Molecular Evolutionary Dynamics of Cytochrome b in Strepsirrhine
Primates: The Phylogenetic Significance of Third-Position Transversions

Anne D. Yoder,* Rytas Vilgalys,t and Maryellen Ruvolot

*Department of Cell and Molecular Biology, Northwestern University Medical School, and Department of Zoology, Field
Museum of Natural History, Chicago; tDepartment of Botany, Duke University; and $Department of Anthropology, Harvard

University

DNA sequences of the complete cytochrome b gene are shown to contain robust phylogenetic signal for the strep-
sirrhine primates (i.e., lemurs and lorises). The phylogeny derived from these data conforms to other molecular
studies of strepsirrhine relationships despite the fact that uncorrected nucleotide distances are high for nearly all
intrastrepsirrhine comparisons, with most in the 15%-20% range. Cytochrome b sequences support the hypothesis
that Malagasy lemuriforms and Afro-Asian lorisiforms each comprise clades that share a sister-group relationship.
A study (Adkins and Honeycutt 1994) of the cytochrome ¢ oxidase subunit II (COII) gene placed one Malagasy
primate (Daubentonia) at the base of the strepsirrhine clade, thereby suggesting a diphyletic Lemuriformes. The
reanalysis of COII third-position transversions, either alone or in combination with cytochrome b third-position
transversions, however, yields a tree that is congruent with phylogenetic hypotheses derived from cytochrome b

and other genetic data sets.

Introduction

The evolutionary history of the primate suborder
Strepsirrhini (i.e., Madagascar lemuriforms and Afro-
Asian lorisiforms) has been the subject of numerous
DNA-based phylogenetic studies during the past few
years (Jung, Crovella, and Rumpler 1992; Crovella,
Montagnon, and Rumpler 1993; Adkins and Honeycutt
1994; Yoder 1994; Del Pero et al. 1995; Porter et al.
1995; Yoder et al. 1996). Consequently, a robust phy-
logeny for strepsirrhine primates is emerging after more
than 2 decades of controversy. The controversy has fo-
cused in particular on the position of the mouse and
dwarf lemur group (family Cheirogaleidae) and on the
position of the aye-aye (genus Daubentonia). Several
morphological studies concluded that the cheirogaleids
actually belong within the lorisiform clade (Szalay and
Katz 1973; Tattersall and Schwartz 1974; Cartmill
1975). Morphological studies of Daubentonia have been
less consistent in their conclusions, finding the aye-aye
to be either a highly derived member of the Malagasy
primate family Indridae (Schwartz 1986), the basal-most
branch of the strepsirrhines (Groves 1990), or unclas-
sifiable in relation to other living primates (Oxnard
1981). Because three of the four morphology-based hy-
potheses suggest that lemuriforms are either para- or di-
phyletic, the systematics of the Strepsirrhini is of con-
siderable biogeographic interest. If the lemuriforms are
not monophyletic, at least two primate migrations be-
tween Africa and Madagascar must be invoked to ex-
plain current strepsirthine distributions (Charles-Domi-
nique and Martin 1970). The combined consideration of
paleogeographic (Rabinowitz, Coffin, and Falvey 1983;
Patriat and Achache 1984) and primate paleontological
(Gingerich 1990; Martin 1993; Gingerich and Uhen

Key words: cytochrome b, mtDNA, primates, lemurs, molecular
evolution, phylogeny.

Address for correspondence and reprints: Anne D. Yoder, De-
partment of Cell and Molecular Biology, 303 E. Chicago Ave., Ward
Building, Chicago, Illinois 60611-3008. E-mail: ayoder@worms.cmb.
nwu.edu.

Mol. Biol. Evol. 13(10):1339-1350. 1996
© 1996 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038

1994) data, however, indicate that multiple migrations
would have been highly unlikely.

Genetic studies, for the most part, concur with the
biogeographic data in finding that Malagasy primates
are monophyletic. It is certainly true that virtually every
relevant genetic study has placed the cheirogaleids se-
curely within the lemuriform radiation (Dene et al. 1976;
Bonner, Heinemann, and Todaro 1980; Rumpler et al.
1983; Dutrillaux 1988; Rumpler et al. 1988; Koop et al.
1989; Crovella, Montagnon, and Rumpler 1993; Adkins
and Honeycutt 1994; Yoder 1994; Porter et al. 1995;
Yoder et al. 1996). Even so, many anthropologists have
been reluctant to relinquish the morphological hypoth-
esis of cheirogaleid/lorisiform affinities. Nearly all of
the primate classifications published post-1970 have
placed the cheirogaleids within the lorisiforms (Szalay
and Delson 1979; Schwartz 1986; Andrews 1988; Flea-
gle 1988), although there are notable exceptions (e.g.,
Martin 1990). In fact, if the genetic data have been at
all ambiguous, it is with regard to the placement of Dau-
bentonia (Adkins and Honeycutt 1994; Yoder 1994).

The analysis of the mitochondrial sequences cov-
ered in this paper is the continuation of an ongoing study
of strepsirrhine interrelationships. An earlier report de-
scribed the phylogenetic analysis of the first 700 bases
of the 5’ end of cytochrome b (Yoder 1994). These pre-
liminary sequences were analyzed separately and in
combination with a large morphological data set. The
separate analysis of the cytochrome b sequences indi-
cated poor support for a number of the clades that were
well resolved in the combined analysis. Most signifi-
cantly, the partial-gene data could not confidently re-
solve the position of Daubentonia nor could they resolve
strepsirrhine monophyly. When the complete gene se-
quences are analyzed (Yoder et al. 1996), however, they
support both strepsirrhine and lemuriform monophyly.
This result suggests that the previous lack of resolution
was a consequence of sampling error (i.e., not enough
sequence) rather than a more general failure of cyto-
chrome b’s resolving power. The question of cytochrome
b’s resolving power is nonetheless controversial due to
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Table 1

List of Primates Included in Cytochrome b Study

Taxonomic Designation

Common Name

Specimen #

Anthropoidea

Human
Squirrel monkey

Homo sapiens ......................
Saimiri sciureus.....................

Lorisiformes

Galagonidae

Galago crassicaudatus . ..............
Loridae

Loris tardigradus. ... ................

Greater bush baby

Slender loris

Nycticebus coucang. ................. Slow loris
Lemuriformes
Daubentoniidae
Daubentonia madagascariensis . . . .. ... Aye-aye
Cheirogaleidae

Greater dwarf lemur
Coquerel’s dwarf lemur
Gray mouse lemur

Cheirogaleus major. . . ...............

Mirza coquereli. ....................

Microcebus murinus .. ...............
Indridae

Propithecus tattersalli. . ..............
Lemuridae

Varecia variegata rubra. . ............

Hapalemur griseus . .................

Lemurcatta........................

Eulemur fulvus collaris. . .............

Eulemur fulvus rufus.................

Golden-crowned sifaka

Red-ruffed lemur
Gentle lemur
Ring-tailed lemur
Collared lemur
Red-fronted lemur

GenBank #J01415
ISIS 8445f; Tulsa Zoo

DUPC #unknown

DUPC #1966m
DUPC #1942f

DUPC #6262f

DUPC #639m
DUPC #384f
DUPC #846f

DUPC #6196m

DUPC #5874f
DUPC #6043m
DUPC #5738m
DUPC #561m
DUPC #6341f

NoTe.—DUPC, Duke University Primate Center; f, female; m, male.

recent criticism of its usefulness as a phylogenetic mark-
er (e.g., Graybeal 1993; Meyer 1994). Several charac-
teristics of cytochrome b—and other mitochondrial
genes—can present obstacles for phylogenetic algo-
rithms. Some of these obstacles are unequal base fre-
quencies (Lockhart et al. 1994), rate inequalities
(Felsenstein 1978), third-position saturation (Meyer
1994), and insufficient variation at replacement sites
(Graybeal 1993). Despite these problems, it would be
premature to discount cytochrome b as a potentially
powerful phylogenetic tool. Of all the mitochondrial
genes, none has been more widely used for the purpose
of phylogenetic reconstruction (e.g., Irwin, Kocher, and
Wilson 1991; Crozier and Crozier 1992; Graybeal 1993;
Ma et al. 1993; Thomas and Martin 1993; Honeycutt et
al. 1995). The advantages of abundant comparative se-
quence data and well-characterized gene function and
protein structure therefore enhance its utility for evolu-
tionary investigations. It is not surprising, then, that cy-
tochrome b has been preferred to other, potentially suit-
able, molecular phylogenetic markers.

We examine the potentially problematic character-
istics of the gene (e.g., base frequency differentials, co-
don position attributes, evolutionary rates) and their ef-
fects, if any, on phylogenetic resolution of strepsirrhine
primates. In addition to testing the hypothesis of lemu-
riform monophyly, there are other phylogenetic ques-
tions pertinent to strepsirrhine systematics addressed by
this study: (1) Is the family Cheirogaleidae monophy-
letic? (2) Do Lemur catta and Hapalemur form a clade,
as has been recently proposed (Groves and Eaglen 1988;
Simons and Rumpler 1988)? (3) Is there a monophyletic
Lemuridae? (4) Are the slow lorises (family Loridae)
monophyletic? By comparing the cytochrome b gene
tree to those derived from other genetic markers (Dene

et al. 1976; Dutrillaux 1988; Adkins and Honeyc
1994; Porter et al. 1995), we define areas of strepsirrhi
phylogeny that are well supported. The phylogenet
tree is also employed to investigate primate cytochror
b evolution at the amino acid level to facilitate the cor
parison of our results with those from other studies (e.;
Howell 1989; Irwin, Kocher, and Wilson 1991; Ma
al. 1993; Ballard and Kreitman 1994; Jermiin et :
1994; Honeycutt et al. 1995).

Materials and Methods
DNA Sources

DNA samples were extracted from tissues (liv:
spleen, kidney, muscle) of animals that died of natu
causes (table 1). With the exception of Saimiri sciure
(ISIS 8445f), all samples originated from the Duke Ut
versity Primate Center. Total genomic DNA was extrac
ed with a standard phenol/chloroform technique after «
gesting overnight in an SDS-based extraction buffi
Outgroup sequences were acquired from GenBank und
the following accession numbers: human—J01415 (A
derson et al. 1981), mouse-J01420 (Bibb et al. 198]
rat—J01436 (Koike et al. 1982), dolphin—X5629
camel—X56281, pig—X56295, and zebra—X56282 (.
win, Kocher, and Wilson 1991).

DNA Amplification and Sequencing

The polymerase chain reaction (PCR), using prir
ers L14724 and H15915 (table 2), was employed to ge
erate double-stranded template of the entire cytochron
b gene (1,140 bp encoding 380 amino acids). Sequenc
were generated with a combination of manual and a
tomated methods. For manually generated sequence
double-stranded PCR product was purified using eith



Table 2

Cytochrome b in Strepsirrhine Primates 1341

Oligonucleotide Primers Used to Generate Cytochrome b Sequences

Name of Primer

Sequence (5’ to 3')

CGA AGC TTG ATA TGA AAA ACC ATC GTT G

CAA ATC ATC ACA GGA CTA TT(C,T) (C,T)TA GC

GAC GTA AAT TAC GGC TGA AT

CAT GAG GAC AAA TAT CAT TCT GAG G

GAA (A,T)CA GGA TC(A,T) AA(C,T) AAC CCA (C.TXC,T)A GG
CAC CCT TAC TAC ACA ATC AAA GA

CGA TC(C,T) AT(C,T) CC(C,T) AAT AAC CTA GGA GG

AAC TGC AGT CAT CTC CGG TTT ACA AGA C

GGT CGG AAT (A,G)T(C.T) AT(A,G) CTT (C,T)GT TGT TT

ATA ATT GTC TGG GTC GCC TAG

GCG AAG AAT CG(A,T) GT(T.G) AG(T,G) GT(A,G) GCT TT
TCA GAA TGA TAT TTG GCC TCA

GC(A,G) TG(A,G) AG(A,G) TA(A,G) CG(A,G) ATG ATT CAG CC

NoTeE.—Primers marked with an asterisk were taken from Irwin, Kocher, and Wilson (1991, table 1). All other primers
were designed by A.D.Y. Nucleotides in parentheses indicate degenerate sites; “‘L” indicates light strand, “H” indicates
heavy strand; numbers correspond to Anderson et al. (1981) sequence.

Centricon 100, Microcon 100 (Amicon), or Wizard
Preps (Promega) to remove excess primers and unin-
corporated nucleotides. The purified double-stranded
product was then used as starting template for an asym-
metric amplification in which one primer was in limiting
quantities. This single-stranded product was then se-
quenced with various primers (table 2) using conven-
tional dideoxy chain termination. Automated sequences
resulted from two different sets of amplification primers
(L14724-H15260 and L15171-H15915) which were
then cycle-sequenced using a dye terminator sequencing
kit (Applied Biosystems, Foster City, Calif.). After pu-
rification with Centrisep columns (Princeton Separa-
tions, Adelphia, N.J.), sequencing reactions were ana-
lyzed by gel electrophoresis with an Applied Biosystems
automated DNA sequencer model 373A. These sequenc-
es were edited and compiled with AutoAssembler 1.3.0
(Applied Biosystems). The complete gene sequences are
the consensus of at least two different double-stranded
PCR amplification reactions for which both strands were
sequenced and are available from GenBank under ac-
cession numbers U53569-U53582.

Although there have been numerous reports of mi-
tochondrial-like DNA sequences appearing in the nucle-
ar genome (e.g., Collura and Stewart 1995; Zischler et
al. 1995), presumably due to introgression of mtDNA
into the nucleus, we are confident that the sequences
reported here represent the functional mitochondrial cy-
tochrome b gene. Sequences were repeatedly confirmed
with different PCR amplification reactions using three
different PCR primer pairs, were unambiguous (i.e.,
double bands were rare or nonexistent), and were con-
firmed for both strands. Moreover, the sequences do not
have the characteristics of nuclear pseudogenes; all se-
quences show a complete lack of insertions or deletions
and patterns of nucleotide substitution are consistent
with those typical of protein-coding genes. It does ap-
pear, however, that one or more nuclear cytochrome b
pseudogenes co-amplify with the mitochondrial copy in
Tarsius bancanus and in T. syrichta (unpublished data).
Consequently, the sequences for these taxa are not re-

ported, nor are they included in the phylogenetic anal-
ysis.

Data Analysis

The primate sequences, along with the nonprimate
outgroup sequences, were easily aligned by eye due to
the lack of insertions and deletions. PAUP 3.1.1 (Swof-
ford 1993) was employed for all parsimony analyses.
Heuristic searches were conducted with 100 replicates
of the random addition option and all other options were
set by default. The random trees option was used to
estimate the gl value (Hillis and Huelsenbeck 1992).
Relative support for internal nodes was estimated using
the bootstrap (Felsenstein 1985). For all bootstrap tests,
100 replicates were run with the random addition option
selected from the heuristic search menu. Maximum-like-
lihood trees were estimated with fastDNAml 1.0 (Olsen
et al. 1994) formatted for the Power Macintosh by D.
Gilbert. The DNAdist program in the PHYLIP 3.5p
package (Felsenstein 1993) was used to create a distance
matrix under a maximum-likelihood correction (Felsen-
stein 1981) and a transition-to-transversion ratio of 10:
1; a least-squares tree was then constructed with the
FITCHS81 (Fitch and Margoliash 1967) algorithm in
which the input order of taxa was randomized and 10
global rearrangements were executed. One hundred
bootstrap trials were conducted following the procedure
outlined in the PHYLIP manual. MacClade 3.0.4 (Mad-
dison and Maddison 1992) was employed to convert nu-
cleotide sequences into amino acid sequences and for all
analyses of character evolution.

Results and Discussion
Genetic Distances

Pairwise genetic distances are sometimes used to
judge a gene’s potential for phylogenetic signal. In fact,
much of the criticism of cytochrome b and other mito-
chondrial markers relates to the large genetic distances
that are typically assumed to indicate saturation and,
thus, nonutility of these genes. Authors (e.g., Meyer
1994) have suggested that an early observation of high
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genetic divergence (=15%) might be sufficient to dis-
qualify a gene from further analysis. In bufonid frogs,
Graybeal (1993) found that at nucleotide distances be-
tween 15% and 20%, amino acid sequences are nearly
invariant even though silent sites are saturated. Thus, in
that study, nucleotide distances within this range were
symptomatic of a situation in which only two types of
characters exist: highly constrained (and thus noninfor-
mative) coding sites or wildly homplasious (and thus
noninformative) neutral sites. This result therefore em-
phasizes the point that nucleotide distances are an in-
complete measure of a gene’s potential resolving power
(Graybeal 1993).

Table 3 indicates that the uncorrected pairwise nu-
cleotide distances among the primates are quite high. In
the comparison of any lemur to any loris, the uncor-
rected nucleotide distance is at least 21%. This figure
increases to over 25% for comparisons of strepsirrhines
and anthropoids, whereas the distance between any of
the nonprimate outgroups and any primate is either the
same as or lower than the anthropoid—strepsirrhine com-
parisons. These results suggest the troubling possibility
that cytochrome b is reaching saturation at the level of
lemuriform-lorisiform divergence and will thus be un-
informative at this or deeper phylogenetic levels. More-
over, most of the intertaxonomic distances among the
strepsirrhines are within the 15%—-20% presumed to in-
dicate saturation of third-position sites (Meyer 1994).
The amino acid distances are on average 1.7 times lower
than nucleotide distances, but are not dramatically low
as in bufonid frogs (Graybeal 1993).

Codon Positions

Base composition for each codon position was av-
eraged over the primates included in this study. Like
other mammals (Irwin, Kocher, and Wilson 1991), the
primates show a fairly evenly distributed base compo-
sition at first-position sites, a marked preference for T
at second-position sites, and a significant underrepresen-
tation of G at third-position sites. Thus, cytochrome b
in primates shows the light-strand bias against G that is
typical of animal mtDNA. These patterns of base com-
positional asymmetry can create problems for phyloge-
netic analysis. The extreme underabundance of one
character state increases the tendency for these sites to
saturate prematurely (Irwin, Kocher, and Wilson 1991;
Meyer 1994). Also, a skewed mutation bias can violate
the assumptions of parsimony (Perna and Kocher 1995).
If a mutation bias exists that maintains G’s at a much
lower frequency than A’s, the likelihood of an A-to-G
transition will be much lower than the likelihood of a
G-to-A transition. Unless otherwise instructed, parsi-
mony algorithms weight these events equally. This
shortcoming can be overcome with differential weight-
ing and/or through the use of alternate tree-building al-
gorithms that take starting base composition into ac-
count (e.g., maximum likelihood). Relative base fre-
quencies among the primates are nearly uniform, how-
ever, with second-position sites showing the least
intertaxonomic variation (mean standard deviation =
0.75) and third-position sites showing the greatest

Table 3

Uncorrected Nucleotide Distances (Above the Diagonal) and Amino Acid Distances (Below the Diagonal) for Cytochrome b

11 12 13 14 15 16 17 18 19 20 21
0270 0.251 0.234 0244 0232 0219 0220 0.246

0219 0.240 0.211

10
0.172  0.228

0.169 0.218
0.178

0.168 0.183 0.197

0.152 0.139 0.168

0.042

1. E. f. collaris. ..

0.248

0.222 0227 0225

0.238

0.250 0.234 0.243

0.222 0.234 0209 0.271

0.170  0.192 0.201

0.161
0.129 0.175 0.166 0.196 0.197

0.154 0.135

0.011

2. E f rufus.....

0.250
0.239

0.227 0222

0.252

0.267 0.255

0.246 0.230 0.278

0.225 0.225
0.218

0.066

0.061

0.071

3. Hapalemur-. . ..
4, Lemur........

0235 0225

0.236 0.231

0.248
0.258 0.243

0269 0.238

0.214 0.270 0.251

0204 0275
0.213

0.222 0.247

0.192 0.171

0.183
0.205

0.175 0.171

0.037

0.063

0.236 0244 0229 0.237
0.225

0.247

0215 0.235

0.228

0214 0.178

0.185

0.097 0.089

0.100 0.095

0.095

5. Varecia. ... ...
6. Cheirogaleus . .

0.237 0.237 0.226 0.238

0.275

0.227

0.225

0.184 0.213
0.179 0.189 0.236 0.241

0.156 0.173

0.076 0.084 0.132

0.095

0.250
0.246

0.229 0246 0.231
0.245

0.236
0.244 0.245

0.279 0.238

0232 0275 .

0.225

0.243

0.137 0.07t

0.100 0.100 0.126 0.079 0.097

0.084 0.074 0.103 0.097
0.150 0.139 0.161

0.100 0.100 0.100 0.105

0.113

7. Mirza ........

0.242 0239 0.241

0266 0.281

0.242

0.196 0.239 0.241

0.113

8. Microcebus. . . .

0232 0.208

0236 0.231
0239 0249 0.230 0.225

0.259 0.238

0.217 0.275

0221 0225

0.211

0.108

0.108

0.089 0.087
0.145

9. Propithecus . ..

0.248

0.246 0.225

0219 0.234 0224 0.268

0.147

0.176  0.161

0.161

0.145

10. Daubentonia. . .

0.233

0235 0.208

0.234 0.235

0226 0.218

0.179 0.282 0257 0244 0239 0.225

0.248 0.237

0.263

0.206 0.193

0.147 0.147

0.163

0.147

0.171
0.166 0.158

0.155
0.158
0.158

0.137 0.139 0.139 0.142 0.161

0.145
0.163
0.211

11. Galago . ......

0.242
0.230
0.269

0.268

0.118

0.171

0.150 0.150 0.158 0.168

12. Nycticebus .. ..

0232 0217

0.208

0.246 0250 0.224 0.207

0.124

0.166 0.113

0.166 0.166 0.158

0.171
0.226 0.224 0.232 0.229 0266 0.226 0.224 0.208

0.161

0.163

0.161

13. Loris.........

0.256 0.266 0.258 0.285 0.248

0.261

0.226 0.221

0218

0.218

14. Saimiri ... ....

0.248 0.258 0.286 0.268
0.164 0.210 0227 0218

0.255

0.224  0.208

0.200 0200 0.218

0.216 0.208

0205 0.211 0.218

0.203
0.179 0.182 0.192 0.184 0.192 0.192 0.184 0.192 0.168

0.203

0.187 0.197

15. Homo ........

0.241

0.176  0.232 0.221

0.174 0.150 0.179 0.166 0.229 0.221

0.195

0.184 0.187

16. Mouse. .......

0.217 0234 0.209 0.226

0.068

0.237 0.226 0.147

0.176 0.179 0.166 0.174 0.192 0.176 0.179 0.182 0.171

0.161

17. Rat ..........

0.193
0.217

0.209 0.188

0.155
0.145

0.155 0.158 0.158

0.145

0.161

0.176  0.158

0.171
0.161

0.182 0.158

0.161
0.139 0.150 0.174

0.158 0.155

18. Pig...o.v.....

0.103 0.197

0.158
0.139 0.218 0200 0.150 0.139

0.166 0.174 0237 0.221

0.166 0.150 0.161

0.139 0.153

0.145

0.142  0.147

19. Camel........

0.210

0.103 0.103

0.139 0.134 0.147
0.174 0.176  0.192

0.118

0.129 0.129 0.132 0.134 0.137 0.145

20. Zebra ........

0.126

0.184 0.187 0.129 0.121

0.218

0.184 0.221

0.168

0.174 0.182 0.184 0.179 0.189 0.176 0.192 0.187

21. Dolphin.......
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FiG. 1.—Codon position comparisons of (A) overall rates of nucleotide accumulation, (B) rates of transition (open circle) and transversion
(closed circle) accumulation, and (C) transition to transversion ratios against total Jukes-Cantor corrected pairwise distances. Note: there are no
first- or second-position transversions for intraspecific E. fulvus comparison.

amount of variation (mean standard deviation = 3.33).
These values are comparable to those found within un-
gulates (Irwin, Kocher, and Wilson 1991) and correlate
with the degree of selective constraint acting on the
sites. In all taxa, taxon-specific patterns of base fre-
quency coincide with the averaged relative frequencies
except for third-position sites in four taxa. In Homo,
Galago, Daubentonia, and Propithecus, C’s outnumber
A’s as the most numerous base; the opposite pattern is
seen in all other primate taxa. This raises the possibility
that these four taxa might be erroneously associated in
phylogenetic analyses (Lockhart et al. 1992).

In addition to base-compositional effects, overall
rate of evolution and the relative abundance of transi-
tions and transversions can vary by codon position. Rap-
idly evolving characters (e.g., transitions, third posi-
tions), due to their higher substitution rate, may be pref-
erentially subject to homoplasy due to multiple substi-
tutions. Conversely, characters that are under intense
selection (e.g., second positions) might be so con-
strained that they are not informative (as discussed in
Graybeal 1993), or those substitutions that do occur
might reflect similar selective constraints rather than
common history (Naylor, Collins, and Brown 1995).
Figure 1 illustrates substitution patterns in more detail.

For each codon position, overall substitution rate (row
A), relative abundance of transitions and transversions
(row B), and transition/transversion ratio (ts/tv ratio—
row C) are plotted against Jukes-Cantor corrected ge-
netic distances (dy_c). Genetic distance is employed as a
surrogate for time since cladogenesis because the strep-
sirrhine fossil record is too poor to allow for a more
accurate measure. Pairwise comparisons with low dj.
values are therefore assumed to be more recently di-
verged than those with high values.

Figure 14, in which pairwise mismatches for each
codon site are plotted on the ordinate, shows that third-
position sites evolve most rapidly and second-position
sites evolve most slowly, thus indicating an inverse re-
lationship between amino acid constraint and evolution-
ary rate. Nonetheless, first positions are evolving con-
siderably more rapidly than second positions even
though their assumed amino acid constraints are roughly
equivalent (i.e., 96% vs. 100% of nucleotide substitu-
tions will yield amino acid replacements [Li and Graur
1991]). Substitutions appear to have accumulated lin-
early for all three codon classes throughout the taxo-
nomic range included in this study. When transitions and
transversions are individually graphed (fig. 1B), how-
ever, it becomes clear that at least some portion of third-
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Table 4
Tajima’s (1993) Relative Rate Test of Class 1 and Class 2 Substitutions in Primate Cytochrome b Sequences
SPECIES CLass 1 CLass 2

1 2 3 ml m2 X2 ml m2 X2
Lemur........... Saimiri Pig 73 80 0.32 35 61 7.04%*
Lemur........... Homo Pig 70 72 0.03 29 58 9.67**
Daubentonia. . . . .. Saimiri Pig 72 85 1.08 33 58 6.87%*
Daubentonia. . . . . . Homo Pig 62 69 0.37 32 61 9.04%*
Galago . ......... Saimiri Pig 69 71 0.03 27 65 15.70%%*
Galago .......... Homo Pig 67 66 0.01 18 64 25.80%**
Lemur........... Saimiri Mouse 76 67 0.57 37 59 5.04%
Lemur........... Homo Mouse 72 57 1.74 30 56 7.86%*
Daubentonia. . . . . . Saimiri Mouse 80 74 0.23 39 53 2.13
Daubentonia. . . . . . Homo Mouse 74 66 0.46 36 53 3.25
Galago .......... Saimiri Mouse 74 67 0.35 30 56 7.86%*
Galago .......... Homo Mouse 76 69 0.34 24 54 11.54%**
Lemur........... Galago Saimiri 64 62 0.03 30 29 0.02
Lemur........... Galago Homo 69 71 0.03 33 29 0.26
Daubentonia. . . . .. Galago Saimiri 71 62 0.61 30 34 0.25
Daubentonia. . . . .. Galago Homo 63 78 1.60 34 30 0.25

NoTe.—Number of unique nucleotide characters calculated from sites in which only two nucleotide types are present in three-way comparison. ml, number of
sites unique to sequence in column | when compared to sequences in columns 2 and 3 (where sequence 3 is the outgroup). m2, defined identically but with respect

to sequences in columns | and 3.
* Significant at the 0.05 level.
** Significant at the 0.01 level.
*#* Significant at the 0.001 level.

position sites (transitions) have reached saturation by
dy.c = 0.1. First and second positions do not show this
pattern, although at the highest values of d, first-po-
sition transition and transversion substitutions are con-
verging in frequency. Thus, based on these graphs alone,
one would expect to see apparent ts/tv ratios that con-
verge on 1.0 for first and third positions and that steadily
increase in magnitude for second positions as d; o gets
larger. In the case of first and third positions, this pre-
diction is upheld (fig. 1C), although the pattern is less
consistent in first than in third positions. Second posi-
tions, on the other hand, do not show a clear relationship
between ts/tv ratio and d) ¢, particularly for d, - values
between 0.2 and 0.3.

These analyses, taken together, reveal characteris-
tics of each codon class that might affect its phyloge-
netic signal. For example, third-position sites are clearly
the most rapidly evolving, thus suggesting that they
could be more liable to homoplasious change than either
first or second positions. In fact, similar observations in
other phylogenetic studies have been taken as evidence
that third positions should be omitted or down-weighted.
A closer look at the substitutional patterns in this study,
however, indicates that third positions have not yet
reached saturation, at least not for transversions. The
differential rates of evolution also have obvious conse-
quences for the number of potentially informative char-
acters provided by each codon position. For the pri-
mates, there are 103, 48, and 302 phylogenetically in-
formative characters for first, second, and third positions
respectively (453 for the complete data set). These dif-
ferent patterns of character change presumably reflect
the interaction between mutation bias and functional
constraint operating on the sites. Whereas all second-
position substitutions will result in amino acid replace-
ments, only 30% of third-position substitutions will.

Even though we might consider both third-position
transversion and all second-position changes to be *‘con-
servative” (i.e., relatively free from the effects of satu-
ration), the degree to which they reflect phylogeny on
one hand and selection on the other might be quite dif-
ferent.

Evolutionary Rates

If taxa are evolving at vastly different rates, this
can adversely effect parsimony analysis (Felsenstein
1978). To investigate the possibility that the primate taxa
included in this study are evolving at different rates, we
conducted relative rate tests (Tajima 1993) in which two
exemplar lemuriforms (genus Lemur and genus Dau-
bentonia) and an exemplar lorisiform (genus Galago)
were individually compared to both anthropoid taxa rel-
ative to two nonprimate outgroups. The two lemuriforms
were also compared to the lorisiform relative to the an-
thropoid taxa. In addition to addressing the fundamental
question of rate differentials and their potential impact
on phylogenetic resolution, these comparisons were de-
signed as a preliminary test of the hypothesis that le-
muriforms show a retarded rate of molecular evolution
compared to all other primates (Bonner, Heinemann, and
Todaro 1980). These tests were conducted separately for
class 1 (i.e., third positions) and class 2 (i.e., first and
second positions) sites (Hasegawa, Kishino, and Yano
1985) to distinguish between possible mutation and se-
lection effects on evolutionary rates. Table 4 summariz-
es the results. For class 1 sites, there are no significant
rate differentials for any of the comparisons. For class
2 sites, however, all but one of the strepsirrhine—anthro-
poid comparisons indicate that anthropoids are evolving
significantly faster than strepsirrhines. Thus, if rate ef-
fects are to be problematic for this study, they could
only be manifest for class 2 sites. No significant rate
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FiG. 2.—Comparison of 50%-majority-rule bootstrap parsimony trees generated for (A) first-, (B) second-, and (C) third-position data sets.
The weighting scheme described below each tree yields the greatest number of resolved nodes for that data set. Weighting schemes tested were
equal weighting, transversions weighted 10 times more than transitions, and transitions weighted zero (i.e., transversions only). Numbers represent
bootstrap values from 100 replicates. Outgroup branches are shaded in gray.

differential is apparent between either of the lemuri-
forms and the lorisiform. For cytochrome b then, it does
not appear that rates of lemuriform molecular evolution
are uniquely slow.

Phylogenetic Analysis

Parsimony analyses for each codon position were
conducted as a further exploration of that position’s in-
herent phylogenetic signal. A total of nine analyses were
performed in order to test different transversion : tran-
sition weighting schemes (1:1; 10:1; 1:0) for each po-
sition. Figure 2 illustrates the individual first-, second-,
and third-position parsimony trees in which the weight-
ing scheme that yielded the highest number of resolved
nodes for each data set was employed. The third-posi-
tion character set yielded the most highly resolved tree,
with decreasing levels of resolution in the first- and sec-
ond-position trees, respectively. The gl values for each
data set (—0.478, —0.412, and —0.501 for first, second-,
and third-positions respectively), all of which are sig-
nificant at the 0.01 level (Hillis and Huelsenbeck 1992),
also indicate the stronger signal contained in the third-
position data set (the more negative the gl, the stronger
the signal). The strength of the gl statistic correlates
with the number of phylogenetically informative char-
acters within each codon class. Thus, any analysis of
cytochrome b data for these taxa that excluded or un-
derweighted third positions would consequently ignore
most of the phylogenetic information contained in the
complete data set. With only one exception among the
three trees, all resolved nodes agree with accepted ideas
of mammalian phylogeny (Irwin, Kocher, and Wilson
1991; Catzeflis, Aguilar, and Jaeger 1992; Porter et al.
1995). The exception concerns the placement (albeit
with weak support) of Daubentonia with the anthropoid
primates in the second position tree, thus indicating a

possible molecular convergence between anthropoid and
Daubentonia cytochrome b.

Recent experimental explorations of the strengths
and weaknesses of various phylogenetic algorithms
(Huelsenbeck 1995) have shown that their success var-
ies in accordance with the evolutionary parameters (e.g.,
branch lengths, rates of evolution) affecting the sequenc-
es. If unequal base composition, character saturation,
differential rates of evolution, or any other impediments
to phylogenetic reconstruction have adversely affected
the cytochrome b data set, contradictory results from the
various algorithms might be expected. Conversely, con-
gruence could suggest that the data contain a consistent
phylogenetic signal. Accordingly, we conducted maxi-
mum-parsimony, maximum-likelihood, and distance
analyses of the complete data set. The results of the
three analyses are in near perfect agreement (fig. 3). The
single exception pertains to the placement of Propithe-
cus in the maximum-likelihood tree. Otherwise, each al-
gorithm found support for monophyly of the taxa Pri-
mates, Strepsirrhini, Lemuriformes (including Dauben-
tonia and Cheirogaleidae), Cheirogaleidae, Lemuridae,
Lorisiformes, and Loridae. Moreover, the resolution of
the outgroup taxa conforms to results from previous
phylogenetic studies (Irwin, Kocher, and Wilson 1991;
Catzeflis, Aguilar, and Jaeger 1992).

Table 5 describes the effects of differential char-
acter weighting on the strength of resolution in parsi-
mony analyses (as revealed by bootstrap analysis) for
each of the named or controversial primate clades. Four
weighting regimes were tested: all characters weighted
equally (I); transversions weighted 10 times more than
transitions to reflect the 10:1 ratio of transitions to trans-
versions that is typical of mitochondrial DNA (Yang
1994) (II); transversions weighted one and transitions
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FiG. 3.—Comparison of phylogenetic analyses of complete data set. (A) Parsimony analysis in which transversions were weighted 10 times
more than transversions, (B) maximum-likelihood analysis in which transition/transversion ratio was specified as 10:1, and (C) least-square:
analysis of maximum-likelihood corrected distances with transition/transversion ratio specified as 10:1. Tree was constructed with Fitch-Mar.
goliash (1967) algorithm. Numbers represent bootstrap values from 100 replicates. Letters on parsimony tree (A) correspond to named nodes ir

table 5. Outgroup branches are shaded in gray.

weighted zero (III); and codon positions weighted as the
inverse of the relative number of phylogenetically in-
formative characters, standardized to third positions (3:
6:1-1V). The last weighting regime was employed to test
the prediction that the differing degrees of phylogenetic
resolution apparent in figure 2 are strictly a reflection of
the number of phylogenetically informative characters
contained within each codon data set. In other words, it
is possible that the second-position data set yields the
least resolved tree simply because it contains the fewest
number of phylogenetically informative characters.
The results of the weighting experiment indicate
that the universal weighting of transversions over tran-

Table 5
Bootstrap Values for Named Nodes in Parsimony
Analysis

Node 1 n m 1
A. Primates .......................... 61 77 75 85
B. Strepsirthini .............. ..., NC 63 65 NC
C. Lemuriformes...................... NC 61 58 NC2
D. Lemuriformes (except Daubentonia) ... 97 99 99 99
E. Lemuridae......................... NC 72 68 NC
E Eulemur fulvus..................... 100 100 100 100
G. Lemur/Hapalemur .................. 76 65 60 75
H. Cheirogaleidae ..................... 94 99 99 88
I. Lorisiformes....................... 72 97 96 83
J. Loridae........................... 73 84 78 NC
K. Anthropoidea ...................... 79 99 97 99
L. Ungulates ......................... 69 88 83 86
M. Rodents............cc.covvunnennn. 100 100 100 100

Note.—I = all characters equally weighted; II = transversions weighted 10
times more than transitions; IIl = transversions only (transitions weighted zero);
IV = codon positions weighted as the inverse of relative number of phyloge-
netically informative sites, standardized to third positions (3:6:1); NC = no
confidence (for bootstrap values =50%).

* Weighting scheme IV produced a node in which Daubentonia is the sister
group to the anthropoids with 86% bootstrap support.

sitions (either 10:1 or 1:0) provides the best and most
uniform support for all nodes. These two weighting re-
gimes were the only two of the four to produce a single
most-parsimonious tree that is entirely congruent witk
traditional, and several other genetic (e.g., Dene et al
1976; Dutrillaux 1988; Rumpler et al. 1988; Porter e!
al. 1995), hypotheses of primate phylogeny (fig. 3A)
Weighting regime I produces three equally most parsi-
monious trees, the strict consensus of which is simila
to the transversion-weighted tree except for the place-
ment of Varecia and Propithecus. With all characters
weighted equally, Propithecus is placed as the sister tax-
on to the cheirogaleids and Varecia is placed as the
sister taxon to the cheirogaleids plus Propithecus plus
the remaining lemurids. Furthermore, the relative
branching order of the cheirogaleid genera is unresol-
ved. The tree resulting from weighting regime IV agrees
with weighting regime I in the placement of Varecia anc
Propithecus, but also places the anthropoid primates as
sister group to Daubentonia within the Strepsirrhini
This unlikely association is supported by a surprisingly
high bootstrap value (86%).

The Mitochondrial Tree

The mitochondrial genome is inherited as a single
nonrecombining locus. All mitochondrial genes there-
fore share a single evolutionary history and should the-
oretically produce identical phylogenetic trees for a giv-
en taxonomic sample. Previous studies have indicated,
however, that congruence is not the rule (Cao et al
1994; Miyamoto et al. 1994; Honeycutt et al. 1995; Sul-
livan, Holsinger, and Simon 1995) but can sometimes
be attained through appropriate character weighting in 3
parsimony analysis (Miyamoto et al. 1994). In this
study, transversion weighting (fig. 34) produces a cy-
tochrome b gene tree that is by and large congruent with
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the transversion-weighted COII gene tree published by
Adkins and Honeycutt (1994, their fig. 3B). The impor-
tant exception concerns the placement of the morpho-
logically problematic Daubentonia. Whereas cyto-
chrome b places it at the base of a Malagasy primate
clade, thereby supporting a monophyletic Lemurifor-
mes, COII places it at the base of the strepsirrhine clade,
thereby implying a diphyletic Lemuriformes. The Kish-
ino and Hasegawa (1989) test of the variance of log
likelihood differences (as implemented in the DNAML
program of the PHYLIP package) indicates that the dif-
ference between these two trees is not significant. None-
theless, the phylogenetic and biogeographic implications
are important enough to warrant concern over this dis-
crepancy.

In an effort to resolve the disagreement, we com-
bined the cytochrome b and COII data for overlapping
taxa and conducted two weighted parsimony analyses.
In the first analysis, all transversions were weighted one
with transitions weighted zero (as in Adkins and Ho-
neycutt 1994, their fig. 3B) and in the second analysis,
the same weighting was employed but for third positions
only. Both analyses yielded the same tree topology (fig.
4) but with differing bootstrap support. Most notably,
the support for a Malagasy primate clade, including
Daubentonia, increases from 53% (with all transver-
sions) to 93% (with third-position transversions only).
Because third-position transversions form a subset of
total transversions, this result suggests a conflict be-
tween class 1 and class 2 sites with regard to Dauben-
tonia’s placement. It appears that there may be func-
tional constraints acting at the amino acid level that con-
tribute to this conflict for COII and for cytochrome b,
both of which are links in the same electron transport
chain (Cann, Brown, and Wilson 1984). When class 2
sites are omitted from the analysis, the combined mi-
tochondrial data yield a well-resolved phylogeny in
which all but one node is well supported, indicating that
the mitochondrial genome contains robust phylogenetic
signal in support of lemuriform monophyly. Moreover,
the separate bootstrap analyses of the two genes (not
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shown) indicates that most of the support comes from
the COII gene.

Evolution of the Protein

Cytochrome b is a mosaic of evolutionarily plastic
and conserved regions and there appears to be a signif-
icant correlation between the location and type of pro-
tein function and the degree of amino acid conservation
(Howell 1989; Irwin, Kocher, and Wilson 1991; Crozier
and Crozier 1992; Esposti et al. 1993; Ma et al. 1993;
Krajewski and King 1996). The transmembrane regions
are relatively unconstrained by specific protein functions
(but see Naylor, Collins, and Brown 1995), whereas por-
tions of the outer membrane and inner membrane seg-
ments perform essential biological roles. For the most
part, cytochrome b in primates fulfills expectations of
the effects of functional constraint on amino acid evo-
lution. As in other mammals (Irwin, Kocher, and Wilson
1991; Ma et al. 1993), the transmembrane regions are
more variable than the functionally active regions, with
transmembrane substitutions primarily involving ex-
changes between hydrophobic amino acids. There are
also frequent changes from either alanine, leucine, or
isoleucine to the polar amino acid threonine within the
transmembrane regions. In agreement with previous
studies, transmembrane regions VI and IX are the most
divergent segments of the gene, with = 43% of sites
changing two or more times. It is conspicuous, however,
that transmembrane region III is one of the most con-
served segments of the entire protein.

By mapping the amino acid changes for primates
on to the parsimony tree in figure 34, we calculate that
238 sites (62.6%) are invariant, 49 (12.9%) change only
once, and 93 (24.5%) change two or more times. Of
these changes, we observe a replacement of cysteine by
threonine at position 70 in Saimiri and Homo. This re-
placement had previously been reported as unique to
humans (Ma et al. 1993) but now seems instead to rep-
resent an anthropoid synapomorphy. There are four ad-
ditional amino acid replacements that are unique to an-
thropoids within the taxa included in this study at po-
sitions 123, 180, 219, and 258. As with position 70,
three of these replacements involve changes to threo-
nine. Within the primates, Daubentonia and anthropoids
share a unique character state at positions 42, 121, 194,
and 234. Only one of these, however, is a two-state char-
acter. Although these similarities are suggestive of a mo-
lecular convergence and a possible explanation of the
association of these two taxa in some of the parsimony
analyses, the removal of the associated nucleotides has
minimal impact on the phylogenetic analysis.

Conclusions

Despite the demonstrated base compositional
asymmetries, saturation of third-position transitions, and
the rate differential between strepsirrhine and anthropoid
class 2 sites, cytochrome b has proven to be an appro-
priate phylogenetic marker for resolving strepsirrhine re-
lationships. Even though observed genetic distances for
intrastrepsirrhine comparisons are quite high, most of
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the fundamental clades within the Strepsirrhini are re-
solved consistently and with reasonably high levels of
confidence. This result suggests that the relationship be-
tween genetic distance and phylogenetic signal is more
complex than can be assessed by simple pairwise mea-
sures. In agreement with immunodiffusion (Dene et al.
1976), DNA hybridization (Bonner, Heinemann, and To-
daro 1980), nuclear DNA sequence (Koop et al. 1989;
Porter et al. 1995), and cytogenetic (Dutrillaux 1988)
studies, cytochrome b recovers a monophyletic order
Primates, suborder Strepsirrhini, and infraorders Lemu-
riformes and Lorisiformes. The possibility raised in an
earlier section, that Homo, Galago, Daubentonia, and
Propithecus might be falsely attracted in a parsimony
analysis due to their similar third-position base com-
position, has not affected the phylogenetic outcome. It
is also notable that the complete gene sequences are bet-
ter able to resolve fundamental clades than are the pre-
viously reported partial gene sequences (Yoder 1994).

Cytochrome b is at its most informative for more
recently evolved clades within the fundamental lineages.
Regardless of the phylogenetic algorithm or weighting
strategy employed, there is robust support for a mono-
phyletic Eulemur fulvus and families Lemuridae, Chei-
rogaleidae, and Loridae. A Hapalemur/Lemur clade is
also well supported, especially by the distance analysis.
The notable deficiencies of cytochrome b in this study
are the weak support of Daubentonia at the base of the
Lemuriformes and the ambiguous placement of Propi-
thecus within the Malagasy primate radiation. Neverthe-
less, combined cytochrome b and COII third-position
transversions give robust support to Daubentonia’s
placement and this result is confirmed by several other
genetic studies (Dene et al. 1976; Dutrillaux 1988; Rum-
pler et al. 1988; Porter et al. 1995). The precise phylo-
genetic position of Propithecus, however, has proven to
be problematic for genetic markers in addition to cyto-
chrome b (Adkins and Honeycutt 1994; Porter et al.
1995) and may in fact be an example of taxon sampling
error (i.e., Propithecus is but a single representative of
the family Indridae).

Our results draw a more general conclusion regard-
ing cytochrome b’s usefulness as a phylogenetic marker:
an initial observation of high intertaxonomic genetic
distances should not necessarily condemn further plans
for sequencing and phylogenetic analysis. For the tax-
onomic sample reported here, even with intertaxonomic
distances that are often within the 15%—-20% range dis-
puted by Meyer (1994) and found to be problematic by
Graybeal (1993), cytochrome b demonstrates substantial
ability to recover well-corroborated phylogenetic rela-
tionships. In our estimation, this potential was at least
partially revealed by the analysis of third-position trans-
versions. Although third positions as a class are often
down-weighted due to their high substitution rate, we
found that they in fact contain the preponderance of
phylogenetic signal for the primates and outgroups in-
cluded in this study. It is certainly true that the phylo-
genetic depth for which these characters will be infor-
mative is not limitless. Nonetheless, for the range in
which they are informative, they appear to be less sus-

ceptible to the effects of differential rates of taxonomic
evolution and selective constraints than are class 2 sites.
Thus, in addition to ascertaining total genetic distance
as a preliminary test of a gene’s phylogenetic utility,
estimates of third-position saturation also seem advis-
able.
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