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Abstract:

Morphological variation, cytotype structure and rgeration ecology of a rare Central-
European specieSpergularia echinospermaas examined and compared with a common,
morphologically similar specieS. rubra Material from 27 localities in the Czech Republic
was sampled. The evaluation was done using morptnicnneultivariate and flow cytometry
analyses. An occurrence of two cytotypes, diploiln £ 2x=18) and tetraploid
(2n = 4x = 36), was revealed $ echinospermawith diploids being considerably rarer than
tetraploids. Most of the populations were cytotgllic uniform while two of them displayed
co-occurrence of the both cytotypes. On the copti@amly tetraploids were found 8. rubra

in the studied region. Genome size turned outfferdcompletely between the species, being
applicable as an independent character for thetingiuishing. Moreover, morphometric
analyses revealed a relatively clear separatiowdset both the species and the cytotypes of
S. echinospermé&eed color was found to differ fully between dipecies. Another relatively
reliable character was stipule length/width ratvbjch turned out to be quite a good predictor
for distinguishing of both the species and the tyyes within S. echinospermaOther
acceptable characters were height of the papillaseed testa for distinguishing between the
species, and seed length and papillae density ridiffe significantly between the
S. echinospermaytotypes. Based on the results, a tentative keyhe identification of the
species and cytotypes is presented. The analysesdaintified a morphologically transitional
population, possibly of hybrid origin. In additiodistinct differences in germination ecology
of the species were revealed. The germination behaworresponded well to expectations
based on species life histories and habitat preéexe While the weedy speci&s rubra
germinated rapidly to high percentages without apgcial treatmentsS. echinospermaa
species of temporarily exposed pond bottoms, gextath slowly and possessed strong
primary innate dormancy, for whose breaking a abidtification with subsequent fluctuating
temperature was required. Slight differences in deemination behavior of the cytotypes
were also detected, which are speculated to pgsaddount for the relative scarcity of the
diploids.

V ramci této studie byla zkoumana morfologicka &hilita, cytotypova struktura a ekologie
kliceni vzacného w®tdoevropského druhuSpergularia echinospermaZaroveé bylo
provedeno srovnani s morfologicky podobnyr¥Zriym druhemsS. rubra Analyzované
rostliny pochéazely z 27 lokalit na Uzenileské republiky. Ploidni drowerostlin byla
zjistovana pomoci @itokové cytometrie a jejich morfologickd variabilitebyla
vyhodnocovana za pomoci mnohoraznych statistickych metod. &. echinospermayl
zaznamenan vyskyt dvou cytofyp diploidniho (2n=2x=18) a tetraploidniho
(2n = 4x = 36), ficemz diploidi byli znatel& vzacrejSi nez tetraploidi. ¥Sina populaci byla
cytotypow uniformni, avSak ve dvou z nich byl zaznamenankytysobou cytotyfd
pohromad. Naproti tomu, u druhuS. rubra byli ve zkoumané oblasti nalezeni pouze
tetraploidni jedinci. Analyzy gtokovou cytometrii odhalily, Ze velikost genomu je
spolehlivym znakem pro odliSeni tetraplidbou druli. Morfometrické analyzy rowi
prokézaly signifikantni rozdily jak mezi druhy, takezi cytotypy S. echinosperma
Spolehlivym znakem odliSujicim druhy se ukazalal@itva semen. Kroétoho byl relativi
spolehlivym znakem po#én délky ku Sfce palisti, ktery dolie odliSoval nejen oba druhy, ale i
cytotypy v ramciS. echinospermaDalSim docela dobrym znakem pro odliSeni drblgla
vySka bradavek na osemeni, hustota bradavek aogellemen se naopatetelrg liSily mezi
cytotypy S. echinospermaNa zaklad vysledki morfometrickych analyz byl sestaven
orienta&ni kli¢ k urovani druli a cytotymi. Analyzy vSak roviéZ odhalily jednu



morfologicky gechodnou populaci, kterd vykazovala hodnoty anakermediarni mezi
S. echinospermaa S. rubra Vyswtlenim zjiS€ného charakteru populace by mohl byt jeji
hybridni pivod. Vedle morfologickych rozdil byly mezi druhy rov& za pomoci
experimentu zjigny rozdily v klgeni. Pfib¢h kliceni odpovidal fedpokladm zaloZzenym na
rozdilu v ekologii drufi. Zatimco semena plevelného druBu rubraklic¢ila rychle a ve
velkém mnozZstvi bez p@by jakéhokoli zasahg. echinospermalruh d@asreé obnazenych
rybni¢nich den, vykazovala silnou primarni dormanci, jepz prekonani byla péebna
chladna stratifikace s naslednym denniffdénim teplot. Navic byly zjishy i drobné rozdily

v prab¢hu kliceni mezi cytotypys. echinospermteré by potenciathmohly mit za nasledek
relativni vzacnost diploidniho cytotypu.



Introduction

Spergularia (sand-spurrey, familyCaryophyllaceag is a nearly cosmopolitan genus of
predominantly halophilous herbs of coastal saltsimes. It is distributed from temperate to
subtropical climatic zones of the both hemisphened on all continents except Antarctica
(Friedrich 1979, Hartman & Rabeler 2005, MonnieR&tter 1993). However, it reaches its
greatest diversity in the temperate climatic zohe&south America and the Mediterranean
region (Ratter 1976, Rossbach 1940). Despite aslyaorldwide distribution, the genus has
been taxonomically studied only to a limited extehhis is also reflected in the fact that
estimates of the total count of species range ftar20 (Dveak 1990, Friedrich 1979) up to
about 60 (Hartman & Rabeler 2005, Bittrich 1993).

In Central Europe, the genus is represented bydpexries (Dviak 1990, Friedrich
1979). Spergularia maritimaand S. salina are halophytes whose distribution in the
continental Central Europe is restricted to scarntand saline areas only, adsegetaliss a
Western European species that reaches the eastrbaofrdts distribution area in Central
Europe. The remaining two species are in focusuofstudy.Spergulariarubra is the most
common species of the whole genus, occupying mdiniypan-affected habitats like road
margins or sandy field paths. On the contréyechinospermaa morphologically very
similar (and possibly closely related, HadEO77) species, is a very rare one endemic to
Central Europe (Dv@k 1990, Friedrich 1979). It grows exclusively ardsandy bottoms of
mesotrophic water reservoirs such as ponds, orysaaks of great rivers. The center of its
distribution is located in the South-West Bohem@ond areas. The species is strongly
dependent on the pond management, especially okenigéh of the drying period. Summer
drying (i.e. leaving the fishpond without water,ualy from spring to the beginning of
summer) used to be a widely practiced method f@raving water quality (to stop putrefying
processes) and getting rid of fish parasites inptist (Sumberova et al. 2005, Sumberova et
al. 2006), but it has been vastly abandoned dumdeeasing intensification of fishpond
management in the recent years. As a result, mkm ppecies of exposed pond bottoms,
including S. echinospermahave become rare and endangered (Sumberova €0@H,
Sumberovéa 2003).

Spergularia echinospermavas originally described by elakovsky (1881) as a
subspecies 08. rubrg from which it was distinguished primarily by bkabristly seeds and
short, widely triangular stipule$S( rubrapossesses slightly verrucose brown seeds and long
stipules). LaterAscherson & Graebner (1898)oved it to the species rank, which has been
generally accepted up to the present time (Fridt@79, Monnier & Ratter 1993). Dkak
(1979, 1990), as the only author, conducted a rdetailed study of the species taxonomy
and its comparison witB. rubra(Table 1). He noticed great morphological varigpibf S.
echinospermaoften accompanied by occurrence of plants posgesseme characters typical
for S. rubra These transitional plants, moreover, fell intovesal distinct morphotypes
displaying diverse combinations of some traits,eeglly seed color and length of stipules,
fruit pedicels and stems (Drkak 1989, 1990). The author explained the existeoice
morphologically transitional individuals by inteespfic hybridization and formally described
the hybrids a$. xkurkae(Dvorak 1989, Table 1). However, the research was basedfew
guantitative characters and field experience of abhthor only, and it lacks a more exact
verification.



Table 1. — Values of key morphological charactdrsSoechinospermaS. rubraand their hybrid
S. xkurkaeas they were described by Da& (1989, 1990).

Character [unit] S. echinosperma S. rubra S. xkurkae
Stem length [cm] (2.5-)3.0-5.0(-8.0) (2-)5-15(-27) 5-14 or 18-25
Leaf length [mm] 8-23 (lower leaves (5-)7-15(-30) -
19-35)
Leaf length compared to the equally long as shorter or longer than -
internode length internodes internodes
Stipule length [mm] 0.6-1.3 3-5 0.9-1.50r1.1-3.7
(width 1.5-1.8) or2.0-34

Flower (fruit) pedicel length (4-)6-12(-16) 3-8(-19) (8-)11-16(-19) or 2-5
[mm]
Sepal length [mm] 2.2-35 2.2-45 3.0-4.7
Petal length x width [mm] 2.1-3.2x0.7-1.2 1.2-886.0-2.3 2.0-3.6 (length only)
Anther length [mm] 0.1-0.5 0.3-0.9 0.4-1.1
Pollen grain length x widthujn] 20-23 x 18-21 22-25(-26) x 21-23 -
Capsule length [mm] 2.8-3.8 2.8-5.5 3.2-4.7
Seed length x width [mm] (0.3-)0.4-0.5(-0.6) (0.4-)0.5-0.6(-0.7) 0.38-0.66

(0.2—)0.;—0.4(—0.5) (0.3—)0.:—0.5(—0.6) o.23x—o.54
Seed color black brown black to dark brown
Testa densely covered with covered with densely covered with

prickly papillae cylindrical papillae papillae

Papilla height [mm] 0.02-0.04 0.01-0.03 up to 0.04

In addition to morphological studies, Diax & Dadékova (1984) carried out
chromosome counting of a limited numberSofechinospermapecimens. They detected only
diploid plants (2n = 2x = 18), which was found wsdbr distinguishing this species from
predominantly tetraploi®. rubra(2n = 4x = 36; although there have been some dscof
diploid and hexaploid plants out of Central EurpRatter 1964, Fernandes & Leitao 1971]).
Additionally, Dvarak (1989) reported tetraploid state for the assumgdmtid S. xkurkae In
our preliminary cytotype screening of a f@wvechinospermpopulations, however, we found
most of the individuals to be tetraploid, togeteéth a minority of diploids (Kar 2007).
Hence, the morphological variation of the speci@s ieeded to be reevaluated with regard to
its cytotype structure.

As stated above, the two species differ considgrabl their ecology as well.
Spergularia rubrais a weedy species widespread in ruderal habitdtsre it is usually able
to survive for more generations acting as a shweetdl perennial (Friedrich 1979, Hartman &
Rabeler 2005). On the other hand, the life cyclé&oechinosperma strongly limited by
usually ephemeral existence of a bare pond bottospring. As in the case of most other
plants of exposed pond bottoms (Sumberova 2005sB&y 1970), a persistent seed bank is
important for the species survival during the tiofeflooding. Therefore, we decided to
supplement the morphological analyses with a corsarof germination behavior of the
species. Not only are the ecological experimenguligo sketch in the differences between
the species more overall, but also these two (plysslosely) related species with distinctly
contrasting life histories represent a suitable ehddr studying adaptive significance of



species traits, which is one of the main goalsuofent ecological researchavorel & Garnier

2002. We tested differences in germination behavioomas of the most important species

traits, which is essential for a species survival & to reflect its adaptations to a particular

biotope Baskin & Baskin 1998, Fenner & Thompson 20 addition, knowledge of the
existence of th&. echinospermaytotypes allows us to assess their germinatiapegities
separately. Possible revealed differences betwieem tmay shed light on some aspects of
their ecology and population dynamics.

The main objectives of this study were:

1) To carry out a complex cytotype screeningsofechinospermpopulations to learn more
about the distribution of the particular cytotypes.

2) To evaluate the morphological variation $f rubraand S. echinospermaytotypes to
determine which morphological characters (if anigtidguish the species and cytotypes,
and to clarify the existence of transitional popiolas.

3) To compare germination ecology of the specied agtotypes under contrasting
environmental conditions.

Material and Methods

Sampling
515 plants from 27 localities of botf. echinospermdl14 localities) andS. rubra (13
localities) were sampled (both for morphometric dlodv cytometry analyses) in the Czech
Republic during two growing seasons in 2008 and92®e tried to sample an equivalent
number of populations of both species. The finamber of populations, however, was
strongly limited by the availability of suitable idd pond bottoms at the time @.
echinospermaipeness (end of May to June). The species waétialiy defined on the basis
of seed color$. echinospermhblack, S. rubrabrown). The sampling localities were situated
in South and Western Bohemia and, to a lesser éxt&askomoravska vrchovina highlands
(see Appendix 1 for an overview of the localitiesl aheir acronyms used in the text). Only
mature individuals with ripe capsules were colldct€he numbers of plants per population
ranged from 15 to 24 with the exception of the pafon Cakov (S. rubrg where only 3
plants were found. However, this population dispthyhabitat occurrence untypical 8t
rubra (bare pond bottom) and unusual morphological atarstics, so it was included too.
The holotype specimen of the assumed hyBrickkurkaefrom the Herbarium of the
South Bohemian Museum ifieské Budjovice (CB) was also used for the morphometric
analyses. Herbarium specimens of the investigal@utgare deposited in the Herbarium of
the Faculty of Science, University of South Bohemi@eské Budjovice (CBFS).

Chromosome counting

Several plants ofs. rubra (population StHIing), S. echinospermaetraploids (population
Smrzoy and S. echinospermdiploids (populatiorMalobor) were used for determining the
chromosome numbers in order to confirm the flowooyetry results. Chromosomes were
counted in actively growing cells of the apical rmEm. Samples were pretreated with a
saturated solution of p-dichlorbenzene (3 h, roemperature), fixed in a 3:1 mixture of
ethanol and acetic acid overnight and stained Vaitho-propionic orceine. The number of
chromosomes was ascertained using a light micreseoger 1000x magnification.

Flow cytometry

Flow cytometry was employed for estimating thetree&aDNA content and ploidy level of all
sampled plants. The measurements were done usiPgrtac Ploidy Analyser Il (Partec
GmbH, Munster, Germany) at the Institute of BotaAgademy of Sciences in #ronice in
the season 2008 and at the Faculty of Sciencesetsity of South Bohemia ifeské



Budjovice in 2009. For the first analyses, we meas@gedips of 5 to 10 plants together.
Due to problems with analyses quality and endogolglp in S. echinosperma&amples,
however, we decided to measure each individualraggg. Spergularia rubradisplayed no
problems, so it was analyzed by 5 plants. Tot&la% samples (from the 515 analyzed plants)
was measured.

We used the two-step procedure of nuclear isolaiuh staining (Otto 1990) slightly
modified for plant tissues (Suda et al. 2007). RFrdesaves were used for the analyses. A few
leaves (typically two or three) were finely choppedether with the appropriate amount of an
internal DNA standard plant using a new razor bliade Petri dish containing 0.5 ml ice-cold
Otto | buffer (0.1 M citric acid, 0.5% Tween 2@lycine maxcv. Polanka was used as the
internal standard (2C = 2.50 pg, Dolezel et al.4)9%he suspension was filtered through a
nylon mesh (42um), and 1 ml of staining solution containing Ottb buffer (0.4 M
NaHPQO, - 12 HO), fluorochrome (4ug/ml DAPI) and p-mercaptoethanol (Zl/ml) was
added. The staining took 1-2 min. Fluorescencengiiye of 5000 particles was recorded and
the coefficient of variation (CV) and nuclei codat the analyzed plant and standard in each
analysis were calculated. Only histograms with aeucbunt for both the analyzed plant and
the standard higher than 400 were considered feliahough to be used for statistical
comparisons of the relative genome sizes (150 sssmpith 237 plants). Samples of worse
guality were used for assessing the ploidy levdy.ohhe one-way ANOVA in Statistica 8
(StatSoft 1998) was applied for the between-grauppmarisons of the relative genome sizes.

Since there are no records for the ge®pergulariain the plant DNA C-values
database Bennett & Leitch 200p we decided to determine the species genome sizes
absolute units as well. The same method, but witbréchrome propidium iodide (PI)
together with RNase lla (both in a final concemtratof 50 pug/ml) replacing DAPI
fluorochrome in the staining solution, was useddstimation of the absolute genome size.
Lycopersicon esculentunv. Stupické polni kové rané (2C = 1.96 pg, Dolezel et al. 1992)
was used as the internal standard. Plants frompuopelations (populatioBriten containing
both diploids and tetraploids was split into twaepdo-populations according to the ploidy
level), three populations for each group, grownnfreeeds in a climabox were used for
absolute genome size measurements (see Appendikhige plants from each population
were analyzed, and each plant was repeatedly neshsur three different days. If the
variation between individuals exceeded 2%, addiioneasurements were performed and the
most out-layered measurement excluded. Statiséicaluation of differences between the
groups was performed by nested-design ANOVA in iSted 8 (StatSoft 1998) with
population nested in group.

Morphometry

In total, 18 quantitative and derived ratio chasest mainly from the seeds and vegetative
parts of plants, were used for the analyses (Tapl&Ve chose some diagnostic characters
reported by Dviak (1979, 1990) and other important characters rgbdein the field.
Unfortunately, it was not possible to record flochlaracters due to scarcity of flowering
plants in the time of fruit ripeness. All charastevith multiple occurrence on a plant were
measured repeatedly, optimally three times (assyithi@ individual was big enough), and the
mean values were used for analyses. Stipules wézetsed from the lower, middle and upper
part of a stem, respectively. Since no significdifferences between stipules from the
particular parts were found, the final value wasaoted by their averaging. Leaves were
selected randomly from lower and middle parts gblant (where the leaves were fully
developed). For measurements of fruit pedicelsaams$ules, only those from the lowermost
parts of a plant were used.

Seed dimensions and the length of the papillae werasured on light microscope
photographs (40x magnification) using tpsDig 2.R2I{If 2008). Papilla shap®&pRa} was



expressed as the ratio of the width of the papilger part (usually broadened
echinospermaesembling to a "head"”) and the width of the lowart ("neck"). Papillae
without the head wider than the neck were assignedalue of 1. Papillae densitygpNun)
was expressed as the number of visible papillaen® quarter of the seed circumference.
Three seeds, each from a different capsule, aee thapillae per seed were measured.

The recorded data were processed by multivariatissstal analyses. CANOCO for
Windows 4.5 (ter Braak & Smilauer 2002) was usedcomduct Principal Component
Analysis (PCA) and Linear Discriminant Analysis (RD For the classificatory analysis, the
statistical package R 2.8.1 (R Development Corenl2@08) was used as well as it was used
for the classification trees. Statistica 8 (StatX108) was employed for the basic tests
(normality testing, correlation matrix) and visazaliion of some results.

Prior to running multivariate analyses, a correlatmatrix was computed (Spearman
correlations) to detect groups of strongly coredatharacters. Only one character from each
of these groups was retained for further analySebsequently, normality of the characters
was tested (Shapiro-Wilk test). Characters mostiatieg from normality were log-
transformed (see Results), which is a prerequisitsome of the multivariate methods used
(PCA, discriminant analyses).

PCA was employed to get an insight into the ovgrattern of variation and for visual
inspection of morphological discontinuities amohg groups. To find out which characters
significantly separated the groups, LDA with fordaelection (Monte-Carlo permutation test
with 999 permutations) was applied. The linear ritisimant functions were calculated from
the selected characters and their predictive gbiisis tested in R by cross-validation using
each population as a leave-out unit (user writterction employing the Ida function from the
MASS package). Predictive ability was expressedhaspercentage of correctly classified
samples. For comparison, the classification test peated with all the characters recorded.

Besides the discriminant analysis, classificatioges method was used for better
visualization of the classification rules. Classation trees represent a non-parametric
alternative to discriminant analysis. They workhnat single character in each step finding the
optimal rule for division into two subgroups. Thesult is a classificatory tree with
classification rules in each branch, resembling tetermination key (Breiman et al. 1984).
Similarly to LDA, classification tree algorithms eisa cross-validation for estimating the
optimal tree size where there is the smallest eata. For the analysis of our data, we used
the rpart function (rpart package) in R modified that it used populations as the cross-
validation units (original implementation dividdgetdata set into several subsets in random).



Table 2. — Characters used in the morphometrigyaealofS. echinospermandS. rubra

Acronym Character [unit]

LeafLeng length of leaves in the lower part of a stem [mm]

LeafWidt width of leaves in the lower part of a stem [mm]

InterLen length of the internodes adjacent to the measwakk [mm]

Int-Leaf ratio of the internode length and leaf length

FrPedLen lower fruit pedicel length [mm]

CapsLeng length of the adjacent capsule [mm]

Ped-Cap ratio of the pedicel length and capsule length

StemsNum number of stems (counted at the base)

Stpwd stipule width [mm]

StpLt stipule length [mm]

StpRT ratio of the stipule length and stipule width

PIHeight height of the longest stem [cm]

LengSed seed lengthym]

WidtSed seed width im]

SedRat ratio of the seed length and seed width

PapHei papillae heightjim]

PapRat ratio of the papilla upper part (head) width angijte lower part (neck) width (papilla shape)
PapNum number of papillae to one quarter of the seed nifetence (papillae density)
Germination

Germination was tested on seeds collected from rilme populations used for the
measurements of absolute genome sizes (threedbroéddhe group$. echinospermdiploid,
tetraploid andS. rubrg in 2008 (see Appendix 1). Before conducting tkpegiment, the
seeds were stored under dry conditions and roorpdgeature for a half year.

Five treatments were tested. Two treatments ingbivet chilling in sand-filled Petri
dishes at 5°C in dark (100 seeds per dish). Atdlirng cessation, dishes were transferred to
a climabox with a constant temperature (20°C) a2d 2 h light period, where they were
permanently left (first treatment) or nightly tréersed to a dark cool box at 5°C to simulate
temperature fluctuation (second treatment). Atdtieer two treatments, chilling was replaced
by freezing in -15°C since we speculated that lemgeratures could promote germination by
breaking physical dormancy as it has been obsarvetany other specie®éskin & Baskin
1998, while subsequent temperature regimes were time s in the previous case. The last
treatment was control. Moreover, all treatmentseacmbined with two different lengths of
chilling/freezing, namely 6 and 12 weeks. Thredicafions were made for each treatment
combination. Number of germinated seeds was redoédgémes in 4-day intervals. A seed
was considered germinated when a small seedlifgtwid cotyledons emerged.

Each dish was characterized by three charactexistirstly, it was the final
percentage of germinated seeds (germination pagentSecondly, the germination rate was
calculated as the time in days when half of thalfmumber of germinated seeds had already
germinated (3p). Since germination was recorded in 4-day intexvalmore accurate estimate
of Tso was obtained by linear interpolation in the inedrwhere the half of germinated seeds



fitted into. Thirdly, germination delay was expredsas the number of the counting day (1 to
6) when first occurrence of germinated seeds wazrded.

Differences between treatments were evaluated usm@ppropriate ANOVA model
with Statistica 8 (StatSoft 1998), for the finalrgentage of germinated seeds, germination
rate Tsp, and germination delay separately. The propomiogerminated seeds was subjected
to angular transformation (arcsk), and the germination rate and delay were log-
transformed. Cases with no germinated seeds wergednirom the T, and germination
delay analyses, resulting in unbalanced ANOVA (whgome treatment combinations were
completely missing due to zero germinability, seesuidts). Treatment and length were
interacting main-plot factors, while population wvaasandom effect factor nested in group and
interacting with the main-plot factors too. If th&in effects were significant, the Tukey HSD
test was used for multiple comparisons.

Results

Chromosome counting

Chromosome counting @pergulariasamples turned out to be problematic. No mitosis o
sufficient quality to ascertain the precise numbérchromosomes was found, although
various combinations of pretreatment durations ememical agentsa¢tbromonaphthalene,
colchicine, and 8-hydroxyquinoline) were testedtha result, number of chromosomes could
be estimated only roughly, which, however, wasisuft for distinguishing between diploids
and tetraploids. So, tetraploid state &rrubraandS. echinospermeetraploids and diploid
state forS. echinospermdiploids were confirmed.

Flow cytometry

The ploidy levels of all 515 plants were succes$gfdétermined. Samples from 9 populations
of S. echinospermdurned out to be completely tetraploid; in 3 p@pins they were
completely diploid, and those of the remaining Pydations were mixed (i.e. they contained
both tetraploid and diploid plants). The tetrapldidioid ratios of the samples from the two
mixed populations were 14.@(iten) and 19:1 Cky). By contrast, all analyzed plants of
S rubrawere exclusively tetraploid (Fig. 1).

Tetraploids ofS. echinospermandS. rubradiffered completely in their genome sizes
with S. echinospermpossessing the larger genome (Table 3, Fig. 2ngaoison of the taxa
based on absolute genome size showed 8.3% difieramigile the difference in relative
genome size was 7.8%. Monoploid genome size (hereadéferred to as absolute g. s.)
differed significantly among all three groups; (I = 1209.9, p < 0.001). Tetraploids of
S echinospermaad significantly lower monoploid genome size thdiploids, with the
average difference of 3.3%. Additionally, one plasft S. rubra (population Luznice
displayed distinctly lower genome size than thé oéshe group, differing by 2.5%, which
could possibly indicate an aneuploid plant (Table Hence, this individual was excluded
from the statistical analyses. Unfortunately, veafion of the chromosome count was not
possible due to difficulties with karyological saegpreparation.
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Fig. 1. — Distribution of the studied populations . echinospermand S. rubra ® S rubra

tetraploids,A S. echinospermeetraploids only@ S. echinospermdiploids only, ¥ S echinosperma
diploids and tetraploids mixed. The arrow denotes tmorphologically transitional population
Veselsky

Table 3. — Summary of the 2C relative genome siaess. rubrg S. echinospermégetraploids and
populationVeselskycompared to the standa@lycine max(given as unit relative genome size). N —
number of samples; SD — standard deviation; CVhgeaf coefficients of variance values for sample
peaks. One-way ANOVA revealed significant differescbetween the groups (ks = 376.3,

p < 0.001); different letters at mean values indicroups that differ significantly at p < 0.001LKEy
HSD test).

Group N  Min Max Lower Upper Mean Median SD CV (%)
quartile quartile

S. rubra 16 0.395 0.415 0.406 0.411 0.408a 0.408 0.005 2.6-4.9

S. echinospermdx 92 0.430 0.450 0.437 0.443 0.440b 0.441 0.004 2.5-4.9

Veselsky 21 0.429 0.442 0.434 0.438 0.436c¢c 0.436 0.003 2.9-4.0

Table 4. — Summary of absolute genome sizesSioechinospermaytotypes andS. rubra (in
picograms of DNA).S. rubra Qutlier denotes the possibly aneuploid plant matluded in the
ANOVA. N — number of samples; SD — standard deorgtiSE — standard error of mean; CV — range
of coefficients of variance values for sample pe&k#erent letters at mean Cx values indicate g=ou
that differ significantly at p < 0.001 (Tukey HSEst).

Group N 2C values Cx value
Min Max Mean Median SD SE CV (%) Mean
0.621 0.633 0.627 0.628 0.004 0.001 3.9-6.4 0.314a
1210 1.224 1217 1.218 0.004 0.001 3.1-6.3 0.304b
1.120 1.127 1124 1.125 0.002 0.001 2.9-4.9 0.281c
- - 1.097 - - - 3.4-5.2 0.274

S. echinospermax
S. echinospermdx

S. rubra

= |0 © ©

S. rubraOutlier
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Fig. 2. — Histogram of the relative DNA content aibed during a simultaneous flow cytometry
analysis of &. rubra(rub4x),S. echinospermtetraploid (ech4x) an8. echinospermdiploid (ech2x).
Symbols in brackets indicate cell cycle phase pdiicular peak.

Morphometry

Correlation matrix revealed three groups of strgnglositively correlated characters
(correlation coefficient exceeding 0.8). From thestfgroup of two correlated characters,
capsule pedicel lengthF{PedLer) and pedicel-capsule length ratid’ed-Cap, only
FrPedLenwas kept for further analyses because of its bettedictive power. Other two
strongly correlated characters were stipule len@tpL) and stipule length-width ratio
(StpR7). StpRTturned out to be a better predictor (and with megasible applicability in
filed determination), so it was retained. The @stup of correlated characters comprised seed
length CengSedland seed widthW/idtSedl, from which onlyLengSedvas used.

Normality of the included characters was testece Vhlues of charactetsaflLeng
InterLen Int-Leaf, LeafWidt FrPedLen CapsLeng StemsNumStpRT PIHeight LengSed
SedRat and PapRatwere subjected to log-transformation for improvihgir fit to normal
distribution.

The main pattern of variation in the data set asdrelationship to the cytotype
identity of the plants were examined by PCA (seg B). The ordination diagram shows a
distinct separation of both the species (alongfits¢ and second ordination axes) and the
cytotypes ofS. echinosperméalong the third axis), although there is somerlayeof the
groups.
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Fig. 3. — PCA ordination diagram of specimens (Ajd acharacters (B, C) o6. rubra (a),
S echinospermeetraploids 4 )S. echinospermdiploids @), populatioVeselskye), andS. xkurkae

holotype § ). The first, second and third axes antéor 29.1%, 20.6% and 11.9% of the variability,
respectively.

Remarkably, one population assigned to tetraplBid echinospermaVeselsky
deviated from the pattern and was morphologicalingitional betwee. echinospermand
S. rubrg indicating possible hybrid origin. Therefore weed this population as a separate
group in the comparisons of relative genome siZEsble 3). Although it displayed
significantly lower genome size than the groupetfaploidS. echinospermahis difference
was minute (mean difference of 0.9%) and is propaidt an artifact caused by unbalanced
numbers of samples within the compared populati@hse to restricting criteria on the
histogram quality). Practically all genome sizeuea of the populatioWeselskyfitted into
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the range of the values for tetrapl®d echinospermaecause of its possible hybrid origin,
populationVeselskyvas excluded from the discriminant and classificatinalyses.

Similarly, the holotype ofS. xkurkae also displayed transitional values of the
morphological characters.

LDA was employed to test the significance of thecdminatory power of the 15
selected characters. Marginal effects (i.e. effaftseach character as if it was the only
predictor in the analysis) of all the charactersea@ghly significant (p < 0.001). The forward
selection identified 12 characters that contributexst to the prediction of group membership
(Table 5, Fig. 4). Both standardized canonical fccehts (denoting the partial contribution
of each variable to the discriminant functions) d&actor structure coefficients (denoting the
correlations between variables and the functions)aesented (Table 5). The best predictors
were primarily stipule length/width rati®{pR7, differing considerably between all 3 groups,
papillae height RapHe) for discrimination between the species, and papildensity
(PapNum and seed length_éngSell discriminating between diploids and tetraploidsSo
echinospermaSee Table 6 for summary of all measured chamacter

The predictive ability of the 12 selected characteias tested by a classificatory
analysis. Posterior probabilities for all samplesre@vcomputed using a cross-validation, and
the percentage of misclassified samples in eaclupgerved as the predictive ability
measure. Only samples d. rubra were classified correctly at 100%Gpergularia
echinospermavas erroneously classified in 3.7% of cases. 409%iploids were incorrectly
classified as tetraploids while tetraploids displyl.1% of samples erroneously assigned to
S. rubraand 2.2% of samples misclassified as diploids.ofgarative analysis using all 15
morphological characters resulted in slightly woctassification due to emergence of one
sample ofS. rubramisclassified a$. echinospermeetraploid (misclassification pattern $
echinospermaemained the same).

Classification tree confirmed the prime role ofpate length/width ratio. It can be
roughly stated that stipules shorter than widette&. echinospermdiploids while longer
stipules belonged t&. echinospermaetraploids orS. rubra The boundary betweeS.
echinospermandS. rubrawas about the ratio of 1.7. Insi@e echinospermaliploids also
displayed smaller seeds with more densely papiltes&a. MoreoverS. rubradiffered from
tetraploidS. echinospermhby lower papillae and higher number of stems (B)g.The overall
predictive power of this model was slightly highttan that of the classificatory analysis.
1.2% of samples o0$. rubrawere misclassified aS. echinosperméetraploids while there
were 3.2% of misclassified samples 8f echinospermaliploids (i.e. two samples, one
classified as tetraploid and the other on&aribrg and 1.5% of samples & echinosperma
tetraploids erroneously classified &srubra
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Table 5. — Characters selected in the forward Beteand the respective standardized coefficiehts o
the discriminant functions (LD1, 2) and factor sture coefficients. LambdaA — eigenvalue
representing the effect of each character whendatidalready selected characters.

Forward selection Stand. Coeff. Structure Coeff.
Character LambdaA F P LD1 LD2 LD1 LD2
StpRT 0.783 315.088 0.001 -1.6351 0.6011 -0.8833 0.0495
PapHei 0.396 235.400 0.001 0.3194 0.6376 0.5348 0.5193
PapNum 0.098 65.898 0.001 0.8802 -0.6357 0.8046 -0.1167
LengSed 0.072 53.464 0.001 -0.4566 0.494 -0.2007 0.5354
StemsNum  0.050 40.074 0.001 -0.4992 -0.1299 -0.6658 -0.1316
FrPedLen 0.042 36.492 0.001 0.4281 0.7164 0.6044 0.2521
Int-Leaf 0.020 17.526 0.001 0.021 -0.2154 0.2502 -0.1796
PIHeight 0.014 12.390 0.001 -0.0489 -0.5087 -0.3734 -0.1121
PapRat 0.014 12.986 0.001 0.3841 0.3293 0.5577 0.4278
StpWd 0.011 10.514 0.001 -0.3205 0.156 0.1924 0.1553
SedRat 0.011 10.638 0.001 0.3116 -0.1156 0.2567 -0.007
CapsLeng 0.005 5.371 0.017 -0.074 0.1845 -0.2114 0.3423

6 10

Fig. 4. — Linear discriminant analysis of individsi@f S. rubra(a), S. echinospermégetraploids ¢ ),
andS. echinospermdiploids @). The two canonical axes extract 45a8% 30.0% of variation among
groups.
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Fig. 5. — Classification tree of samplesSfrubraandS. echinospermaytotypes (rub4x -S. rubra
ech4x —S. echinosperméetraploids, ech2x -S. echinospermadliploids). If a classification rule is
fulfilled, the determination continues to the léftanch. Length of branches resembles the relative
discriminatory power of the adjacent rule. Numbseparated by the slashes signify numbers of
samples classified to a particular group (ech2xrthb4x).

Germination

There were significant differences in germinatidsetween both the species and the
S. echinospermaytotypes (Table 7). Germination percentages rcifigen 100% to 0%. No
germination was recorded in 76 out of 270 dishemetimes occurring in a whole group-
treatment combination (see Fig. 6).

Spergularia rubra displayed the highest mean germination percentg90).
Tetraploid and diploids. echinospermeeached mean germination percentages of only 10%
and 6% respectively. Moreover, there were considerdifferences between the treatments.
The lowest germination was generally observed i tivo treatments involving freeze.
Spergularia rubrahad the best germination in the control treatnvemte both cytotypes of
S. echinospermgerminated noticeably in the treatment with flatiag temperature only. In
the case 08. echinospermdiploids and tetraploids, there were highly siguaiht differences
in their reactions to the two lengths of chillinBiploids displayed higher germination
percentages at 12-week chilling compared to 6-vobdkng (48% versus 11%), whereas the
difference in tetraploids was less pronounced (3&%sus 20%). There were also some
differences among populations within groups, eslciin the reactions ofS. rubra
populations to freezing (see Fig. 7). Besides, fajmn Smrzowof tetraploidS. echinosperma
demonstrated generally increased germination ptxgesa compared to the other two
populations.
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Table 6. — Summary of all measured morphologicaratters forS. rubra (249 individuals),
S. echinospermaetraploids (184 individuals)S. echinospermadiploids (61 individuals), and
populationVeselsky21 individuals). Mean * standard deviation arrdrage between lower and upper
guartiles (with minimum and maximum in brackets shown.

S. rubra S. echinosperma S. echinosperma Populationveselsky
tetraploid diploid
LeafLeng 7.7+3.9 11.0+4.8 9.4+3.5 10.8+2.2
(3.0-)5.4-8.2(-24.8) (2.5-)6.9-13.5(-24.7) (4.1-)6.9-11.1(-18.8) (6.2—)9.0-11.8(-15.2)
InterLen 7.7x5.4 11.145.9 12.0+£3.6 8.6x2.0
(1.3-)4.3-8.8(-28.4) (2.2-)6.6-14.3(-33.5) (5.9-)9.6-13.9(-26.8) (5.1-)6.8-10.2(-12.2)
Int-Leaf 0.98+0.38 1.03£0.37 1.35+0.36 0.83x0.17
(0.24-)0.73-1.17(-2.86)0.37-)0.79-1.21(-2.77(0.78-)1.10-1.56(—2.49)0.54-)0.76-0.91(-1.37)
LeafWidt 0.6+0.2 0.6+0.1 0.5+0.1 0.7+0.1
(0.2-)0.5-0.7(-1.2) (0.3-)0.5-0.7(-1.1) (0.3-)0.4-0.6(-0.7) (0.5-)0.6-0.7(-0.8)
FrPedLen 3.6x1.4 6.9+2.8 6.0+1.7 4.8+1.2
(1.5-)2.7-4.2(-8.4)  (2.0-)5.1-8.1(-23.7) (1.7-)5.1-6.8(-12.5) (3.1-)3.9-5.4(-8.4)
CapslLeng 3.5+04 3.6+0.5 3.0+04 3.6+0.3
(2.3-)3.3-3.8(-4.6) (2.6-)3.3-3.9(-5.5) (1.9-)2.8-3.2(-4.1) (3.2-)3.4-3.7(-4.4)
Ped-Cap 1.02+0.35 1.90£0.71 2.02+0.56 1.34+0.33
(0.40-)0.78-1.16(-2.37)0.70-)1.42—2.19(-5.39)0.68-)1.69-2.31(-3.68)0.97-)1.11-1.42(-2.39)
StemsNum 18+12 5+4 4+3 9+1
(2—)8-25(—63) (1-)2-8(-19) (1-)1-7(-19) (6-)8-10(-12)
StpWd 1.6+0.2 1.7+0.3 1.7+0.3 1.9+0.3
(1.0-)1.4-1.7(-2.4) (0.8-)1.6-2.0(-2.5) (0.7-)1.5-1.9(-2.3) (1.4-)1.7-2.1(-2.4)
StpLt 3.5+0.5 2.2x0.4 1.4+0.2 2.2+0.3
(2.1-)3.2-3.9(-4.9) (1.3-)1.9-2.4(-4) (1.0-)1.3-1.5(-1.8) (1.7-)2.0-2.4(-3.2)
StpRT 2.34x0.41 1.31+0.27 0.86+0.24 1.28+0.34
(1.43-)2.04—-2.60(—4.04)0.75-)1.12-1.48(-2.09)0.48-)0.71-0.93(—2.00)0.64-)1.07-1.56(-2.05)
PIHeight 10+5 74 6+2 71
(3-)7-11(-31) (1-)4-10(-23) (3-)4-8(-12) (4-)6-7(-9)
LengSed 458+34 47537 400£25 452+19
(368-)437-480(-564) (389-)449-499(-569) (349-)381-420(—456) (414-)437-458(—495)
WidtSed 355431 359430 299+23 345+18
(279-)335-372(—444) (251-)339-377(-435) (237-)282-310(-359) (306-)337-352(—383)
SedRat 1.30£0.07 1.33£0.07 1.35£0.07 1.32+0.05
(1.10-)1.25-1.34(-1.54)1.17-)1.28-1.37(-1.57(1.22—-)1.30-1.39(-1.55)1.18-)1.28-1.36(-1.37)
PapHei 16+2 22+3 18+2 19+1
(11-)15-18(-23) (15-)20-23(-31) (14-)17-19(-23) (16-)19-20(-21)
PapRat 1.15+0.10 1.49+0.24 1.29+0.15 1.25+0.15
(1.00-)1.07-1.21(-1.44)1.09-)1.30-1.64(-2.25)1.04—-)1.17-1.38(-1.78)1.03-)1.16-1.36(-1.63)
PapNum 7£2 11+2 15+2 7£2
(3-)6-8(-12) (7-)10-13(-16) (10-)13-17(-20) (4-)6-8(-10)
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freezing with subsequent non-fluctuating tempemtA — freezing with subsequent fluctuating
temperature. Symbols indicate least squares mearigal bars denote 0.95 confidence intervals.
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Fig. 7. — Final percentages of germinated seedpdpulation-treatment combinations. Treatments: C
— control; N — chilling with subsequent non-fluding temperature; A — chilling with subsequent
fluctuating temperature; FN — freezing with subssgunon-fluctuating temperature; FA — freezing
with subsequent fluctuating temperature. Symbatllicate least squares means; vertical bars denote
0.95 confidence intervals.

The groups also showed significant differences ha germination rate s§ and
germination delay (Table 8)Spergularia echinospermalisplayed significantly slower
germination thart. rubradid, with mean 3, 9.0 and 4.8 days respectively. There was no
significant difference in germination rate betwdba S. echinospermaytotypes. However,
there was a distinct effect of the extended leraftbhilling. The both cytotypes germinated
considerably faster after 12-week chilling (meag Was 8.2 days) compared to 6-week
chilling (with mean Fy 10.0 days) although this difference was not sigaift for diploids
due to small number of observations. The groups differed significantly in the germination
start. 73% of all germinated seedsSofrubrahad germinated (except the freeze treatments) as
early as on the first counting day. On the contr&y echinospermalisplayed delayed
germination with diploids more delayed than tetoags. 46% and 40% of tetraploids
germinated during the first and second countingrual, respectively. On the contrary, only
5% of diploids germinated during the first intervand the major proportion (53%)
germinated as late as during the second intengsirA slight differences between individual
populations were detected.
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Table 7. — Summary of ANOVA of final germinationrpentage. Brackets after a factor signify that
this factor is nested in the factor named in treckets.

DF MS F p

Group 2 26.838 53.573 <0.001
Treatment 4 3.472 16.121 <0.001
Length 1 0.109 8.845 0.025
Group*Treatment 8 1.227 5.696 <0.001
Group*Length 2 0.109 8.848 0.016
Treatment*Length 4 0.126 9.876 <0.001
Group*Treatment*Length 8 0.037 2.933 0.020
Population(Group) 6 0.501 2.331 0.065
Population(Group)*Treatment 24 0.215 16.862  <0.001
Population(Group)*Length 6 0.012 0.966 0.469

Population(Group)*Treatment*Length 24 0.013 1.305 .166
Error 180 0.010

Table 8. — Summary of ANOVAs of germination ratg, @and germination delay. Brackets after a
factor signify that this factor is nested in thetéa named in the brackets.

Germination rate g Germination delay

DF MS F p MS F p
Group 2 10.705 19.479 0.002 6.307 21.354 <0.001
Treatment 4 2896 9.349 <0.001 2.128 14.221 <0.001
Length 1 0.958 6.406 0.038 0.158 1.723 0.220
Group*Treatment 8 0.746 2.241 0.063 0.255 1.629 0.170
Group*Length 2 0.311 1940 0.217 0.079 0.862 0.460
Treatment*Length 4 0.131 1.715 0.186 0.159 1.419 0.265
Group*Treatment*Length 8 0.085 1.099 0.405 0.124 1.095 0.409
Population(Group) 6 0.620 1.393 0.274 0.328 2.433 0.182
Population(Group)*Treatment 22 0.360 4509 <0.0010.165 1.407 0.236
Population(Group)*Length 6 0.186 2.221  0.097 0.100 0.804 0.581

Population(Group)*Treatment*Length 15  0.085  1.770 .040 0.126 1.990 0.022
Error 115 0.048 0.063

Discussion

Cytotype distribution

The majority ofS. echinospermmdividuals analyzed in this study turned out totdteaploid
(205 out of 266), which is in concordance with qareliminary findings (Kur 2007).
Unfortunately, owing to substantially limited numbef populations discovered, no
conclusions about cytotype distribution on the wegl scale can be made.

The discovery of two mixed-ploidy populations $f echinospermaoses questions
about possible origin of the tetraploids and tleeexistence with the diploids. Generally, co-
occurrence of polyploids and their diploid ancestarcommon populations is regarded as not
permanently sustainable because the rare cytotyytally the polyploid) is put into a
selective disadvantage (Felber 1991, Fowler & Lei#84). The reason is that the rare
cytotype experiences gamete wastage since the gnlagitween diploids and tetraploids (or
any other corresponding polyploid combination) eitbompletely fails (triploid block, Marks
1966) or generates triploid offspring with usudtbyered viability (Felber 1991, Fowler &
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Levin 1984). However, there are several factors ¢ha potentially overcome this barrier and
facilitate polyploid establishment in common popiaias. They are formation of prezygotic
mating barriers, increased autogamy rates, aneéased relative fitness of the rare cytotype
(Burton & Husband 2001, Rausch & Morgan 2005, Halwe et al. 2008). As for these
factors, high S. echinospermapotential for autogamy was really observed (P. ,Kar
unpublished results), which could be one of thelraasms enabling tetraploid survival.

Additionally, different cytotypes within a polyphkbiaggregate are sometimes found to
occupy different ecological niches, which may ldadan effective elimination of mutual
matings (Baack 2005, Kim et al. 2006, Burton & Hasth 2001). Since nan situ
examination of the distribution of the particuldr echinospermaytotypes was conducted,
the existence of a microgeographic separationetttiotypes cannot be disproved.

Moreover, tetraploids can be replenished by reatrfermation via unreduced
gametes formed by the diploids (Soltis & Soltis 9p9Since rates of unreduced gametes
production in angiosperms are generally low (tyliychelow 1%; Ramsey & Schemske
1998), direct tetraploid formation via two unreddicgametes is considered to be a rare
phenomenon. More frequently, tetraploid establigiimes accomplished via triploids
generated by fusion of reduced and unreduced gamitéhese are viable, they typically
produce some proportion of euploid gametes, whosenucan be subsequently responsible
for tetraploid formation (triploid bridge) (Felb& Bever 1997, Ramsey & Schemske 1998,
Husband 2004, Yamauchi et al. 2004). However,dbes not apply universally, and there are
some taxa where no or very scarce incidence dbidp was observed (Baack 2005, Koéh
al. 2009, Koutecky 2007). This also seems to bectse of mixed-ploidy populations of
S. echinospermaince no triploid plants were detected during thyologic screening.
Nonetheless, without a more intensive research,pthssibility of recurrent formation of
S. echinospermgetraploids cannot be dismissed.

Furthermore,S. rubrawas found exclusively tetraploid in the studiedppations.
Ratter (1964), however, reported some occurrenceshexaploid plants from the
Mediterranean area and speculated that this tyjpéd doe more widespread through the
region. Similarly, Fernandes & Leitao (1971) repdra single discovery of diploid plants in
Western Portugal. Since our research was limitednly a few populations from human
affected habitats, the presence of other thanpieichcytotypes in Central Europe cannot be
disproved. Suitable sites to focus potential furtbg@otype screening on could possibly be
relict forestless areas with possible autochthormirrence ofs. rubra Most promising
localities are sand dunes, sandy river banks, dyagkdes or suitable undisturbed habitats
above the timberline, where the species has alem lbeund to occur (Friedrich 1979,
Hartman & Rabeler 2005).

Genome size analyses

Unfortunately, attempts to verify precise chromosonmumbers failed, which is a situation
often occurring in plants possessing extremely kobmosomes (Hancock 1942, Sinkovi
& Bohanec 1988, Nathewet et al. 2009). This is obsiy the case of the gen8pergularia
so more effective procedures will have to be usdtie future.

Genome size turned out to be a reliable markerdistinguishingS. rubra and
S. echinospermegetraploids.Spergularia echinospermgenome was larger by approximately
8%.

Moreover, the genome size of tetrapl@®dechinospermaas 3.3% lower than double
of the genome size of diploids. Presence of thesrdpancy can indicate the tetraploids to be
of allopolyploid origin with the other parent possemg genome size smaller than diploid
S. echinospermaThe fact thatS. echinospermadetraploids turned out to be somewhat
morphologically transitional between the diploidsl&. rubrawould put tetraploids. rubra
into the position of a probable candidate. In sarases, viable allotetraploids have been

18



documented to arise from diploids and tetraploaither via union of unreduced gametes of
the diploid and normal gametes of the tetraploir(feman & Peloquin 1968, Kron &
Husband 2009, Borrill & Lindner 1971), or via tgpd bridge (Jones & Bamford 1942,
Thompson 1930). In this case, recurrent formatisnaiso possible as in the case of
autopolyploids (Ramsey & Schemske 1998). Howeuse, denome size db. rubra was
revealed to be too low to attain the genome sizectied in tetraploids. echinospermahen
crossed with unreduced gametes of the diploidstheopossibility of recurrent tetraploid
formation directly via unreduced gametes does aehsto be probable. However, recurrent
formation via triploid bridge could be theoretigationceivable. During experimental crosses
between several diploid and tetrapldtgbergularia species, Ratter (1972, 1973) obtained
viable, and even slightly fertile, triploids in eW cases. Nonetheless, the absence of triploids
in the investigated populations makes this scenaypyobable in the case 8t echinosperma
andS. rubra

Alternatively, current tetraploids &. echinospermaeed not be arising repeatedly,
but they could be a result of an ancient polypkation event, speculatively involving a
presumed diploid ancestor 8f rubra

However, lowered genome size does not mean thepteids cannot be of
autopolyploid origin. Polyploidization has beeneoftfound to produce progeny possessing
genome significantly smaller than double of theeptal genomes (genome downsizing;
Leitch & Bennet 2004). Observed 3.3% differencemMeein actual and predicted values does
in no way deviate from differences commonly obsérveother species (Mahelka et al. 2005,
Eilam et al. 2008, Mraz et al. 2009, Chrtek et28l09). Hence, genome size itself is not a
sufficient marker for elucidating the origin of tietraploids, and genetic analyses will be
necessary to employ.

Interestingly, one individual oB. rubradisplayed the genome size smaller by 2.5%
than the other analyzed individuals of the speci&é® most probable explanation is that the
investigated plant was aneuploid, although theipeechromosome count was not possible to
verify karyologically. Aneuploidy is a very widega&d phenomenon in angiosperms,
especially in the case of polyploid taxa (Ramseys&8hemske 2002). Despite scarcity of
studies onSpergularia some cases of aneuploidy in this genus are atsavik Ratter
(1965a,b, 1969a,b, 1976) frequently observed apn@lplants in the progeny descended from
artificial interspecific crosses of sever@pergulariaspecies, sometimes accompanied by
polyploidization. However, occurrence of aneuploioly the progeny of newly formed
polyploids, especially allopolyploids, is more fuemt since they often experience difficulties
with proper chromosome segregation and therefardyme increased numbers of aneuploid
gametes (Ramsey & Schemske 2002). Besides, onéblgokaown example of naturally
occurring aneuploidy was detected $n australis In this species, chromosome count of
2n = 40 was reported, although the base chromosamber for otheSpergulariaspecies is
x=9 (Moore 1982). Similarly, aneuploid plants werfound in other genera of
Caryophyllaceag for exampleCerastium (Brysting 2000) andArenaria (Valcarcel et al.
2006).

In addition, the absolute genome sizes recordédafigap in the DNA C-values
database (Bennett & Leitch 2005), which so far dagscontain any data for the whole genus
Spergularia Mean somatic genome sizes (2C-values) for theiggranvestigated were:
0.63 pg forS. echinospermdiploids, 1.22 pg fos. echinospermeetraploids, and 1.12 pg for
S. rubra All these values lies at the lower limit of ger®raizes reported for the family
Caryophyllaceaein the database (median 2C genome size for thalyfaish 2.90 pg,
minimum-maximum with 10% and 90% percentiles a@&(1L.38)—(6.29)6.59 pg, number of
cases is 30). The genome size of the diploids e&ndawer than the lowest genome size
reported in the family (foHerniaria glabra Bennett & Leitch 2005). In addition, genome
sizes of theSpergulariataxa are also very low in the context of all asgerms, in which the
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lowest so far recorded 2C genome size is 0.20 pdrrmgaria viridis (Antonius & Ahokas
1996, Bennett & Leitch 2005).

Morphological variation and possible hybridization

We found significant morphological differences beén both the species and the cytotypes
within S. echinospermaiowever, the only character that fully differextéid the species was
seed color, on the basis of which the groups wetiginally delimited and which
corresponded with the group partition based on gensizes. No plants with both brown and
black seeds together, as reported byfakdq1989, 1990), were found, with the exception of
scarce, probably underdeveloped seeds in s@mneechinospermacapsules. No fully
discriminating character fd8. echinospermaytotypes was found. Still, the predictive ability
of all selected characters together was good endagHhargely reliable distinguishing
between both the species and cytotypes. Stipubghémidth ratio turned out to be the best
guantitative predictor for the delimitation of nonhly the species, as it was reported by
previous authors (Dwék 1979 Celakovsky 1881, Ascherson & Graebner 1893), but tie

S. echinospermaytotypes. Furthermore, tetraploids ®f echinospermdisplayed generally
bigger organs, especially seeds and capsules.sithation is in accordance with the general
trend of polyploids to possess bigger cells ancuwsghan their diploid ancestors (Briggs &
Walters 1997, Kondorosi et al. 2000).

The description 08. echinospermly Dvarak (1990) with its short stipules resembles
more likely the diploid cytotype, which corresponish the chromosome counts detected by
Dvoiak & Dadakova (1984). On the other hand, some ®fSthechinospermenorphotypes
reported by the author, namely those with elongéteitl pedicels and those with relatively
long stipules, allegedly affected by gene introgi@ms from S. rubrg fits into the
morphological variability of the tetraploids. So,seems probable that some of the hybrid
morphotypes reported by the author were, in fast, etraploidS. echinosperma

Yet, the analyses revealed a morphologically intgtiate populatioeselskywhose
genome size, however, was practically indistingaidd from that of othes. echinosperma
tetraploids. Individuals from this population digpéd transitional values of characters
distinguishing the two species, which could indécids origin via hybridization witls. rubra
Moreover, seeds of plants from this population westeclearly black but had slightly brown
tinge. This morphotype may resemble one group efiybrids described by Didk (1990)
(with elongated stipules and dark brown seeds)chvtiie author reported just from the area
of Ceskomoravska vrchovina highlands and close suringndvioreover, the holotype
specimen ofS. xkurkae collected in the fiebaiska panev basin, also displayed values of the
morphological characters slightly deviating fromrmal S. echinospermaetraploids but
outlaying from the populatioNeselskytoo. The hybrid origin, however, cannot be relabl
confirmed without a more detailed research, incigdgenetic analyses. Another possible
explanation is that these morphotypes only reptesdremes within the normal variability of
S. echinosperma

With the exception of the populatidreselskyno substantially isolated morphotype
within both S. rubraandS. echinospermaytotypes was detected. However, the biotopically
unusual population 08. rubraCakovfrom a bare pond bottom comprised somewhat more
robust plants with elongated capsules and fruiige¢sl (up to 8.4 mm long). Although this
kind of habitat is somewhat unusual for this spedis occurrence here may be explained by
its spread during previous mud removal activitégnilar morphology was found in plants
from the populatiofProvazce whose habitat was a sand heap at a quarrel. Theg#hotypes
could resembleS. rubraf. longipes (Lange) Gurke, which, according to Oraé (1990),
frequently inhabits pond margins, especially intBd8ohemia, and similar stands with sparse
vegetation. Its fruit pedicels, however, are toupeto 19 mm long. It seems probable that
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these types are just ecomorphoses conditioned \ayoement without competition of other
plants.

Morphological distinguishability of th8. echinospermaytotypes makes it possible to
describe them formally as separate taxa. However, hald the view that before any
taxonomic treatment of the cytotypes, more inforaratbout their distribution, ecology and
origin should be gathered.

Based on the results, it is possible to constiuetfollowing key to the identification
of the species and cytotypes. Although the useepfiate characters is not sufficient for
reliable distinguishing of the groups, especiabyfar theS. echinospermaytotypes, the key
may be, with caution, used for determining typiadividuals at least.

la Seeds brown; stipules more than 1.7x longer thde w papillae on seed testa lower than 19

pm; plants richly branched (usually more than 10nse...........ccccccooiiiiiiiiiieennns S.rubra
1b Seeds black; stipules less than 1.7x longer thida wpapillae on seed testa higher than 19
pm; plants typically with fewer than 10 Stems..........cccccoeevviiiiiiennnen. [S. echinosperma] 2

2a Stipules longer than wide; seeds longer thandB0sparsely verrucose (number of papillae
to one quarter of seed circumference lower than-legpsules longer than 3.5 mm; leaves
typically longer than internodes.............cceeeviiiiiiieiiiivieeeeeeee, S. echinosperma tetraploids

2b Stipules shorter than wide; seeds shorter thanuA8@ensely verrucose (number of papillae
to one quarter of seed circumference lower than-legpsules shorter than 3.5 mm; leaves
typically shorter than internodes ...........ccccceeeeiiiiiiiiee e S..echinosperma diploids

Germination behavior

Spergularia echinospermandS. rubradisplayed significant differences in the germioati
ecology. Virtually no primary dormancy was observed®. rubrasince its seeds germinated
to high percentages immediately after sowing, andpecial dormancy-breaking treatment
was required. The lack of primary dormancy in thiecies is in concert with the fact that
S. rubrainhabits biotopes not experiencing predictabldrdesve events during the growing
season, like flooding or intensive drought. Herde;mancy would be nowise effective in
helping the plants to avoid unfavorable conditidoss their survival (Fenner & Thompson
2005). Similarly, absence of predictable disrumiafuring the growing season probably
allows the species to germinate rapidly and alnmestintly, so that it can swiftly occupy
initial succession stages before the site is domethdy perennial species (Baker 1974,
Sutherland 2004, Roberts & Feast 1973).

Spergularia echinosperman the contrary, displayed strong primary dornyarithe
only treatment that was able to distinctly breai& ttormancy was chilling with subsequent
temperature fluctuation. A longer period of chiisignificantly promoted the germination.
The need for cold stratification followed by altatimg temperatures was revealed in many
other species of flooded sites (Poschlod et al.91%etsch 1999, Lampe 1996). This
mechanism signals upcoming spring and prevents swds from coming up in the
precipitately unfavorable summer period of the y&amberova 2005). In addition, the seeds
demonstrated significantly delayed germination oresel slow germination course, which
seems to be an adaptation in case of unexpectedirilp of the locality. This way, there is
always a part of the seed bank that stays dormaran untimely flowage does not destroy the
whole population.

Moreover, some differences in germination betweepufations within the species
were detected. Generally, germination differencss/ben populations of a single species can
be caused by either different environmental cood#i of the maternal populations or
interpopulation genetic differences (Pérez-Gartiale2006, Andersson & Milberg 1998,
Fenner 1991). To filter out the effect of materpapulation, germination experiments ought
to be done with seeds harvested from plants grawatfleast one generation under the same
conditions. Although our experiment was not desigimethis way, some speculations about
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the nature of interpopulation differences in getaion behavior can be made. In fragmented
landscapes (like the Central European one), indalidoopulations are often found in
relatively discrete habitats, which causes the giow to other populations is usually
restricted, enabling their separate evolution (lKok& & LepS 2009). While&s. rubrais
probably primarily spread by human activities taetal habitats over long distances; pond
bottoms, a habitat ob. echinospermdorm relatively isolated entities within the lawdpe.
Hence, we speculate that the differences betveeanbrapopulations most probably reflect
local conditions, while reproductive isolation adgulations ofS. echinospermanay really
have resulted in their individual adaptations.

In the search for causes of the relative scarcitysoechinospermaliploids, the
detected differences in cytotypes germination epptmuld provide one possible explanation.
Tetraploids displayed lower total germination peteges, but their germination onset was
less delayed than in the case of diploids (and #iey showed faster subsequent growth). In
the light of constantly increasing intensificatioh fishpond management in the last years
(Sumberova et al. 2005, Sumberova 2003), the pesfosummer pond drying has been
significantly shortened. Most of the fishponds efdled as early as at the beginning of May,
which makes considerable demands on completiomefptants life cycles. This extremely
short growing period probably creates a selecti@sgure on quick plant maturing and seed
shedding. So, it seems plausible that the accebtbrgérmination and faster growth of the
tetraploids is an adaptation to these stress dondjtwhile the diploids are evolutionarily
handicapped. Moreover, increased germination pages of the diploids may indicate a
reduced ability of creating a persistent seed batmkch would put the diploid cytotypes into
a disadvantageous situation again. For that mattetier polyploids adaptability to
unfavorable environmental conditions is a frequembserved phenomenon in flowering
plants (Briggs & Walters 1997, Levin 1983, Wende0Q).

In addition, freezing significantly reduced gernbildly of seeds of the both species.
One possible explanation is that it triggered theansition into the state of conditioned
dormancy. Many plant species, especially weedy,aresknown to undergo annual cycles of
dormancy and non-dormancy (Baskin & Baskin 19888)9Seeds of such species, no matter
whether they possess primary innate dormancy or nwy re-become dormant if
environmental conditions are unfavorable for geation. As seeds reenter dormancy, they
first become conditionally dormant, during whicte trange of conditions under which they
can germinate is narrowing. In the end, the seedsrhe fully dormant, which is then called
secondary dormancy. This may be the case&.ofubraand S. echinospermawhen the
species, after being exposed to frost, must undangadditional dormancy-breaking impulse
to be able to fully germinate. An alternative exyaaon, however, may be that constant deep
freeze impaired the seeds and reduced their vigbili
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Appendix 1. — List of localities 0o86. echinospermand S. rubra populations used in the study together with tlwiiotype composition detected by flow cytometry.

Populations marked by an asterisk are those froiohwlants used for the measurements of the alesgkrnome size and for the germination experimaigaated.

No. Label Locality Latitute Longitude Alt('rt,rl:)de (l)\i‘uprrabn?; Species and cytotype
1 Cakov S Bohemia(akov: bare bottom of the Beranov pond 48°58'51.814°19'11.5"E 420 3  S.rubradx
2 Cerna Ceskomoravska vrchovina highland&rna: field path 1.7 km NW of  49°26'00.9"N 15°50'41.7"E 560 20 S.rubradx
the village
3 Cky SW Bohgemia, Lazany: bare bottom of the Cky pond 249%6.9"N 13°53'28.9"E 490 20 S. echinospermax + 2x
4 DolNovos S Bohemia, Novosedly: bare bottom of the Dolni figlpond 49°05'24.9"N 14°16'51.3"E 390 21 S. echinospermdx
5 Driten* S Bohemia, Biteti: bare pond bottom of the Kimsky rybnik pond 49°08'56.1"N14°21'15.0"E 460 20 S. echinospermdx + 2x
6 Havlic S BohemiaCeské Budjovice, Havlikova kolonie: lawn in a city park ~ 48°57'43.2"NL4°28'40.8"E 400 20 S. rubradx
7 HorMez Ceskomoravska vrchovina highlands, Horni Nigko: lowny 49°09'19.0"N 15°14'29.7"E 580 19 S. rubradx
playground in the village
8 HorNovog S Bohemia, Novosedly: bare bottom of the Horni flglpond 49°05'21.5"N 14°16'24.6"E 400 21 S. echinospermdx
9 Hurka SW Bohemia, Zahié: bare bottom of the &tka pond 49°22'23.0"N 13°50'44.3"E 530 19 S. echinospermax
10 Jenso¥ S Bohemia, Pisek: bare bottom of the JenSovskyikyiond 49°19'35.8"N 14°06'35.0"E 400 15 S. echinospermax
11 Klec* S Bohemia, Klec: lawn in the village 49°05'49.5"M4°44'56.6"E 420 20 S. rubradx
12 Knizeci S Bohemia, Pistin: bare bottom of the Knizeci righptind 49°03'01.9"N 14°19'02.6"E 400 20 S. echinospermdx
13 Kaoclirov S Bohemia, Smrzov: bare bottom of the Kimlipond 49°04'05.3"N 14°41'42.1"E 430 20 S. echinospermdx
14 Kozcin SW Bohemia, Reejov: bare bottom of the Keimsky rybnik pond 49°24'10.1"N13°37'19.6"E 510 17 S. echinospermdx
15 Lhota SW Bohemia, Horafovicka Lhota: bare bottom of the Lhota pond 49°QD3N 13°40'38.6"E 470 17 S. echinospermdx
16 Luznice S Bohemia, Luznice: road margin in the village 4946.0"N 14°45'37.5"E 420 24 S.rubradx
17 Maj S BohemiaCeské Budjovice, M4j: sandy playground 48°59'20.2"N14°26'08.5"E 400 20 S. rubra4x
18 Malobor* SW Bohemia, Sedlice: bare bottom of the Malobordoon 49°22'00.4"N 13°58'32.0"E 460 20 S. echinospermax
19 Pecihradek W Bohemia, Plzi Pecihradek: field margin 49°46'06.5"NL3°24'57.0"E 330 22 S. rubradx
20 Pisek S Bohemia, Pisek: edge of a quarry 3 km E of thento 49°19'00.9"N 14°11'16.1"E 590 21  S. rubradx
21 Pracejov SW Bohemia, Katovice: bare bottom of the Pracejoyiybnik pond 49°15'18.7"N 13°50'42.0"E 420 20 S. echinospermdx
22 Smrzov S Bohemia, Smrzov: bare bottom of the Vyd¥maSmrzova pond 49°04'44.4"N14°40'47.5"E 440 15 S. echinospermdx
23 StHlina S Bohemia, Stara Hlina: road margin in the village 49°02'31.9"N 14°48'36.5"E 430 20 S. rubradx
24 Strmilov Ceskomoravska vrchovina highlands, Strmilov: crevicesquare pavingd9°09'32.8"N 15°12'07.0"E 560 20 S. rubradx
in the village
25 Veselsky Ceskomorgvské vrchovina highlands, Nové Veseli: battom of the ~ 49°31'17.2"N 15°54'15.2"E 560 21 S. echinospermdx
Veselsky rybnik pond
26 Vlkov S Bohemia, VIkov: sandy field margin 1.2 km NNWtbé village 49°09'36.9"N 14°42'57.0"E 420 20 S. rubradx
27 Zavlekov W Bohemia, Zavlekov: lawn in the village 49°20'20N5 13°29'36.2"E 570 20 S. rubradx




