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North America's only living native marsupial, the Virginia Opossum, is portrayed
by San Francisco Bay artist Pat Sherwood. Marsupials lay at the center of a fundamental
problem in mammalian taxonomy-- the sister relations of egg-laying, marsupial, and
placental mammals.  In this issue, Killian et al. provide the first sequence data from a
large nuclear gene that reconcile genetic, epigenetic, and morphology based predictions
of higher-order mammalian phylogeny.
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Abstract. The three living monophyletic divisions of Class Mam-
malia are the Prototheria (monotremes), Metatheria (marsupials),
and Eutheria (‘placental’ mammals). Determining the sister rela-
tionships among these three groups is the most fundamental ques-
tion in mammalian evolution. Phylogenetic comparison of these
mammals by either anatomy or mitochondrial DNA has resulted in
two conflicting hypotheses, Theria and Marsupionta, and has fu-
eled a “genes versus morphology” controversy. We have cloned
and analyzed a large nuclear gene, the mannose 6-phosphate/
insulin-like growth factor II receptor (M6P/IGF2R), from repre-
sentatives of all three mammalian groups, including platypus,
echidna, opossum, wallaby, hedgehog, mouse, rat, rabbit, cow, pig,
bat, tree shrew, colugo, ringtail lemur, and human. Statistical
analysis of this nuclear gene unambiguously supports the morphol-
ogy-based Theria hypothesis that excludes monotremes from a
clade of marsupials and eutherians. TheM6P/IGF2Rwas also able
to resolve the finer structure of the eutherian mammalian family
tree. In particular, our analyses support sister group relationships
between lagomorphs and rodents, and between the primates and
Dermoptera. Statistical support for the grouping of the hedgehog
with Feruungulata and Chiroptera was also strong.

Introduction

The Class Mammalia includes the egg-laying monotremes, as well
as the more familiar live-birthing members. The viviparous mam-
mals are further divided into marsupials and eutherians, depending
on reproductive parameters such as placentation and the extent of
intrauterine gestation of the developing offspring. Marsupial
young generally exit the womb at a significantly premature stage
of development relative to eutherians (Griffiths 1999; Renfree and
Shaw 1999). A sister relationship between the marsupials and
eutherians, exclusive of monotremes, was deduced from anatomi-
cal data (Marshall 1979). Morphological synapomorphies that dis-
tinguish marsupials and eutherians from monotremes include: ol-
factory bulb mitral cell organization, braincase architecture, cra-
nial nerve distribution, inner ear cochlear architecture, mammary
glands with teats, tooth enamel, molar dentition, and foot anatomy
(Lewis 1983; Marshall 1979).

Recent analyses of tribosphenic molar fossils concluded that
monotremes and marsupials/eutherians descended from ancestors
in geographically distinct areas: living monotremes are descen-
dants of an ancient mammalian clade endemic to Gondwanan land

masses, whereas marsupials and eutherians shared a common an-
cestor upon Laurasian continents (Luo et al. 2001). In accord with
the conflict hypothesis for the origin of genomic imprinting
(Moore and Haig 1991), the differential expression of parental
alleles of certain fetal growth-regulatory genes is another therian
apomorphy shown to not be present in Prototherian ancestors
(Killian et al. 2000). Furthermore, delineation of retroposon ele-
ments in the three mammalian groups supports the earlier diver-
gence of Prototheria (Gilbert and Labuda 2000).

The value and accuracy of decades of morphological study
have been discounted recently by mitochondrial DNA inference,
which has reinvigorated Gregory’s claim that monotremes are
highly-derived marsupials (Gregory 1947; Janke et al. 1997; Penny
et al. 1999). The accurate resolution of the mammalian family tree
is essential to determining whether the unique physical attributes
of marsupials and eutherians, as well as the imprinting of certain
genes, have evolved once or numerous times. If the Marsupionta
hypothesis proves correct, then either these characteristics repre-
sent phenotypic and epigenetic convergences in marsupials and
eutherians, or else they were gained and then lost in the monotreme
lineage. Substantiation of the Theria hypothesis would implicate a
more parsimonious single origin for these features.

The incongruent mammalian family trees resulting from mito-
chondrial sequence analysis and morphological characters have
contributed to a divisive debate over their utilities in phylogenetic
inference (Gura 2000). Thus far, only small nuclear genes have
been applied to the Theria/Marsupionta question (i.e., <1.5 kb
open reading frame; Kullander et al. 1997; Toyosawa et al. 1999),
and they have failed to convincingly validate either hypothesis. In
an effort to resolve the higher order structure of the mammalian
family tree, we have performed phylogenetic inference based on
the mannose-6-phosphate/insulin-like growth factor II receptor
(M6P/IGF2R) gene from representatives of all three mammalian
groups, using chicken and fish homologs as outgroups.

The 48 exons ofM6P/IGF2Rproduce a large 9-kb transcript,
which is translated into a protein of over 2400 amino acids (Jirtle
1999). Studies in mice have established that theM6P/IGF2Ris an
essential, single-copy nuclear gene that is critically involved in
embryogenesis (Jirtle 1999). TheM6P/IGF2Rhas a long and well-
established evolutionary history in the animal kingdom, with de-
finitive homologs identified in fish, aves, and mammals (Jirtle
1999; Killian et al. 2000; Nadimpalli et al. 1999). Biochemical
evidence also indicates the presence of a homologous gene in
invertebrates (Lakshmi et al., 1999). We have isolated and se-
quenced novelM6P/IGF2Rhomologs from monotremes, marsu-
pials, and eutherians, including echidna, wallaby, hedgehog, pig,
bat, tree shrew, colugo, and ringtail lemur. To generate the mam-
malian phylogeny, these sequences were used in addition to pre-
viously characterizedM6P/IGF2Rhomologs from chicken, platy-
pus, opossum, mouse, rat, cow, and human (Jirtle 1999; Killian et
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al. 2000). Inclusion of these novel sequences allowed us to split
long branches in the phylogeny and to test the ability of theM6P/
IGF2R to resolve the interordinal relationships among mammals.

Materials and methods

Tissue samples.Short-beaked echidna (Tachyglossus aculeatus) samples
were obtained from animal victims of car accidents. Samples of the Tas-
manian subspecies ofMacropus rufogriseus,the Bennett’s wallaby, were
obtained from Lenah Game Meats, Launceston, Tasmania. European
hedgehog (Erinaceus europaeus) tissue was obtained postmortem from an
ailing animal euthanized by a veterinarian at Duke University Medical
Center Vivarium. New Zealand white rabbit tissue was obtained from the
Duke University Medical Center Vivarium. Domestic pig (Sus scrofa)
muscle was obtained from Neese’s Sausage, Burlington, North Carolina,
USA. Brown bat (Myotis lucifugus) samples were provided by the North
Carolina Wildlife Commission. Tree shrew (Tupaia glis) tissue was do-
nated from the archives of David Fitzpatrik, Duke University Medical
Center. Philippine flying lemur (Cynocephalus volans) tissue was a kind
gift from the Field Museum, Chicago, USA. Ringtail lemur (Lemur catta)
tissues were from the archives of the Duke University Primate Facility. In
most cases, tissues were dispatched to Duke University Medical Center in
RNALater (Ambion, Austin, TX) until DNA and RNA extraction.

M6P/IGF2R cloning.Total RNA was isolated from 50 mg of animal
tissue by homogenization in RNA-Stat 60 (Tel-Test, Friendswood, Texas).
First-strand cDNA was synthesized from 1–5mg of total RNA by using
SuperScript II (Life Technologies, Baltimore, Md.) and oligo 8 (Roche
Boehringer Mannheim, Indianapolis, Ind.) as the primer for reverse tran-
scription (Table 1). We have previously described the design and imple-
mentation of a battery of non-degenerate PCR primers for cross-species
M6P/IGF2Ramplification of opossum and platypus orthologes (Killian et
al. 2000). Briefly, the use of primers 311F, 589F, and/or 617F with 1078R
yielded a correct amplimer for all species tested and allowed us to obtain
species-specificM6P/IGF2Rsequence (Table 1). To reduce the complexity
of the PCR template, we then performed 38-RACE according to the manu-
facturer’s protocol (Life Technologies) with a species-specificM6P/IGF2R
primer and oligo 9 (Table 1) (Roche Molecular Biochemicals, Indianapolis,
Ind.). Typical PCR reactions used 1% of the RNA-to-cDNA RT products,
1.5 U Expand Long Template DNA polymerase mix (Roche Molecular
Biochemicals) 1mM of each primer, and 500mM dNTPs in a 50ml PCR
reaction volume (94°C × 20 s, 55°C × 5 s, and 68°C × 3 min for 35 cycles).
Unpurified 38-RACE product (1ml) was then used as template in additional
cross-speciesM6P/IGF2RPCR amplifications by using various combina-
tions of non-degenerate cross-speciesM6P/IGF2R oligos and identified
species-specific oligos; the PCR reaction parameters were identical to
those previously described. PCR products were analyzed by agarose gel

electrophoresis, and appropriately sized fragments were excised, purified
(GenElute, Sigma Chemical Co., St. Louis, Mo.), and PCR sequenced. A
partial fish (Xiphophorus maculatus× Xiphophorus helleri) M6P/IGF2R
sequence was obtained from GenBank (Accession Number AJ278449).

Phylogenetic methods.M6P/IGF2Ramino acid sequences were aligned
using ClustalX (Higgins et al. 1992), with regions of ambiguous homology
excluded prior to phylogenetic analysis. The assumption of amino acid
frequency stationarity among taxa (i.e., constant amino acid frequencies
among lineages) was evaluated usingx2 tests in Tree-Puzzle 5.0 (Strimmer
and von Haeseler 1996). Phylogenetic trees were constructed by using
maximum parsimony (MP), maximum likelihood (ML), minimum evolu-
tion (ME), and split decomposition (reviewed by Swofford et al. 1996). We
performed the MP analyses in PAUP*4.0b4a (Swofford 1998), using equal
weights and the Blosum 80 step matrix (Henikoff and Henikoff 1992). All
MP analyses employed a heuristic search strategy with start trees obtained
via stepwise addition with 10 random addition replicates followed by TBR
branch swapping. ML trees were constructed with a global search by using
Proml from the Phylip 3.6a package (Felsenstein 1993) under the Dayhoff
et al. (1978) model with rate categories constrained to fit a discrete gamma
distribution (Yang 1994). The gamma distribution was estimated by using
Tree-Puzzle 5.0. ME trees were constructed in PAUP*4.0b4a from dis-
tances estimated in Protdist from Phylip 3.6a under the Dayhoff et al.
(1978) model with a gamma correction as described above. Log Determi-
nant (Lockhart et al. 1994) distances with conserved site removal were
estimated in SplitsTree 3.0 (Huson 1998). Shimodaira-Hasegawa (1999)
tests were performed with PAML 3.0 (Yang 1997) under the Dayhoff et al.
(1978) and JTT-F (Jones et al. 1992) models with among-site rate variation
described by using a discrete gamma distribution. The test statistic for the
Shimodaira-Hasegawa (1999) test was obtained by comparing the ML
topology with the most likely topology under the constraint that the mar-
supial and monotreme taxa form a monophyletic group.

Results and discussion

Alignment of theM6P/IGF2Rgenes yielded a data set containing
2257 amino acid sites from each of the 15 mammals and the
chicken outgroup. Of these sites, 1408 were varied and 973 were
parsimony informative. We report herein only the analyses of the
amino acid sequences that contained sufficient variation to gener-
ate robust estimates of the mammalian phylogeny. All of our phy-
logenetic analyses strongly support the grouping of the eutherian
mammals with the marsupials, consistent with the traditional. The-
ria hypothesis, but not with the Marsupionta hypothesis (Fig. 1). In
particular, MP, ML, and ME analyses ofM6P/IGF2Rsequences
resulted in 100% bootstrap support for the grouping of marsupials

Table 1. Cross-speciesM6P/IGF2RPCR primers.

Forward Primers 58 to 38 Reverse primers 58 to 38

F primera Sequence R primera Sequence

311F CTGTGCAGTTACACATGGGAAGC 1078R GGCATACTCAGTGATCCACTC
589F GGAACTCCTGAATTTGTAACTGCCACAG 1498R GTAGGTGCAGTCCACCTC
617F TGTGTGCATTACTTTGAATGGAGGAC 1505R GTGAAGAAGTAGGTGCAGTC

1428F GGCTTTCAGCGGATG 1642R CCATCCACTGCTTCCCA
1450F ATGAGTGTCATAAACTTTGAGTGC 1921R GCACTTTCTAGATCACCTGG
1451F TGTCATAAACTTTGAGTGCAA 2043R TCAAAAGAAAACCCTGCCTG
1650F GAACAGAATTGGGAAGC 4225R GTCATTGAAAGGTGGGCAGGC
1655F CAGAATCAGAACAGAATTGGGAAGCTGTGG 5153R AAGCCTCATAACCACCAGTGCG
1657F TTGGGAAGCAGTGGATG 6018R CTCCCAATGTCCTCATCTTCATCAC
1929F CCAGGTGATCTAGAAAGTGC 6534R CCATTCACCATCTGCACCTCCTG
2410F TACCTACAACTTCCGGTGG 6877R GGGTCACAGTGGAAAAAGAT
2415F AACTCTACCTACAACTTCCGGTGGTACAC 7250R ATCTCTTCCATCAGCCACTC
2883F CAACTGGGAGTGTGTGGTC 7252R CTGGATTTCTTCCATAAGCCA
4230F TTTGAGTGGCGAACCCAGTATGCCTG 7588R GTCCTCGTCGCTGTCGTCATG
5834F GTGAATGGTGATCGTTGCCCTCCAG oligo 8 GACCACGCGTATCGATGTCGACT16V
5886F CCCTTCATATTCAATGGGAAGAGC oligo 9 GACCACGCGTATCGATGTCGAC
6129F CCTCCAAAGAAGATGGAGTGC
7263F GAGAATGAAACGGAGTGGCTTATGGA

a Oligonucleotides are numbered relative to the 9090-bp human M6P/IGF2R transcript (GenBank Accession number:
NM_000876). PCR primer use is described in Materials and methods. Oligo 8 and oligo 9 are commercially available
(Roche Boehringer Mannheim, Indianapolis, Ind.).
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and eutherian mammals (Fig. 1). Additionally, using the conser-
vative Shimodaira-Hasegawa (1999) test, we were able to reject (P
< 0.001) the null hypothesis that there is no difference in likelihood
between the ML topology and the constrained Marsupionta tree.
Therefore, the results of this test indicate that the data are incon-
sistent with the Marsupionta hypothesis.

Because thex2 tests for amino acid frequency stationarity in-
dicated that the marsupials and the chicken had deviating amino
acid compositions, we constructed minimum evolution trees and
split decomposition networks from log Determinant distances
(Lockhart et al. 1994) with conserved site removal (Penny et al.
1999; Waddell et al. 1999a). These analyses (data not shown) still
supported the Theria clade with 97% bootstrap support under split
decomposition. In addition, to test the sensitivity of our analyses to
the outgroup selected, we restricted our alignment to 764 amino
acid sites in order to use a partial fishM6P/IGF2Rsequence. The
addition of the fish sequence had no effect on the relationships
among the three major mammalian lineages, with the Theria hy-
pothesis receiving 97% bootstrap support under weighted maxi-
mum parsimony, and 87% bootstrap support under minimum evo-
lution. This observation indicates that our results are insensitive to
outgroup selection. Therefore, support for the Theria hypothesis is
strongly independent of the method of phylogenetic reconstruction
employed and does not stem from an incorrect rooting of the
mammalian tree.

Our phylogenetic analyses also support (64% to 91%) the
grouping of the hedgehog with the Feruungulata. This relationship
was predicted by Waddell et al. (1999b), but contradicts that of
some analyses of whole mitochondrial genomes (Mouchaty et al.
1999). We also note that our grouping of hedgehog with the Fer-
uungulata is consistent with other nuclear gene analyses (Stanhope
et al. 1998) and with maximum likelihood analyses of 1st and 2nd

codon positions from whole mitochondrial genomes (Sullivan and
Swofford 1997). The estimates of bootstrap support are moderate
(50%–65%) for the grouping of the hedgehog with the bat se-
quence. This relationship is not surprising, given that Mouchaty et
al. (2000) observed a sister group relationship between another

insectivore, the mole, and the bat. The observation that phyloge-
netic analyses of a number of nuclear genes support the affinity of
the hedgehog with the Feruungulata and/or Chiroptera (Stanhope
et al. 1998; Springer et al. 1999; Waddell et al. 1999b; this study)
indicates that the hedgehog is almost certainly misplaced in most
studies of whole mitochondrial genomes.

All of our analyses support the Eucharonta clade (Waddell et
al. 1999b), containing the orders Primates, Dermoptera, and Scan-
dentia. Estimates of bootstrap support are low under MP (48%)
and ML (39%), yet they are high under ME (88%). This grouping
appears to conflict with the analyses of whole mitochondrial ge-
nomes described by Schmitz et al. (2000); however, the bootstrap
support values they obtained for a Lagomorph + Scandentia clade
are low, and a Scandentia + Primate grouping could not be rejected
when the complete data set was used. The phylogenetic analyses of
four nuclear genes and three mitochondrial genes described by
Teeling et al. (2000) also yielded a Dermoptera + Primate clade
with moderate bootstrap support, consistent with the results of our
study.

Interestingly, all of our phylogenetic analyses support the
grouping of rodents and lagomorphs in the Glires clade. The Glires
grouping is somewhat controversial, although support from mor-
phological (Liu and Miyamoto 1999), paleontological (Meng et al.
1994), and embryological (Lucket and Hartenberger 1993) studies
is strong. Estimates of statistical support from various molecular
data sets (Halanych 1998; Huchon et al. 1999; Waddell et al.
1999a; Robinson-Rechavi et al. 2000) have typically been moder-
ate, as is the bootstrap estimate we have obtained under ML (64%).
We suspect that the generally low level of support for the Glires
clade observed in all molecular studies to date stems in part from
poor taxon sampling of both lagomorphs and rodents.

The phylogenetic relationships among Eutherian mammals that
we have recovered are largely consistent with the predictions of
Waddell et al. (1999b). These observations are important because
they indicate that theM6P/IGF2Rgene provides a good source of
characters for resolving the higher-order mammalian phylogeny.
Additionally, these results indicate that theM6P/IGF2Rgene is a
promising candidate for further resolving relationships among
other vertebrate groups.

The strong genetic support that we have obtained for the Theria
hypothesis strikingly contradicts the mammalian family tree sup-
ported by statistical analyses of whole mitochondrial genomes
(Janke et al. 1996; Penny and Hasegawa 1997). Interestingly,
Janke et al. (1997) were able to reject the Theria hypothesis only
by using theXenopus laevismitochondrial sequence as an out-
group, and not with the much more appropriate chicken sequence.
The statistical tests of topology (Kishino and Hasegawa 1989),
implemented by Janke et al. (1997), also used substitution models
that assumed equal substitution rates among sites. This assumption
is known to seriously bias tests of phylogenetic hypotheses in
many situations (e.g., Sullivan and Swofford 1997). Waddell et al.
(1999a) observed that support for the Marsupionta hypothesis was
very poor when conserved mitochondrial tRNA sequences were
analyzed, especially under ML. Furthermore, Penny et al. (1999)
determined with the use of the distance Hadamard method that
there was strong conflict from within the mitochondrial data for
grouping monotremes with the marsupials.

Our findings also contradict the DNA hybridization studies of
Kirsch and Mayer (1998). Their results supported the Marsupionta
hypothesis; however, they cautioned that they could be biased by
shifts in GC nucleotide content over the tree. There is also debate
concerning the utility of DNA hybridization data for divergences
older than 50 million years (Hillis et al. 1996). Thus, the relation-
ships among the three major mammalian lineages appear not to be
definitely resolved by either the mitochondrial or DNA hybridiza-
tion studies.

The results presented herein provide the first genetic sequence
data from a large nuclear gene that reconcile genes, epigenetics,

Fig. 1. Phylogenetic tree constructed by maximum likelihood fromM6P/
IGF2Ramino acid sequences. Bootstrap values showing statistical support
are given adjacent to each node. From the top: weighed maximum parsi-
mony, minimum evolution [Dayhoff et al. (1978) model with aG-correc-
tion], and maximum likelihood [Dayhoff et al. (1978) model with distrib-
uted rates].
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and morphology in understanding the mammalian family tree, and
they unambiguously support the accuracy of the Theria hypothesis.
In the Triassic period, monotreme ancestors diverged from the
mammalian ancestors that in the late Jurassic/early Cretaceous
periods diverged to give rise to marsupial and eutherian mammals.
It is significant that apomorphies of the therian ancestors, such as
the braincase, cranial nerve architecture, and reproductive physi-
ology do not need to be reclassified as convergences, a problem
created previously by both mitochondrial DNA and DNA hybrid-
ization studies. Furthermore, our findings support the postulate
that the imprinting of growth-regulatory genes, such asM6P/
IGF2R is an apomorphy of viviparous mammals, further distin-
guishing them from oviparous taxa.
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