
© 2020 The Linnean Society of London, Botanical Journal of the Linnean Society, 2020, XX, 1–19 1

Botanical Journal of the Linnean Society, 2020, XX, 1–19. With 5 figures.

*Corresponding author. E-mail: jerome.chave@univ-tlse3.fr

Rapid diversification rates in Amazonian 
Chrysobalanaceae inferred from plastid genome 
phylogenetics

JEROME CHAVE1,*, , CYNTHIA SOTHERS2, AMAIA IRIBAR1, UXUE SUESCUN1,  
MARK W. CHASE2,3 and GHILLEAN T. PRANCE2

1Laboratoire Evolution et Diversité Biologique UMR 5174 CNRS, IRD, Université Paul Sabatier 31062 
Toulouse, France
2Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, UK
3Department of Environment and Agriculture, Curtin University, Perth, Western Australia, Australia

Received 27 February 2020; revised 9 June 2020; accepted for publication 13 June 2020

We studied the evolutionary history of Chrysobalanaceae with phylogenetic analyses of complete plastid genomes from 
156 species to assess the tempo of diversification in the Neotropics and help to unravel the causes of Amazonian plant 
diversification. These plastid genomes had a mean length of 162 204 base pairs, and the nearly complete DNA sequence 
matrix, with reliable fossils, was used to estimate a phylogenetic tree. Chrysobalanaceae diversified from 38.9 Mya (95% 
highest posterior density, 95% HPD: 34.2–43.9 Mya). A single clade containing almost all Neotropical species arose after 
a single dispersal event from the Palaeotropics into the Amazonian biome c. 29.1 Mya (95% HPD: 25.5–32.6 Mya), with 
subsequent dispersals into other Neotropical biomes. All Neotropical genera diversified from 10 to 14 Mya, lending 
clear support to the role of Andean orogeny as a major cause of diversification in Chrysobalanaceae. In particular, the 
understory genus Hirtella diversified extremely rapidly, producing > 100 species in the last 6 Myr (95% HPD: 4.9–7.4 
Myr). Our study suggests that a large fraction of the Amazonian tree flora has been assembled in situ in the last 15 Myr.

ADDITIONAL KEYWORDS:  Amazonia – Malpighiales – molecular dating – phylogenetic inference – tropical 
forest.

INTRODUCTION

How the Neotropical rainforest biome has been 
assembled is a fascinating question for biogeography 
and evolutionary biology (Gentry, 1982). The 
Neotropics harbour no fewer than 90 000 species of 
plants, more than the rest of the tropics combined 
(Antonelli & Sanmartín, 2011), and this outstanding 
diversity appears to be the result of a confluence of 
factors, including large areas with stable, favourable 
environmental conditions for clade persistence 
(Wallace, 1878) and long periods of continental isolation 
(Raven & Axelrod, 1974). Also, major geological 
events, especially the uplift of the Andes (Gregory-
Wodzicki, 2000; Hoorn et al., 2010) are thought to 
have contributed to the hydrological remodelling of 
the region now covered by Amazon forest (Hughes 

et al., 2012; Hoorn et al., 2017; Jaramillo et al., 2017). 
In the late Miocene, the demise of the Pebas wetland 
in western Amazonia (Figueiredo et al., 2009; Sacek, 
2014) created new habitats such as white sand forests 
that may have promoted edaphic specialization (Fine 
et al., 2010) and contributed to allopatric speciation by 
creating dispersal barriers (Coyne & Orr, 2004; Smith 
et al., 2014). Plio-Pleistocene climatic fluctuations 
could also explain some recent rates of increased 
diversification (Prance, 1982; Haffer, 2008). These 
repeated drier and cooler episodes (Wang et al., 2017) 
could have spurred diversification as they would have 
caused geographical isolation of wet-forest clades.

Dated molecular  phylogenet ic  trees  have 
proved essential in advancing our understanding 
on the diversification of plants in the tropical 
rainforest biome, and they shed light on episodes 
of intercontinental migration and pace of in situ 
diversification (Eiserhardt, Couvreur & Baker, 2017).  
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A common feature in the history of Neotropical 
lowland plant clades is that they cannot be 
understood without accounting for intercontinental 
dispersal during the Neogene (Pennington & Dick, 
2004). Combined with reliable fossil constraints, 
studies have identified key migrations across biomes 
(Donoghue & Edwards, 2014; Fine, Zapata & Daly, 
2014; Donoghue & Sanderson, 2015), and a large 
number of Neotropical forest clades turn out to have 
originated outside the lowland Neotropical forests, 
as is the case for palms in Arecoideae (Arecaceae), 
which result from a single dispersal event into the 
Neotropics (Baker & Couvreur, 2013). The complex 
environmental history of South America has left an 
imprint on in situ diversification for many woody 
plant clades that today characterize the Amazonian 
forest (Antonelli & Sanmartín, 2011). Miocene onsets 
of diversification have been detected in Arecaceae 
(Roncal et al., 2013; Bacon et al., 2018), Burseraceae 
(Fine et al., 2014), Annonaceae (Pirie et al., 2018), 
Fabaceae (Schley et al., 2018), Orchidaceae (Pérez-
Escobar et al., 2017) and Meliaceae (Koenen et al., 
2015). However, a complete picture of diversification 
for  Amazonia should ideal ly  be based on a 
comprehensive sampling of its tree flora, and here 
we provide insights from a floristically important 
plant family in lowland Amazonian habitats.

Chrysobalanaceae, the coco plum family, with 
545 species, are a mid-sized pantropical family 
and a notable component of the Neotropical tree 
flora (Prance, 1972), with c. 80% of species found 
only in the Neotropics (Prance & Sothers, 2003). 
All Chrysobalanaceae are woody plants, ranging 
in height from 10 to > 40 m, with a uniform 
vegetative architecture (Prance & White, 1988). 
Across Amazonian rainforests, an analysis of 1170 
tree inventory plots (≥ 10 cm in trunk diameter) 
reveals that Chrysobalanaceae rank seventh in 
tree dominance behind Fabaceae, Lecythidaceae, 
Sapotaceae, Malvaceae, Moraceae and Burseraceae 
(ter Steege et al., 2013). Their centre of diversity is 
Amazonia, with 251 species restricted to lowland 
Amazonian forests, but they are found in virtually 
all Neotropical biomes, notably the Brazilian 
Atlantic forest (47 species), forests of Central 
America, Colombian Chocó and the Caribbean (47 
species), dry habitats (29 species: 15 in the Brazilian 
cerrado, 11 in South American savannas and three 
in seasonally dry forests) and at high elevation (29 
species: 18 in the Andes and 11 restricted to the 
Guyana highlands; Prance & Sothers, 2003).

Generic delimitation has been challenging in 
Chrysobalanaceae (for a historical account, see 
Prance & White, 1988). There are currently 27 
genera recognized, 11 Palaeotropical, 12 Neotropical 

and three amphi-Atlantic (Chrysobalanus  L., 
Parinari Aubl. and Maranthes Blume). The two 
non-Neotropical species of Hirtella L. from eastern 
Africa and Madagascar should be reassigned to the 
old genus name from Madagascar, Thelira Thouars. 
Eight genera are found in Oceania and Southeast 
Asia, and ten occur in Africa and Madagascar. 
Recent  changes to  generic  del imitat ions in 
Chrysobalanaceae include the resurrection of 
Angelesia Korth. for three Southeast Asian species 
previously included in Licania Aubl. (Sothers & 
Prance, 2014), a revision of Couepia Aubl., with 
four species transferred to other genera, and a 
new genus, Gaulettia Sothers & Prance, created 
to accommodate species of the former parillo clade 
of Couepia (Sothers et al., 2014), and splitting of 
the large polyphyletic Neotropical genus Licania 
into eight genera (Sothers, Prance & Chase, 
2016). With clarified generic delimitation, an 
improved interpretation of the diversification and 
biogeography is now possible for the family.

In this contribution, we provide a phylogenetic 
reconstruction based on an expanded taxon sampling, 
aimed at all major clades of Chrysobalanaceae, but 
with a focus on the Neotropical clades. In a previous 
study, Bardon et al. (2016) sequenced plastid genomes 
for 51 species of Chrysobalanaceae, complemented 
with limited DNA sequences of 88 additional species, 
and concluded that the family diversified in the 
Palaeotropics in the early Oligocene (33 Mya) and 
subsequently dispersed once to the Neotropics. The 
hypothesis of a Palaeotropical origin for the family was 
motivated by the postulated position of the Southeast 
Asian genus Kostermanthus Prance as sister to the 
rest of the family, followed by the Parinari-Neocarya 
(DC.) Prance clade, which is pantropical. However, 
limited taxon sampling was a major issue, with the 
risk that ‘rogue’ taxa, widely divergent taxa with 
a poorly supported placement, reduced the overall 
phylogenetic signal. To minimize this risk, we built an 
improved dataset, with a threefold increase in species 
sampling, including all currently recognized genera, 
and sequencing of the full plastid genome for each of 
the sampled species.

Here, we ask when and how Chrysobalanaceae 
arose to become an important component of 
Amazonian tree communities. To this end, we 
use a novel approach to date the major events of 
diversification, including the crown age of the 
family. We then build a revised biogeographic 
scenario for the family both pantropically and in the 
Neotropics. Finally, based on an analysis of changes 
in diversification rates across the phylogenetic 
tree, we discuss shifts in diversification rates in 
Chrysobalanaceae.
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MATERIAL AND METHODS

De novo plastid genome sequencing

We sequenced full plastid genomes for 163 specimens 
of Chrysobalanaceae, representing 156 species and 
all 27 currently recognized genera (Supporting 
Information, Table S1). Two accessions of the following 
species were sampled: Bafodeya benna (Scott-Elliot) 
Prance, Chrysobalanus cuspidatus Griseb. ex Duss, 
Couepia bracteosa Benth., Hymenopus heteromorphus 
(Benth.) Sothers & Prance, Leptobalanus octandrus 
(Hoffmanns. ex Roem. & Schult.) Sothers & Prance, 
Maranthes robusta (Oliv.) Prance and Parinari 
excelsa Sabine. Tissue was taken from herbarium 
collections or leaf samples dried in silica. Total DNA 
was extracted using standard methods. A separate 
Illumina library was prepared for each sample, and 
the libraries were then multiplexed in groups of 24 
or 48. The pools were sequenced on HiSeq 2000–2500 
high-throughput sequencers, yielding 101-nucleotide 
pair-ended DNA reads, or the more recent HiSeq 3000 
sequencer, yielding 150 pair-ended reads. Each run 
produced c. 700 gigabases in total. Runs generated for 
Bardon et al. (2016) were treated as new accessions 
and reassembled de novo using the bioinformatic 
pipeline described below.

Plastome assembly was performed on a local cluster 
running Linux CentOS v.6.7. We used the NOVOplasty 
organelle genome assembler v.2.7.2 (Dierckxsens, 
Mardulyn & Smits, 2016). We assumed a genome size 
range of 140–180 kbp, K-mer size of 39 and disabled 
the ‘variant detection’ option. We obtained unique 
circularized plastid genomes for 54 specimens. For 
another 58 specimens, we set a reference sequence 
to guide the assembly (using Licania canescens 
Benoist available in NCBI NC300566). In some cases, 
NOVOplasty returns two or more optional genomes, 
corresponding to large inversions, and we manually 
selected the option matching gene order. Points of 
reference of the circularized plastid genomes were 
aligned using the CSA software (Fernandes, Pereira & 
Freitas, 2009). For the remaining 51 specimens (30% 
of our final dataset), we mapped the reads directly 
against a reference plastid genome using the ‘map to 
reference’ option in Geneious v.9.0.5.

Plastomes were then rotated to a common starting 
point, and aligned using MAFFT v.7.222 (Katoh, 
Rozewicki & Yamada, 2017). The first raw alignment 
of 163 plastomes was initially of 207 248 nucleotides. It 
was manually edited to remove ambiguous characters 
produced at the assembly stage. We annotated the 
alignment for Chrysobalanaceae by using that 
previously published for Hirtella physophora Mart. 
& Zucc. by Malé et al. (2014; accession NC 024066 
on NCBI). The alignment was realigned with this 
plastome, and annotations were transferred to all 

sequences in Geneious using the ‘transfer annotations’ 
option. Within the alignment, we also carefully checked 
the reading frames of the coding DNA sequences 
(CDS).

ReconstRuction and dating of the cRown age of 
chRysobalanaceae

To reconstruct a dated phylogenetic tree of the family, 
we used a two-step approach. We estimated divergence 
times for the crown node of Chrysobalanaceae and the 
deeper divergences in the family. For this first analysis, 
we selected high-quality plastid genomes spanning 
Malpighiales, including representatives of the main 
clades of the family. We included only CDSs, which 
resulted in a high-quality global alignment, with 20 
taxa, 19 members of Malpighiales (including five 
Chrysobalanaceae) and one outgroup from Oxalidales 
[Sloanea latifolia (Rich.) K.Schum., Elaeocarpaceae]. 
We used this first analysis to infer the crown age of 
Chrysobalanaceae. We conducted a second analysis 
using the full 163-plastome dataset, in which the 
crown age inferred from the first analysis was set as 
a constraint.

The 20-taxon sequence matrix was used to 
reconstruct phylogenetic relationships using 
maximum likelihood in RAxML v.8.2.10 (Stamatakis, 
2014). The best model was found to be the general time 
reversible model for site substitution, with a gamma 
site model (GTR+Г) for all partitions, as identified 
using the JmodelTest2 software (Darriba et al., 2012). 
We considered two scenarios: all CDSs as a single 
partition; and two partitions, first/second codons and 
third codons. All analyses gave the same results, so 
we subsequently analysed only the single partition. 
We ran the analysis on the CIPRES supercomputing 
portal (Miller, Pfeiffer & Schwartz, 2010) using rapid 
bootstrapping with an automatic halting option and 
searching for the best-scoring tree.

To generate a time-calibrated tree, we relied 
on Bayesian relaxed molecular clock models as 
implemented in BEAST v.2.5.1 (Bouckaert et al., 2019) 
using the DNA matrix together with fossil constraints 
(also available on CIPRES). The input file was 
generated using the BEAUTi software. We imported 
the same alignment as used in the RAxML analysis. 
We also used the GTR+ Г model for each partition 
and assumed a relaxed clock log-normal model 
(Drummond et al., 2006). We expected a Cenozoic 
age for the Chrysobalanaceae clade, and because our 
tree dating only used few internal priors, we set the 
branching process prior to be the Yule process (or pure 
birth process; Condamine et al., 2015).

For the age priors, the split between Malpighiales and 
Oxalidales was constrained by imposing a uniform prior 
between 103 and 112 Myr (constraint 1; Xi et al., 2012).  
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The dating of the flowering plant tree has recently 
been revisited using an extensive plastome dataset  
(Li et al., 2019), and although Celastrales were proposed 
as a new sister group to Malpighiales, the split between 
Malpighiales+Celastrales and Oxalidales was inferred 
at 106.2 Mya (range: 93.2–125.0 Mya), close to the date 
proposed by Magallón et al. (2015), and our prior is 
consistent with both analyses.

We also used internal dating constraints, each 
modelled as uniform priors in the BEAST analysis as 
recommended by Condamine et al. (2015): the minimal 
age was that of the fossil and the maximum age was set 
at 110 Myr, the stem age of Malpighiales. Fossils based 
on reproductive structures were selected over other 
fossils and obtained from carefully documented studies 
(Parham et al., 2011). The stem age of Clusiaceae was 
constrained with Paleoclusia chevalieri Crepet & 
Nixon as the oldest fossil assigned to this order, dated 
at 89 Mya (Crepet & Nixon, 1998; constraint 2). We 
constrained the stem age of Parinari to be > 19 Myr 
based on endocarp fossils recently found in Panama 
and reliably assigned to this genus (Jud, Nelson & 
Herrera, 2016; constraint 3). We also constrained the 
crown age of the Neotropical Chrysobalanaceae clade 
based on the fossil flower found in Dominican amber 
and reliably assigned to Licania section Hymenopus 
Benth. (Chambers & Poinar, 2010; constraint 4), which 
is likely to be > 16 Myr (see below). The stem age of 
Euphorbiaceae was constrained at > 61 Myr (Acalypha 
pollen type found in China, reported by Xi et al., 
2012; constraint 5). The stem age of Salicaceae was 
constrained to be > 48 Mya (fossil flower of Pseudosalix 
handleyi Boucher, Manchester & Judd; Boucher et al., 
2003, constraint 6), the stem age of Caryocaraceae 
> 55 Myr (pollen of Retisyncolporites angularis 
González-Guzmán; Germeraad, Hopping & Muller, 
1968, constraint 7) and the stem age of Humiriacae > 
37 Myr (fossil endocarp of Lacunofructus cuatrecasana 
Herrera, Manchester & Jaramillo; Herrera et al., 2012, 
constraint 8).

The default starting tree for BEAST is incompatible 
with the imposed age constraints, so we started the 
MCMC search using an ultrametric starting tree 
modified from the RAxML output tree. We used 
the chronos() function of the ape package (Paradis, 
Claude & Strimmer, 2004) in the R software to 
generate an dated initial tree within age constraints 
consistent with the constraints described above. In 
the BEAST input file, we fixed the topology, i.e. we 
assumed that the input tree had the correct topology, 
and optimized only the parameters for evolutionary 
rates and branch lengths. This was achieved by 
manually removing the ‘narrow exchange’, ‘wide 
exchange’, ‘Wilson Balding’ and ‘subtree slide’ 
operators from the xml input file. MCMC was run for 

200 million generations, sampling parameters and 
trees every 10 000 generations. Convergence was 
evaluated using Tracer v.1.7.1 (Rambaut et al., 2018). 
The effective sampling sizes of each parameter were 
checked at the end of each analysis and considered 
to be of good quality when > 200. Divergence times 
were computed using TreeAnnotator v.2.5.1 after 
the removal of the 25% burn-in part of the MCMC 
(Bouckaert et al., 2019).

dated phylogenetic ReconstRuction foR 
chRysobalanaceae

To construct a dated phylogenetic hypothesis for 
163 specimens of Chrysobalanaceae, we followed the 
same strategy described above for reconstruction of 
the dated phylogenetic tree of Chrysobalanaceae. We 
used a two-partition model. All CDS were treated as a 
first partition. All other regions, including intergenic 
regions, intronic regions, rRNA and tRNA, were a 
second partition. Prior to partitioning the aligned 
matrix, we removed the second copy of the inverted 
repeat, to avoid double weighting the phylogenetic 
signal of the inverted repeat.

Considerable age uncertainty has surrounded 
the biogeographical history of Chrysobalanaceae, 
which in part traces back to the attribution of 
Eocene leaf and pollen fossils from North America to 
Chrysobalanaceae (Berry, 1916; Wodehouse, 1932), 
constraining the crown age of Chrysobalanaceae 
to being > 50 Myr (Davis et al., 2005; Bardon et al., 
2012; Xi et al., 2012). However, Jud et al. (2016) found 
no solid evidence for fossils of Chrysobalanaceae 
prior to the Miocene. In the Neotropics, the first 
undisputed evidence of fossils of Chrysobalanaceae 
is demonstrated with flowers and fruits, possibly of 
Licania section Hymenopus (Chambers & Poinar, 
2010), preserved in amber from the northern mountain 
range of the Dominican Republic, dated to 15–20 Mya 
(Iturralde-Vinent & McPhee, 1996; Iturralde-Vinent, 
2001), here assumed to be > 16 Mya. We also used 
three independent fossils of Parinari, including wood 
and fruits from 21 Mya in Panama (Jud et al., 2016), 
fruits from 19 Mya in Ethiopia (Tiffney, Fleagle & 
Brown, 1994) and wood from the mid-Miocene in 
India (Srivastava & Awasthi, 1996).

The dated tree was produced using BEAST v.2.5.1 
using the same DNA matrix as for the RAxML analysis, 
linking the relaxed clock, log-normal models between 
the two partitions. The crown of Chrysobalanaceae 
was constrained with a Gaussian prior of mean of 36 
Myr with variance of ± 2 Myr, consistent with the first 
analysis. We also used constraints 3 and 4 of the first 
analysis: the stem age of Parinari was set to be > 19 
Myr, and the Neotropical Chrysobalanaceae clade was 
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set to be older than 16 Myr. MCMC was run for 100 
million generations, sampling parameters and trees 
every 10 000 generations. Divergence times were 
computed using TreeAnnotator after the first 25% of 
the trees was discarded.

diveRsification and biogeogRaphic analyses

We first tested whether the dated phylogenetic tree was 
consistent with phases of accelerated or decelerated 
diversification. One prediction is that the major 
orogenic changes during the Miocene spurred plant 
diversification (Lagomarsino et al., 2016; Pérez-Escobar 
et al., 2017). We estimated rates of diversification and 
shifts in these rates using the Bayesian analysis of 
macroevolutionary mixture (BAMM, Rabosky et al., 
2013; Rabosky, 2014). BAMM tests the hypothesis that 
diversification has occurred homogeneously across 
the phylogenetic tree, the alternative being that 
shifts in diversification rate have occurred on specific 
branches of the tree. We used the initial control 
file with priors on rate parameters inferred by the 
function setBAMMpriors() of the BAMMtools package 
in R (Rabosky et al., 2014). BAMM also provides an 
analytical correction for incompletely sampled trees, 
and here we assigned a sampling weight to each genus. 
The species sampling rates within the genera ranged 
from 13% (Moquilea Aubl.) to 57% (Couepia), for a 
29% mean across the family. For Hymenopus (Benth.) 
Sothers & Prance, which appears in two separate clades 
in our analysis, we assumed an equal sampling of both 
clades (set at 36%). BAMM can also be used to compute 
diversification rates within subclades of the tree. We 
ran the reverse-jump MCMC simulation for ten million 
iterations to ensure convergence, which was assessed 
with the EffectiveSize() function of BAMMtools. For 
each of the four well-sampled Neotropical genera 
(Couepia, Hirtella, Licania, Moquilea), plus Parinari, 
we inferred the speciation rates from the BAMM run. 
This was done by selecting the subclade using the ape 
R package (Paradis et al., 2004), and analysing the 
inferred diversification parameters on it.

We also reconstructed the biogeographic history 
of Chrysobalanaceae by inferring the most likely 
ancestral area(s). To this end, we attributed each 
species to a region. Because of the Neotropical focus 
of this study, we defined two broad regions outside 
the Neotropics: Africa and Southeast Asia (including 
Oceania). In the Neotropics, we defined five regions: 
Caribbean and Central America (including the Chocó 
region of Colombia, and southeast USA), savannas and 
seasonally dry tropical forests (including the Llanos 
of Colombia and Venezuela, cerrado in Brazil and dry 
forests such as the Chiquitania in Bolivia and caatinga 
in Brazil), Atlantic rainforest, the Andes and Amazonia. 

To reconstruct the ancestral area(s), we used an 
unconstrained dispersal-extinction-cladogenesis (DEC) 
model (Ree & Smith, 2008) as implemented in the R 
package BioGeoBEARS v.1.1.2 (Matzke, 2012, 2014). 
We did not perform a model comparison approach 
including the founder-event speciation option of 
BioGeoBEARS because taxon sampling in our dataset 
remains too incomplete and because this approach has 
limits (Ree & Sanmartín, 2018).

RESULTS

The 163 plastomes had a mean length of 162 204 ± 
1195 bp and were fully assembled, except for Licania 
densiflora Kleinhoonte (151 268 bp), Parinari 
curatellifolia Planch. ex Benth. (157 972 bp) and 
Licania micrantha Miq. (158 098 bp). Average 
sequencing depth was 369 ± 233 (range: 30–1110). 
Manual editing of the DNA sequences focused on 
just 42 bp or less than 0.03% of the plastome, except 
for four species: Kostermanthus heteropetalus (Scort. 
ex King) Prance (2479 edits, close to K. robustus 
Prance, which had only 43 edits), Bafodeya benna2 
(Scott-Elliot) Prance (1726 edits, close to Bafodeya 
benna1 with 286 edits), Parinariopsis licaniiflora 
(Sagot) Sothers & Prance (1075 edits) and Cordillera 
platycalyx (Cuatrec.) Sothers & Prance (1040 edits). 
The full DNA alignment and dated tree is available on 
Dryad (https://doi.org/10.5061/dryad.ghx3ffbkp).

The 20-taxon reconstruction was based on an 
alignment of CDS of 61 953 sites and 7292 patterns 
(Supporting Information, Fig. S1). The crown age of 
Chrysobalanaceae was inferred in the late-Eocene, 
at c. 38.9 Mya (95% highest posterior density, 95% 
HPD: 34.2–43.9 Mya). Kostermanthus Prance and 
Bafodeya Prance ex. F.White were sister to the rest of 
Chrysobalanaceae.

The phylogenetic reconstruction of Chrysobalanaceae 
was based on 67 317 CDS sites with 3335 patterns 
and 82 566 non-CDS sites with 13 935 patterns 
(Figs 1–3). Of the 162 internal nodes, 114 (70%) 
had bootstrap percentages > 90 and 133 (82%) had 
bootstrap percentages > 70. Most poorly resolved 
nodes correspond to within-genus splits and/or recent 
events. The tree inferred from RAxML with branch 
lengths showed no heterogeneity in substitution rates 
across the family (Supporting Information, Fig. S2).

Excluding Kostermanthus-Bafodeya, three clades 
are mainly African (A–C, Fig. 1). Pantropical Parinari 
was inferred to have diversified 7.6 Mya (95% HPD: 
5.7–9.3 Mya), although its stem age was 28 Myr (95% 
HPD: 23–33.2 Myr).

Clade D is predominantly Neotropical and 
displays a secondary dispersal from the Neotropics 
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into Oceania and Southeast Asia (Hunga Pancher 
ex Prance and Angelesia), which diverged from 
Neotropical Exellodendron Prance 15.9 Mya (95% 
HPD: 11.4–19.8 Mya). The Neotropical clade and clade 
D diversified in the early Oligocene, 33.6 Mya (95% 
HPD: 30.6–36.9 Mya).

The crown age of the Neotropical clade was inferred 
at 29.1 Myr (95% HPD: 25.5–32.6 Myr, Fig. 2). 
Moquilea, Couepia, Leptobalanus (Benth.) Sothers & 
Prance and Licania sensu Sothers et al. (2016) were 
monophyletic. Species-rich genera of the Neotropical 
clade diversified in the mid- to late Miocene: Moquilea 
15.1 Mya (95% HPD: 11.9–18.5 Mya), Couepia 10.3 

Mya (8.4–12.3 Mya), Leptobalanus 10.3 Mya (7.6–13.0 
Mya) and Licania 16.8 Mya (13.6–20 Mya).

Gaulettia (Sothers et al., 2014) and Neotropical 
Hirtella are monophyletic (Fig. 3). The myrmecophilous 
species of Hirtella (Hirtella section Myrmecophila 
Prance; seven species), did not form a clade. The 
sister of Gaulettia (23.4 Mya) included Hirtella 
plus a complex of seven groups with low bootstrap 
support: Hymenopus cf. occultans (Prance) Sothers 
& Prance, Microdesmia (Benth.) Sothers & Prance, 
Hymenopus1, Afrolicania Mildbr., Cordillera Sothers 
& Prance, Parinariopsis (Huber) Sothers & Prance and 
Hymenopus2. Except for Hymenopus, each genus was 

Figure 1. Phylogenetic tree for the early-diverging clades of Chrysobalanaceae, obtained from the software RAxML 
v.8.2.10, with dating from the software BEAST v.2.5.1. The arrows illustrate the internal calibration points used for tree 
dating (N = 3). Clade support < 95% was colour-coded with circles; all other clades had support percentages > 95%. The 
numbers next to each node are the inferred ages in millions of years. Grey bars represent the 95% confidence intervals. 
Asterisks indicate plastid genomes published in Bardon et al. (2016).
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Figure 2. Phylogenetic tree of Chrysobalanaceae, continuation of Figure 1. The biome map is modified from Olson et al. 
(2001). Dark red: Amazonia; orange: savannas and seasonally dry tropical forests; green: Atlantic tropical forests; blue: 
forests of Central America, the Caribbean and Chocó; black: high-elevation ecosystems (> 1000 m a.s.l.).
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monophyletic. However, based on bootstrap support in 
this analysis, we cannot exclude the possibility that 
the clades of Hymenopus (Fig. 3) form a single group. 
The Neotropical genera in Figure 3 also diversified in 
the mid- to late Miocene: Gaulettia 10.8 Mya (7.8–13.8 
Mya), Hirtella 10.4 Mya (8.1–13.1 Mya), Hymenopus1 
12.6 Mya (9.3–16 Mya) and Hymenopus2 12.4 Mya 
(9.5–15.8 Mya). The position of Afrolicania, the only 
non-Neotropical species of the core Neotropical clade, 

suggests a single dispersal event from the Neotropics 
to Africa 24 Mya (95% HPD: 22.4–25.6 Mya).

The BioGeoBEARS analysis detected that the 
combined Neotropical clade and clade D were 
unambiguously assigned to Amazonia, with secondary 
dispersal events into Central America, the Atlantic 
forest and savannas/dry tropical forests (Fig. 4). 
Migration events to the cerrado were mainly in the 
Pliocene, confirming Simon et al. (2009).

Figure 3. Phylogenetic tree of Chrysobalanaceae, continuation of Figure 2. In the Hirtella clade, the ant symbols indicate 
myrmecophilous species.
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The BAMM analysis converged (effect size for 
number of shifts was > 1000 with a log-likelihood > 
400). It identified four shifts in diversification rates as 

the most likely (Fig. 5). A rate-through time analysis 
for Chrysobalanaceae demonstrated a clear increase in 
speciation rates after 10 Mya (Fig. 5). The four outlying 

Figure 4. Ancestral area reconstruction of Chrysobalanaceae using the dispersal, extinction and cladogenesis (DEC) 
algorithm as implemented in the BioGeoBears software. Pie charts indicate relative support for the dominant ancestral 
area; all other ancestral area probabilities are lumped and represented in white.
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Figure 5. Plot with branches coloured by speciation rate (lineages/Myr), representing a summary of BAMM analysis. Grey 
circles indicate the positions of regime shifts in the best configuration. Side plots represent the speciation rate-through-time 
(RTT) plots for each of the four clades with regime shifts, whereas the bottom plot represents the RTT plot for the entire 
tree. Finally, the bottom-right histograms indicate the distribution of speciation rates for the four regime-shift clades and 
the entire family.
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clades correspond to Parinari, Moquilea+Couepia, 
Licania+Leptobalanus and Hirtella [excluding 
H. recurva (Spruce ex Prance) Sothers & Prance and 
H. punctillata Ducke]. The most rapid diversification 
was in Hirtella minus H. punctillata and H. recurva, 
for which BAMM inferred a speciation rate of λ = 0.60 
(in lineages per Myr, 90% confidence interval: 0.42–
0.85), compared with a family mean-speciation rate 
of λ = 0.23 (0.19–0.27), and family mean-speciation 
rate excluding Hirtella of λ = 0.20 (0.17–0.25). A rate-
through time analysis for Hirtella demonstrates a 
decline in rate through time (Fig. 5, right panels). 
Parinari was the other clade that exhibited a 
significantly higher speciation rate compared to the 
average but with much greater confidence intervals, 
λ = 0.49 (0.14–0.96).

DISCUSSION

We provide a comprehensive analysis of the evolutionary 
history of Chrysobalanaceae based on the analysis of 
163 fully sequenced plastid genomes, including about a 
third of the species currently recognized in the family. 
As discussed in the following, our results provide new 
support for the Miocene origin of the Neotropical flora, 
and to our knowledge it is the first to be built on a fully 
sampled matrix of plastid genome data for a Neotropical 
tree family. Our study was based on an aligned length of 
162 204 bp, far more than recently published studies on 
Neotropical plant diversification.

In contrast, virtually all existing evolutionary 
papers of Neotropical plant families have been based 
on selected plastid markers combined with sequences 
from the ribosomal cluster (internal transcribed 
spacer). Important recent studies on the Miocene 
diversification of Amazonian clades have focused on 
Annonaceae based on an aligned length of 7960 bp 
(Pirie et al., 2018), Meliaceae with 5207 bp (Koenen 
et al., 2015) and Detarioideae (Fabaceae) with 
2463 bp (Schley et al., 2018). In our study, the most 
poorly sampled species had a 93% plastome coverage. 
Generally, coverage is > 99%, and the matrix was 
almost complete. We also included 156 species, 131 
of which are Neotropical, with much increased taxon 
and character sampling compared to previous efforts. 
The results include important new biogeographic 
and systematic results about Chrysobalanaceae and 
confirm results for the Neotropical flora, but with 
much greater confidence than the other studies due to 
the greater amounts of data included.

eaRly diveRsification of chRysobalanaceae

Bafodeya plus Kostermanthus were found to be sister 
to the rest of the family. Both results were unexpected 

based on floral morphology and previous molecular 
results. Bafodeya was placed in the Parinari-Neocarya 
clade, whereas Kostermanthus was proposed to have a 
relationship to Atuna Raf. or Neotropical Acioa Aubl. 
and African Dactyladenia Welw., although none of 
these relationships was well supported (Yakandawala, 
Morton & Prance, 2010). Kostermanthus occurs in 
Southeast Asian rainforests in mixed dipterocarp 
and heath associations. Monospecific Bafodeya is 
endemic to mid-elevation sandstone plateaus of West 
Africa. Euphronia Mart & Zucc., the sole genus of 
Euphroniaceae (sister family to Chrysobalanaceae; 
Xi et al., 2012), is endemic to the Guiana Shield 
and restricted to white sand or rocky areas. Thus, 
Kostermanthus and Bafodeya share ecological affinities 
with Euphronia. If the phylogenetic structure proposed 
here is confirmed, this suggests that the ancestral 
habitat of Chrysobalanaceae was nutrient-poor and 
sandier than modern tropical rainforests. It would be 
important to reassess the position of both genera, and 
this is a good example where nuclear gene data would 
be helpful.

The crown age of the Parinari clade was inferred 
at 9 Myr (95% HPD: 8.2–9.8 Myr). Parinari possesses 
the most reliable fossil record of the family, due to the 
diagnostic features of its endocarp (Jud et al., 2016). The 
early Miocene Parinari fossils in Africa (Tiffney et al., 
1994) and South America (Jud et al., 2016) pre-date by 
c. 10 Myr the crown age of Parinari, consistent with 
their high rates of speciation and extinction. Bardon 
et al. (2016) supported an African origin for Parinari 
due to the native African distribution of Neocarya, but 
the increased sampling of our study leads to a less clear-
cut result. The two earliest-diverging clades in Parinari 
contain all five Neotropical accessions. One clade 
with a crown age 7.4 Myr contains all Palaeotropical 
accessions. Noteworthy is the position of P. nonda 
F.Muell. ex Benth., from tropical Australia and Papua 
New Guinea, close to African P. capensis Harv. (inferred 
age of 0.37 Myr for the P. capensis/P. nonda split), 
which suggests a recent long-distance dispersal event 
from Africa to Australasia. Overall, if more research 
on Parinari confirms the crown age of < 10 Myr, it 
would be a striking case of a pantropically distributed 
genus of long-lived tropical trees with a trans-oceanic 
dispersal (Renner, 2004). On the whole, our species 
sampling is currently insufficient to confidently resolve 
the biogeographical history of Parinari because our 
results are based on sampling of only 11 species of the 
39 currently described Parinari spp.

Clade B has a strong African component. Increased 
sampling for Maranthes (five of the 12 species 
now included) produced a date of 14.4 Mya (95% 
HPD: 10.9–18.1 Mya). Maranthes is present on all 
three continents, including the Neotropical species: 
M. panamensis (Standl.) Prance & F.White, which 
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our analysis places as sister to M. gabunensis 
(Engl.) Prance. This suggests that M. panamensis 
is the product of a recent dispersal from Africa. We 
also emphasize that Magnistipula Engl. remains an 
unresolved puzzle in Chrysobalanaceae and further 
research should include more comprehensive taxon 
coverage including all three subgenera. Clade C also 
contains only African species: Dactyladenia plus the 
African Hirtella spp. (Prance & White, 1988: 149), 
which need to be revised and segregated from Hirtella 
based on our results.

Clade D contains 28 species (14 Neotropical) and 
five genera. Hunga (endemic to New Caledonia) and 
Angelesia (more broadly Australasian) are sister to 
Neotropical Exellodendron (one species out of five 
sampled here). Thus, the Angelesia-Hunga clade 
probably results from a long-distance dispersal event 
from the Neotropics to Australasia between 9.3 and 
15.9 Mya. Cases of dispersal from South America to 
Australasia via Antarctica probably occurred before 
the cooling event of the mid-Oligocene, c. 30 Mya 
(Siegert, 2008), but our dating seems to reject this 
scenario, pointing instead to a much more recent 
dispersal.

In clade D, Chrysobalanus icaco L. also has a well-
documented amphi-Atlantic distribution. We include 
for the first time all three species of Chrysobalanus, 
C. icaco, C. cuspidatus Griseb. and C. prancei 
I.M.Turner (formerly C. venezuelanus Prance), which 
were divergent based on plastid genome information, 
with an early divergence in the mid-Miocene at c. 12.4 
Mya (95% HPD: 9.1–15.7 Mya). It would be important 
to further explore the divergence of the African 
populations of C. icaco, which includes two subspecies. 
The placement of Acioa sister to Chrysobalanus 
differs from that in Bardon et al. (2016), and increased 
taxon sampling proved important to further resolve 
this clade.

We emphasize that our dated phylogenetic tree 
is based on limited fossil material and discovery 
of new fossils could alter these dates. The crown of 
Chrysobalanaceae was dated at c. 38.9 Mya (95% 
HPD: 34.2–43.9 Mya), slightly older than a previous 
estimate of 33 Mya (Bardon et al., 2016). This 
discrepancy is easily explained because this analysis is 
based on a better sampling of the early-diverging clade 
in Chrysobalanaceae, and we used flat priors rather 
than log-normal ones (Condamine et al., 2015).

stRuctuRe of the coRe neotRopical clade

The main focus of this study was to better resolve 
the evolutionary history of Chrysobalanaceae in the 
Neotropics. Prior to 2014, the ‘core Neotropical clade’ 
(> 99% Neotropical), included only three genera, but 
no fewer than 395 species (Prance, 1972; Prance & 

Sothers, 2003). After redefinition of Couepia (Sothers 
et al., 2014) and Licania (Sothers et al., 2016), the 
structure of the core Neotropical clade has been 
considerably clarified.

Here we recognize 12 genera of Chrysobalanaceae 
as members of the core Neotropical clade: Neotropical 
Hirtella (105 species), Geobalanus Small (three 
species), Microdesmia (two species), Cordillera (one 
species), Parinariopsis (one species), Moquilea (54 
species), Couepia (62 species), Leptobalanus (31 
species), Licania (100 species), Gaulettia (nine species) 
and Hymenopus (28 species) and Afrolicania (one 
species), the only non-Neotropical genus in this clade. 
In addition, Exellodendron (five species) and Acioa (six 
species) are exclusively Neotropical but outside the 
core clade.

The stem age of the core Neotropical clade is 
estimated in the mid-Eocene, and the crown age is 
in the early Oligocene c. 29.1 Mya (25.5–32.6 Mya). 
According to the biogeographical analysis, this core 
Neotropical clade diversified in Amazonia. The various 
non-Amazonian clades (notably Couepia in the Atlantic 
rainforest and beyond the Andes into the Chocó and 
Central America) are interpreted as dispersal events. 
This scenario confirms the more general analysis of 
Antonelli et al. (2018), but also shows that it is difficult 
to attribute extant diversity to a single biome: in the 
case of Chrysobalanaceae, diversification in Amazonia 
was preceded by a long extra-Neotropical evolutionary 
history, even potentially outside the forest biome.

We now turn to the sister clade of Gaulettia, which 
contains some of the unresolved taxonomic issues 
in Chrysobalanaceae. This clade, dated at 26.3 Myr 
(95% HPD: 24.7–27.9 Myr), includes Hirtella plus 
seven clades with low bootstrap support for their 
inter-relationships: Microdesmia, Hymenopus1, 
Afrolicania, Cordillera, Parinariopsis, Hymenopus2 
and Hymenopus cf. occultans. Our analysis suggests 
that Hymenopus may include two genera (designated 
as 1 and 2), but further research is needed to confirm 
this proposal, especially in the light of the weak 
support for their separation. One hypothesis for the 
lack of support in this clade is that it may have resulted 
from a single diversification event giving rise to a variety 
of new forms associated with the end of the Oligocene. 
Global warming at this time was associated with a loss 
of palynofloral diversity in the foothills of the Andes 
(Jaramillo, Rueda & Mora, 2006), which could be due 
to the rapid Andean uplift around this time (Hoorn 
et al., 2010). The current distribution of these genera 
sheds little light on a possible allopatric diversification 
scenario, in part because the extant distribution due to 
cultivation of Microdesmia species may not reflect their 
historical distribution (Sothers et al., 2016), and also 
because extant species of both Hymenopus and Hirtella 
have large modern distributions. Bardon et al. (2016)  
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was published before the generic realignments 
illustrated here. This tree also differs from that in 
Sothers et al. (2016) based on plastid and nuclear 
(Xdh, ITS) DNA sequences.

evolutionaRy histoRy of neotRopical geneRa of 
chRysobalanaceae

According to our results, onset of diversification for 
seven genera spanned the mid-Miocene: Moquilea 
(15.1 Mya), Couepia (10.3 Mya), Leptobalanus (10.3 
Mya), Licania (16.8 Mya), Hirtella ss. (10.4 Mya), 
Gaulettia (10.8 Mya), Hymenopus1 (12.4 Mya) and 
Hymenopus2 (12.6 Mya). This precedes the initiation 
of the modern Amazon River and demise of the Pebas 
wetland (Figueiredo et al., 2009).

Against the backdrop of this geological and climatic 
setting, the evolutionary history of Couepia is 
informative. The genus clearly split into two groups, 
one with an affinity for dry forests (paraensis clade) 
with a recent (early Pliocene) unique dispersal to 
the Atlantic rainforest. In the other (guianensis 
clade) there was an early-diverging clade of Central 
American/Chocó species sister to the rest, which are 
predominantly Amazonian. From the ancestral area 
reconstruction analysis, we were unable to assign this 
clade to a specific region, although the most likely area 
is Amazonia+Central America/Chocó. Finally, Couepia 
spp. currently found in the Atlantic rainforest of Brazil 
seem to have resulted from two independent dispersals, 
both post-Miocene. Moquilea, Licania, and Hymenopus 
have species in both Amazonia and Central America. 
However, for these, it would be important to better 
sample the populations on both sides of the Andes to 
ensure that these are not divergent ‘cryptic’ species. If 
our result is confirmed, cross-Andean dispersals have 
occurred frequently since the Pleistocene.

Sister to the rest of Hirtella is a clade of two species 
including H. recurva (Spruce ex Prance) Sothers & 
Prance (Sothers et al., 2014), found at > 2000 m in the 
Ecuadorian Andes, and H. punctillata Ducke, collected 
at > 1000 m in the Serra do Aracá tepui (Prance & 
Johnson, 1992). The fact that these two species cluster 
together, although distant and morphologically 
distinct, is unexpected. Aside from these two species, 
the remaining large clade of Hirtella did not diversify 
before the end of the Miocene at c. 6 Mya. Thus, 
Hirtella is an example of explosive diversification, 
with a speciation rate inferred c. 0.60 lineages per Myr 
(90% confidence interval: 0.42–0.85). Diversification 
in Hirtella thus has a comparable magnitude to that 
in Inga Miller, which is thought to have diversified c. 
10 Mya, producing c. 300 species (Dexter et al., 2017), 
and two genera of Meliaceae, Trichilia P.Browne 
and Guarea F.Allemão, as reported by Koenen et al. 
(2015). All four genera have their centre of diversity 

in Amazonia, and it is thus tempting to speculate 
that the timing of these events is consistent with 
a westward expansion of Amazonian forests after 
drainage of the Pebas wetland (Figueiredo et al., 2009). 
However, it is also possible that ecological attributes of 
these groups may have played a role: these genera are 
predominantly understory plants, and their seeds are 
dispersed by animals (Baker et al., 2014). Like Inga, 
Hirtella has a well-documented association with ants, 
and this could be a major factor in their diversification 
(Kursar et al., 2009).

We failed to find support for a single myrmecophilous 
group in Hirtella, meaning that the myrmecophilous 
association has been repeatedly derived in the 
genus. However, an alternative interpretation is that 
incomplete lineage sorting is prevalent in this recent 
clade, and that plastid genomes are unable to uncover 
such shallow phylogenetic relationships. Greater 
species and regional sampling would be necessary to 
confirm relationships in this intriguing group.

This analysis included only a few species with 
multiple accessions, and some of these revealed 
surprises. Two accessions of Parinari excelsa Sabine 
(Parque Estadual Cristalino, Brazil, and Saint 
Laurent du Maroni, French Guiana) fell into separate 
clades, and so did the accessions of Couepia bracteosa 
(Sinnamary, French Guiana and Manaus, Brazil), 
Leptobalanus octandrus (Manaus and São Paulo, 
Brazil) and Hymenopus heteromorphus (Benth.) 
Sothers & Prance (Régina, French Guiana and 
Manaus). In all these cases, the accessions were from 
distant localities. One explanation may be that there 
are actually several cryptic, or previously unreported, 
species within the currently large ranges of these 
species. With more comprehensive sequencing of 
targeted species across their distribution, it will be 
possible to assess the prevalence of such entities in 
Chrysobalanaceae. This situation probably holds more 
generally across Amazonian plant families (Misiewicz 
& Fine, 2014; Loiseau et al., 2019).

on the use of plastid genomes to infeR the 
evolutionaRy histoRy of tRopical floweRing 

plants

High-throughput technologies have greatly facilitated 
the sequencing of plastid genomes and these have been 
used in plant phylogenomics for well over a decade 
(Jansen et al., 2007; Moore et al., 2007; Straub et al., 
2012). About 500 complete flowering plant plastomes 
had been sequenced by 2014 (Wicke & Schneeweiss, 
2015), and there were close to 5000 fully sequenced 
plastomes representing > 1300 genera available on the 
NCBI website just five years later (July 2019).

Plastomes have been used to infer phylogenetic 
relationships in Poales (Givnish et al., 2010), 
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Malpighiales (Xi et al., 2012), Zingiberales (Barrett 
et al., 2013), all angiosperms (Ruhfel et al., 2014), 
Apocynaceae (Straub et al. , 2014), Rosaceae 
(Zhang et al., 2017) and Caryophyllales (Yao et al., 
2019). In such analyses, proper curation of data 
(Philippe et al., 2011) and appropriate phylogenetic 
reconstruction methods (Gonçalves et al., 2019) have 
been crucial to ensure reliable results. Heterogeneity 
in evolutionary rates should be carefully considered, 
as it provides insights into modes of evolution 
(Ruhfel et al., 2014).

Several mechanisms are known to impact the 
rate of evolution of plastomes. Groups with known 
symbiotic associations, such as mycoheterotrophy, 
show different evolutionary rates, due to gene 
silencing and loss (Wilke et al., 2011). Also, plastid 
genomes turn out to be biparentally inherited in at 
least 20% of land plants (Zhang, 2010), suggesting 
the potential for recombination and therefore a more 
complex picture than often assumed for evolution of 
this compartment.

It is not known how often cytonuclear incongruence 
occurs in the tree of flowering plants, and previously 
found contradictions between plastid genome data 
and morphology may be solved using large nuclear 
gene datasets. For example, because of incomplete 
lineage sorting, recent and rapidly diversifying 
clades can be resolved only based on nuclear gene 
data, such as Andean Espeletia Mutis ex Humb. 
& Bompl. (Asteraceae; Pouchon et al., 2018) and 
Australian Nicotiana L. (Solanaceae; Dodsworth 
et al., 2020).

Targeted capture of hundreds of nuclear genes 
could bring even further insight into the question 
of plant diversification, as has been shown for the 
Neotropical palm clade Geonomateae (> 3 million 
bp; Loiseau et al., 2019), Fabaceae (c. 1 million bp; 
Koenen et al., 2020) or land plants (One Thousand 
Plant Transcriptomes Initiative, 2019). However, 
nuclear gene information did not radically transform 
the phylogenetic tree of Geonomateae (Roncal 
et al., 2012), and plastid genome data were found 
to be consistent with nuclear gene data in Fabaceae 
except at the root node, the latter probably caused 
by incomplete lineage sorting (Koenen et al., 2020). 
Also, assembling such large nuclear gene datasets 
represents specific challenges, and phylogenetic 
reconstruction methods using these data are still in 
development (Zhang et al., 2018). Although nuclear 
genes are necessary to resolve parts of the plant 
tree of life where plastid genomes are insufficiently 
informative, many Amazonian plant families have 
not been included in such phylogenetic work, and 
plastome analyses are a natural step to document 
systematic relationships and study Amazonian 
plant diversification.

CONCLUSIONS

Chrysobalanaceae have long been promoted as a 
model for the study of Neotropical diversification, 
but unravelling their systematics has represented 
a major challenge (Prance, 1972; Prance & White, 
1988; Yakandawala et al., 2010). Previously, we have 
proposed a phylogenetic analysis of the family based 
on 51 species with fully sequenced plastid genomes 
and an additional 88 species sequenced for only 
a few markers (Bardon et al., 2016). With a total of 
163 sequenced plastomes in Chrysobalanaceae, and 
156 species, the present study is a major update of 
this previous work and demonstrates that a more 
comprehensive strategy helps gain greater confidence 
on the monophyly of several genera, even if a few 
issues remain. In the future, it would be important 
to: explore whether the Hymenopus complex can be 
clarified, determine if nuclear DNA confirms the 
position of Bafodeya and Kostermanthus as sister to 
the rest of the family, examine the evolutionary history 
of Neotropical Hirtella and of Parinari with better 
species coverage, and add more Magnistipula spp. to 
include all three subgenera. For six lowland Amazonian 
genera of Chrysobalanaceae, we document accelerated 
diversification in the wake of the Andean uplift. This 
study thus provides support for the view that much 
of the extant Neotropical plant diversity has arisen 
within the past 15 Myr, Amazonian diversification has 
played a key role in this diversification process and the 
majority of diversification events have taken place in 
situ, rather than being the product of intercontinental 
dispersal.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Phylogenetic tree for the 20-taxon dataset, including Chrysobalanaceae, obtained from the software 
BEAST2. The arrow points to the crown age of Chrysobalanaceae, inferred at c. 38.9 Mya. Squares indicates fossil 
constraints. 
Figure S2. Phylogenetic tree for Chrysobalanaceae, obtained from the software RAxML v.8.2.10. Branch support 
was reported along the branches. 
Table S1. Description of the accessions included in this study, with plastid genome length and area coding.
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