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 22 

Summary 23 

 24 

• Explosive radiations have been considered one of the most intriguing diversification 25 

patterns across the Tree of Life, but the subsequent change, movement and extinction of 26 

the constituent species makes radiations hard to discern or understand as geological 27 

time passes.  28 

• We synthesised phylogenetic and distributional data for an ongoing radiation — the 29 

mega-diverse plant genus Solanum L. — to show how dispersal events and past climatic 30 

changes have interacted to shape diversification.  31 

• We found that despite the vast diversity of Solanum lineages in the Neotropics, lineages 32 

in the Old World are diversifying more rapidly. This recent explosive diversification 33 

coincides with a long-distance dispersal event from the Neotropics, at the time when, 34 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

mailto:susyelo@gmail.com
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

and to places where, major climatic changes took place. Two different groups of 35 

Solanum have migrated and established in Australia, but only the arid-adapted lineages 36 

experienced significant increases in their diversification, which is consistent with 37 

adaptation to the continent’s long-term climatic trend and the diversification of other arid-38 

adapted groups.  39 

• Our findings provide a clear example of how successful colonisation of new areas and 40 

niches can – but do not always – drive explosive radiations. 41 

   42 

Key words:  Biogeography, diversification rates, plant macroevolution, Solanaceae, Solanum.  43 

   44 

Introduction 45 

 46 

The uneven distribution of taxonomic diversity among the branches of the tree of life and 47 

geographic regions is one of the most intriguing puzzles in biology. The increasing availability of 48 

global field study data and large phylogenies continues to reveal how some groups are highly 49 

diverse compared with their depauperate sister groups. Even though we expect the stochastic 50 

nature of the diversification process to produce asymmetric patterns of diversity which do not 51 

necessarily require deterministic explanations (Raup et al., 1973; Slowinski & Guyer, 1993; 52 

Purvis, 1996), identifying significant patterns of unequal diversity (i.e., those that depart from the 53 

null expectation) throughout the tree of life has the potential to reveal important mechanism 54 

about the origin and maintenance of biodiversity. 55 

      56 

One of the main hypotheses in macroevolution is that unequal diversity can arise from 57 

significant differences in net diversification rates (i.e., speciation – extinction) among lineages 58 

and through time and space (Stanley et al., 1981; Alfaro et al., 2009; Wiens, 2011, 2015). This 59 

asymmetry in evolutionary rates is often interpreted as resulting from the presence of a 60 

spectrum of ecological opportunities, such as the opening of niche space by the development of 61 

new key traits, extinction of antagonists, and/or colonisation of new open areas (Simpson, 1955; 62 

Schluter, 2000; Moore & Donoghue, 2007; Losos, 2010; Yoder et al., 2010; Rabosky et al., 63 

2013). The first step to uncover the relative influence of these factors in diversification is to 64 

decompose the macroevolutionary dynamics of a clade into its essential components --- 65 

speciation and extinction rates. Phylogenetic Comparative Methods (PCM) provide a series of 66 

approaches to quantifying these rates using reconstructed phylogenies along with various 67 

stochastic models (see Stadler, 2013 and Morlon, 2014 for a detailed review of diversification 68 
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approaches). However, the results of such approaches are often limited and challenged by the 69 

difficulty of accounting for extinct species usually not included in molecular phylogenies; these 70 

factors are especially problematic in older clades (Liow et al., 2010; Quental & Marshall, 2010; 71 

Rabosky, 2010). Furthermore, poor species-level sampling and branch support in the underlying 72 

phylogenies used for testing these hypotheses usually limits the power of tests of diversification 73 

dynamics. Therefore, a focus on recently emerged clades that are species-rich, widespread and 74 

are underpinned by well-sampled and robust phylogenies will provide us with a more accurate 75 

picture about the macroevolutionary dynamics shaping biodiversity. 76 

 77 

In this study, we investigate the tempo and mode of species diversification of the mega-diverse 78 

plant genus Solanum L. (Solanaceae). This genus is one of the most diverse and economically 79 

important plant groups with around 1,500 species distributed worldwide (i.e., almost the half of 80 

the diversity of the Solanaceae family). Solanum contains species from all major tropical and 81 

subtropical biomes and shows high heterogeneity of richness among its subclades. This plant 82 

genus has been traditionally divided into two major groups, the spiny (prickly species) and non-83 

spiny solanums. With robust monophyletic support, the spiny solanums (known as the 84 

Leptostemonum clade, or subgenus Leptostemonum Bitter) include ca. 420 species and can be 85 

recognised by the presence of stellate trichomes, prickles, and long tapering anthers 86 

(Vorontsova et al., 2013). Spiny solanums are most diverse in the Neotropics (ca. 150 species), 87 

but also have high diversity in Australia (ca. 130) and Africa (ca. 79). This high diversity of spiny 88 

solanums out of the Americas contrasts with the distribution of the diversity of the non-89 

monophyletic group — the non-spiny solanums — which has more than 90% of its ca. 670 90 

species distributed in the Neotropics. 91 

      92 

As one of the top ten species-rich genera of angiosperms (Frodin, 2004), Solanum is suggested 93 

to have high diversification rates, especially in the Neotropics which contains most of its 94 

diversity and endemism (Olmstead & Palmer, 1997; Särkinen et al., 2013; Knapp & Vorontsova, 95 

2016). However, where radiating lineages occur and how much they contribute to current 96 

diversity and geographic differences in richness among subclades of Solanum has not yet been 97 

explored. Here, we assembled the first set of complete time-calibrated and species-level 98 

phylogenies of extant Solanum species (1169 species), to reconstruct diversification rates 99 

across lineages and analyse them in a geographical context. We test the origins of the high 100 

heterogeneity of species richness observed among subclades of Solanum, investigating the 101 

relative importance of clade-specific, tree-wide and geographic variation in evolutionary rates, 102 
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as well as how these patterns are associated with historical biogeographic movements and/or 103 

environmental changes.  104 

 105 

Materials and Methods 106 

 107 

Phylogenetic relationships and divergence times among the main clades of Solanum were 108 

obtained from the Särkinen et al., 2013 Solanaceae phylogeny. This tree was built using two 109 

nuclear and six plastid loci from 454 Solanum species (ca. 34% of the extant species). This 110 

phylogeny identified a total of 37 clades and subclades within the genus, with a vast 111 

heterogeneity of species richness within these.  112 

 113 

Correcting for non-random taxon sampling 114 

 115 

The incomplete nature of the Särkinen et al., 2013 phylogeny could be problematic because 116 

non-random incomplete sampling in phylogenetic studies could significantly affect the estimate 117 

of macroevolutionary rates (Höhna et al., 2011). Despite the claims that current speciation-118 

extinction models account for incomplete species sampling (e.g., MEDUSA, Alfaro et al., 2009; 119 

BAMM, Rabosky, 2014; TreePar, Stadler, 2011; TESS, Höhna et al., 2016b; RevBayes, Höhna 120 

et al., 2016a), these models often assume random, even sampling of the species across the 121 

phylogeny (i.e., each terminal in the phylogeny is assumed to have the same probability of 122 

being sampled). However, this assumption is very often violated in empirical examples due to 123 

geographic, temporal and taxonomic sampling biases. To account for non-random incomplete 124 

taxon sampling in the diversification analysis, we used the stochastic polytomy resolver PASTIS 125 

(Thomas et al., 2013), to place missing species of Solanum in the phylogeny using taxonomic 126 

constraints following a birth-death model. This method is a conservative approach for increasing 127 

the sampling in phylogenies since it infers the timing of missing splits under a constant rates 128 

birth-death model. Therefore, any inference of rate-heterogeneity in the final analysis will have 129 

stronger support since this approach is expected to bias towards the detection of constant-rate 130 

models of diversification (Thomas et al., 2013). Every extant and accepted Solanum species 131 

was assigned to one of the clades (listed in Supporting Information Table S1) using the 132 

Särkinen et al., 2013 phylogeny as a backbone. Complete trees were then generated for each 133 

clade of Solanum using a combination of species with genetic data and taxonomic constraints. 134 

For each clade, PASTIS creates an output file in a nexus format, which contains the full set of 135 

tree constraints ready to be executed in MrBayes. Posterior distributions of phylogenies for each 136 
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clade were then inferred in MrBayes 3.2.3 (Ronquist & Huelsenbeck, 2003) using a relaxed 137 

clock model (independent branch rates – igr prior), with the default (exponential) prior on the 138 

distribution of branching rates. A distribution of 100 dated trees was produced containing nearly 139 

all described species of Solanum, 1169 species in total (excluding those with uncertain 140 

taxonomic position), after sampling and grafting the clades distributions. For further information 141 

see Supporting Information Methods S1. 142 

 143 

Diversification analysis 144 

 145 

Several approaches have been developed to detect significant shifts in diversification across the 146 

branches of a phylogeny. In this analysis, we mainly used the BAMM approach (Rabosky, 147 

2014), a Bayesian framework for reconstructing evolutionary dynamics from phylogenetic trees, 148 

which aims to provide an improvement on methods that identify heterogeneity in rates only 149 

across specific subclades, such as MEDUSA (Alfaro et al., 2009). However, other approaches 150 

such as TESS (Höhna et al., 2016b) and RevBayes (Höhna et al., 2016a), were also 151 

implemented to assess the robustness of the results obtained in BAMM. 152 

 153 

The underlying branching process in BAMM includes the effect of time-dependence on 154 

diversification (i.e., the age of a lineage can affect its diversification rate). It also implements a 155 

diversity-dependent diversification model where the number of lineages in a clade may affect its 156 

diversification rates. BAMM uses a reversible-jump Markov Chain Monte Carlo approach to 157 

explore a larger space of parameters and candidate models of diversification. Since it follows a 158 

Bayesian statistical framework (rather than the maximum likelihood framework used in 159 

MEDUSA), BAMM implicitly accounts for the uncertainty in parameter estimates by providing a 160 

distribution of marginal posterior probabilities instead of point estimates. To implement this 161 

approach in the Solanum phylogeny, we used the distribution of 100 complete species trees 162 

(generated using PASTIS, see previous section), to consider the phylogenetic uncertainty in the 163 

estimates of diversification rates. We set the priors of speciation, extinction and the expected 164 

number of diversification shifts (g=1) using the R package BAMMtools v 2.0.5 (Rabosky et al., 165 

2014), which identifies the priors of the diversification parameters based on the distribution of 166 

divergence times of the phylogeny. For each of the 100 trees, an MCMC analysis was 167 

performed with four separate runs of 20 million generations. All the analyses were run using the 168 

C ++ BAMM command line program v 2.5.0 on the Imperial College London’s High-Performance 169 

computing cluster (http://www.imperial.ac.uk/admin-services/ict/self-service/research-170 
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support/hpc/). We then checked for convergence of the MCMC samples making sure the effect 171 

sample size was at least 200 for both the number of evolutionary shifts and likelihood using the 172 

CODA R package V 0.16-1 (Plummer et al., 2006). The first 25% of the samples were discarded 173 

as burn-in. 174 

 175 

For each of the 100 trees run in BAMM, a distribution of 1000 samples of the posterior 176 

probabilities of diversification were created. Each sample from the posterior includes either a 177 

single event (i.e., the diversification is described by a single time-varying process — no shifts in 178 

diversification) or a mixture of one or more shifts and associated parameters. For each set of 179 

posterior probabilities, we extracted the list of nodes associated with “core” rate shifts (i.e., rate 180 

shifts with a marginal probability significantly higher than the probability expected from the prior 181 

alone) and calculated the frequency with which these nodes are associated with significant rate 182 

shifts across the 100 trees run in BAMM (i.e., across a distribution of 100 x 1000 trees). Finally, 183 

we computed the mean of diversification rates for each of the species present in the Särkinen et 184 

al., 2013 phylogeny across the pooled distribution of posterior samples produced in the BAMM 185 

analysis. 186 

 187 

Studies such as Moore et al., 2016 have raised concerns about several methodological issues 188 

in BAMM including a potentially incorrect likelihood function, the strong influence of priors on 189 

posterior estimates, and some theoretical errors (e.g., the incorrect use of the Poisson 190 

distribution as the error distribution of the prior number of shifts of diversification). To assess the 191 

effects of these potential limitations on the results, we performed several sensitivity analyses 192 

focusing on the two most important issues stated by Moore et al., 2016, (1) the prior sensitivity 193 

of posterior distribution on the number of rate shifts, and (2) the reliability of the diversification 194 

rate estimates. We performed these analyses using alternative approaches such as TESS 195 

(Höhna et al., 2016b) and RevBayes (Höhna et al., 2016a). Further details about the 196 

methodology and results of these analyses can be found in Supporting Information Methods S2.  197 

 198 

Geographical patterns of diversification 199 

 200 

Using 64,826 unique records from 1,096 taxa (see Supporting Information Methods S2 for 201 

further details), we mapped the mean assemblage diversification rates of Solanum on a 1 x 1 202 

degree map to determine which regions have accumulated or are currently accumulating a 203 

higher or lower number of Solanum lineages across the globe. The mean assemblage 204 
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diversification rate was calculated as the geometric mean of all species-specific rates present in 205 

a grid cell. We also computed a weighted version of this, dividing the mean species-specific 206 

diversification rates by the inverse of their range size --- log of the area (m2) occupied by each 207 

species, to correct for the diversification rates in areas with a high occurrence of widespread 208 

species (i.e., large ranging species have less weight in the overall diversification rates of a grid 209 

cell).  210 

 211 

Finally, we reconstructed lineages-through-time plots for the three-principal diversity centres for 212 

Solanum (Neotropics, Australia and Africa) using the R package “paleotree” v 2.3 (Bapst, 2012) 213 

to visualise the geographical differences in lineage accumulation dynamics among continents. 214 

 215 

Ancestral range reconstruction 216 

 217 

We investigated the historical biogeography of Solanum using the R package “BioGeoBEARS” 218 

(Matzke, 2012, 2016) — BioGeography with Bayesian (and likelihood) Evolutionary Analysis in 219 

R Scripts. This approach provides a statistical framework to compare traditional models in 220 

biogeography such as DIVA (Dispersal-Vicariance Analysis, Ronquist, 1997), DEC (Dispersal-221 

Extinction-Cladogenesis, Ree et al., 2005), and BayArea (Landis et al., 2013). Each of these 222 

models assume different processes to reconstruct the ancestral range of lineages. In all the 223 

models, species ranges are allowed to change along the branches by anagenetic evolution 224 

through two main events: dispersion (range expansion) and extinction (range contraction). The 225 

events allowed in cladogenesis vary depending on the fitted model. For example, sympatric 226 

speciation subset, or peripatric speciation (i.e., the ancestral range is completely inherited by 227 

one of the daughters whereas the other inherits only a subset of the range) is only allowed in 228 

the DEC model. However, unlike the DIVA and the BayArea models, the DEC model only allows 229 

one daughter to inherent widespread distributions during a vicariant event, since the widespread 230 

distribution of both daughters would assume additional events such as post-speciation dispersal 231 

(Ree et al., 2005). In addition to these classic events of biogeography, BioGeoBEARS includes 232 

founder-event speciation (+j) which considers the influence of speciation through long-distance 233 

dispersal, such as is common in Island-like models. 234 

 235 

To avoid the effects of birth–death polytomy resolvers on the natural patterns of trait 236 

phylogenetic structure (following Rabosky, 2015), we reconstructed the ancestral ranges of 237 

Solanum using the time-calibrated clade credibility (MCC) from Särkinen et al., 2013. Several 238 
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species were pruned from the tree as follows: (1) species which are considered widely 239 

cultivated or with ambiguous native distribution, (2) species considered as synonyms, and 240 

therefore duplicated in the tree, and (3) species with a low support of a direct ancestor-241 

descendant relationships leading to negative branches in the MCC. The final pruned phylogeny 242 

used for subsequent analyses contained 386 species of Solanum with the addition of Jaltomata 243 

andersonii as the outgroup. 244 

 245 

Using the extracted distribution records, we created an occurrence matrix of Solanum species 246 

split into six biogeographic areas—Africa, Australia, Indo-Pacific, Neotropics, Nearctic and 247 

Palearctic based on the floral kingdoms defined by Cox (2001). The distribution of widespread 248 

species was double checked and corrected for potentially recent cultivated and/or naturalised 249 

species using the native descriptions available from http: //solanaceaesource.org/ or specific 250 

taxonomic monographs. The maximum number of areas in the ancestral range reconstruction 251 

was set to three to reduce the complexity and computational time in the analysis. 252 

 253 

Three biogeographic models were fitted to the Solanum phylogeny and the associated 254 

geographic distributions using BioGeoBEARS — DIVALIKE, DEC and BAYAREALIKE models. 255 

The influence of founder-event speciation event (+j) was also included into each model, 256 

resulting in a total of six models. An additional set of six biogeographic models were fitted using 257 

a dispersal matrix multiplier to weight the dispersal probability of adjacent areas as 1, 0.5 and 258 

0.001 for easy, medium, and hard dispersal. The model that best describes the empirical data 259 

(i.e., optimal fixed model structure) was then chosen using a stepwise selection from the 260 

candidate models ranking under the Akaike Information Criterion (AIC, Burnham & Anderson, 261 

2002).  262 

 263 

Once the best-fitting model was identified, we estimated the overall probabilities of the 264 

anagenetic and cladogenetic events conditional on the model, the phylogeny, and the 265 

geographic distributions from 100 Biogeographic Stochastic Maps (BSM) to account for the 266 

uncertainty in the state transitions and ancestral range reconstructions (Matzke, 2016). These 267 

stochastic maps are similar to simulations of trait change along phylogenies (Huelsenbeck et al., 268 

2003) using transition rate models (Pagel, 1999). Given the observed range data, the phylogeny 269 

and the best fitting model of biogeographic events, the BSM simulates possible histories 270 

constrained by the observed ancestral ranges. The ancestral state probabilities obtained under 271 
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the best fitting model are equivalent to the average of all the probabilities of the simulated 272 

histories from the biogeographic stochastic maps (Matzke, 2016). 273 

 274 

Results 275 

 276 

We found significant heterogeneity in diversification rates along the branches of the Solanum 277 

phylogeny. This variation in evolutionary rates has contributed to the pronounced disparities in 278 

species richness among groups; the Old World spiny clade and the Petota subclade are 279 

supported as the most rapid radiations (Fig. 1).  The Old World clade has diversified nearly as 280 

twice as rapidly as any other group, with approximately 0.68 lineages per million years (lineages 281 

Myr-1) as compared to the global mean of 0.25 lineages Myr-1 (Fig. 1). The node supporting the 282 

crown group of the Old World clade was the node with the highest frequency of shifts found 283 

across the 100 runs. Other groups such as the Petota subclade (from the Potato clade, Petota + 284 

Tomato) and the node supporting the Leptostemonum group (i.e., the spiny solanums) also 285 

show some signal of shifts in diversification but with a weaker support compared with the Old 286 

World clade (Fig. 1, see also Supporting Information Fig. S2, S3).  287 

 288 

The number of diversification shifts found in the BAMM analysis is largely robust to the defined 289 

prior distribution. Supporting Information Fig. S7-S10 show that across the 100 Solanum 290 

phylogenies run in BAMM, the distribution of estimated shifts (posterior samples) differs 291 

significantly from the distribution of the expected number of shifts (prior). Although the prior 292 

distribution (γ=1) applied in this analysis was strong and conservative (i.e., the zero-shift model 293 

was set to be the most likely outcome), the zero-shift model was never sampled in the posterior 294 

for any of the BAMM runs showing overwhelming evidence of the heterogeneity of shifts found 295 

in this analysis. Moreover, the sensitivity analysis based on a subset of the data (i.e. the 296 

Särkinen et al. 2013 phylogeny without the additional species) found that the number of shifts 297 

was not sensitive to different priors of diversification rates (i.e., different values of γ, 298 

0.5,1,2,10,100) as shown in Supporting Information Fig. S11. Additionally, the analysis of 299 

diversification rates in RevBayes showed similar results to those from the BAMM analysis (see 300 

Supporting Information Fig. S3, S4). 301 

 302 

Although most of the diversity and endemism of Solanum is found in the Neotropics (ca. 303 

70% of species, see Fig.1, 2a), the highest diversification rates are seen in lineages 304 
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mainly concentrated in Australia, Africa and the Indo-Pacific (Fig. 2b). Africa shows a 305 

heterogeneity of rates as it contains species from groups with standard diversification rates such 306 

as Morelloids (0.27 lineages Myr-1) and African non-spiny (0.25 lineages Myr-1) as well as 307 

species from the rapidly diversifying Old World clade (0.68 lineages Myr-1). 308 

 309 

Lineages-through-time curves (Fig. 3a) confirm that most of the diversification in Solanum 310 

has occurred within the Neotropics. At the global level, there is a slight acceleration in the 311 

number of lineages of Solanum in the last 5 Myr, which is likely to be shaped by the 312 

considerable increase of lineages in Australia around the same time. Australia shows an 313 

interesting latitudinal heterogeneity of diversification rates (Fig. 3b) shaped by the distribution of 314 

lineages of different evolutionary origins — species from the Archaesolanum subclade, which 315 

belongs to the M1 clade in Fig. 1, are mainly distributed in the south with 0.20 lineages Myr-1 316 

whereas the Old World spiny species with 0.68 lineages Myr-1 have a widespread distribution. 317 

 318 

Ancestral range reconstructions across the Solanum phylogeny are best explained by the 319 

DEC M1 model (Dispersion, Extinction and cladogenesis), which allows for equal probabilities of 320 

dispersion from the Neotropics to both Africa and Australia (Supporting Information Table S2).  321 

Including founder-event speciation in the model did not improve the AIC values significantly (∆ 322 

AIC = 0.5), therefore, all the historical biogeographic results, including the Biogeographic 323 

Stochastic Mapping, in this study were based on the simpler model, DEC M1. 324 

 325 

The genus Solanum appears to have risen in the Neotropics ca. 15 Myr (95% HPD 13-18), as 326 

do the majority of its subclades (see Fig. 1). The distribution of Solanum appears to have 327 

occurred mainly via within-area sympatric speciation and dispersion, with vicariance only 328 

supported in 3% of the total events (see Supporting Information Table S3). The distribution of 329 

Solanum in the Nearctic region occurred through at least seven dispersal events out of the 330 

Neotropics. Although several subclades are currently distributed in the Old World, only two 331 

subclades appear to have arisen there via historical events (as opposed to recent introductions). 332 

These dispersal events from the Neotropics to the Old World occurred at different times and in 333 

two different groups of Solanum. The first movement from the Neotropics to Africa + Australia is 334 

likely to have occurred ca. 10 Myr (95% HPD 7-12) within the non-spiny solanums, in the crown 335 

group of the subclades Solanum valdiviense + African-non-spiny + Normania + Archaesolanum 336 

(referred to as the M1 subclade on Fig. 1). The second dispersal event occurred ca. 6 Myr (95% 337 

HPD 5-7) within the spiny solanums in the subclade Elaeagnifolium + Old World spiny clade 338 
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(see Fig. 1). The direction of these dispersal events from the Neotropics to either Africa and 339 

Australia is still unresolved from the stochastic mapping estimates in both the non-spiny 340 

solanums (a 30% dispersal probability from the Neotropics to Africa, and 24% to Australia) and 341 

the spiny solanums (a probability of 45% of dispersing from the Neotropics to Africa, and 29% to 342 

Australia). 343 

 344 

Overall, the Neotropics were the main source of Solanum movements with more than 60% of 345 

the estimated dispersal events (Supporting Information Fig. S12, S13). The most frequent 346 

dispersals involved movements from the Neotropics to the Nearctic with ca. 40% of the total 347 

estimated events. Movements from the Neotropics to Australia appear to be more frequent than 348 

those from the Neotropics to Africa (8.7 ± 1.1 vs 2.9 ± 0.9). Dispersals from Africa to Australia 349 

are more common than those in the opposite direction (5.5 ± 1.2 vs 1.64 ± 0.9). 350 

 351 

Discussion 352 

 353 

In this study, we demonstrate that the great diversity of Solanum is likely to be the result of a 354 

great heterogeneity in evolutionary rates among its subclades supported by at least two recent 355 

radiations — the Old World spiny clade and the Petota subclade (Fig. 1). Previous studies such 356 

as Whalen, 1979 and Whalen & Caruso, 1983 were unable to identify unusual rates of 357 

speciation within Solanum, concluding that the great taxonomic diversity of this genus may 358 

reflect a gradual accumulation of species in a relatively old clade (which at the time was 359 

believed to have a Cretaceous origin, Hawkes & Smith, 1965). However, the results of these 360 

previous studies were based on species-poor but well-known sections of Solanum such as 361 

Lasiocarpa (13 species) and Androceras (12 species) which ignored the great heterogeneity of 362 

evolutionary regimes present in other groups of the genus. Our results demonstrate the 363 

importance of accounting for among-clade rate heterogeneity in understanding the complex 364 

dynamics of diversification of megadiverse groups such as Solanum (Ricklefs, 2007; Morlon, 365 

2014). 366 

 367 

Despite most of the richness and endemism of Solanum occurring in the Neotropics (Fig. 2a), 368 

this region has lower diversification rates than the Old World (Fig. 2b). This mismatch between 369 

the high diversity of Solanum within the Neotropics and its net diversification rates could be 370 

explained by the early and long history of diversification of Solanum in the Neotropics. Solanum 371 

lineages within the Neotropics are older and, therefore, had more time and opportunity to 372 
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accumulate before establishing in other regions, creating the current imbalance of diversity 373 

(McPeek & Brown, 2007; Weir & Schluter, 2007). The Neotropics is the region where Solanum 374 

species experienced the greater within-area speciation events, which has also been 375 

demonstrated as the highest within the family Solanaceae as a whole (Dupin et al., 2016). The 376 

long history of diversification and expansion of Solanum species within the Neotropics, 377 

therefore, drove a greater lineage accumulation compared with other regions (Fig. 3a), making 378 

the Neotropics the main source of diversity and origin of biogeographic movements of solanums 379 

across the globe (Fig. 1, and Supporting Information Fig. S12, S13).  380 

 381 

There are no obvious novel morphological or physiological traits associated with the 382 

diversification of the Old World clade, given this group is not well defined by any single 383 

distinctive morphological traits or combination of morphological characters (Stern et al., 2011), 384 

but instead is defined by its geographical distribution and robust monophyly (Levin et al., 2006; 385 

Weese & Bohs, 2007, 2010; Stern et al., 2011; although Aubriot et al., 2016 showed that six 386 

species thought to belong to the Old World clade, based on their distribution, now belong to the 387 

Torva clade).  However, the signal of change in diversification at the base of the clade 388 

supporting all spiny solanums in Fig. 1, indicate that the distinctive traits of spiny solanums as a 389 

whole, such as stellate indumentum and prickles (Whalen, 1984) could have played an essential 390 

role in the diversification of the Old World clade. In this context, the Old World clade could be an 391 

example of an exaptive radiation where previously acquired traits – originally shaped by 392 

different selective forces – are advantageous under a new selective regime (Simões et al., 393 

2016). Furthermore, this nested radiation of lineages of the Old World clade within spiny 394 

solanums might be a classic example of Key confluence sensu Donoghue & Sanderson, 2015, 395 

where shifts in diversification are associated with the interaction between key innovations and 396 

extrinsic factors such as biogeographic movements and/or environmental changes, as shown in 397 

our ancestral range reconstruction (Fig. 1).  398 

 399 

We found that not all the Solanum groups distributed in the Old World (i.e., mainly in Africa, 400 

Australia, and the Indo-Pacific) that were associated with long-dispersal events resulted in 401 

explosive radiations such as occurred in the Old World clade. This suggests that distinct 402 

ecological opportunities and evolutionary regimes might have shaped the diversity of spiny and 403 

non-spiny Solanum in the Old World. The lineages of non-spiny solanums present in the Old 404 

World are much less diverse than the spiny solanums and occur in different environments. In 405 

Africa, the non-spiny solanums are less diverse despite being significantly older than the spiny 406 
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solanums; they are mostly found in forested and mesic regions (Knapp & Vorontsova, 2016). In 407 

Australia, the diversity of non-spiny solanums is represented by the Archaesolanum group 408 

known as the Kangaroo apples. With eight species in total (Poczai et al., 2011), this group 409 

occurs in the temperate and forested areas of the South West Pacific (e.g., Australia, Tasmania, 410 

New Zealand and Papua New Guinea). In contrast, spiny solanums occurring in continental 411 

Africa and Australia are much more diverse and are predominantly concentrated in arid areas 412 

(Symon & Others, 1981; Whalen, 1984; Bean, 2004; Vorontsova et al., 2013). In Africa, these 413 

are in vegetation types such as the “Somalia-Masai regional centre of endemism” sensu White 414 

(1983), whilst in Australia, the ca. 200 species of spiny solanums are predominantly distributed 415 

in warmer and arid regions (Fig. 3b). 416 

A comparison of temporal patterns of lineage accumulation among major regions shows a 417 

distinctive signature of a rapid diversification within Australia at ca. 5 Myr (Fig. 3a). The timing of 418 

diversification and dispersion of spiny solanums in the Old World, as well as their concentration 419 

in arid and semi-arid regions of Australia (Fig. 3b), suggests a potential link between past 420 

environmental changes and radiation of this group. A similar signature has been shown in a 421 

wide range of groups from Australia (Harmon et al., 2003; Crisp et al., 2004; Crayn et al., 2006; 422 

Crisp & Cook, 2007, 2013; Rabosky et al., 2007; Byrne et al., 2008, 2011; Harrington et al., 423 

2012; Blom et al., 2016). The dramatic climate change in Australia since its separation from 424 

Gondwana at ca. 50 Myr is likely to have triggered the radiation of several taxa (Byrne et al., 425 

2008) and the extinction of others (Byrne et al., 2011). The initial stage of aridification in the 426 

mid-Miocene (ca. 15 Myr) and the late expansion of desert regions of Australia in the last 1-4 427 

Myr, has led to the assembly of new biomes, such as the arid, monsoonal and alpine regions, 428 

encouraging the establishment and expansion of arid-adapted lineages (e.g., Crisp et al., 2004; 429 

Crayn et al., 2006; Rabosky et al., 2007; Byrne et al., 2008; Crisp & Cook, 2013). This pattern 430 

and the congruence of the timing of diversification with other arid-adapted Australian groups 431 

could indicate that the Old World spiny solanums established and diversified in Australia as the 432 

arid environments expanded. The widespread distribution of Old World spiny solanums in 433 

Australia suggests a positive effect of distribution area on diversification rates. The large 434 

expanse of arid habitat in Australia may have created opportunities for allopatric speciation 435 

within the biome itself (Losos & Schluter, 2000; Davies et al., 2005; Rabosky et al., 2007). The 436 

successful expansion and diversification of spiny solanums in warm and arid zones in Australia, 437 

in contrast with the slower diversification of the more mesic non-spiny clades, could indicate the 438 

influence of features adapted to warm and dry environments on species diversification. 439 

Moreover, the sister group of the diverse Old World clade is the species-poor Elaeagnifolium 440 
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clade, with five species confined to semi-arid regions of North and South America (Knapp & 441 

Vorontsova, 2016), suggesting that some pre-adaptation traits to dry conditions may have 442 

driven diversification in the Old World. This evidence suggests that the dispersal of spiny 443 

solanums to the Old World, the influence of past environmental changes, as well as the pre-444 

adaptive condition of spiny solanums to colonise warm and arid regions contributed to the 445 

explosive radiation of Solanum lineages in Africa and Australia.  446 

 447 

Implications of the study 448 

      449 

The dynamics shaping the diversity of species-rich mega-diverse genera may be more complex 450 

than previously thought. A variety of mutually reinforcing drivers appear to have formed the 451 

current patterns of diversity in Solanum, which cautions against single-cause hypotheses, such 452 

as the influence of “key innovations” often invoked in macroevolutionary studies (Donoghue & 453 

Sanderson, 2015). These findings also raise important questions about the reliability of global 454 

studies that assume a single model for the evolution of character change and diversification 455 

across large phylogenies (e.g., Zanne et al., 2014), or studies that use average values of 456 

diversity, trait distribution, or geographical distribution at generic level (e.g., Cornwell et al., 457 

2014). For instance, Beaulieu et al., 2013 and Chira & Thomas, 2016 have demonstrated that 458 

heterogeneity of diversification rates can have significant consequences for the model selection 459 

of trait change that best fits comparative data. In general, therefore, the understanding of the 460 

magnitude and location of shifts in diversification rates should be included as prior information in 461 

macroevolutionary analyses, especially in analyses of trait evolution (Morlon, 2014; Chira & 462 

Thomas, 2016), or at least models of trait evolution must not implicitly assume that such shifts 463 

do not occur. 464 

      465 

The results of this study also highlight the importance of context dependency in the study of 466 

diversification dynamics (De Queiroz, 2002; Donoghue, 2005; Donoghue & Sanderson, 2015). 467 

Our study shows that both opportunity and success in geographic movement, as well as correct 468 

environmental setting and climatic adaptations, were necessary to spark faster diversification in 469 

the spiny clade of Solanum in the Old World. Thus, focusing on effects of the combination of 470 

events and attributes on changes in diversification could represent a more productive framework 471 

in which to understand diversity processes (Donoghue & Sanderson, 2015). This combination 472 

could also explain why, although many correlates of diversification rates have been reported in 473 

the literature, few have demonstrated either generality or high explanatory power. Our results 474 
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suggest the necessity of considering more complex analyses that involve the integration of 475 

phylogenies with other biological and Earth system data sources such as geography, climate, 476 

historical biogeography, and physiology. 477 

      478 

We demonstrate that Solanum is a remarkable study system for understanding the 479 

diversification of plants, not only because it contains a recent and ongoing radiation, but also 480 

because its diversity is supported by several clades with different and sometimes contrasting 481 

evolutionary dynamics. There are still many drivers that need to be explored before we have the 482 

whole picture of the diversification of Solanum, especially correlations with biogeographic 483 

events and morphological traits, but increased taxonomic, phylogenetic, and morphological 484 

understanding of Solanum now means that we are beginning to uncover many aspects of the 485 

macroevolution of this mega-diverse plant genus, and can use it as a model for studying 486 

diversity in widespread, species-rich groups in general. 487 

 488 

 489 

Acknowledgements 490 

 491 

This study was supported by the National Science Foundation (NSF) grant (to SK) ‘PBI 492 

Solanum – a world treatment’ DEB-0316614, and Colciencias (Administrative department of 493 

Science, Technology and Innovation of Colombia) who partially funded S.E.-L.’s PhD 494 

programme.  495 

 496 

Author Contribution 497 

 498 

S.E.-L designed the study, analysed the data and wrote the first draft of the manuscript. TS 499 

provided the phylogenetic data (reconstructed the phylogeny), distribution and taxonomic data. 500 

ISF provided advice on the analysis and contributed to the main discussion of the 501 

macroevolutionary analyses. SK provided the taxonomic, distribution and diversity data, and 502 

supervised the study. AP designed and supervised the analysis. All authors reviewed the 503 

manuscript.  504 

 505 

 506 

     507 

 508 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

References 509 

 510 

Alfaro ME, Santini F, Brock C, Alamillo H, Dornburg A, Rabosky DL, Carnevale G, Harmon 511 

LJ. 2009. Nine exceptional radiations plus high turnover explain species diversity in jawed 512 

vertebrates. Proceedings of the National Academy of Sciences 106: 13410–13414. 513 

Aubriot X, Singh P, Knapp S. 2016. Tropical Asian species show that the Old World clade of 514 

`spiny solanums’ (Solanum subgenus Leptostemonum pro parte: Solanaceae) is not 515 

monophyletic. Botanical journal of the Linnean Society. Linnean Society of London 181: 199–516 

223. 517 

Bean AR. 2004. The taxonomy and ecology of Solanum subg. Leptostemonum (Dunal) Bitter 518 

(Solanaceae) in Queensland and far north-eastern New South Wales, Australia. Austrobaileya: 519 

639–816. 520 

Beaulieu JM, O’Meara BC, Donoghue MJ. 2013. Identifying hidden rate changes in the 521 

evolution of a binary morphological character: the evolution of plant habit in campanulid 522 

angiosperms. Systematic biology 62: 725–737. 523 

Blom MPK, Horner P, Moritz C. 2016. Convergence across a continent: adaptive 524 

diversification in a recent radiation of Australian lizards. In: Proc. R. Soc. B. The Royal Society, 525 

20160181. 526 

Burnham KP, Anderson DR. 2002. Model selection and multi-model inference: a practical 527 

information-theoretic approach. Springer. 528 

Byrne M, Steane DA, Joseph L, Yeates DK, Jordan GJ, Crayn D, Aplin K, Cantrill DJ, Cook 529 

LG, Crisp MD, et al. 2011. Decline of a biome: evolution, contraction, fragmentation, extinction 530 

and invasion of the Australian mesic zone biota. Journal of biogeography 38: 1635–1656. 531 

Byrne M, Yeates DK, Joseph L, Kearney M, Bowler J, Williams MAJ, Cooper S, Donnellan 532 

SC, Keogh JS, Leys R, et al. 2008. Birth of a biome: insights into the assembly and 533 

maintenance of the Australian arid zone biota. Molecular ecology 17: 4398–4417. 534 

Chira AM, Thomas GH. 2016. The impact of rate heterogeneity on inference of phylogenetic 535 

models of trait evolution. Journal of evolutionary biology 29: 2502–2518. 536 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/IQ6m
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/iTty
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/PexI
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/3u65
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/kqDA
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/5uNu
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/YRQL
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/bczp
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
http://paperpile.com/b/hiV6ke/NFz2
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

Cornwell WK, Westoby M, Falster DS, FitzJohn RG, O’Meara BC, Pennell MW, McGlinn 537 

DJ, Eastman JM, Moles AT, Reich PB, et al. 2014. Functional distinctiveness of major plant 538 

lineages. The Journal of ecology 102: 345–356. 539 

Cox CB. 2001. The biogeographic regions reconsidered. Journal of biogeography 28: 511–523. 540 

Crayn DM, Rossetto M, Maynard DJ. 2006. Molecular phylogeny and dating reveals an Oligo-541 

Miocene radiation of dry-adapted shrubs (former Tremandraceae) from rainforest tree 542 

progenitors (Elaeocarpaceae) in Australia. American journal of botany 93: 1328–1342. 543 

Crisp MD, Cook LG. 2007. A congruent molecular signature of vicariance across multiple plant 544 

lineages. Molecular phylogenetics and evolution 43: 1106–1117. 545 

Crisp MD, Cook LG. 2013. How was the Australian flora assembled over the last 65 million 546 

years? A molecular phylogenetic perspective. Annual review of ecology, evolution, and 547 

systematics 44: 303–324. 548 

Crisp M, Cook L, Steane D. 2004. Radiation of the Australian flora: what can comparisons of 549 

molecular phylogenies across multiple taxa tell us about the evolution of diversity in present--550 

day communities? Philosophical transactions of the Royal Society of London. Series B, 551 

Biological sciences 359: 1551–1571. 552 

Davies TJ, Savolainen V, Chase MW, Goldblatt P, Barraclough TG. 2005. Environment, 553 

area, and diversification in the species-rich flowering plant family Iridaceae. The American 554 

naturalist 166: 418–425. 555 

De Queiroz A. 2002. Contingent predictability in evolution: key traits and diversification. 556 

Systematic biology 51: 917–929. 557 

Donoghue MJ. 2005. Key innovations, convergence, and success: macroevolutionary lessons 558 

from plant phylogeny. Paleobiology 31: 77–93. 559 

Donoghue MJ, Sanderson MJ. 2015. Confluence, synnovation, and depauperons in plant 560 

diversification. The New phytologist. 561 

Dupin J, Matzke NJ, Särkinen T, Knapp S, Olmstead RG, Bohs L, Smith SD. 2016. 562 

Bayesian estimation of the global biogeographical history of the Solanaceae. Journal of 563 

biogeography 44: 887–899. 564 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/FOhj
http://paperpile.com/b/hiV6ke/swQG
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/tTWb
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/TTMf
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/CWqa
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/DE2G
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/hmIQ
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/l2HH
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/bRr2
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/teMr
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
http://paperpile.com/b/hiV6ke/sfYt
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

Frodin DG. 2004. History and concepts of big plant genera. Taxon 53: 753–776. 565 

Harmon LJ, Schulte JA, Larson A, Losos JB. 2003. Tempo and mode of evolutionary 566 

radiation in iguanian lizards. Science 301: 961–964. 567 

Harrington MG, Jackes BR, Barrett MD, Craven LA, Barrett RL. 2012. Phylogenetic revision 568 

of Backhousieae (Myrtaceae): Neogene divergence, a revised circumscription of Backhousia 569 

and two new species. Australian systematic botany 25: 404–417. 570 

Hawkes JG, Smith P. 1965. Continental drift: continental drift and the age of angiosperm 571 

genera. Nature 207: 48–50. 572 

Höhna S, Landis MJ, Heath TA, Boussau B, Lartillot N, Moore BR, Huelsenbeck JP, 573 

Ronquist F. 2016a. RevBayes: Bayesian Phylogenetic Inference Using Graphical Models and 574 

an Interactive Model-Specification Language. Systematic biology: syw021. 575 

Höhna S, May MR, Moore BR. 2016b. TESS: Bayesian inference of lineage diversification 576 

rates from (incompletely sampled) molecular phylogenies in R. Bioinformatics  35: 789–791. 577 

Höhna S, Stadler T, Ronquist F, Britton T. 2011. Inferring speciation and extinction rates 578 

under different sampling schemes. Molecular biology and evolution 28: 2577–2589. 579 

Huelsenbeck JP, Nielsen R, Bollback JP. 2003. Stochastic mapping of morphological 580 

characters. Systematic biology 52: 131–158. 581 

Knapp S, Vorontsova MS. 2016. A revision of the African Non-Spiny’' Clade of Solanum 582 

L.(Solanum sections Afrosolanum Bitter, Benderianum Bitter, Lemurisolanum Bitter, 583 

Lyciosolanum Bitter, Macronesiotes Bitter, and Quadrangulare Bitter: Solanaceae). PhytoKeys 584 

66: 1. 585 

Landis MJ, Matzke NJ, Moore BR, Huelsenbeck JP. 2013. Bayesian analysis of 586 

biogeography when the number of areas is large. Systematic biology 62: 789–804. 587 

Levin RA, Myers NR, Bohs L. 2006. Phylogenetic relationships among the ‘spiny solanums’ 588 

(Solanum subgenus Leptostemonum, Solanaceae). American journal of botany 93: 157–169. 589 

Liow LH, Quental TB, Marshall CR. 2010. When can decreasing diversification rates be 590 

detected with molecular phylogenies and the fossil record? Systematic biology: syq052. 591 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/eSvw
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7ayh
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/7Swq
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/pyiH
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/OCm1
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/VZSI
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/LdBO
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/iRuo
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/k7R6
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/4XWP
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/yDgr
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
http://paperpile.com/b/hiV6ke/kRxg
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

Losos JB. 2010. Adaptive radiation, ecological opportunity, and evolutionary determinism. The 592 

American naturalist 175: 623–639. 593 

Losos JB, Schluter D. 2000. Analysis of an evolutionary species-area relationship. Nature 408: 594 

847. 595 

Matzke NJ. 2012. Founder-event speciation in BioGeoBEARS package dramatically improves 596 

likelihoods and alters parameter inference in dispersal--extinction--cladogenesis (DEC) 597 

analyses. Front. Biogeogr 4: 210. 598 

Matzke NJ. 2016. Stochastic mapping under biogeographical models. 599 

McPeek MA, Brown JM. 2007. Clade age and not diversification rate explains species richness 600 

among animal taxa. The American naturalist 169: E97–E106. 601 

Moore BR, Donoghue MJ. 2007. Correlates of diversification in the plant clade Dipsacales: 602 

geographic movement and evolutionary innovations. The American naturalist 170: S28–S55. 603 

Moore BR, Höhna S, May MR, Rannala B, Huelsenbeck JP. 2016. Critically evaluating the 604 

theory and performance of Bayesian analysis of macroevolutionary mixtures. Proceedings of the 605 

National Academy of Sciences 113: 9569–9574. 606 

Morlon H. 2014. Phylogenetic approaches for studying diversification. Ecology letters 17: 508–607 

525. 608 

Olmstead RG, Palmer JD. 1997. Implications for the phylogeny, classification, and 609 

biogeography of Solanum from cpDNA restriction site variation. Systematic botany: 19–29. 610 

Pagel M. 1999. The maximum likelihood approach to reconstructing ancestral character states 611 

of discrete characters on phylogenies. Systematic biology 48: 612–622. 612 

Plummer M, Best N, Cowles K, Vines K. 2006. CODA: Convergence Diagnosis and Output 613 

Analysis for MCMC. R News 6: 7–11. 614 

Poczai P, Hyvönen J, Symon DE. 2011. Phylogeny of kangaroo apples (Solanum subg. 615 

Archaesolanum, Solanaceae). Molecular biology reports 38: 5243–5259. 616 

Purvis A. 1996. Using interspecies phylogenies to test macroevolutionary hypotheses. New 617 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/aH9r
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/RIw8
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/jFLL
http://paperpile.com/b/hiV6ke/BiYa
http://paperpile.com/b/hiV6ke/BiYa
http://paperpile.com/b/hiV6ke/BiYa
http://paperpile.com/b/hiV6ke/BiYa
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/d68V
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/JnQr
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/Q64v
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/U7Ss
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/JvCh
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/2nmF
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/dour
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/e97l
http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/h1TE
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

uses for new phylogenies. Oxford University Press, Oxford: 153–168. 618 

Quental TB, Marshall CR. 2010. Diversity dynamics: molecular phylogenies need the fossil 619 

record. Trends in ecology & evolution 25: 434–441. 620 

Rabosky DL. 2010. Extinction rates should not be estimated from molecular phylogenies. 621 

Evolution; international journal of organic evolution 64: 1816–1824. 622 

Rabosky DL. 2014. Automatic detection of key innovations, rate shifts, and diversity-623 

dependence on phylogenetic trees. PloS one 9: e89543. 624 

Rabosky DL. 2015. No substitute for real data: A cautionary note on the use of phylogenies 625 

from birth--death polytomy resolvers for downstream comparative analyses. Evolution; 626 

international journal of organic evolution 69: 3207–3216. 627 

Rabosky DL, Donnellan SC, Talaba AL, Lovette IJ. 2007. Exceptional among-lineage 628 

variation in diversification rates during the radiation of Australia’s most diverse vertebrate clade. 629 

Proceedings of the Royal Society of London B: Biological Sciences 274: 2915–2923. 630 

Rabosky DL, Grundler M, Anderson C, Shi JJ, Brown JW, Huang H, Larson JG, Others. 631 

2014. BAMMtools: an R package for the analysis of evolutionary dynamics on phylogenetic 632 

trees. Methods in ecology and evolution / British Ecological Society. 633 

Rabosky DL, Santini F, Eastman J, Smith SA, Sidlauskas B, Chang J, Alfaro ME. 2013. 634 

Rates of speciation and morphological evolution are correlated across the largest vertebrate 635 

radiation. Nature communications 4. 636 

Raup DM, Gould SJ, Schopf TJM, Simberloff DS. 1973. Stochastic models of phylogeny and 637 

the evolution of diversity. The Journal of geology 81: 525–542. 638 

Ree RH, Moore BR, Webb CO, Donoghue MJ, Crandall K. 2005. A likelihood framework for 639 

inferring the evolution of geographic range on phylogenetic trees. Evolution; international journal 640 

of organic evolution 59: 2299–2311. 641 

Ricklefs RE. 2007. Estimating diversification rates from phylogenetic information. Trends in 642 

ecology & evolution 22: 601–610. 643 

Ronquist F. 1997. Dispersal-vicariance analysis: a new approach to the quantification of 644 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/h1TE
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/TRKh
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/aA1o
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/ksy7
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/5C1T
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/V4uO
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/YGbY
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/vIj9
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/gby8
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/ad78
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/buMS
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

historical biogeography. Systematic biology 46: 195–203. 645 

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic inference under mixed 646 

models. Bioinformatics  19: 1572–1574. 647 

Särkinen T, Bohs L, Olmstead RG, Knapp S. 2013. A phylogenetic framework for evolutionary 648 

study of the nightshades (Solanaceae): a dated 1000-tip tree. BMC evolutionary biology 13: 649 

214. 650 

Schluter D. 2000. The ecology of adaptive radiation. Oxford University Press. 651 

Simões M, Breitkreuz L, Alvarado M, Baca S, Cooper JC, Heins L, Herzog K, Lieberman 652 

BS. 2016. The Evolving Theory of Evolutionary Radiations. Trends in ecology & evolution 31: 653 

27–34. 654 

Simpson GG. 1955. Major features of evolution. Columbia University Press: New York. 655 

Slowinski JB, Guyer C. 1993. Testing whether certain traits have caused amplified 656 

diversification: an improved method based on a model of random speciation and extinction. The 657 

American naturalist: 1019–1024. 658 

Stadler T. 2011. Mammalian phylogeny reveals recent diversification rate shifts. Proceedings of 659 

the National Academy of Sciences 108: 6187–6192. 660 

Stadler T. 2013. Recovering speciation and extinction dynamics based on phylogenies. Journal 661 

of evolutionary biology 26: 1203–1219. 662 

Stanley SM, Signor PW III, Lidgard S, Karr AF. 1981. Natural clades differ from ``random’' 663 

clades: simulations and analyses. Paleobiology: 115–127. 664 

Stern S, Agra M de F, Bohs L. 2011. Molecular delimitation of clades within New World 665 

species of the ``spiny solanums" (Solanum subg. Leptostemonum). Taxon 60: 1429–1441. 666 

Symon DE, Others. 1981. A revision of the genus Solanum in Australia. Journal of the Adelaide 667 

Botanic Gardens 4: 1–367. 668 

Thomas GH, Hartmann K, Jetz W, Joy JB, Mimoto A, Mooers AO. 2013. PASTIS: an R 669 

package to facilitate phylogenetic assembly with soft taxonomic inferences. Methods in ecology 670 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/YLPy
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/78bK
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/mpUR
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/IKea
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/MhSB
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/ig37
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/Ed0t
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/z7Ty
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/llRV
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/O84t
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/whbS
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/q9Nz
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

and evolution / British Ecological Society 4: 1011–1017. 671 

Vorontsova M, Stern S, Bohs L, Knapp S, Others. 2013. African spiny Solanum (subgenus 672 

Leptostemonum, Solanaceae): a thorny phylogenetic tangle. Botanical journal of the Linnean 673 

Society. Linnean Society of London 173: 176–193. 674 

Weese TL, Bohs L. 2007. A three-gene phylogeny of the genus Solanum (Solanaceae). 675 

Systematic botany 32: 445–463. 676 

Weese TL, Bohs L. 2010. Eggplant origins: out of Africa, into the Orient. Taxon 59: 49–56. 677 

Weir JT, Schluter D. 2007. The latitudinal gradient in recent speciation and extinction rates of 678 

birds and mammals. Science 315: 1574–1576. 679 

Whalen MD. 1979. Allozyme variation and evolution in Solanum section Androceras. 680 

Systematic botany: 203–222. 681 

Whalen MD. 1984. Conspectus of species groups in Solanum subgenus Leptostemonum. 682 

Gentes Herb. (Ithaca) 12: 179–282. 683 

Whalen MD, Caruso EE. 1983. Phylogeny in Solanum sect. Lasiocarpa (Solanaceae): 684 

congruence of morphological and molecular data. Systematic botany: 369–380. 685 

Wiens JJ. 2011. The causes of species richness patterns across space, time, and clades and 686 

the role of ‘ecological limits’. The Quarterly review of biology 86: 75–96. 687 

Wiens JJ. 2015. Faster diversification on land than sea helps explain global biodiversity 688 

patterns among habitats and animal phyla. Ecology letters 18: 1234–1241. 689 

Yoder JB, Clancey E, Des Roches S, Eastman JM, Gentry L, Godsoe W, Hagey TJ, 690 

Jochimsen D, Oswald BP, Robertson J, et al. 2010. Ecological opportunity and the origin of 691 

adaptive radiations. Journal of evolutionary biology 23: 1581–1596. 692 

Zanne AE, Tank DC, Cornwell WK, Eastman JM, Smith SA, FitzJohn RG, McGlinn DJ, 693 

O’Meara BC, Moles AT, Reich PB, et al. 2014. Three keys to the radiation of angiosperms into 694 

freezing environments. Nature 506: 89–92. 695 

 696 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 2, 2018. ; https://doi.org/10.1101/348961doi: bioRxiv preprint 

http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/3Ezv
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/j66b
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/6aqg
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/1Xy1
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/4KYQ
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/0pM2
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/pPEf
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/FXQE
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/KwpN
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/T8XR
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/Puet
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
http://paperpile.com/b/hiV6ke/YpNu
https://doi.org/10.1101/348961
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

Figures legends: 697 

 698 

Fig. 1. Mean net diversification rates and historical biogeographic reconstruction across the 699 

phylogeny of Solanum. For the net diversification rates, bars represent the frequency with which 700 

nodes are associated with shifts in diversification rates across a distribution of 100 complete 701 

phylogenies of Solanum (see Methods for further detail). For the historical biogeographic 702 

reconstruction, pies at each node represent the probabilities of the ancestral range distribution; 703 

the map indicates the regional colour code. The branches highlighted in blue represent the 704 

dispersals events inferred in at least the 50% of Biogeographic Stochastic Maps (BSMs). The 705 

timescale is given in Myr. 706 

 707 

Fig. 2. Global distribution of species richness (a) and the net diversification rates of Solanum (b) 708 

using 1 x 1 degree grid cells. Weighted mean lineage net diversification rates were calculated 709 

as the mean net diversification rate for all the species present in a grid cell assemblage, 710 

weighted by the inverse of their range size, logem
2 711 

     712 

Fig. 3. (a) Lineages-through-time plot of Solanum species for the global and three regional 713 

diversities (Neotropics, Australia, and Africa). Coloured areas around the median curves, shown 714 

in black, represent two-tailed 95% upper and lower quantiles of the number of lineages across a 715 

distribution of 100 complete phylogenies of Solanum (see Methods for further details). (b) 716 

Distribution of the net diversification rates of Solanum in Australia (same units as in Fig. 2b).  717 

 718 
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