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Introduction

{uenons are well known for substantial variation in chromosome number and
morphology (Ledbetter, 1981; Muleris et al., 1986). While extensive multi-
locus DNA sequence studies examining hominoid (Ruvolo, 1997; Satta ef al.,
2000) and papionin (Harris and Disotell, 1998) phylogenetic relationships
have been carried out, only a few sequences from multiple cercopithecin taxa
have been collected. These limited studies have not examined a sufficient
number of genetic systems nor enough taxa to elucidate the overall patterns of
guenon phylogeny (Schiitzl et al., 1995; Page and Goodman, 2001). Results
from an ongoing study of mitochondrial sequence variation in guenons are
presented here along with estimates of the date of origin of the guenon
radiation. The discussion focuses on variation in these inferred dates and
recurring issues in guenon phylogeny. ‘

Few studies including substantial numbers of guenon species have been
conducted on genes or gene products, with the notable exceptions of Ruvolo’s
protein electrophoretic study (Ruvolo, 1988, reviewed in Disotell, 1996) and
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the work of van der Kuyl and her colleagues on mitochondrial 12s rRNA (van
der Kuyl ¢t al., 1995a,b, 2000a,b). The latter work utilized a short sequence of
a slowly evolving mitochondrial gene that is well suited to identify the specific
and sometimes subspecific identity of an unknown sample (van der Kuyl ¢t al.,
2000b). However, these sequences are not very phylogenetically informative
within the guenons due to a lack of sufficient variation (Disotell, 2000).

Current estimates of the date of divergence of the extant cercopithecin
and papionin lineages range from 9.5 to 10 mya (Szalay and Delson, 1979;
Kingdon, 1997). Estimates of the date of divergence of the extant cercopithe-
cins include 6 mya (Szalay and Delson, 1979), 6.5-7 mya (Kingdon, 1997), and
less than 3.5 mya (Leakey, 1988). Unfortunately, fossil evidence for cerco-
pithecin evolution is rare, and does not exist before about 3.5 mya (Leakey,
1988). No significant new fossils have been reported since the topic was
reviewed by Leakey (1988).

Methods

For phylogenetic analyses, we sequenced an 897 base pair fragment of the
mitochondrial genome encompassing the 3’ end of the NADH dehydrogenase
subunit (ND) 4, three tRNA genes, and the 5’ end of ND 5 (hereafter referred
to as the Brown et al. (1982) region after the first author to use this locus
for phylogenetic purposes) in 11 species of cercopithecins. This region is
bounded by two HindIII restriction endonuclease sites in most primates
(Brown et al.,1982). We included two representatives each of the mona, cephus,
and nictitans species groups as well as a single member each of the lhoesti,
neglectus, and aethiops species groups. We sequenced one individual each of
Allenopithecus, Miopithecus, and Erythrocebus as well (Table I). We also sequenced
the entire 684 base pair cytochrome oxidase subunit IT (COII) gene in a subset
of the taxa sequenced for the Brown region (Table I) to strengthen molecular
dating estimates for key nodes in the phylogeny.

We used flanking primers previously developed in our lab to amplify the
Brown and COII regions (Disotell et al., 1992; Wildman, 2000). We purified
PCR products using exonuclease I and shrimp alkaline phosphatase (Hanke
and Wink, 1994) and cycle sequenced using ABI BigDye chemistry (Applied
Biosystems). We cleaned cycle sequencing products using Centri-Sep spin
columns (Princeton Separations) and then electrophoresed them on either an
ABI Prism 310 or 377 automated DNA analysis system (Applied Biosystems).
We sequenced both strands with an array of internal sequencing primers.
We assembled contigs using Sequencher 4.1.2 (Gene Codes).

We carried out phylogenetic analyses on the Brown region via boot-
strap parsimony (1000 replicates) with heuristic search algorithms with
uniform weighting, the stepwise addition and total branch swapping options,
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TableI. Species Sequenced for the Mitochondrial Loci Brown and COII

Latin name Brown COl1

Allenopithecus nigroviridis
Miopithecus talapoin
Erythrocebus patas
Cercopithecus aethiops
Cercopithecus cephus
Cercopithecus ascanius
Cercopithecus mona
Cercopithecus pogonias
Cercopithecus thoesti
Cercopithecus nictitans
Cercopithecus mitis
Cercopithecus neglectus
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and a transition/transversion ratio of 12:1 under PAUP* 4.0b8 (Swofford,
2001). We also performed likelihood analyses (100 replicates) with the same
parameter settings and the empirical base frequency model. Varying the
parameter settings of the two types of analyses did not essentially change the
results. Parsimony and likelihood analyses did not have any conflicts in their
resolved clades (Fig. 1).

We calculated divergence date estimates for key nodes within the inferred
guenon tree as well as for the hominoid-cercopithecoid and cercopithecin-
papionin splits relative to the reasonably well accepted calibration points of
Homo-Pan at 6 mya and Theropithecus-Papio at 5 mya (Fig. 2). We compared
sequences from the various clades of Old World monkeys and hominoids to a
New World monkey sequence to look for evidence of rate heterogeneity in
the SRY and TSPY loci (Tosi et al., 2000), the albumin gene (Page and
Goodman, 2001), the mitochondrial 12s rRNA (van der Kuyl et al., 1995a),
and the combined COII-Brown regions (this study). Only the 12s rRNA data
showed evidence of rate heterogeneity. We applied correction factors to the
12s rTRNA estimates (Fig. 2).

Since the three nuclear loci showed relatively small amounts of sequence
divergence, we made direct extrapolations based on uncorrected average
pairwise nucleotide differences (“p” values) between members of each lineage
in comparison to the calibration points’ pairwise distances (Fig. 2). Earlier
studies of protein coding mitochondrial genes demonstrated that third
position codon bases show evidence of multiple hit saturation effects (Adkins
#t al., 1996; Yoder et al., 1996). Therefore, for the combined COII and Brown
data set, we made an additional calculation in which we excluded noncoding
and third codon position bases from our calculation of uncorrected pairwise
distances and their corresponding divergence date estimates (Fig. 2).
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Fig. 1. Consensus tree from our study of the mitochondrial Brown and COII loci.
This tree presents nodes consistent among 1000 replicate parsimony bootstrap and 100
replicate likelihood bootstrap analyses of the combined sequence dataset. All nodes
have 90% or greater bootstrap support under either likelihood or parsimony analysis.

Results

The mitochondrial phylogeny shows a clade composed of the Cercopithecus
guenons—excluding Cercopithecus lhoesti—and Erythrocebus patas (Fig. 1). Basal
to this are Allenopithecus nigroviridis and a clade containing Cercopithecus lhoesti
and Miopithecus talapoin. All resolved clades are supported by at least a 90%
bootstrap measure under either parsimony or likelihood conditions.

The most internally consistent DNA sequence data for date estimation is the
COII and Brown combined data excluding third codon positions. Dating
analyses (Fig. 2) support a date of divergence between the papionins and
cercopithecins between 10.5 and 13.5 mya and an origin for the guenon
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Fig.2. Date estimates of selected Old World monkey divergences. The table on the left
shows estimated times of divergence for six sequence datasets at selected nodes, which
are illustrated in the tree diagram to the right. Each node has been estimated from two
calibration points. The top number results from calibration on the Theropithecus-Papio
node set at 5 mya. The bottom number results from calibration on the Homo-Pan node
set at 6 mya; na indicates that a date could not be calculated for that node based upon the
sequences available.

radiation beginning at least 9.5 mya, and more likely over 11 mya. The genus
Cercopithecus (excluding C. lhoesti) most likely began to diversify between 7.5 and
8.5 mya.

Discussion

The mitochondrial phylogeny (Fig. 1) conflicts with the Y chromosome
phylogeny of Tosi et al. (2002). The most significant conflict concerns
the placement of Miopithecus talapoin, Erythrocebus patas, Cercopithecus aethiops,
and C. lhoesti. While the Y chromosome gene tree supports a clade containing
Enrythrocebus patas, Cercopithecus aethiops, and C. lhoesti, the mtDNA sequences
support a contradictory placement of Miopithecus talapoin and C. lhoesti as sister
iaxa.

Incongruence between cytoplasmic and nuclear gene trees is not a new
phenomenon. It has been seen before in the primates (Macaca: Tosi et al., 2000)
as well as many other animal and plant groups (Drosophila: Goto and Kimura,
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2001; the beetle subgenus Okomopterus: Sota and Vogler, 2001; and the legume
subgenus Glycine: Doyle et al., 1999). Tosi et al. (2000) attributed the incongru-
ence between mtDNA and Y chromosome gene trees in the macaques to
lineage sorting of ancestral mtDNA haplotypes with subsequent fixation of
different variants in different lineages. Other studies documenting such
incongruence have attributed it to hybridization (Sota and Vogler, 2001),
lateral gene transfer (Doyle et al., 1999), or inaccurate phylogenetic inference
due to homoplasy (Goto and Kimura, 2001).

Furthermore, incongruence could be the result of inaccurate gene tree
inference. In either the mtDNA or Y chromosome data sets, one or more of
these species could be represented by non-orthologous sequences. Non-
orthologous mtDNA sequences are usually nuclear insertions of mitochondrial
sequences, or “numts” (Collura and Stewart, 1995; Bensasson et al., 2001). Our
laboratory methods, including mitochondrial enrichment of source DNA, the
sequencing of multiple clones, and the use of very long PCR fragments, were
designed to avoid such problems. None of the sequences analyzed contained
premature stop codons in protein coding sequences or insertion or deletion
events common in “numts”. Furthermore, the substitution pattern in which
third codon position substitutions are most common, followed by first position
and then second position substitutions in protein coding sequences, along with
the observed transition/transversion bias, all suggest these are true mtDNA
sequences. Therefore, the incongruence between mtDNA and Y chromosome
is probably not due to nuclear insertions of mitochondrial DNA.

The mtDNA regions sequenced have also been extensively studied in
several groups of primates and other mammals (Brown et al., 1982; Disotelletal.,
1992; Adkins and Honeycutt, 1994; Adkins et al., 1996; Wildman, 2000). These
new guenon sequences show no evidence of excessive homoplasy which could
lead to inaccurate phylogenetic inferences (Goto and Kimura, 2001). Without
evidence to the contrary, we accept that the mtDNA and Y chromosome
evidence produce gene trees which accurately reflect the evolutionary history of
those molecules, and we cannot explain away their incongruence by homoplasy.
More sequence information from either the mitochondrial genome or the
Y chromosome is unlikely to affect the phylogenetic conclusions already drawn
from the loci presented here or in Tosi et al. (2002).

The most likely reasons for this phylogenetic incongruence are hybri-
dization or lineage sorting. Hybridization may be viewed along a continuum
ranging from full hybrid origin of a descendent species from the merger of
two parental lines to the introgression of foreign genetic material through
occasional cross-species mating. Both ends of this continuum are theoretically
possible within the guenons. Hybridization has been observed between many
guenon taxa in the wild, and in exceptional circumstances may be common
(Detwiler, 2002). Whatever the extent of hybridization, the result will be that
variant proportions of the descendent species’ genome will derive from more
than one lineage.
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Lineage sorting may result when an ancestral population is polymorphic
for a given locus. If the different alleles at a locus are preferentially preserved
in different descendent populations, then the gene tree for the locus will differ
from the true species tree. Factors conducive to lineage sorting are large
ancestral effective population size and short internodes between speciation
events. Both of these situations are likely to have occurred in guenon
evolutionary history. In their discussion of mtDNA and Y chromosome
discordance in macaques, Tosi ef al. (2000) have argued that female philopatry
and male dispersal leads to an increased effective population size for the
mitochondrial genome and a decreased effective population size for the
Y chromosome. Thus, they argued that lineage sorting was more likely to have
occurred in mtDNA lineages than in Y chromosome lineages.

Incongruence cannot be resolved with two loci. Sampling additional
individuals from throughout the species’ ranges may help to identify additional
alleles and to infer ancient effective population sizes. More importantly,
multiple independent autosomal loci are needed. They need to be either of
sufficient length or of a rapid enough rate of evolution so that they contain
an adequate number of phylogenetically informative sites in order to avoid
inaccurate gene tree inferences. Several laboratories, including our own,
are attempting to collect such data. The conflicts between the mtDNA and
Y chromosomal phylogenies do not affect the divergence date estimates
inferred from the mtDNA data presented herein because none of the contested
nodes are being estimated (Fig. 2).

While only the mitochondrial 12s rRNA region showed evidence of rate
heterogeneity based on the relative rate test, the divergence date estimates
derived from the autosomal loci (SRY, TSPY, albumin) vary widely from each
other. They also vary within a locus depending on which calibration point is
used. We believe this variation, both overestimating and underestimating what
are realistic divergence dates, is most likely caused by the small number of
substitutions observed between most lineages. For instance, there are only
three, 18, and 13 substitutions observed between Papio and Theropithecus for
the SRY, TSP, and albumin loci, respectively. Extrapolating from such small
amounts of change is likely to yield variable results. Much longer sequences of
non-coding nuclear loci will be needed to match the levels of variation found
in the mitochondrial genome. For comparison, the combined COII and
Brown region, which is shorter than either the albumin or TSPY regions
sequenced, has 123 substitutions between Papio and Theropithecus.

The combined COII and Brown sequences underestimate the actual times
for the older divergences. This underestimate is caused by the well-
characterized phenomenon of multiple hit saturation in rapidly evolving
genes. When the most variable third codon positions are removed from the
analysis, reasonable divergence estimates emerge. These dates are older than
those proposed by paleontologists. Given the extreme paucity of fossil evidence,
and our inability to infer rates of morphological change, the dates for the key
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cercopithecine divergences based on the first and second codon positions of the
COII and Brown regions may indeed be a more accurate reflection of reality.

Summary

While the phylogenetic inferences based on either the mitochondrial or
Y chromosome data presented in this volume may not fully represent the
species’ phylogeny, the dates of key divergence points can be relatively
confidently inferred. These dates are older than those suggested by extrapola-
tion from the fossil record. Multiple independent autosomal loci from several
individuals throughout a species’ range will need to be sequenced in order to
provide a robust phylogeny of the guenons.
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