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A highly resolved primate cladogram based on DNA
evidence is congruent with extant and fossil osteologi-
cal evidence. A provisional primate classification based
ox this cladogram and the time scale provided by
fossils and the model of local molecular clocks has all
named taxa represent clades and assigns the same
taxonomic rank to those clades of roughly equivalent
age. Order Primates divides into Strepsirhini and
Haplorhini. Strepsirhines divide into Lemuriformes
and Loriformes, whereas haplorhines divide into Tar-
siiformes and Anthropoidea. Within Anthropoidea

" when equivalent ranks are used for divisions within

Platyrrhini and Catarrhini, Homininae divides into
Hylobatini (common and siamang gibbon) and Homi-
nini, and the latter divides into Pongina for Pongo
(orangutans) and Hominina for Gorilla and Homo.
Homo itself divides into the subgenera H. (Homo) for
humans and H. (Pan) for chimpanzees and bonobos.
The differences between this provisional age related
phylogenetic classification and current primate taxono-
mies are discussed. © 1998 Academic Press

INTRODUCTION

A recent tabulation of the living mammal species of
the world (Wilson and Reeder, 1993) lists 4629 species
of which 3 belong to the order Monotremata, 270 belong
to 6 marsupial (metatherian) orders, and 4356 belong
to 18 placental (eutherian) orders. The order Primates
with 233 species is the fifth most speciose placental
order, outnumbered only by Rodentia, Chiroptera, Insec-
tivora, and Carnivora which have 2015, 925, 428, and
271 species, respectively. Among the 233 living primate
species is Homo sapiens. Not surprisingly, studies of the
phylogeny and systematics of primates are being ac-
tively pursued. As our study will show, parsimony
analyses of sizeable bodies of character state data are
yielding congruent molecular and morphological re-

sults on the sister-group relationships among primate
clades. However, sharply differing views exist as to
whether knowledge on sister-group relationships should
be the main determinant of how organisms are classi-
fied in a formal taxonomic classification. What is at
issue is whether all taxa in the classification should
represent monophyletic groupings, i.e., actual clades
(the cladistic view) or whether paraphyletic groupings,
so-called primitive grade taxa should be preferred if
they give stability to the classification (the traditional
view).

This is an especially contentious issue for primate
taxonomy for the very reason that our own species H.
sapiens is a primate. The traditional view considers
humans to be very different from all other forms of life.
Thus, this view favors retaining the paraphyletic fam-
ily Pongidae for apes (Simpson, 1945, 1963), in order
that humans may remain as the only living primate in
the family Hominidae. In contrast, the cladistic evi-
dence from both DNA sequences (reviewed in Good-
man, 1996) and morphology (Shoshani et al., 1996)
demonstrate that the African apes (chimpanzees and
gorillas) are more closely related to humans than to the
Asiatic apes (orangutans and gibbons) and further that
chimpanzees are the sister group of humans rather
than of gorillas. Thus, the cladistic view favors merging
the traditional Pongidae and Hominidae into a single
monophyletic family in which the subordination of its
subfamilies, tribes, subtribes, genera, and subgenera is
meant to represent the series of clades that arose from
progressively more recent common ancestors during
evolutionary descent from the stem of the family to the
present. In terms of this cladistic system, if rank
equivalence is sought with other primate clades, the
molecular evidence from DNA sequences favors a taxo-
nomic classification that barely separates humans from
chimpanzees, placing the two sister lineages either in
the same subtribe (Goodman, 1996) or even in the same
genus (this paper).
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Here we review the DNA evidence on primate phylog-
«1Yy, emphasizing results provided by orthologous
niclear genomic sequences. Then we update the mor-
phvlogical analysis of Shoshani et al. (1996) by enlarg-
#ng the previous dataset for 29 extant species with
<huracters from two additional extant species and 18
extinct (fossil) species. The fossi] evidence on primate
phrlogeny, in conjunction with so-called local molecular
lok estimates of divergence times allows us to date
t-heages of primate clades in units of millions of years
ebre the present or Ma (Mega annum, million years
refire present). Finally, utilizing this information, we
prresent a provisional phylogenetic classification of pri-
rnales in which the taxa represent actual clades and in
which the ages of the clades determine the ranks of the
taxa.

DNA EVIDENCE ON PRIMATE PHYLOGENY

Extensive comparative DNA sequence data exist for
the 60- to 80-kilobase (kb) nuclear genomic region
called the B-globin gene cluster that in mammals spans
a seties of B-type globin genes including e, v, 7, §, and B.
They gene was deleted in artiodactyls, whereas the n
gene was deleted in rodents and lagomorphs and
became a pseudogene (ym) in the stem of the primates
(Goodman et al., 1984). This pseudogene, the noncoding
introns of the functional genes, and the long stretches
of noncoding sequence surrounding each gene all evolve
at a much more rapid rate than the coding exons of the
functional genes. Each B-type globin gene has three
exons and two introns but the sum of the lengths of the
introns is more than twice that of the exons. Thus each
B-type globin gene, even without its flanking regions,
has a high proportion of relatively rapidly evolving
sequence. Probably because of this, the maximum
parsimony (MP) trees constructed for aligned ortholo-
gous B-globin gene cluster sequences have provided a
fairly well resolved picture of the branching pattern
(i.e., Sister-group relationships) among primate clades
(Koop et al., 1989; Bailey et al., 1992; Porter et al.,
1997a,b). Moreover, neighbor-joining (NJ) trees, con-
structed from matrices of pairwise distances among the
aligned sequences, have depicted the same sister-group
relationships among primate clades as depicted in the
MP trees.

Major Clades

The MP trees for separate datasets of ¢, v, Y, 8, and
B sequences all congruently divide the primates first
into haplorhine and strepsirhine branches and then the
haplorhines into tarsier and simian (Anthropoidea)
branches. Also strepsirhines divide into lemuriform
and loriform branches in those MP trees in which both
clades are represented by sequences (e, v, Ym). In turn
the €, v, Ym, and & data set (Porter et al., 1995, 1997a,b;
Bailey et al., 1992; Koop et al., 1989) each have se-

GOODMAN ET AL,

quences representing the three major simian groups
that in the traditional taxonomy of primates are the
superfamilies Ceboidea (New World monkeys), Cercopi-
thecoidea (Old World monkeys), and Hominoidea (apes
and humans). The MP trees for these four sets of
sequences all congruently divide Anthropoidea (the
simians) first into platyrrhine (ceboid) and catarrhine
branches and then the catarrhines into cercopithecoid
and hominoid branches.

The e-globin locus has been sequenced for more
primate species than has any other nuclear genomic
locus. The gene proper region of the € locus (a 1.7-kb
region spanning primarily the gene’s three exons and
two introns) has been sequenced in 43 primates, and in
16 of the 43 primates a further 2-kb region immediately
upstream of exon 1 has also been sequenced. The
alignment of all these primate € sequences along with
rabbit and goat orthologues can be accessed through
the internet at http://ns.med.wayne.edw/. An alignment
with 34 of these sequences was published in Porter ez
al. (1995) and sequences gathered since then are shown
in Harada et al. (1995) and Porter et al. (1997a,b). The
MP tree constructed for these 45 ¢ sequences (Fig. 1)
well supports, as judged by bootstrap proportions (BP)
and Bremer support (BS) values, the monophyly of
order Primates. With regard to major subdivisions
within the order, this MP tree supports Strepsirhini,
Loriformes, Lemuriformes, Haplorhini, Anthropoidea,
Platyrrhini, and Catarrhini.

Strepsirhine Clades

Among the 43 primate e sequences, 3 are from
loriform strepsirhines and 5 are from Malagasy strepsi-
rhines. The 3 loriforms are the African greater bush-
baby (Otolemur), the African potto (Perodicticus), and
the Asian slow loris (Nycticebus). The five Malagasy
strepsirhines are the aye-aye (Daubentonia), dwarf
lemur (Cheirogaleus), mouse lemur (Microcebus), si-
faka (Propithecus), and brown lemur (Eulemur). A
current taxonomy of living primates (Rowe, 1996)
places these Malagasy strepsirhines in families Dauben-
toniidae (Daubentonia), Cheirogaleidae (Cheirogaleus
and Microcebus), Indridae (Propithecus), and Lemuri-
dae (Eulemur). The strepsirhine region of the MP tree
(Fig. 1A) not only very strongly groups together Otole-
mur, Perodicticus, and Nycticebus into the loriform
clade, but also at lesser strength groups all five Mala-
gasy strepsirhines together into the lemuriform clade.
Within Lemuriformes, the two cheirogaleids (Cheiro-
galeus and Microcebus) strongly group together, and
then the cheirogaleid, indrid, and lemurid clades very
strongly group together. The sister group of this le-
muroid three-family clade is the lineage to Dauben-
tonia. Loriforms and lemuriforms are well represented
by mitochondrial cytochrome & sequences, and the MP
tree constructed for these sequences (Yoder et al., 1996)
depicts cladistic relationships that are congruent with
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thos « ¢epicted by our MP trees for « sequences. In the
cytoezhome b MP tree, Daubenioniq is the sister-group
of a Srongly supported indrid-cheirogaleid-lemurid
cladez. loriforms, cheirogaleids, an indrid, and lemurids
are zals represented by DNA hybridization data, and
the A egrees of hybridization among these DNA samples
suppr ©rt the close placement of cheirogaleids with the
othex~ lemuriforms rather than with loriforms (Bonner
et al -, 1980, 1981). Similarly, the morphological evi-
dence fathered by Yoder (1994) in congruence with
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FIG. 1. Consensus of four MP trees for 45 e-globin gene se-
quences. All sequences span a 1.7-kb gene proper region extending 5
to 3’ from within the proximal promotor across the exons and introns
to the polyadenylation site, and 17 of these sequences encompass at
the 5' side a further 2 kb of upstream flanking DNA. The detailed
procedures used to generate and analyze this data set are given in
Porter et al- (1997a,b). Nucleotide substitution (NS) score for each MP
tree is 4361 (each indel, i.e., insertion or deletion, is treated as a
single NS and is counted as part of the total NS score). Bootstrap
proportions (Percentage of 1000 replications) are shown above inter-
nal nodes. Bremer support values are shown below the nodes. (A) The
portion of the consensus MP tree showing the cladistic relationships
of 11 nonsimian taxa to one another and to Anthropoidea. (B) The
portion of the consensus MP tree showing the cladistic relations of 34
simian taxa t0 one another within Anthropoidea.

TABLE 1

Bootstrap Proportions (BP) and Bremer Support
(BS) Values for Ceboid Clades Congruently Identified
by e-Globin Gene and IRBP Intron 1 Sequences

€ IRBP
Taxon BP BS BP BS
Cebid clades

Cebidae: Cebinae, Aotinae

(Aotus), Callitrichinae 100 12 99 12
Cebinae: Cebus, Saimiri 96 7 77 4
Callitrichinae: Saguinus,

Leontopithecus, Cal-

limico, Callithrix 100 12 100 20
Callithrix: argentata,

cebuella, and jacchus

groups 100 12 100 19
Callithrix (Mico): C. argen-

tata, C. mauesi, 100 9

C. argentata,
C. humeralifer 99 6
Callithrix (Callithrix): C.

Jacchus, C. geoffroyi 100 13 98 6
Pitheciid clades

Pitheciidae: Callicebini

(Callicebus), Pitheciini 94 5 100 16
Callicebus: C. moloch, C.

torquatus 100 18 100 32
Pitheciini: Pitheciina

(Pithecia), Chiropotina 100 12 100 22

Chiropotina: Cacajao, Chi-

ropotes 96 5 100 15
Atelid clades

Atelidae: Alouattini

(Alouatta), Atelini 100 12 100 12
Atelini: Atelina (Ateles),

Brachytelina 100 6 72 2
Brachytelina: Lagothrix,

Brachyteles 91 2 76 4

molecular evidence shows that the Malagasy cheiroga-
leids are lemuroids and not, as some workers have
proposed (Schwartz, 1986; Fleagle, 1988), more closely
related to mainland loroids than to other Malagasy
strepsirhines.

Platyrrhine Clades

The branching pattern of platyrrhine clades in the
MP tree for € sequences (Fig. 1B) is congruent in most
features with the branching pattern in the MP tree for
a series of noncoding sequence orthologues at another
nuclear genomic locus, the 1.8-kb intron 1 of the
interstitial retinol-binding protein gene (IRBP)
(Schneider et al., 1996; Barroso et al., 1997). Since in
humans IRBP is on chromosome 10 (Fong et al., 1990)
whereas the e-globin gene is located on chromosome 11
(Bunn and Forget, 1986), the two nuclear genes are
probably unlinked in New World monkeys as well.

Table 1 lists BP and BS values for ceboid clades that
have been congruently identified by the MP trees for ¢
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arad [IRBP sequences, the former tree shown in Porter et
al - (1997b) as well as in our present paper and the
lagter tree shown in Barroso et al. (1997). A cladistic
cleassification (Barroso et al., 1997), based on these
comgruent results divides Ceboidea into the monophy-
letcicfamilies, Cebidae, Pitheciidae, and Atelidae. Cebi-
da_ e has three subfamilies, Cebinae for the sister genera
Ce bus (capuchin monkeys) and Saimiri (squirrel mon-
ke ys), Aotinae for Aotus (night monkeys), and Callitri-
ch dnze consisting of Saguinus (tamarins), Leontopithe-
cus lion tamarins), Callithrix (common and pygmy
mazarnosets), and Callimico (Goeldi’s monkeys). Pitheci-
idzae has a single subfamily, Pitheciinae, which divides
intoo tribes Callicebini for Callicebus (titi monkeys) and
Pitheiini for Pithecia (saki monkeys), Chiropotes
(becarled saki monkeys), and Cacajao (uacari mon-
keys). Chiropotes and Cacajao are sister groups and
thus tladistically should be grouped apart from Pithe-
cice either in a separate subtribe (Harada et al., 1995;
Baxreo et al., 1997) or even in the same genus as the
subgenera Chiropotes (Chiropotes) and Chiropotes (Ca-
cajao) (this paper). Atelidae has a single subfamily,
Atelinae, which divides into subtribes Atelina for Ateles
(spider monkeys) and Brachytelina for Lagothrix (woolly
monkeys) and Brachyteles (woolly spider monkeys).
‘With three exceptions these monophyletic taxa within
Ceboidea have high BP and BS values from both € and
IRBPsequences (Table 1). The three exceptions are the
cebineclade (the sister grouping of Cebus and Saimiri),
the atelin clade (the sister grouping of Atelina and
Brachytelina), and the brachytelan clade (the sister
grouping of Lagothrix and Brachyteles). Cebinae is well
supported by e sequences but weakly supported by
IRBP sequences. Atelini is also well supported by €
sequences but weakly supported by IRBP sequences.
Brachytelina is only weakly supported by each of the
two sets of sequences. However, atelid y-globin se-
quences in an alignment spanning more than 7000
nucleotide positions yield an MP tree with high BP and
BS values for both Atelini and Brachytelina (Meireles,
1997). Congruent features of the ceboid phylogenetic
branching pattern in the MP trees for € and IRBP
sequences are also found by MP trees for two other sets
of orthologous DNA sequences, a mitochondrial set
consisting of cytochrome oxidase II gene (COII) se-
quences and an X chromosomal set consisting of glucose-
6-phosphate dehydrogenase gene (G6PD) sequences
(von Dornum, 1997). Moreover, the MP trees for COII
and G6PD agree with the € tree in placing Callimico as
the sister group of Callithrix (von Dornum, 1997).
While the MP trees for € and IRBP sequences congru-
ently support all clades listed in Table 1, these trees
differ with regard to sister-group relationships among
the three Callithrix subgenera, the four callitrichin
genera, the three cebid subfamilies, and the three
ceboid families. We anticipate that the few uncertain-
ties on sister-group relationships will be resolved by
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enlarging the DNA sequence data from additional
species and from additional genomic loci. Indeed, a case
in point concerns the subgenera (species groups) of
Callithrix. In addition to the ¢ and IRBP sequences
there are now two other datasets of orthologous DNA
sequences that not only strongly support the previously
proposed (Hershkovitz, 1977; Mittermeier et al., 1988)
division of Callithrix into an argentata group (to which
C. argentata, C. humeralifer, and C. mauesi belong) and
a jacchus group (to which C. jacchus and C. geoffroyi
belong), but also show that for Callithrix to be a
monophyletic taxon it must include Cebuella pygmaea,
i.e., Callithrix (Cebuella) pygmaea, as a third species
group. One of these two sets of orthologues consists of
mitochondrial control region sequences (Tagliaro et al.,
1997) and the other consists of von Willebrand intron
11 gene sequences (R. Chaves, unpublished data). The
MP tree for each of these two sets of orthologues, like
the MP tree for e sequences, places the pygmy marmo-
set Callithrix (Cebuella) pygmaea as sister to the
argentata group of marmoset species.

Catarrhine Clades

All extant genera of the hominoid branch of catar-
rhines are represented by € sequences. However, in the
alignment of € sequences, Gorilla and the two species of
Pan (P. troglodytes, P. paniscus) are represented over
only the 1.7-kb gene proper region. This may account
for why the MP tree for e sequences (Fig. 1B) failed to
identify among the three most closely related genera
(Gorilla, Pan, Homo), the two that share the closest
kinship. A failure to sharply resolve the trichotomous
branching of the three genera into two dichotomous
branchings occurred with ym-globin sequences when
only a 2.1-kb region had been sequenced in each species
(Koop et al., 1986). However, when extensive upstream
(5') and downstream (3') regions flanking the {m locus
were sequenced such that the full alignment spanned a
7-kb region, the MP tree for these sequences then
placed Pan and Homo closest to each other. The support
for this sister grouping became stronger when further
downstream sequences obtained by Maeda et al. (1988)
were added such that the full alignment now spanned a
10.1-kb region (Bailey et al., 1992). We have reanalyzed
this data set in order to determine BP as well as BS
values for the clades in the MP tree. Table 2 shows
these results. It also shows the corresponding results
for the data set of y sequences (Bailey et al., 1992) on
similarily reanalyzing it. The simian sequences in this
vy data set were obtained by first sequencing all or most
of a 12-kb genomic region spanning the tandemly
duplicated y* and v loci and then removing sequences
involved in gene conversions. On doing so, each simian
species was still represented in most cases by about 8
kb of nonconverted noncoding y! and 2 sequences. The
results for the ym and vy datasets (Table 2) reveal that a
series of dichotomous branchings separate the five






