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Skipping the Dry Diagonal: spatio-temporal evolution 
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Croton is one of the largest angiosperm genera, with > 1200 species in the tropics worldwide. The arborescent Croton 
section Cleodora stands out for its disjunct geographical distribution with two main centres of diversity in the Amazonian 
and Atlantic Forest regions, separated by the Caatinga, Cerrado and Chaco biomes (the ‘Dry Diagonal’). This disjunction 
is found in other Neotropical lineages and attributed to Neogene geological and climatic events. We inferred a nearly 
complete phylogenetic reconstruction of Croton section Cleodora based on DNA sequences of nuclear ITS and five plastid 
regions (rps16, trnH-psbA, trnL-F, trnT-L and ycf1). We further estimated divergence times and reconstructed ancestral 
ranges using Bayesian methods. Our results show that Croton section Cleodora is monophyletic with two main clades; we 
also confirm the phylogenetic adscription of eight Croton spp. recently described or assigned to section Cleodora based on 
morphology. Divergence of section Cleodora from its sister clade occurred c. 25 Mya, and diversification within this group 
started 20 Mya. Biogeographic analyses suggest the section originated in the Amazonian region, from where it dispersed 
to other forested Neotropical regions, including the Atlantic Forest. Divergence between Amazonian and Atlantic Forest 
taxa appears to have been triggered by the formation of the South American Dry Diagonal.

ADDITIONAL KEYWORDS:   Amazonia – Andes – Atlantic Forest – Bayesian biogeography – Caatinga – Cerrado 
– Chaco.

INTRODUCTION

Understanding the factors and processes underlying 
current patterns of biodiversity and their evolution in 
space and time is the main objective of biogeography 
(Lomolino et al., 2016). One of the most intriguing 
patterns in biogeography is the huge concentration of 
species in tropical regions compared to temperate and 
subtropical regions. In particular, the Neotropics is 
considered the most diverse region of the planet (Gentry, 
1982; Dirzo & Raven, 2003; Antonelli & Sanmartín, 
2011; Antonelli et al., 2018), and in the Neotropics 
the Amazon Basin, the Andes and the Atlantic Forest 
stand out as the main centres of diversity (Myers et al., 
2000; Morrison et al., 2001; Barthlott et al., 2005; da 

Silva, Rylands & da Fonseca, 2005). At the same time, 
these regions are some of the most threatened areas 
on Earth, with their conservation considered a high 
priority (Myers et al., 2000; Ribeiro et al., 2009).

Although an enormous progress has been made in the 
last decades to improve the knowledge on systematics 
and distribution patterns of Neotropical plant groups, 
specially stemming from the use of molecular data 
(Givnish et al., 2011; Van Ee, Riina & Berry, 2011; 
Michelangeli et al., 2013; Calió et al., 2017; de Faria 
et al., 2017; Guo et al., 2017; Lucas et al., 2018; Bogarín 
et al., 2019), there are still numerous groups where a 
significant part of their taxonomy and phylogenetic 
knowledge remains incomplete (Cardoso et al., 2017; 
Ulloa et al., 2017). Biogeographic and diversification 
analyses of important Neotropical plant lineages have 
highlighted the need to integrate sound molecular 
phylogenetic hypotheses with a deeper understanding 
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of the geological and palaeoclimatic history (Table 1) 
of the region (Antonelli et al., 2009; Hoorn et al., 2010; 
Antonelli & Sanmartín, 2011; Arakaki et al., 2011; 
Perret et al., 2013; Givnish et al., 2014; Hernández-
Hernández et al., 2014; Lagomarsino et al., 2016; 
Canal et al., 2019; Lavor et al., 2019). The previous 
conception of a biota shaped by Pleistocene glacial 
events (Haffer, 1969) has been gradually replaced by 
a more complex picture, in which several sequential 
events from the Early Palaeocene to the Pliocene led 
to changes in migration, speciation and extinction 
rates, such as the uplift of the northern Andes, the 
formation of the Central American Landbridge, or the 
appearance of mega-wetlands in western Amazonia 
resulting from changes in the Amazon River system 
(Hoorn et al., 2010; Bacon et al., 2013, 2016; Antonelli 
et al., 2018; Thode, Sanmartín & Lohmann, 2019). 
Some of these events have been under debate 
regarding their age. For example, a geological time 
frame for the formation of the Panama Isthmus and 
the closure of the Central American Seaway is still 
controversial (Montes et al., 2015; O’Dea et al., 2016; 
Jaramillo, 2018). Biological studies can help provide 
evidence to date the above-mentioned events, and 
therefore the construction of biomes (Baker et al., 
2014), as long as the geological events are not used 
in the phylogenetic dating (e.g. Sanmartín, Enghoff 
& Ronquist, 2001; Bacon et al., 2015).

One of the richest genera in number of species in 
the tropics is Croton L. (Euphorbiaceae), with > 1200 
species worldwide (Berry et al., 2005) and c. 770 
Neotropical species (Van Ee et al., 2011; Ulloa et al., 
2017). Although Neotropical Croton lineages have been 
classified in sections using molecular phylogenetics 
as a basis (Van Ee et al., 2011), little progress has 
been made in the understanding of phylogenetic 
relationships in its 31 sections or clades, especially 
those with the highest species diversity (Van Ee et al., 
2011; Sodré et al., 2019).

Croton has always been regarded as a genus more 
common in dry-mesic open habitats (Van Ee et al., 
2011), however, some of its richest clades occupy 
predominantly wet forested habitats (Riina, Berry 
& Van Ee, 2009; Caruzo et al., 2011). In this work, 
we revisit Croton section Cleodora (Klotzsch) Baill., 
one of the main arborescent lineages of the genus in 
the Neotropics (Caruzo et al., 2011). Besides their 
predominantly arborescent growth form, the species 
in this section are characterized by the presence of 
latex, extrafloral nectaries, bisexual tirsoid-racemose 
inflorescences, staminate flowers with 15–25 stamens, 
pistillate flowers with imbricate or quincuncial 
aestivation (rarely valvate) and multifid styles fused 
proximally forming a basal column (Caruzo & Cordeiro, 
2013) (Fig. 1). Among the species of section Cleodora, 

Croton cajucara Benth. (‘sacaca’; Fig. 1G) stands out as 
an important medicinal plant, commonly used by the 
inhabitants of the Amazon Basin (Salatino, Salatino & 
Negri, 2007; Secco, 2008; Nascimento et al., 2017).

In the most recent taxonomic revision of section 
Cleodora, Riina et al. (2018) described six new species 
and reassigned, using morphology alone, two species 
previously included by Van Ee et al. (2011) in other 
sections of Croton, thus increasing the number of 
species in section Cleodora from 18 to 27. Based on 
patterns of species diversity and distribution, Riina 
et al. (2018) also suggested that section Cleodora 
could have originated in the Amazon region. Species 
in this group are distributed from Mexico and Central 
America to south-eastern Brazil (Fig. 2, Appendix 
S1 in the Supporting Information), with the Amazon 
Basin and the Atlantic Forest as the main centres of 
diversity (Freitas dos Santos, Riina & Caruzo, 2017; 
Riina et al., 2018). The section exhibits a disjunct 
north-south distribution with the Dry Diagonal as a 
geographical and climatic barrier. This wide corridor 
of seasonally dry vegetation encompases three biomes 
that are different in species composition, ecology and 
history (de Queiroz et al., 2017): the Argentinian-
Paraguayan Chaco, the Cerrado and the Caatinga 
(Prado & Gibbs, 1993; Neves et al., 2015; da Silva, Leal 
& Tabarelli, 2017), and it includes the largest area of 
seasonally dry tropical forest (SDTF) in the Americas 
(DRYFLOR, 2016; Fernandes, Cardoso & de Queiroz, 
2020). Similar geographical disjunctions around the 
Dry Diagonal are found in other Neotropical plant 
and animal lineages and have been attributed to 
major geological and climatic events that took place 
during the Neogene, such as the Late Oligocene 
Warming Event (LOWE), the Mid-Miocene Climate 
Optimum (MMCO) or the Mid-Pliocene Warming 
Event (MPWE) (Table 1; Orme, 2007; Batalha-Filho 
et al., 2013; Sobral-Souza et al., 2015; Prates et al., 
2017; Thode et al., 2019; Peres et al., 2020). Formation 
of the Dry Diagonal probably began in the Late 
Eocene, coincident with a global cooling event that 
brought about colder and drier climates in central and 
southern South America. On the other hand, molecular 
phylogenetic studies and the fossil record support 
the existence of frequent re-connections between the 
Atlantic Forest and the Amazonian region via forest 
patches across the Dry Diagonal during the Miocene 
and Plio-Pleistocene (Prado & Gibbs, 1993; Prates 
et al., 2017; Fine & Lohman, 2018; Peres et al., 2020).

The only previous molecular phylogenetic analysis 
of section Cleodora (Caruzo et al., 2011), including 
15 of the 18 recognized species at the time, was 
based on three genetic regions (the nuclear ITS and 
the plastid interspacers trnH-psbA and trnL-F), 
and recovered two main clades. Croton subsection 
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Sphaerogyni Caruzo included most of the species 
found in the Atlantic Forest of south-eastern 
Brazil; and Croton subsection Spruceani Caruzo 
included species mainly distributed in central and 
north-western South America, Central America 
and Mexico.

In this study, we build a new phylogenetic 
hypothesis of Croton section Cleodora as a mean to 
reconstruct its spatio-temporal evolution. Taxonomic 
sampling was expanded relative to Caruzo et al. 
(2011) to include all species currently recognized in 
the section, excepting C. fernandezii Riina & Caruzo, 
and we also increased the number of plastid markers. 
Our main goals were: (1) to infer a robuts and well-
sampled phylogenetic tree of section Cleodora (26 
out of the 27 species, 96% total diversity) based 

on a dataset of DNA sequences from the nuclear 
ITS and five plastid markers (rps16, trnH-psbA, 
trnL-F, trnT-L and ycf1); (2) to use molecular data 
to confirm the adscription of eight species recently 
assigned to the section based on morphological 
characters; (3) to reconstruct the spatio-temporal 
evolution of the section by estimating lineage 
divergence times, ancestral ranges and migration, 
speciation and geographical extinction events using 
Bayesian statistical inference and (4) to examine the 
hypothesis that the Amazon region is the ancestral 
geographical range of section Cleodora, and whether 
its remarkable geographical disjunction is linked to 
the formation of the South American Dry Diagonal, 
as has been suggested in other plant and animal 
lineages with similar disjunctions.

Table 1.  Summary of the main geological and climatic events and formation of main biomes in tropical America relevant 
in the evolutionary context of Croton section Cleodora. Events are ordered by their estimated age. Geological and bio-
logical studies supporting the timing of these events are provided

Event Estimated 
age (Mya)

Geological period References

Amazonian forest < 50–60 Palaeogene Burnham & Johnson, 2004; Hoorn et al., 
2010

GAARlandia land bridge 35–33 Eocene–Oligocene boundary Iturralde-Vinent, 2006; Iturralde-Vinent 
& MacPhee, 1999

Formation of Dry Diagonal 33–28 Late Eocene–Early Oligo-
cene (full formation in the 
Pleistocene)

Prado & Gibbs, 1993; Prado, 2000; 
Batalha-Filho et al., 2013; Sobral-
Souza, Lima-Ribeiro & Solferini, 2015

Late Oligocene Warming 
Event (LOWE)

25–23 Late Oligocene Zachos et al., 2001

Pebas system 23–10 Early–Middle Miocene Wesselingh & Salo, 2006; Wesselingh, 
2006

Main uplift of Northern and 
Central Andes

20–10 Miocene Gregory-Wodcicki, 2000; Hoorn et al., 
2010; Mulch et al., 2010; Garzione 
et al., 2008, 2014; Leier et al., 2013; 
Saylor & Horton, 2014

Mid-Miocene Climate  
Optimum (MMCO)

17–15 Middle Miocene Zachos et al., 2001

Central American 
Landbridge (CAM)

15–12/3.0–4.0 Middle Miocene/Pliocene Controversial: Coates et al., 1992; 
Montes et al., 2015; Bacon et al., 2015, 
2016; O’Dea et al., 2016; Jaramillo, 
2018

Andean forest 10 Late Miocene Hoorn et al., 2010
Cerrado vegetation 10–4 Late Miocene Simon et al., 2009; Pennington & 

Hughes, 2014
Acre system 7–5 Late Miocene–Pliocene Hoorn et al., 2010
Caatinga woodlands 10–4.5/2.6 Late Miocene–Pliocene/

Pleistocene
Controversial: de Queiroz, 2006; 

Pennington & Ratter 2006; Collevatti 
et al., 2013; de Queiroz et al., 2017

Final uplift of Panama 
Isthmus

3.5–2.8 Mid-Pliocene  O’Dea et al., 2016

Pleistocene Arch forest cor-
ridor (PAFC)

2.6–10 000 Pleistocene Prado & Gibbs, 1993
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Figure 1.  Members of Croton section Cleodora highlighting its main morphological characters. A, Arborescent habit of 
Croton organensis. B, Branches with inflorescences in C. heterocalyx. C, Habit and habitat of C. rottlerifolius. D, Arborescent 
habit of C. nirguensis. E, Wound on the trunk of C. salutaris showing its reddish latex. F, Foliose and lacerate stipule of 
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Figure 2.  Map showing the known geographical distribution of Croton section Cleodora based on specimens examined in 
Caruzo & Cordeiro (2013) and Riina et al. (2018). Grey stripes represent the approximate area and location of the South 
American Dry Diagonal (see text).

C. fragrans. G, Leaves of C. cajucara, including a senescent leaf with the typical orange colour common in the genus. H, 
Silver leaves on the underside with a dense indument of lepidote trichomes in C. campanulatus. I, Petiolar-basilaminar 
glands with silver underside (lepidote trichomes), in C. salutaris. J, Petiolar glands and indument of stellate trichomes in 
C. santaritensis. K, Part of the inflorescence of C. heterocalyx showing the staminate flowers. L, Inflorescence of C. spruceanus 
showing pistillate flowers in the lower part and staminate flowers in the upper portion of the inflorescence. M, Lower portion 
of the inflorescence of C. campanulatus showing two pistillate flowers (larger size) and staminate flower buds (smaller and 
globose); indument is ferruginous-lepidote. N, Young fruits of C. sphaerogynus. O, Young fruit of C. heterocalyx. P, Pistillate 
flower of C. stellatoferrugineus. Q, Fruit of C. heterocalyx, without the styles, the quincuncial aestivation of the sepals is 
clearly visible. R, Fruit of C. stellatoferrugineus showing the typical stylar column characteristic of section Cleodora. S, 
Fruits of C. rottlerifolius, showing the persistent calyx. T, Fruits of C. hemiargyreus with the persistent calyx. Photographs: 
R. Riina and M.B.R. Caruzo; photograph D provided by W. Meier.
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MATERIAL AND METHODS

Taxon sampling

Our sampling included 42 species (60 specimens): 26 
species (44 specimens) from section Cleodora sensu 
Riina et al. (2018); 14 species (14 specimens) from 
other Croton clades and two species (two specimens) of 
Brasiliocroton P.E.Berry & Cordeiro, as the outgroup 
(Appendix 1). For the representation of other Croton 
clades, we used species of sections Adenophylli 
(Griseb.) Riina, B.W.van Ee & P.E.Berry, Corylocroton 
G.L.Webster, Cuneati (G.L.Webster) Riina & P.E. 
Berry, Cupreati Riina, Moacroton (Croizat) B.W.Van Ee 
& P.E.Berry, Pachypodi B.W.Van Ee, Quadrilobi Müll. 
Arg. and Sampatik (G.L.Webster) Riina, following the 
classification of Van Ee et al. (2011), and three species 
representing the Old World clade. In section Cleodora, 
we tried to sequence more than one specimen per 
species when possible to cover most of the species 
genetic variability and morphological plasticity and to 
assess the monophyly of species. Voucher information 
and GenBank accession numbers for the sequences 
used are provided in Appendix 1.

DNA extraction, amplification, sequencing and 
alignment

DNA extraction was done using the CTAB protocol 
(Doyle, 1991), using silica-gel dried leaf tissue or 
from herbarium samples. We amplified the multi-
copy nuclear marker ITS and five regions of the 
plastidial genome: the non-coding spacer trnH-psbA, 

the intergenic spacers trnL-F and trnT-L and the 
coding regions rps16 and ycf1. Primers and protocols 
used in the PCR amplification of each of the molecular 
markers are given in Table 2 and Appendix S2 of the 
Supporting Information, respectively. PCR products 
were purified using ExoSAP-IT PCR Product Cleanup 
Reagent (ThermoFisher) and sent for sequencing at 
MACROGEN (Macrogen Inc., Seoul, South Korea), 
using the same amplification primers (Table 2). 
Nucleotide sequences for each genetic region were 
assembled and edited in Geneious Prime v.2019.0.3 
(Biomatters Ltd, Auckland, New Zealand) and 
automatically aligned with MAFFT online version 
(Katoh, Rozewicki & Yamada, 2017), using the default 
parameters. Manual adjustments were made to each 
alignment matrix in Geneious Prime v.2019.0.3, 
applying a similarity criterion (Simmons, 2004). 
Summary statistics for each alignment matrix (number 
of constant, variable and potentially phylogenetically 
informative characters according to the maximum 
parsimony criterion) were estimated in PAUP v.4.0b10 
(Swofford, 2002) and included in Table 3.

Phylogenetic inference

Phylogenetic relationships were reconstructed 
using Bayesian inference implemented in MrBayes 
v.3.2.6 (Ronquist et al., 2012) hosted on the CIPRES 
Science Gateway (Miller, Pfeiffer & Schwartz, 2010). 
Substitution models for analysis of each individual 
marker were selected using the Akaike information 
criterion implemented in jModelTest v.2.1.6  

Table 2.  Primers used in this study for the PCR amplification and sequencing of the five genetic regions selected for 
inferring phylogenetic relationships in Croton section Cleodora (ITS, rps16, trnH-psbA, trnLF, trnT-L and ycf1)

Primer name Primer sequence (5′ to 3′) Reference

ITS-I GTCACTGAACCTTATCATTTAG Urbatsch, Baldwin & Donoghue (2000)
ITS2 GCCRAGATATCCGTTGCCGAG Cheng et al. (2016)
ITS3 YGACTCTCGGCAACGGATA Cheng et al. (2016)
ITS4 CCGCTTAKTGATATGCTTAAA Cheng et al. (2016)
trnH(GUH) ACTGCCTTGATCCACTTGGC Hamilton, 1999
psbAF GTTATGCATGAACGTAATGCTC Sang, Crawford & Stuessy (1997)
trnLF-c CGAAATCGGTAGACGCTACG Taberlet et al. (1991)
trnLF-d GGGGATAGAGGGACTTGAAC Taberlet et al. (1991)
trnLF-e GGTTCAAGTCCCTCTATCCC Taberlet et al. (1991)
trnLF-f ATTTGAACTGGTGACACGAG Taberlet et al. (1991)
rps16F AAACGATGTGGTARAAAGCAAC Shaw et al. (2007)
rps16R AACATCWATTGCAASGATTCGATA Shaw et al. (2007)
trnTLA2 CAAATGCGATGCTCTAACCT Shaw et al. (2007)
trnTLB TCTACCGATTTCGCCATATC Shaw et al. (2007)
ycf1F ATACATGTCGAAGTGATGGAAAA Dong et al. (2015)
ycf1R TCTCGACGAAAGTCCGATTGTTGTGAAT Dong et al. (2015)
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(Guindon & Gascuel, 2003; Darriba et al., 2012), 
also hosted on CIPRES; these were SYM+I+G for 
ITS, GTR+G for rps16, TPM1uf+G for trnH-psbA, 
TVM+G for trnL-F, TVM+G for trnT-L and GTR+G 
for ycf1. Because MrBayes does not implement the 
complexity of models evaluated in jModelTest, we 
used the nearest, slightly more complex model, which 
was GTR+I+G for ITS and GTR+G for each plastid 
marker. Bayesian inference is also known to be more 
robust to over-parametrization and more sensitive to 
infra-parametrization than the maximum likelihood 
optimization used in jModelTest (Ronquist & Deans, 
2010). Two analyses of four chains each were run 
for 10 × 107 generations, sampling every 1000th 
generation. Convergence was assessed with the 
potential scale reduction factor and by monitoring the 
standard deviation of split frequencies (< 0.01). Tracer 
v.1.7.1 was used to monitor the mixing of Markov 
chains (effective sample size; Rambaut et al., 2014). 
A 50% majority-rule consensus tree was constructed 
after discarding the first 25% of samples as burn-in.

To assess topological incongruence among markers, 
we ran Bayesian analyses on each individual matrix 
and in the combined plastid matrix. Topological 
incongruence was defined as the presence of well-
supported clades, with posterior probability (PP) 
value ≥ 95% (Alfaro, Zoller & Lutzoni, 2003) that 
show conflicting relationships between trees. Since no 
cases of strong topological incongruence were detected 
among any of the individual plastid or combined 
plastid topologies versus the ITS topology (individual 
trees not shown), we built a concatenated matrix 
with six partitions (ITS, rps16, trnH-psbA, trnL-F, 
trnT-L and ycf1); this matrix was analysed allowing 
each marker its own substitution model and with 
the overall mutation rate allowed to differ among 
partitions (command ratepr = variable in MrBayes). 
Dating and biogeographic analyses were performed 
on the tree topology generated by the analysis of the 
concatenated nuclear-plastidial matrix combining all 

six markers, but including a single representative 
accession per species to avoid estimating artefactual 
speciation events, i.e. within-species divergence events 
(populations/individuals) modelled as speciation 
events in the analyses.

Divergence time estimation

Lineage divergence times were estimated using 
Bayesian relaxed clock models implemented in 
BEAST v.1.8.4 (Drummond et al., 2012) hosted on 
CIPRES (Miller et al., 2010). The matrix used was the 
concatenated matrix (six regions), allowing different 
molecular evolutionary models for each molecular 
marker. As the tree growth prior, we used the birth-
death model with incomplete sampling (Stadler, 2009) 
because we have a nearly complete sampling of the 
species of section Cleodora. As the molecular clock 
model, we used the uncorrelated lognormal relaxed 
molecular clock (UCLN), which allows variations in 
the rate of molecular evolution between the branches 
of the tree according to a lognormal probabilistic 
distribution (Drummond et al., 2012). We ran two 
MCMC chains for 10 × 107 generations, sampling 
every 1000th generation, and used TRACER v.1.7.1 to 
monitor convergence and adequate mixing (ESS > 200; 
Rambaut et al., 2014). A maximum clade credibility 
(MCC) tree (burn-in 25%) was constructed in 
TreeAnnotator v.1.8.4 (Drummond & Rambaut, 2016).

To calibrate relative lineage divergence times, we 
used three secondary calibration points based on 
the most recent dated phylogenetic tree for Croton 
(Arévalo et al., 2017). As calibration prior distribution, 
we used a normal or Gaussian distribution, with mean 
and standard deviation covering the mean and the 
confidence interval, the 95% highest posterior density 
credibility interval (HPD), of the posterior estimates 
by Arévalo et al. (2017). The root node, the divergence 
between Brasiliocroton and Croton was assigned a 
normal distribution with mean (M) = 57.2 Mya and 

Table 3.  Summary statistics for the aligned molecular data matrices used in our analyses, including sequences from 
GenBank and newly generated ones. *trnH-psbA was only sequenced for Cleodora and Cuneati sections.

Dataset NA AL VC PIS (%) MNS

ITS 60 672 270 194 (29) m1
trnL-F 82 956 307 165 (17) m2
trnTL 77 474 311 107 (23) m2
rps16 49 872 280 131 (15) m2
ycf1 44 1101 455 222 (20) m2
trnH-psbA* 42 401 68 50 (11) m2
Plastid 54 3804 1010 313 (8) m2
Plastid + ITS 60 4476 1280 507 (11) m1 & m2

AL, aligned length; MNS, model of nucleotide substitution; m1, GTR + I + G; m2, GTR + G; NA, number of accessions; PIS, number of potentially par-
simony informative sites; VC, number of variable characters.
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standard deviation (SD) = 1.1, 95% HPD = 55.39–
59.01 Mya. The second calibration point, the 
divergence of the clade comprising Croton sections 
Pachypodi, Sampatik, Quadrilobi, Corylocroton and 
Moacroton, was assigned a normal distribution with 
M = 42 Myr, SD = 4, 95% HPD = 35.42–48.58 Myr. 
Finally, the third calibration point, the divergence 
of section Adenophylli from the rest of Croton, was 
assigned a prior distribution with M  =  38 Mya, 
SD = 4, 95% HPD = 31.42–44.58 Mya.

Biogeographical analyses

We inferred ancestral geographical ranges and the 
history of migration, speciation and local extinction 
events using dispersal extinction cladogenesis (DEC, 
Ree & Smith, 2008). This parametric method allows 
the inference of anagenetic events, i.e rates of range 
expansion (dispersal) and range contraction (local 
extinction), along time-calibrated branches, and the 
likelihood range inheritance scenarios at speciation 
nodes describing the split of the ancestral range 
between the two descendants. The possibility to include 
cladogenetic events in the inference of both widespread 
and narrow-distributed ancestors makes DEC 
particularly appropriate when dealing with continental 
biogeographic scenarios, where areas are adjacent to 
one another and lineages are likely to expand their 
ranges and later speciate by range division (Sanmartín, 
2020). The original DEC implementation (Ree & 
Smith, 2008) used a maximum likelihood framework 
for biogeographic inference. We used here instead the 
Bayesian implementation of DEC in the open software 
RevBayes (Höhna et al., 2016) by Landis, Freyman & 
Baldwin (2018). A Bayesian approach to DEC allows 
us to account for uncertainty in the inferred model 
parameters, the rates of dispersal and local extinction 
and the marginal posterior probabilities of ancestral 
ranges. Moreover, the Bayesian framework permits 
full statistical comparison of the marginal odds for two 
competing hypothesis using Bayesian factors.

As the phylogenetic tree for the DEC analysis, we 
used the MCC tree from BEAST, which has branch 
lengths in units of time since divergence (Myr) and 
also root-to-tip path lengths equal, unlike the MrBayes 
phylogram. The function drop.tip from the package ape 
(Paradis et al., 2019) implemented in R (R Development 
Core Team, 2017) was used to prune this tree to leave 
only one specimen per species, except in the case of 
C. sphaerogynus Baill., which was recovered as non-
monophyletic (see Results). We also reduced the taxon 
sampling outside section Cleodora to its closest clades, 
sections Cuneati and Cupreati, since the aim of the 
analysis was the spatio-temporal evolution of section 
Cleodora, not Croton. Moreover, most Croton sections 
are poorly represented in terms of taxon sampling in 

our analysis, and typically occur in several Neotropical 
areas. Sections Cuneati and Cupreati, however, are 
narrowly distributed: monotypic Cupreati is Andean 
(montane forest), and Cuneati (11 species) is mostly 
Amazonian, except for two species (Riina et al., 2010). 
Sister to these groups is the large Old World clade (c. 
450 species) distributed in tropical Africa, Asia and 
Australia (Berry et al., 2005; Van Ee et al., 2011).

Area definition was based on current distribution 
patterns of species in section Cleodora. We used the 
available database of georeferenced locations for all 
species in this section from our previous taxonomic studies 
(Caruzo & Cordeiro, 2013; Riina et al., 2018). A map 
representing all individual occurrences was constructed 
using the online tool SimpleMappr (Shorthouse, 2010) 
(Fig. 2). Operational areas for the biogeographic analysis 
were also defined considering criteria such as integrating 
the geological history of South America (Hoorn et al., 
2010; Antonelli & Sanmartín, 2011), and maximizing 
congruence with previous plant biogeographic analysis 
in this region (Perret et al., 2013; Chazot et al., 2019; 
Lavor et al., 2019; Thode et al., 2019). The four delimited 
areas were: (A) Atlantic Forest; (B) Amazonia; (C) Andes 
and (D) Central America and Mexico.

The RevBayes DEC analysis used the default 
settings in the tutorials (Landis et  al., 2018), 
except that we did not scale the rate of dispersal by 
geographical distance as in Lavor et al. (2019); we 
were not interested in the influence of geographical 
distance on dispersal rates and considered that 
long- and medium-/short-distance dispersal should 
be initially equally probable. We also modified the 
priors of the baseline migration and extinction rates, 
parameters ‘rate-bg’ and ‘extinction_rate’, to adopt 
more informative distributions based on the posterior 
estimates from a preliminary run (see next). To reduce 
the complexity in our analysis, the size of widespread 
ancestral ranges was limited to a maximum of three 
areas using the function ‘max_areas’, given also that 
none of the current species in section Cleodora is 
distributed in more than three areas. Cladogenetic 
range evolution was modelled as resulting from 
two different types of range inheritance scenarios, 
sympatry for single areas (‘s’) and allopatry (‘a’), 
the latter includes in RevBayes DEC vicariance and 
peripheral isolate speciation. Founder speciation 
events, represented by the parameter ‘j’, were no 
included because of recent criticisms to the DEC+J 
model (Matzke, 2016), as ignoring the contribution 
of branch length information; this often results in 
negligible extinction rates (close to zero) and lower 
dispersal rates relative to DEC. At the extreme, 
DEC+J inferences can be explained (almost) entirely 
by the cladogenetic events (Ree & Sanmartín, 2018).

Analyses were run for 10 000 generations (in 
RevBayes, movement proposals affect all parameter 

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/197/1/61/6169369 by guest on 23 February 2022



BIOGEOGRAPHY OF CROTON SECTION CLEODORA  69

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, 197, 61–84

simultaneously unlike in MrBayes, so one generation 
in RB is equivalent to c. 1000 in MrBayes). We ran two 
different analyses. One analysis (M0) was run with 
the parameter for the baseline dispersal rate (‘rate_
bg’) modelled as constant over time, and cladogenetic 
events modelled as a simplex, with equal probability 
for ‘s’ and ‘a’ range inheritance scenarios. A more 
complex analysis (M1) was run, in which cladogenetic 
events were modelled through a Dirichlet distribution, 
with probability of allopatry equal to 1 minus 
the probability of simpatry. We also increased the 
complexity of the M1 model relative to M0 by using a 
stratified dispersal model. We divided the phylogenetic 
tree into time slices and scaled the baseline dispersal 
rate by some discrete values according to a hypothesis 
of geological connectivity among areas through time. 
This stratified model allowed us to examine a similar 
hypothesis to Thode et al. (2019). These authors used 
two different dispersal-scaled rate matrices in which 
the late Mid-Miocene (13 Mya) acted as the bound/
temporal limit between the two intervals. Although 
major geological and global climatic changes occurred 
during the entire Cenozoic (Table 1), the Mid–Late 
Miocene is often considered a turning point for the 
Neotropics. For example, the formation of the Central 
American Landbridge, dated c. 15–12 Mya by some 
authors (Table 1), is suggested as an important biotic 
migration route between North America and South 
America for many animals and plants (Bacon et al., 
2015). Although full completion of the Panama Isthmus 
allowing land dispersal probably occurred later (O’Dea 
et al., 2016; Table 1), for seed plant lineages this was 
less an impediment (Bacon et al., 2013). Similarly, the 
Late Miocene marks the closing of the Pebas System 
(10 Mya) and its successor, the Acre system (7–5 Mya; 
Table 1), which allowed biotic exchange between the 
Andes and the eastern Amazonian region (Antonelli 
et al., 2009; Hoorn et al., 2010). As mentioned above, 
the Dry Diagonal began to form during the Eocene/
Oligocene transition, but increasingly drier and cooler 
climates after the MMCO (17–15 Mya, Table 1) led 
to the replacement of the extensive woodlands that 
characterized the Paleogene by more xeric vegetation. 
The new more xeric biomes of the Dry Diagonal 
probably acted as a dispersal barrier between the 
Amazonia and Atlantic Forest regions for many 
tropical plant lineages (Prado & Gibbs, 1993; Peres 
et al., 2020).

Rather than using a fixed age for the boundary 
between the two time slices (Thode et al., 2019), 
we followed the approach of Landis et al. (2018). 
We defined a uniform prior probability distribution 
bounded by 18 and 7 Mya, which spans the dates 
of the aforementioned events during the Mid–Late 
Miocene. During the analysis, the MCMC sampled 
the breakpoint value, when the model switches 

between the two dispersal-scaled rate matrices, 
within this time interval or uniform probability 
distribution. This allows us to reflect the uncertainty 
in the biogeographic connectivity model, i.e. we 
do not know which of these event/s were the most 
relevant for the evolution of section Cleodora, and 
the geological ages for the events themselves are 
also uncertain.

The two models M0 and M1 and their fit to the data 
were evaluated using Bayes Factor Comparison, using 
path sampling and stepping-stone power posteriors to 
estimate the marginal likelihood of each of the models 
(Blanquart & Lartillot, 2006; Baele et al., 2012). In a 
preliminary run, the power posterior analysis failed to 
complete due to conflict with sampled prior values too 
distant from the empirical data (likelihood of roughly 
0). To solve this, we used more informative, biologically 
realistic priors for some parameters, using the 
posterior estimates from the analysis of the empirical 
data. Thus, in the final analyses, rate_bg was set to a 
loguniform prior bounded by mininum = 0.0001 and 
maximum = 0.1 events/Myr, compared to 100 in the 
RevBayes tutorial; the ‘extirpation_rate’ was set to a 
lognormal prior with logmean = 0.0 and logSD = 0.5, 
giving a 95% HPD range = 0.29–3.43 events/Myr, 
compared to default 0.38–2.01. The final M0 and M1 
analyses comprised 100 steps, with 1000 generations/
each and a burn-in of 10 000 generations in the first 
step (to obtain the empirical posterior). The script to 
carry out this analysis is provided in the Supporting 
Information, Appendix S3.

RESULTS

DNA sequencing and alignment

Summary statistics for each individual marker and 
for the combined plastid and concatenate nuclear-
matrix datasets are presented in Table 3. In total, 
our data matrix comprised 238 sequences: 198 
were newly generated for this study, and 40 were 
downloaded from GenBank (Appendix 1); 122 PCR 
amplification attempts were unsuccessful (missing 
data). The number of accessions (and the percentage 
of amplification success) varied among markers: 
trnL-F was the most successful and trnH-psbA, the 
least. Data alignment was relatively straightforward, 
with only a few manual adjustments after automatic 
alignment. The marker with the largest number of 
variable sites was ycf1, and the marker containing 
the greatest number of potentially parsimony 
informative sites was ITS (29%), followed by 
trnT-L (23%) and ycf1 (20%) (Table 3). The trnL-F 
region has been the plastid region most often used 
in systematic studies of Croton, but here it shows 
a lower percentage of informative sites (17%) 
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compared to plastid regions trnT-L and ycf1 (never 
used previously for Croton). Of the three matrices 
analysed (ITS, plastid combined and plastid + ITS), 
the plastid combined matrix provided the lowest 
degree of phylogenetic information (8%) (Table 3).

Phylogenetic analyses

Concerning relationships among subsections in Croton, 
the ITS phylogenetic analysis (Supporting Information, 
Appendix S4) shows low to moderate resolution for 
several of the basal nodes. In contrast, the monophyly 
of section Cleodora (PP = 1) and its division into two 
subclades, corresponding to subsections Spaherogyni 
(PP = 1) and Spruceani (PP = 0.91), were strongly 
supported. Relationships in subsection Sphaerogyni 
show better resolution and clade support than those 
in subsection Spruceani; in the latter, most species 
appear in a large polytomy, with C. amazonicus Müll.
Arg. as the sister group (PP = 0.91).

The phylogenetic tree generated by the combined 
plastid matrix (Supporting Information, Appendix S5) 
supports the monophyly of section Cleodora (PP = 1) 
and, unlike the ITS tree, many of the basal nodes 
receive strong support (PP = 1). In Cleodora, two 
well-supported subclades/subsections are recovered 
(PP = 1) (Supporting Information, Appendix S5), but 
in contrast to ITS, subsection Sphaerogyni is not 
well resolved. In subsection Sphaerogyni, the three 
accessions of C. sphaerogynus did not form a clade; 
similarly, C. hoffmannii is recovered as paraphyletic, 
although support is low (Supporting Information, 
Appendix S5). In subsection Spruceani, C. fragrans 
Kunth appears as sister to the rest of species in the 
subsection, and its position receives stronger support 
(PP = 1, Appendix S4) than C. amazonicus in the ITS 
phylogenetic analysis (PP = 0.91, Appendix S5).

Phylogenetic analysis of the concatenate nuclear-
plastid matrix generated the best-resolved tree, with 
strong clade support for all nodes (PP = 1), including 
section Cleodora and its main subclades (Fig. 3). 
Therefore, this tree was used for the subsequent 
phylogenetic dating and biogeographical analyses, and 
it forms the basis for the discussion of phylogenetic 
relationships that follow.

Among the other clades of Croton, section Cuneati 
was recovered as the sister clade of section Cleodora 
(PP = 1). In section Cleodora, subsection Spruceani is 
strongly supported (PP = 1); C. fragrans is recovered 
as the sister group of the other species with strong 
support (PP = 1), but in general species relationships 
are poorly resolved [with the exception of C. orinocensis 
Müll.Arg.-C. perstipulatus G.L.Webster ex Caruzo 
& Secco (PP = 1; Fig. 3)]. Subsection Sphaerogyni 
(PP = 1) shows better resolution, with two main 
subclades: one formed by C. hemiargyreus Müll.Arg., 

C. salutaris Casar. and C. campanulatus Caruzo & 
Cordeiro (PP = 1) and one comprising the remaining 
species. In the latter subclade, C.  gigantifolius 
P.E.Berry & Secco forms the sister group (PP = 1) of 
a large subclade, with generally poor resolution and 
clade support for species relationships (Fig. 3). As in 
the ITS and combined plastid tree, most conspecific 
accessions are grouped into clades, supporting the 
monophyly of species (including C. hoffmannii Müll.
Arg.). However, a few species were recovered as 
unresolved (C. spruceanus Benth.) or paraphyletic; 
the accesions of C. sphaerogynus are grouped within 
a clade with those of C. stellatoferrugineus Caruzo & 
Cordeiro (Fig. 3), with strong support (PP = 0.97). This 
relationship agrees with the pattern shown by the ITS 
tree (Supporting Information, Appendix S4).

The seven species sampled from the eight new 
additions to the section by Riina et al. (2018), which 
are sequenced here for the first time, were recovered 
in our phylogenetic analyses as part of section 
Cleodora with all markers (indicated with asterisk 
in Fig. 3, Supporting Information, Appendices S4, 
S5). Six of the species are included in subsection 
Spruceani (C. amazonicus, C. nirguensis Riina & 
Meier, C. santaritensis Huft, C. javarisensis Secco, 
C. perstipulatus, C. loretensis Riina & Caruzo), with only 
C. viroleoides P.E.Berry & Secco and C. gigantifolius 
recovered as part of subsection Sphaerogyni (Fig. 3, 
Supporting Information, Appendices S4, S5). Only 
C. fernandezii, a poorly known Amazonian species 
with a few herbarium records, remains unsampled for 
section Cleodora.

Divergence time estimates

Species relationships in the MCC chronogram (Fig. 4)  
were similar to the MrBayes non-clock trees (Fig. 3,  
Supporting Information, Appendices S4, S5) and 
exhibited similarly strong clade support values 
(PP > 0.95) for the basal nodes. The divergence of 
section Cleodora from sister-section Cuneati is dated 
in the Late Oligocene (24.52 Mya, 95% HPD = 18.80–
30.60 Mya), with strong support (PP = 0.99); the 
split between these two clades and section Cupreati 
is dated in the Middle Oligocene (27.13 Mya, 95% 
HPD = 21.05–33.31 Mya; PP = 0.99). As in the non-
clock trees, the Old World clade of Croton was recovered 
as sister of these three sections, with divergence 
estimated around the Early Oligocene (31.4 Mya, 
95% HPD = 25.33–37.61 Mya, PP = 0.99; Fig. 4). The 
most recent common ancestor (MRCA) of the extant 
species of section Cleodora, the divergence between 
subsections Sphaerogyni and Spruceani, is dated in 
the Early Miocene (19.7 Mya, 95% HPD 14.54–25.40 
Mya; PP = 0.99; Fig. 4) and the age of crown node 
of these two clades (MRCAs of Sphaerogyni and 
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Spruceani) dates to the Middle Miocene, 15 Mya (95% 
HPD 9.40–19.61 Mya; PP = 0.99) and 12 Mya (95% 
HPD 8.40–16.31 Mya; PP = 1), respectively (Fig. 4).

Biogeographic reconstruction

Comparison of marginal likelihood values of the two 
biogeographic models with Bayes Factors gave ss and 
ps values of −47.179 and 47.178, and −51.942 and 

51.942, for M1 and M0, respectively; BF = 2 (M1–
M0) = 9.52, indicating strong evidence (> 6; Kass & 
Raftery, 1995) for the stratified M1 model. Marginal 
PP values for ancestral areas in this reconstruction 
(Fig. 5) was moderate for the most basal nodes and 
higher for the most recent speciation events.

According to this model, the split of sections Cleodora–
Cuneati from section Cupreati (node 1, Fig. 5) is inferred 
as a vicariance event between the Amazon (area B) and 
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the Andes region (area C) within a widespread ancestor 
(marginal PP = 0.62). The ancestor of Cleodora–Cuneati 
(node 2, PP = 0.85) was reconstructed as restricted to the 
Amazon area; similarly, the MRCAs of sections Cuneati 
and Cleodora were inferred as Amazonian (nodes 3 and 
4, 0.93 and 0.68, respectively, Fig. 5). The ancestor of 
subsection Spruceani is also reconstructed as distributed 
in the Amazonian region, but with much stronger 
support (node 5, 0.91, Fig. 5). The ancestor of subsection 
Sphaerogyni was inferred as widespread over the 
Amazonian and Atlantic Forest regions (node 6, Fig. 5),  
implying a dispersal event from the Amazon Basin 
to the Atlantic Forest during the 5 Myr subtending 
branch (20–15 Mya), although again support is 
not strong (0.65). The first cladogenetic event in 
Sphaerogyni implied a vicariance event between 
the Amazonia (B) and the Atlantic Forest (A), giving 
rise to two subclades, one of which diversified in the 
Atlantic Forest (node 7), whereas the second subclade 
extended its range from Amazonia into the Atlantic 
Forest (node 8, 0.86), giving rise to two endemic 
clades, C. organensis Baill.–C. stellatoferrugineus and 
C. viroleoides–C. cajucara through a second vicariance 
event (node 9, Fig. 5). In subsection Spruceani (node 
5), most speciation events seem to have involved area 
B, the Amazonia, but at least in one of the subclades, 
several migration (range expansion) events led to 
subsequent diversification. Dispersal events from the 
Amazonia (B) to the Central American and Mexican 
region (D, node 10) and from this region to the Andes 
(C; node 11) are inferred, with some uncertainty in the 
sequence of events (Fig. 5). A dispersal event from the 
Andes (C) to the Atlantic Forest (A) is reconstructed in 
the clade C. rottlerifolius Baill.–C. fragrantulus Croizat 
(node 12). Migration from the Amazonia to the Andes 
explains the distribution of C. sexmetralis in a mostly 
Amazonian subclade (node 13; Fig. 5).

The DEC reconstruction with the non-scaled model 
M0 (Supporting Information, Appendix S6) was similar 
to that obtained with M1 (Fig. 5), except for slightly 
lower values of marginal posterior probabilities for 
the ancestral areas at the basalmost nodes, e.g. nodes 
2, 4, 5 and 6. The largest difference is in the MRCA 
of section Spruceani (node 5), which is reconstructed 
as Amazonian, but with much weaker clade support 
(0.62, Supporting Information, Appendix S6) compared 
to M1 (0.91, Fig. 5).

DISCUSSION

A new molecular phylogenetic tree for 
Croton section Cleodora

The plastid markers rps16, trnT-L and ycf1, used here 
for the first time in Croton, proved phylogenetically 

informative, especially if used in combination with 
ITS and the other two plastid regions (trnH-psbA, 
trnL-F) previously used for the genus (Table 2; Fig. 3, 
Supporting Information, Appendices S4, S5). However, 
none of the six markers, alone or in combination, 
allowed us to completely solve the most distal nodes 
in the phylogenetic tree, especially those in subsection 
Spruceani. A multigene approach, e.g. using genomic 
target sequencing (Villaverde et al., 2018), might be 
needed to solve or better understand the most recent 
speciation events in section Cleodora.

Our nearly complete phylogenetic reconstruction 
of section Cleodora agrees well with previous studies 
(Caruzo et al., 2011; Van Ee et al., 2011), supporting 
the monophyly of the section (Fig. 3). The topology of 
the plastid phylogenetic analysis is similar to those 
obtained by Riina et al. (2010) and Caruzo et al. (2011), 
showing section Cuneati as sister group of section 
Cleodora. These two sections share the arborescent 
habit, the presence of stellate to lepidote trichomes and 
petiolar nectary glands, and they occupy similar forest 
habitats in the Neotropics (Riina et al., 2010; Caruzo 
et al., 2011). The ITS phylogenetic tree, however, differs 
from that of Caruzo et al. (2011), in which section 
Cleodora was placed in a polytomy in Croton. This 
is probably because, unlike Caruzo et al. (2011), our 
sampling of Croton did not include several sections of 
possible hybrid origin, e.g. section Cyclostigma Griseb. 
(see Van Ee et al., 2008; Riina et al., 2009).

Both plastid and ITS topologies are congruent with 
previous studies (Caruzo et al., 2011; Van Ee et al., 
2011) supporting the division of section Cleodora into 
subsections Sphaerogyni and Spruceani, but with 
stronger clade support and a nearly complete taxon 
sampling; the only omission being C.  fernandezii 
(Supporting Information, Appendices S4, S5). The 
main morphological characters used to separate 
the subsections are: calyx aestivation of the 
pistillate flower, which is quincuncial (Fig. 1M–Q) 
in subsection Sphaerogyni versus imbricate (Fig. 1L, 
S) in subsection Spruceani; and fruit shape, which 
is globose or ellipsoid in subsection Spruceani (Fig. 
1S) and subglobose or often trigonal in subsection 
Sphaerogyni (Fig. 1T) (Caruzo et al., 2011; Riina et al., 
2018). Croton fernandezii was classified in subsection 
Sphaerogyni by Riina et al. (2018) because of its 
quincuncial calyx aestivation, but this remains to be 
confirmed by molecular data.

The sectional assignment of new species to 
section Cleodora hypothesized by Riina et al. (2018) 
based solely on morphology was supported by our 
results. Regarding the subsectional placement, only 
two species were not correctly classified by Riina 
et  al. (2018). They assigned C.  amazonicus and 
C. perstipulatus to subsection Sphaerogyni, whereas 
our phylogenetic analysis recovers these species in 
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Figure 5.  Model M1 reconstruction of the spatio-temporal evolution of Croton section Cleodora and closest allies, using 
Bayesian dispersal extinction cladogenesis (DEC). The phylogenetic tree is the MCC tree from BEAST shown in Figure 4.  
A pie chart on the node indicates alternative ancestral geographical ranges, with pie slices indicating their marginal 
posterior probabilities (MPP). Values below pie charts indicate the MPP for the ancestral range receiving the highest 
probability; only values < 0.90 are shown. Numbers above pie charts indicate the nodes mentioned in the text. The smaller 
pie charts on the branches indicate the geographical range immediately after the speciation event; a pie chart on the node 
indicates how this range has changed as a result of range expansion and contraction events along the branch. Colours 
represent the geographical range state according to the legend. Letters on the map indicate the operational areas according 
to the legend. The two time slices with dispersal-scaler values are included in the two tables below the tree. The two dotted 
vertical lines and the grey rectangle indicate the time bounds of the interval within which the switch between the two time 
slices is modelled to occur, spanning the Mid–Late Miocene (i.e. 18–7 Mya). The dashed vertical lines (with labels at the 
top) represent geological or global climatic events that may have played a role in the spatio-temporal evolution of section 
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reconstructions with higher marginal probability. LOWE: Late Oligocene Warming Event, MMCO: Mid-Miocene climatic 
optimum, CAM: formation of the Central American Landbridge, PAFC: Pleistocene Arch forest corridor.
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subsection Spruceani. A key character to separate 
the two subsections is floral aestivation, but this 
could not be properly assessed for C. amazonicus and 
C. perstipulatus due to poor or incomplete herbarium 
specimens (Riina et al., 2018).

Our phylogenetic reconstruction of section Cleodora 
represents the most complete and resolved of any 
major Neotropical clades of Croton, for which only a 
partial taxon sampling have been included in previous 
phylogenetic studies. The three additional plastid 
markers used here (rps16, trnT-L and ycf1) are likely 
to be useful in future phylogenetic analysis of other 
diverse and taxonomically challenging Croton clades 
(e.g. Adenophylli, Geiseleria, Barhamia), in need of a 
phylogenetic framework for evolutionary research and 
species delimitation.

The grouping of  the accessions of  Croton 
stellatoferrugineus and C. sphaerogynus into a single 
clade in the combined analysis (Fig. 3) and the ITS 
tree (Supporting Information, Appendix S4) agrees 
with their close morphological affinity (Caruzo et al., 
2010) and their recent age of divergence (c. 1 Mya, 
Fig. 4). However, despite their similarities, the two 
species are easily told apart, using morphology and 
the striking differences in habitat and distribution 
(Supporting Information, Appendix S1; Caruzo et al., 
2010). Croton stellatoferrugineus occupies seasonally 
dry forests in the interior of Minas Gerais, whereas 
C. sphaerogynus occurs in moist forests in seashore 
plains (‘restinga’ forests) in south-eastern Brazil. On 
the other hand, some accessions of C. sphaerogynus 
appear grouped with C. organensis and C. heterocalyx 
Baill. in the plastid tree with strong clade support 
(0.95, Supporting Information, Appendix S5). Further 
population-level sampling of C. sphaerogynus and 
related species and additional genetic data may help 
solve their taxonomic delimitation.

Spatio-temporal evolution of Croton section 
Cleodora in the Neotropics

The Atlantic Forest and the Amazonia are tropical 
forest biomes that are home to an enormous 
biodiversity and are currently threatened by human 
action and climate change (Ribeiro et al., 2009; Cardoso 
et al., 2017; Antonelli et al., 2018; Peres et al., 2020). 
The biogeographic disjunction between these two 
forest biomes, attributed to the formation of the Dry 
Diagonal as an ecological barrier, have been identified 
in different organisms including frogs (Fouquet et al., 
2012; Castroviejo-Fisher et al., 2014; Padial et al., 
2014; Pirani et al., 2020), lizards (Rodrigues et al., 
2014; Prates et al., 2017) and plants (Freitas et al., 
2016; Thode et al., 2019).

The Dry Diagonal started to form during the 
Palaeogene, driven by global climate cooling at the 

Late Eocene–Early Oligocene transition (33–28 
Mya; LEEOC; Zachos et al., 2001). Later warming 
events, such as the LOWE and the MMCO (Table 1), 
contributed to further divide an initially continuous 
forest mass into eastern and western sections, isolated 
by dry-adapted, open land vegetation (Bigarella, 
Andrade-Lima & Riehs, 1975; Orme, 2007; Fouquet 
et al., 2012; Batalha-Filho et al., 2013; Sobral-Souza 
et al., 2015; Peres et al., 2020). Although the Dry 
Diagonal probably acted as a climatic/geographical 
barrier for regional biotic interchanges between 
Amazonia and Atlantic biomes since its formation, 
fossil record and past climatic reconstructions suggest 
that several forest corridors allowed migration events 
at different times during the Neogene (i.e. Miocene, 
Pliocene and Pleistocene), and involving different 
parts of the Dry Diagonal (i.e. north, central and south; 
Fine & Lohmann, 2018; Peres et al., 2020). According 
to Fine & Lohmann (2018), more stable and longer (c. 
50 Mya) forest corridors would have connected western 
Amazonia and the south-western Atlantic Forest in 
the south, whereas less stable and shorter ones (5–10 
Mya) connected these biomes in the north.

The Dry Diagonal reached its climax with the 
formation of the Caatinga and the Cerrado biomes 
in the Late Miocene–Pliocene (Table 1). The Cerrado 
was mainly assembled during the Late Miocene (c. 
10 Mya, Simon et al., 2009), following the expansion 
of colder and drier climates worldwide around this 
period (Meseguer et al., 2015), although some lineage 
divergences are dated in the Pliocene (Pennington 
& Hughes, 2014). The age of the Caatinga has long 
been debated. Some authors consider its origins 
to be Quaternary (e.g. de Queiroz, 2006), whereas 
others suggest a much older beginning for this 
region (e.g. Pennington, Prado & Pendry, 2000; 
Pennington et al., 2004; Pennington & Ratter, 2006; 
Collevatti et al., 2013). A recent review of molecular 
phylogenetic evidence (de Queiroz et  al., 2017) 
supports a heterochronous origin, with the SDTF 
woody lineages of the ‘crystalline Caatinga’ dating 
from the Late Miocene to the Pliocene, whereas 
endemic species from the sandy and karstic areas 
in the ‘sedimentary Caatinga’ are mostly Pleistocene 
in age.

The biogeographic history of Croton section Cleodora 
reconstructed here (Fig. 5, Supporting Information, 
Appendix S6) supports the role of the Dry Diagonal 
as a major biogeographic barrier for moist forest-
adapted plants, with species diversity in subsections 
Sphaerogyni and Spruceani centred on the Atlantic 
Forest and the Amazonia, respectively. However, unlike 
Amphilophium Kunth (Bignoniaceae) (Thode et al., 
2019), the divergence between these two subsections 
(c. 20 Mya) postdates the Palaeogene formation of the 
Dry Diagonal (33–28 Mya, Table 1). Similar scenarios 

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/197/1/61/6169369 by guest on 23 February 2022

http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab016#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab016#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab016#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab016#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab016#supplementary-data


76  I. MASA-IRANZO ET AL.

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, 197, 61–84

(post-Dry Diagonal divergence) have been found in 
other groups of animals and plants such as lizards in 
the genus Anolis (Prates et al., 2017), the plant genera 
Stigmaphyllon A.Juss. (Malpighiaceae) and Attalea 
Kunth (Arecaceae) (Freitas et al., 2016; de Almeida 
& van der Berg, 2020), and the New World suboscine 
birds (Batalha-Filho et al., 2013). This last study, in 
particular, identified multiple splits of Atlantic and 
Amazonian forest lineages with different ages, all 
post-dating the Dry Diagonal formation.

Our inferred biogeographic scenario supports an 
Amazonian origin for Croton section Cleodora at 19.7 
Mya, in the Early Miocene (node 4, Fig. 5). The MRCA 
of Croton subsection Spruceani is also reconstructed 
as Amazonian (node 6) with strong support. Migration 
events from the Amazonian region to the Atlantic Forest 
explain the distribution of the MRCA of subsection 
Sphaerogyni in the Atlantic Forest, at 14.9 Mya (Fig. 
5). Prado & Gibbs (1993) suggested that connectivity 
between the Amazonia and the Atlantic Forest across 
the Dry Diagonal was re-established along patches 
of river gallery forests during the warming events 
of the Early–Mid-Miocene (18–12 Mya), and similar 
connections during the MMCO (Table 1) have been 
found in other plant lineages (Peres et al., 2020). The 
second most probable ancestral range in M1 for the 
MRCA of section Cleodora is a widespread ancestor 
occurring in both the Amazonia and the Atlantic Forest 
(Fig. 5). This would imply an earlier dispersal event 
between these two regions along the stem-branch 
of Cleodora, starting at the Palaeogene-Neogene 
boundary (24.5 Mya); however, this alternative 
reconstruction receives considerably weaker support 
(0.26) compared to 0.68 for an Amazonian crown-
Cleodora (Fig. 5).

In any case, our reconstruction suggests that the 
split between the Amazonian Spruceani and Atlantic 
Forest Sphaerogyni pre-dated the formation of the 
two main biomes that now form the Dry Diagonal, 
the Caatinga and the Cerrado. The Caatinga, 
Cerrado and the Chaco biomes are characterized by 
sclerophyllous open woodlands and grasslands with a 
network of forest patches and corridors (Costa, 2003). 
Plant lineages in these biomes exhibit adaptations 
to drought, e.g. the Caatinga is rich in groups such 
as Cactaceae and Euphorbiaceae (Fernandes et al., 
2020), whereas the Cerrado is rich in fire-adapted 
plants (Simon et al., 2009), characterized, e.g. by an 
underground xylopodium. Thus, we hypothesize that 
the ancestor of section Cleodora was probably moist-
adapted, and that the vicariance event that initiated 
diversification in this section was linked to the 
intensification of drier conditions in the area of the 
current Dry Diagonal from the Mid-Cenozoic onwards, 
until the final establishment of the Caatinga and 
Cerrado vegetation in the Late Miocene–Pliocene.

The establishment of drier climates in the 
Neotropics could also explain the first vicariance event 
in our phylogenetic reconstruction. The split of section 
Cupreati in the Andes and sections Cleodora and 
Cuneati in the Amazonian region (Fig. 5, Supporting 
Information, Appendix S6) is dated as 27 Mya; however, 
its confidence interval (95% HPD: 30–25 Mya, Fig. 4) 
spans the LEEOC cooling event. This event initiated 
an aridification trend that led to the contraction of 
the early Palaeogene pan-Amazonian forest, which, 
together with initial uplift in the northern-central 
Andes (Hoorn et al., 2010), might have contributed 
to the isolation of section Cupreati and the MRCA of 
Cleodora–Cuneati.

Unlike in Amphilophium (Thode et al., 2019), in 
which most migration events occurred in the Atlantic 
Forest clade, dispersal to other geographical regions 
in Croton section Cleodora was mainly inferred in the 
Amazonian clade, subsection Spruceani. The timing of 
these events, however, is congruent with that of Thode 
et al. (2019). A dispersal event to Central America–
Mexico was inferred along the branch 12.5–9.0 Mya 
(Fig. 5), in agreement with recent studies, pointing to 
a late-Middle Miocene closure of the Central American 
Seaway (15–12 Mya; Bacon et al., 2015; Montes et al., 
2015; but see O’Dea et al., 2016). The dispersal event 
from Central America–Mexico to the Andes, dated at 
7.5–5.0 Mya (Fig. 5), also preceded the final closure 
of the Isthmus of Panama (c. 3.5 Mya; Coates et al., 
1992; O’Dea et al., 2016) and could be associated 
with the uplift of the northern Andes in the Late 
Miocene–Pliocene (10–5 Mya; Table 1). The migration 
event between the Amazonian region and the Andes, 
dated 6–4 Mya (Fig. 5), could also be connected with 
this uplift, and the subsequent closure of the Acre 
system, at 7–5 Mya (Hoorn et al., 2010). The western 
Amazonian mega-wetlands of the Acre and Pebas 
systems seem to have acted as a geographic barrier 
between the Amazonian forests and the eastern slopes 
of the Andes until the end of the Miocene, when they 
were gradually replaced by terra firme rainforest, 
following the uplift of the eastern part of the northern 
Andes (Antonelli et al., 2009; Hoorn et al., 2010).

The migration event from the Andes to the Atlantic 
Forest that preceded the split of C. fragrantulus and 
C. rottlerifolius, two of the few species in the section 
occurring in SDTFs, is dated at 3.25 Mya (Fig. 5, node 
12) when the open Caatinga and Cerrado biomes 
were already fully formed. One possibility is that the 
ancestor of C. fragrantulus and C. rottlerifolius used 
the so-called ‘Pleistocene Arch’ (Prado & Gibbs, 1993; 
Mogni, Oakley & Prado, 2015); a climatic corridor for 
the dispersal of SDTF lineages between south-eastern 
Brazil and the Andes across the Dry Diagonal during 
the Late Pleistocene (33–25 Kya) and Last Glacial 
Maximum (18–12 Kya) (Prado & Gibbs, 1993; Mogni 
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et al., 2015). There is, however, one problem with 
this hypothesis. The estimated age of the MRCA of 
C. fragrantulus and C. rottlerifolius is 3.25 Myr, and 
therefore the dispersal event from the Andes to the 
Atlantic Forest took place before the Pleistocene (2.6–
10.0 Mya) in our reconstruction (Fig. 5); the confidence 
interval, however, is large (5.83–1.32 Mya, Fig. 4) and 
spans the Early-Mid-Pleistocene period.

Alternatively, a forest corridor of SDTF vegetation 
might have existed before the Pleistocene. The 
Pliocene (5.33–2.60 Mya) was an epoch of rapid 
climate change. The Early Pliocene (5.33–3.60 Mya) 
was characterized by warm and humid conditions, 
which peaked in the Pliocene climatic optimum (4.35 
Mya), with a short period of drier and colder climates 
4.1–4.0 Mya. A global aridity trend climaxed in the 
MPWE, 3.2–2.8 Mya), when temperatures rose 2–3 °C 
worldwide, after which a decline in temperatures 
in the Late Pliocene culminated with the first 
glaciation at 2.6 Mya. The fossil record shows that 
these climatic changes were accompanied by major 
changes in floras and faunas (Willis & McDonald, 
2011; Fedorov et al., 2013; Jiménez-Moreno et al., 
2019). The expansion and later contraction of a 
SDTF corridor during the climatic oscillations of 
the Pliocene might have allowed the migration of 
dry-adapted arborescent plant lineages, such as 
the ancestor of C. fragrantulus and C. rottlerifolius 
across the Dry Diagonal.

Transitions from evergreen rain forest to seasonally 
dry biomes have been found in other Neotropical plant 
lineages (Bacon et al., 2017; Lohmann et al., 2013). 
A recent study (Zizka et al., 2020) tested the effect of 
biome transitions among evergreen rain forest and 
SDTF on the diversification of Malvaceae subfamily 
Bombacoideae and showed that transition among 
these biomes are common and that the permeability 
was directional, with transitions from evergreen rain 
forest to seasonally dry biomes, being more common 
than the reverse. Although we have not analysed 
biome transitions in this study, our analyses suggest 
that transitions from wet to dry forests have probably 
been more common in the evolution of Croton section 
Cleodora.

CONCLUSIONS

This study provides the first nearly complete (> 96%) 
phylogenetic analysis of Croton section Cleodora 
based on six plastid and nuclear markers. Our spatio-
temporal reconstruction supports a major role for 
geological, climatic and biome formation events during 
the Neogene in the formation of current distribution 
patterns in this section. The geographical disjunction 
between Amazonian and Atlantic Forest centres of 

diversity in Cleodora was probably driven by the 
appearance of the dryland biomes forming the South 
American Dry Diagonal, which agrees with patterns 
observed in other Neotropical plant and animal 
lineages. Section Cleodora appears to have originated 
in the Amazon region in the Early Miocene, from 
where it dispersed to other forested areas, including 
SDTFs, in the Neotropics during the Late Miocene and 
Pliocene.
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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:

Appendix S1. Habitat, distribution and elevation data of the 27 species of Croton section Cleodora (based on 
Riina et al., 2018).
Appendix S2. Summary of the PCR programs used for each molecular marker.
Appendix S3. Scripts used in biogeographical analysis in RevBayes.
Appendix S4. Majority-rule consensus tree of the MrBayes analysis of ITS data of Croton section Cleodora and 
related taxa. The numbers represent support values with Bayesian posterior probability (PP). Species sampled 
for the first time in a phylogenetic analysis, including recently described species, are indicated with an asterisk. 
The collector (initial of last name) and the collection number are included in the name of the taxa. The outgroup 
(Brasiliocroton) was removed from the figure.
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Appendix S5. Majority-rule consensus tree of the MrBayes analysis of combined plastid rps16, trnH-psbA, 
trnL-F, trnT-L and ycf1 data for Croton section Cleodora and related taxa. The numbers represent support values 
with Bayesian posterior probability (PP). Species sampled for the first time in a phylogenetic analysis, including 
recently described species, are indicated with an asterisk. The collector (initial of last name) and the collection 
number are included in the name of the taxa. The outgroup (Brasiliocroton) was removed from the figure.
Appendix S6. Model M0 reconstruction of the spatio-temporal evolution of Croton section Cleodora and closest 
allies, using Bayesian dispersal extinction cladogenesis (DEC). The phylogenetic tree is the MCC tree from 
BEAST shown in Figure 4. A pie chart on the node indicates alternative ancestral geographical ranges, with pie 
slices indicating their marginal posterior probabilities (MPP). Values below nodal pie charts indicate the MPP 
for the ancestral range receiving the highest probability; only values < 0.90 are shown. Numbers above nodal pie 
charts indicate the nodes mentioned in the text. The smaller pie charts on the branches indicate the geographical 
range immediately after the speciation event; a pie on the node indicates how this range has changed as a result 
of range expansion and contraction events along the branch. Colours represent the geographical range state 
according to the legend. Letters on the map indicate the operational areas according to the legend. The dashed 
vertical lines indicate geological or global climatic events which may have played a role in the spatio-temporal 
evolution of section Cleodora. LOWE: Late Oligocene Warming Event, MMCO: Mid-Miocene climatic optimum, 
CAM: formation of the Central American Landbridge, PAFC: Pleistocene Arch forest corridor.

APPENDIX 1. TAXA, LOCALITIES, 
VOUCHERS AND GENBANK ACCESSION 

NUMBERS FOR ALL SEQUENCES ANALYSED. 
GENBANK ACCESSION NUMBERS FOR 
NEWLY GENERATED SEQUENCES ARE 

PRECEDED BY AN ASTERISK (*). TAXON; 
LOCALITY; VOUCHER; ITS; rps16; trnH-psbA; 

trnL-F; trnT-L; ycf1. MISSING DATA: –.

Brasiliocroton mamoninha P.E.Berry & Cordeiro; 
Brazil, Bahia; Lombardi 7148 (HRCB); *MW263126; 
–; –; *MW266672; –; –. B. muricatus Riina & Cordeiro; 
Brazil, Bahia; Carneiro-Torres 1000 (HUESF); 
KF208629; *MW266609; –; KF208632; *MW266706; 
*MW266590. Croton amazonicus Müll.Arg.; Colombia, 
Caquetá; Castroviejo 12034 (COL); *MW263129; 
–; *MW266644; *MW266679; –; –. C. amazonicus 
Müll.Arg.; Brazil, Amazonas, Presidente Figueiredo; 
Ferreira 6961 (INPA); *MW263130; –; *MW266645; 
*MW266680; –; –. C.  amazonicus  Müll .Arg. ; 
Brazil, Maranhão; Rosa 2898 (DAV); *MW263131; 
–; *MW266646; *MW266681; *MW266712; –. 
C. beetlei Croizat; Bolivia, Santa Cruz; Riina 1512 
(WIS); *MW263161; *MW266632; –; *MW266700; 
*MW266741; *MW266601. C. billbergianus Müll.Arg.; 
Costa Rica, Alajuela; Van Ee 342 (WIS); EU477998; 
–; *MW266647; –; –; –. C. billbergianus Müll.Arg.; 
Mexico, Veracruz; León 104 (MICH); *MW263132; 
*MW266615; –; *MW266682; *MW266713; –. 
C. billbergianus Müll.Arg.; Costa Rica, Limón; Van Ee 
595 (WIS); *MW263133; *MW266614; *MW266648; 
*MW266683; *MW266714; *MW266594. C. cajucara 
Benth.; Brazil; Caruzo 96 (SP); HM044789; –; 
HM044814; HM044770; –; –. C. cajucara Benth.; 
Brazil; Caruzo 95 (SP); *MW263134; *MW266616; 
*MW266651; *MW266684; *MW266710; *MW266595. 

C. campanulatus Caruzo & Cordeiro; Brazil, Rio de 
Janeiro; Caruzo 93 (SP); *MW263138; –; *MW266652; 
*MW266678; *MW266715; –. C. campanulatus Caruzo 
& Cordeiro; Brazil, Rio de Janeiro; Santos 45 (RB); 
*MW263139; *MW266617; *MW266653; *MW266677; 
*MW266716; –. C.  chimboracensis P.E.Berry & 
Riina; Ecuador, Chimborazo; Berry 7618 (WIS); 
AY971204; *MW266610; –; AY971293; *MW266708; 
*MW266591. C. coryi Croizat; U.S.A., Texas; Van 
Ee 520 (WIS); –; *MW266613; –; –; –; –. C. cuneatus 
Klotzsch; Peru; Riina 1491 (MICH); EU478005; –; 
*MW266640; –; *MW266742; –. C. cupreatus Croizat; 
Ecuador, Pichincha; Riina 1408 (WIS); EU586919; 
*MW266634; –; EU586974; *MW266744; *MW266603. 
C. discolor Willd.; Dominican Republic, Barahona; 
Van Ee 629 (WIS); *MW263127; *MW266611; –; 
*MW266674; *MW266709; *MW266592. C. ekmanii 
Urb.; Cuba, Holguín; Van Ee 393 (WIS); *MW263162; 
*MW266635; –; –; *MW266745; *MW266604. 
C. fragilis Kunth; Venezuela, Sucre, La Llanada Vieja; 
Riina 1295 (VEN); *MW263128; *MW266612; –; 
*MW266673; *MW266707; *MW266593. C. fragrans 
Kunth; Venezuela, Bolívar; Fernández 15187 
(IVIC); *MW263135; –; –; –; –; –. C. fragrans Kunth; 
Venezuela, Cojedes; Riina 1824 (MICH); *MW263136; 
*MW266618 ; *MW266654 ; – ;  *MW266723 ; 
*MW266596. C. fragrantulus Croizat; Bolivia, Santa 
Cruz; Foster 424 (MO); HM044791; *MW266619; 
HM044820; HM044772; *MW266724; *MW266597. 
C. gigantifolius P.E.Berry & Secco; Brazil, Rondônia; 
Silva 2055 (CEN); *MW263137; –; *MW266649; –; 
*MW266711; –. C. hemiargyreus Müll.Arg.; Brazil, 
Minas Gerais; Caruzo 114 (SP); HM044793; –; 
HM044824; HM044774; –; –. C. hemiargyreus Müll.
Arg.; Brazil, Pernambuco, Petrolina; Santos 43 
(HTSA); *MW263140; *MW266620; *MW266658; 
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*MW266676; *MW266718; –. C.  hemiargyreus 
Müll.Arg.; Brazil, Minas Gerais, Salto da Divisa; 
Thomas 13720 (MO); *MW263141; –; *MW266659; 
–; *MW266719; –. C.  heterocalyx Baill.; Brazil, 
Bahia; Caruzo 108 (SP); HM044794; –; HM044825; 
HM044775; *MW266721; –. C. heterocalyx Baill.; 
Brazil, Espírito Santo, Guarapari; Santos 11 (RB); 
*MW263142; *MW266621; *MW266660; *MW266691; 
*MW266722; –. C. hoffmannii Müll.Arg.; Costa Rica, 
Cartago, Paraíso; Van Ee 598 (WIS); EF421773; 
*MW266623; –; –; *MW266729; –. C. hoffmannii 
Müll.Arg.; French Guiana, Saül; Mori 15388 
(MO); *MW263143; –; *MW266655; *MW266685; 
*MW266727; –. C. hoffmannii Müll.Arg.; Costa Rica, 
Limón, Pococí; Rodríguez 5211 (MO); *MW263144; 
*MW266622; *MW266661; *MW266686; *MW266728; 
*MW266598. C.  javarisensis Secco; Peru, Loreto; 
Rimachi 337 (DAV); *MW263145; *MW266624; 
*MW266662; *MW266688; *MW266730; –. C. leonis 
(Croizat) Van Ee & P.E. Berry; Cuba, Holguín; 
Hajb 81773 (MICH); EF421758; *MW266636; –; 
EF408140; *MW266746; *MW266605. C. loretensis 
Riina & Caruzo; Peru, Loreto; McDaniel 10777 
(MO); *MW263146; –; *MW266663; *MW266689; 
*MW266731; –. C. mayumbensis J.Léonard; Gabon; 
Bissiengou 704 (WAG); *MW263163; –; –; *MW266702; 
*MW266747; *MW266606. C. nirguensis Riina & 
Meier; Venezuela, Carabobo; Meier 19318 (VEN); 
*MW263147; *MW266625; *MW266657; *MW266690; 
*MW266732; –. C. organensis Baill.; Brazil, Rio de 
Janeiro; Caruzo 90 (WIS); EU586914; *MW266626; 
HM044832; EU586969; *MW266725; –. C. organensis 
Baill.; Brazil, Rio de Janeiro, Itatiaia; Caruzo 122 
(SP); *MW263148; –; *MW266664; *MW266692; 
*MW266726; –. C. orinocensis Müll.Arg.; Venezuela, 
Amazonas; Riina 1818 (MICH); *MW263149; 
*MW266627; *MW266665; *MW266693; *MW266733; 
*MW266599. C. pachypodus G.L. Webster; Colombia, 
Nariño; Ávila 1005 (COL); *MW263165; *MW266637; 
– ;  *MW266703 ; *MW266749 ; *MW266607 . 
C. perstipulatus G.L.Webster ex Caruzo & Secco; 
Brazil, Acre; Lowrie 279 (INPA); *MW263150; 
–; *MW266666; *MW266694; *MW266734; –. 
C. piptocalyx Müll.Arg.; Brazil, São Paulo; Lima 527 

(SP); *MW263167; *MW266639; –; *MW266705; 
*MW266751; *MW266608. C.  pseudofragrans 
Croizat; Peru, Loreto; Woodward s.n. (MICH); 
HM044800; –; HM044837; HM044780; *MW266735; 
–. C. rottlerifolius Baill.; Brazil, São Paulo; Caruzo 
56 (SP); EU586915; –; HM044838; EU586970; 
*MW266736; –. C. rottlerifolius Baill.; Brazil, São 
Paulo; Santos 41 (SP); *MW263151; *MW266628; 
*MW266656 ; *MW266687 ; *MW266737 ; – . 
C.  rufolepidotus  Caruzo & Riina; Colombia, 
Antioquía; Callejas 3611 (MO); *MW263152; 
–; *MW266667; *MW266695; –; –. C.  salutaris 
Casar.; Brazil, Rio de Janeiro; Caruzo 89 (SP); 
HM044804; *MW266629; HM044840; HM044783; 
*MW266717; –. C.  santaritensis Huft; Panama; 
Lee 8075 (MICH); *MW263153; –; *MW266668; 
*MW266696; *MW266738; –. C. sapiifolius Müll.
Arg.; Brazil, Bahia; Lima 667 (CEPEC); *MW263166; 
*MW266638; –; *MW266704; *MW266750; –. 
C. sexmetralis Croizat; Venezuela, Táchira; Bono 
4229 (MO); *MW263154; *MW266630; *MW266669; 
*MW266697; *MW266739; –. C. sphaerogynus Baill.; 
Brazil, Rio de Janeiro; Van Ee 505 (WIS); HM044805; 
–; –; HM044784; –; –. C. sphaerogynus Baill.; Brazil, 
Rio de Janeiro; Caruzo 65 (SP); *MW263156; –; 
*MW266642; –; *MW266720; –. C.  sphaerogynus 
Baill.; Brazil, Rio de Janeiro; Caruzo 121 (SP); 
*MW263157; –; *MW266643; –; –; –. C. spruceanus 
Benth.; Colombia, Valle del Cauca; Baker 6493 (MO); 
HM044806; –; –; –; –; –. C. spruceanus Benth.; Brazil, 
Pará; Caruzo 101 (SP); *MW263158; *MW266631; 
*MW266670; *MW266698; *MW266740; *MW266600. 
C. stellatoferrugineus Caruzo & Cordeiro; Brazil, 
Minas Gerais; Anderson 35673 (NY); *MW263155; –; 
–; –; –; –. C. stellatoferrugineus Caruzo & Cordeiro; 
Brazil, Minas Gerais; Caruzo 120 (SP); *MW263159; –; 
*MW266671; –; –; –. C. tchibangensis Pellegr.; Gabon, 
Nyanga; Valkenburg 2668 (WAG); *MW263164; –; –; 
*MW266701; *MW266748; –. C. viroleoides P.E.Berry 
& Secco; Brazil, Rondônia; Zarucchi 2789 (INPA); 
*MW263160; –; *MW266650; *MW266699; –; –. 
C. yavitensis Croizat; Bolivia, Beni; Beck 5710 (LPB); 
EU586918; *MW266633; *MW266641; *MW266675; 
*MW266743; *MW266602.
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