied the removal of a small fraction of the total population size that quickly
grew to well over 1000 individuals in all populations. Each sample of 50 individuals was
processed as two mixed-ploidy flow cytometry samples of 25 individuals in the tetraploid
invasion, whose counts were then added together. By the start of the diploid invasion
experiment, we found that all 50 individuals could be processed as one mixed-ploidy flow
cytometry sample in the diploid invasion and still get clean flow cytometry results. The
individuals were chopped together in a petri dish with a razor blade for 1 min in an adapted
Galbraith buffer (supplementary materials, Appendix 1) and filtered (40um) to extract nuclei.
The extracted nuclei were preserved on ice until stained with DAPI (4pug/ml). We followed the
one-step protocol of nuclei extraction and flow cytometry of Dolezel et al. (2007). Stained
samples were processed by the flow cytometer (Attune NXT Acoustic Focusing Cytometer)
and ploidy was determined by external controls of known diploid and tetraploid S. polyrhiza
samples. We extracted the number of measured diploid nuclei by gating a fixed size range on
the DAPI-detecting violet axis, centered on the peak that was found around the value where
diploid nuclei were expected from the external control. Tetraploid nuclei were extracted from
a gate with lower and upper bound twice the value of the respectively lower and upper bound
of the diploid gate. Flow cytometric results were analyzed using FlowJo (BD Life Sciences,
2023).

The proportion of tetraploid nuclei provides a good approximation but is not exactly equal to

the proportion of tetraploid individuals in the sample. This has three main reasons. 1) A small
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proportion of nuclei have double the ploidy of its individual because of endopolyploidy or of
cells in G2 of the cell cycle, i.e., after DNA replication but before cell division. 2)
Neotetraploids in our experimental system are on average bigger and have bigger cells than
plants from their progenitor diploid population. A neotetraploid individual may therefore
provide a different number of nuclei compared to a diploid. Though, it is unclear whether an
average neotetraploid individual has more, less, or the same number of cells than an average
diploid. 3) Stained or autofluorescent debris particles that are not nuclei are counted within
diploid and tetraploid gates. To correct for all three effects, we constructed a calibration data
set by measuring a number of samples with known tetraploid proportion for each neotetraploid-
diploid progenitor pair using the same procedure as for the experimental samples. We measured
one sample of 48 individuals for each neotetraploid-diploid pair that had either 2, 4, 6, 8, 10,
12, 16, 20, 24, 28, 32, 36, 38, 40, 42, 44 or 46 diploids. Calibration curves can be found in
Appendix 2. The measured individuals were grown in control conditions (Hoagland medium
without salt) and low densities, but we assume that the calibration needed is similar for
duckweed grown in other conditions. These samples containing known diploid and tetraploid
individuals from the four different strains also functioned as an external control to determine
diploid nuclei peaks in the experimental data. Nuclei fluorescence on the violet axis were stable
enough to reliably distinguish diploid from tetraploid peaks across all 12 weeks.

Dry weight

Each week, we measured dry weight to observe absolute population growth. We collected in
each replicate all duckweed in a circle of radius 1.75cm (area: 9.62 cm?) from the 14cm x 9cm
of the box (area: 126 cmz2, 7.6% of the population removed for measurement each week),
making sure to have all layers of duckweed growing on top of each other in that area. We stored
the samples in small envelopes at -10°C for weighing later. All samples were dried in those
envelopes for 5 days in an 80°C oven with ventilation. Pilot experiments showed that this
duration was sufficient to evaporate most moisture from the sample. Each sample was then
weighed on a microbalance within 1 minute of leaving the oven to prevent much air moisture
take-up of the envelopes or dry plant tissue. Further details on the model description and results

are provided in the supplementary materials (Appendix 3).

Population weight to size conversion

To estimate the weight per individual, we measured dry weight of 96 samples with a known

number of duckweed individuals from both ploidies in all four strains. We tested three
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replicates for 100, 250, 500, and 1000 individuals using the same dry weight procedure as for
the experimental population samples. \We used pre-weighed aluminum envelopes to be able to
calculate plant dry weight exactly. Further details on the model description and results are
provided in the supplementary materials (Appendix 4).

Statistical analyses

In the experiment, we did not measure the tetraploid individual proportion (p4n;,4) but the
tetraploid nuclei proportion (p4n,,,ci)- However, we assume that growth medium treatment,
strain, and time affect the individual proportion directly, not the nuclei. Therefore, we first
estimated the experimental individual proportion (p4n;,,) from the measured tetraploid nuclei
proportion (p4n,,cei) USIng latent-variable imputation. We modelled the logit-transformed
tetraploid nuclei proportion as a response with normal error distribution (1) that is affected by
the tetraploid individual proportion according to a strain-specific intercept and slope (2). By
inferring strain-specific intercepts (a(s¢rqinj) and slopes (Bisqrqaing) from the calibration data,
we can impute the unknown tetraploid individual proportion in the experimental populations
from their measured tetraploid nuclei proportion. We logit-transformed proportions (i.e., log-
odds), a common practice when inferring effects on a proportion. This method estimates a
posterior distribution of tetraploid individual proportion for each measured tetraploid (nuclei)
proportion in the experimental dataset.

We infer strain and environment effects based on 50 datasets sampled from the posterior
distribution of tetraploid individual proportion for each experimental data point. We modelled
logit-transformed tetraploid individual proportion as a response variable with a normal error
distribution (3). We modelled the proportion of tetraploid individuals as the response of linear
effects of strain, growth medium and their interaction (V(strqin x saie]) ON the change of
proportion across time (week). We modelled a fixed intercept at proportion 0.05 (Intercept =
logit (0.05) = -2.94) for the tetraploid invasion and proportion 0.95 (Intercept = logit (0.95)
= 2.94) for the diploid invasion to reflect the starting tetraploid proportions in the experiment
(4). We also model a variable slope in time per replicate population (pop) to account for
population-specific differences in tetraploid frequency change (5). Both models can be

formulated as follows:

logit(p4nnuclei) ~ Normal(mnuclei: Unuclei) (1)
Wnuclei = a[strain] + ﬁ[strain] * logit(p4'nind,i) (2)
logit(p4ning) ~ Normal(p4ning, Oina) ©)
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Uing = Intercept + (V[strainXsalt] + y[pop]) * week (4)

Yipop]l ~ Normal(,upop; Upop) (5)

To evaluate the effect of fixing the intercept, we provide results of the same model except for
estimating the effects of strain, salt, and population on the intercept as well (supplementary
materials Appendix 2, 5).

There are limits to the accuracy of estimating the tetraploid proportion with this method. The
logit transformation causes inaccuracies of the flow cytometry (in experiment and calibration)
to have a proportionally bigger effect on very low and very high proportions. The calibration
model deals with this uncertainty by avoiding overcorrection and, therefore, overestimating
very low proportions and underestimating very high proportions. This makes it hard to detect
the complete extinction of tetraploids or diploids.

We compared the observed tetraploid proportion from our experiment with tetraploid
proportion trajectories that are expected from differences in intrinsic growth (i.e., exponential
growth). Details on how we measured intrinsic growth and the underlying model assumed can

be found in supplementary materials (Appendix 6)

We, then, estimate tetraploid and diploid population sizes from combining the posterior
distributions of experimental tetraploid proportions, experimental dry weight (Appendix 2),
and individual dry weight (Appendix 3). Because of error propagation over the three datasets,
population size estimates have a large uncertainty envelope. This showed to be especially true
when estimating the overall low tetraploid proportion in the tetraploid invasion experiment.
We therefore restricted these analyses to the quantification of population size in the diploid
invasion experiment. Each combination of 50 posterior draws of these three model posteriors
are used to calculate expected total population size (N;,4;) for each experimental data point

(i) as follows:

w.
_ plant
N total — i _ i N (6)
PANing* Can+(1-p4ning)* C2n

With wy,qn¢ the estimated total plant dry weight for each data point, p4n;,, the estimated
tetraploid proportion of each data point and c; the (strain-specific) individual weight for
cytotype i. The denominator is the average individual weight weighted according to the
cytotype proportion. Cytotype-specific population sizes are easily calculated: N,,, = p4n;,q *

Ntotal and Nap = (1 — p4nng) * Neotar-
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These series of estimated population sizes were subsequently fitted to recursive differential
equations of Lotka-Volterra for population growth of competing species/cytotypes. In doing
so, we estimated interaction coefficients (a) from the population size time-series for both
cytotypes:
% =1, (1— aN; — a;;N;) (7)

With N; the population size of cytotype i, N; the population size of its competitor cytotype, 7;
the per-week intrinsic growth rate of cytotype i as estimated from our monoculture growth tests
(cfr. 6), a; the competition coefficient of cytotype i on its own population growth (intracytotype
competition coefficient) and «; ; the competition coefficient of the competitor cytotype on
cytotype i’s population growth. We use initial population sizes of 10 diploids and 190
tetraploids in the diploid invasion experiment. A more detailed model description and estimated
coefficients can be found in supplementary materials (Appendix 7). The four competition
coefficient (intracytotype: a,,, a4,; Intercytotype: d,y, 4n, Q4n2n) are then combined to
quantify the frequency independent component affecting competition outcomes (8) and the
frequency dependent component affection competition outcomes (9), as derived by modern

coexistence theory (Chesson, 2018):

Relative fitness dif ference = \/—M (8)
Ayn* Agn2n

Niche dif ferentiation = 1 — \/@ (9)
d2n* Xan

All analyses were performed in R (R core team, 2021) using the brms library (Burkner, 2018)
for Bayesian statistics that is based on Stan (Stan Development Team, 2019) and the tidyverse
ecosystem (Wickham et al., 2019). Bayesian inference was performed using Hamiltonian
Monte Carlo (HMC) models that implemented four chains with each 4,000 iterations from
which 2,000 were considered burn-in. The HMC model to fit the recursive population models
utilized the Dormand-Prince ODE solver in Stan with additional absolute and relative tolerance
of 0.001 and maximum number of steps between timepoints of 100. Priors were used that are
weakly regularizing by choosing prior distributions that are significantly wider than the
parameter values that would be reasonable to expect for each model. We evaluated the
performance of every fitted model based on standardized procedures by checking mixing and

stationarity in the trace plots and by checking the effective sample size and R statistic for each

13
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parameter (McElreath, 2020). Models, formulae, and detailed description of the procedure and

priors can be found in the electronic supplementary material.

Result

Average tetraploid proportion decreased in all strain-treatment combinations (Fig. 2, marginal
slopes in Fig. 3) in both the tetraploid and diploid invasion experiment. In the tetraploid
invasion experiment, tetraploid proportion showed a remarkably similar slight decline for all
strain-treatment combinations (dashed violins, Fig. 3). The diploid invasion experiment shows
a faster and consistent tetraploid decline over all strain-environment combinations. The salt
treatment had a different effect on tetraploid proportion decline in different strains (Fig. 2).
Moreover, we found substantial variability in proportion trajectories within each genotype-

treatment combination (Fig. S8).

The comparison of the observed changes in tetraploid proportion to the expected change
assuming exponential growth indicated the prevalence of substantial competition effects (Fig.
2, dashed lines). Hence, tetraploid invasion success over the progenitor cannot be accurately
predicted from differences in intrinsic growth rate alone. Except for strain 9242 in salt, all
diploid invasions proceeded faster than expected from differences in intrinsic growth rate
alone, which suggests that tetraploids are more sensitive to competition relative to diploids, or
that negative frequency dependent growth disproportionately favor the invading diploids.

14
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Fig. 2: Tetraploid proportion during tetraploid invasion (triangles) and diploid invasion (circles) experiment for different

strains in a control (green) or salt stress (orange) environment. Lines and ribbons represent the mean and [0.09, 0.91]
likelihood interval, respectively, of the posterior expected prediction. Dashed lines indicate expectations from differences in
intrinsic growth rate estimated in separate growth tests.

slopes for strains in control or salt treatment
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Fig. 3: Tetraploid proportion decline from posterior distributions of marginal slopes of all strains (9242, 9346, 9316, 0013),
in control (green) or salt (orange) medium for the tetraploid invasion (dotted violins) and diploid invasion (full violin)
experiments. We indicate the median, 9th and 91st percentile in each violin.
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estimated population growth and decline in invasion tests
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fig. 4: Estimated population size (in number of individuals) of diploids (red) and tetraploids (indigo) averaged over all
replicates for each strain-stress treatment combination in the diploid invasion experiment. Lines and ribbons represent the

mean and [0.09, 0.91] likelihood interval, respectively, of the posterior expected prediction.

Population dynamics as derived from the recursive differential equations for population growth
of both cytotypes demonstrate the pertinent invasion ability of diploids in all strain-treatment
combinations, or conversely a stagnation to decline of tetraploid population growth (Fig. 4).
Given the most likely parameter estimates, stabilizing negative frequency dependent growth,
i.e., niche differentiation, prevail across the experiment (Fig. 5). The trajectories for strain 9242
and 9346 are even estimated to have enough negative frequency dependent growth to overcome
the fitness differences with an expected stable coexistence. This contrasts to the tetraploid
invasion experiment where tetraploids of both strains were unable to grow in proportion during

the experimental timeframe (Fig. 2).
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Fig. 5: Estimated stabilizing differences (niche differentiation) and fitness differences from estimated parameters of the

recursive population models, averaged over all replicates for each strain-treatment combination. We also plot the [0.09, 0.91]
likelihood intervals to show the sizeable uncertainty in these parameters. Figure adapted from Grainger et al. (2019a).
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Discussion

Mutual invasion experiments showed that selected strains of neotetraploid Spirodela polyrhiza
were not able to invade their diploid progenitor populations but that the diploid progenitor was
clearly able to invade neotetraploid populations in all strain-salt combinations. However, the
similar, and slow, decline of tetraploid frequency in tetraploid invasion experiment was likely
caused by an underestimation of decline due to the inaccurate estimation of lower proportions.
Despite the underestimation of tetraploid proportion decline, we still confidently conclude a
decline by the way the change was consistent enough for the model to estimate almost
exclusively negative posterior slopes for all strain-treatment combinations (dashed violins, Fig.
3). Overall, a consistent lack of tetraploid success was clear in all strain-treatment combinations
across 12 weeks. Invasion speed, estimated by the rate of tetraploid proportion increase or
decline, differed clearly between different strains with no consistent relative benefit or harm of
salt stress on tetraploid success across the studied strains. Coexistence of both cytotypes may,
however, be possible at longer time frames based on the estimated negative frequency

dependency in some diploid-polyploid strains.

Polyploid S. polyrhiza populations failed to invade their progenitor population and were
successfully invaded by their progenitor. This is in line with the overall lower intrinsic growth
rates of neotetraploids relative to diploid progenitors in these (Bafort et al., 2023) and other
neopolyploid S. polyrhiza strains (Anneberg et al., 2023). The failed invasion of neopolyploids
indicates that all neopolyploid strains faced a deterministic competitive exclusion in both
control and salt-stressed conditions (brown zone in Fig. 1, 5). We assessed invasion dynamics
in a direct way, which is different to an indirect inference of competition outcomes from
measuring short-term fitness differences in different competitor densities or by measuring the
short-term invasion rate of an invader into an established population (Godwin et al., 2020;
Grainger et al., 2019b). However, a non-simplified assessment of the invasion dynamics avoids
possible errors, for instance from carry-over effects on growth rate in the initial period of

invasion when measured.

Despite being quite certain that tetraploid proportions declined, we found that they declined at
a remarkably similar (low) rate in the tetraploid invasion experiment in all strain-treatment
combinations. This exposes the weakness in our method of tetraploid proportion estimation
from mixed-cytotype flow cytometry. Accurate estimation of low tetraploid proportions is
hindered because of tetraploid nuclei produced from diploid duckweed (due to the cell cycle or
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endopolyploidy) and autofluorescent debris. These particles that pose as nuclei from tetraploids
outnumber the “real” tetraploid nuclei from tetraploid individuals in the flow cytometer at low
tetraploid proportion. Calibration helps to correct for these biases, but the additional
uncertainty results in the underestimation of tetraploid proportion decline at low proportions.

Therefore, we only draw further conclusions from the diploid invasion experiment.

The diploid invasion trajectories that we observed indicated a faster diploid invasion than what
we would expect from differences in intrinsic growth rate alone. Competition showed to even
facilitate diploid invasions. Because we can only draw reliable conclusions from the diploid
invasion experiment, we cannot discern whether diploid invasions were enabled because of a
(frequency independent) higher sensitivity of the tetraploid to competition or that negative
frequency dependent growth benefitted the lower frequency diploids. In any case, intrinsic

growth rate estimations are thus not reliable indicators for polyploid success.

We also estimated frequency-dependency and predicted the outcome of competition by means
of the modern coexistence theory (Chesson, 2000; Godwin et al., 2020). The estimated
parameter combinations confirmed the retrieved competitive exclusion of the tetraploid in six
of eight strain-treatment combinations (Fig. 5) and showed negative frequency dependent
growth in all eight strain-treatment combinations. This niche differentiation was estimated to
be sufficiently strong to expect stabile coexistence between neopolyploids and progenitors in
two strains in the control medium. The expectation of stable coexistence contradicts the lack
of a successful tetraploid invasion in the tetraploid invasion experiment, which would be
expected for stable coexistence. Wide error bars, however, indicate rough estimations because
they were made after several data models, each propagating their inaccuracies. The time-series
were likely too short to have an accurate estimation of the competition coefficients used to
calculate the frequency independent and dependent parameters. While we show what is
possible in interpreting polyploid establishment in the light of the modern coexistence
framework, we also show that different methods lead us to draw different conclusions. The
framework of modern coexistence theory, while capturing an important aspect of population
success, must be applied to observed populations with great care for the underlying

assumptions.

The rate of tetraploid proportion decline varied notably among strains and treatments.

Neotetraploid species commonly show a decreased performance (Clo and Kolaf, 2021) but with
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sizeable differences between genotypes (strains, observed in, e.g., Spirodela polyrhiza in
Anneberg et al., 2023; Bafort et al., 2023). In general, an observed interaction of WGD and
genetic background may stem from an interaction with the ancestral genotype or from
stochastic processes during WGD that affect the polyploid genotype. Indeed, the ancestral
genotype may affect, or be affected by, changes related to WGD. For instance, The genotype
may alter the magnitude of cell and body size increase (as seen in Bafort et al., 2023) or by
experiencing different gene dosage effects (Adams and Wendel, 2005; Doyle and Coate, 2019).
However, stochastic (epi)genetic or genomic alterations that happen at or close after WGD may
also underlie differences in performance (called ‘genome shock’ for allopolyploids, Shimizu,
2022; but also a factor in autopolyploids Liu et al., 2017; Parisod et al., 2010; Tayalé and
Parisod, 2013). We do not know the extent of (epi)-genetic and genomic alteration in our
neotetraploid and diploid progenitors S. polyrhiza strains but presume few genomic deletions
based on cytometric data. Because each tetraploid strain is the result of a single independent
WGD from a different strain, we cannot separate the effects of ancestral genotype from the

effects of WGD-related (epi)genomic stochasticity.

Our experimental invasion dynamics also showed strong variation within strain and treatments
(Fig. S8). This demographic stochasticity clearly had a lasting effect on the population size
trajectory due to the compounding effects of differences in earlier generations on later
generations. A lack of strong frequency-dependent and -independent effects means that
stochasticity can have a relevant effect on the frequency of competitors (Adler et al., 2007;
Grainger et al., 2019a). It may explain the accidental invasion of non-adaptive diploid yeast
Saccharomyces cerevisiae in haploid experimental evolution populations (Gerstein and Otto,
2011). The impact of demographic stochasticity is widely recognized for the establishment of
species in a community (Hubbell, 2001) or genetic variants in a population (Kimura, 1983;
Ohta and Gillespie, 1996), and should not be underestimated when thinking about polyploid

establishment.

In conclusion, we found that neotetraploid strains of greater duckweed Spirodela polyrhiza
were unable to invade their progenitor strain and were invaded by their progenitor strain. The
tetraploid proportion decreased at a different rate across different strains (genotypic
backgrounds) and environments (control compared to salt stress) but not sufficiently to

overcome inherent neotetraploid disadvantages. Rough estimations of recursive population
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models on our experimental time-series indicated that there is likely negative frequency
dependency between neotetraploids and their progenitor present in all strain-treatment

combinations.
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