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The estimation of a robust phylogeny is a necessary first step in understanding the biological diversifica-
tion of the platyrrhines. Although the most recent phylogenies are generally robust, they differ from one
another in the relationship between Aotus and other genera as well as in the relationship between Pith-
eciidae and other families. Here, we used coding and non-coding sequences to infer the species tree and
embedded gene trees of the platyrrhine genera using the Bayesian Markov chain Monte Carlo method for
the multispecies coalescent (⁄BEAST) for the first time and to compared the results with those of a Bayes-
ian concatenated phylogenetic analysis. Our species tree, based on all available sequences, shows a closer
phylogenetic relationship between Atelidae and Cebidae and a closer relationship between Aotus and the
Cebidae clade. The posterior probabilities are lower for these conflictive tree nodes compared to those in
the concatenated analysis; this finding could be explained by some gene trees showing no concordant
topologies between Aotus and the other genera. Moreover, the topology of our species tree also differs
from the findings of previous molecular and morphological studies regarding the position of Aotus. The
existence of discrepancies between morphological data, gene trees and the species tree is widely reported
and can be related to processes such as incomplete lineage sorting or selection. Although these processes
are common in species trees with low divergence, they can also occur in species trees with deep and rapid
divergence. The sources of the inconsistency of morphological and molecular traits with the species tree
could be a main focus of further research on platyrrhines.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The New World monkeys, constituting the parvorder Platyrrhi-
ni, are a monophyletic clade with a history of nearly 25–35 million
years in South America and the Caribbean (Fleagle, 1999; Tejedor,
2008; Wilkinson et al., 2011). They invaded the continent during
the Paleocene–Oligocene and evolved in isolation from the Old
World primates (Rosenberger, 2002; Tejedor, 2008; Opazo et al.,
2006). In America, they experienced a great biological radiation,
resulting in the diversification of the lineages that represent the
majority of the extant 15–17 genera and 125 species, occupation
of a large range of ecological niches and great morphological vari-
ation (Rosenberger, 1992; Fleagle, 1999; Norconk et al., 2009;
Wildman et al., 2009; Perez et al., 2011).

The biological diversification of the platyrrhine clade and of sev-
eral orders and suborders of Mammalia is peculiar because it began
in the distant past and then continued as a hierarchically struc-
tured process during phylogenetic divergence (Rosenberger,
ll rights reserved.
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2002). Because of the long history of platyrrhine radiation, the esti-
mation of a robust phylogeny that is relatively independent of
other biological data is a necessary first step for understanding
the factors responsible for the biological diversification of this
clade (Wiens, 2009; Freckleton et al., 2011; Losos, 2011). Research-
ers who have studied the branching pattern or species tree of the
platyrrhines using morphological data have obtained different re-
sults (Rosenberger, 1984; Ford, 1986; Kay, 1990). The most recent
phylogenetic studies have mostly analyzed DNA sequences and/or
a concatenation of these sequences and have presented different
views of the pattern of divergence among platyrrhine genera
(e.g., Goodman et al., 1998; Horovitz et al., 1998; Schneider,
2000; Opazo et al., 2006; Wildman et al., 2009; Perelman et al.,
2011). Although these most recent phylogenies are generally ro-
bust, they differ in some of the topological relationships among
genera and families. In particular, these studies have presented
topologies that mainly differ from each other in the relationship
between Aotus and other genera (e.g., Wildman et al., 2009; Perel-
man et al., 2011) and the relationships between Pitheciidae and
other families (e.g., Schneider et al., 2001; Opazo et al., 2006).

There could be several explanations for these differences; the
most probable explanation is that the gene analyzed can have an
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evolutionary history that is distinct from the underlying species
tree due to processes such as incomplete lineage sorting (Maddi-
son, 1997; Rannala and Yang, 2008; Degnan and Rosenberg,
2009; Heled and Drummond, 2010; Knowles and Kubatko, 2010).
The approaches employed previously (i.e., gene tree and concate-
nated analyses; e.g., Horovitz et al., 1998; Schneider, 2000; Wild-
man et al., 2009) may not allow a species tree to be estimated if
the individual genes examined have different topologies (i.e.,
branching patterns; Liu et al., 2008; Degnan and Rosenberg,
2009; Knowles and Kubatko, 2010), which could be true for the
platyrrhine clade (see below). Moreover, previous works have
found that when there are high levels of discordance among gene
trees the concatenation method can result in an incorrect species
tree as more data are added (Degnan and Rosenberg, 2009). A
Bayesian method, which is based on the multispecies coalescent
model, has recently been proposed to co-estimate multiple gene
trees embedded in a shared species tree from multiple-gene data
(Liu, 2008; Heled and Drummond, 2010). This method allows and
uses high levels of gene tree discordance when inferring species
trees (Liu et al., 2008; Degnan and Rosenberg, 2009; Heled and
Drummond, 2010; Leaché and Rannala 2011). Obtaining a species
tree based on coalescent theory is a necessary next step for resolv-
ing platyrrhine systematics.

Here, we study the phylogenetic or species tree (i.e., the pattern
and relative timing of divergence) of the New World monkeys
using molecular data and discuss the differences compared to pre-
viously published phylogenetic trees. Specifically, we first estimate
the phylogenetic tree of the platyrrhine genera based on a multi-
species coalescent model and all of the available datasets. Second,
we explore whether the differences observed in the topological
relationships among platyrrhine genera and families between our
species tree and the previously reported phylogenetic trees could
be related to the use of particular gene sequences and the most
popular concatenated methods. To explore these questions, we
use several datasets containing multiple coding and non-coding
DNA sequences (Opazo et al., 2006; Wildman et al., 2009; Perel-
man et al., 2011), infer the species tree and embedded gene trees
of the platyrrhine genera from multiple gene sequences using the
Bayesian Markov chain Monte Carlo method for the multispecies
coalescent for the first time (Liu, 2008; Heled and Drummond,
2010) and compare these results with the phylogenetic tree based
on a partitioned Bayesian analysis of concatenated sequences
(Ronquist and Huelsenbeck, 2003; Drummond and Rambaut,
2007).
2. Materials and methods

2.1. Molecular datasets

To study the evolutionary history of the New World monkey
genera, we analyzed 15–17 members of the platyrrhines and sev-
eral outgroups (Macaca mulatta, Pan troglodytes, Homo sapiens).
Three different molecular datasets were obtained from GenBank
and from the supporting information in the original studies (Wild-
man et al., 2009; Perelman et al., 2011). Specifically, we used the
post-GBLOCK editing alignment made available by Perelman
et al. (2011) and the alignment data made available by Wildman
et al. (2009). Sequences obtained from GenBank were aligned using
ClustalW, and the alignment was manually corrected and the
ambiguous regions removed with BioEdit 7.0.0 software (Hall,
2004).

First, we combined the datasets to perform a main phylogenetic
analysis using all of the available data including 68 loci (47,233 bp)
from 15 genera. We also re-analyzed all of the available data for 15
genera excluding missing loci (27,360 bp). We refer to this dataset
as the combined dataset. To explore the differences between our
main estimation of the platyrrhine species tree based on all avail-
able data and previous estimations, we performed phylogenetic
analyses using different sub-datasets corresponding to the datasets
used in previous studies. The first sub-dataset analyzed is a molec-
ular matrix of four nuclear coding gene sequences from 15 genera,
constituting a 5392 bp matrix (Table 1). These sequences were pre-
viously used by Opazo et al. (2006). The second sub-dataset com-
prises 10 non-coding sequences, obtained by Wildman and co-
workers (2009) from many different chromosomes of 15 genera,
and constitutes a 6899 bp matrix (Table 1). The third sub-dataset
is based on 54 coding and non-coding sequences obtained by Per-
elman and co-workers (2011); it comprises 68 species, 17 genera
and a 34,941 bp matrix. Please note that for the Perelman sub-
dataset, we also generated a summarized dataset choosing only
the genes that were sequenced for all of the selected genera in
an attempt to minimize the missing data. This dataset is based
on 22 coding and non-coding sequences; it comprises 17 genera
and constitutes a 15,068 bp matrix (Table 1). See accession num-
bers in the cited works (Opazo et al., 2006; Wildman et al., 2009;
Perelman et al., 2011).

2.2. Gene tree and species tree estimations

jModelTest 0.1.1 (Posada, 2008) was employed to determine the
most appropriate model of sequence evolution for each analyzed
gene estimated under the Akaike Information Criterion with cor-
rection for sample size (AICc). The best-fitting model for each se-
quence studied is shown in Table 1 and Supplementary
Table A.1. Models of sequence evolution identified as optimal by
jModelTest for both coding and non-coding sequences were imple-
mented in the following analyses.

The species and gene trees for each dataset were estimated
jointly using ⁄BEAST (Heled and Drummond, 2010), which is part
of the BEAST v1.6.1 package (Drummond and Rambaut, 2007).
⁄BEAST uses the multispecies coalescent, an extension of the prior
coalescent designed to handle multiple species. Each gene tree is
embedded in a shared species tree and follows the coalescent in
each extant and ancestral species. Please note that the term ‘‘spe-
cies’’ used in this work is not the same as the taxonomic rank and
instead designates a group of individuals that likely have no his-
tory of breeding with individuals outside of that group (Heled
and Drummond, 2010). We use the BEAUti program to unlink the
substitution models of the data partitions and to implement the
models of sequence evolution identified as optimal by jModelTest.
We set the clock model to the strict clock model and the species
tree priors as a Yule Process as suggested by Heled and co-workers
(2011). Three simultaneous analyses were performed using Mar-
kov Chain Monte Carlo (MCMC) simulations for 400,000,000–
200,000,000 generations, with a sampling frequency of 40,000–
20,000 in the program BEAST. The convergence of the analyses
was determined with the program Tracer v1.5 (Rambaut and
Drummond, 2007). Finally, we discarded the first 1250 trees as
burn-in and summarized the trees using TreeAnnotator v1.4.8
(Drummond and Rambaut, 2007).

For comparative purposes, we also estimated the phylogenetic
tree using concatenated Bayesian analyses based on the datasets.
Models of sequence evolution identified as optimal for the data
partitions by jModelTest were implemented for each of the data
partitions. These phylogenetic analyses were performed using
BEAST v1.6.1 (Drummond and Rambaut, 2007). Three simultaneous
analyses were performed using MCMC simulations for 200,000,000
generations with a sampling frequency of 20,000. The convergence
was determined with Tracer v1.5 (Rambaut and Drummond, 2007)
and the first 1250 trees sampled were excluded. We analyzed the
sequences under a relaxed molecular clock model, which allows



Table 1
Coding and non-coding sequences used in the current study, sequence size (bp), substitution models and gene tree results. See accession numbers in Opazo et al. (2006), Wildman
et al. (2009) and Perelman et al. (2011).

Dataset Sequence Sequence type bp Substitution model nst Rates Gene tree in the Supplementary Fig. 1

Four genes B2 M Coding 1438 GTR + G 6 Gamma B
HBB Coding 1224 GTR + G 6 Gamma B
IRBP Coding 1839 HKY + G 2 Gamma A
vWF Coding 891 HKY + G 2 Gamma B

Wildman et al. Xq221 Non-coding 666 GTR + G 6 Gamma A
1p311 Non-coding 627 GTR 6 Equal A
10q231 Non-coding 666 HKY 2 Equal A
8q231 Non-coding 675 GTR + G 6 Gamma B
6p223 Non-coding 672 GTR + G 6 Gamma B
2p223 Non-coding 1149 HKY + I + G 2 Gamma A
10p1233 Non-coding 513 HKY 2 Equal A
3q222 Non-coding 560 HKY + G 2 Gamma C
3p13 Non-coding 678 GTR + G 6 Gamma A
1q313 Non-coding 693 GTR + G 6 Gamma C

Perelman et al. ABCA1_INTRON Non-coding 560 GTR + G 6 Gamma A
AFF2_INTRON Non-coding 500 GTR + G 6 Equal A
AXIN1_EXON Coding 854 GTR + I + G 6 Gamma B
BRCA2_EXON Coding 1252 GTR + G 6 Gamma B
CNR1_EXON Coding 997 GTR + I + G 6 Gamma B
DMRT1_INTRON Non-coding 537 GTR 6 Equal A
EDG1_EXON Coding 967 HKY + I + G 2 Gamma C
NEGR1_INTRON Non-coding 538 GTR + G 6 Gamma A
NPAS3_INTRON Non-coding 605 GTR + G 6 Gamma A
NPAS3.2_INTRON Non-coding 650 GTR + G 6 Gamma A
RAG1_EXON Coding 1071 GTR + I + G 6 Gamma C
RPGRIP1_EXON1 Coding 431 HKY + G 2 Equal B
SGMS1_UTR Non-coding 463 HKY + G 2 Gamma A
SIM1_INTRON Non-coding 646 GTR + G 6 Gamma A
TYR_EXON Coding 475 HKY + I 2 Equal A
USH2A_INTRON Non-coding 605 GTR + G 6 Gamma A
ZFX_INTRON Non-coding 811 GTR + G 6 Gamma A
ZIC3_UTR Non-coding 433 GTR 6 Equal A
BCHE_EXON Coding 984 GTR + G 6 Gamma B
DCTN2_UTR Non-coding 528 GTR + I + G 6 Gamma A
POLA1_INTRON Non-coding 604 GTR + G 6 Gamma B
RAB6IP1_INTRON Non-coding 557 GTR + G 6 Gamma B
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substitution rates to vary across branches according to an uncorre-
lated lognormal distribution (Drummond et al., 2006). Because the
fossil record for platyrrhines is still widely debated, we set the
mean of branch rates to 1 (ucld.mean); therefore, time was
measured in arbitrary units, providing a relative measure of
divergence times. We then computed the maximum credibility tree
in TreeAnnotator 1.4.8 (Drummond and Rambaut, 2007).

FigTree v1.3.1 was used to plot all of the gene and species trees.

3. Results

The species tree for the combined dataset supports (with high
posterior probabilities) the previous division of the platyrrhines
into five clades (Atelidae, Pitheciidae, Callitrichinae and Cebinae
plus Aotinae [the Cebidae family]) and corroborates a closer phylo-
genetic relationship between Atelidae and Cebidae (Fig. 1; Opazo
et al., 2006; Wildman et al., 2009). The topology of the trees ob-
tained via concatenated and multispecies coalescent Bayesian
analyses are identical. However, the multispecies coalescent
Bayesian analyses of the combined dataset including missing loci
do not converge after 200,000,000–600,000,000 generations (re-
sults not shown). Within the Atelidae, Alouatta is a sister group
of a clade that includes Ateles, Brachyteles and Lagothrix, in which
Brachyteles and Lagothrix are clustered together. Within the Cebi-
dae family, we find the Cebinae branch, which includes the Cebus
and Saimiri genera, as well as the Callitrichinae branch, which is
formed by the Saguinus, Leontopithecus, Callithrix and Callimico gen-
era. Aotus is a branch external to the Cebidae family. Within Pith-
eciidae, Cacajao and Chiropotes are clustered together, whereas
Pithecia and Callicebus are not. Pithecia is a sister group of the for-
mer clade, and Callicebus is the most external clade (Fig. 1).

In the species tree of the first sub-dataset, which includes four
nuclear genes, most of the clades are strongly supported with pos-
terior probabilities higher than 0.95. Therefore, there are some
relationships characterized by lower posterior probabilities (i.e.,
Cebinae and Aotus; Fig. 2A). The tree is mainly concordant with
our species tree based on the combined dataset; however, in the
species tree based on the four sequences Aotus is a related to Cebi-
nae (Fig. 2A; Wildman et al., 2009; Opazo et al., 2006). The lower
support and topological difference in the relationship between Ao-
tus and the Cebinae branch is due to the trees of the four genes
being characterized by differences in their topological relation-
ships. Whereas the IRBP tree shows a phylogenetic relationship be-
tween Aotus and the Cebidae family (Supplementary Fig. 1A), the
vWF, B2M and HBB trees display a closer relationship between Ao-
tus and the Cebinae clade (Supplementary Fig. 1B). The concate-
nated BEAST analyses show a topology similar to the ⁄BEAST
species tree estimation, but all of the relationships exhibit poster-
ior probabilities higher than 0.95 (Fig. 2B).

The ⁄BEAST analysis of the second sub-dataset, containing 10
non-coding sequences (Wildman et al., 2009) yields a tree in which
most of the clades are strongly supported with high posterior prob-
abilities (>0.95), but in which some relationships are characterized
by lower posterior probabilities (i.e., Cebinae and Callitrichinae;
Atelidae and Cebidae; Fig. 3A). The topology of this tree is concor-
dant with our species tree based on the combined dataset, with Ao-
tus as a branch external to the Cebidae family. The gene trees of the
10 non-coding sequences are also characterized by differences in
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Fig. 1. Phylogenetic trees based on the combined dataset (68 loci and 47,233 bp or 36 loci and 27,360 bp) for 15 genera. (A) ⁄BEAST species tree. (B) BEAST concatenated tree.
Node posterior probabilities and branch lengths are indicated on the graphs.
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their topological relationships. The tree for the 1p31.1, 2p22.3,
3p13, 10p12.33, 10q23.1 and Xq22.1 sequences shows that Aotus
is related to the Cebidae family (Supplementary Fig. 1A), whereas
the tree for the 6p22.3 and 8q23.1 sequences shows that Aotus is
related to the Cebinae (Supplementary Fig. 1B). In addition, the tree
for the 1q31.3 and 3q22.2 sequences shows that Aotus is related to
the Callitrichinae (Supplementary Fig. 1C). The 8q23.1, 10q23.1
and 3p13 sequences also differ in the phylogenetic relationship
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they show among the platyrrhine families. The concatenated
BEAST analyses of the 10 non-coding sequences present a topology
similar to the ⁄BEAST species tree estimation, but these relation-
ships have posterior probabilities higher than those for the ⁄BEAST
species tree (Fig. 3B).
Finally, the BEAST analysis of the third sub-dataset, including 54
sequences (Perelman et al., 2011), yields a tree in which most of
the clades are strongly supported with high posterior probabilities
and where the topology is mainly concordant with our species tree
based on the combined dataset. The difference between these two
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trees is that in the first tree, Aotus is a branch external to the Cebi-
dae family, whereas in the second, this genus constitutes a branch
related to Callitrichinae (Supplementary Figs. 2A and 2B). Con-
versely, the ⁄BEAST analysis of the third sub-dataset without miss-
ing data, including 22 coding and non-coding sequences (Perelman
et al., 2011), yields a tree in which most of the clades are strongly
supported with high posterior probabilities, but with one relation-
ship being characterized by a very low posterior probability (i.e.,
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between Cebinae and Callitrichinae; Fig. 4A). Moreover, this analy-
sis is concordant with the species tree based on the combined and
Wildman dataset. The gene trees of the 22 coding and non-coding
sequences are also characterized by differences in their topological
relationships. The tree for the sequences ABCA1_INTRON, AFF2_IN-
TRON, DCTN2_UTR, DMRT1_INTRON, NEGR1_INTRON, NPA-
S3.2_INTRON, NPAS3_INTRON, SGMS1_UTR, SIM1_INTRON,
TYR_EXON, USH2A_INTRON, ZFX_INTRON and ZIC3_UTR show that
Aotus is related to the Cebidae family (Supplementary Fig. 1A),
whereas the tree for the sequences AXIN1_EXON, BCHE_EXON,
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BRCA2_EXON, CNR1_EXON, POLA1_INTRON, RAB6IP1_INTRON and
RPGRIP1_EXON1 show that Aotus is related to the Cebinae (Supple-
mentary Fig. 1B). Finally, the tree for the EDG1_EXON and RA-
G1_EXON sequences shows Aotus to be related to the
Callitrichinae (Supplementary Fig. 1C). The concatenated BEAST
analyses indicate a similar topology to the ⁄BEAST species tree esti-
mation but all of the relationships have posterior probabilities
higher than 0.95 (Fig. 4B).

Because there are some differences in the implementation of
the Bayesian MCMC method for the multispecies coalescent (see
Heled and Drummond, 2010) and the partitioned Bayesian analysis
of concatenated sequences (Drummond and Rambaut, 2007), we
reanalyzed the three sub-datasets using BEST 2.3 (Liu, 2008) and
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) software. The re-
sults from both BEST 2.3 (Liu, 2008) and MrBayes 3.1.2 are gener-
ally similar to the BEAST and ⁄BEAST trees (Supplementary Fig. 3).
However, as discussed previously, ⁄BEAST runs at a higher compu-
tational speed (Heled and Drummond, 2010). Similar results were
also obtained using the maximum likelihood implemented in Mega
5.05 (Tamura et al., 2011; results not shown).

Moreover, as it has been noted, the tendency to root Aotus with-
in the Cebidae in previous molecular studies could be caused by
long-branch attraction (Rosenberger and Tejedor, in press); please
note that the effects of long-branch attraction and taxon sampling
on the Bayesian method of species tree estimation remain unex-
plored (Degnan and Rosenberg, 2009). We reanalyzed the three
sub-datasets excluding the Saimiri and Cebus genera (the long-
lived lineages of platyrrhines; Bergsten, 2005; Rosenberger and
Tejedor, in press). The resulting concatenated and species trees
are generally similar to the tree for the total dataset, placing Aotus
as a sister clade of the Callitrichinae, but these relationships have
posterior probabilities of 1 (Supplementary Fig. 4).

The topological relationships among the platyrrhines observed
in previous molecular studies, particularly regarding the relation-
ship of Aotus with the Cebidae clade, could be caused by an inade-
quate species representation (as noted by one reviewer). We re-
analyzed the Perelman et al. sub-dataset using a concatenated
BEAST approach for 42 (we only used the species with more than
25,000 bp available for the BEAST analysis) and 14 (we analyzed
one species for each genera) platyrrhine species. The resulting con-
catenated trees are generally similar to each other and to the origi-
nal tree of Perelman et al. (2011), placing Aotus as a sister clade of
the Callitrichinae (Supplementary Figs. 2A and 2B). We also re-ana-
lyzed the 22 coding and non-coding sequences in the Perelman
sub-dataset using 27 and 14 Platyrrhine species and 15,068 bp.
The resulting concatenated trees are generally similar to each
other, placing Aotus as a sister clade of the Cebidae (Supplementary
Figs. 2C and 2D).
4. Discussion

Because of the putative problems generated when using a single
gene sequence or a concatenation of a few gene sequences to esti-
mate a species tree, in this study, we estimated the platyrrhine
species tree for each dataset combining multiple gene trees (due
to the number of gene sequences involved, the combined dataset
generated our main and most robust phylogeny) and a multispe-
cies coalescent model (Heled and Drummond, 2010). Our species
trees obtained with ⁄BEAST from the Wildman and summarized
Perelman datasets show a topology similar to the species tree ob-
tained with the combined dataset and to the majority of gene trees
estimated for each dataset, indicating a closer phylogenetic rela-
tionships between Atelidae and Cebidae as well as between Aotus
and the Cebidae clade (Figs. 1–4). However, the posterior probabil-
ities are lower for the conflictive tree nodes. This result could be
explained by the fact that some gene trees showed no concordant
topologies or gene histories (Supplementary Fig. 1; Liu et al., 2008).
Similar results have been observed previously in species tree esti-
mations for other taxa, suggesting that concatenation may present
identical topologies to species tree estimation based on the multi-
species coalescent model but overestimate the posterior probabil-
ities (e.g., Liu et al., 2008; Belfiore et al., 2008; Edwards, 2009;
Clemente-Carvalho et al., 2011). Estimating support for gene tree
or concatenated tree branches is different than estimating support
for species tree branches, as the last process is principally related
to the number of genes presenting a particular relationship in a
tree node (Liu et al., 2008). It is important to note that when we
eliminate the Saimiri and Cebus genera (the longest branch after
Aotus in the platyrrhine tree) from the datasets, the resulting spe-
cies tree places Aotus as a sister clade of the Callitrichinae and
shows a closer phylogenetic relationships between Atelidae and
Cebidae; however, these relationships have posterior probabilities
of 1 and 0.98, respectively. It is also of note that incomplete taxon
sampling (i.e., using only one species per genus) was apparently
not a problem in our species tree estimations (Supplementary
Fig. 2); but missing data could generate problems for species tree
estimation using the multispecies coalescent model (see Liu
et al., 2008; Edwards, 2009).

Our gene tree estimations for the platyrrhines show that the
studied genes display different topologies, probably explaining
the difference in tree topology generated with the datasets that
were used in previous platyrrhine analyses. The most frequent pat-
tern is a gene tree that shows a closer phylogenetic relationship be-
tween Atelidae and Cebidae and a closer relationship between
Aotus and the Cebidae clade (Supplementary Fig. 1A). The existence
of a discrepancy between gene trees and the species tree has been
known since the 1980s (Maddison, 1997; Felsenstein, 2004; Rann-
ala and Yang, 2008; Knowles and Kubatko, 2010). These differences
can be related to processes such as incomplete lineage sorting, hor-
izontal gene transfer and selection, among others (Maddison,
1997; Degnan and Rosenberg, 2009; Knowles and Kubatko,
2010). Among these processes, incomplete lineage sorting is the
most widely observed, and is this process assumed in ⁄BEAST
and BEST (Liu, 2008; Liu et al., 2008; Heled and Drummond,
2010). Although incomplete lineage sorting is common in species
trees with low divergence (Belfiore et al., 2008; Clemente-Carvalho
et al., 2011), it can also occur in species trees with deep divergence.
This phenomenon could be particularly frequent in ancient rapid
radiations (Degnan and Rosenberg, 2009), in which short ancient
tree branches can be common, such as in the platyrrhine radiation.
Our Bayesian platyrrhine species trees also suggest this scenario, as
there is a long separation between the divergence of Aotus and the
divergence of most of the platyrrhine genera along, with a short
interval between the separation of Aotus and the Cebidae crown
(Figs. 1–4).

The concatenated BEAST analyses show a similar topology with
high posterior probabilities (higher than 0.95) for the majority of
gene trees estimated for each dataset and the species tree estima-
tion; therefore, the concatenated estimation based on the four-
gene dataset differs from the combined, Wildman and summarized
Perelman datasets regarding the position of Aotus (Figs. 1B, 2B, 3B
and 4B). It is common practice in phylogenetic analyses of platy-
rrhines and other animal groups to use a single gene sequence or
a concatenation of a few gene sequences to estimate a phyloge-
netic tree (Degnan and Rosenberg, 2009; Lemey et al., 2009; Heled
and Drummond, 2010). This practice could be particularly prob-
lematic for species tree estimation because while the estimation
of gene trees is based on DNA sequence data, a species tree is the
unobserved tree of genealogical relationships among species.
Therefore, the estimation of a species tree is based on the gene
trees (Rannala and Yang, 2008). It was suggested that using concat-
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enated DNA sequence data, we could generate trees that display, or
are dominated by the topology of the gene or genes with the lon-
gest sequences. Moreover, although the use of a gene or a concat-
enation of gene sequences assumes that the data have evolved
under different mutation rates and models for different sites, they
also assume that the gene sequences have evolved according to a
single evolutionary tree (Degnan and Rosenberg, 2009). When
the genes have different evolutionary histories, the last assumption
is violated, and theoretical studies suggest that such a violation can
result in a well-supported but sometimes incorrect species tree
(Degnan and Rosenberg, 2009; Heled and Drummond, 2010). Our
results indicate that the previous differences between previous
phylogenetic trees proposed for the platyrrhines are likely to be
attributable to the particular gene tree or concatenated gene tree
used in a given study. In particular, the differences between our
phylogenetic tree based on the dataset of four nuclear genes and
each of the other concatenation analyses included in the present
report (Figs. 1–4) may be related to the fact that we used fewer
genes in the first dataset, among which three genes are DNA coding
genes with longer sequences (Table 1), but with an infrequent
topology in platyrrhines (Supplementary Fig. 1; see Clemente-
Carvalho et al., 2011). However, our species tree based on the
multispecies coalescent model exhibits the same topology as the
concatenated analyses, showing that the species tree topology esti-
mation is also dependent on the studied gene trees. As noted
above, the two phylogenetic approaches compared in this study
differ in the statistical support obtained for conflictive nodes,
which is lower under the multispecies coalescent approach than
in the concatenated analyses, in accordance with the idea that
the former approach would better incorporate gene tree variation
into the phylogenetic analysis (Degnan and Rosenberg, 2009;
Edwards, 2009).

Our species trees based on many sequences (i.e., the combined,
summarized Perelman and Wildman datasets) are similar to those
produced in some recent concatenated analyses. In particular, the
topology is virtually identical to the concatenated tree displayed
in Fig. 2 of Wildman et al. (2009) and shows several genera with
relatively long branches, as noted previously (Rosenberger, 2002;
Rosenberger et al., 2009). However, the topology of our species tree
differs from the results of Opazo et al. (2006) and Perelman et al.
(2011) regarding the placement of Aotus. Our Bayesian species tree
based on the Perelman and Wildman datasets also differs from the
morphological tree reported by Rosenberger (1992) in the place-
ment of Aotus and in the relationships between Pitheciidae and
the other clades. Moreover, our species tree differs greatly from
other morphological trees (e.g., Ford, 1986; Kay, 1990). The dis-
crepancy between morphological and molecular data and species
trees has been studied for decades and is especially problematic
for closely related taxa (Felsenstein, 1985; Heled and Drummond,
2010) and/or taxa under adaptive radiation (Gavrilets and Losos,
2009; Losos and Mahler, 2010). The phylogenetic history of one
morphological character or a cluster of morphological characters
may differ from the species tree because of processes such as selec-
tion, among others. Moreover, analogous to the gene tree and con-
catenated analyses of sequences, the topology of concatenated
morphological phylogenies could be determined by the characters
that dominate the matrix (Rosenberger, 2002).

In summary, we used a Bayesian method for multispecies coa-
lescent modeling to perform joint estimation of a species tree
topology, relative divergence times and gene trees from multiple
sequences obtained for 15–17 platyrrhine genera. We generated
a robust estimation of the phylogenetic tree of platyrrhine genera
based on a multispecies coalescent model and concatenated meth-
od using all of the available datasets. The topological differences
observed between our species tree and the previous phylogenetic
trees are likely related to the use of particular gene sequences.
Thus, from a methodological point of view, our gene and species
tree results support the increasingly accepted idea that multiple
independent sequences from a few individuals and a Bayesian mul-
tispecies coalescent framework can generate species tree estima-
tions that are more realistic—in terms of their statistical
support—than just one or a few molecular loci from a large number
of taxa and a concatenated framework (Rannala and Yang, 2008;
Heled and Drummond, 2010). Moreover, this new approach sug-
gests that when studying deep phylogenetic divergences, it is
important to maximize the sampling effort not only for the number
of base pairs, but mainly, for the number of independently segre-
gating genes (e.g., the Wildman dataset; Edwards, 2009). From a
more conceptual point of view, the observed discrepancy among
gene trees, morphological trees and species trees could be related
to several different evolutionary and ecological processes, includ-
ing selection, plasticity, horizontal transfer, lineage sorting and
gene duplication/extinction (Felsenstein, 1985; Maddison, 1997;
Rannala and Yang, 2008). Many of the sources of inconsistency be-
tween the histories described based on morphological or molecular
phenotypic traits and the history of species divergence (i.e., the
species trees) could be a main focus of further research on platy-
rrhines and other mammalian groups.
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