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ABSTRACT Platyrrhine phylogeny has been investigated repeatedly
with morphological characters and DNA nuclear gene sequences, with
partially inconsistent results. Given the finding in the past decade that the
mitochondrial genome is a potentially valuable source of phylogenetic informa-
tion, we gathered DNA sequence data of a fragment of the 16S and the entire
12S mitochondrial genes. The objectives were to generate a cladistic phylog-
eny based on these data and to combine them in a simultaneous analysis with
morphological characters and preexisting nuclear DNA sequences. Mitochon-
drial data analyzed on its own yielded a cladogram that was different from
those generated with other data sets. The simultaneous analysis of mitochon-
drial, nuclear, and morphological data yielded a tree most congruent with that
generated with nuclear data and to a lesser degree with the morphological
one. It depicted a basal dichotomy that led to two major clades: one of them
comprised [Atelinae (Callicebus 1 Pitheciini)] and the other major clade
comprised [Aotus ((Cebus, Saimiri) (Callitrichinae))]. The weakest point of
the phylogeny was the position of Aotus as basal within their clade as opposed
to more closely linked with either the callitrichines or Cebus-Saimiri.
Relationships within callitrichines and atelines were unstable as well. The
simultaneous phylogenetic analysis of all data sets revealed congruent signal
in all of them that was partially obscured in the separate analyses. Am J Phys
Anthropol 106:261–281, 1998. r 1998 Wiley-Liss, Inc.

New World monkey or platyrrhine system-
atics has historically been a controversial
subject. For decades, morphologists have
addressed the issue with remarkably differ-
ent results. In more recent years, phyloge-
netic analyses of DNA sequences of both
nuclear and mitochondrial origin have
yielded additional patterns of relationships,
which differed from morphological trees pro-
posed previously. There are a few features
that they all share, however, particularly
trees published since the 1970s. Most phylo-
genetic analyses agree on the existence of
three groups—callitrichines, pitheciins, and
atelines (‘‘Linnaean’’ categories assigned vary
among authors; we follow Schneider et al.
[1993, 1996], Harada et al. [1995], and Horo-

vitz and Meyer [1997]). Callitrichinae in-
cludes the marmosets (Callithrix and Ce-
buella), the tamarins (Saguinus and Leon-
topithecus), and Goeldi’s monkeys (Cal-
limico); Pitheciini includes the sakis (Pithe-
cia), uakaris (Cacajao), and bearded sakis
(Chiropotes); and Atelinae includes spider
monkeys (Ateles), howler monkeys (Al-
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ouatta), woolly spider monkeys (Brachyte-
les), and woolly monkeys (Lagothrix). The
position of four additional genera, the capu-
chin (Cebus), titi (Callicebus), owl (Aotus),
and squirrel monkeys (Saimiri), has been
very elusive. The three groups mentioned
above are each supported by some unique
morphological characters. Callitrichines
have in absolute terms the smallest body
size among anthropoids and display claws
instead of nails in all manual and pedal
digits except the hallux. Pitheciins display a
gap in the dental series between the lower
canine and the second incisor, a sharp lin-
gual vertical edge on the lower canines, and
crenulated molar enamel. Atelines have a
prehensile tail covered ventrally by bare
skin with friction ridges, a large body size,
and very long forelimbs relative to hind-
limbs. Hershkovitz (1977) considered Goeldi’s
monkey, Callimico, to be neither a ‘‘callitri-
chid’’ (including marmosets and tamarins)
nor members of the ‘‘cebids,’’ a family in
which all ‘‘noncallitrichid’’ species have been
included traditionally. He recognized charac-
ters of Callimico in common with callitrichi-
nes but considered them to be primitive or
parallelisms correlated with body size. How-
ever, other morphologists found Callimico to
be basal callitrichines; those characters that
Hershkovitz considered primitive for callitri-
chines, others found to be derived (Rosen-
berger, 1979; Ford, 1986a; Kay, 1990).

There is no consensus about how callitri-
chines, atelines, and pitheciins are related
to each other or to the remaining four gen-
era, Cebus, Saimiri, Aotus, and Callicebus,
or about the relationships within these three
groups, with two exceptions: the sister group
relationship between Cacajao and Chiro-
potes and that between Callithrix and Ce-
buella (the latter two are in fact considered
congeneric by several authors; see Schneider
and Rosenberger [1997]) is widely accepted
(Fig. 1). If one compares the morphology of
the platyrrhine genera, it becomes evident
that they are easily distinguished from one
another. For example, Saimiri, the squirrel
monkeys, have a foramen in the interorbital
septum; Alouatta, the howler monkeys, a
remarkably hypertrophied hyoid bone; Ao-
tus, enlarged orbits; and Cebuella are by far

the smallest anthropoids (they weigh ap-
proximately 120 g). Most are generic autapo-
morphies, however, and it is not easy to find
characters in common, except in the case of
those uniting callitrichines, pitheciins, and
atelines. This lack of indicators may be the
result of a fast cladogenetic event that gave
rise to the variety of monkeys that we see
today (Fleagle, 1988).

Aotus and Callicebus (Fig. 1a, b) have
been linked together repeatedly (Rosen-
berger, 1981, 1992; Ford, 1986b; Ford and
Davis, 1992; Kinzey, 1992) based on behav-
ioral and/or morphological characters, of
which the most remarkable is that they are
both monogamous. On the other hand, Calli-
cebus share a few derived dental characters
with pitheciins that Aotus lack (Rosen-
berger, 1979; Kinzey, 1992; Horovitz and
Meyer, 1997).

Cebus and Saimiri (Fig. 1a) have also
been linked by Rosenberger and collabora-
tors based on craniodental characters
(Rosenberger, 1979, 1981; Rosenberger et
al., 1990). Ford (1986b) also considered this
possibility and the alternative with Cebus
basal to all platyrrhines and Saimiri sister
to the Aotus-Callicebus dyad in a study that
included postcranial and craniodental char-
acters (Fig. 1b). Kay (1990) presented a tree
based on craniodental characters, where
Saimiri are the sister group of callitrichines
and Cebus are sister group of most platyr-
rhines except Callicebus, which according to
this phylogeny, are the most basal platyr-
rhines (Fig. 1c).

Rosenberger and coworkers (Rosenberger,
1984; Rosenberger et al., 1990) suggested
that atelines and pitheciins plus Aotus-
Callicebus are closely related (Fig. 1a),
whereas Ford (1986b) found pitheciins to be
the sister group of atelines, to the exclusion
of Aotus-Callicebus (Fig. 1b). The former
authors found callitrichines to be the sister
group of the Cebus-Saimiri dyad, whereas
Ford disagreed in that callitrichines were the
sister-group of the pitheciins-atelines clade.

Molecular studies of the systematics of
New World monkeys started in 1975 and at
first were based on immunological distances
(Cronin and Sarich, 1975, 1978; Sarich and
Cronin, 1976, 1980; Baba et al., 1979, 1980).
Most of these studies indicated that atelines,
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pitheciins, and callitrichines were monophy-
letic. However, in the same way that morpho-
logical studies did, they failed to find consis-
tent patterns of relationships among these

clades and the remaining four genera, Ce-
bus, Saimiri, Callicebus, and Aotus.

Molecular data amenable to cladistic
analysis using the Wagner and Fitch parsi-

Fig. 1. Phylogenetic trees of New World monkeys according to (a) Rosenberger (1981, 1984), (b) Ford
(1986) and Ford and Davis (1992) [Ateles1 is placed alternatively as a sister group of Lagothrix, and
Saimiri2 as a sister group of Cebus], (c) Kay (1990), and (d) Schneider et al. (1996). (a), (b), and (c) are
based on morphological characters, whereas (d) is based on DNA sequences for the e-globin and IRBP
nucleus-encoded genes.
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mony algorithms (Farris, 1970; Fitch, 1971)
have been collected only since 1993. In the
first published data set, sequences of the
nucleus-encoded e-globin gene produced
highly consistent trees (Schneider et al.,
1993) that yielded a mostly resolved consen-
sus. The relationships among callitrichines,
Saimiri, Cebus, and Aotus were unsettled in
this analysis. This clade was the sister-
group of atelines plus the Callicebus-
pitheciin clade. Harada et al. (1995) and
Schneider et al. (1996) published additional
sequences of the same gene for Cebus and
Saimiri, plus sequences of another nuclear
gene, the interstitial retinol-binding protein
(IRBP) gene, intron 1, for all New World
monkey genera. Addition of the new se-
quences of the e-globin gene to the previous
more restricted data set resulted in a resolu-
tion of the polytomy among callitrichines,
Cebus, Saimiri, and Aotus: Aotus were the
sister-group of callitrichines, and the sister-
genera Saimiri-Cebus were their closest rela-
tives (Harada et al., 1995). Separate analy-
ses of sequences of the IRBP gene for
platyrrhine genera yielded a different over-
all topology: callitrichines were the sister
group of the Cebus-Saimiri dyad, and next
came Aotus (Harada et al., 1995; Schneider
et al., 1996). The remarkable difference from
the phylogenies based on the e-globin was
that the sister group to the callitrichines-
Aotus-Cebus-Saimiri clade was the Callice-
bus-pitheciins clade, and the atelines were
basal to all platyrrhines. When the se-
quences of the e-globin and IRBP genes were
combined (Fig. 1d), the topology was mostly
the same as for the e-globin gene alone,
except that two most parsimonious trees
were found. In one of them Aotus and callit-
richines formed a clade, with the clade Cebus-
Saimiri as their sister-group, whereas in the
other the clade Cebus-Saimiri were the sis-
ter of callitrichines, and Aotus were basal to
them all (Harada et al., 1995; Schneider et
al., 1996).

Given the finding in the past decade that
the mitochondrial genome is a potentially
valuable source of phylogenetic information
(e.g., Wilson et al., 1985; Avise, 1994), Horo-
vitz and Meyer (1995) gathered preliminary
data from a fragment of 542 sites of the 16S
ribosomal gene. This data set had some

power to resolve the relationships among
genera, but the number of phylogenetically
informative characters was not large and
the degree of homoplasy was relatively high.
Therefore, more mitochondrial data were
gathered, which we are presenting in the
current report: this is the DNA sequence of
the complete 12S ribosomal gene.

Independently, Von Dornum and Ruvolo
(1996) collected DNA sequences of the mito-
chondrial gene for cytochrome oxidase sub-
unit II (COII) and introns of the nuclear
gene for glucose-6-phosphate dehydroge-
nase (G6PD). According to their preliminary
report and unpublished data (Von Dornum,
1997), they found support for a close relation-
ship between Cebus and Saimiri and be-
tween Callicebus and the pitheciins.

Different data sets share a common his-
tory; therefore, the phylogenetic signal they
contain should be the same in all of them,
even if obscured by homoplasy in the result-
ing individual trees. On the other hand, the
distribution of homoplasy is likely to be
different in each data set, given that each
one is subject to different constraints (e.g.,
those pertaining to function). If one conducts
a simultaneous analysis of all data sets
(Kluge, 1989; Kluge and Wolf, 1993; Nixon
and Carpenter, 1996), the signal common to
all of them is more likely to overwhelm the
homoplasy than if each data set is analyzed
separately. Horovitz and Meyer (1997) con-
ducted a combined analysis of the e-globin
and IRBP sequences (Schneider et al., 1993,
1996; Harada et al., 1995), the fragment of
the 16S ribosomal gene (Horovitz and Meyer,
1995), and morphological characters (Horo-
vitz, 1997; Horovitz and Meyer, 1997, and
references cited therein; Horovitz and
MacPhee, in preparation). We present here
a new combined phylogenetic analysis in-
cluding the data just listed plus the new
mitochondrial sequences of the 12S ribo-
somal gene.

MATERIALS AND METHODS

We present the phylogenetic analysis of
mitochondrial sequences of the complete
12S ribosomal gene (951 sites after align-
ment; 324 phylogenetically informative char-
acters) in the first section of this paper; the
simultaneous analysis includes these se-
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quences plus already published data includ-
ing DNA sequences of the nucleus-encoded
e-globin gene (Schneider et al., 1993) (261
phylogenetically informative characters) and
the IRBP gene intron 1 (Harada et al., 1995;
Schneider et al., 1996) (332 phylogenetically
informative characters), a fragment of the
mitochondria-encoded 16S ribosomal gene
(Horovitz and Meyer, 1995) (142 phylogeneti-
cally informative characters), and 76 mor-
phological characters (Appendices A and B).

The morphological and simultaneous
analyses additionally include one fossil in-
group taxon: this is Cebupithecia sarmien-
toi, from the late Miocene of La Venta,
Colombia (Stirton, 1951; Stirton and Sav-
age, 1951), and the fossil anthropoid out-
groups Aegyptopithecus, Apidium, and Para-
pithecus, from the Oligocene deposits of
Fayum (Simons, 1962, 1965; Kay et al.,
1981; Fleagle and Kay, 1987). Molecular and
morphological characters that we had no
information about for certain taxa (mostly
fossils) were recorded as ‘‘missing.’’

DNA source and extraction

Total cellular DNA was extracted from
frozen or ethanol-preserved muscle (Kocher
et al., 1989) or from frozen or Tris-SDS-
EDTA-buffer-preserved blood from the fol-
lowing species: Cebus apella, Saimiri sci-
ureus, Aotus trivirgatus, Callithrix jacchus,
Cebuella pygmaea, Saguinus geoffroyi, S.
oedipus, Callimico goeldii, Leontopithecus
rosalia, Ateles sp., Lagothrix lagothricha,
Alouatta palliata, A. seniculus, Brachyteles
arachnoides, Pithecia pithecia, Chiropotes
satanas, and Callicebus moloch as well as
the outgroups Hylobates lar, Nasalis larva-
tus, and Tarsius syrichta. The sequence for
another outgroup, Homo sapiens, was ob-
tained from Anderson et al. (1981). The 12S
ribosomal gene, consisting of 951 positions,
was sequenced for all species. This length is
that obtained after alignment.

PCR amplification, cloning, and DNA
sequencing

A combination of four primers was de-
signed to amplify contiguous and overlap-
ping fragments (12S Pri F 58-AGGTTTG-
GTCCTAGCCTTTCTATTA-38, 12S Pri R 58-
AATTTCTATCGCCTATACTTT-38, 12S Pri8F

58-TGCCAGCCACCGCGGCCATACGATT-
38, 12S Pri8R 58-GAGGGGATAAGTCGTTAA-
CATGGTAAG-38) of the 12S rRNA gene.
These primers were designed based on highly
conserved regions of an alignment of pub-
lished sequences from hominoids and other
mammals. Amplifications were done in 50 µl
Tris (67 mM, pH 8.8) containing 1.5 mM
MgCl2, 0.3 mM of each dNTP, 150 ng of each
primer, template DNA (10–1000 ng), and
AmpliTaq DNA polymerase (2.5 U, Perkin-
Elmer Cetus, Norwalk, CT). We used a
Perkin-Elmer Cetus DNA Thermal Cycler to
perform 30 cycles of PCR (denaturing at
94°C for 60 seconds, annealing at 50°C for
60 seconds, and extending at 72°C for 60
seconds) to generate double-stranded DNA
fragments. An aliquot of the PCR product (5
µl) was cloned in pGEM-T vector (Promega,
Madison, WI) following the manufacturer’s
instructions. Typically, two to four clones
were sequenced for each PCR product. Re-
combinant plasmids were sequenced on an
Applied Biosystems (Foster City, CA) 373A
Stretch DNA sequencer using the Taq Dye
Deoxy Terminator Cycle Sequencing Kit (Ap-
plied Biosystems) and M13 universal (240)
and reverse primers, following the manufac-
turer’s instructions.

Sequence analysis

Multiple-sequence alignment was per-
formed using Malign 1.89 (Wheeler and
Gladstein, 1993), and the phylogenetic analy-
ses were done with PAUP 3.1.1 (Swofford,
1993), with 100 replications of stepwise ran-
dom addition of taxa using three bisection
and reconnection on minimal trees only. Two
weighting methods were applied: successive
approximations character weighting (Far-
ris, 1969) and homoplasy-correcting dy-
namic weighting (Horovitz and Meyer, 1995)
with modifications to the original procedure.
According to the original version of the
latter method, data were weighted simulta-
neously in two ways: with a transformation-
cost matrix T for changes and with a vector
C of weights for each site (the latter being
equivalent to a successive weighting). No
weights were applied in the first run, and
the tree(s) obtained were used as the start-
ing point for the weighting. A vector C was
built with the maximum value of the res-
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caled consistency index for each character
from the trees resulting from the previous
iteration. The matrix T was built weighting
different directions of changes separately
(i.e., A ⇒ C and C ⇒ A may have different
costs). Frequencies of changes were calcu-
lated from the tree(s) resulting from the
previous iteration, and the minimum num-
ber of steps for all possible optimizations
and trees was calculated with MacClade 3.0
(Maddison and Maddison, 1992). The func-
tion used to weight changes in the T matrix,
suggested by Horovitz and Meyer (1995),
was the following:

Li j 5 2ln (Xi j/2Ni j )

where Lij is the function for the cost of
changing from state i to state j, Xij is the
same as defined above, and Nij is the num-
ber of positions that show presence of charac-
ter states i and j.

The corrections to homoplasy-correcting
dynamic weighting we are introducing in
this article follow the objective of reducing
potential violations of two of the assump-
tions of metricity (Waterman et al., 1977;
Farris, 1981, 1985; Swofford, 1981; Rogers,
1986; Wheeler, 1993). These corrections are
(1) average the cost for changes in both
directions, because distances between taxa
should be symmetrical or dij 5 dji, and (2)
correct these costs in such a way that the
triangle inequality is not violated, namely
that dik # dij 1 djk. This can be done in many
different ways. One possibility is to calculate
the difference between dik and dij 1 djk,
divide this quantity by 3, round it up, add
the result to dij and djk, and subtract it from
dik; variations in this procedure caused no
changes in topology in the trees we obtained,
as long as the rules mentioned above are
observed.

Matrices T and vectors C were calculated
for the four gene data sets on the total
evidence tree to compare rates of evolution
within and between data sets on the tree
that compromises between all of them. Fos-
sils were excluded from the tree on which
these calculations were done to reduce char-
acter optimization ambiguities.

Entire gaps were considered characters,
not each position separately, and gaps with
different lengths were coded in sections. For

example, given the alignment in Table 1, we
distinguish three different gaps on (a) posi-
tions 8–9, (b) positions 10–11, and (c) posi-
tions 12–13. There is a large number of
possibilities in which these gaps could have
evolved. Each position could represent a
single deletion or insertion event, gaps b 1 c
could have been a single deletion event in
taxa B and C, etc. According to the auxiliary
principle of Hennig (1966), we will consider
gaps in the same positions across taxa as
homologous; therefore, we consider gap ‘‘a’’
homologous in B through G; gap ‘‘b’’ homolo-
gous in B, C, F, and G; and gap ‘‘c’’ homolo-
gous in B and C. Distinguishing gaps ‘‘a,’’ ‘‘b,’’
and ‘‘c’’ allows us to capture all the informa-
tion contained in these alignments and to
postulate the smallest number of insertion-
deletion events possible, which is the sim-
plest hypothesis.

It has been suggested that secondary struc-
ture of ribosomal RNA molecules may be an
important factor in estimating character
weights for different regions of the genes
coding for these molecules (Wheeler and
Honeycutt, 1988; Vawter and Brown, 1993;
Miyamoto et al., 1994). Examination of lev-
els of homoplasy in the 16S gene, however,
shows that there is considerable variation in
rates of evolution within all kinds of second-
ary structures (i.e., stems, loops, bulges, and
‘‘other’’); therefore, the site-specific weight-
ing methods such as successive weighting
and homoplasy-correcting dynamic weight-
ing are a better correction for homoplasy
(Horovitz and Meyer, 1995).

RESULTS
Mitochondrial data analysis

Two different weighting methods were
applied to the 12S mitochondrial gene se-
quences. These were successive approxima-

TABLE 1. Gap coding applied to DNA sequences

Taxon Position

1111111111222222
1234567890123456789012345

A GGTAAACCGTGTCCCCTACAAGCTA
B GGTAAAC— — —CCCTACAAGCTA
C GGTAAAC— — —CCCTACAAGCTA
D GGTAAAC—TGTCCCCTACAAGCTA
E GGTAAAC—TGTCCCCTACAAGCTA
F GGTAAAC— —TCCCCTACAAGCTA
G GGTAAAC— —TCCCCTACAAGCTA
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tions weighting (Farris, 1969) and homo-
plasy-correcting dynamic weighting (Horo-
vitz and Meyer, 1995), with corrections ex-
plained in Materials and Methods. Applica-

tion of these methods yielded the same tree
(Fig. 2a), which was stable after the first
successive weighting iteration (CI 5
0.45 and RI 5 0.44). In this tree callitrichi-

Fig. 2. (a, b): Cladograms obtained with successive weighting and gap coding specified in the text for
(a) 12S and (b) 16S (Horovitz and Meyer, 1995) mitochondrial genes. (c) Single cladogram obtained when
combining the 12S and 16S data sets (unchanged when subjected to successive approximations to
character weighting). Numbers above branches indicate number of unambiguous characters supporting
each node.
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nes, atelines, and pitheciins are monophy-
letic; Callimico are sister group of Saguinus,
and Leontopithecus of Callithrix-Cebuella;
atelines are sister of callitrichines; and the
next branch bears Aotus, then Cebus-
Saimiri, Callicebus, and finally basal to all
other platyrrhines are pitheciins.

A simultaneous analysis of the two mito-
chondrial data sets yielded a single tree
(Fig. 2c; CI 5 0.46, RI 5 0.43) that was dif-
ferent from those obtained with the 12S or
16S genes analyzed separately (Fig. 2a, b).
This tree was robust to either of the two
weighting methods we applied previously.
Sequences for both species of Saguinus and
Alouatta were almost identical, and inclu-
sion or exclusion of one species of each did
not affect the topologies of the trees.

The transformation-cost weighting matri-
ces T built as part of the homoplasy-correct-
ing dynamic weighting method (Horovitz
and Meyer, 1995) for the two mitochondrial
genes analyzed separately were compared
with each other before making the correc-
tions necessary to pursue a tree search
explained in Materials and Methods. The
highest nucleotide-substitution costs were
for changes G ⇔ T and G ⇔ C, and the
lowest costs were for the changes A ⇒ G and
T ⇒ C.

In both mitochondrial genes, C ⇔ T
changes (as an average of C ⇒ T and T ⇒ C)
deserved less weight than A ⇔ G changes
(also as an average of both directions). Tran-
sitions deserved on average less weight than
transversions. This pattern has been known
for some time (Brown et al., 1982).

The tree obtained from simultaneous
analysis of the 12S and 16S mitochondrial
sequences (Fig. 2c) was compared with the
trees obtained with the nuclear sequences
(Fig. 3a; CI 5 0.63, RI 5 0.73) and morpho-
logical characters (Fig. 3b; CI 5 0.48,
RI 5 0.70). Topologies of trees generated
with individual data sets all differ from each
other. A few features are common to all,
however, which are the traditional groups
known as callitrichines, pitheciins, and
atelines. Relationships within these groups
and with the remaining four genera—Cebus,
Saimiri, Callicebus, and Aotus—differ among
phylogenies.

The simultaneous analysis of the mito-
chondrial genes shows callitrichines most
nested with Cebus, Saimiri, Aotus, and Cal-
licebus. Next branches support atelines and
further basally, pitheciins (Fig. 2c).

The two sets of nuclear sequences were
combined and subjected to both weighting
methods, and the tree was stable—it did not
change with the different weighting proce-
dures (Fig. 3a). The trees generated with
nuclear sequences and morphological data
(Fig. 3a, b) have additional features in com-
mon not shown by the trees generated with
mitochondrial data. Namely, the existence of
two basal clades of platyrrhines with the
same composition. One of them includes
atelines, pitheciins, and Callicebus, and the
other includes callitrichines, Aotus, Cebus,
and Saimiri.

Weighting matrices computed for the
nuclear sequences showed similar patterns
to those for the mitochondrial ones, al-
though the bias was not as strong and there
was a certain overlap in the cost of changes
in one direction of some transitions and
transversions: A ⇒ C and A ⇒ T had the
highest costs for IRBP, and C ⇒ G, A ⇒ C,
and A ⇒ T for e-globin. The lowest costs were
assigned to G ⇒ A and C ⇒ T for IRBP and to
T ⇒ C and G ⇒ A for e-globin. As in the case
of the mitochondrial genes, C ⇔ T changes
(as an average of C ⇒ T and T ⇒ C change
costs) deserved less weight on average than
A ⇔ G changes in nuclear genes; transitions
deserved on average less weight than trans-
versions.

Simultaneous analysis of the
morphological and molecular data sets

The simultaneous phylogenetic analysis
of all data sets yielded the cladogram shown
in Figure 4. The length is 3,198 steps
(CI 5 0.52, RI 5 0.59). The topology is not
perfectly congruent with any of the trees
resulting from analyses of any of the sepa-
rate data sets; however, it is closest to the
tree generated with the nuclear data (Fig.
3a), which was the most consistent, followed
in congruence by the tree based on morpho-
logical data (Fig. 3b). Combined analyses of
the nuclear data with the mitochondrial 16S
DNA sequences were conducted in a previ-
ous study (Horovitz and Meyer, 1997). The
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topology obtained was tested and confirmed
with the addition of morphological data
(Horovitz and Meyer, 1997) and is now recon-
firmed with the addition of the 12S data set.
Support for different branches shows some
common patterns in all data sets, yet some
substantial differences are detected as well.
The clade that includes atelines, Callicebus,
and pitheciins is only weakly supported by
the nuclear and morphological data when
analyzed separately; however, combination
of all data sets confirms this clade, with the
additional support of the mitochondrial data
sets (not revealed in the separate analysis).

Despite showing different topologies when
analyzed separately, most branches of the tree
obtained with the simultaneous analysis re-
ceive support from all data sets, except nodes 1,
2, and 3 (Fig. 4) that are not supported by any
morphological data. Support for the position of
the owl monkeys (Aotus) relative to the capu-

chin (Cebus) and squirrel monkeys (Saimiri)
and the callitrichines is not strong. The com-
pletely resolved topology presented in Figure 4
is only three steps shorter than the grouping of
the owl monkeys with the capuchin and squir-
rel monkeys and four steps shorter than the
same genus grouped with callitrichines. Of the
nodes unsupported by morphology, the mono-
phyly of (Callimico (Callithrix, Cebuella)) and
of (Lagothrix, Brachyteles) are among the least
well supportedbyunambiguousmolecularchar-
acters (Fig. 4). Nodes linked with fossil taxa are
typicallysupportedby fewerunambiguouschar-
acters because of missing entries.

Morphological synapomorphies. Mor-
phological support for platyrrhini consists of
a canal connecting the subarcuate fossa
located in the caudal cranial cavity, and the
sigmoid sinus which contains the sinus veno-
sus, one of the major drainage vessels of the

Fig. 3. Phylogenetic trees for (a) realigned nuclear genes e-globin and IRBP combined (data from
Schneider et al., 1993, 1996; Harada et al., 1995) and (b) morphological characters. Numbers above
branches indicate number of unambiguous characters supporting each node. Dagger indicates fossil
taxon.
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brain. Another character that supports this
node is the presence of ossification in the
tentorium cerebelli, a membrane that sepa-
rates the cerebrum from the cerebellum
(Horovitz, 1995).

The grouping of Aotus, Saimiri, Cebus,
and callitrichines is supported by the pres-
ence of two prominences on the promonto-
rium, the reduction of the upper and lower
molars to a length subequal to that of the

Fig. 4. Tree obtained from simultaneous analysis of mitochondrial genes 12S and 16S, nuclear genes
e-globin and IRBP, and morphological characters. Numbers above branches indicate number of unambigu-
ous characters supporting each node. Daggers indicate fossil taxon. Nodes labeled 1 to 3 (circled numbers)
are those unsupported by morphological characters.
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fourth premolar, and loss of a heel on the
lingual aspect of upper incisors. The group-
ing of these taxa to the exclusion of Aotus is
in turn supported by further reduction of the
last lower molar to be shorter than the
fourth premolar (Rosenberger [1979] recog-
nized a general reduction of the molars).

Characters supporting a Saimiri-Cebus
relationship include exposure of the vomer
in the orbit (Cartmill, 1978) and a widened
fourth upper premolar, in such a way that it
is either equal to or wider than the first
molar.

Characters supporting the association of
the atelines, Callicebus, and pitheciins in-
clude reduction of the pterygoid fossa and a
deciduous lower second premolar with a
rounded outline, derived from a mesiodis-
tally elongated outline.

The fossil species Cebupithecia sarmintoi
is most closely related to the pitheciin clade;
therefore, we redefine the Pitheciini to in-
clude the fossil taxon in addition to the
living Pithecia, Chiropotes, and Cacajao.
Callicebus share a few derived characters
with the pitheciins, such as trigonid and
talonid of subequal height in the lower sec-
ond molar and presence of prehypocrista on
the first upper molar derived from a primi-
tive condition of absence (subsequently re-
versed in living pitheciins).

Molecular change costs. Costs for differ-
ent sorts of molecular changes were com-
pared for the four genes. A matrix T was
computed for each of the four data subsets
on the tree resulting from the simultaneous
analysis of all data sets (summarized in
Table 2). The raw values (values not cor-
rected for tree calculation; see Materials and
Methods) were plotted, with each axis repre-
senting changes in one direction (Fig. 5).
Mitochondrial data changes proved to de-

serve not only the lowest but also the high-
est cost values. These costs vary according to
the optimization one applies to the ambigu-
ous characters; it was reassuring, however,
that we could replicate the pattern de-
scribed above using only unambiguous char-
acters and maximum and average number
of steps of each sort for all data sets. The
range for mitochondrial genes was always
larger than for nuclear ones. In Table 2, we
show the relative quality of each kind of
change (averaged for both directions) in
each data set calculated on the total evi-
dence tree. This table shows that C ⇔ T
changes have the lowest cost in all data sets,
followed by A ⇔ G. The relative costs of
transversions vary among data sets: the
highest cost corresponds to changes C ⇔ G
and G ⇔ T in both mitochondrial genes, A ⇔
C and C ⇔ G in the e-globin gene, and A ⇔ T
and A ⇔ C in IRBP.

When the weights of entire molecular
characters were compared across data sets
as measured by the C weighting vector, most
of the characters with high rescaled consis-
tency indices were nuclear. To make this
assessment, we counted the number of char-
acters (5sites) with a rescaled consistency
index of one in the total evidence tree and
divided these values by the total number of
phylogenetically informative characters in
each gene. The best fitting is the e-globin
gene, and in descending order are IRBP,
16S, and 12S.

DISCUSSION

To test the monophyly of Platyrrhini, we
used living and fossil catarrhines and Tar-
sius as an outgroup of anthropoids
(Platyrrhini 1 Catarrhini, plus basal fossil
species). A preliminary morphological analy-
sis including these taxa suggested that plat-
yrrhines are in fact monophyletic (Horovitz,
1995). The morphological analysis and the
simultaneous analysis of morphological and
molecular data we conducted confirm this
hypothesis. The position of Aegyptopithecus
is not the traditional one as sister group of
catarrhines; it appears as the sister of Para-
pithecus and Apidium, and this group as
sister of all living anthropoids. This requires
the loss of the second premolar to occur
twice in the tree—in Aegyptopithecus and

TABLE 2. Costs for each kind of change in the
mitochondrial 12S and 16S genes and nuclear e-globin

and IRBP DNA sequences

12S 16S e-globin IRBP

A-C 1.88 1.71 2.23 1.71
A-G 1.17 1.21 1.32 1.20
A-T 1.95 2.00 2.06 1.98
C-G 3.04 3.18 2.27 1.32
C-T 0.94 0.88 1.20 1.14
G-T 3.16 3.09 1.77 1.47
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living catarrhines. This different topology
may be an artifact due to an undersampling
of basal anthropoids and outgroups of an-
thropoids, but this aspect of the tree is
beyond the scope of this article.

The position of Callimico is also untradi-
tional. No phylogenies based on morphology
have ever suggested that Callimico are the
sister group of Callithrix and Cebuella. The
closest position to marmosets proposed by
morphologists and accepted by most is basal
within callitrichines. Callimico show sev-
eral characteristics shared with other callit-
richines. They are among the smallest and
have in absolute terms the smallest cranial
capacity among anthropoids (Appendix A,
character 22). They also have claws in all
manual and pedal digits except the hallux.
At the same time, Callimico lack other char-
acters present in Callithrix, Cebuella, Leon-

topithecus, and Saguinus. These are (1) re-
duction of the size of the pterygoid fossa
from reaching the base of the skull to a
shallow space between the lateral pterygoid
process and the splinter-like medial process,
(2) loss of the third molar, (3) loss of the
hypocone on the first upper molar, and (4)
birth of two offspring at a time (derived from
a primitive condition of one). If Callimico
are the sister group of Callithrix and Ce-
buella, all these characters are reversed in
Callimico.

We evaluated the number of reversals
that the sister group relationship of Cal-
limico and the marmosets implies in the
molecular data set. In other words, we exam-
ined how many of the synapomorphies of
callitrichines were reversed in Callimico on
the tree resulting from the simultaneous
analysis of all data sets. Contrary to what

Fig. 5. Graph obtained with values from transforma-
tion-cost matrices T for the 12S and 16S mitochondrial
genes as well as the e-globin and IRBP nuclear genes
(see summary in Table 2). Each axis is one direction of
each change; therefore, the coordinates of each point or
kind of change are the costs in each direction of that
change. Values were calculated according to homoplasy-

correcting dynamic weighting (Horovitz and Meyer,
1995). Frequencies of changes were calculated from the
total evidence tree (Fig. 4), and the minimum number of
steps for all possible optimizations and trees, as calcu-
lated by MacClade 3.0 (Maddison and Maddison, 1992),
was used.
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we observe in the morphological characters,
few molecular reversals contradict this phy-
logenetic hypothesis. Of the 42 unambigu-
ous molecular characters supporting Callit-
richinae, only four are reversed in Callimico.
Moreover, three of these characters are com-
paratively unreliable because they display
individual CIs lower than 0.38 and RCs
lower than 0.17. The one reliable character
has CI 5 0.67 and RC 5 0.53.

Individual data set analyses show that
this position for Callimico is supported by
each one of the trees built with the molecu-
lar data sets analyzed separately, except for
the 12S gene, that supports a sister group
relationship between Callimico and Sagui-
nus. Partially unpublished simultaneous
analyses of molecular data, including the
mitochondrial gene COII and the nuclear
G6PD (Von Dornum, 1997), lend further
support to the monophyly of marmosets and
Callimico.

The Callimico-Callithrix-Cebuella clade is
weakly supported in the cladogram result-
ing from the simultaneous analysis of all
data sets, and we do not discard the possibil-
ity that it could be easily falsified by addi-
tion of more data. However, the molecular
data available do not point to an alternative
position of Callimico as basal to the remain-
ing callitrichines.

The sister group relationship of Lagothrix
and Brachyteles is supported by the three
molecular data sets for which sequences of
Brachyeteles were obtained—12S, e-globin,
and IRBP. As in the previous case, analyses
including COII and G6PD lend further sup-
port to the results of our simultaneous analy-
sis (Von Dornum, 1997).

The position of Brachyteles according to
morphological data is controversial, but no
one postulates a sister group relationship
between Brachyteles and Lagothrix. Dental
characters show an affinity of Alouatta and
Brachyteles (Kay, 1990; MacPhee et al.,
1995), whereas postcranial characters (and
locomotory behavior) point at a close affinity
between Brachyteles and Ateles (Rosen-
berger, 1979, 1981; Ford, 1986b; Rosen-
berger and Strier, 1989). The simultaneous
analysis of all data sets points at Lagothrix
and Brachyteles as sister taxa, followed by
Ateles; therefore, the dental characters

shared by Brachyteles and Alouatta are con-
vergences, whereas those shared by Ateles
and Brachyteles have an ambiguous optimi-
zation, and they have either been acquired
by the ancestor of [Ateles (Brachyteles, Lago-
thrix)] and lost in Lagothrix or they have
been acquired independently by Ateles and
Brachyteles. There are only 7 molecular
characters that have an ambiguous optimi-
zation with this same distribution, whereas
45 unambiguous characters support [Ateles
(Brachyteles, Lagothrix)]. Of these seven
characters, one has a CI 5 0.67 and RC 5
0.5, four have CI 5 0.5 and RC 5 0, and the
remaining two CI 5 0.33 and RC 5 0, which
is weak evidence for an Ateles-Brachyteles
sister-group relationship. Likewise, Brachyte-
les and Alouatta show only two molecular
convergences, one with CI 5 0.33 and RC 5
0 and the other with CI 5 0.6 and RC 5 0.33.

We evaluated the degree to which molecu-
lar characters in different data sets fit the
total evidence tree and revealed contrasting
properties between some mitochondrial and
nuclear sites. Particularly interesting is our
finding that changes in mitochondrial data
have a wider range of change costs than
nuclear data, including both lower and
higher costs. Nuclear data, however, showed
relatively more characters with high res-
caled consistency indices, particularly the
e-globin. This is an empirical way of showing
that successive weighting alone may not
capture the whole picture of weights the
data imply, as Horovitz and Meyer (1995)
suggested. Although homoplasy-correcting
dynamic weighting averages weights of kinds
of changes across sites, and therefore it may
not strictly reflect what each individual site
deserves, it nonetheless seems to be a suit-
able correction for successive weighting when
there are strong biases in the degree of
homoplasy of certain kinds of changes.

The differences between mitochondrial and
nuclear data shown in Figures 5 suggest
that mitochondrial sites have, on average, a
higher rate of mutation than nuclear ones
but also that mitochondrial DNA shows a
higher variety of rates among its sites than
does nuclear DNA. This heterogeneity in
rates is desirable in tree calculation to re-
solve cladogenetic events that occurred over
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different periods. In some cases in which a
certain radiation occurred over a short pe-
riod, fast-evolving sites are more likely to
document these branches, while slow-evolv-
ing sites are also necessary in preserving
evidence unchanged about ancient branch-
ing events (Donoghue and Sanderson, 1992).
Calculation of matrices T and vectors C for
different data sets in a total evidence tree
seems to be a useful tool in assessing the
presence of heterogeneity within and be-
tween data sets in the rates of different sites
and kinds of changes between data sets.

The mitochondrial genes analyzed sepa-
rately yielded different topologies. This
seems to be due to the presence of homo-
plasy and possibly to the shorter length of
the 16S gene sampled, which on its own may
not suffice to convey enough information
about relationships. When combined, both
genes showed support for the relationships
suggested by the simultaneous analysis. This
signal was not completely revealed in the
separate analyses.

The nuclear genes made the strongest
contribution to the total evidence topology.
However, the contribution of the mitochon-
drial genes introduced a change in the posi-
tion of Aotus, which despite not being strong,
falsified what the nuclear genes indicated.
In the resulting tree, Cebus-Saimiri were
linked with callitrichines instead of Aotus.

In conclusion, the high congruence in topol-
ogy between the nuclear and the combined
tree seems to be due primarily to the high
consistency of the nuclear data. Despite the
low support that the nuclear data set lends
to the clade that includes the atelines, Calli-
cebus, and the pitheciins, the monophyly of
this group seems to be confirmed with addi-
tion of the mitochondrial and morphological
data. Addition of the mitochondrial to the
nuclear data determines the position of Ao-
tus to be basal to the other members of its
clade. Addition of the morphological data
confirms this position. The position of Cal-
limico as basal to the Callithrix-Cebuella
dyad is maintained despite its lack of sup-
port from morphological data, after combina-
tion of all data sets. The same is true
regarding the position of Brachyteles as sis-
ter group of Lagothrix.
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APPENDIX A

Character list

(1) Number of offspring at a time (Hill,
1926; Wislocki, 1939): 0 5 one, 1 5 two.

(2) Number of lumbar vertebrae (Erikson,
1963): 0 5 more than five, 1 5 five or
fewer.

(3) Thumb degree of development (Pocock,
1925): 0 5 absent or reduced, 1 5 pre-
sent.

(4) Presence of external tail: 0 5 absent, 1 5
present.

(5) Tail ventral glabrous surface (Pocock,
1925): 0 5 absent, 1 5 present.

(6) Presence of claws on all manual and
pedal digits except hallux (Buffon, 1767):
0 5 absent, 1 5 present.

(7) Carpometacarpal type of joint (Fick,
1911; Napier, 1961): 0 5 nonsaddle, 1 5
saddle.

(8) Rib cage shape (Schultz, 1961): 0 5
larger dorsoventrally, 1 5 larger later-
ally.

(9) Ulnar participation in wrist articulation
(Lewis, 1974): 0 5 absent, 1 5 present.

(10) Sternal proportions (Schultz, 1930): 0 5
manubrium shorter than 36% of the
corpus length, 1 5 manubrium longer
than 46% the corpus length.

(11) Relative orbit size (orbital height/
foramen magnum width) (character 4,
MacPhee et al., 1995): 0 5 smaller than
1.9, 1 5 larger than 2.1.

(12) Development of postglenoid foramen
(org.) (Horovitz, 1997; Horovitz and
MacPhee, in preparation): 0 5 absent,
1 5 reduced, 2 5 large.

(13) Ossification of tentorium cerebelli (Her-
shkovitz, 1977; Horovitz, 1995): 0 5
absent, 1 5 present.
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(14) Pneumatization of anteroventral re-
gion of the middle ear (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 absent, 1 5 present.

(15) Paired prominences in the middle ear
(Horovitz, 1997; Horovitz and MacPhee,
in preparation): 0 5 absent, 1 5 pres-
ent.

(16) Pterygoid fossa depth (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 deep, 1 5 shallow.

(17) Canal connecting sigmoid sinus and
subarcuate fossa (Cartmill et al., 1981;
Horovitz, 1995; character 6, MacPhee
et al., 1995): 0 5 absent, 1 5 present.

(18) Vomer exposure in orbit (Cartmill, 1978;
Rosenberger, 1979): 0 5 absent, 1 5
present.

(19) Ectotympanic shape (MacPhee and
Cartmill, 1986): 0 5 tube, 1 5 ring, 2 5
tube II.

(20) Temporal emissary foramen (character
7, MacPhee et al., 1995): 0 5 present
and large, 1 5 small or absent.

(21) Eyeball physically enclosed (Martin,
1992): 0 5 absent, 1 5 present.

(22) Cranial capacity (Note: This character
is used instead of the more tradition-
ally used body size; the reason we do so
is that there may be a slight overlap
between Saimiri and the callitrichines
in body size, whereas there is none in
cranial capacity [Horovitz, 1997; Horo-
vitz and MacPhee, in preparation): 0 5
less than 15 cc, 1 5 more than 15 cc.

(23) Ventral extent of zygomatic arch (Horo-
vitz, 1997; Horovitz and MacPhee, in
preparation): 0 5 below alveoli level,
1 5 above alveoli level.

(24) Pterion region contact (Ashley-Mon-
tagu, 1933): 0 5 frontal-alisphenoid,
1 5 zygomatic-parietal.

(25) Infraorbital foramen, vertical position
relative to maxillary cheekteeth in
Frankfurt plane (ord.) (character 5,
MacPhee et al., 1995): 0 5 above inter-
val between M1 and P4 (or caudal to
this position), 1 5 above interval be-
tween P4 and P3, 2 5 above anterior-
most premolar (or rostral to this posi-
tion).

(26) Zygomaticofacial foramen, size relative
to M1 breadth (character 1, MacPhee et
al., 1995): 0 5 small, 1 5 large.

(27) Deciduous I2 shape (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 blade-like (lingual heel is
absent), 1 5 displays lingual heel, 2 5
styliform (lingual heel is absent).

(28) Relative height of I1,2 (ord.) (Rosen-
berger, 1979): 0 5 I1 absent, 1 5 I1
lower than I2, 2 5 I1 and I2 subequal.

(29) Alignment of I1 and I2 (Hershkovitz,
1970, 1977; Rosenberger, 1979): 0 5
transversely arcuate, 1 5 staggered.

(30) I1,2 shape (Rosenberger, 1979): 0 5
spatulate, 1 5 styliform.

(31) Meso and distostyles on I1,2 (Hershko-
vitz, 1977): 0 5 absent, 1 5 present.

(32) Diastema between C and I2 (Rosen-
berger, 1979): 0 5 absent, 1 5 present.

(33) Mandibular C root shape (character 11,
MacPhee et al., 1995): 0 5 rounded/
suboval, 1 5 highly compressed.

(34) Lingual cingulum on mandibular C
(Kinzey, 1973): 0 5 complete, 1 5 incom-
plete or absent.

(35) Lingual crest sharpness on mandibular
C in worn and unworn teeth (Kay,
1990): 0 5 rounded, 1 5 sharp.

(36) Mandibular C lingual cingulum mesial
elevation (Horovitz, 1997; Horovitz and
MacPhee, in preparation): 0 5 not ele-
vated, 1 5 elevated.

(37) Mandibular C lingual cingulum form-
ing a spike on mesial edge of the tooth
(Horovitz, 1997; Horovitz and MacPhee,
in preparation): 0 5 absent, 1 5 pre-
sent.

(38) Buccolingual breadth of mandibular C
alveolus over mandibular P4 equiva-
lent (Horovitz, 1997; Horovitz and
MacPhee, in preparation): 0 5 canine
larger than P4, 1 5 canine smaller than
P4.

(39) Deciduous P2, angle subtended by dis-
tal portion of mesiodistal axis and post-
protocristid (Horovitz, 1997; Horovitz
and MacPhee, in preparation): 0 5
smaller than 45°, 1 5 larger than 45°.

(40) Cross-section shape of deciduous P2
(Horovitz, 1997; Horovitz and MacPhee,
in preparation): 0 5 rounded, 1 5 me-
siodistally elongated.
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(41) P2 premolar size relative to P3 and P4
(Horovitz, 1997; Horovitz and MacPhee,
in preparation): 0 5 P2 smallest premo-
lar, 1 5 P4 largest premolar.

(42) Deciduous P3 metaconid (Kay and Mel-
drum, 1997): 0 5 absent, 1 5 present.

(43) P3 protoconid size relative to P4 protoco-
nid (Horovitz, 1997; Horovitz and
MacPhee, in preparation): 0 5 P3 and
P4 protoconids are subequal, 1 5 P3
protoconid is the largest.

(44) P3 talonid (Horovitz, 1997; Horovitz
and MacPhee, in preparation): 0 5
larger than P2 talonid, 1 5 subequal
with P3 talonid.

(45) P3 metaconid height relative to protoco-
nid height (ord.) (Rosenberger, 1979):
0 5 metaconid absent, 1 5 metaconid
lower than protoconid, 2 5 metaconid
and protoconid subequal, 3 5 metaco-
nid taller than protoconid.

(46) P4 metaconid height relative to protoco-
nid height (ord.) (Rosenberger, 1979):
0 5 metaconid lower than protoconid,
1 5 metaconid and protoconid sub-
equal, 2 5 metaconid taller than proto-
conid.

(47) Hypoconid on P4 (Kay and Williams,
1994): 0 5 absent, 1 5 present.

(48) Entoconid on P4 (Kay and Williams,
1994): 0 5 absent, 1 5 present.

(49) Number of premolars: 0 5 three, 1 5
two.

(50) M1, projection of distobuccal quadrant
(DB complex) (character 14, MacPhee
et al., 1995): 0 5 not projecting, 1 5
projecting (crown sidewall hidden).

(51) M1, intersection of oblique cristid and
protolophid (character 15, MacPhee et
al., 1995): 0 5 intersects protolophid
buccally, directly distal to apex of proto-
conid (medial protocristid apparently
longer than lateral protocristid), 1 5
intersects protolophid more lingually,
distilingual to apex of protoconid (me-
dial and lateral protocristids are sub-
equal).

(52) M1 entoconid position (Rosenberger,
1977): 0 5 on the talonid corner, 1 5
mesially off the talonid corner.

(53) Buccal cingulum on M1,2 (Kinzey, 1973):
0 5 absent, 1 5 present.

(54) M2 trigonid/talonid relative height (Kay,
1990): 0 5 trigonid taller than talonid,
1 5 subequal.

(55) M2 with mesoconid (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 absent, 1 5 present.

(56) M3/P4 relative length (ord.) (Horovitz,
1997; Horovitz and MacPhee, in prepa-
ration): 0 5 M3 absent, 1 5 M3 shorter,
2 5 subequal, 3 5 M3 longer.

(57) Molar enamel surface (Rosenberger,
1977): 0 5 smooth, 1 5 crenulated.

(58) I1 lingual heel (Rosenberger, 1979): 0 5
absent, 1 5 present.

(59) I2 orientation (Rosenberger, 1979): 0 5
vertical, 1 5 proclivious.

(60) Maxillary C alveolus area relative to P4

equivalent (character 21, MacPhee et
al., 1995): 0 5 C larger than P4, 1 5 C
smaller or equal to P4.

(61) Deciduous P2 trigon (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 absent, 1 5 present.

(62) Deciduous P3 hypocone (Horovitz, 1997;
Horovitz and MacPhee, in prepara-
tion): 0 5 absent, 1 5 present.

(63) P3 preparacrista (Horovitz, 1997; Horo-
vitz and MacPhee, in preparation): 0 5
absent or vestigious, 1 5 high.

(64) P4 protocone position (character 23,
MacPhee et al., 1995): 0 5 on widest
point of trigon, 1 5 mesial to widest
point.

(65) P4 ligual cingulum (Kinzey, 1973): 0 5
absent, 1 5 present but no mesial
projection.

(66) P4 hypocone (Kay, 1990; MacPhee et
al., 1995): 0 5 absent, 1 5 present.

(67) P4 and M1 relative buccolingual breadth
(MacPhee et al., 1995): 0 5 P4 smaller,
1 5 P4 subequal or bigger than M1.

(68) M1 mesostyle (Kinzey, 1973): 0 5 ab-
sent, 1 5 present, 2 5 replaced by
mesoloph.

(69) M1 hypocone/prehypocrista presence
(ord.) (Rosenberger, 1979; character 30,
MacPhee et al., 1995): 0 5 hypocone
and prehypocrista present, 1 5 hypo-
cone present and prehycrista absent,
2 5 hypocone and prehypocrista ab-
sent.

(70) M1 postmetacrista slope (character 26,
MacPhee et al., 1995): 0 5 distobuccal
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slope, 1 5 distal or distolingual slope,
2 5 absent.

(71) M1 alignment of protocone and hypo-
cone (character 27, MacPhee et al.,
1995): 0 5 parallel, 1 5 hypocone lin-
gual.

(72) M1, pericone/lingual cingulum (ord.)
(character 29, MacPhee et al., 1995):
0 5 absent, 1 5 lingual cingulum only,
2 5 distinct pericone on lingual cingu-
lum.

(73) M2 hypocone (Rosenberger 1979; char-
acter 32, MacPhee et al., 1995): 0 5
absent, 1 5 present.

(74) M2 cristae on distal margin of trigon
(character 31, MacPhee et al., 1995):
0 5 cristae form distinct, continuous
wall between protocone and metacone,
1 5 cristae interrupted by a fossette or
do not form a distinct wall, 2 5 cristae
absent or differently organized.

(75) M3 length (ord.) (Rosenberger 1979;
Horovitz, 1997; Horovitz and MacPhee,
in preparation): 0 5 M3 absent, 1 5 M3

shorter than P4, 2 5 M3 and P4 sub-
equal, 3 5 M3 longer than P4.

(76) Maxillary M’s parastyles (Horovitz,
1997; Horovitz and MacPhee, in prepa-
ration): 0 5 absent, 1 5 present.

Molecular characters1

Sequence Authors Accession numbers

e-globin gene Schneider et al.,
1993

L25354-L25371

IRBP intron 1 Harada et al.,
1995; Schneider
et al., 1996

U18601-U18609
U18611-U18619
U19748-U19753

16S rDNA
fragment

Horovitz and
Meyer, 1995

U38997-U39012

12S rDNA gene Current report AF069964-
AF069983

1 These sequences were aligned and used in the phylogenetic
analysis. They are deposited in GenBank Data Libraries under
the corresponding accession numbers.

279PLATYRRHINE SYSTEMATICS: A SIMULTANEOUS ANALYSIS



APPENDIX B. Matrix for morphological characters listed in Appendix A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

1 Tarsius 0 0 1 1 0 0 0 0 0 0 1 2 0 0 0 0 0 0 2 0 0 0 1 1 1 0
2 Leontopithecus 1 0 1 1 0 1 0 0 0 0 0 2 1 1 1 1 1 0 1 1 1 0 1 0 2 0
3 Saguinus 1 0 1 1 0 1 0 0 0 0 0 2 1 0 1 1 1 0 1 1 1 0 1 0 2 0
4 Callimico 0 0 1 1 0 1 0 0 0 0 0 0 & 1 1 0 1 0 1 0 1 1 1 0 1 0 2 1
5 Callithrix 1 0 1 1 0 1 0 0 0 0 0 2 1 1 1 1 1 0 1 1 1 0 1 0 2 0
6 Cebuella 1 0 1 1 0 1 0 0 0 0 0 2 1 1 1 1 1 0 1 1 1 0 1 0 2 0
7 Aotus 0 0 1 1 0 0 0 0 0 0 1 2 1 0 1 0 1 0 1 1 1 1 0 0 2 0
8 Cebus 0 0 1 1 0 0 0 0 0 0 0 2 1 0 1 0 1 1 1 1 0 1 1 0 2 0
9 Cacajao 0 0 1 1 0 0 0 0 0 0 0 0 & 1 1 0 0 1 1 0 1 1 0 1 1 0 2 0

10 Pithecia 0 0 1 1 0 0 0 0 0 0 0 1 1 0 1 1 1 0 1 1 0 1 1 0 2 0
11 Chiropotes 0 0 1 1 0 0 0 0 0 0 0 0 & 1 1 0 0 0 & 1 1 0 1 1 0 1 1 0 2 0
12 Saimiri 0 0 1 1 0 0 0 0 0 0 0 2 0 & 1 0 1 0 1 1 1 0 0 1 1 0 2 0
13 Alouatta 0 1 1 1 1 0 0 0 0 0 0 1 1 0 0 1 1 0 1 0 0 1 1 0 0 1
14 Lagothrix 0 1 1 1 1 0 0 0 0 0 0 0 & 1 1 0 0 1 1 0 1 0 0 1 1 0 1 1
15 Brachyteles 0 1 0 1 1 0 0 0 0 0 0 1 1 0 0 1 1 0 1 0 0 1 1 0 1 1
16 Callicebus 0 0 1 1 0 0 0 0 0 0 0 0 1 0 1 1 1 0 1 1 1 1 0 0 2 1
17 Cebupithecia ? ? ? ? ? ? ? ? ? ? ? 0 1 0 0 ? 1 ? 1 ? ? ? ? ? 2 0
18 Ateles 0 1 0 1 1 0 0 0 0 0 0 0 1 0 0 1 0 & 1 0 1 0 0 1 1 0 1 1
19 Homo 0 0 1 0 ? 0 1 1 1 1 0 0 0 1 0 0 0 0 0 1 0 1 1 1 0 0
20 Hylobates 0 1 0 0 ? 0 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 0
21 Cercopithecoids 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0
22 Aegyptopithecus ? ? ? 1 ? ? 0 ? ? ? 0 2 ? 0 0 0 0 ? 1 ? 0 1 1 1 0 0
23 Apidium ? ? ? ? ? ? ? ? ? ? ? ? ? 0 1 ? 0 ? ? ? ? ? ? ? 1 ?
24 Parapithecus ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52
1 Tarsius 1 0 ? 1 0 0 0 1 0 1 0 1 0 1 0 0 0 1 1 0 0 0 1 0 0 0
2 Leontopithecus 1 2 0 0 0 0 0 1 0 1 1 0 0 1 1 ? 1 0 1 1 0 0 1 0 0 0
3 Saguinus 1 2 0 0 0 0 0 1 0 1 1 0 0 1 1 0 1 0 1 & 2 1 0 0 1 0 1 0
4 Callimico 1 2 0 0 0 0 0 1 0 1 1 0 0 1 1 ? 0 0 2 1 0 0 1 1 1 0
5 Callithrix 0 1 1 1 1 0 1 0 0 1 0 0 0 1 1 0 1 1 1 0 0 0 1 0 0 0
6 Cebuella 0 1 1 1 1 0 1 0 0 1 0 0 0 1 1 0 1 1 1 0 0 0 1 0 0 0
7 Aotus 1 2 0 0 0 0 0 1 0 0 & 1 0 & 1 0 1 1 1 1 0 0 2 1 & 2 0 & 1 1 1 0 0 0
8 Cebus 1 2 0 0 0 0 0 0 0 1 0 0 1 1 1 1 0 0 3 2 1 1 1 0 0 0
9 Cacajao 2 2 0 1 0 1 0 1 1 0 0 0 1 0 0 1 0 0 1 1 1 1 1 0 0 1

10 Pithecia 2 2 0 1 0 1 0 1 1 0 0 0 1 0 0 & 1 1 0 0 1 1 & 2 1 1 1 0 0 1
11 Chiropotes 2 2 0 1 0 1 0 1 1 0 0 0 1 0 0 & 1 1 0 0 2 1 1 1 1 0 0 1
12 Saimiri 1 2 0 0 0 0 0 1 0 0 & 1 1 0 0 0 & 1 1 1 0 0 2 1 1 1 1 0 0 & 1 0
13 Alouatta 1 1 0 0 0 0 0 1 0 1 0 0 1 0 1 1 0 0 1 0 1 1 1 1 1 1
14 Lagothrix 1 2 0 0 0 0 0 1 0 0 & 1 0 0 1 0 1 1 0 0 2 1 0 & 1 1 1 0 0 1
15 Brachyteles ? ? 0 0 0 0 0 1 0 1 0 0 ? ? 0 ? 0 0 1 1 0 & 1 1 1 1 0 ?
16 Callicebus 1 2 0 0 0 0 1 1 0 1 0 0 1 0 0 1 0 0 1 1 1 1 1 0 0 1
17 Cebupithecia ? ? 0 ? ? 1 0 1 1 0 ? 0 ? ? ? ? ? ? ? ? 1 0 1 0 0 1
18 Ateles 1 2 0 0 0 0 0 1 0 1 0 0 1 0 1 1 0 0 2 1 0 & 1 0 1 0 0 1
19 Homo 1 2 0 0 0 0 1 0 0 ? ? 1 ? ? ? ? ? ? 1 0 0 & 1 1 0 0 0 1
20 Hylobates 1 2 0 0 0 0 0 1 0 1 0 0 ? ? ? 1 ? ? 0 1 1 1 0 0 0 1
21 Cercopithecoids 1 2 0 0 0 0 0 1 0 1 1 0 ? ? ? 1 ? ? 0 1 1 1 0 1 0 1
22 Aegyptopithecus ? 2 0 0 0 0 1 1 0 1 0 0 ? ? ? ? ? ? 0 0 0 0 0 0 0 1
23 Apidium ? 2 0 0 0 0 1 1 0 1 0 0 & 1 ? ? 0 ? 0 0 1 0 0 0 1 0 1 1
24 Parapithecus ? ? ? ? ? 0 1 1 0 1 0 ? ? ? 0 ? 1 0 1 0 0 0 1 0 0 ?



APPENDIX B (continued)

53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76

1 Tarsius 1 0 0 3 0 0 0 1 0 0 0 ? 1 0 0 0 2 0 ? 1 0 0 3 1
2 Leontopithecus 1 0 0 0 0 0 0 0 1 ? 0 0 1 0 0 0 & 1 2 1 ? 1 0 0 0 1
3 Saguinus 1 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 & 1 2 0 ? 1 0 0 0 1
4 Callimico 0 0 0 1 0 0 0 0 1 ? 0 1 1 0 0 1 0 1 1 1 1 0 1 1
5 Callithrix 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 & 1 2 0 ? 1 0 0 0 1
6 Cebuella 1 0 0 0 0 0 0 0 0 0 0 1 0 & 1 0 0 1 2 1 ? 1 0 0 0 1
7 Aotus 0 0 0 2 0 0 0 0 1 0 0 1 1 0 0 0 0 1 0 0 & 1 1 0 1 0
8 Cebus 0 1 0 1 0 0 0 0 1 0 1 1 1 0 1 0 1 1 0 0 1 1 1 0
9 Cacajao 0 1 1 2 1 1 1 0 1 0 1 1 0 0 & 1 1 0 1 1 0 1 1 1 2 0

10 Pithecia 0 1 1 1 1 1 1 0 1 0 1 1 0 0 & 1 0 0 0 1 0 1 1 1 3 0
11 Chiropotes 0 1 1 2 1 1 1 0 1 1 1 1 0 0 & 1 1 0 1 1 0 1 1 1 2 0
12 Saimiri 1 0 0 1 0 0 0 0 1 1 0 1 1 0 1 0 & 1 1 0 0 2 1 0 1 1
13 Alouatta 0 0 0 3 0 1 0 0 1 0 0 0 0 0 & 1 0 2 1 0 0 0 & 1 1 1 3 0
14 Lagothrix 0 0 0 3 0 1 0 0 1 0 0 0 0 1 0 0 1 1 0 0 1 0 3 0
15 Brachyteles 0 0 0 3 0 ? 0 0 ? ? 0 0 0 0 0 2 1 1 0 0 1 ? 2 ?
16 Callicebus 0 1 0 3 0 1 0 1 1 0 0 1 1 1 0 0 0 1 0 1 1 1 2 0
17 Cebupithecia 0 ? ? 2 0 ? 1 0 ? ? 1 1 1 ? 0 0 0 1 0 1 1 ? 1 1
18 Ateles 0 0 0 3 0 1 0 0 1 0 0 0 0 1 0 0 1 1 0 0 1 0 2 0
19 Homo 0 1 0 3 0 0 & 1 0 0 ? ? 0 1 0 0 0 0 1 1 0 0 & 1 1 0 3 0
20 Hylobates 0 0 0 3 0 1 0 0 ? 0 0 1 0 0 0 0 1 1 0 0 & 1 1 0 3 0
21 Cercopithecoids 0 0 0 3 0 1 1 0 ? 1 0 1 0 0 0 0 1 1 0 0 & 1 1 2 3 1
22 Aegyptopithecus 1 0 0 3 0 1 0 0 ? ? 0 1 1 1 0 0 & 1 1 0 0 1 1 0 & 1 3 1
23 Apidium 1 0 0 3 0 ? ? 1 ? ? 0 1 0 1 0 0 & 1 1 1 1 2 1 2 3 1
24 Parapithecus 1 0 0 3 0 ? ? ? ? ? 0 0 ? ? ? 0 1 ? ? ? 1 2 3 1
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