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Aquatic and wetland plants tend to be very phenotypically plastic, which accounts for the taxo-
nomic difficulties in many groups. In the genus Sparganium, which comprises about 14 species,
numerous taxa at different ranks are described. The classification of the genus is based on genera-
tive characters on the fruit, which are less influenced by the environment than vegetative charac-
ters. Nevertheless, the intraspecific division of Sparganium erectum poses problems, especially
the existence of several intraspecific taxa along with intermediate individuals. In this study we
examined four European subspecies of S. erectum (subsp. erectum, subsp. microcarpum, subsp.
neglectum and subsp. oocarpum) from 64 populations in the Czech Republic. A combination of
multivariate morphometrics, AFLPs and genome size estimation allowed us to confirm the cur-
rent subspecies classification and investigate putative intraspecific hybridization. Four genetic
groups with different genome sizes corresponding to the subspecies were found. Morphological
characters that were described in previous studies correlated with these genetic groups and thus
affirmed the classification. The most important characters for subspecies differentiation were
width and length of fruit, style length, length of the upper part of the fruit and constriction in the
middle part of the fruit. In addition, admixed individuals between the genetic groups were
recorded. The hybrid origin of subsp. oocarpum was confirmed, being derived from the crossing
of subsp. erectum and subsp. neglectum. Finally, three other hybrid combinations were detected,
suggesting recent hybridization: subsp. erectum × subsp. microcarpum, subsp. microcarpum ×
subsp. neglectum, and subsp. erectum × subsp. oocarpum.

K e y w o r d s: AFLP, Czech Republic, genome size, hybridization, model-based clustering,
multivariate morphometrics, Sparganium

Introduction

Aquatic environments are highly dynamic, variable and heterogeneous over a relatively
small scale (Sculthorpe 1967). Wetland and aquatic plants are generally well adapted to
changing habitat conditions (fluctuations in the level, turbidity or temperature of the
water), which are frequently connected with considerable variation in morphology that
may complicate taxonomic differentiation (Barrett et al. 1993, Kaplan 2002a, Santamaria
2002). Sizes of vegetative organs, such as the length and width of leaves, may vary
depending on habitat conditions, which make them unreliable for identifying species.
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Similarly, juvenile and sterile stages of some species (and sometimes even genera) cannot
be distinguished (Cook & Nicholls 1986).

Intraspecific morphological variation has also influenced taxonomic concepts in the
genus Sparganium L. Although different authors recognize numerous taxa at various
ranks within this genus (Ostenfeld-Hansen 1897, Graebner 1900, Cook 1980), most of
these taxa probably represent only phenotypic variability of a single taxon. This is due to
the use of unstable vegetative characters for taxonomic differentiation (Čelakovský 1896,
Ascherson & Graebner 1897, Čelakovský 1899, Graebner 1900, Hegi 1936, Casper &
Krausch 1980). The last taxonomic monograph on Sparganium is mainly based on the
morphological characters of drupe-like fruit that vary little and recognizes about fourteen
species (Cook & Nicholls 1986, 1987). In the Czech Republic, four species of Sparga-

nium are recognized: S. angustifolium Michx., S. erectum L., S. emersum Rehmann, and
S. natans L. (Kaplan 2002b). The taxonomy of S. erectum is reported by Haasová (1997).
Although characters such as the absolute length and width of the fruit are less convenient
for identification, their ratios have some differentiation value. The colour of the upper
and lower parts of the fruit also appears to be useful for delimitating infrageneric taxa
(Cook & Nicholls 1987, Kaplan 2002b).

The present worldwide classification of S. erectum is based on the morphology of the
fruit and distinguishes five subspecies: S. erectum subsp. erectum, S. e. subsp. oocarpum

(Čelak.) Domin, S. e. subsp. neglectum (Beedy) K. Richt., S. e. subsp. microcarpum

(Neumann) Domin, and S. e. subsp. stoloniferum (Graebn.) H. Hara (Cook 1980, Cook &
Nicholls 1987). Plant material of the Asian subsp. stoloniferum was not available to us, so
we included only the four subspecies occurring in Europe in this study. In addition, inter-
mediate individuals between subspecies are found and mixed populations of individuals
of different subspecies are reported, which indicates possible hybridization between sub-
species. Sparganium erectum subsp. oocarpum is thought to be of hybrid origin, the puta-
tive parental taxa being S. e. subsp. neglectum and S. e. subsp. erectum (Cook 1961).
Moreover, a previous study of herbarium specimens and morphology of the fruit found
subsp. microcarpum to be very variable morphologically and revealed that many individ-
uals are intermediate between subsp. microcarpum and subsp. neglectum (Haasová
1997). Therefore, this author suggests merging both subspecies into one taxon.

To determine the intraspecific variation in Sparganium erectum and, if possible, pro-
pose taxonomic conclusions, we decided to use a combination of classical (morphometric
analysis) and molecular methods, such as Amplified Fragment Length Polymorphisms
(AFLPs) and flow cytometry (FCM). This combination of methods is a powerful tool for
assessing intraspecific variation and unravelling the origins of hybrids (Gobert 2002,
Guo et al. 2006, Španiel et al. 2011, Píšová et al. 2017, Lepší et al. 2019, Popelka et al.
2019, Silbernagl & Schönswetter 2019) or hybrid lineages within a species (Daneck et al.
2011). The AFLP method generates a large number of loci distributed throughout
a genome and does not require any previous sequence knowledge (Vos et al. 1995).
Bayesian clustering in STRUCTURE classifies samples into genetic groups (Pritchard et
al. 2000, Evanno et al. 2005) and allows subsequent determination of admixed individu-
als (putative hybrids; Paszko & Nobis 2010, Ciotir et al. 2017, Píšová et al. 2017). Deter-
mining genome size using flow cytometry is a simple and rapid method, which is widely
used in studies of biosystematics (Doležel et al. 2007, Slovák et al. 2009, Loureiro et al.
2010, Kolář et al. 2013, Linder et al. 2017) and facilitates the determination of hybrids
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(Bureš et al. 2004, Vít et al. 2014, Prančl et al. 2018). However, these methods have not
previously been used for studying the genetic relationships and hybridization in
Sparganium. We did not investigate chromosome numbers because they are reported to
be uniform across the whole genus (2n = 30; Löve & Löve 1948, 1956, Cook & Nicholls
1986). The origin of new taxa via hybridization not accompanied by whole-genome
duplication and an increase in ploidy level is described as speciation by homoploid
hybridization (Rieseberg 1997). The establishment of a new homoploid hybrid taxon
requires hybrid segregants to be isolated by a sterility barrier or some external isolation
mechanism (e.g. by geographic or ecological isolation; Buerkle et al. 2000, Gross &
Rieseberg 2005).

To investigate homoploid hybridization in S. erectum and reassess its current classifi-
cation, we addressed the following questions: (i) Does the genetic pattern or variation in
genome size within S. erectum allow the delimitation of clearly separated groups that
could be used as a basis for intraspecific taxonomic classification? (ii) Are genetic varia-
tion and variation in genome size correlated with morphological variation? (iii) What
morphological characters are most correlated and can they be used for the delimitation of
intraspecific taxa? (iv) Is S. erectum subsp. oocarpum of hybrid origin? What are its
parental taxa? (v) Should the subspecies neglectum and microcarpum be merged into
a single taxon or distinguished as two distinct taxa and which characters can be used for
their identification?

Materials and methods

Plant material

Altogether 276 individuals of four subspecies of Sparganium erectum (subsp. erectum,
subsp. microcarpum, subsp. neglectum and subsp. oocarpum) from 64 natural popula-
tions in the Czech Republic were collected in 2007–2008 (Appendix 1). The subspecies
were preidentified in the field using identification keys (Cook & Nicholls 1986, Kaplan
2002b) and the populations in Appendix 1 are listed according to this preliminary identi-
fication. Differences between field identification and resulting determination based on
AFLP data and genome size are discussed later. Typical habitats of S. erectum in the
Czech Republic are fishponds, river banks and other wetlands in river floodplains, which
correspond to the distribution of the sites sampled predominantly along the Labe, Vltava
and Lužnice rivers and their tributaries. Most plants were sampled in central and southern
Bohemia, and one population was sampled in southern Moravia (Electronic Appendix
1AB). Material for AFLP analyses (altogether 276 leaf samples), morphological analyses
(1770 samples of fruit from 276 individuals) and flow cytometry (276 fresh leaves) was
collected, using the following procedures. For AFLP analyses, part of a young leaf was
dried immediately in silica gel and another part was used for the estimation of genome
size by flow cytometry (up to five individuals per population, depending on population
size). For morphometric measurements, five ripe fruit were randomly chosen from a mix-
ture of all the fruit on each individual. When putatively mixed or intermediate popula-
tions were found, the number of individuals sampled for AFLPs, FCM and morphometric
analyses was increased to 15 per population to ensure a more thorough examination.
Because S. erectum is a rhizomatous clonal plant, only individuals (ramets) located 10 m
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apart were collected to minimize sampling the same clone several times. Even so,
clonality of plants was further checked by genotyping of individuals based on AFLP data
and any clones were removed from all subsequent analyses. Voucher specimens of plants
are deposited in the herbarium at the Faculty of Sciences, Charles University in Prague
(PRC).

AFLP analysis

Total genomic DNA was extracted from silica-dried leaf material using CTAB isolation
buffer following the protocol of Doyle & Doyle (1987). Final DNA pellets were dis-
solved in 100 μl of 1×TE buffer. The DNA concentration was measured using
a Nanodrop 1000 spectrophotometer (Thermo Scientific) and the DNA was diluted to
100 ng·μl–1.

AFLP analysis (Vos et al. 1995) was done using the AFLP Core Reagent Kit
I (Invitrogen) and the AFLP Pre-Amp Primer Mix I (Invitrogen) following the manufac-
turer’s instructions as modified by Záveská et al. (2011) and further modified to yield the
procedure described below. Total genomic DNA (~100 ng) was double-digested for 3h at
37 °C with 0.5 U each of EcoRI and MseI restriction enzymes (Invitrogen) and 1 μl of
a 5× reaction buffer (Invitrogen) in a total volume of 5 μl. Subsequently, adaptors were
ligated for 3h at 37 °C by adding 4.8 μl of an adaptor/ligation solution (Invitrogen) and
0.2 U of T4 DNA ligase (Invitrogen) to the digested DNA (total volume 10 μl). The pre-
amplification mixture (total volume 5 μl) contained 0.5 μl of restricted/ligated DNA, 4.0 μl
of Pre-Amp Primer Mix I, 0.5 μl of 10× buffer for RedTaq JumpStart (Sigma) and 0.1 U
of RedTaq JumpStart DNA polymerase (Sigma). After preamplification, the DNA was
10× diluted with ddH2O. Three primer combinations were used for selective amplification:
EcoRI-ACT-(6-FAM)/MseI-CAT, EcoRI-AAG-(HEX)/MseI-CTC and EcoRI-ACC-
(NED)/MseI-CAT. The reaction mixture for selective amplification contained 2.3 μl of
the diluted preamplification mixture, 1 μl of a 10× buffer for RedTaq, 0.2 μmol dNTP,
0.5 pmol of an EcoRI-selective fluorescence-labelled primer, 2.5 pmol of an MseI-selec-
tive primer and 0.2 U of RedTaq JumpStart DNA polymerase (Applied Biosystems) in
a total volume of 10 μl. The selected amplification products were electrophoresed on an
ABI 3100 Genetic Analyzer (Applied Biosystems) with GeneScan ROX 500 (Applied
Biosystems) as a size standard in the DNA Sequencing Laboratory, Faculty of Science,
Charles University in Prague. In total, 276 samples from 64 populations were analysed.
The whole AFLP procedure was repeated for 8% (22) of the samples and the error rate
was estimated by comparing identical samples (Bonin et al. 2004).

Molecular data analyses

GeneMarker v1.8 (SoftGenetics LLC, PA, USA) was used for analysing AFLP data and
transferring them into a binary data matrix. Only unambiguous bands were used for sub-
sequent analyses; faint bands were excluded. Three EcoRI/MseI AFLP primer combina-
tions generated 125 AFLP markers, ranging in size from 100 to 500 base pairs. Problem-
atic loci were then removed from the AFLP matrix. Further, clonality (the number of
genotypes, G) based on the initial number of individuals (Nind) in each population was
detected using R 3.5.2 (R Development Core Team 2008) and script AFLPdat (Ehrich
2006, the threshold applied was equal to error rate, see Results). The resulting matrix of
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genotypes without clones was used in subsequent analyses. In addition, the genetic varia-
tion of each population was estimated by calculating Nei’s gene diversity (He), percent-
age of polymorphic loci (Pp) and Simpson’s diversity index (D, which express the proba-
bility that two randomly sampled individuals are genotypically different) using the R
script AFLPdat (Ehrich 2006).

Bayesian non-hierarchical clustering in STRUCTURE 2.3.2.1 (Pritchard et al. 2000)
using a Markov chain Monte Carlo (MCMC) algorithm and an admixture model with cor-
related allele frequencies was used to define the AFLP groups, to confirm the hybrid origin
of subsp. oocarpum and assess the degree of admixture among subspecies. Ten replicates
for each K = 1–10 were used to determine the stability of the results. The burn-in length of
100,000 generations and an additional 1,000,000 generations of MCMC chains after burn-
in were run on the Metacentrum VO infrastructure (https://metavo.metacentrum.cz, Falush
et al. 2007). The output files were summarized in the R-script Structure-sum-2009
(Ehrich et al. 2007) to determine the optimal number of clusters (K) based on the similar-
ity coefficients between the runs (�K; Evanno et al. 2005, Nordborg et al. 2005). Graphi-
cal outputs for selected Ks were generated using CLUMPP 1.1.2 (Jakobsson &
Rosenberg 2007) and Distruct (Rosenberg 2004). Samples with low admixture (up to
15%) were considered members of one of the K AFLP groups and served as predefined
groups in morphometric analyses, whereas highly admixed individuals (more than 15%,
i.e. genetically intermediate between the AFLP groups), were passively projected onto
ordination diagrams in subsequent analyses (i.e. PCoA, PCA, CDA; Píšová et al. 2017).

To explore the distribution of genetic variation within and among species and popula-
tions, two analyses of molecular variance (AMOVAs, Excoffier et al. 1992; implemented
in Arlequin 3.5.1.2., Excoffier & Lischer 2010) were performed: (i) three-level analysis
(among species, among populations within species and within populations) and (ii) two-
level analysis for each subspecies (among populations and within populations). Only pre-
defined AFLP groups with non-admixed individuals were used for AMOVA calculations.

Principal coordinate analysis (PCoA), implemented in Canoco 5 (ter Braak &
Šmilauer 2012) was performed using Jaccard’s similarity coefficients (Jaccard 1908) for
the calculation of the distance matrix. In addition, a neighbour-network and a neighbour-
joining tree were constructed in SPLITSTREE v.4.11.3 (Huson & Bryant 2006) and
PAUP 4.0 (Swofford 2002), respectively.

To explore the dynamics of the hybridization between S. erectum subsp. erectum, S. e.
subsp. neglectum (parental subspecies) and their putative hybrid S. e. subsp. oocarpum

we applied the probabilistic Bayesian-based methods implemented in NewHybrids soft-
ware. This approach estimated the probability that an individual was a pure parental spe-
cies (A or B) or one of the different hybrid categories, i.e. F1, F2, F1×A, or F1×B (Ander-
son & Thompson 2002). Uninformative priors (Jeffreys) were given to both, allele fre-
quency and admixture distributions. The analysis was run for 50,000 MCMC sweeps
after 10,000 burn-in steps. The analysis was run with 104 samples, i.e. 38 samples classi-
fied as S. erectum subsp. erectum, 13 as S. e. subsp. neglectum and 53 as S. e. subsp.
oocarpum.

In all graphical outputs of molecular analyses, AFLP groups are colour-coded in
accordance with the presentation of our STRUCTURE results. Highly admixed individu-
als are marked by grey symbols.
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Genome size

Estimates of genome sizes were obtained using propidium iodide flow cytometry follow-
ing the simplified two-step procedure using Otto buffers described by Doležel et al.
(2007). Intact leaf tissue (1 cm2) of S. erectum together with an appropriate volume of the
internal reference standard (Glycine max cv. Polanka, 2C = 2.50 pg) were chopped up
using a sharp razor blade in a Petri dish containing 0.5 ml of the Otto I buffer (water solu-
tion of 0.1 mol citric acid monohydrate and 0.5% Tween 20). The crude suspension was
filtered through nylon mesh (42-μm pore size) and incubated for 15 min at room tempera-
ture. After incubation, 1 ml of staining solution containing Otto II buffer (0.4 mol
Na2HPO4 · 12 H2O) and propidium iodide (final concentration 50 μg·ml–1), RNase IIA
(50 μg·ml–1) and �-mercaptoethanol (2 μl·ml–1) was added. A Partec CyFlow SL (Partec
GmbH, Münster, Germany) flow cytometer, equipped with a green diode-pumped solid-
state laser (100mW, 532-nm, Cobolt Samba, Cobolt, Sweden) as the excitation light
source, was used for recording the fluorescence intensity of isolated nuclei. Final histo-
grams were evaluated using FloMax software (version 2.4d, Partec GmbH, Münster,
Germany) and only analyses with coefficients of variance (CV) of the sample G1 peak
below 3% were considered. DNA contents of samples were calculated based on means of
peaks (Doležel et al. 2003) using the following formula: Sample 2C DNA content (pg) =
(sample G1 peak mean / standard G1 peak mean) × standard 2C DNA amount (pg). A one-
way ANOVA procedure followed by a Tukey‘s HSD multiple comparison test (function
‘glht’ as implemented in the R package multcomp; Hothorn et al. 2008) were used to
determine statistical differences in genome size between seven genetic groups defined
using AFLP and visualized using box plots.

Morphometric analyses

Because of the high phenotypic plasticity of the vegetative parts of the plants, we decided
to analyse characters only on generative parts (namely fruit) in our morphometric analy-
ses because they appear to be more stable (Cook & Nicholls 1986, Haasová 1997, Kaplan
2002b). The fruit are known to change in size and colour during maturation, so only ripe
and fully developed fruit were collected. Altogether, 14 morphological characters were
used in the primary analysis (Table 1, Fig. 1) out of which four were ratios describing the
shape of the fruit typical of each subspecies. Five fruit from each individual (genotype)
were measured as replicates and the mean for each character was used in subsequent anal-
yses. Means and ratios of characters are commonly used for analysing morphological
measurements (Humphries et al. 1981, Brochmann 1992, Fici 2001, Morozowska et al.
2011). For every character basic descriptive statistics (mean, SD, min. and max.) were
calculated and boxplots were created in R. However, the characters ‘sterility of fruiting
heads’ and ‘shoulder between upper and lower part’ were invariable within groups and
could not be used in the discriminant analyses (Marhold 2011). The remaining 12 characters
were tested for normality by the Shapiro-Wilk statistic (characters that were not normally
distributed were log-transformed; Table 1) and a non-parametric Spearman correlation
coefficient was computed to determine the correlations of morphological characters
(both using R version 3.4.0, R Foundation for Statistical Computing, Vienna, Austria).

To gain a preliminary insight into the overall variation in morphology, principal
component analysis (PCA) was performed using the MorphoTools suite of R scripts
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(Koutecký 2015). The AFLP groups were visualized using colours according to the
STRUCTURE analysis and highly admixed individuals were presented by grey symbols.
Subsequently, a canonical discriminant analysis (CDA) with groups predefined by AFLP
(without admixed individuals) was used to determine variation among these groups and
find the most important characters for their differentiation. Highly admixed individuals
were passively projected onto the ordination diagram afterwards. Another CDA analysis
was employed to differentiate between two morphologically overlapping groups, subsp.
microcarpum and subsp. neglectum. Finally, a classificatory discriminant analysis was
used to verify the accuracy of the classification of the individuals into the predefined
groups. Determination of highly admixed individuals was performed using predefined
groups as a training dataset.
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Table 1. – List of morphological characters used in morphometric analyses of the fruits of four subspecies of
Sparganium erectum (see Fig. 1 for graphical explanation). Invariable characters that were excluded from the
multivariate analyses are marked with asterisk.

Transformation

Infructescence character
*Sterility of fruit heads

Fruit characters
Peduncle Untransformed
Length of fruit (without style) (mm) log10 (x)
Width of fruit (mm) Untransformed
Length of the lower part of fruit (mm) Untransformed
Length of the upper part of fruit (mm) log10 (x)
Length of style (mm) Untransformed
*Shoulder – shoulder between the upper and lower part of fruit
Number of angles Untransformed
Constriction in the middle of fruit: 0 - absent, 1 – present Untransformed
Length of fruit/ width of fruit Untransformed
Length of the upper part of fruit/ length of the lower of fruit Untransformed
Length of style/ length of fruit log10 (x)
Length of style/ width of fruit Untransformed

Fig. 1. – Morphological characters of fruit: (A) Sparganium erectum subsp. erectum; (B) S. e. subsp. oocarpum;
(C) S. e. subsp. neglectum; (D) S. e. subsp. microcarpum. Scale bars: 1 mm. a – number of angles; c – constric-
tion; la – length of fruit; ll – length of the lower part of fruit; lu – length of upper part of fruit; ls – length of style;
p – peduncle; s – shoulder between upper and lower parts; w – width of fruit. Photo S. Píšová.



Results

AFLPs

Altogether, 103 AFLP loci were unambiguous, of which 91 (88.4%) were polymorphic.
For 22 replicated samples, the error rate was 2.0% and the average number of loci per
individual was 66.0.

Maximum genetic diversity was recorded in population D (He = 0.18, %poly = 27.2%)
and La (He = 0.17, %poly = 17.5%) whereas minimum genetic diversity was recorded in
populations Ba, L, Rz and V (He = 0.03; %poly = 2.9%, 4.9%, 5.8% and 6.8%, respec-
tively), see Appendix 1. Genotyping of populations revealed that the initial data set of
276 individuals included 34 clones, thus the rest, 242 genotypes, were used in subsequent
analyses.

The STRUCTURE analysis generated consistent results only for K = 2 and K = 4. For
greater K values and K = 3 the results did not converge towards the same outcome (Elec-
tronic Appendix 2AB, Electronic Appendix 3). The solution with K = 2, separated two
groups: The first group morphologically corresponds to S. erectum subsp. erectum and
subsp. microcarpum (120 samples) and the second group to subsp. oocarpum and subsp.
neglectum (66 samples). K = 3 resulted in two different outcomes for the classification of
subsp. oocarpum (53 samples). These individuals were either not distinguished from
subsp. neglectum (Fig. 2A, K = 3b) or apportioned approximately 50:50 to subsp.
erectum and subsp. neglectum (Fig. 2A, K = 3a). The result with the greatest �K and
a stable solution using K = 4 discriminated four genetic groups, which correspond to the
four subspecies distinguished in the literature: S. e. subsp. erectum (38 samples), subsp.
oocarpum (53 samples), subsp. microcarpum (82 samples) and subsp. neglectum (13
samples). To define individual groups and deal with admixtures, we used the ad hoc set-
ting (up to 0.15 assignment probability of clearly placed samples in one of the four
genetic groups). Moreover, part of the samples was found to have a higher admixture (i.e.
with at least 0.15 assignment probability to more than one group), indicating hybridiza-
tion between these genetic groups (Fig. 2A: subsp. erectum × subsp. oocarpum, 3 sam-
ples; subsp. erectum × subsp. microcarpum, 34 samples; and subsp. microcarpum ×
subsp. neglectum, 19 samples).

Principal coordinate analysis (PCoA) confirmed the results of the STRUCTURE anal-
ysis. The four subspecies of S. erectum were clearly differentiated in ordination space
with admixed individuals in an intermediate position between their parental taxa (the first
and second PCoA axes explained 25.5% and 14.8% of the variability, respectively; Fig.
2B). Comparable results were obtained using the neighbour-net network analysis (Fig.
2C) and neighbour-joining tree (Electronic Appendix 4), both of which separated the
subspecies and the hybrid individuals between them.

All but one sample of subsp. erectum, subsp. neglectum and subsp. oocarpum

included in the analysis by NewHybrids were classified with very high probability to be
either one of the parental subspecies or F1 hybrids. All samples classified as S. e. subsp.
oocarpum were estimated to be F1 hybrids between subsp. erectum and subsp.
neglectum. The only exception was sample Hp33, which with a 71% probability was
assigned to subsp. neglectum and 29% probability to a back-cross between a F1 hybrid
and subsp. neglectum (Electronic Appendix 5).
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Fig. 2. – Results of molecular analyses of 242 individuals of Sparganium erectum based on 103 AFLP loci: (A)
Bar plot showing Bayesian assignment probabilities using software STRUCTURE for two, three and four clus-
ters (K = 2–4). The genetic groups (containing individuals with < 15% admixture with another group) associ-
ated with subspecies were recorded plus intermediate individuals between them. (B) Principal coordinate anal-
ysis (PCoA) using Jaccard’s similarity coefficient. The first and second axis explained 25.5% and 14.8% of the
variation, respectively. (C) Neighbour-Network. Colours indicate AFLP groups detected by STRUCTURE.



Table 2. – Analysis of molecular variance (AMOVA) of the total dataset of 187 individuals of Sparganium

erectum (four subspecies) and separate AMOVA analysis for each subspecies. d.f. – degrees of freedom;
*** P < 0.001.

Grouping Source of variation d.f. Sum of
squares

Variance
components

% of total
variance

4 subspecies among subspecies 3 1557.19 11.94 64.1***
among populations / within groups 51 705.07 3.03 16.3***
within populations 132 483.18 3.66 19.7***

subsp. erectum among populations 10 142.72 2.99 42.2***
within populations 27 110.75 4.10 57.8***

subsp. microcarpum among populations 24 346.26 3.23 45.3***
within populations 58 225.77 3.89 54.7***

subsp. neglectum among populations 3 50.55 4.41 59.0***
within populations 9 27.60 3.07 41.0***

subsp. oocarpum among populations 14 165.54 2.47 44.1***
within populations 38 119.07 3.13 55.9***

Analysis of the molecular variation (AMOVA) of the four genetic groups correspond-
ing to the subspecies revealed that most of the variation (64.1%) was attributed to differ-
ences between subspecies. Only 16.3% of the variation occurred within subspecies and
the remaining 19.7% was distributed among individuals within populations. The second
AMOVA analysis was for each subspecies separately. The greatest difference in the vari-
ation among populations (59.0%) and within populations (41.0%) was recorded in subsp.
neglectum and the smallest difference in subsp. erectum (42.2% and 57.8% of the
variation; Table 2).

Intraspecific variation in genome size

Flow cytometry analyses resulted in high-resolution histograms with mean CVs of G1

peaks of S. erectum samples and the internal reference standards of 2.54% (range
1.37–3.24) and 1.99% (range 0.86–3.21), respectively. Intraspecific variation in genome size
differed significantly between the subspecies (P < 0.001) and ranged from 2C = 0.98 pg
to 2C = 1.20 pg (Table 3, Appendix 1). The first AFLP group, corresponding to subsp.
erectum, had the largest genome size of 2C = 1.16±0.02 pg. The second group (subsp.
oocarpum) had an intermediate genome size between that of the putative parental subspe-
cies erectum and neglectum (2C = 1.08±0.02 pg; Fig. 3). The groups of subsp. micro-

carpum and subsp. neglectum had similar 2C genome sizes, albeit still statistically distin-
guishable; that of subsp. microcarpum was 1.02±0.02 pg and that of subsp. neglectum

was 0.99±0.01 pg (Fig. 4A). The genome sizes of admixed individuals were either similar to
the genome size of non-admixed individuals or intermediate between parental subspecies.
Admixed individuals from populations Ce and R (subsp. erectum × subsp. oocarpum),
however, were not assigned by the STRUCTURE analysis to subsp. oocarpum group yet
had the same genome size of 2C = 1.08 pg. Similarly, populations Km and Vb (putative
subsp. erectum × subsp. microcarpum) had the same genome size as subsp. erectum. On
the other hand, the genome sizes of other populations were intermediate between their
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parental taxa, such as 2C = 1.08 pg (population Za) and 2C = 1.10 pg (population Vp and
Vy). Moreover, individuals from populations Dk, Ds, Ne, Ps and Tr (subsp. microcarpum

× subsp. neglectum) had similar genome sizes as other individuals of subsp.
microcarpum and individuals from population I had a genome size similar to subsp.
neglectum.
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Fig. 3. – An example of a flow cytometry histogram of propidiumiodide-stained nuclei from simultaneously
measured leaves of subspecies of Sparganium erectum. 1 – subsp. neglectum; 2 – subsp. oocarpum; 3 – subsp.
erectum. Note the apparent intermediate genome size (2C nuclear DNA content) of subsp. oocarpum, which is
a hybrid between subsp. neglectum and subsp. erectum.

Table 3. – The absolute genome sizes of Sparganium erectum subspecies and admixed groups measured using
flow cytometry (N = 223 individuals). N – number of individuals; mean (pg) – mean value of genome size in
picogrames for given subspecies; S.D. – standard deviation; min. – minimum value of genome size; max. –
maximum value of genome size; grouping – different letters indicate statistical differences between seven
AFLP groups based on a Tukey’s HSD multiple comparison test (P < 0.001).

Subsp. N Mean (pg) S.D. Min. Max. Grouping

erectum 37 1.16 0.020 1.12 1.20 A
microcarpum 71 1.02 0.018 0.99 1.07 D
neglectum 13 0.99 0.011 0.98 1.01 E
oocarpum 52 1.08 0.016 1.05 1.12 B
erectum × oocarpum 3 1.08 0.004 1.08 1.09 BC
erectum × microcarpum 29 1.10 0.031 1.04 1.15 C
microcarpum × neglectum 18 1.01 0.019 0.99 1.05 DE



Fig. 4. – (A) Box plot showing the intraspecific distribution of genome size in Sparganium erectum (N = 223).
The admixed groups are in grey boxes. E: subsp. erectum, E×O: subsp. erectum × subsp. oocarpum, O: subsp.
oocarpum, E×M: subsp. erectum × subsp. microcarpum, M: subsp. microcarpum, M×N: subsp. microcarpum

× subsp. neglectum, N: subsp. neglectum. (B) Principal component analysis (PCA) based on 12 morphological
characters of the fruit of 227 individuals of Sparganium erectum. The first and second axis explained 42.0%
and 20.6% of the variation, respectively. (C) Canonical discriminant analysis (CDA) of 77 individuals of
subsp. microcarpum (dark grey columns) and 13 individuals of subsp. neglectum (white columns) with the
overlap between both (light grey columns). (D) Canonical discriminant analysis (CDA) of 227 individuals of
S. erectum based on 12 morphological characters of fruit. The first and second components explained 43.1% and
35.9% of the variation, respectively. Colours indicate AFLP groups detected by STRUCTURE and passively
projected admixed individuals: subsp. erectum; subsp. oocarpum; subsp. microcarpum; subsp.
neglectum; subsp. erectum × subsp. oocarpum; subsp. erectum × subsp. microcarpum; subsp. micro-

carpum × subsp. neglectum.

Morphometric analyses

Most of the characters measured were not normally distributed, so a non-parametric cor-
relation coefficient (Spearman’s) was used and character values were transformed prior
to subsequent analyses (Table 1). The correlation coefficients did not exceed 0.9 for any
of the character pairs (Electronic Appendix 6). The strongest correlations (0.85–0.90)
were recorded between two pairs of characters: length of the upper part of fruit/length of
the lower part of fruit and length of the lower part of fruit; length of fruit and lower part of
fruit. The largest fruit were those of the subsp. erectum group in which the fruit were on
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average 7.3 mm long and 5.4 mm wide, with a much longer lower part and shorter upper
part than in other subspecies. In contrast, the fruit of subsp. microcarpum (6.0 mm long,
3.2 mm wide) and subsp. oocarpum (5.8 mm long, but about 5.3 mm wide) were the
smallest. A long style of more than 2 mm was recorded in the subsp. neglectum group and
a constriction in the middle of fruit only in subsp. microcarpum group (Electronic
Appendix 7, 8). Admixed individuals had intermediate characters between their parental
taxa or were similar to one of them. Sterile fruit heads were recorded in subsp. oocarpum,
which is of hybrid origin, and in the hybrid groups (subsp. erectum × subsp. oocarpum,
subsp. erectum × subsp. microcarpum, and subsp. microcarpum × subsp. neglectum).
A shoulder between the upper and lower part of a fruit was present only in subsp. erectum

and its hybrids with subsp. microcarpum. These two characters were invariable and not
included in further multivariate analyses.

Principal component analysis (PCA) based on mean values of fruit characters (227
individuals × 12 characters) revealed that the four groups of individuals defined by AFLP
(representing separate subspecies, Fig. 4B) are closely related and not well separated.
Individuals of S. erectum subsp. erectum and subsp. oocarpum were slightly separated
along the first axis, which accounted for 42.0% of the variation (based on the length of the
lower part of fruit, width of fruit and length of style/width of fruit), whereas individuals
of S. erectum subsp. microcarpum and subsp. neglectum were mixed (PCA eigenvalues
are presented in Table 4). In addition, passively projected admixed individuals were situ-
ated either in intermediate positions between their parental subspecies or within them.

The CDA analysis of the four groups predefined by the AFLP analysis resulted in
a better separation of the subspecies. Individuals of S. erectum subsp. erectum were
nearly completely separated from subsp. microcarpum and individuals of subsp.
oocarpum from subsp. neglectum based on a combination of the first and second canoni-
cal axis (Fig. 4D). However, subsp. microcarpum and subsp. neglectum partially over-
lapped. Similar to the results of PCA, individuals of subsp. oocarpum, which is of hybrid
origin, were placed between its parental subspecies (Fig. 4D). Admixed individuals of
populations Za and Vp were, in accordance with the AFLP results (approximately
a 50:50 admixture of both subsp. erectum and subsp. microcarpum groups), situated in
intermediate positions, whereas populations Km, Vb, and Vy (with lower admixture of
subsp. microcarpum, 20–40%) were placed within subsp. erectum. Populations I, Ps, Tr
(subsp. microcarpum × subsp. neglectum, 50:50 admixture in AFLP) occurred in inter-
mediate positions and populations Ds, Ne within subsp. neglectum and individuals from
population Dk were variously distributed. The admixed individuals from population R
(subsp. erectum × subsp. oocarpum, 76:24) occupied an intermediate position between
subsp. erectum and subsp. oocarpum. The characters most highly correlated with the
canonical axes were: width of fruit, length of style/ width of fruit and length of fruit/
width of fruit. The first three components explained 43.1%, 35.9% and 21.0% of the
variance. However, the third axis did not provide a better differentiation.

Another CDA was performed in order to obtain a better insight into the similarity
between the two predefined groups (subsp. microcarpum and subsp. neglectum, Fig. 4C).
A canonical scatter-plot showed a partial overlap between the subspecies. The most cor-
related characters with the canonical axis were length of upper part of fruit, length of
upper part of fruit/length of lower part of fruit and constriction in middle of fruit (Table 4).
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Table 4. – Results of morphometric analyses based on 12 characters of the fruit of Sparganium erectum. The
three highest PCA eigenvectors for the PCA analysis of 227 individuals (axes: PCA1 and PCA2), the three
highest total canonical structure values for the discriminant analyses of 227 individuals (axes: CDA1 and
CDA2), and 90 individuals of subsp. microcarpum and subsp. neglectum (axis: CDA M-N) are presented in
bold.

Character PCA1
(Fig. 4B)

PCA2
(Fig. 4B)

CDA1
(Fig. 4D)

CDA2
(Fig. 4D)

CDA M-N
(Fig. 4C)

Peduncle 0.736 0.064 –0.358 –0.187 0.061
Length of fruit –0.656 –0.576 0.166 –0.197 –0.149
Length of the lower part of fruit –0.781 –0.519 0.329 –0.456 0.082
Length of the upper of fruit 0.467 –0.012 –0.250 0.352 –0.454
Length of style 0.407 –0.529 –0.191 0.149 –0.299
Width of fruit –0.778 0.377 0.702 0.372 –0.237
Number of angles 0.327 0.617 –0.092 0.000 0.218
Constriction in the middle of fruit 0.678 0.090 –0.341 –0.283 0.374
Length of fruit / width of fruit 0.465 –0.759 –0.456 –0.459 0.084
Length of the upper part of fruit /

length of the lower part of fruit
0.700 0.367 –0.258 0.438 –0.367

Length of style / length of fruit 0.771 –0.046 –0.314 0.313 –0.148
Length of style / width of fruit 0.771 –0.581 –0.471 –0.136 –0.043

The classificatory DA correctly assigned 87.9% of the individuals to the predefined
groups and the remaining 12.1% were misclassified to other groups (Electronic Appen-
dix 9). The lowest percentage of individuals correctly assigned was to subsp. neglectum

(69.3%). These individuals were mostly misclassified to subsp. microcarpum and partly
to subsp. oocarpum. To determine the admixed individuals, an additional analysis of the
four predefined AFLP groups was used as a training set. The individuals from population
R (subsp. erectum × subsp. oocarpum) were assigned either to the subsp. erectum or
subsp. oocarpum group. Hybrids of subsp. erectum × subsp. microcarpum from popula-
tions Km and Vb were assigned to subsp. erectum, whereas individuals from population
Vp were assigned to subsp. erectum or to subsp. microcarpum. Moreover, individuals
from population Vy and Za were classified as subsp. erectum or subsp. oocarpum group.
Finally, populations Ds, Dk, I, Ne, Ps and Tr (subsp. microcarpum × subsp. neglectum)
were assigned either to subsp. microcarpum, subsp. neglectum or subsp. oocarpum (see
Appendix 1, CDA).

Discussion

High levels of phenotypic plasticity are common in aquatic and wetland plants, and have
resulted in numerous conflicting taxonomical concepts in various groups of plants
(Kaplan 2002a, Santamaria 2002). Morphological variation has also complicated the tax-
onomy of the genus Sparganium. In previous studies the inclusion of vegetative parts
when describing new taxa led to the description of different numbers of Sparganium

taxa, especially at ranks below the species level (Čelakovský 1896, Čelakovský 1899,
Belavskaya 1984). The classification described in Cook & Nicholls’ monograph (1986,
1987) is based on more reliable generative characters. Morphological characters on fruit
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seem to be stable and can be used to differentiate separate subspecies (Cook 1961). In the
present study we assessed the correlation between morphological and genetic variation in
S. erectum using a combination of molecular, morphometric and flow-cytometric data.
Our results provide the first molecular information for differentiating intraspecific lin-
eages and hybridization in this species. Our AFLP data differentiated four groups with
distinct genome sizes largely corresponding to the morphological subspecies and thus
confirming the reasonable intraspecific classification of S. erectum. Moreover, all meth-
ods (AFLP, flow cytometry and morphometric analyses) were in agreement in indicating
that subsp. oocarpum is a hybrid between subsp. erectum and subsp. neglectum and is
intermediate in terms of its genome size and morphological characters. In addition,
admixed individuals were also detected among these groups, probably indicating recent
hybridization. These individuals varied in their characters, ranging from those of one of
their parents to the other. Only AFLP markers were able to identify parental taxa of the
recent hybrids. Their genome size was often misleading and morphometric analyses were
possibly affected by the altered shape and size of the fruit of the hybrids due to the partial
sterility of their fruiting heads. Nevertheless, the frequency of hybridization between
subspecies remains to be assessed as hybridization was not the main focus of this study.

Genome size and genetic variation

Many recent studies have used genetic analyses and estimates of genome size (Chrtek et
al. 2009, Dušková et al. 2010, Chumová et al. 2015, 2017). Nevertheless, so far, only
a few studies have dealt with the phylogeny of the genus Sparganium (Sulman et al. 2013,
Ito et al. 2016) or the genetic variation in S. erectum (Piquot et al. 1996, Ishii et al. 2004).
As intraspecific variation in S. erectum was not previously investigated, we focused in
this study on the evaluation of genetic variation and hybridization and the detection of
potential differences in genome size. The STRUCTURE analysis based on AFLP data
identified four separate groups and a couple of admixed individuals among them. The
first group included only individuals of subsp. erectum with a low admixture from the
other subspecies (up to 15%, as in the study on species of Bolboschoenus, Píšová et al.
2017). Populations of this subspecies had the highest intrapopulation genetic variation
(57.8%) and the lowest interpopulation variability (42.2%). In accordance with the
STRUCTURE analysis, all such individuals were well differentiated by their genome
size (2C = 1.12–1.20 pg) from all the other groups. The second group, corresponding to
subsp. oocarpum is of hybrid origin and has an approximate 50:50 admixture from its
parental taxa (subsp. erectum and subsp. microcarpum) in the solution with K = 3 in the
STRUCTURE analysis. The genome size of these individuals was also intermediate (2C
= 1.05–1.12 pg). Moreover, the solution with K = 4 indicated it as a separate, independent
taxon (see below). The group with the majority of individuals was subsp. microcarpum,
whose genome size ranged from 2C = 0.99 to 1.07 pg. Hybridization of this subspecies
with others seems to be frequent and we found two hybrid groups of individuals with
varying degrees of admixture (see below). The last group, subsp. neglectum, had the
highest interpopulation genetic variation (59.0%) while its intrapopulation variability
was low (41.0%). Its genome size ranged from 2C = 0.98 to 1.01 pg and even though it
partially overlapped that of subsp. microcarpum the difference was statistically significant.
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Nevertheless, individuals of both subspecies cannot be distinguished solely based on
their genome size.

Morphological variation

Morphological characters on fruit are viewed as suitable discriminant criteria for subspe-
cies determination in several studies (Cook 1962, Cook & Nicholls 1987, Kaplan 2002b).
We compared the genetic and morphological variation in order to correlate the morpho-
logical characters with individual AFLP groups (subspecies). The first group, corre-
sponding to S. erectum subsp. erectum, differed from the other subspecies mainly by the
shoulder between the upper and lower part of the fruit, the width and length of the fruit,
which is in accordance with other studies that describe its fruit as the largest and widest
with a distinct shoulder. Additional characters were the ratio between the length of the
style and the length of the fruit, and the ratio between the length of the style and the width
of the fruit. Morphological analyses placed individuals of subsp. oocarpum, which is of
hybrid origin, in an intermediate position between its parental taxa subsp. erectum and
subsp. neglectum. The ratio between the length and width of the fruit separated it from
subsp. erectum and the width of its fruit separated it from subsp. microcarpum and subsp.
neglectum.

The third group consisted of the most variable individuals of subsp. microcarpum and
differed in the length of style / width of the fruit and in width of the fruit, from subsp.
erectum and subsp. oocarpum. An additional discriminant analysis revealed that the most
important characters distinguishing subsp. microcarpum and subsp. neglectum were the
constriction and number of angles delimiting subsp. microcarpum and style length and
length of the upper part / length of the lower part of the fruit for delimiting subsp.
neglectum. These results are in accordance with other studies that regard style length as
an important character for identifying subsp. neglectum, and the constriction and visible
angles for identifying subsp. microcarpum (Cook 1962, Kaplan 2002b).

Hybrid origin of Sparganium erectum subsp. oocarpum

Speciation by polyploidization is the topic of many studies (Soltis & Soltis 2009, Soltis et
al. 2014, Vít et al. 2017), whereas studies dealing with homoploid speciation are rare (Lai
et al. 2005, Masuelli et al. 2009, Feliner et al. 2017). Homoploid hybridization more often
results in the formation of hybrid zones by introgression than in the establishment of
a new hybrid taxon that needs to be promoted by ecological selection or geographic isola-
tion (Buerkle et al. 2000, Abbott & Rieseberg 2012, Abbott et al. 2013, Yakimowski &
Rieseberg 2014). Ecology of all homoploid hybrids appears to differ from that of their
parental taxa (Gross & Rieseberg 2005). The parentage of putative hybrid S. erectum

subsp. oocarpum was proposed by Cook (1961, 1962) on the basis of fruit morphology.
This contradicts Čelakovský (1896b), who was convinced that subsp. oocarpum was
only a variety of subsp. neglectum. However, the ecology of this subspecies of S. erectum

is not well known and comparative studies (Cook 1962, Cook & Nicholls 1987) report no
ecological differences between the subspecies. The distribution of the four subspecies of
S. erectum in the Czech Republic was investigated and summarized in detail by Kaplan et
al. (2015). Subsp. erectum and the hybrid subsp. oocarpum have quite similar distribu-
tions and ecology, in contrast to its second parent, subsp. neglectum. Both parental taxa
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and their hybrid have similar distributions in the British Isles and tend to occur in the
south whereas subsp. microcarpum occurs throughout the British Isles (Cook 1961). The
intermediate position of subsp. oocarpum in terms of genome size (2C= 1.08 pg), genet-
ics and morphology reported in this paper affirms its origin as a hybrid of subsp. erectum

and subsp. neglectum. The NewHybrids analysis indicates that nearly all individuals of
subsp. oocarpum are F1 hybrids. If this is true, subsp. oocarpum should only co-occur in
mixed populations with their parents or should only be dispersed clonally, which is not
the case in the Czech Republic where subsp. oocarpum often occurs in the absence of its
parental taxa. Our sampling focused on a re-evaluation of the differentiation of the four
previously distinguished subspecies. Consequently, our analyses did not determine
whether subsp. oocarpum is a F1 hybrid or an advanced and stabilized hybridogenous
subspecies. Only if sampling is focused on putative hybrids (like in the microsatellite study
of Typha ×glauca; Snow et al. 2010) will the analysis distinguish between these two sorts
of hybrids more safely and determine the rate of backcrossing with parental taxa.

Recent hybridization between subspecies

In addition to the previously suggested and confirmed hybrid origin of subsp. oocarpum

another three hybrid combinations were identified. The first is S. erectum subsp. erectum

× subsp. microcarpum (Fig. 2A), formerly reported as S. microcarpum × S. ramosum

(Ostenfel-Hansen 1897), which usually has very sterile heads, as previously mentioned
by Cook & Nicholls (1987). Individuals from populations Km, Vb, Vp, Vy and Za were
admixed with different ratios of genetic contributions from their parents. Their fruit
resembled that of subsp. erectum, except for population Vp, for which the fruit is mor-
phologically intermediate between that of subsp. erectum and subsp. microcarpum. The
genome size of these admixed individuals corresponds with the ratio of genetic makeup
inherited from their parents. Individuals with a high percentage of their genetic makeup
from subsp. erectum (64–77%, populations Km and Vb) had the same genome size as
subsp. erectum (2C = 1.14 pg) whereas among genetically intermediate individuals
(40–57% percentage of genetic information from subsp. erectum) genome size varied
from intermediate (2C = 1.09 pg, population Za) to similar to subsp. erectum (popula-
tions Vp and Vy).

The second is subsp. microcarpum and subsp. neglectum (Fig. 2A). However, such
individuals are difficult to determine. Their fruit resembles that of subsp. microcarpum,
but are more elongate, like those of subsp. neglectum, and large, like those of subsp.
oocarpum. In accordance with the observations of Cook & Nicholls (1987) these plants
had partly sterile fruit heads. Individuals of this hybrid were genetically intermediate
between subsp. microcarpum and subsp. neglectum. Populations Dk, Ds, Ne and Tr mor-
phologically resemble subsp. oocarpum, though their genome size is similar to that of
subsp. microcarpum (2C = 1.02 pg). In contrast, the fruit of population Ps is more similar
to that of subsp. microcarpum. Plants from population I are morphologically intermedi-
ate between subsp. oocarpum and subsp. neglectum and have the same genome size as
subsp. neglectum (2C = 0.99 pg). This hybrid may be what Neuman (1897) describes as
S. ramosum f. substerile and Graebner (1900) reclassified as S. ramosum subsp.
polyedrum var. substerile.
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The last case of recent hybridization is that between subsp. erectum and subsp.
oocarpum recorded in three admixed individuals from populations Ce and R. The only
plant we were able to analyse morphometrically (population R) resembled subsp.
oocarpum in having partially sterile fruiting heads, short and wide fruits and a similar
genome size (2C = 1.08 pg). We consider the incidence of backcrosses between subsp.
oocarpum and its parental taxa to be rarer than that recorded for the previous two hybrids,
but more detailed examinations and genotyping of admixed populations is needed to
determine its frequency.

Different ratios of genetic contributions from parental subspecies were recorded for
the three hybrid combinations, which indicates recent hybridization. The genome sizes of
individuals was either similar to that of their parental subspecies or they were similar in
morphology. In contrast, we consider subsp. oocarpum to be a hybrid with its own char-
acteristics (genome size, morphology and an intermediate genetic pattern). As the repro-
ductive isolation barriers between the subspecies of S. erectum are apparently still not
fully established, we consider these taxa to be subspecies rather than separate species.
Moreover, these taxa cannot be determined in the field without ripe fruit and thus treating
them as subspecies is reasonable also for practical reasons.

Several studies investigate speciation by homoploid hybridization and demonstrate
different degrees of the ‘intermediacy’ in the hybrids. For example, natural co-occur-
rence of diploid Helianthus annuus and H. petiolaris has led to the formation of the
reproductively isolated hybrid species H. anomalus, H. deserticola and H. paradoxus,
whose genome sizes and habitat preferences differ from each other and from those of
their parental taxa (Lexer et al. 2003, Rieseberg et al. 2003, Baack et al. 2005). A distinct
ecology and distribution also facilitated the establishment of the hybrid species
Bolboschoenus laticarpus (Hroudová et al. 2007, Píšová et al. 2017). On the other hand,
a new hybrid species may be formed without strong reproductive isolation, as docu-
mented, for example for Senecio squalidus, which is ecogeographically isolated from its
parental species after its human-mediated introduction to the British Isles from its hybrid
zone on Mt Etna (James & Abbott 2005, Abbott et al. 2010). In Carex sect. Vesicariae,
the origin of two hybrid taxa is reported by Pedersen et al. (2016): Carex rostrata var.
borealis (Carex rostrata × C. rotundata) and C. stenolepis (C. vesicaria × C. saxatilis).
Both hybrids have an intermediate AFLP pattern, but are closer to one of the parental spe-
cies. Recently, a number of studies dealing with homoploid speciation has increased
(Feliner et al. 2017, Dirmenci et al. 2018, Michálková et al. 2018) showing that this
evolutionary process is more common than previously assumed.

Conclusions

In the present study, a combination of AFLPs, flow cytometry and morphometric analy-
ses enabled us to investigate the genetic and morphological variation of Sparganium

erectum. The results confirm the Cook & Nicholls’ intraspecific classification. Four
AFLP groups were identified, representing the four European subspecies, and the three
hybrid groups between them. Genome size values corresponded to the delimitation of
these AFLP groups. Morphological analyses identified well separated groups with partial
overlaps. Both genetic and morphometric analyses confirmed that subsp. oocarpum is of

154 Preslia 92: 137–165, 2020



hybrid origin and placed it in an intermediate position between its parental taxa subsp.
erectum and subsp. neglectum. Recent hybridization was detected, especially between
subsp. microcarpum and either erectum or neglectum. Backcrosses between subsp.
oocarpum and its parental taxa seem to be rare, however, a more detailed study is needed
to improve our knowledge on hybridization dynamics in S. erectum. Important distin-
guishing characters were fruit width and length (for differentiating subsp. erectum), ratio
between the lengths of the upper and lower part of the fruit together with fruit width (for
subsp. oocarpum), ratio between style length and fruit width together with the ratio of
fruit length to fruit width (for subsp. microcarpum), and finally, length of the upper part
of the fruit and style length (for subsp. neglectum).

See www.preslia.cz for Electronic Appendices 1–9.
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Souhrn

Značná fenotypová plasticita, typická pro vodní a mokřadní rostliny, znesnadňuje taxonomické zpracování
rodu Sparganium. V minulosti bylo popsáno množství variet a forem zvláště u druhu Sparganium erectum.
Použití plastických znaků na listech se neosvědčilo, a proto je současné členění rodu založeno hlavně na tvaru
a barvě nažek, což jsou znaky stabilní a specifické pro příslušné poddruhy. Celkem je rozlišováno pět poddruhů
Sparganium erectum: subsp. erectum, microcarpum, neglectum, stoloniferum a oocarpum, přičemž poslední je
patrně hybridogenního původu. Kromě subsp. stoloniferum se zbývající čtyři vyskytují také v Evropě a v České
republice. Mezi poddruhy byly zaznamenány i přechodné populace, naznačující možnou hybridizaci. Pro ově-
ření oprávněnosti současného vnitrodruhového členění tohoto druhu a zjištění míry hybridizace jsme nasbírali
materiál z 64 lokalit v České republice pro morfometrické a molekulární analýzy. Genetická a morfologická
variabilita byla studována za použití kombinace metody AFLP (Amplified Fragment Length Polymorphism)
jako molekulárního markeru, průtokové cytometrie pro stanovení velikosti genomu a mnohorozměrné morfo-
metrické analýzy. Výsledky dobře odlišily všechny čtyři poddruhy a odhalily přechodné jedince mezi nimi.
Zjištěné genetické rozdíly a rozdíly ve velikosti genomu odpovídají současné taxonomické klasifikaci. Předpo-
kládaný hybridní původ subsp. oocarpum byl potvrzen výsledky všech použitých metod, kde tento poddruh měl
intermediární pozici mezi rodičovskými poddruhy erectum a neglectum. Zároveň byly zjištěny tři skupiny kří-
ženců s přechodnými znaky, subsp. erectum × subsp. microcarpum, subsp. microcarpum × subsp. neglectum

a subsp. erectum × subsp. oocarpum, naznačující v současnosti probíhající hybridizaci. Ke zpětnému křížení
subsp. oocarpum dochází pravděpodobně jen vzácně, nicméně detailnější studie zaměřená na smíšené populace
je nezbytná k porozumění míry vnitrodruhové hybridizace S. erectum.

References

Abbott R., Albach D., Ansell S., Arntzen J. W., Baird S. J., 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., Jones J., Keller B., Marczewski T., Mallet J., Martinez-Rodriguez P., Möst M.,
Mullen S., Nichols R., Nolte A. W., Parisod C., Pfennig K., Rice A. M., Ritchie M. G., Seifert B., Smadja C.
M., Stelkens R., Szymura J. M., Väinölä R., Wolf J. B. W. & Zinner D. (2013) Hybridization and speciation.
– Journal of Evolutionary Biology 26: 229–246.

Píšová & Fér: Sparganium erectum in the Czech Republic 155



Abbott R., Hegarty M. J., Hiscock S. J. & Brennan A. C. (2010) Homoploid hybrid speciation in action. –
Taxon 59: 1375–1386.

Abbott R. & Rieseberg L. H. (2012) Hybrid speciation. – In: Encyclopedia of Life Sciences, 8 p., John Wiley &
Sons, Chichester.

Anderson E. C. & Thompson E. A. (2002) A model-based method for identifying species hybrids using multi-
locus genetic data. – Genetics 160: 1217–1229.

Ascherson P. & Graebner P. (1897) Synopsis der mitteleuropäischen Flora. Vol. 1. – Wilhelm Engelman,
Leipzig.

Baack E. J., Whitney K. D. & Riesenberg L. H. (2005) Hybridization and genome size evolution: timing and
magnitude of nuclear DNA content increases in Helianthus homoploid hybrid species. – New Phytologist
167: 623–630.

Barrett S. C. H., Echert C. G. & Husband B. C. (1993) Evolutionary processes in aquatic plant populations. –
Aquatic Botany 44: 105–145.

Belavskaya A. P. (1984) K morfologii plodov roda Sparganium (Typhaceae) flory SSSR [A contribution to the
morphology of fruits of the genus Sparganium (Typhaceae) in the flora of the USSR]. – Botanicheskii
Zhurnal 69: 1662–1668.

Bonin A., Bellemain E., Eidesen P. B., Pompanon F., Brochmann C. & Taberlet P. (2004) How to track and
assess genotyping errors in population genetics studies. – Molecular Ecology 13: 3261–3273.

Brochmann C. (1992) Pollen and seed morphology of Nordic Draba (Brassicaceae): phylogenetic and ecologi-
cal implications. – Nordic Journal of Botany 12: 657–673.

Buerkle C. A., Morris R. J., Asmussen M. A. & Rieseberg L. H. (2000) The likelihood of homoploid hybrid
speciation. – Heredity 84: 441–451.

Bureš P., Wang Y. F., Horová L. & Suda J. (2004) Genome size variation in Central European species of
Cirsium (Compositae) and their natural hybrids. – Annals of Botany 94: 353–363.

Casper S. J. & Krausch H. D. (1980) Pteridophyta und Anthophyta. 1. Teil: Lycopodiaceae bis Orchidaceae. –
In: Ettl H., Gerloff J. & Heynig H. (eds), Süßwasserflora von Mitteleuropa, Vol. 23, p. 1–403, Gustav
Fischer Verlag, Stuttgart & New York.

Čelakovský L. (1899) Anatomické rozdíly v listech ramósních Sparganií �Anatomical differences in leaves of
the branched Sparganium species�. – Věstník Královské české společnosti nauk, třída matematicko-
přírodovědecká, 5: 1–11.

Čelakovský L. J. (1896) Ueber die ramosen Sparganien Böhmens. – Österreichische Botanische Zeitschrift 46:
421–433.

Chrtek J., Zahradníček J., Krak K. & Fehrer J. (2009) Genome size in Hieracium subgenus Hieracium

(Asteraceae) is strongly correlated with major phylogenetic groups. – Annals of Botany 104: 161–178.
Chumová Z., Krejčíková J., Mandáková T., Suda J. & Trávníček P. (2015) Evolutionary and taxonomic impli-

cations of variation in nuclear genome size: lesson from the grass genus Anthoxanthum (Poaceae). – PLoS
ONE 10: 1–17.

Chumová Z., Záveská E., Mandáková T., Krak K. & Trávníček P. (2017) The Mediterranean: the cradle of
Anthoxanthum (Poaceae) diploid diversity. – Annals of Botany 120: 285-302.

Ciotir C., Szabo J. & Freeland J. (2017) Genetic characterization of cattail species and hybrids (Typha spp.) in
Europe. – Aquatic Botany 141: 51–59.

Cook C. D. K. (1961) Sparganium L. in Britain. – Watsonia 5: 1–10.
Cook C. D. K. (1962) Sparganium erectum L. (S. ramosum Hudson, nom. illeg.) – Journal of Ecology 50:

247–255.
Cook C. D. K. (1980) Sparganiaceae. – In: Tutin T. G., Heywood V. H., Burges N. A., Moore D. M., Valentine

D. H., Walters S. M. & Webb D. A. (eds), Flora Europaea 5: 274–275, Cambridge University Press,
Cambridge.

Cook C. D. K. & Nicholls M. S. (1986) A monographic study of the genus Sparganium (Sparganiaceae). Part
1. Subgenus Xanthosparganium Holmberg. – Botanica Helvetica 96: 213–267.

Cook C. D. K. & Nicholls M. S. (1987) A monographic study of the genus Sparganium (Sparganiaceae). Part
2. Subgenus Sparganium. – Botanica Helvetica 97: 1–44.

Daneck H., Abraham V., Fér T. & Marhold K. (2011) Phylogeography of Lonicera nigra in Central Europe
inferred from molecular and pollen evidence. – Preslia 83: 237–257.

Dirmenci T., Özcan T., Yazici T., Arabaci T. & Martin E. (2018) Morphological, cytological, palynological and
molecular evidence on two new hybrids from Turkey: an example of homoploid hybridization in Origanum

(Lamiaceae). – Phytotaxa 371: 145–167.

156 Preslia 92: 137–165, 2020



Doležel J., Bartoš J., Voglmayr H. & Greilhuber J. (2003) Nuclear DNA content and genome size of trout and
human. – Cytometry 51: 127–128.

Doležel J., Greilhuber J. & Suda J. (eds) (2007) Flow cytometry with plant cells. – Wiley-VCH, Weinheim.
Doyle J. J. & Doyle J. L. (1987) A rapid DNA isolation procedure for small amounts of fresh leaf tissue. –

Phytochemical Bulletin 19: 11–15.
Dušková E., Kolář F., Sklenář P., Rauchová J., Kubešová M., Fér T., Suda J. & Marhold K. (2010) Genome size

correlates with growth form, habitat and phylogeny in Andean genus Lasiocephalus (Asteraceae). – Preslia
82: 127–148.

Ehrich D. (2006) AFLPDAT: a collection of R functions for convenient handling of AFLP data. – Molecular
Ecology Notes 6: 603–604.

Ehrich D., Gaudeul M., Assefa A., Koch M., Mummenhoff K., Nemomissa S., IntraBioDiv Consortium &
Brochmann C. (2007) Genetic consequences of Pleistocene range shifts: contrast between the Arctic, the
Alps and the East African mountains. – Molecular Ecology 16: 2542–2559.

Evano G., Regnaut S. & Goudet J. (2005) Detecting the number of clusters of individuals using the software
structure: a simulation study. – Molecular Ecology 14: 2611–2620.

Excoffier L. & Lischer H. (2010) Arlequin suite ver. 3.5: a new series of programs to perform population genet-
ics analyses under Linux and Windows. – Molecular Ecology Resources 10: 564–567.

Excoffier L., Smouse P. & Quattro J. (1992) Analysis of molecular variance inferred from metric distances
among DNA haplotypes: application to human mitochondrial DNA restriction data. – Genetics 131:
479–491.

Falush D., Stephens M. & Pritchard J. K. (2007) Inference of population structure using multilocus genotype
data: dominant markers and null alleles. – Molecular Ecology Notes 7: 574–578.

Feliner G. N., Álvarez I., Fuertes-Aguilar J., Heuertz M., Marques I., Moharrek F., Pińeiro R., Riina R.,
Rosselló J. A., Soltis P. S. & Villa-Machío I. (2017) Is homoploid hybrid speciation that rare? An empiri-
cist’s view. – Heredity 118: 513–516.

Fici S. (2001) Intraspecific variation and evolutionary trends in Capparis spinosa L. (Capparaceae). – Plant
Systematics and Evolution 228: 123–141.

Graebner P. (1900) Sparganiaceae. – In: Engler A. (ed.), Das Pflanzenreich IV/10: 1–24, Verlag von Wilhelm
Engelmann, Leipzig.

Gobert V., Moja S., Colson M. & Taberlet P. (2002) Hybridization in the section Mentha (Lamiaceae) inferred
from AFLP markers. – American Journal of Botany 89: 2017–2023.

Gross B. L. & Rieseberg L. H. (2005) The ecological genetics of homoploid hybrid speciation. – Journal of
Hederity 96: 241–252.

Guo Y. P., Vogl C., van Loo M. & Ehrendorfer F. (2006) Hybrid origin and differentiation of two tetraploid
Achillea species in East Asia: molecular, morphological and ecogeographical evidence. – Molecular Ecol-
ogy 15: 133–144.

Haasová M. (1997) Variabilita druhu Sparganium erectum L. v České republice [Variation of Sparganium

erectum in the Czech Republic]. – MSc. thesis, Department of Botany, Faculty of Science, Charles Univer-
sity, Prague.

Hegi G. (1936) Sparganium. – In: Hegi G. (ed.), Illustrierte Flora von Mittel-Europa, Ed. 2, 1: 281–291, Carl
Hanser Verlag, München.

Hothorn T., Bretz F. & Westfall P. (2008) Simultaneous inference in general parametric models. – Biometrical
Journal 50: 346–363.

Hroudová Z., Zákravský P., Ducháček M. & Marhold K. (2007) Taxonomy, distribution and ecology of
Bolboschoenus in Europe. – Annales Botanici Fennici 44: 81–102.

Humphries J. M., Bookstein F. L., Chernoff B., Smith G. R., Elder R. L. & Poss S. G. (1981) Multivariate dis-
crimination by shape in relation to size. – Systematic Biology 30: 291–308.

Huson D. H. & Bryant D. (2006) Application of phylogenetic networks in evolutionary studies. – Molecular
Biology and Evolution 23: 254–267.

Ishii T., Nakayama Y., Kobayashi M. & Yamaguchi H. (2004) A note on the genetic diversity of the vulnerable
aquatic macrophyte Sparganium erectum and its congeners (Sparganiaceae) in rural wetland in Japan. –
Weed Biology and Management 4: 230–234.

Ito Y., Tanaka N., Kim C., Kaul R. B. & Albach D. C. (2016) Phylogeny of Sparganium (Typhaceae) revisited:
non-monophyletic nature of S. emersum sensu lato and resurrection of S. acaule. – Plant Systematics and
Evolution 302: 129–135.

Jaccard P. (1908) Nouvelles recherches sur la distribution florale. – Bulletin de la Société vaudoise des sci-
ences naturelles 44: 223–270.

Píšová & Fér: Sparganium erectum in the Czech Republic 157



Jakobsson M. & Rosenberg N. A. (2007) CLUMPP: a cluster matching and permutation program for dealing with
label switching and multimodality in analysis of population structure. – Bioinformatics 23: 1801–1806.

James J. K. & Abbott R. J. (2005) Recent, allopatric, homoploid hybrid speciation: the origin of Senecio

squalidus (Asteraceae) in the British Isles from a hybrid zone on Mount Etna, Sicily. – Evolution 59:
2533–2547.

Kaplan Z. (2002a) Phenotypic plasticity in Potamogeton (Potamogetonaceae). – Folia Geobotanica 37:
141–170.

Kaplan Z. (2002b) Sparganiaceae Dum. – In: Kubát K., Hrouda L., Chrtek jun. J., Kaplan Z., Kirschner J. &
Štěpánek J. (eds), Klíč ke květeně České republiky [Key to the Flora of the Czech Republic], p. 877–878,
Academia, Praha.

Kaplan Z., Danihelka J., Štěpánková J., Bureš P., Zázvorka J., Hroudová Z., Ducháček M., Grulich V., Řepka
R., Dančák M., Prančl J., Šumberová K., Wild J. & Trávníček B. (2015) Distributions of vascular plants in
the Czech Republic. Part 1. – Preslia 87: 417–500.

Kolář F., Lučanová M., Vít P., Urfus T., Chrtek J., Fér T., Ehrendorfer F. & Suda J. (2013) Diversity and
endemism in deglaciated areas: ploidy, relative genome size and niche differentiation in the Galium

pusillum complex (Rubiaceae) in Northern and Central Europe. – Annals of Botany 111: 1095–1108.
Koutecký P. (2015) MorphoTools: a set of R functions for morphometric analysis. – Plant Systematics and

Evolution 301: 1115–1121.
Lai Z., Nakazato T., Salmaso M., Burke J. M., Tang S., Knapp S. J. & Rieseberg L. H. (2005) Extensive chro-

mosomal repatterning and the evolution of sterility barriers in hybrid sunflower species. – Genetics 171:
291–303.

Lepší M., Lepší P., Koutecký P., Lučanová M., Koutecká E. & Kaplan Z. (2019) Stellaria ruderalis, a new spe-
cies in the Stellaria media group from central Europe. – Preslia 91: 391–420.

Lexer C., Welch M. E., Raymond O. & Rieseberg L. H. (2003) The origin of ecological divergence in
Helianthus paradoxus (Asteraceae): selection on transgressive characters in a novel hybrid habitat. – Evo-
lution 57: 1989–2000.

Linder P. H., Suda J., Weiss-Schneeweiss H., Trávníček P. & Bouchenak-Khelladi Y. (2017) Patterns, causes
and consequences of genome size variation in Restionaceae of Cape flora. – Botanical Journal of the Lin-
nean Society 183: 515–531.

Loureiro J., Trávníček P., Rauchová J., Štech M. & Suda J. (2010) The use of flow cytometry in biosystematics,
ecology and population biology of homoploid plants. – Preslia 82: 3–21.

Löve Á. & Löve D. (1948) Chromosome numbers of northern plant species. – Reports, Department of Agricul-
ture, University Institute of Applied Sciences, Reykjavík, Series B, 3: 1–131.

Löve Á. & Löve D. (1956) Cytotaxonomical conspectus of the Icelandic flora. – Acta Horticulturalis
Gotobergensis 20: 65–291.

Marhold K. (2011) Multivariate morphometrics and its application to monography at specific and intraspecific
levels. – In: Stuessy T. F. & Lack H. W. (eds), Monographic plant systematics: fundamental assessment of
plant biodiversity, p. 73–99, Ruggell, Ganter.

Masuelli R. W., Camadro E. L., Erazzú L. E., Bedogni M. C. & Marfil C. F. (2009) Homoploid hybridization in
the origin and evolution of wild diploid potato species. – Plant Systematics and Evolution 277: 143–151.

Michálková E., Šmerda J., Knoll A. & Bureš P. (2018) Cirsium ×sudae: a new interspecific hybrid between rare
Alpine thistles. – Preslia 90: 347–365.

Morozowska M., Czarna A., Kujawa M. & Jagodzinski A. M. (2011) Seed morphology and endosperm struc-
ture of selected species of Primulaceae, Myrsinaceae, and Theophrastaceae and their systematic impor-
tance. – Plant Systematics and Evolution 291: 159–172.

Neuman L. M. (1897) Om nomenklatur och artbegränsning inom slägtet Sparganium I [On nomenclature and
species delimitation in Sparganium I]. – Botaniska Notiser 1897/3: 113–130.

Nordborg M., Hu T. T., Ishino Y., Jhaveri J., Toomajian C., Zheng H. G., Bakker E., Calabrese P., Gladstone J.,
Goyal R., Jakobsson M., Kim S., Morozov Y., Padhukasahasram B., Plagnol V., Rosenberg N. A., Shah C.,
Wall J. D., Wang J., Zhao K. Y., Kalbfleisch T., Schulz V., Kreitman M. & Bergelson J. (2005) The pattern
of polymorphism in Arabidopsis thaliana. – PLoS Biology 3: 1289–1299.

Ostenfeld-Hansen C. (1897) De i Danmark voxende ramose Sparganium-Arter [The ramose Sparganium spe-
cies in Denmark]. – Botanisk Tidskrift 21: V–IX.

Paszko B. & Nobis M. (2010) The hybrid origin of Calamagrostis × gracilescens (Poaceae). – Acta Societatis
Botanicorum Poloniae 79: 51–61.

158 Preslia 92: 137–165, 2020



Pedersen A. T. M., Nowak M. D., Brysting A. K., Elven R. & Bjorĺ C. S. (2016) Hybrid origins of Carex

rostrata var. borealis and C. stenolepis, two problematic taxa in Carex section Vesicariae (Cyperaceae). –
PLoS ONE 11: 1–18.

Piquot Y., Saumitou-Laprade P., Petit D., Vernet P. & Epplen J. T. (1996) Genotypic diversity revealed by
allozymes and oligonucleotide DNA fingerprinting in French populations of the aquatic macrophyte
Sparganium erectum. – Molecular Ecology 5: 251–258.

Píšová S., Hroudová Z., Chumová Z. & Fér T. (2017) Ecological hybrid speciation in central-European species
of Bolboschoenus: genetic and morphological evaluation. – Preslia 89: 17–39.

Popelka O., Trávníček B., Šiková P., Jandová M. & Duchoslav M. (2019) Natural hybridization between dip-
loid Ficaria calthifolia and tetraploid Ficaria verna subsp. verna in central Europe: evidence from mor-
phology, ecology and life-history traits. – Preslia 91: 179–212.

Prančl J., Koutecký P., Trávníček P., Jarolímová V., Lučanová M., Koutecká E. & Kaplan Z. (2018) Cytotype
variation, cryptic diversity and hybridization in Ranunculus sect. Batrachium revealed by flow cytometry
and chromosome numbers. – Preslia 90: 195–223.

Pritchard J. K., Stephens M. & Donnelly P. (2000) Inference of population structure using multilocus genotype
data. – Genetics 155: 945–959.

R Development Core Team (2008) R: A language and environment for statistical computing. – R Foundation
for Statistical Computing, Vienna, Austria, URL: http://www.R-project.org.

Rieseberg L. H. (1997) Hybrid origins of plant species. – Annual Review of Ecology and Systematics 28:
359–389.

Rieseberg L. H., Raymond O., Rosenthal D. M., Lai Z., Livingstone K., Nakazato T., Durphy J. L.,
Schwarzbach A. E., Donovan L. A. & Lexer C. (2003) Major ecological transitions in wild sunflowers
facilitated by hybridization. – Science 301: 1211–1216.

Rosenberg N. A. (2004) DISTRUCT: a program for the graphical display of population structure. – Molecular
Ecology Notes 4: 137–138.

Santamaria L. (2002) Why most aquatic plants are broadly distributed? Dispersal, clonal growth and small-
scale heterogeneity in a stressful environment. – Acta Oecologica 23: 137–154.

Sculthorpe C. D. (1967) The biology of aquatic vascular plants. – Edward Arnold, London.
Silbernagl L. & Schönswetter P. (2019) Genetically divergent cytotypes of Vaccinium uliginosum co-occurring

in the central Eastern Alps can be distinguished based on the morphology of their flowers. – Preslia 91:
143–159.

Slovák M., Vít P., Urfus T. & Suda J. (2009) Complex pattern of genome size variation in the polymorphic spe-
cies Picris hieracioides (Compositae). – Plant Systematics and Evolution 278: 187–201.

Snow A. A., Travis S. E., Wildová R., Fér T., Sweeny P. M., Marburger J. E., Windels S., Kubátová B.,
Goldberg D. E. & Mutegi E. (2010) Species-specific SSR alleles for studies of hybrid cattails (Typha lati-

folia × Typha angustifolia; Typhaceae) in North America. – American Journal of Botany 97: 2061–2067.
Soltis P. S. & Soltis D. E. (2009) The role of hybridization in plant speciation. – Annual Review of Plant Biol-

ogy 60: 561–588.
Soltis D. E., Visqer C. J. & Soltis P. S. (2014) The polyploidy revolution then … and now: Stebbins revisited. –

American Journal of Botany 101: 1057–1078.
Španiel S., Marhold K., Filová B. & Zozomová-Lihová J. (2011) Genetic and morphological variation in the

diploid–polyploid Alyssum montanum in Central Europe: taxonomic and evolutionary considerations. –
Plant Systematics and Evolution 294: 1–25.

Sulman J. D., Drew B. T., Drummond C., Hayasaka E. & Systma K. J. (2013) Systematics, biogeography, and
character evolution of Sparganium (Typhaceae): diversification of a widespread aquatic lineage. – Ameri-
can Journal of Botany 100: 2023–2039.

Swofford D. L. (2002) PAUP*: Phylogenetic snalysis using parsimony (*and other methods), version 4.0, Beta
10. – Sinauer Associates, Sunderland.

ter Braak C. J. F. & Šmilauer P. (2012) Canoco reference manual and user’s guide: software for ordination, ver-
sion 5.0. – Microcomputer Power, Ithaca, USA.

Vít P., Douda J., Krak K., Havrdová A. & Mandák B. (2017) Two new polyploid species closely related to
Alnus glutinosa in Europe and North Africa: an analysis based on morphometry, karyology, flow cytometry
and microsatellites. – Taxon 66: 567–583.

Vít P., Wolfová K., Urfus T., Tájek P. & Suda J. (2014) Interspecific hybridization between rare and common
plant congeners inferred from genome size data: assessing the threat to the Czech serpentine endemic
Cerastium alsinifolium (Caryophyllaceae). – Preslia 86: 95–117.

Píšová & Fér: Sparganium erectum in the Czech Republic 159



Vos P., Hogers R., Bleeker M., Reijans M., van de Lee T., Hornes M., Frijters A., Pot J., Peleman J., Kuiper M.
& Zabeau M. (1995) AFLP: a new technique for DNA fingerprinting. – Nucleic Acids Research 23:
4407–4414.

Yakimowski S. B. & Rieseberg L. H. (2014) The role of homoploid hybridization in evolution: a century of
studies synthesizing genetics and ecology. – American Journal of Botany 101: 1247–1258.

Záveská E., Fér T., Šída O., Leong-Škorničková J., Sabu M. & Marhold K. (2011) Genetic diversity patterns in
Curcuma reflect differences in genome size. – Botanical Journal of the Linnean Society 165: 388–401.

Received 8 December 2018
Revision received 21 October 2019

Accepted 17 February 2020

Appendix 1 – List of the populations of the subspecies of Sparganium erectum studied and their characteristics.
AFLP group – determination of each population based on AFLP data (STRUCTURE 85%): N – S. e. subsp.
neglectum, O – S. e. subsp. oocarpum, E×O – S. e. subsp. erectum × S. e. subsp. oocarpum, E – S. erectum

subsp. erectum, E×M – S. e. subsp. erectum × S. e. subsp. microcarpum, M – S. e. subsp. microcarpum, M×N –
S. e. subsp. microcarpum × S. e. subsp. neglectum. Nind – number of individuals analysed using AFLPs; G –
number of genotypes; He – Nei’s gene diversity; Pp – percentage of AFLP markers demonstrating intra-popu-
lation polymorphism; D – Simpson’s diversity index. FCM: 2C – The average genome size of the populations
of the subspecies of S. erectum (2C value, picograms, pg); subsp. – subspecies determination of each popula-
tion based on its genome size. CDA – subspecies determination of each population based on classificatory
discriminant analyses of (E – S. e. subsp. erectum, M – S. e. subsp. microcarpum, N – S. e. subsp. neglectum,
O – S. e. subsp. oocarpum). �
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