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Abstract Paullinia weinmanniifolia (Sapindaceae) is an
endemic Brazilian climber found in the Atlantic Forest.
The flowers are arranged in synflorescences with approxi-
mately 34 thyrses. In the studied material, each thyrse
produced 85.8 male flowers and 15.8 female flowers. The
small, diclinous and zygomorphic flowers present a
sophisticated morphology, described here in detail. They
are visited by many insects, with bees being the main
pollinators. Sex expression was investigated by monitoring
one population of restinga in Marica Environmental Pro-
tection Area, Rio de Janeiro State, Brazil, during
2-4 years. Experiments were conducted taking into
account thyrse, synflorescence, plant and population. Most
individuals showed a duodichogamic sequence of flower-
ing (male-female-male). However, the population overall
had a more complex flowering pattern: some individuals
were protogynous, others protandrous; a few individuals
produced flowers of only one sex, and some individuals
changed sex expression in the second year of the study,
either from male to female or from female to male. This
was the first ever labile sex expression recorded for the
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tribe Paullinieae. Anthetic female and male flowers were
never found simultaneously in the same thyrse or synflo-
rescence. Nevertheless, the two flower morphs overlapped,
though rarely, within the same individual. The pattern of
flowering observed in this species maximizes the level of
outcrossing, since the temporal separation of male and
female flowers on the same plant is precise enough for the
species to be regarded as (obligatorily) xenogamous.

Keywords Restinga - Monoecism - Labile sex
expression - Flowering phenology - Duodichogamy -
Paullinieae

Introduction

Sapindaceae are a monophyletic family (Acevedo-Rodri-
guez 1993; Gadek et al. 1996; Harrington et al. 2005;
Buerki et al. 2009) and most species are tropical and
subtropical (Judd et al. 2009). The family includes trees,
shrubs and lianas with tendrils (Acevedo-Rodriguez et al.
2010). Paullinieae are a largely Neotropical tribe that
comprises one-third of the species in the family (Harring-
ton et al. 2005) and are characterized by lianas with ten-
drils. All Paullinieae species, except for Thinouia Triana
and Planchon, exhibit zygomorphic highly elaborate
flowers with appendages related to the signalling, protec-
tion and maintenance of nectar quality (Endress and Mat-
thews 2006), but despite the complexity of the flowers little
is known about the floral biology and pollination in this
group.

Flowers of Sapindaceae are seemingly bisexual but
functionally unisexual (Acevedo-Rodriguez et al. 2010),
although frequently described as polygamous (Radlk-
ofer 1931-1934; Croat 1976; Aluri et al. 1998; Judd
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et al. 2009). However, dioecy, monoecy with dichoga-
mous (sequence of male—female or female-male flow-
ers) or duodichogamous flowering (sequence of male—
female—-male flowers), monoecy with heterodichoga-
mous flowering (two reciprocal morphs: male-first and
female-first flowering individuals), or labile sex
expression (individuals reverse their sex allocation
depending on environment/phenotype interactions) have
been reported for Sapindaceae species (Lloyd and Webb
1986; Verdu and Gleiser 2005; Renner et al. 2007;
Acevedo-Rodriguez et al. 2010). Some monoecious
species, as Cupania guatemalensis Radlk. (Bawa 1977)
and Allophylus serratus Kurz (Aluri et al. 1998), exhibit
synchronized dichogamy (after Lloyd and Webb 1986)
with little or no overlap of male and female flowers
within an individual.

Among Sapindaceae, Acer L. is the best studied genus,
showing a large diversity in sex expression among and
within species (reviewed by Renner et al. 2007). Phylo-
genetic analysis in the genus allowed inferences on the
evolution of sexual systems, suggesting that the most
frequent transitions were those from monoecy with
duodichogamous flowering to dioecy or to monoecy with
heterodichogamous flowering; returns from dioecy to
other systems are unlikely (Renner et al. 2007). Never-
theless, the temporal polymorphisms and sexual expres-
sion in Paullinieae are poorly known, except for
references or some data about duodichogamous flowering
for Paullinia coriacea Casar. and P. weinmanniifolia
Mart. from sandy coastal plains (restingas) at Rio de
Janeiro (Ormond et al. 1991), and for P. cupana Kunth,
the popular guarand (Escobar et al. 1984), and P. rugosa
Radlk. (Paula 1989), from the Amazon region. Thus, all
the information on sexual systems of Sapindaceae is
based on studies with trees (as Acer, Allophylus, Cupania,
and Xerospermum), and there is a knowledge gap on
mating strategies of lianas, the more derived group in the
family (Buerki et al. 2009).

We here report on a 2-4 years study of the sexual
expression of P. weinmanniifolia, showing the sequence of
male and female flowers in the inflorescences and indi-
viduals, in addition to aspects of floral morphology, floral
biology and possible pollinators in a population of the
sandy coastal plains from the southeast of Brazil. This is
the first study that presents a thorough monitoring of sexual
expression in a Sapindaceae liana population and we aimed
to answer the following questions: (1) is there a high
synchronization between the male and female flowers at
different levels of floral organization (thyrse, synflores-
cence and individual plant)? (2) In Sapindaceae, is the
complex sexual expression described for trees also found in
lianas?
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Materials and methods
Studied species

Paullinia weinmanniifolia Mart., suberect shrub (up to 1 m
tall, forming isolated thickets), erect arching shrub (ap-
proximately 2.5 m tall) or liana (supported by other indi-
viduals). Synflorescences bracteate and frondose-bracteate
(Fig. 1), up to 34 loosely arranged or condensed thyrses
that may or may not have a pair of opposite tendrils, coiled
at base (all thyrses with tendrils—49 %; all thyrses without
tendrils—31 %; thyrses with and without tendrils—20 %).
Thyrses with 25-43 paraclades of subwhorled or crossed-
opposite cincinni, each one with 4-7 unisexual flowers.
Flowers zygomorphic, tetramerous, nectariferous, and
scented (Figs. 2a—c, n, 3a, b). Calyx light green, glandular
and pubescent, with sepals cucullate in two whorls, outer
with two lateral sepals (1.2 £ 0.3 mm long), and inner
with two sepals (2.3 £ 0.5 mm long), the posterior entire
and the anterior emarginated (Fig. 2a—c, d-g). Corolla
white, with four membranaceous petals (2.5 = 0.5 mm
long), bearing a basal hood-shaped petaloid appendage

f
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Fig. 1 Branch of Paullinia weinmanniifolia with mixed frondose-
bracteate synflorescence. a Thyrse with tendrils. b Thyrse without
tendrils. ¢ Thyrse without tendrils, showing paraclades of cincinni
(arrowhead)
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«Fig. 2 Flowers of Paullinia weinmanniifolia a—c, j male flowers. d—
e External lateral sepals. f Anterior emarginate sepal. g Posterior
sepal. h—i Posterior and lateral petals, showing appendage with crest
at the apex. k Pistillode. 1-l' Staminodes. m—m’ Stamens. n Female
flower. o Ovary cross section. p Gynoecium longitudinal section. an
androgynophore, lat se lateral sepal, post se posterior sepal, ant se
anterior sepal, post pet posterior petal, lat pet lateral petal, st stamens,
lat nec lob lateral nectar lobe, post nec lob posterior nectar lobe, cr
crest, p pistillode, stg stigma (G.V. Somner 930 and H.A. Lima)

(Fig. 2h, i), each appendage connivent with densely villose
margin and a fleshy yellowish crest at the apex; posterior
petals bifurcate and lateral petals simple (Fig. 3a, b, e, g),
posterior petal appendages with a deflected ligule projected
under the crest (Fig. 2h). Nectary unilateral, 4-lobed, two
posterior ovoid with obtuse apex and two lateral smaller
(Figs. 2c, n, 3c); petals and appendages covered by the
nectary lobes (Fig. 2c, n). Androecium with eight stamens,
five long (24 + 03 mm long) and three short
(1.6 £ 0.3 mm long), arranged in a single whorl, around a
pistillode (Fig. 2a—c, j-k, m, m’), carried by an androg-
ynophore (Fig. 2c¢, j); filaments pubescent (Fig. 2j, m, m’),
anthers rimose and introrse; pollen grains white, dry, tri-
angular, triporate, with a rugulose, perforate exine.

Gynoecium with a superior trigonous-ellipsoid ovary,
3-carpellate, with a single ovule per carpel; single style
with three papillate stigmatic lobes (Fig. 2n, o, p);
arranged around the ovary, the smallest

staminodes

1.3 +£ 0.3 mm long,
(Fig. 21, 1, n).

the largest 1.7 & 0.3 mm long

Studied area

The study was carried out along four flowering seasons
(1999, 2000, 2009 and 2010), in the Marica Environmental
Protection Area, Maricd municipality, State of Rio de
Janeiro, Southeastern Brazil (22°53/-22°52'S; 42°52/—
42°51'W). Paullinia weinmanniifolia occurs on the sandy
coastal plains, specifically in scrub dunes (Menezes and
Aratjo 2005).

Floral morphology was studied in the field, with the
naked eye or with the help of a pocket magnifying glass,
and also in the laboratory using a stereoscopic microscope.
Fifty synflorescences from ten plants were randomly
selected to classify thyrse type in relation to the presence or
absence of tendrils. The number of paraclades of cincinni
and buds were determined for 20 thyrses from ten plants.
Flower measurements were obtained from both sexes
(n = 25 males and 25 females; average + standard devi-
ation), and averages were compared using Student’s ¢ test.

The period of anthesis was observed in four plants, on
six different days, from 8 p.m. to 6 a.m., including sex
type, petal and sepal modifications, time of stigmatic
receptivity (female flowers), time of anther dehiscence
(male flowers) and beginning of scent emission and nectar
secretion. Stigmatic receptivity was tested using an

Fig. 3 Paullinia weinmanniifolia at the Marica Environmental Pro-
tection Area, Rio de Janeiro State, Brazil. a Male flower. b Female
flower. ¢ Detail of the posterior nectar lobes of a male flower.
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d Xylocopa (Neoxylocopa) ordinaria visiting the flowers. e Apis
mellifera visiting the flowers. f Thyrse with all flowers in female
phase



Duodichogamy and sex lability in Sapindaceae: the case of Paullinia weinmanniifolia 113

aqueous solution of 20 % hydrogen peroxide (Kearns and
Inouye 1993). The neutral-red test (Vogel 1990) was used
to identify possible scent-producing glands (osmophores).
Pollen grain viability was estimated using acetocarmine
(Radford et al. 1974) and the presence of pollenkitt was
tested with Sudan III (Johansen 1940).

The diversity and behaviour of flower visitors were
studied through 30 h of direct observations, made in
10 days, covering the period from 6:00 a.m. to 4:00 p.m.
The insect visitors were collected with a net, fixed for
identification, and included in the Costa Lima (CECL)
entomological collection, located at the Departamento de
Entomologia e Fitopatologia, Universidade Federal Rural
do Rio de Janeiro and at the Departamento de Entomolo-
gia, Museu Nacional, Universidade Federal do Rio de
Janeiro. To find the frequency of flower visitors, during
6 days in 2010, parallel to the observations on sexual
expression, we identified and counted all insects visiting
each flower of the 31 plants, during 3—-10 min within a
period from 8:00 a.m. to 2:00 p.m.

The study of reproductive phenology and sexual system
was performed during the longest blooming episode of P.
weinmanniifolia (March to June), taking into account four
levels of organization: thyrse, synflorescence, plant and
population. To verify the patterns of production of male
and female flowers in individual thyrses and the average of
male and female flowers per thyrse, we randomly sampled
27 thyrses, at bud stage, from 5 plants. These thyrses were
bagged with cotton bags to observe the alternating cycles
of male and female flowers. At intervals of 3-9 days, all
the open or fallen flowers inside the bags were collected,
observed and counted, and afterwards the thyrses were re-
bagged. These flowers were analysed in relation to sex and
morphological conditions of senescence that allowed us to
differentiate anthesis, newly fallen (white with a few brown
spots), and old flowers (totally brown and dried). This
procedure lasted up to the anthesis of the last flower of the
thyrses.

To identify and quantify the superposition of female and
male flowers within thyrses, synflorescences and individ-
uals, as well as to study the patterns of flowering at plant
and population levels, we selected 31 plants that were
labelled and analysed once a week, from 27 March to 20
June 2009, and from 7 April to 4 June 2010, comprising 12
observations each year. Monitoring the same plants for two
consecutive flowering periods allowed us to verify annual
changes in the dynamics of alternating male and female
flowers within and between plants. Six thyrses and six
synflorescences from each of the 31 plants were randomly
chosen every week; they were analysed with respect to the
total number of male and female flowers in anthesis. At the
end of the flowering periods, 1945 thyrses (n = 909 in
2009 and n = 1036 in 2010) and 1851 synflorescences

(n = 842 in 2009 and n = 1009 in 2010) were sampled. To
examine the difference between the number of male and
female thyrses/synflorescences produced per plant, a Chi-
square (Xz) test was carried out after the data were checked
for normality. In both cases, significant values of p < 0.05
were considered. To test differences between the opening
rhythm of male and female flowers, we compared the
average number of flowers in anthesis per day in thyrses/
synflorescences in male and female phases, with the Stu-
dent’s t test. The analyses were performed using the
Statistic 8.0 Program (StatSoft Inc 2007).

The activity (presence and absence) and intensity of
female and male flowering were evaluated during the entire
period. To estimate the flowering intensity (each plant,
once a week), was categorized from O to 3, as follows: 0—
absence of event; 1—event with magnitude from 1 to
33 %; 2—from 34 to 66 %; and 3—from 66 to 100 %
(modified from Fournier 1974, on the number of cate-
gories) and the results are shown in the phenological gra-
phic (Fig. 6).

Two voucher specimens, G.V. Somner and H. Lima
(1320, 1467), were deposited in the herbarium RBR,
located in the Departamento de Botanica da Universidade
Federal Rural do Rio de Janeiro.

Results
Floral biology

Flowers are seemingly bisexual but functionally unisexual,
zygomorphic, white, nectariferous (Figs. 2a—c, n, 3a, b)
and scented. Buds start to open between 8:20 p.m. and
10:00 p.m. The anterior emarginate sepal is the first to
open, followed by the others. At this stage, a small aperture
appears at the bud apex, a feature that is concurrent with
the onset of nectar secretion. The four petal appendages are
connivent by the villose margin and form a floral pseudo-
tube, where nectar accumulates (Figs. 2c, n, 3c). The yel-
lowish fleshy appendage crests function as a nectar guide
(Fig. 3a, b, e, f). Male flowers are larger (5.3 & 0.5 mm)
than female ones (3.3 & 0.4 mm; t = 15.1, p < 0.01). In
both, reproductive structures are dislodged to the anterior
part of the receptacle (Fig. 3a, b) and curved towards the
appendage crests (Fig. 2a—c, n). Anther dehiscence occurs
in half-opened buds, between 1:40 a.m. and 3:40 a.m., and
the released pollen grains are 95 % viable (n = 300 pollen
grains in five plants). At about 4:30 a.m., the flowers begin
to release a weak, sweet odour. The base of the petals,
filaments and the emarginate sepals of male and female
flowers were tinged by neutral red, suggesting the presence
of osmophores. Opening of female and male flowers is
completed between 4:30 a.m. and 6:00 a.m. At this time,
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many insects already visit the flowers, however, only at
6:30 a.m. the female flowers expose the three stigmatic
areas, which change from greenish to whitish and become
humid when receptive. The staminodes of female flowers
resemble the stamens, but anthers are indehiscent with
100 % non-viable pollen grains (n = 300 pollen grains in
five plants).

The flowers last for 2 days and, after this period, the
corolla closes, the floral structures gradually change from
white to brown, and the nectar lobes shrink. The petals and
other floral structures remain until the initial development
of the fruit, and the sepals are persistent.

Floral visitors

The flowers are visited by a great variety of insects
(Table 1). Visits begin when the sun rises at 5:45 a.m. (in
the summer) and are intense until 2:00 p.m., with a peak
around 10:00 a.m. (Fig. 4). Although no data was recorded
after 2:00 p.m., insects were observed to forage as late as
4:00 p.m. The majority of visitors use the nectar as a food
reward, although the beetle Astylus lineatus and the bee
Trigona spinipes (author names appear in Table 1) also
collect pollen grains directly from the anthers of male
flowers. Bees are the most frequent visitors of both male
and female flowers (82.4 %, of those 60.2 % by Apis

mellifera and 22.2 % by native bees; n = 108 observed
visits), and were recorded in all plants observed (Fig. 3d,
e). In general, they hold the flower or the thyrse with the
first pair of legs, curve the front part of the body towards
the floral pseudo-tube and introduce the tongue into the
pseudo-tube to suck nectar. This behaviour leads the bees
to touch the anthers of the male flowers and the stigmas of
the female flowers with the front part of the head. Bees are
considered to be the main pollinators of the species.
Despite the great number of Lepidoptera species observed
as floral visitors, none of them are frequent, except Rekoa
palegon. Lepidoptera did not always result in touching the
anthers or the stigmas.

Reproductive phenology

Flowering is subannual, with two blooming episodes,
preceded by intense leaf production and separated by an
interval of 4 months. The first episode begins in March and
lasts until the end of June, that is, partly included in the hot
rainy season (October—March) and partly in the cold dry
season (April-September). This episode is longer, with
peak flowering between the end of April and the first
fortnight of May, when almost all individuals of the pop-
ulation flower intensely. In the second blooming episode,
most plants either do not flower or bloom inconspicuously.

Table 1 Insect visitors of

Paullinia weinmanniifolia Orders Families Visitors
ﬂow.ers at the Maricd . Hymenoptera Halictidae Pseudaugochlora graminea (Fabricius, 1804)
Environmental Protection Area, . .
Rio de Janeiro State, Brazil Apidae Euglossa (Euglossa) cordata (Linnaeus, 1758)
Apidae Trigona spinipes (Fabricius, 1793)
Apidae Apis mellifera (Linnaeus, 1758)
Apidae Xylocopa (Neoxylocopa) ordinaria (Smith, 1874)
Pompilidae sp. 1
Vespidae sp. 1
Lepidoptera Hesperiidae—Pyrginae Augiades epimethea (Plotz, 1883)
Hesperiidae—Hesperiinae Polites vibex catilina (Plotz, 1886)
Hesperiidae—Pyrginae Timochares trifasciata (Hewitson, 1868)
Hesperiidae—Pyrginae Urbanus p. proteus (Linné, 1758)
Lycaenidae—Polyommatinae Hemiargus hanno (Stoll, 1780)
Lycaenidae—Theclinae Electrostrymon endymion (Fabricius, 1775)
Lycaenidae—Theclinae Pseudolycaena marsyas (Linné, 1758)
Lycaenidae-Theclinae Rekoa palegon (Cramer, 1780)
Lycaenidae-Theclinae Ziegleria esperitis (Butler and Druce, 1872)
Coleoptera Dasytidae Astylus lineatus (Fabricius, 1775)
Diptera Bombyliidae Viela sp.
Calliphoridae Lucilia eximia (Wiedemann, 1819)
Sarcophagidae Helicobia sp.
Syrphidae Eristalis (Eoseristalis) sp.
Tachinidae Archytas sp.

Tachinidae—Sturmiinae

sp. 1
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Fig. 4 Relative frequency of 30 4
visitors to the flowers of

Paullinia weinmanniifolia from

8:00 a.m. to 2:00 p.m., on 25 4
6 days, at the Marica

Environmental Protection Area,

Rio de Janeiro State, Brazil 20 -

Visits (% )

8:00-10:00 A. M.

10:00-12:00 A M. 12:00-2:00PM.
O Apis mellifera BXylocopa ordinaria B Trigona spinipes BEuglossa cordata
ZDiptera W Lepidoptera A Coleoptera
. . . . . 2
This episode begins in November and lasts until the end of ~ (thyrses: y~ = 1011.7, p < 0.0001; synflorescences:

December, within the hot rainy season, with peak flowering
from mid-November to early December.

The mature fruit is a reddish 3-winged septifragal cap-
sule, exposing 1-3 black seeds, 2/3 covered by a white and
fleshy sarcotesta. The fruits ripen from 2.5 to 3.5 months
after pollination. The seeds are released from early July to
the first week of October and from February to mid-March.

Sequence of male and female flowers in thyrses

The experiment of bagging thyrses showed five types of
thyrses, taking into consideration the sex of the first flower
and the number of alternating developmental cycles of
male and female flowers. Thyrses with only male flowers
were rare and those with only females were not seen
(though data from sex expression in the plants and in the
population, described later, showed one female plant). In
general, thyrses alternated the sequence in which male and
female flowers were being produced once, twice or three
times. Thyrses with the sequence ‘male—female-male’
flowers were the most common and those starting with the
production of female flowers were rare (Table 2). In the
thyrses, male flowers opened in small daily quantities, but
within longer periods than the female flowers, which all
opened in the course of a few days (Fig. 5).

Superposition of female and male flowers in thyrses
and synflorescences

Thyrses and synflorescences in the male phase were much
more frequent than those with flowers in the female phase

}52 = 1000.1; p < 0.0001). However, once again, the
average number of male flowers in anthesis per day was
lower than that of the female flowers (thyrses: t = —8.94,
p < 0.0001; synflorescences: t = —6.09, p < 0.0001), due
to the high concentration of the latter in a short period of
activity (Table 3), confirming the results shown in Fig. 5.
Overlap of male and female flowers on any day was not
recorded in thyrses and synflorescences (Table 3; Fig. 3e,

f).
Sex expression in the plants and in the population

Plants display a complex flowering pattern (Fig. 6). The
majority flowered in a duodichogamous way. Six plants in
2009 (7, 11, 15, 25, 27, 30) and nine in 2010 (1, 4, 7, 9, 14,
17, 26, 27, 31) produced synchronized cycles of flowers in
the sequence ‘male — female — male’. More cycles also
occurred (plants 14, 17, 29 in 2009 and 11, 15, 21, 29 in
2010). Rarely (plants 26 in 2009 and 22 in 2010), we found
sequences in an opposite way, i.e. ‘female — male — fe-
male’ and, as in the first case, we also observed more
cycles (plants 1, 4, 23, 24 in 2009 and 13, 19, 20, 23 in
2010). Some plants flowered dichogamously, including
protandrous (‘male — female’: plants 19, 28 in 2009 and
plants 8, 30 in 2010) and protogynous (‘female — male’:
plants 13, 31 in 2009 and 6, 18 in 2010). We also observed
plants that produced only male flowers (plants 2, 6, 8, 16,
18, 20 in 2009 and plants 2, 5, 10, 16 in 2010) or only
female flowers (plant 21 in 2009).

Among 31 plants studied in two consecutive years, we
recorded overlaps of male and female flowers, only at the
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Table 2 Variation in the
sequence of cycles of male and
female flowers observed from

Sequence of flowers

Thyrses with the
sequence/relative frequency (%)

Plants showing
the sequence

27 thyrses in 5 plants of 3

Paullinia weinmanniifolia, in

the Marica Environmental 39

Protection Area, State of Rio de 393

Janeiro, Brazil 393¢9
23
2394

2/7.41
4/14.81
14/51.85
4/14.81
1/3.70
2/7.41

—_— =W W N

3 cycle of male flowers, @ cycle of female flowers

plant level, ten times in 2009 and seven times in 2010.
Considering the population level, there are always more
plants in the male phase than in the female phase, although
both are always present (Fig. 6). The experiments con-
ducted in 2009/2010 (Fig. 6) showed that many of the
plants studied had a labile sex expression: (1) plants that
began to bloom with male flowers in 2009, began to bloom
with female flowers in the following year, or vice versa
(plants 1, 4, 6, 18, 19, 20, 21, 22, 24, 26, 31); (2) plants that
behaved as males in 2009 produced male and female
flowers in 2010 (plants 6, 8, 18, 20). However, two of them
(plants 2, 16) maintained the male sexual expression in
both years; (3) one plant (plant 21) that produced only
female flowers in 2009 had male and female flowers in
2010.

Discussion

This is the first report of labile sex expression for the genus
Paullinia, as well as for the tribe Paullinieae. Most indi-
viduals showed a pattern of flowering in which there are
two cycles of male with an intervening cycle of female
flowers, suggesting that P. weinmanniifolia is a duodi-
chogamous species (sensu Lloyd and Webb 1986). This
temporal sexual system is known for very few species (Luo
et al. 2007), most of them in shrubs or trees of Sapindaceae
such as Acer (references see Renner et al. 2007; Shang
et al. 2012), Allophylus L. (Aluri et al. 1998), Cupania L.
(Bawa 1977), Dipteronia Oliv., Hippocastanum Mill.,
Deinbollia Schmach. and Thonn., Koelreuteria Laxm. (De
Jong 1976), Pappea Sond. and Harv. (Robbertse et al.
2011), Sapindus L. (Subba Reddi et al. 1983) and Talisia L.
(Acevedo-Rodriguez 1993). Although the majority of P.
weinmanniifolia plants studied presented the typical
duodichogamous pattern of flowering, we found many
variations in the individual sex expression. Based on these
variations, we think that it is more prudent to say that the
sexual system of P. weinmanniifolia is predominantly
characterized by an alternation of male and female flowers,
which does not always follow the same pattern. In 2009,
the occurrence in the population of plants starting to bloom
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with male flowers and plants starting to bloom with female
ones led us to suspect the occurrence of heterodichogamy
(Renner 2001; Sato 2002; Renner et al. 2007) or some kind
of sexual polymorphism similar to that described by Shang
et al. (2012) for Acer pictum Thunb. subsp. mono (Maxim.)
H. Ohashi, whose populations included three sex pheno-
types (duodichogamous 69.1 %, protandrous 19.6 %, pro-
togynous 11.3 %). Moreover, in the same year, the
observation of plants producing just one type of flower,
especially male ones, could have indicated the presence of
andromonoecy. However, in most P. weinmanniifolia
plants studied, the individual sexual expression showed
plasticity between 2009 and 2010 flowering, suggesting
that environmental features rather than genetic are
responsible for the changes observed. Golenberg and West
(2013) pointed out that the two sex determination sys-
tems— ‘environmental sex determination’ and ‘genetic sex
determination’—are genetic, since environmental factors
may regulate the production of hormones involved in the
differential expression of genes related to floral develop-
ment. These interactions may generate effects on the sexual
plasticity of some species. We concluded that P. wein-
manniifolia has a somewhat labile sex expression, a phe-
nomenon that was also found in Acer (Korpelainen 1998;
Renner et al. 2007; Shang et al. 2012). Because of the
variation in sex expression, more years of field work are
necessary to understand the lability in this species and the
correlations with environmental parameters.

Our results about the superposition of male and female
flowers in P. weinmanniifolia showed that although thyrses
have buds of the two sexes, female and male flowers in
anthesis were never found simultaneously in the same
thyrse or in the same synflorescence. Nevertheless, the two
flower morphs overlapped, although rarely, in different
branches of the same individual. Therefore, the sexual
synchrony within thyrses, within synflorescences, and
within plants is evident. This pattern of flowering maxi-
mizes the level of outcrossing, since the temporal separa-
tion of male and female flowers on the same plant is precise
enough for the species to be regarded as obligatorily
xenogamous. The synchrony mentioned above was also
suggested for other species of Paullinicae as P. cupana
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Fig. 5 Relative frequency of
male (grey columns) and female
(black columns) flowers
observed from a sample of six
thyrses in five plants of
Paullinia weinmanniifolia at the
Marica Environmental
Protection Area, Rio de Janeiro
State, Brazil. Male and female
flowers were found in the same
interval of time (3-9 days) but
they were at different stages—
male flowers in anthesis and
female flowers in senescent
conditions, or vice versa
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Table 3 Percentage of thyrses (n = 1945) and synflorescences
(n = 1851) in male and female phases and sexual phase overlap,
observed in 31 plants of Paullinia weinmaniifolia, showing mean and

range of the number of flowers in anthesis per day, along 12 weeks of
flowering in 2009 and 2010, at Marica Environmental Protection
Area, State of Rio de Janeiro, Brazil

Sexual phase

% Thyrses (average flowers per day; range)

% Synflorescences (average flowers per day; range)

Male only 2009 82.1 (3.0; 1-30) 85 (10.0; 1-76)
2010 84.3 (2.8; 1-48) 84.2 (10.8; 1-109)
Female only 2009 17.9 (5.5; 1-46) 15 (21.0; 1-360)
2010 15.7 (5.1; 1-25) 15.8 (18.0; 1-120)
Sexual phase overlap 2009 0 0
2010 0 0
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Fig. 6 Staggering of male (continuous lines) and female (dashed
lines) phases in 31 plants of Paullinia weinmanniifolia during
12 weeks of flowering in 2009 and the same plants in 2010. The
degree of line width varies with the intensity of flowering, increasing

Kunth (Moreira Filho et al. 1975), Urvillea ulmacea Kunth
(Zapata and Arroyo 1978) and Allophylus serratus (Aluri
et al. 1998), but in the self-compatible Cardiospermum
halicacabum, Rama Das et al. (1997) did not find stag-
gering of sexual phases.

In P. weinmanniifolia, there are more male flowers,
which are produced in longer periods than the female ones;
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from 1 (lower intensity) to 3 (higher intensity), according to Fournier
(1974, modified). The overlap of dashed and continuous lines means
superposition of sexes at the plant level

this has also been recorded for P. rugosa (Benth. ex Radlk.)
and P. cupana (Escobar et al. 1984; Paula 1989). This
feature seems to be typical for the genus Paullinia since
analysis of herbarium material always shows synflores-
cences with only female flowers or with only male flowers,
the latter being much more frequent (G.V. Somner personal
observation).
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Like many other Sapindaceae (Radlkofer 1931-1934;
Ferrucci 1991; Rama Das et al. 1997), P. weinmanniifolia
has female flowers with indehiscent staminodes very sim-
ilar to the stamens of male flowers, including the produc-
tion of pollen grains, which are 100 % sterile. However,
viable pollen grains in non-dehiscing anthers of female
flowers have been reported in Acer rubrum L. (Cane 1993),
Cupania guatemalensis (Bawa 1977), C. emarginata
Cambess. (Lima personal comm.) and Tina striata Radlk.
(Vary et al. 2011). In the latter, the authors found loss of
function in the pollen grains from female flowers based on
the reduced ability to germinate and potential to fertilize
ovules. It is noteworthy that Appanah (1982) recorded
androdioecy in Xerospermum intermedium Radlk., where
the monoclinous flowers have indehiscent anthers during
the two first days of anthesis, but on the third day, the
anthers open slightly, liberating viable pollen grains on the
stigmas, promoting self-pollination. Palynological studies
including analysis of the viability of pollen grains from
female flowers of Sapindaceae species may contribute to
elucidate the evolution of sexual systems in the group.

Bees are the main pollinators of P. weinmanniifolia.
This is also observed in other species of Sapindaceae such
as Allophylus serratus (Aluri et al. 1998), Cupania
guatemalensis (Bawa 1977), Paullinia cupana (Escobar
et al. 1984), P. rugosa (Paula 1989) and Xerospermum
intermedium (Appanah 1982). In these species, nectar is the
main floral resource, but pollen apparently in Cupania
guatemalensis (Bawa 1977) and Talisia striata (Vary et al.
2011).

This study broadens the knowledge of sexual strategies
in the family Sapindaceae, since it presents the first results
on the alternation of male and female flowers, in a highly
synchronous manner, for one species of Paullinieae. All the
Sapindaceae liana species are monoecious, although the
distribution of dichogamy, heterodichogamy, duodi-
chogamy and labile sex expression in the group is still
poorly known. The latest phylogenetic studies in Sapin-
daceae showed that the genera of Paullinieae (sensu
Radlkofer 1931) are nested within the Thouinieae, there-
fore calling for the merging of the two tribes as Paulli-
nieae—Thouinieae (Acevedo-Rodriguez 1993; Harrington
et al. 2005; Buerki et al. 2009), recently treated as Paulli-
nieae by Acevedo-Rodriguez et al. (2010). This expanded
tribe includes monoecious climbers and monoecious and
dioecious arboreal genera, as Allophylus, indicating the
potential to evolve separate sexes. Phylogenetic analyses in
Acer allowed inferences about the evolution of sexual
systems, suggesting transitions from monoecy with
duodichogamous flowering to dioecy (Renner et al. 2007).
Our results showed that individuals of P. weinmanniifolia
seem to constantly adjust their sex allocation, and that
duodichogamy can prevent self-fertilization by

geitonogamy, as there are very few overlaps between male
and female flowering in the same plant. These traits seem
to guarantee the production of vigorous seeds through
outcrossing, hindering the evolution of dioecy by the
establishment of male-sterile mutants in the population, or
by disruptive selection on female and male sex allocation
gradually increasing gender specialization, as defined in the
models for the evolution of dioecy (Charlesworth and
Charlesworth 1978; Barrett 2002). On the other hand, all
dioecious Sapindaceae are shrubs or trees, and according to
Vamosi et al. (2003), dioecy is associated with the woody
growth form. Future studies on the sexual system of
Sapindaceae lianas may clarify whether the precise tem-
poral separation between male and female phases, com-
bined with some flexibility in sexual allocation, were
advantageous outputs for Sapindaceae climbers in achiev-
ing outcrossing rates as high as in dioecious species.
Moreover, a phylogeny for the tribe is needed to estimate
the diversity of the sex expression in an evolutionary
approach.
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