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ABSTRACT: Sexual expression in andromonoecious species—those in which a single
individual can bear both staminate and hermaphroditic flowers—may vary among reproductive
events in the same plant, among individuals, and across populations. This variation influences,
in turn, the individual contribution of hermaphroditic plants via male and female fitness
functions (i.e., Lloyd’s phenotypic gender). However, temporal variation in sexual expression
in andromonoecious species and its relationship with seasonal changes in climatic conditions
remains poorly understood. Here we analyze floral attributes, visitors, and variation in sexual
expression in three populations of Solanum lycocarpum A. St. -Hil. Seasonality in the
production of floral types, the mating system, and floral visitors were also investigated.
Hermaphroditic flowers produced more pollen grains, but the pollen of staminate flowers had
higher viability. Only hermaphroditic flowers produced fruits, and ovules in staminate flowers
were sterile. Solanum lycocarpum is mainly pollinated by large bees with the ability to vibrate
flowers. Phenotypic gender varied throughout the year, and the seasonal production of
staminate flowers is associated with the local climate. We suggest that the higher and
seasonally-variable relative abundance of staminate flowers compared to the low and uniform
production of hermaphroditic flowers may be explained by (i) the very high energetic costs
incurred in producing large fruits which in turn make hermaphroditic flower production very
costly and, (ii) the potentially lower energy expenditure of the smaller staminate flowers with

reduced pistils and non-viable ovules that allow them to rapidly respond to climate variability.

Keywords: Buzz pollination, Cerrado, reproductive biology, sexual expression, sexual system.
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INTRODUCTION

Andromonoecy is a sexual system in which the same individual produces hermaphroditic and
staminate (female-sterile) flowers (Cardoso et al., 2018; Diggle, 1994). Andromonoecy usually
evolves from hermaphroditic plants with hermaphroditic flowers by the loss of female
reproductive structures in a proportion of the flowers of the plant (Lewis, 1942). Andromonoecy
has evolved several times in the evolutionary history of angiosperms and occurs in about 4,000
species distributed in 33 phylogenetically unrelated families (Miller & Diggle, 2003;
Yampolsky & Yampolsky, 1922). The evolution of staminate flowers in andromonoecious
species is thought to allow individuals to distribute resources from pistil and ovule production
to other functions, including flower production and seed maturation in hermaphroditic flowers
(Anderson & Symon, 1989; Podolsky, 1992; Vallejo-Marin & Rausher, 2007a). Resource
allocation might be particularly important in species with large and fleshy fruits, in which
significant amounts of resources invested in floral and fruit development that ultimately fail to
reach full fruit maturation will be wasted (Lloyd, 1980a).

Previous studies have shown extensive variation in the proportion of staminate flowers
relative to the total flowers produced (sexual expression), at the species, population and
individual levels of andromonoecious plants (McDonnell, Wetreich, Cantley, Jobson, &
Martine, 2019; Miller & Diggle, 2003; 2007). For instance, within Solanum (Solanaceae), some
species produce relatively low proportions of staminate flowers and are considered weakly
andromonoecious [e.g. Solanum hirtum (<1% staminate flowers) (Diggle, 1993); S. candidum
(3%) and S. ferox (7%) (Miller & Diggle, 2003)], while others produce a higher proportion of
staminate flowers and are considered to be strongly andromonoecious [e.g. S. pseudolulo (39%)
and S. quitoense (60%) (Miller & Diggle, 2003)]. At the population level, the pattern of
variation is affected by the plastic developmental responses of individuals in a heterogeneous
environment (Diggle, 1991), including variation in water and soil nutrients availability (Albal,
Azad, Shrotri, & Gowda, 2020). At the individual level, sexual expression is also plastic and
can vary depending on the resource status, the size of the plant (Shwe, Wu, & Haung, 2020;
Whalen & Costish, 1986), the diameter and the number of fruits formed by individual (Diggle,
1991; May & Spears, 1988), herbivory damage (Krupnick & Weis, 1998; Reuther & Bockhoff,
2013), as well as pollination dynamics (Quesada-Aguilar, Kalisz, & Ashman, 2008).

Much less is known about the extent to which individual populations vary in the sexual
expression over time. Most studies with andromonoecious populations characterize only a

single sampling event, and thus do not allow evaluating temporal variation of individual
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populations. We expect sexual expression to be sensitive to temporal variations in
environmental conditions (Calvifio, Ashworth, & Moyetta, 2014; Diggle, 1993; Solomon,
1985) and thus might vary both within and among seasons. As plant phenological responses
such as flowering and fruiting are influenced by present and past local climatic variation
(Ehrlén, 2015; Johansson, Bolmgren, & Jonzén, 2013), it is expected that hermaphroditic and
staminate flower production vary along the year, especially in seasonal environments. This
variation would ultimately affect the phenotypic gender of the plants (i.e. the relative
contribution of individuals to the next generation as female and male parents; Lloyd, 1979).
Moreover, since hermaphroditic flowers are considered more costly to produce than staminate
flowers and staminate flowers are more susceptible to the climatic conditions over time
(NeSmith, Hoogenboom, & Groff 1994). Therefore, it is expected that staminate flower
production is more sensitive to variation in local climatic conditions than the production of
hermaphroditic flowers in andromonoecious plants. Such spatial and temporal dynamic of the
maleness expression of each individual is interpreted as a mechanism of cost savings in
investments and optimization of fruit development (Reuther & Bockhoff, 2013).

Although andromonoecy only occurs in about 2% of flowering plants (Richards, 1986;
Yampolsky & Yampolsky, 1922), it is better represented among species of the large (>1,500
species) genus Solanum (Solanaceae). Andromonoecy is widespread among the spiny Solanum
(Leptostemonum clade, sensu Sérkinen, Bohs, Olmstead, & Knapp, 2013), which includes more
than 450 species distributed in the Americas, Asia, Africa and Australia (Bohs, 2005;
McDonnell et al., 2019; Whalen & Costich, 1986). Solanum is probably the group where
andromonoecy has been most extensively studied (e.g. Diggle, 1991), yet we still lack a clear
picture of the extent of variation in sexual expression of individual populations in the field.
Here we study the andromonoecious (Oliveira-Filho & Oliveira, 1988) species Solanum
lycocarpum A. St. -Hil. This species is abundant in the Cerrado (Brazilian savannah) across
very diversified environments, including anthropized habitats (Moura, Oliveira, & Chaves,
2010). Cerrado vegetation is subject to a strongly seasonal climatic regime with a very well-
defined rainy season (October to March) and a dry season (April to August). Solanum
lycocarpum (known as “fruta-do-lobo” or “lobeira”) has great ecological importance for the
Cerrado, as it offers pollen to a considerable number of floral visitors (Tavares, Alves-Junior,
Morais, Polatto, & Dutra, 2018) and fruits to many dispersing mammals, such as the maned
wolf (Chrysocyon brachyurus), crab-eating fox (Cerdocyon thous), tapir (Tapirus terrestris)
among others (Kuhlmann, 2018). As in most Solanum, the flowers of S. lycocarpum are

nectarless and have anthers that release pollen through small apical pores (poricidal anthers).
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Plants with poricidal anthers are usually pollinated by bees capable of producing thoracic
vibrations to remove pollen, i.e., they are buzz-pollinated (Vallejo-Marin, 2019). However,
buzz-pollinated flowers are visited by a diverse range of floral visitors including buzzing and
non-buzzing bees the latter which may extract pollen through other means such as chewing
through the anther wall (Renner Trigona, Solis-Montero, Vergara, & Vallejo-Marin, 2015).
Characteristics of the floral visitor such as its size relative to the flower being visited, and
behavior (buzzing vs. non-buzzing) affect whether a floral visitor functions as a pollinator, a
pollen robber or somewhere in between (Solis-Montero et al., 2015; Solis-Montero & Vallejo-
Marin, 2017).

Our main goal in this study is to determine how seasonal changes affect the sexual
expression of Solanum lycocarpum. In addition, because of the limited information available
on the reproductive and pollination biology of natural populations of S. lycocarpum, we also
characterize the floral biology of both staminate and hermaphroditic flowers, as well as their
mating system and floral visitors. Our results provide insights into the temporal variation in
sexual expression of an important natural resource of the Brazilian Cerrado and contribute to a

better understanding of the plasticity in sexual expression in andromonoecious Species.

MATERIALS AND METHODS
Study area

Three populations in central Brazil were selected for monitoring. The region where the three
areas are located has two defined seasons, a rainy summer (September to April) and a dry winter
(May to August) (Koppen, 1948, Alvares et al., 2013; Maruyama et al., 2019; Figure S1), and
average annual rainfall of 1,500 mm (Klink & Machado, 2005). The first population (UFG) is
in Pé-do-Morro Farm (Federal University of Cataldo, Cataldo, Goias; 47°59°55.6” W and
18°06°51.9” S), at an elevation of 830 m a.s.l. and with average temperature always above 18
°C (Ferreira & Cardoso, 2013). The second population (CA) is located in a rural area of the
municipality of Campo Alegre de Goias, Goids, (47°62°48.37” W and 17°76°09.34” S) at 760
m a.s.l. and average annual temperature of 20 °C (Peixoto, 2015). The third population (OZN)
is located on Pontinhas Farm, located ten kilometers from the municipality of Orizona, Goias
(48°23°30.9” W and 16°98°10.9” S), at 860 m a.s.l. and with an average temperature of 22 °C
(Ascheri, Moura, Ascheri, & Junior, 2009; Guimaraes, 2008). As S. lycocarpum is very

common in these areas, samples previously collected from these areas and deposited in the UFG
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herbarium (UFG 24361. Rizzo, J.A. et al., 13058 in 2005) and in Embrapa herbarium (CEN
105156. Rocha, G.P.E. 441 in 2015), were used as vouchers for this work.

Floral biology

Fifteen flowers were marked in each of five individuals of S. lycocarpum in the OZN population
in order to record the time of anthesis. The separation of the corolla lobes was used as criterion
for identification of floral opening. Withering, loss of brightness and color change of the whorls

were considered parameters of senescence.

Pollen quantity and viability were assessed for each floral type. To estimate pollen
quantity, 15 hermaphroditic and 15 staminate buds were collected from 15 individuals in each
population (one bud of each type per individual). The buds were fixed in 70% alcohol and the
number of pollen grains per anther was counted using a Neubauer chamber (Maéda, 1985).
Pollen counts per anther were multiplied by five to estimate the total number of pollen grains
per flower. Since anthers are similar in size, only one randomly-collected anther per flower was
analyzed. Pollen viability was estimated by acetocarmine staining (Radford, Dickison, Massey,
& Bell, 1974) on 100 pollen grains per slide. One anther from each of the 15 hermaphroditic
and 15 staminate buds was used in this case (one bud of each type from 15 individuals in each
one of the three populations). To identify the floral type of the buds, they were superficially
opened, in addition to the hermaphrodite buds that are usually in the first positions in the
inflorescence. Stained grains were considered viable and non-stained grains, non-viable. For
ovules number, one bud of each floral type was collected from ten individuals in each
population. Ovules present in each carpel were counted using a stereo microscope, and the result

was multiplied by two because ovaries are composed of two carpels.

Fifteen hermaphroditic and 15 staminate flowers were collected from each of 15
individuals in each population for the morphological characterization of floral types. The
collection of flowers was random and the flowers were in different positions in the
inflorescence. Samples were fixed in 70% alcohol for later measurements. In the laboratory,
the flowers were photographed, and digital images of the flowers were measured using Image
Jversion 1.51 (Rasband, 2016). We measured the length of the corolla as the distance from the
tip of the upper petal to the fusion of both basal petals and the width of the corolla as the distance
from the tip of one basal petal to the tip of the other basal petal (Solis-Montero & Vallejo-
Marin, 2017). Anther length and width (at the widest portion of the anther) were measured in

the two floral types. Style length (including stigma) was also measured.
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Mating system

Fifteen hermaphroditic and 15 staminate flowers per treatment, of 15 different individuals, were
used for the study of the mating system, totaling 150 tested flowers in the OZN population.
These pre-anthesis flowers were bagged with mesh bags, when necessary, and subjected to the
following treatments: 1) Manual self-pollination: manual deposition of pollen from anthers on
the stigma of the same flower (both hermaphroditic and staminate flowers); 2) Cross-
pollination: flowers pollinated with pollen from flowers of different and distant individuals
(mixture of pollen of the two floral types); 3) Natural pollination (control): flowers which were
only marked and left available to pollinators; 4) Spontaneous self-pollination: buds which were
only bagged; and 5) Agamospermy: emasculated flowers. The results obtained for the mating

system were also used to confirm floral sexuality.
Pollination biology

Direct field observations were made in order to investigate the abundance and richness of
pollinators, in addition to the time and behavior of visitors. To assess the time of the visits, 24
hours of focal observations were made in the UFG population, divided into two 12-hour periods
(6:00 am to 6:00 pm) in non-consecutive days, with 30 minutes of observation dedicated to
each individual. In order to identify the most frequent visitors in the three populations,
additional observations were made in different months of the year, totaling 20 hours in each

population.

Floral visitors were collected using an entomological net, sacrificed in ethyl acetate,
frozen and fixed for identification. To assess the relationship between the size of the floral
visitor and the visiting behavior in floral types, the specimens were photographed beside a ruler,
which was used as a scale. Afterwards, the photographs were analyzed, and the insects had the
following parameters measured in the Image J software version 1.51 (Rasband, 2016): length

and width of the thorax, length and width of the abdomen, and total length.
Temporal variation in sexuality

Thirty individuals in each population were marked and monitored monthly from January to
December 2017, totaling 90 individuals in the three populations. In the flowering and fruiting
phenophases, the presence of open flowers and the presence and quantity of fruits were
evaluated. In addition to phenological monitoring, the number of hermaphroditic and staminate

flowers (floral types) was counted. Visual identification of floral types was easy because
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hermaphroditic flowers have a well-developed pistil, while staminate flowers have a reduced
pistil. Afterwards, the number of each floral type and the estimated number of viable pollen
grains and functional ovules produced by each floral type was used to calculate the phenotypic
gender (G) of each plant by the following equation (Barrett & Harder, 2006, Lloyd, 1980b):

di
G = ST
- [

di +1li. 3
[+ S

where di corresponds to the total number of functional ovules produced by the individual and |i
corresponds to the total number of viable pollen grains. Since this equation weights the
phenotypic gender by the total amount of pollen and ovules produced by the population and the
number of flower types fluctuated along the studied year, we recalculated the phenotypic gender
of each plant in each month. We also calculated G considering the total number of viable pollen
grains and ovules produced by each plant during the year. G values can vary from 0 to 1, which

represents strictly male and female plants, respectively.

Statistical analysis

Morphometric data were analyzed using a two-way ANOVA to compare floral types and
populations. A generalized linear mixed model (GLMM) with Poisson distribution was used to
determine which factors influenced pollen availability, measured as the total number of pollen
grains in the flower buds. In the case of pollen viability, a GLMM with binomial distribution
was used instead, since pollen viability is measured as the presence or absence of stain in the
pollen grains. In both analyses, the floral type was considered the fixed factor and population
the random factor. A Chi-square test was performed to compare the number of visits between
floral types. We also used a Chi-square test to compare the number of fruits produced by
hermaphroditic flowers in Cross- and Natural pollination treatments. The function glmer was
used for running the GLMMs from the Ime4 package (Bates, Mé&chler, Bolker, & Walker, 2015).
Statistical significance was assessed using Type Il sum of squares using the Anova function

from the car package (Fox & Weisberg, 2011).

To assess the flowering phenology of the floral types, seasonal variations were analyzed
using circular statistics (Morellato, Alberti, & Hudson, 2010; Zar, 2010). In this analysis, the
year was represented as a 360-degree circle and each month as a 30-degree arc. We considered
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Jan=0°, Feb=30°, March=60° and so forth until Dec=330°. Afterwards, we used the Rayleigh
test, to examine whether the number of flowers produced are uniformly distributed around the
year (Morellato et al., 2010). The resulting r vector corresponds to the concentration around the
mean angle and can be taken as a measure of phenological seasonality, ranging from 0 (no

seasonality) to 1 (when all species are reproducing at the same time) (Morellato et al., 2000).

As hermaphroditic flower production was not seasonal (see below), we further analyzed
the influence of local climatic conditions only in the production of staminate flowers. To do
this, we used the mean number of staminate flowers produced in each month as response
variable and the climatic condition (dry or humid) of each month as the explanatory variable to
run a Watson-Wheeler test for homogeneity on two samples using the circular package. This
test is a non-parametric test to compare two samples with circular distribution. All analyses

were performed using R version 4.0.1 (R Development Core Team, 2020).

RESULTS
Floral biology

Solanum lycocarpum has flowers grouped in inflorescences, of the helical monocasial type, and
generally one to two flowers open per inflorescence per day. The flowers have a green calyx
with trichomes and divided into three to five sepals. Young flowers are blue and lighten into
violet hues over their lifespan. These flowers are pentamerous, actinomorphic and
gamopetalous and have a plicate corolla. The five stamens are bright yellow in anthesis,
grouped in a cone and have poricidal dehiscence (Figure 1). Pollen is the only resource offered.
The pistil has an ovoid greenish stigma that differentiates it from the style, becoming shiny
when receptive. The stamens are slightly curved, facing upwards and arranged on the lower
surface of the visitor’s body during the visit. Most flowers of S. lycocarpum open from 6:00 to
9:00 h, others open throughout the day, but all flowers close at 18:00 h. The next morning, they
open again and stay open until 18:00 h. After that, the flowers change color and the petals

wither. The flowers have a longevity of approximately two days.

Hermaphroditic flowers have stamens and a long pistil (Figure 1a), while staminate
flowers also have stamens but a reduced pistil (pistillode) (Figure 1b). Moreover,
hermaphroditic flowers are usually located at the base of the inflorescence, being the first to
open. The length (F = 27.74, df = 1, p < 0.001) and width (F = 16.73, df = 1, p < 0.001) of the
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corolla of hermaphroditic flowers were greater than those of staminate flowers (Table 1).
Anther length did not differ between floral types (F = 0.26, df = 1, p = 0.61) (Table 1), but
anther width was greater in hermaphroditic flowers (F = 6.63, df = 1, p = 0.01) (Table 1).
Staminate flowers have a reduced pistil, so that the style and stigma do not project beyond the
cone of anthers (Figure 1b); in turn, the style and stigma in hermaphroditic flowers are exerted
by about four millimeters above the anther cone (Figure 1a). Thus, the style is longer in
hermaphroditic than in staminate flowers (F = 1684.76, df = 1, p < 0.001). There was no
difference in floral attributes among populations (Table 1).

Hermaphroditic flowers produced more pollen grains than staminate flowers (Table 2).
Hermaphroditic flowers of S. lycocarpum produced 1.85 x 108 + 0.87 x 108 (mean + sd) while
staminate flowers produced 1.74 x 10® + 0.71 x 106 (mean * sd) pollen grains. Regarding pollen
viability, staminate flowers had more viable pollen (78+ 22 % (mean + sd)) than hermaphroditic
flowers (56 £ 33 % (mean £ sd)) (Table 2). Staminate flowers also had fewer and smaller ovules
(141 £ 32 (mean * sd)) than hermaphroditic flowers (395 + 99 (mean * sd)) (Table 2). There
was also a difference in the amount and viability of pollen, and in the number of ovules

produced in populations and in floral types between populations (Table 2).
Mating system

Fruits were produced only through natural and cross-pollination in hermaphroditic flowers
(Table 3). There is no evidence that these treatments produce different number of fruits (y* =
0.22;df =1; p>0.64).

Pollination biology

All visits were made by bees, especially those with the ability to produce vibrations to remove
pollen (Figure 1c, d). In total, 269 visits were observed in 24 hours of observation. Floral
visitors included 16 species of bees in the families Apidae, Andrenidae and Halictidae. These
bees had varied sizes, from 7.37 to 29.86 mm (15.75 £ 6.29 mm; mean % sd) in total length
(head, thorax and abdomen) (Table S1). There was a higher frequency of visits between 12:00
pm and 03:00 pm h. Individuals from two species of bees that are unable to produce vibrations
to remove pollen from flowers were observed collecting pollen on flower petals (Apis mellifera

and Trigona spinipes).

The species of floral visitors were similar in the three populations, but the frequency of

visits was different (Table S1). In the UFG population, the bees responsible for most visits were

10
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Epicharis flava and E. analis (27% of the total visits), followed by Augochloropsis sp. (22%),
Bombus spp. (B. morio, B. brevivillus, B. pauloensis) (17%), Oxaea cf. flavescens (16%), and
Exomalopis fulvofasciata (6%). In the CA population, the bees that made the most visits were
O. flavescens (26%), E. fulvofasciata (22%), Augochloropsis sp. (21%) and Ephicaris sp. (4%).
In the OZN population, the bee Centris scopipes was responsible for 29% of the total visits,
and the other bees were Xylocopa suspecta (17%), O. flavescens (16%), in addition to Ephicaris

sp. and E. fulvofasciata with 10% of the visits each.

We did not detect differences among floral types in the number of visits they received.
In individuals with both types of flowers, it was observed that 24% of the staminate flowers
were visited (n = 126 flowers visited out of the 516 flowers present in the observed individuals),
while 20% of the hermaphroditic flowers were visited (n = 9 flowers visited out of the 45
flowers present in the observed individuals). There was no evidence that staminate flowers were
more frequently visited than hermaphroditic ones, as they were visited according to the
expectation for the number of flowers of each floral type in the population (y3? = 0.299, df = 1,
p = 0.584).

Temporal variation in sexuality

Although some individuals produced staminate and hermaphroditic flowers throughout
the year, most individuals are functioning as pollen donors (male phenotypic gender) at any one
point in time across all three populations studied, no matter if the month was dry or humid
(Figure 2). A subset of individuals (17/30 in CA, 9/30 in OZN and 7/30 in UFG) remained
functionally male and did not produce any hermaphroditic flower (Figure 2). In individuals with
both sexual functions, there is continuous variation in female function, and there are no plants

producing only hermaphroditic flowers along the year (Figure 2) .

Flowers and fruits were produced throughout the year (Figure 3, Figure S2).
Considering the three populations, there was a greater production of staminate flowers per
individual in the rainy season (r = 0.34, p < 0.01; Figure 3a), with a peak in February (mean
angle £ angular sd = 44.85 £ 1.15°) when individuals produced 13.9 £ 17.4 staminate flowers
(mean + sd). The production of hermaphroditic flowers per plant was uniform and did not have
a clear peak along the year (r = 0.20, p = 0.43; Figure 3b). The number of hermaphroditic
flowers produced per plant in each month was 0.18 + 0.57 (mean * sd). Fruit set per plant was
also seasonal (r = 0.20, p < 0.01; Figure 3c), with a peak in July (mean angle + angular sd =
184.40 + 1.26°) when plants bore 1.68 + 3.82 fruits (mean + sd).

11



326
327
328
329

330

331

332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347

348

349
350
351
352
353
354
355
356

The mean number of staminate flowers per plant depends on the climatic condition
(W=40.795, df=2, p < 0.01; Figure 4). When the climate was humid, the mean number of
staminate flowers per plant was 1.6 times the number of flowers produced when the climate

was dry (Figure 4).

DISCUSSION

Solanum lycocarpum is one of the most representative plant of the Brazilian savannah. Our
study showed that at least 17 bee species in three populations forage on pollen of staminate and
hermaphroditic flowers. Despite morphological differences found between the two flower types
and the higher proportion of viable pollen grains in staminate flowers, bee visitors did not
discriminate between staminate and hermaphroditic flowers. Plants depends exclusively on the
bee pollination services to set fruits. The sexual expression in populations of S. lycocarpum
changes throughout the year affecting plant phenotypic gender and, despite needing more tests
for confirmation, it is tempting to state that these changes are associated with climatic
conditions experienced in the populations. One possible explanation to the higher and
seasonally-variable relative abundance of staminate flowers compared to the low and uniform
production of hermaphroditic flowers could be (i) the very high energetic costs incurred by
producing the large fruits that characterize this species which make increasing hermaphroditic
flower production very costly, as well as by (ii) the potentially lower energy expenditure of the
smaller staminate flowers with reduced pistils and non-viable ovules compared to
hermaphroditic flowers that allow individual plants to take advantage of resource variability

more effectively.
Floral and pollination biology

We found that in S. lycocarpum, hermaphroditic flowers are larger and produce about 7% more
pollen grains than staminate flowers. In contrast, the pollen of staminate flowers has a slightly
higher viability than the pollen of hermaphroditic flowers. The differences between pollen
viability and quantity in floral types in S. lycocarpum, make it difficult to determine if staminate
or hermaphroditic flowers may disproportionately contribute to fitness via male function in per
flower basis. Enhanced male function in staminate vs hermaphroditic flowers has been
proposed as an adaptive explanation for the evolution of andromonoecy (Elle & Meagher,
2000), although the evidence in support of this hypothesis is mixed even for the same species
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(Quesada-Aguilar et al., 2008; Vallejo-Marin & Rausher, 2007b). The enhanced male function
and resource-reallocation hypotheses are non-mutually exclusive, and could both jointly
contribute to the selective advantages of producing female-sterile flowers in andromonoecious

species.

Self-incompatibility in S. lycocarpum highlights the importance of biotic vectors for
pollen transfer (Oliveira-Filho & Oliveira, 1988). We found no difference in the number of
visits between floral types, indicating that bee visitors do not make distinction between one
floral types. Similarly, a study with andromonoecious S. carolinense found no difference in
pollinator visitation or siring success between hermaphroditic flowers and experimentally
produced staminate flowers. Solanum lycocarpum is a buzz-pollinated species visited by bees
of different sizes (from 7 to 33 mm). Our study shows that pollinator behavior differs among
bee species. Bees of smaller body size (10 and 11 mm in length), such as Augochloropsis sp.
and Exomalopsis fulvofasciata, grabbed the anthers laterally and individually vibrated them,
with little or no contact with the stigma. This behavior was also observed in short-pistil
(staminate) flowers, but it occurred mainly in long-pistil (hermaphroditic) flowers. The
presence of the pistil above the cone prevents the bees from handling all the anthers at once
(sexual interference). Bees of larger body size, such as Oxeae flavescens, Ephicaris sp., Centris
scopipes and Xylocopa suspecta (17 to 30 mm in length), vibrated the anther cone, and in this
case, contact between the stigma and the visitor’s abdomen occurred. In another study with S.
lycocarpum, the most efficient bees on the first visit in terms of fruit formation were those of
largest body size (Tavares, Alves-Junior, Morais, & Polatto, 2017). These findings indicate that
body size is an important factor for effective pollination in S. lycocarpum. In andromonoecious
S. carolinense large- and small-sized bees differ in their capacity to transfer and deposit pollen
in staminate vs. hermaphroditic flowers (Quesada-Aguilar et al. 2008). In Cimicifuga simplex
different pollinator environments affected the sex expression in different populations (Toji &
Itino, 2020). Therefore, the identity and size of pollinators of andromonoecious species might
be an important determinant of the reproduction of these species, and potentially affect the

selective pressure on the production of staminate vs. hermaphroditic flowers.

Temporal variation in sexuality

Andromonoecy is likely a mechanism of resource allocation in which staminate flowers, with
their reduced ovaries and lower energy investment in the production of smaller petals, save and

distribute energy to be redistributed to other functions in the plant, such as vegetative growth,
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storage, and/or increased reproductive potential (Bertin, 1982; Elle, 1999; Emms, 1993; Miller
& Diggle, 2007; Primack & Lloyd, 1980; Solomon, 1986; Spalik, 1991). If resources are
unpredictable in previous stages, the ability to regulate the investment during the fruiting stage
must be advantageous, because fruit development represents a significant drain of the available
resources (Lloyd, 1980a). Thus, if non-production of viable pistils and ovules in staminate
flowers is related to the allocation of the available resources, species with large fruits should be
more strongly andromonoecious than those with small fruits, since more resources are needed
for fruit maturation (Miller & Diggle, 2003; Symon, 1979).

Phenotypic gender of individuals of S. lycocarpum varied over time and among
populations. It was found that within one year, there was a plastic response to environmental
variations in the studied populations, since the production of staminate flowers was higher in
the rainy season and lower in the dry season, while production of hermaphroditic flowers was
uniform. Although our study sampled a single year, the seasonality in flower production we
observed was clearly related to the local climatic conditions, demonstrating the influence of
local climatic variations in the production of floral types. Studies have shown that the
distribution of floral types may be sensitive to environmental conditions (Primack & Lloyd,
1980) and/or changes in the availability of resources for reproduction (Diggle, 1994; May &
Spears-Jr, 1988; Miller & Diggle, 2003). In the andromonoecious species Cneorum tricoccon
(Cneoraceae), sexual expression and sex ratios varied seasonally over time and between
populations, indicating factors such as soil nutrients, light, precipitation, temperature, and
others as influencing the allocated sexual resources (Traveset, 1995). In Solanum lycocarpum,
we can infer that during the dry season, when resources are limited, the female function would
be prioritized up to the maximum fruit production supported by the individual, mainly due to
the energy cost of production of large fruits in the species. The fruit of S. lycocarpum is fleshy,
globose with a diameter ranging from 8 to 15 cm, weighs from 200 to 900 g, 600 to 800 seeds
per fruit and each plant produces on average 1.12 to 5.35 fruits (Lombardi & Motta-Junior,
1993; Martins, Chaves, Buso, & Kageyama, 2006; Moura et al., 2010). The energy cost of
production this fruit is so high that the hermaphrodite flowers of S. lycocarpum represent only
5% of total flower production (Moura et al. 2010), of which 91.7% formed fruit (Oliveira-Filho
& Oliveira, 1988). We found no evidence that female function is limited by floral visitors
because hermaphroditic flowers exposed to natural pollination and supplemental pollen did not
differ in fruit set. It is reasonable to think that when plants reach the limit of their fruit

production, the remaining resources can be converted into the production of staminate flowers.
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Therefore, andromonoecy could be considered a reproductive strategy to take the best
advantage of environmental uncertainties through the male function, which are less
“expensive”. Differences in resource investment were found between staminate and
hermaphroditic flowers in Capparis spinosa (Capparaceae) (Zhang & Tan, 2009). In S. hirtum,
sexual expression was partially determined by the individual’s resource status and the female
function was prioritized (Diggle, 1993), while in Solanum carolinense, the environment has a

strong influence on the expression of plant and floral traits (Elle, 1999).

Evolutionary implications of variation in the strength of andromonoecy among

individuals

In the studied populations of S. lycocarpum, some individuals were exclusively male
(producing only staminate flowers) throughout the year. In individuals with both sexual
functions, there is a continuous variation in female function and there are no plants with only
hermaphrodite flowers in the populations. In Tulipa pumila, the presence of male individuals
may be the result of limited resources for reproduction, indicating that the only production of
staminate flowers may be a stage in growth to control sexual expression (Astuti, Pratesi, Carta,
& Peruzzi, 2020). In S. lycocarpum this can also occur, but further analysis is needed at this
point. In general, these populations behaved as “functionally androdioecious” within the studied
year. Andromonoecy in S. lycocarpum (as in other andromonoecious Solanum) is derived from
hermaphroditism, and staminate flowers have vestigial pistils (Coleman & Coleman, 1982;
Lewis, 1942; Zhang & Tan, 2009). On the other hand, the lower pollen viability in
hermaphroditic flowers may indicate specialization into female function. The evolutionary
significance of exclusively male individuals in the population of S. lycocarpum remains
unclear. On one hand, male-only individuals may represent an initial step towards the transition
to separate sexes (dioecy via the androdioecy pathway) (Primack & Lloyd, 1980; Solomon,
1986). Some species of the genus Solanum (such as S. appendiculatum, S. asymmetriphyllum,
S. carduiforme, S. cataphractum, S. cunninghamii, S. dioicum, S. leopoldensis, S. petraeum, S.
tudununggae, S. vansittartensis) are functionally dioecious: although they have staminate and
hermaphroditic flowers, the latter produce non-aperturate pollen grains that never germinate
(Anderson & Symon, 1989). It is believed that dioecy may have evolved from hermaphroditism
through andromonoecy, by means of an additional step towards androdioecy (Anderson &
Symon, 1989), mainly in species whose production of hermaphroditic flowers is low and fruits

production is absent in some individuals (Charlesworth, 1984), such as Leptospermum
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scoparium (Myrtaceae) (Primack & Lloyd, 1980). On the other hand, the male-only individuals
that we observed here may produce hermaphroditic flowers at some point later during the
lifespan of this perennial species. Long-term surveys of wild populations of S. lycocarpum are

required to address this possibility.

CONCLUSIONS

In Solanum lycocarpum, staminate flowers were smaller and produced fewer pollen grains with
higher viability than hermaphroditic flowers. Although hermaphroditic flowers were larger,
visitors did not exhibit any preference for floral types. Sexual expression in S. lycocarpum
varied over time, with the production of staminate flowers being seasonal and that of
hermaphroditic flowers presenting no clear peak. This seasonality in the production of
staminate flowers is associated with the local climatic conditions Thus, it can be inferred that
the andromonoecious sexual system can be variable and individuals can respond to
environmental variation by changing the relative production of staminate flowers. Further
studies on the production of floral types by S. lycocarpum in both natural and anthropized
environments will help to confirm our findings and contribute to explaining how sexual
expression is influenced by local environmental conditions. Sexually labile species, such as S.
lycocarpum, provide an excellent opportunity to study the ecology and evolution of plant

reproductive strategies.
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681

TABLES

682  Table 1. Flower traits of Solanum lycocarpum A. St. -Hil. (Solanaceae) compared between
683  floral types (hermaphroditic and staminate) and populations (UFG Farm, Cataldo, Goias,
684  Brazil; Campo Alegre de Goias, Goias, Brazil; and Pontinhas Farm, Orizona, Goiés, Brazil).
685 ANOVA was used for the analysis. F-values, degrees of freedom (df), and p-values are
686  presented, as well as overall means in mm, standard deviations (SD), and sample number (N)
687  of hermaphroditic and staminate flowers. *Significant values.
Variables ANOVA Mean = SD (N)
df F p Hermaphroditic Staminate
Corolla length 56.35+0.35(45) 47.65 £ 3.02 (45)
Floral type 1 27.74  <0.001*
Population 1 1.13 0.29
Floral type -population interaction 1 1.84 0.18
Corolla width 49.98 +1.92 (45) 42.33+1.20 (45)
Floral type 1 16.73 <0.001*
Population 1 0.09 0.76
Floral type -population interaction 1 0.38 0.53
Anther length 17.63+£0.29 (45) 17.86+0.96 (45)
Floral type 1 0.26 0.61
Population 1 0.92 0.34
Floral type -population interaction 1 2.83 0.09
Anther width 2.29+£0.11 (45)  2.09 £0.09 (45)
Floral type 1 6.63 0.01*
Population 1 1.55 0.21
Floral type -population interaction 1 0.78 0.37
Style length 21.14+0.73 (45) 2.50+0.23 (45)
Floral type 1 1684.76 <0.001*
Population 1 0.13 0.71
Floral type -population interaction 1 0.08 0.77
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Table 2. Quantity and viability of pollen and ovules in hermaphroditic and staminate flowers

of Solanum lycocarpum A. St. -Hil. (Solanaceae) in three populations (UFG Farm, Cataldo,

Goiés, Brazil; Campo Alegre de Goias, Goias, Brazil; and Pontinhas Farm, Orizona, Goias,

Brazil). Data were compared between floral types, populations, and floral types within

populations (interaction between population and floral type) using a GLMM,; the degrees of

freedom (df), Chi-square (¥*) and p values are presented. *Significant values. Mean and

standard deviations (SD) of the variables in hermaphroditic and staminate flowers and number

of flowers evaluated (N).

Variables GLMM Mean + SD(N)
d x 2 p Hermaphroditic Staminate
f
Pollen quantity 1.85 x 10+ 0.87 x 10% (45)  1.74 x 108 £ 0.71 x 106 (45)
Floral type 1 23212 <0.001*
Population 2 388942 <0.001*
Floral type - 2 12279 <0.001*
population
interaction
Pollen viability 56 + 33% (45) 78 + 22% (45)
Floral type 1 12732 <0.001*
Population 2 8.98 0.01*
Floral type - 2 7.48 0.02*
population
interaction
Number of ovules 395 + 99 (30) 141 £+ 32 (30)
Floral type 1 896.71 <0.001*
Population 2 29.77 <0.001*
Floral type - 2 2366 <0.001*
population
interaction
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Table 3. Results of the mating system tests conducted on floral types (hermaphroditic and
staminate) in Pontinhas Farm, Orizona, Goiés, Brazil. Equal letters indicate lack of evidence

that Cross- and Natural pollination produce different fruit set in the population under a Chi-

square test.
Treatments Fruits obtained (tested flowers) — Percentage of success
Staminate flowers Hermaphroditic flowers
Cross-pollination 0 (15) - 0% 10 (15) - 67% @
Natural pollination 0 (15) - 0% 8 (15) — 54%+*
Manual self-pollination 0 (15) - 0% 0 (15) - 0%
Spontaneous self-pollination 0 (15) — 0% 0 (15) — 0%
Agamospermy 0 (15) - 0% 0 (15) - 0%
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FIGURES LEGENDS

Figure 1. Flowers of Solanum lycocarpum A. St. -Hil. (Solanaceae) and their frequent visitors
in UFG Farm, Cataldo, Goias, Brazil. (a) Hermaphroditic flower, with arrow indicating the
stigma projecting above the anther cone, (b) Staminate flower, with arrow indicating the
pistiloid, (c) Exomalopis fulvofasciata visiting staminate/hermaphroditic flowers and (d)

Augochloropsis sp. visiting a staminate/hermaphroditic flower.

Figure 2. Variations in phenotypic gender in Solanum lycocarpum A. St. -Hil. (Solanaceae)
from January to December 2017 in three populations in the Brazilian Cerrado. Warm colors
lines represent dry months while cool colors lines represent humid months. Each line represents
a month and the corresponding colors and months are in the legend. Black dots and lines
represent the phenotypic gender considering the total flower production along the year. Gi
values can vary from 0 to 1, which represents strictly male and female plants, respectively.
Rank values represents each plant in each month. CA — Campo Alegre de Goias, Goias, Brazil;
OZN - Pontinhas Farm, Orizona, Goiés, Brazil; UFG — UFG Farm, Cataldo, Goiés, Brazil.

Figure 3. Mean production of (a) staminate and (b) hermaphroditic flowers, as well as (c) fruits
of Solanum lycocarpum A. St. -Hil. (Solanaceae) per individual along the year (numeric bar) in
three populations (UFG Farm, Cataldo, Goias, Brazil; Campo Alegre de Goiéas, Goias, Brazil,
and Pontinhas Farm, Orizona, Goidas, Brazil). Blue is the humid months and red is the dry

months.

Figure 4. Number of staminate flowers produced per plant depending on the climatic condition
(dry or humid) in Solanum lycocarpum A. St. -Hil. (Solanaceae). In the boxplots, dark lines
indicate the medians, boxes represent second and third quartiles and whiskers represent first

and fourth quartiles. Black dots are outliers; gray dots are the real data.
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SUPPORTING INFORMATION

Table S1. Measures of length and width of the thorax, length and width of the abdomen, and total length of bee species observed visiting flowers
of Solanum lycocarpum A. St. -Hil.. Number of visits observed by bee specimens (grouped in genera) and the percentage of visits (number of visits
of the genera / total of visits in the population) in three populations (UFG Farm, Cataldo, Goias, Brazil (UFG); Campo Alegre de Goiéas, Goias,
Brazil (CA); and Pontinhas Farm, Orizona, Goias, Brazil (OZN)). In the last lines are the means in mm and standard deviations (SD) of the traits

measured and the total number of visits in each population.

Measures in mm Number of visits (Percentage)
Bee species Length of Width of  Length of the  Width of Population
Total length
the thorax the thorax abdomen abdomen UFG CA OZN
Augochloropsis sp. 1 (Cockerell, 1897) 2.72 2.62 4.34 2.53 10.12
_ 30 (25%) 24 (28%) 8 (13%)
Augochloropsis sp. 2 (Cockerell, 1897) 2.34 2.41 3.17 2.24 8.19
Bombus morio (Swederus, 1787) 5.49 7.32 7.80 8.54 16.95
Bombus brevivillus (Franklin 1913) 5.22 6.23 6.46 8.83 15.67 21 (17%) 0 1 (2%)
Bombus pauloensis (Friese, 1913) 5.01 6.56 6.88 7.19 14.80
Centris scopipes (Friese, 1899) 10.56 12.06 12.55 13.30 29.86 3 (2%) 2(2%) 18 (29%)
Epicharis analis (Lepeletier, 1841) 6.23 6.36 7.42 9.53 20.12

. . i 34 (28%) 6 (7%) 6 (10%)
Epicharis flava (Friese, 1900) 8.71 7.63 7.82 931 23.78




Measures in mm

Number of visits (Percentage)

Bee species Length of Width of  Length of the  Width of Total lenath Population
otal len
the thorax the thorax abdomen abdomen | UFG CA OZN

Exomalopsis analis (Spinola, 1853) 2.32 2.37 3.08 2.84 7.38
Exomalopsis collaris (Friese, 1899) 2.30 3.43 4.22 3.33 10.46 8 (7%) 21 (25%) 7 (11%)
Exomalopsis fulvofasciata (Smith, 1879) 3.46 4.26 5.38 4.61 11.16
Melipona quinquefasciata (Lepeletier,

3.54 3.95 4.17 3.76 10.56 4 (3%) 2 (2%) 1 (2%)
1835)
Oxaea cf. flavescens (Klung, 1807) 5.59 7.24 7.61 7.51 18.00 20 (16%)  30(35%) 10 (16%)
Paratetrapedia lugubris (Cresson, 1878) 3.76 3.90 5.84 4.11 13.34 2 (2%) 0 0
Xylocopa suspecta (Moure & Camargo,

9.27 10.38 9.50 10.13 23.26
1988) 0 0 11 (18%)
Xylocopa subcyanea (Perez, 1901) 6.75 6.87 8.79 9.40 18.33
Mean = SD 521+259 585+281 656+253 6.70+3.36 15.75%6.29 - - -
Total number of visits - - - - - 122 85 62
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Figure S1. Classification of dry and humid months based on climate graphs. The monthly

values correspond to the average temperature and precipitation between 1950-1990. In

dry months, the blue bars of precipitation are below the red line of temperature, while in
humid months, the bars are above the lines. (a) UFG Farm, Cataldo, GO (UFG); (b)
Campo Alegre de Goias, GO (CA); and (c) Pontinhas Farm, Orizona, GO (OZN).



Hermaphroditic flowers

Staminate flowers

Fruits

Figure S2: Production of both hermaphroditic and staminate flowers, as well as fruit
production per individual of Solanum lycocarpum A. St. Hil. (Solanaceae) along the year
(numeric bar) in each population (CA: Campo Alegre de Goids- GO; OZN: Pontinhas
Farm, Orizona- GO; UFG: UFG Farm, Cataldo, GO).
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