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Apocynaceae (the dogbane and milkweed family) is one of the ten largest flowering plant families, with approximately 5,350 species and diverse morphology and ecology, ranging from large trees and lianas that are emblematic of tropical rainforests, to herbs in temperate grasslands, to succulents in dry, open landscapes, and to vines in a wide variety of habitats. Despite a specialized and conservative basic floral architecture, Apocynaceae are hyperdiverse in flower size, corolla shape, and especially derived floral morphological features. These are mainly associated with the development of corolline and/or staminal coronas and a spectrum of integration of floral structures culminating with the formation of a gynostegium and pollinaria—specialized pollen dispersal units. To date, no detailed analysis has been conducted to estimate the origin and diversification of this lineage in space and time. Here, we use the most comprehensive time-calibrated phylogeny of Apocynaceae, which includes approximately 20% of the species covering all major lineages, and information on species number and distributions obtained from the most up-to-date monograph of the family to investigate the biogeographical history of the lineage and its diversification dynamics. South America, Africa, and Southeast Asia (potentially including Oceania), were recovered as the most likely ancestral area of extant Apocynaceae diversity; this tropical climatic belt in the equatorial region retained the oldest extant lineages and these three tropical regions likely represent museums of the family. Africa was confirmed as the cradle of pollinia-bearing lineages and the main source of Apocynaceae intercontinental dispersals. We detected 12 shifts toward accelerated species diversification, of which 11 were in the APSA clade (apocynoids, Periplocoideae, Secamonoideae, and Asclepiadoideae), eight of these in the pollinia-bearing lineages and six within Asclepiadoideae. Wind-dispersed comose seeds, climbing growth form, and pollinia appeared sequentially within the APSA clade and probably work synergistically in the occupation of drier and cooler habitats. Overall, we hypothesize that temporal patterns in diversification of Apocynaceae was mainly shaped by a sequence of morphological innovations that conferred higher capacity to disperse and establish in seasonal, unstable, and open habitats, which have expanded since the Eocene-Oligocene climate transition.
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INTRODUCTION

The early diversification of flowering plants (angiosperms), a clade comprising approximately 90% of extant land plant species (Hernández-Hernández and Wiens, 2020), was marked by a rapid increase in lineage diversity, abundance, and distribution during the Late Cretaceous, 100–66 million years ago (Ma; Friis et al., 2011). More than half of angiosperm families diverged between 100 and 90 Ma (stem node ages) and diversified in the Cenozoic (66–2.6 Ma; crown node ages; Ramírez-Barahona et al., 2020). The abrupt collapse of ecosystems caused by the Cretaceous-Paleogene (K-Pg) mass extinction at ca. 65 Ma catalyzed drastic floristic changes and extirpated up to 57% of plant species, mostly affecting lineages dispersed and pollinated by animals (McElwain and Punyasena, 2007). The recovery of plant diversity in the early Paleocene coincided with the establishment and diversification of modern tropical rainforests (e.g., Morley, 2000; Wang et al., 2012; Meseguer et al., 2018) and, in the early Eocene climatic optimum (52–50 Ma), rainforests reached higher latitudes and formed a relatively continuous boreotropical flora (Wolfe, 1978). The global cooling and increased aridification that started mainly from the Eocene-Oligocene climatic transition (34 Ma) and intensified after the mid-Miocene climatic optimum (15 Ma), however, fostered the establishment and expansion of modern cold and dry biomes and narrowed rainforests to lower latitudes, which resulted in a collapse of intercontinental routes suitable for tropical plants (i.e., megathermal plants; Folk et al., 2020). While, in general, the recent temperate habitats show higher rates of speciation and turnover, older tropical rainforests have been less affected by extinction, show higher rates of net diversification (Igea and Tanentzap, 2020), and harbor more ancient families of angiosperms (Ramírez-Barahona et al., 2020). Although the accumulation of extant species increased mainly since the Pliocene (5 Ma) and, more intensively, during the Quaternary (2.6 Ma), the impact of Pleistocene climatic oscillations on the diversification of angiosperms, in particular within highly diverse tropical regions, such as the lowland Amazonian rainforests and campos rupestres highlands, remains debatable (Rapini et al., 2021).

Exceptionally diverse lineages are scattered across the angiosperm tree of life, but are also often concentrated in particular clades, such as the core asterids, which comprises six of the ten extremely species-rich orders of angiosperms (Magallón and Sanderson, 2001). Although a great variety of possible drivers of species diversification have been discussed, including, among others, biotic interactions, morphological key innovations, and whole-genome duplications (e.g., Soltis et al., 2019), shifts in diversification rates often depend on a complex and intricate net of interactions between intrinsic biological traits and extrinsic (biotic and abiotic) conditions (Davies et al., 2004; Vamosi and Vamosi, 2011; Bouchenak-Khelladi et al., 2015; Donoghue and Sanderson, 2015; Magallón et al., 2019; Nürk et al., 2020). Geographic range size is often positively associated with species diversity and was recently indicated as the trait that most explains overall diversification rates of orders and families within angiosperms (Hernández-Hernández and Wiens, 2020). Theory predicts that widely distributed lineages are less prone to extinction and more susceptible to fragmentation and ecological specialization, favoring higher diversification rates. In turn, higher diversification rates may generate key innovations that will boost range expansion under favorable conditions (Vamosi and Vamosi, 2011). In this relationship, the precedence between range size and key innovations is not clear-cut, encouraging spatiotemporal investigations with highly diverse groups of angiosperms (Hernández-Hernández and Wiens, 2020). Lineage-specific studies are essential to understand the inescapable idiosyncrasy associated with the evolution of biodiversity (Donoghue and Sanderson, 2015) and, here, we explore the historical biogeography and diversification of Apocynaceae (Gentianales), one of the ten largest families of angiosperms (Christenhusz and Byng, 2016).

Apocynaceae, the dogbane and milkweed family, consists of approximately 5,350 species and 378 genera (Endress et al., 2018-2019). The lineage is essentially pantropical, with centers of diversity in Southeast Asia, tropical America, and southern Africa (Ollerton et al., 2019), but otherwise distributed almost worldwide. It comprises large trees, treelets, shrubs, lianas (twining woody climbers), and more rarely epiphytes in tropical rainforests, succulents in dry, open landscapes, perennial herbs in temperate grasslands, to vines (herbaceous or succulent twiners) in a wide variety of habitats. The flowers are usually pentamerous (tetramerous in Leuconotis, and calyx tetramerous in Parahancornia and a few species of Aspidosperma), isostemonous, bicarpellate (tri- to pentacarpellate in Lepinia, Lepiniopsis, and some species of Pleiocarpa), and hyperdiverse in size and corolla shape (Figure 1), ranging from reflexed (e.g., Asclepias) or rotate, star-like (e.g., Stapelia) to campanulate (e.g., Beaumontia and Mandevilla), urceolate (e.g., Urceola and Dischidia), salverform (e.g., Carissa and Tabernaemontana), cylindrical pitfalls (Ceropegia), or even fig-like (Heterostemma ficoides A. Kidyoo; Kidyoo, 2019). They often produce corolline and/or staminal coronas and show a spectrum of integration between anthers and style-head that culminated with the formation of a gynostegium and five pollinaria, formed by a translator derived from gynoecium exudates and pollinia from the androecium (Endress, 2016; Endress et al., 2018-2019). Several species are planted as ornamentals, mainly because of their showy flowers, such as allamanda (Allamanda cathartica), Madagascar periwinkle (Catharanthus roseus), frangipani (Plumeria rubra), Easter lily vine (Beaumontia grandiflora), oleander (Nerium oleander), milkweeds (Asclepias spp.), and desert rose (Adenium obesum), but also due to a cactus-like habit, particularly the stapeliads.
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FIGURE 1. Diversity of flowers in Apocynaceae. (A) Aspidosperma pyrifolium, Aspidospermateae; (B) Hancornia speciosa, Willughbeieae; (C) Couma rigida, Willughbeieae; (D) Tabernaemontana solanifolia, Tabernaemontaneae; (E) Condylocarpon isthmicum, Alyxieae; (F) Thevetia peruviana, Plumerieae; (G) Allamanda puberula, Plumerieae, (H) Wrightia coccinea, Wrightieae; (I) Adenium obesum, Nerieae; (J) Mandevilla atroviolacea, Mesechiteae; (K) Pentopetia grevei, Periplocoideae; (L) Secamone parviflora, Secamonoideae; (M) Ceropegia tihamana, Ceropegieae; (N) Orbea lutea, Ceropegieae; (O) Calotropis procera, Asclepiadinae; (P) Oxypetalum rusticum, Oxypetalinae [Photos of panels (A–G,I,J,O,P) by Rapini; panels (H,K–N) by Meve].


Most Apocynaceae species are pollinated by insects, such as butterflies, moths, bees, wasps, beetles, flies, even cockroaches (Xiong et al., 2020), and very rarely by birds (Pauw, 1998). Almost 20% of the species studied so far are insect generalists, i.e., pollinated by more than three of the seven big classes of insects listed above, and floral complexity is not paralleled by a specialization in pollinators (Ollerton et al., 2019). Anti-herbivory and medicinal compounds, particularly alkaloids and cardenolides, are widespread in the family (e.g., Agrawal et al., 2012) and are key in several fascinating plant-animal-animal interactions. The sequestration of glycosides from milkweeds (Asclepias spp.), for instance, causes the emblematic monarch butterfly (Danaus plexipus) to be unpalatable to birds (Agrawal, 2017), whereas other groups of Lepidoptera sequester pyrrolizidine alkaloids from various genera of apocynoids to produce pheromones for courtship displays (Edgar et al., 2007). The cardiac glycoside ouabain, extracted from the bark of Acokanthera, is used by the African crested rat (Lophiomys imhausi) against larger mammals, but also by traditional East African hunters to kill elephants (Kingdon et al., 2011). However, not all interactions with animals are made through phytochemicals. For example, leaves in some epiphytic species of Dischidia and Hoya are modified into “pitchers” that are inhabited by ants. These plants offer room for the ants to raise their young and in return, the ants bring nutrients through their debris and confer protection to the plant (Janzen, 1974; Peeters and Wiwatwitaya, 2014).

The species in Apocynaceae are classified in five major groups: three monophyletic subfamilies (Periplocoideae, Secamonoideae, and Asclepiadoideae) and two non-monophyletic groups informally treated as rauvolfioids and apocynoids (Endress et al., 2018-2019). These five divisions are defined by the direction of corolla lobe aestivation, type of pollen apertures, level of reproductive synorganization, presence of translators, and number and type of pollinia. Rauvolfioids and apocynoids do not produce a morphologically differentiated translator and were placed in the traditional Apocynaceae s.str. These two groups, however, form a grade toward the pollinia-bearing subfamilies: Periplocoideae, Secamonoideae, and Asclepiadoideae (e.g., Sennblad and Bremer, 1996; Fishbein et al., 2018; Antonelli et al., 2021). The pollinia-bearing subfamilies produce differentiated translators (acellular bodies derived from the hardening of style-head exudates), which apparently evolved more than once (Livshultz, 2010; Straub et al., 2014). The clade consisting of the apocynoids along with the two pollinia-bearing lineages Periplocoideae and Secamonoideae-Asclepiadoideae is known as the APSA clade (Livshultz et al., 2007; see also Endress et al., 2018-2019). The style-head is free from the anthers in rauvolfioids, but almost always adnate to the anthers, forming a gynostegium in the APSA clade. Besides a derived floral synorganization, the APSA clade is also mostly characterized by wind-dispersed seeds with a coma at the micropylar end, produced in follicles. Fruits of rauvolfioids, in contrast, are highly variable and include dehiscent fruits with ejected or wind-blown seeds, dehiscent fruits with arillate seeds dispersed by animals, indehiscent fleshy fruits with seeds also dispersed by animals, and indehiscent fruits adapted to disperse seeds by water, even sea water (Simões et al., 2016; Endress et al., 2018-2019; Figure 2).
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FIGURE 2. Diversity of fruits and seeds in Apocynaceae. (A) Open follicle with winged seeds of Aspidosperma macrocarpon, Aspidospermateae; (B) Follicles of Alstonia macrophylla, Alstonieae; (C) One-seeded drupes of Kopsia pauciflora, Vinceae; (D) Berries of Couma rigida, Willughbeieae; (E) Berries of Hancornia speciosa, Willughbeieae; (F) Follicles of Tabaernaemontana pauciflora, Tabernaemontaneae; (G) Dehisced follicle with arillate seed of T. bovina, Tabernaemontaneae; (H) Berry with seeds of Spongiosperma grandiflorum, Tabernaemontaneae; (I) Torulose drupe with two articles of Alyxia siamensis, Alyxieae; (J) Torulose drupes with several articles of Condylocarpon isthmicum, Alyxieae; (K) Spiny capsule of Allamanda cathartica, Plumerieae; (L) Pair of fused immature follicles of Himatanthus drasticus, Plumerieae; (M) Open follicle with winged seeds of H. bracteatus, Plumerieae; (N) Drupaceous fruits of Thevetia peruviana, Plumerieae; (O) Berry of Carissa macrocarpa, Carisseae; (P) Open follicle with comose seeds of Wrightia pubescens subsp. lanitii, Wrightieae; (Q) Fused follicles of Temnadenia violacea, Echiteae; (R) Inflorescence with flowers and follicles of Hoya incrassata, Marsdenieae; (S) Comose seeds from an old fruit of Asclepias curassavica, Asclepiadinae [Photos of panels (A,D,E,J–O,Q,S) by Rapini; panels (B,G) by Middleton; panels (C,I) by Preecha Karaket, with permission from The Forest Herbarium Bangkok; panels (F,R) by Meve; panel (H) by Simões; panel (P) by Leonid Averyanov].


The oldest fossil assigned to the family seems to be the Alyxia-like pollen of Psilodiporites wolfendenii from the Paleocene of West Africa (Movshovich, 1975) and the Eocene of tropical Asia (Indonesia and Borneo; Muller, 1968; Morley, 1998). Comose seeds (seeds bearing a tuft of hairs at the end) remain the most convincing fossil evidence of Apocynaceae so far, indicating the presence of the APSA clade in Africa since the Eocene (47 Ma; Apocynospermum spp.; Collinson et al., 2010). However, most fossils from the Eocene to the Oligocene are restricted to the Northern Hemisphere, mainly to Europe and Asia (Martínez-Millán, 2010; Del Rio et al., 2020), such as the recently described fossil flower of the rauvolfioid Maryendressantha succinifera (Singh et al., 2021). American fossils assigned to Apocynaceae, such as the North American wood of Paraapocynaceoxylon barghoornii, dating from the late Cretaceous (Wheeler et al., 1987), and the well-preserved flower of the Neotropical Discoflorus neotropicus, dated to the mid-Tertiary (Poinar, 2017), are scant and taxonomically questionable. Pollen tetrads of Polyporotetradites laevigatus (Salard-Cheboldaeff, 1978) from the Oligocene-Miocene of Africa remain the oldest fossil evidence of Periplocoideae and comose seeds from the early Eocene were recently discovered in China and assigned to Asclepiadoideae (Asclepiadospermum spp.; Del Rio et al., 2020). Estimates for the Apocynaceae crown diversification based on molecular data are divergent, ranging from the early Eocene (Rapini et al., 2007) to the late Cretaceous (Fishbein et al., 2018; see also Ramírez-Barahona et al., 2020), with estimates exactly in between (Ribeiro et al., 2014; Pugliesi and Rapini, 2015). Although discrepant for ancient nodes, dating for intermediate nodes tends to be comparable among studies, as noted by Fishbein et al. (2018).

The biogeography of the family has been largely neglected from a phylogenetic perspective. Comprehensive inferences about the ancestral distributions of Apocynaceae and their major clades remain sparse and are mainly based on informal observations. Simões et al. (2007) suggested a tropical origin for the Apocynaceae, but did not postulate a place for their emergence, and Meve and Liede (2002b); Goyder (2006), Rapini et al. (2007), and Livshultz et al. (2007, 2011) suggested an African origin for the pollinia-bearing lineages. Pollinia provide additional protection against pollen desiccation, confer higher efficiency to pollination under low population densities, and may have reduced the extent of extinction in drier climate niches, contributing to the high diversity of milkweeds (Livshultz et al., 2011). However, formal biogeographic analyses in the family are few and restricted to particular asclepiad groups (e.g., Liede-Schumann et al., 2014, 2016), providing limited insights into a global understanding of the family’s diversification. Spatiotemporal patterns have not been formally investigated for the entire Apocynaceae, resulting in uncertainties regarding their place of origin and the emergence of the modern pantropical distribution.

Tropical plant families with a crown age younger than the continuing breakup of Gondwana, which started in the Jurassic, with greater peaks of continental fragmentation in early and late Cretaceous to Paleocene (McLoughlin, 2001), reached their ancestral distribution via two main historical routes: a southern Gondwanan (e.g., Axelrod and Raven, 1978; Linder and Crisp, 1995; van den Ende et al., 2017) or a northern Laurasian route (e.g., Davis et al., 2002; Ruhfel et al., 2016). Globally warmer climates, especially from the Paleocene–Eocene thermal maximum and early Eocene climatic optimum (ca. 56–48 Ma) to the Eocene-Oligocene climate transition (ca. 34 Ma; the terminal Eocene event, sensu Wolfe, 1978), allowed plants to disperse between the Old and the New World using more poleward routes and possibly land bridges to cross between continents in both Hemispheres (Wolfe, 1975, 1978; Axelrod and Raven, 1978; Tiffney, 1985b,a; McLoughlin, 2001; Morley, 2003). The global cooling and aridification after the Eocene-Oligocene climate transition closed these routes for megathermal plants and resulted in the expansion of temperate regions and the establishment of modern grasslands and deserts (Simon et al., 2009; Arakaki et al., 2011; Gagnon et al., 2019; Folk et al., 2020).

In this study, we provide the first attempt to integrate the most comprehensive time-calibrated phylogeny and morphological character evolution estimates in Apocynaceae (Fishbein et al., 2018) with an updated monographic work for the family (Endress et al., 2018-2019) to investigate (1) the historical biogeography of major lineages and (2) the dynamics of species diversification in the family. More specifically, we ask (1) whether a Gondwanan (Southern Hemisphere) or Laurasian (Northern Hemisphere) route was prevalent in shaping the distribution of Apocynaceae and (2) how variation in diversification rates underpinned the evolution of the family. First, we estimate ancestral areas under several models to produce new evidence on the origin of the family and the main routes of historical dispersals. Then, we estimate rates of species diversification across the Apocynaceae and test for shifts that may hint toward potential drivers of diversification. Finally, we associate estimates of diversification rates, historical biogeography, and morphological evolution (Endress et al., 2018-2019; Fishbein et al., 2018) to discuss the evolutionary history of Apocynaceae and to provide an overview of potential events that boosted the diversification of the family, from the uncertain origin to the uneven distribution of extant diversity.



MATERIALS AND METHODS


Phylogenetic Tree, Species Numbers, and Distributions

We make use of the time-calibrated phylogenetic tree of Apocynaceae published in Fishbein et al. (2018) that covers all major lineages in the family and includes 1,041 species (ca. 20% of species richness) and 50% of the genera (ca. 180 out of 378 currently accepted sensu Endress et al., 2018-2019). The tree is a chronogram based on maximum likelihood analysis of 21 concatenated plastid loci (for more details, see Fishbein et al., 2018). Due to the incomplete and biased sampling, an inevitable limitation under such a broad coverage (e.g., Magallón et al., 2019; Mendel et al., 2019; Sun et al., 2020), we restricted our interpretations to Apocynaceae major clades, mainly above the genus level. Numbers of known species per clade and their distributions are recorded from Endress et al. (2018-2019) and updated according to new data and specialists’ knowledge (Supplementary Table 1; all data and scripts used in this study are available at our DRYAD repository).



Biogeographic Hypothesis Testing

Currently, three common biogeographic models are available for phylogenetic comparative inference of ancestral areas among species: dispersal and vicariance analysis (DIVA; Cronquist, 1997), the dispersal-extinction-cladogenesis (DEC; Ree et al., 2005; Ree and Smith, 2008), and BayArea models (Landis et al., 2013). The last model was the first to include a distance-dependent parameter, which can be set according to, for example, ecological distances, making possible direct comparison of biologically informed hypotheses (e.g., Pirie et al., 2019). These three biogeographic models are implemented in a likelihood framework in BioGeoBEARS (Matzke, 2013), which can also add the founder event (+J) parameter to all models, allowing speciation and dispersal to occur simultaneously. It has been argued that likelihoods under the classical models and their +J variants cannot be compared because +J models are biased toward having higher likelihoods (see discussion in Matzke, 2021). Since we found only minor differences in ancestral area estimates under the + J models compared to estimates without this parameter (Supplementary Tables 2A,B and Supplementary Figures 2–5, besides that model fit was generally much better for the + J models), we here present and discuss the estimates of the classical models (full results are available at DRYAD). For model comparison, we relied on log likelihoods and the sample size corrected Akaike information criterion (AICc), also calculating the ΔAICc (ΔAICc > 10 was taken as good evidence to reject a model in favor of the best one; Burnham and Anderson, 2002) and Akaike weights, which indicate the relative fit of a model in relation to all models in the set (i.e., cumulative Akaike weights of all models = 1).

We designed models to estimate ancestral areas during the diversification of Apocynaceae and to test specific hypotheses about (1) the geographical origin of the lineage and (2) macroevolutionary patterns of dispersal in BioGeoBEARS. Based on centers of species richness, relevant geological time periods, and theories of the major biogeographic realms, we divided the globe into six major terrestrial areas: Africa, including the Arabian Peninsula and Madagascar (A), temperate Eurasia (E), North America (N), Oceania, including Australasia and eastern Malesia (O), South America (S), and tropical Asia (T; justification, references, and maps are provided in Methods S1). We created a default model (M1), which allowed unconstrained and time homogeneous dispersal probabilities, and set the maximum number of areas to four (the maximum inhabited by extant species). To model shifts in dispersal probabilities over time due to plate movements, changing sea levels, and other major geological processes, we then defined a time-stratified model (M2) with four time periods (time slices: 0–30, 30–60, 60–80, 80–100 Ma; for details, see Supplementary Methods 1 and Supplementary Figure 1. N.B., the M2 model also restricts most dispersals between Hemispheres and is intended to illuminate the importance of such interhemispheric dispersal pathways in the biogeographic history of Apocynaceae). Additionally, in a “restricted range” modification of M1 and M2, we excluded unrealistic ancestral population distributions (e.g., Africa–North America) from the state space of geographic ranges (M1s, M2s models; for details, see R scripts at DRYAD). Additionally, to test hypotheses about the origin of Apocynaceae (i.e., the ancestral geographic range at the crown node of the family), we enforced the following constrained “test” models: South America (M3), Africa (M4), West Gondwana (M5), Gondwana (M6), tropical Asia (M7), East Gondwana (M8), Palaearctic (M9), Laurasia (M10), and two pantropical models, including West Gondwana plus tropical Asia (Pantropical 1, M11) and Gondwana plus tropical Asia (Pantropical 2, M12), respectively (for details, see Supplementary Table 3). At the time of crown group origin (85.6 Ma), these were the relevant landmasses according to plate tectonic reconstructions. We evaluated the test models with default (M3–M12) and restricted range (M3s–M12s) state spaces of geographic ranges. Each of the 24 models was run in BioGeoBEARS, using the DEC, BayArea-like, and DIVA-like models.

We estimated the frequency of dispersal events between areas with biogeographical stochastic mapping (BSM; Dupin et al., 2016; Matzke, 2016) using the model that best fits the data without constraining the area of the Apocynaceae crown node (M1s.dec model; see section “Results”; for BSM results including the + J parameter, see Supplementary Table 4). We conducted 1,000 MCMC stochastic mappings of occupied ranges and summarized dispersal events from the posterior distribution (R scripts and full analysis output are available at DRYAD).



Diversification Analyses

To detect variation in species diversification rates among lineages in the Apocynaceae phylogeny, we used maximum likelihood (ML) and Bayesian approaches. First, we used ML in a character-free version of the HiSSE model (Beaulieu and O’Meara, 2016; Caetano et al., 2018), the so-called missing-state SSE (MiSSE) model, which implements averaging of rate estimates weighted according to goodness-of-fit of the models to the data (model averaging for short). We ran 52 MiSSE models varying in the number of “hidden” states (i.e., the number of different diversification regimes) with 1–26 regimes considered, and by setting the ratio of extinction to speciation (extinction fraction) to either 0.0 or 0.9, representing extreme diversification scenarios (Magallón and Sanderson, 2001). Sampling fraction was set to 20% for the entire tree, based on the empirical level of sampling. We used the functions generateMiSSEGreedyCombinations, MiSSEGreedy, and MarginReconMiSSE to obtain log likelihoods for the 52 models, and averaged rate estimates using Akaike weights based on the AICc (Burnham and Anderson, 2002).

Second, we used Bayesian analysis of macroevolutionary mixture (BAMM 2.5; Rabosky, 2014) to reconstruct the positions of significant shifts in diversification regimes during the evolution of Apocynaceae. Sampling fractions per clade were provided in order to account for uneven representation of species that are included in the tree (Supplementary Table 1). Appropriate priors were estimated in BAMMtools v2.1.7 (Rabosky et al., 2014) and a series of different priors on the expected number of shifts were tested in preliminary analyses (0.1–12; because results were stable among tested priors, we show and discuss results using a shift prior of 1; for comparison of the prior and posterior distributions of number of shifts, see Supplementary Figure 6). We ran four simultaneous Markov chain Monte Carlo (MCMC) chains for 20 million generations, saving estimates every 10 thousand generations and discarding the first 10% as burn-in before assessing convergence of chains; mixing of chains was assessed visually and effective sample sizes calculated using coda v0.19-4 (Plummer et al., 2006) were >200.




RESULTS


Ancestral Area Estimates and Biogeographic Tests

Of the 72 biogeographical models analyzed, the DEC model with restricted ranges and no constraint on the Apocynaceae ancestral area (M1s.dec) was the best fit by far, with an Akaike weight of 0.92 (Figure 3). Only one other model, the unrestricted DEC (M1.dec), had a ΔAICc < 10 (4.9), with an Akaike weight 0.08. All other models performed substantially worse (ΔAICc > 200; Supplementary Table 2A), including the time-stratified model M2 and M2s, which indicates the importance of interhemispheric dispersals in the history of the Apocynaceae. According to the M1s.dec model, the most recent common ancestor of Apocynaceae was most likely distributed in a geographic region that encompassed South America, Africa, and tropical Asia (S + A + T: state probability P = 0.62; Figure 3 and Supplementary Figure 2), whereas according to the M1.dec model, it would additionally include North America (S + A + T + N: P = 0.26; Supplementary Figure 3; state probabilities for all nodes are available at DRYAD). Uncertainties in ancestral ranges are apparent for other backbone nodes near the root, with South America, Africa, and/or tropical Asia as the most likely ranges (Figure 3 and Supplementary Figure 2). However, the crown node of early diverging clades was often associated with particular geographic regions generally with high degrees of certainty: e.g., the diversification of the Aspidospermateae (in South and North America, P = 0.94), Alstonieae and Vinceae (in tropical Asia, P = 0.91 and P = 0.81, respectively), Willughbeieae–Tabernaemontaneae (in South America, P = 0.24), and Melodineae–Asclepiadoideae (in Africa, P = 0.96).
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FIGURE 3. Historical biogeography of Apocynaceae. Colored boxes at the tree nodes indicate the most probable ancestral geographic range inferred by the best biogeographic model (out of 72: M1s-DEC, Akaike weight 0.92; Supplementary Table 2A). Current distribution of species is given to the right of the tips following the color code in the map inset top right. Named clades according to Fishbein et al. (2018) are collapsed and sampling fraction is given after the clade name. The superimposed triangles in darker gray are scaled to the proportion of the sampling fraction per clade. The filled star indicates the APSA clade and the open star the pollinia-bearing lineages. (1) Results of biogeographic hypothesis tests of the ancestral area of Apocynaceae showing the model fit (Akaike weight): Pantropical 2, Pantropical 1, and Laurasia (Table 2). (2) The inferred ancestral distribution of Apocynaceae at around 72 Ma is indicated in the map. Pl., Pliocene; Quat., Quaternary; K-Pg, Cretaceous-Paleogene boundary; EECO, early Eocene climatic optimum; EOCT, Eocene-Oligocene climate transition; MMCO, middle Miocene climatic optimum.



Models constraining the ancestral range of Apocynaceae (M2–M12 and M2s–M12s) had much poorer fits than the less constrained models (M1 and M1s; Supplementary Table 2A). A comparison of the model fit among the 10 ancestral constrained “text” models (M3–M12) yields similar equivocal support for the range at the node of crown group (Table 1). Irrespective of the biogeographic model used (DEC, BayArea-like, or DIVA-like; Supplementary Table 5), only two constraints under the DEC model, the Pantropical model 2 (S + A + O + T; Akaike weight 0.50) and the Pantropical model 1 (S + A + T; Akaike weight 0.42), accounted for a cumulative AICc weight of 0.92 (Table 1 and Figure 3). Other constrained models with ΔAICc < 10 included the Laurasia model (N + E + T; Akaike weight 0.07, ΔAICc 4; Figure 3), and the Gondwana model (S + A + O; Akaike weight 0.01, ΔAICc 8; Table 1).


TABLE 1. Results of biogeographic hypothesis tests on the origin of Apocynaceae detailing fit to the data of the ten constrained models (M3–M12) using the dispersal-extinction-cladogenesis model (DEC).
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Throughout the evolution of Apocynaceae, Africa is estimated by both ancestral area model fits (Figure 3 and Supplementary Figure 2) and BSM (Table 2) as the main source of dispersals to other areas with 64.2 events in total (ca. 0.8 events per million years; E/Myr), mainly to tropical Asia (ca. 0.3 E/Myr) and temperate Eurasia (ca. 0.2 E/Myr). The highest rates of lineage dispersals are estimated to have occurred between the two New World areas, with ca. 0.5 E/Myr from South to North America, and ca. 0.2 E/Myr for the reverse. North America is estimated as the main sink receiving ca. 0.5 E/Myr, closely followed by tropical Asia (Table 2).


TABLE 2. Numbers of dispersal events between the six biogeographic areas estimated by biogeographical stochastic mapping [BSM using M1s.dec; sum all dispersals (d) and range switching (a) events].
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Rates of Species Diversification

A model of constant diversification rate for the Apocynaceae was strongly rejected in both MiSSE and BAMM analyses. A single diversification regime (without a shift) was not included in the posterior of BAMM, and the MiSSE models with a single regime (one state in parameter “turnover”) were rejected by a ΔAICc of 776 for an extinction fraction (eps) of 0.9 and 1,236 for eps = 0.0 compared to the best model (Supplementary Table 6). Instead, the best-fitting MiSSE model assumed 18 diversification regimes and an extinction fraction of 0.9, with an Akaike weight of 0.13. Of the 52 MiSSE models tested, 16 models assuming 11–26 distinct diversification regimes received a ΔAICc < 10, all of which with eps = 0.9, with a cumulative AICc weight of 0.9998. The nine top models with ΔAICc < 2 assumed 14–22 distinct diversification rates with a cumulative Akaike weight of 0.8674 (Supplementary Table 6). The model-averaged MiSSE rate estimates of net diversification in Apocynaceae are given in Figure 4.
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FIGURE 4. Species diversification in Apocynaceae. Colors on tree branches are averaged net diversification rate estimates inferred by the 52 models varying in the number of rate regimes (“hidden states”; 1–26) with extinction fraction (ratio of extinction to speciation) kept at 0.0 (26 models) or 0.9 (26 models) using MiSSE (rates > 1.35 species per million years are not shown in the color scale). Circles in grayscale superimposed on the tree indicate the nodes for which a shift in diversification rates has been inferred by BAMM and are scaled in gray and size to marginal likelihoods (shift probability; Table 1). Selected clade names and sampling fractions (spp. sampled/spp. known; for details see Figure 3 and Supplementary Table 1) are indicated. The ancient radiations (internodes with warmer colors) of rauvolfioids (close to R1) and apocynoids (close to R2) are indicated. The star indicates the APSA clade. Secamo., Secamonoideae; Periploco., Periplocoideae. EOM, clade comprising Echiteae, Odontadenieae, and Mesechiteae; MOG, clade comprising Metastelmatinae, Oxypetalinae, and Gonolobinae (plus other five smaller Neotropical subtribes). K-Pg, Cretaceous-Paleogene boundary; EECO, early Eocene climatic optimum; EOCT, Eocene-Oligocene climate transition; MMCO, middle Miocene climatic optimum. Insets top right are potential drivers of diversification: A, dry fruits with comose seeds; B, climbing habit (twining growth form) and; C. pollinarium with a pair of pollinia, indicating the two pollinia-bearing lineages as discussed in the text.


The BAMM analysis produced a single best shift configuration that includes 12 shifts toward accelerated species diversification (i.e., 13 different regimes; Figure 4 and Table 3). Shift configurations with 13–16 shifts in diversification rates are sampled with even higher frequencies in the posterior of the BAMM analysis (Supplementary Figure 4), which agree with our MiSSE results. Of the 12 shifts inferred in the best shift configuration (Figure 4 and Table 3), 11 occurred in the APSA clade: one in Wrightieae, two within the EOM clade and eight in pollinia-bearing lineages, including one leading to Periplocoideae, another to Secamonoideae, and the other six within Asclepiadoideae. Shifts toward higher net diversification rates occurred from the mid-Eocene onward, the oldest within the EOM clade (ca. 45 Ma) and the most recent within Mandevilla (ca. 3.3 Ma), with seven shifts during the Miocene. Although not detected as rate shifts by BAMM, the MiSSE results additionally indicate two older accelerations in species diversification rates, in the ancient radiations of rauvolfioids ca. 72–69 Ma (R1) and apocynoids ca. 55–52 Ma (R2; Figure 4).


TABLE 3. Shifts in net diversification rates inferred in the Bayesian analysis of macroevolutionary mixture (BAMM).
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DISCUSSION


The Origin of Apocynaceae

The complex breakup sequence of the southern supercontinent Gondwana started 180–150 Ma, involved approximately 90 fragments (including regions in Southeast Asia, Europe, and Florida), and caused disjunctions in lineages of angiosperms between land masses that currently correspond mainly to South America, Africa and Madagascar, Australia and New Zealand, and Antarctica (McLoughlin, 2001). Disjunct distributions in the Southern Hemisphere, therefore, are often interpreted as evidence of a Gondwanan origin followed by vicariance (e.g., Linder and Crisp, 1995), although this may not always be the most plausible explanation (e.g., Davis et al., 2002). Studies questioning the primacy of tectonic vicariance over oceanic dispersals in historical biogeography (e.g., Richardson et al., 2004; de Queiroz, 2005) and reinforcing the importance of dispersals on the distribution of tropical lineages since the late Cretaceous (e.g., Renner, 2004; Ruhfel et al., 2016) are increasingly being published. The predominantly austrotropical distribution of Apocynaceae fits the pattern classically associated with an initial diversification in tropical West Gondwana, i.e., South America-Africa in the late Cretaceous, ca. 85 Ma (Axelrod and Raven, 1978). Our results, however, refute the Gondwana or West Gondwana origin of Apocynaceae and did not support the prevalence of any route. Instead, they retrieved a tropical climatic belt in the equatorial region (the pantropical models), encompassing part of Gondwana (western landmasses) and part of Laurasia (Southeast Asia), as the most likely ancestral area of Apocynaceae, potentially also including Oceania (Figure 3). Uneven extinction rates and high rates of dispersal in plants obscure vicariance patterns and have often distorted biogeographic analyses of extant lineages, leading to unclear and equivocal reconstructions of ancestral areas especially at deeper nodes (Sanmartín and Ronquist, 2004; Meseguer et al., 2015, 2018; Rose et al., 2018; Larridon et al., 2020). An ancient pantropical distribution is shared by several other families (Procheş and Ramdhani, 2020) and the ancestral area estimated for Apocynaceae here reinforces the great importance of intercontinental dispersals in plant distribution since the late Cretaceous (e.g., Renner, 2004; de Queiroz, 2005).

Intercontinental dispersals occurred during the entire history of the family and, in a greenhouse world, we might expect that the ancestor of Apocynaceae was potentially widespread in austrotropical floras in South America, Africa, and Southeast Asia, with gene flow facilitated either through southern transoceanic land bridges (Morley, 2003) or through the boreotropical flora (Wolfe, 1975). The cool to warm temperate climate, with short periods of sunlight during winter months in Antarctica probably prevented most tropical lineages from using a southernmost route since the late Cretaceous (Sanmartín and Ronquist, 2004; van den Ende et al., 2017). North America, Europe, and Asia shared similar floristic compositions during the warmer early to mid-Eocene, suggesting a wide dispersal in tropical and subtropical floras of the Northern Hemisphere (Tiffney, 1985a, b; Su et al., 2020). The boreotropical flora reached paleolatitudes of approximately 60° N and persisted in a relatively uniform composition, from the late Cretaceous to mid-Eocene or later, with a shallow latitudinal temperature gradient (Wolfe, 1978). Eurasia was connected to eastern North America through the Northern Atlantic Land Bridge until the early Eocene and to western North America at higher latitudes by the Bering Strait, although with minor importance for megathermal plants after the early Eocene (Morley, 2003). These northern connections provided a pathway for disjunct austrotropical floras in South America, Africa, and Southeast Asia. Hence, the boreotropical flora represents an alternative hypothesis in place of oceanic long-distance dispersals to explain austrotropical floristic disjunctions that are too young to have been caused by West Gondwana fragmentation (Davis et al., 2002).

Tropical lineages of angiosperms may have used the boreotropical pathway between the New and Old World until the Eocene-Oligocene climate transition (Wolfe, 1978). The decrease of temperatures and increase of seasonality after the early Eocene climatic optimum (55 Ma), but mainly since the Eocene-Oligocene climate transition (ca. 34 Ma), caused the deterioration of the boreotropical flora, which contracted to refugia in lower latitudes, including Southeast Asia (Tiffney, 1985a; Morley, 2003). Lineages not adapted to cooler conditions were extirpated from the Northern Hemisphere during the Neogene, but part of the microthermal flora adapted to cooler climates derived from the preceding Paleogene local flora (e.g., Wolfe, 1975; Tiffney, 1985a; Nürk et al., 2015, 2018; Meseguer et al., 2018). The dramatic floristic change in the Northern Hemisphere since the Eocene-Oligocene climate transition may have blurred and distorted biogeographic results (e.g., Meseguer and Condamine, 2020), but fossil records from the Eocene of Europe, North America, and Asia (Martínez-Millán, 2010; Endress et al., 2018-2019; Del Rio et al., 2020; Singh et al., 2021) support the presence of Apocynaceae in the Northern Hemisphere at least since approximately 52 Ma. Therefore, data available so far cannot confidently indicate a center of origin for the Apocynaceae. The regions encompassing tropical Asia, South America, and Africa recovered in the ancestral area reconstruction could be interpreted as “museums” (sensu Stebbins, 1974) of Apocynaceae as they have apparently retained the oldest extant lineages of the family since the earliest diversification.



Apocynaceae Spatial Diversification: Tempo and Mode

The highest diversification rates in Apocynaceae are concentrated in relatively recent lineages, although ancient rauvolfioids and apocynoids also showed episodes of higher diversification rates in the MiSSE analysis, giving birth to lineages that are often recognized at tribe and subfamily levels (Figure 4). The oldest tribe of Apocynaceae (Aspidospermateae, 69 spp.) diversified exclusively in the New World, while the second oldest tribe (Alstonieae, 45 spp.) diversified exclusively in the Old World (Figure 3; for complete ancestral area estimates on the models with the best fit, see Supplementary Figures 2, 3). In contrast, another early diverging clade, Vinceae (156 spp.; Figure 3), apparently showed a higher capacity of dispersal and is distributed worldwide. Vinceae shows multiple intercontinental dispersal events and reached the Hawaiian Islands more than once, possibly from the southern and western Pacific and from the Caribbean islands (Simões et al., 2016). Although follicular fruits are found in some genera, drupaceous fruits are prevalent and the tribe is mainly dispersed by animals and water. Vinceae may have occupied boreo- and austrotropical forests during the Eocene and the largest genus, Rauvolfia, reached South America from the Paleotropics more than once according to our reconstruction (Supplementary Figure 2), starting in the Miocene, probably through transoceanic dispersals, and thence to North America, although Simões et al. (2016) supported only a single dispersal to the Neotropics. The sister clades Willughbeieae (144 spp.) and Tabernaemontaneae (168 spp.) share South American ancestral and current pantropical distributions (Figure 3). Both dispersed to the Paleotropics during the Oligocene-Miocene boundary, but a shift in diversification rates was detected only within Tabernaemontaneae (Figure 4). This is the only shift in a lineage of Apocynaceae consisting predominantly of trees and shrubs producing ecomose seeds. The shift may be associated with a change from tall trees to treelets and shrubs growing at the lower canopy and below but also with a change in the dispersal mode as it roughly coincided with a shift from berries to dehiscent follicles with arillate seeds, characteristic of most derived Tabernaemontaneae.

The remaining Apocynaceae began to diverge in Africa and a few small tribes appeared in quick succession during the ancient rauvolfioid radiation in the late Cretaceous (Figures 3, 4). Melodineae (I and II; 30 spp.) and Hunterieae (20 spp.) remained restricted to the Paleotropics. Conversely, Amsonieae (16 spp.) shows a Laurasian distribution (North America, Europe, and Japan), possibly representing a relict component of the Eocene boreotropical flora, adapted to the cooler Neogene in higher latitudes and able to disperse through the Bering Strait, still available for subtropical plants during the late Miocene (Graham, 2011, 2018). Alyxieae (138 spp.) dispersed to Southeast Asia and Oceania, reaching South America from the Paleotropics in the Eocene, Plumerieae (55 spp.) dispersed to South America in the Paleocene, showing independent diversifications in the New and Old Worlds since the late Eocene, and Carisseae (25 spp.) remained restricted to the Old World, with Carissa probably dispersing to Asia and Australia before the reduction of forests and expansion of grasslands, caused by an increase of aridity in northern and eastern India after the mid-Miocene climatic optimum (Chen et al., 2019).

The oldest apocynoid tribes also diverged in Africa (Figure 3). Wrightieae (31 spp.), sister to the rest of the APSA clade, diverged in the Paleocene, dispersed eastward to tropical Asia (and Australia), and showed a shift in diversification rates in the Miocene (Figure 4). Nerieae (71 spp.) remained mainly restricted to Africa, independently reaching Europe and Asia, whereas in Malouetieae (95 spp.), early diversification occurred in Africa and South America, during the Eocene, with later dispersals to tropical Asia and North America (see also Livshultz et al., 2007). Apart from the Paleocene appearance of Wrightieae, Nerieae, and Malouetieae, the ancient apocynoid radiation coincided with the early Eocene climatic optimum. The increase of diversification rate estimated by MiSSE during this warm period may be associated with a sequential expansion from Africa to South America and Southeast Asia followed by retractions (Figures 3, 4), giving rise to the EOM clade and Rhabdadenieae in the New World, as well as Apocyneae, Baisseeae, and the pollinia-bearing lineages in the Old World. The EOM clade (479 spp.) consists mainly of Neotropical lianas and comprises the tribes Echiteae, Odontadenieae, and Mesechiteae, although Odontadenieae was not recovered as monophyletic in the large Apocynaceae tree of Fishbein et al. (2018) used here. Outside Asclepiadoideae, this is the most diverse lineage of Apocynaceae in the New World. A lineage of the EOM clade dispersed to the Paleotropics between the Oligocene and Miocene and became especially diverse in Oceania (Artia-Parsonsia, ca. 85 spp.). The oldest and the most recent shifts in diversification rates are located in the EOM clade (Figure 4). The more recent and likely rate shift in the late Pliocene is located in a lineage of Mandevilla with flowers bearing only a pair of nectaries alternate with the carpels (Clade III p.p. in Simões et al., 2006). Apocyneae (115 spp.) originated and diversified mainly in tropical Asia, but became widespread in the Old World, reaching North America (Apocynum), whereas Rhabdadenieae (3 spp.) diversified in South America, dispersing northward, and Baisseeae (29 spp.) remained restricted to Africa and Madagascar.

Two pollinia-bearing lineages emerged in Africa, independently derived from the apocynoid ancient radiation (Straub et al., 2014), although they formed a clade in the Apocynaceae tree used here (Fishbein et al., 2018; Figures 3, 4). Livshultz et al. (2011) hypothesized that the more efficient pollination mechanism conferred by pollinia contributed to reduce the Allee effects caused by low population densities and fewer pollinators available in cooler and seasonally dry forests in Africa after the early Eocene climatic optimum (Jacobs, 2004). Periplocoideae (177 spp.) showed a shift in diversification rates during the early Miocene, and remained distributed mainly in Africa and Madagascar, reaching Asia, Australia, and Europe. The subfamily consists mainly of lianas, and pollinia evolved more than once in the group (Ionta and Judd, 2017). Secamonoideae (158 spp.) is sister to Asclepiadoideae and showed a shift in diversification rates during the Oligocene. The lineage remains restricted to the Old World, and an origin in Madagascar, which still harbors three relict genera (Calyptranthera, Pervillaea, and Secamonopsis), is most likely (Lahaye, 2005). From there, it probably dispersed to Africa and, subsequently, to Oceania as well as to Asia. Secamone (90 spp.), the largest genus of Secamonoideae, is also most diverse in Madagascar, possibly due to pulses of vicariance and ecological specializations (Lahaye et al., 2007).

Six of the 12 shifts in Apocynaceae diversification rates are reconstructed in Asclepiadoideae, the largest subfamily, with about 60% of the species (Figure 4); none of them in the oldest tribe Fockeeae (nine spp.). Two independent shifts were detected in the sister tribes Marsdenieae and Ceropegieae and four in Asclepiadeae, with one in Tylophorinae, one in the MOG clade, one in Cynanchinae, and one in Asclepiadinae. Marsdenieae (737 spp.) crown diversification is marked by a shift in diversification rates in the late Oligocene, associated with its expansion across the Paleotropics. The tribe shows more than one dispersal to Asia, with one of the lineages becoming highly diverse in tropical Asia and Oceania (Hoya-Dischidia, > 400 spp.). It also reached South America in the mid to late Miocene, giving rise to an exclusively American clade of Marsdenieae (ca. 120 spp., segregated as Ruehssia; Espírito Santo et al., 2019), which has the highest diversification rate among the four Neotropical asclepiad lineages (Rapini et al., 2007).

Within Ceropegieae (Stapeliinae + Anisotominae + Lepta- deniinae + Heterostemmatinae; 786 spp.), the unresolved relationships among more than 30 genera of Stapeliinae (stapeliads; Bruyns, 2000; Meve and Liede, 2002a) suggested a possible rapid diversification, resulting in a controversial proposal to include all species of the subtribe in a single genus (Bruyns et al., 2017). Prior to the availability of dated phylogenies of Apocynaceae, a Gondwanan distribution for some stapeliads was proposed due to their occurrence in Africa and India (Bruyns, 2000). However, the diversification of Stapeliinae has been estimated to be in the Miocene or later (Rapini et al., 2007; Bruyns et al., 2015; Fishbein et al., 2018), too recent to support that hypothesis. Meve et al. (2016) proposed an origin and early diversification of Ceropegieae in wet tropical forests of Southeast Asia, with at least two dispersals westward, to northeastern and eastern Africa. However, we reconstruct the origin and early diversification of Ceropegieae in Africa starting in the late Eocene, with two dispersals to Southeast Asia. The first gave rise to Heterostemma (30 spp.) and the second occurred within the Stapeliinae (705 spp.). The origin of Stapeliinae was associated with a shift in diversification rates soon after the mid-Miocene, with nested radiations in the Pliocene (Figure 4), associated with the establishment of the succulent biome (Arakaki et al., 2011; Gagnon et al., 2019). Ceropegia radiated in tropical Asia, while the remaining Stapeliinae, with succulent stems, diversified in a drier Africa (Bruyns et al., 2014, 2015; Meve et al., 2016), with several dispersals to Asia (Supplementary Figure 2). The appearance in Stapeliinae of fleshy and soft roots from ancestral hard and wiry roots provided an adaptation to drier habitats, which was followed by the characteristic stem succulence of the clade (Bruyns et al., 2017).

The remaining Apocynaceae fall into two clades, the depauperate, African Eustegieae (4 spp.) and its sister group, Asclepiadeae (1,820 spp.), the largest tribe of the family, which retains an ancestral African distribution, as does the early-diverging Astephaninae (15 spp.) (Figure 3). A dispersal from Africa to South America at the end of the Eocene gave rise to the MOG clade (1,053 spp.). As the North Atlantic Land Bridge broke up in the early Eocene and the Bering Strait at higher latitude had limited importance for evergreen plants (Tiffney, 1985b; Morley, 2003), a transatlantic dispersal may be the most likely mode of arrival in the New World (Rapini et al., 2007). The MOG lineage, the most species-rich of the Neotropical clades (about 20% of the family), consists of eight subtribes, the three largest giving the clade its designation: Metastelmatinae, Oxypetalinae, and Gonolobinae. A shift in diversification rates is inferred early in the radiation of the MOG clade during the Oligocene, and several rate increases are apparent within it (Figure 4). At least four dispersals to Mesoamerica were inferred starting in the Miocene: once each in Gonolobinae and Oxypetalinae (ca. 20 Ma), Metastelmatinae (ca 10 Ma), and Orthosiinae (after 3 Ma). Of these, only Gonolobinae shows significant diversity in North America with dispersal back to South America (Supplementary Figure 2).

Cynanchinae (252 spp.) consists of Schizostephanus (2 spp.) and Cynanchum (250 spp.). The subtribe is inferred to have originated and begun to diversify in Africa during the Oligocene (Figure 3). Cynanchum consists of two major lineages with strongly contrasting evolutionary trajectories. For the first, a brief period of rapid diversification in Africa was followed by low diversification rates, with one of its lineages dispersing northward to Eurasia and from there to the New Word, possibly by the Bering Strait, reaching South America at the end of the Oligocene (Supplementary Figure 2). The other major lineage of Cynanchum dispersed eastward, reaching Madagascar, Southeast Asia, and Oceania. It consists of succulent species previously assigned to different genera and radiated after a shift in diversification rates during the late Miocene (Figure 4). This diversification was relatively synchronous with the diversification of Stapeliinae in Africa and the diversification of other succulent plant lineages with the establishment of modern deserts (Arakaki et al., 2011). The succulent group comprises one-half of the 100 Madagascan species of Cynanchum (Liede and Täuber, 2002) and dispersed from there back to Africa and other Paleotropical regions (Meve and Liede, 2002b; Khanum et al., 2016).

Tylophorinae (154 spp.) consists of two genera, Pentatropis (4 spp.) and Vincetoxicum s.l. (150 spp.), including Tylophora and all other genera traditionally recognized in Tylophorinae (Liede-Schumann and Meve, 2018). The subtribe emerged and began to diversify in the Oligocene in Africa, although most of its diversification followed a rate shift near the mid-Miocene (Figures 3, 4). Although Liede-Schumann et al. (2012) estimated a younger origin for this group, the hypothesized major diversification of Vincetoxicum in Asia starting at the mid-Miocene climatic optimum agrees with the estimate obtained here. Both Pentatropis and Vincetoxicum are inferred to have dispersed to Asia, where Vincetoxicum radiated and subsequently dispersed to Europe (Liede-Schumann et al., 2012, 2016). The sequence of short branches with low support due to pulses of rapid diversification makes ancestral area reconstructions uncertain for recent events, but is consistent with this scenario.

Like Cynanchinae and Tylophorinae, Asclepiadinae (364 spp.) is inferred to have originated and begun to diversify in Africa, in this case more recently, in the late Miocene (Figure 3). Most of the species belong to the Asclepias s.l. radiation, which may consist of up to 400 species in Africa and the Americas. The origin of Asclepias s.l. coincides with a shift in diversification rates (Figure 4), which resulted in the largest temperate radiation in the family. The African and American species probably form sister clades restricted to each area (Fishbein et al., 2011; Chuba et al., 2017), but this dichotomy is not resolved in the large phylogeny of Fishbein et al. (2018) used here. The dispersal of Asclepiadinae to North America in the late Miocene and subsequent diversification were likely favored by the expansion of grasslands in Africa and North America (Fishbein et al., 2011). The lineage would have reached North America through the Bering Strait (Rapini et al., 2007; Fishbein et al., 2011), which would have been available as a route for subtropical plants to the late Miocene (Graham, 2011, 2018), suggesting that the lineage was present in Asia and became extinct during the cooler Quaternary, without leaving a trace of this dispersal route. After diversifying in North America, Asclepias dispersed to South America either by a stepping-stone route across the Central America Seaway (Rapini et al., 2007) or after the complete emergence of the Panama Isthmus and subsequent expansion of savannas (Bacon et al., 2016).



Potential Key Drivers of Apocynaceae Diversification

In Apocynaceae, only a diversification rate shift within Tabernaemontaneae (Figure 4) might be associated with a shift between biotic dispersal modes, from seeds embedded in the pulp of indehiscent fruits to exposed arillate seeds in dehiscent fruits (shift from fleshy to dry fruits in Fishbein et al., 2018). This shift is associated with a change in the dispersal propagule, which is the entire fruit in berries and each seed with the associated aril in follicles. Fruits and dispersal modes are heterogeneous in rauvolfioid lineages, but follicles producing wind-dispersed comose seeds are highly conservative in the APSA clade. Simões et al. (2007) recovered a dry dehiscent fruit as ancestral in Apocynaceae (see also Zhang et al., 2020), from which berries and drupes derived several times in rauvolfioid lineages. The apparent phylogenetic conservatism of dry fruits coupled with the great flexibility of fruits in rauvolfioids, however, led Fishbein et al. (2018) to estimate at least five origins of dry fruits from rauvolfioid ancestors with fleshy fruits. Among the several groups that produce dry fruits in the family, significant accelerations of diversification are concentrated in only one, the APSA clade. Eleven of the 12 rate shifts in the family occurred in this essentially anemochorous lineage (Figure 4). The 20-million-years lag between the appearance of comose seeds in the APSA clade, near the Cretaceous-Paleogene boundary, and diversification rate shifts after the mid-Eocene does not suggest a direct effect of dispersal modes in the Apocynaceae diversification. However, the impact of dispersal syndromes in diversification rates is circumstantial (Herrera, 1989; Tiffney and Mazer, 1995) and the higher capacity of dispersal of comose seeds outside wet forests might have pushed the expansion of the APSA clade in open habitats and indirectly favored its diversification in the drier Miocene.

The ancient apocynoid radiation in the Early Eocene was accompanied by a shift from self-supporting (trees) to climbing habit (lianas and vines) in the APSA clade (Fishbein et al., 2018). Anatomical evolutionary trends in wood, such as the reduction of vessel element length and formation of larger vessel clusters, marked the transition from erect to climbing habit and might have favored the occupation of drier habitats (Lens et al., 2008, 2009; Endress et al., 2018-2019). The wind-dispersed comose seeds, then, might have favored twining plants to disperse and occupy open and semi-arid habitats. Twining plants seem to have greater capacities for the uptake and transportation of water and are more competitive than trees in high-light, nutrient-rich environments, such as the seasonally dry forests (Medina-Vega et al., 2021). Xylem adaptations to drought and cold show similar trends and possibly contributed to rapid diversification events in several lineages of angiosperms in association with the global cooling and aridification, especially after the mid-Miocene climatic optimum (Folk et al., 2020).

The gynostegium is a synapomorphy of the APSA clade (Endress et al., 2018-2019) and a precursor (sensu Donoghue and Sanderson, 2015) of pollinaria (specialized pollen dispersal units; Endress, 2016). Each pollinarium carries the content of two or four pollen sacs in tetrads or, more often, packaged in pollinia. Otherwise known only in Orchidaceae, pollinia evolved more than once in the APSA clade (Straub et al., 2014) and there were no reversals (Fishbein et al., 2018). They confer higher pollen transfer efficiency to pollinia-bearing lineages, as a single pollinium transfer in this group can produce many more seeds than a pollination by means of single pollen grains (free monads). Pollinia-bearing lineages are thus thought to be less impacted by lower densities of mates and pollinators (mate-finding Allee effect), and to have been positively selected for during the African aridification (Livshultz et al., 2011).

Rather than a single key innovation, the high diversity of Apocynaceae can be mostly explained by a sequence of interacting innovations (i.e., a synnovation, sensu Donoghue and Sanderson, 2015) that conferred higher capacity to disperse and establish in dry, open, and unstable habitats, in agreement with Stebbins’ classic paper on aridity as a stimulus to evolution (Stebbins, 1952). Wind-dispersed comose seeds, a twining growth form, and pollinia appeared sequentially and probably work synergistically in the occupation of drier habitats, shaping most of the extant diversity of Apocynaceae. The long-term global decline of atmospheric CO2, temperature, and humidity after the Eocene-Oligocene climate transition promoted the expansion of temperate regions and the establishment of grass and succulent biomes during the Miocene (e.g., Schrire et al., 2005, 2009; Simon et al., 2009; Arakaki et al., 2011; Gagnon et al., 2019; Folk et al., 2020), and fostered the geographic expansion of the APSA clade. Wider distributions may then have fueled accelerations in diversification, for example, due to more opportunities for the occupation of new habitats and specialization or environmental changes and fragmentation (Vamosi and Vamosi, 2011; Nürk et al., 2020). Following the terminology of Bouchenak-Khelladi et al. (2015) and Donoghue and Sanderson (2015), we hypothesize that the diversification of the APSA clade was triggered by the key confluence of a background synnovation and the long-term environmental changes since the Eocene-Oligocene climatic transition, which might also have served as modulators of diversification in the family.



Apocynaceae Biogeography and Diversification: The Big Picture

This is the first investigation of the biogeography and the tempo of diversification in Apocynaceae to consider all major lineages within the family. The cumulative noise caused by dispersals and extinctions may add uncertainty to ancestral area estimates at deep nodes, and uncertainties remain on the area of origin for Apocynaceae. However, tropical South America, Southeast Asia, and Africa have retained the oldest lineages since the early diversification (Figure 3) and can be considered museums of Apocynaceae diversity (Stebbins, 1974). Africa was confirmed as the cradle of pollinia-bearing lineages and the main source of Apocynaceae intercontinental dispersals (Figure 3 and Table 3). From Africa, Apocynaceae may have reached Asia by birds across the Indian Ocean (e.g., Petchia) or used land pathways (e.g., oceanic coastlines, as discussed for stem-succulent Cynanchum spp.; Meve and Liede, 2002b), either the boreotropical flora (before the Miocene) or the Arabian Peninsula (in the early and mid-Miocene for lineages inhabiting forests or in the late Miocene, after the expansion of savannas and semi-arid environments, for more xeric lineages; Chen et al., 2019). From tropical Asia, Apocynaceae dispersed to Oceania, temperate Eurasia (e.g., Vincetoxicum; Liede-Schumann et al., 2016), and North America, possibly through the Bering Strait. As discussed above, this northern subtropical to temperate route was probably used by Amsonia (Amsonieae), Apocynum (Apocyneae), Cynanchum (Cynanchinae), and Asclepias (Asclepiadinae). Most of the Apocynaceae diversity in the New World, however, dispersed from tropical Africa to South America, possibly via transatlantic dispersal or, before the mid-Eocene, also through the boreotropical flora. Two of the dispersals resulted in the largest American clades, the apocynoid EOM and the asclepiad MOG, but the rauvolfioid tribes Alyxieae and Plumerieae as well as the apocynoid tribes Malouetieae and Rhabdadenieae also reached South America from Africa (Supplementary Figure 2). Migrations from the New to Old World were rare, mostly restricted to the rauvolfioid tribes Willughbeieae and Tabernaemontaneae and the apocynoid EOM clade. Exchanges between South and North American Apocynaceae spanned most of the family history, at least since the Eocene, suggesting that the Greater and Lesser Antilles acted as plant sources for continental America (Liede-Schumann et al., 2014; Nieto-Blázquez et al., 2017) and that narrow seaways are not an effective barrier for plants (Joyce et al., 2021).

This Apocynaceae saga can be roughly divided in two major momenta ecologically driven by the increasingly dry Cenozoic climate and a sequence of key morphological innovations. Diversification rate shifts are concentrated after the Eocene-Oligocene climate transition, almost exclusively in lineages of the APSA clade, and mainly in groups with pollinia. From ancestors in closed tropical rainforests, the Apocynaceae phylogenetic backbone followed a general escalation toward the highly diverse wind-dispersed, twining, pollinia-bearing lineages in more stressful, unstable habitats. The increase of diversification rates in Apocynaceae, therefore, was probably stimulated by an evolutionary sequence of morphological innovations: (1) fixation of seeds with a micropylar coma (anemochory) and (2) transition from a self-supported to a climbing habit during the apocynoid early diversification, followed by (3) the advent of pollinia, first in Asclepiadoideae-Secamonoideae and, more recently, in Periplocoideae. From the Cretaceous through most of the Eocene, the climate was warmer, with a lower latitudinal gradient, allowing forests to spread over much of the Earth during the more humid Eocene. In this greenhouse world, Apocynaceae was mainly distributed in austro- and boreotropical rainforests. Following an abrupt decline of atmospheric CO2 after the Eocene-Oligocene climate transition, global temperature and humidity dropped, temperate and seasonally dry habitats expanded, while rainforests retracted to lower latitudes, mainly in the Southern Hemisphere. In this cooling world, the diversity of Apocynaceae was mainly dominated by the wind-dispersed, twining, pollinia-bearing lineages in more unstable seasonal and semi-arid habitats, whereas most rauvolfioid and ancient apocynoid lineages found refuge mainly in stable tropical forests.

The approaches assumed here are not immune to, for example, biases introduced by species sampling and model choice, which can affect results. In addition, traits apart from the evolutionary sequence toward pollinia-bearing lineages may also have effects on diversification of Apocynaceae, especially at more recent phylogenetic scales. Biotic interactions, in particular associated with the complex evolution of chemical defenses against herbivory (e.g., Agrawal et al., 2009; Livshultz et al., 2018), may be additionally involved in the diversification history of the family. Hence, although the big picture shown here may represent an oversimplification of Apocynaceae evolution, we believe that it nevertheless serves as a useful roadmap to highlight major biogeographic patterns and outline potential key drivers to higher diversification rates, which are now open to be tested.
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Clade Node Crown age Shift age Shift probability Net diversification rate (95% HPD)
Apocynaceae Crown 85.6 — — 0.08 (0.07,0.09)
EOM Parsonsia—Mandevilla 42.9 45.0 0.32 0.14 (0.10,0.16)
MOG Monsanima—-Blepharodon 27.0 28.9 0.93 0.23 (0.19, 0.26)
Secamonoideae Crown 21.6 28.8 0.77 0.19 (0.13,0.26)
Marsdenieae Crown 22.8 254 0.86 0.28 (0.21,0.34)
Periplocoideae Crown 14.9 22.6 0.95 0.23 (0.17,0.28)
Tabernaemontaneae Tabernaemontana-Voacanga 20.8 21.8 0.42 0.17 (0.14,0.21)
Wrigthieae Crown 6.4 19.7 0.78 0.12 (0.03, 0.24)
Tylophorinae Crown 13.2 16.3 0.48 0.31 (0.21,0.39)
Stapelinae Crown 11.5 135 0.37 0.47 (0.35, 0.59)
Asclepiadinae Asclepias coulteri-A. elata 8.2 10.8 0.95 0.43 (0.38, 0.48)
Cynanchinae Cynanchum viminale— C. 5.4 8.5 1.00 0.42 (0.32,0.52)
implicatum
EOM: Mandevilla M. moricandiana-M. pohliana 24 3.3 0.63 0.84 (0.14,1.27)

Shift probabilities > 0.5 are in bold font. Shifts are sorted according to ages from the maximum a posteriori probability configuration; ages are in million years; HPD,
highest posterior density; EOM, clade comprising Echiteae, Odontadenieae, and Mesechiteae; MOG, clade comprising Metastelmatinae, Oxypetalinae, and Gonolobinae
(plus five other smaller Neotropical subtribes). Note that for Apocynaceae the background net diversification rate is given (i.e., mean rate estimates excluding clades for
which a shift is detecteqd).
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