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consideration of primary and secondary structures. Sequence positions for which putative
homology could not be asserted were excluded. Phylogenetic relationships are inferred by
the neighbour-joining method with the PHYLIP package, version 3.5c (ref. 30). Evolu-
tionary distances were calculated with the Kimura two-parameter model (transition:-
transversion ratio = 2.0). Bootstrap methods provided confidence estimates for tree
topology. To avoid potential bias, taxon addition order was randomized.
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Higher level relationships among placental mammals, as well as
the historical biogeography and morphological diversification of
this group, remain unclear'~. Here we analyse independent mol-
ecular data sets, having aligned lengths of DNA of 5,708 and 2,947
base pairs, respectively, for all orders of placental mammals.
Phylogenetic analyses resolve placental orders into four groups:
Xenarthra, Afrotheria, Laurasiatheria, and Euarchonta plus
Glires. The first three groups are consistently monophyletic
with different methods of analysis. Euarchonta plus Glires is
monophyletic or paraphyletic depending on the phylogenetic
method. A unique nine-base-pair deletion in exon 11 of the
BRCA1 gene provides additional support for the monophyly of
Afrotheria, which includes proboscideans, sirenians, hyracoids,
tubulidentates, macroscelideans, chrysochlorids and tenrecids.
Laurasiatheria contains cetartiodactyls, perissodactyls, carnivores,
pangolins, bats and eulipotyphlan insectivores. Parallel adaptive
radiations have occurred within Laurasiatheria and Afrotheria.
In each group, there are aquatic, ungulate and insectivore-like
forms.

The combination of fossil and anatomical data has suggested
moderately well-resolved phylogenetic trees for the 18 extant orders
of placental mammals"%. DNA sequences have provided consistent
support for only a few of the proposed superordinal groups, notably
for Paenungulata (elephants, sea cows and hyraxes) and Cetartio-
dactyla (artiodactyls and whales)®, and have rejected some tradi-
tional clades such as Archonta (primates, tree shrews, flying lemurs
and bats)*. Molecular data have also suggested new sets of relation-
ships; Afrotheria, a group that includes paenungulates, aardvarks,
elephant shrews, golden moles and tenrecs, is supported by both
mitochondrial ribosomal RNA and nuclear protein-coding genes™®.
These same sequences suggest that lipotyphlan insectivores are
paraphyletic or polyphyletic.

Increased resolving power may result from concatenations of
individual genes’. We concatenated DNA sequences for mitochon-
drial RNA genes and three nuclear genes (A2AB, IRBP, vWE),
including 16 new sequences (see Methods). This data set includes
26 placental taxa, representative of all eutherian orders, and two
marsupial outgroups (see Fig. 1A). In addition, golden mole and
tenrec, belonging to the insectivore families Chrysochloridae and
Tenrecidae, respectively, are represented by sequences for all genes
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branches for the location of the root, in decreasing order of likelihood score, are branch b
(as shown), sloth, rabbit, branch leading to rat/mouse, branch ¢, branch d, branch e,
caviomorph, branch j, tree shrew, branch leading to flying lemur + tree shrew, and

galago/loris; other branches were rejected. For the 2,947-bp data set, the statistically
acceptable options, in decreasing order of likelihood score, were branch ¢ (as shown),
branch b, and the base of Xenarthra. The name Laurasiatheria (“‘from the area of Laurasia
or Europe + Asia + North America””)'® was suggested for this clade, but no support in the
form of bootstrap analyses and/or statistical tests was provided.

Figure 1 Rooted maximum-likelihood trees. A, The 5,708-bp data set. B, The 2,947-bp
data set. For chimaeric sequences in A, the combined species or the higher taxonomic
unit are indicated. Branch lengths are proportional to the amount of sequence change
(scale bar, 10% sequence divergence). Bootstrap support values for nodes b—j with
different phylogenetic methods are shown in Table 1; nodes labelled a are supported at or
above 90% by all methods. Afrotheria also includes golden moles and tenrecs, which are
not represented by IRBP sequences, and therefore not shown in A; in analyses with the
5,708-bp data set that included golden mole and tenrec, bootstrap support for Afrotheria
ranged from 88% to 100%. For the 5,708-bp data set, the 12 statistically acceptable
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except IRBP; inclusion of these taxa in a subset of analyses was
necessary to investigate the proposed diphyly of the insectivores and
to confirm the naturalness of Afrotheria. In all, 5,708 aligned
nucleotide positions were used in phylogenetic analyses.

Hypothesis testing with independent data sets is fundamental in
phylogenetics. To establish a data set that was independent of the
5,708-bp concatenation, we sequenced roughly 3 kilobases (kb) of
exon 11 of the single-copy breast and ovarian cancer susceptibility
gene 1 (BRCAI) for 33 taxa and combined these with 19 GenBank
sequences (see Methods). The aligned BRCA1 data set includes
representatives of all placental orders and one marsupial outgroup
(for names, see Fig. 1B). Finally, we combined the 5,708-bp and
2,947-bp data sets (total 8,655 bp) for 26 overlapping placentals and
one marsupial.

Phylogenetic trees (maximum likelihood) for the 5,708-, 2,947-
and 8,655-bp data sets are shown in Fig. 1A and B, and Supple-
mentary Information, respectively. Bootstrap support values for
different phylogenetic methods are given in Table 1 for the 5,708-
and 2,947-bp data sets, and in Supplementary Information for the
8,655-bp data set. In spite of the differences in taxonomic sampling,
as well as some conspicuously long branches on the BRCALI tree,
placental orders are resolved into the following four groups on all
three maximum-likelihood trees: Xenarthra, Afrotheria, Laura-
siatheria, and Glires (rodents and lagomorphs) + Euarchonta
(flying lemurs, tree shrews and primates). Xenarthra, Afrotheria,
and Laurasiatheria are robust with different phylogenetic methods
(Fig. 1B; Table 1; Supplementary Information). Afrotheria is also
supported by a 9-bp deletion that is shared by all 12 afrotherians
that were included in our study (Fig. 2). The absence of this deletion
in other placentals, as well as in marsupials, indicates that this
feature may be a shared derived character of Afrotheria. Despite the
absence of any morphological evidence for Afrotheria®®, it now
becomes increasingly difficult to explain this hypothesis except in
the context of shared common ancestry. Within Afrotheria, there is
strong support for Paenungulata. Our analyses provide the first
robust support for the Laurasiatheria clade. Within this clade, there
is strong support for Cetartiodactyla and the monophyly of euli-
potyphlan insectivores (hedgehogs, shrews and moles).

Support for Euarchonta + Glires was inconsistent, largely because
the position of the root was sensitive to the phylogenetic method
that was used (Table 1; Supplementary Information). Maximum-
likelihood analyses with the BRCA1 data set provided 100% boot-
strap support for the monophyly of Glires + Euarchonta, whereas
parsimony provided only 18% support. The shortest parsimony
trees (two at 10,867 steps; Supplementary Information) for BRCA1
root on Old World porcupine, rendering Euarchonta + Glires,
Glires and Rodentia paraphyletic; 35 additional steps are required
to root in the same location as the likelihood tree shown in Fig. 1B.
Among the individual bootstrap replicate trees for parsimony,
rootings occurred on long, topologically separated branches as

follows: Old World porcupine (69%); rat-mouse (11%); Madagas-
car hedgehog-tenrec (11%); tree shrew (4%); hedgehog (3%); and
round-eared bat (2%). Maximum likelihood did not root on these
long branches. Instead, there was 100% bootstrap support for the
monophyly of Laurasiatheria + Euarchonta + Glires (branch c), and
individual bootstrap replicate trees, with or without an allowance
for rate-heterogeneity, rooted on branch b (base of Afrotheria),
branch ¢ or at the base of Xenarthra; these three branches are
topologically adjacent, which suggests a strong affinity of the root
for this general region of the tree. Furthermore, statistical tests with
likelihood reject rooting the BRCAL tree on all branches except for
these three. Finally, Monte Carlo simulations mirrored our results
for the actual BRCA1 data set and showed that parsimony will root
on long branches and fail to recover the correct root given the
topology depicted in Fig. 1B (Supplementary Information).
Twelve roots are statistically acceptable on the likelihood tree for
the 5,708-bp data set (Fig. 1A). The three possible BRCA1 roots
coincide with three of the five best roots on the 5,708-bp data set
tree. These are also the three best roots for the 8,655-bp data set.
Although several roots in the Euarchonta + Glires group could not
be rejected with the 5,708- and 8655-bp data sets, we do not favour
these roots. First, there are numerous morphological synapomor-
pies for both rodent monophyly’ and Glires>. Second, other mole-
cular results also favour rodent monophyly and even the monophyly
of Glires, when phylogenetic methods are used that address prob-
lems such as nonstationarity and long-branch attraction'”".
Afrotheria and Xenarthra have observed first occurrences in the
fossil record on Southern Hemisphere landmasses—Africa in the
case of Afrotheria>® and South America in the case of Xenarthra.
First occurrences in the fossil record do not permit unequivocal
assignment of continental origin. Nevertheless, there is a strong
possibility that Afrotheria and Xenarthra have Gondwanan origins.
Of the three roots (base of Afrotheria, branch b; base of Laura-
siatheria + Euarchonta + Glires, branch ¢; base of Xenarthra) that
are statistically acceptable on all three trees, rooting on the xenar-
thran branch is the only hypothesis that is consistent with the
morphology-based Epitheria hypothesis’. At the same time, rooting
on the Xenarthra branch results in paraphyly of a possible Gond-
wanan group (i.e., Xenarthra + Afrotheria) at the base of the
placental tree. Rooting on branch b also results in paraphyly of
this Southern Hemisphere group. The suggestion that a Gondwanan
assemblage is paraphyletic at the base of the tree contrasts with
traditional views on the evolution of placental mammals, which
place their most recent common ancestor in the Northern
Hemisphere”. Considering the debate about the timing of the
principal placental divergences'*", the paucity of Cretaceous
mammal fossils from the Southern Hemisphere®, and the discov-
eries of tribosphenic fossils in the Southern Hemisphere, including a
possible placental’®, a Gondwanan origin for extant placentals
should not be excluded. A Southern Hemisphere ancestry for

Table 1 Bootstrap support percentages for branches b-j in Fig. 1 with different phylogenetic methods

Parsimony Distance methods Maximum likelihood

Node Unweighted Transversion NJ-WAVE ML-GTR Logdet No rate heterogeneity Rate heterogeneity

5,708 2,947 5,708 2,947 5,708 2,947 5,708 2,947 5,708 2,947 5,708 2,947 5,708 2,947
b 100 89 100 83 100 96 100 76 100 94 100 100 100 100
c 53 11 62 29 51 56 19 40 30 39 45 100 64 100
d 79 22 74 30 41 69 99 48 100 61 80 99 94 99
e 53 3 4 26 5 34 42 17 54 15 41 67 59 68
f 97 88 71 83 98 89 99 84 99 85 99 99 96 98
g 48 18 58 30 6 49 5 35 10 34 44 100 66 100
h 93 13 72 42 100 85 100 88 100 88 98 36 96 44
i 95 95 94 100 100 100 76 99 74 99 100 100 96 100
j 96 93 87 97 76 97 81 89 78 98 99 100 99 100

In the first row, 5,708 and 2,947 refer to the 5,708-bp and 2974-bp data sets, respectively. In maximum-likelihood analyses that did not allow for rate heterogeneity, transition/transversion ratios were set ot
1.81 and 2.22 for the 5,708- and 2947-bp data sets, respectively. In maximum-likelihood analyses that allowed for rate heterogeneity, transition/transversion ratios were set ot 1.89 and 2.24 for the 5,708-
and 2947-bp data sets, respectively. ML-GTR, maximum likelihood with general time reversible model; WAVE, weighted average distances (see Methods).
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crown group placentals also makes the Garden of Eden hypothesis'®
more viable as an explanation for the discrepancies between
molecular and paleontological datings for the interordinal diversi-
fication of placental mammals'. Indeed, in agreement with other
molecular studies that place basal placental divergences well before
the Cretaceous/Tertiary boundary'"', we estimate that the clades
Afrotheria and Laurasiatheria diverged from each other during
the Early Cretaceous, roughly 111-118 million years ago (Supple-
mentary Information).

Mitochondrial protein coding genes have been used to examine
interordinal relationships. A study' that included 11 placental
orders provides support for a clade that resembles Laurasiatheria
and contains cetartiodactyls, perissodactyls, carnivores, bats and
mole (pangolin was not represented). The key difference is that
hedgehog is dissociated from the other eulipotyphlan (mole), and
even from other laurasiatherians, in the mitochondrial protein
trees. Thus, our data minimize the sundering of Lipotyphla into
two orders, Afrosoricida (golden moles, tenrecs)® and
Eulipotyphla'®, whereas mitochondrial protein genes additionally
contradict eulipotyphlan monophyly"’.

Our molecular results support morphology-based hypotheses
such as Paenungulata. Other hypotheses, such as Ungulata (cetar-
tiodactyls, paenungulates, perissodactyls and tubulidentates),
Altungulata (paenungulates and perissodactyls), Anagalida (Glires
and elephant shrews), Lipotyphla, Archonta, Volitantia (bats and
flying lemurs), Artiodactyla and Edentata (xenarthrans and pholi-
dotes) are rejected with statistical tests (Supplementary Informa-
tion) in favour of Afrotheria and Laurasiatheria. If hypotheses such
as Afrotheria and Laurasiatheria are correct, then morphology has
failed to recover some of the most fundamental clades in all of

3333333333333333333333333333333
5555555666666666677777777778888

Taxon 3456789012345678901234567890123
Kangaroo AGTAATGATATTTTAACTTCTGATAACTCCT
Wombat AGTAGTGACATTTTAGCCTCTGATAACTCCA
Opossum AGTAATGACATTTTAGCCTCTGATTACTCCT
Aardvark AGTGATGECCTG - - ----- - GATGGCTCAC
Giant elephant shrew AGTGATGGCCTC--------- GATGATGCCC
Tenrec AGCCACCCCCTG -------- GGTGACTCTC
Golden mole AGTGATGECCTG - - ---- - - GATGAGTCAC
Manatee AGTGATGECCTG - - ----- - GATGACTTGC
Asian elephant AGTGACGECCTG - - ------ GATGTCTTAA
Rock hyrax AGTGACAACCTA- - - ------ AGTGATTCAC
Sloth AGTGATGACATACTAACTTCTGATGACTCAC
Flying lemur AGTGATGAAATTTTAGCTTCTGATGACTCAC
Jackrabbit AGTAATGAAATGT TAACTCCTGATGACTCAC

Flying squirrel AGTGACGAAATGTTAACTTCTGATGACTCAG

Mouse ACTGGTGAAATGT TAACT TCTGACAGCGCAT
Tree shrew AGTGATGAAATGTTAACTTCTAACGACTCAC
Human AGTGATGAACTGTTAGGT TCTGATGACTCAC
Hedgehog AGTGATGAACTGTTAACTTCTGATGACTCAT
Flying fox CGTGATGAAATATTAACTTCTGATGTCTCAC
Little brown bat CGTGATGAAATACTAACTTCTGATGGCTCAC
Pangolin AGTGATGAAATGTTAACTTCTGATGATCCAT
Dog AGTGACGAAATATTAACTTCTGATGATTCAC
Horse AGTGAGGAAATGTTAACTTCTGATGACTCAT
Cow AGTGATGAAATATTAACTTCTGATGACTCGT

Humpback whale AGTGATGAAATGTTAACTTCTAACGACTCAC

Figure 2 Positions 353—383 of the BRCA1 nucleotide alignment for representative taxa to
show the 9-bp deletion that occurs in all 12 afrotherians but not in 39 other placental

mammals or in the 3 marsupials that were investigated.
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Eutheria and has not revealed even a single synapomorphy for these
groups. Morphological synapomorphies, if they were present, may
have been eroded or overprinted during the subsequent evolution-
ary history of these groups.

Placental and marsupial mammals underwent parallel adaptive
radiations that resulted in spectacular examples of convergence. The
current evidence also suggests parallel adaptive radiations in the
placental clades Afrotheria and Laurasiatheria. Ungulate-like forms
include perissodactyls and artiodactyls in Laurasiatheria and hyr-
acoids in Afrotheria. Extant hyracoids represent only a fraction of
the diversity once present in Hyracoidea and extinct forms show
convergence in body size and dental morphology towards suids,
tapirs, and equoids”. Indeed, hyracoids were Africa’s dominant
small- to medium-sized terrestrial herbivores during the
Oligocene”. Pangolins (Laurasiatheria) and aardvarks (Afrotheria)
both show specializations for ant-eating. Fully aquatic forms
include cetaceans in Laurasiatheria and sirenians in Afrotheria.
Examples among the insectivores include true moles (Talpidae) in
Laurasiatheria versus golden moles (Chrysochloridae) in
Afrotheria, terrestrial shrews (Soricidae) in Laurasiatheria versus
shrewlike tenrecs (Microgale) in Afrotheria, and hedgehogs (Erina-
ceidae) in Laurasiatheria versus Madagascar ‘hedgehogs’ (Echinops)
in Afrotheria. Beyond these comparisons, otters (Carnivora) in
Laurasiatheria and African otter shrews (Potamogale) in Afrotheria
resemble each other in general appearance and semi-aquatic habit.
A noteable difference is the absence of flying mammals in
Afrotheria.

Matthew™ suggested that “insectivores” were the central stock
from which other eutherian orders originated, and there is abun-
dant evidence for insectivore-like mammals in the fossil record?".
Even today, living lipotyphlan insectivores and fossil insectivores
such as the Cretaceous palaeoryctids are often regarded as among
the more primitive eutherian mammals". Easteal®* suggested that
primitive placentals from the Cretaceous may have diversified
phylogenetically before they diverged morphologically and acquired
the diagnostic features of ordinal level crown-group clades. The
present results, which deploy living lipotyphlan insectivores into
Laurasiatheria and Afrotheria, respectively, are consistent with the
view that insectivore-like forms were the central stock from which
other groups originated and further suggest that different insecti-
vore-like lineages have independently given rise to diverse eutherian
taxa in different geographic venues. The finding that parallel
adaptive radiations have occurred within Eutheria also helps to
explain the difficulties that have accompanied efforts to elucidate
interordinal relationships based on morphology. O

Methods

Data collection and taxon sampling

Alpha 2B adrenergic receptor (A2AB) gene sequences (AJ251174—-AJ251187) were
obtained as described elsewhere’ except for Bradypus tridactylus, where betaine (1 M) and
dimethyl sulphoxide (1.3%) were added for polymerase chain reaction (PCR) amplifi-
cation. 128 rRNA, transfer RNA valine and 16S rRNA sequences were obtained for
Otolemur crassicaudatus (AF179289), and a 16S rRNA sequence was obtained for Dugong
dugon (AF179291) as described’. Additional sequences for A2AB, 12S rRNA, tRNA valine,
and 16S rRNA were extracted from GenBank, as were sequences for the nuclear
interphotoreceptor retinoid binding protein (IRBP) and von Willebrand Factor (vWF)
genes. Species names and accession numbers are available in the Supplementary Infor-
mation. Thirty-two new placental BRCAI sequences (AF283999—AF284030) were
amplified using described primers’ or, in a few cases, with additional primers. Among
marsupials, a 1.0-kb fragment of Macropus BRCA1 (AF284033) was amplified using
BRCAI1F26 (ref. 7) and R1164 (5'- tagargacttcytcctcagect-3"), a 0.7-kb fragment of
Lutreolina BRCA1 (AF284032) was amplified using F498 (5'-gaaagttaatgagtggttttccagaa-
3') and R1164, and overlapping fragments of Vombatus BRCA1 (AF284031) were
amplified using MBF1 (5'-gagccatgtggcacarayaytc-3') with MBR6 (5'- tcagtcttcyca-
gaaaygctagaatttc-3'), F498 with R1164 and BRCVom1 (5'-agcttgaattaaatagtagaa-3') with
R3042BR (5’-aagtgttggaagcagggaagctcttc-3'). Combing data was done as described’.

Phylogenetic analysis

Sequences were aligned using CLUSTAL W*. Ambiguous regions of the 125 rRNA/tRNA
valine-16S rRNA alignment were excluded from phylogenetic analyses as were a glutamic
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acid repeat region of the A2AB gene and a 21-bp region of the BRCAI gene that is repeated
up to four times. The aligned data sets were the following lengths: A2AB (1,164 bp); IRBP
(1,292 bp); vWF (1,251 bp); 12S rRNA/tRNA valine-16S rRNA (2,001 bp); and BRCA1
(2,947 bp). Alignments for the concatenated (A2AB + IRBP + vWF + rRNA) and BRCA1
data sets are available in the Supplementary Information. Phylogenetic analyses included
unweighted and transversion parsimony, minimum evolution (5,708-bp data set) or
neighbour joining (BRCA1 data set) with logdet and maximum likelihood-GTR*
distances, neighbour joining with weighted average (WAVE) maximum likelihood
distances™, and maximum likelihood under the HKY85 (ref. 24) model of sequence
evolution. Gaps were coded as missing in parsimony analyses. Maximum-likelihood
estimates of relative rates and transition to transversion ratios were obtained from
maximum parsimony trees and used in subsequent maximum-likelihood analyses and in
calculating weighted-average maximum-likelihood distances. Bootstrap support values
are based on 500 replications except for maximum likelihood (100 replications).
Maximum-likelihood bootstrap analyses with the BRCA1 data set used the following
backbone constraint, where taxon numbers correspond to the ordering of taxa (top to
bottom) in Fig. 1B: (((1-4), (5, 6), (7, 8)), ((9, 10), 11-14), (15, 16), (17, 18), 19-21,
((((22-24), 25), 26), 27), 28, (29, 30), 31-35, ((36, 37), (38, 39), (40, 41)), ((42, 43), 44),
(45,46),47, ((48,49), 50, 51)). Kishino and Hasegawa tests** were used to examine a priori
hypotheses and to examine statistically acceptable root locations. In the latter case, we
obtained the best unrooted likelihood tree for each data set and then evaluated all possible
root positions. All phylogenetic analyses and statistical tests were performed with PAUP
4.0b2 (ref. 26), except for neighbour-joining with weighted average distances, where
analyses were performed with PHYLIP 3.572 (J. Felsenstein) and WAVEBOOT (D. King
and C. Krajewski). Maximum-likelihood analyses with rate partitions allowed the
following eight rate partitions with the 5,708-bp data set: third positions of each nuclear
gene; first + second positions of each nuclear gene; RNA stems; and RNA loops. Two rate
partitions, corresponding to first + second and third codon positions, respectively, were
used with the BRCA1 data set. NJ-WAVE analyses used a weighted-average distance
approach? with the eight partitions indicated above for the 5,708-bp data set and two
partitions (first + second codon positions; third codon positions) for the 2,947-bp data
set; each partition was allowed its own rate, base composition, and transition to
transversion ratio. Monte Carlo simulations were performed with Seq-Gen 1.1 (ref. 27)
(Supplementary Information). Molecular dates were estimated using QDATE*
(Supplementary Information).
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The precise hierarchy of ancient divergence events that led to the
present assemblage of modern placental mammals has been an
area of controversy among morphologists, palaecontologists and
molecular evolutionists. Here we address the potential weaknesses
of limited character and taxon sampling in a comprehensive
molecular phylogenetic analysis of 64 species sampled across all
extant orders of placental mammals. We examined sequence
variation in 18 homologous gene segments (including nearly
10,000 base pairs) that were selected for maximal phylogenetic
informativeness in resolving the hierarchy of early mammalian
divergence. Phylogenetic analyses identify four primary super-
ordinal clades: (I) Afrotheria (elephants, manatees, hyraxes,
tenrecs, aardvark and elephant shrews); (II) Xenarthra (sloths,
anteaters and armadillos); (III) Glires (rodents and lagomorphs),
as a sister taxon to primates, flying lemurs and tree shrews; and
(IV) the remaining orders of placental mammals (cetaceans,
artiodactyls, perissodactyls, carnivores, pangolins, bats and core
insectivores). Our results provide new insight into the pattern of
the early placental mammal radiation.

The panoply of morphological, ecological and genomic diversity
among extant mammals offers considerable potential for studies of
speciation, adaptation, molecular evolution, genome organization
and biogeography'~. Studies on morphology and both mitochon-
drial and nuclear genes have revealed several higher level phylo-
genetic associations>*”, but a full resolution of the earliest placental
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