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Abstract 28 

The Melastomataceae family, the largest radiation of pollen flowers, has been reported to 29 
offer floral oils exclusively in the Olisbeoideae subfamily. However, species from other 30 
clades such as Macairea radula (Marcetieae, Melastomatoideae) exhibit staminal glands 31 

that secrete oil-like viscous substances whose chemical composition and function are still 32 
unknown. We used anatomical sections and histochemical tests to characterize these 33 
staminal glands and their exudate. We also used GC-MS to characterize the chemical 34 
composition of the oil from the flowers and the scopae of visiting oil bees (Centris aenea). 35 
The staminal glands consist of glandular emergences with a multiseriate stalk and a 36 

conspicuous multicellular secretory head. Histochemical tests revealed the presence of 37 
lipids and phenolic compounds inside the glandular head cells. Although histologically 38 
different from trichomes, these glands are morphologically similar to trichomatic 39 
elaiophores. GC-MS confirmed the non-volatile lipidic nature of the staminal gland 40 
secretion, which consists of a mix of medium to long chain alkanes and nutritious fatty 41 

acids. Therefore, M. radula staminal glands produce oils similar in composition to the 42 
oils produced as bee reward by other angiosperm flowers. Some of these compounds were 43 

also found in the oils extracted from visiting bee scopae, suggesting that the oils produced 44 
by the staminal glands can be collected by bees. In addition, or alternatively, these oils 45 
could promote better adhesion of pollen to the bee's body. Oil production by staminal 46 
glands of M. radula may attract oil-collecting bees more consistently, ultimately 47 

contributing to the plants’ reproductive success. 48 
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1. Introduction 52 

Floral resources modulate plant-pollinator interactions (Fowler et al., 2016) and 53 
the diversity of these resources reflects the variety of interactions involving flowers and 54 
animals (Ollerton et al., 2011). Usually, plants offer pollen and nectar as a floral resource 55 

to their pollinators. Pollen and nectar are most frequently available together, although 56 
different combinations of floral resources can also be found in nature (Simpson and Neff, 57 
1981). Plants within 14 unrelated angiosperm families are known to offer floral oils as 58 
the main or ancillary resource actively used by their pollinators (Buchmann, 1987; Alves-59 
dos-Santos et al., 2007; Renner and Schaefer, 2010; Neff and Simpson, 2017; Possobom 60 

and Machado, 2017). In such oil-flowers, the lipidic components can be secreted in 61 
different parts of the flower by secretory epidermal cells (epithelial elaiophores) or 62 
glandular trichomes (trichomatous elaiophores). The secreted floral oils consist of highly 63 
energetic compounds, mainly non-volatile fatty acids and/or mono- or diglycerides 64 
(Vogel, 1974; Simpson and Neff, 1981; Buchmann, 1987).  65 

The main pollinators of oil-flowers, oil-collecting bees, bear morphological and 66 
behavioural adaptations such as specialized bristles, and rubbing or scraping behaviour, 67 

respectively (Buchmann, 1987; Alves-Dos-Santos et al., 2007; Renner and Schaefer, 68 
2010; Possobom and Machado, 2017). When visiting oil-flowers, they actively collect 69 

floral oils and use them together with pollen as food for their larvae or for insulating brood 70 
cells (Vogel, 1974; Simpson and Neff, 1981; Buchmann, 1987; Possobom and Machado, 71 

2017). Floral oils also have an adhesive function that helps pollen grains stick to the 72 
pollinator’s body and prevents them from being easily lost or wiped off for pollinator 73 
consumption (Vogel, 1981; Gates, 1982; Moyano et al., 2003). Therefore, from the bees’ 74 

perspective, floral oils supply nutritional and nest materials and, from the plant’s 75 
perspective, an additional oil supply may reduce the costs of excessive pollen loss during 76 

removal and transport or even due to direct consumption by bees (Westerkamp, 1996; 77 
Harder and Routley, 2006; Lunau, 2015).  78 

An additional offer of floral oils may be especially important in plants producing 79 
mainly pollen as a reward for bee visitors, such as the vast majority of Melastomataceae 80 

species (Renner 1989). To our knowledge, this plant family encompasses few but well-81 
known representatives of oil-flowers restricted to the subfamily Olisbeoideae (Buchmann 82 
and Buchmann, 1981; Buchmann, 1987; Renner, 1989). Plants within Olisbeoideae 83 

produce oil in specialized glands located on the dorsal surface of the anther connectives 84 
and this trait is one of the synapomorphies of the clade, the first to diverge within 85 

Melastomataceae (Clausing and Renner, 2001; Stone, 2006). However, staminal 86 
glandular trichomes are reported for different lineages within the family, especially in the 87 
morphological description of taxonomical studies (Renner, 1989; Guimarães et al., 1999; 88 

Fracasso and Sazima, 2004; Martins 2009). To the best of our knowledge, the 89 
composition of the secretion from glandular trichomes can be quite different among 90 

different species of melastomes and nothing is known about the composition of the 91 

secretion from the staminal glands of this family outside the subfamily Olisbeoideae 92 

(Eyde and Teeri, 1967).  93 

Most melastome flowers have poricidal anthers which require interactions with  94 
bees able to apply mechanical vibrations on their stamens to effectively remove pollen, a 95 
process that characterizes the buzz pollination syndrome observed in these plants 96 
(Buchmann, 1983; Renner, 1989). Interestingly, some buzz-pollinating bees can also 97 
actively collect floral oils when visiting oil-flowers. This is the case for  all bee species 98 
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in the Centridini tribe, and some bee species within the Meliponini tribe (Alves-Dos-99 

Santos et al., 2007; Cardinal et al., 2018). Macairea radula (Bonpl.) DC. have staminal 100 
glands located in the filament (Silva and Romero, 2008; Bacci et al., 2016) whose 101 
secretion and functions have not yet been clarified. Moreover, this species is mainly 102 

visited by Centris aenea, an oil-collecting bee also able to perform buzz pollination. The 103 
objectives of the present study were to (I) describe the anatomical structure of such 104 
staminal glands of Macairea radula, and II) to identify the main compounds secreted by 105 
these staminal glands and those found in the scopae of their main floral visitor, Centris 106 
aenea.  107 

 108 

2. Materials and Methods  109 
2.1. Study sites and species 110 

Data collection was performed between August 2017 and November 2018 in 111 

Fazenda Águas de Santo Antônio (20°25' S 46°40' W; 844 m a.s.l; Delfinópolis 112 
municipality), an area comprising fragments of swamps of the Cerrado (Brazilian 113 
savanna) with a large population of M. radula. The climate is Cwa type with a mean 114 

temperature of 21 °C and about 1,709 mm of annual precipitation (IBGE 2004). A 115 
voucher specimen of M. radula from this area was deposited in the Herbarium 116 

Uberlandense collection (HUFU00037777). 117 

Macairea radula (Fig. 1A-B) is a shrub species whose flowers are organized in 118 

thyrsoid inflorescences and exhibit eight alternately dimorphic stamens with falciform 119 
poricidal anthers in two whorls (Silvia and Romero, 2008; Bacci et al., 2016). Although 120 
pollen is the main floral resource collected by pollinators (Oliveira et al., 2020, 2021 in 121 

review.), glandular structures previously described as trichomes are found on the ventral 122 
surface of the stamen filaments, as well as on the lower portion of the style and ovary 123 

apex (Fig. 1A) (Silva and Romero, 2008; Bacci et al., 2016). The presence of lipids in the 124 

secretion of such staminal glandular structures (hereafter called staminal glands) had 125 

already been indicated by previous histochemical tests (LCO, unpublished data). 126 
However, its exact chemical composition and biological function are still unknown. 127 

Centris aenea bees are commonly seen visiting M. radula flowers (Oliveira 128 
personal observation). Such bees are characterized as effective pollinators since they grab 129 
and vibrate all floral sex organs and the stigma contacts their bodies during floral visits 130 

(Fig. 1B, Oliveira et al., 2020, 2021 in review). Centris aenea are oil-collecting bees like 131 
all other Centris species (Machado, 2004). This oil-collecting bee species usually cleans 132 

its body in the ventral region of the abdomen after a few visits, transferring masses of 133 
pollen and, apparently, oil, to their scopae (personal observation). Since the vibration 134 
behaviour of bees may be involved in the exudation of oil by the friction and rupture of 135 

staminal glands in M. radula, we chose C. aenea for the analysis of the oil extract from 136 
the scopae. 137 

2.2. Structural characterization of the staminal glands and histolocalization of 138 
their content 139 

We carried out the structural characterization of the staminal glands by anatomy 140 
and surface examination and analysed the nature of the secretion by histochemical tests. 141 
We collected stamens from previously bagged floral buds and from open visited flowers 142 
of eight individuals in the studied area. The samples were fixed in Buffered Neutral 143 
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Formalin for approximately 72 hours, washed in distilled water, dehydrated in an ethanol 144 

series, and stored in 70% ethanol (Lillie, 1965). 145 

Filaments were dehydrated in an ethanol series and embedded in Leica plastic 146 
resin (Gerrits, 1991). We obtained longitudinal anatomical sections approximately 5 μm 147 

thick with a rotary microtome and adhered them to glass slides. Part of the slides were 148 
stained with 0.05% toluidine blue in acetate buffer, pH 4.4, (O’Brien and Feder, 1968) 149 
for about five minutes and prepared with distilled water at the time of observation. In the 150 
remaining slides, we characterized the nature of the secretion present in the glands using 151 
the following tests: Sudan Black B and Sudan Red IV to verify the presence of total lipids 152 

(Pearse, 1980); Nadi Reagent to detect terpenoids (David and Carde, 1964); Periodic Acid 153 
Schiff's (PAS) to detect polysaccharides (O'Brien and Feder, 1968), Ferric trichloride to 154 
detect phenolic compounds (Johansen, 1940), Ponceau Xylidine to detect proteins (Vidal, 155 
1970), and Lugol to detect starch (Jensen, 1962). We also performed the tests with Sudan 156 
Black B, Sudan Red IV and Nadi Reagent on fresh material for better visualization of the 157 

exudate. Observations and photographs were obtained with an Olympus BX51 158 
photomicroscope equipped with an Olympus DP70 digital camera. 159 

For surface examination by scanning electron microscopy (SEM), we dehydrated 160 
previously fixed stamens in an ethanol series and an ethanol: acetone series (1: 0. 1: 1, 0: 161 

1), submitted them to the critical point in a Leica CPD 300 equipment, mounted them on 162 
aluminium supports with double-sided carbon adhesive tape, and then metallized them 163 

with 75 nm (nanometers) palladium gold for 90 seconds in a Leica EM SCD 050 164 
metallizer. Next, we examined the samples with a Zeiss EVO / MA10 scanning electron 165 
microscope. 166 

2.3. Chemical characterization 167 

We collected stamen filaments of non-visited flowers from eight individuals as 168 

well as the scopae of three C. aenea bees captured while flying after they visited M. radula 169 
flowers from the same population. Flowers used for the chemical characterization were 170 

previously bagged with nylon mesh bags at the bud stage. We stored filaments and scopae 171 
in separate glass jars containing dichloromethane solvent (2 ml) for 5 minutes to extract 172 

their oil content. Subsequently, we filtered these samples using filter paper and reduced 173 
the content under a compressed air flow. The remaining aliquots were stored in a freezer 174 
(-20º C) until analysis. In the laboratory, we used a gas chromatography instrument 175 

coupled to a mass spectrometer (GC-MS QP2010 Shimadzu) according to 176 
methodological standards (adapted from Nunes et al., 2017). 177 

We injected 1 µl of the extract directly into the gas chromatography apparatus 178 
with the injection chamber at 250 °C in splitless mode. The separation of the compounds 179 
was performed in a 30 m × 0.25 mm DB-5MS capillary column (J & W Agilent) , film 180 

thickness 0.25 µm, with He (79.7 kPa) as the transport gas at a flow rate of 1.3 ml min-1. 181 

Initially, the GC column temperature was 60 °C, linearly increasing by 3 °C per minute 182 
to 240 °C for 60 minutes. We analysed the chromatographic data using the GC-MS 183 
Solution software (Shimadzu) and we identified the floral oils by comparing the ion mass 184 

spectrum and the Kovats retention index with data from the NIST platforms 185 
(https://webbook.nist.gov/chemistry/) and PubChem 186 
(https://pubchem.ncbi.nlm.nih.gov/). The relative amount (%) of chemical compounds in 187 
the sample was obtained by normalizing the areas of total ion spikes (Total Ion Count) in 188 
the chromatogram. 189 
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2.4. Statistical analysis of the chemical profiles  190 

Looking for evidence that the C. aenea oil-collecting bees visiting M. radula 191 
flowers were collecting oils from the staminal glands, we compared the chemical 192 
composition of staminal gland extracts with the composition of the oil extracted from the 193 

scopae of the bees. As the dataset of the relative amounts (%) of the identified chemical 194 
compounds for plants and bees contains mostly zeros (i.e., chemicals completely absent 195 
in certain samples, but present in others), we first performed Hellinger transformation. 196 
This transformation relativises the amount of each compound by the row totals and 197 
subsequently calculates  the square root of each element in the matrix (Legendre and 198 

Gallagher, 2001; Legendre and Legendre, 1998). To graphically represent the 199 
dissimilarities between the chemical profiles of  the staminal glands and bee scopae 200 
extracts, we performed a hierarchical clustering analysis (mcquitty method using 201 
Euclidean distances) using the PVCLUST package in R (Suzuki et al., 2006). We 202 
calculated the Percentage Similarity Index (PS), which varies from 0 for completely 203 

different to 1 for identical chemical profiles, to estimate the relative amount of chemicals 204 
shared by staminal glands and bee scopae. To calculate the PS, we created another dataset 205 

of the mean relative amount (%) of the identified chemical compounds with two rows 206 
(one for staminal gland samples and the other for bee scopae samples) and the compound 207 
names as columns.  Again, we performed Hellinger transformation (Legendre and 208 
Gallagher, 2001; Legendre and Legendre, 1998) and calculated the Bray-Curtis distance 209 

index (or percentage difference, PD) between extracts using the vegdist function (bray 210 
method) from the VEGAN statistical package (version, 2.5-7, Oksanen et al., 2020). 211 
Finally, we calculated the PS using the formula PS = 1 – PD (Legendre and Legendre, 212 

1998). All statistical analyses were performed using the environment R statistical 213 
software, version 4.0.2 (R Development Core Team, 2020). 214 

3. Results 215 
3.1. Structural characterization of staminal glands and histolocalization of their 216 

content 217 

The staminal glands of M. radula are widely present and distributed in the ventral 218 

portion of the filaments (Fig. 1A and 2A-D). The filament has a uniseriate epidermis 219 
covered with a thin cuticle layer, followed by parenchymatous tissue consisting of a few 220 
layers of cells surrounding a central vascular bundle (Fig. 3A). The filament 221 

parenchymatous tissue is continuous and seems to protrude towards the gland's peduncle, 222 
indicating the presence of fundamental tissue in such structure (Fig. 3A-B). These glands 223 

are structurally characterized as glandular emergences consisting of a multiseriate 224 
peduncle and a conspicuous and globular multicellular secretory head, covered with a thin 225 
cuticle (Fig. 2C-D and 3A-C). In visited flowers, we could see the ruptured cuticle in the 226 

distal region of the gland (Fig. 2D). We histochemically detected the presence of total 227 
lipids (Fig. 4A-C) and phenolic compounds (Fig. 4D) in the gland secretion, which 228 

accumulates in a subcuticular space (Fig. 4B-C). In addition, we observed lugol-stained 229 

starch granules in the parenchymatic tissue of the filament underlying the glands (Fig. 230 

4D)  231 

3.2. Chemical characterization 232 

Extracts from both the staminal glands and the bee scopae showed a lipidic 233 
composition mainly indicating the presence of fatty acids and their derivatives (fatty 234 
alcohols, fatty aldehydes, alkanes and alkenes, alcohols, terpenoids, esters, and ketones; 235 
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Table 1 and Supplementary Material). Three out of the eight plant samples collected did 236 

not show identifiable amounts of any organic compounds in the gland tissue extracts. We 237 
identified 167 compounds by chromatographic analysis, 72 from the filament extracts and 238 
95 from bee scopae extracts (Table 1 and Supplementary Material - Table 1). Among the 239 

compounds identified in the filament extracts, octadecane showed the greater relative 240 
abundance (10.35%), followed by nonadecane (9.27%), methyl 2-hydroxyhexadecanoate 241 
(a hexadecanoic acid derivative) (8.31%), octadecanoic acid (stearic acid – 7.28%), 242 
heptadecane, and icosane (6.91%). On the other hand, the compounds with greatest 243 
relative abundances in bee scopae extracts were two unidentified substances eluted within 244 

47.06 min (13.09%) and 57.65 min (5.13%) (Table 1), respectively. Compounds such as 245 
2-methyloctadecane, methyl 2-hydroxyhexadecanoate, 2-methylnonadecane, 2,6,10,14-246 
tetramethylheptadecane octadecane, heptadecane, hexadecane, 8-heptylpentadecane, 2-247 
methylicosane, 2,6,10,15-tetramethylheptadecane and a non-identified substance eluted 248 
within 33.34, 47.41 and 51.86 min were found in different percentages in both extracts 249 

(Table 1).  250 

The chemical profiles of the oils collected in three out of five flower filaments 251 

were more similar to two profiles collected in the bee scopae, while the other two flower 252 
filament samples did not share any of their oil components  with bees or with other 253 
filament samples (Supplementary Material – Fig.1A). The PS was only 0.1. In other 254 
words, considering the mean relative abundance of each chemical compound, extracts 255 

from bee scopae and staminal glands share 6.2 % of their chemical composition 256 
(Supplementary Material – Fig.1B). 257 

4. Discussion 258 

Our results showed a morphological similarity between the staminal glands of M. 259 
radula and the trichomatic elaiophores characterized for oil-flowers (Vogel, 1974; 260 

Simpson and Neff, 1981; Buchmann, 1987; Machado et al., 2002). However, these 261 

staminal glands correspond to glandular emergences, differing from trichomes by the 262 

presence of fundamental tissue. Although the floral oils of these staminal glands are not 263 
actively collected by visitors, they are likely to be incidentally carried by Centris aenea, 264 

the most effective pollinator of this plant. Some oil components from the flower staminal 265 
glands are identical to the ones retrieved from the bee scopae. Thus, some of the floral 266 
oils of M. radula may be inadvertently collected by C. aenea bees during the vibrations 267 

performed on flowers given their highly frequent visits to the flowers and regular contact 268 
with the staminal gland surface (Oliveira personal observation). Since the pollen of M. 269 

radula flowers is actively collected by C. aenea bees using floral vibrations, we 270 
hypothesize that the oil from staminal glands would help with pollen adhesion to different 271 
parts of the bee body, reducing pollen wastage and consequently optimizing the plant 272 

male sexual function. 273 

Within Olisbeoideae, records of oil production are associated with epithelial 274 

elaiophores, which are also common in other oil-flowered families such as 275 
Malpighiaceae, Krameriaceae, and some Orchidaceae (Vogel, 1974; Buchmann and 276 

Buchamann, 1981; Simpson and Neff, 1981; Buchmann, 1987). M. radula staminal 277 
glands are morphologically similar to the trichomatic elaiophores, but histologically 278 
differ from these trichomes by the presence of fundamental tissue. The occurrence of a 279 
large amount of starch granules found in filament parenchyma cells near the staminal 280 
glands may be related to their energy and maintenance demands. As these polysaccharides 281 
are commonly associated with energy storage in several plant organs, these starch 282 
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granules may act as carbon and energy sources, supplying the lipid secretion process 283 

(Zeeman et al., 2010).  284 

The studied species is characterized by oil secretion in stamen filament areas 285 
densely covered by the glands, which are also common in species of Iridaceae, 286 

Cucurbitaceae, Plantaginaceae and Solanaceae (Vogel, 1974; Simpson and Neff, 1981; 287 
Buchmann, 1987). These floral oils may enhance pollen attachment to the bee’s body, 288 
reducing the costs of pollen loss during its removal and/or transport (Westerkamp, 1996; 289 
Lunau et al., 2015). They may also improve the efficiency of pollen transfer similarly to 290 
the sticky secretion from the androecium glands of a Malpighiaceae species (Possobom 291 

et al., 2010). In fact, the better adhesion of pollen grains by oil secretion has been 292 
considered to be one of the roles of the floral oils produced in Mouriri species 293 
(Melastomataceae-Olisbeoideae) (Buchmann, 1987; Oliveira, 2016) and in staminal 294 
glands of Cucurbitaceae, Lamiaceae and Malpighiaceae (Vogel, 1981; Gates, 1982; 295 
Moyano et al., 2003). Moreover, the presence of phenolic compounds in the exudate may 296 

confer antioxidant and antimicrobial properties (Vinson et al., 1996, 2006). The presence 297 
of floral oils in, addition to the pollen commonly offered by M. radula, besides the 298 

heteranthery and the presence of dimorphic stamens in this species (one set of feeding 299 
and one set of pollinating stamens), can play an important role by reducing  pollen 300 
wastage in this species. It could also represent an adaptation within the largest radiation 301 
of pollen flowers, i.e., the one of melastome flowers. 302 

Centris bees have been recurrently reported in the literature to bear adaptations 303 
and stereotyped behaviours for oil collection, such as scraping their specialized fore and 304 
mid legs on the elaiophores of oil-flowers; however, in M. radula they did not exhibit any 305 

of these behaviours (Machado, 2004; Oliveira et al., 2020, 2021 in review). These bees 306 
actively extract pollen grains by vibrations applied to stamens and possibly incidentally 307 

impregnating their bodies with oils.  Generally, the secretion produced by glandular 308 
structures is spontaneously released through micropores in the cuticle or due to active 309 

rupture of the cuticle by abiotic and biotic stressors (Ascensão et al.,1999). Differently 310 
from unvisited flowers of M. radula, visited flowers show ruptures on the cuticle of the 311 

gland’s head. It is likely that the vibration behaviour promotes the rupture of the cuticle 312 
and the leakage of lipid secretion, which would be allocated to the bee’s body. Floral oils 313 
disassociated from bee active collection could represent a precursor stage in the evolution 314 

of exclusive pollination by oil-collecting bees. It may also allow some plants to take 315 
advantage of the presence of pollen-seeking oil bees in a diverse plant-bee community. 316 

Our results show that fatty acids and alkanes were the most common compounds 317 
in the extracts of stamen filaments and bee scopae. Fatty acids vary in saturation and in 318 
the length of their chains (12-20 carbons) while the alkanes range from medium to long 319 

chains (16-23 carbon). Fatty acids such as octadecanoic (stearic acid) and hexadecanoic 320 
(in the form of hexadecanoic acid, 2-hydroxy-, methyl ester) acids, and tetradecanoic 321 

methyl ester (myristic acid), eicosanoic and oleic acids, and the long chain alkanes 322 

nonadecane, heptadecane and heneicosane have been found in other oil-flowers (Vogel, 323 

1974; Buchmann, 1987; Vinson et al., 1997; Possobom and Machado, 2017). For 324 
example, octadecanoic, hexadecanoic and tetradecanoic acids found in the extracts of M. 325 
radula staminal glands are also found in Malpighiaceae and Mouriri (Olisbeiodeae, 326 
Melastomataceae). In addition, eicosanic acid and the same previous acids in their 327 
acetoxy forms are also found in Krameriaceae, Scrophularaceae and Primulaceae 328 
(Possobom and Machado, 2017), suggesting that the composition of the non-volatile oil 329 
secretion of M. radula staminal glands is somewhat similar to that of the secretions of 330 
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other oil-flowers. Interestingly, these oils are all accessible to bee pollinators during their 331 

visits to flowers and some of their components were found in the bee scopae analysed 332 
here. One of the bee’s scopae samples contained a high proportion of diacetin (Table 1). 333 
Diacetin is a compound representing an exclusive communication channel between oil-334 

flowers and oil bees and appears to be a strong indicator of pollination by bees that seek 335 
nutritive oils in flowers (Schäffler et al. 2015). However, what we have so far is not 336 
sufficient for us to state that these oils play a  role as resources and have  feeding and/or 337 
nest building functions.   338 

Our results show that only a minority (6.2%) of the oil compounds found in the 339 

scopae of Centris aenea are also found in M. radula staminal glands. The presence of 340 

diacetin and other diverse compounds in the bee samples and the complete absence of 341 

some major compounds in the bee scopae in the staminal gland samples support the notion 342 

that M. radula does not offer oil as a resource to its pollinating bees. Such exclusive 343 

compounds should have been detected after visits to other oil-flower species since Centris 344 

bees are generalist visitors and can collect oil from a wide variety of oil producing flowers 345 

in the local community (Machado, 2004). Therefore, the presence of oils in M. radula 346 

may not have a direct bee feeding function. The staminal oil secretions could perform an 347 

adhesive function by preventing excessive pollen loss and enhancing the safe journey of 348 

pollen to other conspecific flowers, which would improve/refine the heterantherous 349 

system of this plant and consequently its reproductive success. The presence of oil in the 350 

bee scopae mixed with pollen masses could also help the bees in packing and carrying 351 

the pollen to their nests, eventually making these flowers more attractive to bees that 352 

usually mix pollen and oils in their scopae. Further research on the oils collected by bees 353 

in M. radula, the oils produced by other flowers within the same plant-pollinator 354 

community, and the oil content in the nests of these bees will allow a better understanding 355 

of the importance and use of M. radula oils by their oil-collecting bee pollinators. 356 

Although the supply of floral oils is still poorly understood in Melastomataceae, our 357 

results extend the occurrence of oil production beyond the Olisbeoideae and  provide new 358 

facts  contributing to the e understanding of questions such as how widespread floral oil 359 

production is and which  flower structures are associated  with it in this family. 360 

 361 

Acknowledgements: All authors wish to thank André Rech and Gudryan Barônio for a 362 

previous reading and further suggestions about the first draft of this manuscript . We also 363 
thank the Laboratory of Morphology, Microscopy, and Image (LAMOVI), the 364 

Department of Plant Biology Unicamp, and the Laboratory of Scanning Electron 365 
Microscopy (LAMEV-UFU) for their infrastructure and support of the study. 366 

Funding: This study was funded by  Fundação de Apoio à Pesquisa do Estado de Minas 367 

Gerais (protocol FAPEMIG APQ - 02497-16 and RED-00253-16) and by Conselho 368 

Nacional de Desenvolvimento Científico e Tecnológico (CNPq ref. 431873/2018-6). This 369 
study was also financed in part by Coordenação de Aperfeiçoamento de Pessoal de Nível 370 
Superior - Brasil (CAPES) - Finance Code 001.  371 

Declaration of Competing Interest: The authors declare that they have no conflict of 372 
interest. 373 

 374 



10 
 

10 
 

References 375 

Agostini, K., Lopes, A.V., Machado, I.C. 2014. Recursos florais, in: Rech, A.R., 376 
Agostini, K., Oliveira, P.E., Machado, I.C. (Eds.), Biologia da polinização, Projeto 377 
Cultural, Rio de Janeiro, pp. 130-150. 378 

Alves-dos-Santos, I., Machado, I.C., Gaglianone, M.C. 2007. História natural das abelhas 379 
coletoras de óleo. Oecol. bras., 11, 544-557. 380 
https://doi.org/10.4257/oeco.2007.1104.06. 381 

Ascensão, L., Mota, L., de Castro, M. 1999. Glandular trichomes on the leaves and 382 
flowers of Plectranthus ornatus: morphology, distribution and histochemistry Ann. 383 

Bot. London, 84, 437-447. https://doi.org/10.1006/anbo.1999.0937. 384 
Barônio, G.J., Guimarães, B.M.C., Oliveira, L.C., Melo, L.R.F., Antunes, P.R., Cardoso. 385 

R.K.D.O.A., Araújo, T.N.  2018. Entre flores e visitantes: estratégias de 386 
disponibilização e coleta de recursos florais. Oecol. Aust., 22. 387 
https://doi.org/10.4257/oeco.2018.2204.04. 388 

Bacci, L.F., Versiane, A.F.A., Oliveira, A.L.F., Romero, R. 2016. Melastomataceae na 389 
RPPN do Clube Caça e Pesca Itororó, Uberlândia, MG, Brasil. Hoehnea, 43, 541-556. 390 

https://doi.org/10.1590/2236-8906-27/2016. 391 
Brito, V.L.G., Fendrich, T.G., Smidt, E.C., Varassin, I.G., Goldenberg, R. 2016. Shifts 392 
from specialised to generalised pollination systems in Miconieae (Melastomataceae) and 393 

their relation with anther morphology and seed number. Plant. Biol., 18, 585–593. 394 

https://doi.org/10.1111/plb.12432. 395 
Brito, V.L.G., Rech, A.R., Ollerton, J., Sazima, M. 2017. Nectar production, reproductive 396 

success and the evolution of generalised pollination within a specialised pollen-397 

rewarding plant family: a case study using Miconia theizans. Plant Syst. Evol., 303, 398 
709–718. https://doi.org/10.1007/s00606-017-1405-z. 399 

Buchmann, S.L., Buchmann, M.D. 1981. Anthecology of Mouriri myrtilloides 400 
(Melastomataceae: Memecyleae), an oil flower in Panama. Biotropica, 7-24. 401 
https://doi.org/10.2307/2388066. 402 

Buchmann, S.L. 1983. Buzz pollination in angiosperms, in: Jones, C.E., Litter, R.J. 403 

(Eds.), Handbook of experimental pollination biology. Van Nostrand & Reinhold, 404 
New York, pp. 73-113. 405 

Buchmann, S.L. 1987. The Ecology of Oil Flowers and their Bees. Annu. Rev. Ecol. 406 

Syst., 18, 343–369. https://doi.org/10.1146/annurev.es.18.110187.002015. 407 
Cardinal, S., Buchmann, S.L., Russell, A.L. 2018. The evolution of floral sonication, a 408 

pollen foraging behavior used by bees (Anthophila). Evolution, 72, 590-600. 409 
https://doi.org/10.1111/evo.13446. 410 

Clausing, G., Renner, S.S. 2001. Molecular phylogenetics of Melastomataceae and 411 

Memecylaceae: implications for character evolution. Am. J. Bot. 88, 486-498. 412 
https://doi.org/10.2307/2657114. 413 

David, R., Carde, J.P. 1964. Histochimie-coloration differentielle des inclusions 414 
lipidiques et terpeniques des pseudophylles du pin maritime au moyen du reactif 415 
NADI. Cr. Hebd. Acad. Sci., 258, 1338. 416 

de Oliveira e Silva, M.A., Romero, R. 2008. Melastomataceae das serras do município de 417 
Delfinópolis, Minas Gerais, Brasil. Rodriguésia, 609-647. 418 
https://doi.org/10.1590/2175-7860200859401. 419 

Dellinger, A.S., Penneys, D.S., Staedler, Y.M., Fragner, L., Weckwerth, W., 420 

Scheonenberger, J. 2014. A specialized bird pollination system with a bellows 421 
mechanism for pollen transfer and staminal food body rewards. Curr. Biol., 24, 1615–422 

1619. https://doi.org/10.1016/j.cub.2014.05.056. 423 



11 
 

11 
 

Dellinger, A.S., Chartier, M., Fernández‐ Fernández, D., Penneys, D.S., Alvear, M., 424 

Almeda, F., Michelangeli, F.A., Staedler, Y., Armbruster, W.S., Schönenberger, J. 425 
2019. Beyond buzz‐ pollination–departures from an adaptive plateau lead to new 426 
pollination syndromes. New Phytol., 221, 1136-1149. 427 

https://doi.org/10.1111/nph.15468. 428 
Dellinger, A.S., Pérez‐ Barrales, R., Michelangeli, F.A., Penneys, D.S., Fernández‐429 

Fernández, D.M., Schönenberger, J. 2021. Low bee visitation rates explain pollinator 430 
shifts to vertebrates in tropical mountains. New Phytol. 431 
https://doi.org/10.1111/nph.17390.Eyde, R.H., Teeri, J.A. 1967. Floral anatomy of 432 

Rhexia virginica (Melastomataceae). Rhodora, 69, 163-178. 433 
Fracasso, C.M., Sazima, M. 2004. Polinização de Cambessedesia hilariana (Kunth) DC. 434 
(Melastomataceae): sucesso reprodutivo versus diversidade, comportamento e frequência 435 

de visitas de abelhas. Rev. Bras. Bot., 27, 797-804. https://doi.org/10.1590/S0100-436 
84042004000400018. 437 

Fowler, R.E., Rotheray, E.L., Goulson, D. 2016. Floral abundance and resource quality 438 

influence pollinator choice. Insect. Conserv. Diver., 9, 481-494. 439 

https://doi.org/10.1111/icad.12197. 440 
Gates, B. 1982. Banisteriopsis and Diplopterys (Malpighiaceae). Fl. Neotrop. Monogr. 441 
30, 1–237. 442 

Gerrits, P.O. 1991. The application of glycol methacrylate in histotechnology: some 443 
fundamental principles. Department of Anatomy and Embryology, State University 444 

Groningen, Netherlands. 445 
Guimarães, P.J.F., Ranga, N.T., Martins, A.B. 1999. Morfologia dos tricomas em 446 

Tibouchina sect. Pleroma (D. Don) cogn. (Melastomataceae). Braz. Arch. Biol. 447 
Techn., 42. https://doi.org/10.1590/S1516-89131999000400015. 448 

Harder, L.D., Routley, M.B. 2006. Pollen and ovule fates and reproductive performance 449 

by flowering plants, in: Harder, L.D., Barrett, S.C.H. (Eds.), Ecology and Evolution of 450 
Flowers, Oxford University Press, Oxford, pp. 61–80. 451 

IBGE, 2004. Instituto Brasileiro de Geografia e Estatística. http://www.ibge.gov.br. 452 
accessed 22 October 2021). 453 

Jensen, W.A. 1962. Botanical histochemistry: principles and practice (No. QK 861. J46). 454 

Johansen, D.A. 1940. Plant microtechique. McGraw-Hill Book Company, Inc. London. 455 
Legendre, P., Legendre, L. 1998. Numerical ecology. Elsevier, Amsterdam. 456 
Legendre, P., Gallagher, E.D. 2001. Ecologically meaningful transformations for 457 

ordination of species data. Oecologia, 129, 271–280. 458 
https://doi.org/10.1007/s004420100716. 459 

Lillie, R.D. 1965. Histopathologic Technic and Practical Histochemistry. Blakiston, New 460 
York. 461 

Lunau, K., Piorek, V., Krohn, O., Pacini, E. 2015. Just spines—mechanical defense of 462 
malvaceous pollen against collection by corbiculate bees. Apidologie, 46, 144-149. 463 
https://doi.org/10.1007/s13592-014-0310-5. 464 

Machado, I.C., Vogel, S., Lopes, A.V. 2002. Pollination of Angelonia cornigera Hook. 465 

(Scrophulariaceae) by Long‐ Legged, Oil‐ Collecting Bees in NE Brazil. Plant Biol., 466 

4, 352-359. https://doi.org/10.1055/s-2002-32325. 467 
Machado, I. C. 2004. Oil-collecting bees and related plants: a review of the studies in the 468 

last twenty years and case histories of plants occurring in NE Brazil, in: Freitas, B. M., 469 
Pereira, J. O. P. (Eds.), Solitary bees - Conservation, rearing and management for 470 
pollination. Imprensa Universitária, Fortaleza, pp. 255–281. 471 



12 
 

12 
 

Martins, A.B. 2009. Melastomataceae, in: Wanderley, M.G.L., Shepherd, G.J., Melhem, 472 

T.S., Giulietti, A.M., Martins, S.E. (Eds.), Flora fanerogâmica do estado de São Paulo, 473 
Fapesp, São Paulo, pp. 1-167. 474 

Melo, G.A., Gaglianone, M.C. 2005. Females of Tapinotaspoides, a genus in the oil-475 

collecting bee tribe Tapinotaspidini, collect secretions from non-floral trichomes 476 
(Hymenoptera, Apidae). Rev. Bras. Entomol., 49, 167-168. 477 
https://doi.org/10.1590/S0085-56262005000100022. 478 

Moyano, F., Cocucci, A., Sérsic, A. 2003. Accessory pollen adhesive from glandular 479 
trichomes on the anthers of Leonurussibiricus L. (Lamiaceae). Pl. Biol. 5, 411–418. 480 

https://doi. org/10.1055/s-2003-42707. 481 
Nunes, C.E., Gerlach, G., Bandeira, K.D., Gobbo-Neto, L., Pansarin, E.R., Sazima, M. 482 

2017. Two orchids, one scent? Floral volatiles of Catasetum cernuum and Gongora 483 
bufonia suggest convergent evolution to a unique pollination niche. Flora, 232, 207-484 
216. https://doi.org/10.1016/j.flora.2016.11.016. 485 

Oliveira, R.C., Oi, C.A., do Nascimento, M.M.C., Vollet-Neto, A., Alves, D.A., Campos, 486 

M.C., Nascimento, F., Wenseleers, T. 2015. The origin and evolution of queen and 487 

fertility signals in Corbiculate bees. BMC Evol. Biol., 15, 254. 488 
https://doi.org/10.1186/s12862-015-0509-8. 489 

Ollerton, J., Winfree, R., Tarrant, S. 2011. How many flowering plants are pollinated by 490 
animals? Oikos, 120, 321-326. https://doi.org/10.1111/j.1600-0706.2010.18644.x. 491 

O'brien, T.P., Feder, N., McCully, M.E. 1964. Polychromatic staining of plant cell walls 492 
by toluidine blue O. Protoplasma, 59, 368-373. https://doi.org/10.1007/BF01248568. 493 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., 494 

Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H. 2020. Package ‘vegan’. 495 
Community Ecology Package, 285. 496 

Pearse, A.G.E. 1980. The chemistry and practice of fixation, in: Pearse, A.G.E. (Eds.), 497 
Histochemistry, Theoretical and Applied, Preparative and Optical Technology, 498 
Churchill Livingstone, Edinburgh, pp. 97-158. 499 

Possobom, C.C.F., Guimarães, E., Machado, S.R. 2015. Structure and secretion 500 

mechanisms of floral glands in Diplopterys pubipetala (Malpighiaceae), a neotropical 501 
species. Flora, 211, 26-39. https://doi.org/10.1016/j.flora.2015.01.002. 502 

Possobom, C.C.F., Machado, S.R. 2017. Elaiophores: their taxonomic distribution, 503 

morphology and functions. Acta Bot. Bras., 31, 503-524. 504 
https://doi.org/10.1590/0102-33062017abb0088. 505 

Renner, S.S. 1989. A survey of reproductive biology in Neotropical Melastomataceae and 506 
Memecylaceae. Ann. Mo. Bot. Gard., 496-518. https://doi.org/10.2307/2399497. 507 

Renner, S.S., Schaefer, H. 2010. The evolution and loss of oil-offering flowers: new 508 

insights from dated phylogenies for angiosperms and bees. Philos. T. Roy. Soc. B, 365, 509 
423-435. https://doi.org/10.1098/rstb.2009.0229. 510 

R Development Core Team. 2020. R Development Core Team, R: a language and 511 
environment for statistical computing. Vienna, Austria: R Foundation for Statistical 512 
Computing. 513 

Santos, A.P.M., Fracasso, C.M., Santos, M.L., Romero, R., Sazima, M., Oliveira, P.E. 514 
2012. Reproductive biology and species geographical distribution in the 515 
Melastomataceae: a survey based on New World taxa. Ann. Bot., 110, 667-679. 516 
https://doi.org/10.1093/aob/mcs125. 517 

Schäffler, I., Steiner, K.E., Haid, M., van Berkel, S.S., Gerlach, G., Johnson, S.D., 518 
Wessjohann, L., Dötterl, S. 2015. Diacetin, a reliable cue and private communication 519 



13 
 

13 
 

channel in a specialized pollination system. Sci. Rep., 5, 12779. https://doi.org/ 520 

10.1038/srep12779. 521 
Serna, D., Martínez, J. 2015. Phenolics and polyphenolics from Melastomataceae species. 522 

Molecules, 20, 17818-17847. https://doi.org/ 10.3390/molecules201017818. 523 

Simpson, B.B., Neff, J.L. 1981. Floral rewards: alternatives to pollen and nectar. Ann. 524 
Mo. Bot. Gard., 301-322. https://doi.org/ 10.2307/2398800. 525 

Simpson, B.B., Neff, J.L., Dieringer, G. 1990. The production of floral oils by Monttea 526 
(Scrophulariaceae) and the function of tarsal pads in Centris bees. Pant Syst. Evol., 527 
173, 209-222. https://doi.org/ 10.1007/BF00940864. 528 

Stone, R.D. 2006. Phylogeny of major lineages in Melastomataceae, subfamily 529 
Olisbeoideae: utility of nuclear glyceraldehyde 3-phosphate dehydrogenase (GapC) 530 
gene sequences. Syst. Bot., 31, 107-121. https://doi.org/ 531 
10.1600/036364406775971741. 532 

Vidal, B.C. 1970. Dichroism in collagen bundles stained with xylidine-Ponceau 2R,. Ann. 533 

Histochim., 289-296. 534 

Vinson, S.B., Frankie, G.W., Williams, H.J. 1996. Chemical ecology of bees of the genus 535 

Centris (Hymenoptera: Apidae). Fla. Entomol., 109-129. 536 
https://doi.org/10.2307/3495809. 537 

Vinson, S.B., Williams, H.J., Frankie, G.W., Shrum, G. 1997. Floral lipid chemistry of 538 
Byrsonima crassifolia (Malpigheaceae) and a use of floral lipids by Centris bees 539 

(Hymenoptera: Apidae). Biotropica, 29, 76-83. https://doi.org/10.1111/j.1744-540 
7429.1997.tb00008.x. 541 

Vinson, S.B., Frankie, G.W., Williams, H.J. 2006. Nest liquid resources of several cavity 542 

nesting bees in the genus Centris and the identification of a preservative, levulinic 543 
acid. J. Chem. Ecol., 32, 2013-2021. https://doi.org/10.1007/s10886-006-9125-9. 544 

Vogel, S. 1974. Ölblumen und ölsammelnde Bienen. Trop. Subtrop. Pflanzenwelt, 7,  1- 545 
267.  546 

Vogel, S., Machado, I.C.S. 1991. Pollination of four sympatric species of Angelonia 547 

(Scrophulariaceae) by oilcollecting bees in NE Brazil. Plant Syst. Evol., 178, 153-178. 548 

https://doi.org/10.1007/BF00937962 549 
Westerkamp, C. 1996. Pollen in bee-flower relations - Some considerations on 550 

melittophily. Bot. Acta, 109, 325–332. https://doi.org/10.1111/j.1438-551 

8677.1996.tb00580.x 552 
Willmer, P. 2011. Pollination and floral ecology. Princeton University Press 553 

Zeeman, S.C., Kossmann, J., Smith, A.M. 2010. Starch: its metabolism, evolution, and 554 
biotechnological modification in plants. Annu. Rev. Plant Biol., 61, 209-234. 555 
https://doi.org/10.1146/annurev-arplant-042809-112301. 556 

Suzuki, R., Shimodaira, H. 2006. Pvclust: an R package for assessing the uncertainty in 557 
hierarchical clustering. Bioinformatics. 22, 1540–1542. 558 

https://doi.org/10.1093/bioinformatics/btl117. 559 
  560 



14 
 

14 
 

Tables 561 

Table 1 – Commom and major compounds, considering a threshold above 5% of the 562 

relative abundance of the absolute values of each individual sample, present in extracts 563 
of Macairea radula filaments and Centris aenea bee scopae resulting from chemical 564 
analysis by gas chromatography. RA - relative abundance (%), RT- retention time, MW- 565 
molecular weight, MF- molecular formula. 566 

 567 
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Compound 

CAS 

register 

number 

RA 

RT MF MW Function Macairea 

radula 
Centris aenea 

- - 11.11 6.31 - - - 
Fatty acids and 

derivatives (%) 

- - 4.16 10.52 - - - Fatty alcohols (%) 

- - 1.38 3.16 - - - Fatty aldehydes (%) 

- - 2.77 2.1 - - - Terpenoids (%) 

- - 31.94 9.47 - - - Alkanes (%) 

- - 1.38 3.15 - - - Alkenes (%) 

- - 5.55 6.31 - - - Ester (%) 

- - 0 5.26 - - - Ketones (%) 

- - 0 1.05 - - - Epoxide (%) 

Total (n) - 72 95 - - - - 

not identified  - 0.00 ± 0.00 13.09 ± 0.29 47.06 - - - 

not identified  - 0.00 ± 0.00 5.13 ± 0.07 57.65 - - - 

Octadecane 593-45-3 10.35 ± 1.22 4.97 ±  0.10 40.82 254.5 C18H38 alkane 

Nonadecane 629-92-5 9.27 ± 1.09 0.00 44.64 268.5 C19H40 alkane 

methyl 2-

hydroxyhexadecanoate  

16742-51-

1 
8.31 ± 0.98 0.28 ± 0.08 35.59 256.42 C16H32O2 

hydroxymethylated 

fatty acids 

octadecanoic acid  

(stearic acid)  
57-11-4 7.28 ± 1.86 0.00 36.75 284.5 C18H36O2 fatty acid  

heptadecane 629-78-7 6.91 ± 0.81 1.66 ± 0.08 36.71 240.5 C17H36 alkane 

icosane (eicosane) 112-95-8 6.91 ± 0.81 0.00 48.21 282.5 C20H42 alkane 

hexadecane 544-76-3 4.28 ± 0.50 0.12 ± 0.05 32.29 226.44 C16H34 alkane 

not identified  - 2.46 ± 0.29 0.41 ± 0.12 33.64 - - - 

8-heptylpentadecane - 2.15 ± 0.25 0.24 ± 0.09 53.02 310.6 C22H46 alkane 

2-methyloctadecane 1560-88-9 0.89 ± 0.06 0.32 ± 0.07 41.96 268.5 C19H40 alkane 
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Compound 

CAS 

register 

number 

RA 

RT MF MW Function Macairea 

radula 
Centris aenea 

2-methylicosane 
52845-08-

6 
0.82 ± 0.10 0.27 ± 0.01 49.82 296.6 C21H44 alkane 

not identified  - 0.37 ± 0.04 1.56 ± 0.07 51.86 - - - 

2-methylnonadecane 1560-86-7 0.21 ± 0.02 1.04 ± 0.07 46.39 282.5 C20H42 alkane 

not identified  - 0.15 ± 0.02 0.35 ± 0.06 47.41 - - - 

2,6,10,14-

tetramethylheptadecane 

18344-37-

1 
0.14 ± 0.02 1.65 ± 0.40 42.73 296.6 C21H44 terpenoid 

2,6,10,15-

tetramethylheptadecane 

54833-48-

6 
0.10 ± 0.01 3.97 ± 0.10 24.66 296.6 C21H44 alkane  

Percentage (%) - 100 100 - - - - 
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Figure Captions 568 

Figure 1. Macairea radula flower in the studied population, Delfinópolis- MG: (A) 569 

dimorphic stamens distributed between the antepetalous (four smaller ones) and 570 

antesepalous (four major ones) whorls, all of them exhibiting staminal glands distributed 571 

in the ventral portion of the filament; (B) Centris aenea visiting M. radula flower. White 572 

bars indicate 1 cm. 573 

Figure 2. Scanning electron microscopy of the staminal glands of Macairea radula 574 

flowers. (A) and (B) show the high density of staminal glands on the ventral surface of 575 

the filament, (C) the intact surface of the secretory head of these glands at the floral bud 576 

stage and (D) the ruptured cuticle of the secretory head of the staminal glands in a visited 577 

flower. 578 

Figure 3. Anatomical sections of Macairea radula filaments stained with Toluidine 579 

showing the structure of the staminal gland. P: parenchyma, VF: vascular bundles, EP: 580 

epidermal layer, black arrows: projection of parenchymal tissue to the peduncle of the 581 

gland, and white arrows: droplets of oil. 582 

Figure 4. Histochemical tests on the staminal glands of Macairea radula flowers. Arrows 583 

indicating coloured compounds: A: Sudan Red IV staining red lipid secretions, B: lipid 584 

secretion stained with Sudan IV covering the gland surface, C: Sudan Black B staining 585 

black lipid secretions, D: Ferric Trichloride staining brown phenolic compounds in oil 586 

droplets, E: Lugol staining starch granules purple. 587 
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