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The inferred transition from terrestrial hoofed mammal to fully aquatic cetacean has been intensively studied with
fossil evidence. However, large sections of this remarkable evolutionary sequence are missing. Phylogenetic analysis
of extant taxa may help to fill in some of these gaps. In this report, K-casein (exon 4) and B-casein (exon 7) milk
protein genes from cetaceans and other placental mammals were PCR-amplified, sequenced, and aligned to previ-
ously published sequences. Phylogenetic analyses of the casein data suggest that hippopotamid artiodactyls are more
closely related to cetaceans than to other artiodactyls (even-toed hoofed mammals). An analysis of the nuclear
casein sequences combined with published mitochondrial cytochrome b DNA sequences also supports the Ceta-
cea/Hippopotamidae  sister group. This affinity implies that some of the aquatic traits of cetaceans were derived in
the common ancestor of Cetacea and Hippopotamidae. An extant “missing link” to Cetacea may have been over-
looked by science since the description of the semiaquatic Hippopotamus in 1758. Paleontological information is
grossly inconsistent with this hypothesis. If the casein phylogeny is accurate, large gaps in the fossil record as well
as extensive morphological reversals and convergences  must be acknowledged.

Introduction

Extant cetaceans (toothed whales and baleen
whales) are highly transformed relative to all other ex-
tant mammals. Cetaceans are characterized by a nearly
hairless body, reduced hind limbs, retracted nasal bones,
caudal  flukes, and a wholly aquatic lifestyle (Slijper
1962, pp. 58-92). Predictably, the wide gap in mor-
phology between cetaceans and other mammals is nar-
rowed when extinct taxa are considered. Recently de-
scribed Eocene whale material reveals functional and
anatomical intermediates between obligately aquatic ce-
taceans and their terrestrial ungulate relatives (Gingerich
et al. 1983, 1994; Gingerich, Smith, and Simons 1990;
Berta 1994; Thewissen, Hussain, and Arif 1994). These
extinct taxa have obvious implications for cetacean or-
igins. Less obvious is the notion that anatomical com-
parisons between whales and their closest extant rela-
tives should also provide insights into the ancestral
whale morphotype. Such clues are impossible to derive
from fossils that do not preserve skin, reproductive or-
gans, viscera, and behavior.

Unfortunately, the phylogenetic history of Cetacea
is unresolved, making inferences of evolutionary trans-
formation problematic. Several molecular analyses favor
a recent common ancestor for Artiodactyla (even-toed
ungulates) plus Cetacea (Boyden  and Gemeroy 1950;
Fitch and Beintema 1990; Milinkovitch, Orti, and Meyer
1993; Queralt et al. 1995). Selected anatomical charac-
ters, such as a distinctive mechanism of penile erection,
three primary bronchi of the lung, and a paraxonic ar-
rangement of the metatarsals (Slijper 1962, pp. 136, 35 1,
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352; Gingerich, Smith, and Simons 1990; Thewissen
1994),  are consistent with this hypothesis. Other molec-
ular data sets support the derivation of Cetacea from
within Artiodactyla, thus rendering the latter group para-
phyletic. However, in these studies there is no consensus
on the artiodactyl lineage that is closest to the ancestry
of Cetacea (Goodman, Czelusniak, and Beeber 1985; Ir-
win, Kocher, and Wilson 1991; Graur and Higgins 1994;
Irwin and Arnason 1994; Honeycutt et al. 1995). From
a morphological perspective, the interpretation of ceta-
ceans as derived artiodactyls is considered outlandish
and has been strongly criticized. Some anatomical data
sets suggest that artiodactyls are not among the closest
extant relatives of Cetacea (Prothero, Manning, and Fi-
scher 1988; Novacek 1989; Thewissen 1994).

Because of the apparent rapidity of the ungulate
radiation in the early Cenozoic and the mode of evolu-
tion in the mitochondrial (mt) genes that have been sam-
pled thus far, Philippe and Douzery (1994) argued that
“close to 600,000 nucleotides, i.e, 20,000 nucleotides
for thirty species, must be sequenced before molecular
phylogenies provide a clear resolution about Artiodac-
tyla monophyly.” This estimate is greater than the entire
mt genome in these organisms. As an alternative to
mtDNA, we sampled nuclear casein genes whose pattern
of nucleotide substitution may be more appropriate for
this difficult systematic problem.

Caseins are nutritional milk proteins that are unique
to mammals. In the milk of the domestic cow, k-casein
and three calcium-sensitive caseins (as,,  os2, and B)
form stable aggregates called milk micelles. These mi-
celles increase the solubility of calcium phosphate in
milk and permit the efficient transfer of nutrients from
mother to offspring (Mercier, Vilotte, and Provot 1990).
The casein genes form a tight linkage group in the do-
mestic cow (Threadgill and Womack 1990). However,
while the calcium-sensitive caseins compose a small
gene family (Hobbs and Rosen 1982),  k-casein is
thought to be more closely related to the blood protein,
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y-fibrinogen (Jolles, Loucheux-Lefebvre, and Henschen
1978).

Caseins  evolve exceptionally rapidly at the amino
acid level (e.g., Wolfe and Sharpe 1993). This pattern is
assumed to result from the relaxed evolutionary con-
straints on nutritional milk proteins that lack enzymatic
function. Our alignments of casein  DNA sequences from
closely related species show that the rates of synony-
mous (silent) and nonsynonymous (replacement) nucle-
otide substitution are not significantly different, and that
changes are evenly distributed over the three codon po-
sitions (unpublished data). Numerous sites are free to
evolve, yet the average rate of substitution is much
slower than that in commonly sequenced mt genes (Chi-
kuni et al. 1995; unpublished data).

In this report, K-casein  and p-casein DNA sequenc-
es are analyzed cladistically to assess the phylogenetic
placement of Cetacea relative to the major extant artio-
dactyl lineages and to five additional orders of placental
mammals.

Materials and Methods
Data Collection

For the caseins,  PCR amplification is not trivial. In
alignments of published casein  cDNA sequences, there
are no long, contiguous stretches of conserved nucleo-
tides where nondegenerate PCR primers can be imple-
mented. The exon/intron structure of the caseins further
hinders the design of effective PCR primers. The genes
are over 90% intron, and the small exons are inter-
spersed between long, presumably hypervariable, in-
trons (Alexander et al. 1988; Bonsing et al. 1988; Mer-
tier, Vilotte,  and Provot 1990). Fortunately, K-casein
exon 4 and p-casein exon 7 contain the majority of the
protein coding sequences and were targeted for PCR.
The following primers are far from universal in mam-
mals. For K-casein,  primers are (5’ to 3’,  numbers rep-
resent approximate positions in the Bos tuurus  K-casein
gene sequence-Alexander et al. 1988): ~L10595-GTG
CTGAGYAGGTATCCTAG and KR 11450-GTAGAG
TGCAACAACACTGG from Pinder et al. (1991),
KL 10528_GCYRTGAGARWGATRAAAGA,  KL 10563-
AAANHDYCAARTATATCCCA, KL~O~~~-TGCTGA
RTAKSTHTCCTAGT, KR 110  18_TGYRTTGTSYTCT-
TYGAT, KR~ 1022-TTGTSYTCTTYGATRTYTCCTT,
and KR~ 1024-GTCTTCTTTGATGTCTCCT.  For p-cas-
ein, primers are (5’ to 3’, numbers represent approxi-
mate positions in the Bos taurus p-casein gene se-
quence-Bonsing et al. 1988): PL6307-AGRAKRA-
ACDCCAGRATAAA, pL64 11 -TVTYCCACARAA-
CATCC, PL6436-RCCTNTYCYTCAKCCTGAA,
PR6677_AGGCAKRAMTTTGGVCTGAG,  PR6750-
AGGMTCCTGGTASAGCAGAA.

PCR was by standard procedures using annealing
temperatures ranging from 47 to 56°C. In most cases,
various primer combinations and annealing temperatures
had to be tested before there was positive amplification.
PCR products were then cloned and manually sequenced
according to previously reported protocols (Wray, Lee,
and DeSalle  1993). Some sequences were determined

using an ABI automated sequencer. Two to five clones
were sequenced for each casein fragment. An exception
is the peccary p-casein sequence, for which we could
sequence only one homologous clone after multiple
PCRs, primer combinations, ligations, and sequencing
reactions. In this case, primers pL6436 and PR6677
were utilized. Other p-casein sequences range in length
from 354 to 436 nucleotides. The K-casein  sequences
range from 378 to 462 nucleotides.

Taxa that were sequenced for this study and those
from GenBank are (K = K-casein,  p = p-casein, * =
Genbank sequences, # = sequenced for this study): goat
~-i-p = Capra hircus*, sheep K+P = Ovis aries*, cow
K+P = Bos tautus*,  deer K = Cervus nippon*, deer p
= Alces alces#, giraffe K+P = Giraffa camelopardal-
is#, pronghorn K+P = Antilocapra americana#,  chev-
rotain  K = Tragulus javanicus*,  chevrotain p = Trag-
ulus napu#, hippo p+  K = Hippopotamus amphibius#,
toothed whale K = Delphinidae  sp.#,  toothed whale p
= Delphinapterus leucas#, baleen whale K+P = Ba-
laenoptera physalus#,  Camel K = tkma guanicoe#,  cam-
el p = Camelus dromedarius#,  pig K+P = Sus scrofa*,
peccary K + p = Tayassu tajacu#, tapir K + p = Tapirus
indicus#, zebra K+ p = Equus grevyi#,  leopard K+ p =
Panthera  uncia#, human K+P = Homo sapiens*, rabbit
K+P = Oryctolagus cuniculus*,  guinea pig K = Cav ia
cutleri”, mouse K+P = MUS muscu~us*, rat K+@ = Rat-
tus norvegicus*. All new sequences were deposited into
GenBank under accession numbers U53885-U53906.

Sequence Alignment/Character Coding

Differences between clone sequences (polymor-
phism plus PCR and cloning error) as well as polymor-
phism in published sequences were coded as IUPAC
ambiguities. Similarly, the three long direct repeat cop-
ies at the 3’ end of the Cuvia rc-casein  cDNA (Hall
1990) were aligned to each other, and sites with differ-
ences were assigned appropriate ambiguity codes (fig.
1).

The casein sequences were algorithmically aligned
with the parsimony-based alignment program MALIGN
(Wheeler and Gladstein 1994) using a range of gap cost
parameters (gap cost from two to five, nucleotide sub-
stitution cost equal to one, and the extragaps option set
to one less than the gap cost). These computer-generated
alignments were then adjusted so that all gaps in the
final alignment were multiples of three and therefore did
not disrupt the reading frame. The final alignments are
shown in figure 1.

Gaps of all lengths were coded as single characters,
except when gaps of different lengths overlapped in the
alignment. In these cases, contiguous gaps were divided
into separate characters. For example, given a taxon A
with a six-base gap, a taxon B with a three-base gap
that overlaps the last three positions of the gap in taxon
A, and a taxon C with no gaps, the first three gap po-
sitions would be coded as one character that is present
in A and absent in B and C. The last three gap positions
correspond to a second character that is present in A
and B and absent in C. Codes for gap characters are
shown following the final alignments in figure 1.
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K-casein

Hippo
Cllrl
Pig
PCCCOPY
T a p i r
Zebra
Leopard
Hup”
Wit
Guinea pig
GPl
GPZ
GFl
Rat
kusc

Goat
Sheep
CM
Pmnghm
D&m
G i r a f f e
Chwrotain
Toothed MM
Kaleem  mm1
H i p p o
c-1
P i g
PCCCOIY
T a p i r
2ebrlI
Leopard
H u m ”
R a b b i t
Guinea Pig
GPI
GPZ
GP3
Rat
MLuse
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P-casein

Hnm
Rabbit

---“-----~~K~~CCCUWAKAGT
&cdefghijklnrop

coat KCC--f----GATATKCUTCCAGKCT eQl@@l~l
wmp ---------MGWCTK”TCCC UUAWXTKCC------UGA&&ATATKCUTCCAGX~ eelea18888888881
Cm ---------Ul(iCCTK”TCCC cIGuIGc*tTGc(CTATCCCCAGAGAGATATKCCATKAK.CCT eeleoleeeeeeeeee
Pronghorn ---------AAKWKCVJTCCC~ GTCCTATCCCCCGCCATCCNsiCCT ealeal~
Dew ---------MGTTCTGTCYGTTcccUGAAuUm KCCTATCCC-GATATKCUTCCAIXC~ 8818818888888888
Giraffe ---------AACiTcTKcTGfTCCCc*6u*GcuiT KCCTATTCCCAGA&A&ATATACCUTCCMXCCT WlO@lm
Chmotuin ---------AAGTCCTKUGTTCCKAUMWXKCCYACCCCCACX&GT ATKCUTCCAAKCT eeleeleeeeeeeeee
Toothed tile ---------MCTCCTKCTAllCCCChiCMGT MiTKCCTACCTC-GATATKCCATCCAC&CCC
Baleen  Wale ---------MGTCCTKCTATTCCCCAKMGT GGTKCCUCATCCCUTCCAGKCC
ev CTUKCCCAAKCCTKCTATKCCCAKMJT GGTACCCCUCCCAIiKCC ---1.
Carl ---------MGTCCTKCT”‘TCCCUKMATWKCCTACCCC-KUTKCTGTKAAKCG
Pu ---------MGTCCCCCCAKAAGT GGTKCC’ITCCCC-UTATKCCllC~CC BBBoBBBBBBl_
PCCCOY _____________________________________________________~_~~~~~~~~~~~~~---- ______~1e@%_ K
Tapir ---------uGTCCCACCm.  AKB&T‘GTKCCYACTCTCAGA.A&&TATACCT”TGAAKCT z
zebra ---------MGITKACCm~  AKCVXKTKCCTACCCT-G.TAUCCWTCCAAK= mlJ108BB888BBBBB r

Lcopad ---------AWXUTKCT,T-  AK,MTT~KCCTATCTCCCCGTKAMCCC BBBBBBB8BBBlBBBB 0
Hm ---------MGKC  AKAAGTGGTKCCTACCCTCA‘AUKTGTKCWTTCMKCC c
R&bit ____-----AATTUTKCTAT. UCAAWXTKCCTACCCT CMAGCUUTKCTATCCMKCC 1WWJWlBBBBBBB
Rat _________uu;TcAcTAcCT? AXAACTAKHCCCCT”TCCCWTKASACC 8888111111fm1~

g.

bbusr __________~~~. AKAAGTAKACCCrrC”TCUCAA~TATGTCTGTCCAAUCC 81eel1111mWaa
z

FIG. I.-The final alignments of a-casein  (exon 4) and p-casein  (exon 7) sequences. The three direct repeat copies at the 3’ end of the Cavia n-casein  cDNA (Hall 1990) are aligned below the
Y,
g

ambiguity coding for these repeats. Gap characters are marked by lowercase letters above the alignments, and codes for gap characters (0, I) follow each alignment. Dashes indicate where gaps were 9
introduced into the alignments. Dashes at the ends of sequences and among the gap characters are missing data. The gap character labeled GP accounts for the direct repeats in Cavia  K-casein  that are y
minimally the result of one evolutionary event. Taxa  are as described in Materials and Methods. Nucleotide positions correspond to 10550-I 1012  in the Bos  taurus  rc-casein  sequence of Alexander et
al. (1988) and 63266750 in the Bos  taurus  p-casein  sequence of Bonsing et al. (1988).
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Phylogenetic Analysis
The individual casein  genes were analyzed sepa-

rately and combined using PAUP 3.1.1 (Swofford 1993)
and NONA 1.0 (Goloboff 1993~).  All characters were
equally weighted. Within a parsimony framework, an
equal weighting of characters necessarily implies a min-
imization of the number of character transformations.
Such statements show the best fit between initial hy-
potheses of homology and final estimates of homology
(Farris and Kluge 1985).

PAUP heuristic parsimony searches were 1,000
random addition replicates with TBR branch swapping.
Alternative branch-swapping routines did not find short-
er cladograms. PAUP results were checked using NONA
with 1,000 random addition replicates and TBR branch
swapping. All cladograms were rooted according to the
morphological hypothesis of McKenna (1975). That is,
rodents and lagomorphs were used to root the remainder
of the taxa. This rooting does not contradict the mor-
phological consensus of Novacek (1989).

Branch support (Bremer 1994),  the number of extra
steps required to collapse a particular node, was esti-
mated for each resolved clade using the “constraints”
command in PAUP and 50 random addition replicates
with TBR branch swapping. Bootstrapping is encour-
aged by Molecular Biology and Evolution. Bootstrap
scores (Felsenstein 1985) were derived from 1,000 rep-
licates using PAUP with simple taxon  addition and TBR
branch swapping.

Mt cytochrome b (cytb) is the only DNA sequence
that has been sampled for all of the taxa in the casein
data set (Irwin, Kocher, and Wilson 1991; Ma et al.
1993; Irwin and Arnason 1994). Mt cytb data (1,140
nucleotide positions) were analyzed with the caseins  in
a combined phylogenetic analysis. All characters were
given equal weight. Mt cytb sequences used in this study
are: cow (=Bos tuurus), sheep (=Ovis aries), goat
(= Cupru hircus),  pronghorn (=Antilocupru  americana),
giraffe (= Giraffa camelopardalis), deer (= Odocoileus
hemionus), chevrotain (= Tragulus napu), camel (=Ca-
melus dromedarius), pig (=Sus  scrofa), peccary (= Tay-
assu tajacu), hippo (=Hippopotamus  amphibius),
toothed whale (=Stenella attenuata), baleen whale
(=Balaenoptera physalus), zebra (= Equus grevyi), rhi-
no (=Diceros bicornis), seal (=Phoca vitulina), human
(=Homo sapiens), rabbit (= Oryctolagus cuniculus),
mouse (=Mus domesticus), and rat (=Rattus norvegi-
cus) from GenBank  and guinea pig (= Cavia porcellus)
from Ma et al. (1993).

In analyses where we found more than one mini-
mum-length cladogram, we reduced the number of
equal-length topologies by Goloboff weighting with
character fit (k from 1 to 6) using PEEWEE  (Goloboff
19936). This procedure weights individual characters
according to their homoplasy. The different k values
specify the concavity of the weighting curve (Goloboff
1993c).

Results

Independent cladistic analyses of the two casein
genes produce broadly congruent results (figs. 2A and

B). Cetacea  is solidly entrenched within Artiodactyla.
No rootings of the minimum-length cladograms are con-
sistent with artiodactyl monophyly. For both genes, the
sister group of Cetacea  is Hippopotamidae, although
support is not overwhelming. Much of the topological
disagreement between the two gene trees is within the
Pecora (bovids, cervids, giraffids, and antilocaprids), a
group that historically has been resistant to consistent
hierarchical subdivision (Gentry and Hooker 1988;
Kraus and Miyamoto 1991).

When the B- and K-casein  data are analyzed si-
multaneously, Artiodactyla remains paraphyletic, and
the sister group of Cetacea  again is Hippopotamidae (fig.
2C). As in the analyses of the individual genes, the Hip-
popotamus/Cetacea  group clusters with Ruminantia
(Pecora + Tragulidae-chevrotains). Eleven extra evolu-
tionary steps are required to make Artiodactyla mono-
phyletic. When this constraint is applied, Cetacea  is the
sister group of Artiodactyla. Forty-four additional steps
are necessary for the data to conform to some morpho-
logical estimates of ungulate phylogeny in which Ce-
tacea is more closely related to Perissodactyla (odd-toed
ungulates) than to Artiodactyla (Prothero, Manning, and
Fischer 1988; Novacek 1989; Thewissen 1994).

The relative quality of the casein data set is indi-
cated in several measures:

1.

2.

3.

4.

5.

There are many previously hypothesized clades in all
topologies (figs. 2A-C). As these groups were erected
on the basis of morphological evidence, the presence
of these clades is an indication of the consistency of
the casein data with gross anatomical data.
In the combined B- plus K-casein  cladogram, branch
support values (Bremer 1994) and bootstrap scores
(Felsenstein 1985) are high for most components (fig.
2C).
There is much character congruence between the ca-
seins. One percent of the total character incongruence
in the combined casein tree is accounted for by con-
flict between the K - and B-casein data sets (Mick-
evich and Farris 1981). The combined casein clado-
gram is only five steps longer than the sum of the
individual gene cladogram lengths (figs. 2A-C).
There is also much taxonomic congruence between
the two casein gene topologies. Twelve of 17 com-
parable nodes are consistent between the K - a n d
B-casein topologies (Fig. 2B).
For all codon positions, ensemble consistency indices
(Kluge and Farris 1969) and retention indices (Farris
1989) are higher in the caseins  than in mt cytb (fig.
3). This is the case whether these statistics are cal-
culated from the combined casein plus mt cytb tree
(fig. 2D-see below) or from independent phyloge-
netic analyses of each codon position in isolation
from other characters (analyses not shown). Nucle-
otide substitutions in the caseins  are spread relatively
evenly among the three codon positions (fig. 3). An
even distribution of substitutions across the three co-
don positions may limit the number of multiple hits
at individual sites.
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3

#=265  #=291  #=277 #=271  #=184 #=250
C=.675  C=.636  C=.715

#=545  #=182  if=2017
C=.679  C=.777  C=.672

R=.598  R=.652  R=.716
C=.442  C=.489  C=.345

R=.655  R=.789  R=.661 R=.327  R=.350  R=.260

K-casein p-casein mt cytb
FIG. 3.-The  percentage of nucleotide substitutions (vertical bars) at each of the three codon positions in a-casein,  p-casein,  and mt cytb

for the taxa listed in the methods section. Using PAUP and MacClade,  the minimum number of nucleotide substitutions at each position (#)
was estimated by parsimony on the fittest topology for the combined casein  plus mt cytb data (fig. 20). The average rate of nucleotide substitution
is lowest for position 2 of mt cytb. The consistency index (C) and retention index (R) for each codon position is shown. In mt cytb, the excess
of substitutions at third codon positions and the scarcity of substitutions at second positions are indicative of strong selective constraints to
maintain amino acid sequence (Irwin, Kocher, and Wilson 1991). In contrast, the pattern of substitution in the caseins  is more balanced among
the three codon positions and suggests that the synonymous and nonsynonymous rates of nucleotide substitution are not as disparate as in mt
cytb. For the above analyses, the number of aligned nucleotide positions for each gene was: a-casein  = 495, p-casein  = 471, and mt cytb =
1,140.

other analyses (figs. 2A-c),  but total support, the sum
of all branch support values over the tree (Bremer 1994),
increases (figs. 2C and D). The following taxonomic
groups are consistent with the combined casein/mt cytb
topology: Caprini, Bovidae, Pecora, Ruminantia, Ceta-
tea, Suina, Ungulata, Perissodactyla, Glires, Rodentia,
and Murinae (fig. 20). The cost of a monophyletic Ar-
tiodactyla, i.e., the number of steps required to remove
Cetacea from within Artiodactyla, is 19 character
changes. In addition to the odd placement of Cetacea,
the extreme basal position of Camelidae (camels and
llamas) within Artiodactyla is contrary to morphological
evidence (Gentry and Hooker 1988).

When the mt cytb data are combined with the K-

and B-casein data, branch support for the hippo/whale
clade increases from 4 to 12 (figs. 2C and 0). This group
is not resolved in an equally weighted analysis of the
mt cytb data alone (i.e., branch support = 0). On the
fittest topology for the combined DNA data (fig. 2D),  2
unambiguous character transformations in K-casein,  5 in
B-casein, and 15 in mt cytb support the hippo/whale
clade.

Discussion

In all of the casein  trees (fig. 2), the tight relation-
ship of Ruminantia, artiodactyls that chew the cud, with
Cetacea is supported. The implication is that a domestic
goat is more closely related to a giant baleen whale than
to a dromedary or a domestic pig. A recent reanalysis
of published mtDNA  sequences and nuclear amino acid

sequences for quartets of species found “statistical sup-
port” for this same grouping (Graur and Higgins 1994).

The Cetacea/Hippopotamidae  clade (fig. 2), which
was first detected in weighted analyses of mt cytb (Irwin
and Arnason 1994),  is perhaps more intriguing. Because
of the numerous extinctions along the stem lineage of
cetaceans, most major insights into the transformation
from a terrestrial ungulate to a fully aquatic cetacean
will come from fossil taxa. Regardless, the cladograms
in figure 2 suggest that neontological data may provide
some unique information. Extant cetaceans are charac-
terized by a nearly hairless body, the absence of seba-
ceous glands, a thick layer of insulating fat, offspring
that nurse while submerged, a lack of scrotal testes, and
a general aquatic habit (Slijper 1962, pp. 58-69, 296-
299,349,380-382;  Nowak and Paradiso 1983, pp. 969-
973). Although differing substantially in form, all of the
above features are seen in one or both extant hippopo-
tamid  species (Crisp 1867; Chapman 1881; Slijper 1962,
p. 381; Luck and Wright 1964; Nowak and Paradiso
1983, pp. 1347-135 1; Erken, Klaver, and Frankenhuis
1994). Given a close Hippopotamidae/Cetacea alliance,
the principle of parsimony implies that at least some of
these characteristics were acquired in the common an-
cestor of this clade. Thus, many of the aquatic traits that
are seen in extant cetaceans may have evolved long be-
fore the emergence of the most primitive whale, Paki-
cetus,  in the Eocene 49.0-52.5 million years ago (Gin-
gerich et al. 1994).

Both cetaceans and hippopotamids vocalize and ap-
parently communicate underwater (Barklow  1995).
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Ruminants

thracotheres”

Cetaceans

Hippos

“Xnthracotheres”

Camels

Pigs/Peccaries

r- Ruminants

“Mesonychians”

0A - the evo~uuon  of aquatic  characters

l - the loss  of typical arttodxtyl  charxters
- characters shared by mesonychians+ceta

WV_ - large gaps  in the fossU record
0 - molecule  convergences

FIG. 4.-Three scenarios of cetacean origins that have different implications for the evolution of aquatic features. (A) If cetaceans +
mesonychians are derived artiodactyls, aquatic specializations of cetaceans and hippopotamids can be interpreted as convergences. (B) If cetaceans
are derived artiodactyls but mesonychians are not, aquatic specializations shared by hippos and cetaceans are potential homologues. (C) Alter-
natively, both the molecular and aquatic similarities of whales and hippos may be convergences. The lack of broken lineages in scenarios B
and C do not imply an absence of gaps in the fossil record. However, the gaps are much reduced relative to hypothesis A. Branch lengths are
not proportional to the radiometric time scale.

Barklow  (1995) has noted that “the most intriguing of
the hippos’ underwater sounds are the various types of
clicks they make, usually in a series. These ‘click trains’
bring to mind similar sounds of cetaceans . . . .” Tradi-
tionally, echolocation has been interpreted as a special-
ization of odontocetes, toothed whales. Some molecular
evidence suggests that Odontoceti is paraphyletic and
that the ability to echolocate was present in the common
ancestor of all extant cetaceans (Milinkovitch, Orti, and
Meyer 1993; Milinkovitch, Meyer, and Powell 1994;
Milinkovitch 1995). Given our phylogenetic results, it
might be profitable to test whether echolocation has an
even more general distribution within ungulates. Al-
though there are speculative accounts of echo-ranging
in Hippopotamus (Longhurst 1966),  at present, clear ev-
idence is lacking.

The close relationship of amphibious hippos to
whales makes the evolutionary transition from land to
sea seem less daunting. However, whether the Hippo-
potamidae should be considered a functional interme-
diate to Cetacea  critically hinges on the phylogenetic
placement of extinct relatives of cetaceans and hippo-
potamids, the detection of aquatic habits in these extinct
taxa, and a reconciliation of the complicated paleonto-
logical and molecular evidence.

If Hippopotamidae is the extant sister group of Ce-
tacea, and their common aquatic traits are synapomor-
phies, the extinct relatives of hippos and whales should
also exhibit aquatic specializations. Although alternative

hypotheses are actively entertained (Pickford 1983),  the
two extant hippopotamid species generally are presumed
to be relicts of the anthracothere lineage of artiodactyls
(Colbert 1935; Gentry and Hooker 1988). Anthracoth-
eres extend back to the Eocene (Ducrocq 1994) and at
least some are thought to have been semiaquatic (Pick-
ford 1983). Cetaceans are considered to be most closely
related to Mesonychia (as delimited by Thewissen
1994),  a Paleocene to late Eocene grade of camivo-
rous/omnivorous hoofed mammals (Osborn 1924; Sza-
lay and Gould 1966). Most mesonychians are not char-
acterized by obvious aquatic features and some are in-
terpreted as being highly cursorial (Zhou, Sanders, and
Gingerich 1992, but see O’Leary and Rose 1995).

If the casein trees are accurate, even the most
straightforward scenarios of cetacean origins would re-
quire either imposing gaps in the fossil record (fig. 4A)
or an excess of morphological convergence (fig. 4B).

For example, if cetaceans + mesonychians (the
Cete of Thewissen 1994) are derived artiodactyls, aquat-
ic specializations of cetaceans and hippopotamids can
be interpreted as convergences (fig. 4A). This scenario
entails large gaps in the fossil record. The oldest me-
sonychians are found in the Paleocene about 60 million
years ago while the first artiodactyls appear in the ear-
liest Eocene approximately 54 million years ago (Thew-
issen 1994).

In contrast, if cetaceans are derived artiodactyls but
mesonychians are not (fig. 4B),  aquatic specializations
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shared by hippos and cetaceans are at least potentially
homologous. In this interpretation, there has been con-
siderable convergence in the anatomy of early cetaceans
and mesonychians (fig. 4B). With reference to the mor-
phological character matrix of Thewissen (1994), the
cost of removing Cetacea from within Mesonychia and
linking Cetacea with Artiodactyla is not trivial (six
steps). This cost does not include the number of extra
evolutionary transformations that are necessary to im-
bed Cetacea within Artiodactyla. Both of the above
schemes (figs. 4A and B) require the loss of numerous
typical artiodactyl characters in basal cetaceans or their
close relatives (Prothero, Manning, and Fischer 1988).

Alternatively, the casein data may be the problem.
Perhaps there has been extensive convergence in the
milk proteins of mammals that sometimes (hippos) or
always (whales) nurse in the water. One could speculate
that the close genetic linkage of K-casein  and p-casein
as well as the functional interaction of these two proteins
in the milk micelle  may account for some of the char-
acter correlation in our combined casein trees (figs. 2C
and 0). Furthermore, it could be imagined that nucleo-
tide substitution rate differences between lineages may
mislead (Felsenstein 1978).

Regardless, the few DNA data sets that have sam-
pled both Hippopotamidae and Cetacea-to our knowl-
edge, the 2,107 nucleotide positions analyzed here-
support a close relationship of these taxa. If the casein
trees are accurate, detailed comparisons of extant ru-
minants and hippopotamids with whales should reveal
additional anatomical characters that justify the nesting
of cetaceans within the Artiodactyla. Furthermore, new
fossil discoveries should include basal cetaceans that
have typical artiodactyl skeletal characters. Fossil and
other systematic evidence will test whether milk, a de-
fining feature of mammals, offers powerful information
for mammalian phylogenetics.
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