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Introduction

Recent molecular phylogenetic analyses of Cetacea
and of their affinities with Artiodactyla have suggested
two surprising possibilities: (1) sperm whales are more
closely related with baleen whaes (suborder Mysticeti)
than with the other toothed whales (suborder Odonto-
ceti; Milinkovitch, Orti, and Meyer 1993; Milinkovitch,
Meyer, and Powell 1994) and (2) Cetacea may represent
a suborder of Artiodactyla (Graur and Higgins 1994).
The first of these phylogenetic hypotheses was based
initially on an analysis of portions of mitochondrial 12S
and 16S genes (Milinkovitch, Orti, and Meyer 1993) and
subsequently on a tandem alignment of portions of the
12S,16S, and cytochrome 5 loci from 21 species of
Cetacea, and several artiodactyl outgroups (Milinkov-
itch, Meyer, and Powell 1994). In a separate anaysis
involving the complete cytochrome b locus, Arnason
and Gullberg (1994) presented data suggesting a further
possibility, which was that toothed whales might be
closer relatives of baleen whales than of sperm whales.
Adachi and Hasegawa (1995) have since reanalyzed the
cytochrome b data using maximum likelihood and show
that the conclusion is highly sensitive to choice of out-
group taxa, with the majority of situations supporting
the baleen/sperm whale ciade. Most recently, Arnason
and Gullberg (1996), in a further anaysis of the com-
plete cytochrome b gene, including representatives of all
currently recognized cetacean families, present evidence
for a monophyletic Odontoceti; however, this conclusion
was not strongly supported. There is a present no pub-
lished account of this issue from the perspective of a
nucleotide sequence analysis of a single-copy nuclear
gene.

The Graur and Higgins hypothesis suggests that
cows are more closely related to cetaceans than to pigs,
which disrupts the monophyly of Artiodactyla, resulting
in either the interpretation of a paraphyletic Artiodactyla
or an Artiodactyla that includes Cetacea as a suborder.
This hypothesis was based on the analysis of 11 nuclear
encoded protein sequences and five mitochondria genes
from two artiodactyl suborders, one species of cetacean,
and either mouse, seal, or mouse and seal as outgroup.
We are aware of no published account that addresses
this issue from the perspective of a single-copy nuclear
gene at the DNA sequence level.

Earlier papers of ours have demonstrated the utility
of exon 1 sequences from the gene encoding interpho-
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toreceptor retinoid binding protein (IRBP) for address-
ing higher level systematics in mammals (Stanhope et
al. 1992, 1993, 1996). The purpose of this article is to
present information that addresses both these phyloge-
netic hypotheses regarding Cetacea and their affinities
with Artiodactyla, with sequences derived from this
same 1.2-kb 5' region of exon 1 of the IRBP gene (be-
tween 261 and 15 15 of the published human sequence
Fong et al. 1990).

Materials and Methods

apeojumoq

The common and scientific names of the speties
included in the analyses, the order within which theySare
classified, and number of base pairs of nucIeoUdesee-
guence represented for each are as follows: roﬁ’gh—
toothed dolphin, Steno bredanensis (Cetacea; 1,158)5pi-
lot whale, Globicephala macrorhynchus (Cetacea; 6§0)
gray whale, Eschrichtius robustus (Cetacea; 1,0%8);
minke whale, Balaenopteru acutorostrata (Ceta@ea
1,073); pygmy sperm whale, Kogia breviceps (Cetagea,
1,241); giant sperm whale, Physeter catodon (Cetagea;
1,241); cow, Bos raurus (Artiodactyla; 1,241); pig, Sus
scrofa (Artiodactyla; 1,24 1); horse, Equus caballus (%er—
issodactyla; 1,177); cat, Feliscatus (Carnivora; 1,]%0);
mouse, Mus domesticus (Rodentia; 1,24 1); dugong, @u-
gong dugon (Sirenia; 1,046); hyrax, Procavia capefisis
(Hyracoidea; 1 ,014); African eephant, Loxodonta &fri-
cana (Proboscides; 1,078); and three-toed sloth, Bra-
dypus tridactylus (Edentata; 1,011). Horse, cat, modse,
the paenungulates (dugong, hyrax elephant) and ﬁ)th
served as outgroups, utilized in various comblnam@ns
(described below). With this choice of cetacean taxd we
have represented two species of each suborder of LCe-
tacea (pilot whale and rough-toothed dolphin, faﬁuly
Delphinidae, suborder Odontoceti; gray whale, fag'nly
Eschrichtiidae, suborder Mysticeti; minke whale, farily
Balaenopteridae, suborder Mysticeti), as well as a f&p-
resentative of each of the two families of sperm wiiles
(Kogiidae and Physeteridag). DNA sequences werenge-
termined for giant sperm whale, pygmy sperm whale,
minke whale, gray whale, and pilot whale by direct se-
quencing of PCR amplified fragments. Primers for am-
plification of this region were the same as those previ-
oudly described (Stanhope et a. 1992). Dye terminator
cycle sequencing reactions were loaded on an Applied
Biosystems 373A automatic sequencer, following the
manufacturer's protocols. Internal  seguencing primers
were designed as necessary. All templates were se-
quenced at least twice on both strands. Sequences for
rough-toothed dolphin, pig, horse, the paenungulates,
and sloth come from our most recent IRBP analysis
(Stanhope et a. 1996); the cow seguence comes from a
published account of the entire gene (Borst et al. 1989);



mouse and cat come from our earlier analysis of this
gene (Stanhope et al. 1992).

Relationships within Cetacea were first examined
with the tree rooted at pig, cow, and pig/cow together.
The artiodactyl-cetacean relationship was then exam-
ined using the six species of cetaceans and two artio-
dactyls, concomitant with one of the following taxa or
combinations of taxa as outgroups. (1) horse; (2) cdt;
(3) mouse; (4) horse, cat, tree rooted at doth; (5) paen-
ungulates (African elephant, hyrax, dugong), tree rooted
a doth. These various choices of outgroups for the ar-
tiodactyl/cetacean relationship also provide a further
perspective on the relationships within Cetacea since
they provide additional character polarization possibili-
ties. Our recent analysis of IRBP sequences from 25
taxa encompassing al eutherian orders (Stanhope et d.
1996) excepting Pholidota (pangolin) provide convinc-
ing evidence for a monophyletic grouping of Cetacea
and Artiodactyla, in agreement with a wide range of
other sources of data (see, eg., Gingerich, Smith, and
Simons 1990; Novacek 1992; Milinkovitch, Orti, and
Meyer 1993). They aso strongly support the monophyly
of the Paenungulata, again in agreement with a wide
range of other sources of data (see, e.g., Novacek 1992,
Honeycutt and Adkins 1993; Springer and Kirsch 1993;
Porter, Goodman, and Stanhope 1996), suggesting the
possibility that choice of this superorder as a sister
group to the Artiodactyla/Cetacea clade may facilitate
the breaking up of this long branch, allowing better
character polarization. Rooting of the tree a doth in two
of the outgroup comparisons is based on the widely held
belief that edentates are the most primitive eutherian
(Novacek 1992).

The maximum-parsimony (MP), neighbor-joining
(NJ; Saitou and Nei 1987), and maximum-likelihood
(DNAML; Felsenstein 1981) programs within PHYLIP
(Felsenstein 1993) were used for andysis. Kimura two-
parameter distances (Kimura 1980) with a transi-
tion/transversion ratio of 2.0 were used as input for the
NJ analyses. Jukes-Cantor distances yielded very sim-
ilar results. The DNAML analyses used a transi-
tion/transversion ratio of 2.0; varying this parameter to
settings of 1.5/1,3/1, and 4/1, on several preliminary
runs of two data sets, had little effect on the outcome.
For al choices of outgroup, 1,000 bootstrap replicates
(Felsenstein 1985) for the MP and NJ analyses and 100
replicates for the DNAML analysis were used to assess
the relative strengths of each of a number of competing
hypotheses regarding the cetaceans and their artiodac-
tyl relatives. The various hypotheses were: (1) baeen
whale/sperm whale, (2) baleen whale/toothed whale,
(3) toothed whale/sperm whale, (4) cow/Cetacea, (5)
pig/Cetacea, (6) cow/pig (fig. 1).

Results and Discussion

The results, in agreement with Adachi and Hase-
gawa's andysis, indicate that choice of outgroup had a
significant influence on the outcome, but that this was
most evident with regard to the artiodactyl/cetacean &f-
finity (table 1). All of the MP and NJ anayses prefer-
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Fic. 1 .-The topologies of the six phylogenetic hypotheses under
investigation. Each of the above branching arrangements corresponds
with the following column headings in table 1: A: baleen/sperm; B:
baleen/toothed; C: toothed/sperm; D:cow/Cetacea; E: pig/Cetacea; F:
cow/pig.

entially supported a baleen whale/sperm whale clade,
with bootstrap support ranging from 5 1%-95%. Ten of
the 16 analyses supported this clade in excess of 80%,
with multiple outgroup taxa generally resulting in higher
bootstrap support. The DNAML analyses, however, did
not agree with this assessment, with the majority of tests
split approximately evenly between baleen/sperm whale
and baleen/toothed whale. In contrast to the Adachi and
Hasegawa anaysis of the cytochrome b data, the tradi-
tional hypothesis of toothed/sperm whale received very
little support in any of our IRBP tests. All tests sup-
ported a monophyletic Cetacea, and Artiodacty-
la/Cetacea at 100%; the monophyly of baleen whales,
sperm whales, and toothed whales (Delphinidae), re-
spectively, received bootstrap support of 97%-100%.

Less of a consensus was evident regarding the pre-
cise nature of an artiodactyl/cetacean affinity. A
pig/cetacean clade was the favored grouping in 7 of the
15 anayses, the only convincing bootstrap support aris-
ing when rodents were used as outgroup (bootstrap sup-
port of 75%—91%). A cow/cetacean clade was the fa
vored option in the remaining eight analyses, generaly
with relatively high bootstrap support. The monophyly
of Artiodactyla was never the favored grouping.

These results provide further support for the hy-
pothesis of a paraphyletic Odontoceti, with the highest
bootstrap support for monophyly falling a only 20%,
and most analyses generally below 10%. We aso fed,
however, that because of the limited representation of
taxa this should remain a tentative hypothesis. These
IRBP sequences suggest that the paraphyly of Odonto-
ceti is due to a common ancestry of baleen whales and
sperm whales, however, since the maximum-likelihood
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Table 1

IRBP Bootstrap Sunport for Various Cetacean and Artiodactyl/Cetacean Clades

Baleen/ Baleen/ Toothed/ Cow/ Pig/ Cow/

Outgroup(s) Test Sperm Toothed Sperm Cetacea Cetacea  Pig

Cow ...t M P 72 22 6 NA NA NA
DNAML 42 44 14 NA NA NA

NJ 85 15 0 NA NA NA

Pig ..o M P 74 21 5 NA NA NA
DNAML 46 43 11 NA NA NA

NJ 51 43 6 NA NA NA

Cow/pig ..ooveveeeen M P 77 18 5 NA NA NA
DNAML 46 52 2 NA NA NA

NJ 77 20 3 NA NA NA

Horse ... .. ... ..o.oin. M P 91 8 1 78 5 17
DNAML 64 22 14 86 0 14

NJ 86 12 2 70 12 18

(07 M P 81 I 8 86 6 8
DNAML 50 34 16 78 10 12

NJ 95 4 1 63 7 30

MoOUSE......ovvvvinnnnn. MP 81 14 5 20 75 5
DNAML 41 46 13 9 88 3

NJ 74 18 8 2 91 1

Horse, cat, root at sloth MP 86 4 10 73 8 19
DNAML 63 33 4 60 2 38

NJ 89 7 4 26 44 30

Paenungulates, root at soth MP 83 10 7 8 53 39
DNAML 42 38 20 11 46 43

NJ 86 I 3 6 54 40

Nom-Bootsirap support is expressed as a percentage. MP: maximum parsmony; DNAML: maximum likelihood;
NJ neighbor joining; NA: not applicable. The favored option in each case is indicated with bold type.

results do not resoundingly corroborate this view we
would also regard this more specific conclusion as one
in need of further examination. Evidence for convincing
phylogenetic associations must come from a consensus
of different data sets and methods of analysis. At present
there is no such convincing consensus. Two of the dis-
concerting factors in regarding any of these three pos
sible clades with confidence are that the proposed group-
ings can be easily disrupted in any of these data sets or
analyses (including this one) with only a few substitu-
tions to the most parsimonious tree, and that the maxi-
mum-likelihood bootstrap figures reported here and in
the Adachi and Hasegawa study for the favored asso-
ciations are often near the 50% range.

An additional area of recent discusson regarding
cetacean evolution concerns attempts at dating the ce-
tacean radiation. Milinkovitch, Orti, and Meyer (1993)
originally estimated that the common ancestor of sperm
and baleen whales may have existed 10-15MYA. They
subsequently modified this estimate to approximately 25
MYA (Milinkovitch, Meyer, and Powell 1994). The
available fossil evidence suggests a rapid diversification
into the principal lineages of cetaceans some 30-34
MYA (Fordyce and Barnes 1994; Arnason and Gullberg
1996). The discovery of Eocene whales with vestigia
limbs resembling those of the even-toed artiodactyls,
places a common ancestry of Cetacea and Artiodactyla
at about 60 MYA (Gingerich, Smith, and Simons 1990).
The IRBP gene in al of the cetaceans represented in
this analysis appears to be evolving at approximately the
same rate, with mean cetacean/artiodactyl percentage se-
quence divergences of 12.0 (gray whale), 12.9 (minke),
11.0 (pilot whale), 12.2 (dolphin), 11.4 (giant sperm

whale), and 11.8 (pygmy sperm whale). The mean di-
vergence figure between doth and al of the various taxa
included in this analysis is 24.3%. An estimated time
for the split between edentates and the rest of the pla-
centals is about 115 MYA (Novacek 1992), resulting in
rate of sequence change of about 0.21%/Myr. If we take
a different calibration point we get a roughly similar
figure. For example, the estimated divergence between
Sirenia and Proboscidea is about 65 MYA (Novacek
1992); IRBP sequence divergence between dugong and
elephant is 12.5%, yielding a rate of about 0.19%/Myr.
If we use the 60 Myr figure for common ancestry be-
tween cetaceans and artiodactyls, the rate of sequence
change is 0.20%/Myr. Conversdly, if we use as our cal-
ibration point a figure of 34 Myr as representative of
the earliest point in the diversification of Cetaces, the
rate of IRBP sequence change drops to 0.12%/Myr, sug-
gesting a dramatic evolutionary rate slowdown during
the adaptive radiation of Cetacea. This figure would re-
sult in a date of 32 MYA for the diversification of baleen
and sperm whales. This rate estimate, however, of
0.12%/Myr, based on the 34 MYA calibration point, is
at odds with other means of estimating evolutionary
rates in Cetacea. For example, it has been suggested that
about 11MYA, the Delphinoidea diversified into the
various lineages that we see today as porpoises, dol-
phins, and beluga (Barnes, Doming, and Ray 1985; Mil-
inkovitch, Meyer, and Powell 1994). We only have
members of one of these families included in this anal-
ysis (pilot whale and rough-toothed dolphin), but they
show about 1.6% sequence divergence, yielding a highly
conservative rate of at least 0.15%/Myr. This figure is
more in line with rates estimated on the basis of a com-
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parison involving the outgroup taxa included in this
analysis, which suggests that the cetaceans as a group
are evolving anywhere from 7%-27% dower than the
other orders of mammals. This in turn would yield rate
figures of 0.15-O. 19%/Myr. This suggests that the more
reasonable figure for Cetacea is about 0.17%/Myr, dat-
ing the split between baleen and sperm whales at about
22 MYA, and for the cetacean radiation at about 25
MYA. This latter estimate is in approximate agreement
with that suggested by Milinkovitch, Meyer, and Powell
(1994) and Schlotterer, Amos, and Tautz (1991), and
remains curioudy at odds with the paleontological view
of 30-34 MYA. Elsewhere Milinkovitch (1995) has ar-
gued that some of the 34-Myr-old fragmentary fossils
are questionable representatives of early mysticetes.
Whatever the precise dates, all of the fossil data, as well
as the short internodes typica of the molecular anayses,
do seem to point to a diversification into the various
principal lineages over a surprisingly short period of
time.

In regard to the artiodactyl-cetacean affinities, the
main consensus emerging from this analysis is that the
present IRBP data do not support a monophyletic Ar-
tiodactyla. It is not clear, however, whether this is due
to a paraphyletic Artiodactyla that has cow more closely
related to cetaceans or pig more closely related to ce-
taceans. The principal set of analyses supporting
pig/Cetacea with any degree of bootstrap support comes
with rodents as outgroup, which are not as appropriate
a choice of sister group to an Artiodactyla/Cetacea clade
as are horse or cat (see, eg., Li et a. 1990; Arnason
and Johnson 1992; Honeycutt and Adkins 1993; Stan-
hope et al. 1993, 1996; Honeycutt et a. 1995), sug-
gesting that the more reliable conclusion may be
cow/Cetacea.

In our opinion, both these phylogenetic issues re-
main far from settled. From the perspective of IRBP, a
more rigorous test of a paraphyletic Odontoceti, of the
strength of the sperm whale/baleen whale clade, and of
the possible subordinal status of cetaceans within an ex-
panded concept of Artiodactyla awaits the acquisition of
additional samples that will increase the phylogenetic
density of each of the main groupings. Coding sequenc-
es of both mtDNA and nuclear genes have yet to provide
highly convincing data and thus we suggest a more fruit-
ful area of investigation might involve noncoding nu-
clear DNA. The sequence divergence of exon 1 of IRBP
between the artiodactyls and cetaceans suggests that in-
tron sequences between these taxa might be unambig-
uoudly aligned. Similar levels of divergence, for exam-
ple, are present between several of the main groupings
of primates, and intron 1 sequences can be easily aigned
between such taxa (Harada et al. 1995; unpublished
data). Such regions of more rapidly evolving nuclear
data could well represent an important additional source
of phylogenetic information for both these systematic
problems.

Sequence Availability

The nucleotide sequence data reported in this paper
appear in GenBank under the following accession num-

IRBP Perspectives on a Paraphyletic Odontoceti 921

bers: gray whale, Eschrichtius robustus, U50649; giant
sperm whale, Physeter catodon, U508 18; pygmy sperm
whale, Kogia breviceps, U50819; minke whale, Balaen-
optera acutorostrata, US0820; pilot whale, Globicepha-
la macrorhynchus, U50821.
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