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Abstract Sporobolus phleoides is an endemic grass of
Argentina considered an important genetic resource for
saline environments due to its salinity tolerance. Basic
information about its reproductive biology is needed to
adequately preserve its genetic variability. Hence, we
studied its breeding system through phenology, embry-
ological analysis, and self-pollination versus open-polli-
nation treatments in six populations collected from four
provinces of Argentina. The results indicated that S.
phleoides is mainly autogamous with a high fertility rate.
Cleistogamous and chasmogamous spikelets are isomor-
phic and occur simultaneously on the inflorescence, with
higher percentages of cleistogamy found in the basal region
of the panicle. The average percentage of cleistogamy
during the study period was 23 % for all populations
evaluated. The development of the embryo sac follows the
typical pattern of grasses and indicates normal sexual re-
production. This study provides the basis for programming
genotype collections for gene banks and future plans of
domestication.
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Introduction

Sporobolus R.Br. (Poaceae, Chloridoideae, Zoysieae) is a
cosmopolitan genus of about 150 species that grow in
tropical, subtropical, and warm-temperate regions
throughout the world (Watson and Dallwitz 1992; Ortiz-
Diaz and Culham 2000; Peterson et al. 2001). More than 70
species are distributed in America (Peterson et al. 2003,
2007), and 11 are represented in Argentina (Denham 2012).
Many species of this genus are halophytes (Liphschitz and
Waisel 1974), and most of them are used as forage re-
sources, in re-vegetation plans, or as models for studies of
salinity tolerance (Wood and Gaff 1989; Joshi et al. 2005;
Khan and Gul 2008). Among these, it is found Sporobolus
phleoides Hack., an endemic grass from north-central re-
gions of Argentina, that integrates halophytic communities
with species of recognised saline toleration of the genera
Distichlis Raf. and Sarcocornia (Duval-Jouve ex Moss)
A.J.Scott. This species is considered an important genetic
resource and a potential fodder plant for saline environ-
ments (Aronsen 1989; Rogers et al. 2005). Knowledge of
its reproductive system is required for the proper conser-
vation, maintenance, and utilisation of its genetic diversity.
Studies on reproductive biology of the genus Sporobolus
are scarce. Species are mainly sexual (Engstrom 2004), and
some are capable of both sexual and vegetative reproduc-
tion (Smith-White 1988; Febles et al. 2010) due to the
development of rhizomes and stolons (Smith-White 1988;
Febles et al. 2010). Sub-sexual reproduction through ag-
amospermy was also observed in a triploid race of
Sporobolus virginicus (L.) Kunth (Smith-White 1988).
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The presence of cleistogamy was recorded in many
species of the genus, such as Sporobolus platensis Parodi
(Rosengurtt and Arrillaga de Maffei 1961; Rosengurt
1984), Sporobolus neglectus Nash. (Doyon and Dore
1967), Sporobolus asper (P.Beauv.) Kunth (Riggins 1977),
Sporobolus  indicus (L.) R.Br. (Astegiano 1986),
Sporobolus ozarkanus Fernald, Sporobolus vaginiflorus
(Torr. ex A.Gray) Alph. Wood (Mc Gregor 1990), and
Sporobolus cryptandrus A.Gray (Parodi 1928). This is a
clear indicator of reproductive self-compatibility (Connor
1979, 1981); however, this was only checked in
Sporobolus airoides (Torr.) Torr., S. cryptandrus (Fryxell
1957), S. asper (Weaver 1954), and S. indicus (Aracne
2010). These last two species are mainly self-pollinated;
nevertheless, they have a mixed reproductive system in
where self-pollination and cross-pollination coexist in the
same panicle (Riggins 1977; Astegiano 1986; Aracne
2010). For S. phleoides, there are no antecedents in rela-
tion to its reproductive system and fertility (proportion of
flower-forming fruits).

To provide information on the reproductive biology of
S. phleoides, we (1) described the flowering phenology at
population, inflorescence and spikelet level, and cleis-
togamy expression; (2) evaluated the breeding system
through controlled pollinations; and (3) verified apomixis
evidence through embryological studies.

Materials and methods
Studied species

Sporobolus phleoides is a caespitose, perennial, warm-
season grass that reaches 50-100 cm tall. The inflores-
cences are spiciform panicles, 7-20 cm long and
0.3-0.4 cm wide, tightly contracted, densely flowered,
truncate or rounded at the ends, and the branches that bear
the spikelets are appressed or fused to the main axis. The
spikelets are single-flowered, 1.6-2 mm long, disar-
ticulating above the glumes at maturity; glumes are shorter
than or equal to the palea and lemma. The anthecium bears
a bisexual floret, with two lodicules and three stamens
whose anthers reach 0.4-0.6 mm long. The fruit is a
modified caryopsis with a free pericarp, typically swelling
and mucilaginous when wet. The utricle is ellipsoid,
1.5 mm long, and light brown. (Parodi 1928; Steibel et al.
1997; Peterson et al. 2001; Denham 2012).

Plant material
Plants of S. phleoides used in this study originated from

seeds collected from different locations in Argentina
(Table 1). Voucher specimens were identified by a
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catalogue number (ID) and deposited in the Herbarium of
the Facultad de Ciencias Agrarias-Universidad Nacional
del Litoral (FCA-UNL) Esperanza, Santa Fe, Argentina
(SF). These plants were grown in the experimental field of
the FCA-UNL (31°27'04.7"S; 60°56'57.9"W). Each ex-
perimental population consisted of 20 plants arranged in a
completely randomised design.

Phenological observations

Phenological observations were made during the flowering
season from October 2012 to July 2013. At population
level, dates of the beginning and end of flowering were
recorded daily in ten randomly selected plants from each
population. “Flowering beginning” was considered as the
time at which the plant had at least one inflorescence with
one spikelet at anthesis. Plants in which >50 % of the
spikelets in the late-flowering inflorescences had open
florets were considered as having “finished flowering”.

At the inflorescence level, flowering of the second-ear-
liest fertile tiller was followed in ten randomly chosen
plants of each population (n = 10 per population). The
direction and duration of flowering were observed for each
inflorescence.

At the spikelet level, phenological changes (shape,
colour, timing and mode of anther opening, beginning of
stigma receptivity, pollen release, and post-fertilisation
changes) were recorded in 20 spikelets from five randomly
chosen plants of each population (n = 100 per population).

Stigma receptivity

Flowering stages were identified as follows: (1) closed
florets, near anthesis; (2) florets before fertilisation, whose
anthers still remained closed; and (3) florets whose stigmas
remained turgid after fertilisation. For each of these stages,
ten florets from five plants per population were employed
(n = 150 stigmas per population). Receptivity of the stig-
mas was determined by applying a solution of 6.6 mL
water, 1.4 mL guaiacol, and 2 mL hydrogen peroxide (3 %)
to the stigmas (adapted from Tel-Zur and Schneider 2009).
Stigmas were considered receptive if they showed vigorous
bubbling and colour change from white to orange-brown.

Pollen/ovule (P/O) ratios and pollen fertility

In ten randomly chosen plants of each population, nine
unopened anthers per plant were collected from three flo-
rets (n = 90 anthers per population) and processed fol-
lowing the techniques proposed by Dafni (1992) to obtain
counts of number of pollen grains per floret. These counts
were used to compute P/O ratios (Cruden 1977). In five
randomly chosen plants from each population, pollen was
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Table 1 Plant populations of

Population ID*  Province  Locality Lat. Long.
Sporobolus phleoides, their
origins (province and locality), 8028 La Rioja  Dept. Gral. Belgrano 30°38'24.7"  65°35'40.2"
f‘:i‘hf‘iffg; specimen IDs used ¢, Cérdoba  Dept. Tulumba, Salinas Grandes 20°510.01"  64°40/10.9"
8415 Santa Fe  Dept. San Cristébal 30°01'22.8"  61°16'12.2"
8452 Santa Fe  Dept. 9 of Julio 28°09'55.4"  61°44'19.8”
8393 San Luis  Dept. Gral. Pedernera 33°37'36.0"  65°26'4.4"
9722 Santa Fe  Dept. San Cristobal, in R. N. M. “El Fisco”  30°09'55.5”  61°00'23.3”

# ID identification number of the voucher specimen housed in the SF herbarium

collected from five florets per plant (n = 25 flowers per
population) and immediately mixed. Their fertility was
assessed from four samples of 200 pollen grains by de-
termining the percentage of stainable per flower pollen in
Lugol (2 % iodine—potassium iodide solution) (Scrivanti
et al. 2009).

Percent of cleistogamy

The cleistogamy percentage was determined at the start of
flowering for the period of November-December 2013.
The percentage was calculated in 150 basal and 150 apical
spikelets of five inflorescences from five randomly chosen
plants per population (n = 1500 spikelets per population).
The spikelets were considered cleistogamous following the
criteria adopted by Rosengurt (1984). The cleistogamy
percentage was defined as the number of cleistogamous
spikelets divided by the total number of chasmogamous
and cleistogamous spikelets (Clay 1983).

Breeding system

The breeding system was evaluated through self- and open-
pollination treatments. Self-pollination was ensured by two
methods: (1) inflorescences of randomly chosen plants
(n = 5 per population) were covered with cheesecloth bags
before anthesis and (2) inflorescences of randomly chosen
plants (n = 5 plants per population) were isolated at 600 m
from conspecific pollen source before anthesis. Open pol-
lination (control) was guaranteed at the field where (n = 5
per population) inflorescences were screened. Seed set
(fruit/flower ratio) was used to compare the treatments. For
each plant, three samples of 50 spikelets from the upper
and basal sectors of an inflorescence (n = 300 spikelets per
inflorescence) were analysed. Thus, each population was
represented by five randomly chosen plants (n = 1500
spikelets per population).

Embryological analyses

For embryological analyses, five inflorescences at different
stages of development from three plants of each population

(n = 15 inflorescences per population) were fixed in for-
malin, acetic acid, and alcohol (Ruzin 1999) and stored in
70 % ethanol. The dissected material was treated with
20 % hydrofluoric acid for 48 h to dissolve silica. The
silica-free material was then dehydrated in an alcohol—
xylol series and embedded in paraffin wax (D’ Ambrogio de
Argiieso 1986). The sections were cut with a rotary mi-
crotome at 7-9 pm thickness and stained with Safranin and
Fast Green (D’ Ambrogio de Argiieso 1986).

Statistical analyses

Duration of flowering at the population and inflorescence
levels, percentage of receptive stigmas, pollen viability
percentage, P/O rates, seed set among breeding systems
treatments and cleistogamy percentage were analysed
using analysis of variance (ANOVA), and treatments
were compared using the Tukey test (p < 0.05). Results
were presented as means and standard deviations. Data
normality and homogeneity of variance were tested with
Wilk—Shapiro and Bartlett tests, respectively. These
analyses were performed with the statistical software
package InfoStat (2011 version) (Di Rienzo et al. 2011).
Differences in seed set production among different pol-
lination treatments and populations were analyzed by the
adjustment of general lineal models with the /me function
of the nlme package (Pinheiro et al. 2011) of the R
statistical language (R Development Core Team 2011),
using the interface provided by InfoStat (Di Rienzo et al.
2011).

Results
Phenological observations

At the population level, flowering was homogeneous and
lasted 206 &+ 51 day (F = 1.40; p = 0.20), exhibiting a
clear overlap between plants of different populations.
Flowering began in early October 2012 and lasted until
July 23, ending with the appearance of the first frost in
early winter with 75 % of plants flowering.
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Flowering lasted approximately 12 £ 1.60 day in inflo-
rescences from all populations (F = 1.10; p = 0.40). The
direction of flowering in the panicle was basipetal, begin-
ning at the apex and continuing to the base. During the
flowering period, a large number of spikelets in simulta-
neous anthesis were found, even in the same sector of the
inflorescence (Fig. 1a). Spikelets in anthesis were regis-
tered since 7 a.m. to 18 p.m. during long days. All panicles
presented chasmogamous and cleistogamous spikelets.

Before anthesis, most of the mature anthers turned pink
and the stigmatic branches were already receptive. Within
chasmogamous spikelets were found fully open florets
(Figs. 1c, 2d) and partially open florets (Fig. 2d). For the
fully opened floret, the anthesis started with the complete
separation of palea, lemma and glumes, which allowed the
total exposure of the stigmatic branches (Fig. 2b). In the
meantime the staminal filaments were elongated leaving
the anthers outside of the anthecium and above the stig-
matic branches, process that took 30-40 min since the
opening of anthecium (Fig. 2c). Over the next 20 min, the
three anthers were opened longitudinally. This allowed the
pollen to be released, falling on the stigmatic branches of
the same floret or of the surrounding florets, while some
were retained still on the anther. Then, anthers immediately
changed their colour from white or pink to slightly yel-
lowish or purplish.

Fig. 1 Inflorescence and
spikelet details of Sporobolus
phleoides. a Chasmogamous
spikelets in the upper part of the
inflorescence with anthers
outside florets; b Cleistogamous
spikelets in the basal section of
the inflorescence with anthers
inside florets; ¢ Fully open floret
of a chasmogamous spikelet
with anthers and stigmatic
branches outside florets;

d Immature fruit from
chasmogamous (left) and
cleistogamous (right) spikelets
of S. phleoides. a anther,

[ lemma, /g lower glume,

p palea, sb stigmatic branches,
ug upper glume. Bar 1 mm
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In the partially open florets, stigmatic branches and
stamens were largely retained inside the anthecium. The
growth of the staminal filaments pushed the anthers to-
wards the stigmatic branches (Fig. 2d) whereby the pollen
was released directly on the stigmatic branches. However,
it was also observed that some pollen released outside the
floret.

In both cases, stigmatic branches progressively lost their
turgidity and turned whitish after fertilisation. This process
took 10 min in flowers where the anthers were nearer to the
stigmatic branches (partially open florets) and more than
300 min in those whose anthers were more distant (fully
open florets).

In cleistogamous spikelets, the glumes of the anthecium
remained closed. The staminal filaments pushed the anthers
towards the stigmatic branches, and pollen shed occured
within the anthecium (Fig. 2e). Anthers and stigmatic
branches were retained inside the anthecium until fruit
formation (Fig. 1d). These spikelets were more frequent at
the base of the inflorescence (Fig. 1b). At maturity, the
pericarps were moistened and released the utricles outside
the spikelets.

Observations across histological sections showed that
both fully and partially open florets (chasmogamous) and
fully closed (cleistogamous) ones, were morphologically
similar.
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Fig. 2 Spikelets of Sporobolus phleoides a spikelet with a still-closed
anthecium (stigmatic branches already receptive); b spikelet at start of
anthesis, with complete separation of the palea, lemma, and glumes
(stigmatic branches outside the floret, and anthers still inside);

Stigma receptivity

The receptivity of stigmatic branches started when florets were
still closed and remained as such until their loss of turgidity.
The receptivity lasted 40-360 min, depending on the degree
of the floret openness, as mentioned previously. No significant
differences between populations with respect to the duration of
the stigmatic receptivity were found (F = 1.40; p = 0.20).

Pollen/ovule ratios and pollen fertility

The P/O ratios between populations showed significant
differences (F = 2.80; p = 0.04), although they were
small. The population 7610 had the highest proportion of
pollen grains per ovule (314.90 + 42.30), and the lowest
(226.10 £ 16.70) was obtained in the 8415. In the re-
maining populations, the ratios obtained were not sig-
nificantly different (Table 2). The viability of the pollen
grains was 97.00 + 2.10 %, with no significant differences
between populations (F = 0.90; p = 0.50).

Percentage of cleistogamy

The percentage of cleistogamous spikelets averaged
23 £ 13 % of the total number of spikelets of the panicle
for all populations tested (F = 2.40; p = 0.06). However,
significant differences between basal (31 &+ 12 %) and
apical (15 & 7 %) sectors of the inflorescences were ob-
served (F = 39.70; p < 0.01) (Fig. 3). Fruit production
was observed in virtually all the cleistogamous spikelets.

Breeding system

All plants from the analysed populations showed high
percentages of seed set in an average between

¢ Spikelet with a fully open floret (filament elongation allows anthers
to place outside the anthecium and over the stigmatic branches);
d Spikelet with a partially open floret (stigmatic branches and anthers
are in contact); e Cleistogamous spikelet with closed floret. Bar 1 mm

95.01 &+ 2.80 and 99.00 & 2.70 %, indicating self-com-
patibility (Table 2). There were no significant differences
in percentages of seed set between the conditions of self-
pollination and open-pollination (F = 1.10; p = 0.30), or
both sectors of the inflorescence (F = 3.80; p = 0.06).
However, seed set was variable among populations
(F = 17.30; p <0.01). The highest percentage was ob-
tained in the population 8452 with a mean of
98.67 + 1.30 % and the lowest in the population 9722,
with a mean of 96 £ 0.10 % for all evaluated treatments.

Embryological analyses

All studied plants showed a single megagametophyte per
ovule. An archesporial cell was differentiated from the
nucellus tissues and functioned as the megaspore mother
cell (Fig. 4a). This was divided by meiosis, resulting in
four haploid megaspores arranged in T-shaped tetrads
(Fig. 4b). The chalazal megaspore turned functional, while
the remaining three degenerated. This functional megas-
pore, through three successive mitotic divisions accompa-
nied by wall formation, gave rise to a female gametophyte
composed of two synergid cells, one egg cell, two polar
nuclei, and three antipodal cells (Fig. 4c—f). Antipodes
proliferated in mature gametophytes (Fig. 4g—i).

Discussion

The results indicate that S. phleoides reproduces sexually,
is mainly autogamous, and combines chasmogamy with
cleistogamy in the same inflorescence.

As in those species that produce cleistogamous and
chasmogamous flowers at the same time in the same in-
dividual, it could be considered that S. phleoides has a

@ Springer



G. A. Richard et al.

Table 2 Pollen/ovule (P/O) ratio, pollen fertility, and seed set in different pollination treatments of analysed populations of Sporobolus

phleoides
Populations Number of pollen Fertility of pollen Seed sets (%)
grains per ovule (P/O) grains (%) — —
Self-pollination Self-pollination Open
(isolated) (covered) pollination
8028 272.2 £ 57.2ab 96.50 £ 1.3 97.17 £ 2.0cd 96.50 £ 4.7cd 95.10 £ 2.8cd
7610 314.9 £+ 42.3b 95.75 + 30 98.17 &+ 1.5b 96.90 + 3.0b 97.60 &+ 2.7b
8415 226.1 £+ 16.8a 98.50 £ 1.9 96.17 &+ 4.3b 98.60 + 2.3b 98.20 &+ 1.9b
8452 257.1 &+ 36.4ab 97.75 £ 22 97.33 £ 5.3a 99.00 % 1.0a 99.00 &+ 2.7a
8393 265 £ 37.7ab 96.50 + 1.3 97.33 &+ 3.9bc 97.70 &+ 1.2bc 97.10 % 2.4bc
9722 255.4 £ 32.2ab 9725 £25 97.67 £ 3.3d 95.00 £ 3.5d 95.70 £+ 2.1d

Means with common letter are not significantly different (p < 0.05)

100+

751

50

Cleistogamy percent (%)
o

0 T
Apical Basal

Inflorescence sector

Fig. 3 Mean of cleistogamy percent (%) and standard deviation in
apical and basal sectors of Sporobolus phleoides inflorescences during
the observation period (November—-December 2013). Means with
common letters are not significantly different (p < 0.05)

mixed breeding system (Lloyd 1984; Schoen 1984; Redbo-
Torstensson and Berg 1995; Masuda et al. 2001; Cheplick
2007). On this reproductive system, the balance between
selfing and cross-pollination depends on the relative pro-
portion of the two types of flowers, which is markedly
plastic in most grasses (Campbell 1982; Clay 1983;
Cheplick 1995, 2007). This is subject on how cleistogamy
is affected. For many Sporobolus species, cleistogamous
spikelets are enclosed in leaf sheaths at the time of fertil-
ization and its florets may not open due to modified floral
parts or perhaps simply mature precociously (Parodi 1928;
Riggins 1977; Doyon and Dore 1967). This can encompass
just a part or the totally the panicle and may be the result of
an environmental response (Campbell et al. 1983). In S.
phleoides we found that cleistogamous spikelets are ex-
posed at the fertilization moment and they occur in a si-
multaneous way with their chasmogamous counterparts
along the entire length of the panicle, with higher number
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at the basal sector. A similar situation was registered for S.
indicus (Astegiano 1986) but in this case, cleistogamous
spikelets are only on the upper part of the inflorescence.
Although the study of the mechanism that prevents the
opening of florets is not addressed in this work, it can be
discarded that the cleistogamy in S. phleoides is resulting
from any structural modification due to the isomorphy of
both kinds of spikelets. This was also mentioned for S.
indicus, and it was proved that florets remain unopened
because of lodicule failure (Astegiano 1986). This type of
cleistogamy often goes undetected, and represents one of
the least frequent forms of cleistogamy on grasses
(Campbell et al. 1983).

The relative proportion of the two kinds of flowers, and
consequently, the percentage of their derived seeds, can
also vary among populations of the same species (Camp-
bell 1982, Clay 1983, Cheplick 2007, Culley and Klooster
2007). However, populations studied in this work show no
consistent differences among their cleistogamy percent-
ages, reaching approximately a 23 % despite their different
origins. This percentage is closely linked to the reproduc-
tive system since cleistogamous and chasmogamous seeds
usually differ in traits related to offspring fitness (Campbell
et al. 1983; Lloyd and Schoen 1992; Oakley and Winn
2008). Because the environment, ontogeny, plant size and
phenological stages can also affect the balance between
cleistogamy and chasmogamy (Cheplick 2007), further
studies must be conducted to better understand the repro-
ductive strategy in this specie.

While cleistogamy guarantees a certain percentage of
self-pollinating seeds, we propose that seed set in S.
phleoides occurs primarily by autonomous selfing in
chasmogamous florets. Observed traits like short floral life
spans, small physical distance between male and female
functions, and low P/O ratios are typical of highly selfing
plants (Sicard and Lenhard 2011; Kalisz et al. 2012;
Duncan and Rausher 2013). Even a certain amount of self-
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Fig. 4 Photomicrographs of
Sporobolus phleoides ovules.

a Megaspore mother cell;

b T-shaped megaspore tetrad;

¢ First mitotic caryocinesis of
the viable megaspore; d Two-
nucleate embryo sac with a
central vacuole; e, f Polygonum-
type megagametophyte with an
egg cell, two polar nuclei, two
synergids, and three antipodal
cells; g—i Mature
megagametophyte with a cluster
of antipodal cells. a antipodal
cells, ec egg cell, ml, m2, and
m3 megaspores, m4 functional
megaspore, mmc megaspore
mother cell, pn polar nuclei,

s synergid cell, v vacuole. Bar
50 pm

pollination by geitonogamy may be carried out sponta-
neously. This is a very common phenomenon in self-
compatible species with compact inflorescences and pro-
fuse flowering (Cruden and Hermann-Parker 1977; Lloyd
and Schoen 1992; Barrett 2002, 2003), especially if male
and female phases are constantly overlapping (Lloyd and
Schoen 1992). These mechanisms may ensure the high
seed set reported in all evaluated populations of
S. phleoides, which exceed the indicated values by
Sutherland and Delph (1984) for self-compatible species.
Thus, a high reproductive efficiency is obtained in the
production of seeds and low levels of abortion of ovules
and seeds.

In extreme environments where S. phleoides inhabits,
high selfing rates present reproductive advantages, such as

preserving gene combinations that confer high fitness in a
local environment (Baker 1965; Stebbins 1957; Campbell
et al. 1983; Richards 1986) and ensuring seed production
when mates are scarce (reproductive assurance) (Baker
1955; Lloyd 1965; Inouye et al. 1996; Busch 2011;
Cheptou 2012). In mixed breeding system species, gene
flow is still maintained due to the cross-pollination poten-
tial of the chasmogamous flowers (Knight and Waller
1987; Culley and Klooster 2007).

While agamospermy was indicated by Smith-White
(1988) for a triploid race of S. virginicus, the megagameto-
genesis and the megasporogenesis in S. phleoides follow the
typical pattern of grasses with sexual reproduction systems,
being very similar to the process described in S. indicus
(Astegiano 1989). No irregularities in megasporogenesis or
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other indications of apomixis were recorded. At maturity, the
embryo sacs show a Polygonum-type structure, typical on
Poaceae (Anton and Cocucci 1984; Johri et al. 1992).

The information provided on the reproductive biology of
this endemic halophytic species of Argentina will be useful
to preserve genetic variability, to adequately plan their
gene bank collection, and for the development of future
work on improving forages.
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