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Abstract

:

The evolutionary trajectories of insects and angiosperms appear to be intimately interconnected. Increases in the diversity of phytophagous beetles and angiosperms co-occur in the Mesozoic fossil record, and there is fossil evidence of pollinivory and pollination by insects, both in flowering plants and in gymnosperms. The oldest records of angiosperm pollination indicate flies as pollen vectors. A basal group of angiosperms, the order Magnoliales, has retained plesiomorphic characters such as dozens of pistils and stamens spiraling around the receptacle. In a family of this order, Annonaceae, over 90% of species are pollinated by beetles. In many Annonaceae species, flowers display wide spaces, referred to as floral chambers, where beetles can find shelter from weather conditions and predators, food in the form of pollen and tissues, and a mating site. Two basic types of floral chambers can be distinguished: small chambers visited by small beetles (Nitidulidae, Staphylinidae, Chrysomelidae, and Curculionidae) with diurnal and/or nocturnal activity and large and thermogenic floral chambers visited by beetles of the tribe Cyclocephalini (Scarabaeoidea, Melolonthidae). In the latter case, the heat that the flowers produce may serve as a resource for the beetles that visit them, resulting in smaller endothermy costs for the scarabs. This study reviewed the literature including PhD and MSc theses on cantharophilous Annonaceae in the Cerrado. In this biome, both types of associations are found, although cantharophilous Annonaceae represent a small portion of the plant species (<5%). Cantharophilous Annonaceae in the Cerrado share attributes according to the beetles that pollinate them: species pollinated by small beetles, for instance, may flower throughout the year, whereas Annonaceae pollinated by Cyclocephalini normally flower in the beginning of the rainy season (October/November), in synchrony with the phenological patterns of their pollinators. Cantharophilous Annonaceae flowers, regardless of their size, tend to have light colors and sweet and fruity odors. In addition to the lack of studies on the attraction of beetles by these floral characters, the taxonomic composition of the beetles that pollinate Annonaceae in the Cerrado is poorly known. This review attempts to discuss, in light of what has already been published, potential fields of investigation concerning pollinating beetles’ behavior and evolution.
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1. Introduction


After the survival of one or two lineages during the mass extinction event at the end of the Permian (~253 MYA), there was accentuated diversification in the Coleoptera (Arthropoda, Hexapoda, Insecta) during the Mesozoic, generally attributed to the concomitant diversification of angiosperms [1,2,3,4]. The major characteristics of insects in general were already established by the Late Cretaceous [5], and four great lineages of Polyphaga (Tenebrionoidea, Scarabaeoidea, Curculionoidea, and Chrysomeloidea) currently associated with angiosperms had already diversified, according to both fossil records and molecular evidence [6]. Fossil records of pollinivory in beetles from the Buprestidae and Scraptiidae date back to the early Cenozoic [5].



In the early Cenomanian, approximately 100 MYA, lowlands were dominated by angiosperms including magnoliids [5]. It is estimated that Annonaceae, within the clade of basal angiosperms Magnoliidae, diverged at least 108.6 MYA [7]. Annonaceae, similar to plants from other families in the Magnoliales, show basal flower characteristics (e.g., numerous stamens spiraling around many pistils, a superior ovary, sessile stamens, and apocarpy) [8,9,10].



Unlike the remaining basal angiosperms, which currently include at most a few hundred relict species, Annonaceae underwent greater ecological radiation and wider diversification [11]. With a pantropical distribution, the family includes approximately 2430 species in 110 genera. In Brazil, 400 species in 29 genera occur [9,12].



The floral biology of modern Annonaceae results from the combination of basal characters and relatively recent floral specializations derived from a high diversification rate such as the circadian trapping of floral visitors [8,13]. Another distinguishing characteristic of Annonaceae is that they are mostly pollinated by beetles [14].



The syndrome of pollination by beetles, also denominated cantharophily [15], occurs in various angiosperm families in addition to Annonaceae such as Araceae [16,17,18,19,20], Arecaceae [21,22,23,24], Cyclanthaceae [16,25,26,27,28], Magnoliaceae [29,30,31,32], and Orchidaceae [33,34,35].



This pollination syndrome might be even older, tracing back to the Late Cretaceous, with staphylinid fossils covered in gymnosperm pollen, suggesting a possibly more remote origin of cantharophily before the establishment and dominance of angiosperms in terrestrial ecosystems [5]. Extant gymnosperms in the genera Cycas L., Zamia L., and Encephalartos Lehm. are pollinated by beetles, especially Curculionidae and Nitidulidae, in an interaction frequently referred to as brood pollination [24,36,37,38,39,40]. The nitidulid Carpophilus chalybeus Murray feeds on and breeds in both female and male cones of Cycas revoluta Thunb., damaging some of its sporophylls. Nevertheless, even the cones most damaged by beetles do not show seed set below 30%. On the Japanese island of Yonaguni, this Cycadaceae species may be pollinated by nitidulids of the species Carpophilus chalybeus as well as by wind. The latter facilitates pollination in plant populations densely clustered in an area, whereas beetles promote pollen transfer to female cones of more distant individuals [39]. This pollination system, in which both biotic and abiotic factors are involved, is termed ambophily [41].



In Arecaceae (palms), plants whose fossil records indicate a Cretaceous origin, the body of literature of the XIX century and early XX century points to generalized anemophily [42]. With advances in studies of taxa from this family, floral specializations such as thermogenesis have been discovered. Currently, one of the most favored hypotheses claims that palms evolved from a more generalized entomophilous system to an ambophilous one in which wind and more specialized groups of insects such as weevils and nitidulid beetles contributed to pollination [21,41,42,43]. Diverging hypotheses state that entomophily (pollination by insects) is the ancestral condition in angiosperms and that anemophily (wind pollination) is derived [41,43].



A change in this paradigm was proposed in a recent study that dated angiosperm radiation to the late Triassic, which may have profound implications for the evolution of pollination biology not only in this group of plants, but also in gymnosperms [44,45]. Taking these data into account, in the context of the Mesozoic, in which both gymnosperms and basal angiosperms coexisted, two scenarios are possible: angiosperms evolved from insect-pollinated gymnosperms, co-opting the insects, or, in the case of a more likely Triassic origin of angiosperms, the opposite might have occurred (i.e., gymnosperms co-opted insects that pollinated angiosperms) [44,45].



In the clade ANITA (Amborellaceae, Nymphaeales, and Austrobaileyales), which includes the most basal angiosperms and sister to all other flowering plants, the most frequent pollination syndrome is myophily (fly pollination); the second most common syndrome is cantharophily. Hence, it is estimated that fly pollination is the oldest specialization among entomophilous flowers [46]. Pollen clumping dates date back to the Middle Cretaceous and indicates an increase in the occurrence of zoophily, when the existence of flies with mouth parts adapted to pollinivory was already present in the fossil record [47]. Paccini and Hesse (2005) [48] also mentioned the abundant setae in fossil Diptera that would facilitate the adhesion of pollen clumps, which could act together with sticky substances from pollen grains such as pollenkitt.



Still, within the ANITA clade, although the order of aquatic plants Nymphaeales is mostly pollinated by bees, a specialized type of pollination is promoted by beetles in the genera Victoria Lindl., Nymphaea L., and Nuphar Sm. The Nymphaea species that present diurnal anthesis are pollinated by bees and flies, whereas species with nocturnal anthesis are pollinated by beetles. In addition to nocturnal anthesis, cantharophilous species of Nymphaeaceae also possess other characteristics in common: they are thermogenic and have complex systems in which Coleopteran pollinators are trapped and released in synchrony with their circadian rhythm [46]. The floral morphology of the oldest Nymphaeales fossil, an approximately 90-million-year-old Microvictoria svitkoana Nixon, Gandolfo and Crepet fossil from the Late Cretaceous, already indicates an insect-trapping system. It is likely that its pollinators were small beetles, based on the fact that its extant relatives, the genera Victoria, Nymphaea, and Euryale Salisb., possess larger flowers and are also pollinated by larger beetles from the tribe Cyclocephalini (Scarabaeoidea, Melolonthidae) [49].



Of relict distribution, the only representative of the tribe Cyclocephalini outside America, the African species Ruteloryctes morio Fabricius, whose genus is monospecific, pollinates the hermaphroditic flowers of Nymphaea lotus L. The flowers of this species present the same specializations as those found in other cantharophilous species of the genus, namely, protogyny, nocturnal anthesis, thermogenesis, and a system of circadian trapping of floral visitors. Ervik and Knudsen (2003) [50] consider it unlikely that such a sophisticated pollination system could have evolved twice in the same genus. Taking into account the opening of the Atlantic Ocean, the authors postulate that the association between these basal aquatic angiosperms and the Cyclocephalini already existed 125–130 MYA. Specializations of Nymphaea flowers pollinated by beetles are also present in many Annonaceae species [51].



The fact that approximately 90% of Annonaceae species are pollinated by beetles and that the members of the most basal genus of this family, Anaxagorea A. St.-Hil., are also pollinated by coleopterans suggests that cantharophily is the ancestral pollination mode in the family [11]. Notwithstanding, using a phylogenetic analysis based on plastids genes, a hypothetical ancestor of the family has been reconstructed. Among other characteristics of the ancestor, the absence of floral visitor trapping and pollen dispersed as monads [13], characteristics usually observed in plants with wind pollination [52], stand out.



Knowledge obtained in recent decades about pollination modes in Annonaceae encompasses, in addition to beetles, other guilds of insects from the orders Thysanoptera [22,53,54], Diptera [55,56], Hymenoptera, represented by Euglossinae and Meliponinae bees [55,57,58], and even Blattaria [59].



In tropical forests in general and in the Cerrado in particular, apomixis—an asexual breeding system with seed set without of meiosis or fertilization—seems to be rare, and when it does occur, it is restricted to certain families (e.g., Malvaceae and Melastomataceae) [60,61]. Therefore, in the Cerrado, cross-pollination is dominant in forest and savanna species. The cross-reproduction rate in tropical plants normally surpasses 85%. In tropical forests, such cross-pollination is facilitated, in approximately 90% of cases, by biotic vectors including beetles [60,62,63]. This review is the first, to the best of our knowledge, to compile data from the literature regarding beetle pollination of Annonaceae in the Cerrado.




2. Materials and Methods


To ensure that all relevant literature concerning beetle pollination of Annonaceae from the Cerrado were reviewed, several digital platforms were consulted (Google Scholar, Web of Science, ResearchGate, Academia.edu, Scielo) by applying combinations of search keywords (pollination, beetle, Coleoptera, Annonaceae, Cerrado). Since a considerable part of the studies on this topic are in Portuguese, search keywords in Portuguese were applied in separate checks. References of cited publications were also checked for related topics. The complexity and interdisciplinarity of pollination biology rendered a necessary search for studies that do not directly address cantharophily, but still contribute to its understanding such as investigations on conservation and animal behavior. A geographical overview of literature-based Cerrado study sites is shown in Figure 1.




3. Shelter for the Big and for the Small: Floral Chambers in the Cerrado


Studies on breeding systems and pollination modes in plant communities in the Cerrado have been carried out in the states of São Paulo [64,65,66], Minas Gerais [67], Mato Grosso [68], and in the Federal District [60]. Martins and Batalha (2006) [69] analyzed fragments of the Cerrado in the Alto Taquari region in three states: Goiás, Mato Grosso, and Mato Grosso do Sul.



Saraiva et al. (1996) [64] investigated the breeding systems of 135 trees and shrubs of anemophilous species in a Cerrado area in the municipality of Corumbatai, São Paulo.



Ishara and Maimoni-Rodella (2011) [65] worked in a Cerrado area in the municipality of Botucatu, São Paulo to study the pollination biology of 176 plant species, 92% of which were pollinated by insects. Beetles pollinated 0.5% of species, which corresponded to only one plant species: Duguetia furfuracea A. St.-Hil. of the Annonaceae. The authors point out this species as cantharophilous, referring to Gottsberger and Silberbauer-Gottsberger (2006) [66], following Barbosa (1997) [67], who describes the pollinator of D. furfuracea as Coleoptera sp.2. A more detailed study provided by Paulino-Neto (2009) [70], from the state of São Paulo, mentioned nitidulids of the genus Colopterus Erichson, attracted by an intense fruity odor emitted by the flowers of D. furfuracea, entering its floral chambers and remaining therein until the male flower phase, leaving them with a large pollen load.



In a hectare of Cerrado stricto sensu of Botucatu, Gottsberger and Silberbauer-Gottsberger (2006) [66] analyzed the pollination biology of 301 species of angiosperms, most of which (38%) were melittophilous (i.e., pollinated by bees). Although 30 species were visited by beetles throughout the year, only eight species, or 3% of the surveyed species, were in fact pollinated by beetles. Of these eight species, five were exclusively visited by beetles. The authors found some patterns among these cantharophilous species: all of them offered pollen and tissue as resources to their pollinators. In addition, plants pollinated by small beetles such as the palms Acrocomia hassleri (Barb. Rodr.) W.J. Hahn and Syagrus loefgrenii Glassman, flowered throughout the year, whereas those pollinated by large dynastid beetles restricted their flowering period only to the rainy season, with flowering peaks in the months of November–December. Flowering during the months of the rainy season was reported for melittophilous, generalist, myophilous, and ornithophilous (bird-pollinated) species.



In this same hectare, Gottsberger and Silberbauer-Gottsberger (2006) [66] showed that 92% of plant species flowered during the day, 6% were nocturnal, and 2% apparently attracted animals on a diuturnal basis. For the six sampled Annonaceae in the area, the trend inverted: most (four species) were nocturnal, and two species had diurnal anthesis. All Annonaceae were pollinated by beetles, with the exception of Xylopia aromatica (Lam.) Mart. (Figure 2a), which was mainly pollinated by Thysanoptera and, secondarily, by beetles. The corollas of Annonaceae species, except D. furfuracea, whose corolla is reddish, are light in color (yellow, creamy, and white). Annonaceae specialization to cantharophily is also noteworthy when, for all plants in the area, their pollinating agents are considered functional groups (i.e., large bees, wasps, small bees, and flies). Whereas 70% of the local plant species were pollinated by more than one group of animals (generalists), only one Annonaceae species, Xylopia aromatica (Figure 2a), was pollinated by more than one functional group (small beetles and thrips).



Floral odor in the cantharophilous species listed by Gottsberger and Silberbauer-Gottsberger (2006) [66] varied from fruity (D. furfuracea and Annona cornifolia A. St.-Hil.) and pungent (Annona crassiflora Mart., Annona coriacea Mart., Annona dioica A. St.-Hil.) to very sweet (X. aromatica).



Barbosa (1997) [67] analyzed the floral biology of 133 plant species in the herb, shrub, and canopy layers in a community of Campo Sujo in the municipality of Uberlândia, MG, Brazil, and found a high percentage of flowering species in the beginning of the rainy season, a pattern that continued until the peak in December. The blossoming of cantharophilous species intensified at the beginning of November and peaked in March. Only 1.5% of plant species were considered to be pollinated exclusively by beetles, all of which belonged to the family Annonaceae. The anthesis of two cantharophilous species included in this study, Annona tomentosa R.E. Fr., with creamy flowers, and Duguetia furfuracea, with pinkish flowers, is described as nocturnal. Floral odor was not described, and only pollen was mentioned as a resource offered by the two plant species to their coleopteran visitors. The pollinators of both species were identified taxonomically only to order. It is important to note that some other generalist species may be secondarily pollinated by beetles, but this is not explicit in taxa whose functional group of pollinators is described as several small insects, which corresponded to 5.4% of the plant species studied in the area.



Borges (2000) [68] investigated the reproductive biology of 109 woody species in a Cerrado stricto sensu area at the Federal University of Mato Grosso Experimental Farm in the municipality of Santo Antônio do Leverger, Brazil, which is located in the northern Pantanal. In this area, woody angiosperms flowered during the first three months of the rainy season (October, November, and December), after a flowering peak in September. Regarding the cantharophilous species, with the exception of D. furfuracea, which blossoms during almost all months of the year, the other Annonaceae showed a restricted flowering period starting with the onset of the rainy season. Nine (8.3%) of the species were cantharophilous. Although the floral biology aspects of seven Annonaceae species had been observed, the pollinators of only five species were mentioned: all of these pollinators were included in the functional group beetles. The other two species were palms (Arecaceae), and likewise, their pollinators belonged to the same functional group: beetles. The resources offered by these cantharophilous species were described as pollen and tissue for Annonaceae and pollen for Arecaceae. Flower colors ranged from yellow to orange, and their anthesis was nocturnal. Only D. furfuracea had red flowers and diurnal anthesis. Floral odor was described as present for all Annonaceae species in this area.



Oliveira and Gibbs (2000) [60], in a survey encompassing 54 species of woody plants in the Brasilia Botanical Garden, found only Annona crassiflora as a cantharophilous species, and its pollinating agent was identified as Cyclocephala cf. atricapilla Mannerheim. In this study, for the sampled species, a flowering peak was detected at the end of the dry season and the beginning of the rainy season, which is the case for A. crassiflora. For this species, the authors referred to the resources offered to its pollinators as pollen/petals and described its flower color as reddish brown.



In the study conducted by Martins and Batalha (2006) [69], which included Cerrado fragments in three states of Central Brazil in the Alto Taquari region, trends toward diurnal anthesis (79%) and pale-colored flowers (89%) were detected in the 99 woody plant species whose floral biology was investigated. The three beetle-pollinated species were among the Annonaceae, namely, A. coriacea, A. crassiflora, and D. furfuracea, and corresponded to 3% of surveyed species, all of which had anthesis described as nocturnal. The two Annona L. species had yellow flowers, while the flowers of D. furfuracea were described as red. Only one Annonaceae sampled in the study was not classified as cantharophilous, Bocageopsis mattogrossensis (R.E. Fr.) R.E. Fr., whose functional group of pollinators was described as small insects.



Based on the studies reviewed, it is possible to identify some biological tendencies of the associations between beetles and cantharophilous Annonaceae species in the Cerrado. For a wider understanding of these associations, however, it is suitable to examine studies on the biology of certain species of beetles and Annonaceae, which will provide better comprehension of these trends.



In the Cerrado, most plant species, regardless of their pollination syndromes, normally flower in the beginning of the rainy season (generally from October through December). Batalha and Mantovani (2000) [71], without taking pollination syndromes into account, noted the same phenological pattern in the flowering of woody species in a reserve in the municipality of Santa Rita do Passa Quatro in the state of São Paulo, Brazil. Likewise, cantharophilous species generally initiate their blossoming in the beginning of the rainy season until reaching their peak from November to December [60,66,67,68]. However, as reported by Gottsberger and Silberbauer-Gottsberger (2006) [66], species pollinated by small beetles show a floral phenology scattered throughout the year, as is the case for D. furfuracea and certain palms.



Gottsberger (1994) [72], in a study on cantharophily in some Annonaceae species from the Cerrado, observed that flowers from this family tend to attract beetles according to their size (i.e., large flowers of the genus Annona, which flower during the initial months of the rainy season, attract large beetles of the genus Cyclocephala Dejean (Scarabaeidae, Dynastinae), while species bearing small flowers, which blossom throughout the year, attract beetles of several families, especially Nitidulidae and Staphylinidae).



Riehs (2006) [73] studied the phenology of six Cyclocephala species in the state of Paraná, Brazil. The three most abundant species were collected only in the first months of the rainy period. In another study of the Cerradão in the state of Goiás, phenological data on insects confirmed that beetles and other insects tended to be more abundant at the beginning of the rainy season, from September to November [74]. Based on this information, the woody, shrubby, and arboreal species in the Cerrado, in general, synchronize their flowering periods according to pollinator availability. The same synchronization occurs in species of the genus Annona, in accordance with the phenology of Cyclocephala beetles [66]. Data on the phenology of Staphylinidae and Nitidulidae in tropical regions, however, were not found in the reviewed literature.



There is also a gap in vision research on beetles that pollinate Annonaceae. Nonetheless, some inferences may be made based on data regarding other groups of beetles (and other insects). It has been suggested, for instance, that UV, blue, and green photoreceptors are ancestral in Insecta and that some lineages may have lost or acquired photoreceptors due to different selective pressures [75]. The pollinivorous nitidulid Melighetes aeneus Fabricius, for example, when searching for a plant on which to feed, shows a preference for yellow over green or white, although only green photoreceptors have been directly detected. Behavioral and electrophysiological tests of M. aeneus showed that the perception of yellow occurs via a green-versus-blue mechanism [76]. Behavioral tests of a phylogenetically distant group, Anthonomus pomorum L. (Curculionidae), supported the hypothesis that the species possesses three photoreceptors: UV, green, and blue [75]. Duplications of opsin genes have also been found in flower-visiting beetles from families Nitidulidae, Curculionidae, and Scarabaeidae, which suggests subfunctionalization of green-sensitive photopigments toward the perception of long wavelengths such as red and/or orange [77]. Intracelular measurements from the ventral portion of the eyes of the glaphyrid scarab Pygopleurus israelitus Muche, which visits certain red Mediterranean flowers, revealed the existence of UV, green, and red photoreceptors [78].



The above-mentioned examples refer to diurnal Coleoptera. However, trichromatic vision seems to be as important for nocturnal insects as it is for diurnal insects. Vision in animals with eyes adapted to nocturnal photoreception differs, basically, in the way that they capture low-intensity light [79]. The cantharophilous Annonaceae flowers with nocturnal anthesis normally bear light-colored flowers, whereas those with diuturnal and/or diurnal anthesis may also display light colors or even reddish or pinkish colors such as D. furfuracea with its red corolla (Figure 2a) [66,67,68,69,70]. In French Guiana, during the diuturnal anthesis of Duguetia cadaverica Huber, small mycetophagous beetles of the genus Pycnocnemus Sharp (Nitidulidae) are attracted, during the day, to its crimson flowers by a scent described as “reminiscent, to our noses, of very mature camembert cheese, mushrooms, and old damp socks with an additional vomit-like note” [80]. In the Central Amazon, Duguetia flagellaris Huber, pollinated by small staphylinids and nitidulids, has diurnal anthesis and wine-colored flowers, while D. ulei (Diels) R.E. Fr. and D. riparia Huber, both pollinated by Cyclocephala, possess nocturnal anthesis and creamy-yellowish flowers [22]. However, there are exceptions to such associations because Cardiopetalum calophyllum Schltdl., for instance, has diuturnal anthesis, a light green calyx, and a creamy corolla (Figure 2b). Elias et al. (2012) [81] stated that this Annonaceae is pollinated by the nitidulid Lobiopa insularis Castelnau, a species of economic relevance as a pest in fruticulture that is widely distributed in the New World [82].



The relative frequency with which many flowers show high UV reflectance must also be considered when analyzing the perception beetles have of the flowers they pollinate [76]. A greater comprehension of the interaction between beetles and Annonaceae flowers requires an experimental approach in order to test the visual perception of these pollinating beetles, especially the large nocturnal Cyclocephala and the small nitidulids and staphylinids.



The diversity within Cyclocephala, which includes c. 350 species, makes it difficult to provide generalities on the olfactive preferences in the genus. Furthermore, studies on odor emission by flowers of cantharophilous blossoms are focused on plant chemistry rather than chemoreception by floral visitors [18,83,84,85,86]. These studies, when analyzed either in isolation or collectively, convey remarkable convergence in phylogenetically distant plants toward the production of volatile compounds that attract beetles, especially Cyclocephala scarabs. The compound 4-methyl-5-vinylthiazole, for instance, is present in the scent of Caladium bicolor (Aiton) Vent. (Araceae) and at least four cantharophilous species of Annonaceae [18].



This guild of Annonaceae-pollinating beetles includes some species of the diverse genus Cyclocephala. Schatz (1990) [87] estimated that approximately 900 species of Neotropical angiosperms depend upon these beetles for reproduction. In the Cerrado, Annona species pollinated by nocturnal Cyclocephala have an aroma described as pungent or fruity [66]. Gottsberger (1994) [72] characterized the floral scents in this genus as aromatic, spicy, or of mature fruits. In another study, the same author described floral perfumes of cantharophilous Annonaceae as strong, fruity, spicy, or even offensive [14]. In a study comparing the floral odors of Annonaceae such as Xylopia aromatica (Figure 2a), Anaxagorea dolichocarpa Sprague & Sandwith and Duguetia asterotricha (Diels)R.E. Fr., all of which bear small flowers with light colors and are pollinated by minute Nitidulidae, the authors discovered that, through different volatile compounds, these flowers gave off very similar fruity odors, which suggests convergent evolution to form these bouquets [83]. Flowers of A. dolichocarpa, present in the Cerrado, release a strong banana-like scent that attracts small beetles, mainly nitidulids that feed from their fruits. Its Amazonian relative, Anaxagorea brevipes Benth., lures beetles from the same family through a mixture of several fruit odors [83,88]. Nitidulids are primarily saprophagous and mycetophagous, with some genera such as Lobiopa Erichson, frequently collected on mature and/or rotting fruits [82,89].



The floral cycle of Annonaceae, involving cantharophily and protogyny, causes volatile compound emissions in several taxa that are not uniform throughout anthesis but modulated according to the floral phase and/or time of day [66,72].



With the exception of Annona dioica, which is androdioecious, all Annonaceae from the Cerrado are protogynous; that is, they show temporal separation of reproductive organ functionality in which the female phase precedes the male phase [14,66,72]. Such a mechanism is important to avoid self-pollination in self-compatible species [90]. In A. crassiflora, whose flower cycle lasts one night, during the female phase hours, the odor is “fruity-nut-like with a spice note to it”; as the temperature rises, the spicy note stands out, and an unpleasant cyanide-like odor comes to dominate, remaining until the end of the male phase [66].



In short, beetles are attracted by the colors and odors of Annonaceae flowers and, in a symbiotic relationship, promote cross-pollination in exchange for certain resources. One of these resources is heat produced by flowers (thermogenesis). Thermogenic flowers and inflorescences are present in other botanical families such as Araceae [16,17,18,20,84,91], Arecaceae [21,22], Cyclanthaceae [16,25,92], Magnoliaceae [31,32], and Nymphaeaceae [50], and even in cantharophilous gymnosperms [37]. According to these references, thermogenesis events, in the majority of species from these families, are mostly linked to the period of nocturnal anthesis and the attraction of nocturnal Cyclocephala.



For some years, there has been a debate on the validity of considering the heat emitted by these flowers as, in addition to being an attractant, a resource energetically usable by flower visitors [93,94,95,96,97,98,99]. Meeuse and Raskin (1988) [93], in a bibliographic review regarding thermogenesis in Araceae, mention only the function of endogenous production of heat as an odor intensifier, that is, as an attractant for pollinators. Dieringer et al. (1998) [95], measuring thoracic temperatures of Cyclocephala caelestis Delgado & Ratcliffe, concluded that they were independent of ambient and floral temperatures of Magnolia tamaulipana A. Vázquez, ruling out the possibility that these flowers acted as a resource for these beetles. However, Seymour et al. (2009) [99], with an experimental approach, found that within the thermogenic inflorescences of the aroid Philodendron solimoesense A.C. Sm., beetles of the species Cyclocephala colasi Endrödi did not thermoregulate, as opposed to when they were outside the inflorescences. The authors concluded that inside the inflorescences, beetles could feed and breed throughout the night, avoiding the costs of endothermy.



Floral thermogenesis has been widely reported in cantharophilous Annonaceae species from the Cerrado [14,15,16,66,70,72,100,101] (see summary Table 1 for details). The protogynous flowers of A. coriacea exhibit a flowering cycle that lasts two days. During the first night hours, the female phase initiates: flowers heat up and give off an intense sweet odor, attracting dynastid beetles. Only during the following nightfall do flowers enter the male phase, again producing heat emitting odor and attracting pollinators. Thermogenesis during the female phase may lead to temperatures as much as 15°C above the ambient temperature. In the states of São Paulo and Minas Gerais, Brazil, the principal pollinator of A. coriacea is Cyclocephala atricapilla, with Cyclocephala quatuordecimpunctata Mannerheim occasionally serving as a pollinator (Figure 3c) [72]. In the Cerrado of the municipality of Nova Marilândia, in the state of Mato Grosso, Brazil, in addition to C. atricapilla, four other species of the tribe Cyclocephalini have also been observed visiting flowers and departing from them with their bodies covered in pollen: Cyclocephala undata Olivier, C. octopuntata Burmeister, Cyclocephala ohausiana Höhne, and even Arrigutia brevissima Arrow [66,101].



The smaller A. cornifolia flowers also show nocturnal anthesis that lasts two days, with a female phase on the first night and a male phase on the second night, but thermogenesis is more moderate (yielding temperatures up to 8.5 °C above the ambient temperature). In the Cerrados of the Brazilian states of Minas Gerais and São Paulo, the fruity smell of A. cornifolia attracts primarily C. quatuordecimpunctata and, secondarily, C. atricapilla. The species C. atricapilla is the main pollinator of five additional Annona species present in the Cerrado, namely, Annona aurantiaca Barb. Rodr., A. dioica, Annona monticola Mart., Annona warmingiana Mello-Silva & Pirani, and A. crassiflora [14,66,72], whose anthesis is detailed below.



The beginning of the rainy season coincides with leaf sprouting in A. crassiflora (Figure 3), locally known as araticum. The nearly solitary floral buds, which take months to develop, acquire a ferruginous-yellow coloration, and the flowering period commences, with a few flowers opening up each night at the beginning of the rainy season and commencement of an intense blossoming phase between November and December. The corolla has two whorls: the most basal one is composed of three external fleshy and thick petals, whose abaxial face is ferruginous-tomentose and at times greenish and lighter (Figure 3a); the abaxial face is somewhat concave, cream-colored on the edges, and characterized by a distinct crimson patch on its basal third. The external petals thicken from base to apex, showing a retuse to acute shape (Figure 2c and Figure 3b–f). The most apical whorl of the perianth is formed by alternating outer petals and inner light-yellow petals, the latter of which are much smaller and thinner but rigid and with a shape similar to that of the outer petals (Figure 3b–f). At the base of the inner petals, on the adaxial surface, there are two distinct basal lobes that are small and laterally positioned (Figure 3f). The mature flower is pendant and shows a fruit-like aspect, with external petals lightly parted just enough for Cyclocephala to pass through (Figure 3a) [14,66,72,102,103].



The flowers open up during the day, but anthesis, defined as the period in which the flowers are active, occurs for only one night. During crepuscular hours, the flowers heat up and give off a fruity smell that attracts Cyclocephala, and the gynoecium becomes covered with a transparent and viscous substance, which marks the onset of the female phase (Figure 3b). Between 22 h and midnight, the flowers enter the male phase: the stigmatic head detaches from the receptacle, and the anthers dehisce, releasing pollen on the inside of the floral chamber (Figure 3d,e). Still during the late night, the gamopetalous corolla detaches from the receptacle and drops, marking the end of anthesis (Figure 3f) [14,66,72,104].



In addition to providing protection against desiccation and predators, a mating site, and heat, A. crassiflora flowers, like those of other species of the genus, also offer alimentary resources to their visitors. During the female phase of the flowers, beetles may feed on the basal lobes of the inner petals (Figure 3c,f), while pollen is offered as an alimentary resource during the male phase [14,66,72]. Histochemical analyses of A. crassiflora inner petals revealed that their basal lobes are nutritious tissues rich in lipids and starch that, in addition to providing food to their pollinators, may also serve as fuel for the metabolism of floral thermogenesis [105]. Even after the end of the floral cycle, the fallen corolla of A. crassiflora persists as a unit (Figure 3f) that protects beetles from desiccation and predators, where the beetles often remain until the upcoming night, when they head to other anthetic flowers [14,66,72].



Although Gerhard Gottsberger has studied pollination in A. crassiflora individuals located over 1000 km away, C. atricapilla has been shown to be its principal pollinator in the Cerrados of almost all sampled Brazilian states such as Goiás, São Paulo, and Minas Gerais, and the Federal District [66]. Nevertheless, there were rare observations of C. quatuordecimpunctata (Figure 3c) and Cyclocephala literata Burmeister, a species that was found by the same author and collaborators in another study, pollinating Magnolia ovata (A. St.-Hil.) Spreng. (Magnoliaceae) in the Atlantic Forest [32,66].



Gottsberger (1989) [106] also noted that although there is a certain degree of temporal overlap among the sympatric flowering species of Annona from the Cerrado, their flowering peaks are arranged sequentially, which, in addition to constituting a genetic barrier against hybridization between these related plants, also hinders competition for pollinators among them and provides Cyclocephala spp. with protection and breeding and feeding sites during four months of the year. In the same study, the author posed the hypothesis, yet to be tested, that a larger number of Cyclocephala species pollinates the forest species of Annona [106].



Based on the reviewed examples, especially those of A. coriacea, there do not seem to be species-specific relationships between species of Annonaceae and species of pollinating beetles. In this case, geographic variables appear to influence the taxonomic composition of Cyclocephala that pollinate Annona species, with regional differences. Even so, when the Cyclocephalini are considered only one functional group, it is apparent that this is a specialized pollination relationship [66]. As previously shown, the other functional group associated with cantharophilous Annonaceae from the Cerrado comprises small beetles from the families Nitidulidae and Staphylinidae, which pollinate species with small flowers and diurnal or diuturnal anthesis.



Regardless, in both pollination modes, both large and small nectarless flowers of the Annonaceae offer a relatively isolated place where pollinators may find shelter against desiccation and predators and a place to mate with conspecifics and to find food. This place is called, almost invariably, a floral chamber [14,15,16,66,70,72,100,101,107].
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Table 1. Summary of reviewed literature with records of cantharophily in Cerrado Annonaceae.
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Annonaceae Taxon

	
Color

	
Odor

	
Resources

	
Time of Anthesis

	
State

	
Coleopteran Pollinators

	
Reference






	
Anaxagorea dolichocarpa 1

	
Cream-colored

	
Banana-like/

acetone-like

	
Pollen

	
Diuturnal

	
Pernambuco

	
Colopterus sp. a

	
[88]




	
Annona

aurantiaca

	
Brown/orange yellow

	
Fruit-like/pungent/disagreeable

	
Tissue

	
Nocturnal

	
Maranhão

	
Cyclocephala atricapilla b

	
[106]




	
-

	
-

	
-

	
-

	
Maranhão

	
C. atricapilla

	
[66]




	
Annona

coriacea

	
Yellow

	
Pungent

	
Pollen/

tissue/

exudate/mating site/shelter

	
Nocturnal

	
Maranhão

	
C. atricapilla

	
[66]




	
Minas Gerais

	
C. atricapilla

	




	
C. quatuordecimpunctata b




	
São Paulo

	
C. atricapilla




	
C. quatuordecimpunctata




	
C. melanocephala b




	
C. ohausiana b




	
Greenish orange/

orange

	
Sweet

	
Pollen/

tissue/

mating site/

shelter

	
Nocturnal

	
Mato Grosso

	
C. atricapilla

	
[101]




	
C. undata b




	
C. octopunctata b




	
C. ohausiana




	
Arrigutia brevissima b




	
-

	
-

	
Pollen/tissue

	
-

	
São Paulo

	
C. atricapilla

	
[108]




	
C. quatuordecimpunctata




	
Annona

cornifolia

	
Greenish/yellow/creamy

	
Fruity/pleasant

	
Tissue/

mating site/shelter

	
Nocturnal

	
Minas Gerais

	
C. quatuordecimpunctata

	
[66]




	
C. atricapilla




	
São Paulo

	
C. quatuordecimpunctata

	




	
Yellowish

	
Present

	
Pollen/tissue

	
Nocturnal

	
Mato Grosso

	
Coleoptera

	
[68]




	
Annona

crassiflora

	
Brownish-yellow

	
Pungent

	
Pollen/

tissue/

mating site/shelter

	
Nocturnal

	
Distrito Federal

	
C. atricapilla

	
[66]




	
Goiás

	
C. atricapilla

	




	
C. quatuordecimpunctata




	
São Paulo

	
C. atricapilla




	
C. literata b




	
Minas Gerais

	
C. atricapilla




	
-

	
-

	
-

	
-

	
Minas Gerais

	
C. atricapilla

	
[104]




	
C. latericia b




	
C. octopunctata




	
Reddish-brown

	
-

	
Pollen/petals

	
-

	
Distrito

Federal

	
Cyclocephala cf. atricapilla

	
[60]




	
Annona

dioica

	
Yellow

	
Pungent/unpleasant

	
Pollen/tissue

	
Nocturnal

	
Minas Gerais

	
C. atricapilla

	
[66]




	
C. quatuordecimpunctata

	




	
São Paulo

	
C. atricapilla




	
Yellow

	
Present

	
Pollen/tissue

	
Nocturnal

	
Mato Grosso

	
Coleoptera

	
[68]




	
Annona

monticola

	
-

	
Unpleasant

	
-

	
-

	
Distrito Federal

	
C. atricapilla

	
[66]




	
Annona

tomentosa

	
Yellowish

	
Fruit-like/

agreeable

	
-

	
-

	
Distrito Federal

	
C. atricapilla

	
[106]




	
C. quatuordecimpunctata

	




	
Minas Gerais

	
C. quatuordecimpunctata




	
C. atricapilla




	
Creamy

	
Present

	
Pollen

	
Nocturnal

	
Minas Gerais

	
Coleoptera

	
[67]




	
Annona

pygmaea

[syn. A. warmingiana]

	
-

	
Fruit-like/

unpleasant

	
-

	
-

	
Distrito Federal

	
C. atricapilla

	
[106]




	
Cardiopetalum sp.

	
Yellow

	
Present

	
Pollen/tissue

	
Nocturnal

	
Mato Grosso

	
Coleoptera

	
[68]




	
Cardiopetalum

calophyllum

	
-

	
Decaying fruit

	
-

	
Diurnal

	
Distrito Federal

	
Lobiopa spp. a

	
[66]




	
-

	
-

	
-

	
-

	
Goiás

	
Lobiopa insularis a

	
[81]




	
Greenish/white

	
Present

	
-

	
Nocturnal

	
Minas Gerais

	
Chrysomelidae

	
[109]




	
Coccinelidae

	




	
Duguetia

furfuracea

	
Red

	
Fruity/

decaying fruit

	
-

	
Diurnal

	
Distrito

Federal

	
Nitidulidae spp.

	
[66]




	
Curculionidae aff. Prantisus sp.

	




	
Minas Gerais

	
Lobiopa sp.




	
Curculionidae aff. Prantisus sp.




	
Dark red/purple

	
Mature fruit

	
-

	
Diuturnal

	
São Paulo

	
Colopterus sp.

	
[70]




	
Red

	
Present

	
Pollen/tissue

	
Diuturnal

	
Mato Grosso

	
Coleoptera

	
[68]




	
Rosy

	
Undetected

	
Pollen

	
Nocturnal

	
Minas Gerais

	
Coleoptera

	
[67]




	
Duguetia

lanceolata

	
Purple/reddish-orange

	
Characteristic

	
-

	
Diuturnal

	
Minas Gerais

	
Chrysomelidae

	
[109]




	
Coccinelidae

	




	
Duguetia

phaeoclados

[syn. Annona phaeoclados]

	
Yellow

	
Present

	
Pollen/

tissue

	
Nocturnal

	
Mato Grosso

	
Coleoptera

	
[68]




	
Xylopia

aromatica

	
White

	
Very sweet

	
Pollen/tissue

	
Diurnal

	
Amazonas

	
Chrysomelidae sp.

	
[66]




	
Nitidulidae spp.

	




	
Minas Gerais

	
Thysanoptera spp.




	
Chrysomelidae sp.




	
Cillaeus sp. a




	
Carpophilinae sp. a




	
Mato Grosso

	
Cillaeus sp.




	
São Paulo

	
Halticinae sp. c




	
Cillaeus sp.




	
-

	
Undetected

	
-

	
Diuturnal

	
Bahia

	
Curculionidae sp.

	
[107]








1 Although this study was performed in an Atlantic Forest fragment, this species is also present in the Cerrado. Letters indicate the families of beetles identified at generic or species level: (a) Nitidulidae; (b) Melolonthidae; (c) Chrysomelidae.












4. Beetle Marks and Other Mysteries


With regard to cantharophily, Bernhardt (2000) [51], analyzing the noteworthy evolutionary convergence among phylogenetically distant angiosperm groups, defined four modes of floral presentation, which he termed bilabiate, brush, chamber blossom, and painted bowl, whose traits may overlap. The bilabiate floral presentation occurs, for instance, in some Lowiaceae and Orchidaceae pollinated by Cantharidae and Coccinelidae, while the brush mode is present, for example, in palms pollinated by Curculionidae. The painted bowl mode occurs in certain tulips and Iridaceae from Mediterranean regions and Africa [51,110]. The petals of this type possess beetle marks, which consist of symmetrically oriented spots restricted to the perianth base, normally of vivid colors contrasting against a light background. The colors of beetle marks range from orange-yellowish, pink, red, and dark-brown to dark iridescent. Bernhardt (2000) [51] remarked that tests with UV light have not been performed and that thermogenesis has not been investigated in the painted bowl form. Although there is some evidence of their role as visual signals, the function of beetle marks as attractants to coleopteran pollinators remains poorly understood [51,110]. It is clear that, in general, Annonaceae from the Cerrado mostly show the chamber blossom mode, but it is tempting to hypothesize some overlap with the painted bowl mode in cases of the symmetrically oriented and crimson patches on the external petals of A. crassiflora (Figure 3) and A. cornifolia.



From the viewpoint of the beetles’ natural history, gaps in pollination studies focusing on the sensorial perception of the Coleoptera are evident. Furthermore, behavioral observation of the nocturnal Cyclocephala is hindered by these animals’ negative phototaxis and by the nature of the floral chamber, which must be obliterated so that its interior can be observed, interrupting the activities of the beetles and influencing their behavior (authors observations) [66]. Additionally, regarding Annonaceae pollinated by small beetles, taxonomic identification of floral visitors to the species level, and at times even the genus level, is rare. Due to a lack of specialists, overcoming such obstacles is difficult.




5. Outlook


Access to Brazilian Cerrado areas with a good number of Annonaceae species to be studied is becoming increasingly difficult, as the dramatic alteration in land use in this phytogeographical domain is swiftly shrinking the continuous areas of the biome. In four decades, half of the natural landscape has been modified, and only 2.5% of the total Cerrado area is in conservation units [111].



Although Annonaceae pollinators such as Cyclocephala spp. cause economic damage to some cultivars, there are few well-documented records on the conditions in which the adults become pests [112]. In Brazil, exotic species of Annona such as Annona squamosa L. (sugar apple) and Annona muricata L. (soursop) [108,113,114] are grown at a large scale. There is a record of six Cyclocephala species visiting A. muricata in Brazil, among which is Cyclocephala celata Dechambre (Figure 3e), which stands out as a potential pollinator because it is the most abundant species in the flowers of these species [115]. Annona crassiflora fruits, whose commercial potential is yet underexplored, are greatly appreciated by the rural populations in Central Brazil and are sold at fairs [103]. Research is urgently needed to illuminate the functional traits and ecosystem services of these symbiotic relationships between beetles and Cerrado angiosperms.
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Figure 1. Brazilian biomes with Cerrado localities (circles) indicating Annonaceae study sites based on georeferenced published datasets. Circle colors refer to species, numbers to references cited. For further information, see Table 1. 
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Figure 2. Flowers of three species of cantharophilous Annonaceae from our studies in the Cerrado of the Chapada dos Guimarães, MT, Brazil. Note that all three have light-colored perianths. (a) Xylopia aromatica has a mixed pollination system in which both thrips (Thysanoptera) and beetles (Coleoptera) take part. Flower visitation occurs mostly during the day, although flowers remain anthetic throughout the night. The adaxial surface of the outer petals and the linear inner petals are white. The abaxial surface of the outer petals, however, is of a vivid hue of red (arrow). (b) The calyx of Cardiopetalum calophyllum is light green, and the petals are light yellow. Flower visitation by nitidulids is diuturnal. (c) In this figure, it is possible to visualize the floral chamber of Annona crassiflora, delimited by the light yellow corolla. Pollinated by large nocturnal Cyclocephala scarabs (arrow), this species has large, thermogenic floral chambers. Note that the beetle shown inside has its head positioned toward the base of the inner petals, where the nutritious tissue patch is located. 
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Figure 3. Stages of anthesis of Annona crassiflora. (a) The fruit-like flower has outer petals with a yellow and ferruginous-tomentose abaxial surface. Anthesis begins during the early evening hours. (b) The female phase is marked by the production of stigmatic exudate by the gynoecium (arrow). Here, the thicker outer petals and the smaller and thinner inner petals are shown. (c) A Cyclocephala quatuordecimpunctata individual feeding on the basal lobe of an inner petal during the female phase. (d) Before entering the male phase, the gynoecium detaches from the receptacle (arrow). Note the purple to reddish basal patch on the inner petals. (e) Cyclocephala celata visiting a male-phase flower, with its anthers detached and dehisced. (f) The shed corolla from a flower on the day after anthesis showing herbivory marks (arrows) of Cyclocephala spp. At the spot where the basal lobes are located (data from authors own studies). 
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