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ABSTRACT - (Reproductive assurance in three Neotropical species of Podostemaceae: strategies of self-pollination and
the first report of apomixis). The aspects of reproductive assurance of the Lophogyne lacunosa (Gardner) C.P.Bove &
C.T.Philbrick, Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo, and Tristicha trifaria (Bory ex Willd.) Spreng.
were investigated and, the mechanisms correlated to the flower morphology and floral biology. The mating system of L.
lacunosa was also described, as well as the first report of apomixis in Podostemaceae. The reproductive assurance strate-
gies used by L. lacunosa were autonomous competitive self-pollination, wind pollination, and apomixis. This species has
floral attributes that ensure the dispersion of pollen by wind and its capture by the stigmas. Podostemum weddellianum and
Tristicha trifaria presented autonomous competitive self-pollination before and during anthesis, respectively; both lack
floral attributes for wind pollination. Considering that these species can be found in the same running water environment
and that they are not phylogenetically close related, it was concluded that the different reproductive strategies are related
to their evolutionary lineages.
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RESUMO - (Seguranga reprodutiva em trés espécies Neotropicais de Podostemaceae: estratégias de autopolinizagdo e o
primeiro relato de apomixia para a familia). Foram investigados os aspectos relacionados a garantia reprodutiva de Lopho-
gyne lacunosa (Gardner) C.P.Bove & C.T.Philbrick, Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo e Tristi-
cha trifaria (Bory ex Willd.) Spreng., relacionando esses mecanismos com a morfologia das flores e biologia floral. Sdo
apresentados o sistema reprodutivo de Lophogyne lacunosa ¢ o primeiro relato de apomixia para familia. As estratégias de
garantia reprodutiva utilizadas por L. lacunosa foram autopoliniza¢do durante antese, polinizagdo pelo vento e apomixia.
Essa espécie possui atributos florais que garantem a dispersdo do podlen pelo vento e sua captura pelos estigmas. Podoste-
mum weddellianum ¢ Tristicha trifaria apresentaram autopolinizacdo autonoma antes ¢ durante a antese; os atributos florais
para polinizagdo pelo vento estavam ausentes em ambas. Levando em conta que essas espécies vivem no mesmo ambiente
de aguas correntes ¢ ndo estdo filogeneticamente proximas, concluimos que suas diferentes estratégias estdo relacionadas
com suas proprias linhagens evolutivas.

Palavras-chave: cleistogamia, partenocarpia, plantas aquaticas, Podostemoideae, reproduc@o assexuada, Tristichoideae

Introduction In environments that are unfavorable or stressful for

T . . crossing between individuals, angiosperms may have
Pollination is a crucial requirement for seed

production and depends on several features, for
example, the stigma receptivity period, pollen
viability, number of pollen grains deposited on the (Eckert e al. 2002, Shivanna 2015) or apomixis
stigma, favorable environment for pollination, and (Eckert et al. 2002). The latter strategy is an asexual
presence or absence of pollinators (Shivanna 2015). mode of reproduction that produces viable seeds

strategies to ensure seed production (reproductive
assurance), such as autonomous self-pollination

1. Parte da Dissertagdo de Mestrado da primeira Autora

2. Universidade do Estado do Rio de Janeiro, Faculdade de Educagdo — Curso de Pedagogia/ Edu cagao a Distancia, Rua Sao Francisco
Xavier, 524, Maracana, 20550-900, Rio de Janeiro, RJ, Brasil

3. Universidade Federal do Rio de Janeiro, Museu Nacional, Departamento de Botanica, Quinta da Boa Vista s.n., Sdo Cristovao, 20940-
040 Rio de Janeiro, RJ, Brasil

4. Corresponding author: inaracarolina@hotmail.com


http://orcid.org/0000-0003-0045-2931
http://orcid.org/0000-0002-2202-8501
http://orcid.org/0000-0002-9377-2186

2 Hoehnea 47: €212019, 2020

without fertilization, with the progeny having a
genotype identical to the parent plant (Koltunow &
Grossniklaus 2003).

Particularly unfavorable environments for
pollinators are waterfalls and rapids (Sobral-Leite
et al. 2011), habitats of Podostemaceae species (e.g.
Philbrick et al. 2010). This is the largest family of
exclusively aquatic angiosperms, containing about
280 species, which have a rheophilic habit and flower
during the dry season when plants are exposed to the
air (e.g. Philbrick et al. 2010). Podostemaceae has
three subfamilies (Tristichoideae, Weddellinoideae,
and Podostemoideae), which differ in the presence or
absence of a spathella (a non-vascularized sac-like
cover of the young flower), the number of stamens,
pollen morphology, and the number of carpels and
stigmas (Cook & Rutishauser 2007, Koi ef al. 2012,
Rufhel et al. 2012). Unlike other aquatic angiosperms,
vegetative propagation is not highly important and
propagation through seeds is an important way
to colonize new sites (Philbrick & Novelo 1997,
Philbrick et al. 2015).

Despite their great diversity, reproductive
aspects of members of this family are known for
only 29 species (Silva et al. 2014). To date, only
sexual reproduction has been described (Philbrick &
Novelo 1997, Sobral-Leite et al. 2011). Autonomous
self-pollination occurs in most species that have been
studied (Philbrick 1984, Philbrick & Novelo 1997,
Khosla et al. 2000, Khosla et al. 2001, Okada & Kato
2002, Philbrick & Novelo 2006, Seghal et al. 2009,
Seghal et al. 2010, Sobral-Leite et al. 2011, Khanduri
et al. 2014) and is a common strategy for reproductive
assurance.

Flowers of Podostemaceae have several
morphological and biological traits that facilitate
autonomous self-pollination. The modes of
autonomous self-pollination in Podostemaceae are
prior (Philbrick 1984, Khosla et al. 2000, Seghal
et al. 2009), competing (Philbrick & Novelo1997,
Seghal et al. 2010, Khanduri ef al. 2014), and delayed
(Sobral-Leite et al. 2011). Some species possess true
cleistogamy (Rutishaurser & Grubert 1999, Sobral-
Leite et al. 2011). Another strategy for reproductive
assurance is wind pollination (Shivanna 2015), which
has been described for some species of Podostemaceae,
accompanied by self-pollination (Philbrick & Novelo
1997, Seghal et al. 2010, Sobral-Leite ef al. 2011).

To date, information on reproductive assurance
strategies in Brasil is available for only two species

of Podostemaceae (Philbrick et al. 2006, Sa-Haiad
et al. 2010, Sobral-Leite ef al. 2011). One of these
species is Podostemum weddellianum (Tul.) C.T.
Philbrick & Novelo, a member of the Paleotropical
clade of Podostemoideae, endemic to the Atlantic
Forest (Philbrick and Novelo 2004, Ruhfel et al.
2011); studies of this species have focused only on
herbarium and structural analyses, without field
observations (Philbrick et al. 2006, Sa-Haiad et
al. 2010). This species can occur sympatrically on
rocky substrates in clear-water streams, together
with Lophogyne lacunosa (Gardner) C.P.Bove &
C.T.Philbrick (Podostemoideae), a member of the
Neotropical clade of Podostemoideae, also endemic
to the Atlantic Forest (Philbrick and Novelo 2004,
Ruhfel et al. 2011), and Tristicha trifaria (Bory ex
Willd.) Spreng. (Tristichoideae), a cosmopolitan
species (Bove ef al. 2011; Kita & Kato 2004).
Although these species are not phylogenetically
closely related (Ruhfel ef al. 2011), they may share
similar strategies of reproductive assurance because
they are under the same selective pressure from their
shared stressful habitat. Here, we investigated the
anthesis dynamics, floral biology, and strategies for
reproductive assurance (autonomous self-pollination
and/or wind pollination) of Lophogyne lacunosa,
Podostemum weddellianum, and Tristicha trifaria at
the same location. We also describe the mating system
of L. lacunosa, presenting the first report of apomixis
in Podostemaceae.

Material and methods

Studied species and site - We carried out fieldwork
on two populations of Lophogyne lacunosa,
Podostemum weddellianum and Tristicha trifaria
in the municipality of Macaé, Rio de Janeiro State,
Brasil (site A, 22°14'24.73"S, 42°06'34.71"W and
site B, 22°14°14.55”S, 42°06°34.71”W) from April to
October in 2012 and 2013. We considered each rock
covered by plants as one unit (individual) because
there is no clear limit between individuals that are
interconnected by vegetative branches. Voucher
specimens were deposited at R (Koschnitzke C. s/n
R212744, Silva 1.C. 76- R215899, and Silva I.C.
77-R215900, respectively) and collection data are
available in the SpeciesLink Platform (http://splink.
cria.org.br/).

Floral and fruit morphology studies - We randomly
collected buds in pre-anthesis of three species (n=10)
and fixed them in 70% ethanol, to analyze their
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morphology. We dissected one anther per flower on
a glass slide in 50% glycerin and observed it with an
optical microscope (Axiostar Plus, Zeiss, Gottingen,
Germany). We counted all the pollen grains on one
stamen and obtained the number of pollen grains per
flower by multiplying the number of grains on this
stamen by the number of stamens in the flower. We
counted the number of ovules in one ovary per flower
in a Petri dish under a stereomicroscope. We analyzed
fresh flowers (n = 10 of each species) to determine the
color of their structures, and then fixed them in 70%
ethanol to measure the flower structures with a digital
caliper (Mitutoyo Corp, Kanogawa, Japan). We also
took measurements of pedicels, andropodium, and
filaments from newly opened flowers and flowers at
24 and 48h (n = 10 of each species at different floral
stages) to detect elongation of these structures. We
collected nearly ripe fruits of each species (n =20) and
analyzed them under a stereomicroscope, measured
the ovary (length x width), and counted the number
of seeds per fruit. We calculated the seed-ovule ratio
for each species.

Floral biology - We marked buds of L. lacunosa
(n = 42), P. weddellianum (n = 41), and T. trifaria
(n = 38), monitoring them until flower senescence.
We evaluated the process of floral opening, anthesis
aspects, and floral longevity. We tested stigma
receptivity from pre-anthesis buds (n = 10) and flowers
(n=10) with 10% hydrogen peroxide (Zeisler 1938).
We estimated pollen viability and tested the presence
of pollenkitt in buds (n = 15) with 1% acetic carmine
(Radford et al.1974).

Wind pollination - We constructed traps (n = 20)
consisting of double-sided tape attached to glass
slides, to measure airborne pollen (Bai et al. 2006).
We placed these traps on rocks next to the plants (ca.
1 m) and collected them after 24 hours. We compared
the pollen adhered to traps with the prepared slides
of pollen from L. lacunosa, P. weddellianum, and T.
trifaria, under an optical microscope, and counted all
pollen grains of each species adhered on the sticky
surface (no stain techniques were used). The mean
and standard deviation was calculated in Statistica §
(StatSoft 2007).

Mating-system - We conducted the experiments to
investigate the occurrence of apomixis only in L.
lacunosa. The anthers of P. weddellianum open in the
young bud stage; 7. trifaria has very tiny flowers (<4
mm) and few flowers were produced by individuals

in the short period (ca. two months), which preclude
manipulations; these conditions prevented mating-
system experiments in both species. The mating-
system treatment was done at site 1, with donor
flowers from site 2. We bagged each unit (rocks
about 75 cm in diameter; n = 11) in plastic bags
to exclude biotic or abiotic sources of pollination,
cut off all flowers to prevent contamination, and
carried out experiments on newly opened flowers
before the anthers had opened. In manual cross-
pollination, we emasculated newly opened flowers
and transferred pollen from a donor flower (site 2) to
receptor-flower stigmas (site 1). In the manual self-
pollination, we transferred pollen grains to stigmas
of the same flower. In the treatment of apomixis, we
emasculated the flowers by removing the stigmas.
To prevent cross-pollination in the bag, we removed
all newly opened flowers after manual pollination.
We marked flowers of unbagged individuals (n = 9)
to compare with the treatment results. We measured
fruits resulting from the control (n =20) with a digital
caliper and inspected the external texture and color
of these fruits. Fruits of all treatments were dissected
and the seeds counted. All statistical analyses were
conducted with the program Statistica 8 (StatSoft
2007) and the significance level was 5% (p < 0.05).
We analyzed the fruit set using the chi-square test,
differences in size between fruits with the t-test, and
seed set with the Kruskal-Wallis test.

Results

Floral morphology and biology - Flowers are
solitary, zygomorphic, greenish (Lophogyne lacunosa
and Podostemum weddellianum), or vinaceous
(Tristicha trifaria), with filiform (L. lacunosa and
P. weddellianum) or oblong (T. trifaria) tepals.
The androecium is comprised of one stamen in 7.
trifaria, two to four stamens in L. lacunosa, or two
stamens on an andropodium in Pweddellianum. The
gynoecium contains a bicarpellate (L. lacunosa and
P. weddellianum) or tricarpellate (7. trifaria) ovary,
and two lobate (P. weddellianum), flabelliform (L.
lacunosa) or linear (7. trifaria) papillate stigmas.
Flowers of these species produced 13,991 +2449, 750
+ 34, and 325 + 122 pollen grains per flower; and 261
+70,102+51,and 57 + 6 ovules, respectively. Pollen
viability was 78% (33 - 86%) in L. lacunosa, 68%
(98 - 48%) in P. weddellianum, and 89% (64 - 92%)
in T. trifaria. Only pollen grains of P. weddellianum
presented pollenkitt. All flowers of these three species
Exhibited diurnal anthesis.
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Figure 1. Flowers. a-b. Lophogyne lacunosa (Gardner) C.P. Bove
& C.T. Philbrick. a. Newly opened flower with indehiscent anthers.
b. Flower with dehiscent anthers above the stigma level. c-d.
Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo. c.
Newly opened flower with anthers opened close to the stigmas. d.
Flower 48 hours after the beginning of the anthesis. e-f. Tristicha
trifaria (Bory ex Willd.) Spreng. e. Newly opened flowers. f.
Flowers 24 hours after the beginning of the anthesis. Note the
anther at the same level as and close to the stigmas. Scale bars: a,
c,d,e, f=3mm.b=2mm.

Flowers of Lophogyne lacunosa (figure 1a)
opened at two times, 86% in the morning (7:00-8:00h),
and 14% in the afternoon (13:00-14:30h). During the
first hours of the anthesis, the pedicel and filament
elongated, projecting the flowers outside the spathella.
After 7 hours, the pedicel and filament were still
elongating (table 1) and the anthers became dehiscent.
At this stage, the anthers were positioned above the
stigmas (figure 1b) and the pollen fell directly on to
them. In 17% of the observed flowers, the anthers were
at the same level as the stigmas and touched them.
Autonomous self-pollination occurred in flowers with
or without an elongated filament. After 24 hours of

anthesis, the anther turned light pink and still contained
pollen. Between 72 and 96 hours, the anther color
changed to brown, and the anthers twisted on their own
axis, being completely spiral, and all pollen grains were
released. At this stage, the stigmas were yellowish,
well-distended, erect, and receptive. After 120 hours
the anthers dropped and the stigmas turned brown.

Flowers of Podostemum weddellianum opened
at two times, in the morning 81% (8:00-9:30h) and
afternoon 19% (13:00-14:30h). In newly opened
flowers, the anthers and stigma were in very close
proximity (figure 1c). During the first 24 hours, the
pedicel and andropodium elongated (table 1) and the
andropodium formed an angle of 45° with the ovary
in all observed flowers. After 48 hours of anthesis
(figure 1d) the pedicel and andropodium were still
elongating (table 1), increasing the angle to 90° in
all observed flowers. After 96 hours of anthesis, the
anthers dropped and the stigmas turned yellowish.
During the last 120 hours the stigmas turned brown
and dry, dropping in some flowers.

Flowers of Tristicha trifaria opened only in the
morning (8:00-10:00h), exposing only the stigma
(figure le) by separation of the tepals. After 24 hours
the pedicel and filament elongated (table 1) and the
anthers became dehiscent. In 25% of the flowers, the
anthers were at the same level of the stigmas (figure
1f), 60% had the anthers slightly exceeding the
stigmas, and 15% had twisted filaments and anthers
covering the stigmas. In all cases, the anthers and
stigmas were very close to each other, and spontaneous
self-pollination could occur when the anthers opened.
After 120 hours of anthesis, the pedicel and filaments
elongated (table 1) and the tepals, anthers, and stigmas
turned brown.

Fruit morphology - Lophogyne lacunosa produced
0.78 seeded and 0.22 seedless fruits. Parthenocarpic
(seedless) and non-parthenocarpic (seeded) fruits
showed no significant differences in shape and size
(3.69+0.38 x 1.5+ 0.13 mm and 3.80 = 0.43 x 1.6
+ 0.22 mm, respectively). The fruits were ellipsoid,
with ribs, and longitudinal dehiscence. Fruits (non-
parthenocarpic) had 141 + 117 seeds and a seed set
of 0.54. Podostemum weddellianum capsules (1.33
+ 0.2 x 1.09 = 0.18 mm) were orbicular, with a
smooth surface, diagonal dehiscence, and the smaller
valve caducous. All marked flowers (20) originated
seeded fruits with 73 + 35 seeds and a seed set of
0.74. Tristicha trifaria capsules (1.34 = 0.13 x 0.78
+ 0.1 mm) were ellipsoid, with a smooth surface and
longitudinal dehiscence. Only 0.20 of the marked
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flowers (n = 20) became fruits, with 15 + 2 seeds and
a seed set of 0.26.

Wind pollination - We found (2) 64 £+ 48 (200) pollen
grains of Lophogyne lacunosa in one trap, totaling
466 grains, irregularly distributed on 18 traps (two
traps were lost). We did not find pollen grains of P,
weddellianum or T. trifaria on the traps.

Mating system of Lophogyne lacunosa - This
species produced apomictic and parthenocarpic
fruits (table 2). In the apomixis treatment, half of
the resulting fruits were parthenocarpic, produced in
cross- and self-pollination treatments as well as in the
control. There were no significant differences between
the treatment results.

Table 1. Pedicels, filament, and andropodium (only for Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo) elongation
during the anthesis of Lophogyne lacunosa (Gardner) C.P. Bove & C.T. Philbrick, Podostemum weddellianum, and Tristicha

trifaria (Bory ex Willd.) Spreng. (n = 10).

Stages Pedicel Filament Andropodium
Lophogyne lacunosa
Newly opened flower 329 +1.01 2.53+0.55 -
Flower with close anther 6.03 £1.25 3.1+£0.61 -
Flower with open anther 10.07 £2 377+ 1.1 -
Podostemum weddellianum
Newly opened flower 0.92+£0.15 0.36 £0.1 1.14+£0.2
Flower with 24 hours of anthesis 1.33+0.26 0.5+0.19 2.05+0.9
Flower with 48 hours of anthesis 1.76 £ 0.82 0.51 £0.09 242 +0.61
Tristicha trifaria

Newly opened flower 0.83+0.10 0.50 +0.06 -
Flower with 24 hours of anthesis 1.54 £0.47 0.76 £0.16 -
Flower with 48 hours of anthesis 2.18+0.71 1.22+0.24 -

Table 2. Fruit set and parthenocarpic fruit set, with the total number of capsules produced and their percentages, formed in
breeding-system treatments conducted on flowers of Lophogyne lacunosa (Gardner) C.P. Bove & C.T. Philbrick. n: Number
of flowers manipulated. Fruit set (%): Number and percentage of fruits formed in each treatment. Parthenocarpic fruit set (%):
Number and percentage of parthenocarpic fruits formed in each treatment. Set of fruits with seeds (%) = set (%): Number and
percentage of fruits with seeds formed in each treatment. There were no significant differences between treatments (p<0.5).

Treatment Fruitset  Parthenocarpic ~ Set of fruits ~ Mean number of seeds  Range of number of
reatmen
(%) fruit set (%)  with seeds (%) (& standard deviation) seeds
16 8 8 62
Apomixis 26 1-133
(62%) (50%) (50%) (£ 53.45)
36 12 24 20
Cross-pollination 42 1-126
(86%) (33%) (67%) (+£30.05)
10 3 7 16
Self-pollination 22 2-38
(45%) (30%) (70%) (x14.70)
18 4 14 141
Control 20 15-174
(90%) (22%) (78%) (£ 117.87)
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Discussion

The floral attributes of the species studied are:
inconspicuous flowers with faint colors, well-exposed
reproductive structures (as in most members of
the family), and adaptations for autonomous self-
pollination. This family possesses floral attributes
that are distinct from the other members of the
clusioid clade, a well-supported clade composed
of Bonnetiaceae, Calophyllaceae, Clusiaceaes.s.,
Hypericaceae and Podostemaceae in the order
Malpighiales (Kita & Kato 2001; Ruhfel ez al. 2011),
offering only pollen as rewards for small groups of
possible pollinators (Cook & Rutishauser 2007). Other
members of the clusiod clade have flowers with a wide
diversity of adaptations for cross-pollination, offering
nectar, pollen, and floral resin as rewards for several
groups of pollinators (e.g. Amaral et al. 2017, Bartos et
al. 2015, Sanfiorenzo et al. 2018, Versieux et al. 2014,
Vlasakova et al. 2019). Podostemaceae is the only
family of clusioids that occurs in rapids and waterfalls,
an environment with high selective pressure, and
unfavorable to visits of pollinators and crossing
(e.g. Sobral-Leite et al. 2011). Therefore, as several
attributes that can promote crossing are lacking, the
Podostemaceae species need to invest in adaptations
for reproductive assurance, such as autonomous self-
pollination, to guarantee seed production.

Species of Podostemaceae have clear adaptations
for autonomous self-pollination (Silva et al. 2014),
such as: proximity between open anthers and receptive
stigmas, overlap between male and female stages,
and filament and/or andropodium elongation (Gupta
& Seghal 2009, Seghal et al. 2010, Khanduri et al.
2014, Krishman et al. 2019). All these aspects can be
observed in the species studied here. Elongation of
the filament and andropodium seems to be crucial to
promote the self-pollination because the anthers and
stigmas remain at the same level or the anthers are
positioned above them. Interestingly, the andropodium
elongation in P. weddellianum had a different function
from the andropodium elongation in Zeylanidium
maheshwarii C.J.Mathew & Satheesh. In the former
species, this mechanism moves the anthers away from
the stigma, enabling cross-pollination after the prior
autonomous self-pollination; in the latter species, the
andropodium elongation places the anthers close to
the stigma. Although these species have similar floral
morphology, they possess different strategies of self-

pollination (prior versus competing). The mechanisms
to promote self-pollination in Podostemaceae are more
complex than those described in Hypericum elodes
(Hypericaceae, sister-group of Podostemaceae),
because the pollen grains are deposited on the stigma
just after the flower opens, by the proximity to the
anthers without any movement or filament elongation
(Carta et al. 2015). In Podostemaceae, the floral
structures are well-exposed and in close proximity;
these morphological features can facilitate the contact
between receptive stigmas and anthers or autonomous
deposition of pollen in all flower stages (inside the
buds, during anthesis or in the final stages of anthesis).
Until now, prior self-pollination has been reported
only for members of the Paleotropical clade of
Podostemoideae (an informal group): Griffithella
hookeriana (Tul.) Warm. (Khosla et al. 2001),
Hydrobryopsis sessilis (Willis) Engl. (Sehgal et
al. 2009), and Podostemum ceratophyllum Michx.
(Philbrick 1984). These authors described it as “pre-
anthesis cleistogamy” according to the classification
proposed by Lord (1982). However, in the most
recent review on this subject, Culley & Klooster
(2007) defined this breeding system as self-pollinated
flowers that remain permanently closed, and “pre-
anthesis cleistogamy” was not considered a subtype
of breeding system. Philbrick (1984) suggested that
self-pollination inside the buds of Podostemum
ceratophyllum may be a way to prevent the pollen
from being wasted or washed away by the water. The
tiny flowers of P. weddellianum may also remain
close to the water surface and become submerged
on rainy days. Probably the autonomous prior self-
pollination in this species is to ensure the pollination
and to avoid pollen waste; however, these hypotheses
should be tested in the field, as previously suggested
by Philbrick (1984). Floral attributes of these species
contributed to this type of self-pollination, such as
dehiscent anthers inside the buds, introrse dehiscence,
early stigma maturation, and anthers at the same level
as the stigmas inside the buds.

In aquatic plants, the occurrence of cleistogamy
is sometimes related to the water level (Sculthorpe
1967). Evidence of this mating type has been
reported for Mourera fluviatilis Tul. (Sobral-Leite
et al. 2011), a species of the Neotropical clade of
Podostemoideae with different floral morphology
(showy inflorescences) and pollination system from
the species studied here. We also found evidence of
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cleistogamy in P. weddellianum: fruits with an intact
brown spathella, yellowish anthers without pollen
grains, rigid brown ovaries with seeds, and brown
stigmas. We observed during fieldwork that the water
level rises rapidly on rainy days, submerging some
P. weddellianum flowers. This could be considered a
case of induced cleistogamy, in which non-opening
flowers were affected by environmental factors
(Culley & Klooster 2007). Although L. lacunosa and
T trifaria grow in the same habitat, they did not show
cleistogamy or autonomous prior self-pollination,
because the anthers only dehisced after the flower
opened.

Another strategy for reproductive assurance
is wind pollination (Shivana 2015). This type of
pollination requires some features related to the
environment and plant traits that facilitate pollen
dispersal and capture (Culley et al. 2002). Flowers
of L. lacunosa have several of these features, related
to the environment (open vegetation and proximity
of individuals) and morphology (well-exposed
stigmas and anthers, large stigmas in relation to
flower size and powdery pollen grains). In contrast,
flowers of P. weddellianum and T. trifaria have
stigmas and anthers that are not well exposed (the
flowers are very tiny and can be hidden by leaves)
and have relatively few pollen grains (750 + 34 and
325 + 122 per flower, respectively). In the case of P.
weddellianum, pollen grains are shed in dyads with
pollenkitt. These attributes were not related to wind
pollination and these species are probably not wind-
pollinated. Wind pollination has been inferred from
the pollination syndromes for Podostemaceae species
(Cook & Rutishauser 2007) but has been tested by
mating-system experiments only for Marathrum
foeniculaceum Bonpl. (cited as Marathrum rubrum
Novelo & C.T. Philbrick by Philbrick & Novelo 1997)
and Mourera fluviatilis (Sobral-Leite et al. 2011).
These species lack the classical floral morphology
described for species pollinated by wind-pollinated
in Podostemaceae (Cook & Rutishauser 2007), which
increases the importance of tests to determine its
occurrence in the family. Our experiments with pollen
traps gave positive results and can be used for other
Podostemaceae species to test the wind pollination.

Lophogyne lacunosa can produce seeds by
apomixis as a facultative pathway because some
individuals did not produce apomictic fruits and
asexual and sexual reproduction may co-occur

(autogamy and xenogamy). This is an interesting
breeding strategy because genetic variability is
increased through sexual reproduction and the number
of seeds is increased through apomixis. Furthermore,
apomixis may be the only alternative for seed
production in case of pollination failure, including self-
pollination (Koltunow 1993, Richards 2003), which
may represent a strategy for reproductive assurance.
Apomixis has been reported for some members of the
Podostemaceae sister group, Hypericacacae (Matzk
et al. 2003), and in Clusiaceae, the sister group of
Hypericaceae + Podostemaceae (Richards 1990,
Ruhfel et al. 2011). Nonetheless, apomixis had not
been observed in any other species of Podostemaceae,
so the occurrence in L. lacunosa is the first report for
this family.

Although Lophogyne lacunosa shows several
strategies for reproductive assurance (autonomous
competing self-pollination, apomixis, and wind
pollination), it also produces parthenocarpic
(seedless) fruits in natural conditions. Podostemum
weddellianum, on the other hand, has prior autonomous
self-pollination and this species produced the highest
rate of fruit and seed set of the three species. Tristicha
trifaria had the lowest fruit and seed set, and only
competing autonomous self-pollination was observed.
Most of the fruits of this species were lost; possibly
because they were ripped off by rises in the water
level or were consumed by herbivores (only their
pedicels were left). Seeds of Podostemaceae have an
important role in the maintenance of the population
and/or establishment in new areas, because vegetative
propagation may be less important (Philbrick &
Novelo 1995, 1997).

Waterfalls and rapids can be unfavorable
environments for pollinators (Sobral-Leite et al. 2011),
so strategies for reproductive assurance (autonomous
self-pollination, wind pollination, and apomixis)
may be important for these species. All the species
studied here possess adaptations for autonomous
self-pollination; however, each species has evolved a
distinct strategy.
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