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Abstract Natural interspecific hybridization

between Typha latifolia L. and Typha angustifolia L.

was analyzed by morpho-anatomical and molecular

methods to determine whether the hybrid Typha

glauca Godr. is present in Poland and to identify the

best diagnostic traits for its identification. Eighty-three

samples of the Typha species were collected. Nine

random amplified polymorphic DNA (RAPD) primers

provided 12 fragments specific for T. angustifolia and

eight fragments specific for T. latifolia. DNA of all

sampled individuals was analyzed with 20 diagnostic

RAPD markers. The morpho-anatomical variability of

T. glauca F1 was found to be quite similar to that

observed in parental plants. All of the 41 traits

examined in the hybrids overlapped with those

observed in the parents, however, the hybrids were

visibly closer to T. angustifolia than to T. latifolia. The

most discriminate characteristics were the length and

pedicel width, as well as the epidermal cell thickness

located above vascular bundles in leaf blades. More-

over, preliminary observations of seed sculpture

showed that the length of testa cells could also be

used to identify T. glauca. Clusters and the hybrid

index (for molecular and morphological data) were

highly coincident and support the hybridization

hypothesis.
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Introduction

The genus Typha consists of about 30 species (Gova-

erts, 2012) occurring in almost every part of the world.

The majority of cattail species can be found in the

wetlands of the temperate northern hemisphere.

Among the most common and cosmopolitan species

are the broad-leaved cattail (Typha latifolia L.) and the

narrow-leaved cattail (Typha angustifolia L.) that

occupy extensive areas of the temperate northern

hemisphere in Europe and North America. Spontane-

ous hybrids between both of the species were found in

North America in 1844 and in 1889 in Europe, and
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named Typha glauca Godr. (Smith, 1967). In North

America, all three species and, in particular, Typha

glauca, are regarded as expansive weeds that have

altered wetland ecosystems (Grace & Harrison, 1986;

Galatowitsch et al., 1999; Zedler & Kercher, 2004;

Angeloni et al., 2006; Shih & Finkelstein, 2008;

Tuchman et al., 2009; Lishawa et al., 2010; Travis

et al., 2011; Larkin et al., 2012). Reports of sponta-

neous hybrid occurrence in Europe are comparatively

much less frequent. The hybrid is reported to occur in

South-Western European locations (Fournier, 1961),

in Northern Europe (Luther, 1947), and in Eastern

Europe (Kapitonova et al., 2012). Relatively little is

known about actual spread of Typha glauca in Central

Europe, with only one old report from Germany being

available (Figert, 1890). Neither local nor regional

studies of flora or the checklists developed for Poland

(Mirek et al., 2002) indicate the presence of this

species in Poland. However, our field observations

carried out in previous years suggest that Typha

glauca does grow in this part of Europe. We, therefore,

sought for evidence of the existence of Typha glauca

as a hybrid even if it remains an unrecognized taxon.

The identification of interspecific hybrids on the

basis of morphological and anatomical characteristics

may be a challenge. The reason for the difficulties lies

in morphological overlapping of the hybrid and the

parents (Clausen, 1962), the substantial variability of

parent and hybrid characteristics (Carney et al., 2000;

González-Rodri9quez et al., 2004), the gradation of

intermediate characteristics (Tovar-Sánchez & Oy-

ama, 2004; Stace, 2005), as well as backcrossing

(Pacheco et al., 1991). The commonly used diagnostic

traits include none that would differentiate between

Typha glauca and its parental species (Smith, 1967).

The variability of the architectures of Typha ramets

and clones is due to a number of factors such as

climate and salinity (McNaughton, 1966), as well as

population age (Travis et al., 2011). However, the

most influential factor impacting on the general habits

of the cattails seems to be water depth (Grace &

Harrison, 1986; Waters & Shaw, 1990, 1991; Farrell

et al., 2010).

The hybrid Typha glauca is common in many

regions where the two parental species are sympatric

(Galatowitsch et al., 1999; Travis et al., 2010; Kirk

et al., 2011), although hybridization is not ubiquitous:

in some areas of sympatry, no hybrids have been

detected (Selbo & Snow, 2004; Tsyusko et al., 2005),

and where they do occur, the frequency of hybrids can

vary considerably between regions (Kirk et al., 2011).

Some authors claim that the divergence of flowering

time may be a critical barrier to species hybridization

(Lamont et al., 2003). However, in case of Typha spp.,

differences in flowering times in Poland are small, and

therefore, unlikely to prevent the formation of hybrids.

All of the hybrids genotyped by Ball & Freeland

(2013) had Typha angustifolia cpDNA sequences.

Previous studies have shown that cpDNA is mater-

nally inherited in Typha spp. (Corriveau & Coleman,

1988; Kuehn et al., 1999). Therefore, some form of

reproductive barrier prevents either the fertilization of

Typha latifolia female flowers by Typha angustifolia

pollen, or the subsequent development of viable seeds.

Such asymmetrical hybridization has been repeatedly

documented in plants (Rieseberg & Carney, 1998) and

may result from a number of factors. The latter study

concluded that contrary to earlier reports, flowering

time is not a barrier to the formation of Typha glauca,

(Ball & Freeland, 2013) although an unidentified

barrier does prevent the formation of viable hybrids

with female Typha angustifolia and male Typha

latifolia parents.

The taxonomic status of Typha glauca has long been

disputed. Conflicting theories still persist that propose

to explain the hybrid nature of Typha glauca, although

it is generally accepted to be a form of a hybrid between

T. latifolia and T. angustifolia. Mostly Typha glauca

has been described as a hybrid species and an F1 hybrid

(Bayly & O’Neill, 1971; Lee, 1975; Smith, 1987;

Kuehn & White, 1999; Smith, 2000; Snow et al.,

2010), or as a species produced by an introgression

(Fassett and Calhoun, 1952; Lee, 1975). Moreover, the

going assumption until recently was that Typha glauca

occurred only as F1 progeny of T. latifolia and T.

angustifolia as F1 hybrids were considered to be almost

universally sterile (Marsh, 1962; Smith, 1987, 2000).

Travis et al. (2010) showed that backcrosses do exist in

natural populations. The results of Snow et al. (2010)

also confirmed that hybrid populations can include

substantial numbers of backcrossed genotypes. Most

recently, studies by Kirk et al. (2011) imply that the

Typha glauca hybrid is not universally sterile, as

suggested by Smith (1987), and that the levels of

putative backcrossing found in their study exceed those

discovered by Travis et al. (2010) in the western Great

Lakes region, which suggests that levels of backcross-

ing may be non-uniform across different areas of the
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Great Lakes. Backcrossing can lead to a reshuffling of

parental genes; this can, in turn, allow hybrids to

express environmental tolerances and growth charac-

teristics that exceed those found in parental species.

This may explain the invasive nature of hybrids in the

described region. If Typha glauca can produce

advanced generation hybrids and/or facilitate the

introgression of genes from one parental species to

another, their potential to contribute to adaptive

evolution and invasiveness within the species complex

may be increased (Ellstrand & Schierenbeck, 2000;

Rieseberg et al., 2007).

The hypothesis that hybridization occurs in the

Polish population of Typha relies on the presence of

individuals with intermediate morphological traits in

sympatric populations. However, their parentage has

not been confirmed using molecular techniques and

other diagnostic characteristics. The test conducted for

these purposes provides evidence of hybridization and

potential introgression. It relies on a combination of

nuclear markers and morphological traits. To distin-

guish between different hypotheses of hybridization

and confirm the existence of the hybrid taxon in the

examined plant population, it is necessary to identify

species-specific (diagnostic) markers for T. latifolia

and T. angustifolia. Similarly to Kuehn et al. (1999),

we have developed random amplified polymorphic

DNA (RAPD) markers specific to the parental species

to assess hybrids. We provided a statistical verification

of the hitherto applied diagnostic characteristics of

Typha angustifolia, Typha latifolia, and Typha glauca

and also suggested several new diagnostic character-

istics on the basis of microscopic observations of

leaves and seed sculpture.

Methods

Data collection

The input data for this study were derived from 83

cattail specimens (Fig. 1, Supplementary material 1).

As mentioned in the introduction, we relied on prior

field observations in making the assumption that

Typha glauca can be found in Midwestern Poland (the

Regions of Wielkopolska and Silesia). For this reason,

it was in this part of Poland that the majority of the

plants were collected. A total of 69 specimens were

collected in 20 dispersed sites. Twenty-seven of these

came from ponds, 26 specimens were taken from

groups of ponds, seven specimens were taken from

lakes, five specimens were taken from ditches, and

four specimens were taken from rivers.

The plants were collected in August 2010 during

the biomass peak. Sprouts were collected of any cattail

species identified in each reservoir. In cases where

group of reservoirs were found or where a single

reservoir was large and harbored a particularly abun-

dant population of cattails, several specimens (ramets)

of each species were collected. To avoid collecting

ramets of the same clone in such locations, a minimum

distance of 30 meters was maintained between the

collected ramets. Such a minimum distance was based

on a study by Travis et al. (2011). Nevertheless, the

actual distances often exceeded 50 m. Specimens were

classified according to their morphological structures

ranging from broad-leaved to narrow-leaved cattails.

Any plants having an intermediate morphological

structure of leaves were regarded as hybrids. This

sampling scheme was used to collect 69 cattails. Field

diagnosis showed that a total sample of 69 cattails

consisted of 30 specimens of Typha latifolia, 28

specimens of Typha angustifolia, as well as 11

specimens of their putative hybrid.

In order to check if hybrids can be also find in other

regions of Poland random search was run out in the

region of Western Poland. We found four reservoirs

(ditch, estuary and ponds) in the Pomerania Region

which were home to putative hybrids and collected

nine specimens of the supposed Typha glauca. We

also examined the holdings of the Polish herbarium to

find another five putative hybrids at the Jagiellonian

University of Cracow.

Measurements

Seventy-eight specimens, including all except the five

herbarium samples were measured. The herbarium

samples were disregarded as their measurements

would be partially incomparable with measurements

of fresh plants (e.g., width of female spike in case of

flatten spike), would be incomplete (e.g., shoot height

in case of cut plant) or difficult to conduct without

damaging samples (e.g., plume length, leaf protrusion

above the stem).

The measurements of macro-morphological traits

relied on a fresh sample and included traits that are

commonly used to identify cattail and traits and could
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be used in the field. We considered the 14 traits of

shoot height, shoot diameter, the length and width of

the 1st and the 4th leaf, leaf protrusion above the stem,

female spike length and width, male spike length,

spike interval, the diameter of the inflorescence rachis

with pedicels, inflorescence rachis diameter, and

plume length. The measurements were carried out by

means of tape measure and a slide caliper. Plume

length was measured with plotting paper. As plume

length varies depending on its location in the inflo-

rescence, each plume specimen was collected at 30

random locations. The average for such 30 values was

regarded to be the value of the characteristic. Any

qualitative and subjective characteristics such as

spandex color were disregarded.

Pedicel measurements, as well as observations of

the anatomical structure of leaves relied on a random

sample of 20 Typha angustifolia specimens, 20 Typha

latifolia specimens, as well as all of F1 specimens of

Typha glauca. Observations of leaves anatomy were

surveyed on leaves from the middle part of stem. A

sliding microtome was used to cut sections to the

thickness of 50 lm. Cross-sections of the leaf blade

border zone were then displayed. The measurements

were carried out using a light microscope with a scale.

The measurements covered 21 characteristics: the

length and width of margin compartment (MC),

compartment 1 (C1), compartment 2 (C2), and com-

partment 3 (C3); the number of vascular bundles in

MC, C1, C2, and C3; the length of the sclerenchyma

zone in MC; the width of the beam between MC and

C1, C1 and C2, as well as between C2 and C3; the

width of the mesophyle in C1, C2, and C3; the

thickness of epidermal cells between the vascular

bundle in C3 and the thickness of epidermal cells

above the vascular bundles in C3. Pedicel length and

width was measured with a Zeiss EVO 40 scanning

electron microscope at an accelerating voltage of

15 kV.

One out of all investigated Typha glauca specimens

produced seeds. Thirty seeds were collected from this

specimen. Similarly 30 seeds were collected from one

specimen of Typha angustifolia and one specimen of

Typha latifolia each. Length and width of seeds were

measured with the use of a stereoscopic microscope

with a scale. Sculpture observations were conducted

with a Zeiss EVO 40 scanning electron microscope at

an accelerating voltage of 15 kV. As only one of 30

Typha glauca seeds showed a fully developed seed

sculpture, SEM observations were limited to this very

seed, as well as one other randomly selected seed of

Typha angustifolia and Typha latifolia each. The

N
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74-76
77-78

79
81

POLAND

83

Typha angustifolia

Typha latifolia

Typha glauca
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22

42,69
9-1920

3-4,7 21

64-68
59-60

40-41
34-378

1

2
5-6 43-56
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SILESIA
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61-63
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Fig. 1 Sampling locations

of Typha angustifolia,

Typha latifolia and Typha

glauca in Poland
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measurements also included the length and width of 30

testa cells. Considering the fact that the compared

samples were collected from single seeds, these

observations should be treated as a preliminary study.

There have been no studies of seed sculpture in

Typha sp. so far. Our preliminary observations showed,

however that testa cells size may be a good diagnostic

characteristics. We verified these conjectures with

respect to parental species on a much larger sample

measuring random testa cells in each 100 seeds of

Typha angustifolia and Typha latifolia.

Calculations and statistical analyses

of morpho-anatomical measurements

We used the hybrid index (Anderson, 1953) to verify

the status of plants recognized in the field as pure

species and hybrids. They began by testing the macro-

morphological traits of Typha angustifolia and Typha

latifolia with a Student’s t test to select traits, which

discriminate both parents. Ten traits were found to

strongly differentiate between Typha angustifolia and

Typha latifolia (P \ 0.001)—these were used to

calculate the hybrid index: 1.—shoot diameter; 2 and

3—width of the 1st and 4th leaf; 4—leaf protrusion

above the stem, 5 and 6—female spike length and

width; 7—spike interval; 8—diameter of inflorescence

rachis with pedicels; 9—inflorescence rachis diame-

ter; and 10—plume length. The traits were divided

into three classes: those ranging from the minimum

value to 1/3 of the maximum value; those ranging from

1/3 to 2/3 of the maximum value; and those ranging

from 2/3 of the maximum value to the maximum value

(Pacheco et al., 1991). Class zero was defined as

similar to Typha latifolia, class one as intermediate

and class two as similar to Typha angustifolia.

We used a one-way ANOVA test followed by a

Tukey’s post hoc test and a Chi square test (for

bivariate data) to find, which of the 41 traits signif-

icantly differentiated the genetically identified cattail

species. As we wanted to identify the best diagnostic

traits for pure Typha glauca identification, we tested

parents and hybrid F1 specimens.

Discriminant function analysis (DFA) was used to

assess multivariate morphological differentiation

between parents and Typha glauca and compare the

potential for hybrid discrimination on the basis of

morphological traits (macro-morphological data and

pedicels data), as well as leaf anatomy. Two

independent models were constructed for each of the

groups of characteristics. Analyses were performed on

the total set of 52 genetically identified individuals.

Parental species were represented by 20 randomized

specimens (listed in the ‘‘Measurements’’ section),

whereas Typha glauca was represented by all F1

specimens. All analyzed variables from the study

group were used in the model. To assess the impact of

particular variables on the discriminant function, use

was made of standardized coefficients (Barcikowski &

Stevens, 1975). Seeds were not included in calcula-

tions due to the fact that measurements were not taken

for particular individuals (see the ‘‘Measurements’’

section). ANOVA, as well as DFA were carried out by

means of the Statistica software package (version 10,

StatSoft).

In addition to macro-morphological traits, ANOVA

with Tukey’s tests, as well as DFA analyses identified

seven anatomical and micro-morphological character-

istics as being indicative of the three examined taxa.

We verified the diagnostic usefulness of these char-

acteristics using the Anderson hybrid index. The index

was tested extensively before the final scheme was

accepted.

Additionally, we tested whether testa cells’ length

and width are different for Typha latifolia and Typha

angustifolia by means of Student’s t test.

Genetic analysis

Morphological data are likely to be unreliable in

distinguishing F1 hybrids from their parents or back-

crosses. Neither will such data indicate whether the

parents are free of introgression. Therefore, we

performed a genetic analysis of all 83 plants (30

individuals of the presumed ‘‘pure’’ T. latifolia, 28

individuals of ‘‘pure’’ T. angustifolia, and 26 individ-

uals of their putative hybrids) using the randomly

amplified polymorphic DNA (RAPD) by the methods

of Williams et al. (1990) and Welsh and McClelland

(1990).

The total genomic DNA was extracted from fresh

and dried leaf tissue using a slightly modified cetyl

trimethylammonium bromide (CTAB) method (Doyle

& Doyle, 1987). DNA quality and concentration was

estimated by electrophoresis and with a spectropho-

tometer, after which it was adjusted to 20 ng/ll and

used as a template in PCR reactions. PCR RAPD
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amplifications were performed in 16 ll volumes

containing a ready-to use PCR Master Mix (2x)

(Fermentas), 20 pM 10-mer primer, and 50 ng of the

template DNA. DNA amplification reactions were

performed in a thermocycler (M. J. Research, Inc.)

programmed for 40 cycles divided into two stages,

differing in terms of annealing temperature as men-

tioned earlier (Czarna et al., 2013).

Initially, sixty 10-nucleotide primers (commer-

cially available primer kits A, B and H, Operon

Technologies) were probed for the preliminary selec-

tion of the most informative RAPD primers for the

species in question. The bulked segregate analysis

(BSA) technique (Michelmore et al., 1991) was used

to identify primers producing clear RAPD markers

that differentiate between Typha species. To deter-

mine differentiation among the analyzed plants and

estimate the likelihood of occurrence of putative

hybrid individuals among them, the initial reactions

were conducted for all plants with 14 of the 21 primers

chosen in this manner.

For the qualitative identification of hybrid individ-

uals, diagnostic markers were defined. These markers

are those present in all individuals of one species and

absent in another, while species-specific markers are

those that are unique to one species, but not necessar-

ily present in all individuals within that species

(Howard et al., 1997). To determine diagnostic

markers, it is necessary to obtain ‘‘pure’’ samples of

Typha latifolia and Typha angustifolia. Among the

plants that contained morphologically extreme traits,

type specimens were chosen for both Typha latifolia

and Typha angustifolia and used to identify molecular

markers specific to each species. To ensure that these

markers reflected species-specific rather than site-

specific differences, the specimens to be examined

were sourced from different locations. Species-type

specimens for Typha latifolia consisted of nine

samples from different sites. The species standard

for Typha angustifolia consisted of eight samples. All

reference samples of parental species were screened

using 21 RAPD primers, which previously seemed to

differentiate between them. Nine of the selected

primers produced clear reproducible RAPD fragments

that contained diagnostic and species-specific mark-

ers. Finally, the DNA of 83 individuals were tested

using only the nine primers that produce 20 diagnostic

markers (eight for T. latifolia: OPA-01(2), OPA-11,

OPA-13, OPA-15 (2), OPB-6 and OPB-12, and 12 for

T. angustifolia: OPA-01, OPA-02, OPA-11, OPA-13,

OPA-15, OPA-19 (2), OPB-6 (2), OPB-12 (2), and

OPH-08).

Reaction products were separated by electrophore-

sis in 1.5% agarose gels in a 1xTBE buffer containing

ethidium bromide in the presence of size markers.

DNA bands were photographed in ultraviolet light

utilizing the GBOX (Syngene Biotech) photo docu-

mentation system.

Calculations and statistical analyses for molecular

data

Cluster analysis of the RAPD data obtained with 14

primers was conducted using the Gene Tools and Gene

Directory software from Syngene Biotech.

The parentage of each individual sample was

estimated using a hybrid index. Each plant was scored

for the presence or absence of each parental (diagnos-

tic) marker. Arithmetic hybrid index values (distances

from Typha latifolia) were calculated as described in

Fritz et al. (1994). Such calculations were as follows:

‘‘pure’’ Typha latifolia were given a score of 0; the

presence of any Typha angustifolia marker or the lack

of any Typha latifolia marker increased the index

value up to a maximum of 1 for ‘‘pure’’ Typha

angustifolia. F1 plants would theoretically have an

index of 0.5 and possess all markers from both parents.

Backcrosses are expected to lack a portion of the

markers from one species. The presence of unique

markers from both parents identifies the presence of a

hybrid.

To investigate whether any correlation exists

between the molecular hybrid index and the morpho-

logical hybrid index, use was made of the Spearmans’

rho method for abnormally distributed data.

Results

Morphologically intermediate cattails

Ten of the 14 macro-morphological traits were used to

estimate the status of putative hybrids. The selected

traits very significantly (P \ 0.001) differentiated the

specimens identified in the field as Typha angustifolia

from those identified as Typha latifolia when sub-

jected to the t test. The computed hybrid index values

ranged from 0 to 20 and clearly separated the two
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parental species (Fig. 2a). Scores between 1 and 10

represent specimens of Typha latifolia, whereas scores

between 14 and 19 represent specimens of Typha

angustifolia. All individuals identified in the field as

putative hybrids, except T-70, ended up aggregated in

one group. While 10 specimens took intermediate

hybrid index values (scores 11–13), 10 specimens fell

well within the hybrid index distribution range of

a

b

c

Fig. 2 Frequency distribution of Typha latifolia, Typha an-

gustifolia and Typha glauca individuals versus the hybrid index

(HI) derived from 10 macro-morphological characteristics (a, b)

and including the two new characteristics, i.e., length of pedicels

and thickness of epidermal cells above vascular bundles (c).

Histograms present individuals identified in the field (a) and

genetically identified Typha spp (b, c). Stars indicate plants,

which had been misidentified in the field. Striped areas show the

distance between HI of Typha latifolia and probable F1 hybrids.

Arrows indicate overlap of HI of probable F1 hybrids and Typha

angustifolia
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Typha latifolia (score 9) and Typha angustifolia

(scores 14–17). Most of the intermediate individuals

were collected in the Pomerania Region (samples T-71

to T-78) and are most likely to represent generation F1.

The majority of the specimens having the hybrid index

values that overlapped with those of Typha angusti-

folia originated from Mideast Poland (the Regions of

Wielkopolska and Lower Silesia) and may be back-

crosses or misidentified parents.

Genetic analysis (RAPDs) of Typha glauca

and parental species

Initially, a total of 26 individuals of putative Typha

glauca were examined and compared to both of the

parental species using 14 primers that showed clear,

reproducible products and seemed well differentiate

between Typha angustifolia and Typha latifolia. All of

these individuals showed such segregation of the species-

specific markers that was observed in both parental

species, not however, in equal proportions. In some of the

cases, a greater similarity was observed with one of the

parents, and in other cases with the other. On the other

hand, clear differences in band patterns were observed in

comparing the hybrid samples from Wielkopolska and

Lower Silesia with those from other sampling sites.

Moreover, the differentiation in band patterns observed

among those hybrids was also greater. Additionally,

analysis of profiles indicated that the differentiation level

between individuals within each parental group was

rather low. The genetic diversity of Typha latifolia was

much lower than that of the Typha angustifolia and Typha

glauca groups. A total of 116 scoreable RAPD markers,

111 of which were polymorphic, were evaluated in the

range of between 200 and 1200 base pairs. An average of

8 polymorphic bands was amplified with each primer (the

5–12 range). Eighty-three out of 116 scored RAPD

markers in Typha angustifolia were polymorphic

(71.55%). In contrast, only 69 of the 116 scored markers

in Typha latifolia were polymorphic (59.48%). Com-

pared to them, the greatest number of polymorphic

bands, with 101 of the 116 scored markers (87.07%), was

observed in Typha glauca.

Cluster analysis of RAPD data allowed to group the

plants in six main clusters. Two of them comprised

Typha angustifolia samples, another two with Typha

glauca ones, while yet another two included Typha

latifolia. The latter is divided into four discrete groups,

namely one comprising three Typha glauca

individuals, one with many Typha latifolia and

another two groups containing single putative hybrid

individuals. Moreover, the Typha glauca accessions

from Wielkopolska and Lower Silesia, as well as those

from Pomerania and the herbarium, formed separate

groups (Fig. 3). The dendrogram confirmed previous

assumptions derived from genetic profile analysis

whereby plants referred to as Typha glauca differ from

the other examined species and, as such, are likely to

constitute their hybrids.

Identification of RAPD species-specific markers

Results of the studies by other researchers, as well as

our preliminary analysis indicated that RAPDs are

powerful tools for characterizing hybrids between

Typha species. Of the 60 primers tested in the study, we

detected numerous markers that are unique for each

parent. However, some of them were polymorphic

within species, they are of limited use for quantifying

the genetic composition of putative hybrids. Nine

primers that produce 20 unambiguous marker loci were

chosen for the purposes of this preliminary study. Eight

of them are present in ‘‘pure’’ Typha latifolia and

absent in ‘‘pure’’ Typha angustifolia while 12 are

present in ‘‘pure’’ Typha angustifolia and absent in

‘‘pure’’ Typha latifolia. Species-diagnostic markers

were used to identify hybrids between parental Typha

species (Supplementary material 2). Based on these

markers, 83 plants sourced from various locations

across Poland were given hybrid index scores and

plotted on Fig. 4. RAPD analysis confirmed the field

identification of 11 plants as ‘‘pure’’ Typha latifolia—

these were uniform with respect to the 20 genetic

markers. Another nine plants (index = 0.05) differed

only in that they lacked one of the eight Typha latifolia

markers, or had a single Typha angustifolia marker, but

were otherwise identifiable as Typha latifolia. Two

further groups, which consisted of seven individuals in

this cluster (0.1–0.15), represented nearly pure paren-

tal plants. Thirteen plants identified in the field as

Typha angustifolia also appeared to be pure based on

RAPDs (index = 1). Similarly as in the above case, 12

other plants differed only in that they lacked one of the

12 Typha angustifolia markers. Yet, neither of them

had Typha latifolia markers (0.95). Together with

plants T-37 and T-44, which were found in the field to

be hybrids (0.85–0.9), they were classified as pure or

nearly pure Typha angustifolia. Among the putative
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hybrids, four individuals exhibited perfect marker

additivity as expected in an F1 (index = 0.5). Six other

plants deviated by only one character (a distance of

0.45–0.55 from Typha latifolia), and were thus inter-

preted as F1-types. Another group (of six plants)

deviated from F1 by only two characters (0.4–0.6) and

were also classified as F1-types (Fig. 4). Among them

was a plant (T-42) identified in the field as Typha

angustifolia but appeared to be F1 based on RAPDs.

Another plant (T-69), also misidentified in the field as

Typha angustifolia, as well as an individual T-16

marked as Typha latifolia, appeared to belong to group

of nine probably backcrosses toward Typha angustifo-

lia (0.65–0.8). For the purposes of further analysis,

these three plants are considered to be hybrids. Finally,

a small cluster interpreted as a probable backcrosses

toward Typha latifolia was created by four plants with a

distance of 0.2–0.35 away from Typha latifolia.

Spearman’s rho showed that the distribution of

cattail specimens according to the morphological

hybrid index and molecular hybrid index were signif-

icantly correlated (q = -0.89, P \ 0.00001).

Morphological and anatomical comparisons

of genetically identified parents

Twenty-one of the 41 examined characteristics in

genetically identified Typha angustifolia differed

significantly from those observed in genetically iden-

tified Typha latifolia (Table 1). Insignificant results

were obtained for three of 14 macro-morphological

traits (shoot height, 1st leaf length, male spike length),

pedicel width, two of the four characteristics of seeds

(seed width, testa cell width), and 14 of the 21 the leaf

anatomy characteristics (MC length; C1 width; no. of

vascular bundles in C1; all measurements of C2; all

measurements of C3; mesophyle width in C1, C2, and

C3). Four characteristics (4th leaf width, shoot diam-

eter, diameter of the inflorescence rachis with pedi-

cels, and pedicels length) were clearly separated

without an overlap between the parental species.

Morphological and anatomical analysis for Typha

glauca (F1specimens) and parents

All 41 of the characteristics in question overlapped

between Typha glauca and its parents. Hybrid

1009080706051413121111
T-47 T.angustifolia
T-48 T.angustifolia
T-56 T.angustifolia
T-59 T.angustifolia
T-29 T.angustifolia
T-34 T.angustifolia
T-14 T.angustifolia
T-22 T.angustifolia
T-4   T.angustifolia
T-8   T.angustifolia
T-13 T.angustifolia
T-17 T.angustifolia
T-3   T.angustifolia
T-55 T.angustifolia
T-46 T.angustifolia
T-30 T.angustifolia
T-35 T.angustifolia
T-36 T.angustifolia
T-37 T.angustifolia
T-80 T.glauca
T-79 T.glauca
T-75 T.glauca
T-76 T.glauca
T-82 T.glauca
T-72 T.glauca
T-74 T.glauca
T-81 (bc)T.glauca 
T-71 T.glauca
T-73 T.glauca
T-43 (bc)T.glauca 
T-44 (*)T.glauca 
T-45 (bc)T.glauca 
T-41 T.latifolia
T-49 T.latifolia
T-33 T.latifolia
T-32 T.latifolia
T-38 T.latifolia
T-50 T.latifolia
T-61 T.latifolia
T-64 T.latifolia
T-39 T.latifolia
T-40 (*bc)T.latifolia 
T-83 T.glauca
T-16 (*bc)T.latifolia 
T-70 (*bc)T.glauca  
T-18 T.glauca
T-19 (bc)T.glauca 
T-77 T.glauca
T-51 (bc)T.glauca 
T-52 (bc)T.glauca 
T-53 (bc)T.glauca 
T-57 T.glauca
T-54 (bc)T.glauca 
T-58 T.glauca
T-12 T.latifolia
T-5   T.latifolia
T-6    T.latifolia
T-7   T.latifolia
T-9   T.latifolia
T-15 T.latifolia
T-23 T.latifolia
T-10 T.latifolia
T-11  T.latifolia
T-21 T.latifolia
T-20 T.latifolia
T-24 T.latifolia
T-78 T.glauca
T-25 T.latifolia
T-28 T.latifolia
T-31 T.latifolia
T-26 T.latifolia
T-27 T.latifolia
T-2   (bc)T.latifolia 
T-1   T.latifolia
T-69  (*bc)T.angustifolia
T-42 (*)T.angustifolia
T-65 T.angustifolia
T-66 T.angustifolia
T-67 T.angustifolia
T-68 T.angustifolia
T-60 T.angustifolia
T-62 T.angustifolia
T-63 T.angustifolia

Fig. 3 UPGMA dendrogram showing the relationships among

Typha angustifolia, Typha glauca, and Typha latifolia. Cluster

analysis was based on Dice similarity coefficients from RAPD

data. *Specimens misidentified in the field; bc—probably

backcrosses
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specimens were intermediates between the parental

plants for about half of the measured characteristics.

The shares of intermediate characteristics were quite

similar in the three trait sets (Table 1).

The variability coefficients (CVs) of 19 analyzed

traits were higher in Typha glauca as compared to

parental species. Such traits, as length of female spike,

length of male spike, C2 length and C1 width were

clearly more variable in hybrid as compared to

parents. On the other hand, leaf protrusion above the

stem was clearly less variable. Hybrid showed the

variability coefficient CV = 0 for the number of

vascular bundles in the margin compartment.

Twenty-one characteristics significantly differenti-

ated hybrids from parental species (Tukey post hoc

test, P \ 0.05; see Table 1). Twelve traits differenti-

ated hybrids from Typha angustifolia, while 16 traits

differentiated them from Typha latifolia. The traits that

differentiated Typha glauca and both parents included

four macro-morphological characteristics (shoot

length, 4th leaf width, female spike width, as well as

the diameter of the inflorescence rachis with pedicels),

pedicel length, length of cells in seed sculpture, and

epidermal cell thickness located above vascular bun-

dles. Additionally, the hybrid differed from Typha

angustifolia in spike interval, seed length and width,

MC width, and the number of vascular bundles in MC.

The traits that exclusively differentiated the hybrid and

Typha latifolia were six macro-morphological charac-

teristics (stem diameter, 1st leaf width, female spike

length, male spike length, diameter of the inflorescence

rachis, and plume length) and three leaf anatomy traits

(C1 length, width of beam between C1/C2, width of

beam between C2/C3, and the epidermal cell thickness

located between vascular bundles in C3).

Discriminant function analysis was prepared sepa-

rately for morphological traits (macro-morphological

traits and pedicels) and leaf anatomy. The hybrids

were between parents in both of the obtained models

(Fig. 5). In the model constructed for morphological

data, the DF1 axis clearly discriminated Typha

latifolia and was determined mostly by pedicel length

and pedicel width (Table 2). The main species distin-

guished by the DF1 axis in models, which included

leaf anatomy was Typha angustifolia. The epidermal

cell thickness located above vascular bundles in C3 as

well C3 length served as the most critical distinguish-

ing factors. The second discrimination axis proved to

have a relatively slight discriminatory power but was

nevertheless statistically significant for morphology

and anatomy. In both of the obtained models, DF2

primarily discriminated Typha glauca from parental

plants. Pedicel width and spike interval (in the

morphological model), as well as C2 length and C1

width (in the anatomy model) exerted the greatest

influence on DF2.

Fig. 4 Frequency distribution of individuals versus the hybrid

index derived from the RAPD band data. The numbers of the

individual plants are given; stars indicate plants which had been

misidentified in the field. The figure shows clusters of the pure or

nearly pure parents (index = 0 or 1), a cluster of probable F1

hybrids (index = 0.4–0.6), and probable backcrosses to Typha

latifolia (index = 0.2–0.35) or to Typha angustifolia

(index = 0.65–0.8)
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Table 1 Mean ± variability coefficient (CV) and statistical analysis for morpho-anatomical characteristics of Typha angustifolia,

Typha glauca and Typha latifolia

Characters T. angustifolia F1 hybrid T. latifolia Is hybrid

intermediate?

Do parents

differ? Tukey/

Chi2 test

P \ 0.05

Hybrid is

different from

parents Tukey/

Chi2 test

P \ 0.05

Macromorphology

(N = 66)

N = 27 N = 12 N = 27

Shoot height (cm) 139.30 ± 11.96 111.42 ± 20.28 149.15 ± 14.37 N N Both

Shoot diameter (mm) 4.19 ± 12.90 5.00 ± 23.74 7.67 ± 17.91 Y Y T. latifolia

Length of the 1st leaf

(cm)

56.72 ± 18.64 46.42 ± 25.12 53.11 ± 21.59 N N None

Width of the 1st leaf

(mm)

7.28 ± 17.70 8.33 ± 21.91 14.63 ± 14.70 Y Y T. latifolia

Length of the 4th leaf

(cm)

108.81 ± 20.18 93.88 ± 28.29 94.43 ± 12.54 N Y None

Width of the 4th leaf

(mm)

8.85 ± 25.40 11.50 ± 17.97 20.11 ± 12.51 Y Y Both

Leaf protrusion above

the stem (cm)

16.31 ± 86.32 12.58 ± 66.60 4.28 ± 193.16 Y Y None

Female spike length

(cm)

17.93 ± 23.35 17.08 ± 52.89 22.96 ± 16.25 N Y T. latifolia

Female spike width

(mm)

15.56 ± 12.52 19.83 ± 16.06 27.33 ± 16.30 Y Y Both

Male spike length

(cm)

15.57 ± 23.49 13.42 ± 36.72 17.17 ± 19.54 N N T. latifolia

Spike interval (cm) 3.41 ± 29.96 0.91 ± 80.00 0.44 ± 312.13 Y Y T. angustifolia

Inflorescence rachis

with pedicels

diameter (mm)

3.48 ± 14.49 2.71 ± 16.62 6.95 ± 9.82 N Y Both

Inflorescence rachis

diameter (mm)

2.56 ± 19.04 4.71 ± 13.93 3.92 ± 20.18 N Y T. latifolia

Plume length (mm) 5.59 ± 13.66 7.00 ± 14.17 1.47 ± 17.67 N Y T. latifolia

Pedicels (N = 52) N = 20 N = 12 N = 20

Pedicel length (mm) 0.52 ± 19.85 1.02 ± 31.25 1.47 ± 17.65 Y Y Both

Pedicel width (mm) 0.34 ± 23.66 0.40 ± 22.16 0.35 ± 23.51 Y – –

Seeds (N = 90) N = 30 N = 30 N = 30

Seed length (mm) 1.01 ± 8.09 1.08 ± 7.87 1.09 ± 5.58 Y Y T. angustifolia

Seed width (mm) 0.27 ± 8.14 0.26 ± 6.68 0.27 ± 6.82 N N T. angustifolia

Length of testa cells

(lm)

60.78 ± 20.64 86.70 ± 21.94 99.94 ± 22.64 Y Y Both

Width of testa cells

(lm)

13.75 ± 25.25 12.14 ± 23.38 13.33 ± 21.44 N – –

Seeds (N = 200) N = 100 Not tested N = 100

Length of testa cells

(lm)

54.18 ± 29.73 – 92.28 ± 23.51 – Y (t test) –

Width of testa cells

(lm)

16.58 ± 21.15 – 14.43 ± 17.41 – Y (t test) –
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Table 1 continued

Characters T. angustifolia F1 hybrid T. latifolia Is hybrid

intermediate?

Do parents

differ? Tukey/

Chi2 test

P \ 0.05

Hybrid is

different from

parents Tukey/

Chi2 test

P \ 0.05

Leaves anatomy

(N = 52)

N = 20 N = 12 N = 20

MC length (lm) 258.75 ± 27.71 268.13 ± 34.59 312.75 ± 20.60 Y – –

MC width (lm) 156.38 ± 30.42 129.38 ± 10.81 131.63 ± 14.96 N N T. angustifolia

MC length of

sclerenchyma zone

(lm)

136.13 ± 19.69 153.75 ± 27.08 184.50 ± 15.63 Y Y None

No. of vascular

bundles in MC*

0.55 ± 92.8 1.00 ± 0.00 0.85 ± 43.10 N Y T. angustifolia

C1 length (lm) 132.75 ± 19.75 123.75 ± 28.49 153.0 ± 27.66 N – –

C1 width (lm) 202.5 ± 22.8 185.63 ± 35.48 182.25 ± 11.26 Y – –

No. of vascular

bundles in C1*

0.25 ± 177.7 0.25 ± 180.91 0.10 ± 307.79 N – –

C2 length (lm) 252.0 ± 21.79 260.63 ± 42.37 232.88 ± 20.14 N – –

C2 width (lm) 268.88 ± 27.62 283.13 ± 25.01 259.88 ± 13.32 N – –

No. of vascular

bundles in C2*

1.05 ± 21.30 1.17 ± 33.36 1.0 ± 45.88 N – –

C3 length (lm) 515.25 ± 19.58 504.38 ± 23.33 473.63 ± 18.14 N – –

C3 width (lm) 362.25 ± 29.82 369.38 ± 21.49 338.63 ± 9.27 N – –

No. of vascular

bundles in C3*

2.70 ± 27.14 2.67 ± 29.19 2.80 ± 18.68 N – –

Width of beam (lm)

between MC/C1

53.0 ± 33.59 56.67 ± 26.43 65.50 ± 20.11 N Y None

Width of beam (lm)

between C1/C2

68.0 ± 22.17 68.33 ± 17.46 89.0 ± 13.59 Y Y T. latifolia

Width of beam (lm)

between C2/C3

79.0 ± 23.91 82.50 ± 22.60 106.0 ± 17.15 Y Y T. latifolia

Mesophyl width (lm)

in C1

69.0 ± 18.75 70.00 ± 19.26 66.0 ± 16.60 N – –

Mesophyl width (lm)

in C2

78.0 ± 16.43 79.17 ± 17.42 80.50 ± 11.02 Y – –

Mesophyl width (lm)

in C3

81.0 ± 15.97 75.00 ± 22.38 82.0 ± 12.88 N – –

Epidermis thickness

(lm) between

vascular bundles

14.21 ± 13.08 14.74 ± 19.60 17.98 ± 9.93 Y Y T. latifolia

Epidermis thickness

(lm) above vascular

bundles

17.84 ± 17.71 23.44 ± 21.40 30.03 ± 8.46 Y Y Both

Tukey’s test preceded by ANOVA was used for quantitative continuous variables, Chi square test was used for bivariate data

Y yes, N no, – not tested (ANOVA showed no differences between species so Tukey’s post hoc test was not used)

* Variable tested with Chi square test
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ANOVA with Tukey’s tests, as well as discriminant

function analyses showed that apart from the com-

monly used macro-morphological characteristics,

there were some new traits, which could be helpful in

identifying the cattails in question. Among them there

are seven characteristics that are intermediate in hybrid

(pedicel length and width, width of C1, width of beam

between C1 and C2, width of beam between C2 and C3,

and thickness of the epidermal cell located above/

between vascular bundles). We tested all these char-

acteristics using the Anderson hybrid index. Pedicel

length and epidermal cell thickness located above

T. angustifolia
T. latifolia
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Fig. 5 Discriminant

function analysis for

morphological

characteristics (a) and

leaves anatomy (b) of Typha

angustifolia, Typha glauca,

and Typha latifolia
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vascular bundles proved to be the best discriminants. A

comparison of hybrid indices constructed on the basis

of macro-morphological traits with the hybrid index

that included two new characteristics in addition to

macro-morphological traits, was performed in Fig. 2b,

c. In the first hybrid index, three F1 specimens

overlapped with Typha angustifolia and none over-

lapped with Typha latifolia. After the addition of new

characteristics, two F1 specimen overlapped with

Typha angustifolia, whereas distance between Typha

glauca and Typha latifolia was slightly increased.

Measurements of seed testa cells of Typha angust-

ifolia and Typha latifolia by means of a scanning

electron microscope (SEM) showed highly significant

differences in epidermal cell length and width

(Table 1). Typha glauca differed from parents as far

as testa cell length is concerned. Epidermic cells were

most frequently tetragonal with straight walls. In the

case of Typha angustifolia, their length was two to

three times greater than their width. In the case of

Typha latifolia, it was roughly four to seven times

greater, while in the case of Typha glauca, it turned out

to be three to six times greater. The periclinal walls of

epidermal cells were strongly depressed in each of the

three species, while the cell borders were invisible.

They were covered by a thin removable layer, which

was easily torn. Anticlinal walls in all species were

strongly raised (see Supplementary material 3).

Table 2 Discriminant function analysis for morpho-anatomi-

cal characteristics of Typha angustifolia, Typha glauca, and

Typha latifolia

Variables DF 1 DF 2

Model 1: Morphological data

Shoot height -0.11 -0.68

Shoot diameter -0.29 0.66

Length of the 1st leaf 0.13 0.03

Width of the 1st leaf -0.02 -0.25

Length of the 4th leaf -0.28 0.13

Width of the 4th leaf -0.32 0.09

Leaf protrusion above the stem 0.19 -0.07

Female spike length 0.12 -0.78

Female spike width -0.07 0.27

Male spike length -0.04 0.01

Spike interval 0.24 -0.89

Inflorescence rachis with pedicels

diameter

-0.47 -0.49

Inflorescence rachis diameter -0.16 0.28

Pedicels length -0.80 -0.27

Plume length 0.07 -0.28

Plume width 0.69 0.93

Eigenvalues 19.70 1.54

% Variation 93 7

Significance \0.00001 \0.001

Mean discriminant scores for T.

angustifolia

4.5 -0.86

Mean discriminant scores for T. glauca 1.2 2.18

Mean discriminant scores for T.

latifolia

-5.2 -0.45

Model 2: Leaves anatomy data

MC length -0.27 -0.48

MC width in a middle part 0.12 -0.09

MC length of sclerenchyma zone -0.52 0.13

No. of vascular bundles in MC 0.06 0.30

C1 length 0.23 -0.76

C1 width in a middle part 0.48 -1.00

No. of vascular bundles in C1 -0.50 0.06

C2 length -1.22 1.96

C2 width in a middle part 0.48 0.57

No. of vascular bundles in C2 0.09 -0.36

C3 length 1.05 -0.44

C3 width in a middle part -0.68 0.03

No. of vascular bundles in C3 0.27 -0.15

Width of beam between MC/C1 -0.08 0.10

Width of beam between C1/C2 0.19 -0.60

Width of beam between C2/C3 0.03 -0.14

Table 2 continued

Variables DF 1 DF 2

Mesophyl width in C1 0.19 0.49

Mesophyl width in C2 -0.60 0.22

Mesophyl width in C3 0.61 -0.85

Thickness of epidermis between

vascular bundles in C3

0.17 -0.41

Thickness of epidermis above vascular

bundles in C3

-1.62 0.47

Eigenvalues 10.6 1.43

% Variation 88 12

Significance \0.00001 \0.05

Mean discriminant scores for T.

angustifolia

3.76 -0.50

Mean discriminant scores for T.

latifolia

-3.40 -0.77

Mean discriminant scores for T. glauca -0.59 2.11
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Discussion

Reports of hybridization occurring between Typha

latifolia and Typha angustifolia are common in the

literature, especially in the USA and Canada. No

reports, however, are available on hybrid plants

between Typha latifolia and Typha angustifolia

growing in central Europe. Two independent tests

for evidence of the presence Typha glauca in Poland

were used in this study: these were a nuclear genetic

variation based on RAPD analysis and a morpho-

anatomical variation. Also investigated was the pos-

sibility of backcrossing and genetic introgression in

natural populations.

Occurrence of Typha glauca and parental species

The data collected during this study enabled us to

identify three Typha glauca locations in north-western

Poland (the Pomerania Region) and three Typha glauca

locations in midwestern Poland (the Wielkopolska and

Lower Silesia Regions). We also found herbarium

specimens of the hybrid collected in five locations in

southern Poland. The occurrence of hybrids in different

and distant areas proves that hybridization in Poland is

not a unique case. Each of the field-collected hybrid

specimens grew alongside their parental species, sim-

ilarly as in other regions of the world (Travis et al., 2011;

Ball & Freeland, 2013). The hybrids were found in

reservoirs characterized by highly variable water

depths. These were mainly fish-breeding and country

ponds, as well as backyard ponds and regulated river

estuaries with concrete banks. These types of reservoirs,

as well as (broadly speaking) disturbed sites, have been

indicated as the sites of Typha glauca in both Eastern

Europe (Kapitonova et al., 2012) and North America

(Grace & Harrison, 1986; Olson et al., 2009).

Morphological and anatomical analysis for hybrids

and parental plants

The morphological overlap between Typha glauca and

parents has been well documented in North America

(Smith, 1967). In studying Central European speci-

mens, we demonstrated, in principle, the lack of

discontinuity between species in all of the investigated

macro-morphological traits. We also found that other

traits (mostly those, which have not been previously

investigated or studied as qualitative characteristics),

such as leaf anatomy, pedicel size, as well as seed sizes

and sculpture, overlapped with those of hybrid and

parental plants. Where discontinuity between species

was lacking, trait variability played a major role.

Interspecific F1 hybrids were quite uniform and their

general variation was very similar to that observed in

the parents. As for the macro-morphological traits, the

variability of Typha glauca tended to be only slightly

higher than in the case of Typha angustifolia and

Typha latifolia. These differences, however, did not

seem to be as great as those observed by Kuehn et al.

(1999) and Olson et al. (2009). In terms of anatomical

traits, hybrids, as well as Typha angustifolia were

noticeably more diverse than Typha latifolia.

We found that the certain sets of intermediate

characteristics made hybrids resemble one of the

parents more than the other. The F1 specimens in

question were visibly closer to Typha angustifolia than

to Typha latifolia. Similarities between hybrids and

Typha angustifolia in terms of leaf and spike width

were also shown by Kuehn et al. (1999) who used the

bivariate scatterplot method. Polish hybrids bore a

slight resemblance to the narrow-leaved cattail with

their generative and vegetative body (e.g., small shoot

diameter, narrow 1st leaf, small diameter of the

inflorescence rachis, relatively short spikes, and short

plume) and some anatomical features (mainly narrow

beams between compartments). As far as spike

interval length, seed size and some traits of margin

compartments are concerned, the hybrids were rela-

tively more similar to Typha latifolia.

The most discriminating characteristics were those

positioned clearly in between parents and those which

went beyond the values observed in parental species.

Our preliminary identification, based solely on macro-

morphological characteristics, was correct in about

90% of the cases. However, further tests showed that

the diagnostic traits, which were substantially superior

for hybrid identification were pedicel size and the size

of epidermal cells in leaves. Pedicels of F1 hybrids (see

Supplementary material 4) were slightly thicker than

those of both parental plants (an average of 0.4 mm)

and intermediate in their length (an average of 1 mm)

ranging between the very short (an average of 0.5 mm)

pedicels of Typha angustifolia and the long pedicels of

Typha latifolia (an average of 1.5 mm). Epidermal cell

thickness above vascular bundles in leaf anatomy (an

average of 23 lm) always falls in between the

narrower Typha angustifolia cells (an average of
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18 lm) and the thicker Typha latifolia cells (an

average of 30 lm), as shown in Supplementary

material 5. The enlarged epidermis of Typha latifolia

and Typha glauca was shown by McManus et al.

(2002). They did not, however, point to the difference

between the thickened cells of the hybrid and Typha

latifolia. Marsh (1962), in his turn, failed to notice

such differences at all. We also suggest that same other

traits could be helpful in identifying species. Among

them are compartment length (which is, two-and-a-

half times longer than their width in Typha glauca,

three times longer than their width in Typha latifolia,

and roughly twice as long as their width in Typha

angustifolia), as well as the number of vascular

bundles in MC (all specimens of the hybrid sample

showed one vascular bundle in the margin compart-

ment, whereas not all parents had vascular bundles in

their MCs).

In the course of this study, we compared seed size

and sculpture for the three taxa. Size of hybrid seeds

fell in between the sizes of their parents’ seeds, as in

the Marsh study (1962). Testa cell size and shape were

only observed in fully developed seeds—it revealed

substantial differences between analyzed species. Our

observations showed that length and width of testa

cells strongly discriminated Typha angustifolia and

Typha latifolia. They also suggest that these charac-

teristics (in particular cell length) could be good

diagnostic traits also for Typha glauca. However, in

the case of Typha glauca, more hybrid seeds should be

processed before a more resolute view on this issue

can be expressed.

Genetic analysis of hybrid and parental DNA using

RAPD

Cattail hybridization studies based on morphological,

isozyme, and even molecular analyses have produced

contradictory results (see introduction). On the other

hand, the question of natural hybridization is vital not

only for correct taxonomy but also due to its broader

implications. Hybridization has been proposed as a

likely driver of evolution. Hybrids may be more fit

than their parent taxa thanks to such mechanisms as

evolutionary novelty and greater genetic variation

(Ellstrand & Schierenbeck, 2000). Compared to the

above-mentioned studies, our study shows that band

patterns characteristic of putative hybrids comprise

the majority, but not all, of the markers found in

parents. This study relied on molecular genetic

markers (RAPDs) to, firstly, find whether the hybrid

lineage (Typha glauca) is present in Poland, and

secondly, to find whether any putative backcrossing

occurs between them.

A preliminary analysis of the band profiles obtained

for all Typha individuals showed low diversity

observed especially for Typha latifolia (59.48%) as

compared to Typha angustifolia (71.55%). This

observation should be revised by analyzing more

individuals and individuals from different sites,

although it confirmed similar reports coming from

the other regions described before. In studies of

foreign geographic regions, Typha latifolia commonly

showed a lower genetic variation than other Typha

species, especially Typha angustifolia (Lee, 1975;

Lamote et al., 2005; Tsyusko et al., 2005). The genetic

diversity difference between Typha latifolia and

Typha angustifolia was shown to be related to their

different reproductive characteristics (Lee, 1975;

Keane et al., 1999; Lamote et al., 2005; Tsyusko

et al., 2005). Despite the low degree of diversity, a

significant level of genetic differentiation was found

between the Typha latifolia samples originating from

different river basins. Whether this differentiation has

any ecological relevance remains to be investigated

(Lamote et al., 2005).

An analysis of a dendrogram obtained on the basis

of polymorphic products generated by 14 RAPD

primers produced data which are generally consistent

with those obtained subsequently by calculating the

hybrid index. Pure individuals were grouped into 4

separate clusters. Typha angustifolia created one big

cluster comprised of pure specimens (an index close to

1) and one smaller cluster together with two misiden-

tified plants (T-69, T-42) whose distance was never-

theless the longest in the group. A similar pattern was

observed in Typha latifolia, where a smaller cluster

was divided into three groups: one consisting of Typha

latifolia and another two small comprising a few

Typha glauca individuals classified as backcrosses in

further analysis. A clear diversity was observed among

hybrid plants from the Regions of Wielkopolska and

Silesia which also differ from the Typha glauca found

in other locations. An analysis of the dendrogram

confirmed this observation. Both groups of Typha

glauca created separate clusters, one of which was

mostly comprised of hybrids subsequently classified
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as backcrosses. We assumed that the clustering based

on polymorphic markers, which also included a set of

diagnostic markers, grouped hybrids together separat-

ing them from pure species without differentiating the

hybrids internally. This may well explain the presence

of single backcrosses in the parental group clusters.

Lamote et al. (2005) investigated Typha latifolia and

Typha angustifolia collected in Flanders (North Bel-

gium) by means of AFLP markers. In their studies,

field determinations were also consistent with the

subdivision of the clusters obtained on the basis of

AFLP data. Typha latifolia samples formed a compact

cluster while those of the Typha angustifolia were

divided into smaller groups. They proposed different

explanations which may lay the foundation of this

subdivision: (1) the subdivision is a reflection of the

higher diversity level expected in this species due to

higher levels of cross-pollination, in comparison with

Typha latifolia (Krattinger, 1975) and (2) one of the

clusters corresponds to Typha glauca samples. Our

observation seems to confirm that both of these

explanations are reasonable.

Intermediate phenotypes are not always a reliable

indicator of hybridization. To confirm that morpho-

logically intermediate plants were indeed interspecific

hybrids, RAPD markers were used to characterize the

genotypic composition of a subset of morphologically

intermediate plants. Parental species could be distin-

guished from one another based on 20 developed

diagnostic markers. Generally speaking, the identifi-

cation of species based on genetic data corresponded

well with the identifications of species based on leaf

width, which is a key morphological trait for distin-

guishing the two parental species. Almost all of the

plants identified in the field as hybrids were confirmed

to be indeed that through RAPD analysis. Only one

plant (T-44) classified in the field as a hybrid was found

to be Typha angustifolia. However, hybrids were found

to be heterogeneous in their collection of parental

markers. Although only four plants had the kind of

complete additivity of markers one would expected to

find in an F1, many of the hybrids had the majority of

the 20 parental markers and were classified as F1-types.

RAPD data also revealed evidence of hybridization

that were not suspected based on morphology. Two

plants considered to be Typha angustifolia were found

in genetic analysis to be F1 hybrids (T-42) or a likely

backcross to Typha angustifolia (T-69). On the other

hand, three individuals: T-16, as well as T-2 together

with T-40, were classified as Typha latifolia in the field,

after which the RAPDs proved them to be backcrosses

to Typha angustifolia and Typha latifolia respectively.

This appears to illustrate a segregation of the few

morphological traits that distinguish the species and

indicates that morphology may not necessarily reflect

the genetic contribution of the two parental species.

Backcrossed plants (which were generally in

between hybrids and parent taxa) could be confused

with F1 hybrids. F1 hybrids do not usually produce seeds

or backcross to the parental species and are considered

to be highly sterile. However, evidence of backcrossing

in Ontario (Kirk et al., 2011) and Michigan (Snow et al.,

2010) indicates that hybrids are fertile and that hybrid

populations can include substantial numbers of back-

crossed genotypes. As described by Snow et al. (2010),

most of the backcrossed/advanced generation plants

were more similar to Typha angustifolia, while a few

were more related to Typha latifolia. This pattern

suggests that crosses between F1 hybrids and each

parent species are indeed possible.

In conclusion, RAPD analysis provided a measure

of the nuclear composition of 29 hybrids and showed

that 55% of all hybrids found may be classified as F1

with a hybrid index score 0.5 (4 individuals) or as F1-

type with a hybrid value of 0.4–0.6 (12 individuals).

Thirteen plants in the hybrid group had an index that

was either lower or higher. This suggests that some of

the hybrids are not F1 crosses but rather later generation

backcrosses containing a high proportion of the Typha

angustifolia or the Typha latifolia genome.

Our results confirmed the presence of hybrids in

Poland and showed that, other than the F1-type, the

analyzed Polish population of hybrids also includes 13

backcrossed genotypes, nine of them are similar to

Typha angustifolia and four of them more similar to

Typha latifolia.

To our knowledge, this paper is the first to describe

the occurrence of hybrid generations and probably

backcrossed generations in hybridizing cattail popu-

lations in this part of Europe.
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