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ABSTRACT Myoglobin was purified from skeletal muscle of
the pika (Ochotona princeps) and its primary structure was de-
termined. This sequence was added to the set of 64 already known
vertebrate myoglobin sequences and used to evaluate the phylo-
genetic position of the pika among other mammals, using a com-
puterized search procedure based on maximum parsimony cri-
teria. The pika is clearly related to the rabbit (Oryctolagus
cuniculus), with which it is traditionally associated as a member
of the order Lagomorpha. A monophyletic group composed of
Lagomorpha, Scandentia, and Carnivora is a consistent feature
of the dendrograms produced. An association of Carnivora and
Lagomorpha casts doubt on the results ofthose investigations using
rabbit antisera in systematic studies and depending on carnivores
as an outside reference group for cladogram construction.

Uncertainties have long persisted regarding the phylogenetic
relationships of the mammalian order Lagomorpha (rabbits,
pika) (1-3), due partly to the antiquity of the order, partly to
an inadequately known fossil record, and partly to the poorly
understood diversity within the order. This last point is cer-
tainly aggravated by a preoccupation of scientific investigators
with laboratory rabbits (Oryctolagus) almost to the exclusion of
other living lagomorph genera.

There are 12 living genera in this order, which contains a
much larger number of species. These genera are distributed
unequally between two families. Eleven belong to Leporidae,
rabbits and hares, as do more than 20 fossil genera. In contrast,
the other surviving lagomorph family, Ochotonidae, contains
but a single living genus, Ochotona. However, 23 extinct genera
are also placed in this family. Clearly, Ochotonidae was formerly
a very diverse and important subdivision of the order.
The phylogenetic position of Lagomorpha is, of course, im-

portant to the overall pattern of eutherian evolution. Further-
more, conclusions of immunological systematic studies beyond
the ordinal level are critically affected by the placement of the
rabbit because this animal is the primary source of antibodies
used in such studies (4). In order to establish the phylogenetic
position of the Lagomorpha, one must attempt to determine
which characters are shared by all lagomorphs, which are shared
by advanced but not by primitive ones, and which are characters
unique to individual branches of the lagomorph phylogenetic
tree.
Amino acid sequence information should be able to make a

valuable contribution to our phylogenetic understanding of La-
gomorpha as protein studies considering more members of the
order become available. Combined sequence analysis of data

on a- and ,-globin, myoglobin, cytochrome c, lens a-crystallin,
and fibrinopeptides A and B suggests Tupaia as the nearest
nonlagomorph relative, followed by Primates. The myoglobin
sequence for Oryctolagus cuniculus has been available since
1976 (5). In an attempt better to understand lagomorph evo-
lution, the primary structure was determined for myoglobin
from the pika, Ochotona princeps, the living member of the
family Ochotonidae.

MATERIALS AND METHODS
Extraction and Purification of Myoglobin. Myoglobin was

extracted from 500 g ofpika (Ochotona princeps) skeletal muscle
with 750 ml of 2 mM KCN and centrifuged. The supernatant
was submitted to ammonium sulfate fractionation (55% satu-
ration), and the precipitated material was removed by centrif-
ugation. After dialysis against dilute KCN (1 mM) the super-
natant was concentrated by using an Amicon ultrafiltration unit
equipped with a PM 10 membrane. The concentrated sample
was then applied to a 2.5 x 180 cm column of Ultrogel AcA 54
(LKB) equilibrated in 50 mM Tris-HCI/2 mM KCN, pH 8.5
(flow rate 15 ml/hr). The myoglobin-containing fraction was
then dialyzed and the heme group was removed by using 1.5%
HC1 in acetone. The myoglobin was further purified by ion-
exchange chromatography (CM 23 carboxymethylcellulose,
from Whatman), using a linear gradient of 10 to 40 mM
Na2HPO4 in 1 mM dithiothreitol/8 M urea, pH 6.4 (6).

Determination of Amino Acid Sequence. A portion of myo-
globin was subjected to cyanogen bromide (CNBr) cleavage (7).
The resulting peptides were separated by gel filtration on a 2.5
x 270 cm column of Sephadex G-75 (Pharmacia), using 0.5%
acetic acid for elution (6).

Intact apomyoglobin was digested with trypsin (8) and the
resulting soluble peptides were separated by chromatography
and electrophoresis on Whatman 3 MM paper (9, 10). The in-
soluble tryptic peptides were hydrolyzed with pepsin (11) and
then the products were separated as the soluble peptides were.
CNBr peptides were subjected to enzymic hydrolysis using

chymotrypsin, thermolysin (6), and V8 staphylococcal protease
(12). Thermolysin was also used to digest tryptic peptides con-
sisting of residues 17-31, 64-77, 78-96, 79-96, 80-96, and
119-133. In addition, the tryptic peptide containing residues
17-31 was hydrolyzed with Pronase, and the tryptic peptide
containing residues 80-96 was digested with cathepsin (13).

Peptides were eluted from preparative chromatography/
electrophoresis paper containing 5 mg of apomyoglobin each
by using 6 M HCl, hydrolyzed 24 hr at 108°C, and analyzed by
using a Beckman 119 CL automatic amino acid analyzer with

Abbreviation: NR, nucleotide replacement(s).
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attached Beckman 126 data programmer. Peptic peptides rep-
resenting residues 110-115 and 111-115 were also hydrolyzed
for 72 hr. Peptides for Edman degradation were eluted with 3%
NH40H.

The amino acid sequence was established from overlapping
enzymic and CNBr peptides as well as by dansyl-Edman deg-
radation (14, 15). Dansyl derivatives were identified by two-
dimensional chromatography on thin-layer polyamide plates
(16).

RESULTS AND DISCUSSION
The amino acid sequence shown in Fig. 1 for pika skeletal mus-
cle myoglobin was established from 131 overlapping peptides
and by 84 steps of dansyl-Edman degradation done on selected
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peptides. This protein is composed of 153 amino acid residues.
Amide and acidic side chains were established on the basis of
the electrophoretic mobilities of small peptides at pH 6.5, using
Offord's formula (17).

This sequence was added to the set of 64 already known ver-
tebrate myoglobin sequences and used to examine the phylo-
genetic position of the pika among mammals. The sequence in-
formation was analyzed by using maximum parsimony procedures
outlined by Goodman et al. (18). As expected on the basis of
morphological considerations and current opinions on mam-
malian taxonomy, the rabbit and pika are related. The phylo-
genetic position of the order Lagomorpha as a whole is less
clearly resolved, however.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 2 33 34
Tp Gly Leu Str AZp Gly Glu Trp Gln Leu Val Leu Asn Val Trp G LysTVal Glu Ala Asp Leu Ala Gly His Gly Gln Glu Val Leu Ile ArgTLeu Phe LysT
Pe Gly Leu Ser Asp Gly Glu Trp+Gi; Leu val Leu+i=n aITr WLysV
Pe Gly Leu Ser Asp Gly Glu Trp GliAna: .
Ch Gly Leu Ser Asp Gly Glu Tr4Gln Leu Val Leu4Asn Val Trp#GI Lys Val GMu AM Asp Leu Ala Gly His Gly Gln Glu Val Leu Phe Lys
Ch Gly Leu Ser Asp Gly Glu Trp Gln Leu Val Leu4 +Ile Arg Leu Phe4
Ch #Val Leu4
V8 Gly Leu Ser Asp Gly Glu Trp Gln Leu Val Leu Asn Val Trp Gly Lys Val G1 Ala Asp Leu Ala Gly His Gly Gln GlufVal Leu lie Arg Leu Phe Lys
V8 Gly Leu Ser Asp Gly Glu#Trp Gln Leu Val Leu Asn Val Trp Gly Lys Val G11 _ *Val Leu lie Arg Leu Phe Lys
Pro *A1 G-i HI Gs GlnGlu Val4 *le Arg#
Pro Ala Gly His Gly Gln GIu 4Arg$
Pro 4Gly His#
Th +Val Glu Ala Asp# *Aia Gly #Gly Gln Glu4Val LeutIle Argt

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 r8 59 60 61 62 63 64 65 66 67 68 69
Tp n Hi1' Pro G; T Leu Glu Lys+Phe Asp Lys Phe Lys#iV Leu Lys45er G1u Asp Glu Met Lys4Gtry Ser Asp Asp Leu Lys LyseHis Gly Asn Thr Val Leu
Tp 4Asn His Pro Glu Thr Leu Glu Lys Phe Asp Lys4Phe Lys$Asn Leu Lys Ser Glu Asp Glu Met Lys Lys
Tp 9Phe Asp Lyse
Ch Asn His Pro Glu Thr LeuTGlu Lys Phe4Asp Lys Phe+Lys Asn Leu4Lys Ser Glu Asp Glu HS#
Ch 4Lys Asn Leu Lys Ser Glu Asp Glu HSf
V8 Asn His Pro Glu Thr Leu Glu Lys Phe Asp Lys Phe Lys Asn Leu Lys Ser Glu Asp Glu4
V8 Asn His Pro Glu+Thr Leu Glul
Th *Lys Gly Ser Asp Asp4Leu Lys Lys His4Gly Asn Thr ValhLeu
Th 4Leu Lys LyAEHp Gl Asn Thr#

*Th H z Gly JG Thr+Val Leu
*Th #His Gly

70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104
Tp Ser Ala Leu Gly Gly lie Leu LyseLys LysiGly Gln His Glu Ala Glu Leu Lys Pro Leu Ala Gln Ser His Ala Thr Ly9+#iri Lys f1Ie Pro Val Lys#
Tp LyshLys Gly Gln His Glu Ala Glu Leu Lys Pro Leu Ala Gln Ser His Ala Thr Lys
Tp _Lys Lys Gly Gln His Glu Ala Glu Leu Lys Pro Leu Ala Gln Ser His Ala Thr Lys
Pe 4er AM Leu GryGl yIle Leu Lys4 _yr Leu

Th Ser Ala Leu Gly4 ILeu Lys Lys Lys$Gry Gin Hrs GMu A1 Giu+Leu Lys Pro+Leu Ala G1nSeir HistAla Thr Lys His Lys Ile Proi al Lys TyrtLeu
Th *Leu Gly Gly heY *Gly Gln His Glul IVal Lys# *Leu
Th 4Leu Giy4

*Th er Aia4Leu Gly Gly4Ile Leu LysiLys Lys Gly Gln His Glu Ala Glu+eu sPro Leu#A a Gln Ser His Ala#
*Th Leu Gly Gly Ile hLys Gly Gln His Glu Ala Glut Leu Ala Gi Ser His#Ala Thr Lys#
*Th 4Lys Gly Gln His Glu$
*Th *Gly Gln His Glu Ala GliA

Cath 4Gly GlnHis GletAla Glu4Leu Lys Pro Leu Ala Gln Ser His Ala Thr Lysf

105 106 107 108 109 110 111 112 113 114 115 116 117 118 IX9 1L 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139
Tp V S LHys Pro G1 Asp Phe Gly Ala Asp Ala Gln Gly Ala Met Ser Lysfi.a's Leu 1G ieu Phe Arg
Pe Gi Phe4ie Ser GluA: It I-re Gin Val Leu+Gln Ser Ly.
Pe tIle Ile Gln Val Leut
Pe *Val Leu Gln SerLys_
Th Glu4Phe Ile Ser Glut tIle Gln ValLeu Gln Ser Lys His Pro Gly Aspt% GlytAle Asp Ala Gln Gly
Th Glu Phet OPie Gly Ala AsptAI'; Gln Gly
Th tGly Ala Asp Ala Gln Glyt
Th tAla Asp Ala Glnt
Th tAla Glnt

tHis Pro Gly AsptPhe GlytAla Asp Ala Gln GliyA Steer Lyse
*Ta IGly Alat tAla Gln GlyfA a Me Ser Lyst
*Th tAla Glnt tMet Ser Lyst

CNBr fSer Lys Ala Leu Glu Leu Phe Arg

140 141 142 143 144 145 146 147 148 149 150 151 152 153
Tp On" Asp Met Als Al& LystTyr LYs4G1 Ie y fIe' drn Gly
Tp tTyr Lye G1u Leu Gly Phe Gin Gly

CNBr Asn Asp HSLfAla Ale LyS Tyr LyS Glu Leu Gly Phe Gin Gly

FIG. 1. Amino acid sequence of pika (Ochotonaprinceps) skeletal muscle myoglobin, obtained from overlapping enzymic and chemically derived
peptides and sequential dansyl Edman degradation. f, CNBr cleavage;t, enzymic hydrolysis;-, dansyl Edman degradation. Peptides: Tp, tryptic;
Pe, peptic; Ch, chymotryptic; V8, Staphylococcus aureus V8 protease; Pro, Pronase; Th, thermolysin peptides from tryptic peptide residues 17-31
and from CNBr peptide residues 56-131; *Th, thermolysin peptides from tryptic peptides residues 64-77, 78-96, 79-96, 80-96, 119-133; Cath,
cathepsin; CNBr, cyanogen bromide peptides. HS, homoserine; HSL, homoserine lactone.
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FIG. 2. Dendrograms representing possible arrangements of var-

ious eutherian mammal taxa for which myoglobin amino acid se-

quences are known. In cases for which myoglobin sequences are known

for more than one genus in an order (Primates, Proboscidea, Artio-

dactyla, Cetacea, and Carnivora) only the order is shown. Generic
names are given where only one genus in an order has been studied

and for the two lagomorphs (Ochotona and Oryctolagus). The numbers

assigned to links in these trees represent the numbers of nucleotide

replacements (NR) necessary to account for myoglobin changes be-

tween branching points. C shows a zero link length between the pri-
mate and carnivore branch. Normally this would be represented as a

trichotomy. However, because this arrangement is based on infor-
mation from additional proteins and some of these would require NR
along this link, separate branching points for Carnivora and Primates
have been retained.

After the addition ofthe pika primary structure to the already
known myoglobin sequences, a relationship of Lagomorpha to
Scandentia (Tupaia) is consistently found. Either the tree shrew
represents the closest relative of the lagomorphs (Fig. 2 A and
C) or it is separated from lagomorphs by one additional branch
(Fig. 2 B and D). In addition to Scandentia, Carnivora some-
times cluster with the same monophyletic group as lagomorphs
(Fig. 2 A-C). Although the most parsimonious trees found by
computer search (Fig. 2A and B) exclude Primates from a mono-
phyletic group including Tupaja and lagomorphs, one tree re-

quiring six additional nucleotide replacements (NR) suggests its
inclusion (Fig. 2C).

The two most parsimonious trees so far identified (759 NR)
both contain a monophyletic group made up of Lagomorpha
(rabbit, pika), Scandentia (Tupaia), and Carnivora, but they
differ in the branching arrangement within this group (Fig. 2
A and B). A similar monophyletic group is also favored by com-
bined sequence data for seven different protein chains (a-glo-
bin, /3-globin, myoglobin, cytochrome c, lens a-crystallin, and
fibrinopeptides A and B), the only difference being the inclu-
sion of Primates in this group (Fig. 2C).

In the dendrogram presented in Fig. 2A, the monophyletic
group including Lagomorpha, Scandentia, and Carnivora rep-
resents the most ancient branch of the eutherian tree. On a tree
of equal length (759 NR, Fig. 2B) and on the tree favored by
combined sequence data (765 NR, Fig. 2C), this monophyletic
group is joined first by a group composed of Artiodactyla, Per-
issodactyla, and Cetacea, then by a bat-hedgehog branch, and
finally by a branch including the elephants, either by them-
selves (Fig. 2C) or in combination with Primates (Fig. 2B). Fig.
2C differs most significantly from Fig. 2B by the inclusion of
Primates in the same monophyletic group as lagomorphs, car-
nivores, and Tupaia.
A fourth alternative is also offered (Fig. 2D) that although

requiring only two additional NR (761 NR), differs considerably
from those discussed above. This tree, unlike other trees oflow
NR length, depicts a bat-hedgehog branch as the closest rela-
tive of lagomorphs and relegates carnivores to a more distant
position.

Immunological investigations using chicken antisera have
also tended to favor a relationship between Carnivora and La-
gomorpha similar to that reported here (19). Because so much
immunological work is based on results obtained by using anti-
sera made in rabbits (20-22) and because some investigators use
Carnivora as a reference group for construction of phylogenetic
trees by using the additive approach (22), the relationship be-
tween these two orders is critically important. Ifthey are indeed
closely related, rabbit antisera to Carnivora must be recognizing
a more restricted and probably very different set of antigenic
changes from those recognized by antisera to phylogenetically
more distant orders. The relationship between results involving
carnivores and those involving more distant groups are thus
more complex than usually assumed and, in fact, not necessarily
directly comparable.

The earliest known lagomorphs are from the Paleocene of
Asia (Mimotona) and are very similar to other Tertiary Asian
fossil mammals such as eurymylids, early rodents, various an-
agalid-like animals, and the late Cretaceous genera Zalamb-
dalestes and Barunlestes (3). Clearly, lagomorphs have been
separated from their closest relatives since some time within
the Paleocene. The order has undoubtedly been independent
of its nearest surviving relatives for at least 60 million years.
Because forms representing immediate structural antecedents
(Megalagus and Mytonolagus) of the two surviving lagomorph
families existed at the Eocene-Oligocene boundary 38 million
years ago (23) and the earliest point at which both palaeolagine
leporids and ochotonids can be recognized definitely is about
32 million years ago (24), the time of divergence for the Och-
otonidae and Leporidae must be between 32 and 38 million
years.

If one favors the dendrogram in Fig. 2C, which is based on
seven protein chains and is in agreement with one of the two
most parsimonious myoglobin trees (Fig. 2B) in many respects,
Ochotonidae and Leporidae have fixed one NR every 4.3 and
5 million years, respectively. For Lagomorpha as a whole, one
NR has beenfixed every 3.3 million years, whereas its nearest
surviving relative (Tupaia) has fixed only one every 16.7 million
years.
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