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Abstract

:

Small beetles are important pollinators of Annonaceae whose flower chambers are small and have diurnal and/or nocturnal anthesis. The pollinators of these flowers belong to the families Nitidulidae, Staphylinidae, Chrysomelidae, and Curculionidae. In this study, the first conducted in the Cerrado of Chapada dos Guimarães, Mato Grosso, Brazil, the behavior of the insect flower visitors of Xylopia aromatica was observed, in both the field and the laboratory. The chambers of 253 flowers were collected from 11 plants, and the biological aspects of their visitors were analyzed quantitatively and qualitatively. The most abundant visitors were thrips and beetles. Coleoptera was represented by four morphospecies occurring frequently in the floral chambers (>70% of individuals). Among beetles, one species belonged to Nitidulidae (Cillaeinae, Conotelus sp. 1) and two belonged to Staphylinidae (Aleocharinae sp. 1 and Aleocharinae sp. 2). These three morphospecies of small elongate beetles have setae where pollen may adhere. In addition, they were present on both male and female phases of the flowers, indicating potential cross-pollination. In the study area, X. aromatica possesses mixed pollination promoted by Thysanoptera and small Nitidulidae and Staphylinidae beetles. This study brings the first record of Lamprosomatinae (Chrysomelidae) and, especially, of Conotelus (Nitidulidae) in the flower chambers of X. aromatica, with new information on behavior of floral visitors coupled with their morphological traits that may promote cross-pollination in this plant species.
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1. Introduction


Biotic interactions and their diversity are deemed keepers of biodiversity in many communities [1]. The causes of insect diversification in the Mesozoic are still under debate. Some authors explain the diversification of insect lineages as an effect of angiosperm radiation [2]. However, in recent decades, the opposite has been conjectured by Crowson [3] and Jolivet [4]. These authors suggested that the closing of carpels and the appearance of angiosperms may have occurred as an adaptation to beetle predation.



Currently, modern associations between angiosperms and Coleoptera are very diverse and of great ecological and economic importance worldwide. Beetles may be serious pests of fruit cultivars, such as the Nitidulidae subfamily Carpophilinae [5,6,7] and several Curculionidae subfamilies [8,9,10]. In Brazil, beetles of the genera Cyclocephala and Phyllophaga (Scarabaeoidea, Melolonthidae) are pests of cereal crops, such as sunflower and soybean [11,12].



On the other hand, coleopteran taxa are also important pollinators of plants from many families: nitidulids pollinate Arecaceae (palms) and Annonaceae [13,14,15,16,17]; weevils stand out as pollinators of Arecaceae, Annonaceae, and Cyclanthaceae [13,18,19,20,21]; and many scarabs of the genus Cyclocephala have been reported as primary pollinators of plants of the families Annonaceae and Araceae [22,23,24].



The Pantropical Annonaceae stand out as one of the major groups of cantharophilous angiosperms, with nearly 90% of c. 2430 described species being beetle-pollinated [25,26,27]. The diverse reproductive biology of these plants is mirrored by the diversity of Coleoptera that promote their pollination, e.g., many genera of Nitidulidae [15,25,28], some members of Curculionidae [20,25], and many species from the scarab tribe Cyclocephalini [25,29,30].



Approximately 280 Annonaceae species occur in the Brazilian Amazon, which makes it the seventh most biodiverse angiosperm family in this phytogeographical domain [31]. In Cerrado areas, a Neotropical savanna biome, there are records for 75 species of Annonaceae [32]. The genus Xylopia is the only genus with a Pantropical distribution in the family and possesses approximately 160 described species [33]. Xylopia aromatica (Lam.) Mart. is one of the most common plant species in several savanna vegetation physiognomies of Cerrado sensu lato: Mata Ciliar, Mata Seca, Cerradão, Cerrado sensu stricto, Vereda, and Amazonian savannas [32]. Despite this species being a typical element in the Cerrados, its geographic distribution, which includes all of the Brazilian states in which Cerrado sensu lato occurs, stretches northward through the Amazon and Central America up to Cuba (Figure 1).



The pollination biology of X. aromatica has been described for Cerrado areas in the states of Bahia [34], São Paulo, Amazonas, and Minas Gerais [35]. For these different areas, insect taxa described as pollinators vary greatly: while Aragão et al. [34] observed weevils as main visitors and pollinators of X. aromatica, Gottsberger and Silberbauer-Gottsberger [35] mentioned insects of the order Thysanoptera as principal pollinators and beetles as secondary pollinators. According to the latter research, depending on the geographical localization in which X. aromatica was studied, beetle taxa found inside flowers differed even at the family level.



Based on the hypothesis that geographic variations influence the assemblage of floral visitors, this study aims to (1) determine which beetle taxa are floral visitors of Xylopia aromatica in the Cerrado study area, (2) confirm whether the behavior of these taxa indicates them as pollinators of this Annonaceae species, and (3) describe natural history traits of the interaction between this angiosperm species and its coleopteran visitors.




2. Materials and Methods


2.1. Study Area


The study was conducted at the beginning of the rainy season of 2019, during 16 days between September and December, totaling c. 192 h of field work, in a Cerrado area of Chapada dos Guimarães, Mato Grosso, Brazil, of approximately 20 ha (15°47′ S, 55°47′ W). Following the identification key of savanna vegetation physiognomies in the Cerrado by Ribeiro and Walter [37], the area in which the sampled individuals of X. aromatica were located was characterized as Cerrado Denso, bordered to the northwest by a patch of Mata de Galeria Não-Inundável and to the southeast by a stretch of Mata Seca (Figure 2). The regional climate, according to the Köppen classification, is type Aw. The mean annual temperature is 21.5 °C, and the average annual rainfall may reach 2100 mm in higher elevation areas [38]. Sampled individuals of X. aromatica (n = 11) were scattered at elevations from 737 to 817 m.




2.2. Sampling of Floral Visitors


The 11 individuals of Xylopia aromatica were selected on the basis of access to flowers, ruling out individuals whose flowers were too high on the crowns. Another criterion deployed for the selection of these individuals was the abundance of flowers. Floral observations and collections were performed following a diuturnal regime at all times of day, except from 0300 h to 0700 h. Inner and outer petals of X. aromatica flowers form a floral chamber where, during most parts of anthesis, floral visitors remain trapped. The most accessible anthetic flowers were randomly picked from X. aromatica individuals and stored in 90% alcohol. The geographic coordinates, together with the time and day of each flower collection, were recorded. Each flower was put into an individual plastic vial labeled with field data. Flowers were analyzed at the Laboratório de Ecologia e Taxonomia de Artrópodes (LETA) at the Instituto de Biociências at the Universidade Federal de Mato Grosso. In total, the contents of 253 floral chambers were analyzed.



Behavioral and morphological traits of visiting insects were considered appropriate for pollinating action when (1) floral visitors were found inside the floral chambers; (2) species were found inside the floral chambers in the female and male phases; and/or (3) pollen was adhered to the floral visitors’ bodies; and/or (4) floral visitors had conspicuous setae where pollen might adhere.



Field photographic records were obtained with a Sony NEX-F3 digital camera. Photographs of the laboratory material examined were obtained with a Leica CH-94335 microscope camera coupled with a Leica L2 stereomicroscope (Leica Microsystems) and Leica Application Suite v. 3.8 software. The images highlighting certain aspects of floral visitors and/or flowers were obtained by means of multifocal sequences stacked and grouped with Adobe Photoshop 2020 v. 21.0.2 software.



All non-coleopteran floral visitors of Hexapoda were identified at the taxonomic level of order (with the exception of Formicidae). Floral visitors of Coleoptera were identified at the most inferior taxonomic category possible. Photographs were sent to specialists of the subfamilies Carpophilinae, Nitidulinae, and Cillaeinae (Nitidulidae) for identification confirmation. Mites were identified as Acariformes (the superorder Acariformes sensu Brusca et al.) [39]. Spiders were listed as Araneae (the order Araneae sensu Brusca et al.) [39]. Classification of beetles in superior taxonomic categories follows Bouchard et al. [40].





3. Results


From September to December 2019, the individuals of X. aromatica (n = 11) flowered abundantly in the study area. This species’ flowers possess three slender-elliptical outer petals whose abaxial face is red and adaxial face is white. In the immediately upper whorl, alternating with the external petals, three white and linear inner petals of approximately the same length delimit the flower chamber. The base of the inner petals, at the level of the floral chamber, has a reddish area on both the adaxial and abaxial surfaces.



The erect floral bud exposes only the red abaxial surface of the outer petals (Figure 3a). During the early morning hours (0600 h–0900 h), anthesis commences when the outer petals abruptly part from base to apex (Figure 3b), displaying the inner face of the outer petals and the inner petals (Figure 3c,d). The inner petals are fused at the base, where they acquire a reddish tinge (Figure 3d), and, at the onset of anthesis, delimit only a small aperture of the floral chamber through which it is possible to view the white and salient gynoecium, i.e., the group of female reproductive organs (Figure 4a). At this time, the gynoecium is covered with a sticky, viscous, and shiny substance, the stigmatic exudate. The flowers give off a slightly sweet aroma that intensifies throughout the day.



In the early afternoon hours (1200 h–1400 h), the inner petals close at the base, trapping floral visitors within them (Figure 4b). The flowers remain this way until the end of anthesis, making it impossible to observe, except for a slight darkening of the white adaxial surface of the outer petals, the transition from the female to male phase (Figure 4c). On the second day of anthesis, a spermatic scent is perceptible that denotes the beginning of the shorter male phase. However, the transition to the male phase is only unequivocally noticeable when manually detaching the corolla, opening the floral chamber, and observing the open anthers and pollen scattered on the inside.



In the laboratory, floral chambers were manually opened, and it was possible to see that flowers (n = 234) collected at all times of day (except from 0300 h to 0700 h) were in the female phase. For the flowers collected in the morning (~08:00) of the second day of anthesis, up to 1600 h, the stigmatic head was detached from the receptacle (n = 19). During this interval, the anthers were open, and pollen tetrads were scattered inside the floral chamber. In the field, it was possible to observe the dropping of petals during different times in the afternoon of the second day of anthesis, marking the end of the floral cycle. Therefore, anthesis lasts for 25 to 33 h (Table 1). From this time, the floral chambers remain open and, consequently, accessible to their visitors for only approximately the four initial hours of anthesis (0800 h–1200 h). The inner and outer petals are fleshy and serve as food for many phytophagous insects (Figure 4d).



Of the 253 sampled flowers, only 18 (7.11%) did not possess floral visitors (Figure 5a). The number of flowers in which Coleoptera were present totaled 110 (43.87%) out of 253 (Figure 5b). Thysanoptera was the insect order present in the most flowers, 213 (84.18%) out of 253 flowers (Figure 5c). The numbers of flowers in which other arthropod orders were present are shown in Figure 5c. The remaining groups of arthropods were less abundant (Figure 5d). Moreover, they were present in other parts of flowers because, in the laboratory, they were observed in the alcohol of the samples rather than inside floral chambers, which demonstrates the insignificant role they play in pollination.



The most abundant insect order (insects/flower) was also Thysanoptera (mean = 7.42; min. = 1, max. = 57). Coleoptera was the second most abundant order per flower (mean = 1.63; min. = 1, max. = 14). Figure 6 shows the abundance distributions of Thysanoptera and Coleoptera per sampled flower. The abundance of both Thysanoptera and Coleoptera follows a Poisson distribution, with few cases of more than one individual/flower for each order (Figure 6b,c). The Coleoptera individuals found visiting flowers of X. aromatica belonged to four families: Nitidulidae (n = 162), Staphylinidae (n = 39), Chrysomelidae (n = 8), and Curculionidae (n = 1) (Figure 7a). The number of flowers in which each family was present is shown in Figure 7b. The most abundant families sometimes co-occurred in the same flowers, whether inside or outside of floral chambers, which was the case for the two most common sampled families: Nitidulidae and Staphylinidae (data not shown).



The adult Coleoptera taxa found in the X. aromatica flowers and some quantitative data are shown in Table 2. Nitidulidae, represented by the subfamilies Cillaeinae, Nitidulinae, Meligethinae, and Carpophilinae, was the coleopteran family that most frequently visited X. aromatica flowers, followed by Staphylinidae, with two morphospecies: Aleocharinae sp. 1 and Aleocharinae sp. 2 (Figure 8). The occurrence of Meligethinae (Figure 9a,b), Carpophilinae (Figure 9c,d), Chrysomelidae and Curculionidae was not extensive, and their behavior did not render them effective pollinators of X. aromatica since they were not frequently found within floral chambers. However, of the eight sampled individuals of Chrysomelidae, three were found inside floral chambers: two individuals of Lamprosomatinae sp. 1 and one of Chrysomelidae sp. 1 (Figure 10; Table 2), which requires further taxonomic identifications. The pollinating behavior of beetles that visited the flowers of X. aromatica was more expressive in the two most abundant families: Nitidulidae and Staphylinidae (Figure 11, Figure 12, Figure 13 and Figure 14).



The most distinctively frequent Nitidulidae in X. aromatica flowers belonged to the subfamily Cillaeinae (99.14%; Figure 8a; Table 2). In contrast to the most common morphological pattern in nitidulids, which have an oval to rounded shape [41], the Cillaeinae are elongated (Figure 11 and Figure 12). Of the four Nitidulidae morphospecies listed in Table 2, for instance, only Conotelus sp. 1 shows this shape.



Conotelus sp. 1 was frequently observed inside floral chambers: on the androecium (Figure 12a), adhered to the stigmatic exudate of the gynoecium (Figure 12b) and in the concavity situated at the base of the inner petals (Figure 12c). Pollen, when found coating body parts of Conotelus sp. 1, was clustered especially over the abdominal surface and adhered to the conspicuous ventral and ventrolateral setae of sternites (Figure 11c,d).



Both morphospecies of Aleocharinae, Aleocharinae sp. 1 and sp. 2, were observed inside floral chambers, especially Aleocharinae sp. 1 (Table 2; Figure 13 and Figure 14). The sampled staphylinids were smaller and less frequent in flowers than the main coleopteran visitor, Conotelus sp. 1. Nevertheless, their behavior appears to be similar to that of Cillaeinae because beetles from both groups were observed on the androecium and gynoecium (Figure 13c). Body contact of beetles with these reproductive structures favors the transfer of pollen tetrads to stigmas. No conspecific pollen load, however, was detected in the indumentum of sampled staphylinids. The Thysanoptera, which most frequently visited flowers of X. aromatica (Figure 5c,d), also demonstrated behavior tending to result in pollination. They were observed sucking the concave inner face of the inner petals (Figure 15a), feeding on stigmatic exudate (Figure 15b) and over the androecium (Figure 15c). No conspecific pollen load, however, was detected on the setae of these insects.




4. Discussion


Xylopia aromatica flowers are dichogamous and protogynous, with two distinct anthetic phases: a longer female phase that lasts more than one day and a short male phase that lasts a few hours. Protogynous flowers and inflorescences are associated with cantharophilous blossoms in many plant families, such as Nymphaeaceae, Araceae, Magnoliaceae, and Annonaceae [22,25,42,43,44].



Beetles and thrips (Thysanoptera) visit X. aromatica throughout the first morning of anthesis, when the floral chamber is still open, which persists at most until midday (Figure 4). On the other hand, three Xylopia species from Central Amazonia, Xylopia benthamii R.E. Fr., Xylopia crinita R.E. Fr., and Xylopia excellens R.E. Fr., initiate anthesis just before sunset, and their floral chambers remain open until they drop. Nitidulidae and Staphylinidae beetles arrive at their flowers at approximately 18:00. These Amazonian Xylopia species, unlike X. aromatica, present nocturnal anthesis and are thermogenic [45]. It is possible that related beetles are recruited by these plants at different times of the day because their pollinators have bimodal circadian rhythms. The curculionid Endaenidius cf. polyalthiae Kojima et Morimoto, for instance, has a bimodal circadian rhythm, with activity peaks during the early morning hours and around sunset. During its morning activity peak, this beetle is attracted to the flowers of the Chinese Annonaceae Dasymaschalon trichophorum Merr., when in the female phase. During the activity peak of crepuscular hours, E. cf. polyalthiae is once more attracted to the flowers, which imprison them in their chambers throughout the male phase, when pollen is released, to the end of anthesis [20].



Nitidulids of the genus Carpophilus (Carpophilinae) and some staphylinids, which possess a unimodal circadian rhythm and morning activity peak, visit the floral chambers of the Annonaceae species Friesoldielsia borneensis Steenis and Goniothalamus tapisoides Mat-Salleh during the morning and become trapped in their interior until the following day, after the end of the male phase, when flowers abscise, in a dynamic very similar to that in X. aromatica [20]. However, there are no published data on the circadian rhythm of beetles that visit X. aromatica flowers, which may be obtained through field observations and experimental approaches, as shown by Lau et al. [20]. The present study revealed diverging results: whereas Lau et al. [20] affirm that Annonaceae species that present mechanisms of trapping floral visitors tend to have a longer male phase, in order to optimize pollen load, the male phase of X. aromatica is relatively brief, not surpassing four hours. This study provides the first record of a brief female phase coupled with a mechanism of circadian trapping of floral visitors in Annonaceae.



The main element attracting beetles to the flowers of X. aromatica appears to be the mildly sweet odor given off by flowers in the female phase, when the floral chamber is open to visitors. Jürgens et al. [46] describe the floral odor of X. aromatica as “sweet”, “aromatic” and “pleasant”. Curiously, naphthalene, a compound that is commonly used as an insect repellent, is one of the major components of the floral bouquet of X. aromatica as well as X. benthamii, both pollinated by Nitidulidae and Staphylinidae [46].



The white color of the inner petals and of the adaxial surface of the outer petals of X. aromatica parallels that of other cantharophilous Annonaceae blossoms: the combination of light-colored flowers and sweet, aromatic scents seems to occur in a convergent fashion in different genera of this plant family [46,47]. It is only speculated that, in general, pollinators are attracted to flowers by odor when at a distance and then by color when in proximity to the flowers [48]. The interaction between the reddish color at the base of the inner petals of X. aromatica flowers (Figure 3c) and the perception of it by visitors is also in need of investigation.



The floral scent of basal angiosperms, which may have evolved from compounds associated with plant defense, is a dynamic evolutionary character that requires further exploration from the pollinators’ perspective [47]. Male nitidulids of the genus Carpophilus, for example, produce an aggregation pheromone that attracts male as well as female individuals and seems to act in combination with volatile compounds produced by fermenting fruits [49]. Additionally, the bouquet of Xylopia championii Hook. f. et Thomson, native to Sri Lanka, for example, in addition to including volatile substances common to other Annonaceae fruits, contains 11 compounds that have already been identified in insect pheromones. Its flowers emit a sweet scent that attracts weevils of the genus Endaeus (Curculionidae), known for their fruit-eating habits [33]. As shown here, the attraction and aggregation mechanism of the Cillaeinae in relation to the floral chambers of X. aromatica may involve more complex elements linked to the mimicry of sexual and/or aggregation pheromones on the plants’ part, in synergy with fruity odors. Floral elements responsible for the attraction of Thysanoptera via chemoreception are also of interest.



Enclosed inside X. aromatica floral chambers, the resources offered to their visitors may serve as (1) protection against predators, (2) food in the form of pollen, (3) food in the form of stigmatic exudate, (4) food as vegetal tissue, and (5) aggregation and mating sites. The relevance of each resource mentioned above varies across taxa of floral visitors of X. aromatica, which may be determined by observations in situ or in the laboratory or by data from the literature, which is discussed below.



There are numerous records on the role that nitidulids play as pollinators throughout the world, not only for angiosperms but also for gymnosperms: in Japan, the thermogenic cones of Cycas revoluta Thunb. offer, in addition to alimentary resources such as pollen and vegetal tissues, a mating and oviposition site for Carpophilus chalybeus Murray [50]. In addition to Annonaceae, angiosperm groups that may be pollinated by Nitidulidae include Araceae [51], Proteaceae [52], and Arecaceae [48,53]. The nitidulid Mystrops, for instance, feeds on pollen from as well as mates and oviposits on male inflorescences of three palm species of the genus Phytelephas in Ecuador and Colombia [48].



In addition to scant records of their role as pollinators of Annonaceae and Araceae, little is known concerning the biology of the main coleopteran floral visitors of X. aromatica, the nitidulids of the subfamily Cillaeinae [35,54,55]. Kirejtshuk, the author of the first description of subfamily Cillaeinae [54], mentions interstices of trees as their usual habitat [55]. Gottsberger [28] and Gottsberger and Silberbauer-Gottsberger [35], not remarking on these beetles’ behavior, mention Cillaeus sp. as floral visitors of X. aromatica in Cerrado areas in Mato Grosso, São Paulo, and Minas Gerais, without identifying them at the species level. In our study we found another genus of Cillaeinae, which makes this the first record of a Conotelus species visiting the flowers of X. aromatica.



Additionally, in the Cerrado, Paulino-Neto [56] mentions a Cillaeinae species of the genus Colopterus as the principal pollinator of Duguetia furfuracea (A. St.-Hil.) Saff., presenting a behavior suitable for pollination of this species. The flowers of Duguetia furfuracea have an open corolla and, therefore, do not imprison their visitors, instead luring them throughout anthesis by means of an intense mature fruit scent. In the present study, no herbivory marks or foraging behavior was observed through the analysis of floral tissues. The entrapment of these beetles up to the period of anther dehiscence during the male phase seems to indicate that pollen is a major food resource that may be used by Conotelus sp. 1. Moreover, the high sugar content found in the stigmatic exudate of some Annonaceae suggests that it not only favors the germination of pollen grains but also may serve as an alimentary resource for their floral visitors [57]. In fact, in addition to the Thysanoptera that were observed juxtaposed to the gynoecium (Figure 15b), Conotelus sp. 1 (Figure 12b) and Aleocharinae sp. 2 (Figure 14d) were also found adhered to the stigmatic exudate of X. aromatica flowers.



The floral chambers of the Annonaceae, providing a location for aggregation without the disturbance of predators or the weather, constitute an adequate place for their visitors to mate [25,29,58]. In addition to Thysanoptera, which appeared in dozens (Figure 6a,b) in X. aromatica, there was often more than one conspecific beetle per floral chamber (Figure 6c; Table 2). The observation of mating behavior inside floral chambers is, however, very difficult to accomplish because in response to the slightly disturbance and exposition, floral visitors immediately evade. Indirect evidence may be obtained, however, when two sexes of the same species co-occur inside floral chambers and everted genitalia are observed in the material examined in the laboratory.



Pollinivory is known in Staphylinidae, considered by some authors the second most diverse family in the order Coleoptera [59]. In Latin America, Aleocharinae is the most species-rich subfamily of staphylinids [60]. In a study of 27 palm species in nine coastal localities of Colombia, Staphylinidae were collected from 18 of them. Of the 48 listed morphospecies of staphylinids, the largest number, 23 morphospecies, belonged to the subfamily Aleocharinae [61]. In the Cerrado of Chapada dos Guimarães, it was the second most abundant coleopteran group in the flowers of X. aromatica, represented by two species (Figure 7 and Figure 8; Table 2). Although no pollen loads were detected in these species, their abdominal and antennal setae may serve as adhesion spots for pollen grains (Figure 13 and Figure 14). In general, staphylinids are important pollinators of Annonaceae whose floral chambers are small, as in the genera Xylopia and Anaxagorea, the latter of which is the basal-most genus within the family [25].



The third most frequent group of coleopteran visitors in the flowers of X. aromatica were two Chrysomelidae species from the subfamily Lamprosomatinae (Figure 7 and Figure 10; Table 2), a group that is restricted to tropical and subtropical regions [62]. Unidentified specimens of Chrysomelidae were reported in the ample floral chambers of Annona sericea Dunal in Manaus, although a high fruit set was not observed for the flowers included in that study [63]. Andrade et al. [64] observed species of Brachypnoea (Eumolpinae) leaving the floral chambers of Xylopia brasiliensis with their bodies coated in pollen. Gottsberger and Silberbauer-Gottsberger [35] mention Chrysomelidae as pollinators of X. aromatica in Cerrado areas in the states of Amazonas, Mato Grosso, and São Paulo. However, in the present study area, the frequency of pollination of X. aromatica by Lamprosomatinae appears to be, at most, occasional. In addition to the small sample of Lamprosomatinae (n = 6), these beetles have glabrous dorsal and ventral surfaces, without structures to which pollen might readily adhere (Figure 7 and Figure 10). Nevertheless, the sticky stigmatic exudate could act as a glue for pollen tetrads, and the influence of geographic and climatic variables may interfere with the abundance of these beetles in the areas where X. aromatica occurs. The present study is the first to record Lamprosomatinae visiting the flower chambers of X. aromatica.



If the criteria of pollination efficiency are the presence and abundance of individuals within floral chambers, the main pollinators of X. aromatica are thrips, which has already been stated by Gottsberger [23,28]. Nearly half of thrips species are phytophagous, feeding on the aerial parts of flowers and frequently using their mouth stylets to ingest the cellular contents of pollen grains. The combination of ventral abdominal setae, anal setae, and fringed wings creates an interesting apparatus for pollen capture, especially for the pollen tetrads of X. aromatica, which are smaller than those of other Annonaceae from the Cerrado [65]. However, no pollen loads were found on the setae of Thysanoptera.



Conotelus sp. 1 is the coleopteran species that best matches the criteria for effective pollination used in this research: access to the floral chamber during the female and male phases and the presence of a pollen load. Although the dorsal surface of Conotelus sp. 1 is essentially glabrous, the ventral abdominal surface, which was frequently seen juxtaposed to the gynoecium, possesses setae where pollen grains might readily adhere (Figure 11c,d) in a greater proportion than observed in all other species of floral visitors due to its larger body size.



However, the percentages of visitors found inside the floral chambers with pollen loads are somewhat conservative. Flower visitors, especially beetles, may force their exit from the floral chamber when placed in vials with alcohol. Additionally, pollen grains, unless they are immediately observed after being collected, may detach from the body surface of insects stored in alcohol, which, given the remote location of the study area, becomes a logistic challenge. However, the present study shows, for the first time, body patches on pollinators for the adhesion of pollen grains, especially in Conotelus sp. 1 (Figure 11c,d).




5. Conclusions


The economic potential of this Annonaceae species, yet underexplored, is promising. Aromatic oil can be extracted from its flowers, and fruits and seeds serve as a substitute source for spices such as pepper. Seed dispersion is promoted by birds, which avidly feed on the white aril that coats the seeds. In addition, the crown shape and abundant flowering of the species confer ornamental properties [66,67].



In the Cerrado area where this study was conducted, X. aromatica appears to present a mixed pollination mode by thrips and beetles involving, in addition to Thysanoptera, Conotelus sp. 1 (Nitidulidae, Cillaeinae) and two species of Aleocharinae (Staphylinidae). These pollination vectors, however, are not fixed in space and time. Climatic and geographic variables might affect the taxonomic composition of Annonaceae pollinators together with their reproductive success [34,35,64].



The timeframe of the present study encompassed the first months of the rainy season (16 days from the end of September to December 2019). Different taxa of floral visitors might be sampled in a wider timeframe that would extend over the months of more intense rain, when some individuals of X. aromatica are still in bloom. The Poisson distributions indicating the number of beetles per flower (Figure 6b,c), for instance, might be altered because insect abundance in such a markedly seasonal biome, as is the Cerrado, greatly changes over the months of the year [68]. This is the first study on potential pollinators of X. aromatica in the Cerrado of Chapada dos Guimarães. Additional research on the taxonomy and sensorial aspects of potential pollinators could enrich the knowledge about these complex and diversified mutualistic interactions between insects and X. aromatica.
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Figure 1. Neotropical distribution of Xylopia aromatica (pimenta-de-macaco). Adapted from: Global Biodiversity Information Facility (GBIF, 2021) [36]. 
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Figure 2. Satellite image of the study area located in the Cerrado of Chapada dos Guimarães, MT, Brazil, indicating the 11 sampled individuals of Xylopia aromatica (red circles). Source: Google Earth. 
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Figure 3. Beginning of anthesis of Xylopia aromatica during the early morning hours (0600 h–0900 h) in the Cerrado of Chapada dos Guimarães, MT. (a) Closed floral bud, exposing only the reddish adaxial surface of the outer petals. Note that, on the side, petals have already dropped, leaving only the calyx attached to the receptacle (arrow). (b) External petals initiate parting from base to apex. Note the apocarpous fruit, to the left, already in development (arrow). (c) An outer petal bends outwards, exposing two inner petals. (d) Opened flowers, with inner petals still enclosing the floral chamber. Note the reddish patch at the base of an inner petal (arrow). 
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Figure 4. Stages in the anthesis of Xylopia aromatica in the Cerrado of Chapada dos Guimarães, MT, Brazil. (a) Immediately after the opening of the corolla, in the early morning, the inner petals part at the base, leaving the floral chamber open and the gynoecium exposed (arrow). This step lasts, at most, only up to midday. Note, immediately below, a flower at the final stage of anthesis, with its darkened corolla. (b) Until midday, at most, the inner petals close (arrow), trapping the small floral visitors inside the chamber. (c) Flower on the second day of anthesis, already in the male-phase, with the darkened adaxial surface. (d) The fleshy petals of X. aromatica serve as food for several phytophagous insects, such as this immature unidentified Orthoptera. 
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Figure 5. Quantitative data on floral visitors of Xylopia aromatica collected in the Cerrado of Chapada dos Guimarães, MT, Brazil. (a) Percentages of flowers with and without floral visitors. (b) Percentages of flowers with and without coleopteran visitors. (c) Number of flowers in which the indicated groups of arthropod floral visitors were present. (d) Abundance of floral visitors sorted by superior taxonomic categories from the 253 sampled flowers. 
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Figure 6. Quantitative data on flower visitors of Xylopia aromatica collected in the Cerrado of Chapada dos Guimarães, MT, Brazil. (a) Abundance distributions of Thysanoptera and Coleoptera per flower. Note that both Thysanoptera (b) and Coleoptera (c) abundances follow a Poisson distribution. There were few events of a high number of individuals/flower (>1) for both orders. 
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Figure 7. Quantitative data on coleopteran floral visitors of Xylopia aromatica, classified by family, from a Cerrado area in Chapada dos Guimarães, MT, Brazil. (a) Number of adult Coleoptera individuals sorted by family. (b) Number of flowers in which each family of Coleoptera (adults) was present. 
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Figure 8. Number of adult beetles belonging to morphospecies from the most abundant families collected in flowers of Xylopia aromatica in a Cerrado area in Chapada dos Guimarães, MT, Brazil: Nitidulidae (a) and Staphylinidae (b). 
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Figure 9. Less frequent floral visitors of Xylopia aromatica from the family Nitidulidae, collected in a Cerrado area in Chapada dos Guimarães, MT, Brazil. Dorsal (a) and ventral (b) habitus of Meligethinae sp. 1 (subfamily Meligethinae). Dorsal (c) and ventral (d) habitus of Carpophilinae sp. 1 (subfamily Carpophilinae). Note the setose body surface of this species, to which floral detritus firmly adheres. 






Figure 9. Less frequent floral visitors of Xylopia aromatica from the family Nitidulidae, collected in a Cerrado area in Chapada dos Guimarães, MT, Brazil. Dorsal (a) and ventral (b) habitus of Meligethinae sp. 1 (subfamily Meligethinae). Dorsal (c) and ventral (d) habitus of Carpophilinae sp. 1 (subfamily Carpophilinae). Note the setose body surface of this species, to which floral detritus firmly adheres.
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Figure 10. Coleopteran floral visitors of Xylopia aromatica belonging to subfamily Lamprosomatinae (Chrysomelidae), collected in a Cerrado area of Chapada dos Guimarães, MT, Brazil. Dorsal (a) and ventral (b) habitus of Lamprosomatinae sp. 2. (c) Lamprosomatinae sp. 1 inside a floral chamber of X. aromatica, adhered to the gynoecium. The corolla has been manually removed for visualization. 
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Figure 11. Dorsal (a), ventral (b), and lateral (c) habitus of Conotelus sp. 1, collected in a Cerrado area of Chapada dos Guimarães, MT, Brazil. Note the ventro-abdominal setae of Conotelus sp. 1, where pollen most frequently adheres (arrow). (d) Lateral view of Conotelus sp. 1 with a mass of pollen tetrads of Xylopia aromatica adhered to the ventrolateral setae of the abdomen (arrow). 
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Figure 12. Conotelus sp. 1 individuals found inside floral chambers of Xylopia aromatica, collected in a Cerrado area of Chapada dos Guimarães, MT. Brazil. (a) Conotelus sp. 1 individual over the androecium during the female phase. (b) Conotelus sp. 1 specimen with the abdomen laterally adhered to the gynoecium by stigmatic exudate. Note a pollen tetrad adhered to the base of the left elytron (arrow). (c) Conotelus sp. 1 specimen in the basal concavity of one of the inner petals, apparently feeding on tissue. In (a–c), the outer petals were manually removed for visualization of the floral chamber and its visitors. 
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Figure 13. Aleocharinae sp. 1 individuals found inside floral chambers of Xylopia aromatica, collected in a Cerrado area of Chapada dos Guimarães, MT, Brazil. Dorsal (a) and lateral (b) habitus of Aleocharinae sp. 1. (c) Aleocharinae sp. 1 inside a floral chamber over the androecium of X. aromatica. The corolla has been manually removed for visualization. 
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Figure 14. Aleocharinae sp. 2 specimens found inside floral chambers of Xylopia aromatica, collected in a Cerrado of Chapada dos Guimarães, MT, Brazil. Dorsal (a), ventral (b), and lateral (c) habitus of Aleocharinae sp. 2. (d) Aleocharinae sp. 2 with the abdomen laterally adhered to the gynoecium by stigmatic exudate. The corolla was manually removed for visualization. 






Figure 14. Aleocharinae sp. 2 specimens found inside floral chambers of Xylopia aromatica, collected in a Cerrado of Chapada dos Guimarães, MT, Brazil. Dorsal (a), ventral (b), and lateral (c) habitus of Aleocharinae sp. 2. (d) Aleocharinae sp. 2 with the abdomen laterally adhered to the gynoecium by stigmatic exudate. The corolla was manually removed for visualization.
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Figure 15. Individuals of Thysanoptera, the most abundant insect order in the flowers of Xylopia aromatica, sampled in a Cerrado area of Chapada dos Guimarães, MT, Brazil. (a) Two individuals of Thysanoptera sucking the concave base of the adaxial surface of an inner petal of an X. aromatica flower. (b) A Thysanoptera feeding on the stigmatic exudate of an X. aromatica flower during the female phase. (c) A teneral Thysanoptera over the stamens of an X. aromatica flower during the female phase. In (a–c), the corolla has been removed for visualization. 
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Table 1. Data on the floral phase of sampled flowers in the Cerrado of Chapada dos Guimarães, MT, Brazil. The column “Time of collections” refers to the hours in which each floral phase was sampled in the field.
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	Floral Phase
	No. of Flowers
	% of Flowers
	Time of Collection
	





	Female
	234
	94.46
	All hours
	(1st day)



	Male
	19
	5.54
	07:05 to 16:05
	(2nd day)
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Table 2. List of adult coleopteran floral visitors of Xylopia aromatica in 253 flowers sampled in a Cerrado area in Chapada dos Guimarães, MT, Brazil. Ni = total number of individuals of each morphospecies found within flowers. Nf (%) = percentage of flowers in which each listed morphospecies was found. Ni/f = average number of individuals of each morphospecies per flower. P.F.C. (%) = percentage of individuals of each morphospecies found inside floral chambers. The remaining specimens were found in the alcohol of the samples.
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	Family/Subfamily/Species
	Ni
	Nf (%)
	Ni/f
	P.F.C. (%)





	Nitidulidae
	
	
	
	



	Conotelus sp. 1
	159
	33.2
	1.91
	83.64



	Carpophilinae sp. 1
	1
	0.39
	1
	100



	Nitidulinae sp. 1
	1
	0.39
	1
	1



	Meligethinae sp. 1
	1
	0.39
	1
	100



	Staphylinidae
	
	
	
	



	Aleocharinae sp. 1
	27
	8.3
	1.28
	70.37



	Aleocharinae sp. 2
	12
	4.74
	1
	91.66



	Chrysomelidae
	
	
	
	



	Lamprosomatinae sp. 1
	2
	0.79
	1
	100



	Lamprosomatinae sp. 2
	4
	1.18
	1.33
	0



	Chrysomelidae sp. 1
	1
	0.39
	1
	100



	Chrysomelinae sp. 1
	1
	0.39
	1
	0



	Curculionidae
	
	
	
	



	Curculionidae sp. 1
	1
	0.39
	1
	0



	Total
	210
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