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Abstract

Buzz-pollinated pollen flowers have pollen as the primary resource for pollinators and must deal with a conflict between 
the exploitation of pollen grains by bees and pollination success. It has been hypothesized that heterostemony allows 
division of labour between stamens as a solution to the pollen dilemma. To test the division of labour hypothesis, we 
chose Cassia fistula, which has a trimorphic androecium and analysed androecium development, pollen grain release 
mechanisms and visitor behaviour. We explored the reflectance of floral organs and carried out an exclusion experiment 
to test the attractiveness of each stamen morph to the bee species. Finally, we explored the structural, ultrastructural and 
functional variation between the pollen grains, including pollen viability across stamen morphs. The differences among the 
three stamen morphs, which is developed from two whorls of the stamen, are the first evidence of the division of labour 
in our study system. Large Bombus and Xylocopa bees actively and exclusively exploited the pollen grains from the central 
poricidal anthers generating pollen deposition on their bodies. The reflectance pattern of floral organs indicated a targeting 
of these large bees to the central anthers, corroborated by the anther manipulative experiment where only the exclusion 
of the anthers positioned in the flower centre, especially the intermediate stamens, reduced bee visits. Both results 
revealed a division of labour, in which the intermediate stamen morph was responsible for both floral attractiveness and 
pollen resources. Only the largest stamen morph produced germinable pollen grains, highlighting their role as pollinating 
stamens. The smallest stamen morph has a less clear function, likely representing an economy in pollen production for 
feeding function. Our findings suggest that the evolution of the trimorphic androecium is associated with division of labour 
in large pollen flowers and can represent a strong strategy for circumventing the pollen dilemma, optimizing the feeding 
function by reducing pollen grain investment from central anthers.

Keywords:   Buzz pollination; floral morphology; floral ontogeny; heteranthery; heteromorphic stamens; plant–pollinator 
interactions; pollen flower.
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Introduction
Pollen flowers are generally pollinated by bees and offer a 
surplus of pollen as an exclusive reward to pollinators instead 
of nectar and other floral resources (Vogel 1978). In pollen 
flowers, pollen grains (male gametophytes) act directly as the 
transport agent of the male gamete (Arroyo 1981; Pacini 2000; 
Lersten 2004; Barrett 2010), pollen grains also comprise the diet 
of larvae of insects, especially bees, as a primary floral resource 
sought out by pollinators (Agostini et al. 2014). In this context, 
pollinators may reduce the number of pollen grains available 
for fertilization since both plant reproduction and pollinator 
feeding functions are mutually exclusive (Vallejo-Marin et  al. 
2009; Barrett 2010; Agostini et  al. 2014). Thus, in plants with 
pollen flowers increased pollinator attraction generates a trade-
off with the amount of pollen destined as food for bees, a conflict 
between both functions of pollen as dispersal units and feeding 
pollen, a phenomenon known as the ‘pollen dilemma’. The plant 
must guard against excessive pollen collection by bees while it 
depends on these bees for pollination (Westerkamp 1996, 1997). 
Since in mutualism, each participant is trying to maximize the 
benefit received from its partner, there is a ‘tug of war’ between 
the interests of plants devoting more pollen to dispersal, and 
bees, in collecting more pollen as food (Papaj et al. 2017).

The recurrent and independent evolution of pollen flowers 
(sensu Vogel 1978) in multiple angiosperm families (Buchmann 
1983) implies the appearance of strategies that circumvent 
the ‘pollen dilemma’ in these plant lineages (Westerkamp 
1996, 1997). Indeed, plant species bearing pollen flowers have 
several features to deal with the ‘pollen dilemma’. For instance, 
pollen flowers can show polystemony (large number of stamens 
in relation to other floral parts) or larger anthers compared 
to flowers with other resources (Vogel 1978; Cruden 2000), 
both increasing pollen grains per flower to guarantee enough 
pollen for the two conflicting functions (Agostini et  al. 2014). 
Additionally, pollen flowers commonly have poricidal anthers, 
controlling pollen release at each floral visit in a contingency 
strategy known as buzz pollination (Buchmann 1983; Harder 
and Barclay 1994; Vallejo-Marín 2019). Only specific groups of 
bees will be able to effectively vibrate flowers and reach the 
pollen (Pinheiro et al. 2014). Moreover, pollen flowers may exhibit 
a prominent heteromorphic androecium (heterostemony) as 
a mechanism for gradual pollen presentation (Kay et  al. 2020) 
or associated with the division of labour of stamens (Luo et al. 
2008, 2009; Vallejo-Marín et  al. 2009, 2010; Paulino et  al. 2013, 
2016; Li et  al. 2015; Mesquita-Neto et  al. 2017) as the most 
refined mechanism to mitigate the ‘pollen dilemma’. In the last 
case, there is a clear difference in size, position and/or colour 
between a set of stamens that provides pollen as food for bees 
(feeding stamens) and other set producing pollen grains rarely 
exploited by bees, ensuring pollination and, consequently, egg 
cell fertilization (pollinating stamens) (Luo et al. 2009).

Although the morphological description and functional 
consequences of heterostemony have been reported for over 
100  years (Müller 1881, 1882, 1883), experimental studies 
exploring the functioning of pollen flowers were only 
investigated much later (Macior 1968) and more recently 
in the context of the division of labour (e.g. Luo et  al. 2009). 
Early evidence of the division of labour in the androecium are 
differences in stamen size and position associated with the bee 
behaviour within flowers (reviewed by Buchmann 1983). Some 
authors assumed that the division of labour should lead to 
the evolution of sterile pollen grains in the feeding anthers, a 
pattern corroborated in some plant systems (Paulino et al. 2016) 

but not in others (Nogueira et al. 2018; Velloso et al. 2018). More 
recently, studies of division of labour between stamen morphs 
incorporated details about the pattern of floral reflectance 
(Velloso et al. 2018; J.P. Basso-Alves et al., unpubl. data) and the 
pollen reserve content (Paulino et  al. 2016; Velloso et  al. 2018), 
increasing our understanding of the floral features related to 
the functioning of buzz pollination in pollen flowers. In sum, 
different kinds of evidence have been used to test the division of 
labour hypothesis. Still, few studies have attempted to integrate 
these approaches to hierarchically test the division of labour 
hypothesis in pollen flowers of the same plant species.

Most studies testing the division of labour hypothesis in pollen 
flowers have focused on representatives of Melastomataceae 
and Solanaceae that have two different stamen morphs (Luo 
et al. 2009; Vallejo-Marín et al. 2009, 2010; Papaj et al. 2017; Velloso 
et  al. 2018). Thus, flowers with a trimorphic androecium are 
underexplored (Li et al. 2015), especially in other plant groups, 
such as Leguminosae, the third largest family of angiosperms 
(LPWG 2013, 2017; The Plant List 2013). In Leguminosae, ~30 
genera of the 765 distributed in different legume clades have 
a heteromorphic androecium (Tucker 1996a; Rodriguez-Riaño 
et  al. 1999; LPWG 2017). We chose the legume species Cassia 
fistula with large flowers and an androecium with three different 
stamen morphs to test the division of labour hypothesis among 
stamens. The large flowers of C.  fistula have a marked spatial 
separation of stamens within the flower (Paulino et al. 2014) and 
a complex developmental pathway generating each of the three 
stamen morphs (see other Cassia species in Tucker 1996b). More 
specifically, we investigate four questions about floral ontogeny 
and androecium functionality: (i) Which developmental pathway 
results in forming a trimorphic androecium? (ii) Do bees visit the 
stamen morphs differently, indicating differential attractiveness 
across stamen morphs? (iii) Could the reflectance patterns and 
anther exclusion manipulation show the bees targeting the 
anthers of the flower centre hypothesized as feeding anthers? 
(iv) Do the feeding anthers produce less viable and starchless 
(lipid-rich) pollen grains than the pollination stamens? We 
do not have a clear expectation for the development pathway 
which gives rise to the three stamen morphs. We expect that 
the stamens from the flower centre are the most attractive to 
bees, bearing the most nutritious pollen grains for the feeding 
function, whereas abaxial stamens might provide viable pollen 
to guarantee the sexual plant reproduction.

Materials and Methods

Plant species and study area

Cassia fistula is a species native to Asia from southern Pakistan 
east through India to Myanmar and south of Sri Lanka 
(Govindarajan 2009). It is a fast-growing tree species that 
reaches 5–6 m high, cultivated as an ornamental tree in tropical 
to subtropical climates, including several Brazilian regions. 
This plant is popularly known as ‘yellow shower tree’ due to 
its exuberant racemose pending inflorescences. Each of them 
is formed by several flowers and floral buds subtended by an 
abaxial bract (Fig. 1A–C). Cassia fistula flowers have no nectaries, 
and pollen grains enclosed within poricidal anthers are the only 
floral resource available for bee flower visitors. Floral anthesis 
lasts ~2 days.

The flowers of C.  fistula are perfect, heterochlamydeous, 
pedicellate, pentamerous and zygomorphic (Fig. 1C, F and G). 
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The calyx is dialysepalous, light green; the five sepals are hairy 
on the abaxial surface, orbicular, ~1.0  cm long. The corolla is 
light yellow, dialypetalous, composed of five petals ~2.5 cm long 
(Fig. 1C and G). The androecium is heteromorphic, formed by 10 
free stamens arranged in three distinct morphs (Fig. 1C, F and 
G and Results section below). Here we chose to use the term 
‘heterostemony’ rather than the commonly used ‘heteranthery’, 

because, in addition to differences in anther morphology, the 
three stamen morphs are characterized mainly by differences 
in position, size and shape of the filaments. The gynoecium is 
monocarpellate and rarely bicarpellate; the carpel is elongated 
and curved, green, stipitated, ~3.0 cm long. The ovary bears ~100 
ovules; the curved style is cylindrical, ending in a subterminal 
and chambered stigma with marginal simple trichomes.

Figure 1.  Images of a blossoming individual, inflorescences, flowers, and large bee species’ behaviour on flowers of Cassia fistula. (A) Blossoming individual in an urban 

area of Rio de Janeiro/RJ (Brazil). (B) Racemose pending inflorescences, subtended by abaxial bracts. (C) Complete, heterochlamydeous, pentamerous and zygomorphic 

flower in lateral view. (D and E) Behaviour of large bee species landing on the flower. Note the noto-sternotribic deposition of pollen grains due to the buzz pollination. 

The pollen grains of the largest stamens are deposited on the back of the bee (nototribic deposition, black arrows), while the bee vibrates the central stamens of the 

flower (intermediate and smallest stamens), collecting these pollen grains, which are deposited onto the ventral portion (sternotribic deposition). Note in the left image 

(D) that the stigma reaches the same region of the pollinator’s body in which the pollen from the largest stamens is deposited. (F and G) Floral diagram displaying the 

two stamen whorls, the antesepalous stamens opposite to the sepals and alternate to the petals (marked in green), and the antepetalous ones opposite to the petals 

and in alternate position to the antesepalous stamens (marked in yellow). Scale bars: C = 0.94 cm, D = 0.68 cm, E = 0.81 cm, G = 0.88 cm.
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Our sampling effort included individuals and flowers of 
C. fistula from different localities in Brazil. Floral buds, opened 
flowers, anthers and pollen grains were collected and fixed 
from individuals cultivated at the Universidade Federal do 
Rio de Janeiro (Rio de Janeiro – RJ, Brazil) and Porangaba – SP, 
Brazil. To measure the size of each floral organ, we sampled 10 
fresh flowers and immediately dissected their parts. Flowers 
for reflectance analyses were sampled from individuals at the 
Universidade Estadual de Campinas (Campinas – SP, Brazil). 
Observations of the visitation pattern and behaviour of bee 
species on flowers were evaluated in C.  fistula individuals at 
the Universidade Federal do Rio de Janeiro (Rio de Janeiro – RJ, 
Brazil), and public areas of Santo André – SP, São Bernardo do 
Campo – SP and São Caetano do Sul – SP (Brazil). Similarly, the 
experimental tests of androecium function removing different 
stamen morphs were performed on the same individuals 
distributed on the public areas of Santo André (SP), São Bernardo 
do Campo (SP) and São Caetano do Sul (SP). Voucher specimens 
of C. fistula were deposited in the SPFR and RFA herbaria under 
the following numbers: J.  V. Paulino et  al. 13 (SPRF) and J.  V. 
Paulino & G. S. Saab 15 and 16 (RFA), Nogueira A. 308 (HUFABC).

Scanning electron microscopy analysis of the 
androecium at different development stages

Floral buds at different stages were collected and fixed in FAA 
70 (formalin:acetic acid:alcohol; Johansen 1940), gradually 
dehydrated in an ethanol series and stored in 70 % ethanol. Then, 
the floral buds at several developmental stages were dissected to 
investigate the ontogeny of internal floral whorls, especially the 
androecium whorls, using a Leica MZ 75 stereomicroscope and a 
Leica S APO stereomicroscope. Finally, the samples were dried in 
a Bal-Tec CPD 030 critical point dryer (Bal-Tec AG, Liechtenstein). 
For scanning electron microscopy (SEM) analysis, the samples 
were mounted on aluminium stubs, placed on carbon tape 
and then coated with gold in an Emitech K550X sputter coater 
(Ashford, UK). Observations and illustrations were performed 
using Shimadzu SS-550 (FFCLRP/USP) and JEOL JSM-6490LV 
(CPBF-RJ) scanning electron microscopes at 15, 20 or 30 kV.

Visitation pattern and behaviour of bee species 
on flowers

To describe the visitation pattern and behaviour of bee species, 
we systematically assigned 10 plants of C.  fistula from RJ and 
SP and performed focal observations at 1-h intervals per 
inflorescence to track floral visits. The number of visits, the kind 
of bees and the floral parts touched by the bees were recorded 
between 07:00 and 17:00 h on different days during the flowering 
season, totalling 60 h of observations. We recorded the number 
of opened flowers per focal inflorescence and the stamen 
morph actively touched first by each bee visitor during pollen 
collection. We only performed the taxonomic identification of 
the two genera of largest bees able to touch the flower’s stigma 
due to their larger body sizes, considered potential pollinators. 
Other bee species were only recorded in our data set during our 
sampling. The terminology used for the buzz pollination studies 
and to describe the interaction between bees and flowers follows 
Vallejo-Marín (2019).

Test of the visual attractiveness of different stamen 
morphs to bee visitors

The visual attractiveness of stamen morphs was initially 
explored by applying the bee vision model on the reflectance 
measurements of each floral organ. In this case, we evaluate 

whether the flower’s central stamens were considered the 
target of the bees’ visits according to the bees’ visual model. 
We measured the reflectance pattern for anthers and filaments 
of the largest and intermediate stamen morphs, not including 
the anthers and filaments of the smallest stamen morph due to 
their reduced size. The base and apex of the petal and the carpel 
were also measured for comparison. We measured 15 freshly 
opened flowers, each from a different C.  fistula individual, 
using a USB4000 reflectance spectrophotometer (OceanOptics, 
Inc., Dunedin, FL, USA). Barium sulphate and a black chamber 
were used as white and black standards, respectively (Lunau 
et al. 2011). We took all reflectance measurements at a 45° angle 
using a 200–1100 nm UV/SR-VIS reflectance probe. We obtained 
colour variables in the bees’ subjective vision using the hexagon 
colour vision model (Chittka 1992). The spectral sensitivities 
of the bumblebee Bombus terrestris were used as bee model 
(Skorupski et  al. 2007) since large bees are the most effective 
pollinators of plant species in the Cassinae tribe (Almeida et al. 
2015). Standard daylight (D65) and green leaf (AV400) functions 
available in the pavo R-package were used in model calculations 
(Maia et al. 2013). Green leaf was used as background for petals, 
while upper petal reflectance was considered the background 
of stamens and carpels (see Fig. 1A and B). Each reflectance 
(filament, anther, upper and lower part of the petal and carpel) 
was modelled as a colour loci in the bee hexagon colour space 
following Chittka (1992). To this, we first calculated hyperbolic 
transformed quantum catches with von Kries correction using 
the vismodel function in pavo (Maia et  al. 2013). Then, colour 
loci were plotted in the hexagon using the colspace function in 
pavo (Maia et al. 2013). The chromatic contrast with the relevant 
background (i.e. green leaves as background for petals, and petal 
colour for stamens and carpels) was calculated since it is a 
measurement related to the conspicuousness of the object and 
is essential for bee attraction at a close distance (Chittka 1992; 
Renoult et  al. 2017; van der Kooi et  al. 2019). It was calculated 
as the distance between each colour loci with the achromatic 
centre (Chittka 1992). We also calculated green contrasts as the 
specific contrast produced in the green photoreceptor minus 
a constant of 0.5 (Spaethe et al. 2001). The green contrast is an 
important parameter mediating long-distance attraction for 
bees (Giurfa et al. 1996). Then, to test if the colour contrasts differ 
among the floral parts (anther and filament of the largest and 
intermediate stamen morphs, the upper part of the petal, the 
lower part of the petal and carpel), the green contrast and the 
chromatic contrast with the relevant background were used as 
response variables in separate linear models. A Tukey post hoc 
contrast test was applied to investigate pairwise differences 
between the floral parts for each model (chromatic contrast and 
green contrast).

The visual attractiveness of stamen morphs was also exploited 
experimentally with the exclusion of different sets of stamens. 
Cassia fistula has large flowers with around 3  cm of diameter, 
and their stigma and anthers of the largest stamens are 2–3 cm 
far from the flower centre (Fig. 1A–C). According to the division of 
labour hypothesis applied to large-flowered species as C.  fistula, 
we predicted that bees would be attracted to the central stamens 
(smallest and intermediate stamen morphs) hypothesized as 
‘feeding stamens’. In contrast, we predicted these bees rarely 
exploited pollen grains directly from the largest stamen morphs 
hypothesized as ‘pollinating stamens’. This pattern would be 
expected, especially for large bee species, given the body of bee 
morphological fit to touch the stigma while vibrating the central 
anthers. Therefore, we carried out a manipulative experiment in 
eight individuals of C. fistula distributed in Santo André (SP), São 
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Bernardo do Campo and São Caetano (SP) during the flowering 
period between December and February of 2017 and 2018. In these 
plants, we marked 59 inflorescences comprised of 414 flowers. 
Each inflorescence was covered with an organza bag to isolate 
pre-anthetic buds from any visitor before data collection. All 
inflorescences were divided between six treatments, and flowers 
of the same inflorescence received a unique treatment. We applied 
the following treatments to all flowers by inflorescence: 1—control 
flowers (without removal of any stamens); 2—removal of largest 
stamens; 3—removal of intermediate stamens; 4—removal of 
smallest stamens; 5—removal of intermediate and smallest 
stamens; 6—removal of all stamens of the flowers. The experiment 
was conducted on alternate days, choosing only sunny days. All 
treatments were applied in each sampling day to avoid any abiotic 
factor affecting a single treatment. After manipulating the stamens 
in each flower per inflorescence, we recorded all bee visits over 
time (census per hour), performing focal observations on flowers 
directly, without videotaping. We also recorded the behaviour of 
bee species on the flowers, including the contact between the bee 
and the stigma, the contact sites and the number of floral buzzes 
if they occurred. Thus, to test the treatment effect of stamen 
exclusion on the bee visitation pattern, we used generalized linear 
mixed models (GLMMs). We fitted two models with two different 
response variables: one with the total number of bee visits and 
the other only with the number of large bee visits (Bombus and 
Xylocopa visits) as response variables. Very few bees of the Bombus 
and Xylocopa genera remain in the urban environment, with 
Xylocopa frontalis and Bombus morio standing out almost exclusively 
in the largest cities of São Paulo (e.g. Agostini and Sazima 2003). 
In the absence of full species confirmation, we emphasized that 
these two bee species are traditionally seen visiting C.  fistula 
flowers in the study area and were probably the only large bee 
species to visit the flowers during the experiment. Both response 
variables were treated as count data with a much higher variance 
than the average, and we used a negative binomial distribution 
in both models to avoid overdispersion (Hilbe 2011). Although 
the response variables are count data, they are still bee visit rates 
as they describe the number of visits over an hour per flower. In 
both models, the independent variable was the flower treatment 
varying the androecium structure (categorical factor with six 
levels). We also included inflorescences nested within each plant 
as a random variable in our models.

Functionality and ultrastructure of pollen grains 
from different stamen morphs

As a preliminary indication of the cytoplasmic content of pollen 
grains, we carried out a staining test with the 1 % acetic carmine 
dye (Medina and Conagin 1964) applied on pollen grains from 
distinct stamen morphs. Pollen grains from all stamen morphs 
observed under a light microscope (Nova 606; Nova Optical 
Systems) stained red and were considered pollen grains with 
intact cytoplasmic content (Dafni and Firmage 2000). After this 
preliminary assessment, we performed an in vitro pollen tube 
growth test on pollen grains. We extracted pollen grains for at 
least five anthers from each stamen morph. We placed them 
in a culture medium containing distilled water, 12.5 % sucrose, 
0.01 % boric acid, 1 mM CaCl2, 1 mM Ca(NO3)2, 1 mM MgSO4 and 
0.5 % agar for at least 3 h in the dark at 25 °C (modified from 
Shivanna 2003). Subsequently, each sample of pollen grains was 
analysed under a light microscope. The image capture of pollen 
grains was obtained through a CMOS digital camera model BP 
5.0, coupled to the Bioptika Microscope model B50. Germinated 
pollen grains with pollen tube length at least twice the pollen 

grain diameter were considered viable (Dafni and Firmage 2000). 
In each image, we counted the total number of pollen grains and 
those viable to assess the proportion of viable pollen grains. We 
modelled the proportion of viable pollen grains across stamen 
morphs using a GLMM with a binomial error distribution (see 
Crawley 2007 for details). Stamen morph was included in the 
modelling as a categorical fixed factor and flower identity as a 
random variable.

We also characterized the shape of pollen grains and 
hydration status at the presentation stage from different stamen 
morphs. For that, fresh pollen grains from at least five anthers 
of each stamen morph were sampled and immediately divided 
into two conditions: (i) immersion oil and (ii) water (Dafni et al. 
2005; Pacini et  al. 2006). If partially dehydrated (H2O less than 
30 %), the shape of pollen grains would be originally ovoidal in 
the immersion oil and becoming spherical in the water (Pacini 
and Hesse 2004). On the other hand, if partially hydrated (H2O 
more than 30 %), the shape of pollen grains would be originally 
spherical in the immersion oil and water (Pacini and Hesse 
2004). The samples of pollen grains from each stamen morph 
were mounted between slide and coverslip for observation in 
a Bioptika model B50 microscope coupled with a CMOS digital 
camera model BP 5.0 for image capture.

The ultrastructure of pollen grains from different stamen 
morphs was used to investigate the exine traits and pollen grains’ 
reserve content. For the SEM and transmission electron microscopy 
(TEM), we selected five anthers of each stamen morph from 
different pre-anthetic floral buds to perform the ultrastructure 
analysis of pollen grains. For SEM analysis, we applied the same 
procedures described in section (Scanning electron microscopy 
analysis of the androecium at different development stages). For 
TEM analysis, anthers were fixed in 5 % glutaraldehyde at 0.1 M, 
washed in Sörensen phosphate buffer (pH ¼ 7.2) and post-fixed 
under vacuum for ~1 h. Then, anthers were stored at 4 °C. Anthers 
were washed a second time in 0.1 M Sörensen phosphate buffer 
and fixed overnight in 1 % aqueous osmium tetroxide in phosphate 
buffer. We rewashed the anthers in phosphate buffer, gradually 
dehydrated them in acetone solution and embedded in Araldite 
6005. Subsequently, the anthers were sectioned using a Leica 
Reichert ultramicrotome. Semi-thin sections (~1  µm) obtained 
using glass slides were stained with 0.05 % toluidine blue (O’Brien 
et al. 1964). After observing the materials and choosing the most 
representative ones, ultra-thin sections (~60 nm) were obtained 
using diamond blades and stained with 2  % uranyl acetate 
solution for 15  min (Watson 1958) and lead citrate for 15  min 
(Reynolds 1963). Observations and illustrations from different 
pollen grains for each stamen morph were made using a Hitachi 
H-7650 Transmission Electron Microscope (CENABIO–UFRJ) to 
characterize their reserve content. Images of the entire section 
of each pollen grain analysed were captured. The occurrence 
and proportion of amyloplasts and oleoplasts were used to 
describe the reserve content of the pollen grains from different 
stamen morphs, similar to floral nectary structure in some plant 
species (e.g. Guimarães et al. 2016). We quantified the percentage 
of amyloplasts in the entire ultra-fine section of each pollen 
grain. The occurrence of amyloplasts and oleoplasts (presence 
or absence) was modelled using a GLMM with a binomial error 
distribution. The stamen morph was included as a categorical 
fixed factor. The percentage of amyloplasts was modelled using a 
general linear model with a Gaussian error distribution, in which 
the stamen morph was included as a categorical fixed factor.

The ultrastructure of pollen grains was described following 
Halbritter et al. (2018). The term ‘pre-anthesis’ or ‘pre-anthetic’ 
is used here for floral buds that are in the stage immediately 
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before flower opening (anthesis) and the term ‘post-anthesis’ for 
more advanced flowers, at a time when the bees have stopped 
visiting them.

Statistical software and tools

All statistical analyses were performed in R 4.1 (Team R core 
2009)  with standard and additional packages, as follows: 
glmmADMB (Bolker et  al. 2012), lme4 (Bates et  al. 2016), nlme 
(Pinheiro et  al. 2016), MASS (Ripley et  al. 2015) and glmmTMB 
(Brooks et al. 2017). Pirateplots were generated using the package 
‘yarrr’ version 0.1.5 (Phillips 2017).

Results

Floral ontogeny and morphology with an emphasis 
on the formation of the trimorphic androecium

On the floral meristem, the androecium initiates in the 
antesepalous and antepetalous whorls (Fig. 2). The antesepalous 
stamens arise in a unidirectional order, starting with the median 
abaxial stamen, followed by the two lateral and finally, the 
adaxial ones (Fig. 2A–D). The antepetalous primordia of stamens 
are the last organs to appear on the floral meristem after 
carpel initiation, configuring the mixed acropetal floral organ 
formation (Fig. 2B). The filaments of the antesepalous stamens 
elongate before filaments of the antepetalous ones (Fig. 2C–E), 
concomitantly with the anther differentiation of all stamens. 
On the other hand, in the antepetalous whorl, the elongation 
of the filaments occurs when the anthers of the antesepalous 
stamens are in an advanced differentiation, especially the three 
abaxial ones (Fig. 2E and F). The filaments of the three abaxial 
antesepalous stamens extend longer than those of the two 
adaxial ones and form the largest set of stamens. In comparison, 
the two adaxial antesepalous stamens remain smaller and 
closer to the central region of the flower. In the antepetalous 
whorl, four stamens (two abaxial and two lateral) form the set 
of intermediate-sized stamens that surround the gynoecium 
base. The fifth adaxial antepetalous stamen remains small at 
the end of the floral development. Therefore, the three adaxial 
stamens of mixed origin include two lateral antesepalous and 
one median adaxial antepetalous and form the set of smallest 
stamens due to their reduced elongation (Fig. 1F and G).

At anthesis, flowers have the androecium with three stamen 
morphs characterized mainly by differences in position, size 
and shape of the filaments. Also, there are differences in the 
shape and size of the anthers (Fig. 1C and G; Table 1). Their 
features can easily distinguish the three morphs of stamens: 
(i) the largest stamen morph, consisting of three abaxial stamens, 
which accompanies the carpel in position, with greenish-yellow, 
long and sigmoidal filaments; (ii) the intermediate stamen morph, 
formed by four stamens that occupies a central position in the 
flower, around the base of the carpel, with slightly yellowish-
green and sigmoidal filaments; and (iii) the smallest stamen 
morph, formed by three stamens that occupies the adaxial 
position, spatially close to the intermediate stamens, with 
greenish-yellow curved shape filaments. According to their 
origin, the anthers differ in shape, size, dehiscence and filament 
insertion (Table 1). Although all anthers have a longitudinal 
dehiscence line, all of them are functionally poricidal. The four 
anthers of the central intermediate stamen morph (Fig. 3B and 
F) and the middle stamen anther of the smallest stamen morph 
(antepetalous stamens) have basal poricidal dehiscence (Fig. 3D 
and H). Also, the anthers of the largest (Fig. 3A and E) and two 

lateral smallest stamen morphs (Fig. 3C and G) (antesepalous 
stamens) have small openings in the apical and basal portions 
of the dehiscence line and are considered functionally poricidal. 
Only the anthers of the intermediate morph have an apical 
appendage (Fig. 3B and F). Pollen grains release occurs when 
some bee species vibrate the stamens, characterizing the buzz 
pollination (see video available at figshare: doi.org/10.6084/
m9.figshare.11786817.v1).

The observational pattern of bee visitation in 
intact flowers

In general, all bee species visiting C. fistula flowers land on the 
intermediate and smallest stamens (central stamens) in 49  % 
of their visits but much more rarely touch the stigma during 
floral attendance. In contrast, large bees of the genera Bombus 
and Xylocopa responsible for 19.8 % of the total visits observed 
in C. fistula flowers (Fig. 1D and E) always touch the stigma when 
visiting flowers, acting as pollinators. In 100  % of visits, large 
bees land on the intermediate and smallest stamens and turn 
their back to the stigma and the largest stamens. The large bees 
bite the filaments of the central stamens and stop flying, just 
above the central anthers. While the large bees are trapped by 
the jaw in the filaments, their weight pulls the flower down. 
Almost concomitantly with this movement, the bee initiates 
vibrational behaviour. The contact of the stigma during landing 
on flowers can occur with the pollen of other flowers already 
deposited on the back of these large bees from previous visits 
(Fig. 1D and E). After landing on central stamens, the anthers 
of the largest stamens are positioned between the wings and 
the back of the abdomen of large bees. The large bees contract 
their thoracic muscles, performing the vibration, which results 
in the release of pollen grains from the central poricidal anthers 
close to their thorax (ventral region—sternotribic deposition). 
Simultaneously, these vibrations are transferred from different 
parts of the body of the bee to the specific parts of the flower. In 
particular, the closed of the wings and back abdomen of bees 
repeatedly touch the anthers of the largest stamens during 
vibrations, releasing the pollen grains from these anthers to 
the abdomen during floral attendance (nototribic deposition) 
(Fig. 1D and E). The pollen released from the largest stamens is 
deposited on the same region of the bee’s body reached by the 
stigma.

The attractiveness of anthers indicates intermediate 
stamen morph as bee target in both observational 
and experimental evaluation

In the observational evaluation, we explored the reflectance 
pattern and colour vision model applied to floral organs. 
The distal part of the petals reflects more in ultraviolet (UV) 
wavelengths than the base of the petals, the latter being located 
close to the achromatic centre in the bee hexagon model (see 
Supporting Information—Fig. S1A and B; Fig. 4C). The anthers 
of the largest and intermediate stamen morphs measured from 
C. fistula flowers generally reflect yellow wavelengths and absorb 
UV wavelengths. However, the anthers of the intermediate 
stamen morph reflect more in the yellow wavelength range 
than the anthers of the largest stamen morph [see Supporting 
Information—Fig. S1C and D]. Consequently, the anthers 
of the intermediate stamen morph show higher chromatic 
contrasts than the anthers of the largest stamen morph 
(F4,  70  =  33.96, P  <  0.001). The post hoc contrasts revealed that 
colour conspicuousness (chromatic contrasts with the relevant 
background) was 0.07 to 0.11 higher for the intermediate 

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
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Figure 2.  Androecium development in Cassia fistula (SEM). (A and B) Inception of the antesepalous stamen primordia, concomitant carpel initiation. (C) Inception of the 

antepetalous stamen primordia and the beginning of the antesepalous stamen elongation. (D) Stamen elongation and antesepalous anther differentiation. (E and F) 

Floral buds in a later stage, showing the elongation and differentiation of the two stamen whorls in the trimorphic androecium. Symbols: AP = antepetalous stamen; 

AS = antesepalous stamen; C = carpel; P = petal. Scale bars: A–D = 100 µm, E = 200 µm, F = 1 mm.
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stamens (0.27  ± 0.04), than for all other parts of the flower  
(Fig. 4A; see Supporting Information—Table S1). The basal  
(0.21  ± 0.03) part of the petals showed the second-highest 
contrast with the relevant background, being different 
from all other parts of the flower except for the distal part 
(0.19 ± 0.02) of the petals. In the distal part of the petals, the 
largest stamens (0.17 ± 0.02) and carpel (0.17 ± 0.02) showed 
similar contrast with the relevant background values [see 
Supporting Information—Fig. S1E and F]. The green contrast 
also differed between floral parts (F4, 70 = 467.57, P < 0.001). All 
floral parts differed between them in green contrast (Fig. 4B; 
see Supporting Information—Table S2). The basal part of the 
petals showed the highest green contrast (0.26 ± 0.02), followed 
by the distal part of the petals (0.24 ± 0.02). The androecium 
and carpel showed the lowest green contrast values. In order, 
carpels showed intermediate green contrast values (0.09 ± 0.01), 
followed by the largest stamens (0.04 ± 0.02) and intermediate 
stamens (−0.03 ± 0.04).

In the experimental evaluation, we excluded the different 
stamen morphs to test their effects on the rate of bee visits 
on each flower. In general, the bee visitation pattern differed 
among treatments applied to C.  fistula flowers, with control 
unmanipulated flowers having on average two visits per flower 
per hour (Fig. 5A). The removal of the largest stamen morph 
(z  =  −0.84, P  =  0.40) or the smallest stamen morph (z  =  −0.45, 
P = 0.65) did not decrease the number of bee visits when compared 
with intact flowers (control) (Fig. 5A). In contrast, removing the 
intermediate stamen morph decreased more than half of bee 
visits per hour (z = −3.33, P < 0.001; Fig. 5A). The visitation pattern 
of large bees of Bombus and Xylocopa similarly differed among 
treatments (Fig. 5B). For these large bees, control flowers have, 
on average, one visit per flower per hour, and the exclusion of 

intermediate stamen morph decreased the number of large bee 
visits compared with control flowers (z = −2.47, P = 0.013; Fig. 5B). 
In the extreme case of excluding anthers of both intermediate 
and the smallest stamen morphs, or the complete exclusion of 
anthers, flowers did not receive any visit of large bees.

Comparison of nutritional and functional features 
of pollen grains produced in anthers of distinct 
stamen morphs

The anthers of the intermediate stamen morph have the 
highest production of pollen grains, while the smallest morph 
has 60 % fewer pollen grains per anther (Table 1). This pattern 
remains when comparing the number of pollen grains produced 
per stamen morph, i.e. the intermediate morph has the highest 
number of pollen grains, and the smallest morph has 70 % fewer 
pollen grains per flower (Table 1).

Pollen grains from all stamen morphs exposed to the 
immersion oil and water maintained the same spherical form 
in all stamen morphs. They were characterized as tricolporate 
pollen grains, with spheroidal form, presenting pollenkitt as 
the pollen coat, and been partially hydrated at the presentation. 
In the preliminary stained test, the three stamen morphs have 
pollen grains with cytoplasmic content. However, only pollen 
grains from the largest stamen morph are viable, exhibiting 
pollen tube emission and growth in the in vitro germination 
test (Fig. 6I–L). On average, anthers of the largest stamens have 
48 % viable pollen versus a complete absence of viable pollen in 
anthers of the intermediate and smallest stamen morphs [see 
Supporting Information—Fig. S2].

In SEM analysis, the largest axis of pollen grains from the 
largest and intermediate stamen morphs is quite similar, 
around 35  μm. In comparison, the pollen from the smallest 

Table 1.  Qualitative and quantitative comparison of androecium and pollen traits between the three distinct stamen morphs in flowers of 
Cassia fistula. Note that in the graphical representation of the flower (floral diagram), the sepals and the antesepalous stamens are represented 
in green, and the petals and the antepetalous stamens are represented in yellow.

Largest stamen 
morphs  

Intermediate  
stamen morphs  Smallest stamen morphs  

Stamen traits

  Origin Antesepalous whorl Antepetalous whorl Mixed (two antesepalous + one antepetalous)

  Anther form Oblong to elliptical Obovate Obovate (median), oblong to elliptical (laterals)

  Anther dehiscence Functionally poricidal Poricidal Poricidal (median), functionally poricidal (laterals)

  Filament insertion Basifixed Dorsifixed Dorsifixed (median), basifixed (laterals)

  Stamen length 4.4 cm 1.3 cm 0.7 cm (median) and 1.0 cm (laterals)

  Filament length 4.0 cm 1.0 cm 0.4 cm (median) and 0.8 cm (laterals)

  Anther length 0.4 cm 0.5 cm 0.3 cm (median) and 0.2 cm (laterals)

Pollen traits

  Number of pollen grains per anther 48 386.7 ± 12 308.3 52 628.6 ± 14 247.8 20 695.2 ± 6612.6

  Number of pollen grains per morph 145 160.10 210 514.4 62 085.6

  Equatorial axis length 31 μm ± 2.18 34 μm ± 1.42 24 μm ± 1.53

  Polar axis length 30 μm ± 1.32 31 μm ± 1.73 22 μm ± 1.70

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
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stamen morphs is ~30 % smaller (~25 μm; Fig. 6A–D) (see also the 
Supporting Information—Figs S3 and S4). Exine ornamentation 
of pollen grains differed among stamen morphs following the 
whorl origin. Pollen grains from anthers of the antesepalous 
whorl have perforated ornamentation (Fig. 6A and C), whereas 
pollen grains from anthers of the antepetalous whorl have 
rugulate ornamentation (Fig. 6B and D).

Similarly, pollen grains from distinct whorls show remarkable 
ultrastructural differences in TEM analysis. The pollen 
grains of the three largest and two smallest lateral stamens 

(antesepalous stamens) have vegetative cells containing both 
amyloplasts and oleoplasts as reserve content (Fig. 6E and G). 
In contrast, pollen grains of the four intermediate stamens 
and one median smallest stamen (antepetalous stamens) have 
vegetative cells containing a massive amount of amyloplasts 
(Fig. 6F and H) (see also the Supporting Information—Fig. 
S5). It is worth mentioning that in the pollen grains of the 
intermediate stamens, the amyloplasts stand out for filling 
~50 % of the entire cytoplasmic content of the ultra-fine pollen 
section, forming large starch grains (Fig. 6F). On average, 

Figure 3.  Dehiscence patterns of different types of anthers in flowers of Cassia fistula. (A) Anther of the largest stamens before anthesis. Note the longitudinal 

dehiscence line. (B) Anther of the intermediate stamens in pre-anthesis. (C) Anther of the lateral smallest stamens in pre-anthesis. Note the longitudinal dehiscence 

line. (D) Anther of the median smallest stamens in pre-anthesis. (E) Anther of the largest stamens at anthesis. Note the basal and apical opening, configuring the 

functionally poricidal dehiscence. (F) Poricidal dehiscence of the anther of the intermediate stamens at anthesis. (G) Anther of the lateral smallest stamens in anthesis. 

Note the basal and apical opening, configuring the functionally poricidal dehiscence. (H) Poricidal dehiscence of the anther of the median smallest stamens in anthesis. 

Scale bars: A and B, E and F = 1 mm, C and D, G and H = 0.5 mm.

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
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http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
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anthers of these intermediate stamens have pollen grains 
with amyloplast reserve five times greater than pollen grains 
of the largest stamens [see Supporting Information—Fig. S6]. 
The vegetative cells of pollen grains of the smallest stamen 
morph have the smallest amount of reserve content, showing 
the highest number of organelles and membrane systems (Fig. 
6G and H). Finally, pollenkitt was observed in the tectum, and 
intercolumellar spaces of pollen grains of all stamen morphs, 
especially in pollen grains from the largest and intermediate 
stamen morphs (Fig. 6E–H).

Discussion
Our results have shown that the development of the trimorphic 
androecium in flowers of the C.  fistula is a consistent strategy 
leading to the division of labour among stamens, circumventing 
the pollen dilemma. The differences in size and position of the 
floral organs, especially the filaments between the three distinct 
morphs of stamens and the behaviour of large bee species on the 
flowers, are the first points that provide evidence of the division 
of labour among stamens. Large bees of Bombus and Xylocopa 

Figure 4.  (A) Chromatic contrast against the relevant background of each floral part of Cassia fistula, estimated as distance between colour loci and achromatic centre 

(representing a leaf background) in the colour hexagon (following Chittka 1992). The chromatic contrast against the background is relevant at close distances, when a 

bee approaches and lands on a flower (Giurfa et al. 1996). (B) Green contrast of each floral part of C. fistula, estimated as the specific contrast produced in the bee green 

photoreceptor, minus a constant of 0.5 (following Spaethe et al. 2001). The green contrast is relevant at long distances, when bees are using only the visual information 

produced by the green photoreceptor (Giurfa et  al. 1996). Distinct red letters indicate significant differences after Tukey post hoc tests (P  <  0.05). (C) Bee hexagon 

visual model depicting the excitation (E) of ultraviolet (UV), green (G) and blue (B) photoreceptors. The black square represents the model’s achromatic centre, which 

corresponds to the background loci in the hexagon model. The blue points represent the modelled reflectance of the petals’ apex; orange points the petals’ base; red 

points the anthers of the largest stamen morph; grey the carpel; and purple indicates the anthers of the intermediate stamen morph. (D) Floral scheme representing 

how the floral reflectance directs the bee from the UV-reflecting apex of the petals to the UV-absorbing base of the petals (intrafloral UV pattern). These patterns 

direct the bee to the flower centre where the conspicuous intermediate stamens (feeding stamens, represented in yellow) are located, while the inconspicuous largest 

stamens (pollinating stamens, represented in grey) are ‘hide’ from the bee’s attention. Symbols: BP = basal part of the petal; C = carpel; DP = distal part of the petal; 

IS = intermediate stamen morph; lds = long-distance signal; LS = long stamen morph; sds = short-distance signal.

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab054#supplementary-data
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species have exclusively exploited the pollen grains of the central 
anthers in flowers of C. fistula, concomitantly touching the stigma 
during floral attendance. Larger bees are commonly the effective 
pollinators of large pollen flowers (e.g. Solís-Montero and Vallejo-
Marín 2017), such as C.  fistula, and large nectar flowers (e.g. 
Quinalha et al. 2017). The attractiveness of anthers based on our 
observational and experimental evaluations also indicates the 

intermediate stamen morph in the central region of the flower 
is the target of bee visitors and pollen feeding, corroborating our 
hypothesis that the central stamens compose a set of feeding 
stamens. Together, the combination of different evidence 
sources corroborates the division of labour hypothesis with the 
largest and intermediate stamen morphs serving pollination and 
feeding functions, respectively. Intriguingly, the smallest stamen 
morph has a less clear function in this flower. The smallest 
stamens of C.  fistula flowers have small anthers with a lower 
number of pollen grains of a smaller size. This pattern indicates 
an incomplete development of these structures compared to the 
other stamen morphs. It probably represents a plant economy in 
pollen production as resources for pollinators among the central 
anthers. The pattern of pollen ultrastructure and functionality 
between stamen morphs also corroborated this interpretation. 
The largest and intermediate stamen morphs have pollen grains 
with abundant reserve content with amyloplasts and oleoplasts, 
and only amyloplasts, respectively. The tiny pollen grains from 
the smallest stamen morphs have little reserve content, i.e. 
with lower nutritional value, as if their development had been 
interrupted or delayed. Also, only pollen grains from the largest 
stamens can germinate and fertilize the ovules, highlighting 
their pollinating function, in contrast with the feeding function 
of the pollen grains from the intermediate stamen morph or 
pollen grains from the smallest stamen morph.

The functioning of C.  fistula flowers is a more pronounced 
case of division of labour among stamens if compared to those 
observed in other species with trimorphic androecium in the 
subtribe Cassinae. For example, Senna reniformis showed fertile 
pollen grains produced by the anthers of all stamen morphs. 
Still, pollen grains from anthers of the largest and medium 
stamens had greater viability than those of the smallest ones 
(Mesquita-Neto et  al. 2017). These results have important 
ecological implications for our understanding of pollen flowers’ 
evolution and buzz pollination, which are discussed below.

Floral development, morphology and bee behaviour 
on a trimorphic androecium

In Leguminosae, the androecium is formed by two whorls, 
one with five antesepalous stamens and the other with five 
antepetalous stamens (Tucker 2003). The floral ontogeny of 
C.  fistula showed a mixed developmental pathway in the 
formation of the trimorphic androecium. The largest and 
intermediate stamen morphs are composed of only one whorl 
each, antesepalous and antepetalous, respectively. The smallest 
stamen morph has a mixed origin formed by both antesepalous 
and antepetalous stamens. It is noteworthy that C.  fistula 
deviates from the most common pattern of development 
found in other legume species with androecium heteromorphy. 
In such cases, the stamen heteromorphy is associated 
with the development of the two initial whorls separately,  
with the antesepalous whorl generating one stamen morph 
and the antepetalous whorl generating a second stamen morph 
(Paulino et al. 2016; De Barros et al. 2017). As a consequence of 
the mixed developmental pathway, androecium heteromorphy 
has previously been reported only in Cytisus scoparius with 
dimorphic androecium (Paulino et al. 2016) and now in C. fistula 
with trimorphic androecium.

At anthesis, the distance among anthers of the three stamen 
morphs is generated by the differential elongation of the 
filaments. This distance allows the bee species, especially the 
large bees, to be positioned between the largest stamen morph 
and the central stamen morphs of the flower. The morphological 

Figure 5.  Bee visitation pattern on flowers of Cassia fistula under distinct anther 

removal treatments. (A) The average number of bee visits on flowers, including 

large and small bee species. (B) The average number of large bee visits on 

flowers, including only Bombus and Xylocopa species acting as pollinators during 

floral attendance. The asterisks highlight the treatments that had on average 

fewer bee visits when compared to the control flowers (*P  =  0.013; **P  <  0.01; 

***P < 0.001). In general, the removal of the largest or smallest stamen morphs 

did not decrease the attractiveness of flowers when compared to intact flowers 

(control). In contrast, the removal of the intermediate stamen morph (feeding 

stamens) decreased the number of bee visits per hour (A), including the number 

of visits of large bee species (B). In each treatment, the black centre line indicates 

the mean, and the grey box encompasses the 95  % confidence interval. The 

unfilled jittered points represent the raw data, and the bean around the points is 

the smoothed density curve showing the full data distribution. Pirateplots were 

generated using the package ‘yarrr’ version 0.1.5 (Phillips 2017).
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Figure 6.  Characteristics of pollen grains from distinct stamen morphs in Cassia fistula. (A–D) Exine ornamentation patterns of pollen grains. (A and C) Pollen grains 

from largest and laterals stamens, respectively (antesepalous stamens), showing the perforate ornamentation. (B and D) Pollen grains from intermediate and median 

smallest stamens, respectively (antepetalous stamens), showing regulate ornamentation. (E–H) Cytoplasmic content of pollen grains. (E) Pollen grain from the largest 

stamens showing amyloplasts and oleoplasts. (F) Pollen grain from the intermediate stamens showing amyloplasts. (G) Pollen grain from the lateral smallest stamens 

showing few amyloplasts and oleoplasts and many organelles. (H) Pollen grain from the median smallest stamens, showing amyloplasts and several organelles. Black 

arrow outline = amyloplasts; white arrow = oleoplasts, black arrow = pollenkitt. (I–L) Pollen tube emission and growth under in vitro conditions. (I) Pollen grains of the 

largest stamen morph germinated and emitted pollen tubes under in vitro conditions. (J) Pollen grains of the intermediate stamen morph. (K) Pollen grains of the lateral 

smallest stamens. (L) Pollen grains of the median smallest stamens. Scale bars: A–D = 10 µm, Detailed images = 1 µm, E–H = 5 µm, I–K = 23 µm, L = 98 µm.
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fit between the body of large bees and the anthers determines 
both the amount of pollen collected by the bee and the amount 
deposited on its body of then. The largest stamens with long 
filaments follow the curvature of the style so that the opening 
of the stigma and the anther touch the same region of the body 
of the floral visitor, as already observed in other species with 
heteromorphic stamens (Luo et al. 2009; Paulino et al. 2013, 2016; 
Mesquita-Neto et  al. 2017). The pollen grains of these anthers 
are deposited on the dorsal region of the abdomen in large 
bees (nototribic deposition), considered a ‘safe site’, i.e. a place 
on the body from which the bees are not able to remove the 
pollen (Koch et al. 2017). Minnaar et al. (2019) suggest that the 
non-diffuse pollen placement on pollinator bodies can reduce 
the risk of pollen being groomed, avoiding its use to feed the 
bee’s larvae. The smallest and intermediate stamens have small 
filaments. Their anthers occupy a central position in the flower, 
easily accessible to the floral vibration behaviour of bees that 
collect these pollen grains (sternotribic deposition).

Target colour pattern and differential attractiveness 
of stamen morphs

Among some types of yellow flowers, the presence of yellow 
carotenoids in the distal part of the petals is associated with 
UV reflectance, while the lower UV reflectance at the base of 
the petals is due to the presence of flavonoids that absorb UV 
(Thompson et al. 1972; Harborne and Smith 1978). These areas in 
the UV-absorbing petals, known as ‘nectar guides’, are invisible 
to humans but are visible to pollinating insects, functioning 
as a visual guide for them to the floral resources of the flower 
(Thompson et  al. 1972). Several bee-pollinated yellow flowers 
have such an intrafloral UV pattern, also known as ‘bulls-eye’, 
enhancing bee attraction (Papiorek et  al. 2016). In the pollen 
flowers of C. fistula (sensu Vogel 1978), such a UV pattern may 
act as a ‘pollen guide’, directing the pollinator to the central 
anthers. The greater reflectance of anthers in the intermediate 
stamen morph resulted in higher chromatic contrast than those 
of the largest ones or carpel. This higher reflectance indicates 
that intermediate stamens are visually more attractive to bees, 
contrasting with several plant species on which only the petals 
are visually more attractive (Teixeira et  al. 2014). Importantly, 
we found that the largest stamens showed the lowest 
conspicuousness, which may ‘hide’ these anthers from the bee’s 
attention. This pattern is similar to the mechanism proposed 
to explain how flowers can avoid less effective bee visitors by 
displaying less attractive colours (Lunau et  al. 2011; Bergamo 
et al. 2019; de Camargo et al. 2019; Chen et al. 2020).

The intense reflectance of the anthers from the central 
intermediate stamen morph, together with the intrafloral 
UV pattern produced by petals, reveals a kind of ‘target’ 
on these flowers (see Fig. 4D). It is already known that the 
intrafloral UV gradient within a flower directs the bees to the 
centre of the flowers (Rohde et  al. 2013; Papiorek et  al. 2016). 
The intermediate stamens’ central position with their high 
chromatic contrasts may drive bee attention since the contrast 
with the background is an important parameter determining 
bee attraction (Bergamo et al. 2016; Telles et al. 2017). Therefore, 
the whole floral colour pattern can perform the function of 
directing the bee to the anthers of the intermediate stamens 
(feeding stamens), responsible for supplying the pollinator’s 
feeding demand. The intrafloral UV gradient can explain the 
pollinator’s learned preference for the intermediate stamen 
morph in the experimental tests. Interestingly, we found this 
outer-to-inner pattern of contrast only when evaluating the 

chromatic contrast, indicating that only at close distances 
when a bee approaches the flower, the colour pattern directs 
the bees towards the central anthers (see van der Kooi et al. 2019 
for a fruitful discussion about the context on which chromatic 
contrast is relevant). On the other hand, only the green contrast 
of petals was high, which indicates that petals should present 
a strong contrast to attract bees at long distances (Giurfa et al. 
1996). Apart from intrafloral visual patterns, anther or pollen 
scent differences between stamen morphs may also direct 
bee foraging (Russell et  al. 2017; Solís-Montero et  al. 2018), 
contributing to the division of labour.

Our experiment of excluding different sets of stamens 
revealed a division of labour with only the intermediate stamen 
morph responsible for the floral attractiveness in C.  fistula 
flowers. The exclusion of the intermediate stamen morph 
(feeding stamens) strongly decreased the number of bee visits on 
flowers, especially the large bee species behaving like pollinators. 
The visitation pattern of bees indicates that somehow most bees 
did not recognize flowers without the intermediate stamens 
as sources of pollen grains available for collection, in contrast 
with the findings in Solanun houstonii Dunal, in which the bees 
can flexibly increase pollen collection from pollinating anthers 
if pollen grains from short anthers (feeding anthers) make 
unavailable to the pollinator (Papaj et  al. 2017). Floral traits, 
including anther size, are essential for bee attraction (Lunau 
et  al. 2017) and probably played a crucial role in determining 
the bee visitation pattern in our experiments. This pattern 
corroborates the hypothesis of a division of labour between the 
largest and intermediate stamen morphs as pollination and 
feeding functions, respectively. However, the smallest stamen 
morph produces fewer and smaller pollen grains in C.  fistula 
flowers. The reduced size of anthers in the smallest stamens 
may represent savings in pollen grain investment for attracting 
pollinators. This reduction would be an extreme case of division 
of labour after the functional segregation of pollinating and 
feeding anthers when the central stamens of the flower would be 
secondarily optimized for a less costly feeding function. Events 
of heterochrony would modify the developmental pattern of 
part of these stamens giving rise to the third stamen morph, the 
smallest in size, such as observed in flowers of C. fistula (present 
study) and S. reniformis (Mesquita-Neto et al. 2017). This pattern 
is quite different than observed in other legume species with 
two distinct stamen morphs (dimorphic androecium), such as 
Swartzia dipetala (Paulino et  al. 2013), C.  scoparius, Lupinus ‘The 
Governor’ (Paulino et  al. 2016) and species of Senna (Luo et  al. 
2009), or species with a less clear distinction between stamen 
morphs as some Chamaecrista species (Nogueira et al. 2018).

Functional and nutritional variation of pollen grains 
in a trimorphic androecium

Pollen viability tests showed that only pollen grains from 
the largest stamen morph germinate and form pollen tubes. 
Therefore, pollen grains from the intermediate and smallest 
stamen morphs are not functional for fertilization and could 
minimize production cost, decreasing the relative investments 
of these pollen grains related to feeding bee larvae (Vallejo-Marín 
et  al. 2009, 2010). The division of labour in heterostemonous 
flowers could lead to the evolution of sterile pollen grains in 
the feeding anthers as an ultimate evolutionary step, such as 
previously reported in Lupinus (Paulino et  al. 2016). In Senna 
reniformis, the viability of feeding pollen is reduced and could 
represent an intermediate stage in the evolution of sterile pollen 
(Mesquita-Neto et al. 2017).
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Pollen grains of C.  fistula were classified into two groups 
according to their vegetative cells cytoplasmic content in the 
ultrastructural analysis: starchy and starchless (Baker and Baker 
1979). The variation of pollen grain nutritional quality is vital 
to the bee diet and could drive their preferences during floral 
attendance (Ruedenauer et al. 2020). Our data demonstrated that 
the pollen grains of the largest stamen morph and two lateral 
smallest stamens (originated from the antesepalous whorl) 
do not store high amount of starch and are not related to the 
stamens target by bees. Starchless pollen grains contain little or 
no starch, with large lipid and other carbohydrates due to the 
total or partial starch hydrolysis during the final phase of pollen 
maturation (Franchi et  al. 1996; Pacini 2000; Pacini and Hesse 
2004; Pacini et al. 2006). On the other hand, pollen grains of the 
intermediate stamens and smallest median one (originated 
from the antepetalous whorl) store starch and are called starchy 
pollen grains, with most starch not hydrolysed before pollen 
presentation (Franchi et al. 1996; Pacini 2000; Pacini and Hesse 
2004; Pacini et al. 2006). So, the two types of pollen grain reserve 
are related to ontogenetic origin of the whorls.

Pollen represents a complex chemical mixture, and bee 
pollinators can differentiate nutritional quality between pollen 
types using non-volatile nutritional cues (e.g. Ruedenauer et  al. 
2015, 2020). Baker and Baker (1979) stated that flowers with pollen 
grains as the only reward offered to insects have lipid-rich small 
size pollen grains, suggesting bee preference to the lipid-rich pollen 
instead of starchy pollen. This expectation was not consistent 
with our results, given that the anthers of the intermediate 
stamens were more attractive to bees and had relatively large 
and abundant starchy pollen grains available for bees. This 
contradiction highlights the lack of experiments to evaluate the 
pollen-feeding animals’ preference for starchy or starchless pollen 
(Roulston and Cane 2000). Many bee species collect starchy pollen 
grains and digest the starch as a reserve (Roulston and Cane 2000). 
Besides, other legume species with heteromorphic androecium 
have predominantly starchy pollen-feeding (Paulino et  al. 2016). 
It is tricky to evaluate whether the nutritional quality of the two 
types of pollen grains in C. fistula (starchy and starchless), defining 
the bees’ preference for the feeding anthers of the intermediate 
stamen morph. Other nutrients, such as proteins and fatty acids, 
can affect the bumblebee’s nutritional choice (Roulston and Cane 
2000; Ruedenauer et al. 2020). Thus, further studies on nutritional 
pollen content in C.  fistula and bee behaviour experiments are 
required to solve this matter.

From the plant perspective, differences in pollen grain 
cytophysiological features from different anthers can be 
related to their longevity during dispersion (Pacini 2000). The 
absence of water regulation (harmomegathy; Pacini 1990) as a 
mechanism for long-term viability in partially hydrated pollen 
grains (Pacini et  al. 2006) reinforces the importance of other 
mechanisms maintaining pollen grain viability. Starchless 
and lipid pollen grains found in the anthers of the largest 
stamen morph (pollination stamens) are generally associated 
with more longevity than starchy pollen grains found in the 
intermediate (feeding stamens) in C.  fistula flowers (Baker 
and Baker 1979). This pattern is due to the high cytoplasmic 
hydrolysed carbohydrate content as sucrose, fructose and 
glucose, enabling the maintenance of pollen grain viability 
(Pacini 2006). In particular, sucrose makes starchless grains 
more tolerant to desiccation in the final stages of pollen grains 
(Pacini 2006). Therefore, pollen grains from pollinating anthers 
probably maintain viability for a longer time than pollen grains 
produced by feeding anthers, favouring the success of the 
fertilization process.

Conclusions
In this research, we investigated a sophisticated case of division 
of labour in flowers with a trimorphic androecium, as opposed 
to other plant examples with a dimorphic androecium (e.g. Luo 
et  al. 2009; Paulino et  al. 2016). The structural and functional 
differences within the androecium with three different stamens 
associated with bee behaviour support the division of labour 
hypothesis in C.  fistula and represent a pollen grain economy 
for feeding functions due to differentiation of central anthers 
in two different morphs. Taken together, our results allow us 
to state that the largest abaxial stamens are the pollinating 
stamens and the intermediate stamens, to some extent with the 
smallest stamens, are the feeding stamens in flowers of C. fistula, 
corroborating the hypothesis initially proposed by Müller (1881). 
Importantly, we uncovered some unnoticed floral features that 
mediate such a division of labour: colour and ultrastructural 
differences, with prominent differences in inconspicuousness 
and cytoplasmic reserve and viability of the pollen grains 
between stamens. In our plant model, we found that the showy 
intermediate stamens and the smallest stamens produce pollen 
to supply the feeding demands of pollinators. In contrast, the 
inconspicuous largest stamens have starchless pollen grains for 
pollination. Our study highlights the importance of combining 
different sources of evidence to test the division of labour 
hypothesis of the androecium, including pollinator observation, 
floral manipulation and detailed characterization of stamens 
and pollen grains to reveal the functional mechanisms by which 
flowers circumvent the ‘pollen dilemma’.
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