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Abstract. The cosmopolitan halophylic genus Limonium (Plumbaginaceae) presents
high cytogenetic interest because of the natural occurrence of diploid and polyploid
variants. Natural triploids are very rare in nature but common in this genus, includ-
ing the widespread triploid Limonium algarvense found in the Iberian Peninsula and in
Morocco. This study describes male sporogenesis and gametogenesis, pollen formation
and germination, and seed production in triploid L. algarvense and diploid Limonium
ovalifolium using various cytological approaches. The diploid species presented regular
meiosis. The triploid species was defective in male meiosis due to unpaired chromo-
somes, trivalent and tetravalent pairing, unbalanced chromosome segregation in meio-
sis I, and meiotic restitution in both meiosis I and II. These results may be explained
by indeterminate and broad first meiotic restitution. Dyads and restitution nuclei at
meiosis I were the most frequent meiotic products in the triploid species. Cytomixis
was observed in both species, and callose deposition did not differ among them. In the
diploid species, regular, tricolpate pollen grains, which germinated in vitro were found.
Contrastingly, the triploid species produced heterogeneous pollen in morphology and
size, with moderate to no viability that poorly germinated in vitro. We conclude that
even if most triploids male gametes are non-functional, they seem to generate small
numbers of viable gametes via nonreduction of chromosomes. Flow cytometric seed
screening demonstrated that the diploid species presented a diploid progeny whereas
triploids only showed triploid progenies. In the triploids low pollen fertility coupled
with viable seed production may assure their persistence in natural populations.

Keywords. Apomixis, In vitro pollen germination, Limonium, Male sporogenesis and
gametogenesis, Meiotic restitution, Polyploidy.

INTRODUCTION

In flowering plants, polyploidy (i.e. the condition of having three or more
copies of the basic set of chromosomes) has been considered to be one of the
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main drivers of plant speciation (Ramsey and Schem-
ske, 1998; Adams and Wendel, 2005). A major route of
polyploidization rely on alterations of the meiotic cell
cycle involving meiotic nuclear restitution during micro-
and megasporogenesis, originating unreduced gam-
etes (Bretagnolle and Thompson, 1995; De Storme and
Mason, 2014). Several processes can lead to these gametes
like cytokinetic defects, omission of a meiotic division
(De Storme and Geelen, 2013) or alterations in spindle
biogenesis and polarity. These processes can lead to spin-
dle absence or malformation during metaphase I or II
(MI or MII), spindle co-orientation (parallel spindles) in
MI (Bretagnolle and Thompson, 1995), and tripolar and
fused spindles in MII (Rim and Beuselinck, 1996). Meiot-
ic restitution nuclei can be associated with First Division
Restitution (FDR) or Second Division Restitution (SDR)
due to the omission of the first or second meiotic divi-
sion, respectively (Ramanna and Jacobsen, 2003).

The cosmopolitan species-rich genus Limonium
Mill. (Plumbaginaceae) contains complex aggregates
of diploids and polyploids (Rdis et al., 2016; Caperta et
al., 2017; Rois et al., 2018). These species are of inter-
est because of the occurrence of diploid (2n = 2x = 16,
18 chromosomes), triploid (2n = 3x = 24, 25, 27), tetra-
ploid (2n = 4x = 32, 35, 36), pentaploid (2n = 5x = 43),
and hexaploid (2n = 6x = 51, 54, 56) variants (e.g., Erben
1978, 1993; Brullo and Pavone 1981; Arrigoni and Diana
1993; Castro and Rossellé 2007). Meiotic studies in the
genus are scarce (D’Amato, 1940a, 1940b, 1949; Réis et
al. 2012), although essential to assess fully the nature
of cytological variation of polyploid species. Stud-
ies on male and female sporogenesis and gametogen-
esis revealed that diploid Limonium ovalifolium (Poir.)
Kuntze (2n = 2x =16) presented regular meiosis, whereas
tetraploid Limonium multiflorum Erben (2n = 4x =35,
36) showed unbalanced and irregular meiosis (Roéis et
al., 2012; Rois et al., 2016). Triploid cytotypes appear to
be the predominant Limonium cytotypes in the Iberian
Peninsula and in the Balearic Islands (Erben, 1978, 1979;
Cowan et al., 1998; Castro and Rosselld, 2007). However,
meiotic studies in triploids are limited to a few works on
female development in Statice oleaefolia Scop. var. confu-
sa Godr. (synonym Limonium virgatum (Willd.) Fourr.;
2n = 27 chromosomes; Erben, 1993) (D’Amato, 1940a,
1940b, 1949).

In the present study, our goal was to compare male
sporogenesis and gametogenesis in triploid Limonium
algarvense Erben with diploid L. owvalifolium (Poir.)
Kuntze. Both the diploid and triploid species are peren-
nial and capable of vegetative reproduction, and have a
widespread occurrence in the Iberian Peninsula and in
Morocco (Erben, 1993; Fennane et al., 2014; Caperta et al.,
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2017). Flowers of the triploid species have potential agro-
food industry applications due to antioxidant and anti-
inflammatory properties (Rodrigues et al., 2015, 2016).

MATERIAL AND METHODS

Cytological analysis of microsporogenesis and gametogen-
esis

Five L. algarvense (2n = 25 chromosomes, 5.69 *
0.15 pg/2C; Caperta et al., 2017) and one L. ovalifolium
(2n = 16, 3.58 £ 0.04 pg/2C; Rdis et al., 2012) genotypes
from ex situ collections established in a greenhouse at
Instituto Superior de Agronomia (Lisbon, Portugal) were
used.

Microsporogenesis and gametogenesis were ana-
lysed in floral buds in distinct developmental stages, as
described in Rois et al. (2012). Buds selection was based
on size: bud with 0.1 - 0.3 cm (from pre-meiotic inter-
phase to metaphase I - stage I); and bud > 0.3 - 0.5 cm
(from anaphase I to pollen grain -stage II). In brief,
staged buds were fixed in a fresh absolute ethanol : gla-
cial acetic acid (3:1) solution overnight and stored in
70 % ethanol solution at —20 ° C until used. Then, buds
were digested in a pectolytic enzyme mixture [2 % cel-
lulase (Sigma), 2 % cellulase “Onozuka R-10" (Serva),
and 2 % pectinase enzyme (Sigma)] in 1xEB in a humid
chamber for 2 h at 37 °C. Meiocytes, chromosomes and
pollen grains spreads were prepared from anthers. Prep-
arations were stained with 4’, 6-diamino-2-phenylindole
hydrochloride (DAPI) (1 mg ml ~!) in Vectashield (Vec-
tor Laboratories).

The percentage (%) of meiotic products from cell
fusion in the first division was calculated as the number
of fused dyads/telophase I cells; and the percentage of
meiotic products from cell fusion in second division was
calculated as the number of fused triads or tetrads/ telo-
phase II cells, respectively.

For tetrad analysis, staged flower buds previously
fixed in ethanol : glacial acetic acid (3:1) solution were
used. The buds were further placed in an aceto-carmine
solution for 1 h, and dissected in a drop of aceto-car-
mine solution.

For histochemical callose staining, flower buds
at stages I and II were collected and stained through a
modified procedure by Musial et al. (2015). Buds were
kept in 80 % ethanol for 30 min in agitation and trans-
ferred to 1 M NaOH solution for 3 h at 37 °C. Then, the
buds were washed twice in distilled water for 2 min with
agitation, and placed in 0.1 M KPO, for 2 min at room
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temperature (rt), and subsequently in 0.1 % aniline blue
(Merck) in 0.1M KPO, for 48 h, at rt. Finally, anthers
were dissected in multiwall-slides in a drop of 0.1M
KPO,: glycerol (1:1).

Pollen size, viability and germination

Anthers from mature flowers stored in 70 % ethanol
were stained using Alexander’s stain (Alexander, 1969)
under a coverslip, and observed under light microscopy.
Total pollen viability estimates were performed by one
person using three to five flowers per plant and counted
with a 63x objective. About 300 pollen grains per flower
were recorded. Pollen grains dimensions were estimated
as described in Rdis et al. (2012) by calculating mean,
standard deviation, and standard error.

For pollen tube growth analysis, five flowers (five
anthers each flower) per plant were used following
the procedure described in Rois et al. (2012). The pol-
len grains were collected from plants soon after anther
dehiscence and cultured in a media containing 20 mM
boric acid, 6 mM calcium nitrate, 0.1 % casein hydro-
lysate and 7 % sucrose (Zhang et al,, 1997). A dialysis
tubing and filter paper support combined with 23 % pol-
yethylene glycol -20,000 as an osmoticum in the medi-
um, provided appropriate physical conditions for pollen
germination. Pollen grains were incubated at 37 °C dur-
ing 48 h or 72 h in the dark. The grains were considered
germinated when they present a tube length that was
equal or greater than the diameter of the pollen grain.
For measurement of pollen tube length, 10 pollen tubes
were selected randomly from each treatment, and meas-
ured on micrographs recorded with a 63x objective using
Axiovision 4.0 (Zeiss) software.

Optical microscopy analysis and imaging

Slides of cell preparations, meiocytes, pollen grains,
and pollen tubes were observed using a Zeiss Axioskop 2
fluorescence microscope and photographed with an Axi-
oCam MRc5 digital camera (Zeiss).

Flow cytometric screening of seeds

Flow cytometric seed screening (Matzk et al., 2000)
was used to estimate the genome size of seeds derived
from each plant progenies in at least 40 seeds, which
were analyzed in pooled groups of 20 seeds. Nuclei
were isolated following the procedure of Galbraith et
al. (1983), in which 0.5 cm? of fresh leaf tissue of each

sample was chopped with a razor blade, simultaneously
with 0.5 cm? of fresh leaf tissue of the internal reference
standard, in a Petri dish containing 1 ml of WPB buffer
(Loureiro et al., 2007). As internal standard Secale cere-
ale 'Dankovske’ (2C = 16.19 pg) (Dolezel et al., 1998) was
utilized. The suspension was filtered through a 50 pm
mesh nylon filter, and propidium iodide (50 pg/ml) was
added to stain the DNA. A Partec CyFlow Space flow
cytometer (Partec GmbH, Gorlitz, Germany) equipped
with a green solid state laser (Cobolt Samba 532 nm,
operating at 30 mW; Cobolt, Stockholm, Sweden) was
used to measure the relative fluorescence of stained
nuclei. Results were obtained using PARTEC FLOMAX
software (v. 2.9). About 1300 nuclei per sample were ana-
lyzed.

The DNA-ploidy level was inferred as a relative posi-
tion of the sample G1 peak to that of the internal stand-
ard. The exact chromosome numbers and DNA ploidy
level of the progenitor plants were determined by chro-
mosome counting (please see Caperta et al., 2017). The
value of genome size in mass units (2C in pg; sensu
Greilhuber et al., 2005) was obtained for each individu-
al analysed using the following equation: Limonium 2C
nuclear DNA content (pg) = (Limonium G, peak mean
/ reference standard G, peak mean) * genome size of the
reference standard.

Statistics analysis

An analysis of variance (ANOVA) was applied to
assess the significance of differences among the studied
individuals in relation to meiotic products and pollen
types (p < 0.05 and p < 0.001) (Khan and Rayner, 2003).
Percentages were logit-transformed before the statistical
analysis to ensure homogeneity of variance.

RESULTS

The diploid L. ovalifolium presented a regular meio-
sis whereas triploid L. algarvense showed several mei-
otic abnormalities (Fig.1). At pre-meiotic interphase,
the triploid species exhibited the maximum of three
nucleoli while the diploid species showed two nucleoli
(data not shown). In the beginning of first meiotic divi-
sion at the pachytene stage, abnormal meiocytes were
observed in L. algarvense, with unpaired chromosomes
(Fig.1b), although L. ovalifolium showed full pairing of
all chromosomes (Fig. 1a). In L. ovalifolium eight biva-
lents were found at diakinesis (Fig. 1c) whereas in L.
algarvense, chromosome abnormalities proceeded as
meiosis advanced to the next prophase stages. In this lat-
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Fig. 1. Chromosome pairing and segregation in DAPI-stained male sporocytes in diploid Limonium ovalifolium and triploid Limonium
algarvense. a Full pairing of chromosomes at pachytene in L. ovalifolium; b Pachytene with unpaired (unp, arrowed) chromosomes in L.
algarvense; ¢ Diakinesis showing eight bivalents in L. ovalifolium; d Diplotene with trivalents (tri) and different chromosome associations in
L. algarvense; e Metaphase I in L. ovalifolium; f L. algarvense metaphase I showing an univalent (uni, arrowed); g Anaphase I in L. ovalifo-
lium; h Abnormal anaphase I with chromosome bridges in L. algarvense (arrowed); i Dyad and fused dyads in L. algarvense (j); k Chromo-
some arrangement after a tripolar spindle in L. algarvense showing three groups of chromosomes (10, 6 and 9, respectively totalizing 2n =
25 chromosomes); 1 Prophase II in L. ovalifolium; m Metaphase II and abnormal anaphase II (n) showing chromosome bridges in L. algar-
vense (arrowed); o Triad fusion in L. algarvense; p Co-existence of a fused dyad and a fused tetrad in L. algarvense. Bars = 5 pm.

ter species, at the diplotene stage trivalents were detected  generally normal, although occasionally lagged chromo-
besides bivalent formation (Fig. 1d), and univalents were  somes were found (Fig. 1g). By contrast, in L. algarvense
also visible in metaphase I (Fig. 1f). Conversely, in L. most anaphase I cells presented chromosome laggards
ovalifolium metaphase I cells were regular (Fig. le). At (data not shown) and chromosome bridges (Fig. 1h).
anaphase I, the majority of L. ovalifolium meiocytes were At the end of telophase I, some dyads and fused dyads
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Fig. 2. Tetrad analysis of L. algarvense. a Cytoplasmatic bridges with chromosome passing (cytomixis); b Unbalanced triad (a micronucleus
is arrowed); ¢ Tetrad; d Polyad (a micronucleus is arrowed). Bars = 5 um.

Table 1. Percentage of meiotic products from ex-situ collection Limonium plants used.

Meiotic Products

1%t Division 2" Division

. Accession . . Total of cells
Species b restitution  restitution lvsed
number Monads Dyads Triads Tetrads Polyads nuclei nuclei analyse
L. ovalifolium  200914SR 0 10.9 0 83.6 5.5 0 0 65
L. algarvense  200911AL 0 233 18.5 7.2 0 45.8 5.2 249
200912AL 0 59.6 6.1 0.5 0 28.8 5.1 198
2009I7AL 10 69.5 5 2.1 0.2 9.4 4.0 479
2009118AL 21.9 20.6 1.3 0 0 57.6 2.6 155
2010I15PA 0 36.9 0 0.2 0.2 57.6 5.2 465

resulting in first division nuclei in the triploid species
were found (Fig. 1i-j). However, nuclei fusion was seldom
seen in the diploid species. After telophase I in L. algar-
vense, tripolar spindles originate a particular chromo-
some arrangement where it was possible to detect 2n =
25 chromosomes arranged in three groups, respectively
ten, six and nine chromosomes (Fig. 1k). In this chro-
mosome arrangement, associations of chromosomes
with different sizes and shapes was moreover detected.
In meiosis II, regular prophase II cells were observed
in L. ovalifolium (Fig. 11). In L. algarvense chromosome
bridges were still visible in metaphase IT and in anaphase
IT (Fig. 1m, n). At the end of meiosis, the diploid spe-
cies showed mostly tetrads, while dyads were the more
common meiotic product in the triploid species (Table
1). In addition to monads and dyads, the triploid spe-
cies showed triads and tetrads. The coexistence of fused
dyads (Fig. 1p) and tetrads (Fig. 1p) as well as fused tri-
ads (Fig. lo) (second division restitution nuclei) and
dyads with micronuclei (Fig.2). Although, the frequency
of polyads formation is low in both the diploid and trip-
loid species, its occurrence was rarer in triploid (0.2 %)
than in diploid (5.5 %) species (Table 1; Fig. 2d).

In both species, the presence of cytoplasmatic
bridges with passage of nuclear content from one cell

to another (cytomixis, Fig. 2a) was observed, although
with very rare incidence in diploid L. ovalifolium. No
significant differences were detected between L. algar-
vense individuals in relation to the frequency of the
meiotic products types for dyads (P =0.36), triads (P =
0.0692) and tetrads (P = 0.29). No significant differences
were found between fused meiotic products for dyads (P
=0.49), triads (P = 0.869) and tetrads (P = 0.29).

To substantiate possible causes of nuclei fusion, cal-
lose deposition was verified using aniline blue labelling
during different stages of microsporogenesis. At tetrad
stage both in diploid and triploid plants, bright fluores-
cence callose labelling was visible around the meiotic
products (Fig. 3), without differences between species.
The diploid species formed regular tricellular pollen
grains with one vegetative nucleus and two sperm nuclei
(Fig. 4a) whereas in the triploid species bicellular pollen
grains having only one or two vegetative nuclei and one
sperm nucleus were observed (Fig. 4b).

In diploid (100%) and triploid species (L. algarvense ~
70%) most pollen grains showed three colpi (Fig. 5¢, Table
2). Nevertheless, in the triploid species pollen grains with
one colpus, two, four and five colpi were also found (Fig.
5, Table 2). In general, L. ovalifolium pollen grains meas-
ured 53.52 + 5.6 um (n = 41). By contrast, pollen grain size
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Fig. 3. Callose deposition in Limonium ovalifolium and L. algarvense. a Anther from a flower bud at stage II with callose labelling in L. oval-
ifolium (bar = 50 um); b Anther from a flower bud at stage II exhibiting bright fluorescence in L. algarvense (details shown in the inset — b’)
(bar = 50 pm); Tetrads with strong labelling in L. ovalifolium (c) and in L. algarvense (d) (bar = 5 um).

Fig. 4. Dapi staining of pollen grains. a Regular tricellular pollen
grain in L. ovalifolium with one vegetative nucleus and two sperms
nuclei; b Bicellular polar grain showing one vegetative nucleus (vn)
and one sperm nucleus (sn). Bars = 5 pm.

differences were detected in the triploid species: one colpus
(17.5 + 2.0 ym, n = 2), two (37.8 + 4.4 um, n = 1), three
(56.2 £ 6.3 um, n = 65), four (68.8 + 3.0 um, n = 51) and
five (78.4 + 1.3 um, n = 9) colpi. The pollen grain types did
not have significant differences among the studied triploid
individuals for 1 colpus (P = 0.177), 3 colpi (P = 0.836), 4
colpi (P = 0.224), 5 colpi (P = 0.587), and for a significance
level between 0.05 and 0.1 for 2 colpi (P = 0.0545).

Still, pollen grains viability and germination
revealed marked differences between species. Comparing

to the diploid species, which had 84.8 % (n = 1006) of
viable grains, the triploid species ranged from low (gen-
otype 2009I1AL, 14.8 %; n = 824) to moderate (genotype
2010115PA, 41.2 %; n = 900) viable pollen grains. The
diploid species showed the highest frequency (60.5 %, n
= 885) of germinated grains, while in the triploid species
pollen germination frequencies varied among accessions,
from 0.8 % (n = 900, in 2009I1AL) to 8.2 % (n = 883, in
20109115PA).

The triploid species was able to produce seeds (c.
150/per scape) with a moderate seed germination fre-
quency 65 % (n = 587). The estimation of embryo and
residual endosperm nuclear DNA contents by flow
cytometry showed that in L. ovalifolium only histograms
with a single 2C DNA peak was found representing dip-
loid seeds whereas in L. algarvense histograms with an
unique 3C DNA peak was detected (Fig. 6).

DISCUSSION

Polyploid plants can arise by the fusion of unre-
duced gametes or through a mechanism that employs
an intermediate step generating triploids (triploid bridge
hypothesis) (Ramsey and Schemske, 1998). Triploids are
considered to be meiotically unstable, resulting in fre-
quent chromosome loss and fragmentation (McClintock

Fig. 5. Pollen grains types in L. algarvense. Pollen grains with one colpus (a), two (b), three (c), four (d) and five (e) colpi. Bars = 5 pm.
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Table 2. Percentage of pollen grains morphotypes in L. algarvense. The percentage of each of the different pollen types and standard devia-

tion is indicated.

Pollen grains

Accession
1 colpus 2 colpi 3 colpi 4 colpi 5 colpi
200911AL 0.24 0.2 (2) 1.09 + 0.5 (9) 74.15 + 1.8 (611) 23.18 + 1.8 (191) 1.33 0.7 (11)
200917AL 0.61 +0..3(5) 3.03 + 1.5 (25) 75.30 + 3.7 (622) 20.10 + 2.4 (166) 0.97 + 0.7(8)
2010115PA 111 £ 0.5 (10) 433 +22(39) 74.11 +1.5 (667) 19.78 +3.3(178) 0.67 + 0.6 (6)
2010116PA 1.11 % 1.0 (10) 4.89 + 1.6 (44) 78.89 + 5.3 (710) 14.56 + 7.1 (131) 0.56 + 0.7 (5)
2009118AL 035+ 0.3 (3) 1.76 +1.5 (15) 69.65 + 6.3 (592) 25.65 + 3.3 (218) 259 +2.7 (22)
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Figure 6. Flow cytometric histograms of seeds of L. ovalifolium (a) and L. algarvense (b-f).

1929). These plants can produce diploid, triploid and
tetraploid progeny as well as populations of aneuploid
individuals with diverse karyotypes (Henry et al., 2005).

During microspore formation, triploid L. algarvense
showed diverse division anomalies related to chromo-
some pairing and segregation. In prophase I at pachy-
tene, L. algarvense presented unpaired regions, probably
as a result of a lack of chromosome homology in some

of these regions and reduced recombination. At diplo-
tene and diakinesis the presence of tri- and tetravalents
involving non-homologous chromosomes reinforces the
hypothesis of intergenomic recombination. Moreover,
the tendency for chromosome nondisjunction and a high
association of certain groups of chromosomes (with dif-
ferent size and morphology) revealed a high homology
between some chromosome regions, which difficult their
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normal dissociation during meiosis. Furthermore, the
chromosome organization presented in Fig. 1k can be a
clue to triploid L. algarvense hybrid origin. In this late
anaphase I derived from a tripolar fuse, three distinct
chromosome groups of six, nine and ten chromosomes
were clearly visible, perhaps pointing to three genomes
involved in this species formation. This meiotic behav-
iour strongly suggest parental genome differences for
triploid L. algarvense, which may imply allopolyploid
origin (i.e., attained by hybridization). Distinct genom-
es usually have several differences at chromosome level
as well as modifications in sequence, structure, and/
or gene order that difficult or inhibit homologous pair-
ing (Ramsey and Schemske, 2002). These chromosome
irregularities during the first meiotic division can be
better explained by a broad FDR-type of meiotic restitu-
tion (De Storme and Geelen, 2013) or an indeterminate-
type meiotic restitution (IMR-type) (Lim et al., 2001). In
this latter case, meiotic non-reduction involved a reduc-
tional division of bivalents together with an equational
segregation of univalents (Lim et al., 2001). Compared to
diploid L. ovalifolium, triploid L. algarvense frequently
showed fused nuclei at first division and second division,
and dyads, triads, tetrads and polyads. In our study, co-
existence of fused dyads and fused tetrads in the same
nuclei spread is a strong indication of the occurrence
of meiotic restitution. FDR- and/or SDR-type meiotic
restitution were considered as important processes for
polyploid formation in e.g., Triticeae (Jauhar, 2007; Res-
surreicdo et al., 2012), Solanum (den Nijs and Peloquin,
1977), Arachis (Lavia et al., 2011), and Taraxacum (Van
Dijk et al., 1999). These processes lead to unreduced
gametes formation (Bretagnolle and Thompson, 1995;
Brownfield and Kd&hler, 2011; De Storme and Geelen,
2013).

Callose is an essential barrier between meiocytes
and defects on its deposition could lead to an ectopic
genome doubling and cell fusion (Spielman et al 1997;
Yang et al., 2003; De Storme and Geelen, 2013). Our
results showed that nuclear fusion might occur before
callose deposition, since throughout anther develop-
ment its deposition was regular in both species. Another
parallel phenomenon that occurred in both species was
cytomixis that consists in the movement of the nuclei
content between cells (Singhal et al., 2010; Kaur and Sin-
ghal, 2012; Mandal et al., 2013), and may lead to unre-
duced gametes. Although it was not obvious at which
stage of meiosis cytomixis occurred, it probably took
place at meiosis I before callose deposition. This phe-
nomenon can be one of the precursors of chromatin
bridges, micronuclei, triads and polyads, as found in
Spergularia diandra (Kaur and Singhal, 2012).

Sofia I. R. Conceigdo, Ana Sofia Rois, Ana D. Caperta

Compared to the diploid species that produced regu-
larly sized pollen (Rois et al., 2012), a great diversity of
pollen morphology and size was revealed in the triploid
species. As previously observed for diploid (L. ovalifo-
lium) and tetraploid (L. multiflorum) Limonium species
(Réis et al.,, 2012), our study supports that pollen size
and ploidy are not correlated in the Limonium system.
Moreover, a direct correlation seems to exist between
pollen grain morphology, viability and pollen tube ger-
mination, since such processes were only observed in
grains predominantly with three colpi. In Limonium,
pollen viability appeared to be high in diploids whereas
in polyploids, low to high fertility was reported (Erben,
1978). A high pollen viability was observed in triploid
Turnera sidoides, which had irregular meiotic behaviour
(Kovalsky et al., 2018).

In both diploid and triploid species studied here
spontaneous seed production occurred, as insect polli-
nations were not frequent in our greenhouse. Both spe-
cies showed a high percentage of seeds per scape, with
moderate to high germination. The exact chromosome
numbers and DNA ploidy level of the progenitor plants
were determined in a previous study by combined flow
cytometry and chromosome counting (Caperta et al.,
2017). In the present study, flow cytometric seed screen-
ing investigations demonstrated that in both species
only one DNA peak was found, which corresponds to
the embryo peak, since mature seeds were characterized
by one embryo and a well-developed starchy endosperm
without nuclei (Réis et al., 2012). No quantitative varia-
tion in seed ploidy was found in the progeny of diploid
or triploid plants and thus L. ovalifolium only produced
a diploid progeny whereas L. algarvense originated a
triploid progeny.

CONCLUSIONS

Triploid L. algarvense plants displayed extremely
unbalanced meiotic cell division, probably originat-
ing non-functional aneuploid gametes. However, as
found in other natural triploids (Ramsey and Schemske,
1998), these plants may also generate small numbers of
euploid (x, 2x) gametes and 3x gametes via non-reduc-
tion. Even if the importance of these triploids as pollen
donors is limited, they spontaneously produce viable
seeds. Although, the reproductive mode of triploid L.
algarvense is not yet determined, this species show sta-
ble populations widespread in the Iberian Peninsula and
in Morocco (Caperta et al., 2017), probably originated by
apomixis (asexual seed production).
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