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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Studies in Neotropical biogeography have a long history ( Cracraft , 
1973 ,  1985 ;  Prance, 1974 ;  Raven and Axelrod, 1974 ;  Simpson, 1980 ; 
 Gentry, 1982 ), and recent investigations applying phylogenetic ap-
proaches to this area have greatly stimulated this fi eld. Unraveling 
the causes of diversifi cation in the Neotropics is complex because 
the study area is vast, and its geological and paleoclimatic history 
remains controversial ( Bush, 1994 ). We now know that the Neogene 

uplift  of the Andes has spurred drastic changes in atmospheric cir-
culation, local climates, and hydrology ( Gregory-Wodzicki, 2000 ; 
 Wesselingh et al., 2002 ;  Insel et al., 2009 ;  Hoorn et al., 2010 ). Novel 
environments arose both in the highlands and the lowlands, which 
probably caused extensive opportunities for species diversifi cation. 
For example, Andean plant diversifi cation has been rapid and spec-
tacular ( Hughes and Eastwood, 2006 ;  Nürk et al., 2013 ;  Luebert and 
Weigend, 2014 ), and novel biomes have also developed in dry-
climate areas in the Neotropics. Such widespread continental-scale 
changes have lead to rapid diversifi cation in tropical plant lineages 
( Simon et al., 2009 ;  Lohmann et al., 2013 ;  Hernandez-Hernandez 
et al., 2014 ;  Willis et al., 2014 ;  Weeks et al., 2014 ;  Koenen et al., 
2015 ). 

 In addition to in situ diversifi cation, migration has also played a 
role in generating high species diversity in the lowland Neotropics. 
Lineages have migrated into and out of South America since the 
breakup of Gondwana (80–100 million years ago [mya]), and until 
the great biotic interchange between North and South America 
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  PREMISE OF THE STUDY:  The complex geological and climatic history of the Neotropics has had major implications on the diversifi cation of plant lineages. 

Chrysobalanaceae is a pantropical family of trees and shrubs with 75% of its 531 species found in the Neotropics, and a time-calibrated phylogeny of this 

family should shed light on the tempo of diversifi cation in the Neotropical fl ora. Previously published phylogenetic hypotheses of this family were poorly 

supported, and its biogeography remains unclear. 

  METHODS:  We assembled the complete plastid genome of 51 Chrysobalanaceae species, and increased taxon sampling by Sanger-sequencing of fi ve 

plastid regions for an additional 88 species. We generated a time-calibrated tree including all 139 Chrsyobalanaceae species and 23 outgroups. We then 

conducted an ancestral area reconstruction analysis and estimated diversifi cation rates in the family. 

  KEY RESULTS:  The tree generated with the plastid genome alignment was almost fully resolved. It supports the polyphyly of  Licania  and  Hirtella . The family 

has diversifi ed starting around the Eocene-Oligocene transition. An ancestral area reconstruction confi rms a Paleotropical origin for Chrysobalanaceae 

with several transoceanic dispersal events. The main Neotropical clade likely resulted from a single migration event from Africa around 28 mya ago, which 

subsequently underwent rapid diversifi cation. 

  CONCLUSIONS:  Given the diverse ecologies exhibited by extant species, we hypothesize that the rapid diversifi cation of Chrysobalanaceae following the 

colonization of the Neotropics was triggered by habitat specialization during the complex geological and paleoclimatic history of the Neotropics. 
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(3–10 mya;  Gentry, 1982 ;  Cody et al., 2010 ;  Sepulchre et al., 2014 ; 
 Willis et al., 2014 ;  Bacon et al., 2015 ). Multiple migration pathways 
along past land corridors have been suggested, including the North 
Atlantic land bridge ( Tiffney, 1985 ;  Davis et al., 2002 ;  Antonelli 
et al., 2009 ;  Couvreur et al., 2011 ), Beringia ( Manns et al., 2012 ), or 
the Antarctic continent ( Bartish et al., 2011 ). Transoceanic long-
distance dispersal may also have played a key role ( Renner, 2004 ). 
It is only through the accumulation of multiple biogeographical 
scenarios for unrelated taxa that the relative contribution of these 
dispersal pathways can be properly assessed. 

 Th e current study focuses on the cocoa plum family (Chryso-
balanaceae), a medium-sized family of trees and shrubs (20 genera, 
531 species;  Prance and Sothers, 2003 ;  Sothers and Prance, 2014 ; 
 Sothers et al., 2014 ). Chrysobalanaceae are an important compo-
nent of the lowland Neotropical fl ora. Th e majority of the described 
species are in the Neotropics (422 species), while only 66 species 
occur in tropical Africa and 43 in tropical Asia and Oceania. 
Chrysobalanaceae inhabit a range of lowland habitats including 
tropical forests, seasonally dry woodlands, and white-sand forests, 
including coastal areas ( Chrysobalanus  spp.). Within the Malpi-
ghiales, Chrysobalanaceae belong to the chrysobalanoid clade ( Litt 
and Chase, 1999 ;  Xi et al., 2012 ), which also includes Balanopaceae 
(9 spp. from Oceania), Dichapetalaceae (163 spp., pantropical), 
Trigoniaceae (23 spp., South America, Madagascar, and Southeast 
Asia), and Euphroniaceae (3 spp., restricted to north Amazonia; 
 Litt and Chase, 1999 ), the latter being the sister clade of Chryso-
balanaceae ( Litt and Chase, 1999 ). Two Chrysobalanaceae genera, 
 Maranthes  and  Parinari , are described as pantropical ( Prance and 
White, 1988 ;  Prance and Sothers, 2003 ;  Sothers and Prance, 2014 ; 
 Sothers et al., 2014 ); while  Chrysobalanus  and  Hirtella  occur in 
both tropical Africa and the Neotropics ( Prance and White, 1988 ). 
Th e 16 remaining genera have a distribution restricted to a single 
continent (5 in southeastern Asia, 6 in Africa, and 5 in South 
America). 

 Recent studies have used Sanger DNA sequencing to address the 
phylogeny and biogeography of the family ( Yakandawala et al., 
2010 ;  Bardon et al., 2013 ;  Sothers and Prance, 2014 ;  Sothers et al., 
2014 ), but a comprehensive generic-level phylogeny is still lacking. 
 Bardon et al. (2013)  published a biogeographical scenario suggest-
ing that the family originated in the Paleotropics around 80 mya 
and then migrated into the Neotropics for the fi rst time during the 
mid-Eocene. Th ey also suggested that Chrysobalanaceae have expe-
rienced faster rates of diversifi cation in the Neotropics than in the 
Paleotropics, however, both results were based on a limited number 
of species, few genetic markers, and limited information about the 
fossil record.  Jud et al. (2016)  have provided a comprehensive re-
view of the fossil record for Chrysobalanaceae. Th ey show that one 
fossil dating back to the Eocene cannot be reliably assigned to 
Chrysobalanaceae. Because this calibration point predates the other 
fossils by almost 30 mya, their conclusion may have dramatic con-
sequences on the time-calibration of the tree, and on the resulting 
biogeographic interpretations. Th us, there is a need for a critical 
re-examination of the evolutionary history of this important Neo-
tropical plant clade. 

 To this end, we increased both character sampling and taxon 
sampling for this family. Using new fossil evidence, we propose a 
new phylogenetic hypothesis and biogeographical scenario for 
Chrysobalanaceae, and compare the diversifi cation rates among 
the main clades. We then discuss the results in light of the climatic 
and geologic history of South America. 

 MATERIALS AND METHODS 

 Study species —   Our DNA sequence data set covers 19 of the 20 cur-
rently described genera for the family (Appendix S1; see Supple-
mental Data with the online version of this article). We were unable 
to access tissue material for the monotypic genus  Bafodeya  Prance 
ex. F White, which is only known from West Africa. However, one 
 rbc L sequence from this genus was produced and is available for 
analysis ( Yakandawala et al., 2010 ). We added 23 outgroup species 
representative of the major lineages in Malpighiales, plus one out-
group from the sister order Oxalidales ( Oxalis latifolia  Kunth, 
Oxalidaceae,  Moore et al., 2010 ). 

 DNA extraction —   Approximately 20 mg of frozen leaves were ho-
mogenized in a TissueLyser II (Qiagen, Courtaboeuf, France) with 
three glass beads (4 mm in diameter) in a 2 mL microtube for three 
rounds of 45 s at 30 Hz separated by a 45 s pause to prevent over-
heating the samples. Total DNA was extracted with a Biosprint 15 
auto-extractor (Qiagen), following the manufacturer’s protocol. 
For  Euphronia guianensis , total DNA was extracted from silica 
dried leaf tissue using DNeasy Plant Mini Kit (Qiagen) following 
the manufacturer’s protocol. 

 Library preparation and high-throughput sequencing —   We se-
lected a subsample of 51 Chrysobalanaceae species for the sequenc-
ing of the plastid genome ( Table 1 ).  Th e selection of these species 
was made to include all major lineages in the family, and if possible, 
more than one species per lineage and per genus. We also included 
nine species in the Malpighiales to complement a previous analysis 
( Xi et al., 2012 ). We sheared total DNA into small fragments by 
sonication, and the fragments were end-repaired. Unlike previous 
studies, we did not perform any enrichment in plastid DNA ( Straub 
et al., 2012 ;  Xi et al., 2012 ). Aft er this, purifi ed fragments were li-
gated to sequencing indexed adapters. Fragments with an insert 
size of approximately 400 bp were gel-extracted and enriched with 
10 cycles of PCR before library quantifi cation and validation. One 
library was constructed for each species using the Illumina TruSeq 
DNA Sample Prep v2 kit following the protocol recommended by 
the supplier (Illumina, San Diego, CA), and library products were 
multiplexed by 24, and hybridized to an HiSEq. 2000 fl ow cell using 
the Illumina TruSeq PE Cluster Kit v3. High-throughput sequencing 
generated approximately 10 million pair-end reads of 101 nucleo-
tides per species. We sequenced the plastid genome of  Euphronia 
guianensis  with a slightly diff erent protocol. Illumina TruSeq PE 
libraries were prepared using the Apollo 324 system and its associ-
ated PrepX ILM DNA Library Protocol (WaferGen Biosystems), 
and sequenced using an HiSEq. 2500 sequencing platform. Th is 
yielded approximately 21 million pair-end reads of 150 nucleotides 
for  E. guianensis . Th e nine outgroup species were sequenced on a 
HiSEq. 2500 platform. For all species, the average sequencing depth 
of the plastid genome reads ranged from  × 90 to over  × 300. 

 Plastid genome assembly and alignment —   High-throughput se-
quencing reads were de-novo assembled using an iterative search 
based on the Velvet assembler v1.2.07 ( Zerbino and Birney, 2008 ; 
Appendix S2a). We assembled the complete plastid genomes for all 
51 Chrysobalanaceae species and for an additional 9 outgroup species 
( Table 1 ). Genomes were annotated by transferring the annotations 
of already published Chrysobalanaceae genomes using Geneious 
v9.0.5 ( Kearse et al., 2012 ;  Malé et al., 2014 ). Th ese annotations 
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were manually edited when necessary, and checked using the 
DOGMA online annotation portal ( Wyman et al., 2004 ). 

 Protein-coding sequences were analyzed separately. In addition 
to the newly generated plastid genomes, we also downloaded pro-
tein-coding sequences for 14 species listed in  Table 1 , using acces-
sions reported in  Xi et al. (2012)  and  Moore et al. (2010) . Th is 
resulted in a 74-species data set. A total of 76 protein-coding re-
gions were considered (Appendix S2b). Th ey were aligned one by 
one in the forward sense, and checked visually using the procedure 
described in  Ruhfel et al. (2014)  and  Stull et al. (2015) . Th e concat-
enated protein-coding alignment had a total of 66597 nucleotides, 
and on average had 7.3% missing data (the two extremes were 
28.6% missed reads for  Trigonia  sp. and 37.5% missed reads for 
 Hieronyma alchorneoides ). 

 For the 51 Chrysobalanaceae plastid genomes, noncoding re-
gions were also aligned using the FFT-NS-i algorithm of MAFFT 
v7.222 ( Katoh and Standley, 2013 ) keeping the default gap open 
penalty  , and the default off set values. We separately aligned inter-
genic regions, gene introns, and tRNA introns, and subsequently 
concatenated them. We then trimmed the highly variable regions 
using Gblocks v0.91b ( Castresana, 2000 ;  Talavera and Castresana, 
2007 ; Appendix S2c). We did not consider noncoding regions of 
outgroup species because these are highly divergent with possible 
issues of saturation. Th e fi nal noncoding alignment had 55,333 
nucleotides. 

 Sanger sequencing —   To increase species sampling in Chrysobala-
naceae, we complemented the above data set with Sanger se-
quences for 88 additional species (Appendix S2d). With the 
plastid genome alignment, we explored variable regions using 
PhyDesign ( López-Giráldez and Townsend, 2011 ). Five regions 
were selected: two noncoding regions ( rps 4 -trn T and  psa J -rpl 33), 
the  clp P intron 1, and two regions in the  ycf 1 gene (see  Koenen 
et al., 2015 ; and references therein). We designed primer pairs in 
Geneious (Appendix S2e). DNA amplifi cation was performed us-
ing standard PCR protocols. PCR products were purifi ed and 
then sequenced on an ABI3730XL automated DNA sequencer. 
Each sequence was assembled and manually edited in Geneious. 
Our data set included 92–100% of the species, depending on the 
locus (Appendix S2f). Th e concatenated alignment included 2246 
nucleotides. 

 Phylogenetic inference —   We inferred the topology of the phyloge-
netic tree using RAxML 8.2.4 ( Stamatakis, 2006 ;  2014 ), with a gen-
eral time reversible model with gamma rate (GTR+ Γ ). We inferred 
the topology using several partitioning strategies ( Moore et al., 
2010 ;  Xi et al., 2012 ): a single partition for all protein-coding se-
quences, two partitions: one for the fi rst two codon positions and 
the other for the third codon position, one partition per protein-
coding sequence, and a single partition for amino-acids (with the 
Dayhoff  model of substitutions). Topological node support was 
evaluated using the rapid bootstrapping algorithm with the ‘au-
toMRE’ automatic stopping criterion, as implemented in RAxML 
( Stamatakis et al., 2008 ). We then performed a phylogenetic analy-
sis using the full 162-species alignment with RAxML 8.2.4. For this 
analysis, we assumed only three partitions: the fi rst two codon posi-
tions, the third codon position, and the noncoding sequences. 

 Th e species  Bafodeya benna  was treated separately, given that 
only one  rbc L sequence was available (NCBI accession number 
GQ424475). For this species, we ran a separate RAxML analysis 

after aligning the sequence to the 74-species plastid genome 
matrix. 

 Fossil record and time calibration of the phylogeny —   We estimated 
a time-calibrated phylogenetic tree using BEAST v2.3.2 ( Drummond 
and Rambaut, 2007 ;  Drummond et al., 2012 ;  Bouckaert et al., 
2014 ) from the 162-species alignment, assuming a GTR+ Γ  model 
of molecular evolution and a Yule branching process prior. Because 
of the size of the matrix (121,930  ×  162), and its sparseness, initial-
ization with a random tree prior did not converge even aft er 100 
million generations, as checked with Tracer v.1.6.0 ( Drummond 
and Rambaut, 2007 ). We instead prescribed the best RAxML tree 
as a tree prior within the BEAST input fi le and fi xed the topology 
by removing the tree model operators from the BEAST input fi le. 
The starting tree was time-calibrated with the same calibration 
constraints as those used in the main BEAST analysis (see below), 
using the chronos function in the R package APE v.3.4 ( Paradis 
et al., 2004 ). Post–burn-in trees were merged into a maximum 
clade credibility tree using TreeAnnotator v.2.3.2 ( Drummond and 
Rambaut, 2007 ). 

 Two fossils were used for calibration within Chrysobalanaceae. 
Fossils of endocarps and of wood were assigned to  Parinari  in a 
geological formation dating to the early Miocene ( Jud et al., 2016 ). 
Th e determination of the endocarps excludes a possible confusion 
with the sister genus  Neocarya  on the basis of shape, position of the 
germination plugs, and presence of a beak at the base of the endo-
carp ( Tiff ney et al., 1994 ;  Jud et al., 2016 ). We therefore constrained 
the stem node of  Parinari  by dating the most common recent an-
cestor (MRCA) of  Parinari - Neocarya  at 19 mya. We also used the 
fossil flower and fruits assigned to  Licania dominicensis  ( Poinar 
et al., 2008 ;  Chambers and Poinar, 2010 ). Th is fossil preserved in the 
Dominican amber dates back to at least the early Miocene, and we 
used 15–20 mya to date the MRCA between  Licania michauxii  and 
the rest of the Neotropical clade sensu  Bardon et al., (2013) . Note 
that the fossil dating to 49 Ma and assigned to  Chrysobalanus  by 
 Wodehouse (1932)  was used in the calibration of  Xi et al. (2012)  
and  Bardon et al. (2013) . However, it does not clearly belong to this 
family ( Jud et al., 2016 ) and was therefore excluded from the pres-
ent analysis. 

 We constrained the tree with six calibration times (Appendix 
S2g).  Balanops caledonica  was dated at 23.8 mya ( Simpson, 1961 ;  Xi 
et al., 2012 ), and this places a minimal age constraint on the stem of 
Balanopaceae.  Paleoclusia chevalieri  (89.3 mya;  Crepet and Nixon, 
1998 ;  Ruhfel et al., 2013 ) constrains the minimal age of the stem of 
Clusiaceae. Finally, a pollen fossil assigned to  Caryocar  and dated at 
55.5 mya ( Germeraad et al., 1968 ;  Xi et al., 2012 ) constrains the 
minimal age of stem of Caryocaraceae. We also constrained the 
stem of Malpighiales at 111 mya with a 95% confi dence interval of 
(106–117), consistent with previous estimates of  Magallón et al. 
(2015)  and  Xi et al. (2012) . 

 Ancestral area reconstruction —   Ancestral area reconstruction 
models are oft en predicated on the assumption that in addition to 
cladogenic events, as summarized in the user-supplied phyloge-
netic tree (several tree realizations or a single consensus tree), two 
major processes may occur: dispersal across ranges (irrespective of 
the extent of the range), and extinction in a region. Such models 
have been implemented in several statistical packages ( Ronquist, 
1997 ;  Ree and Smith, 2008 ;  Landis et al., 2013 ). Here we used the R 
package BioGeoBEARS ( Matzke, 2013a , b ;  2014 ), which allows 
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 TABLE 1. List of the species with sequenced plastid genomes included in this study. Details on geographical origin and accession numbers are provided in 

Appendix S1. 

Family Species Source

Chrysobalanaceae  Acioa guianensis  Aubl. This study
Chrysobalanaceae  Afrolicania elaeosperma  Mildbr. This study
Chrysobalanaceae  Angelesia splendens  Korth. This study
Chrysobalanaceae  Atuna racemosa  Raf. This study
Chrysobalanaceae  Chrysobalanus icaco  L.  Malé et al. (2014) 
Chrysobalanaceae  Couepia caryophylloides  Benoist This study
Chrysobalanaceae  Couepia grandifl ora  (Mart. & Zucc.) Benth. ex Hook.f. This study
Chrysobalanaceae  Couepia guianensis  Aubl.  Malé et al. (2014) 
Chrysobalanaceae  Couepia ovalifolia  (Schott) Benth. ex Hook.f. This study
Chrysobalanaceae  Couepia paraensis  (Mart. & Zucc.) Benth. This study
Chrysobalanaceae  Couepia paraensis  subsp  cerradoana  Prance This study
Chrysobalanaceae  Couepia polyandra  (Kunth) Rose This study
Chrysobalanaceae  Couepia rankiniae  Prance This study
Chrysobalanaceae  Couepia sandwithii  Prance This study
Chrysobalanaceae  Couepia subcordata  Benth. ex Hook.f. This study
Chrysobalanaceae  Dactyladenia bellayana  (Baill.) Prance & F.White This study
Chrysobalanaceae  Dactyladenia buchneri  (Engl.) Prance & Sothers This study
Chrysobalanaceae  Dactyladenia fl oretii  Breteler This study
Chrysobalanaceae  Exellodendron barbatum  (Ducke) Prance This study
Chrysobalanaceae  Gaulettia elata  (Ducke) Sothers & Prance This study
Chrysobalanaceae  Grangeria borbonica  Lam. This study
Chrysobalanaceae  Hirtella macrosepala  Sandwith This study
Chrysobalanaceae  Hirtella physophora  Mart. & Zucc.  Malé et al. (2014) 
Chrysobalanaceae  Hirtella racemosa  Lam. This study
Chrysobalanaceae  Hirtella suff ulta  Prance This study
Chrysobalanaceae  Hirtella zanzibarica  Oliv. This study
Chrysobalanaceae  Kostermanthus robustus  Prance This study
Chrysobalanaceae  Licania alba  (Bernoulli) Cuatrec.  Malé et al. (2014) 
Chrysobalanaceae  Licania canescens  Benoist This study
Chrysobalanaceae  Licania glabrifl ora  Prance This study
Chrysobalanaceae  Licania heteromorpha  Benth.  Malé et al. (2014) 
Chrysobalanaceae  Licania macrophylla  Benth. This study
Chrysobalanaceae  Licania majuscula  Sagot This study
Chrysobalanaceae  Licania membranacea  Sagot ex Laness. This study
Chrysobalanaceae  Licania michauxii  Prance This study
Chrysobalanaceae  Licania micrantha  Miq. This study
Chrysobalanaceae  Licania minutifl ora  (Sagot) Fritsch This study
Chrysobalanaceae  Licania ovalifolia  Kleinh. This study
Chrysobalanaceae  Licania sprucei  (Hook.f.) Fritsch  Malé et al. (2014) 
Chrysobalanaceae  Licania tomentosa  (Benth.) Fritsch This study
Chrysobalanaceae  Magnistipula butayei  De Wild. This study
Chrysobalanaceae  Maranthes gabunensis  (Engl.) Prance This study
Chrysobalanaceae  Maranthes glabra  (Oliv.) Prance This study
Chrysobalanaceae  Maranthes kerstingii  (Engl.) Prance ex F.White This study
Chrysobalanaceae  Neocarya macrophylla  (Sabine) Prance ex F.White This study
Chrysobalanaceae  Parastemon urophyllus  (Wall. ex A.DC.) A.DC. This study
Chrysobalanaceae  Parinari campestris  Aubl.  Malé et al. (2014) 
Chrysobalanaceae  Parinari capensis  Harv. subsp  incohata  F.White This study
Chrysobalanaceae  Parinari curatellifolia  Planch. ex Benth. This study
Chrysobalanaceae  Parinari oblongifolia  Hook.f. This study
Chrysobalanaceae  Hunga gerontogea  (Schltr.) Prance This study
Euphroniaceae  Euphronia guianensis  (R.H.Schomb.) Hallier f. This study
Oxalidaceae  Oxalis latifolia  Kunth.  Moore et al. (2010) 
Centroplacaceae  Bhesa  sp.  Xi et al. (2012) 
Irvingiaceae  Irvingia malayana  Oliv. Ex Benn.  Xi et al. (2012) 
Pandaceae  Microdesmis caesarifolia  Planch.  Xi et al. (2012) 
Rhizophoraceae  Cassipourea guianensis  Aubl. This study
Rhizophoraceae  Rhizophora mangle  L.  Xi et al. (2012) 
Bonnetiaceae  Ploiarium  sp.  Xi et al. (2012) 
Clusiaceae  Clusia rosea  Jacq.  Xi et al. (2012) 
Humiriaceae  Humiria balsamifera  (Aubl.) J.St.-Hil. This study
Violaceae  Amphirrhox longifolia  (A.St.-Hil.) Spreng. This study
Goupiaceae  Goupia glabra  Aubl. This study
Phyllanthaceae  Hieronyma alchorneoides  Allemao This study

continued
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TABLE 1, continued

Family Species Source

Phyllanthaceae  Flueggea suff ruticosa  (Pall.) Baill.  Xi et al. (2012) 
Euphorbiaceae  Conceveiba guianensis  Aubl. This study
Peraceae  Pera bumeliifolia  Griesb.  Xi et al. (2012) 
Peraceae  Pogonophora schomburgkiana  Miers ex Benth. This study
Balanopaceae  Balanops pachyphylla  Baill. Ex Guillaumin  Xi et al. (2012) 
Caryocaraceae  Anthodiscus peruanus  Baill.  Xi et al. (2012) 
Dichapetalaceae  Dichapetalum zenkeri  Engl.  Xi et al. (2012) 
Trigoniaceae  Trigonia sp.  Xi et al. (2012) 
Caryocaraceae  Caryocar glabrum  (Aubl.) Pers. This study

probabilistic inference of ancestral geographic ranges on a phylogeny 
and comparison of diff erent models of range evolution. BioGeo-
BEARS also explicitly models founder-event speciation cladogenic 
events, wherein the new species arises in a range outside of the an-
cestral range ( Matzke, 2014 ). 

 To infer the ancestral areas in Chrysobalanaceae, we used a sub-
tree of the main chronogram, restricted to the chrysobalanoid clade 
(143 species). We coded the species as being either present or absent 
in three geographical areas: tropical America, tropical Africa (in-
cluding the Mascarene islands and Madagascar), and Southeast 
Asia. We inferred the evolution of geographical ranges on a single 
consensus tree in a likelihood framework, without constraining the 
directionality or timing of dispersal. Th en, we assessed the fi t of 
each model using AIC weights and selected the best model. 

 Inferring diversifi cation rates —   We tested for the presence of shift s 
in diversifi cation rates along the entire time-calibrated phyloge-
netic tree using the BAMM soft ware ( Rabosky, 2014 ). BAMM was 
run on the maximum clade credibility tree obtained from the 
BEAST analysis during 10 million generations, and the results were 
analyzed using the BAMMtools package ( Rabosky et al., 2014 ). 
Speciation, extinction, and net diversifi cation by clade were then 
inferred using BayesRate v1.63 ( Silvestro et al., 2011 ). Markov 
chain Monte Carlo (MCMC) sampling for the birth-death model 
was conducted during 40,000 generations per tree on a subsample 
of 10 trees from the output of the BEAST tree reconstruction, and 
only the cold chain parameter estimates were reported. In both 
BAMM and BayesRate, we accounted for the incomplete taxon 
sampling for each clade. Taxon sampling per clade was assessed on 
the basis of recent monographic revisions ( Prance and Sothers, 
2003 ;  Sothers et al., 2014 ;  Sothers and Prance, 2014 ). 

 RESULTS 

 Phylogenetic resolution —   We sampled 139 Chrysobalanaceae spe-
cies (approximately 26%) and included another 23 species as out-
groups. Th e topology inferred using plastid genome data (74 
species; 17,594 distinct alignment patterns) showed strong overall 
support within the family ( Fig. 1 ),  irrespective of the partitioning 
scheme (Appendix S3 a,b). Th e chronogram, as inferred using the 
full data set, also showed a good overall support ( Fig. 2 ).   Koster-
manthus  (3 spp.) represented the earliest diverging lineage in the 
family. Th e rest of the family included fi ve main clades (clade names 
are provided in  Fig. 1 ). Clade A included the pantropical genus 
 Parinari  (39 spp.) and its African sister genus  Neocarya  (1 sp.). 
Based on a single sequence,  Bafodeya benna  was tentatively placed 
in clade A ( Fig. 1 ; posterior probability: 0.77; bootstrap support: 

39%). Clade B had a predominantly African affi  nity, with genera 
 Magnistipula  (14 spp.) being found in Africa and Madagascar, and 
 Grangeria  (2 spp.), restricted to Madagascar and the Mascarene Is-
lands. Clade B also contained  Maranthes  (12 spp.), found mostly in 
Africa with the exception of two species ( M. corymbosa  in South-
east Asia, and  M. panamensis  in Central America; neither of which 
were included in the current study), and the two Asian genera 
 Parastemon  (3 spp.) and  Atuna  (8 spp.). Clade C included the Afri-
can genus  Dactyladenia  (32 spp.) plus the African species  Hirtella 
zanzibarica . Clade D included two South American genera ( Acioa , 
6 spp.;  Exellodendron , 5 spp.), two Asian genera ( Angelesia , 3 spp.; 
 Hunga , 11 spp.) and one amphiatlantic genus found both in Amer-
ica and Africa ( Chrysobalanus , 3 spp.). Finally, clade N (for Neo-
tropical) contained over 75% of Chrysobalanaceae species in our 
sample, all Neotropical  Licania  (ca. 220 spp.),  Couepia  (58 spp.), 
 Gaulettia  (9 spp.) and  Hirtella  (105 spp.) species, and the African 
 Afrolicania elaeosperma  Mildbr.  Licania , as currently circum-
scribed, could be separated into at least four lineages. First,  Licania 
michauxii  Prance, the only North American species, represented an 
early diverging subclade in clade N (clade Licania1). Second, a 
clade of fi ve species (Licania2), including  L. minutifl ora  (Sagot) 
Fritsch was sister to  Couepia . Th ird, a clade of 27 species, included 
for instance  L. sprucei  (Hook.f.) Fritsch and  L. alba  (Bernoulli) 
Cuatrec. (Licania3). Th e fourth and last clade included  L. hetero-
morpha  Benth and was sister to  Hirtella  (Licania4). Two  Licania  
species had an uncertain position:  L. brittoniana  Fritsch, close to 
clade Licania2; and  L. licaniifl ora  (Sagot) S.F.Blake, which was close 
to clade Licania4. 

 Divergence time estimation and ancestral areas reconstruction —

   According to our dated phylogenetic reconstruction, Chrysobala-
naceae diversifi ed in the late Eocene to early Oligocene ( Fig. 2 ; 
crown age: 33.4 mya; HPD: 30.2–37.3 mya; Appendix S3c). For the 
BioGeoBears ancestral area reconstruction, we found that the 
BayesArea model including the founder-speciation parameter was 
favored (Appendix S3d). Th e family originated in the Paleotropics, 
and the common ancestor of the family, excluding  K. robustus , was 
found to be African. Th e fi rst arrival of Chrysobalanaceae into the 
Neotropics is consistent with the stem age of the clade (D+N), 
dated at 29.5 mya (HPD: 26.9–32.5 mya). Secondary dispersal 
events from South America into Africa occurred between 11.5 and 
24.2 Ma ( Afrolicania elaeosperma, Chrysobalanus icaco , respec-
tively) and from South America into Asia approximately 13.7 mya 
(HPD: 7.0–18.2 mya) as evidenced by the grouping of  Exelloden-
dron  and ( Angelesia + Hunga ). Within the Neotropical clade, the 
largest  Licania  clade (clade Licania3) and  Couepia  diversifi ed from 
around 23.6 mya (crown age; HPD: 21.9–25.4) and 19.5 mya 
(crown age; HPD: 17.5–21.9 mya), respectively. Diversifi cation in 
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  FIGURE 1  Phylogram obtained with 76 protein-coding sequences of 74 plastid genomes, and a maximum likelihood reconstruction method (RAxML). 

Bootstrap values (only > 50%) are indicated at each node: (A) tree including the outgroups only; (B) magnifi cation ( × 4) of the Chrysobalanaceae clade. 

The star symbol locates the probable position of  Bafodeya benna  Prance ex. F White.   

Neotropical  Hirtella  was found to be even younger, around 17.2 
mya (crown age; HPD: 16.8–17.8 mya). 

 Inferring diversifi cation rates —   In the BAMM analysis, the most 
probable confi guration of rate shift s included one shift  in the branch 
leading to Chrysobalanaceae, and a secondary shift  in a clade of 
seven species including  L. membranacea  (Appendix S3e). Th e pos-
terior distributions of speciation, extinction, and net diversifi cation 
rates were computed for all fi ve clades A, B, C, D, and N with Bayes-
Rate ( Fig. 3 ;  Appendix S3f). It was higher in the Neotropical clade 
( λ  

net
  = 0.15 species/mya) than in the other clades ( λ  

net
 = 0.10–0.11 

species/mya), with the exception of clade C ( Dactyladenia  spp.), 
which presented a very high net diversifi cation rate (0.17 species/
mya), but also a much broader posterior distribution. 

 DISCUSSION 

 Phylogenetic reconstruction —   Almost all nodes in the tree con-
structed from full plastid genomes were strongly supported ( Fig. 
1 ), irrespective of the partitioning scheme (Fig. S2). Our matrix 
had almost 18,000 patterns, so character sampling was greatly im-
proved. Th is robust phylogenetic hypothesis represents a signifi -
cant advance of this study over previously published analyses 
( Yakandawala et al., 2010 ;  Bardon et al., 2013 ). Phylogenetic reso-
lution and support should depend on both the number of charac-
ters and of taxa included in a study, but the optimal strategy has 
generated much debate ( Philippe et al., 2011 ). In some studies, 
branch support was found to increase more by increasing taxon 
sampling than character sampling ( Pollock et al., 2002 ;  Heath 
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(Continued)
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  FIGURE 2  Maximum clade credibility tree of Chrysobalanaceae obtained from the 162-species data set with the geographical area displayed in color 

codes (red: Neotropics; green: Africa; blue: southeast Asia and Oceania). Bootstrap values (only >50%) are reported near the corresponding nodes, and 

the inferred age of the nodes is provided with the 95% confi dence interval. Ancestral states within the chrysobalanoid clade, as inferred with the best 

model (BayArea+j), are also reported next to the nodes. The letter next to species name describes the sequence material used for this reconstruction 

(p: newly generated plastid genome; s: Sanger sequences; g: plastid genome coding sequences retrieved from GenBank). The time scale is in millions 

of years (Ma) and geological eras are reported near the time axis (Plio., Pliocene).     
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  FIGURE 3  Posterior distribution of the speciation, extinction, net diversifi cation rates for the fi ve main clades in Chrysobalanaceae (clade names as in 

 Fig. 2 ), represented by the posterior rate estimates (relative densities).   

et al., 2008 ;  Xi et al., 2012 ), but striking a suitable balance between 
missing taxa and missing characters is not easy and depends on 
the nature of the problem ( Wiens, 2003 ;  Wiens and Moen, 2008 ). 
Plastid genome sequencing has rejuvenated this old debate ( Parks 
et al., 2009 ;  Bayly et al., 2013 ;  Williams et al., 2016 ), and the cur-
rent study contributes to this debate. Increasing taxon sampling 
with amplicon sequencing, we found a slight increase in resolution, 

but not systematically across the clades. In clade A, the plastid-
genome tree had 2/3 of the branches supported (BS > 70%), vs. 
3/11 in the full phylogeny; in clade B, 4/6 vs. 6/9; in clade C, 3/3 
vs. 5/5; in clade D, 3/4 vs. 5/5; and in clade N, 21/28 vs. 25/103. 
Th e  Hirtella  clade, with 1/24 branches supported, contributed dis-
proportionately to the problem, and deeper sampling within this 
clade is a forthcoming challenge. 
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 Phylogenetic relationships within Chrysobalanaceae —   We were 
able to discuss the phylogenetic position of all 20 currently de-
scribed genera in Chrysobalanaceae. Th e earliest-diverging lineage 
is represented by the little known tropical Asian genus  Kosterman-
thus  ( Prance, 1979 ). Th is position of  Kostermanthus  is unexpected 
in view of the morphological features of this genus, which suggest 
an affi  nity to the phylogenetically more distantly related  Acioa  and 
 Atuna  ( Yakandawala et al., 2010 ). It would be important to explore 
whether this hypothesis is supported using morphological charac-
ters. Clade A is the second earliest-diverging lineage and it con-
fi rms the close affi  nity of  Neocarya  and  Parinari . About a fourth of 
the species in  Parinari  were included in this analysis, and the 
monophyly of  Parinari  is confi rmed. We also show that based on 
available sequence data, the genus  Bafodeya  belongs to clade A. 

 Clade B was already recognized by  Yakandawala et al. (2010) , as 
grouping  Grangeria ,  Magnistipula , and  Maranthes . We found that 
 Atuna  and  Parastemon  are also included in this clade, with  Atuna  
close to  Maranthes  and  Parastemon  as the early diverging branch of 
this clade. 

 Clade C includes all sampled species of  Dactyladenia  and  Hir-
tella zanzibarica . In previous systematic treatments, the genus  Hir-
tella  was described as present predominantly in the Neotropics, but 
with two species in Africa ( Prance and Sothers, 2003 ). One of these 
African  Hirtella  species,  H. zanzibarica  Oliv, was included for the 
fi rst time in our analysis and was found to belong to clade B, sister 
to the African genus  Dactyladenia . Th e remaining 25 Neotropical 
 Hirtella  species sampled formed a distinct monophyletic group 
within clade N.  Du Petit-Th ouars (1806)  described the genus  Th e-
lira , based on a specimen from Madagascar ( H. thouarsiana  Baill. 
ex Laness.).  Baillon (1868)  later placed  Th elira  in synonymy with 
 Hirtella , a circumscription accepted in more recent revisions 
( Prance and White, 1988 ;  Prance and Sothers, 2003 ). Our analysis 
suggests that  Th elira  should be resurrected. 

 Clade D includes  Acioa, Chrysobalanus ,  Exellodendron, Angele-
sia , and  Hunga  (see also  Bardon et al., 2013 ).  Chrysobalanus  was 
found to be the early diverging group within this clade.  Hunga  
and  Angelesia  were placed next to each other. Members of this 
clade exhibit large floral diversity, including  Chrysobalanus  
with actinomorphic fl owers versus the other related genera, which 
have weakly-to-strongly zygomorphic fl owers ( Prance and Sothers, 
2003 ). 

 Finally, the Neotropical species are almost all included in a single 
clade (clade N). Recently,  Sothers et al. (2014)  used fi ve markers to 
focus on the circumscription of species in the genus  Couepia . Previ-
ously described  Couepia  species were found to belong to four sepa-
rate clades:  Acioa ,  Hirtella ,  Couepia  sensu stricto, and a clade 
representing a novel genus, which they named  Gaulettia . Th e three 
species included here belonging to  Gaulettia  formed a clade. Our 
analysis confi rms these recent fi ndings although the phylogenetic 
position of  Gaulettia  within clade N remains unclear (Fig. S2). 

 In  Licania , we found four diff erent clades, entirely restricted to 
clade N ( Fig. 2 ). Th e fi rst lineage (Licania1), sister to the rest of 
clade N, consists of a single species  L. michauxii —the only North 
American species in the genus—that is included here for the fi rst 
time in a molecular phylogeny of the family. A second  Licania  clade, 
called Licania2 in  Fig. 2 , was sister to  Couepia  sensu stricto. All spe-
cies in this clade are representatives of subgenus  Moquilea  (Aubl.) 
section  Moquilea  sensu  Prance and Sothers (2003) , with the ex-
ception of  L. apetala  (E.Mey.) Fritsch. A third  Licania  clade, called 
Licania3 in  Fig. 2 , grouped most  Licania  species. Within this 

clade, we identified two well-supported subclades. The first one 
includes species belonging to subgenus  Moquilea  section  Moquilea , 
and the second with species belonging to subgenus  Licania  section 
 Licania , apart from  L. unguiculata  Prance (subgenus  Moquilea  sec-
tion  Leptobalanus ) ( Prance and Sothers, 2003 ). Finally, the last dis-
tinctive  Licania  clade, denoted clade Licania4 in  Fig. 2 , was close to 
the Neotropical  Hirtella , and was overall less strongly supported. It 
had an affi  nity with subgenus  Licania  section  Hymenopus , as de-
fi ned in  Prance and Sothers (2003) . A diff erent analysis of this 
group of species would be that clade Licania4 contains only six spe-
cies (including  L. heteromorpha ), and that the four remaining spe-
cies:  L. licaniifl ora , ( L. macrophylla + L. glabrifl ora ) and  Afrolicania 
elaeosperma  Mildbr. do not belong in this clade.  Afrolicania elaeo-
sperma  is the only African species previously assigned to  Licania  
( Prance and White, 1988 ), and segregated into  Afrolicania  by  Prance 
and Sothers (2003) , aft er  Dissanayake (1999) ; this assignment to 
 Licania , however, has always had a debated position  . Th e present 
analysis does not completely resolve this problem, but based on 
plastid genome sequences only, there is strong evidence that it be-
longs to clade Licania4 (Fig. S2). 

 A revised biogeographical history for Chrysobalanaceae —   An im-
portant insight of this study is the profound revision of the tempo-
ral scale over which Chrysobalanaceae have evolved and dispersed 
across the tropics. Th e revised stem age for Chrysobalanaceae is 
49.2 mya (highest posterior density, HPD  : 42.3–56.8 mya), and the 
crown age is dated at 33.4 mya (30.2–37.3 mya), around the Eocene-
Oligocene transition. Th is is considerably younger than the ages 
inferred by  Bardon et al. (2013 ; 86 mya) and  Xi et al., (2012 ; 66.2 
mya HPD: 60.3–74.9 mya), but is in line with the estimates of 
 Magallón et al. (2015 ; stem age, 54.5 mya; HPD: 40.2–72.8 mya). 
Th is recent age is consistent with the revised fossil record of the 
family, which rejected all fossils older than the Oligocene-Miocene 
transition ( Jud et al., 2016 ). 

 Even if the Paleotropical origin of Chrysobalanaceae is con-
fi rmed here, as was hypothesized by  Bardon et al. (2013) , the fi rst 
arrival of Chrysobalanaceae into the Neotropics is now predicted to 
have occurred in the Oligocene, with clade D + clade N ( Fig. 1 ) dat-
ing back to 29.5 mya. Diff erent paths and land bridges have been 
suggested to explain such a dispersal pathway from Africa into the 
Neotropics. Given our dating of the arrival of the family into the 
Neotropics, the opportunity for a short-distance overseas dispersal 
via island chains in the southern Atlantic ( Morley, 2003 ;  Pennington 
and Dick, 2004 ) had passed. Alternatively, a migration through 
Laurasia, and through the North Atlantic land bridge to reach 
North America, has been proposed to explain the pantropical dis-
tribution of some plant families ( Davis et al., 2002 ;  Antonelli et al., 
2009 ;  Weeks et al., 2014 ;  Fritsch et al., 2015 ). Based on our revised 
dating of the migration event, we can exclude that Chrysobalana-
ceae dispersed into South America around the Eocene thermal 
maximum through the North Atlantic Land Bridge ( Tiff ney, 1985 ; 
 Lavin and Luckow, 1993 ). Th e presence of North American  Licania 
michauxii  as an early diverging lineage of clade N, plus the presence 
of  Chrysobalanus icaco  in North America (clade D), are both in-
dicative of a dispersal route through North America, but the precise 
biogeographic scenario remains uncertain. Th e phylogenetic posi-
tion of  L. michauxii  bears interesting similarities with that of  Pro-
tium fragrans  (Rose) Urb., which is endemic to Cuba, and belongs 
to the earliest diverging lineage of the Neotropical  Protium  clade, 
also dating to the Oligocene ( Fine et al., 2014 ). 
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 Clades N and D display three examples of probable, long, trans-
oceanic migration during the Miocene. One is the dispersal of the 
 Angelesia + Hunga  clade in Southeast Asia and Oceana around 13.8 
mya (HDP: 7.0–18.2 mya), which split from the South American 
genus  Exellodendron . In addition, the African  Afrolicania elaeo-
sperma  originated from a migration event ca. 11.5 mya (HPD: 8.8–
16.6 mya) from the Neotropics. Finally,  Chrysobalanus icaco  is 
found both in South America and in Africa, but our data are insuf-
fi cient to precisely date the dispersal event (probably from South 
America to Africa) that led to this disjunction. 

 Clade B originated 31.1 Ma ago (HPD: 27.7–33.9 mya), and the 
ancestral area reconstruction predicted an African origin with over 
80% confi dence over a Southeast Asian origin. Yet, there does not 
seem to be a simple dispersal scenario between these two conti-
nents. Th e Southeast Asian  Parastemon  is at the base of this clade, 
but the phylogenetic position of  Grangeria , endemic to the Mas-
carenes Islands and Madagascar remains uncertain, so an Asian 
origin cannot be ruled out. Importantly in this discussion,  Atuna  
has two endemic species in the western Ghats of India. Th is rein-
forces the hypothesis that this clade has dispersed across the Indian 
Ocean, but the exact timing of these dispersal events needs to be 
evaluated in the light of the late Eocene geography of this region 
( Ali and Aitchison, 2008 ). 

 Finally, both  Maranthes  (12 species, 20.5 Ma, HPD: 19.5–21.8 
Ma for the stem age) and  Parinari  (39 species, 25.6 Ma, HPD: 22.0–
29.9 Ma for the stem age) have achieved pantropical distribution. 
 Maranthes  probably has an African origin, with a single species in 
Central America [ M. panamensis  (Standl.) Prance & F.White], and 
another species widespread in Southeast Asia ( M. corymbosa  
Blume). Th ese last two species were not included in our analysis, 
but  Sothers et al. (2014)  confi rmed that they belong in the genus 
 Maranthes . For  Parinari , our scenario suggests an African origin 
with an early dispersal event in Southeast Asia followed by a sec-
ondary dispersal into the Neotropics from Southeast Asia ( Fig. 2 ). 
Note also that  Parinari excelsa  Sabine occurs both in Africa and 
South America. However, our taxon sampling remains limited for 
this group, and the phylogenetic tree is still poorly supported, so 
this scenario will require reexamination. 

 Rates of diversifi cation —   Almost 75% of total species diversity in 
Chrysobalanaceae is in the Neotropical clade N. We compared the 
rates of speciation, extinction, and net diversifi cation among clades. 
We found that clade N had both higher speciation rate and higher 
extinction rate than the other clades in the family, with an inferred 
net diversifi cation rate of 0.15 species/mya, compared to approxi-
mately 0.11 species/mya in the other clades. Th e Miocene appears 
to have been a major epoch for diversifi cation in South America 
( Hoorn et al., 2010 ). Several groups have given rise to diverse plant 
genera within a short timeframe. Th e genus  Guatteria  (Annona-
ceae; 177 spp.;  Maas et al., 2015 ) was predicted to have diversifi ed 
during the Miocene (crown age 11–18 mya,  Erkens et al., 2007 , 
 2009 ), but have an old stem age (49–52 mya), and clarifying the 
time calibration and the phylogenetic position within the family 
has thus proven diffi  cult ( Maas et al., 2015 ). Other examples of 
large Neotropical genera having diversifi ed around the Oligocene-
Miocene include the Neotropical Protieae (Burseraceae;  Fine et al., 
2014 ), the  Dacryodes - Trattinnikia  clade (Burseraceae;  Weeks et al., 
2014 ), genus  Mimosa  (Fabaceae; 530 spp.,  Simon et al., 2009 ), ge-
nus  Astrocaryum  (Arecaceae;  Roncal, et al., 2013 ), and two clades 
within the Meliaceae: the Neotropical  Trichilia , and  Ruagea + Guarea  

( Koenen et al., 2015 ). In our study, genera  Hirtella , and  Licania  
sensu stricto (clade NL3 of  Fig. 2 ) both have over 100 species, all of 
which have appeared since the Miocene in South America. In addi-
tion,  Couepia  (58 spp.) also dates back to the Oligocene-Miocene 
period, according to our analysis ( Fig. 2 ). Together, these results 
reinforce the idea that the diversifi cation of the Neotropical fl ora 
has largely occurred within the past 23 mya. 

 Possible causes for the higher diversifi cation rate for Chrysobala-
naceae in the Neotropics involve the complex geological history of 
this continent. For instance, Clade D is about the same age as clade 
N, and it is essentially Neotropical, but contains only 28 described 
species, yet it did not diversify as rapidly ( Sothers et al., 2014 ). Bio-
logical attributes, such as generation time, specialization to abiotic 
conditions, or pollination mechanisms, also infl uence diversifi cation 
rates ( Barraclough et al., 1998 ;  Baker et al., 2014 ).  Hirtella , which rep-
resents about a fourth of the Neotropical species in the family, is pre-
dominantly constituted of small tree species that are found in the 
understory of Neotropical forests, and this ecology could relate to a 
diff erent mode of diversifi cation ( Smith, 2001 ;  Baker et al., 2014 ). 
More generally, Neotropical Chrysobalanaceae are found in con-
trasted habitats including the arid caatinga, poor-soil South Ameri-
can campinas, and Southeast Asian kerangas, or the margin of 
mangrove swamps ( Prance and White, 1988 ). Diversifi cation in clade 
N may have thus been driven by niche specialization for fi re resis-
tance, drought tolerance, or other biological attributes associated 
with the fl uctuating climatic conditions since the Miocene ( Simon 
et al., 2009 ;  Hernandez-Hernandez et al., 2014 ;  Fine et al., 2014 ). 

 CONCLUSIONS 

 We confi rmed the Paleotropical origin of Chrysobalanaceae, sug-
gested  Kostermanthus  as the early diverging lineage, and found evi-
dence for two distinct clades in  Hirtella , and at least four in  Licania , 
as currently circumscribed. Our results demonstrate that Neotropi-
cal diversity mostly originated from a single dispersal event. We 
also found evidence for the propensity of transoceanic dispersal for 
this family. Given that Neotropical Chrysobalanaceae began to di-
versify during the Eocene, their extensive diversity is not the result 
of rapid radiations such as those described for Andean taxa (which 
have mostly taken place from the Pliocene). Nor is it the result of 
constant diversifi cation rates coupled with low extinction rates in 
response to a stable tropical ecosystem. In contrast, the diversifi ca-
tion pattern in Chrysobalanaceae suggests that Amazonian rainfor-
est diversity is best explained by the joint infl uence of large in situ 
speciation and extinction rates. 
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